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Foreword

This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).

The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:

Version x.y.z

where:

x
the first digit:

1
presented to TSG for information;

2
presented to TSG for approval;

3
or greater indicates TSG approved document under change control.

y
the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.

z
the third digit is incremented when editorial only changes have been incorporated in the document.

Introduction

Machine to Machine (M2M) communication represents a significant growth opportunity for the 3GPP ecosystem. To support the so called 'Internet of Things' (IoT), 3GPP operators have to address usage scenarios with devices that are power efficient (with battery life of several years), can be reached in challenging coverage conditions e.g. indoor and basements and, more importantly, are cheap enough so that they can be deployed on a mass scale and even be disposable. 

The study on which this technical report is based has considered both the possibility of evolving the current GERAN system and the design of a new access system to meet the requirements for a Cellular IoT system for the lower data rate end of the M2M market. A summary of deployment scenarios and requirements that are relevant for Cellular IoT is provided in Annex A. 

Techniques captured in this report have been developed based on the assumption that Cellular IoT devices require very low throughput, do not have stringent delay requirements like those required for real time services, do not need to support circuit switched services, do not need to support Inter-RAT mobility and will perform intra-RAT mobility by cell reselection. 

1
Scope

The present document contains the outcomes of the 3GPP study item on, 'Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things'. 

The following are covered by the study:

-
Objectives of the study.
-
Evaluation methodology.

-
Summary of physical layer aspects and higher layer aspects for different candidate techniques proposed during the study to fulfil the objectives.
-
Common assumptions used in the evaluation of candidate techniques.
-
Evaluation of network architecture aspects.Link level and system level performance evaluations based on the objectives and evaluation methodology.
2
References

The following documents contain provisions which, through reference in this text, constitute provisions of the present document.

-
References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.

-
For a specific reference, subsequent revisions do not apply.

-
For a non-specific reference, the latest version applies. In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.

[1]
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3GPP TS 36.212: "Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel coding".
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3GPP TS 45.001, "Physical layer on the radio path".
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3GPP TS 45.002: "GSM/EDGE Radio Access Network; Multiplexing and multiple access on the radio path".
[12]
3GPP TS 45.003: "GSM/EDGE Radio Access Network; Channel coding".
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[15]
3GPP TS 36.211: "Evolved Universal Terrestrial Radio Access (E-UTRA); Physical channels and modulations".

3
Definitions, symbols and abbreviations
3.1
Definitions

For the purposes of the present document, the terms and definitions given in TR 21.905 [1] and the following apply. 
A term defined in the present document takes precedence over the definition of the same term, if any, in TR 21.905 [1].

3.2
Abbreviations

For the purposes of the present document, the abbreviations given in TR 21.905 [1] and the following apply. 
An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in TR 21.905 [1].
ACK
Acknowledgement

BLER
Block Error Rate

BS
Base Station

CIoT
Cellular Internet of Things

CN
Core Network

CoAP
Constrained Application Protocol
CP
Cyclic Prefix
DL
Downlink

DSP
Digital Signal Processing

DTLS
Datagram Transport Layer Security

GWCN
Gateway Core Network

IC
Integrated Circuit

IP
Internet Protocol

IoT
Internet of Things

LDO
Low Differential Output

MAC
Medium Access Control

MCL
Maximum Coupling Loss

MOCN
Multi-Operator Core Network

MTC
Machine Type Communications

OFDMA
Orthogonal Frequency Domain Multiple Access

PA
Power Amplifier

PBCH
Physical Broadcast Channel

PCB
Printed Circuit Board

PCID
Physical Cell ID

PDCCH
Physical Downlink Control Channel

PDSCH
Physical Downlink Shared Channel

PRACH
Physical Random Access Channel

PSCH
Physical Synchronization Channel

PSS
Power Saving State

PUCCH
Physical Uplink Control Channel

PUSCH
Physical Uplink Shared Channel

RAM
Random Access Memory

RAU
Routing Area Update

RF
Radio Frequency

RTC
Real Time Clock

Rx
Receive

SAP
Service Access Point

SC-FDMA
Single Carrier Frequency Domain Multiple Access

SINR
Signal to Interference Plus Noise Ratio

SMS
Short Message Service

SNDCP
Subnetwork Dependent Convergence Protocol

TAU
Tracking Area Update

TCXO
Temperature Compensated Crystal Oscillator

TPSK
Tone-Phase-Shift-Keying

TU
Typical Urban

Tx
Transmit

UDP
User Datagram Protocol

UL
Uplink
4
Objectives

4.1
Performance objectives

4.1.1
Improved indoor coverage

A number of applications require deployment of Machine Type Communication (MTC) devices indoor, e.g. in an apartment basement, or on indoor equipment that may be close to the ground floor etc. This effectively means that indoor coverage should be readily available and reliable. It should be possible to achieve an extended coverage of 20 dB compared to commercially available legacy GPRS (Non EGPRS) devices. The assumption of the MCL for legacy GPRS (Non EGPRS) is 144,0 dB (see Annex B). The extended coverage should allow delivery of a data rate of at least 160 bps on both the uplink and downlink at the (equivalent of) the Service Access Point (SAP) to the equivalent SubNetwork Dependent Convergence Protocol (SNDCP) layer.

NOTE:
The implications of supporting software upgrades for MTC devices at 160 bps should be investigated.

Editor's Note:  This subclause will be updated to include more details about the physical layer bit rate requirement to support 160 bps at the equivalent of the SNDCP layer.

4.1.2
Support of massive number of low throughput devices

A system that can support a large number of devices, each generating a small amount of data is required. At cell level, it is expected that each household in a cell may have up to 40 MTC devices and the household density per cell is according to the assumptions in Annex A of TR 36.888 [3]. The resulting MTC device density per cell is provided in Annex E. 

4.1.3
Reduced complexity

M2M applications require devices that are very cheap (so that they can be deployed on a mass scale or in a disposable manner). The study should take into consideration that MTC devices have very limited throughput requirement and may not need to support circuit switched services to develop techniques that can significantly reduce complexity and hence cost. 

4.1.4
Improved power efficiency

The power consumption of MTC devices compared with legacy GPRS (non EGPRS) should be reduced so that they can have up to ten years battery life with battery capacity of 5 Wh (Watt-hours), even in locations with adverse coverage conditions, where up to 20 dB coverage  extension over legacy GPRS might be needed. 
4.2
Compatibility objectives

4.2.1
Co-existence 

The Cellular IoT system should avoid negative impacts to legacy GSM/WCDMA/LTE system(s) deployed in the same frequency band and adhere to the regulatory requirements which apply to the spectrum bands in which the system operates.
4.2.2
Implementation impact to base stations

Impacts to the GPRS/EDGE base station hardware should be minimized. 
4.2.3
Implementation impact to mobile station

Mobile stations for Cellular IoT need not be compatible with legacy GPRS networks.
5.
Evaluation methodology

5.1
Coverage improvement evaluation methodology
The Maximum Coupling Loss (MCL) is used as a measure of the coverage performance. The methodology to evaluate the MCL is the same as in clause 5.2.1.2 in 3GPP TR 36.888 [1]. Table 5.1-1 summarizes the parameters and method to calculate the MCL. 

Table 5.1-1: MCL calculation methodology
	Logical channel name
	
	

	Data rate(kbps)
	
	

	Transmitter
	
	

	(1) Tx power (dBm)
	
	

	Receiver
	
	

	(2) Thermal noise density (dBm/Hz)
	
	

	(3) Receiver noise figure (dB)
	
	

	(4) Interference margin (dB)
	
	

	(5) Occupied channel bandwidth (Hz)
	
	

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	

	(7) Required SINR (dB)
	
	

	(8) Receiver sensitivity = (6) + (7) (dBm)
	
	

	(9) Rx processing gain
	
	

	(10) MCL  = (1) ((8) + (9) (dB)
	
	


The assumptions for (1), (2), (3), (4) and (9) in Table 5.1-1 are summarized in Table 5.1-2 below.

Table 5.1-2: Assumptions for MCL evaluations

	No.
	Parameter
	Value

	1
	BS transmit power per 200KHz (dBm)
	See assumption 6 in Table D.1 

	2
	MS transmit power (dBm)
	See assumption 7 in Table D.1

	3
	Thermal noise density (dBm/Hz)
	-174

	4
	BS Receiver noise figure (dB)
	3

	5
	MS Receiver noise figure (dB)
	5

	6
	Interference margin (dB)
	0

	7
	Receiver processing gain (dB)
	0 (See NOTE 1)

	NOTE: 
The Required SINR derived from link level simulations already take into account the receiver processing gain.


The data rate is according to the requirements in subclause 4.1.1. The occupied channel bandwidth (5) in Table 5.1-1 should be declared for the solution under evaluation. 

The MCL methodology in Table 5.1-1 does not apply for logical channels relating to network synchronization and random access.
BLER target is 10% for all control channels.
Editor's note:  The requirement for a  BLER target for data channels is FFS and if required, the BLER target should be defined.
The coverage extension performance is evaluated by comparing the MCL of the proposed solution with a common MCL assumption for legacy GPRS (non EGPRS) of 144.0 dB (See Annex B). 
The coverage performance evaluation for a candidate solution should include all uplink and downlink logical channels relevant to that candidate solution.

If repetition and/or spreading are used to improve coverage for a logical channel, the number of repetitions and/or spreading factor used to improve coverage of a logical channel should be stated. 

If frequency hopping is supported to improve coverage for a logical channel, then the MCL both with and without frequency hopping will be evaluated for that logical channel.
The coverage performance of the candidate solution is that of the logical channel with the limiting MCL.

5.2
Capacity evaluation methodology

5.2.1
General approach

Capacity evaluation is done by running system level simulations using traffic models defined in Annex E and the system level simulation assumptions in Annex D.

The capacity metric is defined as spectral efficiency in number of reports/200 kHz/hour. The minimum system bandwidth should be defined for each candidate solution and the system bandwidth assumed in any capacity performance evaluation should also be declared.

5.2.2
Capacity evaluation based on MS generated user data
The capacity metric is evaluated by running system level simulations with Mobile Autonomous Reporting (MAR) periodic traffic model and Network Command traffic model (See Annex E on traffic models). 
MAR exception reporting model (See Annex E) is not used for system capacity evaluation.

Software update reconfiguration/update model (See Annex E) is not used together with MAR periodic and Network Command in system level simulations.  
For the purpose of system level simulation, a Gb architecture is assumed when using traffic models.  
The split of devices between MAR periodic and Network Command is MAR periodic (80%) and Network Command (20%).
System level simulation for capacity evaluation should be repeated for the following total protocol overhead assumptions i.e. including all protocols below application layer and above equivalent of SNDCP layer (See table E.2-3 in Annex E). 

- 
A total protocol overhead of 65 bytes (without IP header compression).
- 
A total protocol overhead of 29 bytes (with IP header compression).
5.2.3
Capacity analysis based on software update/reconfiguration model 

The software update/reconfiguration model (See Annex E) is used to run standalone system level simulations to understand the impact of such traffic on the system capacity.

The DL traffic generated by the software update/reconfiguration model from devices in a cell is assumed to be uniformly distributed over time.

For each DL software/reconfiguration application payload, it is assumed that there is one UL application layer ACK. The size of the application layer ACK size is zero. The total packet size (above equivalent of SNDCP layer) is the overhead due to COAP/DTLS/UDP/IP. 
Editor's Notes:  

-The evaluation metric for evaluations based on standalone software update/reconfiguration model is FFS. 

-It is to be clarified if UL ACK is sent immediately after the MS successfully receives an application DL packet and if no retransmission of the DL packet/ UL ACK is required. 
5.3
Latency evaluation methodology

Applications expected to be supported on Cellular IoT are generally expected to be delay tolerant and this relaxed latency requirement should be used in the design of a system with ultralow complexity and extended coverage (in building). 

However, it is still important to understand the range of latencies that can be expected in the system for delivering Mobile Autonomous Exception reports which may be generated by alarm type applications that need to be delivered in near real time. The latency evaluation in this study is three fold: analytical calculation of latency expected for MAR exception uplink reports, latency evaluation of uplink reports generated by MAR periodic in system level simulations and latency evaluation of the respective DL Application layer ACKs as part of system level simulation for capacity evaluation.
5.3.1
Analytical calculation of latency for MAR exception uplink reports
Based on the assumption that exception reporting traffic will be prioritized in the system, an analytical method is used (i.e. calculation of latency using message sequence charts) under three different coverage conditions: GPRS reference MCL+0dB, GPRS reference MCL+10 dB and the maximum achievable coverage by the candidate technology. The latency is defined as follows:

-
Latency excludes time needed for system information (SI) reading (as this is generally not required).  
-
Latency includes the time for UE to synchronise to the network (refer to subclause 5.6). 
-
Latency includes the time for an access attempt from the device till the time to successfully receive the application layer uplink (UL) payload at the base station. 
-
The target is 10 second latency.
The data transmission latency is calculated as:

Latency for DATA transmission = T Synchronization+ T Transmission + T Receiving +T Wait
· T Synchronization: The time for UE to synchronize to the network. This value depends on the coverage condition (refer to subclause 5.6). 

· T Transmission: The transmitting time for any signaling and data.

· T Receiving: The receiving time for any signaling and data. It should be highlighted that the valid scheduling information receiving such as USF belonging to the UE which is not included in an obvious signaling should be taken into account.

The time for transmission and receiving is limited by:
-
The payload of application data and signalling  

-
Coverage condition and consequently the MCS selected for a specific solution and BLER

T Wait: The time between any transmission and receiving, and also the time between two consecutive transmission or receiving. The waiting time is relevant with the scheduling mechanism for a specific solution. 
No retransmission is assumed for signalling. For data, there is a baseline case where no retransmission is assumed. 

Editor's Note:  

-The case where data retransmission is assumed is FFS.
-Twait may or may not be relevant to a candidate solution.
5.3.2
Latency evaluation for uplink reports generated by MAR periodic
Latency evaluation is done based on MAR periodic model (See Annex E) as part of system level simulations for system capacity evaluation. 
Latency definition for MAR UL periodic reporting is as follows:
-
Latency excludes time needed for SI reading (as this is generally not required). 
-
Latency includes the time for UE to synchronize to the network (refer to Subclause 5.6). 
-
Latency includes the time for an access attempt from the device till the time to successfully receive the UL application layer payload at the base station.  
-
No specific latency requirement is considered in this case.
NOTE: 
Latency analysis is not needed for Network Command model. 

5.3.3
Latency evaluation of downlink application layer ACKs for uplink generated MAR periodic reports
Latency analysis is done for application layer DL ACK of uplink reports generated by MAR periodic model (See Annex E).  by an analytical method using the formula:

Latency for DL ACK =  T Transmission +  T Receiving + T Wait     
The start point for the latency for DL ACK is the very first signalling/data sending which is relevant to the DL ACK transmission and the end point is the time when the device has successfully received the application layer DL ACK..
- T Transmission, T Receiving and T Wait are defined in subclause 5.3.1.

- T Transmission and T Wait may or may not be relevant to a candidate solution.
5.4
Energy consumption evaluation methodology

The purpose of energy consumption analysis is to calculate the achievable battery life for an MTC device using a specific candidate solution. A 5 Wh battery capacity should be assumed, without consideration of battery leakage impact since this depends on battery technology. 

An example of the different events that affect energy consumption when an MS has to send an IP packet and receive an IP acknowledgement for that packet is shown in Figure 5.4-1.  
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Figure 5.4-1: Example of events affecting energy consumption for IP packet exchange.

NOTE: Example in Figure 5.4-1 assumes GSM logical channels are used but the actual logical channels for 'clean slate' solutions may be different.
PSS denotes a Power Saving State such as that achieved with the Rel-12 Power Save Mode feature. In Idle, the device may be consuming more power than in the PSS state because, for example, it is maintaining a more accurate time/frequency synchronization with the network.

The energy consumption methodology comprises of two steps: 
1)
Declaration of key input parameters as shown in Table 5.4-1.
Table 5.4-1: Key input parameters for energy consumption analysis

	(1) Battery capacity

(Wh)
	(2) Battery power during Tx
(mW)
	(3) Battery power for Rx
(mW)
	(4) Battery power when Idle but not in PSS (mW)
	(5) Battery power in Power Save State (PSS)
(mW)
	(6) Time between end of IP packet carrying "report" and start of IP packet carrying "ack" on radio (ms)
	(7) Number of reports per day

	5
	
	
	
	[0,015]
	1000
	

	For each report (refer to Figure 5.4-1):

	(8) Rx time from PSS exit to re-entry into PSS

 (ms)
	(9) Idle time from PSS exit to re-entry into PSS 

(ms)
	(10) Tx time from PSS exit to re-entry into PSS
 (ms)
	(11) Time from last Rx or Tx activity to entry into PSS1
(ms)
	
	
	

	
	
	
	20000
	
	
	


2)
The battery life is calculated as follows:

a. Energy consumed per data report: 

e1 (mW×ms) = energy for Tx + energy for Rx + energy for tasks in idle
         =  (10) × (2)    +   (8) × (3)   +    (9) × (4)
E1 (Joules) = e1 / 1 000 000
b. Energy consumed per day:

E2 (Joules) = energy consumed per report × reports per day + energy in PSS per day
         =                     E1× (7)           +   (5) ×3600*24/1000
e2 (Watt Hours) = E2/3600
c. Days of battery life:

D = battery energy capacity / energy consumed per day = (1)/e2
d. Years of battery life:

Y = D/365

NOTE: 
In order to permit a focus on optimized battery life, the 20 second duration from last transmit/receive activity to entry into Power Save State implies the use of a GPRS Ready State timer that is deliberately different to the 44 second default value for T3314 (clause 11.2.2 of TS 24.008 [6]), and a PSM-Active time that is probably different to the suggested value of "2 DRX cycles plus 10 seconds" (clause 4.5.4 of TS 23.682 [7]). For the case where REL-12 Power Saving Mode is used for PSS, the PSM-active timer is assumed to be 0 and 'ready timer' is 20s. Battery life analysis should be done as per step 2 above. The energy consumed per report is dependent on the packet size of the uplink transmission and downlink reception associated with a report and the coverage condition of the device. The analysis is done for Mobile Autonomous Reporting (MAR) periodic traffic for two packet sizes (with packet size = application layer payload + COAP+DTLS+UDP+IP header overhead) of 50 bytes and 200 bytes and three coverage levels: GPRS reference MCL + 0dB, GPRS MCL reference+10 dB and maximum achievable coverage of candidate technology.  
The assumption for DL packet size for battery life analysis (above equivalent of SNDCP) is the header protocol overhead of COAP/DTLS/UDP/IP (either 29 bytes or 65 bytes) i.e. DL application ACK size of zero bytes is assumed.
The energy consumed per day by each device is also dependent on the reporting interval. Two reporting intervals of two hours and 24 hours are used in the analysis. 

Table 5.4-3 provides an example of how the battery life analysis can be captured as a matrix for the different cases to be evaluated. 
Table 5.4-3: Presentation of battery life analysis evaluation for 2 packet sizes, 2 reporting intervals and 3 coverage levels

	
	Battery life/years (1 year = 365 days) for three coverage levels

	Packet size, reporting interval combination
	Coupling Loss = GPRS reference MCL +0 dB
	Coupling Loss = GPRS reference MCL+ 10 dB
	Coupling Loss = maximum supported value

	50 bytes, 2 hours
	
	
	

	200bytes, 2 hours
	
	
	

	50 bytes, 24 hours
	
	
	

	200 bytes, 24 hours
	
	
	


The power consumption in Power Save State is assumed to be [0.015] mW, which only includes the contributions of a low power crystal, a minimal amount of active circuitry such as timers, plus standby current leakage. 
5.5
Complexity comparison methodology
5.5.1
Principles
For each candidate system proposal the following complexity comparison principles will be followed:
· The analysis will be standalone: no comparisons between apparently similar functional blocks in different candidates will be made.

· Each system will be described in terms of its functional blocks, described at the level that reviewers can understand their content and function and carry out their own analysis.  The details of the functional blocks are left open since they will depend on the system details and proposed implementation.

· DSP processing in terms of processor cycles / second may optionally be indicated.

· Proposals should specify what elements are on chip, and what external components are used.

· The assumed chip technology (process node) should be identified.

· For external components the key technical characteristics should be identified, for example:

· For memories, size and type (RAM, flash etc.)

· PA power / linearity (Class C, B etc.)

· Filters

· Crystals (TCXO, RTC etc.)

5.5.2
Complexity metrics

Complexity will be measured according to the following aspects:
· Silicon area estimate, including on-chip memory.

· Indication of required gate density should be given.

· Relative area of RF and baseband functions.

· List of external components.

· Any special characteristics of external components specific to a system proposal.

· [Code space requirement.]

· DSP cycles / second.

5.5.3
Exclusions

The following aspects of both on-chip and off-chip components will not be considered as they are likely to be equivalent between solutions.

-
Power management, LDOs, charging, etc.

-
Interfaces related to application functionality.

-
Application processor hardware and memory.

-
IC packaging.

-
PCB / screens.

-
Connectors and other mechanics.

-
Antennas.

5.5.4
Comparison

The following aspects of complexity will be compared between system proposals.

-
Silicon area

-
Indicates complexity, but not direct cost difference.

-
If relevant, processor cycles / second.

-
External components

-
Number of components.

-
Any special requirements that affect relative cost.

5.5.5
GPRS reference

-
The same methodology is followed for the GPRS reference.

-
As a first reference case, the assumed GPRS functionality will be: Multislot Class 10, quad-band, +33 dBm output power (GSM 850/900), +30 dBm (DCS1800/PCS1900).

-
A second reference case will be analysed, which will be Multislot Class 10, single band (850 or 900 MHz), +33 dBm.

5.6
Network synchronization time

Network synchronization is defined as the equivalent of acquisition of FCCH+SCH for GSM. Network synchronization is evaluated with one (equivalent of) BCCH carrier for initial cell search and cell re-confirmation. The timing of the broadcast carrier is assumed to be unknown, and uniformly distributed for initial cell search.

The network synchronization will be evaluated at a coupling loss of 144 dB, 154 dB, and the MCL for the candidate proposal. No extra MCL margin is required for network synchronization. 
The detection rate (%) and false detection rate (%) of the network synchronization will be provided.

The synchronization time, frequency accuracy and time accuracy after network synchronization will be provided.

5.7
Random access delay

The random access delay is defined as the time from when the device application triggers a first access request until the contention has been resolved from the perspective of that device.

The random access delay from system level simulations will be presented as a CDF over access delays for the two building penetration loss deployment scenarios and traffic model(s) that have been agreed. The percentage of random access attempts that fail in each scenario, not included in the CDF, will be declared.

The false detection rate (%) of the access channel will be provided at the MCL of the candidate technique. 
6
Physical layer aspects and radio access protocols for concepts based on evolution of GSM radio technology
6.1
Overall description

Evolving the existing GERAN system to cater for the additional requirements coming from the objectives of this study (e.g. extended coverage and low-complexity) will allow devices used in a Cellular System for Ultra Low Complexity and Low Throughput Internet of Things to co-exist with devices in existing GSM deployments. This implies that the same radio resources are shared and that GSM to a large extent re-uses existing system design.

Furthermore, evolving the GERAN specification allows:

-
Support of existing network deployments, including different network operations (for example multiband operation), non-hopping and hopping channels, etc.

-
Existing specification to be reduced to the minimum requirements applicable for Ultra Low Complexity and Low Throughput devices, such as reduced modulation and coding schemes supported, limited mobility requirements, reduced RLC/MAC functionality, reduced and simplified signalling procedures and MS idle mode behaviour.

The following description of GERAN evolution concepts will outline which parts of the GERAN specification that applies to devices used in a Cellular System for Ultra Low Complexity and Low Throughput Internet of Things, and additional changes to the specification required to cater for the new requirements of these devices. In the following descriptions, these devices are referred to as CIoT (Cellular Internet of Things) devices.


6.2
Extended Coverage for GSM (EC-GSM)

6.2.1
General

6.2.1.1
Re-using existing design

The EC-GSM concept relies to a large extent on re-using existing design principles in GSM, and only changing them when necessary to comply with the study item objectives. Also, a reduction of functionality in the 3GPP GERAN specification is chosen that minimizes implementation effort and complexity.

6.2.1.2
Backwards compatibility and co-existence with GSM

The intention with re-using design principles in GSM is to allow for support of these new CIoT devices in existing GSM deployments, multiplexing traffic from legacy GSM devices and CIoT devices on the same physical channels. 

The common control channels (CCCH) for EC-GSM need to be re-designed to support a broadcast carrier reaching also devices in extended coverage. The EC-CCCH for EC-GSM is mapped onto TS1 on the BCCH carrier.

Re-using existing physical layer design ensures no impact on the radio units supporting GSM already deployed in the field. 

Editor's Note: The impact on base band processing, and hence the digital unit in the base station is still to be assessed.
Re-using the existing design also allows the physical layer to support device speed the same as supported today (in normal coverage).
6.2.1.3
Achieving extended coverage

One of the objectives having most impact to the specification is the support of extended coverage. The general principle to provide extended coverage is using blind repetitions for the control channels and, for the data channels, a combination of blind repetitions of the lowest MCS supported in EGPRS today, i.e. MCS-1 and HARQ retransmissions. Support for extended coverage is realized by defining different coverage classes. A device at a certain point in time will belong to a specific coverage class. Different number of blind repetitions is associated with different coverage classes. The number of total blind transmissions for a given coverage class can differ between different logical channels.

6.2.1.4
Device capability

6.2.1.4.1
Baseline support and optional features

Optional features supported by the GERAN specification could also optionally be supported by a CIoT device. However, the minimum capability to be supported by the device will be EGPRS, MCS-1-4. Additionally, the device will support extended coverage and signalling procedures related to CIoT. To minimize device energy consumption both PSM (Power Saving Mode) based operation, and eDRX based reachability will be supported.

No support of CS related functionalities, nor support of GPRS, is foreseen as mandatory.

6.2.1.4.2
Output power classes

In the current GSM standard four different output power levels are supported in the 900 band, see Table 6.2-1.

Table 6.2-1. Current MS output power levels.

	Power
	GSM 400 & GSM 900 & GSM 850 & GSM 700

	class
	Nominal Maximum output

	
	power

	1
	‑ ‑ ‑ ‑ ‑ ‑

	2
	8 W (39 dBm)

	3
	5 W (37 dBm)

	4
	2 W (33 dBm)

	5
	0,8 W (29 dBm)


The typical output power class used is 33 dBm, and output power levels higher than 2 W are typically not used for handheld devices. For EC-GSM, 33 dBm is expected to be the maximum output power level to be used by the devices.
In order to integrate the PA onto the chip an alternative power class of [23] dBm is added to the list of supported power classes in the table.

It is the intention that the same specification is to be followed by the new power class, and hence its corresponding reduction in output power implies an equal reduction in maximum UL coverage. It also implies that the same numbers of coverage classes are defined both for devices using 23 dBm maximum output power and for devices using 33 dBm maximum output power.

6.2.2
Downlink physical layer design

6.2.2.1
Basic transmission scheme

e.g. modulation scheme, downlink data multiplexing scheme, channel coding scheme, transmit diversity scheme etc. 

6.2.2.1.1
Re-using existing design

The physical layer design is to a large extent common with current GSM design. Unless otherwise stated, this includes re-using existing:

-
Multiple access, timeslot and frame structure and channel organization, see TS 45.001 [10].

-
Channel mapping, burst building, and burst multiplexing, see TS 45.002 [11].

-
Coding, reordering and partitioning, and interleaving, see TS 45.003 [12].

-
Differential encoding, and modulation, see TS 45.004 [13].

6.2.2.1.2
New packet control channel format.

6.2.2.1.2.1
General

In GSM the coding scheme CS-1 is extensively used, not only as the lowest coding scheme in the GPRS set, but also in different packet control channels, including for example PCH (CCCH/D), AGCH (CCCH/D), BCCH and PACCH.

For CIoT devices the amount of control signalling can be limited due to the substantially reduced functionality envisioned,. Hence, a new point-to-multipoint control message and an associated coding block type have been designed.

The compact control message is described in detail in subclause 6.2.2.1.2.2.

For the DL coding block type payload content of, 80 bits and 64 bits have been defined for use on CCCH/D and PACCH/D respectively.

The payload is protected with an 18 bit CRC field, and a 1/3 convolutional mother code to generate 108 and 116 punctured bits for PACCH/D and CCCH/D respectively. Eight less punctured bits for PACCH/D are used to cater for the currently defined Stealing Flags and provide backwards compatibility with existing GPRS and EGPRS implementations.

The punctured bits are for CCCH/D repeated over two burst, while the PACCH/D is repeated over four bursts to utilize the equivalent resources of a CS-1 4-burst radio block.

PCH, AGCH and the DL PACCH make use of the new packet control channel format on the DL, while BCCH still uses CS-1 format. 

6.2.2.1.2.2
Detailed description

The following is a description of the new packet control channel format, following the nomenclature and description used in TS 45.003 [12]. 

6.2.2.1.2.2.1
Packet control channels in extended coverage (EC-CCCH/D, EC-PACCH)

6.2.2.1.2.2.1.1
Block constitution

The message delivered to the encoder on the DL has a fixed size of N information bits {d(0),d(1),...,d(N-1)}, where:

-
EC-CCCH/D: N=88

- 
EC-PACCH/D: N=80

-
EC-PACCH/U: N=64

6.2.2.1.2.2.1.2
Data coding

a)
Parity bits:

Eighteen data parity bits p(0),p(1),...,p(17) are defined in such a way that in GF(2) the binary polynomial:

d(0)DN+18-1 +...+ d(N-1)D18 + p(0)D17 +...+ p(17), when divided by:

D18 + D17 + D14 + D13 + D11 + D10 + D8 + D7 + D6 + D3 + D2 + 1, yields a remainder equal to:

D17 + D16 + D15 + D14 + D13 + D12 + D11 + D10 + D9 + D8 + D7 + D6 + D5 + D4 + D3 + D2 + D + 1.
The parity bits are added after the block of N bits, the result being a block of N+18 bits, {b(0),…,b(N+18-1)}, defined as:

b(k)
= d(k)

for k = 0,1,...,N-1

b(k)
= p(k‑N)
for k = N,...,N+18-1
b) Tail-biting convolutional encoder

The six last bits are added before the block of N+18 bits, the result being a block of N+24 bits {c(‑6),…,c(0),c(1),...,c(N+18-1)} with six negative indices:

c(k)

= b(N+18+k)

for k = -6,...,-1

c(k)

= b(k)


for k = 0,1,...,N+18-1

This block of N+24 bits is encoded with the 1/3 rate convolutional mother code defined by the polynomials:
G4 = 1 + D2 + D3 + D5 + D6

G7 = 1 + D + D2 + D3 + D6

G5 = 1 + D + D4 + D6
This results in a block of (N+18)*3 coded bits {C(0),...,C((N+18)*3-1)} defined by:

C(3k)     = c(k) + c(k‑2) + c(k‑3) + c(k‑5) + c(k‑6)

C(3k+1) = c(k) + c(k‑1) + c(k‑2) + c(k‑3) + c(k‑6)

C(3k+2) = c(k) + c(k‑1) + c(k‑4) + c(k‑6)     for k = 0,1,..., N+18-1

The code is punctured in such a way that the following coded bits are not transmitted:

	EC-CCCH/D

EC-PACCH/U
	{C(k) for k = floor(linspace(0,(N+18)*3-1,(N+18)*3-116)) (Matlab syntax used)

	EC-PACCH/D
	{C(k) for k = floor(linspace(0,(N+18)*3-1,(N+18)*3-114)) (Matlab syntax used)


6.2.2.1.2.2.1.3
Mapping on a Burst

6.2.2.1.2.2.1.3.1
EC-CCCH/Dand EC-PACCH/U

The mapping is given by the rule:

For B = 0 and 1

e(B, j)

= C(j)


for j = 0,1,...,115

6.2.2.1.2.2.1.3.2
EC-PACCH/D
The mapping is given by the rule:

For B = 0, 1, 2 and 3



e(B, j)

= C(j)


for j = 0,1,...,113
6.2.2.2
Physical layer procedure

e.g. scheduling approach, link adaptation mechanism, time diversity mechanism, cell detection mechanism, power control mechanism, physical layer measurements, etc.
6.2.2.2.1
Cell detection

The cell detection for a CIoT device is based on detecting FCCH and decoding EC-SCH as in current GSM operation. In extended coverage multiple FCCH instances are expected to be acquired in order to detect the cell and to provide a rough frequency and time estimation. 

The FCCH resources used by CIoT devices is the same as in normal GSM operation and hence no additional resource need to be allocated to support extended coverage for FCCH.

In a second step of the cell detection, the Extended Coverage SCH (EC-SCH) is decoded. The EC-SCH is mapped onto TS1 of the BCCH carrier, see subclause 6.2.4.  To support blind repetitions, and hence transmitting multiple instances of the same SCH block, a redefinition of the EC-SCH reduced frame number (RFN) information will be considered.

The SCH contains per its current definition a 19 bit RFN defined as follows in TS 45.002 [11];

"T1(11 bits)
range 0 to 2047
= FN div ( 26 x 51)

T2

(5 bits)
range 0 to 25

= FN mod 26

T3'
(3 bits)
range 0 to 4

= (T3 ‑ 1) div 10

where

T3(6 bits)

range 0 to 50

= FN mod 51".

T1 identifies the position of the GSM superframe within the hyperframe. (T3-T2) mod 26 defines the position of the 51-multiframe within the T1 superframe. T3 finally determines the frame position within the 51-multiframe.

Primarily a device needs to acquire the RFN to identify the occurrence of its paging group. Considering that the set of extended DRX (eDRX) cycles proposed for EC-GSM at maximum covers 13312 51-multiframes (~52 minute eDRX cycle), or 1/4 of the entire TDMA FN space (i.e. a quarter hyperframe), it is sufficient for T1' to cover a range of 0 to 511 superframes.
T1' (9 bits) range 0 to 511= FN div ( 26 x 51 x 4)

Immediately after accessing the network, the device will receive an immediate assignment containing an indication of in what quarter hyperframe the last part of the assignment message is received, hence filling in the missing two bits not provided by the 9 bit T1' field required to determine the position of a GSM superframe within a hyperframe as per the legacy T1 field.

When repeating a single instance of the EC-SCH over a pair of two consecutive 51-multiframes T2 can be modified to signal on which pair of 51-multiframes in the superframe the EC-SCH is transmitted. T2 can hence be redefined as;

T2'(4 bits) range 0 to 12= (FN –T1*26*51) div 102

With these redefinitions devices need an indication of over which 51-multiframe border the EC-SCH information is changing. To cater for this, the SCH is modulated using a modified GMSK modulation using a negative modulation index h equal to -½ on odd numbered 51-multiframes. By detecting the modulation index, using de-rotation of (/2 or -(/2, a mobile can determine if a SCH burst is transmitted over an even or odd numbered 51-multiframe.

T3' is finally removed from the EC-SCH content, as a device in extended coverage is able to detect which TDMA frame number (FN) an EC-SCH instance in the 51-multiframes is configured on when considering  the asymmetric distribution of FCCH and EC-SCH blocks over the 51-multiframe on TS 0 and 1, respectively. 

With these new definitions a device will be able to determine FN within a quarter hyperframe, denoted QHFN as;

QHFN =(51 x 26 x T1) + (2 x 51 x T2' + 51 x T2'') + T3''
where

T1 and T2' follows above definitions, 

T2'' is signalled trough the detected GMSK modulation index (gmi) and defined as

T2''(gmi = ½) = 0, for even 51-multiframes,

   T2''(gmi = -½) = 1 for odd 51-multiframes.

T3'' will be determined through the mapping of the FCCH onto specific TDMA frames within 51-multiframes sent on TS0 and will be an element in the set {0, 10, 20, 30, 40}.
To conclude,  after the decoding of EC-SCH, the MS will have knowledge about the overall frame structure except the two most significant bits of FN, and the Base transceiver station identity code (BSIC). The two most significant bits of FN will be acquired when receiving an immediate assignment. For more details, see Tdoc GPC150208 [6.2-x].After acquisition of EC-SCH, the device acquires the CIoT specific System Information contained in the EC-BCCH. It should finally be noted that an EC-GSM device in normal coverage may optionally read the legacy SCH to optimize the RFN acquisition time.
6.2.2.2.2
Scheduling

In both in normal coverage (equivalent to existing GSM operation) and extended coverage the scheduling in the DL is done as per current GSM operation, i.e. the device monitors the DL PDTCH for a radio block containing an RLC/MAC header with the TFI value assigned to it.

6.2.2.2.3
Link Adaptation

Downlink link adaptation is performed as in GSM today in the sense that the network decides the modulation and coding scheme to be used for traffic channels based on the reported quality and signal strength from the device. When in extended coverage, the number of blind repetitions to be used by the network will be based on the estimated DL coverage class by the device. In case multiple modulation schemes are supported by the device the modulation is blindly detected by symbol rotation angle, as per current GSM operation. It should be noted that for the minimum device capability, see subclause 6.2.1.4, no modulation detection is needed since only GMSK modulation is supported.

To keep device complexity and implementation low the radio link measurements are performed according to GPRS principles, i.e. that the device reports the RXLEV (received signal level strength) and RXQUAL (estimated bit error rate probability).

6.2.2.2.4
Power Control

Power control as used today on the DL is also expected to be used for CIoT devices. In case a device is in extended coverage, full power is expected to be used from the network side to minimize the need for repeated transmissions.

6.2.3
Uplink physical layer design

6.2.3.1
Basic transmission scheme

e.g. modulation scheme, uplink data multiplexing scheme, channel coding scheme, transmit diversity scheme etc. 

6.2.3.1.1
Re-using existing design

The physical layer design is to a large extent common with current GSM design. Unless otherwise stated, this includes re-using existing:

-
Multiple access, timeslot and frame structure and channel organization, see TS 45.001 [10].

-
Channel mapping, burst building, and burst multiplexing, see TS 45.002 [11].

-
Coding, reordering and partitioning, and interleaving, see TS 45.003 [12].

-
Differential encoding, and modulation, see TS 45.004 [13].

6.2.3.1.2
New packet control channel format.

6.2.3.1.2.1
General

A new control channel format is designed to be used in the UL. The new control channel format on the UL is defined to carry 64 payload bits, and is mapped onto four bursts.

The detailed description is provided in subclause 6.2.2.1.2.2.

6.2.3.1.3
Overlaid CDMA

An overlaid CDMA technique is used to increase UL capacity. This technique allows multiplexing of multiple users simultaneously on the same physical channel. Orthogonality between multiplexed users is achieved through orthogonal codes. More specifically each user repeats its blocks and applies an assigned code sequence that is orthogonal to code sequences assigned to other users. The code sequence elements are of unit amplitude and are applied burst-wise, i.e., they correspond to applying a phase shift to each transmitted burst. At the receiver side, the received blocks are phase shifted according to the complex conjugate of the same code sequence, followed by addition of the received samples. This will result in coherent accumulation of the desired signal and cancellation of the others. By applying different code sequences on the receiver side, the signals from the different users can be separated.

The code sequences can e.g. be the rows of a Hadamard matrix or a Fourier matrix.

The overlaid CDMA technique is applied to the EC-PDTCH/U and its associated control channel, EC-PACCH/U, and on the EC-RACH. In case of EC-RACH a code sequence is selected by the device randomly (or in a predetermined manner based on some MS identity).

6.2.3.2
Physical layer procedure

e.g. random access design, uplink scheduling approach, link adaptation mechanism, time diversity mechanism, cell detection mechanism, power control mechanism, physical layer measurements etc. 

6.2.3.2.1
Random Access

The 11 bit access message format for the Random Access is re-used from existing GSM access procedures and is supported by CIoT devices, carried by the Access Burst (AB), see TS 45.002 [11] and TS 45.003 [12], and is transmitted on TS1 in the UL. Extended coverage is achieved by blind transmission up to 32 times.  

The coding of the NB follows the definition in subclause 6.2.2.1.2.2 with the difference that 48 payload bits, instead of 64 bits, are used and that 6 parity bits, instead of 18, are added to the information bits. Six parity bits are also used today for the RACH, see subclause 4.6 in TS 45.003 [12], and the principle of adding the BSIC bitwise modulo 2 to the parity bits is re-used.

To handle collision on the RACH, overlaid CDMA codes are used. Orthogonal codes are used to separate users within a coverage class that tries to access the system at the same time. See 6.2.3.1.3 for more information.

6.2.3.2.2
Uplink scheduling

For CIoT users on the UL the principle of fixed UL allocation is used. This is a scheduling principle that has earlier been supported by the GERAN specifications but was removed in Rel-5 due to lack of network implementations/operation, see Tdoc GP-020645 [6.2-1]. By using fixed allocation the need for the CIoT device to monitor the DL for USF is removed. This does not only have a positive effect on device battery lifetime, but will also avoid providing USF based scheduling at extended coverage. The USFs today are transmitted in the radio block together with RLC Data, RLC/MAC Header and Stealing Flags. By using a significantly lower signal bandwidth than symbol rate, all modulation schemes used in GSM experiences Inter-Symbol-Interference (ISI). Hence, if blindly repeating the USF in an attempt to achieve USF based uplink transmissions for devices in extended coverage, while not blindly repeating the RLC Data and RLC/MAC header, the USF performance will be degraded by the interference of alternating other symbols and alternating other bits within the symbol (in case the USF is not mapped onto full modulation symbols) during the repetition period. This could be solved by mandating the DL RLC Data and DL RLC/MAC Header to be repeated during the same repetition period as the USF bits, but would imply coupling the DL and UL RRM which is not practical as it imposes the restriction of scheduling uplink transmissions from a device of a certain coverage class while simultaneously sending downlink payload to a device of the same coverage class. Hence, instead fixed UL allocation is used.

6.2.3.2.3
Link Adaptation

Uplink link adaptation is performed as per current GSM operation, i.e. the network commands the MCS to be used on the UL by the device, see TS 44.060 [14]. In extended coverage, MCS-1 is always used. The number of blind transmissions used is determined by the coverage class the device belongs to, see Table 6.2-2.

6.2.3.2.4
Power Control

Uplink power control is performed as in GSM today, i.e. the network commands the power level to be used on the UL by the device, see TS 44.060 [14]. In extended coverage, full power is always used.

6.2.4
 Link layer aspects

e.g. random access procedure, control channels and mapping to physical layer resources, traffic channels and mapping to physical layer resources, multiplexing/de-multiplexing principles, priority handling principles, data segmentation and re-assembly principles, retransmission schemes etc.

6.2.4.1
Timing Advance

In current GSM systems Timing Advance (TA) is used to ensure the reception of UL bursts aligned with the overall frame structure, avoiding inter-slot-interference and limiting the synchronization window in the base station receiver. The TA is initially estimated at the reception of the access burst on the RACH, and commanded to the MS by the Immediate Assignment. 

During the lifetime of the TBF the TA can be updated either by PACCH or by continuous TA operation by the use of PTCCH/D and PTCCH/U. PTCCH make use of a repetition length of 416 TDMA frames, which implies an update frequency of once every two seconds (1.92 sec). If using PACCH based TA the update frequency will be up to network implementation.

A timing advance value, within an accuracy of one symbol duration, is valid a movement of around 500 m. Assuming the duration of a report (mobile autonomous report or network triggered report) is up to 10 seconds, a device speed away from the base station receiver of 180 km/h is still supported.

If a second report is to be transmitted by the device, then a second access burst will be transmitted on the RACH, and consequently the TA will be updated.

Hence, the use of TA via PTCCH to continuously tracking the timing advance during the lifetime of the TBF will not be supported by CIoT devices. Tracking the TA by PACCH is still an option.

6.2.4.2
Mapping of logical channels onto physical channels

6.2.4.2.1
General

The detailed mapping of logical channels onto physical channels is defined in the following subclauses. 

Editor's Note: It should be noted that the number of coverage classes to be supported is not determined yet.

6.2.4.2.2
FCCH

The FCCH is not changed compared to current FCCH mapping, and hence is mapped to TS0 on the BCCH carrier every 10th or 11th frame. No additional resources are required to reach users in extended coverage.

6.2.4.2.3
EC-SCH

In current GSM each instance of SCH changes content since the content of SCH is containing frame number indication. Considering that multiple instances have to be received in order to decode the EC-SCH in extended coverage, the content need to be the same in order to provide possibility for the receiver to combine multiple transmissions.

The EC-SCH is, by default, transmitted on TS1 with the same burst content over 14 instances during 2 consecutive 51-multiframes.
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Figure 6.2-1. EC-SCH mapping.

6.2.4.2.4
EC-BCCH

Considering the significant reduction possible in SI content for CIoT devices, see subclause 6.2.5.3, a separate BCCH, called EC-BCCH is used for CIoT devices. The EC-BCCH uses the same coding scheme as currently used by the BCCH, i.e. CS-1.

The EC-BCCH is by default mapped onto TS1 using either one (EC-BCCH Normal) or two (EC-BCCH Extended) blocks per 51-multiframe where an EC-BCCH block uses a 4 burst mapping as per the legacy BCCH on TS0. The content of the EC-BCCH is transmitted over 16 51-multiframes.
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Figure 6.2-2. EC-BCCH Normal (top) Extended (bottom) mapping.

6.2.4.2.5
EC-PCH

The EC-PCH is using a 2-burst mapping of the paging block (EC-PCH block) described in subclause 6.2.2.1.2.2 and is by default mapped onto TS1. During a 51-multiframe, at most 16 instances of paging groups will occur. The higher the coverage class, the lower number of paging group instances will occur, with at minimum two instances for the higher coverage classes. The nominal paging group of a device is mapped onto one, two or four 51-multiframe depending on the coverage class, see Figure 6.2-3 and Table 6.2-2.
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Figure 6.2-3. EC-PCH mapping. CC1 (top), …, CC6 (bottom).

The instance of the paging block to be monitor by the device is determined as today by the IMSI of the device, the DRX cycle, and, in addition, the latest downlink coverage class communicated to the network, see 6.2.4.3.2.

6.2.4.2.6
EC-AGCH

The EC-AGCH is using a 2-burst mapping of the AGCH block (EC-AGCH block) described in subclause 6.2.2.1.2.2 and is by default mapped onto TS1. During a 51-multiframe, at most 20 instances of access grant will occur. The higher the coverage class, the lower number of access grant instances will occur, with at minimum two instances for the higher coverage classes. The access grant is mapped onto one, two or four 51-multiframe depending on the coverage class, see Figure 6.2-4 and Table 6.2-2. 
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Figure 6.2-4. EC-AGCH mapping. CC1 (top), …, CC6 (bottom).

6.2.4.2.7
EC-RACH

For users in extended coverage, the EC-RACH is still used as a collision based channel with each coverage class being mapped onto specific frame options. The EC-RACH is repeated up to 32 times, allowing for up to around 6 accesses per second for the worse coverage class device. The highest coverage class, CC6, is mapped onto 2 51-multiframes while all lower coverage classes are mapped within one 51-multiframe.

The EC-RACH is by default mapped onto TS1, but as today in GSM, multiple EC-CCCH operation can be supported, in which case TS3,5,7 can also be used for EC-RACH.
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Figure 6.2-5. EC-RACH mapping. CC1 (top), …, CC6 (bottom).

6.2.4.2.8
EC-PACCH

A new control block format for EC-PACCH is used by CIoT devices. 

When in normal coverage, the new control block format is mapped onto the same physical channels as current PACCH, and is operating in the current 52-multiframe structure.

When in extended coverage, the resource mapping is using multiple TS in a single BTTI, and for some coverage classes, also multiple BTTIs. The resource mapping per coverage class can be mapped in multiple ways onto the overall TDMA frame structure, see Table 6.2-2, but the same number of TS and TTIs are always used.

The new packet control block format used for both the DL and UL is defined in subclause 6.2.2.1.2. and subclause 6.2.3.1.2 respectively. Each EC-PACCH block uses a 4, 8 or 16  burst mapping on the same timeslot as shown in Figure 6.2-6. 
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Figure 6.2-6. EC-PACCH mapping. CC1,CC2 (top),CC3, …, CC6 (bottom).

For EC-PACCH transmission on the UL, a more compact burst format than currently used when mapping the four radio blocks onto the physical resources is used. The more compact burst mapping ensures the same burst is transmitted consecutively, with no other bursts transmitted in-between. Using the current burst mapping, this would only apply for CC5 and CC6 where the blind transmissions are spread over more than 1 TTI. For example, for CC5 using the current mapping the first burst is transmitted in TDMA frame N on TS0,1,2,3, and on TDMA frame N+4 on TS0,1,2,3. With the compact mapping the first burst is instead transmitted in TDMA frame N, and N+1 on TS0,1,2,3.
An EC-GSM device will not be able to interpret a legacy DL PACCH block since it will attempt to decode DL PACCH blocks using a new block format defined for EC-PACCH as described in [3]. In addition, an EC-GSM device will expect the stealing flags to indicate CS-3 whenever a EC-GSM DL PACCH block is sent whereas the stealing flags will indicate CS-1 or MCS-0 whenever a legacy DL PACCH block is sent. Similarly, a legacy device will not be able to interpret an EC-GSM DL PACCH block since its stealing flags will indicate CS-3 and it is coded differently from both legacy PACCH blocks and legacy data blocks. 

Legacy devices use T3190 to verify the ongoing arrival of downlink RLC data blocks such that the extended absence of RLC data blocks is what leads to an abnormal release of a DL TBF (i.e. when T3190 expires). As such, the inability of a legacy device to interpret one or more DL radio blocks resulting from the BSS transmitting EC-GSM DL PACCH blocks on timeslots it is monitoring will not result in any operational problem.

6.2.4.2.9
EC-PDTCH

The same packet data block format as used today for PDTCH is followed also for EC-PDTCH.

The mapping of EC-PDTCH in normal coverage also follows the mapping used by PDTCH/F today. 

When in extended coverage (CC > 1) the same mapping options as for PACCH apply, see figure 6.2-6 and Table 6.2-2. Compact burst mapping also applies for CC5 and CC6, see subclause 6.2.4.2.8.

6.2.4.2.10
Mapping table

To show the mapping of the logical channels onto physical channels in a more condense form, the table format in TS 45.002 [11] is used. Table 6.2-2 lists the logical channels used by devices supporting extended coverage operation. The channels are denoted with the prefix 'EC-'. Existing channels used by devices supporting extended coverage are also listed.

Table 6.2-2. Mapping of logical channels onto physical channels.

	Channel designation
	Dir.
	Allowable 
timeslot 
ass.
	Allowable 
RF ch. 
ass.
	Burst 
type
	Repeat length 
TDMA frames
	Coverage 
class

(CC)
	Interleaved block 
TDMA frame mapping

	FCCH1
	D
	0
	C0
	FB
	51
	-
	B0(0),B1(10),B2(20),B3(30),B4(40)

	EC-SCH
	D
	1
	C0
	SB
	102
	-
	B0(0,1,2,3,4,5,6 +51 N), N=0,1

	EC-BCCH Norm
	D
	1,3,5,7
	C0
	NB
	816
	-
	B0(7,8,9,10+51N), N=0,…,15

	EC-BCCH Ext
	D
	1,3,5,7
	C0
	NB
	816
	-
	B0(11,12,13,14+51N), N=0,…,15

	EC-PCH
	D
	1,3,5,7
	C0
	NB
	51
	1
	B0(19,20),B1(21,22),…,B15(49,50)

	
	
	
	
	
	51
	2
	B0(19,…,22),B1(23,…,26),…,B7(47,…,50)

	
	
	
	
	
	51
	3
	B0(19,…,26),B1(27,…,34),…,B3(43,…,50)

	
	
	
	
	
	51
	4
	B0(19,…,34), B1(35,…,50)

	
	
	
	
	
	102
	5
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1

	
	
	
	
	
	204
	6
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1,2,3

	EC-AGCH
	D
	1,3,5,7
	C0
	NB
	51
	1
	B0(11,12),B1(13,14),…,B19(49,50)

	
	
	
	
	
	51
	2
	B0(11,…,14),B1(15,…,18),…,B9(47,…,50)

	
	
	
	
	
	51
	3
	B0(11,…,18),B1(19,…,26),…,B4(43,…,50)

	
	
	
	
	
	51
	4
	B0(19,…,34), B1(35,…,50)

	
	
	
	
	
	102
	5
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1

	
	
	
	
	
	204
	6
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1,2,3

	EC-RACH
	U
	1,3,5,7
	C0
	AB, NB
	51
	1
	B0(0),B1(1),..B50(50) 

	
	
	
	
	
	
	2
	B0(0,1),B1(2,3),..B24(48,49)

	
	
	
	
	
	
	3
	B0(0,…,3), B1(4,…,7),...B11(44,…,47)

	
	
	
	
	
	
	4
	B0(0,…,7),B1(8,…,15)…, B5(40,…,47)

	
	
	
	
	
	
	5
	B0(0,…,15),B1(16,…,31),B2(32,…,47)

	
	
	
	
	
	
	6
	B0(0,…,50)

	EC-PACCH,

EC-PDTCH
	D&U
	0…7
	C0…Cn
	NB
	52
	1
	B0(0...3), B1(4...7), B2(8...11), B3(13...16), B4(17...20), B5(21..24), B6(26...29), B7(30...33), B8(34...37), B9(39...42), B10(43...46), B11(47...50)

	
	
	
	
	
	
	2
	B0(0...3), B1(4...7), B2(8...11), B3(13...16), B4(17...20), B5(21..24), B6(26...29), B7(30...33), B8(34...37), B9(39...42), B10(43...46), B11(47...50)

	
	
	
	
	
	
	3
	B0(0...3, 0'...3'), B1(4...7,4'...7'), B2(8...11, 8'...11'), B3(13...16,13'...16'), B4(17...20,17'...20'), B5(21..24,21'..24'), B6(26...29,26'...29'), B7(30...33,30'...33'), B8(34...37,34'...37'), B9(39...42,39'...42'), B10(43...46,43'...46'), B11(47...50,47'...50')2

	
	
	
	
	
	
	4
	B0(0...3,0'...3',0''...3'',0'''...3'''),B1(4...7,4'...7',4''...7'',4'''...7'''), B2(8...11, 8'...11',8''...11'', 8'''...11'''), B3(13...16,13'...16',13''...16'',13'''...16'''), B4(17...20,17'...20',17''...20'',17'''...20'''), B5(21..24,21'..24',21''..24'',21'''..24'''), B6(26...29,26'...29',26''...29'',26'''...29'''), B7(30...33,30'...33',30''...33'',30'''...33'''), B8(34...37,34'...37',34''...37'',34'''...37'''), B9(39...42,39'...42',39''...42'',39'''...42'''), B10(43...46,43'...46',43''...46'',43'''...46'''), B11(47...50,47'...50',47''...50'',47'''...50''')3

	
	
	
	
	
	
	5
	B0(0...7,0'...7',0''...7'',0'''...7'''),B1(8...11,13…16,8'...11',13'…16',8''...11'',13''…16'',8'''...11''',13''',…,16'''), B2(17...24, 17'...24',17''...24'', 17'''...24'''), B3(26...33,26'...33',26''...33'',26'''...33'''), B4(34...37,39…42,34'...37',39'…42',34''...37'',39''…42'',34'''...37''',39'''…42'''), B5(43..50,43'..50',43''..50'',43'''..50''')3

	
	
	
	
	
	
	6
	B0(0...11,13…16,0'...11',13'…16',0''...11'',13''…16''',0'''...11''',13'''…16'''), B1(17...24,26…33,17'...24',26'…33',17''...24'',26''…33'',17'''...24''',26'''…33'''), B2(34...37,39'...50',34''...37'',39'''...50'''), B3(34...37,39'...50',34''...37'',39'''...50''')

	NOTE 1: 
The mapping is identical to FCCH and uses the same resources.
NOTE 2: 
A PDTCH is mapped onto two PDCHs. Number n indicates mapping on the PDCH with the lowest timeslot number in TDMA frame n, whereas number n' indicates mapping on the PDCH with the highest timeslot number in TDMA frame n.

NOTE 3:
 A PDTCH is mapped onto four PDCHs. Number n indicates mapping on the PDCH with the lowest timeslot number in TDMA frame n, whereas number n', n'', and n''' indicates mapping on the PDCH with the second lowest, second highest, and highest timeslot number in TDMA frame n respectively.


6.2.4.3
Operation of channels and channel combinations

6.2.4.3.1
Paging Groups and Coverage Classes

In order to avoid paging groups corresponding to different coverage classes being  spread out in time, the nominal paging groups supported within a given eDRX cycle for a given device (IMSI) are always identified, irrespective of the coverage class the device belongs to, by using the EC-PCH block associated with DL CC 1 (normal coverage). 

To determine the nominal paging group for higher coverage classes, for the same device and eDRX cycle, the EC-PCH block of CCX  is always chosen to contain the EC-PCH block of CC1.

For example, if the EC-PCH resources used on the EC-PCH for coverage class 5 is defined as EC-PCHCC5, then EC-PCHCC1 will be a subset of EC-PCHCC5.
This is illustrated in table 6.2-4 below where an example of how to map the logical EC-PCH channel onto physical resource within the 51-multiframe structure is shown. As can be seen, the EC-PCH block for CC1 is mapped onto TDMA frame 21 and 22, and is included in all other EC-PCH blocks used for the nominal paging groups of all higher coverage classes that could be used by the device for a given eDRX cycle. This example is also illustrated in Figure 6.2-7. For more information on the mapping of logical channels onto physical channels, see subclause 6.2.4.2.5.

Table 6.2-3. Example of EC-PCH CC1 block and corresponding EC-PCH blocks of other coverage classes (CCs)

	Channel designation
	Dir.
	Repeat length 
TDMA frames
	Coverage 
class

(CC)
	Interleaved block 
TDMA frame mapping

	EC-PCH
	D
	51
	1
	B0(19,20),B1(21,22)),…,B15(49,50)

	
	
	51
	2
	B0(19,…,22),B1(23,…,26),…,B7(47,…,50)

	
	
	51
	3
	B0(19,…,26),B1(27,…,34),…,B3(43,…,50)

	
	
	51
	4
	B0(19,…,34), B1(35,…,50)

	
	
	102
	5
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1

	
	
	204
	6
	B0(19,…,34 + 51N), B1(35,…,50 + 51N), N=0,1,2,3


By this it is ensured that the set of EC-PCH blocks of interest for any given coverage class will always be located within 4 51-multiframes (i.e. the maximum duration of the paging group of the worse coverage class) from the EC-PCH CC1 block

6.2.4.3.2
Determination of PAGING_GROUP

When sending a paging request to a BSS, the SGSN includes an indication of the eDRX cycle, DL CC and IMSI associated with the target device thereby allowing the BSS to determine the next occurrence of the nominal paging group for that device within its eDRX cycle as follows:

-
N is the number of paging groups corresponding to a given DL CC within a given eDRX cycle and is determined based on EXTENDED_DRX_MFRMS, EC_PCH_BLKS_MFRM, and CC_EC_PCH_BLKS where: 

-
EXTENDED_DRX_MFRMS is the number of 51-multiframes per eDRX cycle determined as per Table 6.2-4 below.

-
EC_PCH_BLKS_MFRM indicates the number of EC-PCH blocks (i.e. the number of 2 bursts blocks) per 51-multiframe. For EC-GSM this can be fixed at 16 which is the equivalent of the legacy PCH_BLKS_MFRM parameter indicating 8 PCH blocks per 51-multiframe.

-
CC_EC_PCH_BLKS is the number of EC-PCH blocks required for a given DL CC (where the number of blind repetitions required for any given DL CC is pre-defined by the specifications).

-
The set of eDRX cycle lengths identified by Table 6.2-4 is selected such that each member of the set occurs an integral number of times within the full TDMA FN space.

-
N  = (EC_PCH_BLKS_MFRM x EXTENDED_DRX_MFRMS)/CC_EC_PCH_BLKS. The EC-PCH CC1 block for a device using a given eDRX cycle is determined based on where the nominal paging group occurs for DL CC = 1 (i.e. CC_EC_PCH_BLKS = 1)

-
EC-PCH CC1 block = mod (IMSI, N) where N = (16 x EXTENDED_DRX_MFRMS)/1.

Table 6.2-4. Set of eDRX Cycles Supported

	eDRX Cycle Value (EXTENDED_DRX)
	 Target eDRX Cycle Length
	Number of 51-MF per eDRX Cycle (EXTENDED_DRX_MFRMS)
	eDRX Cycles per TDMA FN Space

	0
	~24.5 seconds
	104
	512

	1
	~49 seconds
	208
	256

	2
	~1.63 minutes
	416
	128

	3
	~3.25 minutes
	832
	64

	4
	~6.5 minutes
	1664
	32

	5
	~13 minutes
	3328
	16

	6
	~26 minutes
	6656
	8

	7
	~52 minutes
	13312
	4

	Note 1:
 53248  51-multiframes occur with the TDMA FN space (2715648 TDMA frames).
Note 2:
 All remaining EXTENDED_DRX values are reserved.


Example 1:

-
IMSI = 00000000  10001001  00110000  00000001 = 4796417 and EXTENDED_DRX_MFRMS = 6656 (i.e. the eDRX cycle ~ 26 minutes)

-
N = 16 * 6656 = 106496

-
CC1 Nominal Paging Group = mod (IMSI, 106496) = 4097 which occurs in the 4098th EC-PCH block of the eDRX cycle (i.e. in the 2nd EC-PCH block in 51-multiframe #257

-
The nominal paging groups associated with other DL CC for the same IMSI and eDRX cycle length are as shown in Figure 6.2-7 (e.g. the nominal paging group for DL CC 2 occurs in the 1st and 2nd EC-PCH blocks of 51-multiframe #257)
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Figure 6.2-7. Coverage Class Specific Paging Groups per Example 1

As can be seen in Figure 6.2-7, using this method for establishing DL CC specific nominal paging groups for a given eDRX cycle ensures that for a given IMSI the nominal paging groups associated with all possible DL CC will fall within 4 51-multiframes of the EC-PCH CC1 block. As such, if a device sends a CC update to the SGSN (e.g. using a Cell Update) e.g. 5 seconds prior to the next occurrence of its nominal paging group the BSS will still be able to send a page in time for it to be received by the device monitoring according to its DL CC incremented by 1 level. With the ability to update its DL CC as late as a few seconds before the next occurrence of its nominal paging group, a device will thereby experience a substantially reduced probability of missing a page due to experiencing DL CC degradation since the last time it performed a RAU procedure.

6.2.4.4
Multiplexing/De-multiplexing principles 

The introduction of CIoT devices into an existing operating GSM system will not cause any segregation of radio resources used for traffic channels and their associated control channels, and hence the same multiplexing and de-multiplexing principles for non CIoT devices as in current GSM operation still applies. 

The same frame structure, PDTCH/PACCH block format and mapping of blocks onto the physical resources is used for the EC-PDTCH/EC-PACCH as in current GSM operation. 

A new packet control channel for EC-PACCH is defined, where current Stealing Flags signalling (i.e. channel coding and burst mapping) is still used in order to support USF reception and decoding by non CIoT devices. The new packet control channel will not be decodable by legacy devices, but its content is also not of interest. The situation is as with the introduction of GPRS where the content of MCS-1-4 blocks were not decodable by GPRS devices, but the Stealing Flag signalling of CS-4 was re-used for MCS-1-4 to ensure that GPRS devices could read them, and by that also find the USF bits in the same burst positions as in GPRS CS-4. 

In an EC-PDTCH radio block addressed to a CIoT device, a legacy MS will be able to detect and decode the RLC/MAC header, but find that the TFI is not a valid TFI and hence will not proceed to decode the RLC Data block. Similarly for a CIoT device, a legacy MCS block will be decodable in the sense that it will find in the RLC/MAC Header content a TFI not matching the assigned TFI, and will hence not act on the block.

For CIoT devices on the DL, the same multiplexing and de-multiplexing principles of GSM applies. For the UL, a fixed UL allocation is used based on the content of an assignment message received in response to a resource request sent by the CIoT device, see subclause 6.2.3.2.2 or based on the content of a PUAN sent used to indicate one or more UL radio blocks need to be resent.

See subclause 6.2.6.x for link performance evaluation of the multiplexing/de-multiplexing principles.

6.2.4.5
Retransmission schemes

Hybrid ARQ together with incremental redundancy, as defined for EGPRS today, should be used by the network and will be supported by the device. 

When fixed UL allocation is used, see subclause 6.2.3.2.2, full knowledge can be obtained by the network on which block is transmitted on which resources by the device. Hence, it is possible for the network to provide incremental redundancy without effectively reading the RLC/MAC header to find the related BSN field during the soft combining process. This provides some performance benefits since the RLC/MAC header performance is, although more robust, similar to the RLC data performance for MCS-1 (the MCS used when in extended coverage). After each HARQ transmission the RLC/MAC header should still be attempted to be decoded to verify that the BSN and TFI match the values assumed during the combining process.
To lower device complexity, and to align design in both DL and UL, incremental redundancy is only utilized for MCS-3 and MCS-4, which due to its high code rate show significant gains in performance by reducing the code rate after multiple transmissions. However, little or no gain is seen by using all three puncturing schemes currently defined for those MCSs, and hence only 2 puncturing schemes are used. For MCS-1 and MCS-2, no additional gains are seen by using incremental redundancy compared to chase combining, and hence only one puncturing scheme is used for these MCSs.

6.2.4.6
Random Access Procedure

6.2.4.6.1
General

An EC-GSM device can access the EC-GSM system by using one of the two different random access channels. If the device is in normal coverage the legacy RACH is used. A device in extended coverage use EC-RACH.

An EC-GSM device needs to estimate its UL Coverage Class, (CC), before accessing the system. If the devices estimates its UL CC to be in extended coverage it will access the system by sending the access request bursts on the allocated frames for that CC. If the device is in normal coverage it can use any frame as per legacy procedure. See Table 6.2-2 for details. For each UL CC there will be an associated TSC which will be used when sending the access request. An EC-GSM device needs also to inform the BTS of the DL CC used to access the system.

Only one phase access is supported by CIoT devices accessing the network using a Access Burst format, minimizing the signalling overhead.

6.2.4.6.2
Burst types

A CIoT device accessing the system can do this by using two different burst formats, and by that indicate different information to the network. Irrespective of access option used, the optimized functionality associated with CIoT, such as optimized signalling procedures, will be supported by the device, and implicitly signalled to the network by using the new access format. 

All access options are summarized in table 6.2-6.
Table 6.2-5: Random Access – options

	Burst type1
	TS used on C01
	Option

	AB
	0
	- Used only by CIoT devices in normal coverage

	NB
	0
	- When accessing in small cell, or for stationary devices

- MS ID included for faster contention resolution

- Used only by CIoT devices in normal coverage

	AB
	1
	- Used by CIoT devices in extended coverage

	NB
	1
	- When accessing in small cell, or for stationary devices

- MS ID included for faster contention resolution

- Used by CIoT devices in extended coverage

	NOTE 1: See Table 6.2-2 for mapping onto physical resources.


Burst types:

-
An Access Burst, AB, will follow the existing 11 bit format of the legacy EGPRS Packet Channel Request message but with optimizations in the way of re-used code points. 

-
A Normal Burst, NB, will support substantially more payload space than an AB and will be sent when a device is operating in small cell environment (~4 km cell radius, when indicated in SI) or is otherwise able to determine what Timing Advance to apply at the point of sending the Access Request.

An AB burst sent on RACH will include:

-
Random bits (3 bits) – used as today to resolve contention in the access

-
A priority indication (1 bit) – used to indicate if the access is of alarm type or not

-
A block count indication (4 bits) - based on MCS-1

Table 6.2-6. RACH - AB format, TS0

< One Phase Access Request : 
100
< Priority : bit (1) >




< RandomBits : bit (3) >




< Block Count (4) > >

An AB burst sent on EC-RACH will, in addition, include an indication of the estimated DL coverage class (3 bits) - expected to be used by the BTS when sending the matching response on the EC-AGCH.

Table 6.2-7. EC-RACH - AB format, TS1
< One Phase Access Request : 




< Priority : bit (1) >







< RandomBits : bit (3) >







< DL CC : bit (3) >







< Block Count : bit (4) > >

A Normal Burst sent on RACH or EC-RACH will include a MSID (e.g. using the 32 bits long TLLI). This is to minimize the signalling required for contention resolution and also allow for a faster acquisition of the MS capabilities. In addition, it will also include the information sent in the AB according to the RACH used, except for the random bits, which are not needed due to the inclusion of MS ID.

A device that determines it has low or no mobility and is operating in a large cell will make at least one AB based system access request and successfully complete the corresponding uplink transmission (report) to determine the Timing Advance (TA) to apply when attempting a subsequent NB based system access in its current cell.

Once a device has acquired cell specific TA information, it is able to attempt NB based system access requests (i.e. a device that has determined it has low or no mobility will retain knowledge of TA received in a large cell for future NB based system access attempts in that cell).

A device that is unable to successfully perform a NB based system access, irrespective of the state of the flag in SI indicating small cell, will revert back to using AB based system access until it successfully completes another uplink transmission.

6.2.4.6.3
Training Sequence Codes

EC-GSM devices are required to support the 11bit AB format as well as the NB format and TSC's will be used for indicating the burst format used in the access attempt. To also support the legacy 8 bit AB format on TS0 a separate TSC will be allocated. Each coverage class will be allocated a TSC to distinguish between different coverage class users trying to access the EC-RACH on TS1. Different TSC´s will also be used to indicate the supported capabilities for the device i.e. a MCS-1-4 capable device or a MCS-1-9 capable device but there is no need for an extended coverage class device to indicate anything else than MCS-1-4 support. The RACH on TS0 only supports coverage class 1 devices and there will therefore be no need to indicate UL coverage class.

The TSC usage on TS0 for EC-GSM devices is therefore proposed to be:

· 1 TSC for 8 bit access (legacy devices only) 

· 1 TSC for NB access 

· 1 TSC for AB access MCS-1-4  

· 1 TSC for AB access MCS-1-9  

 The TSC usage on TS1 for EC-GSM devices is proposed to be:

-
3 TSC's for CC1: 

-
1 TSC for NB access

-
1 TSC for AB access + MCS-1-4 support 

-
1 TSC for AB access + MCS-1-9 support

-
10 TSC's for CC2 to CC6: 

-
1 TSC per coverage class for AB access 

-
1 TSC per coverage class for NB access

This results in a maximum TSC usage of 4 for TS0 and 13 for TS1. It is important to differentiate TSC usage with TSC detection. By coupling the TSC usage with coverage class only one TSC can be used per coverage class. In addition, each device can only send its bursts using TDMA frames specific to its coverage class. This leads to a very reasonable BTS implementation regarding TSC detection complexity as it will be four TSC's to detect on TS0, a maximum of three on TS1 for CC1 devices and a maximum of two on TS1 for each of CC2 through CC6.  

Editor's Note: It should be noted that the number of coverage classes to be supported is not determined yet.
6.2.4.6.4
Contention Resolution

When an access attempt is made by transmitting an AB burst on the RACH/EC-RACH, contention resolution will be based on legacy 1 phase access (i.e. to minimize control plane signaling).

When an access attempt is made by transmitting an NB burst on the RACH/EC-RACH, contention resolution will be based on an Access Request – Access Response exchange. The Response sent on the AGCH/EC-AGCH will contain the MS ID received by the BSS in the corresponding Access Request.

6.2.4.6.5
System Access Procedure

The EC-GSM device will to a large extent follow legacy RACH behaviour but with adaptations and repetitions according to its estimated UL coverage class. The device will send the first Access Request message in the first available TDMA frame belonging to the set of EC-RACH bursts corresponding to its estimated UL coverage class. The device may send a maximum number of Access Request messages (retries) according to its UL coverage class on the EC-RACH where the maximum value of retries is broadcasted in the system information on EC-BCCH. If the maximum number of retries N for a given access attempt is reached (where each retry involves transmitting X bursts on the EC-RACH where X is determined according to the estimated uplink coverage class), legacy type behaviour is used whereby a timer is started while waiting for a matching Access Response. However, this timer value will be updated to account for the Y repetitions expected for the matching Access Response (determined by the estimated downlink coverage class included in the Access Request). 

When sending an Access Request using an AB burst or NB on EC-RACH, a device will look for a matching Access Response within a limited time window that may be different from that associated with legacy operation. The EC-RACH parameter T, used by the CIoT device to get a random wait value before next retry is made for the current access attempt, will be broadcasted on EC-BCCH. Note however that regardless of the parameter T, the CIoT device is only allowed to start any given retry of its current access attempt according to the set of slots specific to its uplink coverage class, see Figure 6.2-5. 

For an Access Request sent on EC-RACH, if a device does not receive a matching Access Response in the expected time window after N re-tries (i.e. a system access attempt failure occurs) then when it performs a subsequent system access attempt it may increment its coverage class (functionality could also be controlled using System Information) and adjust the maximum number of retries allowed for that access attempt (e.g. to N – 1 retries).

SI sent on EC-BCCH will be used to indicate the value by which N should be adjusted and if an increment of coverage class is to be used after an access attempt failure. 

Regardless of what information an CIoT device provides within a RACH access request, it uses the MS Radio Access Capability IE (included within the RAU Request message) to indicate its full set of capabilities, thereby allowing a BSS to query the SGSN for device capability information while managing a device in the EC-Packet Transfer state.
6.2.4.6.6
Adjusting the Estimated Coverage Class

A device that supports EC-GSM may estimate its coverage as necessary (implementation specific) except while in packet transfer mode or while in a power saving state.  It uses its estimated coverage class when attempting either an AB or NB based system access.  
·   If a device is unable to perform an AB based system access after sending the maximum number of allowed EC-RACH retransmissions, it may determine that its current estimation of coverage class is incorrect (i.e. too optimistic) or it may decide trigger the cell re-selection procedure (implementation specific). 
·  If it decides that its currently estimated coverage class is too optimistic it shall increment it and then attempt another AB based system access using AB. If the system access is successful the use of NB may then also be possible for subsequent system access attempts (see discussion above). 
 If after incrementing its coverage class the device remains unable to perform an AB based system access (after sending the maximum number of allowed EC-RACH retransmissions) it may repeat the process of incrementing its coverage class or it may decide to trigger the cell re-selection procedure (implementation specific).
6.2.4.6.7
Overload Control 

The EC-SCH supports payload space that can be used for conveying information in addition to the TDMA frame reference information within the hyperframe. Since the EC-SCH will be read prior to attempting system access, and since its repetition period is always chosen to cater for devices in the worst case coverage scenarios, it serves as a convenient logical channel from which CIoT devices can read an Implicit Reject Status (IRS) field that determines the type of access barring in effect at any point in time. In addition, the EC-SCH content can be changed as often as once every two 51-multiframes (~470ms) thereby allowing for a near real time mechanism for setting IRS in response to any access loading problem that may be detected. For EC-GSM overload control IRS is seen as consisting of a 2 bit field having the following meaning: 

· 00 - no barring

· 01 - bar all roamers (homers and exception reporting are enabled)

· 10 - bar homers and roamers (only exception reporting is enabled)

· 11 - bar all devices (homers, roamers and exception reporting are all barred)

Homers:  Devices operating in a home PLMN (HPLMN).

Roamers: Devices operating in a visited PLMN (VPLMN).

Exception Reporting: Devices that want to send an exception report

A device not attempting exception reporting and that considers itself to be in a HPLMN will first read IRS prior to attempting system access. 

-
If IRS = 10 the device will immediately consider itself as barred and will then read system information to determine which specific home PLMN(s) are barred and proceed as follows: 

-
If system information does not indicate its specific HPLMN is barred it will proceed with its system access attempt. In this case it will at most experience a few seconds of delay in attempting its system access (due to SI acquisition) but this is not considered to be a major concern for these devices.

-
Otherwise, it will start a timer TBAR and will not re-attempt system access until this timer expires. TBAR is similar to legacy timer T3236 (range 10 to 200 seconds with .1 second granularity) but may have a different set of values from which a device draws a value according to a uniform probability distribution.

-
If IRS = 11 the device will  start a timer TBAR and will not re-attempt system access until this timer expires. 

A device not attempting exception reporting and that considers itself to be in a VPLMN will first read IRS prior to attempting system access. 

-
If IRS = 01, 10 or 11 the device will start a timer TBAR and will not re-attempt system access until this timer expires. 

A device attempting exception reporting will first read IRS prior to attempting system access. If IRS = 11 the device will start a timer TBAR and will not re-attempt system access until this timer expires. 

·  Note that the barring of devices attempting exception reporting is not expected to occur frequently but is supported given the potential for excessive exception reporting due to poor device configuration practices wherein certain types of reporting are incorrectly marked as falling into the exception reporting category. 

·  In addition, to allow for emergency related exception reporting (e.g. public safety related) to take precedence over non-emergency exception reporting, allowing for IRS = 11 is seen to be essential. 

·  To mitigate the impact of a false positive for the EC-SCH that results in a device with a pending exception report falsely concluding that exception reports have been barred (i.e. IRS = 11), a reduced value for TBAR can be associated with the exception reporting case.

6.2.4.7
Priority handling

CIoT devices attempting to access the system autonomously (i.e. system access attempts not triggered by the network) on TS0 or TS1 always include a single priority bit in the RACH access request to allow the BSS to distinguish between RACH access requests made for alarm reporting from those made for normal reporting. This allows for prioritizing both the quantity and scheduling of uplink PDTCH resources assigned for alarm reporting given the reduced latency requirements of such reports.

6.2.4.8
Segmentation

6.2.4.8.1
Data

LLC PDUs sent to or received from an IoT device may consist of 100 or more octets and as such RLC data blocks will support the segmentation (and re-assembly) of LLC PDUs using current EGPRS segmentation procedures. However, the use of a modified RLC data block header content (e.g. smaller BSN field) and fixed allocation for IoT devices translates into some differences when segmenting LLC PDUs into multiple RLC data blocks compared to legacy segmentation procedures.

6.2.4.8.2
Control blocks

Control messages sent to or received from an IoT device are always carried within a single control block (PACCH block) and as such segmentation of control messages into multiple control blocks is not supported.

6.2.4.9
RLC procedures

6.2.4.9.1
General

General RLC procedures defined in GSM, see clause 9 of TS 44.060 [14], applies to CIoT devices. 

In order to reduce overall device complexity and implementation effort, the following also applies:

-
Only RLC Acknowledged mode is supported.

-
Only single TBF operation is supported (no support for EMST, EMSR).

-
No Piggy-backed Ack/Nack (PAN) operation is supported.

-
A maximum Sequence Number Space (SNS) of 32 will be supported, implying a maximum Window Size (WS) of 16 (today GPRS supports a WS of 64 and EGPRS a WS of 1024).

- 
An RLC buffer size of 16 RLC blocks will be supported (today EGPRS supports a buffer size up to 1024).

-
No compression algorithm of the Ack/Nack bitmap will be supported.

In addition to the RLC procedures in clause 9 of [14] the following also applies:

-
Open and close ended fixed uplink allocations are supported.

6.2.4.9.2
RLC/MAC header (EC-PDTCH)

6.2.4.9.2.1
Header format

The RLC/MAC header format is the same as for EGPRS MCSs (i.e. same payload size, channel coding definitions and burst mapping). Due to reduced RLC functionality the content of the header is re-defined.

In figure 6.2-10 and 6.2-11 the format of the RLC/MAC header is shown for MCS-1-4 (Header Type 3) for the DL and UL respectively. In case a CIoT device supports the full EGPRS MCSs set, the same design principles applies to Header Type 1 (MCS-7-9) and Header Type 2 (MCS-5-6). 
	
	
	
	
	
	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	


	8
	7
	6
	5
	4
	3
	2
	1
	Octet

	TFI
	CPS
	USF
	1

	P
	CC
	TFI
	2

	SPB
	BSN
	FBI
	3

	
	Spare
	4


Figure 6.2-10. EGPRS downlink RLC data block header for MCS-1, MCS-2, MCS-3 and MCS-4.

	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	
	

	
	
	

	
	
	
	
	

	8
	7
	6
	5
	4
	3
	2
	1
	Octet

	TFI
	Spare
	SI
	R
	1

	BSN
	TFI
	2

	CPS
	FOI
	Block Count/Spare
	PDT
	3

	
	Spare
	SPB
	CPS
	4


Figure 6.2-11. EGPRS uplink RLC data block header for MCS-1, MCS-2, MCS-3 and MCS-4.

6.2.4.9.2.2
Temporary Flow Identity (TFI)

The TFI field identifies the TBF and is formatted in the same position as in current EGPRS RLC/MAC Headers to provide backwards compatibility (see subclause 6.2.4.4).

The TFI field is 5 bits long and hence can simultaneously address up to 32 devices multiplexed on the same resources. Due to the amount of devices expected in future CIoT scenarios, it can be considered to expand the TFI field beyond 5 bits.

6.2.4.9.2.3
Polling (P)






The legacy RRBP, S/P fields are merged to create a single 2 bit P field used to indicate when a device has been polled and if polled where it is to begin transmitting the corresponding UL EC-PACCH message. However, further investigation of a suitable size for P is foreseen.

6.2.4.9.2.4
Block Sequence Number (BSN)

Due to the reduction of the EGPRS WS from at most 1024 to 16 the BSN field is consequently reduced from 11 bits to 5 bits.

6.2.4.9.2.5
Coverage Class (CC)

A 2-bit field is included to signal the coverage class used in the block. 

Due to the repetition of multiple instances of the same DL block, and due to the fact that a lower coverage class is always a partial mapping of a higher coverage class, see Table 6.2-2, the CC indication can be used by the lower coverage class CIoT devices monitoring the DL physical channel, i.e. in case CC indicates a higher coverage class, then the lower coverage class devices, need not monitor the rest of the repetition period.

For example, a device in CC1 monitors the DL, decodes the RLC/MAC header on TS0, with an indication that CC5 is used. It need then not to process the DL blocks on TS1,2,3 since a CC5 block will always be mapped onto TS0,1,2,3 in the same TTI, and can stop monitoring the second TTI period, see Table 6.2-2.

Editor's Note: It should be noted that the number of coverage classes to be supported is not determined yet.

6.2.4.9.2.6
Coding and Puncturing Scheme (CPS), Uplink State Flag (USF), Split Block (SPB), Stalling Indicator (SI), Retry (R) 

The CPS, USF, SPB, SI and R fields are defined as in current GSM operation, see subclause 10.4 in TS 44.060 [14].
One exception is the CPS field for MCS-1-4 in Header type 3 which can be reduced in EC-GSM operation to what is shown in table 6.2-8, due to the removal of puncturing schemes, see subclause 6.2.4.5 and 6.2.6.x.

Table 6.2-8. CPS field for Header type 3 for EC-GSM.

	bits
321
	CPS

	000
	MCS-4/P1 

	001
	MCS-4/P2 

	010
	MCS-3/P1 

	011
	MCS-3/P2 

	100
	MCS-3/P1 with padding

	101
	MCS-3/P2 with padding

	110
	MCS-2/P1 

	111
	MCS-1/P1 


6.2.4.9.2.7
Follow-On Indicator (FOI)
This field is added to support the open-ended fixed uplink allocations whereby a device can inform the BSS that it needs to send an additional set of RLC data blocks after making use of all transmission opportunities provided by the previous fixed uplink allocation: 

· The UL TBF request message sent on the EC-RACH or EC-PACCH (part of the EC-PDAN) to trigger a Fixed UL Allocation (FUA) based transmission indicates how many UL RLC data blocks in total a device has to send for a pending uplink delivery session (i.e. up to 16 per uplink delivery session).

·  When sending the last UL RLC data block of the current FUA based uplink delivery session, where there is no additional UL payload to send, a device sets FOI = 0. The Block Count field will in this case be set to '0000'.

· Otherwise, the device sets FOI = 1 and the number of UL RLC data blocks to be sent in the next FUA based uplink delivery session is indicated by the Block Count field as shown in Figure 2.

·  Upon receiving an EC-PUAN indicating the reception status of the current FUA based uplink delivery session a device is also informed of the set of pre-allocated UL radio blocks it is to use for the pending uplink delivery session.

· This process is repeated as often as required to complete the transmission of all uplink payload pending at the device.

6.2.4.9.2.8
Block Count

This field is used to indicate the number of additional UL RLC data blocks (based on MCS-1 coding) the device has to transmit for the pending uplink delivery session and only has meaning if the preceding FOI field = 1. Note that the same field is used in the access request sent on the EC-RACH/RACH to trigger the initial fixed uplink allocation, see subclause 6.2.4.6.2.   When FOI = 0 this field becomes spare and can assume any value if called for by future functionality.

6.2.4.9.2.9
Pending Downlink Transmission (PDT)

This field allows a device to inform the BSS when it expects to receive downlink payload shortly after the completion of the current FUA based uplink delivery session. When PDT = 1 in one or more of the RLC data blocks sent during the current uplink delivery session the corresponding EC-PUAN needs to indicate if the device should wait for the pending DL TBF assignment on the DL EC-PACCH or on the EC-AGCH. In this case the EC-PUAN can also indicate the specific amount of time the device is to wait before it starts to monitor the DL EC-PACCH or the EC-AGCH for the pending DL TBF assignment.
6.2.4.9.2.10
Final Block Indicator (FBI)

The network initiates the release of a downlink TBF by sending the last RLC data block of a downlink transmission with the Final Block Indicator (FBI) set to '1' and polling the device for a EC-PDAN in the same RLC data block.
6.2.4.9.2.11
Spare bits

In the RLC/MAC DL header, seven  spare bits are defined for future use. The bits could for example cater for an extended TFI identifier space, as mentioned in subclause 6.2.4.9.2.2.

In the RLC/MAC UL header, seven (or eleven for the case for FOI = 0) spare bits are defined for future use. Also for the UL, an extended TFI identifier space could be catered for.
6.2.4.9.3
RLC Control Block header (EC-PACCH)

6.2.4.9.3.1
Header format

The EC-PACCH block is coded according to description in subclause 6.2.2.1.2 with a payload content of 8 octets in the UL and 10 octets in the DL. The number of header fields are reduced compared to legacy operation due to the reduced RRC functionality required to support a device in EC-GSM packet transfer mode (see Figures 6.2-12 and 6.2-13). 
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Figure 6.2-12: EC-GSM Uplink RLC/MAC control block together with its MAC header
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Figure 6.2-13: EC-GSM Downlink RLC/MAC control block together with its MAC header

6.2.4.9.3.2
Retry (R)

This field is maintained as per legacy operation.(see TS 44.060).

6.2.4.9.3.3
Polling (P)

The legacy RRBP, S/P fields are merged to create a single 2 bit P field used to indicate when a device has been polled and if polled where it is to begin transmitting the corresponding UL EC-PACCH message. However, further investigation of a suitable size for P is foreseen.

6.2.4.9.3.4
USF 

This field is maintained as per legacy operation.

6.2.4.9.3.5
Power Reduction (PR), TFI 

These fields are maintained as per legacy operation (see TS 44.060).

6.2.4.9.3.6
Reduced Block Sequence Number (RBSN) 

This field can be maintained as per legacy operation since a DL EC-PACCH message will require a maximum of two EC-PACCH blocks. 



6.2.4.9.3.7
Spare bits

In the UL EC-PACCH header 7 spare bits are available for future use. In the DL EC-PACCH header 2 spare bits are available for future use.

6.2.5
Radio resource management

e.g. MS states, system information, mobility procedure in different states, radio resource management ( e.g. bearer addition, modification, release principles, admission control principles, mobility management principles, load balancing principles, interference mitigation principles), etc.

6.2.5.1
(EC-)CCCH mapping on TS0 and TS1

A Cellular IoT device, regardless of coverage class (CC), is required to synchronize to the network via the FCCH and the EC-SCH. The EC-SCH contains a single bit flag directing CC1 devices to access the network using the legacy RACH on TS0 or the EC-RACH on TS1. Since the EC-SCH is repeated over two consecutive 51-multiframes, this flag can, for example, be toggled every 102 TDMA frames to spread device accesses evenly over CCCH/U and EC-CCCH/U.

In addition to the load sharing between the RACH on TS0 and EC-RACH on TS1, it is proposed to support the same functionality between the AGCH and EC-AGCH. I.e. in case a device attempting Mobile Autonomous Reporting has determined its access to be on the RACH on TS0 it will monitor the corresponding DL resource on the AGCH on TS0 for a response to its access request, and the same principle would apply on EC-RACH and EC-AGCH on TS1.

Regarding the case of Network Command it is assumed that the load on the EC-PCH channel will be modest. No load balancing between the PCH on TS0 and EC-PCH on TS1 is therefore foreseen to be needed and as such all attempts to send a page response by EC-GSM devices will be based on using the EC-RACH.

CC2 and higher devices will always make use of the EC-CCCH on TS1.

All CC1 devices attempting Mobile Autonomous Reporting are expected to make use of the EC-GSM overload control mechanism regardless if they make use of the RACH or the EC-RACH.

Table 6.2-8: (EC-)CCCH resource handling for EC-GSM devices
	Logical channel
	Coverage class 
	Resource

	FCCH
	All
	TS0

	SCH1
	All
	TS1

	EC-BCCH
	All
	TS1

	(EC-)RACH1 
	1

>1
	TS0 or TS1

TS1

	(EC-)AGCH1 
	1

>1
	Same as used for (EC-)RACH

TS1

	EC-PCH 
	All
	TS1

	NOTE: 
Including both regular and EC-channels with the understanding that regular channels make use of TS0 and EC-channels make use of TS1.


6.2.5.2
MS states

IoT devices operating on TS0 or TS1 support the EC-Idle and EC-Packet Transfer states which are similar to the legacy Idle and Packet Transfer states. However, the set of functions supported in the EC-Idle and EC-Packet Transfer states and the methods for entering/exiting these states are optimized in the interest of power efficient operation.

6.2.5.3
System Information

The BCCH space requirements for EC-GSM based System Information on TS1 is substantially reduced compared to that of legacy GSM networks on TS0 due to the elimination or reduction of the functionality listed below:

-
No support of CS related functionalities, hence no need to support DTM, CS domain access control, Voice Broadcast Service and Voice Group Call Service etc.

-
COMPACT GSM information not supported.

-
PS Handover nor Idle mode measurement reporting not supported (no measurement reporting).

-
Inter-RAT mobility (to and from EC-GSM) not supported.

-
Cell reselection supported but limited to EC- GSM neighbour cells and legacy type GSM neighbour cells.

-
Cell Change Notification not supported.

-
Multiple PLMNs up to 4 additional PLMNs supported.

-
MBMS not supported.

-
Access Barring control (PS domain centric), on a PLMN specific basis, supported but limited to Implicit Reject type. 

Another simplifying attribute is that all system information is considered to have equal priority and is therefore transmitted with the same periodicity within the cell. This is in contrast to legacy GSM systems where the transmission of some information needs to be prioritized due to service ready requirements (e.g. CS call establishment readiness as soon as possible after power on or cell reselection).

An example of a detailed analysis of legacy GSM System Information together with its intended purpose and applicability to EC-GSM based systems is provided in Tdoc GP-140603 [6.2-3] where the conclusions are provided in Table 6.2-9 below.

Table 6.2-9. Legacy GSM SI Content Mapped to EC-GSM BCCH Space
	GSM SI message
	Equivalent Information Needed for Cellular IoT BCCH?
	Projected Cellular IoT BCCH space per cycle

	SI 1
	Yes
	33 (Note)

	SI 2
	Yes
	10

	SI 2bis, SI 2ter, SI 2quater
	No
	0

	SI 2n
	No
	0

	SI 3
	Yes
	14

	SI4
	No
	0

	SI 5, SI 5bis, SI 5ter ,SI 6, SI 7, SI 8, SI 9 and SI 10
	No
	0

	SI 13
	Yes
	7

	SI 13alt, SI 14, SI 15, SI 16, SI 17, SI 18,   SI 19, SI 20, SI 21
	No
	0

	SI 22
	Yes
	13

	SI 23
	No
	0)

	SI New
	Yes
	1

	Total:
	
	78

	Note:
33 octets represent a worst case scenario when 32 non-contiguous ARFCNs in the value range 513 to 1024 are included in the Cell Allocation list. However, it is expected that most cells will broadcast a CA list that will require much less space (e.g. if only contiguous ARFCNs are included in the CA list).


As indicated in Table 6.2-9, about 78 octets will be required to transmit a full cycle of system information which translates to 4 CS-1 coded radio blocks. One or two additional radio blocks can be added to support a full cycle of BCCH information such that a total of up to 5 or 6 CS-1 coded radio blocks can be used if needed for future enhancements. Using 4 CS-1 radio blocks to support the EC-BCCH space requirements wherein each is sent using 16 blind transmissions allows for the following:

-
Using one radio block on TS 1 of the BCCH carrier (constructed using the legacy CS-1 format) within each 51-MF to support the BCCH space allows for 16 blind transmissions of a first CS-1 coded radio block during 16 consecutive 51-MF and 16 blind transmissions of each of the following three CS-1 coded radio block during the next 48 consecutive 51-MF.  As such, a device in the worst coverage class will receive a full cycle of BCCH information about once every 16 seconds.

-
The 16 second acquisition time can be reduced to 8 seconds by allowing a 2nd radio block on TS1, similar to BCCH extended supported by current GSM operation, within each 51-MF to send EC-BCCH information.

6.2.5.4
Mobility Management

FFS
6.2.5.5
Radio Resource Management

A device indicates it is CIoT capable by:

-
Sending an AB with EGPRS code point '100' or a NB on the RACH of TS0

-
Sending an AB or NB on the RACH on TS1

A CIoT device attempting system access on TS0 supports: 

-
AB on the RACH with enhancements to the legacy 11 bit code point format and NB on the RACH with a completely new code point format

-
Optimized AGCH signaling (i.e. new AGCH messages)  A CIoT device operating on TS1 in EC-Idle mode supports:

-
An optimized sleep mode procedure (e.g. short sync)

-
AB on the RACH with a completely new 11 bit code point format and NB on the RACH with a completely new code point format

-
Optimized PCH/AGCH block coding format (i.e. a 2 burst block)

-
Optimized PCH/AGCH signaling (i.e. new PCH/AGCH messages) 

-
Nominal paging group determination based on eDRX when paging based reachability is required

A CIoT device operating in EC-Packet Transfer mode supports:

-
EC-PACCH block formats and headers (using 4 bursts per block)

-
EC-PDTCH block formats and headers (e.g. reduced BSN field)

-
EC-PACCH signalling (e.g. a subset of legacy PACCH messages with modified content/new PACCH messages)

-
Uplink EC-PDTCH transmissions made using Fixed Allocation if in extended coverage (indicated by the type of RACH request)

-
Uplink EC-PDTCH transmissions made using Fixed Allocation or USF if in normal coverage (indicated by the type of RACH request)

-
Downlink EC-PDTCH block transmissions made using Flexible DL Allocation (See 6.2.4.4)

-
Uplink EC-PACCH block transmissions made using Fixed Allocation (i.e. RRBP based)

-
Downlink EC-PACCH block transmissions made using Flexible DL Allocation (See 6.2.4.4)

Assignment and paging messages sent to an IoT device on the EC-AGCH/EC-PCH of TS1 are coded using 2 burst radio blocks (see Table 6.2-2) and inherently support a content that reflects the optimized functionality associated with CIoT device operation. A simplified and reduced set of PACCH messages is needed for managing CIoT devices operating in the EC-Packet Transfer state in light of the optimized functionality associated with CIoT device operation. 

For the same reason, the amount of signalling payload required per PACCH message is reduced for IoT devices, thereby eliminating the need for PACCH message segmentation in the EC-Packet Transfer state and allowing for a more robust channel coding of PACCH blocks (i.e. less message payload space is required per PACCH block).

6.2.5.6
EC-PACCH Message Set

A reduced functionality is expected for managing EC-GSM devices in EC-Packet Transfer mode considering that the prime activity performed will be the transfer of a limited number of RLC data blocks using Acknowledged mode without the need for measurement reporting, PS Handover, RR connection establishment, multiple TBFs, ongoing uplink and downlink TBFs etc. As such, a substantially simplified set of EC-PACCH messages with reduced content (compared to legacy PACCH messages) will be needed as described below:

6.2.5.6.1
EC Packet Access Reject – DL EC-PACCH

This EC-PACCH message will only be sent for the case where PDAN indicates all DL data blocks have been received and the device requires the establishment of an UL TBF (indicated within the PDAN) but the BSS cannot allocate the requested UL resources. If this occurs the device will simply return to the EC-Packet Idle state and use the EC-RACH/RACH to re-attempt UL TBF establishment.  
	< EC-Packet Access Reject message content > ::=


< Message Type : bit (6) >


< DOWNLINK_TFI : bit (5) >


< USED_DL_COVERAGE_CLASS : bit (3) >


{ 0 | 1
< WAIT_INDICATION : bit (8) >





< WAIT _INDICATION_SIZE : bit (1) > } ;


6.2.5.6.2
EC Packet Downlink Ack/Nack – UL EC-PACCH

This EC-PACCH message will only be sent by a device when polled to do so by the BSS. 

	< EC-Packet Downlink Ack/Nack message content > ::=


< Message Type : bit (6) >


< DOWNLINK_TFI : bit (5) >


< MS OUT OF MEMORY : bit (1) >

< START_OF_WINDOW : bit (5) > 


< EGPRS Ack/Nack Description : bit (8) > 


{ 0 | 1
< Channel Request Description : < Channel Request Description struct > > } ;
< Channel Request Description struct > ::=


< PRIORITY : bit (1) >


< NUMBER_OF_UL_DATA _BLOCKS : bit (4) > ;


6.2.5.6.3
EC Packet Upink Ack/Nack – DL EC-PACCH

. This EC-PACCH message will only be sent to a device after the BSS has attempted to receive each of the pre-allocated UL data blocks indicated by the EC-AGCH Uplink Assignment message or EC-PUAN message that allocates the UL TBF resources. 

	< EC-Packet Uplink Ack/Nack message content > ::=


< Message Type : bit (6) >


< UPLINK_TFI : bit (5) >


< USED_DL_COVERAGE_CLASS : bit (3) >


< START_OF_WINDOW : bit (5) > 


< EGPRS Ack/Nack Description : bit (8) >


< TBF_CONTROL : bit (2) > 


{ 0 | 1
< CONTENTION_RESOLUTION_TLLI : bit (32) > }


{ 0 | 1


-- additional fixed uplink allocation provided




< NUMBER_OF_UL_DATA _BLOCKS : bit (4) >




< OFFSET_TO_PACCH_BLOCK : bit (4) >




{ 0 | 1 < OFFSET_TO_DATA _BLOCK : bit (3) > } * (val(NUMBER_OF_UL_DATA _BLOCKS – 1))




< RESEGMENT : bit (1) > 




{ 0 | 1


-- updated TBF information provided






{ 0 | 1
< EGPRS Modulation and Coding Scheme : bit (4) > }






{ 0 | 1
< Packet Timing Advance : bit (6) > }






{ 0 | 1
< Power Control Parameters : < Power Control Parameters IE > > }






{ 0 | 1
< TIMESLOT_ALLOCATION_UL : bit (8) > }

	




{ 0 | 1
< UL_COVERAGE_CLASS : bit (3) > }






{ 0 | 1
< DL_COVERAGE_CLASS : bit (3) > }




}


} ;

< Power Control Parameters IE > ::=


< ALPHA : bit (4) >


{ 0 | 1 < GAMMA_TN0 : bit (5) > }


{ 0 | 1 < GAMMA_TN1 : bit (5) > }


{ 0 | 1 < GAMMA_TN2 : bit (5) > }


{ 0 | 1 < GAMMA_TN3 : bit (5) > }


{ 0 | 1 < GAMMA_TN4 : bit (5) > }


{ 0 | 1 < GAMMA_TN5 : bit (5) > }


{ 0 | 1 < GAMMA_TN6 : bit (5) > }


{ 0 | 1 < GAMMA_TN7 : bit (5) > } ;



6.2.5.6.4
EC Packet Control Ack – UL EC-PACCH

This message will only be sent by a device in response to receiving a PUAN indicating the successful completion of an UL TBF when the TBF_CONTROL field in the PUAN message indicates a Packet Control Ack is required. 
	< EC-Packet Control Acknowledgement message content > ::=


< Message Type : bit (6) >


{ 0 < UPLINK_TFI : bit (5) > | 1 < TLLI : bit (32) > }


< CTRL_ACK : bit (2) > ;


6.2.5.6.5
EC Packet Downlink Dummy Control Block – DL EC-PACCH

The BSS may choose to send this EC-PACCH message as a filler block using resources assigned for any downlink TBF.

	< EC-Packet Downlink Dummy Control Block message content > ::=


< Message Type : bit (6) > 


< USED_DL_COVERAGE_CLASS : bit (3) > ;


6.2.5.6.6
EC Packet Power Control/Timing Advance – DL EC-PACCH

This EC-PACCH message allows a BSS to transmit adjust power level/timing advance if necessary during a TBF even though the potential for needing to do so is expected to be low given the short duration of UL transmissions made by CIoT devices (e.g. 100 octets). It can also be sent to a device during a DL TBF if needed.  
	< EC-Packet Power Control/Timing Advance message content > ::=


< Message Type : bit (6) >


{ 0 < UPLINK_TFI : bit (5) > | 1 < DOWNLINK_TFI : bit (5) > }


< USED_DL_COVERAGE_CLASS : bit (3) >


{ 0 | 1 < Global Power Control Parameters : < Global Power Control Parameters IE >> }


{ 0 | 1 < Global Packet Timing Advance : < Global Packet Timing Advance IE > > }


{ 0 | 1 < Power Control Parameters : < Power Control Parameters IE > > }


{ 0 | 1 < Packet Extended Timing Advance : bit (2) > } ;

< Global Power Control Parameters IE > ::=


< ALPHA : bit (4) >


< T_AVG_W : bit (5) >


< T_AVG_T : bit (5) >


< Pb : bit (4) >


< PC_MEAS_CHAN : bit (1) >


< N_AVG_I : bit (4) > ;

< Global Packet Timing Advance IE > ::=


{ 0 | 1
< TIMING_ADVANCE_VALUE : bit (6) > }


{ 0 | 1
< UPLINK_TIMING_ADVANCE_INDEX : bit (4) >





< UPLINK_TIMING_ADVANCE_TIMESLOT_NUMBER : bit (3) > }


{ 0 | 1
< DOWNLINK_TIMING_ADVANCE_INDEX : bit (4) >





< DOWNLINK_TIMING_ADVANCE_TIMESLOT_NUMBER : bit (3) > } ;

< Power Control Parameters IE > ::=


< ALPHA : bit (4) >


{ 0 | 1 < GAMMA_TN0 : bit (5) > }


{ 0 | 1 < GAMMA_TN1 : bit (5) > }


{ 0 | 1 < GAMMA_TN2 : bit (5) > }


{ 0 | 1 < GAMMA_TN3 : bit (5) > }


{ 0 | 1 < GAMMA_TN4 : bit (5) > }


{ 0 | 1 < GAMMA_TN5 : bit (5) > }


{ 0 | 1 < GAMMA_TN6 : bit (5) > }


{ 0 | 1 < GAMMA_TN7 : bit (5) > } ;




6.2.5.6.7
EC Packet Downlink Assignment – DL EC-PACCH

This EC-PACCH message is used for the case where header information within RLC data blocks sent during an UL TBF indicates the device expects a DL response (e.g. application layer ack) shortly after completion of UL transmission. The BSS sends this message to establish the DL TBF within a limited time period after sending the PUAN confirming that all RLC data blocks of the UL TBF have been received or after receiving a Packet Control Ack message confirming device reception of the corresponding PUAN. 
	< EC-Packet Downlink Assignment message content > ::=


< Message Type : bit (6) >


< UPLINK_TFI : bit (5) >


< USED_DL_COVERAGE_CLASS : bit (3) >


< DOWNLINK_TFI : bit (5) >


{ 0 | 1


-- updated TBF information provided




{ 0 | 1
< EGPRS Modulation and Coding Scheme : bit (4) > }




{ 0 | 1
< Packet Timing Advance : bit (6) > }




{ 0 | 1
< Power Control Parameters : < Power Control Parameters IE > > }




{ 0 | 1
< TIMESLOT_ALLOCATION_DL : bit (8) > }

	


{ 0 | 1
< UL_COVERAGE_CLASS : bit (3) > }




{ 0 | 1
< DL_COVERAGE_CLASS : bit (3) > }


} ;




6.2.5.5.8
EC Packet Uplink Assignment – DL EC-PACCH 

This EC-PACCH message is used for the case where information within a PDAN sent during a DL TBF indicates the device has uplink payload to send and an UL TBF is therefore requested. The BSS sends this message to establish the UL TBF within a limited time period after receiving the PDAN confirming that all RLC data blocks of the DL TBF have been received. 

	< EC-Packet Uplink Assignment message content > ::=


< Message Type : bit (6) >


< DOWNLINK_TFI : bit (5) >


< USED_DL_COVERAGE_CLASS : bit (3) >


< UPLINK_TFI : bit (5) >


< NUMBER_OF_UL_DATA _BLOCKS : bit (4) >


< OFFSET_TO_PACCH_BLOCK : bit (4) >


{ 0 | 1 < OFFSET_TO_DATA _BLOCK : bit (3) > } * (val(NUMBER_OF_UL_DATA _BLOCKS – 1))


{ 0 | 1


-- updated TBF information provided




{ 0 | 1
< EGPRS Modulation and Coding Scheme : bit (4) > }




{ 0 | 1
< Packet Timing Advance : bit (6) > }




{ 0 | 1
< Power Control Parameters : < Power Control Parameters IE > > }




{ 0 | 1
< TIMESLOT_ALLOCATION_UL : bit (8) > }

	


{ 0 | 1
< UL_COVERAGE_CLASS : bit (3) > }




{ 0 | 1
< DL_COVERAGE_CLASS : bit (3) > }


} ;


6.2.5.7
Fixed Uplink Allocation

Fixed Uplink Allocation (FUA) is used on the uplink of an EC-PDTCH by providing a device with a fixed starting point to transmit each one of the set of RLC data radio blocks required to send its buffered user plane payload, as shown in Figure 6.2-12. 

· The key principle of FUA is that a device is pre-allocated (in an EC-AGCH Resource Assignment message) a set of radio blocks over up to 4 timeslots where it sends one or more RLC data blocks where each is repeated according to value for NTX, UL indicated by the assignment message. 

· The set of radio blocks are allocated so that all repetitions of a specific RLC data block are sent contiguously but without requiring that each of the RLC data blocks sent are sent contiguous to each other.

· After the transmission of its allocated radio blocks the device waits for a corresponding PUAN which occurs within a variable amount of time after it transmits the last allocated radio block. The PUAN provides an Ack/Nack bitmap and another set of pre-allocated uplink radio blocks (if necessary) to continue its uplink transmission.

· The sequence of signaling events shown in Figure 6.2-12 are those associated with an IoT device with an uplink coverage class requiring NTX, UL repetitions, a downlink coverage class requiring NTX, DL repetitions and requiring X MCS-1 coded RLC data blocks to send its user plane payload. 

· Due to the half-duplex nature of FUA no simultaneous downlink reception will occur during the time of an uplink transmission. 

The principles of Fixed Uplink Scheduling are summarized in Table 6.2-10.

Table 6.2-10: UL scheduling principles

	Coverage of DL user 
(receiver of data)
	Coverage of UL user 
	UL based scheduling principle

	Normal
	Normal
	USF / Fixed UL allocation1

	Normal
	Extended
	Fixed UL allocation 

	Extended
	Normal
	USF / Fixed UL allocation1

	Extended
	Extended
	Fixed UL allocation

	NOTE: 
In case the UL user is a non CIoT device, USF based scheduling is always used.
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Figure 6.2-12 – Uplink Small Data Transmission

6.2.5.8
EC-AGCH Fixed Uplink Allocation 1 message

The EC-AGCH Fixed Uplink Allocation 1 message is sent on the EC-AGCH of TS1 to assign uplink resources to a device. The uplink resources consist of a fixed uplink allocation.

The message is sent to a device in response to an access request on the EC-RACH on TS1 using Access Burst (AB). The device is addressed with the CIoT_REQUEST_REFERENCE.
Table 6.2-11 EC-AGCH Fixed Uplink Allocation 1 information elements
	< Message Type : bit (6) >

< Fixed Uplink Allocation 1 message content > ::=

< PAGE_MODE : bit (2) >


< QUARTER_HYPERFRAME_INDICATOR : bit (2) >


< USED_DL_COVERAGE_CLASS : bit (3) >

-- # repetitions used when transmitting this message


< CIoT_REQUEST_REFERENCE : bit (11) >


< TIMING_ADVANCE_VALUE : bit (6) >


< TSC : bit (3) >


< SI_FP_index : bit (3) >


-- reference to frequency parameters in System Information


< UL Fixed allocation : < UL Fixed Allocation struct > >

< DL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >;
-- DL coverage class for PUAN

<UL Fixed Allocation struct > ::= 


< TIMESLOT_NUMBERS_UL_ASSIGNMENT : bit (8) >

-- indication of what TNs that are part of the allocation

< UPLINK_TFI_ASSIGNMENT : bit (5) >

< CDMA_CODE : bit (2) >

-- to be used during the uplink transfer


< UL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >


< NUMBER_OF_UL_ALLOCATED_RLC_DATA_BLOCKS : bit (4) > 


< START_FN_FIRST_UL_ RLC_DATA _BLOCK : bit (5) > 


{ 0

< START_FN_NEXT_ UL_ RLC_DATA _BLOCK : bit (3) >
-- relative to end of previous UL RLC Data block


 | 1 }
-- next UL radio block starts directly after end of previous UL radio block
This part is repeated (NUMBER_OF_UL_ALLOCATED_RLC_DATA_BLOCKS – 1) times


{ 0

-- MCS-1 to be used during the data transfer


 | 1    < MCS_VALUE : bit (3) > }    -- indicates what MCS to use, if different from MCS-1 (for devices in normal coverage)


	QUARTER_HYPERFRAME_INDICATOR (2 bits) 
The Quarter Hyperframe Indicator IE indicates what quarter hyperframe the last part of the assignment message is received in.

USED_DL_COVERAGE_CLASS (3 bits) 
The Used DL Coverage Class IE indicates the number of repetitions that are used when transmitting this specific message. The IE is intended for other devices, with a downlink coverage class that requires fewer repetitions, which are listening to the same EC-AGCH blocks. Those devices can use this IE to determine that they can stop listening to the channel for some time.
SI_FP_index (3 bits) 
The SI_FP_index IE specifies what frequency parameters set, as defined in the System Information on the EC-BCCH, that applies for the assignment.


6.2.5.9
EC-AGCH Fixed Uplink Allocation 2 message

The EC-AGCH Fixed Uplink Allocation 2 message is sent on the EC-AGCH of TS1 to assign uplink resources to a device. The uplink resources consist of a fixed uplink allocation. The message is sent to a device in response to an access request on the EC-RACH on TS1 using Normal Burst (NB). The device is addressed with the last 17 bits of the MS_ID included in the access request.
Table 6.2-12 EC-AGCH Fixed Uplink Allocation 2 information elements
	< Message Type : bit (6) >

< Fixed Uplink Allocation 2 message content > ::=

< PAGE_MODE : bit (2) >


< QUARTER_HYPERFRAME_INDICATOR : bit (2) >


< USED_DL_COVERAGE_CLASS : bit (3) >

-- # repetitions used when transmitting this message


< MS_ID : bit (17) >         


    -- could e.g. be the last 17 bits of the TLLI 


< TSC : bit (3) >


< SI_FP_index : bit (3) >


-- reference to frequency parameters in System Information


< UL Fixed allocation : < UL Fixed Allocation struct > >

< DL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >;
-- DL coverage class for PUAN

<UL Fixed Allocation struct > ::= 


< TIMESLOT_NUMBERS_UL_ASSIGNMENT : bit (8) >

-- indication of what TNs that are part of the allocation

< UPLINK_TFI_ASSIGNMENT : bit (5) >

< CDMA_CODE : bit (2) >

-- to be used during the uplink transfer


< UL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >


< NUMBER_OF_UL_ALLOCATED_RLC_DATA_BLOCKS : bit (4) > 


< START_FN_FIRST_UL_ RLC_DATA _BLOCK : bit (5) > 


{ 0

< START_FN_NEXT_ UL_ RLC_DATA _BLOCK : bit (3) >
-- relative to end of previous UL RLC Data block


 | 1 }
-- next UL radio block starts directly after end of previous UL radio block
This part is repeated (NUMBER_OF_UL_ALLOCATED_RLC_DATA_BLOCKS – 1) times


{ 0

-- MCS-1 to be used during the data transfer


 | 1    < MCS_VALUE : bit (3) > }    -- indicates what MCS to use, if different from MCS-1 (for devices in normal coverage)


	QUARTER_HYPERFRAME_INDICATOR (2 bits) 
The Quarter Hyperframe Indicator IE indicates what quarter hyperframe the last part of the assignment message is received in.

USED_DL_COVERAGE_CLASS (3 bits) 
The Used DL Coverage Class IE indicates the number of repetitions that are used when transmitting this specific message. The IE is intended for other devices, with a downlink coverage class that requires fewer repetitions, which are listening to the same EC-AGCH blocks. Those devices can use this IE to determine that they can stop listening to the channel for some time.
SI_FP_index (3 bits) 
The SI_FP_index IE specifies what frequency parameters set, as defined in the System Information on the EC-BCCH, that applies for the assignment.


6.2.5.10
AGCH Fixed Uplink Allocation Assignment message

The AGCH Fixed Uplink Allocation Assignment message is sent on the AGCH of TS0 to assign uplink resources to a device. The uplink resources consist of a fixed uplink allocation.

The message is sent to a device in response to an access request on the RACH on TS0 using either Access Burst (AB), with a 11 bit format starting with ‘100’, or Normal Burst (NB). The device is addressed either with the Request_reference and Request_FN_info, in case the access request was performed using AB, or with the 30 last bits of the MS_ID included in the access request, in case the access request was performed using NB.
Table 6.2-13 EC-AGCH Fixed Uplink Allocation 1 information elements
	IEI
	Information element
	Type / Reference
	Presence
	Format
	length

	
	L2 Pseudo Length
	L2 Pseudo Length
10.5.2.19
	M
	V
	 1

	
	RR management Protocol Discriminator
	Protocol Discriminator
10.2
	M
	V
	1/2

	
	Skip Indicator
	Skip Indicator
10.3.1
	M
	V
	1/2

	
	Fixed Uplink Allocation Assignment Message Type
	Message Type
10.4
	M
	V
	1

	
	Page Mode
	Page Mode
10.5.2.26
	M
	V
	1/2

	
	Feature Indicator
	Feature Indicator
10.5.2.76
	M
	V
	1/2

	
	FUAA Rest Octets
	FUAA Rest Octets
10.5.2.xx
	M
	V
	19


6.2.5.11
EC-AGCH Assignment Reject message

The EC-AGCH Assignment Reject message is sent on the EC-AGCH of TS1 to up to four devices to reject their access requests. The device(s) is/are addressed with the CIoT_Request_Reference, in case the access request was performed using Access Burst (AB), or with the last 17 bits of the MS_ID included in the access request, in case the access request was performed using Normal Burst (NB).

Table 6.2-14 EC-AGCH Assignment Reject information elements
	< Message Type : bit (6) >

< Assignment Reject message content > ::=

< PAGE_MODE : bit (2) >


< USED_DL_COVERAGE_CLASS : bit (3) >

-- # repetitions used when transmitting this message


-- First rejected device


{ 0  < CIoT_Request_Reference_1 : bit (11) >       -- Identity for access request performed using AB       


  | 1  < MS_ID_1 : bit (17) > }    -- Identity for access request performed using NB


< WAIT_INDICATION_1 : bit (5) >     -- waiting time for first device


-- Second rejected device


{ 0  < CIoT_Request_Reference_2 : bit (11) >       -- Identity for access request performed using AB       


  | 1  < MS_ID_2 : bit (17) > }    -- Identity for access request performed using NB


< WAIT_INDICATION_2 : bit (5) >     -- waiting time for second device


-- Third rejected device


{ 0  < CIoT_Request_Reference_3 : bit (11) >       -- Identity for access request performed using AB       


  | 1  < MS_ID_3 : bit (17) > }    -- Identity for access request performed using NB


< WAIT_INDICATION_3 : bit (5) >     -- waiting time for third device


-- Fourth rejected device


< CIoT_Request_Reference_4 : bit (11) >       -- Identity for access request performed using AB       


< WAIT_INDICATION_4 : bit (5) >     -- waiting time for fourth device


	USED_DL_COVERAGE_CLASS (3 bits) 
The Used DL Coverage Class IE indicates the number of repetitions that are used when transmitting this specific message. The IE is intended for other devices, with a downlink coverage class that requires fewer repetitions, which are listening to the same EC-AGCH blocks. Those devices can use this IE to determine that they can stop listening to the channel for some time.
WAIT_INDICATION (5 bits) 
The Wait Indication IE provides the time the device shall wait before attempting another request.


6.2.5.12
Flexible Downlink Allocation

Flexible Downlink Allocation (FDA) is used on the downlink of an EC-PDTCH by sending a device a Downlink Assignment message that indicates the earliest possible starting point at which the device is to start looking for the possible arrival of downlink payload on its assigned DL EC-PDTCH resources as shown in Figure 6.2-13. 

-
The key principle of FDA is that a device is told to expect (in an EC-AGCH Resource Assignment message) a variable number of DL RLC data blocks over up to 4 timeslots where each RLC data block is repeated according to value for NTX, DL indicated by the assignment message.

-
The BSS sends all repetitions of a specific RLC data block contiguously but may not send each of the RLC data blocks contiguous to each other. As such, a device will not know the precise starting point of any of the RLC data blocks after receiving the assignment message (other than knowing they will be sent according to its NTX, DL) but will know that each will be sent by the BSS using contiguous radio blocks.

-
The point at which a device stops attempting to receive RLC data blocks is determined according to where it is polled to send a PDAN on the UL EC-PACCH. In other words, the number of additional RLC data blocks it receives after receiving the first one is variable but any additional RLC data blocks will arrive prior to where it is polled to send a PDAN (i.e. it will not look for additional DL RLC data blocks while completing the PDAN transmission).

-
When searching for the first radio block used to send any given RLC data block a device examines fixed sets of EC-PDTCH blocks based on NTX, DL. For example, a device using NTX, DL = 2 (i.e. 2 blind repetitions) will only look at fixed pairs of EC-PDTCH blocks in an attempt to receive an RLC data block. As such, it will view each 52-multiframe on a monitored TS as potentially containing 6 pairs of EC-PDTCH blocks, where any one of these pairs may potentially contain an expected RLC data block.
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Figure 6.2-13 – Downlink Small Data Transmission

6.2.5.13
EC-AGCH Downlink Allocation message

The EC-AGCH Downlink Allocation message is sent on the EC-AGCH of TS1 to assign downlink resources to a device. The device is addressed with the TLLI.
Table 6.2-15 EC-AGCH Downlink Allocation information elements
	< Message Type : bit (6) >

< Downlink Allocation message content > ::=

< PAGE_MODE : bit (2) >


< QUARTER_HYPERFRAME_INDICATOR : bit (2) >


< USED_DL_COVERAGE_CLASS : bit (3) >

-- # repetitions used when transmitting this message


< TLLI : bit (32) >        


< TSC : bit (3) >


< SI_FP_index : bit (3) >


-- reference to frequency parameters in System Information

< DL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >; 
-- DL Coverage Class used during TBF


< TIMESLOT_NUMBERS_DL_ASSIGNMENT : bit (8) >

-- indication of what TNs that are part of the allocation

< DOWNLINK_TFI_ASSIGNMENT : bit (5) >


< MINIMUM_WAIT_TIME : bit (5) >     -- indicates if the device can wait before starting to read the assigned PDTCH


< UL_COVERAGE_CLASS_ASSIGNMENT : bit (3) >          -- to be used for subsequent UL signaling


	QUARTER_HYPERFRAME_INDICATOR (2 bits) 
The Quarter Hyperframe Indicator IE indicates what quarter hyperframe the last part of the assignment message is received in.

USED_DL_COVERAGE_CLASS (3 bits) 
The Used DL Coverage Class IE indicates the number of repetitions that are used when transmitting this specific message. The IE is intended for other devices, with a downlink coverage class that requires fewer repetitions, which are listening to the same EC-AGCH blocks. Those devices can use this IE to determine that they can stop listening to the channel for some time.
SI_FP_index (3 bits) 
The SI_FP_index IE specifies what frequency parameters set, as defined in the System Information on the EC-BCCH, that applies for the assignment.


6.2.5.14
EC-PCH Paging Request message

The EC-PCH Paging Request message is sent on EC-PCH of TS1 and may identify up to two mobile stations.  It may be sent to a mobile station in packet idle mode to transfer MM information (i.e. trigger of cell update procedure) or to trigger mobile station in idle mode to trigger channel access. The mobile station is identified by its IMSI or P-TMSI. 
Table 6.2-16. EC-PCH Paging Request Information Elements

	< Message Type : bit (6) >

< Page Mode : bit (2) >

< USED_DL_COVERAGE_CLASS : bit (3) >




-- # repetitions used when transmitting this message

{
0






















-- Single IMSI included



< IMSI : bit (64) >


| 1



















-- One or two P-TMSIs included
 

< P-TMSI : bit (32) >



{ 0 | 1 < P-TMSI  : bit (32) > }

} ;


	USED_DL_COVERAGE_CLASS (3 bits) 
The Used DL Coverage Class IE is used to indicate the number of repetitions that are used when transmitting this specific message. The IE is intended for other devices, with a downlink coverage class that requires fewer repetitions, which are listening to the same EC-PCH blocks. Those devices can use this IE to determine that they can stop listening to the channel for some time.

Page Mode (2 bits)

Bits

2 1

0 0
Normal paging.

0 1
Extended paging.

1 0
Paging reorganization.

1 1
Same as before.

NOTE:
The value "same as before" has been defined instead of "reserved" to allow the use of this coding with another meaning in an upwards compatible way in later phases of the GSM system.




6.2.6
Concept evaluation

6.2.6.1
Network synchronization

6.2.6.1.1
Simulation methodology

In this clause the network synchronization performance is evaluated according to the methodology specified in clause 5.6 and the simulation assumptions in Annex C. 

For more details on methodology and results, see GP-150138 [6.2-6].
In the simulator a continuous BCCH carrier signal is generated. Frequency correction bursts (FB) are transmitted at the appropriate positions (i.e., on TN=0, FN=0,10,20,30,40) whereas all other bursts are normal bursts (NB). The signal is randomly offset in time with a uniform distribution between 0 and 235.4 ms (one 51-multiframe).

6.2.6.1.2
Receiver processing

The signal is first filtered with a regular RX filter (180 kHz) and down-sampled to symbol rate. Next, the signal is de-rotated by [image: image15.png]—1/2



 to shift the nominal center frequency of the FB to 0 Hz. At this stage, the useful FCCH signal energy may be either at -18 kHz or +18 kHz due to the frequency offset. Signal energy outside this range is filtered out with a narrow filter.

The signal is then processed one 51-multiframe length at a time, searching for FB using a hypothesis testing method. Coherent combining is not used but detected energy peaks (potential FB) are compared in time and frequency to discard false detections. Valid peaks are used to estimate the frequency offset and the multiframe structure.

If the multiframe start point is detected, the receiver attempts receive and decode the EC-SCH during the next multiframe. During the same multiframe, the device also receives additional FCCH bursts to improve its frequency offset estimate (and timing estimate) in case EC-SCH decoding fails. If EC-SCH decoding fails, the EC-SCH bursts and FCCH bursts of one more multiframe are received, etc.

If EC-SCH has not been successfully decoded after 12 multiframes, the synchronization is considered unsuccessful (i.e., a missed detection has occurred).

NOTE: 
The number of multiframes searched before considering synchronization unsuccessful impacts the missed detection ratio and false detection ratio. It also impacts the time before synchronized to the network in case a cell reconfirmation attempt is unsuccessful (either due to a missed detection  or due to mobility during sleep) and the device consequently starts to search other frequencies. The value 12 provides a reasonable trade-off between missed detection ratio, false detection ratio, and synchronization time (see clause 6.2.6.1.4).
6.2.6.1.3
Simulation assumptions

6.2.6.1.3.1
Signal to noise ratio

Results are presented at SNRs ranging from -6.3 dB to 3.7 dB, corresponding (see [6.2-5]) to coupling losses ranging from 164 dB (MCL) to 154 dB (GPRS reference level + 10 dB). 

6.2.6.1.3.2
EC-SCH BLER

The EC-SCH BLER performance is modelled as follows: 

-
If the frequency offset estimation error from FCCH is >100 Hz, the EC-SCH BLER is equal to 100 %. 

-
If the frequency offset estimation error is 100 Hz or less, the EC-SCH BLER with 7 received bursts (bursts from one multiframe) and 14 received bursts (bursts from two multiframes) is given in figure 6.2-14. For each additional received multiframe, the EC-SCH BLER alternates between the two curves. 
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Figure 6.2-14: EC-SCH BLER
6.2.6.1.4
Simulation results

The synchronization process described in clause 6.2.6.1.2 will terminate when the EC-SCH is decoded. Therefore, one of the most important metrics of its performance is the time elapsed until synchronized. This is investigated in clause 6.2.6.1.4.1.

Other important metrics (see clause 5.6) are the distribution of the residual frequency offset, presented in clause 6.2.6.1.4.2, and the missed detection ratio and false detection ratio, shown in clause 6.2.6.1.4.3 and 6.2.6.1.4.4.

6.2.6.1.4.1
Synchronization time

Figure 6.2-15 shows CDFs of the synchronization time (i.e., from starting to search for the FCCH until the EC-SCH is decoded), and the average synchronization time versus SNR.
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Figure 6.2-15: CDFs of synchronization time (left) and average synchronization time (right).

It should be noted that the synchronization time at the low end of the coupling loss range (i.e., at high SNR) can likely be reduced significantly by decoding the legacy SCH in addition to the EC-SCH. 

6.2.6.1.4.2
Residual frequency offset after synchronization

Due to the design of the used RX algorithm (see clause 6.2.6.1.2), the EC-SCH is decoded based on either 7 or 14 bursts. The residual frequency offset will be different in the two cases.

The residual frequency offset at MCL = 164 dB for both cases is safely modeled by a normal distribution with mean 0 Hz and standard deviation of 3 Hz, see GP-150138 [6.2-6] for more details.
6.2.6.1.4.2a
Residual time offset after synchronization

The distribution of the residual time offset at MCL = 164 dB for the case when EC-SCH is decoded based on either 7 or 14 bursts is shown in Figure 6.2-15a.
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Figure 6.2-15a: Distribution of residual time offset.

The residual offset is within ±1 symbol 96-97 % of the time. Note that part of this offset is due to the varying time dispersion of the TU channel.
6.2.6.1.4.3
Missed detection ratio

The missed detection ratio shown in figure 6.2-16. Note that due to the simulation length, lower ratios than 10-5 cannot be measured.
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Figure 6.2-16: Missed detection ratio

6.2.6.1.4.4
False detection ratio

In order to make a false detection (i.e., the device believes to have made a successful synchronization attempt when there is no BCCH carrier received) with the described RX algorithm, the device first (incorrectly) finds the multiframe start point, and further decode the non-existent EC-SCH without a CRC failure.

To measure the false detection ratio, the FCCH simulator was run with noise as input signal. In this case, the receiver occasionally believed to have found the multiframe start. When this happens, the receiver will attempt to decode EC-SCH for each new multiframe received until the limit of 12 multiframes is reached (see clause 6.2.6.1.2). In roughly 91% of the synchronization attempts EC-SCH decoding was never attempted. For the remainder of synchronization attempts roughly equal probability was observed for one through eleven decoding attempts, around 0.8 %.

Further, since the CRC length of the EC-SCH is 10 bits, the false positive probability of one EC-SCH decoding attempt can be approximated by 2-10. The probability of at least one false positive of N decoding attempts is 1 - (1 - 2-10)N. A weighted sum over N with weights according to the decoding attempt probability gives that the total false detection ratio is approximately.
Pfalse = 5.8*10-4
6.2.6.1.5
Conclusions

When performing cell re-confirmation at the MCL of 164 dB, the average synchronization time is 690 ms and the residual frequency offset has a standard deviation of (less than) 3 Hz. At a coupling loss of 154 dB, the average synchronization time is reduced to 365 ms. This value can be expected to decrease if the legacy SCH bursts are utilized in addition to the EC-SCH bursts.

The missed detection ratio was found to be approximately 0.45 % at 164 dB coupling loss and (close to) 0 at 154 dB coupling loss.

The false detection ratio was found to be approximately 0.058 %.


6.2.6.2
EC-RACH

6.2.6.2.1
Link level evaluations

6.2.6.2.1.1
False detection

A high false detection of the random access will waste resources in the network, and hence it is of interest to ensure that a low false detection rate, as low as GSM can be kept also for EC-GSM. 

The performance of the EC-RACH channel has thus been evaluated using thermal noise as input to the receiver, and the falsely detected RACH bursts are recorded. The simulation assumptions as described in GP-150155[6.2-7].z has been followed with the addition of assumptions listed in table 6.2-17.

Table 6.2-17. Simulation assumptions for EC-RACH false detection and blind TSC detection

	Parameter
	Setting

	Logical channel
	RACH NB, see subclause 6.2.3.2.1,
RACH AB 8 bit or
RACH AB 11 bit.

	TSC
	1 NB TSCs and 3 AB TSCs for CC 1.
1 NB and 1 AB for other coverage classes.

	Number of unique bursts
	1e6

2e4 for investigation in 6.2.6.2.1.2

	Blind TSC Detection
	On

	Overlaid CDMA
	Not used


In GSM today there is a false detection requirement on the RACH defined in 3GPP TS 45.005 (see [5]) of 0.02%.

"For a BTS on a RACH or PRACH with a random RF input, the overall reception performance will be such that less than 0,02 % of frames are assessed to be error free."
This target false detection rate is aimed for also in the case of EC-GSM.

Furthermore, it can be noted that the false detection rate is effectively increased by the support of extended coverage classes since the BTS will have to attempt to decode more than one coverage class (sometimes up to six) in some of the received timeslots, see figure 6.2-5.

The false detection rate (FDR) per coverage class, as well as the total false detection rate, is shown in table 6.2-18. As can be seen, the minimum requirement on 0.02 % is met.

Table 6.2-18. False detection rate on EC-RACH.

	Coverage Class (Number "repetitions")
	FDR [%]

	Coverage Class 1 (1)
	0.001

	Coverage Class 2 (2)
	0.002

	Coverage Class 3 (4)
	0.001

	Coverage Class 4 (8)
	0.001

	Coverage Class 5 (16)
	0.001

	Coverage Class 6 (32)
	0.003

	Total
	0.009


6.2.6.2.1.2
Blind TSC detection

In current GSM systems a BTS need to detect between three different TSCs on the RACH, an 8-bit access, and two different 11-bit accesses. With EC-GSM, this increases to four TSCs on TS0 with the introduction of normal burst RACH, while on TS1 three different TSCs are at most used (8-bit access not supported), see subclause 6.2.4.6.6.

Simulations have been run to ensure the performance degradation due to the additional blind TSC detection is within acceptable limits.

The simulation assumptions in subclause 6.2.6.2.1.1 have been followed, and the results on blind TSC detection (BTD) are shown in table 6.2-19. As can be seen, the negative impact on performance is limited to 0.2 dB for coverage class 1, and 0.1 dB for other coverage classes.

Table 6.2-19. Blind TSC detection degradation.

	Coverage Class (Number "repetitions")
	BTD [dB]

	Coverage Class 1 (1)
	0.2

	Coverage Class 2 (2)
	0.1

	Coverage Class 3 (4)
	0.1

	Coverage Class 4 (8)
	0.1

	Coverage Class 5 (16)
	0.1

	Coverage Class 6 (32)
	0.1


6.2.6.2.1.3
BLER performance

To be included
6.2.6.2.2
System level evaluations

To be included

6.2.6.3
Resource multiplexing

To allow for full resource multiplexing of traffic channels between legacy GPRS and EGPRS devices and EC-GSM devices, see more description in subclause 6.2.4.4, the potential issue of impact to DL data performance to an EC-GSM device using repetitions on the DL, while dynamically changing the USF value in the same DL radio block to schedule GPRS or EGPRS devices on the UL has been investigated, see GP-150064 [6.2-8], showing no visible performance degradation of the DL data block. The results are shown in figure 6.2-20.
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Figure 6.2-20. RLC data block performance in extended coverage when varying USF value in each radio block period.

Another aspect of potential performance impact is the overriding of USF bits in the newly defined EC-PACCH block on the DL, see subclause 6.4.4 for description, and subclause 6.2.2.1.2 for the design of the block format. By overriding USF bits, the data block performance is potentially impacted which need to be taken into account when evaluating the performance of EC-PACCH/D in extended coverage. The performance impact has been evaluated in GP-150140 [6.2-9] and is reproduced in figure 6.2-21.
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Figure 6.2-21. EC-PACCH/D – CC6, impact on overriding USF bits.

As can be seen, the impact on performance is limited to around 0.2-0.3 dB, which is seen as an acceptable performance degradation, and as can be seen, the coverage improvement target of 20 dB compared to GPRS is still met (black dashed line, defined at -14.3 dB in the UL for EC-GSM). Still, the performance degradation is not ignorable, and overriding of USF bits should be used as baseline configuration in performance evaluations of EC-PACCH, as for example have been done in subclause GP-150155[6.2-76]

For all simulations, the assumptions in Annex C have been followed.

It is hence concluded that full multiplexing of data traffic channels between legacy GPRS and EGPRS devices and EC-GSM devices can be realized without any, or very limited, performance degradation.
6.2.6.4
Coverage improvement target according to MCL methodology

All simulation assumptions from 6.2.6.y
 have been followed; with the difference that the assumption on F_est_error has been changed to test how sensitive the performance is to frequency errors, see table 6.2-20.

Table 6.2-20. Frequency error parameters, see table C.1.

	Parameter
	Setting

	F_est_error
	N(0,10) Hz1
N(0,20) Hz

N(0,40) Hz

	NOTE1: Assumed minimum frequency offset after EC-SCH acquisition 


For the worse case setting it can be noted that 2.5% of the realizations end up outside of the current requirement on frequency accuracy of 0.1 ppm (90 Hz in the 900 MHz band).

The results are presented in Figure 6.2-22.
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Figure 6.2-22. MCL for each logical channel

As can be seen, the maximum coupling loss (MCL) aimed at by the study, 164 dB, is achieved in all cases with only noticeable degradation for EC-PACCH/DL in the case of the highest frequency offset assumed with a degradation of 0.4 dB. 
6.2.6.5
Incremental redundancy and chase combining

The performance of MCS-1 to MCS-4 has been compared either using chase combining or incremental redundancy at different number of HARQ transmissions.

To simplify the interpretation of the results a radar chart is used where up to 6 HARQ transmissions are included in the analysis. The radar chart shows the gain with IR compared to chase combining at 1 % residual BLER for the different combinations of channel diversity simulated, and separately for UL and DL.

For all simulations, the assumptions in Annex C have been followed. Both a non-hopping channel and a channel using ideal frequency hopping have been evaluated to capture the performance of both chase combining and incremental redundancy at two largely varying diversity conditions.

The results are shown for the UL PDTCH in figure 6.2-23. Similar results are visible in the DL, see [6.2-a] for more details.
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Figure 6.2-23. Gain with IR compared to chase combining, PDTCH UL, ideal FH (left), no FH (right).

The maximum gain for MCS-1 is 0.3 dB, and for MCS-2 0.8 dB. MCS-3 shows a maximum gain of 1.6 dB while MCS-4 stands out in the set of MCSs with a maximum gain of 4.3 dB. In all cases the gain of IR vs chase combining is decreased with the number of HARQ transmissions used.

In Table 6.2-21 the performance difference between using 2 or 3 puncturing schemes for MCS-3 and MCS-4 at different number of HARQ transmissions are shown.

Table 6.2-21. Performance difference between using 2 and 3 PS for MCS-3 and MCS-4 at different HARQ transmissions.

	FH
	MCS
	HARQ

	
	
	1st (1)
	2nd (1)
	3rd
	4th
	5th
	6th

	no FH
	MCS-3
	0
	0
	0.2
	0.1
	0.0
	0.0

	no FH
	MCS-4
	0
	0
	0.6
	0.2
	0.3
	0.2

	ideal FH
	MCS-3
	0
	0
	0.3
	0.1
	0.1
	0.1

	ideal FH
	MCS-4
	0
	0
	1.1
	0.2
	0.3
	0.3

	NOTE1: No performance difference since only PS1 and PS2 will be used in both options


It can be seen that the performance difference at different HARQ transmissions is very small, with one exception of the  3rd HARQ transmission with a visible difference of 0.6 dB in the case of no FH and 1.1 dB in the case of ideal FH.
6.2.6.6
EC-GSM Cell Selection and reselection

6.2.6.6.1
Idle mode

6.2.6.6.1.1



PLMN Selection

At power on the device will make use of the legacy procedure for PLMN selection wherein the NAS layer will indicate to the lower layers what PLMN to choose and the device will then start the cell selection procedure for that PLMN. 

6.2.6.6.1.2



Initial cell selection

At power on the EC-GSM device will initiate cell selection based on the legacy procedure for an initial band search to identify the strongest BCCH carrier, and if suitable (not barred etc.) start camping on that cell. The method of BCCH carrier evaluation will take coverage class into account i.e. this will be different from legacy. 

6.2.6.6.1.3



Cell selection and reselection

It is proposed that no serving nor neighbor cell measurements are performed when a device is in a Power Saving State,(PSM or eDRX), i.e. the device performs serving cell measurements in idle mode whenever leaving the Power Saving State for periodic reporting / eDRX cycles.  A device should first assume that the same serving cell as previous used for transmission of a report can be used when starting a short sync procedure and attempting to read the FCCH/EC-SCH. Within this document a short sync refers to when the device remain within the same coverage (or better) and camps on the same cell and therefore will be able to sync by reading the FCCH /EC-SCH of the cell. If short sync fails a long sync might be initiated meaning a rescan of all frequencies or frequencies according to some list e.g. the BA last for EC-GSM Devices. EC-GSM devices should only need to be attempted to cell reselection to neighbor cells that are indicated as supporting EC-GSM (which might be a subset of the GSM neighbor cells). The neighbor cells supporting EC-GSM would then be the ones indicated in the SI broadcasted on EC-BCCH.

· Short sync success

If the short sync is successful and with no indication of changed coverage according to some carrier signal strength measurements, no neighbor cell measurements or cell reselection procedure will be initiated and, if there is a pending uplink transmission, the device will continue by sending the access request in the existing cell using the same coverage class as indicated during the last uplink transmission. It should be noted that how the carrier signal strength is measured is FFS. Due to fluctuations in the surroundings e.g. temporarily obstacles as trains, trucks etc., the initial cell selection procedure might result in that a device camps on a cell that is non-optimal in a coverage sense. To avoid that devices in extended coverage, i.e. devices in a coverage class other than coverage class one, camps on a cell using a coverage class that is higher than necessary (e.g. when the use of a better coverage class may be possible in the serving cell or in a neighbor cell at a later point in time), serving cell and neighbor cell measurements should be performed at a periodic interval (i.e. in addition to when the short synchronization procedure fails). 

If the synchronization to the serving cell is successful but the access attempt to the network fails for a given coverage class, i.e. if maximum allowed number of retries for a given access attempt is reached, the coverage class may be increased by 1 until a successful access attempt is experienced or neighbor cell measurements can be triggered, potentially resulting in cell reselection. When an increase of coverage class is made in the serving cell, serving and neighbor cell measurements may be initiated  to make sure that the device is not using a to high coverage class and/or camping on a non-optimal cell. 

· Short sync failure

If the short sync fails (e.g. if the carrier signal measurements indicates a decrease in strength) the device will need to do serving and neighbor cell measurements and a possible cell reselection.

A new cell should only be selected if it is suitable from a carrier signal strength perspective and its estimated coverage class is lower than or equal to the coverage class of the serving cell.

The EC-GSM cell selection and reselection procedure should be based on the legacy GSM procedure but with adaptations for extended coverage devices with respect of averaging intervals and other values optimized for legacy devices.

6.2.6.6.2
Packet transfer mode

When the device enters packet transfer mode no measurements are performed by the device, i.e. the device will not attempt to decode the full BCCH data of the serving cell nor will it attempt to check the BSIC for each of the strongest non serving cells at a periodic interval. It is assumed that the number of blocks needed to transmit a periodic or exception report is fairly small and thus potential measurements will result in no or very little gain to improve the reliability of sending the report.  Failure to transmit a report due to entering worse coverage will result in TBF failure which will trigger a cell reselection upon returning to idle mode. Once a suitable cell is identified and a corresponding downlink coverage class is identified a new attempt to transmit the report is performed. 

6.2.6.6.2.1

Ready state

When the device leaves the packet transfer mode and enters Ready State it might need to do a short sync before reading the PCH/AGCH according to its DRX cycle. If this sync fails and/or the carrier signal strength values are decreased below some known threshold, serving cell and neighbor cell measurements should be made to trigger a possible update of the cell and coverage class.

Editor's Note: It should be noted that interference performance is to be evaluated.
 6.3
GERAN evolution concept#2 

…

7
Physical layer aspects and radio access protocols for clean slate concepts
7.1
Narrow Band M2M (NB M2M)
7.1.1
General
To support massive number of low throughput MTC devices (UEs) with a limited number of 200 kHz resource blocks, each resource block is divided into a large number of "narrow band" physical channels which are individually modulated and pulse-shaped. Channelization is done in a frequency division multiplexed (FDM) manner, for both the uplink and the downlink.

The downlink channelization supports efficient frequency re-use, which is important for maintaining overall system capacity, and low complexity equalization at the UE receiver. It also allows separation of traffic for different UE coverage classes onto different physical channels which allows easier optimization of MAC characteristics, such as latency, for each coverage class.

The uplink channelization provides a very efficient means to improve the uplink coverage without compromising the uplink capacity. The channel spacing in the uplink is a fraction (e.g. 1/3) of that in the downlink. This creates many more physical channels in the uplink than in the downlink. With a significantly higher number of parallel uplink data transmissions, the aggregate uplink transmit power increases proportionately, and so does the achievable uplink capacity. 

Other techniques such as symbol rate spreading and burst rate repetition are employed in both the uplink and the downlink to further extend the coverage.

Unlike in GSM, the duration of a burst is variable, and a physical channel is only defined in the frequency domain, not in the time domain (i.e. there is only one physical channel per carrier). Different types of bursts can be carried on a physical channel, depending on the channel type.
The minimum system bandwidth is a single resource block. Additional resource blocks can be used to increase network capacity, and can have the additional benefit of providing frequency diversity if they are sufficiently separated in frequency. The choice of resource block bandwidth allows the system to be deployed by re-farming one or more GSM carriers. However, other deployment options are also available, such as deploying the system stand-alone in any suitable fragment of spectrum, or potentially within the guard-bands of another system.

The base station operates in RF full duplex mode in order to maximize network capacity. MTC devices operate in half duplex mode to reduce the RF cost.

7.1.2
Downlink physical layer design

7.1.2.1
Basic transmission scheme

7.1.2.1.1
Multiplexing scheme
7.1.2.1.1.1
 Channelization
For the downlink, it is proposed that the 200 kHz resource block is sub-divided into multiple downlink physical channels, for example 12 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 7.1.2-1.
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Figure 7.1.2-1.  Downlink channelization
The physical channels are numbered DL_CHAN = 0 to 11, with DL_CHAN = 0 representing the lowest frequency channel. The centre frequency, FDL(DL_CHAN), of each physical channel relative to the lowest frequency of the resource block is given by:

FDL(DL_CHAN) = (DL_CHAN + 0.5) x 15 + 10 kHz

There are three types of downlink physical channels: the physical broadcast and synchronization channel (PBSCH) that carries synchronization signal and basic broadcast information ( information block 1), the extended physical broadcast channel (EPBCH) that carries extended broadcast information (broadcast  information blocks 2, 3 and 4), and the physical downlink shared channel (PDSCH) that carries data, control information, paging, and signalling, etc. A change in the extended broadcast information is indicated in the basic broadcast information. This minimizes the average time taken by a UE to access the broadcast information.
Each base station sector is allocated a number of downlink channels according to the frequency re-use strategy. At least two downlink physical channels are reserved for PBSCH and EPBCH, and these physical channels are shared amongst all base stations using code division techniques. The remaining downlink physical channels are used for PDSCH.

A UE is not required to receive multiple downlink channels simultaneously, though will be capable of re-tuning its receiver from one downlink physical channel to a different downlink physical channel.
There is no requirement for different base stations to be time aligned.

This approach to channelization of the downlink has several benefits compared with using a single physical downlink channel that occupies the entire resource block:

-
An IoT network can be deployed using a total of only 200 kHz system bandwidth, since frequency re-use is incorporated within this system bandwidth by allocating subsets of downlink channels to neighbouring base stations.

-
Flexible and spectrally efficient frequency re-use is possible by appropriate selection of the frequency re-use factors according to the coverage enhancement associated with the traffic being carried on each channel.

-
Receiver equalization is very simple for the UE, due to the channel bandwidth being lower than the coherence bandwidth of the propagation channel. This reduces UE complexity whilst making the system performance very robust to channels with large delay spreads (similar to OFDM, though with no requirement for an FFT).

-
The individual pulse shaping of the modulation on each downlink channel means that there is no requirement to time-align base stations since "orthogonality" is achieved by frequency separation.

-
By allocating a single, deterministic physical channel to transmit the broadcast information, a UE can efficiently identify the presence of a Cellular IoT signal and find the strongest base station.

-
Downlink control and traffic to UEs requiring different levels of coverage enhancement can be separated by physical downlink channel, which allows characteristics of the overall system, such as latency, to be optimized separately for each coverage class.

7.1.2.1.1.2
Time structure
The proposed time structure for the downlink is illustrated in Figure 7.1.2-2.
The longest recurrent time period of the time structure is called a hyperframe and has a duration of 335544320ms (or  93h 12  mn 24 s 320 ms).

One hyperframe is subdivided into  65536 superframes which each have a duration of 5120 ms. Superframes are numbered modulo this hyperframe (superframe number, or SFN, from 0 to65535).
One superframe is subdivided into 64 frames which each have a duration of 80ms. Frames are numbered modulo this superframe (frame number, or FN, from 0 to 63). A frame is the time unit for transmission of the broadcast signal and synchronization information on PBSCH. One frame is also the minimum interval between transmissions of successive downlink control information (DCI) bursts on PDSCH.
One frame comprises eight slots which are numbered modulo this frame (slot number, or SN, from 0 to 7). One slot lasts 10 ms and is the minimum scheduling unit on PDSCH. Unlike in GSM, the eight slots in one frame belong to the same physical channel.
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Figure 7.1.2-2.  Downlink time structure
7.1.2.1.1.3
Burst structure
A burst is an instantaneous transmission of data over a physical channel with a variable duration of one or more slots. There are four types of bursts in the downlink:
1)
Synchronization and broadcast burst. This burst is transmitted on PBSCH and is used for frequency and time synchronization and for basic system information broadcasting. It has a duration of one frame and contains 640 symbols for synchronization sequences and 320 symbols for broadcast information block 1.
2)
Broadcast burst. This burst is transmitted on EPBCH and is used for extended system information broadcasting. It has a duration of eight frames and contains 7680 symbols: 2880 symbols for broadcast information block 2, 2880 symbols for broadcast information block3 and 1920 symbols for broadcast information block 4.
3)
DCI (downlink control information) burst. This burst is periodically transmitted on PDSCH and is used to carry cell-specific (e.g. random access resource indicator) or MS-specific control information (e.g. scheduling information) for both the uplink and the downlink. The length of the burst is variable, and is indicated by the preamble sequence contained in the burst. The reason for a variable length is that the amount of scheduling information is variable depending on the number of users being scheduled. 
4)
Non-DCI burst type 1. This burst is transmitted on PDSCH and is used to carry data and signalling information for higher layers. It has a duration of an integral number of slots, each containing 120 symbols. The length of this burst is indicated in the scheduling information.
The structure of the synchronization and broadcast burst is shown in Figure 7.1.2-3, and the structure of the broadcast burst is shown in Figure 7.1.2-4.
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Figure 7.1.2-3.  Synchronization and broadcast burst
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Figure 7.1.2-4.  Broadcast burst
The structure of a DCI burst is shown in Figure 7.1.2-5. A 40-bit preamble is inserted at the beginning of the burst to facilitate re-synchronization of MTC deviceson wake-up from short DRX/DTX and to indicate the length of the DCI burst (i.e. N1). Pilot symbols are inserted at regular intervals into the stream of data symbols, using 2 pilots for every 8 data symbols, to enable channel tracking and so coherent demodulation. Both preamble symbols and pilot symbols can be used for signal quality measurements.


[image: image33.emf]pilot preamble data pilot data pilot data

N

1

* 120 symbols

slot

DCI burst(N

1

* 10 ms)

slot slot


Figure 7.1.2-5.  DCI burst
Non-DCI burst type 1uses a different  structure which is shown in Figure 7.1.2-6. The number of slots (i.e. N2) is indicated in the corresponding DCI burst. Pilot symbols are inserted in the same way as for the DCI burst (see Figure 7.1.2-5).
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Figure 7.1.2-6.  Non-DCI burst type 1 
Depending on the intended coverage level, a burst may be repeated a number of times when being transmitted in order to support reception in poorer link budget conditions. For the DCI burst, the repetitions of the DCI preamble are contiguous in time, and are followed by the repetitions of the DCI payload.
7.1.2.1.1.5
DCI interval
The subset of PDSCHs that are configured for transmission of DCI bursts is indicated in the broadcast system information. DCI bursts are only transmitted at the beginning of a frame. The number of frames between successive DCI bursts, called the DCI interval, is also indicated in the broadcast system information. The DCI interval is specific to each PDSCH for which where DCI bursts are transmitted and is configured according to the intended coverage level, e.g. 1 frames for normal coverage and  16 frames for extended coverage as shown in Figure 7.1.2-7. Similarly, the modulation and coding scheme (MCS) for the DCI bursts on a given PDSCH is indicated in the broadcast system information.
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Figure 7.1.2-7.  DCI interval for normal and extended coverage
7.1.2.1.2
Transmission chain
7.1.2.1.2.1
General
The transmission chains for PBSCH, EPBCH and PDSCH are shown in Figure 7.1.2-8, Figure 7.1.2-9 and Figure 7.1.2-10, respectively.
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Figure 7.1.2-8.  Transmission chain for PBSCH
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Figure 7.1.2-9.  Transmission chain for EPBCH
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Figure 7.1.2-10.  Transmission chain for PDSCH

7.1.2.1.2.2
FEC and rate matching
Convolutional coding with tail biting is utilized on the downlink for forward error correction (FEC) because this provides good coding gain with modest UE receiver complexity, whilst being applicable to the relatively short bursts that are common in a low throughput IoT system. Two coding rates are proposed: rate ½ (using octal polynomials 133 and 171 with tail biting termination)  and rate ¾, where the rate ¾ code is constructed by puncturing the rate ½ code. This is similar to the design principle for IEEE 802.11 a/g.
The rate ½ encoder structure is illustrated in Figure 7.1.2-11, where bit v1(k) is output before bit v2(k). The encoder state is initialized by the last 6 bits of the input sequence u(k) to form a tail biting code.
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Figure 7.1.2-11.  Rate ½ convolutional encoder structure

The output sequence of the rate ½ Convolutional encoder is of the form v1(k), v2(k), v1(k+1), v2(k+1), v1(k+2), v2(k+2), etc. The output sequence of the rate ¾ code is obtained by puncturing the rate ½ encoder output such that the output sequence is of the form v1(k), v2(k), v1(k+1), v2(k+2), v1(k+3), v2(k+3), etc., as illustrated in Figure 7.1.2-12 where the framed bits are punctured. The purpose of choosing a simple puncturing scheme is to reduce the processing complexity at the UE receiver.
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Figure 7.1.2-12.  Puncturing for rate 3/4 convolutional code
A block interleaver is applied after convolutional encoding to provide time diversity and to improve performance in the case of correlated bit errors. The output bit stream after Convolutional encoding (and puncturing in the case of rate ¾ code) is then interleaved according to a simple bit-reversal sub-block interleaver which is reused from LTE according to the first bit stream (i.e. 
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7.1.2.1.2.3
Scrambling
The output bits from FEC/interleaving are scrambled by applying an XOR logical operation between each output bit and the output of a cell-specific scrambling sequence generator. The scrambling can randomize the inter-cell interference and reduce the potential impact of long  sequences of identical bits.

Scrambling using this mechanism is not applied to the primary synchronization signal (PSS), secondary synchronization signal (SSS) or frame index identification signal (FIIS).
The scrambling sequence is defined by a length-31 Gold sequence. The output sequence [image: image44.wmf])
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For a broadcast burst, and broadcast information block 1 which is carried by a synchronization and broadcast burst, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {19'b0, FRAME[5:0], CELL_ID[5:0]} ^ 1

where 19'b0 represents 19 consecutive bits of 0, and ^ represents the logical XOR operation.

For a DCI burst, the sequence generator is initialized at the start of each burst with a seed that depends on the downlink channel number, DL_CHAN, the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {15'b0, DL_CHAN[3:0], FRAME[5:0], CELL_ID[5:0]} ^ 1
For a non-DCI burst, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, the frame index corresponding to the start of the burst, FRAME, and the UE identifier, UE_ID, as follows:
Cinit = {UE_ID[19:0], FRAME[5:0], CELL_ID[4:0]} ^ 1
7.1.2.1.2.4
PSS generation

To generate a PSS, a length-255 m-sequence, [image: image51.wmf]()
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The PSS, 
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Finally, the sequence 
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 is modulated using π/2-BPSK to generate the PSS symbols.

7.1.2.1.2.5
SSS generation

To generate a SSS, a length-257 Zadoff-Chu sequence, [image: image80.wmf])
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A scrambling sequence, [image: image82.wmf])
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Finally, the SSS, [image: image86.wmf])

(

n

d

, is generated as follows:

[image: image87.wmf]256

...,

,

1

,

0

)

(

)

(

)

(

1

=

=

n

n

c

n

z

n

d


7.1.2.1.2.6
FIIS generation

The sequence used for FIIS, [image: image88.wmf])

(

n

d

, is a scrambled, cyclically shifted, m-sequence defined by
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 is modulated using π/2-BPSK to generate the FIIS symbols.
7.1.2.1.2.7
Burst mapping

For a PBSCH, the symbols for the PSS, SSS, and FIIS are successively mapped to the "synchronization sequences" part of each synchronization and broadcast burst (see Figure 7.1.2-3). The symbols for the broadcast information block 1 are successively mapped to the "broadcast information block 1" part of eight consecutive synchronization and broadcast bursts (see Figure 7.1.2-3)  For EPBCH, broadcast  information block 2, broadcast information block 3, and broadcast information block 4 are successively mapped to the symbols of one broadcast burst.
7.1.2.1.2.8

Preamble and pilot insertion
A 40-bit preamble sequence is transmitted prior to a DCI burst. This is used for indication of the length of corresponding DCI burst,for acquisition of fine symbol timing and for fine frequency error offset estimation. A preamble is not transmitted for other types of burst.
The preamble sequence is generated by applying an XOR logical operation between each bit of  the length-31 Gold sequence generator described in subclause 7.1.2.1.2.3 and the corresponding bit of a mask sequence which is a row of matrix [H32(1:8,:) H8; H32(9:16,:) H8], where H32 and H8 denote the 32-order and the 8-order Hadamard matrix respectively. Each preamble sequence indicates a particular DCI burst length, and in total 16 preamble sequences are supported. 
Pilot symbols are inserted between groups of data symbols in order to facilitate channel tracking during a burst. The data symbols, after constellation mapping, are partitioned into groups of 8 symbols. Each group of 8 data symbols is prefixed with 2 pilot symbols. No pilot symbols are inserted after the final group of 8 data symbols. The pilot symbols are generated using the same length-31 Gold sequence generator as described in subclause 7.1.2.1.2.3. 

Both the preamble sequence and the pilot symbols are encoded using BPSK modulation irrespective of the modulation method selected for the data symbols.

The length-31 Gold sequence generator used for both preamble and pilots 

 is initialized at the start of each DCI interval with a seed that depends on the downlink channel index, DL_CHAN, the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {15'b0, DL_CHAN[3:0], FRAME[5:0], CELL_ID[5:0]} ^ 3
The initial outputs from the length-31 Gold  sequence generator are used to form the preamble sequence, if present, in order of transmission, and then the subsequent outputs form the pilot symbol sequence in order of transmission.

7.1.2.1.2.9
Modulation
The proposed downlink modulation schemes are π/2-BPSK, π/4-QPSK and 16-QAM. These modulation schemes are preferred over GMSK due to their reduced spectral sidelobes, and higher spectral efficiency in the case of π/4-QPSK and 16-QAM, and slightly improved demodulation performance.
It is anticipated that 16-QAM would only be used for data transmissions and not for control channels. It may be beneficial for cost reasons to define this as an optional downlink modulation scheme for UEs. 

The MCS index for DCI bursts is indicated in the broadcast information. The MCS index and the CBS index for non-DCI bursts on the PDSCH are indicated within the DCI that defines the corresponding resource allocation. Hence no modulation detection is necessary at the UE receiver. 

For the PSS and FIIS on PBSCH, the proposed modulation scheme is π/2-BPSK. For the broadcast information block 1 on PBSCH, and for EPBCH, it is proposed to use a differential modulation scheme (specifically π/2-DBPSK) in order to avoid channel estimation under interference limited radio conditions. The π/2-DBPSK modulation also has the benefit of no pilot symbol overhead and robustness against carrier frequency offset (CFO) and Doppler shift.
For PBSCH, the scrambled bits of broadcast information block 1 are equally divided into eight groups. Each group is then separately modulated using π/2-DBPSK.
7.1.2.1.2.10
Spreading
In addition to burst repetition, symbol spreading provides another means of achieving coverage enhancement. Similar to burst repetition, the additional receiver processing gain is achieved at the expense of reduced data rate. The receiver typically performs coherent integration over the spreading sequence for each symbol. Different spreading sequences are used for each base station in order to provide some suppression of inter-cell interference, especially for transmissions that use higher spreading factors. 

Symbol spreading is applied after constellation mapping. For the higher data rate coding schemes, no spreading is applied, so the output chip sequence equates to the input symbol sequence. For lower data rate coding schemes, each modulated symbol is repeated by the spreading factor and then the resulting chip sequence is multiplied by the spreading sequence.

The spreading sequence is applied to the chips in order of transmission, such that a '1' in the spreading sequence results in a polarity inversion of both the I and Q values for a given chip. The spreading is applied to the preamble, if present, and pilot symbols in addition to the data symbols.

The symbol spreading sequence is generated using the same length-31 Gold sequence generator described in subclause 7.1.2.1.2.3.

For PBSCH and EPBCH, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {19'b0, FRAME[5:0], CELL_ID[5:0]} ^ 2
For PDSCH, the sequence generator is initialized at the start of each burst with a seed that depends on the downlink channel index, DL_CHAN, the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {15'b0, DL_CHAN[3:0], FRAME[5:0], CELL_ID[5:0]} ^ 2
The benefit of symbol spreading compared with burst repetition is that it is possible to achieve the ideal processing gain from coherent combining, in contrast with burst repetitions which may suffer from diminishing returns as the number of repetitions increases due to poorer channel estimation and tracking. However, high symbol spreading factors reduce the maximum channel tracking rate and therefore the tolerance to high Doppler. Therefore, a combination of burst repetition and symbol spreading is proposed.

7.1.2.1.2.11
Phase rotation
Following spreading, a π/2 phase rotation per BPSK chip, or π/4 phase rotation per QPSK chip, is applied in order to reduce the peak-to-average power ratio (PAPR) of the modulation. No phase rotation is applied for 16-QAM modulation.  

The chips associated with the preamble and pilot symbols are phase rotated in accordance with the modulation type used for the data symbols, even though the preamble and pilot chips are always modulated using π/2 -BPSK. 

The total phase rotation for the k'th chip (indexing from k=0 for the first chip of the preamble, if present, otherwise the first pilot chip), is (kπ/2) for π/2 -BPSK, (kπ/4) for π/4- QPSK, and 0 for 16-QAM.

7.1.2.1.2.12
Pulse shaping
The I and Q samples after phase rotation are pulse shaped with a root-raised cosine filter, as defined below. 
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where Ts =1/12,000 is the chip period and β = 0.22 is the roll-off factor.
7.1.2.1.2.13
Modulation and coding schemes (MCS)
As shown in Table 7.1.2-1, a total of 10 MCS indexes are supported for the PDSCH, providing PHY data rates ranging from 135 bps to 25.92 kbps. The quoted data rates take into account pilot overheads and are also scaled by 0.9 to allow for retransmissions arising from a 10% block error rate.

Spreading and repetitions are applied for the lower MCS indexes to achieve various coverage extension levels. DL MCS-0 is designed to target an MCL even higher than the 164 dB required by the Cellular IoT study. This assures robustness of the system against interference and also provides some further coverage extension capability. A combination of modulation, code rate, spreading and repetitions has been chosen for each MCS such that for a baseline CBS the required SNR for demodulation (and therefore the achieved coverage) is approximately evenly spaced between MCSs.

Table 7.1.2-1: Modulation and coding schemes for PDSCH

	DL MCS index
	Modulation
	Code rate
	Spreading
factor
	Repetition
factor
	PHY data rate (kbps)

	0
	π/2-BPSK
	½
	4
	8
	0.135

	1
	π/2-BPSK
	½
	4
	4
	0.27

	2
	π/2-BPSK
	½
	4
	2
	0.54

	3
	π/2-BPSK
	½
	4
	1
	1.08

	4
	π/2-BPSK
	½
	2
	1
	2.16

	5
	π/2-BPSK
	½
	1
	1
	4.32

	6
	π/4-QPSK
	½
	1
	1
	8.64

	7
	π/4-QPSK
	¾
	1
	1
	12.96

	8
	16-QAM
	½
	1
	1
	17.28

	9
	16-QAM
	¾
	1
	1
	25.92


There are 48 CBSs for DL MCS-0 to DL MCS-6, 43 CBSs for DL MCS-7, 32 CBSs for DL MCS-8, and 21 CBSs for DL MCS-9, each denoted by a CBS index as shown in Table 7.1.2-2 below.

Table 7.1.2-2: CBS for non-DCI burst type 1.
	DL MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	40
	80
	120
	160
	200
	240
	280
	320
	360
	400
	440
	480

	0-3
	48
	96
	144
	192
	240
	288
	336
	384
	432
	480
	528
	576

	DL MCS index
	DL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	520
	560
	600
	640
	680
	720
	760
	800
	840
	880
	920
	960

	0-3
	624
	672
	720
	768
	816
	864
	912
	960
	1008
	1056
	1104
	1152

	DL MCS index
	DL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	1000
	1040
	1080
	1120
	1160
	1200
	1240
	1280
	1320
	1360
	1400
	1440

	0-3
	1200
	1248
	1296
	1344
	1392
	1440
	1488
	1536
	1584
	1632
	1680
	1728

	DL MCS index
	DL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	1480
	1520
	1560
	1600
	1640
	1680
	1720
	1760
	1800
	1840
	1880
	1920

	0-3
	1776
	1824
	1872
	1920
	1968
	2016
	2064
	2112
	2160
	2208
	2256
	2304

	DL MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	20
	40
	60
	80
	100
	120
	140
	160
	180
	200
	220
	240

	4
	48
	96
	144
	192
	240
	288
	336
	384
	432
	480
	528
	576

	DL MCS index
	DL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	260
	280
	300
	320
	340
	360
	380
	400
	420
	440
	460
	480

	4
	624
	672
	720
	768
	816
	864
	912
	960
	1008
	1056
	1104
	1152

	DL MCS index
	DL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	500
	520
	540
	560
	580
	600
	620
	640
	660
	680
	700
	720

	4
	1200
	1248
	1296
	1344
	1392
	1440
	1488
	1536
	1584
	1632
	1680
	1728

	DL MCS index
	DL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	740
	760
	780
	800
	820
	840
	860
	880
	900
	920
	940
	960

	4
	1776
	1824
	1872
	1920
	1968
	2016
	2064
	2112
	2160
	2208
	2256
	2304

	DL MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110
	120

	5
	48
	96
	144
	192
	240
	288
	336
	384
	432
	480
	528
	576

	6
	96
	192
	288
	384
	480
	576
	672
	768
	864
	960
	1056
	1152

	7
	144
	288
	432
	576
	720
	864
	1008
	1152
	1296
	1440
	1584
	1728

	8
	192
	384
	576
	768
	960
	1152
	1344
	1536
	1728
	1920
	2112
	2304

	9
	288
	576
	864
	1152
	1440
	1728
	2016
	2304
	2592
	2880
	3168
	3456

	DL MCS index
	DL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	130
	140
	150
	160
	170
	180
	190
	200
	210
	220
	230
	240

	5
	624
	672
	720
	768
	816
	864
	912
	960
	1008
	1056
	1104
	1152

	6
	1248
	1344
	1440
	1536
	1632
	1728
	1824
	1920
	2016
	2112
	2208
	2304

	7
	1872
	2016
	2160
	2304
	2448
	2592
	2736
	2880
	3024
	3168
	3312
	3456

	8
	2496
	2688
	2880
	3072
	3264
	3456
	3648
	3840
	4032
	4224
	4416
	4608

	9
	3744
	4032
	4320
	4608
	4896
	5184
	5472
	5760
	6048
	/
	/
	/

	DL MCS index
	DL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	250
	260
	270
	280
	290
	300
	310
	320
	330
	340
	350
	360

	5
	1200
	1248
	1296
	1344
	1392
	1440
	1488
	1536
	1584
	1632
	1680
	1728

	6
	2400
	2496
	2592
	2688
	2784
	2880
	2976
	3072
	3168
	3264
	3360
	3456

	7
	3600
	3744
	3888
	4032
	4176
	4320
	4464
	4608
	4752
	4896
	5040
	5184

	8
	4800
	4992
	5184
	5376
	5568
	5760
	5952
	6144
	/
	/
	/
	/

	DL MCS index
	DL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	370
	380
	390
	400
	410
	420
	430
	440
	450
	460
	470
	480

	5
	1776
	1824
	1872
	1920
	1968
	2016
	2064
	2112
	2160
	2208
	2256
	2304

	6
	3552
	3648
	3744
	3840
	3936
	4032
	4128
	4224
	4320
	4416
	4512
	4608

	7
	5328
	5472
	5616
	5760
	5904
	6048
	6192
	/
	/
	/
	/
	/


For the DCI burst, the CBSs for each MCS are listed in Table 7.1.2-3 below. The differences compared with a non-DCI burst arise from the addition of a preamble to the DCI burst, which is not present in any other type of burst (see subclause 7.1.2.1.1.3 for more details on the design of DCI burst). The DL CBS index is indicated by the DCI preamble sequence. Specifically, the DL CBS index is numbered in an ascending order with respect to the row of the matrix [H32(1:8,:) H8; H32(9:16,:) H8] that is used to generate the preamble sequence, as defined in subclause 7.1.2.1.2.8.
Table 7.1.2-3: CBS for DCI burst
	
	
	
	
	
	

	
	
	
	
	
	


	DCI MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7

	
	Burst length (ms)

	
	80
	120
	160
	200
	240
	280
	320
	360

	0~3
	80
	128
	176
	224
	272
	320
	368
	416

	DCI MCS index
	DL CBS index

	
	8
	9
	10
	11
	12
	13
	14
	15

	
	Burst length (ms)

	
	400
	440
	480
	520
	560
	600
	640
	680

	0~3
	464
	512
	560
	608
	656
	704
	752
	800

	DCI MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7

	
	Burst length (ms)

	
	40
	60
	80
	100
	120
	140
	160
	180

	4
	80
	128
	176
	224
	272
	320
	368
	416

	DCI MCS index
	DL CBS index

	
	8
	9
	10
	11
	12
	13
	14
	15

	
	Burst length (ms)

	
	200
	220
	240
	260
	280
	300
	320
	340

	4
	464
	512
	560
	608
	656
	704
	752
	800

	DCI MCS index
	DL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7

	
	Burst length (ms)

	
	20
	30
	40
	50
	60
	70
	80
	90

	5
	80
	128
	176
	224
	272
	320
	368
	416

	6
	160
	256
	352
	448
	544
	640
	736
	832

	7
	240
	384
	528
	672
	816
	960
	1104
	1248

	8
	320
	512
	704
	896
	1088
	1280
	1472
	1664

	9
	480
	768
	1056
	1344
	1632
	1920
	2208
	2496

	DCI MCS index
	DL CBS index

	
	8
	9
	10
	11
	12
	13
	14
	15

	
	Burst length (ms)

	
	100
	110
	120
	130
	140
	150
	160
	170

	5
	464
	512
	560
	608
	656
	704
	752
	800

	6
	928
	1024
	1120
	1216
	1312
	1408
	1504
	1600

	7
	1392
	1536
	1680
	1824
	1968
	2112
	2256
	2400

	8
	1856
	2048
	2240
	2432
	2624
	2816
	3008
	3200

	9
	2784
	3072
	3360
	3648
	3936
	4224
	4512
	4800


For each broadcast information block within PBSCH or EPBCH, the modulation, code rate, spreading factor and repetition factor are fixed, as defined in Table 7.1.2-4 and Table 7.1.2-5.

Table 7.1.2-4: Modulation and coding scheme for PBSCH

	Modulation
	Code rate
	Spreading factor
	Repetition factor

	π/2-DBPSK
	½
	8
	8


Table 7.1.2-5: Modulation and coding scheme for EPBCH

	Modulation
	Code rate
	Spreading factor
	Repetition factor

	π/2-DBPSK
	½
	8
	8


For PBSCH, the CBS of the broadcast information block 1 is 156 bits.

For EPBCH, the CBS of broadcast information blocks 2, 3, and 4 are 176, 176 and 116 bits, respectively.

7.1.2.2
 Physical layer procedure

7.1.2.2.1
Cell search procedure

Cell search is the procedure by which a MSacquires time and frequency synchronization with a BS and detects the cell ID of that cell.  

The cell search is assumed to be based on two signals transmitted in the downlink, the "PSS" (Primary Synchronization Signal) and "SSS" (Secondary Synchronization Signal) which are included in the PBSCH (Physical Broadcast Synchronization Channel). The PSS and SSS are defined by time-domain sequences as described in subclause 7.1.2.1.2.4 and 7.1.2.1.2.5, respectively.
The cell search procedure consists of 4 operations: signal detection, symbol timing and carrier frequency synchronization acquisition, frame timing, and physical cell ID identification.

The basic cell search procedure is illustrated in Figure 7.1.2-13.
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Figure 7.1.2-13. Basic cell search procedure

7.1.2.2.1.1
Signal detection

The MSsearches for a viable BS carrier when it initially switches on, when it fails to operate with its previous BS carrier, or when it wishes to check for a higher signal strength BS carrier. The searching is implemented based on the detection of the PSS/SSS. The center frequency of the PBSCH containing PSS/SSS satisfies the channelization condition described in subclause 7.1.2.1.1.1. 
7.1.2.2.1.2
Symbol timing and carrier frequency synchronization acquisition

Symbol timing and carrier frequency are acquired by correlation based detection of PSS/SSS. 

Typically, symbol timing is derived from the PSS while frequency synchronization (carrier frequency offset estimation) is derived from the SSS. The PSS may also be used to obtain a coarse estimate of the carrier frequency offset (CFO) based on the phase of the correlation peak. The accuracy of CFO estimation may then be improved by using the SSS. Differential detection may be applied to the PSS sequence to mitigate the negative impact of phase rotation on the correlation performance due to large initial CFO.

Cross-correlation and/or auto-correlation may be used for PSS/SSS based symbol timing and CFO estimation, providing different trade-offs between implementation complexity and performance in low SNR. 

7.1.2.2.1.3
 Frame timing

Frame timing is directly derived from the PSS/SSS since the PSS/SSS is only transmitted once in every frame. 

7.1.2.2.1.4
 Physical cell ID identification

A physical-layer cell ID (PCI) is introduced for each cell to facilitate network planning (e.g. frequency re-use) and cell-specific operation (e.g. scrambling, frequency hopping and etc.). 

There are 36 unique PCIs in the system. The PCIs are grouped into 12 unique PCI groups, each group containing three unique identities. The grouping is such that each PCI is part of one and only one PCI group. A PCI 
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is thus uniquely defined by a number
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in the range of 0 to 11, representing the PCI group, and a number
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 in the range of 0 to 2, representing the PCI within the PCI group.

The PCI
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within the PCI group is associated with the scrambling sequence masked on PSS while the PCI group index
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is associated with the scrambling sequence masked on SSS. 

The MSfirst tests the 3 PSS scrambling sequences to identify
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within the PCI group, and then the device tests the 12 SSS scrambling sequences to identify the PCI group index
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. By this hierarchical and grouping design, the maximum number of hypothesis tests to identify a PCI is reduced from 36 to 15.

7.1.2.2.2
 Alternative design for cell search procedure

In the cell search procedure, the MSachieves time and frequency synchronization with the BS of a cell and identifies the unique cell ID of that cell. As an alternative to the procedure detailed in subclause 7.1.2.2.1, cell search is performed by using two signals transmitted in the downlink: Synchronization sequence (SS) and Cell Identification Sequence (CIS), which are included in the Physical Broadcast Synchronization Channel (PBSCH). The SS and CIS are time domain sequences as described in subclauses 7.1.2.2.2.1 and 7.1.2.2.2.2. An alternative design for the Frame Index Indication Sequence (FIIS) used in the PBSCH is given in subclause 7.1.2.2.2.3. The SS, CIS and FIIS are transmitted once in every frame. The different signals constituting the downlink synchronization sequence is shown in figure 7.1.2-14. 
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Figure 7.1.2-14 Structure of PBSCH

When the MS is powered on, it first searches for a viable BS carrier, if it fails to operate with its previous BS carrier. The searching is implemented based on the detection of the SS. The SS is used to perform both time synchronization and frequency offset correction for the decoding of the following frames. After the synchronization to the network is achieved, the device uses the CIS to identify the cell ID and the FIIS to identify the frame number.

7.1.2.2.2.1
Symbol timing and carrier frequency synchronization acquisition

Symbol timing and carrier frequency synchronization are attained by correlation based detection of the SS. A differential encoding of the SS is performed to overcome the effects of phase rotation of the symbols caused due to the initial CFO. 

The SS is a length 410 differentially encoded Zadoff Chu sequence, and is defined as
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The symbol timing is first estimated by performing a correlation between the differentially decoded received signal and 
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. The position of the peak gives the symbol timing as well as the frame timing, since the SS is transmitted only once in a frame. After the symbol timing estimation, the carrier frequency offset is estimated by locating the position of the peak obtained after performing a correlation between the Fourier transforms of the part of the received signal belonging to SS and 
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7.1.2.2.2.2
Physical Cell Identification

Every BS in a cell is assigned a unique cell identification number or cell ID in order to facilitate network planning and cell specific operations. There are 100 unique PCIs given by 100 different CIS, each of which is defined by a Zadoff Chu sequence of length 101. Hence up to 100 different cell IDs can be supported in the system.

The length 101 CIS for the 
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The MStests each of the 100 different CIS and selects the one that gives the highest correlation.
7.1.2.2.2.3
Frame Index Indication Sequence

The FIIS
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 cell is given by a length-127 scrambled Zadoff Chu sequence, where the scrambling sequence is specific for a particular cell. 
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, where 
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 denotes the BPSK modulated scrambling sequence 
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, which is the length-31 Gold sequence generator described in subclause 7.1.2.1.2.3 and initialized with the PCI index corresponding to a cell.
7.1.2.2.3
Downlink measurement
The application scenarios for the downlink measurement are cell selection/reselection, scheduling and link adaptation, power control, and coverage class selection. More scenarios may need to be supported in future as new applications and requirements emerge. 

7.1.2.2.3.1
Measurement behavior

PSS/SSS in PBSCH are normally used for downlink measurement, but the preamble and pilot signals in PDSCH can also be used if the MScan reliably determine their locations. Measurements are typically performed periodically and events are defined to trigger the measurements. The measurement configuration parameters (e.g. the duration  of each measurement) should be set to values that are compatible with the supported DRX and/or PSM modes. Results are determined based on the measurements performed on the physical channels, and then the results are filtered and reported to the higher layers.
7.1.2.2.3.2
Measurement report

The measurement results are reported by the higher layers of the MSas two quantities:

-
Synchronization Signal Received Power (SSRP): The SSRP is defined as the linear average over the power contributions (in [W]) of the received signals that carry cell-specific synchronization signals within the PBSCH channel. For SSRP determination, the cell-specific PSS or/and SSS signals will be used. The reference point for the SSRP will be the antenna connector of theMS.

- 
Traffic Channel Quality Indicator (TCQI): The TCQI indicates the preferred combination of modulation scheme, code block size, spreading factor and repetition factor for the PDSCH transmission from the perspective of theMS. The TCQI is derived from the measurements assuming the PDSCH can be received with a code block error probability not exceeding the target value.

The measurement results are reported only when certain reporting criteria are met.
7.1.2.2.4
Downlink power allocation
It is beneficial to allow for the adjustment of the power level for each dedicated downlink physical channel, while maintaining a maximum total downlink power over all channels per cell sector, in order to optimize performance for different interference environments and coverage requirements. The base station determines the power level per downlink physical channel, and this power level is not expected to vary frequently. If a PSD limitation will be applied to the base station transmissions, then this is taken into account by the base station when determining the downlink power allocation.  
7.1.2.2.5
Downlink frequency hopping
Downlink frequency hopping, if enabled, is performed over the set of allocated downlink channels for the base station sector. Downlink frequency hopping may be applied to PDSCH, but is not applied to the broadcast physical channels, PBSCH and EPBCH. 

If downlink frequency hopping is enabled,  a configurable frequency hopping interval in the time domain is applied to all MSs that are operating in the base station sector. The duration of the hopping interval is broadcast within the system information.  A number of factors, such as symbol rate, pilot pattern, DCI interval, etc., could be taken into account in the determination of the appropriate hopping interval.
A downlink burst transmission is mapped to a number of hopping intervals according to the burst configuration, though the burst does not necessarily occupy the entire hopping interval for the first and last intervals.

The allocated downlink channels, excluding PBSCH and EPBCH, are sorted in an ascending order of channel index, and then a sorted set of M channel indices
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) is obtained, where M is the number of allocated downlink channels in the base station sector, and N is the total number of channels supported over the available frequency band. 

In the frequency domain, a virtual channel for the burst transmission will be derived based on  scheduling information, broadcast information, base station sector specific information, etc. The index of the virtual channel is denoted as ICH. Given the burst mapping to the frequency hopping intervals and the index of the virtual channel ICH, the index of the channel which is physically occupied at the kth hopping interval within a frequency hopping cycle is derived according to:
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where k=0, 1, …L-1 and L is the number of hopping intervals supported within a frequency hopping cycle. The hopping step ∆F is signalled by the broadcast information elements within the system information.  

The frequency hopping algorithm is reset at the start of every hyper-frame even if this occurs partway through a burst transmission. 
7.1.3
Uplink physical layer design

7.1.3.1 
Basic transmission scheme

7.1.3.1.1
Multiplexing scheme
7.1.3.1.1.1
Channelization
For the uplink, it is proposed that the 200 kHz resource block is sub-divided into multiple uplink physical channels, for example 36 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 7.1.3-1.
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Figure 7.1.3-1.  Uplink channelization
The physical channels are numbered UL_CHAN = 0 to 35, with UL_CHAN = 0 representing the lowest frequency channel. The center frequency, FUL(UL_CHAN), of each physical channel relative to the lowest frequency of the resource block is given by:

FUL(UL_CHAN) = (UL_CHAN + 0.5) x 5 + 10 kHz

For UEs that have good link budget, it is beneficial to increase their uplink data rate in order to reduce the duration of their transmissions and so improve their power consumption (as an alternative to reducing their transmit power, which may degrade network capacity). This is achieved by bonding the uplink channels into wider bandwidth channels, as illustrated in Figure 7.1.3-2. A bonded channel is modulated as a single carrier, so the peak to average power ratio of the UE transmission is not increased.
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Figure 7.1.3-2.  Use of bonded channels on the uplink, showing x2 and x4 bonding

If a continuous block of uplink channels numbered from UL_CHANlow to UL_CHANhigh are bonded into a single bonded channel, the bonded channel is numbered UL_CHANlow, with the center frequency given by (FUL(UL_CHANlow) + FUL(UL_CHANhigh)) / 2.

There is only one type of uplink physical channel: the physical uplink shared channel (PUSCH) that carries data, signalling and random access messages, etc.

Each base station sector is allocated a number of uplink channels according to the frequency re-use strategy.

A UE will be capable of re-tuning its transmitter from one uplink physical channel to a different uplink physical channel.
The use of FDMA on the uplink to increase uplink capacity, through the use of narrow uplink channels, has some important benefits compared with using code division multiple access (CDMA) with wider channels:

-
The narrow channels are individually modulated and pulse shaped with sufficient channel spacing that they are not significantly overlapping in frequency. This means that timing errors, frequency errors and time-varying propagation channels do not significantly erode orthogonality between different users.

-
In comparison, CDMA techniques rely on maintaining orthogonality between the different codes, whether the codes are applied at the symbol rate or the burst repetition rate. This orthogonality can be eroded due to many effects such as frequency errors, timing errors, and time-varying propagation channels. Once orthogonality has been eroded, the "near-far" problem becomes very significant.

-
Consequently, the proposed system has no requirement for closed loop power control, whilst a CDMA based system is likely to require relatively accurate power control. This is an important performance consideration because closed loop power control is ill-suited to an IoT network given that the typical traffic is short and sporadic (in contrast with a voice or data streaming service). Furthermore, minimizing control traffic is crucial to meeting the power consumption targets.
7.1.2.1.1.2
Time structure
The uplink time structure and the definition of slot, frame, superframe and hyperframe are the same as for the downlink.
7.1.2.1.1.3
Burst structure
There is only one type of burst in the uplink:
1)
Non-DCI burst type 2. This burst is transmitted on PUSCH and is used to carry random access messages as well as data and signalling information for higher layers. It has a duration of an integral number of slots, each containing 37.5*B symbols (where B is the channel bonding factor). 
Random access messages can share the same PUSCH with data and signalling information. In this case every burst in the uplink is scheduled by a DCI burst in the downlink, and the parameter N2 of a non-DCI burst type 2 is indicated in the scheduling information contained in the DCI burst.

It is also possible to configure some periodically repeated slots on one or more PUSCHs to be dedicated for random access messages. For these resources the UE does not need to wait for a DCI burst before transmitting a random access message on the PUSCH, and the parameter N2 of the burst containing the random access message is determined according to the MCS chosen for that message.

The structure of the non-DCI burst type 2 is shown in Figure 7.1.3-3. Pilot symbols are inserted at regular intervals into the stream of data symbols. For BPSK, QPSK and 8-PSK modulations, 2 pilots are inserted for every 8 data symbols. For GMSK modulation, 4 pilots are inserted for every 11 data symbols; this allows the outer pilot symbols in each group to be discarded as they are impacted by ISI due to the GMSK shaping filter.
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Figure 7.1.3-3. Non-DCI burst type 2
Depending on the intended coverage level, a burst may be repeated a number of times when being transmitted.
7.1.3.1.2
Transmission chain
7.1.3.1.2.1
General
The transmission chains for PUSCH using GMSK modulation and PSK modulation are shown in Figure 7.1.3-4 and Figure 7.1.3-5, respectively.
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Figure 7.1.3-4.  Transmission chain for PUSCH using GMSK modulation
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Figure 7.1.3-5.  Transmission chain for PUSCH using PSK modulation
7.1.3.1.2.2
FEC and rate matching
Turbo coding is proposed for forward error correction in the uplink because it provides better coding gain than convolutional coding even for small code block sizes (though the benefit is reduced as the block size becomes small). Although the decoding complexity of turbo coding is higher than that of convolutional coding, the decoding is performed at the base station and the complexity is considered acceptable.

The Turbo encoder, Trellis termination and Turbo code internal interleaver as described in subclause 5.1.3.2 of 3GPP TS 36.212 [9] are re-used, except that only a portion of code block sizes (i.e. number of input bits to the Turbo code internal interleaver, "K") are chosen.
The rate matching procedure as described in subclause 5.1.4.1 of 3GPP TS 36.212 [9] is also re-used.

7.1.3.1.2.3
Scrambling
The output symbols from FEC/interleaving are scrambled by applying an XOR logical operation between each output bit and the output of a cell-specific scrambling sequence generator. The scrambling can randomize the inter-cell interference and reduce the potential impact of long sequences of equal valued bits.

The scrambling sequence is generated using the same length-31 Gold sequence generator as described in subclause 7.1.2.1.2.3.

For random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows:
Cinit = {19'b0, FRAME[5:0], CELL_ID[5:0]} ^ 1
For non-random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, the frame index corresponding to the start of the burst, FRAME, and the UE identifier, UE_ID, as follows:
Cinit = {UE_ID[19:0], FRAME[5:0], CELL_ID[4:0]} ^ 1
7.1.3.1.2.4
Pilot insertion
For Class-A, the  pilot symbols are generated using the same length-31 Gold sequence generator as described in subclause 7.1.2.1.2.3.
The sequence generator is initialized at the start of each burst with a seed that depends on the uplink channel index, UL_CHAN, the physical cell identifier, CELL_ID, and the frame index corresponding to the start of the burst, FRAME, as follows: 
Cinit = {13'b0, UL_CHAN[5:0], FRAME[5:0], CELL_ID[5:0]} ^ 3
For Class-B, a pseudo-random sequence, denoted as 
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, is generated using the same method as for Class-A pilot sequence generation. This sequence is then mapped to the final pilot sequence, denoted as 
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, according to Table 7.1.3-1.
Table 7.1.3-1: Mapping table for pilot sequence, Class-B
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7.1.3.1.2.5
Modulation
In the uplink, it is proposed to define two modulation classes. The Class-A modulation class supports π/2-BPSK, π/4-QPSK and π/8-8PSK modulations. The Class-B modulation class supports only GMSK modulation. A corresponding set of MCSs are provided for each uplink modulation class. A UE will support at least one uplink modulation class.

The benefit of GMSK is the constant envelope property that allows power amplifiers to operate with high efficiency. However, GMSK has slightly reduced demodulation performance compared with BPSK (by about 0.4 dB in terms of required SNR), and may also require a slightly higher pilot overhead for a given channel tracking rate due to the inherent ISI caused by the GMSK shaping filter.

π/4-QPSK and π/8-8PSK provide higher spectral efficiency than either π/2-BPSK or GMSK, but require higher SNR for demodulation. It may be beneficial for cost/complexity reasons to define π/8-8PSK as an optional uplink modulation scheme for UEs. Higher order modulation schemes are not proposed because of the likely increase in cost/complexity for the UE transmitter due to RF implementation issues.

Similarly to the downlink, the UL MCS index and the CBS index for a burst on the PUSCH is always indicated within the DCI that defines the corresponding resource allocation. Hence no modulation detection is necessary at the receiver.

7.1.3.1.2.6
Spreading
Symbol spreading may be applied to the uplink transmissions in a similar manner to the downlink.
The spreading sequence is applied to the chips in order of transmission, such that a '1' in the spreading sequence results in a polarity inversion of both the I and Q values for a given chip. The spreading is applied to the pilot symbols in addition to the data symbols.

The symbol spreading sequence is generated using the same length-31 Gold sequence generator as described in subclause 7.1.2.1.2.3.

For random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, the frame index corresponding to the start of the burst, FRAME, and the MCS value, as follows:
Cinit = {15'b0, MCS[3:0], FRAME[5:0], CELL_ID[5:0]} ^ 2
The dependency of the seed on the MCS value ensures that if random access bursts with different spreading factors overlap on the same physical uplink channel, the base station receiver may be able to separate the bursts based on the differing spreading codes.

For non-random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed that depends on the physical cell identifier, CELL_ID, the frame index corresponding to the start of the burst, FRAME, and the UE identifier, UE_ID, as follows:
Cinit = {UE_ID[19:0], FRAME[5:0], CELL_ID[4:0]} ^ 2
7.1.3.1.2.7
Phase rotation
Phase rotation is applied to the π/2-BPSK and π/4-QPSK modulations in the same manner as the downlink. Phase rotation is applied to the π/8-8PSK modulation in the same manner as for π/2-BPSK, exception that the rotation angle is π/8. No phase rotation is applied for GMSK modulation.
7.1.3.1.2.8
Pulse shaping
For π/2-BPSK, π/4-QPSK and π/8-8-PSK modulations, the I and Q samples after phase rotation are pulse shaped with a root-raised cosine filter in the same manner as the downlink, but with a different chip period of Ts=1/3,750 and a different roll-off factor of 0.3. In the case of bonded uplink channels, the chip period, Ts, is reduced by the channel bonding factor, B.

For GMSK modulation, the same shaping function is applied as for GSM GMSK modulation, but with a chip period of Ts=1/3,750 for unbonded uplink channels. In the case of bonded uplink channels, the chip period, Ts, is reduced by the channel bonding factor, B.
7.1.3.1.2.9
Modulation and coding schemes (MCS)
As shown in Table 7.1.3-1, a total of 12 Class-A MCSs are supported for the PUSCH, providing PHY data rates ranging from 56.3 bps to 43.2 kbps. These data rates take into account pilot overheads and are also scaled by 0.9 to allow for retransmissions arising from an assumed 10% block error rate.

Only repetition is used to extend coverage for the uplink because spreading is more vulnerable to frequency offsets and Doppler given the lower channel bandwidth that is used on the uplink compared with the downlink. Channel bonding is used for the higher MCS indexes to achieve higher data rates in good radio conditions. It may be beneficial for cost/complexity reasons to define x8 channel bonding as an optional feature for UEs.
Similarly to the downlink, UL MCS-0 and UL MCS-1 for Class-A are included in order to target an MCL even higher than required by the Cellular IoT study. This assures robustness of the system against interference and also provides some further coverage extension capability. The combination of modulation, code rate and repetition factor for each MCS has been chosen such that for a baseline CBS the required SNR for demodulation (and therefore the achieved coverage) is approximately evenly spaced between MCSs.

Table 7.1.3-2: Modulation and coding schemes for PUSCH, Class-A

	UL MCS index
	Modulation
	Code rate
	Bonding
factor
	Spreading
factor
	Repetition
factor
	PHY data rate (kbps)

	0
	π/2-BPSK
	1/3
	1
	1
	16
	0.0563

	1
	π/2-BPSK
	1/3
	1
	1
	8
	0.1125

	2
	π/2-BPSK
	1/3
	1
	1
	4
	0.225

	3
	π/2-BPSK
	1/3
	1
	1
	3
	0.3

	4
	π/2-BPSK
	1/3
	1
	1 
	2
	0.45

	5
	π/2-BPSK
	1/3
	1
	1 
	1
	0.9

	6
	π/4-QPSK
	1/3
	1
	1
	1
	1.8

	7
	π/4-QPSK
	2/3
	1
	1
	1
	3.6

	8
	π/4-QPSK
	2/3
	2
	1
	1
	7.2

	9
	π/4-QPSK
	2/3
	4
	1
	1
	14.4

	10
	π/4-QPSK
	2/3
	8
	1 
	1
	28.8

	11
	π/8-8PSK
	2/3
	8
	1 
	1
	43.2


For Class-A, there are 48 CBSs for UL MCS-0 to UL MCS-6, 38 CBSs for UL MCS-7 to UL MCS-9, 19 CBSs for UL MCS-10, and 13 CBSs for UL MCS-11, each denoted by a CBS index as shown in Table 7.1.3-2. The maximum CBS (and consequently the number of CBSs) for each UL MCS is limited by the input block sizes defined for the Turbo code internal interleaver in Table 5.1.3-3 of 3GPP TS 36.212, since the Turbo coding and rate matching procedures designed for LTE are reused (see subclause 7.1.3.1.2.2).

Table 7.1.3-3: CBS for non-DCI burst type 2, Class-A
	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	40
	80
	120
	160
	200
	240
	280
	320
	360
	400
	440
	480

	0-5
	40
	80
	120
	160
	200
	240
	280
	320
	360
	400
	440
	480

	6
	80
	160
	240
	320
	400
	480
	560
	640
	720
	800
	880
	960

	7
	160
	320
	480
	640
	800
	960
	1120
	1280
	1440
	1600
	1760
	1920

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	520
	560
	600
	640
	680
	720
	760
	800
	840
	880
	920
	960

	0-5
	528
	560
	608
	640
	688
	720
	768
	800
	848
	880
	928
	960

	6
	1056
	1120
	1216
	1280
	1376
	1440
	1536
	1600
	1696
	1760
	1856
	1920

	7
	2112
	2240
	2432
	2560
	2752
	2880
	3072
	3200
	3392
	3520
	3712
	3840

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	1000
	1040
	1080
	1120
	1160
	1200
	1240
	1280
	1320
	1360
	1400
	1440

	0-5
	1008
	1056
	1088
	1120
	1152
	1216
	1248
	1280
	1312
	1376
	1408
	1440

	6
	2016
	2112
	2176
	2240
	2304
	2432
	2496
	2560
	2624
	2752
	2816
	2880

	7
	4032
	4160
	4352
	4480
	4672
	4800
	4992
	5120
	5312
	5440
	5632
	5760

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	1480
	1520
	1560
	1600
	1640
	1680
	1720
	1760
	1800
	1840
	1880
	1920

	0-5
	1472
	1536
	1568
	1600
	1632
	1696
	1728
	1760
	1792
	1856
	1888
	1920

	6
	2944
	3072
	3136
	3200
	3264
	3392
	3456
	3520
	3584
	3712
	3776
	3840

	7
	5952
	6080
	/
	/
	/
	/
	
	/
	/
	/
	/
	/

	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	20
	40
	60
	80
	100
	120
	140
	160
	180
	200
	220
	240

	8
	160
	320
	480
	640
	800
	960
	1120
	1280
	1440
	1600
	1760
	1920

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	260
	280
	300
	320
	340
	360
	380
	400
	420
	440
	460
	480

	8
	2112
	2240
	2432
	2560
	2752
	2880
	3072
	3200
	3392
	3520
	3712
	3840

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	500
	520
	540
	560
	580
	600
	620
	640
	660
	680
	700
	720

	8
	4032
	4160
	4352
	4480
	4672
	4800
	4992
	5120
	5312
	5440
	5632
	5760

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	740
	760
	780
	800
	820
	840
	860
	880
	900
	920
	940
	960

	8
	5952
	6080
	/
	/
	/
	/
	
	/
	/
	/
	/
	/

	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110
	120

	9
	160
	320
	480
	640
	800
	960
	1120
	1280
	1440
	1600
	1760
	1920

	10
	320
	640
	960
	1280
	1600
	1920
	2240
	2560
	2880
	3200
	3520
	3840

	11
	480
	960
	1440
	1920
	2432
	2880
	3392
	3840
	4352
	4800
	5312
	5760

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	130
	140
	150
	160
	170
	180
	190
	200
	210
	220
	230
	240

	9
	2112
	2240
	2432
	2560
	2752
	2880
	3072
	3200
	3392
	3520
	3712
	3840

	10
	4160
	4480
	4800
	5120
	5440
	5760
	6080
	/
	/
	/
	/
	/

	11
	6144
	/
	/
	/
	/
	/
	/
	/
	/
	/
	/
	/

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	250
	260
	270
	280
	290
	300
	310
	320
	330
	340
	350
	360

	9
	4032
	4160
	4352
	4480
	4672
	4800
	4992
	5120
	5312
	5440
	5632
	5760

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	370
	380
	390
	400
	410
	420
	430
	440
	450
	460
	470
	480

	9
	5952
	6080
	/
	/
	/
	/
	
	/
	/
	/
	/
	/


As shown in Table 7.1.3-3, a total of 10 Class-B MCSs are supported for the PUSCH, providing PHY data rates ranging from 46.9 bps to 12 kbps. These data rates take into account pilot overheads and are also scaled by 0.9 to allow for retransmissions arising from an assumed 10% block error rate.

Table 7.1.3-4: Modulation and coding schemes for PUSCH, Class-B

	UL MCS index
	Modulation
	code rate
	Bonding
factor
	Spreading
factor
	Repetition
factor
	PHY data rate (kbps)

	0
	GMSK
	1/3
	1
	1
	16
	0.0469

	1
	GMSK
	1/3
	1
	1
	8
	0.0938

	2
	GMSK
	1/3
	1
	1
	4
	0.1875

	3
	GMSK
	1/3
	1
	1
	3
	0.25

	4
	GMSK
	1/3
	1
	1 
	2
	0.375

	5
	GMSK
	1/3
	1
	1 
	1
	0.75

	6
	GMSK
	2/3
	1
	1
	1
	1.5

	7
	GMSK
	2/3
	2
	1
	1
	3.0

	8
	GMSK
	2/3
	4
	1
	1
	6.0

	9
	GMSK
	2/3
	8
	1
	1
	12.0


For Class-B, there are 48 CBSs for UL MCS-0 to UL MCS-8, and 42 CBSs for UL MCS-9, each denoted by a CBS index as shown in Table 7.1.3-4.

Table 7.1.3-5: CBS for non-DCI burst type 2, Class-B
	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	40
	80
	120
	160
	200
	240
	280
	320
	360
	400
	440
	480

	0-5
	40
	72
	112
	144
	184
	224
	256
	296
	328
	368
	400
	440

	6
	72
	144
	224
	296
	368
	440
	512
	592
	656
	736
	800
	880

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	520
	560
	600
	640
	680
	720
	760
	800
	840
	880
	920
	960

	0-5
	480
	512
	544
	592
	624
	656
	704
	736
	768
	800
	848
	880

	6
	960
	1024
	1088
	1184
	1248
	1312
	1408
	1472
	1536
	1600
	1696
	1760

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	1000
	1040
	1080
	1120
	1160
	1200
	1240
	1280
	1320
	1360
	1400
	1440

	0-5
	912
	960
	992
	1024
	1056
	1088
	1152
	1184
	1216
	1248
	1280
	1312

	6
	1824
	1920
	1984
	2048
	2112
	2176
	2304
	2368
	2432
	2496
	2560
	2624

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	1480
	1520
	1560
	1600
	1640
	1680
	1720
	1760
	1800
	1840
	1880
	1920

	0-5
	1344
	1408
	1440
	1472
	1504
	1536
	1568
	1600
	1664
	1696
	1728
	1760

	6
	2688
	2816
	2880
	2944
	3008
	3072
	3136
	3200
	3328
	3392
	3456
	3520

	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	20
	40
	60
	80
	100
	120
	140
	160
	180
	200
	220
	240

	7
	72
	144
	224
	296
	368
	440
	512
	592
	656
	736
	800
	880

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	260
	280
	300
	320
	340
	360
	380
	400
	420
	440
	460
	480

	7
	960
	1024
	1088
	1184
	1248
	1312
	1408
	1472
	1536
	1600
	1696
	1760

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	500
	520
	540
	560
	580
	600
	620
	640
	660
	680
	700
	720

	7
	1824
	1920
	1984
	2048
	2112
	2176
	2304
	2368
	2432
	2496
	2560
	2624

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	740
	760
	780
	800
	820
	840
	860
	880
	900
	920
	940
	960

	7
	2688
	2816
	2880
	2944
	3008
	3072
	3136
	3200
	3328
	3392
	3456
	3520

	UL MCS index
	UL CBS index

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Burst length (ms)

	
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110
	120

	8
	72
	144
	224
	296
	368
	440
	512
	592
	656
	736
	800
	880

	9
	144
	296
	440
	592
	736
	880
	1024
	1184
	1312
	1472
	1600
	1760

	UL MCS index
	UL CBS index

	
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	Burst length (ms)

	
	130
	140
	150
	160
	170
	180
	190
	200
	210
	220
	230
	240

	8
	960
	1024
	1088
	1184
	1248
	1312
	1408
	1472
	1536
	1600
	1696
	1760

	9
	1920
	2048
	2176
	2368
	2496
	2624
	2816
	2944
	3072
	3200
	3392
	3520

	UL MCS index
	UL CBS index

	
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	
	Burst length (ms)

	
	250
	260
	270
	280
	290
	300
	310
	320
	330
	340
	350
	360

	8
	1824
	1920
	1984
	2048
	2112
	2176
	2240
	2368
	2432
	2496
	2560
	2624

	9
	3648
	3840
	3968
	4096
	4224
	4416
	4544
	4672
	4864
	4992
	5120
	5312

	UL MCS index
	UL CBS index

	
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	
	Burst length (ms)

	
	370
	380
	390
	400
	410
	420
	430
	440
	450
	460
	470
	480

	8
	2688
	2816
	2880
	2944
	3008
	3072
	3136
	3200
	3328
	3392
	3456
	3520

	9
	5440
	5568
	5696
	5888
	6016
	6144
	/
	/
	/
	/
	/
	/


7.1.3.2
Physical layer procedure

7.1.3.2.1
Uplink synchronization
The start timing of each uplink transmission from the MS is aligned to the estimated timing of the downlink synchronization signals in PBSCH (PSS/SSS) and may also be refined based on the estimated timing of the preamble and pilot symbols in subsequent PDSCH bursts. A guard period could be inserted, if needed, at one end of each uplink burst in order to avoid potential for a collision with a previous burst from a different MSon the same physical uplink sub-channel, even with a worst case difference in round trip delay between the twoMS. 

The uplink time of arrival (ToA) for a given MSis initially estimated by the base station receiver using the pilot symbols contained in the uplink burst corresponding to the random access request from the device. Tracking of the uplink ToA can be performed based on subsequent uplink transmissions from the device, using the pilot symbols in each burst. The estimated ToA is used by the base station receiver for the demodulation of the uplink burst. 
7.1.3.2.2 
Uplink power control
This section describes the procedure for open loop uplink power control. Closed loop uplink power control could be supported in the future, if needed, using a power control field contained in downlink dedicated signalling. The setting of the uplink PUSCH transmit power[image: image149.wmf]PUSCH

P

is defined by

[image: image150.wmf](

)

(

)

{

}

max0_

min,

PUSCHPUSCH

PPPjjPL

a

=+×


where
-   [image: image152.wmf]max

P



is the maximum allowed power that is configured by higher-layer signalling. 
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 is the PUSCH power offset which is given as:


[image: image155.wmf](

)

(

)

(

)

0_0__0__

PUSCHNORMINALPUSCHUEPUSCH

PjPjPj

=+


-     j=0 is used for UL-SCH transmissions, and 
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 are configured by higher layer signalling. 
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 is set to zero if no higher layer signalling for 
-     j=1 is used for RACH transmissions, and 
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 is the initial target received power for the RACH with the lowest MCS and is the step-size of RACH power ramping. Both 
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, where  is the power offset for RACH with MCS of index 
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 is the downlink path loss (in dB) estimated by the MS according to  = BaseStationPower – higher layer filtered SSRP, where BaseStationPower is provided by higher layers and SSRP is the measurement result at the MTC device.
7.1.3.2.3
Uplink frequency hopping
Uplink frequency hopping, if enabled, is performed over the set of allocated uplink channels for the base station sector. The same basic principles as used for downlink hopping are applied for the uplink. Independent frequency hopping settings (e.g. the frequency hopping interval and the frequency hopping step) are applied for the uplink and downlink , based on separate broadcast information elements within the system information . 
For the case that channel bonding is enabled, frequency hopping reuses the same hopping scheme as for the non-bonding case, but with particular restrictions imposed on the frequency hopping configuration, as follows:

-    The allocated uplink channels in the base station sector should be evenly distributed into multiple groups such that within each group the uplink channels are contiguous in frequency (consecutively indexed in the frequency hopping scheme). The size of the group should be able to accommodate the bonded channels with configured maximum bonding factor.

-    The index of the starting uplink channel within the set of bonded channels is used to label the corresponding aggregate channel. In this way, the channel derived using the same hopping scheme as used for the non-bonding case can be mapped to the corresponding aggregate channel. 

-    The hopping step should be able to support group hopping of the bonded channels within the allocated channels.


7.1.4
 Link layer aspects

7.1.4.1
Overview

A new MAC radio protocol has been designed for the NB M2M solution. The MAC protocols sits between the LLC protocol in Gb architecture or the PDCP protocol in S1 architecture and the physical layer.

The MAC protocol is optimised for Cellular IoT devices, characterised by low complexity, low throughput, extended coverage and long battery life, and follows the design principles below:

-
The procedures are minimised to reduce complexity and power consumption:

-
Cell (re)selection; 

-
System information acquisition.

-
RRM provides high efficiency of resource utilisation:

-
RACH procedure;

-
Dynamic resource scheduling.

-
Basic reliability is needed for data transmission:

-
Segmentation and re-assembly;

-
Single process re-transmission mechanism.

-
Short and long sleep modes are supported to reduce power consumption. 

Unless specified otherwise, the MAC design is common to both Gb and S1 architectures.

7.1.4.2
MS Operating Modes

7.1.4.2.1
General

A NB M2M MS operates in one of three modes, a connected mode or two different sleep modes:

-
Connected Mode

-
Sleep Modes:

-
Idle Mode 

-
Power Saving Mode

In Connected Mode, the MS is receiving DCIs and allocations, MAC Control Elements, NAS Signaling and data are being transferred over the air interface.  

The MS can be configured to transition to either Idle Mode or Power Saving Mode from Connected Mode.  The choice of mode is determined by whether Active Timer has been set and its value.

In Idle Mode, the MS can be reached from the network and the base station can trigger the MS to move back to Connected Mode. The MS may also transition from Idle Mode to Power Saving Mode if the Active Timer is running and expires.

In Power Saving Mode, the MS is unreachable from the network.  The networkneeds to wait for the MS to wake and contact the base station.

In all the modes the MS can perform RACH to connect and request resource. 

An overview of the three modes and the transitions between modes is shown in Figure 7.1.4.2-1.
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Figure 7.1.4.2-1: MS Operating Modes

MSs in Connected Mode are addressed by the base station though their C-RNTI. When a MS is in Idle Mode it can only be addressed via paging procedure, and when a MS is in Power Saving Mode it cannot be addressed.
7.1.4.2.2
Connected Mode

While the MS is in Connected Mode it monitors DCIs for allocations and uses those allocations for transferring data, signalling and MAC Control Elements over the radio interface. 

The MS will move from Connected Mode into one of the Sleep Modes, depending upon configuration.  

If the MS is in Connected Mode and new uplink data is to be sent but the base station is not providing scheduled resources for the MS, for example because the base station has provided all the resources indicated by the last BSR report from the MS, then the MS may use the RACH with C-RNTI procedure to request additional uplink resources.

7.1.4.2.3
Idle Mode

When the MS enters Idle Mode from Connected Mode it loses its assigned C-RNTI, and therefore it cannot use the RACH with C-RNTI procedure or be directly addressed by the base station in a DCI.

The MS wakes to receive paging messages from the base station at Paging Occasions. If the MS is paged then it performs the RACH with Random Number procedure, obtains a new C-RNTI value and enters Connected Mode.

If the MS has uplink traffic then the MS will either:

-
Initiate a RACH with Random Number procedure, enter Connected Mode, and then transmit the uplink traffic; or

-
If the uplink traffic is latency tolerant then it may wait until more uplink traffic is available, or wait until it has to respond to paging, before transmitting it.

7.1.4.2.4
Power Saving Mode

When the MS enters Power Saving Mode from Connected Mode it loses its assigned C-RNTI, and therefore it cannot use the RACH with C-RNTI procedure or be directly addressed by the base station in a DCI.

The MS wakes while in Power Saving Mode to perform RACH with Random Number and enters Connected Mode.  While in Connected Mode any signalling and data transfer can be performed.  The MS may wake to enter Connected Mode, for example, to perform RAU/TAU procedures.

If the MS has uplink traffic then the MS will either:

-
Initiate a RACH with Random Number procedure, enter Connected Mode, and then transmit the uplink traffic; or

-
If the uplink traffic is latency tolerant then it may wait until more uplink traffic is available, or wait until it needs to perform another procedure, for example RAU/TAU, before transmitting it. 
.
7.1.4.3
Channel mapping
7.1.4.3.1
Channel mapping for the Gb-based architecture

As the Gb interface is connectionless, data and signalling are terminated at the MAC layer in the radio interface. Therefore, there is no need to have additional logical channels, and the MAC layer has no channel mapping function. The channel mapping between transport channels and physical channels is performed by the physical layer as shown in Figure 7.1.4.3-1. The uplink mapping is shown with red lines, and the downlink mapping is shownwith blue lines.
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Figure 7.1.4.3-1: Channel mapping for the Gb-based architecture

-
Physical channels
See subclause 7.1.2 and subclause 7.1.3.
-
Transport channels
The transport channels are listed in Table 7.1.4.3-1. Each transport channel type defines how, and with which characteristics, data is transferred on the radio interface.
Table 7.1.4.3-1: Transport channels
	Transport channel name
	Acronym
	Downlink
	Uplink
	Description

	Broadcast Channel
	BCH
	X
	
	Carry basic system information 

	Extend Broadcast Channel
	E-BCH
	X
	
	Carry other system information

	Downlink Shared Channel
	DL-SCH
	X
	
	Carry downlink data and control messages 

	Paging Channel
	PCH
	X
	
	Carry paging messages 

	Uplink Shared Channel
	UL-SCH
	
	X
	Carry uplink data and control messages 

	Random Access Channel
	RACH
	
	X
	Carry random access request messages 


7.1.4.3.2
Channel mapping for the S1-based architecture

As the S1 interface is connection oriented, data and signalling are terminated in the radio interface. The PDCP and RRC protocols are maintained to avoid changes on the S1 interface and modifications to the MME. Data and signalling are carried on logical channels between the PDCP/RRC layer and the MAC layer as shown in Figure 7.1.4.3-2. The channel mapping between logical channels and transport channels is performed  by the MAC layer. The channel mapping between transport channels and physical channels is performed by the physical layer.

The uplink mapping is shown with red lines, and the downlink mapping with blue lines. Most transport channels are used by the logical channels to carry data and signalling from the upper layers; the only exception is the RACH transport channel, which carries the random access request and is terminated in the MAC layer.


[image: image190.emf]Logical 

Channels

Transport

 Channels

MAC

BCCH

BCH

PDSCH PBSCH PUSCH

DL-SCH

RACH

UL-SCH

CCCH DCCH DTCH

PHY

PCCH

PCH

Physical 

Channels

Upper layer

E-BCH

EPBCH


Figure 7.1.4.3-2: Channel mapping for the S1-based architecture
The definitions of transport channels and physical channels are the same as in subclause 7.1.4.3.1.
-
Logical channels
The MAC layer provides data transfer services on logical channels. Each logical channel type is defined by the type of information that is transferred. 
The logical channels are listed in Table 7.1.4.3-2.
Table 7.1.4.3-2: Logical channels

	Logical channel name
	Acronym
	Control channel
	Traffic channel
	Description

	Broadcast Control Channel
	BCCH
	X
	
	Carry system information 

	Paging Control Channel
	PCCH
	X
	
	Carry paging messages 

	Common Control Channel
	CCCH
	X
	
	Carry RRC signalling on SRB0 (TS 36.331 [8] for reference)

	Dedicated Control Channel
	DCCH
	X
	
	Carry RRC signalling on SRB1 and SRB2 (TS 36.331 [8] for reference)

	Dedicated Traffic Channel
	DTCH
	
	X
	Carry user data  
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7.1.4.4
Scheduling

7.1.4.4.1
General

Base stations transmit System Information (SI) on dedicated channels that are reserved for this purpose (PBSCH and EPBCH). This enables the MS to find the base station. The SI contains the super frame number.

The SI contains identification information for the base station and network as well as timing and channel information for the Downlink Control Information (DCI). Figure 7.1.4.4-1 shows the relationship between SIBs and DCIs.
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Figure 7.1.4.4-1:  SI/DCI Relationship

DCIs are periodically transmitted on a PDSCH channel and contain scheduling information.  The interval between the DCIs is configured in the SI. DCIs provide uplink and downlink allocations, acknowledge uplink messages, and configure the random access resources.  An allocation is a physical resource on the PBSCH or PUSCH channels.  A downlink or uplink allocation description in a DCI defines the start time, length, MCS, and the physical channel for the resource. MSs receive DCIs on a particular PDSCH channel when they are not otherwise transmitting or receiving. Uplink and downlink transmissions on other physical channels can overlap with DCIs in time.

Figure 7.1.4.4.2 is an example of scheduling for a MS.
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Figure 7.1.4.4-2: Example Scheduling

In Figure 7.1.4.4-2, a MS receives the SI. The SI provides details of a DCI for the MS (1). The MS then receives the DCI, which provides the timing and channel for a downlink (DL1 (2)) and an uplink (UL1 (3)) allocations. The MS then receives DL1 and transmits UL1. UL1 contains the acknowledgement information for the burst received in DL1.

The MS then receives DCI3. DCI3 provides acknowledgement information for the burst transmitted by the MS in UL1. It also provides timing and channel information for DL2 (4) and UL2 (5). The MS will then transmit a burst in UL2. This transmission includes acknowledgement information for the burst received in DL2.

MSs are able to request resource from a base station by sending a resource request on the random access channel (RACH). The details of the RACH (its physical channel and timing information) are carried in the DCIs. Once a MS has requested resource via the RACH, the base station will attempt to allocate resources in a subsequent DCI.

7.1.4.4.2
DCI Burst Packet Format

The DCI burst packet format consists payload, padding and CRC. Figure 7.1.4.4-3 shows the DCI packet format.
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Figure 7.1.4.4-3:  DCI Packet Format


	
	

	
	

	
	

	
	


The DCI burst packet format does not include a length field since the length is indicated by the burst preamble sequence.
The DCI payload is variable length and contains retransmission scheme processing information, downlink allocations, uplink allocations, and RACH allocations.  The information elements of the DCI payload are shown in subclause 7.1.4.8.1.
Padding is added after the DCI payload and before the CRC. So the complete packet, including CRC, matches the length indicated by the burst preamble sequence. The CRC is the last 24 bits of the packet.
	Padding
	A variable length padding field.  The length of the field will be set so that the payload is a whole number of octets and the following CRC begins on an octet boundary.


The start indicator in the DCI defines the  timing of the start of the physical resource for an allocation. The start indicator is the number of slots from the first slot of the DCI to the slot in which the MS is expected to transmit or receive.

The time into the future that the DCI can schedule uplink and downlink allocations is limited in order to constrain the size of the start indicator field in the DCI.

The DCI cannot schedule allocations which start before the end of the same DCI. An overview of when an allocation can start is shown in Figure 7.1.4.4-4.
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Figure 7.1.4.4-4: DCI Start Allocation Range Overview

When MSs are grouped by link budget, different MCSs for the DCIs on different PDSCH channels can be used.  For MSs in poorer link conditions, the DCI used to communicate with them will often use MCSs which include spreading and repetition factors. In this case, the DCI will take more time to be transmitted and also the interval between DCIs will typically be longer. As the interval between DCIs is longer, the start indicator will also need to have larger values. To keep the length of the start indicator as short as possible, a scaling factor is applied to the start indicator which is determined from the MCS of the DCI which contained the allocation. 

A slot offset value is calculated as follows:


Slot offset = Start Indicator * DCI MCS Spreading Factor * DCI MCS Repetition Factor

The slot offset is then used to calculate the start slot of the allocation.  For uplink allocations, the start slot is calculated as follows:


Uplink Start Slot = DCI Start Slot + (Slot Offset * 4)

A downlink allocation start slot is calculated as follows:


Downlink Start Slot = DCI Start Slot + Slot Offset

7.1.4.4.3
Allocated Burst Packet Format

The packet format for an uplink or downlink allocated burst is shown in Figure 7.1.4.4-5.
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Figure 7.1.4.4-5: Allocation Format

The allocation packet format does not include a length, since the length is defined in the downlink allocation or uplink allocation in the DCI that defined the allocation.

The allocation format does not need to define the octet length of the PDU payload. The format of the PDU payload allows the receiver to determine the length of the MAC headers and elements.  Padding is then added after the PDU payload and before the CRC so that the complete packet, including CRC, matches the size of a code block. The CRC is always the last 24 bits of the packet.
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7.1.4.5
Random access procedure
7.1.4.5.1
RACH configuration
RACH resources are scheduled dynamically using DCI scheduling and statically using system information broadcast. Different RACH resources are allocated for each coverage class. The MS selects dynamic or statically allocated RACH according to its access cause. The MS chooses a RACH allocation based on network indication, configuration, or desired coverage class. RACH is mapped onto PUSCH.
The parameters of the RACH configuration in a DCI are described in subclause 7.1.4.8.1.
The parameters of the RACH configuration in the system information are shown in Table 7.1.4.5-1.
Table 7.1.4.5-1 RACH configuration in system information

	Field
	Description

	MCS
	MCS that the MS will use when transmitting in the RACH allocation. 

	Channel ID
	Uplink  physical channel identity.

	RACH index
	Number of RACH resources in one super frame
(the RACH resources are equally distributed in a super frame, and each RACH resource uses one RACH Allocation Unit).


7.1.4.5.2
Random access procedure with random number
When the MS is not connected to the Base Station, the MS can initiate a random access procedure with random number. This procedure establishes a radio connection between the MS and the base station, and assigns a connection identifier C-RNTI to be used for the transfer of data between the MS and the base station. An overview of the procedure is shown in Figure 7.1.4.5-1.
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Figure 7.1.4.5-1: Random access procedure with Random Number
-
Step 0: the MS chooses a coverage class and RACH resource.
Based on the received signal quality of the PBSCH, the MS is able to decide which coverage class and RACH resource to use.

-
Step 1: the MS transmits a Random Access Request message.
The MS selects a Random Number (e.g. 20 bits) which is transmitted in the Random Access Request message and is used to resolve contention ina "one phase" procedure. The access cause and the BSR provide information for the base station to schedule the required uplink resources for the MS.

The main fields of the Random Access Request message are given in subclause 7.1.4.8.4.

-
Step 2: the base station schedules a RACH response allocation

After receiving the Random Access Request message, the base station  uses a DCI to schedule a downlink radio resource allocation for the RA-RNTI. This downlink resource will be used for the transmission of the Random Access Response message. There is a one-to-one mapping between the RA-RNTI value and the physical channel used for the RACH resource. Therefore, all MSs transmitting a Random Access Request message in the same physical channel will use the same RA-RNTI value. The base station can also include a radio resource allocation for the assigned C-RNTI within the same DCI.

-
Step 3: the MS receives the Random Access Response message

The Random Access Response message assigns C-RNTI values to the MSs. The Random Access Response message contains a list of Random Numbers from the Random Access Request messages transmitted by the MSs and a C-RNTI value for each Random Number. The Start Indicator indicates the time information of the used RACH resources.

The MS receives the Random Access Response message in the allocation defined in the DCI, locates its Start RACH resource and its Random Number, and then stores the C-RNTI value associated with its Random Number. The C-RNTI values are used by the base station for scheduling uplink and downlink resources for the MSs. The MS monitors DCIs for allocations associated with the assigned C-RNTI, including the DCI that allocated the Random Access Response message.

The main fields of the Random Access Response message are given in subclause 7.1.4.8.4. 
 The Twait_RAR timer defines the maximum time the MS waits for the Random Access Response message  after the MS transmitted the Random Access Request message. The timer is started after the Random Access Request message is transmitted.

7.1.4.5.3
Random access procedure with C-RNTI
The MS uses this procedure when it is connected to the base station and has been assigned a C-RNTI. An overview of the procedure is shown in Figure 7.1.4.5-2.
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Figure 7.1.4.5-2: Random access procedure with C-RNTI

-
Step 0: the MS choose a coverage class and RACH resource.
The MS chooses a RACH resource according to its current coverage class and uses the transmit power of the last transmitted Random Access Request message.
-
Step 1: the MS transmits a Random Access Request message.
The MS transmits a Random Access Request message including its C-RNTI. The access cause and BSR provide information for the base station to schedule the required uplink resources for the MS. The C-RNTI is a unique MS identifier in the cell, and, therefore the base station can directly schedule an uplink resource allocation for the MS using the C-RNTI. 
The main fields of the Random Access Request message are given in subclause 7.1.4.8.4.

7.1.4.5.4
No response to Random Access Request

If the base station fails to decode a Random Access Request message or an access collision occurs, then the base station is unable to provide a response for the MS.
If the MS does not a receive response to the Random Access Request message before the timer Twait_RAR expires, then the MS considers that the random access procedure has failed and waits for a random period of time between 0 to Twait_resend before transmitting another Random Access Request. The Twait_RAR and Twait_resend timer values can be statically configured or broadcast by the base station in the system information. 

The same behaviour applies for a Random Access Request message with C-RNTI if the MS does not receive a DCI with an uplink resource allocation within timer Twait_RAR.
The procedure is shown in Figure 7.1.4.5-3.
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Figure 7.1.4.5-3: Random Access Procedure with no response

When the MS transmits a new Random Access Request message, the MS may increase the transmit power or switch to a different coverage class.
The maximum number of Random Access Request attempts that a MS may perform in a random access procedure is limited. The counter Ntrans_max is initialized on the first transmission of the Random Access Request message and incremented for each subsequent transmission. If the counter reaches a maximum value then the MS may select another cell. The maximum value of the counter can be statically configured or broadcast by the base station in the system information.

7.1.4.5.5
Random Access Reject
In case of an overload situation, the base station can send a Random Access Reject message to all MSs to stop Random Access Requests re-attempts and so help alleviate the network congestion. The main fields of the Random Access Reject message are given in subclause 7.1.4.8.4.

If the MS receives a Random Access Reject message it will wait for at least "Wait Time" before retransmitting a Random Access Request message. When the MS retransmits a Random Access Request message it can use the coverage class and transmit power of the last transmitted Random Access Request message.

If the maximum number of transmissions (Ntrans_max counter) is reached then the MS may select another cell.

During a Random access procedure with C-RNTI, the base station can send a MAC control message to release the radio connection in an overload situation. The MS will perform a random access procedure with random number to re-access the network.
The procedure is shown in Figure 7.1.4.5-4.
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Figure 7.1.4.5-4: Random Access Procedure with Random Access Reject
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7.1.4.6
Data transfer procedure

7.1.4.6.1
General

The data transfer procedure applies to MSs in Connected Mode, as described in subclause 7.1.4.2.

Connected Mode has 2 sub-modes:

-
All DCI Reception (ADR); and

-
Reduced DCI Reception (RDR).

The relationship between Connected Mode, sleep modes, and the sub-modes of Connected Mode is shown in Figure 7.1.4.6-1.
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Figure 7.1.4.6-1: Connected Mode DCI Monitoring

When the MS enters Connected Mode it uses ADR.  Once data transfer and signalling is complete the MS enters RDR. In RDR the MS receives a subset of the DCIs transmitted by the base station. RDR allows the MS to be addressed by the base station, while saving power in the MS, should there be additional data transfer, for example application acknowledgements to uplink messages.

It is crucial that the point in time where the MS enters RDR is unambiguous both at the MS and the base station.

The successful completion of an uplink data transfer is signalled by the base station via a feedback indication in the DCI following the uplink data transmission. 

The successful completion of a downlink data transfer is signaled by the MS via the transmission of a MAC Control Element which, in turn, is acknowledged by the base station in the next DCI as per the mechanism used for uplink MAC transfer.

Thus, the base station acknowledgment of the last uplink data transfer is an unambiguous trigger to enter RDR.

The MS should only enter RDR when there is no more data pending for transfer (uplink or downlink). The MS can inform the base station when it transmits the last uplink data packet.  If downlink data is pending, the base station should schedule a resource allocation for it.

If the MS is in Connected Mode and new uplink data is to be sent but the base station is not providing scheduled resources for the MS, for example because the base station has provided all the resources indicated by the last BSR report from the MS, then the MS may use the RACH with C-RNTI procedure to request additional uplink resources.

While in RDR mode the DCIs which the MS receives are called Anchor DCIs. The anchor DCIs serve a similar purpose to the paging occasions in Idle Mode, i.e. they define a point in time where the MS can be contacted by the base station.

Anchor DCIs are defined by a RDR cycle (e.g. power of 2 number of frames) and the use of MS specific information (e.g. MS C-RNTI or time of the DCI carrying  the feedback information) to prevent all MSs from attempting to use  the same DCI as an anchor.

The RDR cycle used in the RDR sub-mode does not have any associated MS specific latency requirements. It defines the frequency of opportunities the base station has for addressing the MSs in Connected Mode and should be short enough so as not to substantially impact the MS battery consumption (over time) or have an impact on the legacy core network (e.g. NAS retransmission timers), typically in the range of a few seconds. The length of the RDR cycle is common to all MSs and can be broadcast in the system information.

When activity has not taken place for some time, the MS moves from Connected Mode into one of the sleep modes for better battery savings using a Connected Mode Release timer.  The Connected Mode Release timer value is either the same as the READY timer in the Gb architecture or broadcast in system information in the S1 architecture. 
7.1.4.6.2
Segmentation and re-assembly

The segmentation function is responsible for segmenting upper layer (PDCP or LLC) PDUs into MAC Data Elements and concatenating them into a MAC PDU before transmission. The reassembly function reassembles the upper layer PDUs in the proper order at the receiving end. 
 The general overview of this function is shown in Figure 7.1.4.6-2.
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Figure 7.1.4.6-2: Segmentation and re-assembly overview

Segmentation

Segmentation allows transmitting an upper layer PDU over multiple MAC PDUs, whereas concatenation allows transmitting multiple upper layer PDUs or segments of upper layer PDUs within one MAC PDU. The upper layer PDUs, or segments of upper layer PDUs, are placed in the MAC PDUs in the same order as received from the upper layers. Segmentation information is included in the data sub-header as described in subclause 7.1.4.8.3. 
Re-assembly

MAC PDUs are collected at the receiver side until all segments of an upper layer PDU have been received. The MAC headers are removed, and the MAC data elements re-assembled into an upper layer PDU. 

The received upper layer PDUs are delivered to the upper layer in the order they were originally transmitted. This is guaranteed by the single process retransmission mechanism.

Impact on upper layer

No impact on LLC/SNDCP protocols is foreseen in the Gb-based architecture.

Some PDCP timers (e.g. timer discardTimer) may need to be revisited in the S1-based architecture.

7.1.4.6.3
Data transmission and retransmission

7.1.4.6.3.1
Principle for single process retransmission

A single process retransmission is proposed to reduce the buffer size while guaranteeing the reliability of data transmission.

In single process retransmission, a new MAC PDU can be sent only when the previous MAC PDU has been acknowledged. Such a mechanism can be achieved by the following procedure.

-
 Each MAC endpoint transmitter will have an associated send state variable V(S). 

V(S) denotes the sequence number of the next in‑sequence MAC PDU to be transmitted. V(S) can take on the value 0 or 1. The value of V(S) will be incremented by 1 after transmission of the MAC PDU with V(S) = V(R). V(R) is defined below.

- 
Each MAC endpoint receiver will have an associated receive state variable V(R).The receive state variable denotes the sequence number of the MAC PDU which is expected by the receiver. V(R) can take on the value 0 or 1, and the value of V(R) will be informed to the transmitter. The value of V(R) will be incremented by 1 after a MAC PDU has been received correctly.
As showed in Figure 7.1.4.6-3, since the value of V(S) can either be 0 or 1, the window size of the transmitter is two which is shown by the red block. The MAC PDUs in the transmitting window are indexed as either 0 or 1. The value of V(S) is always set as the index of the MAC PDU on the right side of the transmitting window. The receiver informs the expected index of the MAC PDU according to V(R). The transmitter will select he MAC PDU indexed by value of V(R) in the transmitting window to transmit next. 
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Figure 7.1.4.6-3: Data transmission and Retransmission
7.1.4.6.3.2
Feedback mechanism and processing

As shown in Figure 7.1.4.6-3, when the receiver receives the corresponding signals according to the base station scheduling, the receiver will try to combine the signal with that of the previous transmission if this is a retransmission of the MAC PDU. Then the receiver will demodulate and decode the combined signal. If the MAC PDU is decoded successfully, the receiver will increase the sequence number of V(R) by 1 (for 1-bit V(R), this is equivalent to inverting V(R)), and then send the updated V(R) to the transmitter. Otherwise if the PDU is not decoded successfully, the sequence of V(R) will be kept the same and be sent back to the transmitter.

The transmitter will check the value of V(R) from the feedback information. From the received V(R), the expected MAC PDU from the receiver can be identified by the transmitter. 

- 
If the received V(R) is different from the V(S) sent in the latest PDU transmission, this means the previous PDU has been decoded successfully by the receiver side. 

- 
Otherwise, it means a decoding failure by the receiver. 

According to the received V(R), the transmitter can choose the expected MAC PDU and the redundancy version to be sent in the next scheduled allocation.

Downlink Feedback Mechanism

After the base station has scheduled a downlink allocation it needs to schedule an uplink allocation for the MS to provide feedback.  The MS sends the updated V(R) value in the uplink MAC PDU. The MS is only required to provide feedback if there is a change in the V(R) value.

The MS uses a MAC Control Element, see subclause 7.1.4.8.3, to provide feedback to the base station. The V(R) value is carried in the MAC Control Element.

The MS can fail to receive the DCI which provided the downlink allocation, or it can fail to receive the downlink MAC PDU.  If the MS did not receive the DCI correctly then it will not know when to receive the downlink MAC PDU and therefore will not provide feedback in the next uplink allocation.  If the MS received the DCI, but failed to receive the MAC PDU then it can choose to transmit the current V(R) value in the next uplink allocation, indicating a retransmission is required.

When the base station schedules an uplink allocation after a downlink allocation and does not receive a MAC Control Element carrying the V(R) value then the base station assumes that the MS did not receive the downlink transmission successfully and will retransmit the downlink MAC PDU.  If the MS transmitted a V(R) value then the base station uses the value to determine whether the downlink MAC PDU was successfully received or not.

Uplink Transmission Feedback Mechanism

The base station provides V(R) values to the MS using a bitmap ACK field in the DCI that follows an uplink allocation. The successful reception of the last uplink MAC PDU is used to trigger entry of RDR from ADR in Connected Mode, see subclause 7.1.4.6.1, therefore high reliability for the feedback is required.  To achieve the high reliability of the feedback the bitmap ACK field is repeated in the next DCI.
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Figure 7.1.4.6-4 Uplink Transmission Acknowledgement scheme 

As shown in Figure 7.1.4.6-4, the uplink allocation field in a DCI, in addition to the channel, timing, MCS and duration information, provides an index that indicates the position of the ACK/NACK in the bitmap ACK field of the DCI after the transmission of uplink MAC PDU. The bitmap ACK field will be repeated in the next DCI.

The bitmap ACK index is used by the MS to locate the V(R) value for the next uplink transmission.  If the base station requests the transmission of the next MAC PDU, the MS can discard the previous MAC PDU, freeing buffer space.

When the base station indicated successful reception of the last uplink MAC PDU, the MS enters RDR, see subclause 7.1.4.6.1. 

Table 7.1.4.6-1 defines the actions taken by the MS and the base station, depending upon which DCIs the MS has received, whether the last uplink MAC PDU has been transmitted and whether the bitmap ACK field indicates successful reception of the  uplink  MAC PDU.

Table 7.1.4.6-1 Actions after UL Transmission and Feedback Reception

	Last Uplink MAC PDU transmitted
	DCIs received after uplink transmission
	ACK or NACK of UL transmission
	Action

	Yes
	First or second DCI received successfully
	ACK
	Enter RDR. If feedback is received in the first DCI the MS does not need to receive the second DCI.

	No
	First or second DCI received successfully
	ACK or NACK
	The MS stays in ADR as the last UL MAC PDU has not been transmitted and keeps receiving DCIs for subsequent allocations for UL transmissions

	Yes or No
	First or second DCI received successfully
	NACK
	The MS stays in ADR and keeps receiving DCIs for subsequent allocations for retransmission.

	No
	None
	Unknown by the MS
	The MS stays in ADR as the last UL MAC PDU has not been transmitted and keeps receiving DCIs for subsequent allocations for new UL transmissions or retransmissions.

If the base station successfully received the UL MAC PDU it will provide further allocations until the last MAC PDU is received.  If the base station failed to receive the UL MAC PDU then it will provide an uplink allocation for retransmission.

The V(R) value included in the uplink allocation indicated whether the MS retransmits the previous UL MAC PDU or transmits the next UL MAC PDU.

The probability of failure to successfully receive 2 consecutive DCIs is low, therefore this is unlikely to occur.

	Yes
	None
	Unknown by the MS
	The MS uses RACH to request retransmission of the MAC PDU as the MS does not know whether the base station transmitted an ACK or not. 

The base station will not provide any subsequent allocations as it expects the MS to be in RDR if it transmitted an ACK.

When the base station provides the UL allocation the V(R) value will indicate whether the MS should retransmit the previous MAC PDU or transmit a new MAC PDU, therefore the MS and base station are kept synchronized.

The probability of failure to successfully receive 2 consecutive DCIs is low, therefore this is unlikely to occur.


7.1.4.7
Paging Procedure
7.1.4.7.1
General
The paging procedure applies to MSs in Idle Mode, as described in subclause 7.1.4.2.

Paging is initiated by the Core Network. When sending a paging request to a base station, the Core Network should provide:

- 
the mobile identity used for paging the MS on the radio interface, i.e. IMSI/P-TMSI (for Gb based architecture) or S-TMSI (for S1 based architecture); and 

-
the parameter for the base station to determine the next paging occasion, i.e. IMSI (for Gb based architecture) or IMSI mod 1024 (for S1 based architecture); and

- 
the latest known Coverage Class of the MS; and  
-
optionally, the MS specific DRX cycle.
In the case when a MS specific DRX cycle is provided by the Core Network, the base stationwill always use the MS specific DRX cycle instead of the default DRX cycle broadcast in the System information to determine the next paging occasion.

The scheduling of a PAGING message is indicated in the DCI by a resource allocation for the P-RNTI. There is no need for a MS to monitor continuously the DCI for incoming PAGING messages. Discontinuous Reception (DRX) in idle mode is used in order to reduce MS power consumption. When DRX is used, the MS needs only to monitor one Paging Occasion (PO) per DRX cycle. When a MS receives a PAGING message including its mobile identity, a random access procedure, as described in subclause 7.1.4.5, will be initiated.

7.1.4.7.2
Determination of Paging Occasion
A Paging Occasion (PO) is a specific DCI interval where P-RNTI is included in the DCI. A Paging Frame (PF) is one super frame containing one or multiple Paging Occasion(s). 

PF and PO are determined by the following formulae using the DRX parameters provided in System Information:

PF is given by the following equation:

super frame number mod T= (T div N)*(MS_ID mod N)

Index i_s, defining a PO, will be derived from the following calculation:

i_s = floor (MS_ID/N) mod Ns

The following parameters are used for the calculation of the PF and i_s:

-
T: DRX cycle of the MS. T is determined by the value of the MS specific DRX cycle. If the MS specific DRX cycle is not configured by upper layers, the default value broadcast in the system information is applied. 

-
N: N is used to group the super frame where the DCI for PCH can only appear in PF. It is selected from {T, T/2, T/4, T/8}.

For example, 

when N= T, the DCI for PCH may appear in each super frame;

when N= T/2, the DCI for PCH may appear every two super frames;

-
Ns: All the DCI blocks are separated into Ns groups for each Coverage Class. The MS can select one of the Ns groups based on its IMSI for the DCI monitoring for Paging. Parameter Ns is calculated by the following equation, where the DCI interval is the number of frames for the corresponding Coverage Class:
Ns= 64/DCI interval
-
MS_ID: IMSI mod 1024 (for S1 based architecture) or IMSI (for Gb based).

Figure 7.1.4.7-1 shows the position of the paging occasions whenwhere the DCI interval is four frames. 
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Figure 7.1.4.7-1: PO Locations example for Paging, Ns=16

7.1.4.7.3
Reception of Paging on the Radio Interface
The PAGING message is transmitted on the Paging Channel (PCH), which is coverage class specific. 
The transmission of the PAGING message for a specific coverage class is indicated by the scheduling of a downlink resource allocation for the P-RNTI in the DCI associated with the coverage class. The parameters of a downlink resource allocation are described in subclause 7.1.4.8.1. The start indicator and the duration indicate when to receive the PAGING message, and the channel ID  indicates where to receive the paging message.
A PAGING message can page several MSs at the same time. A list of mobile identities is included in the PAGING message as shown in Table 7.1.4.7-1:
Table 7.1.4.7-1: Content of the PAGING Message 

	Field
	Description

	Mobile identity List
	

	>Mobile identity
	NAS identity of the MS being paged.

IMSI/P-TMSI (for Gb based architecture) or S-TMSI (for S1 based architecture) 


7.1.4.8
Formats and structures

7.1.4.8.1
DCI Packet Payload

Table 7.1.4.8-1: DCI Packet Payload Elements

	Field
	Description

	DL Number
	The number of scheduled downlink users.

	DL Allocation[]
	List of DL Allocations. One for each scheduled transmission. Included in this field:

- RNTI  (C-RNTI, P-RNTI or RA-RNTI)

- Channel ID

- MCS

- Start indicator

- Duration

- PDU identification

	UL Number
	The number of scheduled uplink users.

	UL Allocation[]
	List of UL Allocations. One for each scheduled uplink user. Included in the field:

- C-RNTI 

- Channel ID

- MCS

- Start indicator

- Duration

- Acknowledgement information

- Bitmap ACK index: indicate the position of the corresponding ACK/NACK indication in the bitmap ACK field of the DCI following the UL allocation

	RACH Number
	The number of scheduled random access resources.

	RACH Config[]
	List of RACH Configs.  Once for each scheduled random access resource. Included in this field:

- MCS

- Channel ID

- Start indicator

- SZ: Number of slots of RACH: 2SZ * RACH Allocation Unit

	Bitmap ACK field
	The bitmap ACK field for the UL transmissions which are ended between the previous DCI and this DCI

	Previous bitmap ACK field 
	A repetition of the bitmap ACK field in the previous DCI

	Padding
	A variable length padding field.  The length of the field will be set so that the payload is a whole number of octets and the following CRC begins on an octet boundary.


7.1.4.8.2
MAC PDU General structure

 The MAC design allows multiplexing of MAC signalling and data within one MAC PDU to increase the resource utilization efficiency. Generally, a MAC PDU consists of a MAC header and a MAC payload. The MAC header is a list of MAC sub-headers which define the contents of the MAC payload. The MAC payload is a list of MAC payload elements. 

Each MAC payload element is either a MAC data element (i.e. a segment of an upper layer PDU or a complete upper layer PDU) or a MAC control element, containing data or MAC signalling respectively. The MAC control elements are included before the MAC data elements. The length of a MAC PDU is variable, and the maximum size depends on the code block size used in the physical layer. Padding and a CRC are appended to the MAC PDU to form an allocation burst packet as described in subclause 7.1.4.4.2.
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Figure 7.1.4.8-1: Example of MAC PDU payload

Each MAC sub-header corresponds to a MAC payload element, and the ordering is retained. The MAC sub-header defines the contents of  the MAC payload element. An overview of the relationship between the MAC sub-headers and the MAC payload elements is shown in Figure 7.1.4.8-2.
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Figure 7.1.4.8-2: Relationship between MAC sub-headers and MAC payload elements
7.1.4.8.3
MAC Control Elements

Control sub-header structure

A control sub-header in the MAC header indicates a corresponding MAC control element in the MAC payload. An example of the fields of a control sub-header is shown in Table 7.1.4.8-2. 

Table 7.1.4.8-2: MAC control sub-header

	Field
	Description

	E
	Extension. Set to 1 if more sub-headers follow, or set to 0 in the last sub-header of the MAC header.

	C
	Set to 1 to indicate that the associated MAC payload element is a MAC control element.

	Type
	MAC Control Element type


Control element structure

Uplink and downlink control elements carry control messages. The type of the control element is indicated in the control sub-header. Different core network architectures may need different control elements.

7.1.4.8.4
MAC Data Elements

Data sub-header structure

A data sub-header in the MAC header indicates a corresponding MAC data element in the MAC payload. An example of the fields of a data sub-header is shown in Table 7.1.4.8-3.

Table 7.1.4.8-3: MAC data sub-header

	Field
	Description

	E
	Extension. Set to 1 if more sub-headers follow, or set to 0 in the last sub-header of the MAC header.

	C
	Set to 0 to indicate that the associated MAC payload element is a data element.

	Type
	S1-based: Type of data in the data element. At least upper layer signalling and user data need to be differentiated in order to allow the use of different security mechanisms in the upper layer. 

Gb-based: set to a reserved value.

	SN
	Might be included to indicate the segment sequence number in the upper layer PDU.

	FI
	Indication of the last segment of an upper layer PDU.

	L
	Length of the data element in bytes


Data element structure

Uplink and downlink data elements have the same structure. In S1-based architecture, a data element can contain data or upper layer (RRC) signalling. In Gb-based architecture, a data element can only contain data.

7.1.4.8.5
MAC PDU (for random access messages)

Uplink

The Random Access Request message has a format different from the other control messages. The control sub-header is omitted and a field "Type" is added to the payoad to indicate the type of random access procedure (i.e. with random number or with C-RNTI).

Table 7.1.4.8-4: Random Access Request

	Field
	Description

	Type
	Random access type (i.e. with random number or with C-RNTI)

	MS Identity
	Random number or C-RNTI

	BSR
	Buffer Status Report: Level of uplink data (in bytes) buffered in the MS.

	Access Cause
	Random access cause


Downlink

The downlink messages for the random access procedure include Random Access Response and Random Access Reject. 

The design is similar to the uplink message. The MAC PDU consists of one or more Random Access Response Control Elements or of one Random Access Reject Control Element. The control sub-headers are omitted, and a field "Type" is added to the payload to indicate the MAC Control Element type.

Table 7.1.4.8-5: Random Access Response

	Field
	Description

	Type
	Set to 0 to indicate a Random Access Response message

	Random Number
	Random number

	C-RNTI
	Cell Radio Network Temporary Identity

	Start Indicator
	Start position of the RACH resource.


Table 7.1.4.8-6: Random Access Reject

	Field
	Description

	Type
	Set to 1 to indicate a Random Access Reject message

	Wait Time
	Period after which the MS is allowed to transmit a new Random Access Request message

	Reject Cause
	Reject cause


7.1.4.8.6
MAC PDU (for System Information and Paging)

System information and paging are carried on dedicated transport channels, i.e. BCH, E-BCH and PCH, thus the control sub-header can be omitted. The contents of these MAC PDUs are described in subclauses 7.1.5.1and 7.1.4.7.
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Figure 7.1.4.8-3: MAC PDU for SI and paging
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7.1.5
Radio resource management

7.1.5.1
System Information

7.1.5.1.1
System Information Distribution

The downlink physical channels PBSCH and EPBCH carry the system information.

PBSCH carries the Broadcast Information block 1 over eight consecutive synchronization and broadcast bursts, see subclause 7.1.2.1.1.3.

EPBCH carries the Broadcast Information block 2, block 3 and block 4, see subclause 7.1.2.1.1.3. 

There are four types of Broadcast Information block, and four System Information types can be  transmitted in parallel. If additional System Information types are needed, System Information types can be time-multiplexed in Broadcast Information blocks 3 and 4.The scheduling information for the multiplexed System Information types can be provided in the System Information Type carried in Broadcast Information block 1.

7.1.5.1.2 
System Information Type
There are four System Information types carried over two physical broadcast channels, as shown in Table 7.1.5.1-1.
Table 7.1.5.1-1: System Information Type

	Type
	Content
	Broadcast channel
	Broadcast Information block type

	System Information Type 1
	- Super frame number

- Indication of the change of other SIs

- PLMN identity

- Cell identity

- Tracking area code (S1 architecture option) or Routing Area ID (Gb architecture option)

- Cell barred (to prevent access to all MS)

- Access control parameters for PLMN to prevent initial access (RACH procedures) by a group of devices

- A threshold for signal level for cell selection

- Indication of existence of system information in EPBCH
	PBSCH
	Broadcast Information block 1

	System Information Type 2
	- RACH configuration including: common RACH allocation and RACH control parameter, 
- DCI configuration for each coverage category

- Default Paging DRX cycle and parameters for the MS to calculate the paging occasions

- Timers and counters for L2/L3 

- Uplink power control
	EPBCH
	Broadcast Information block 2

	System Information Type 3
	- Network sharing information
	EPBCH
	Broadcast Information block 3

	System Information Type 4
	- Cell reselection parameters

- Neighbour cell information
	EPBCH
	Broadcast Information block 4


7.1.5.1.3
System Information Reading
During cell selection, the MS will read the System Information Type 1 of the candidate cell to obtain the cell selection threshold.

When cell reselection occurs, the MS will read the full set of System Information types for the re-selected cell.

When the MS wakes up from Power Saving Mode, the MS will always read the System Information Type 1. If there is an indication that other System Information types have changed, the MS will read the other System Information types.

When the MS wakes for the paging occasion, the reception of the System Information Type 1 is optional depending on the length of the paging cycle.

7.1.5.2
Cell selection and reselection procedure

7.1.5.2.1
Cell selection

Initial cell selection

The cell selection starts when the MS is powered-on or cannot find any suitable cells by the cell reselection procedure. 
The general procedure of initial cell selection is as follows:

-
Firstly, the MS performs the cell search procedure on one carrier frequency to find all the cells on that frequency, and then performs cell measurement of each cell to find the strongest cell on the carrier frequency.

-
Secondly, the MS reads the system information for the strongest cell on the carrier frequency. If the cell is a suitable cell, the MS will try to camp on that cell. 

-
If the MS can camp on that cell successfully, then the MS will stop searching for other carrier frequencies. Otherwise, the MS needs to search for the strongest cell on the next carrier frequency, in order.

Stored information cell selection

In the case where the MS has stored information on some cells, the MS does not need to start from the initial cell selection procedure, and instead can perform cell selection using the stored information. If no suitable cell is found according to the stored information, then the initial cell selection procedure will be started.

7.1.5.2.2
Cell reselection

While camping on a cell, the MS may search for a better cell based on the measurements rules. If a better cell is found according to the cell reselection criteria, then that cell is selected.

Measurements for cell reselection

The measurements include both serving cell and neighbour cells.

-
Measurement on the serving cell

If PSM is used, the measurements on the serving cell will be performed when the MS wakes up. If DRX/paging is used, the measurements will be done for each paging cycle, as with the legacy mechanism.

-
Measurement on neighbour cells

The neighbour cell measurements need not be periodic, in order to save power consumption in the MS. Instead, the MS can initiate the neighbour cell measurements when the receiver signal level of the serving cell is lower than a threshold or after several decoding failures.
Cell reselection criteria

After measurements of the neighbour cells, the MS performs ranking of all cells and reads the necessary system information of the best ranked cell. If the cell is suitable for camping and the following reselection conditions are met, then the MS will reselect this cell:

-
The new cell is better ranked than the serving cell during a time interval Treselection (during this period, the MS needs to measure the serving cell and the neighbour cells), where the timer value can be broadcast in system information;
-
The MS has camped on the current serving cell for a defined period.

If the best cell is not a suitable cell, the MS can reselect the second best cell.

7.1.5.3
Coverage class

7.1.5.3.1
Definition of coverage class

Multiple coverage classes are supported to adapt to different path and penetration losses experienced by different MSs. This allows MSs with better than worst case coupling loss to benefit from improved battery life and lower latency, and also benefits the network in terms of improved capacity. 

A one-to-one mapping is constructed between coverage class and DCI configuration, i.e. each coverage class is associated with one and only one broadcast DCI configuration, consisting of DCI MCS, DCI channel index, and DCI interval. The DCI configurations to be supported in a cell are indicated by the information element DCI configuration list contained in the broadcast system information.

Table 7.1.5.3-1 shows an example of the relationship between coverage class, DCI MCS, DCI channel index, and DCI interval, where three DCI configuration combinations X, Y and Z are configured in the system informationinformation.

Table 7.1.5.3-1: Mapping of coverage class and DCI configuration combination X, Y and Z, where Xmcs ≥ Ymcs ≥ Zmcs
	Coverage class index
	DCI MCS index 
	DCI channel index
	DCI interval

	0
	Xmcs
	Xch
	Xinterval

	1
	Ymcs
	Ych
	Yinterval

	2
	Zmcs
	Zch
	Zinterval


The coverage class is indexed in an ascending order with respect to the level of coverage extension, which means that higher coverage class implies greater coverage extension.

7.1.5.3.2
Initial coverage class selection

The MS selects an appropriate coverage class for DCI monitoring based on its estimate of downlink signal quality. A typical procedure for the initial coverage class selection is:

Step-1: The MS performs measurements on PSS/SSS contained in PBSCH. 

Step-2: The MS acquires the DCI configuration (i.e., the association of DCI MCS, DCI channel index and DCI interval) from the information element DCI configuration list carried by the system information.

Step-3: The MS chooses a candidate coverage class as the most probable class based on the downlink measurement results. 

Step-4: The MS attempts to decode the DCI bursts corresponding to the candidate coverage class, and then applies the following decision process:

1> if a predefined decoding criterion (e.g., a predefined number of successive successful DCI decodes, or a predefined portion of successful DCI decodes) is met, the candidate coverage class is selected for subsequent communications;  

1> else 

2> if the candidate coverage class index is lower than the highest available value, the MS alters the candidate coverage class to a higher index and returns to Step-4. 

2> else the MS enters the process of coverage class selection failure (i.e. cell (re)selection is triggered).

An illustration of the initial coverage class selection procedure is shown in Figure 7.1.5.3-1.
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Figure 7.1.5.3-1: An overall diagram of the initial coverage class selection
7.1.5.3.3
Coverage class notification

The MS notifies its coverage class selection to the base station prior to communicating with the network. There are two alternative methods for the notification: 

-
Option 1: The index of the selected coverage class is conveyed explicitly within the Random Access Request message.

-
Option 2: The index of the selected coverage class is implicitly indicated by the RACH resource mapping, or the selected RACH MCS, or a hybrid of resource mapping and MCS. 

7.1.5.3.4
Coverage class adaptation
The MS will adapt its coverage class according to changes in its downlink signal quality. The adaptation to a higher coverage class can be configured by the network or originated by the MS itself. The adaptation to a lower coverage class is preferred to be configured by the network. The procedure for the MS originated coverage class adaptation is:

The MS in connected mode will periodically decode the DCI at the current coverage class to determine if there is scheduling information addressed to it. 

1> if the DCI decoding is successful:

2> if the DCI is addressed to the MS:

3> start data transmission process.

2> else 

3> continue the DCI decoding.

1> else 

2> if a certain failure criterion is met (e.g. the number of DCI decoding failures reaches a threshold):

3> if the coverage class already corresponds to the highest index

4> the MS enters the cell (re)selection procedure

3> else
4> the MS adapts to a more suitable coverage class and proceeds with the DCI decoding at the new coverage class

2> else

3> continue the DCI decoding.

An illustration of the coverage class adaptation in the connected mode is shown in Figure 7.1.5.3-2.
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Figure 7.1.5.3-2: Diagram of coverage class adaptation

 












	
	
	
	

	
	







	
	

	
	




	
	

	
	
	
	

	
	

	
	






























7.1.6
Concept evaluation


7.1.6.1
Coverage evaluation

7.1.6.1.2
Uplink synchronization
Uplink time of arrival (ToA) is estimated by the base station receiver to correct the timing of the uplink bursts prior to symbol demodulation. 

The initial ToA estimation for a given MTC device is performed by the base station using the pilot symbols contained in the uplink burst corresponding to the random access request from the device. The pilot patterns for Class A and Class B uplink transmissions are defined in subclause 7.1.2.1.1.3.
7.1.6.1.2.1
Simulation settings
Simulations are performed to evaluate the performance of the initial ToA estimation as described in subclause 7.1.3.2.1. 
The burst duration (for a single repetition) is 40ms which corresponds to the required burst size for the random access request. The other simulation assumptions are shown in Table 7.1.6.1-6.

Table 7.1.6.1-6. Simulation assumptions

	Simulation Parameters
	Values

	Carrier (MHz)
	900

	Symbol rate (kHz)
	3.75

	Burst length
	40ms

	Antenna
	1T2R

	Channel model
	TU

	Residual frequency error (Hz)
	±45

	Frequency drift (Hz/s)
	±22.5

	Doppler (Hz)
	1

	FEC
	1/3 Turbo

	Modulation
	BPSK for Class-A

GMSK for Class-B


7.1.6.1.2.2
Simulation results

Figure 7.1.6.1-11 shows the initial ToA estimation performance for Class A and Class B uplink transmissions at -5.7dB SNR, which corresponds to the target 164dB coupling loss for 20dB coverage extension. MCS-1 is used for the random access request in this simulation. 

Figure 7.1.6.1-12 shows the initial ToA estimation performance at a higher SNR for which MCS-5 is selected. The SNR is set to 0.5dB for Class A and 1.1dB for Class B due to the slightly different operating points of the two classes of modulation. Note that MCS-5 is the typical MCS used for random access requests for the coverage classes corresponding to both normal coverage and +10dB coverage extension. 
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Figure 7.1.6.1-11. ToA performance at the SNR=-5.7dB
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Figure 7.1.6.1-12. ToA performance at the SNR=0.5dB for Class-A, SNR=1.1dB for Class-B
From Figure 7.1.6.1-11, it can be seen that a timing error of less than 1/8th symbol (equivalent to 4 samples in the simulations, which use 32 samples per symbol) is achieved with greater than 99% probability at an SNR of -5.7 dB, which corresponds to 164dB coupling loss. 

From Figure 7.1.6.1-12, it can be seen that a timing error of less than 1/8th symbol is achieved with greater than 98% confidence at the higher SNR associated with an MCS-5 burst, even though no repetitions are used in this case. 

7.1.6.1.3
Random access request

7.1.6.1.3.1
Simulation settings

The link-level random access performance is evaluated according to the methodology specified in subclause 5.7 and the simulation assumptions in Annex C.  

In the simulations, the thermal noise is used as the input to the receiver noise. MCS-0 and MCS-1 are evaluated for the random access request transmission, and both Class-A and Class-B uplink transmission classes are considered. The code block size (CBS) is set to 40 bits (including 8 bits CRC) which corresponds to the required burst length for the random access request.

The configurations of the bursts for random access request used in the simulations are listed in Table 7.1.6.1-7. 

Table 7.1.6.1-7. Evaluated configurations of the bursts for random access request

	Case
	Uplink Class
	Modulation
	Bonding factor
	Spreading factor
	Repetition factor
	CBS (bits)
	Comments

	1
	Class-A
	π/2-BPSK
	1
	1
	16
	40
	UL MCS-0

	2
	Class-A
	π/2-BPSK
	1
	1
	8
	40
	UL MCS-1

	3
	Class-B
	GMSK
	1
	1
	16
	40
	UL MCS-0

	4
	Class-B
	GMSK
	1
	1
	8
	40
	UL MCS-1


7.1.6.1.3.2
Simulation results

The simulation results are shown in Table 7.1.6.1-8 in terms of false detection rate. It can be seen that the false detection rate for the random access request in the NB M2M system is very low in all the simulation cases: for case 1, 2 and 4 there are no false detections within 100000 realizations, while for case 3 there is one false detection within 100000 realizations.
Table 7.1.6.1-8. False detection rate of random access request
	Case
	1
	2
	3
	4

	False detection rate
	Smaller than 0.01%
	Smaller than 0.01%
	0.01%
	Smaller than 0.01%


7.2
Narrow Band OFDMA

7.2.1
General
A narrow band OFDMA (NB-OFDMA) is used in the downlink and single carrier-FDMA (SC-FDMA) in the uplink. This makes efficient spectrum use, allows large volume of devices to be served in a cell and provide extended coverage. For averaging inter-cell interference, subcarrier hopping takes place in both downlink and uplink therefore allowing frequency reuse one deployment. All the subcarriers are reused in every cell. Block hopping is employed in both downlink and uplink.

7.2.2
NB-OFDMA Physical layer design

7.2.2.1
Frequency domain

A 200 kHz spectrum is sub divided into a number of subcarriers and guard bands as shown in Figure 7.2.2.1-1. The fundamental parameters are:

· Tone bandwidth = 2.5 kHz

· Active tones = 72 = 180 kHz

· Guard bandwidth to adjacent 200 kHz channels at either end = 10 kHz
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Figure 7.2.2.1-1. Downlink and uplink channelization

7.2.2.2
Time-domain frame and slot structure

In the time domain a 1 second frame is sub-divided into a number of slots as shown in Figure 7.2.2.2-1. A total of 64 frames constitute a super frame and 4096 super frames make-up a hyper frame.
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Figure 7.2.2.2-1 Hyper and super frames

The downlink frame consists of 163 normal slots and 8 special slots (see Figure 7.2.2.2-2). Normal slots have a duration of 5962.5 s consisting of 14 symbols, 140 samples for the first symbol and 136 samples for the rest.  Special slots have a duration of 3509.375 s consisting of 1116 data samples, 4 leading ramp-up samples, and 3 tailing ramp-down samples. A leading preamble of 12 samples (37.5 s) is added in the beginning of a frame.
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Figure 7.2.2.2-2. Downlink frame and slot structure

There are two uplink frame structures: structure 1 for normal cells with radii less than 8 km (Figure 7.2.2.2.-3) and structure 2 for large cells with radii up to 35 km (Figure 7.2.2.2-4). Uplink frame structure 1 consists of 142 normal slots and 24 extended slots, whereas uplink frame structure 2 consists of 137 normal slots and 24 extended slots. The 24 extended slots are always at the start of the frame. Uplink normal slots have the same structure as downlink slots. An extend slot also consists of 14 symbols but the symbols used in the extended slot have larger cyclic prefix (CP) compared to the CP used in the normal slots. Longer CP ensures transmissions from different mobile stations don't interfere with each other even when mobile stations don't know their round trip delay. This situation happens when mobile station is accessing the system hence the extended slots are used to carry random access requests. When mobile station has the correct timing advance to compensate channel round-trip delay then mobile station can use both the normal slots and the extended slots to carry information to the base station without interfering transmissions of other mobile stations. Between the extended and normal slots there is a PRACH Buffer period to prevent the last extended slot from interfering with the first normal slot. Note, start of uplink frame is aligned to the start of downlink frame.
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Figure 7.2.2.2-3. Uplink frame and slot structure (Normal cell radius)
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Figure 7.2.2.2-4. Uplink frame and slot structure (Extended cell radius)

There are in total 4 types of slots defined as follows:

· Type 1 slots include downlink data slots and uplink normal slots. A type 1 slot consists of 14 symbols, each with 128 data samples. Symbol 0 has 12 CP samples and symbols 1 to 13 have 8 CP samples. A type 1 slot has a duration of 5962.5s. The construction of type 1 slots is depicted in Figure 7.2.2.2-5.

· Type 2 slots include extended slots in uplink frame structure 1 (see Figure 7.2.2.2-4). A type 2 slot consists of 14 symbols, each with 128 data samples and 18 CP samples. A type 2 slot has a duration of 6387.5s. The construction of type 2 slots is depicted in Figure 7.2.2.2-6.

· Type 3 slots are used for PUSCH during extended slots of uplink frame structure 2 (see Figure 7.2.2.2-5). A type 3 slot consists of 14 symbols, each with 128 data samples and 8 CP samples. In addition, a silent period of 76 sample durations is inserted before each even-numbered symbol. A type 3 slot has a duration of 7612.5s. The construction of type 3 slots is depicted in Figure 7.2.2.2-7.

· Type 4 slots are used for PRACH during extended slots of uplink frame structure 2 (see Figure 7.2.2.2-4). A type 4 slot consists of 7 symbols, each with 256 data samples and 92 CP samples. Type 4 slot also has a duration of 7612.5s, the same as that of type 3 slots. The construction of type 4 slots is depicted in Figure 7.2.2.2-8.
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Figure 7.2.2.2-5. Structure of type 1 slot
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Figure 7.2.2.2-6. Structure of type 2 slot
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Figure 7.2.2.2-7. Structure of type 3 slot
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Figure 7.2.2.2-8. Structure of type 4 slot
Time domain parameters:

· Baseband sample rate = 320 kHz (19.2 MHz/60) 

· FFT length = 128 samples = 400 µsec 

· FFT length =256 samples for PRACH symbols in large cell
· Cyclic Prefix (CP) length

· Normal CP: 8 samples (25 µsec)

· Extended CP for normal cells: 18 samples (56.25 µsec)

· Extended CP for large cells: 92 samples (287.5 µsec)

Two type of symbols are defined:
· Extended symbol = 128+18 = 146 samples = 506.94 µsec

· Normal symbol = 128+4 = 132 samples = 458.33 µsec

Every normal slot and extended slot except when used for PRACH and PUCCH consists of 2 pilot symbols and 12 data symbols (Figure 7.2.2.2-9). An extended slot used for PRACH consists of 4 pilot symbols and 10 data symbols (see Figure 7.2.2.2-10). The pilot symbols are used for channel estimation. All types 1 and 3 slots and types 2 and 4 slots that belonging to PUSCH consist of 2 pilot symbols and 12 data symbols as shown in Figure 7.2.2.2-9.
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Figure 7.2.2.2-9. Pilot and data symbols in a slot type 1 &3 and slot type 3 & 4 used for PUSCH
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(a) Extended slot for PRACH

Figure 7.2.2.2-10. Pilot and data symbols in type 3 slot used for PRACH

There are two pilot patterns for type 4 PRACH slots: pattern 1 used for single-tone PRACH and pattern 2 used for two-tone PRACH, as depicted in Figure 7.2.1.2.11. 
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Figure 7.2.2.2-11. Pilot and data symbols in type 4 slot used for PRACH

7.2.2.3
Downlink transport channels

Each downlink frame is divided in to 4 different transport channels as shown in Figure 7.2.2.3-1.  The four downlink transport channels are:

· Physical Synchronization Channel (PSCH) – for initial system time and frequency acquisition 

· Physical Broadcast Channel (PBCH) – network and cell specific configuration information

· Physical Downlink Control Channel (PDCCH) – paging, RACH response, DL/UL assignment, ACK to PUSCH, power control

· Physical Downlink Shared Channel (PDSCH) – traffic
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Figure 7.2.2.3-1. Downlink transport channels

Within PDSCH, different segments are time/frequency multiplexed depending on resource allocation algorithms.

7.2.2.3.1
Broadcast channel

The downlink Physical Broadcast channel (PBCH) carries system information for the cell. The PBCH uses two modulation and coding schemes as shown in Table 7.2.2.3.1-1, one to carry the Primary System Information message and the other to carry the remaining system information messages. The Primary System Information message carry's the frame number hence it's content changes every frame while the content of the remaining System Information messages are not expected to change every frame. The PBCH modulation and coding is designed to cater for the worst path loss hence the same channel is received by all mobile stations within a cell. Further details of information broadcast on PBCH are provided in section 7.2.3.

Table 7.2.2.3.1-1 PBCH coding and modulation schemes

	Purpose
	Pay load size (Bytes)

(Note)
	No. of tones
	Slots
	Coding rate
	Modulation
	Repetition

	Carry PSI
	44
	18
	0, 1
	1/10
	BPSK
	1x

	Carry SIs
	72
	18
	2,  3, 4
	1/9
	BPSK
	1x


Note: 
Payload size includes CRC.
7.2.2.3.2
Downlink common control channel

The Physical Downlink Control Channel (PDCCH) carries control messages such as downlink assignment messages, uplink assignment messages, uplink ack/nack and paging information. The position of PDCCH within a frame is shown in Figure 7.2.2.3-1. The design of PDCCH allows for 72-bit pay load regardless of path loss, see Table 7.2.2.3.2-1.

Table 7.2.2.3.2-1 PDCCH segment formats

	Downlink Segment Format
	Coverage class
	Pay load size (bits)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	72
	4
	13.5
	1/3
	BPSK
	3x

	2
	4
	72
	4
	4.5
	1/3
	BPSK
	1x

	3
	3
	72
	4
	2.25
	1/3
	QPSK
	1x

	4
	2
	72
	4
	1
	3/4
	QPSK
	1x

	5
	1
	72
	4
	0.5
	3/4
	16QAM
	1x


Note: 
Payload size includes CRC.
7.2.2.3.3
Synchronization channel

Physical Synchronization Channel (PSCH) is used by a mobile station that is not time or frequency synchronized with the base station. The initial carrier frequency offset (CFO) can be as large as +/- 18 kHz (20ppm at 900MHz). It is assumed that when a sleep mobile station wakes up for re-sync, the mobile station has no notion of frame structure. 
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Figure 7.2.2.3.3-1. PSCH in a special slot

A PSCH consists of two portions. 

1) Primary Synchronization Signal (PSS): it is used for initial symbol-level time synchronization, and Carrier Frequency Offset (CFO) estimation.

2) Secondary Synchronization Signal (SSS): it is used for frame-level time synchronization by conveying the index of the PSCH special slot within a frame, and carrying cell-specific identity information. SSS is also utilized to refine the CFO estimation and to detect false alarm. SSS consists of two sequences SSS-1 and SSS-2. Each sequence SSS-m carries part of a cell specific identity, and the combination of the SSS-1 and SSS-2 partial identities are used for frame-level time synchronization by conveying the index of the PSCH special slot within a frame, and carrying the Physical Cell Identity (PCID). 
PSS consists of two concatenated identical sequences, each of 410 samples, and cyclic tail bits. Each sequence is generated based on a 205-length maximal length sequence[image: image252.png]


. More specifically, a 255-length Kasami sequence, is truncated to a 205-length sequence.

[image: image253.png]205 — length Kasami sequence:
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In order to cope with the large initial CFO, the BPSK symbols of PSS is 2-bit differentially encoded. At 2x up-sampling rate, each sequence becomes

[image: image254.png]Z7=15:050(5:®5)0(5:®5)0(5:® 5:® 55)0(5:® 5:® 5) 0. (52® 5
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PSS is generated by concatenating two copies of [image: image256.png]


 sequences and cyclic tail bits.

[image: image257.png]010 Z 1010 Z 1010




This will results in 2*(2*205)+3*4=832 samples, and a symbol rate of 160 KHz with 25% excess bandwidth to fill 200 kHz. 

SSS signal consists of two sequences, SSS-1 and SSS-2, where each sequence is generated based on a 71-length Zadoff-Chu (ZC) sequence (with 2x up-sampling factor):

[image: image258.png]



In which [image: image260.png]


 = 71 is the ZC sequence length, and [image: image262.png]


 is the ZC root index of SSS-m. With [image: image264.png]N,.,=71



 and choosing [image: image266.png](uguy) €{1,2,..,70} x {1,2,...,70}



, one can generate up to [image: image268.png]70 x 70 = 4900



 different combinations that are enough to carry 3 bits of sync slot index, and more than 9 bits for the Physical Cell ID.
7.2.2.3.3.1
Synchronization procedure

Time acquisition is achieved by implementing a correlation-based search algorithm to find the PSS sequences. Following considerations have been taken:

The PSS sequences presented on CIoT receiver in the form of IQs have been designed not to resemble any existing GERAN symbols; 

The PSS symbol period is 160 kHz, so different from GSM signal that neither a GSM MS nor CIoT MS would be falsely cross identified. 

After acquiring time synchronization, the CFO is estimated by evaluating the phase shift between the received PSS symbols. Notice that CFO estimation using the phase shift is prone to a 2π rotation ambiguity issue, and there is a trade-off, between the estimation accuracy and the CFO detection range, depending on the time-separation of the evaluated symbols. Our frequency synchronization algorithm resolves this issue and iteratively reduces the residual CFO by evaluating the phase shift between different sets of received symbols.

After achieving symbol-level time synchronization and frequency offset estimation using the PSS sequences, the transmitted SSS sequence is detected by searching over all possible SSS candidates (a pool of 70 sequences for each SSS sequence). SSS detection will provide additional information required for frame-level time acquisition and achieving cell-specific identity. We further utilize SSS for false alarm detection, by comparing the correlation energy of the two detected sequences against some predetermined threshold.

7.2.2.3.4
Physical downlink shared channel

The Physical Downlink Shared Channel (PDSCH) carries downlink data packets. As an example of PDSCH segmentation, a total of 19 modulation and coding schemes (MCSs) are defined to cater for different coverage classes and payload sizes as shown in Table 7.2.2.3.4-1. 

An exhaustive list of PDSCH segmentations is FFS.

Table 7.2.2.3.4-1 PDSCH segment formats

	Downlink Segment Format
	Coverage class
	Pay load size (Bytes)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	26
	4
	26
	1/3
	BPSK
	2x

	2
	
	50
	4
	50
	1/3
	BPSK
	2x

	3
	
	74
	4
	74
	1/3
	BPSK
	2x

	4
	
	100
	4
	100
	1/3
	BPSK
	2x

	5
	4
	28
	4
	14
	1/3
	BPSK
	1x

	6
	
	52
	4
	26
	1/3
	BPSK
	1x

	7
	
	76
	4
	38
	1/3
	BPSK
	1x

	8
	
	100
	4
	50
	1/3
	BPSK
	1x

	9
	3
	24
	4
	6
	1/3
	QPSK
	1x

	10
	
	56
	4
	14
	1/3
	QPSK
	1x

	11
	
	80
	4
	20
	1/3
	QPSK
	1x

	12
	
	104
	4
	26
	1/3
	QPSK
	1x

	13
	2
	36
	4
	4
	3/4
	QPSK
	1x

	14
	
	54
	4
	6
	3/4
	QPSK
	1x

	15
	
	72
	4
	8
	3/4
	QPSK
	1x

	16
	
	108
	4
	12
	3/4
	QPSK
	1x

	17
	1
	36
	4
	2
	3/4
	16QAM
	1x

	18
	
	72
	4
	4
	3/4
	16QAM
	1x

	19
	
	108
	4
	6
	3/4
	16QAM
	1x


Note: 
Payload size includes CRC.
7.2.2.3.5
Transmit chain for downlink channels

In NB-OFDMA, a physical layer PDU is transmitted over one resource block. A number of resource block sizes, together with different MCSs, are provided to support different PDU sizes as shown in previous sections. In the downlink direction there are number of transport channels defined, each utilizing different number of tones, slots, modulation schemes, repetition rates and puncturing patterns. All but one transport channel involve the same process before transmission and this is depicted in Figure 7.2.2.3.5-1. 
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Figure 7.2.2.3.5-1. Transmit chain for PBCH, PDCCH and PDSCH

The Physical Synchronization Channel is a TDM channel utilizing all the tones hence the processes before transmission are different from other OFDMA channels. The processes involved in the PSCH transmit chain are show in Figure 7.2.2.3.5-2.
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Figure 7.2.2.3.5-2 PSCH transmit chain

The pulse shaping filter is the root-raised-cosine filter with roll-off factor 0.15.

7.2.2.3.5.1
CRC Calculation

Parity bits of a PDU are generated by one of the following cyclic generator polynomials:

gCRC16(D)= [D16 + D12 + D5 + 1]

gCRC8(D) = [D8 + D7 + D4 + D3 + D + 1]

The parity bits p0, p1, pk, k=7 or 15 are appended sequentially to the end of the PDU.

7.2.2.3.5.2
FEC and Interleaving

The downlink encoding and interleaving is depicted in Figure 7.2.2.3.5.2-1.
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Figure 7.2.2.3.5.2-1. Downlink encoding and interleaving

The tail biting convolutional code defined in clause 5.1.3.1 of 3GPP TS 36.212 [9] is used as the basis of downlink coding. The encoder will be initialized by the last 6 information bits of the input stream. The output parity streams of the rate-1/3 encoder, d0(k), d1(k), d2(k), k=0, 1, …,2, …, correspond to generator polynomials 171, 133, 165, respectively.  

In addition to rate 1/3, 3 other coding rates, 1/2, 2/3, and 3/4, are obtained by puncturing the rate-1/3 encoder output streams. 

· For coding rate 1/2, d0(k) and  d1(k)  for any k are transmitted; d2(k) for any k are not transmitted. 

· For coding rate 2/3, d0(k) for any k are transmitted;  d1(k)  for k=0, 2, 4, … are transmitted; d2(k) for any k are not transmitted.

· For coding rate 3/4, d0(k) for k=0, 3, 6, … are transmitted;  d1(k)  for k=1, 2, 4,5,  … are transmitted; d2(k) for any k=0,3,6,… are transmitted.

Let ones in a puncturing pattern indicate the bits in corresponding positions are transmitted and zeros indicate the bits are not transmitted, the puncturing patterns are given in Table 7.2.2.3.5.2-1.

Table 7.2.2.3.5.2-1 Puncturing patterns

	Rate\Stream
	0
	1
	2

	1/2
	[1]
	[1]
	[0]

	2/3
	[1,1]
	[1, 0]
	[0,0]

	3/4
	[1,0,0]
	[0,1,1]
	[1,0,0]


The sub-block interleaver defined in clause 5.1.4.2.1 of 3GPP TS 36.212 [9] is used to interleave the three output streams, respectively.

7.2.2.3.5.3
Rate matching

Rate matching includes bit collection of the three interleaved streams, v0(k), v1(k), v2(k), and bit selection and pruning, as defined in clause 5.1.4.2.2 of 3GPP TS 36.212 [9]  is used to match the number of coded bits to the capacity of the allocated resource block.

7.2.2.3.5.4
Constellation mapping

BPSK, QPSK, and 16QAM with grey-mapping are used for downlink modulation. 

7.2.2.3.5.5
Mapping to Physical Resource Block

Complex symbols after constellation mapping are mapped to a physical resource block by increasing order of  first the index of tones and then  the index of symbols, excluding resource elements allocated to pilots.

7.2.2.3.5.6
Downlink hopping scheme

Mapping of the complex symbols to the subcarriers follows a hopping pattern, similar to LTE type 2 PUSCH frequency-hopping. The hopping is determined by dividing the available [image: image273.png]NEE: ..



 downlink tones into [image: image275.png]NI



 number of downlink sub-bands, where each sub-band consists of [image: image277.png]Nooor = |NZh . /INEE]




 consecutive tones.  The number of sub-bands [image: image279.png]NI



 is given by higher layers, and will be chosen such that the size of a sub-band is at least equal to the maximum number of (consecutive) tones that can be allocated to a transmission block. The definition of such sub-bands allows for two levels of hopping: (a) inter-sub-band hopping, and (b) intra-sub-band hopping.

The scheduling assignment in PDCCH allocates a set of (virtual) tone indices [image: image281.png]Nys



 to the transmission of a block of complex symbols. Note that the size of  [image: image283.png]Nys



 will be smaller than or equal to [image: image285.png]Nooo



. The set of physical tones [image: image287.png]npg(n,)



to be used for the transmission of this block in slot [image: image289.png]


 is determined by the given scheduling assignment [image: image291.png]Nys



 and a predefined hopping pattern as follows,
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where, [image: image294.png]fm(n) € {0,1}



 and [image: image296.png]frop () € {0,
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 respectively determine intra-sub-band and inter-sub-band hopping. The two hopping functions are defined as below based on a pseudo-random sequence [image: image298.png]c(n)



 (initialized by [image: image300.png]


 or [image: image302.png]Cinie = 2°. (nf mod 4) + NE"



 for each frame [image: image304.png]
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	Pseudo-random Sequence Definition
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7.2.2.4
Uplink transport channels

There are three type of uplink physical channels defined (see Figure 7.2.1.4-1) and they are:
-
Physical Random Access Channel (PRACH) – for initial random access and on-demand request for PUSCH of active mobile stations

-
Physical Uplink Shared Channel (PUSCH) – traffic

-
Physical Uplink Control Channel (PUCCH) – ACK/NAK to PDSCH

A detailed description of each of these physical channels is provided in the rest of this section.
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Figure 7.2.1.4-1. Uplink physical channels

7.2.2.4.1
Physical random access channel

The Physical random access channel (PRACH) resource occupies Kprach tones and slot numbers 0, 1, 2, … 23. A number of different PRACH resources can to be defined in the specification (i.e. number of tones, frequencies for PRACH and how the PRACH resources are sub-divided for each coverage class). Furthermore different cells can utilize different Kprach tones to minimize inter-cell interference and to facilitate this a small number of PRACH resource origins can be specified in the specification. The PRACH resource structure and position is then provided in the system information sent on PBCH. 

PRACH resource for each coverage class is sub-divided into segments where a PRACH segment consists of one tone over a number of slots. Tone hops every slot so as to assist the base station to measure the time-of-arrival for uplink timing control. A number of modulation and coding schemes are proposed to be used for a PRACH (see Table 7.2.2.4.1-1 for normal cells and Table 7.2.2.4.1-2 for large cells with radii greater 8 km), one modulation and coding scheme for each coverage class. 

Table 7.2.2.4.1-1 PRACH modulation and coding schemes for normal cells
	
	Modulation and Coding Scheme

	
	1
	2
	3
	4

	Coverage Class
	4
	3
	2
	1

	Modulation 
	BPSK, 
	BPSK, 
	BPSK, 
	QPSK

	Coding rate
	1/5
	2/5
	3/5
	3/5

	No. of slots for a PRACH segment
	12
	6
	4
	2

	No. of segments/tone/ frame
	2
	4
	6
	12


Table 7.2.2.4.1-2 PRACH modulation and coding schemes for large cells

	
	Modulation and Coding Scheme

	
	1
	2
	3

	Coverage Class
	3
	2
	1

	Modulation 
	(2,2)-TPSK 
	BPSK, 
	QPSK, 

	Coding rate
	1/6
	½
	3/4

	Pilot Pattern 
	2
	1
	1

	No. of slots for a PRACH segment
	24
	12
	4

	No. of segments/2 tones/ frame
	1
	4
	12


See Figure 7.2.2.2.11 for definitions of pilot patterns used for PRACH in large cells.
Based on the mobile station path loss profile, Kprach tones reserved for the PRACH channel is divided into L1, …, L4 tones for MCS 1, 2 3, 4 respectively. Before transmitting, a device determines its MCS based on its path loss and then randomly generates one of LmSm segments to send PRACH.
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Figure 7.2.1.4.1-1 Example PRACH allocation
7.2.2.4.2
Physical uplink shared channel

The Physical Uplink Shared Channel (PUSCH) carries uplink data packets. As an example, a total of 20 modulation and coding schemes (MCSs) are defined to cater for different coverage classes and payload sizes as shown in Table 7.2.2.4.2-1. An exhaust list of PUSCH segmentations is FFS.

Table 7.2.2.4.2-1 PUSCH segment configuration

	Uplink MCS
	Coverage class
	Pay load size (Bytes)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	25
	1
	100
	1/3
	BPSK
	2x

	2
	
	50
	1
	200
	1/3
	BPSK
	2x

	3
	
	75
	1
	300
	1/3
	BPSK
	2x

	4
	
	100
	1
	400
	1/3
	BPSK
	2x

	5
	4
	25
	1
	50
	1/3
	BPSK
	1x

	6
	
	50
	1
	100
	1/3
	BPSK
	1x

	7
	
	75
	1
	150
	1/3
	BPSK
	1x

	8
	
	100
	1
	200
	1/3
	BPSK
	1x

	9
	3
	26
	2
	26
	1/3
	(2,2) TPSK
	1x

	10
	
	52
	2
	52
	1/3
	(2,2) TPSK
	1x

	11
	
	76
	2
	76
	1/3
	(2,2) TPSK
	1x

	12
	
	100
	2
	100
	1/3
	(2,2) TPSK
	1x

	13
	2
	27
	4
	6
	3/4
	(4,4) TPSK
	1x

	14
	
	54
	4
	12
	3/4
	(4,4) TPSK
	1x

	15
	
	81
	4
	18
	3/4
	(4,4) TPSK
	1x

	16
	
	108
	4
	24
	3/4
	(4,4) TPSK
	1x

	17
	1
	18
	4
	2
	3/4
	QPSK
	1x

	18
	
	54
	4
	6
	3/4
	QPSK
	1x

	19
	
	72
	4
	8
	3/4
	QPSK
	1x

	20
	
	108
	4
	12
	3/4
	QPSK
	1x


Note: 
Payload size includes CRC.
7.2.2.4.3
Physical uplink control channel

The baseline Physical Uplink Control Channel (PUCCH) occupies one tone in slots 24 – 152 in the entire frame.  A PUCCH consists of multiple PUCCH segments, each of which is one tone over 1 slot.
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Figure 7.2.2.4.3-1. PUCCH segments

* For extended cells there are 5 fewer segments, see clause 7.2.2.2.

Each PUCCH segment carries Ack/Nack for downlink packets and which segment index to use by a mobile station is provided in PDCCH. 

Use of more than one consecutive PUCCH segment by a mobile station is FFS.
7.2.2.4.4
Tone-Phase-Shist-Keying

Tone-Phase-Shift-Keying (TPSK) is a modulation scheme that uses both tone and signal phase to carry information. A TPSK modulation with K allocated tones and M-ary phase shift keying is called (K, M)-TPSK. A (K,M)-TPSK modulated signal over the K allocated tones, l0, l1, …lk-1, out of a total of N tones is

[image: image316.png]x(n) = exp(Z5) » exp (B2 ). n = 0,1,
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 (1)

A number of TPSK schemes are proposed as given in Table 7.2.2.4.4-1.

Table 7.2.2.4.4-1 Different TPSK modulation schemes

	Modulation
	(2,2)-TPSK
	(4,4)-TPSK
	(4,8)-TPSK
	(8,8)-TPSK

	Bits/ tone
	1
	1
	1.25
	0.75

	Bits/symbol
	2
	4
	5
	6


The bit-to-symbol mapping of (2,2)-TPSK is given in Table 7.2.2.4.4-2 and of (4,4)-TPSK is given in Table 7.2.2.4.4.3.

Table 7.2.2.4.4-2 Bit-to-symbol mapping for (2,2)-TPSK
	Input bits
	00
	01
	10
	11

	Symbols in increasing order of tones
	1,0
	0,-1
	0,1
	-1,0


Table 7.2.2.4.4-3 Bit-to-symbol mapping for (4,4)-TPSK
	Input bits
	0000
	0001
	0010
	0011
	0100
	0101
	0110
	0111

	Symbols in increasing order of tones
	1,0,0,0
	i,0,0,0
	0,1,0,0
	0,i,0,0
	0,0,1,0
	0,0,i,0
	0,0,0,1
	0,0,0,i

	
	

	Input bits
	1000
	1001
	1010
	1011
	1100
	1101
	1110
	1111

	Symbols in increasing order of tones
	0,0,0,-i
	0,0,0,-1
	0,0,-i,0
	0,0,-1,0
	0,-i,0,0
	0,-1,0,0
	-i,0,0,0
	-1,0,0,0


For (4,8)-TPSK, the first two input bits determine one of the 4 tones to transmit a non-zero value. The remaining 3 tones transmit zeros. The second three bits determine the phase of the non-zero complex value. The mapping of the first 2 input bits to tone index used to carry only non-zero symbol is given in Table 7.2.2.4.4-4. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table 7.2.2.4.4-5.

Table 7.2.2.4.4-4 Bit-to-tone mapping for (4,8)-TPSK
	Bit 0 & 1
	00
	01
	10
	11

	Tone index
	0
	1
	2
	3


Table 7.2.2.4.4-5 Bit-to-phase mapping for (4,8)-TPSK
	Bit b2,b3,b4
	000
	001
	010
	011
	100
	101
	110
	111

	Phase
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


For (8,8)-TPSK, the first three input bits determine one of the 8 tones to transmit a nonzero value. The remaining 7 tones transmit zeros. The second three bits determine the phase of the nonzero complex value. The mapping of the first 3 input bit to tone index used to carry the only nonzero symbol is given in Table 7.2.2.4.4-6. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table 7.2.2.4.4-7. 

Table 7.2.2.4.4-6 Bit-to-tone mapping for (8,8)-TPSK
	Bit b0,b1,b2
	000
	001
	010
	011
	100
	101
	110
	111

	Tone index
	0
	1
	2
	3
	4
	5
	6
	7


Table 7.2.2.4.4-7 Bit-to-phase mapping for (8,8)-TPSK
	Bit b3,b4,b5
	000
	001
	010
	011
	100
	101
	110
	111

	Phase 
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


7.2.2.4.5
Transmit chain for uplink channels

In NB-OFDMA, a physical layer PDU is transmitted over one resource block. A number of resource block sizes, together with different MCSs, are provided to support different PDU sizes as shown in previous sections. In the uplink direction there are three transport channels defined, namely PRACH, PUCCH and PUSCH. In the current design both PRACH and PUCCH utilize one tone for each transport block while PUSCH can utilize more than one tone, depending on coverage. PUSCH and PRACH transport channels involve similar process before transmission and this is depicted in Figure 7.2.2.4.5-1 and Figure 7.2.2.4.5-2. 
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Figure 7.2.2.4.5-1. Transmit chain for PUSCH
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Figure 7.2.2.4.5-2. Transmit chain for PRACH

For PUCCH, each message consisting of one bit ACK/NACK is mapped to one of two orthogonal sequence of 14 symbols and transmitted within a slot. The transmit chain for PUCCH is shown in Figure 7.2.2.4.5-3.
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Figure 7.2.2.4.5-3 PUSCH transmit chain

7.2.2.4.5.1
CRC Calculation

Parity bits of a PDU are generated by one of the following cyclic generator polynomials

gCRC16(D)= [D16 + D12 + D5 + 1]

gCRC8(D) = [D8 + D7 + D4 + D3 + D + 1]

The parity bits p0, p1, pk, k=7 or 15 are appended sequentially to the end of the PDU.

7.2.2.4.5.2
FEC and Interleaving

The turbo coding defined clause 5.1.3.2 of 3GPP TS 36.212 [9] is used for uplink coding. An additional entry for turbo code internal interleaver parameters are added to Table 5.1.3-3 of 3GPP TS 36.212 [9] for input of 24 bits as given below.

Table 7.2.2.4.5.2-1 Turbo code internal interleaver parameters for input of 24 bits

	
	f1
	f2

	24
	11
	6


The sub-block interleaver defined in clause 5.1.4.2.1 of 3GPP TS 36.212 [9] is used to interleaving the three output streams of turbo encoder, respectively. The output of the three sub-block interleavers are v0(k), v1(k), and v2(k).

7.2.2.4.5.3
 Rate Matching

Rate matching includes bit collection of the three interleaved streams, v0(k), v1(k), v2(k), and bit selection and pruning, as defined in clause 5.1.4.2.2 of 3GPP TS 36.212 [9] is used to match the number of coded bits to the capacity of resource block.

7.2.2.4.5.4
Scrambling

FFS.

7.2.2.4.5.5
Constellation Mapping

BPSK, TPSK, and QPSK are used for uplink modulation.

7.2.2.4.5.6
Mapping to Physical Resource Block

Complex symbols after constellation mapping are mapped to a physical resource block by increasing order of  first the index of tones and then  the index of symbols, excluding resource elements allocated to pilots.

7.2.2.4.6
Uplink hopping scheme

The tone-hopping for the uplink shared channel follows the same pattern as downlink hopping scheme in section 7.2.2.3.5.6. To determine the physical tones allocated to an uplink transmission block, the corresponding uplink parameters will be taken into account; [image: image321.png]


 – the number of available uplink tones,  [image: image323.png]


 – the number of uplink sub-bands, and [image: image325.png]


 – the number of tones within each uplink sub-band.

7.2.3
NB OFDMA MAC layer

7.2.3.1
Overview

The MAC layer is expected to sit between LLC (Gb) or PDCP (S1) and the physical layer. The key functions of MAC layer are similar to those supported by GPRS:

· Cell selection and reselection

· Paging channel supervision

· Connection establishments for MO and MT data transfers

· Segmentation and reassembly of upper layer data packets

· Support acknowledged and unacknowledged modes for data transfer

Note: 
Acknowledge mode will be used for both uplink and downlink while unacknowledged mode is expected to be used on the downlink only for broadcast services. 

7.2.3.2
Key MS states

A CIOT mobile station is considered to have three key states as shown in Figure 7.2.3.2-1. A brief description of the states are as follows:

Macro sleep: In this state mobile station has released all radio connections, stopped all Rx and Tx activities, programmed itself to wake-up to read paging channel and only the sleep clock is expected to be running.
Idle: In this state the mobile station is performing Rx activities such as paging channel, no Tx activity and no radio resources assigned to the mobile station for downlink data reception or uplink data transmission. The mobile station may enter micro sleep between Rx activities.

Active: In this state the mobile station is able to perform both Rx and Tx activities, radio resources may be assigned for downlink or uplink data transfer.  The mobile station may enter micro sleep between Rx/Tx activities.
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Figure 7.2.3.2-1. Key mobile states

7.2.3.3
Physical to logical channel mapping

The physical channels are described in clause 7.2.2 and the mapping of these physical channels to logical channels is shown in Figure 7.2.3.3-1.
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Figure 7.2.3.3-1. Physical to logical channel mapping

The logical channels are:

· RACH: Used to carry channel request from a mobile station wishing to request uplink resources to send uplink data

· DTCH: A data traffic channel to carry data packets between mobile station and base station. The uplink and downlink data traffic channels are independently assigned.

· DCCH: A control channel that carries control messages from network to mobile (such as assignment messages, acknowledgements) and acknowledgements from mobile station to the network.

· BCCH: this channel carries frame number, system information and DCCH message indication from network to mobile station

· PCH: This channel carries paging message from network to mobile station

· SCH: This channel carries synchronization information and physical cell ID

7.2.3.4
System acquisition procedure

7.2.3.4.1
Overview of acquisition procedure
A new mobile station or a mobile station that wakes up from sleep and loses synchronization should first perform downlink synchronize to the base station by searching for the presence of PSS on PSCH, getting coarse synchronization from PSS and then fine synchronization from SSS. From SSS, the mobile station retrieves the special slot index and Physical Cell ID (PCID), which allows the mobile station to go to power saving until PBCH arrives. The mobile station then decodes PBCH for system information acquisition.
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Figure 7.2.3.4.1-1. Procedure of system acquisition and synchronization

There are two physical resources defined for carrying system information as described in 7.2.1.3.1. One physical resource carries the Primary System Information message and the other physical resource carries the remaining system messages.

7.2.3.4.2
Primary System Information

The primary system information (PSI) is broadcast in every frame in every cell and the contents of this primary system information message is shown in Table 7.2.3.4.2-1. The primary system information message does not share physical downlink resource with any other system information message hence there is no need to add a message ID field. The primary system information message content is identical for Gb or S1 based architectures and all information elements are mandatory.

Table 7.2.3.4.2-1 Primary System Information message
	Information Element
	Size (bits)
	Purpose

	Frame number
	16
	Provides frame number, cycle length of 18 h, 12 m 16 sec

	System Information Sequence No.
	4
	System information sequence. Used by the device to detect of previously received information has changed or not.

	PRACH configuration
	3
	Identifies PRACH configuration used in the cell.

	PDCCH configuration
	3
	Identifies PDCCH configuration used in the cell.

	PDCCH Message Indication (PMI)
	10
	An indication if one or more mobile stations from groups 1 to 10 are to be sent MAC message on PDCCH


7.2.3.4.3
Mandatory System Information

The mandatory information is broadcast in every cell but not necessarily in every frame. The mandatory information messages share resources with optional system information messages hence message ID is necessary. There are two mandatory system information messages defined as shown in Table 7.2.3.4.3-1 and Table 7.2.3.4.3-2 and all information elements in these two messages are mandatory.

Table 7.2.3.4.3-1 System Information Type 1
	Information Element
	Size (bits)
	Purpose

	Message ID
	4
	

	Primary PLMN ID
	24
	

	Cell Identity
	16
	Applicable to Gb only.

	E-UTRAN Cell Identity
	28
	Applicable to S1 only

	RAC
	8
	Applicable Gb only


Table 7.2.3.4.3-2 System Information Type 2
	Information Element
	Size (bits)
	Purpose

	Message ID
	4
	

	LAC/TAC
	16
	

	Idle Mode DRX
	2
	Default PMI monitoring DRX cycle. 1, 2, 4 or 8 s.

	Cell barred
	1
	

	Access Class Barring
	10
	

	Access control category
	2
	

	Access level minimum
	4
	

	Max RACH retrains
	2
	

	Max TX power
	4
	

	Network sharing supported
	1
	If set to supported then network sharing information provided in additional system information messages.

	Cell Type
	1
	Normal cell or extended cell.


7.2.3.4.4
Optional System Information

Optional information is broadcast if required and this is generally indicated in one of the mandatory system information messages. Currently only optional system information message defined is for network sharing but in future additional system information messages could be added to provide resources for broadcast services. System information type 3 defined in Table 7.2.3.4.4-1 provides network sharing information. If this message is broadcast (indicated in SI 2) then the first PLMN ID is mandatory while all other elements are optional.

Table 7.2.3.4.4-1 System Information Type 3
	Information Element
	Size (bits)
	Presence

	Message ID
	4
	M

	Segment count
	2
	M

	Segment index
	2
	M

	Primary PLMN ID 2
	24
	M

	Access Class Barring 2
	10
	O

	Access control category 2
	2
	O

	Primary PLMN ID 3
	24
	O

	Access Class Barring 3
	10
	O

	Access control category 3
	2
	O

	Primary PLMN ID 4
	24
	O

	Access Class Barring 4
	10
	O

	Access control category 4
	2
	O

	Primary PLMN ID 5
	24
	O

	Access Class Barring 5
	10
	O

	Access control category 5
	2
	O


7.2.3.4.5
System information scheduling

With primary SI broadcast immediately after PSCH of the last frame allows for the device to wake-up just before the PSCH slot, decode PSCH and if successful decode primary SI to determine if other system information messages need to be re-read and also to determine if device is being paged by the network. If neither the device is paged nor other system information have changed then device can go back to sleep immediately after last slot for PSI. This means at each wake-up the device only need to remain awake for 3 slots in good radio conditions.

If network does not support any optional system information messages then with the given design mobile station can read the primary and mandatory system information messages within 2 seconds and this is comparable with legacy GERAN. If network sharing is supported and taking the worst case of SI3 encoding then system information read time could be around 4 seconds (i.e. read 5 other system information blocks over 4 seconds) with round-robin scheme. If other system information scheduling schemes are used then this period could increase.

Performance evaluation of PBCH is FFS.

Providing neighbour cell information is FFS.
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Figure 7.2.3.4.5-1. Round-robin SI scheduling (a) No SI 3, (b) One segment SI 3

7.2.3.5
Uplink PDU transfer procedure

7.2.3.5.1
General procedure

A mobile station in idle mode wish to transfer data on the uplink has to follow the general steps shown in Figure 7.2.3.5.1-1. 
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Figure 7.2.3.5.1-1. Procedure for uplink data transfer

Mobile station may perform synchronization and read Primary System Information message to determine if system information has changed before sending channel request. If system information has changed then mobile station first re-acquires system information message before attempting access.

7.2.3.5.2
Random Access

A mobile station randomly selects a resource block from the group of resource blocks corresponding to its coverage class (see clause 7.2.2.4.1) and sends a channel request. A number of different channel request coding are defined as shown in Table 7.2.3.5.2-1.
Table 7.2.3.5.2-1 Channel request contents
	Bit string
	Purpose

	1 <Volume: 2> <Coverage: 3> <Random: 10> <CRC: 8>
	Uplink data transfer

	0 0 0 <Coverage: 3> <Random: 10> <CRC: 8>
	Page response

	0 0 1 <Coverage: 3> <Random: 10> <CRC: 8>
	Attach/Registration update

	0 1 0 <Coverage: 3> <Random: 10> <CRC: 8>
	Other signaling/SMS

	0 1 1 0 <Coverage: 3> <Random: 9> <CRC: 8>
	Exception reporting

	0 1 1 1 x x x x x x x x x x x x x x x x x x x x
	Spare


where

· Volume: This provides an indication of the volume of data to be transmitted by the device so that network can allocate resources accordingly. This field is only relevant for user data transfer and not necessary for signaling purposes. An example coding of this field is as follows:

· 1 to 49 bytes

· 50 to 99 bytes

· 10
100 to 199 bytes

· 11
More than 199 bytes

· Coverage: This field allows for further sub-division of the coverage class. The main coverage class is provided by the modulation and coding scheme used by the device. There are 4 modulation and coding schemes and the coverage field allows each modulation to have up to 8 sub divisions of each coverage area identified by the modulation scheme.

· Random: this field allows differentiation of devices making access for the same service within the same frame. The size of this field ensures that there is very small probability (<0.00098 for most cases) of two devices sending the same channel request contents within a given frame. Exception reporting expected to be quite a rare event hence in this case the probability is <0.002.

· CRC: Checksum to provide further protection for incorrect decoding
After having transmitted channel request, mobile station starts to monitor the PDCCH for response from the network. Once mobile station receives assignment message it then starts transmission of data blocks on the uplink assigned resources from the designated period. A typical access procedure and data transfer is depicted in Figure 7.2.3.5.2-1.
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Figure 7.2.3.5.2-1. Procedure for uplink data transfer

Mobile station may transmit channel request after a timeout. If the permitted number of channel requests have been retransmitted then mobile station may abort access procedure. 

Timeout period for waiting for response from network is FFS.

7.2.3.6
Paging procedure

It is highly desirable for a CIoT capable mobile station to minimize wake period to conserve energy. For this reason a downlink message indication (called PDCCH Message Indication) is broadcast together with other essential information that is required by the mobile station upon wake-up (see clause 7.2.3.4.1). Broadcasting downlink message indication rather than paging message minimizes the amount of information mobile station needs to receive upon wake-up when it is not paged. Furthermore, the PDCCH Message Indication (PMI) allows for network to send paging message, downlink PDSCH assignment message or other kind of messages to mobile stations in idle mode.

7.2.3.6.1
PDCCH Message Indication

The PMI information element is broadcast in Primary System Information message and this information element is 10 bits. Which of the 10 paging groups a mobile station belongs to is determined by the last digit of the IMSI and each bit in the information element corresponds to a different paging group as shown in Table 7.2.3.6.1-1.

Table 7.2.3.6.1-1 Primary Message Indication coding
	
	Bit 9
	Bit 8
	Bit 7
	Bit 6
	Bit 5
	Bit 4
	Bit 3
	Bit 2
	Bit 1
	Bit 0

	Paging Group
	10
	9
	8
	7
	6
	5
	4
	3
	2
	1

	IMSI mod 10
	9
	8
	7
	6
	5
	4
	3
	2
	1
	0


Note:
Time dependent relationship between paging group and bit position within PMI is FFS.
7.2.3.6.2
PDCCH Own Group

The PDCCH resource is segmented according to coverage class as it was described in subclause 7.2.2.3.2 and the PDCCH resource split amongst different categories is shown in Figure 7.2.3.6.1-1.
A mobile station needs to receive the PDCCH resource block from its' own mobile station category.

Note 1: 
Each mobile station coverage class can be further sub-divided into 8 sub-categories and the mapping between PRACH coverage to PDCCH category is to be defined in the specification.

A default idle mode DRX cycle is broadcast in system information and using this parameter the mobile station can compute the frame in which to receive the PMI and the corresponding PDCCH category resource when required. It is also possible to reduce the processing in the mobile station to decode only the required PDCCH resource block, when required, with the following approach.

PDCCHRB = (IMSI mod 1000) mod KRB
where

KRB is the number of transmission blocks for the corresponding PDCCH category.

PDCCHRB is the transmission block that may contain downlink control message for the mobile station.

Note 2:
 Time dependent relationship between paging group and resource block within PDCCH category is FFS.



[image: image332.emf]PDCCH –20 slots

Category 2: 36 Tones

Category 1: 16 Tones

Category 3: 16 Tones

Category 5: 4 Tones

Category 4: 4 Tones

7

2

 

T

o

n

e

s


Figure 7.2.3.6.1-1 Example PDCCH Resource allocation

Note 3:
Category 4 and 5 use half a slot each.

7.2.3.7
Downlink PDU transfer procedure

The downlink data transfer begins by mobile station receiving an assignment for downlink PDSCH and this assignment is received on the downlink PDCCH. A mobile station in idle mode for whom network knows the serving cell can be sent downlink assignment directly during mobile stations own paging group. In this case a mobile station would first receive the PSI message on PBCH which would indicate that mobile station should receive PDCCH corresponding to its' coverage class and look for any downlink message addressing the mobile station. On the PDCCH mobile station then receives downlink assignment message and then mobile station proceeds to receive the corresponding downlink PDSCH resource block. Note that every mobile station in idle mode is able to receive PSI and downlink assignment message within the same frame. Furthermore, depending on the PDSCH and PUCCH resource assignments, a mobile station may be able to receive the downlink data packet and send acknowledgement within the same frame.

How network knows which cell mobile is in idle mode is FFS.
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Figure 7.2.3.7-1. Procedure for initiating downlink data transfer

7.2.3.8
Upper layer PDU segmentation and reassembly

The upper layer PDU segmentation and reassembly will be done in a similar way to that done in legacy GPRS. The MAC header supports upper layer PDU delimitation.
8
Network architecture options
8.1
Overall architecture

8.1.1
Overall architecture requirements

Independent of the choice of radio access solution, the cellular system for supporting ultra low complexity and low throughput Internet of Things (Cellular IoT), should:

a)
re-use existing Core Network (CN) features for reducing UE energy consumption e.g. Rel-12 Power Save Mode (PSM) and Rel-10 long periodic RAU/TAU timers. 

b)
support network sharing (both Full-MOCN and GWCN)

c)
support a mechanism to control MTC device access on a per PLMN basis e.g. equivalent to the existing PLMN specific access class barring mechanism.

d)
support Short Message Service (SMS)

e)
support IP header compression for IP-based services

f)
support mobility (in both Ready/Connected and Standby/Idle states) based on MS autonomous cell selection/reselection. Network controlled mobility with MS measurement reporting is not required.

g)
be capable of supporting a broadcast mechanism in the future, e.g. support for MBMS, PWS and CBS. There is no requirement to support broadcast in the initial release. Support for low latency warnings such as ETWS is not required.

h) 
if based on a Gb architecture, be able to support future introduction of O&M procedures equivalent to the "S1 Setup" procedure. There is no requirement to support this in the initial release. 
Editor's Note: further work is needed on:

a) The evaluation of the energy consumption efficiency of both Gb and S1 based architecture options.

b)
Whether support for MME/SGSN level Attach without PDN connection activation is needed.

8.1.2
Security requirements

A security framework should be defined for the Cellular IoT system to support security features like mutual authentication, integrity protection and ciphering. It is anticipated that this work will be led by 3GPP SA WG3.
8.1.3
 Architecture requirements related to new Radio Access solutions.

It is agreed that:

a)
an Iu interface based architecture will not be used.

b)
it is desirable that both a "flat-RAN" based architecture and a "BSC" based architecture are supported. The feasibility of this needs to be verified.

8.1.4
Architecture requirements related to GERAN Evolution solutions
It is agreed that:

a)
the Gb interface should be used for the GERAN evolution option. 
8.1.5 Core network enhancements for paging devices in extended coverage

Independent of the choice of radio access solutions for ultra low complexity and low throughput Internet of Things (Cellular IoT) there is a need for core network assistance for transmission of paging as well as storage of coverage situation in the CN. The following common working assumptions apply: 
WA 1: The MS shall determine if currently estimated coverage class is different from last reported Coverage Class.  

WA 2: The MS should report changes of its coverage class to the CN. The trigger of the reporting, to avoid frequent signaling, is FFS.

WA 3:  At least the estimated coverage class for downlink will be indicated to the RAN when attempting system access.

WA4: The changes of estimated coverage class for downlink may be indicated to the RAN during data transmission.

WA 5: The RAN will include the coverage class information in the uplink data PDU sent to the CN. 

WA 6: Upon reception of the device specific coverage class information the CN stores it for use in subsequent paging for delivery of downlink data to that device.

WA 7: In order for RAN to send a page with the appropriate coverage enhancements the CN needs to convey the latest known coverage class information in the downlink paging PDU.

8.2
Architecture evaluation criteria

8.2.1
Transmission efficiency

The choice of an architecture option inherently impacts the amount of signalling the MTC device has to perform before sending or receiving user plane data and the header overhead associated with each user plane packet. The amount of signalling and overhead imposed by an architecture option has an impact on the system capacity and energy consumption of the device. It is thus important to analyse the transmission efficiency of each architecture option. For the purpose of the architecture evaluation, the transmission efficiency is defined as the ratio of the application data size to the total amount of data (application data, signalling data and associated header overheads for the transmission of the signalling and data).
E_transmission=D_application/ (D_application+H_CN + H_access + S_radio + H_signalling)

Where D_application is the amount of application layer data to transmit,

H_CN is the overhead from protocols below the application layer and above equivalent of SNDCP layer (See Annex E for an example protocol stack),

H_access is the header overhead for user plane data due to radio access network (which is dependent on the architecture and radio access technology),

S_radio is the amount of signalling information exchanged before transfer of the user plane data and

H_signalling is the header overhead for signaling information.
NOTE: 
The evaluation of transmission efficiency of an architecture option should be done using the MAR periodic traffic model only (See Annex E).
8.3
Option A: Gb based architecture

e.g. evaluation of signalling overhead, security implications, user plane handling etc. 
8.4
Option B: S1 based architecture

e.g. evaluation of signalling overhead, security implications, user plane handling etc. 
8.5
Conclusions on architecture options evaluation
TBD
9
Overall conclusions
Annex A:
Deployment scenarios for Cellular IoT
	Scenario
	Description

	Deep coverage (in building)
	Cellular IoT devices are typically expected to be deployed indoor, with some devices in basements or underground or embedded in objects, where they may be subjected to deep penetration losses (up to 20 dB more than legacy GPRS). 



	 Extended geographic coverage
	When the Maximum Coupling Loss is not exceeded, it is required that Cellular IoT can support a cell radius of 35 km.

Operation at values of cell radius >35 km according to the Maximum Coupling Loss is desirable but a secondary objective.

	Mobility
	The majority of cellular IoT devices will be stationary. Cellular IoT is expected to be designed and optimized for stationary devices.
The performance requirements and methodology for performance evaluation for stationary and non-stationary scenarios are summarized in the following table. 

20 dB extra-coverage

160 bps data rate

10-year battery life

system capacity evaluation

Stationary CIoT devices

Yes

Yes

Yes

Yes

Non-stationary (up to 30 km/h) CIoT devices)

No1
Yes2
No3
No

Non-stationary (higher than 30 km/h) CIoT devices)

No1
No4
No

No

1GPRS coverage requirements apply

2Performance evaluated with link level simulations

3Battery life analysis is required

4Link level simulations may be provided by proponents to indicate actual performance at high speeds.

	Re-use of existing infrastructure
	It is expected that the Cellular IoT technology is at least deployable on existing radio access sites based on 3GPP Multi Standard Radio Base Station Specifications (with the re-use of existing antennas, feeder cables etc.) and can preferably be introduced as a software load on those existing radio access nodes.
It is expected that the Cellular IoT technology is deployable on an existing core network (e.g. re-using CN nodes and interfaces according to the selected CIoT architecture).

	Use of small amounts of licensed spectrum
	It is expected that an initial release of a 'clean slate' Cellular IoT technology is deployable in small amounts of licensed spectrum which may be available by (re)using GSM carriers, small unused parts of licensed spectrum for UMTS and small parts of licensed spectrum for LTE.

Editor's Note: RAN 4 need to be consulted on the deployment options in UMTS/ LTE spectrum.

	Spectrum sharing with GSM
	Deployment of Cellular IoT based on a GERAN evolution approach is expected to share spectrum with an existing GSM network. It is expected that Cellular IoT based on a 'clean slate' solution will not have to share any 200 kHz channel with GSM.


Annex B:
Calculation of MCL for legacy GPRS

B.1
Downlink

The proposed calculation of Maximum Coupling Loss (MCL) for the legacy GPRS downlink is shown in Table B.1 for an antenna configuration of 1T1R and is based on the MCL calculation methodology in subclause 5.1 of TR 36.888 [3]. 

The BS transmit power is set to +43 dBm to reflect the common assumption for this study (See assumption 6 in Table D.1, Annex D, on system level simulation assumptions).

The MS receiver sensitivity calculation is based on Table 6.2.1a of TS 45.005 [5] which specifies a reference sensitivity level of -102 dBm for "GSM900 small MS". This value is then adjusted by 4 dB to reflect the improved noise figure of 5 dB that is assumed in this study for typical MS receivers (See Table 5.1-2: Assumptions on MCL calculation). This results in the -106 dBm Receiver Sensitivity value shown in Table B.1. 

Table B.1: Link budget table for legacy GPRS downlink

	
	Downlink MCL based on 
TS 45.005 [8]

	Transmitter
	

	(1) Total Tx power  (dBm)
	43

	Receiver
	

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	5

	(4) Interference margin (dB)
	0

	(5) Occupied channel bandwidth (kHz)
	180

	(6) Effective noise power
        = (2) + (3) + (4) + 10 log((5))  (dBm)
	-116.4

	(7) Required SINR (dB)
	10.4 (See note)

	(8) Receiver sensitivity
        = (6) + (7) (dBm)
	-106.0

	(9) Receiver processing gain (dB)
	0

	Maximum coupling loss (MCL)
        = (1) – (8) + (9) (dB)
	149.0

	Note:
 This value has been derived from the "Receiver sensitivity" value shown in row (8) and is shown for completeness.


B.2
Uplink

The proposed calculation of Maximum Coupling Loss (MCL) for the legacy GPRS uplink is shown in Table B.2 for an antenna configuration of 1T2R and is based on the MCL calculation methodology in subclause 5.1 of TR 36.888 [3].  

The MS transmit power is set to +33 dBm to reflect the  assumption for this study of the MS transmit power of legacy GPRS modem operating at 850/900 MHz (See subclause 5.5.5: GPRS reference)
The BS receiver sensitivity calculation is based on the specification of -104 dBm for PDTCH/CS-1 (TU50, no FH) taken from TS 45.005 [5]. This value is then adjusted by 2 dB to reflect the improved noise figure of 3 dB that is assumed in this study for typical BS receivers (See Table 5.1-2: Assumptions on MCL calculation). This results in the Receiver Sensitivity value of -106 dBm that is shown in Table B.2. The Receiver Processing Gain value of 5 dB has been taken from TR 36.888 [3] to reflect the use of two receiver antennas at the base station. 

Table B.2: Link budget table for legacy GPRS uplink

	
	Uplink MCL based on TS 45.005[8]
(adjusted for2 x Rx gain)

	Transmitter
	

	(1) Total Tx power  (dBm)
	33

	Receiver
	

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	3

	(4) Interference margin (dB)
	0

	(5) Occupied channel bandwidth (kHz)
	180

	(6) Effective noise power
        = (2) + (3) + (4) + 10 log((5))  (dBm)
	-118.4

	(7) Required SINR (dB)
	12.4 (See Note 1)

	(8) Receiver sensitivity= (6) + (7) (dBm)
	-106.0

	(9) Receiver processing gain (dB)
	5 (See Note 2)

	Maximum coupling loss (MCL)= (1) – (8) + (9) (dB)
	144.0

	Note 1: 
This value has been derived from the "Receiver sensitivity" value shown in row (8) so is just shown for completeness.

Note 2: 
This value is taken from TR 36.888[3] for the processing gain for a typical BS, and is assumed to include the use of two receive antennas at the base station.


B.3
Overall MCL for legacy GPRS

From Tables B.1 and B.2, it can be observed that the overall MCL for legacy GPRS is 144.0 dB, since the uplink is limiting the MCL.

Annex C:
Link level simulation assumptions

The assumptions for the MS transmit power and BS transmit power are as described in Table D.1 (system level simulation assumptions). The other relevant link level simulation assumptions are summarized in Table C.1.
Table C.1: Assumptions for link level simulations

	No.
	Parameter
	Value

	1
	Frequency band
	900 MHz

	2
	Propagation channel model
	TU

	3
	Doppler spread
	1 Hz with model for Doppler spectrum taken from TR 36.888 [3]1

	4
	Interference/noise
	Sensitivity2 

	5
	Antenna configuration
	BS: 1T2R
MS: 1T1R

	6
	Frequency error
	F_offset(t) = F_est_error + (F_drift_inactive *T_inactive)  + (F_drift_active * t). See Note 3.

	7
	MS initial frequency error (for evaluation of synchronization performance)
	Randomly chosen from -20 ppm and 20 ppm (i.e. either -20 ppm or 20 ppm), generated per synchronization attempt.

	Note 1:
Doppler spread of 1 Hz, with model from TR 36.888 [3], is a working assumption. This will be revisited if a more appropriate model is identified which shows significant difference in performance results. Doppler spread of 1Hz will model a non-stationary surrounding environment and not a non-stationary mobile device. Link level simulation results assuming 1Hz Doppler will be used in system level evaluation.
Note 2:
Sensitivity will be modelled as a baseline. Interference scenarios need to be developed.

Note 3:
 F_offset(t) is the frequency offset  at time t relative to the start of an uplink transmission.

F_est_error (Hz) is the candidate technology specific estimation of the downlink frequency error, which should be justified and  declared for each candidate technology.  . In order to ensure sufficient margin to different impairments, such as TXCO precision, the candidate technology specific assumption on frequency offset, if expressed as a distribution, shall not have a Root Mean Square Error (RMSE) lower than 10 Hz, or if a fixed offset is used, shall not be lower than 10 Hz. 


F_drift_inactive (0.010 ppm/s) represents the frequency drift rate during the interval between the end of the last downlink reception used for frequency error estimation and the start of the uplink transmission. The polarity (sign) of the F_drift_inactive rate should be selected randomly for each simulated uplink packet. 

T_inactive (sec) is the time interval between the end of the last downlink reception used for frequency error estimation and the start of the uplink transmission.

F_drift_active (0.025 ppm/s) is the frequency drift rate during the uplink transmission. The polarity (sign) of the F_drift_active rate should be selected randomly for each simulated uplink packet (so where a packet is composed of many repetitions, the polarity should be the same for each repetition). 

Refinement to the basic model which takes into account the candidate Cellular IoT radio interface technology proposal is allowed but the changes will be declared.


Annex D: 
System level simulation assumptions

The assumptions for system level simulations are summarized in Table D.1. 
D.1: Assumptions for system level simulations

	No
	Parameter
	Assumption

	1
	Cellular Layout
	Hexagonal grid, 3 sectors per site1

	2
	Frequency band
	900 MHz

	3
	Inter site distance 
	1732 m

	4
	MS speed 
	0 km/h as the baseline2

	5
	User distribution
	Users dropped uniformly in entire cell

	6
	BS transmit power per 200 KHz (at the antenna connector)
	43 dBm3

	7
	MS Tx power (at the antenna connector)
	Candidate solution specific4

	8
	Pathloss model
	L=I + 37.6log10(.R), R in kilometers

I=120.9 for the 900 MHz band

	9
	Shadowing standard deviation
	8 dB

	10
	Correlation distance of Shadowing
	110 m 

	11
	Shadowing correlation
	Between cell sites


	0.5

	
	
	Between sectors of the same cell site
	1.0 

	12
	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns) 
	See table 5-7, 3GPP TR 45.914 [4], 65° H-plane.

	13
	BS antenna gain
	18 dBi

	14
	MS Antenna gain
	-4 dBi

	15
	BS cable loss
	3 dB

	16
	Building Penetration Loss
	Based on distributions derived from adapted COST 231 NLOS model. See  clause D.1 and note 5

	17
	Inter-site correlation coefficient
	Two inter-site correlation coefficients will be used for simulations: 0.5 and 0.75

	Note 1:
Simulations should consider enough BS sites to obtain reliable results. 

Note 2:
Mobility scenario has to be defined  

Note 3:
The carrier PSD compared to GSM will not be exceeded. 

Note 4: 
The highest MS Tx power level at which PA integration on chip is feasible needs to be identified (working assumption is 23 dBm). The supported MS Tx power levels will be declared and evaluated for any candidate solution.

Note 5: 
Simulations should be performed for two scenarios of building penetration loss described in clause D.1.All evaluations should provide results for both scenarios.


D.1
Building penetration loss
The building penetration loss is a component of the overall path loss model for cellular devices in conditions of deep penetration loss and is in addition to the outdoor pathloss model (see simulation assumption#8 in Table D.1). 

Path loss indoor = outdoor path loss + Building Penetration Loss

The building penetration loss model for this study is based on the COST 231 Non Line of Sight (NLOS) model for building penetration loss which is adapted to reflect the attenuation characteristics of both old and modern construction materials and also with parameters chosen to reflect the expected environment in which cellular IoT devices will be placed. 

Building Penetration Loss = External wall penetration loss + max (Tor1, Tor3) – GFH
Tor1 = Wi*p, where Wi is the loss in internal walls and p is the number of penetrated internal walls.

Wi = 4-10 dB (uniformly distributed)

p =0, 1, 2 or 3 (with p =3 also accounting for devices in deep penetration loss e.g. basement)

Tor3 = alpha*d, where alpha is the penetration distance coefficient and d is the penetration distance.

Penetration distance coefficient (alpha) = 0.6 dB/m

d = uniformly distributed in the range 0-15m
GFH = n*Gn, where Gn is the floor height gain per floor, n is the floor number

n = 0,1,2,3 or 4 (uniform distribution)

Gn = 1.5 dB/floor 

External wall loss is modelled as uniformly distributed either in range 4-11 dB, 11-19 dB or 19-23 dB.

The two scenarios to be simulated for the evaluation in this study are summarized in Table D.2 (scenario#1) and Table D.3 (scenario#2)
Table D.2: Definition of scenario#1 for building penetration loss
	Distribution of external wall penetration loss

	External wall  penetration loss
	4-11 dB
	11-19 dB
	19-23 dB

	Percentage of devices uniformly distributed in  range
	25%
	65%
	10%

	Assumptions related to additional penetration loss due to internal walls

	Percentage of devices mapped to case p=3 ( with remaining devices equally distributed among cases p=0,1,2)
	15%

	Assumption for dependency of penetration loss of internal walls of a building. 
	Independent i.e. a different value of Wi is randomly generated for each internal wall. 


Table D.3: Definition of scenarios#2 for building penetration loss
	Distribution of external wall penetration loss

	External wall  penetration loss
	4-11 dB
	11-19 dB
	19-23 dB

	Percentage of devices uniformly distributed in  range
	25%
	50%
	25%

	Assumptions related to additional penetration loss due to internal walls

	Percentage of devices mapped to case p=3 ( with remaining devices equally distributed among cases p=0,1,2)
	20%

	Assumption for dependency of penetration loss of internal walls of a building. 
	Dependent i.e. one value of Wi is randomly generated and applies to all internal walls.


Editor's Note: it is FFS if an inter-site correlation coefficient is required for the building penetration loss model and the value of the respective coefficient to use.

Annex E:
Traffic Models
E.1
Cellular IoT device density per cell site sector
The cellular IoT device density per cell site sector is calculated by assuming 40 devices per household. The household density is based on the assumptions of TR 36.888 [3] for London in Table E.1-1.
Calculation
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Figure E.1-1.  Cell site Sector area definition
Calculation:

Inter-site Distance (ISD) = 1732m

Cell site sector radius, R = ISD/3 = 577.3m

Area of cell site sector (assuming a regular hexagon) = 0.86 Sq Km

Number of devices per cell site sector = Area of cell site sector*Household density per Sq km*number of devices per household

= 52547

Table E.1-1: Device density assumption per cell
	Case
	Household Density per Sq km
	Inter-site Distance (ISD) (m) 
	Number of devices within a household
	Number of devices within a cell site sector

	Urban
	1517
	1732 m
	40
	52547


E.2
Traffic models for Cellular IoT

The traffic models in this annex are required to perform capacity evaluations using system level simulations and  for latency analysis.
Four different application traffic models are defined to reflect the traffic characteristics of applications expected to be supported using Cellular IoT. 
E.2.1
Mobile Autonomous Reporting (MAR) exception reports

Many sensor type applications are expected to monitor a physical condition and trigger an exception report when an event is detected. Such events are expected to be generally rare, typically occurring every few months or even years. Examples of such applications include smoke alarm detectors, power failure notifications from smart meters, tamper notifications etc. 
For the purpose of latency analysis, it is assumed that MAR exception reports have an uplink application payload of 20 bytes.  It is required that such reports are delivered in near real time, with a latency target of 10s.
For every generated uplink report (i.e. 100% of uplink exception reports), it is also assumed that the application will send a downlink application ACK. The size of the application layer ACK size is zero. The total packet size (above equivalent of SNDCP layer) is the overhead due COAP/DTLS/UDP/IP..
E.2.2
Mobile Autonomous Reporting (MAR) periodic reports

Periodic uplink reporting is expected to be common for cellular IoT applications such as smart utility (gas/water/electric) metering reports, smart agriculture, smart environment etc. The MAR periodic uplink reporting traffic model is used in system level simulations for capacity analysis. 

Table E.2-1 summarizes the characteristics of MAR periodic reporting:
Table E.2-1: MAR periodic UL reporting traffic model

	Characteristic
	

	Application payload size distribution
	Pareto distribution with shape parameter alpha = 2.5 and minimum application payload size = 20 bytes with a cut off of 200 bytes i.e. payloads higher than 200 bytes are assumed to be 200 bytes.

	Periodic inter-arrival time
	Split of inter-arrival time periodicity for MAR periodic is:  1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%)


A DL application layer ACK for an uplink periodic reporting event is assumed in 50% of UL MAR periodic reports generated.   The application downlink ACK payload size is assumed to be 0 bytes. The total packet size (above equivalent of SNDCP layer) is the overhead due COAP/DTLS/UDP/IP  and is immediately sent after the base station successfully receives an application UL packet. No retransmission of the APP DL ACK/UL packet is required. 
E.2.3
Network Command 
The Network Command (NC) traffic model is used to model applications where an application server generates an application layer command to the device to perform an action without the need for an uplink response from the device e.g. command to switch on the lights or to trigger the device to send an uplink report as a result of the network command e.g. request for a smart meter reading. 
It is assumed that 50% of such Network Commands will require the MS to send an application layer UL response whilst the other 50% will not generate a response in system level simulations.  Moreover, for the case where there is an uplink response, there is no need for an application DL ACK for the response.
The size of the downlink Network Command is assumed to be 20 bytes and the distribution of the periodic inter-arrival time is the same as for MAR periodic model (Table E.2-1). The distribution of the application payload size in response to the Network Command, where applicable, is the same as application payload size distribution of MAR periodic in Table E.2-1. 
E.2.4
Software update/reconfiguration model

It is expected that all Cellular IoT devices will require some form of application layer software update/reconfiguration occasionally. Software reconfigurations (patches) are expected to make up most of the events and are not expected to result in the large payload sizes expected for complete software updates. 

For the purpose of capacity evaluations, the traffic characteristics for Software update/reconfiguration are described in Table E.2-2. The assumption of maximum payload size in Table E.2-2 takes into consideration that the downloads will be done using unicast (See clause 8.1.1)
Table E.2-2: Traffic characteristics for Software download/reconfiguration model.

	Characteristic
	

	Application payload size distribution
	Pareto distribution with shape parameter alpha = 1.5 and minimum application payload size = 200 bytes with a cut off of 2000 bytes i.e. payload higher than 2000 bytes are assumed to be 2000 bytes. 

	Periodic inter-arrival time
	(180 days)


E.3
Assumptions for header overhead

The total packet size at the equivalent of the SNDCP layer (excluding equivalent of SNDCP layer overhead) is made up of the application payload size and header overhead of protocols below the application layer and above the equivalent of the SNDCP layer.
For the purpose of this study, the example protocol stack is assumed to be CoAP (Constrained Application Protocol)/DTLS (Datagram Transport Layer Security/UDP (User Datagram Protocol) /IP (Internet Protocol)

The assumptions for header sizes for the different protocols are summarized in Table E.2-3.
Table E.2-3: Assumptions for header overhead above the equivalent of the SNDCP layer

	Protocol
	Size in bytes

	COAP
	4

	DTLS
	13

	UDP
	8

	IP
	40  (without IP header compression)
	4  (with IP header compression)

	Total header size 
	65 
	29


Annex F:
Link layer design principles and radio resource management concepts for clean slate solutions

This clause describes the general principles of the link layer design for any clean slate solution for Cellular IoT and outlines the concept for radio resource management.  The principles do not apply to the GERAN evolution concept, unless otherwise stated.

F.1
Multiplexing principles

-
Multiplexing of UE specific signaling and data is required. 

-
MS only needs to support one IP address.
F.2
Scheduling principles
-
A scheduling mechanism to support flexible resource utilization is required. 
F.3
MAC layer retransmissions

-
A feedback mechanism for MAC layer transmissions (ACK/NACK) is required.

Editor's Note:  It is FFS how MAC layer retransmissions work with the concept of repetitions at the PHY.

F.4
Segmentation and reassembly of MAC layer SDU

-
Segmentation and re-assembly of upper layer PDU is required. 
F.5
Random access procedure

-
Random access for data transmission and NAS signalling is required (at least for contention based access. 
-
It should be possible to allocate different set of RACH resources depending on the coverage conditions of the MS.

Editor's Notes:  

-Need for Non-contention based RACH is FFS.
-Need for including a UE identity in the initial RACH request is FFS.
-It is FFS if MS needs to indicate how much data it needs to send in the initial RACH transmission.
-It is FFS if we need different RACH resources for other reasons than coverage conditions.

F.6
MS mobility states

-
The system will support devices that need low or medium latency (e.g. of the order of seconds or minutes) mobile terminating services. The system also supports other devices that want to use PSM.

-
The system will only apply PSM to devices with applications that generate Mobile Autonomous Reporting (MAR) traffic type and applications that are triggered with a Network Command without any latency requirement. 

Editor's Notes:  It is FFS how the system will identify devices with specific traffic types for which PSM is configurable.

F.7
System information (SI)
The system information contains the following information:

Basic system information 

-Indication of change SI

-PLMN identity

-Cell identity (excluding PLMN identity/TA code for S1 architecture option and PLMN identity/Routing Area id for Gb architecture option)

-Tracking area code (S1 architecture option) or Routing Area ID (Gb architecture option)

-Cell barred (to prevent access to all MS)

-Access control parameters for PLMN to prevent initial access (RACH procedures) by a group of devices including:

1) Access control category to identify home/roaming users

2) An access control bit map for 10 'normal' access classes as baseline.

- A threshold for signal level for cell selection

Editor's Notes:  

-Need for 'Cell reserved' indication to only allow access by a class of devices is FFS.

- It is FFS if 10 'normal' access classes is 'suitable'.

-It is FFS if access control bitmap apply to roaming users.

-It is FFS if access control based on other device types (than defined by access classes) is needed.

-It is FFS if access control based on access control parameters for 'common' PLMN applies to both signalling and data or if separate access control parameters need to be defined. 

-The size of the cell identity is FFS.
-Content of cell barred information is FFS.
Other system information 

-Indication of existence of optional subsets of system information is required.

-Default Paging DRX cycle

-Parameters for MS to calculate paging group

-Information to indicate the current segment of a block of system information that has been segmented due to its size. 

-Cell reselection parameters

-Neighbour cell information to include at least:

-Band indicator

-Frequency

-Network sharing information will support a list of up to four additional PLMNS as a baseline.

-Access control for additional PLMNs will be based on assumption of 10 normal access classes.

Editor's Notes:  

-It is FFS if system information should include GB or S1 related timers.

-It is FFS if system information should contain definition of coverage categories. The definition, if required, will be solution specific.

-Details of cell reselection parameters are FFS.
-Need of physical cell identity in Neighbour cell information is FFS and may be solution specific. 

-It is FFS if system information (Neighbour cell information) should contain frequency/cell priority for load balancing

-It is FFS if the access control parameters for the 'common' PLMN also apply for the network sharing PLMNs.
F.8
Paging
- Paging mechanism needs to be optimized for different coverage classes.

-The DRX/paging cycle should be configurable to support applications with different latency requirements for application server triggered events (Network Commands). This should range from 1-30s (typical for existing 3GPP technologies) for low latency applications to 1-30 minutes to reduce energy consumption for medium latency applications that need to 'listen' to paging.
Annex G: Simulation assumptions for coexistence study
G.1: Coexistence with GSM

General simulation assumptions for coexistence between CIoT and GSM are summarized in Table G.1.

Table G.1 Summary of simulation assumptions for coexistence with GSM

	No
	Parameter
	Assumption

	1
	Analysis method
	- Snapshot based Monte-Carlo simulation

	2
	Network layout
	CIoT and GSM networks are deployed in,

- Coordinated operation

- Uncoordinated operation (i.e. worst-case shift between operators, GSM site being located at CIoT cell edge)

	3
	Simulation cases
	There are four simulation cases for each network layout,

- Case 1, GSM MS victim and CIoT BS aggressor.

- Case 2, GSM BS victim and CIoT MS aggressor.

- Case 3, CIoT MS victim and GSM BS aggressor.

- Case 4, CIoT BS victim and GSM MS aggressor.

	4
	Channel allocation
	There are two channel allocation scenarios,

- Scenario 1, the CIoT system is placed at one end of a number of contiguous GSM carriers in uncoordinated operation.

- Scenario 2, the CIoT system is placed in the middle of a number of contiguous GSM carriers in coordinated operation.

	5
	Cellular Layout
	- Macro environment

- Hexagonal grid

- 3 sectors per site

- Inter-site distance 1732m

	6
	Frequency usage
	- GSM cell frequency reuse: 3/9 and 4/12

- No frequency hopping for GSM

	7
	User distribution
	- Users dropped uniformly in entire cell

	8
	System parameters
	- BS Antenna pattern (horizontal) see table 5-7, 3GPP TR 45.914, 65° H-plane.
- BS antenna gain 18dBi

- BS cable loss 3dB

- BS-MS minimum coupling loss 59dB

For GSM,

- MS antenna gain 0dBi

	9
	Propagation model
	- Frequency band 900 MHz

- L=I + 37.6log10(.R), R in kilometers

- I=120.9 for the 900 MHz band

- Shadowing standard deviation 8dB

- Correlation distance of shadowing 110m

- Shadowing correlation, 0.5 between cell sites and 1 between sectors of same site

	10
	Building Penetration Loss
	For GSM,

- No additional building penetration loss.

For CIoT,

- FFS.

	11
	Power control
	For GSM, 

Stabilization algorithm same as for WCDMA (C/I based) with a margin of 5 dB added to the SIR target.

- Maximum power (TRx): 43 dBm 

- Minimum power (TRx): 10 dBm (non-BCCH)

- Maximum power (MS): 33 dBm

- Minimum power (MS): 5 dBm

	12
	SINR target
	For GSM speech,

- Downlink: 9 dB

- Uplink: 6 dB

	13
	Performance metrics
	For GSM speech,

- Outage (i.e. 0.5 dB less than target SINR) degradation due to CIoT interference.

For GSM data,

- FFS.

For CIoT,

- SINR reduction due to GSM interference.


AnnexH:
Bibliography
[6.2-1]
GP-020645, "Discussion paper – Fixed Allocation", source Nokia. GERAN#9.

[6.2-2]
GPC150064, "EC GSM – EC-SCH design, performance and mapping", source Ericsson LM, GERAN1 Adhoc#1 on FS_IoT_LC

[6.2-3]
GP-140603, "GSM Evolution for cellular IoT – BCCH overview", source Ericsson LM. GERAN#63.

[6.2-4]
GP-150208, "EC-GSM, EC-SCH design, performance and mapping", source Ericsson LM, GERAN#65

[6.2-5]
GPC150089, "EC-GSM, FCCH overview", source Ericsson LM, GERAN1 Adhoc#1 on FS_IoT_LC

[6.2-6]
GP-150138, "EC-GSM, Network synchronization", source Ericsson LM. GERAN#65.
[6.2-7]
GP-150155, "EC-GSM, Performance evaluation - Coverage improvement target", source Ericsson LM, GERAN#65. 
[6.2-8]
GPC150064, "EC-GSM, EC-SCH design, performance and mapping", source Ericsson LM. GERAN Ad Hoc #1 on FS_IoT_LC.

[6.2-9]
GP-150140, "EC-GSM, Sensitivity to carrier frequency offset", source Ericsson LM. GERAN#65.

Annex H:Change history
	Change history

	Date
	TSG #
	TSG Doc.
	CR
	Rev
	Subject/Comment
	Old
	New

	2015-03
	65
	GP-150317
	
	
	Implements following "P-CRs":
GP-150258 (= tdocs 0078, 0099, 0276, 0250, 105)
GP-150257 (= tdocs 0254, 0252, 0255, 0256, 0253)
GP-150271 NOT implemented.
GP-150304 (= tdocs 0210, 0300, 0298, 0301, 0214, 0302, 0299, 0303)

GP-150285, GP-150286, GP-150287, GP-150288
GP-150292, GP-150296, GP-150098, GP-150297, GP-150100, GP-150105, GP-150101
GP-150259, GP-150260, 
GP-150261 check placement of 6.2.5.7
GP-150262, GP-150263, GP-150264, GP-150265, GP-150266, GP150289, GP-150290 

	
	1.0.0

	2015-03
	65
	
	
	
	Version 1.0.1 clean-up (c/o ETSI EditHelp & MCC)
	1.0.0
	1.0.1

	2015-04
	
	GPC-150185
	
	
	Implements following P-CR GP-150261
Editorial comments from ETSI
	1.0.1
	1.1.0

	2015-05
	
	
	
	
	Implements following “P-CRs”:

GPC150152, GPC150170. GPC150176, GPC150190, GPC150203, GPC150205, GPC150216, GPC150218, GPC150220, GPC150222, GPC150224, GPC150265, GPC150266, GPC150269, GPC150272, GPC150274, GPC150275, GPC150276, GPC150277, GPC150278, GPC150287, GPC150292, GPC150298.
	1.1.0
	1.2.0


�Subclause for performance evaluation on 


‘Coverage improvement target’ (see � HYPERLINK "ftp://www.3gpp.org/tsg_geran/TSG_GERAN/GERAN_65_Shanghai/Docs/GP-150155.zip" �GPC150197�)





_1485933947.unknown

_1489911349.vsd
pilot


preamble


data


pilot



_1491203782.vsd
MS


Base Station


Step 1: Random Access Request Message
(with  Random Number)


Step 2: DCI 
 (with RA_RNTI and DL Resource allocation)


Step 3: Random Access Response Message
(allocating C-RNTI, with Random Number)


Data transmission


...


Step 0: choose RACH resouce



_1491395087.unknown

_1491395746.vsd
1


0


2


3


0


1


2


1 hyperframe = 65536 superframes (93 h 12 mn 24 s 320 ms)


65531


65532


65533


65534


65535


61


62


63


1 superframe = 64 frames (5120 ms)


0


1


2


6


3


4


5


7


1 frame = 8 slots (80 ms)


120 symbol durations


1 slot (10 ms)



_1491899147.vsd
Connected Mode


Idle Mode 


Power Saving Mode 


Trigger & 
Active Timer = 0
(Lose CRNTI)



_1491907105.vsd
Wake up


Synchronization, SI reading and measurement


A coverage class is selected


Cell (re)selection


criterion S


Coverage class confirmation/adjustment


RACH and Data transmission 


No suitable coverage class is available



_1491907106.vsd
�

�

Continue DCI decoding or Data transmission�

No



_1491395877.vsd
slot


broadcast information block 3


broadcast information block 2


2880 symbols


slot


2880 symbols


slot


1 broadcast burst (640 ms)


broadcast information block 4


1920 symbols



_1491395088.unknown

_1491395089.unknown

_1491392657.vsd
0


1 superframe


48


DCI interval = 80ms
(1 frame)


1


49


DCI interval = 1280ms (16 frames)


63


0


DCI interval =80ms
(1 frame)


62


preamble


DCI payload



_1491395086.unknown

_1491204010.vsd
MS


Base Station


(1) Random Access Request


(2) Random Access Request


...


Twait_RAR


Twait_resend


...


Ntrans_max



_1491206103.vsd
Text


Drag the side handles to change the width of the text block.


Connected Mode


Sleep Modes


Sleep Modes


RACH/UE addressed


Trigger to switch to Sleep Modes



_1491392473.vsd
pilot


pilot


slot


pilot


slot


data


data


data


pilot


data


slot


Non-DCI burst type 1 (N2 * 10 ms)



_1491204157.vsd
MS


Base Station


Random Access Request


Random Access Request


...


Twait_RAR


According to “Wait Time”


...


Ntrans_max


Random Access Reject
(with “Wait Time”)



_1491203928.vsd
MS


Base Station


Step 1: Random Access Request Message
(with  C-RNTI)


...


Data transmission procedure


Step 0: choose RACH resouce



_1490549146.vsd
Text


DCI 1


 DCI 2


DCI 3


DCI 4


SI


SI


SI


SI


SI


DCI 5


1


Downlink


Uplink


PDSCH


DL 1


2


UL 1


3


PDSCH


PUSCH


DL 2


4


UL 2


5


PDCH x


PDCH x


PUCH x



_1490549155.vsd
MAC header


MAC PDU


...


...


n


n+1


n+2


n+3


Upper layer PDU


MAC header



_1490549157.vsd
SFN= i


SFN = i+1


1 super frame


#0


1 frame


#1


#2


#3


DCI interval


...


#63


#62


#60


#61


DCI interval


#7


#6


#4


#5


DCI interval_


...


...


i_s =1   PO


i_s =0   PO


i_s =15   PO



_1490549159.vsd
Sub-header 1


Sub-header 2


Sub-header X


Payload 
Element 1


Payload Element 2


Payload 
Element X


MAC Header


MAC Payload



_1490549160.vsd
SI/paging


MAC PDU


Padding (variable)



_1490549158.vsd
Control sub-header


MAC Control element 1


MAC Control element 2


...


Control sub-header


MAC header


MAC payload


Data sub-header


...


Data sub-header


MAC Data element 


MAC Data element



_1490549156.vsd
Transmitter


Receiver


V(R) =1


1st MAC PDU transmission 


Received correctly
Next expected MAC PDU indexed with 0  (V(R) =0)


V(R) =0


2nd MAC PDU transmission 


V(R) =0


2nd MAC PDU Retransmission 


V(R) =1


3rd MAC PDU transmission 


Received incorrectly
Next expected MAC PDU indexed with 0  (V(R) =0)


...


V(R) =1


Received correctly
Next expected MAC PDU indexed with 1  (V(R) =1)


Received correctly
Next expected MAC PDU indexed with 0  (V(R) =0)


1


2


3


4


V(S) =1


1


2


3


4


V(S) =0


1


2


3


4


V(S) =1


0


1


2


3


4


V(S) =1


V(S) =1


1


1


1


0


1


0



_1490549148.vsd
0


1


2


3


DCI 1


4


5


6


7


0


1


2


3


DCI 2


4


5


6


7


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


19


20


21


22


23


24


25


26


27


28


29


30


31


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


19


20


21


22


23


24


25


26


27


28


29


30


31


DL


UL


0


1


2


3


4


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


DCI 3



_1490549149.vsd
Text


PDU Payload
(variable)


CRC
(24 bits)



_1490549147.vsd
Text


Len
8 bits


Payload
(Len * 8 bits)


CRC
(24 bits)



_1490549144.vsd
�

Logical Channels


Transport
 Channels


MAC


BCCH


BCH


PDSCH


PBSCH


PUSCH


DL-SCH


RACH


UL-SCH


CCCH


DCCH


DTCH


PHY


PCCH


PCH


Physical Channels


Upper layer


E-BCH


EPBCH



_1490549145.vsd
PDCH x


DCI 1


 DCI 2


DCI 3


DCI 4


SI


SI


SI


SI


SI


DCI 5


1


PDSCH



_1490549143.vsd
�

Transport
 Channels


BCH


PDSCH


PBSCH


PUSCH


DL-SCH


RACH


UL-SCH


PHY


PCH


Physical Channels


MAC


E-BCH


EPBCH



_1490426336.vsd
DCI 1


DCI 2


DCI 3


DCI 4


UL Alloc


Ack index = 12


V(R)=1


Bitmap Ack Contents

Ack Index	V(R)
…	…
11	x
12	0
…	...



_1486470150.vsd
Text


Drag the side handles to change the width of the text block.


Connected Mode-Active


Sleep Modes


Sleep Modes


RACH/UE addressed


Trigger to switch to Sleep Modes



_1486536877.vsd
Data symbol


Pilot symbol


14 symbols


Symbol 10


Symbol 3



_1486876926.unknown

_1486877019.unknown

_1486888246.vsd
PSS


Special slot = 1116 samples


832 samples


284 samples


PSCH


SSS-1


SSS-2



_1487614338.vsd
FEC & Interleaving


Rate Matching


Constellation Mapping


Physical Resource Mapping


IFFT & CP


CRC


RFFE


Ant



_1487682657.vsd
SFN= i


SFN = i+1


1 super frame


#0


1 frame


#1


#2


#3


DCI interval


...


#63


#62


#60


#61


DCI interval


#7


#6


#4


#5


DCI interval_


...


...


i_s =1   PO


i_s =0   PO


i_s =15   PO



_1487531071.vsd
Active


Idle


Macro sleep


Periodic wake-up or MO event



_1486877139.unknown

_1486876948.unknown

_1486876991.unknown

_1486876938.unknown

_1486714542.vsd
FEC & Interleaving


Rate Matching


Constellation Mapping


Physical Resource Mapping


IFFT & CP


CRC


RFFE


Ant


Scrambling



_1486796388.unknown

_1486811120.vsd
RACH


DTCH


DCCH


DTCH


BCCH


PCH


DCCH


PRACH


SCH


PDCCH


PUSCH


PSCH


Physical 
Channels


Logical
Channels


PDSCH


PUCCH


Uplink Channels


Downlink Channels


PBCH



_1486833210.vsd

_1486834134.vsd
0


1


4095


1 hyper-frame = 4096 super-frames = 72 h 49 m 4 s


0


1


63


1 super-frame = 64 frames = 1 m 4 s



_1486812008.vsd
Adjust width of  box to change  paragraph width. Box's height adjusts according to text.


Select box and type. Control handles change width & height of box.


Text


The height of the text box and its associated line increases or decreases as you add text. To change the width of the comment, drag  the side handle.


Packet Channel Request



CIOT RLC Data Block
(TLLI, PDU)


MS


PRACH


PDCCH


PUSCH


CIOT PACKET UPLINK Ack/Nack
(TLLI)


PDCCH


BSS


CIOT PACKET UPLINK ASSIGNMENT
(PRACH content)



_1486820851.vsd
Adjust width of  box to change  paragraph width. Box's height adjusts according to text.


Select box and type. Control handles change width & height of box.


Text


The height of the text box and its associated line increases or decreases as you add text. To change the width of the comment, drag  the side handle.


PRIMARY SYSTEM INFORMATION MESSAGE
(PMI)


Ack/Nack



MS


PBCH


PDCCH


PDSCH


DATA PDU



PUCCH


BSS


CIOT DOWNLINK ASSIGNMENT
(TLLI/S-TMSI)



_1486805863.vsd
SI 1


Frame n+1


Frame n+2


PMI


SI 2


Frame n+3


PMI


SI 1


PMI


Frame n


SI 2


PMI


(a)


Frame n


PMI


SI 1


PMI


SI 2


PMI


SI 3


PMI


SI 1


Frame n+1


Frame n+2


Frame n+3


(b)



_1486810458.vsd
 72 Tones


Category 1: 16 Tones


Category 2: 36 Tones


Category 3: 16 Tones


Category 5: 4 Tones


PDCCH – 20 slots


Category 4: 4 Tones



_1486796389.unknown

_1486802624.vsd
PDCCH assignment of PUSCH


PUSCH transmission


PDCCH acknowledgment


PUSCH request on PRACH



_1486721232.vsd
L2 tones



_1486796387.unknown

_1486719494.vsd
FEC & Interleaving


Rate Matching


Constellation Mapping


Physical Resource Mapping


IFFT & CP


CRC


RFFE


Ant


Scrambling


DFT


Single Tone or TPSK



_1486720018.vsd
Map to 14 Symbols *


IFFT & CP


One
bit


RFFE


Ant


* 0 : 1,  1,  1,  1,  1,  1,  1,  1,  1,  1,  1,  1,  1,  1
      1: 1,  1,  1,  1,  1,  1,  1, -1, -1, -1, -1, -1, –1,-1



_1486716417.vsd
Time


1 Slot


Segment 0


1


Frame


1 Slot


1 Slot


Segment 1


Segment 141*


24 PACH Slots



_1486540975.vsd
PSCH


P
D
S
C
H


PSCH


 1 Frame = 1 second


PSCH


PSCH


P
D
S
C
H


P
D
S
C
H


P
B
C
H


P
D
C
C
H


P
D
S
C
H


PSCH


PSCH


P
D
C
C
H


P
D
S
C
H


PSCH


P
D
S
C
H


PSCH


< 80 Tones


P
D
S
C
H


 72 Tones



_1486714528.vsd
SSS1
Sequence 


SSS2
Sequence 


416 samples


71 Samples


Concatenation
[PSS SS1 SS2 ]


2x upsampling & pulse shaping


71 Samples


Add 4 ramp-up and 3 ramp-down samples


PSS Sequence Generator 


RFFE


1123 samples


�

Ant



_1486558721.vsd
< 24 slots


 1 Frame = 1 second = x slots



_1486539630.vsd
Pilot pattern 1


Pilot pattern 2


Data symbol


Pilot symbol


7 symbols



_1486535094.vsd
CP of symbol 0: 12 samples; CP of symbols 1 to 13: 8 samples; data: 128 samples.



_1486535096.vsd
25 ms



_1486535098.vsd
256 samples


92 samples


0


1


6


287.5 ms



_1486536225.vsd
Data symbol


Pilot symbol


14 symbols


12



_1486535095.vsd
CP: 18 samples or 56.25 ms, data: 128 samples or 400 mS.



_1486535092.vsd
165



_1486535093.vsd
160



_1486535091.vsd
0


0


7


1


159



_1485934718.unknown

_1486371031.unknown

_1486453174.vsd
Wake up


Synchronization, SI reading and measurement


A coverage class is selected


Cell (re)selection


criterion S


Coverage class confirmation/adjustment


RACH and Data transmission 


No suitable coverage class is available



_1486470149.vsd
Connected Mode-Active


Idle Mode – 
Paging


Idle Mode – 
PSM


Trigger & 
Active Timer = 0
(Lose CRNTI)



_1486371036.unknown

_1486388688.vsd
�

�

Continue DCI decoding or Data transmission�

No



_1486370814.unknown

_1486370863.unknown

_1486370945.unknown

_1485934873.unknown

_1485933951.unknown

_1485933957.unknown

_1485933959.unknown

_1485933960.unknown

_1485933958.unknown

_1485933954.unknown

_1485933949.unknown

_1485933950.unknown

_1485933948.unknown

_1485161796.unknown

_1485161938.unknown

_1485162337.unknown

_1485162386.unknown

_1485162467.unknown

_1485933945.unknown

_1485933946.unknown

_1485162476.unknown

_1485162485.unknown

_1485162448.unknown

_1485162458.unknown

_1485162422.unknown

_1485162363.unknown

_1485162376.unknown

_1485162346.unknown

_1485162247.unknown

_1485162329.unknown

_1485162236.unknown

_1485161852.unknown

_1485161921.unknown

_1485161929.unknown

_1485161914.unknown

_1485161835.unknown

_1485161844.unknown

_1485161807.unknown

_1485139985.vsd
UE


Base Station


Step 1: Random Access Request Message
(with  C-RNTI)


...


Data transmission procedure


Step 0: choose RACH resouce



_1485148374.vsd
FEC and rate matching

Constellation mapping

Spreading

Broadcast information
scrambling

Burst mapping


Pulse shaping

PN sequence generation

Differentiator

ZC sequence generation

PSS scrambling

SSS 
scrambling

FIIS scrambling

PN sequence generation

Constellation mapping

PSS generation


SSS generation


FIIS generation


Cyclic shifter


Constellation mapping


_1485148558.vsd

_1485149010.vsd
FEC and rate matching


Scrambling


GMSK
modulation


Pilot 
insertion



_1485149034.vsd
FEC and rate matching


Scrambling


Constellation mappling


Phase 
rotation


Pulse
shaping


Pilot 
insertion



_1485148738.unknown

_1485148488.vsd
FEC and rate matching


Constellation mapping


Spreading


Phase 
rotation


Pulse
shaping


Preamble
and pilot insertion


Scrambling



_1485148557.vsd
D


D


D


D


D


D


G0 = 133 (octal)


G1 = 171 (octal)



_1485148426.vsd
FEC and rate matching

Constellation mapping

Spreading

Broadcast information
scrambling

FEC and rate matching

Pulse shaping

FEC and rate matching

Broadcast information
scrambling

Broadcast information
scrambling

Constellation mapping

Burst mapping


Constellation mapping


_1485140214.vsd
0


1


2


3


DCI 1


4


5


6


7


0


1


2


3


DCI 2


4


5


6


7


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


19


20


21


22


23


24


25


26


27


28


29


30


31


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


19


20


21


22


23


24


25


26


27


28


29


30


31


DL


UL


0


1


2


3


4


0


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


16


17


18


DCI 3



_1485141045.vsd
Sub-header 1


Sub-header 2


Sub-header X


Payload 
Element 1


Payload Element 2


Payload 
Element X


MAC Header


MAC Payload



_1485141497.vsd
1 synchronization and broadcast burst (80ms)


Broadcast information


Synchronization sequence


1 Broadcast Information block 1 (8 burst)


...


...


640 ms



_1485141653.vsd
Transmitter


Receiver


V(R) =1


1st MAC PDU transmission 


Received correctly
Next expected MAC PDU indexed with 0  (V(R) =0)


V(R) =0


2nd MAC PDU transmission 


V(R) =0


2nd MAC PDU Retransmission 


V(R) =1


3rd MAC PDU transmission 


Received incorrectly
Next expected MAC PDU indexed with 0  (V(R) =0)


...


V(R) =1


Received correctly
Next expected MAC PDU indexed with 1  (V(R) =1)


Received correctly
Next expected MAC PDU indexed with 0  (V(R) =0)


1


2


3


4


V(S) =1


1


2


3


4


V(S) =0


1


2


3


4


V(S) =1


0


1


2


3


4


V(S) =1


V(S) =1


1


1


1


0


1


0



_1485141498.vsd
240ms


240ms


160ms


1 broadcast burst (640ms)


Block 2


Block 3


Block 4


...


...



_1485141046.vsd
SI/paging


MAC PDU


Padding (variable)



_1485141043.vsd
MAC header


MAC PDU


...


...


n


n+1


n+2


n+3


Upper layer PDU


MAC header



_1485141044.vsd
Control sub-header


MAC Control element 1


MAC Control element 2


...


Control sub-header


MAC header


MAC payload


Data sub-header


...


Data sub-header


MAC Data element 


MAC Data element



_1485140215.vsd
Text


PDU Payload
(variable)


CRC
(24 bits)



_1485140212.vsd
Text


DCI 1


 DCI 2


DCI 3


DCI 4


SI


SI


SI


SI


SI


DCI 5


1


Downlink


Uplink


PDSCH


DL 1


2


UL 1


3


PDSCH


PUSCH


DL 2


4


UL 2


5


PDCH x


PDCH x


PUCH x



_1485140213.vsd
Text


Len
8 bits


Payload
(Len * 8 bits)


CRC
(24 bits)



_1485139987.vsd
UE


Base Station


Random Access Request


Random Access Request


...


Twait_RAR


According to “Wait Time”


...


Ntrans_max


Random Access Reject
(with “Wait Time”)



_1485140211.vsd
PDCH x


DCI 1


 DCI 2


DCI 3


DCI 4


SI


SI


SI


SI


SI


DCI 5


1


PDSCH



_1485139986.vsd
UE


Base Station


(1) Random Access Request


(2) Random Access Request


...


Twait_RAR


Twait_resend


...


Ntrans_max



_1483346174.vsd
640 symbols


slot


1 synchronization and broadcast burst (80 ms)


synchronization sequences


broadcast information block 1


slot


slot


slot


slot


slot


slot


slot


320 symbols



_1483509247.unknown

_1484660276.vsd
�

Logical Channels


Transport
 Channels


MAC


BCCH


BCH


PDSCH


PBSCH


PUSCH


DL-SCH


RACH


UL-SCH


CCCH


DCCH


DTCH


PHY


PCCH


PCH


Physical Channels


Upper layer


E-BCH


EPBCH



_1485139983.vsd
UE


Base Station


Step 1: Random Access Request Message
(with  Random Number)


Step 2: DCI 
 (with RA_RNTI and DL Resource allocation)


Step 3: Random Access Response Message
(allocating C-RNTI, with Random Number)


Data transmission


...


Step 0: choose RACH resouce



_1484660274.vsd
�

Transport
 Channels


BCH


PDSCH


PBSCH


PUSCH


DL-SCH


RACH


UL-SCH


PHY


PCH


Physical Channels


MAC


E-BCH


EPBCH



_1483509164.unknown

_1483509220.unknown

_1483368069.unknown

_1479028198.unknown

_1479028200.unknown

_1479028202.unknown

_1479028203.unknown

_1479028204.unknown

_1479028201.unknown

_1479028199.unknown

_1478433326.vsd
PSS


Power


Idle


Rx


Tx


Example of Energy Consumption Model


FCCH
/SCH


BCCH


RACH


AGCH


IP report


L2 Ack


Monitoring 


IP Ack


L2 Ack


PCH /neighbour cell monitoring 


(6)


(11)


Time



_1479028197.vsd
Start


Signal detection


Symbol timing and carrier frequency acquisition, 
frame timing


Physical cell ID identification


End



_953458302.unknown

_1474723516.vsd
PSCH acquisition


PBCH decoding


Time and frequency sync with downlink



