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1 Introduction
At GERAN #62 a study item was agreed to study different access stratum solutions to meet the needs for Internet of Things (IoT) (see [1]). Solutions could be based on evolving GERAN or completely new radio interface utilizing 200 kHz bandwidth. This paper proposes a new radio interface solution utilizing OFDMA concepts to fulfill the objectives set in the study item. An earlier version of this document was shared in GERAN CIoT telco #5 and #6.  
2 Physical Layer Design
2.1 General principles

Narrow band OFDMA is used in the downlink and SC-FDMA in the uplink. The justifications are:

1. In order to serve large number of CIoT devices and make efficient use of spectrum, OFDMA is considered to be the best candidate:

· CIoT system is aimed at low throughput with small volume of data from each device 

· A large number of CIoT devices per cell compared to normal devices (i.e. 20x as many devices).

· Low data rate channels can be efficiently arranged in many ultra-narrow band orthogonal sub carriers within 200 kHz narrow band channel.

2. Tones have better power spectral density (PSD) which offers the best sensitivity performance hence is the best candidate for meeting 160dB CIoT path loss requirement.
3. A new modulation scheme called tone phase shift keying (TPSK) is proposed.

· TPSK has constant envelop thus has same advantage as GMSK (i.e. constant amplitude modulation) but with higher spectral efficiency.
4. Receiving multiple simultaneous tones can be done reliably and efficiently using FFT signal processing.
5. SC-FDM is a tone based uplink approach, which is reliable, easy to generate and power efficient to transmit and receive, hence could significantly reduce the cost, yet offer the best performance with minimum power consumption.
For averaging inter-cell interference, subcarrier hopping takes place in both downlink and uplink, therefore allowing reuse one deployment. All the subcarriers are reused in every cell. Block hopping is employed in both downlink and uplink similar to LTE.

2.1.1 Physical Layer Numerology

Frequency domain parameters:

· Tone bandwidth = 2.25 kHz

· Active tones = 80 = 180 kHz

· Guard bandwidth to adjacent 200 kHz channels at either end = 10 kHz
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Figure 1 Downlink and uplink channelization

A frame is of 1 sec as shown in Figure 2. 
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Figure 2 Time structure of slots, frames, super-frames and hyper-frames
Time domain parameters:

· Baseband sample rate = 288 kHz (19.2 MHz *3/200) 
· FFT length = 128 samples = 444.44 µsec 

· Cyclic Prefix (CP) length

· Normal CP: 4 samples (13.89 µsec)
· Extended CP: 18 samples (62.5 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

In downlink, there are two types of slots:

· a normal slot is of 6.417 ms and consists of 14 normal symbols 
· a special slot is of 3.89 ms and consists of 1119 samples. 
In a downlink frame, there are 151 normal slots, indexed as 0, …, 150, and 8 special slots, indexed as 0, …, 7. A special slot appears roughly uniformly in a frame and follows every 19 or 20 downlink slots. The summary of sample counts in a downlink frame are 151*14*(128+4)+8*1119=288000 (see Figure 2).

In uplink, there are also two types of slots:

· a normal slot is of 6.417 ms and consists of 14 normal symbols
· an extended slot is of 7.097 ms and consists of 14 extended symbols
Extended symbol and normal symbol contain same number of samples for data but contain CP of different length (see Figure 3). An extended symbol contains a CP of 18 samples while a normal symbol contains a CP of 4 samples. With CP of 18 samples it is possible to support cell site radius of up to 9.3km.

Note: Uplink slot design for larger cell radius is FFS
In the uplink frame, there are 129 normal slots and 24 extended slots. The extended slots reside in the beginning of a frame and are followed by the normal slots. The extended and normal slots are indexed together as 0, …, 152. The summary of sample counts in an uplink frame are 129*14*(128+4)+24*14*(128+18)+552=28800 (see Figure 2). The uplink frame has 552 samples ‘spare’ between the last extended slot and the first normal slot and these spare samples are to provide PRACH Buffer (PB), this prevents the PRACH from one device causing corruption to the normal uplink slot transmitted by another device.
The downlink and uplink frame boundary is time aligned at the base station. 64 frames are called a super-frame, and 4096 super-frames are called a hyper-frame (see Figure 2).
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Figure 3 Symbol structure, (a) Extended Symbol, (b) Normal Symbol
2.1.2 List of downlink channels 
Supported downlink channels are (see Figure 4):

· Physical Synchronization Channel (PSCH) – for initial system time and frequency acquisition (see §2.1.6) 

· Physical Broadcast Channel (PBCH) – network and cell specific configuration information (see §2.1.7)

· Physical Downlink Control Channel (PDCCH) – paging, RACH response, DL/UL assignment, ACK to PUSCH, power control (see §2.1.8)

· Physical Downlink Shared Channel (PDSCH) – traffic (see §2.1.9)

The downlink channels are time multiplexed (see Figure 5). Within PDSCH, different segments are time/frequency multiplexed depending on resource allocation algorithms.
2.1.3 List of uplink channels 
Supported uplink channels are (see Figure 4):
· Physical Random Access Channel (PRACH) – for initial random access and on-demand request for PUSCH of active UEs (see §2.1.11)

· Physical Uplink Shared Channel (PUSCH) – traffic (see §2.1.13)

· Physical Uplink Control Channel (PUCCH) – ACK/NAK to PDSCH (see §2.1.12)

Within PUSCH, different segments are time/frequency multiplexed depending on resource allocation algorithms (see Figure 5).
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Figure 4 Downlink and uplink channels
2.1.4 Time/frequency multiplexing
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Figure 5 Time/frequency multiplexed segments

Not all the segments are transmitted at the same power spectral density (PSD) level. UEs close to the base station can be served at a lower power level. Time/frequency multiplexing, together with power allocation, allows the base station to optimize the resource usage. If a UE has been connected with the base station previously, the base station may keep a record of its path loss condition from the past interaction and use this for downlink data transfer. A UE making access (for MO data transfer or responding to a page) reports the path loss condition in PRACH (see §2.1.11).

2.1.5 Pilot in a channel segment
Every normal slot and extended slot used for non-PRACH purpose consists of 2 pilot symbols and 12 data symbols (see Figure 6(a)). An extended slot used for PRACH consists of 4 pilot symbols and 10 data symbols (see Figure 6 (b)). The pilot symbols are used for channel estimation.
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(b) Extended slot for PRACH

Figure 6 Pilot and data symbols in a segment
2.1.6 Physical Synchronization Channel 

Physical Synchronization Channel (PSCH) is used by a UE 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 UE wakes up for re-sync, the UE has no notion of frame structure. 
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Figure 7 PSCH in a special slot
Resource: PSCH occurs every special slot. PSCH occurs 8 times approximately uniformly in a frame.  

A PSCH consists of two portions. 

1. Primary Synchronization Signal (PSS): it is used for initial symbol-level time synchronization, and CFO (Carrier Frequency Offset) estimation.

2. Secondary Synchronization Signal (SSS): it is mainly 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.
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: image10.png]


. More specifically, a 255-length Kasami sequence, is truncated to a 205-length sequence. Further details for synchronization channel are provided in [4]. 

2.1.7 Physical Broadcast Channel 

Resource: PBCH occupies 10 tones in slots 0-2 of every frame. 

Modulation and coding scheme: rate-1/3 convolutional code, BPSK, 2x repetition, to achieve 160dB link budget with 3 dB margin for channel estimation and implementation loss. One or more frames can be used to carry broadcast information such as:
· Cell ID,

· One or more PLMN IDs

· One or more access control information

· PRACH configuration
· Paging channel configuration including PICH
· Access control
Some of the system information may be sent in a slower time scale, i.e., repeated once every several frames. For example, the super-frame index within a hyper-frame does not need to transmit in every frame.

2.1.8 Physical Downlink Control Channel

Resource: PDCCH is immediately after PBCH in every frame to facilitate power saving at devices. PDCCH is contiguous in time such that UE may go to sleep once PDCCH ends. The length of PDCCH is variable and specified in PBCH. PDCCH consists of one or multiple PDCCH segments, which are time/frequency multiplexed. The format of multiplexing is specified in PBCH. 
Modulation and coding scheme: rate-1/2 or rate-1/3 convolutional code, BPSK or QPSK, 1x or 2x repetition. 
In general, power allocation and modulation and coding scheme should be consistent between a PDCCH segment and a corresponding PDSCH or PUSCH segment in the sense that more power is allocated to a faraway UE than to a nearby UE. In addition, a PDCCH segment should be sent in a more conservative way (3 dB) than a corresponding PDSCH or PUSCH segment.

Information bits: PDCCH in frame n is used for

· Paging

· Paging ID

· Control field

· PRACH response

· Device ID consisting of PRACH content, physical PRACH resource index and relative frame number.
· Assigned active ID

· Power control

· Timing advance

· PDSCH assignment 

· Assignment of all the PDSCH segments in the subsequent frame (n+1)

· Active ID of assigned UE

· Modulation and coding scheme

· PUSCH assignment 

· Assignment of all the PUSCH segments in the subsequent frame (n+1)

· Active ID of assigned UE

· Modulation and coding scheme

· Power control

· PUSCH acknowledgment

· Acknowledgment bits of all the PUSCH segments in the previous frame (n-2), allowing decoding latency of at least one frame 

· All up to 131-1=130 bits are sent in one coding block

PDCCH consists of a fixed portion followed by a flexible portion. The fixed portion is to convey downlink and uplink assignment and acknowledgment messages associated with uplink transfer. The fixed portion occupies slots 3 to 24 in a frame. The number of users that can be supported on the downlink in one frame depends on the segment organization (see Figure 9). For example, a resource organization could support up to 126 downlink assignment. Similar approach is applied for the uplink (see Figure 11). 
The flexible portion is to convey paging and PRACH response messages. 
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Figure 8 Partition of PDCCH

PDCCH of PDSCH assignment uses a time/frequency tiling pattern consistent with the one used in PDSCH. PDCCH of PUSCH assignment uses a time/frequency tiling pattern consistent with the one used in PUSCH. The time/frequency tiling patterns are selected from a pre-determined set and the selected indices are specified in the PBCH. Time/frequency multiplexing and power allocation can be used in paging and PRACH response if the base station knows the path loss conditions of the targeted UEs.
2.1.9 Physical Downlink Shared Channel
Resource: PDSCH follows PDCCH immediately and ends at the end of the present frame. PDSCH consists of one or multiple PDSCH segments, which are time/frequency multiplexed. The format of time/frequency tiling is specified in PBCH. 
Modulation and coding scheme: rate-1/2 or rate-1/3 convolutional code, BPSK/QPSK/QAM16, 1x or 2x repetition. The modulation and coding scheme used in a PDSCH segment is specified in the corresponding PDCCH segment.

Information bits: The basic message block length is 800 bits (= 80 byte payload + 20 byte payload). Some examples of time/frequency multiplexing are given below.
Table 1 PDSCH segment configuration

	Data Rate (bps)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	3160
	10
	40
	1/3
	BPSK
	2x

	6330
	10
	20
	1/3
	BPSK
	1x

	25320
	20
	5
	1/3
	QPSK
	1x

	152000
	40
	1
	1/2
	16QAM
	1x


Example: the following time/frequency tiling supports UEs in a variety of path loss conditions.
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Figure 9 PDSCH example

2.1.10  Modulation in Uplink 

Classify MTC devices based on UL capacities. Class-1 MTC devices need only to support Tone and Phase-Shift Keying (TPSK) modulation over up to 4 or 8 tones in UL so that class-C power amplifiers can be used. Specifically, TPSK uses both tone index (frequency location) and signal phase for modulation. When N tones are allocated, only one tone is selected to transmit while the other N-1 tones remain silent. The choice of selected tone carries log2N bits. The phase of selected tone carries additional bits. N=2, 4, 8.
For MTC devices with higher UL capacity, shift BPSK is preferred when the UL resource is not crowded. A MTC device may support TPSK, shift BPSK, QPSK, and filtered shift BPSK, and filtered QPSK. BS decides on the choice of modulation depending on available UL resources. A detailed description of TPSK is provided in [5].
2.1.11 Physical Random Access Channel 
Resource: The baseline PRACH occupies Kprach tones in slots 0 to 23 in a frame with even n. The value of Kprach is specified in PBCH. PRACH consists of Kprach PRACH segments. A PRACH segment consists of one tone over a number of slots where the tone hops every slot so as to assist the base station to measure the time-of-arrival for uplink timing control.
Modulation and coding scheme: 4 modulation and coding schemes are used.
Table 2 PRACH modulation and coding

	Modulation and Coding Scheme
	QPSK, 3/5
	BPSK, 3/5
	BPSK, 2/5
	BPSK, 1/5

	No. of slots for a PRACH segment
	2
	4
	6
	12

	No. of segments per tone per frame (Sm)
	24
	6
	4
	2


Based on the UE 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.
A PRACH segment conveys 24 bits and these bits are shared amongst the following fields: 
· Cause
· Path loss

· Random value
· CRC
Further details of PRACH are provided in [3].
2.1.12  Physical Uplink Control Channel
Resource: The baseline PUCCH occupies one tone in slots 24 – 152 in the entire frame. A PUCCH consists of multiple PUCCH segments, each of which is of one tone over 1 slot.
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Figure 10 PUCCH segments

Information bits: A PUCCH segment is used to send 1-bit acknowledgment to a corresponding PDSCH.
Note: Downlink CQI report to enable network to optimize MCS allocation for subsequent downlink segment is FFS.
2.1.13  Physical Uplink Shared Channel
Resource: Baseline PUSCH occupies 79 tones in slots 0 to 152 in the entire frame. PUSCH consists of one or multiple PUSCH segments, which are time/frequency multiplexed. The format of time/frequency tiling is specified in PBCH.

Modulation and coding scheme: rate-1/2, -1/3, -1/4 turbo code, BPSK/QPSK, 1x or 2x repetition. The modulation and coding scheme used in a PDSCH segment is specified in the corresponding PDCCH segment. 

Information bits: The basic message block length is 800 bits (= 80 byte payload + 20 byte header/CRC). Some examples of time/frequency multiplexing are given below with 1/2 rate turbo code and QPSK.
Table 3 PUSCH segment configuration

	Data Rate (bps)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition factor

	468
	1
	267
	1/4
	BPSK
	1x

	1270
	2 tones
	100
	1/3
	TPSK with BPSK
	1x

	2530
	4 tones
	50
	1/3
	TPSK with QPSK
	1x

	76000
	40 tones
	2
	1/2
	QPSK
	1x


Figure 11 example shows time/frequency tiling supports UEs in a variety of path loss conditions.
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Figure 11 PUSCH example
2.2 Mac Layer

2.2.1 System acquisition and synchronization
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Figure 12 Procedure of system acquisition and synchronization

A new UE or a UE that wakes up from sleep and loses synchronization should first downlink synchronize to the base station by searching for the presence of PSS of PSCH, getting coarse synchronization from PSS and then fine synchronization from SSS. From SSS, the UE retrieves the special slot index, which allows the UE to go to power saving until PBCH arrives. The UE then decodes PBCH for system information acquisition.

2.2.2 Paging 

A UE is assigned a subset of frames to monitor for possible paging. A paging interval is the number of consecutive frames in which the UE may monitor for paging. The UE monitors the first frame of the interval to decide whether it should continue to monitor the subsequent frame or should go back to sleep. A paging cycle is the time duration between two adjacent paging intervals. The default value of the paging interval is one frame.
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Figure 13 Procedure of paging

Upon receipt of paging, the UE should go to send random access, which in effect is an acknowledgment of paging.

The paging ID is a hashed ID of the full UE ID to reduce the number of bits that needs to be carried over the radio interface. As the hashed ID has shorter length than the full ID then it is possible for two UE IDs to hash to the same value. To overcome this, the hash function is time varying and cell specific to minimize repeated hashing falsely paging incorrect mobile.. If an incorrect UE does respond to the page then full ID provided by the UE in the MAC blocks would be used by the base station to reject this UE (i.e. similar to one phase contention resolution in GPRS).
2.2.3 Random access

A UE is assigned a subset of frames to be able to send PRACH as the regular class. In addition, depending on the scenario, a UE may send PRACH at any time, as the on-demand class. The regular and on-demand classes may have different levels of access priority. The differentiation may be reflected in the “Access control” field of PBCH or the space of the available PRACH segments. For example, a high priority class has access to all the PRACH segments while a low priority class can access only a subset of the PRACH segments.

Initial access UE should proceed to receive PRACH response. The purpose of PRACH response is to resolve PRACH collision, provide power control and timing control commands, and assign an active ID to UE. The active ID is used for PDSCH and PUSCH assignment and will return to the active ID pool once the UE goes to sleep. 
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Figure 14 Procedure of random access and paging response

2.2.4 Traffic 

An active UE is required to monitor PDCCH for PDSCH/PUSCH assignment. 
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Figure 15 Assignment and traffic with RX/TX ON and OFF for power saving

If assigned, the UE is to receive the corresponding PDSCH segment or to transmit the corresponding PUSCH segment. The UE is then to transmit/receive acknowledgment. Retransmission may take place if an NAK is received for the traffic segment.

The UE may use PRACH to request PUSCH assignment.
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Figure 16 Procedure of traffic transmission

The base station should implement an activity timeout mechanism to move an active UE to sleep. In addition, the UE may send a termination message, together with traffic, in the assigned PUSCH segment to inform the base station that the UE is going to sleep after the PUSCH segment.

2.2.5 Support of FDD half-duplex UEs 

When a FDD half-duplex UE receives PBCH and PDCCH, it cannot transmit any uplink channel. An active UE only receives the fixed portion of PDCCH. PBCH and the fixed portion of PDCCH occupy slots 0 to 24 in a frame. Because the downlink and uplink frames are time aligned, it is necessary to ensure that a UE is not required to receive and transmit in downlink slots 0 to 24.
· PRACH occupies tones in slots 0 to 23. A UE sending PRACH is not required to receive downlink slots 0 to 23 in the same frame.

· PUCCH does not occupy slots 0 to 23.

· If PRACH does not occupy the entire set of tones, the remaining tones are used by PUSCH. A UE scheduled to transmit PUSCH in slots 0 to 23 is not required to receive slots 0 to 23 of the same frame.

· Downlink and uplink scheduling should be coordinated so that a UE is not scheduled to transmit and receive at the same time (same as is the case in GPRS).
3 Summary

This document proposed a physical layer concept using OFDMA principles for downlink and SC-FDMA principles for uplink. A new modulation scheme is also proposed for uplink to both minimise power consumption and spectral efficiency. Proposed physical layer design is flexible to allow a range of data rates and cell sizes to be supported using a system bandwidth of 200 kHz. Further detailed description of the various aspects of the design are provided in the companion Tdocs.
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