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Narrow Band Hybrid Modulation for Cellular IoT 
INTRODUCTION

In regard to the study item on Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things [1], this contribution contains an update of the concept proposal for Narrow Band Hybrid Modulation presented at GERAN#64 [2] with refinements in the concept description and in the concept evaluation. 

The present contribution is written as a direct input to section 5.X of the Draft TR on Cellular IoT [3]. Modifications to [2] are marked in red as well as new sections.
Modifications in this revision versus GPC150073 are marked in blue. One interesting finding is that the presented concept seems to perform well also for higher device speeds, i.e. up to 250 km/hr.
CONCLUSION

The present contribution is presented for discussion. 
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5.X Concept#X (Narrow Band Hybrid Modulation)
5.X.1
 General

Machine type communication (MTC), and its derivate Cellular Internet of Things is a rapidly growing market segment for cellular technologies requiring extended coverage, long battery life, low device complexity and capacity for a large number of connected devices. The extended coverage requirement is seen as the most important item for improvement with the target of up to 20 dB improvement over Rel99 GPRS and preferably without impact to the existing BSS HW.

This section introduces a backward compatible candidate technique named Narrow Band Hybrid Modulation to improve coverage substantially without HW impact to BSS and provide other benefits due to its evolutionary approach. In particular a narrow band hybrid modulation method is proposed to be applied for downlink and for uplink that exploits existing modulators with a precoder to produce a signal with a fractional bandwidth of the normal symbol rate for  symbol detection at the receiver side as depicted in sections 5.X.2 and 5.X.3.
5.X.2
Physical layer design

5.X.2.1
Basic transmission scheme

5.X.2.1.1   Overview

The transmitter block diagram is given in Figure 5.X-1, where existing functions are shown in grey, slightly modified functions in light blue and the new function to support this feature is depicted in dark blue. The precoder performs precoding for payload bits and is located between the channel encoding and the burst building. 
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Figure 5.X-1: Transmitter Block Diagram for Narrow Band Hybrid Modulation
The precoder produces sequences of N symbols (N=8), with each sequence having a single non-zero bin in the frequency domain as an output of N-point FFT, resulting in a bandwidth of 1/N times the normal symbol rate. The narrow band signal, i.e. the sequence of normal symbols, may carry information on frequency offset and signal phase as FSK or BPSK, respectively. 
After the precoding, the signal is passed through the burst building block to the legacy GMSK or 8PSK modulator with legacy pulse shaping, as depicted in Figure 5.X-2.
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Figure 5.X-2: Pre-coding for Narrow Band Hybrid Modulation

This precoding concept, depicted in section 5.X.2.1.2 is applied for the new PDTCH type and for the new control channel types such as BCCH, CCCH and SCH dedicated for Cellular IoT capable devices, the latter ones are assumed to be allocated on a dedicated time slot (see section 5.X.2.1.5). The concept includes also the new RACH channel type. Burst formatting for RACH is depicted in section 5.X.2.1.3.3.
An exemplary receiver block diagram is given in Figure 5.X-3, where existing functions are shown in grey, slightly modified functions in light blue and new functions in dark blue.
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Figure 5.X-3: Receiver Block Diagram for Narrow Band Hybrid Modulation (Example)
The receiver uses normal equalization for a burst in order to remove impact of ISI. Equalization includes channel estimation, synchronisation and pre-filtering, but not bit detection. Chase combining over defined number of repetitions is located after equalization. Separate FFT is performed over each received sequence of 8 symbols, extracted from the burst, followed by detection of both m-FSK and BPSK from output bins of FFT. 

5.X.2.1.2   Precoding
Precoding involves data bits to be mapped to a series of 8 GMSK or 8PSK symbols with total length of 8 symbol periods TS of 3.69 µs = 29.52 µs. The data bits are grouped into 1, 2 or 3 data bits depending on the hybrid modulation option. Four options are listed below.
BPSK with precoded GMSK

Table 5.X-1: BPSK with precoded GMSK
	Data bits
	Precoded Bits
	Resulting phase
	Resulting FSK tone

	0
	00000000
	+1
	+1/(4TS) = +68 kHz

	1
	11111111
	-1
	+1/(4TS) = +68 kHz


2-FSK+BPSK with precoded GMSK
Table 5.X-2: 2-FSK+BPSK with precoded GMSK
	Data bits
	Precoded Bits
	Resulting phase
	Resulting FSK tone

	00
	00000000
	+1
	+1/(4TS) = +68 kHz

	01
	11111111
	-1
	+1/(4TS) = +68 kHz

	10
	10101010
	+1
	-1/(4TS) = -68 kHz

	11
	01010101
	-1
	-1/(4TS) = -68 kHz


4-FSK with precoded 8PSK

In this case a hybrid modulation symbol is formed from a series of 8 8PSK symbols with symbol rotation of π/2 or 3π/8 radians per normal symbol period. Two data bits are mapped to one of the 4-FSK symbols by this rule
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where sk identifies the series of 8 pre-coded symbols. The symbol parameter l is given in the table below.
Table 5.X-3: 4-FSK with precoded 8PSK
	
	π/2 rotation
	3π/8 rotation

	Data bits
	Symbol parameter l
	Resulting 4-FSK tone
	Symbol parameter l
	Resulting 4-FSK tone

	00
	0
	+1/(4TS) = +68 kHz
	0
	+3/(16TS) = +51 kHz

	01
	-1
	+1/(8TS) = +34 kHz
	-1
	+1/(16TS) = +17 kHz

	10
	-3
	-1/(8TS) = -34 kHz
	-2
	-1/(16TS) = -17 kHz

	11
	-4
	-1/(4TS) = -68 kHz
	-3
	-3/(16TS) = -51 kHz


4-FSK+BPSK with precoded 8PSK

With BPSK addition, 3 data bits can be used to generate the precoded sequences.
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where sk identifies the series of 8 precoded symbols and m is the first bit of each group of 3 bits. Symbol parameter l is given in the table below.
Table 5.X-4: 4-FSK+BPSK with precoded 8PSK
	Data bits
	First bit of the group

m
	Resulting phase
	π/2 rotation
	3π/8 rotation

	
	
	
	Symbol parameter l
	Resulting 4-FSK tone
	Symbol parameter l
	Resulting 4-FSK tone

	000
	0
	+1
	0
	+1/(4TS) = +68 kHz
	0
	+3/(16TS) = +51 kHz

	001
	0
	+1
	-1
	+1/(8TS) = +34 kHz
	-1
	+1/(16TS) = +17 kHz

	010
	0
	+1
	-3
	-1/(8TS) = -34 kHz
	-2
	-1/(16TS) = -17 kHz

	011
	0
	+1
	-4
	-1/(4TS) = -68 kHz
	-3
	-3/(16TS) = -51 kHz

	100
	1
	-1
	0
	+1/(4TS) = +68 kHz
	0
	+3/(16TS) = +51 kHz

	101
	1
	-1
	-1
	-1/(8TS) = +34 kHz
	-1
	+1/(16TS) = +17 kHz

	110
	1
	-1
	-3
	-1/(8TS) = -34 kHz
	-2
	-1/(16TS) = -17 kHz

	111
	1
	-1
	-4
	-1/(4TS) = -68 kHz
	-3
	-3/(16TS) = -51 kHz


It is noted that further pre-coding options are being studied in view of performance optimization.

5.X.2.1.3  Burst Building
5.X.2.1.3.1 
Normal burst format

The narrow band (NB) sequences with length of 8 symbol periods fit into the current burst structure with minor modifications. Table 5.X-5 shows the length of different sections of a burst in normal symbol periods TS. The lengths are given in number of sequences for the new burst in parenthesis. The need for stealing bits has not yet been identified in order to signal the coding scheme, thus the TSC length is extended to 30 symbols. For the prolongeded TSC the legacy TSC is used as basis and extended by 2 symbols on either side. The two symbols on either side are choosen such that the auto-correlation properties of the TSC are optimized. The extended TSC has increased energy and thus allows for a relative improvement in sensitivity up to 0.6 dB against the legacy TSC. The corresponding link performance evaluation is contained in section 5.X.6.2.1.4. 
Table 5.X-5: Burst format for normal burst
	Burst Content
	PDTCH normal burst
	Hybrid modulation burst for new types of PDTCH, PACCH, BCCH and CCCH 

	Front tail symbols
	3
	3

	Payload symbols (first part)
	57
	56 (7 NB sequences of 8 symbols)

	Stealing flag/CS indicator
	1
	0

	Training Sequence
	26
	30

	Stealing flag/MCS indicator
	1
	0

	Payload symbols (second part)
	57
	56 (7 NB sequences of 8 symbols)

	Tail symbols
	3
	3

	Guard period
	8.25
	8.25


5.X.2.1.3.2 
Synchronization burst format
Coverage for synchronization burst is expected to be improved by 20 dB with narrow band symbol sequences versus legacy SCH. With the new CCCH structure as depicted in Figure 5.X-5 in section 5.X.2.1.5 it is possible to carry 10 synchronization bursts with 20 bits payload each for synchronization over the narrow band SCH (NB-SCH) in one 51 multiframe period. The bust structure of the legacy synchronization burst and the proposed hybrid modulation burst for synchronization are given in Table 5.X-6. 

Table 5.X-6:  Burst format for synchronization burst
	Burst Content
	Legacy synchronization burst
	Hybrid modulation burst for new synchronization channel type

	Front tail symbols
	3
	3

	Payload symbols (first part)
	39
	40 (5 NB sequences of 8 symbols)

	Training Sequence
	64
	62

	Payload symbols (second part)
	39
	40 (5 NB sequences of 8 symbols)

	Tail symbols
	3
	3

	Guard period
	8.25
	8.25


Each synchronization burst belonging to the narrow band SCH (NB-SCH) allows for inclusion of 10 NB sequences of 8 symbols. The TSC for the hybrid modulation burst for synchronization is derived from the 64 bit legacy TSC cutting the outer two symbols.    
5.X.2.1.3.3  
Random access burst format
Narrow band sequences with length of 8 symbol periods fit into length of the random access burst, if extended over 2 time slots. This may be achieved, if the new type of RACH is allocated on time slots TN 0 and TN 1, respectively, whilst the channel access acknowledgement is transmitted on new CCCH occupying TN 1. Similar configurations can be identified in case of multiple CCCH.

At the same time, length of the training sequence can be more than doubled to allow better channel estimation. Thus the new RACH, called NB-RACH, employing the 2-FSK+BPSK pre-coding option, may carry as many payload bits as legacy RACH by extending it over two timeslots and hence is expected to have up to 9 dB better coverage than legacy RACH as standalone and up to 18 dB by using 8 chase combined repetitions. The burst format for NB-RACH is depicted in Table 5.X.7. 
Table 5.X-7: Burst format for random access burst.

	Burst Content
	Legacy RACH
	Hybrid modulation burst for random access          (occupying 2 time slots)

	Front tail symbols
	8
	8

	Training Sequence
	41
	89

	RACH payload symbols
	36
	144 (18 NB sequences of 8 symbols)

	Tail symbols
	3
	3

	Guard period
	68.25
	68.5


5.X.2.1.4  
Layer 1 Parameters for NB-PDTCH
Layer 1 parameters for NB-PDTCH (narrow band PDTCH) for five transmit configuration sets based on the four precoding options mentioned above are summarised in Table 5.X-8 with possible improvement in sensitivity with CS1 of GPRS as a reference. 
Impact to Layer 2 is minimised by using coding scheme (CS1´, CS1’’) for pre-coded GMSK that is slightly modified from existing CS1 with puncturing of 4 additional bits per RLC/MAC block (if tail-biting is used during encoding) or 8 additional bits per RLC/MAC block (if tail-biting is not used). CS1’’’ with 1/3 rate convolutional coding exploits AMR polynomials (K=7) and exceeds 200 bps physical layer throughput at 10% BLER. Indeed further modified CS1’’’’ with 1/3 rate convolution code is used for pre-coded 8PSK with higher gross bit rate. 

TTI is extended from current 20ms to 80ms, 120ms or 160ms.
Table 5.X-8: Layer 1 parameters
	Precoding scheme
	Legacy GMSK
	BPSK
	2-FSK+BPSK
	2-FSK+BPSK
	4-FSK
	4-FSK+BPSK

	Modulator
	GMSK
	GMSK
	GMSK
	GMSK
	8PSK
	8PSK

	Duration of NB symbol sequence
	N.A.
	8 x 3.69 = 29.52 µs
	29.52 µs
	29.52 µs
	29.52 µs
	29.52 µs

	Bandwidth for NB symbol sequence
	N.A.
	1/(8TS)
34 kHz
	1/(8TS)
34 kHz
	1/(8TS)

34 kHz
	1/(8TS)
34 kHz
	1/(8TS)
34 kHz

	NB symbol sequences per burst
	N.A.
	14
	14
	14
	14
	14

	Number of m-FSK tones
	N.A.
	1
	2
	2
	4
	4

	Keying of NB symbol sequences
	-
	BPSK
	BPSK
	BPSK
	-
	BPSK

	Data bits per NB symbol sequence
	N.A.
	1
	2
	2
	2
	3

	Gross bit-rate (kbps)
	22.8
	2.8
	5.6
	5.6
	5.6
	8.4

	TTI
	20 ms
	160 ms
	80 ms
	120 ms
	80 ms
	80 ms

	Bits per TTI
	456
	448
	448
	672
	448
	672

	Coding scheme
	CS1
	CS1’
	CS1’’
	CS1’’’
	CS1’’
	CS1’’’’

	Block code
	FIRE
	FIRE
	FIRE
	-
	FIRE
	FIRE

	Convolution code
	1/2
	½
	1/2
	1/3
	1/2
	1/3

	Constraint length
	5
	5
	5
	7 
	5
	5

	Maximum number of transmissions with chase combining
	N.A.
	4
	8
	8
	8
	8

	Effective code rate
	0.40
	0.41
	0.41
	0.32
	0.41
	0.27

	Peak throughput
	8.0 kbpsNote 1
	1.0 - 0.25kbps
	2.0 – 0.25 kbps
	1.8 - 0.23 kbps Note 2
	2.0 – 0.25 kbps
	2.0 – 0.25 kbps

	Relative sensitivity at 10% BLER
	0 dB
	FFS
	FFS
	FFS
	FFS
	FFS

	Relative sensitivity at 200 bps with chase combining
	0 dB
	FFS
	FFS
	FFS
	FFS
	FFS


Note1: based on 3GPP TS 43.064 excluding RLC header and USF
Note2: for payload including RLC header and USF 

Figure 5.X-4 illustrates an idealised example of spectrogram for the new burst format, where 7 4-FSK symbol sequences are located at each side of the training sequence.

[image: image10.wmf]3 Tail

symbols

-

135

kHz

-

102 kHz

-

68 kHz

-

34 kHz

0

kHz

+34 kHz

+ 68 kHz

+102

kHz

7 NB symbol

sequences

30 training

sequence symbols

7 NB symbol sequences

3 Tail

symbols,

Guard period


Figure 5.X-4:  Spectrogram (8 bin FFT) of a burst with 4-FSK modulation (Example)

Spectral properties of the NB Hybrid Modulation signal are FFS. 

5.X.2.1.5  
CCCH Coverage Improvement with pre-coding

CCCH coverage including synchronization channel can be improved with an IoT dedicated CCCH time slot, applying the precoding technique. That new slot appears in TN 1 right after current basic CCCH timeslot in TN 0. The new 51 multi frame structure is depicted in Figure 5.X-5. 

Multiplexing of NB-BCCH (BCCH’) and NB-CCCH (CCCH’) blocks takes 4 times longer with 2-FSK+BPSK pre-coding option. For these channels different requirements exist versus cellular mobiles, see section 5.X.2.2. In regard to FCCH, the legacy FCCH in TN 0 is expected to be sufficient, as also stated in [5.X-1]. 
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Figure 5.X-5:  New CCCH on time slot TN 1 of BCCH carrier with preceeding legacy CCCH on time slot TN 0.
5.X.2.1.6  
NB-SCH design

The NB-SCH payload is aligned to that for the legacy SCH payload. The legacy SCH payload carries 78 encrypted bits generated from a payload of 25 bits (6 bits for BSIC, 11 bits for T1, 5 bits for T2 and 3 bits for T3’). For NB-SCH, the  information is sent in a 51-multiframe in four Hybrid Modulation synchronization bursts, which carry 80 payload bits. The payload is reduced by omission of T3’ parameter (3 bits) which is not needed in case of NB-SCH. Given that there are 10 time slots available for transmitting synchronization bursts in one 51-multiframe, as depicted in Figure 5.X-5, the NB-SCH information block is repeated once. Locating first synchronization burst of the NB-SCH information block in the same TDMA frame in TN 1 following the FCCH in TN 0 is expected to make synchronization faster with less power consumption. The signalled reduced frame number information then refers to the TDMA frame carrying the first synchronization burst of the NB-SCH in the 51 multiframe. The reduced payload of 22 bits for the NB-SCH is depicted in Table 5.X-9.
Table 5.X-9: Payload for NB-SCH synchronization channel
	Content
	Definition
	Range
	Number of bits

	 BSIC
	Base transceiver station identity code
	0 to 63
	6

	T1
	FN div (26 x 51)
	0 to 2047
	11

	T2
	FN mod 26
	0 to 25
	5


Channel coding parameters for legacy SCH and NB-SCH are compared in table Table 5.X-10 below.

Table 5.X-10:  Channel Coding for SCH and NB-SCH 

	Coding parameter
	SCH
	NB-SCH

	Encoded bits
	78
	80

	Payload bits
	25
	22

	Parity bits
	10
	10

	Tail bits
	4
	6

	Spare bits
	-
	2

	Code Rate
	1/2
	1/2

	Bursts per Block
	1  
	4 

	Constraint Length
	5
	7


Optimization of channel coding parameters for NB-SCH is FFS. 
5.X.3
 Physical layer procedures
5.X.3.1  
Cell search and time synchronization
If Cellular IoT capable device after reception of  FCCH on TN 0 is not able to decode followed SCH at the same slot TN 0 due to low signal level, it should try to decode  the more robust NB-SCH sent in TN 1. Timing information is derived from signalled T1 and T2 refering to the first TDMA frame of the 51-multiframe and the Cellular IoT capable device then calculates frame numbers for other TDMA frames accordingly. 
5.X.3.2  
BCCH acquisition
In regard to NB-BCCH a reduced set of system information messages carried on legacy BCCH is assumed versus the message set for cellular mobiles due to reduced capabilities and reduced requirements for mobility for Cellular IoT devices, thus the NB-BCCH acquisition time will be similar or be slightly increased only. The NB-BCCH message set size depends also on the expected feature support for Cellular IoT decices, e.g. the support of network sharing. Further study is needed based on these agreements.
5.X.3.3  
Paging

In regard to NB-PCH the paging frequency is assumed to be a fraction only of that for cellular mobiles due to extended DRX cycles assumed for Cellular IoT capable devices. Thus a longer transmission of the paging information is acceptable. In addition a limited paging capacity may be acceptable under the assumption that there will be not that many mobile terminating sessions for Cellular IoT capable devices in extended coverage. Further study is foreseen on these aspects.

5.X.3.4  
Random Access

The concept includes channel access using either normal RACH or NB-RACH, the latter one using the Hybrid Modulation burst format depicted in section 5.X.2.1.3. The channel access procedure is depending on the coverage situation of the CIoT device. If the device detects that the received signal strength of the selected cell for channel access is less than RxLevAccessMin broadcasted in BCCH, it uses the NB-RACH channel for access, otherwise it uses normal RACH. Similar threshold could be introduced to differentiate between single transmission and use of chase combining.   The NB-RACH may be repeated and chase combined eight times with sufficient time diversity e.g. 51 multiframes in between. 
Legacy RACH Control parameters MAX-RETRANS and TX-INTEGER define number of re-transmissions of 1, 2, 4 and 7 (total up to 8 transmissions) and TDMA frames in between retransmissions of 3-50, respectively. To save signal space and avoid collisions, the reuse of the parameter TX-INTEGER is foreseen such that the impact of collisions due to access from CIoT devices with legacy devices are minimised by using a fixed offset of e.g. 1 TDMA frame for increase of the access repetition period versus that signalled in BCCH for legacy RACH. The MAX-RETRANS parameter may be specified separately from that for legacy devices.
Thus no link adaptation during TBF is needed once the mode is selected in the channel access phase. Further investigation is foreseen to detail the channel access of Cellular IoT devices.
5.X.3.5 
Channel Assignment 

In regard to AGCH a longer transmission of the access grant or information is acceptable since channel request for cellular IoT devices are assumed to be less frequent compared to cellular mobiles. Also message size optimization to deliver the channel request related information in a more compact way will assist. Due to longer TTI linked with chase combining and generally lower signal levels, the channel allocation for Cellular IoT devices should be similar to fixed allocation, which is expected to be sufficient robust for this purpose. Further study is foreseen on this aspect.

5.X.3.6  Chase Combining

Normal RLC/MAC repetition is proposed to be applied to new NB-PDTCH channels with or without chase combining. Use of chase combining at the physical layer is based on pre-determined number of repetitions. The repetitions are sent such that there is sufficient time diversity between subsequent transmissions. An appropriate setting is to repeat radio blocks on a TTI basis, i.e. 80 ms for precoding scheme 2-FSK+BPSK and 160 ms for precoding scheme BPSK.  
Also other logical channels, e.g. NB-CCCH or NB-RACH, respectively, are foreseen for repetition on physical layer so that chase combining is enabled. In this study the maximum number of repetitions is determined in such way that 200 bps target throughput is possible to achieve on physical layer, with some residual BLER.  E.g. CS1’’ with 2.0 kbps peak throughput is repeated 8 times.

5.X.3.7 
Multiplexing with legacy devices 

As burst formats and TTI’s are different between legacy PDTCH and the new PDTCH type, multiplexing with legacy devices may sacrifice the performance benefits brought by Narrowband Hybrid Modulation within the same timeslot, but legacy devices may be allocated into remaining timeslots available in the cell, while Cellular IoT devices are executing typically short transactions. Nevertheless the feasibility of an efficient multiplexing with legacy (E)GPRS devices is found worth to be considered to handle Cellular IoT devices and cellular mobiles on the same PDCH. Further study is foreseen on this aspect.
5.X.4
 RLC/MAC layer aspects

5.X.4.1 
ARQ 

RLC/MAC control for NB-PDTCH will be executed on top of a fixed number of repetitions on physical layer including  the ARQ in acknowledgement mode. For CS1’’ with a TTI of 80 ms 8 repetitions are foreseen, whilst there are 4 repetitions for CS1’ with TTI of 160 ms. Thus a radio block with repetition on physical layer is received every 640 ms, which identifies the resolution for ARQ requests. 

Further study is needed to identify modifications in RLC window size due to the increase in TTI.
5.X.4.2 
RLC/MAC Header  Compression

RLC/MAC control especially in regard to link adaptation, block segmentation, multiplexing with legacy GPRS devices, and other aspects is expected to be simplified. In this context RLC/MAC header compression may contribute to improved performance for user payload. 
5.X.5
Radio resource management

 [TBD]
5.X.6
Concept evaluation

5.X.6.1
Link budget estimation
Link budget estimations are given in Table 5.X-11 based on required Es/N0 that is needed to meet e.g. throughput criteria of 200bps for the PS traffic channel, which were derived from link level simulations in section 5.X.6.2. Sensitivity criteria for common control channels are FFS.

Table 5.X-11:  Link budgets for NB Hybrid Modulation
	Channel with NB Hybrid Modulation
	NB-PDTCH DL
CS1’
	NB-PDTCH DL 
CS1’’
	NB-BCCH/
NB-CCCH
	NB-SCH
	NB-PDTCH UL 
CS1’
	NB-PDTCH UL 
CS1’’
	NB-RACH

	Transmitter peak power (dBm)
	43
	43
	43
	43
	33
	33
	33

	Noise figure (dB)
	5
	5
	5
	5
	3
	3
	3

	Symbol Rate (kHz)
	271
	271
	271
	271
	271
	271
	271

	Noise level (dBm)
	-115
	-115
	-115
	-115
	-117
	-117
	-117

	Sensitivity criteria
	>200bps
	>200bps
	FFS
	FFS
	>200bps
	>200bps
	FFS

	Chase combining
	4
	8
	FFS
	FFS
	4
	8
	FFS

	Diversity RX
	No
	No
	No
	No
	Yes
	Yes
	Yes

	Es/N0 at sensitivity level(dB)
	-8.9
	-9.5
	FFS
	FFS
	-11.2
	-12
	FFS

	Sensitivity (dBm)
	-123.9
	-124.5
	
	
	-128.2
	-129
	

	MCL
	166.9
	167.5
	
	
	161.2
	162
	


It is found that the GERAN Hybrid Modulation candidate technique is able to significantly improve the coverage for the Cellular IoT service. Along with repetition and chase combining this evolutionary scheme is expected to meet the objective of coverage improvement with MCL of  164 dB for the PS traffic channel.

5.X.6.2  Link level Performance evaluation

5.X.6.2.1 Simulation assumptions

Link level simulation assumptions are given in Table 5.X-12.

Table 5.X-12: Simulation assumptions
	Parameter
	Value

	Frequency bands
	900 MHz

	Interference profile
	Sensitivity

	Input 
	SNR, ES/N0 (identical since equivalent noise bandwidth is 1/TS)

	Propagation conditions
	TU and RA

	Mobile speeds
	1.2 km/hr (TU, corresponding to 1 Hz Doppler)
30 km/hr (TU)
60 km/hr (TU)
120 km/hr (TU)
250 km/hr (RA)

	Frequency hopping
	Ideal

	BTS RF impairments
	Typical

	Back-off 
(single transmit antenna)
	0 dB for GMSK
identical to PAR for 8-PSK  (downlink) 

	MS RF impairments
	Typical

	Frequency error model 
	Ideal or 

Typical (model used described in section 2.1 of [5.X-2])

	Chase combining
	Based on 4 repetitions for CS1’ 
Based on 8 repetitions for CS1’’

	Antenna configuration
	BTS: 1Tx, 2Rx

MS: 1Tx, 1Rx

	Logical Channels
	NB-PDTCH
FFS: NB-CCCH, NB-SCH, NB-RACH

	Modulation and coding schemes
	NB-PDTCH: 
- Precoded GMSK CS1’ 

- Precoded GMSK CS1’’

FFS: 
NB-PDTCH: 
- Precoded 8-PSK CS1’’ 

- Precoded 8-PSK CS1’’’

	Chase combining
	1, 4 or 8 coding blocks depending on precoded MCS (>200bps) 


5.X.6.2.1 Simulation Results
5.X.6.2.1.1  Sensitivity Performance for Stationary CIoT Devices used for Link Budget Evaluation
Link level simulation results are depicted in Figure 5.X-5 and Figure 5.X-6 in this section based on the simulation assumptions described above. Ideal frequency offset estimation was assumed as well as ideal frequency hopping.
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Figure 5.X-5:  Throughput for deriving sensitivity performance for modulation and coding schemes (NB-PDTCH) for NB Hybrid Modulation. 
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Figure 5.X-6:  BLER for deriving sensitivity performance for modulation and coding schemes (NB-PDTCH) for     NB Hybrid Modulation. 
The link level simulation results confirm that a maximum coupling loss (MCL) of 162 dB on UL and even 167.5 dB on DL can be achieved when using 8 repetitions with CS1”, which is close to the targeted 20 dB coverage improvement of MCL=164 dB over the defined GPRS reference. It is noted that the results are based on the legacy TSC length of 26 symbols. Thus further improvement is expected by means of an extended TSC as described in section 5.X.2.1.3.1.

As depicted in Table 5.X-12 performance on other logical channels, such as SCH and RACH are FFS.

5.X.6.2.1.2  Sensitivity Performance for Stationary and Moving CIoT Devices 

Sensitivity performance was simulated for UL and for DL for two precoding schemes, i.e. 

· BPSK using NB sequences with 8 symbols, coding scheme CS1’ and 4 repetitions
· 2-FSK + BPSK using NB sequences with 4 symbols, coding scheme CS1’’ and 8 repetitions. 
Performance is reported for different non-hopping radio channels and for different CIoT device speeds: 
· TU 1.2, TU 30, TU 60, TU 120 and

· RA250;
and is compared against that for the ideal hopping radio channel for following CIoT device speed:

· TU1.2 id FH 
Ideal frequency offset estimation was assumed in this evaluation. Performance is depicted in Figures 5.X-7 to 5.X-10.
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Figure 5.X-7:  Sensitivity performance in DL for NB-PDTCH with precoding scheme BPSK and 4 repetitions for different speeds in non-hopping radio channels compared to radio channel with ideal hopping.
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Figure 5.X-8:  Sensitivity performance in UL for NB-PDTCH with precoding scheme BPSK and 4 repetitions for different speeds in non-hopping radio channels compared to radio channel with ideal hopping.
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Figure 5.X-9:  Sensitivity performance in DL for NB-PDTCH with precoding scheme 2-FSK+BPSK and 8 repetitions for different speeds in non-hopping radio channels compared to radio channel with ideal hopping.
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Figure 5.X-10:  Sensitivity performance in UL for NB-PDTCH with precoding scheme 2-FSK+BPSK and 8 repetitions for different speeds in non-hopping radio channels compared to radio channel with ideal hopping.
It is observed that the performance is worst for TU 1.2 noFH radio channel, whilst the performance for TU 30 noFH, TU 60 noFH and TU 120 noFH and RA 250 noFH is considerably better and close to that for TU 1.2 id FH, except for TU 30 noFH where the performance is about 0.75 dB for DL and 0.5 dB for UL worse compared to TU 1.2 ideal hopping @BLER = 10%. 
In conclusion this investigation confirms that the sensitivity performance achieved for NB Hybrid Modulation can be preserved for higher mobile speeds in the considered range up to 130 km/hr and even in case of increased speed or 250 km/hr in rural area. 
5.X.6.2.1.3  Sensitivity Performance with Frequency Offset Estimation Error  

Impairments related to frequency offset estimation were included in the performance evaluation as described in Table 5.X-10. The performance comparison to a receiver using an ideal frequency offset estimate is depicted for UL in Figure 5.X-11 and Figure 5.X-12 and for DL in Figure 5.X-13 and Figure 5.X-14 for the investigated precoding schemes BPSK and 2-FSK+BPSK.
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Figure 5.X-11:  Sensitivity performance in UL for NB-PDTCH with precoding scheme BPSK and 4 repetitions for stationary CIoT device for non-hopping and ideal hopping radio channel with and without frequency offset estimation error.

It is observed that the performance is practically not impacted and hence the same as for the case of ideal frequency offset estimation. 
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Figure 5.X-12:  Sensitivity performance in UL for NB-PDTCH with precoding scheme 2-FSK+BPSK and 8 repetitions for stationary CIoT device for non-hopping and ideal hopping radio channel with and without frequency offset estimation error.

It is observed that also in this case the performance is practically not impacted in the targeted operational range around 10 % BLER and hence the same as for the case of ideal frequency offset estimation. 
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Figure 5.X-13:  Sensitivity performance in DL for NB-PDTCH with precoding scheme BPSK and 4 repetitions for stationary CIoT device for non-hopping and ideal hopping radio channel with and without frequency offset estimation error.

It is observed that the performance is practically not impacted in the targeted operational range around 10% BLER, although for lower BLERs such as 2% a degradation of around 0.3 dB is observed. 
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Figure 5.X-14:  Sensitivity performance in UL for NB-PDTCH with precoding scheme 2-FSK+BPSK and 8 repetitions for stationary CIoT device for non-hopping and ideal hopping radio channel with and without frequency offset estimation error.

It is observed that also in this case the performance is practically not impacted in the targeted operational range around 10% BLER, although for lower BLERs such as 1% a degradation of around 0.2 dB is observed. 
5.X.6.2.1.4  Sensitivity Performance for Extended TSC 

The extension of the TSC as described in section 5.X.2.1.3.1 was evaluated  for NB-PDTCH and is depicted in Figure 5.X-15. In this investigation TSC 0 was evaluated and the two symbols on either side were set to ‘00’.
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Figure 5.X-15:  Sensitivity performance (SNR) in UL for NB-PDTCH with precoding scheme 2-FSK+BPSK and 8 repetitions for stationary CIoT device for non-hopping radio channel using legacy TSC (26 bits) and extended TSC (30 bits). 
It is observed that using an extended TSC length of 30 bits a gain of 0.5 dB versus the legacy TSC can be achieved in the targeted operational range for BLER. Thus the TSC extension for NB-PDTCH is expected to be beneficial for both DL and UL traffic.
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