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Introduction
This tdoc discusses possible new techniques for NR coverage enhancements including:
Increased Repetition
Interleaving and increased time diversity
Lower PAPR techniques (Sub-PRB)
Repetition
For LPWA technologies, repetition has proven to be a good technique to increase coverage but at the expense of dramatically lowering the data rate and dramatically reducing spectral efficiency. The Rel 15 NR specification already supports PDSCH and PUSCH repeats up to 8. The figure below shows the LLS result for repeats [8 and 16] and TBS [888 and 1800] which corresponds to a data rate of 100kbps at 10% BLER (detailed simulation assumptions are in appendix A):
[image: ]
Figure 1: LLS Result for Repeats=8 and 16 for Data Rate=100kbps

[bookmark: _Hlk40434925]As seen from the above figure, 16 repeats do not provide coverage gain compared to 8 repeats. This is expected since the energy per bit is the same and the data rate is kept constant at 100kbps. In fact, there is a small loss in coverage with 16 repeats. This is due to the loss of coding gain when using the larger TBS = 1800 since a higher code rate is needed. Some of this loss is recovered at Fdop=25Hz and 50Hz due to the increase in time diversity with 16 repeats but this is not enough to make up for the code gain loss. Another factor not shown in the graph is that with the larger TBS = 1800, the PDCP, MAC, and CRC overhead is reduced but this is a very small gain since TBS=888 bits is already large enough to make this overhead small by percentage. In summary, there is no substantial advantage in specifying repeats higher than 8 for the eMBB use case. However, if TB is coded across slots (i.e. multi-slot encoding is supported) then higher repeats would be needed. Multi-slot encoding is discussed in section 4.2. 
For the eMBB use cases, do not recommend specifying increased repetition for the PUSCH or PDSCH
Time Diversity Schemes
Gaps Between Transport Blocks
The following agreement was made in RAN1 # 102e:
· Prioritize the study on the performance and specification impacts on time domain based solutions for PUSCH enhancements, including
….
· TB processing at least over multi-slot PUSCH
· e.g., single TB, sized for a single slot, but transmitted in parts over multiple slots; or single TB, sized for multiple slots, transmitted over multiple slots, and in conjunction with repetition, etc.

This agreement specifies that we should prioritize studying methods where a TB is processed over multi-slots which includes the technique where gaps are added between repeats of TB to increase time diversity. 
Adding gaps between repeats to improve time diversity is a prioritized time-domain based solution 

In Rel 16, LTE-M and NB-IOT specified support for gaps between repeats where Qualcomm [2], Huawei/HiSilicon[3], and Sierra Wireless [4] found coverage gains between 2-5 dB. Importantly, this coverage gain occurs without decreasing spectral efficiency or data rate, which is important in eMBB as the 100kbps data rate can be maintained. This section contains NR LLS results for the technique of adding gaps between repeats. 


The following figures illustrates how gaps can be added between repeats:
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Figure 2a: Legacy scheduling (i.e. without gaps)
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Figure 2b: No TBs scheduled within the gaps
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Figure 2c: TBs scheduled within the gaps

Figure 2a illustrates how multiple TBs are in scheduled with repeats in legacy Rel 16 where each repeat is scheduled over contiguous slots. Figure 2b illustrates how a single TB is scheduled with a gap of 7 slots. Figure 2c illustrates the scheduling where the gap is filled with TBs #2-8. TBs #2-8 could be TBs for other users or for the same user as TB #1. If the TBs are all for the same user, this scheduling pattern provides the same data rate as if no gaps are used (i.e. figure 2a and 2c have the same data rate for that user).  Allowing the gaps to be filled with TBs for other users, improves the gNB’s scheduling flexibility which will result in lower latency for other users and improved capacity. 
Filling the gaps with TBs from the same user, maintains the data rate even when gaps are used.
Allowing the gaps to be filled with TBs from other users, improves scheduling flexibility.

To determine the performance gain, provided by inserting gaps between repeats, LLS were conducted. The following table includes the LLS results (see appendix B for detailed simulation assumptions):
	Gap Size
(slots)
	Frequency Hopping
	UE Speed
Km/h
	Delay 
Spread (ns)
	Gain using Gaps (dB)

	7
	No
	3
	300
	0.1

	7
	No
	30
	300
	2.5

	7
	No
	120
	300
	1.25

	4
	No
	3
	300
	0.1

	4
	No
	30
	300
	1.9

	4
	No
	120
	300
	1.35

	7
	Yes
	30
	300
	1.75

	7
	Yes
	30
	30
	2.0

	4
	Yes
	30
	300
	1.3

	4
	Yes
	30
	30
	1.6


Table 1: LLS result for adding gaps under various conditions

Note: The Gain using Gap in the above table is difference in SNR at 10% BLER between no gap and the specified gap with all other simulation assumptions maintained. 

As the table shows, the degree of gain from gaps depends on the doppler frequency, delay spread, gap size, and whether frequency hopping is enabled but there is gain in all cases. The following observations can be made based on the above table:
With FH disabled, 2.5 dB of gain can be achieved when adding gaps between repeats.
With FH enabled, 2.0 dB of gain can be achieved when adding gaps between repeats.
Multi-Slot Encoding
As seen from figure 1 in section 2, the performance of 8 repeats is always better than 16 repeats. To maintain the data rate of 100kbps, the 16 repeat case needs to use a larger TBS of 1800 where the code rate is 0.39 which degrades performance.  However, by coding across multiple (at least 2) slots, we can maintain a more desirable code rate. The following figure illustrates the scheduling of multi-slot encoding with 16 repeats:
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Figure 3a: Legacy single slot encoding with 16 repeats
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Figure 3b: multi-slot encoding over 2 slots with 16 repeats

Assuming the configuration used in section 2 (PRB=4, TBS=1800, Repeats=16), if the TB is coded across 2 slots the coding rate goes from 0.39 to 0.2. This would result in a transmission time of 32 ms providing improved time diversity. Note: this is the same transmission time and time diversity as using a gap of 3 slots and 8 repeats or a gap of 1 slot with 16 repeats. 

Based on preliminary LLS (not included in this paper), the multi-slot encoding technique provides similar BLER performance gain to adding of gaps between repeats when both have the same transmission time since they have similar time diversity.  
The multi-slot encoding technique provides similar SNR gains to adding gaps between repeats.
Summary of Gaps vs Multi-Slot Encoding
Although gaps between repeats and multi-slot encoding provide similar SNR gains, there are some advantages to gaps over multi-slot encoding. 

Support small TBS: The Gaps technique can provide long transmission times and thus significant time diversity for small TBS in a spectrally efficient way unlike using multi-slot encoding. For example: if 320 bits are to be sent and the link budget requires 8 repeats, to provide 64 ms of time diversity:
Using Gaps: add gaps of 7 slots which utilizes 8 slots of resources
Using Multi-slot Encoding:  code over 64 contiguous slots which utilizes 64 slots of resources 
From the above example, it is clear that the multi-Slot encoding technique uses more resources than the gap technique for smaller TBS. This is important when lower data rates for eMBB are needed and is especially important for the VoIP use case where small TBS like 320 bits are often required.
  
Support larger time diversity: The Gaps technique is also very flexible in supporting large time diversity when needed. For example, even with a small TBS of 320bits with 8 repeats, a gap size of 15 can provide 128ms of time diversity. Multi-slot encoding would require 128 slots of contiguous coding to provide 128ms of time diversity which is very spectral inefficient and difficult to schedule.

Scheduling flexibility: Allowing the gaps to be filled with TBs for other users, improves the gNB’s scheduling flexibility which will result in lower latency for other users and improved capacity. Also, in general, scheduling around smaller resource allocations is easier than larger ones. 
Advantages of gaps between repeats over multi-slot encoding:
Improved support for small TBS (e.g. VoIP TBS = 320bits)
Supports larger time diversity (e.g. beyond 64ms) 
Scheduling flexibility (i.e. allows other users to be scheduled in gaps)

Given the above observations, the following proposal is made:
Recommend that gaps between repeats be specified as a Rel 17 Coverage enhancement solution
Lower PAPR Signal via Sub-PRB
The following agreements were made in RAN1 102e:
· Study the performance and specification impacts on frequency domain based solutions for PUSCH, including
…
· Sub-PRB transmission for VoIP
· FFS: details, e.g., number of tones, multi-slot aggregation

· Study following power domain based solution for PUSCH enhancements
· Waveform design to optimize MPR/A-MPR
· Power boosting for pi/2 BPSK 

The above agreements permit the study of sub-PRB for the VoIP use case.

MPR/A-MPR Reduction:
LTE-M and NB-IOT both support a near zero PAPR modulation schemes using the sub-PRB technique (2 tone DTF-spread pi/2 BPSK for LTE-M and single tone pi/2 BPSK for NB-IOT). The near-zero PAPR sub-PRB based modulation doesn’t increase coverage directly but instead reduce the need to define MPR and A-MPR values which would then require the UE to transmit at a higher power which increases coverage.  Below are some examples of MPR and A-MPR tables from TS 38.101-1:
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As seen from the above tables, even for full-PRB pi/2 BPSK modulation, the MPR and A-MPR can be significant and often > 3dB.
Rel16 MPR and A-MPR allowed TX power reductions are often > 3dB which degrades coverage. 

PAPR Performance:
The following figure shows the PAPR CDF plots for various modulation schemes:
[image: ]
As seem from above, the LTE-M and NB-IOT schemes have near zero PAPR as both are effectively single tone constant modulation schemes (i.e. LTE-M 2 tone scheme is 1 tone which hops between the two sub-carriers due to the DFT spreading).  When more than two tones are used, the PAPR increases significantly.
LTE-M and NB-IOT sub-PRB schemes have near zero PAPR as both are effectively single tone modulation schemes.

Supported Data Rate for Sub-PRB schemes:
One disadvantage of Sub-PRB is that supported data rate can be limiting. The following agreement was made WRT the required VoIP data rate:
   A packet size of 320bits with 20ms data arriving interval is adopted
	 
	Size (bits)

	Payload
	256

	CRC
	16 (TBS size lower than 3824 bits)

	MAC
	16 (with 12 bits SN size)

	RLC
	8 (with 6 bits SN size)

	PDCP
	16

	RTP/UDP/IP
	24 (w RoHC)

	
	




The following table provides the resulting code rates for a 320bit TB every 20m for each of the above sub-PRB modulation schemes:
	Sub-PRB Technique
	Code Rate

	NB-IOT 1 Tone pi/2 BPSK
	1.4

	LTE-M 2 Tone pi/2 BPSK
	0.7

	2 Tone QPSK
	0.35

	4 Tone Pi/2 BPSK
	0.35



As seen from the above table, the NB-IOT 1 tone scheme would result in a code rate >1 and thus is not decodable, but the LTE-M 2 Tone scheme does support the data rate required to send 320bits every 20ms.   
A sub-PRB 2 Tone pi/2 BPSK scheme (LTE-M) supports the VoIP requirement of 320bits / 20ms

VoIP Code Rates:
The agreed 320bits TBS sizes corresponds to a VoIP payload of 256bits, as per above agreement, which corresponds to a  12.8 kbps vocoder rate but many other vocoder rates are supported by the WB EVS vocoder including ~5.9 (VBR), 7.2, 8, 9.6, 13.2, 16.4, 24.4, 32, 48, 64, 96, and 128kbps. Many studies of the MOS quality scores for these rates are available. The following graph shows MOS scores from study in [5]:
[image: ]

As seen from the above study, good MOS scores of >4 can be obtained using EVS-WB vocoder with data rates of ~5.9, 7.2, 8, 9.6 kbps.  These data rate correspond to smaller TBS which will provide increase coverage.  The following table provide the TBS for these different vocoder rates and the corresponding code rate using the LTE-M 2 tone Pi/2 BPSK  scheme:
	Vocoder Rate
(Kbit/sec)
	Payload
/20ms
	TBS
/20ms
	MOS
Score [5]
	Sub-PRB
2 Tone Pi/2 BPSK 
Code Rate

	12.8
	256
	320
	5.75
	0.7

	9.6
	192
	256
	5.3
	0.57

	8
	160
	224
	4.5
	0.5

	7.2
	144
	208
	4.3
	0.47

	5.9
	118
	182
	4.3
	0.41



Voice transport blocks smaller than 320bits can be used improve coverage while still providing good voice quality

Recommend the 2 Tone Pi/2 BPSK (LTE-M) scheme be specified to improve coverage for VoIP.

Conclusions
Repeats:
1. For the eMBB use cases, do not recommend specifying increased repetition for the PUSCH or PDSCH

Time Diversity Techniques:
1. Adding gaps between repeats to improve time diversity is a prioritized time-domain based solution 
Filling the gaps with TBs from the same user, maintains the data rate even when gaps are used.
Allowing the gaps to be filled with TBs from other users, improves scheduling flexibility.
With FH disabled, 2.5 dB of gain can be achieved when adding gaps between repeats.
With FH enabled, 2.0 dB of gain can be achieved when adding gaps between repeats.
The multi-slot encoding technique provides similar SNR gains to adding gaps between repeats.
Advantages of gaps between repeats over multi-slot encoding:
Improved support for small TBS (e.g. VoIP TBS = 320bits)
Supports larger time diversity (e.g. beyond 64ms) 
Scheduling flexibility (i.e. allows other users to be scheduled in gaps)
Recommend that gaps between repeats be specified as a Rel 17 Coverage enhancement solution

Lower PAPR Signal via Sub-PRB:
e (LTE-M) scheme be specified to improve coverage for VoIP.
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Appendix A: LLS Simulation Assumptions for section 2:
	Parameter
	Value

	Bandwidth Part 
	20 MHz

	Configuration 
	FDD

	Carrier frequency
	700MHz

	Antenna configuration
	NA

	RX Antenna ports
	2

	Channel model
	TDL-C 37ns

	Doppler frequency
	2, 25, 50, 100 Hz

	Number of PRBs
	4

	Frequency tracking error
	0Hz

	Channel Estimation
	Perfect

	Frequency Hopping
	None

	DMRS Configuration
	2 DMRS per slot

	Transform Pre-coding
	Yes

	SCS
	15 kHz

	Modulation
	QPSK

	TBS
	888 and 1800 bits

	Repeats 
	8 and 16

	HARQ
	Disabled



Appendix B: LLS Simulation Assumptions for section 4.1:
	Parameter
	Value

	Bandwidth Part
	20 MHz

	Configuration 
	FDD

	Carrier frequency
	700MHz

	Antenna configuration
	NA

	RX Antenna ports
	2

	Channel model
	TDL-C 300ns, 37ns

	Doppler frequency
	2, 19, 78 Hz

	Number of PRBs
	4

	Frequency tracking error
	0Hz

	Channel Estimation
	Perfect

	Frequency Hopping
	None, Inter-slot

	DMRS Configuration
	2 DMRS per slot

	Transform Pre-coding
	Yes

	SCS
	15 kHz

	Modulation
	QPSK

	TBS
	888 bits

	Repeats 
	8

	HARQ
	Disabled

	GAPs 
	0, 4, 7 slots

	iBLER Target
	10%
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Table 6.2.2-1 Maximum power reduction (MPR) for power class 3

] MPR (dB)
Modulation Edge RB allocations Outer RB allocations Inner RB allocations
. <3.5! <1.2! <0.2!
Pi/2 BPSK <052 <0.52 02
QPSK <1 0
DFT-s-OFDM 16 QAM <2 <1
64 QAM <25
256 QAM <45
QPSK <3 <15
16 QAM <3 <2
CP-OFDM 64 QAM <35
256 QAM <6.5
NOTE 1: Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability
powerBoosting-pi2BPSK and if the |E powerBoostPi2BPSK is set to 1 and 40 % or less slots in radio frame are used for
UL transmission for bands n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 26 dBm.
NOTE 2: Applicable for UE operating in FDD mode, or in TDD mode in bands other than n40, n41, n77, n78 and n79 with Pi/2
BPSK modulation and if the |E powerBoostPi2BPSK is set to 0 and if more than 40 % of slots in radio frame are used
for UL transmission for bands n40, n41, n77, n78 and n79.
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Table 6.2.3.7-1 A-MPR for NS_03

Modulation/Waveform Guter (dB) Tner (dB)
- PI/2 BPSK <15
2 QPSK <2
2 16 QAM <3
I 64 0AM
° 256 QAM <55 NA
= QPSK
2 16 QAM <4
2 64 QAM <45
© 256 0AM <75
NOTE 1- Void
NOTE 2. Void

In case UE operates in a band where NS_03U applies and it receives addirionalSpectrumEmission value of 3 then A-
MPR values specified in Table 6 2.3.7-1 apply with an exception that DFT-s-OFDM Pi/2 BPSK A-MPR is 2 dB.
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Table 6.2.3.4-2:

A-MPR for NS_05 and NS_05U

- A1 (dB) | A2(dB) | A3 (d5)
Modulation/Waveform |5 or/inner | Guter/inner | Guter | Inner
Pi2 BPSK 10 5
DFT-s- |__QPSK 10 5
OFDM [ 16 0AM 10 5
64 QAM 11 5
256 OAM 13 5
QPSK 10 5
CP-OFDM [ 16 QAM 10 5
64 QAM 11 5
2560AM | =13
NOTE 1= Voud

NOTE 2: Void
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Table 6.2.3.1-2: A-MPR for NS_100 (UTRA protection)

Modulation/Waveform Outer (dB)
Pil2 BPSK

QPSK
6 QAM
64 QAM

256 GAM

QPSK
16 QAM
64 QAM

256 GAM <65

NOTE 1: Void
NOTE 2:_Void

DFT-s-OFDM

CP-OFDM
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CDF plots of PAPR
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