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1. Introduction
The efeMTC WID [1] has an objective to improve the UL spectral efficiency:
· Increased PUSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· e.g. Sub-PRB resource allocation, with no less than 3 subcarriers within a Sub-PRB allocation.

During RAN #90, it was decided:

· Sub-PRB allocation method shall be specified
This tdoc analyzes the following Sub-PRB open issues:

· TTI Expansion
· DMRS

· Tones and Modulation

· Mode A/B Support

· Signalling

· Message 3 Support

2. TTI Expansion

Some form of TTI expansion is needed, otherwise the large TBS (i.e. > 125 bits) cannot be supported. So only the amount of TTI expansion is debatable among these two options:
Option 1: Single Resource Unit (RU)
The RU size changes depending on the number of tones allocated. E.g. 
· 6 Tones
RU=2 SF

· 3 Tones
RU=4 SF

· 1 Tone
RU=8 SF

Option 2: Multiple Resource Unit
In addition to the above RU expansion, more than one RU can be allocated. (I.e. In NB-IOT, the multiple RUs can be configured via the IRU parameter.) 
The single RU option is the minimum amount of TTI expansion that should be considered, but this option still limits the maximum TBS to be ~500bits even with RV cycling =4 due to the code rate. The code rate for 504 bits, 3 tones, 1 RU, 4 RV repeats is calculated at:
Code Rate:   504bits/(3tones*4SF*12symbols*2bits/symbol*4 RVs) = 0.438
So even with 504 bits, the code rate is not optimal, so the BLER performance is degraded. In [2] the BLER performance for Sub-PRB transmission was studied using LLS. The duration of transmission for all cases was 2048 SF and the TBS was set to 504 bits for all cases. The following table summarises the results:

	Option
	Tones
	TTI
	IRU
	MCL 
10% BLER
	Gain (dB)

	1: Single RU
	3 Tones
	4
	0
	163.15
	0.95

	2: Multiple RUs
	3 Tones
	16
	3
	163.5
	1.3


From the above, you can see there is a 0.4dB degradation to use Option 1. For a TBS of 1000bits, there would be an even bigger difference. 

Proposal: Sub-PRB shall support longer Resource Unit (RU) lengths and multiple RU can be allocated for each TBS.
3. DMRS

Increase DMRS has been studied extensively during the NB-IOT and eMTC work items and found to not improve BLER performance significantly. Thus it is proposed to not increase DMRS for Sub-PRB transmission.

Proposal: Increasing DMRS for Sub-PRB shall not be supported.
4. Tones and Modulation

The battery life performance in poor coverage is challenging and is dominated by the UE’s transmit power, which is in turn dominated by the power amplifier. So, having a transmission mechanism which supports high PA efficiency is very important for good battery life in poor coverage. PA efficiency is related to many aspects but PAPR is one of the most important. In general, the PAPR reduces with the number of tones but is also dependent on the modulation (e.g. Pi/2 BPSK and TPSK).
Proposal: At least one sub-PRB allocation configuration should support low PAPR.

5. CE mode A/B Support

One of the open issues for Sub-PRB is whether it should be supported in both CE mode A and B or only in mode B.  The advantages (i.e. battery life, improved BLER, increased power, and spectral efficiency) of Sub-PRB are utilized anytime the PA is at maximum power, not just when high numbers of repeats are used. For example, comparing 
Full PRB - 12 tones with 4 repeats at 23 dBm



Sub-PRB - 3 Tones   with 4 repeats at 23 dBm

The Sub-PRB option will not only have about 1.5 dB better BLER vs MCL performance, but the sub-PRB option also uses ¼ the resources and will have lower PAPR, thus better battery life. 

Voice is an important application for eMTC UE’s. Voice is a good example where CE mode A with a small number of repetitions is used. In [3], the use of Sub-PRB was studied where the LLS results show that the same BLER performance can be obtained with full PRB vs 3 Tone Sub-PRB for many TB sizes (see [3] for more details):
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Using Sub-PRB allocations for voice will increase spectral efficiency, decrease UE power consumption, and allow the PA to transmit more power (e.g. 2dBm with 3 tones allocation).
Given all the Sub-PRB’s advantages, even when a small number of repeats are used (e.g.  voice), Sub-PRB should be supported in both CE mode A and mode B.
Proposal: Sub-PRB allocation should be supported in both CE mode A and mode B.
The above discussion on TTI bundling indicates that sub-PRB will not support large TBS if the transmission is limited to 1 SF, thus it is recommended to only support sub-PRB when repeats are used. 

Proposal: Sub-PRB should only be supported when repeats are used.


FFS: the number of repeats may depend on the sub-PRB allocation size
6. Signalling 

Another open issue is how the Sub-PRB feature is configured and how the sub-PRB resource allocation is signaled to the UE. 
Most of the features added in release 14 are configured or enabled by RRC (e.g. larger TBS, 10 HARQ processes, and HARQ bundling). Thus it is proposed:
Proposal: The Sub-PRB feature is configured by RRC signaling.
Like HARQ bundling, the usage and resource allocation for Sub-PRB should be very dynamic, thus the Sub-PRB resource allocation should be indicated in the DCI.  
Proposal: The Sub-PRB resource allocation shall be signaled by DCI. 
Depending on the number of tones supported, the number of DCI bits could grow, so some techniques to reduce scheduling options should be considered. For example, if via RRC signalling the UE is configured to transmit Sub-PRB allocation in only 1 PRB within the 6 PRB, this would save 5 bits in the CE mode A DCI and 3 bits in the CE mode B DCI, however this will limit the scheduling flexibility of the eNB.
Observation:  By configuring the UE to only transmit Sub-PRB on one PRB vs. all six, this will save DCI bits.
IRU for NB-IOT uses 3-bits, but 1000 bits is supported with Iru=3. So to save DCI bits consider supporting only up to 4 RUs. 
Observation:  Reducing the maximum number of RUs allocated to 4 vs 8, will save 1 DCI bit.

7. Message 3 Support
Given the many advantages of sub-PRB, supporting sub-PRB transmissions early in the RACH process should be a design goal. For battery powered devices, DoNAS and the suspend/resume mechanism support the ability for the UE to send data in message 5. So it is a strong requirement that sub-PRB transmissions be supported in message 5. However, RAN2 has decided that an EDT (Early Data Transmission) will support data being transmitted in message 3. So it would be very advantageous if sub-PRB transmissions could be supported in message 3.

Proposal: Sub-PRB transmissions should be supported in msg 3. 

There are four solutions to indicate early support of Sub-PRB, which are discussed below.

Message 3

Message 3 could include an indication if the UE supports Sub-PRB or not. There are no spare bits in message 3, but a field such as the LCID could be used. For example, a state of the LCID could be used to indicate Sub-PRB support. This method was used to indicate if the UE supported frequency hopping in Rel13 (i.e., from TS 36.211, LCID "01100" indicate UE supports frequency hopping).  RAN2 would have to confirm that there are at least two more free LCID for this to work, but this paper will assume this is possible. The main disadvantage of this approach is that message 3 could then never use Sub-PRB, which could be a big issue when EDT is used and the size of Msg3 grows to e.g. 1000bits. 

PRACH Partitioning

Indicating support for Sub-PRB through PRACH partition is also possible. This will allow the eNB to send a RAR specifically with a Sub-PRB allocation or not. The main advantage of this approach is that the eNB could schedule other Sub-PRB capable UEs transmission within the same PRBs so that high UL spectral efficiency for msg3 could be obtained. The UE PA efficiency improvement, SNR gain, and UE TX power increase advantages of Sub-PRB would also be utilized. The main disadvantage is that 4 new PRACH partitions are needed (i.e. one for every coverage level). Given EDT will likely also use PRACH partitioning, the amount of PRACH partition could be as high as 20 in a LTE system (4 for legacy UE, 4 for R13 eMTC UE, 4 for EDT, 4 for Sub-PRB with EDT, 4 for sub-PRB without EDT). 

Dual Schedule
Another solution is for the eNB to send two RARs; one RAR for non-Sub-PRB allocation and one RAR for Sub-PRB allocation. It is expected that the two RARs will point to the same UL resources since Sub-PRB needs a sub-set of resource that non-Sub-PRB needs. Given sub-PRB transmissions are supported in message 3, the UE PA efficiency improvement, SNR gain, and UE TX power increase advantages of Sub-PRB would be utilized in message 3. However, the UL spectral efficiency would not be improved because the UL resource allocation would need to be big enough to support the non-Sub-PRB transmission. The main disadvantages of this approach are that the eNB would need to do two decodes and two RARs need to be scheduled which would increase DL resource usage considerably. 
Implicit Dual Schedule

This solution is similar to the Dual Schedule approach but only one RAR is sent. The RAR would be the same as a non-Sub-PRB RAR but there would be a 1:1 mapping defined in the specification based on the number of repeats specified in the RAR to a sub-PRB configuration.  For Example:
	Repeats
	Sub-PRB Allocation

	1
	No Sub-PRB

	2
	6 Tones Iru=0 Repeats=1

	4
	3 Tones Iru=0 Repeats=1

	8
	3 Tones Iru=0 Repeats=2

	16
	3 Tones Iru=0 Repeats=4

	32
	3 Tones Iru=1 Repeats=4

	64
	3 Tones Iru=3 Repeats=4

	128 
	3 Tones Iru=3 Repeats=8


The starting tone location would also be specified in the specification (e.g. the 1st tone). Frequency hopping within the PRB could also be specified as shown below.  
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The advantages of this approach are the same as the “Dual Schedule” so the UE PA efficiency improvement, SNR gain, and UE TX power increase advantages of Sub-PRB would be utilized in message3. Similarly, the UL spectral efficiency would not be improved because the UL resource allocation would need to be big enough to support the non-Sub-PRB transmission. The difference between the “Dual Schedule” approach is there is now NO need to send 2 RARs. 
The following table summarizes the advantages and disadvantages of each approach:
	Option
	Advantage
	Disadvantage

	Message 3
	Simple
	No Sub-PRB in Msg3

	PRACH Partition
	UL Spectral Efficiency, UE Battery Life, SNR gain, & increase UE Tx power 
	Add 8 more PRACH Partitions

(LTE could need 20 PRACH partitions)

	Dual Schedule
	UE Battery Life, SNR gain, & increase UE Tx power 
	Two eNB Decodes, Two RARs 

	Implicit Dual Schedule
	UE Battery Life, SNR gain, & increase UE Tx power
	Two eNB Decodes


Observation: An implicit Dual Schedule approach can support sub-PRB in message 3 with no major disadvantages.
8. Conclusion

TTI Expansion:

Proposal: Sub-PRB shall support longer Resource Unit (RU) lengths and multiple RU can be allocated for each TBS.

Tones and Modulation:

Proposal: At least one sub-PRB allocation configuration should support low PAPR.

DMRS:

Proposal: Increasing DMRS for Sub-PRB shall not be supported.
CE mode A/B Support

Proposal: Sub-PRB allocation should be supported in both CE mode A and mode B.

Proposal: Sub-PRB should only be supported when repeats are used.


FFS: the number of repeats may depend on the sub-PRB allocation size

Signalling:

Proposal: The Sub-PRB feature is configured by RRC signaling.

Proposal: The Sub-PRB resource allocation shall be signaled by DCI. 

Observation:  By configuring the UE to only transmit Sub-PRB on one PRB vs. all six, this will save DCI bits.

Observation:  Reducing the maximum number of RUs allocated to 4 vs 8, will save 1 DCI bit.

Message 3 Support

Proposal: Sub-PRB transmissions should be supported in msg 3. 

	Option
	Advantage
	Disadvantage

	Message 3
	Simple
	No Sub-PRB in Msg3

	PRACH Partition
	UL Spectral Efficiency, UE Battery Life, SNR gain, & increase UE Tx power 
	Add 8 more PRACH Partitions

(LTE could need 20 PRACH partitions)

	Dual Schedule
	UE Battery Life, SNR gain, & increase UE Tx power 
	Two eNB Decodes, Two RARs 

	Implicit Dual Schedule
	UE Battery Life, SNR gain, & increase UE Tx power
	Two eNB Decodes


Observation: An implicit Dual Schedule approach can support sub-PRB in message 3 with no major disadvantages.
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Voice

		UL NF		3

		PA Power		20

		Tone		1 PRB

		TBS		328		536		680		776		1000

		Physical channel name		PUSCH		PUSCH		PUSCH		PUSCH		PUSCH

		Transmitter

		(0) Max Tx power(dBm)		23		23		23		23		23

		(1) Actual Tx power (dBm)		20		20		20		20		20

		Receiver

		(2) Thermal noise density (dBm/Hz)		-174		-174		-174		-174		-174

		(3) Receiver noise figure (dB)		3		3		3		3		3

		(5) Occupied ch bandwidth (Hz)		720000		720000		720000		720000		720000

		(6) Effective noise power		-112.4		-112.4		-112.4		-112.4		-112.4

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-13.1		-11.45		-10.25		-9.6		-8.7

		(8) Receiver sensitivity		-125.5		-123.9		-122.7		-122.0		-121.1

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		145.5		143.9		142.7		142.0		141.1

		Tone		3 Tone

		TBS		328		536		680		776		1000

		Physical channel name		PUSCH		PUSCH		PUSCH		PUSCH		PUSCH

		Transmitter

		(1) Actual Tx power (dBm)		20		20		20		20		20

		Receiver

		(2) Thermal noise density (dBm/Hz)		-174		-174		-174		-174		-174

		(3) Receiver noise figure (dB)		3		3		3		3		3

		(5) Occupied ch bandwidth (Hz)		180000		180000		180000		180000		180000

		(6) Effective noise power		-118.4		-118.4		-118.4		-118.4		-118.4								Code Rate		0.8		75

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-7.5		-5.4		-4.5		-3.6		-2.24								SF		Max TBS		20 MS FT

		(8) Receiver sensitivity		-125.9		-123.8		-122.9		-122.0		-120.7								4		230.4		FT0-1

		= (6) + (7) (dBm)																		8		460.8		FT2-4

		(9) Baseline MCL																		12		691.2

		= (1) - (8) (dB)		145.9		143.8		142.9		142.0		140.7								16		921.6

																				32		1843.2

		Tone		3 Tone 23 dBm

		TBS		328		536		680		776		1000

		Physical channel name		PUSCH		PUSCH		PUSCH		PUSCH		PUSCH

		Transmitter

		(1) Actual Tx power (dBm)		22		22		22		22		22

		Receiver

		(2) Thermal noise density (dBm/Hz)		-174		-174		-174		-174		-174

		(3) Receiver noise figure (dB)		3		3		3		3		3

		(5) Occupied ch bandwidth (Hz)		45000		45000		45000		45000		45000

		(6) Effective noise power		-124.5		-124.5		-124.5		-124.5		-124.5								Note SNR is for 12 tones so still need 6 dB adj for 3 tone

		= (2) + (3) + 10 log((5))  (dBm)																		TBS		3T 4 SF		TBS		3T 8 SF		TBS		3T 12 SF		TBS		3T 16 SF		TBS		3T 32 SF		TBS		32 SF #2

		(7) Required SINR (dB)		-1.5		0.6		1.4		2.4		3.76								88		-3		176		-3.6		256		-4.15		200		-5.5		200		-8		328		-6.5

		(8) Receiver sensitivity		-126.0		-123.9		-123.1		-122.1		-120.7								150		-0.32		296		-1		504		-0.42		392		-3.7		392		-6.55		552		-5.4

		= (6) + (7) (dBm)																		208		2		440		1.9		680		1.75		536		-2.15		1000		-2.3		680		-4.6

		(9) Baseline MCL																		240		3.6		485		3.2		730		3.5		680		-0.65		1300		-0.4		808		-4.15

		= (1) - (8) (dB)		148.0		145.9		145.1		144.1		142.7												525		5.4						970		2.7		1800		4.35		1000		-2.3

																																1050		4.4

		Tone		Legacy TTI Bundling w/HART

		TBS		480		552		680		808		1000

		Physical channel name		PUSCH		PUSCH		PUSCH		PUSCH		PUSCH								12-tone - 1 PRB

		Transmitter																		TBS		1 PRB 4 SF		TBS		1 PRB 8 SF						TBS		1 PRB 16 SF		TBS		1 PRB 32 SF

		(1) Actual Tx power (dBm)		21		21		21		21		21								88		-3		176		-3.6						200		-5.8		200		-8.4

		Receiver																		150		-1.3		296		-1.6						392		-3.4		392		-6.2

		(2) Thermal noise density (dBm/Hz)		-174		-174		-174		-174		-174								208		0.1		440		0.06						536		-1.8		1000

		(3) Receiver noise figure (dB)		3		3		3		3		3								240		0.5		485		0.82						680		0		1300

		(5) Occupied ch bandwidth (Hz)		180000		180000		180000		180000		180000												525		1.5						970				1800

		(6) Effective noise power		-118.4		-118.4		-118.4		-118.4		-118.4																				1050

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-2		-1.5		-1		-0.5		0

		(8) Receiver sensitivity		-120.4		-119.9		-119.4		-118.9		-118.4

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		141.4		140.9		140.4		139.9		139.4
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PUSCH

		

		Tone		6PRB		12 PRB

		TBS

		Physical channel name		PDSCH		PDSCH						PDSCH

		Transmitter

		(0) Max Tx power(dBm)		46		46						23

		(1) Actual Tx power (dBm)		29.0		36.8						20

		Receiver

		(2) Thermal noise density (dBm/Hz)		-174		-174						-174

		(3) Receiver noise figure (dB)		9		9						3

		(5) Occupied ch bandwidth (Hz)		180000		2160000						720000

		(6) Effective noise power		-112.4		-101.7						-112.4

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		0.8		1.8						-8.7

		(8) Receiver sensitivity		-111.6		-99.9						-121.1

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		140.7		136.7						141.1

		In tdoc		135.7		136.66





Narrow Vs Wide

		PUSCH

		TBS

		Physical channel name		PUSCH

		Transmitter

		(0) Max Tx power(dBm)		23

		(1) Actual Tx power (dBm)		23

		Receiver

		(2) Thermal noise density (dBm/Hz)		-174

		(3) Receiver noise figure (dB)		5

		(5) Occupied ch bandwidth (Hz)		1080000

		(6) Effective noise power		-108.7

		= (2) + (3) + 10 log((5))  (dBm)

		(7) Required SINR (dB)		-6.2

		(8) Receiver sensitivity		-114.9

		= (6) + (7) (dBm)

		(9) Baseline MCL

		= (1) - (8) (dB)		137.9





		

				3 Tone		180000		1 PRB		180000		4 PRB		720000		6PRB		1080000

		TBS		SNR		MCL		SNR		MCL		SNR		MCL		SNR		MCL

		328		-7.5		145.9		-6.7		145.1		-13.1		145.5		-14.5		145.2

		536		-5.3		143.7		-4.45		142.9		-11.45		143.9		-13		143.7

		680		-4.1		142.5		-2.75		141.2		-10.25		142.7		-12.1		142.8

		776		-3.5		141.9		-1.5		139.9		-9.6		142.0		-11.3		142.0

		1000		-2.24		140.7				138.4		-8.72		141.1		-10.5		141.2
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