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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 #91bis, the following agreements were made:

· Sub-PRB shall be supported at least in CE Mode B

· Working assumption: Sub-PRB shall be supported in CE Mode A.

· RAN1 will prioritize optimization of Sub-PRB for CE Mode B over optimization of Sub-PRB for CE Mode A.

· For Sub-PRB, the maximum total number of (valid) subframes of transmission is:

· 32 subframes for CE Mode A

· 2048 subframes for CE Mode B

· FFS: Supported transport block sizes and numbers of repetitions (for each supported CE Mode)

· Sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes

· The RU length depends on number of subcarriers in the Sub-PRB allocation

· FFS: RE mapping

· FFS: whether more than one RU is allocated per transport block

· For Sub-PRB, increasing DMRS shall not be supported

· For Sub-PRB allocation in connected mode,

· The Sub-PRB feature is configured/enabled by RRC signaling
· The Sub-PRB resource allocation shall be signaled by DCI
· FFS: Support of Sub-PRB allocation in Msg3

· When the Sub-PRB feature is configured/enabled in connected mode in CE mode B,
· DCI format 6-0B shall support both sub-PRB allocation and allocation of at least 1 PRB.

· Sub-PRB allocation shall support a maximum TBS of at least [504] bits.

This tdoc analyzes the following Sub-PRB open issues:

· Tones and Modulation

· FFS: whether more than one RU is allocated per transport block
· Maximum TBS 
· FFS: Support of Sub-PRB allocation in Msg3
· Signalling

2. Tones and Modulation

The goal of this section is to evaluate the number of tones and modulation for each tone set which has not yet been decided. Most of the debates is WRT to the lower number of tones e.g. single and 2 tones. This paper does not evaluate the single tone option.
Justification for a 2 Tone pi/2 BPSK option:

The spectral efficiency and battery life performance in poor coverage are challenging and a 2 tone pi/2 BPSK option improves both. 
Spectral efficiency: The 2 tone pi/2 BPSK option improves spectral efficiency via more FDMA and better BLER performance.  The FDMA improvement of 2 tone vs 3 tone is 50% (i.e. 3/2). Due to the increased tolerance of BPSK vs QPSK to channel estimation errors, the BLER performance of BPSK vs QPSK at low SNR is also improved. From [2], it was found that 22% (120 vs 154 repeats) less repeats were need for 2 tone pi/2 BPSK vs 2 tone pi/2 QPSK. Combining the FDMA and BPSK improvements yields a total spectral efficiency improvement of 83% (1.5*1.22-1).

Observation: The spectral efficiency of the 2 tone pi/2 BPSK option is 83% better than the 3 tone QPSK option.
Battery Life: Battery life and is dominated by the UE’s transmit power at low SNR, which is in turn dominated by the power amplifier. The PA’s efficiency is related to many aspects but PAPR is one of the most important. The PAPR of the 3 tone QPSK option is higher than the 2 tone pi/2 BPSK option so the 2 tone pi/2 BPSK option will have better UE battery life. 
Observation: PAPR of the 2 tone pi/2 BPSK option is lower than the 3 tone QPSK thus improving UE battery life. 
Given the above spectral efficiency and UE battery life advantages for the 2 tone pi/2 BPSK option, the following proposals are made:

Proposal:  The following tone and modulations shall be supported for both EC mode A and B:
· 6 tones with QPSK modulation

· 3 tones with QPSK modulation

· 2 tones with Pi/2 BPSK modulation

· 1 tone will not be support 
· All sub-PRB options will be SCFDMA spread
· FFS: PAPR reduction techniques

3. Resource Unit Size

It has already been agreed in RAN91bis that some form of TTI expansion via increasing the resource unit (RU) size be used:

· The RU length depends on number of subcarriers in the Sub-PRB allocation

But the RU size for each option has not yet been agreed so the following RU sizes are proposed:

Proposal: 

· RU Size of 6 Tone option = 2 subframes

· RU Size of 3 Tone option = 4 subframes

· RU Size of 2 Tones option = 8 subframes

4. Number of RUs per transport block
This section aims to resolve this FFS from RAN1#90bis:

· whether more than one RU is allocated per transport block
It also aims to resolve the “[]” for EC Mode B and determine maximum support TBS for EC mode A:

· Sub-PRB allocation shall support a maximum TBS of at least [504] bits.

Supporting the mapping of one transport block to multiple resource units will improved spectral efficiency and battery life via improvements in BLER performance but will also increase the maximum supported TB size which improves support for real-time applications such as VoLTE where packet fragmentation is not possible. 
Transport Block Size

Currently, eMTC UEs support TB size of 1032 bits.  If multiple RUs per TB are NOT supported, the maximum TBS that can be supported will ~504 bits even with RV cycling=4. This is due to the limited code rate. 
Code rate SINGLE RU 504 bits: 3 tones, 1 RU, 4 repeats/RV is calculated at:
Code Rate:   504bits/(3tones*4SF*12symbols*2bits/symbol*4 RVs) = 0.438
Code rate TWO RU 1032 bits:  3 tones,2 RU, 4 repeats/RV is calculated at:

Code Rate:   1032bits/(3tones*4SF*12symbols*2bits/symbol*4 RVs*2 RUs) = 0.448
For the Two RU 1032 bits option, 32 subframes of transmission are used which is still within in EC Mode A.
Observation: If multiple RUs per TB are NOT supported, the maximum supported TBS will be 504 bits.

Voice Support:

Voice is an important application for eMTC UE’s. It is a good example where a small number of repetitions are used with larger TB. For HD-FDD UEs due to scheduling restrictions, it is not possible to use > 12 repeats with 20ms VoLTE frames where 32 repeats are possible when 40ms VoLTE frames are used thus providing better coverage using 40ms frames. For this reason, as part of the VoLTE enhancements in the feMTC WID in release 14, RAN1 and RAN2 agreed that the one-sided packet delay could be increased from 40ms to 80ms [3] to help improve coverage even further but this increases the TBS requirement. The table below shows the TB size required for different Frame types and delays (40ms and 809ms) assuming ROHC is enabled: 
	AMR-WR Frame Type
	AMR-WB Bits 40ms (with RoHC)
	AMR-WB Bits 80ms (with RoHC)

	0 (6.6bkpbs)
	368
	736

	1 (8.85kbps)
	448
	896

	2 (12.65kbps)
	608
	1216

	3 (14.25kbps)
	672
	1344


As seen from the above table, a maximum TBS of 504 would reduce the ability to use the 80ms delay budget allowed in Rel 14 and would also limit the quality of the voice by limited the available frame types to 0 and 1.
Observation: A maximum TBS of 504 bits limits VoLTE coverage and limits the quality of voice by limiting the supported AMR frame types. 

Improved Spectral efficiency and Battery Life:

The code rate for a 504 bits TB using a single RU  is not optimal at 0.44 (optimal is ~<0.3), so the BLER performance is degraded. In [2] the BLER performance for Sub-PRB transmission was studied using LLS. The duration of transmission for both cases was 2048 SF and the TBS was set to 504 bits to localize the BLER improvement to the improvement in code rate. The following table summarises the results:

	Option
	Tones
	RU

Size
	IRU
	Repeats
	SF of TX
	MCL 
10% BLER
	Gain (dB)

	1: Single RU
	3
	4 SF
	0
	512
	2048
	163.15
	NA

	2: Multiple Rus
	3
	4 SF
	3
	128
	2048
	163.5
	0.35


From the above table, the improvement in the code rate provide by using multiple RU provides 0.35dB of BLER improvement.  

It is a known fact that turbo decoders perform better with larger transport blocks and it is also known that time diversity improves performance so in this paper we simulated the case for TBS=1032 bits vs TBS=504 bits to see how much gain is achieved.  For a fair comparison, the data rate was keep the same by using 2X as many repeats for the 1032 bits case. The results are shown in the table below (detailed results and simulation assumptions in appendix I):
	Option
	Tones
	RU

Size
	IRU
	Repeats
	SF of TX
	SNR 
10% BLER
	Gain (dB)

	504 bits
	3 Tones
	4 SF
	3
	32
	512
	-17.3
	NA

	1032 bits
	3 Tones
	4 SF
	3
	64
	1024
	-18.5
	1.2 dB


As seen from the above table, the turbo decoder and time diversity gain improves BLER performance by 1.2dB. Note: the above results are without frequency hopping where time diversity would have a bigger impact.
The code rate gain, turbo decoding gain, and time diversity gains can be added resulting in a total BLER performance gain of 1.5 dB gain.  

Observation: Supporting multiple RUs per TB Improves the coding rate, turbo decoding performance, and allows more time diversity which results in an improve BLER performance of 1.5 dB
At low SNR, doubling the amount of repetitions only provides 2.1dB of improvements so 1.5dB improvement provides more than a linear (i.e. 10^(1.5/10)=41%) percent improvement. The 1.5dB BLER improvement provides 64% (10^(3*1.5/2.1/10)) improvement in spectral efficiency.  
There is also loss due to increased CRC and MAC/RLC overhead. Assuming 24 bit CRC and 2 bytes of MAC / RLC header, the loss due to overhead between 504 bits and 1008 bits is ~4% ((1008-40)/(2*(504-40))).   
Total spectral efficiency improvement is then 64%+4%=68%
Observation: Supporting multiple RUs per TB improves spectral efficiency by 68% in low SNR conditions
For the battery life use case described in TR 45.820 (i.e. TX 200 bytes. ACK 65 bytes), ~60% of the battery life is consumed by UL transmissions so if the UL transmissions increased by 68% for single RU, the battery life is expected to be worse for single RU by 41% (60%*68%).
Observation: Supporting multiple RUs per TB will improve battery life by 41% in low SNR conditions
Given the usability improvements to support larger TBS (i.e. VoLTE support), the 68% improvement in spectral efficiency and 41% improvement in battery life which can be gained by supporting multiple RUs per TB, the following proposals are made:

Proposals:  For Sub-PRB transmissions for EC mode A and B:

· Mapping one TB to multiple resource units shall be supported
· A maximum transport block size of 1032 bits shall be supported
· 4 RV cycling shall be supported

Maximum number of RU units
NB-IOT supports mapping up to 8 RUs per TB but only 2 RV are used in NB-IOT where for eMTC 4 RV are used. Given this, the maximum RU per TB only needs to be 4 for eMTC. To reduce DCI bits in Mode A where coding rate is not as important, a maximum of 2 RUs per TB need only be supported. Also, since the improvement between 2 and 4 has not yet been quantified, EC mode B should be either 2 or 4.
Proposals: For Sub-PRB transmission 

· For EC mode A, mapping one TB to a maximum of 2 resource units shall be supported

· For EC mode B, mapping one TB to a maximum of [2 or 4] resource units shall be supported

5. 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 as well.

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

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 transmission. 

Observation: Indication of UE support for the sub-PRB feature in message 3 will not allow message 3 to use sub-PRB transmission 

Below, four solutions to indicate early support of Sub-PRB such that sub-PRB transmission can be supported in message 3 is discussed:
#1 PRACH Partitioning

Indicating support for Sub-PRB through PRACH partition is 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). 

#2 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. 

#3 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. 

#4 Tie EDT and Sub-PRB features together

Another solution is to mandate the UE to support Sub-PRB if EDT is supported (i.e. tie the two features together). Given EDT is indicated by PRACH partitioning, the eNB would then know the UE also supports Sub-PRB so this will allow the eNB to send a RAR specifically with a Sub-PRB allocation or not. Like with PRACH partitioning, this solution can utilize all the advantages of sub-PRB include UL spectral efficiency. The main disadvantage of this approach is that the two features are tied together thus reducing the flexibility to deploy the features separately.
The following table summarizes the advantages and disadvantages of each approach:

	Option
	Advantage
	Disadvantage

	#1 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)

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

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

	#4 Tie EDT and Sub-PRB features Together
	UL Spectral Efficiency, UE Battery Life, SNR gain, & increase UE Tx power 
	Features are tied together making deployment and UE implementation less flexible


Proposal:  Either “Implicit Dual Schedule” or “Tie EDT and Sub-PRB features” solutions should be specified to allow the support of sub-PRB transmissions in message 3.
6. DCI Design
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 or 2 PRB within the 6 PRB, this would save 4 or 5 bits in the CE mode A DCI and 2-3 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 or two PRBs versus all six PRBs, will save DCI bits.
With the support of multiple RUs per TB, the number of RUs needs to be indicated to the UE which will increase DCI bits. But given, it is always better to code across RU then to send repeats, most of the IRU=0 options can be removed. The following table shows an example for EC Mode A where only the options in black be specified in the DCI: 
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In fact, given IRU=0 is only for small TB which really don’t need improvements in spectral efficiency, they could be removed to further optimize the DCI size.

Observation: To reduce DCI size, most of the IRU=0 options can be removed for EC Mode A.

To reduce DCI size, not all the sub-Tone options need to be specified.  For example:

	Tones
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	
	11
	12

	
	6 tones
	
	6 tones

	
	2tones
	2tones
	2tones
	3 tones
	
	3 tones


The above fit in 3 bits and allows efficient packing
Observation: To reduce DCI size, not all the tone options need to be specified.
7. Conclusion

Tones and Modulation

Observation: The spectral efficiency of the 2 tone pi/2 BPSK option is 83% better than the 3 tone QPSK option.

Observation: PAPR of the 2 tone pi/2 BPSK option is lower than the 3 tone QPSK option thus improving UE battery life. 
Proposal:  The following tones and modulations shall be supported for both EC mode A and B:

· 6 tones with QPSK modulation

· 3 tones with QPSK modulation

· 2 tones with Pi/2 BPSK modulation

· 1 tone will not be support 

· All options will be SCFDMA spread
· FFS: PAPR reduction techniques
Proposal: 

· RU Size of 6 Tone option = 2 subframes

· RU Size of 3 Tone option = 4 subframes

· RU Size of 2 Tone option = 8 subframes

Number of RUs per transport block

Observation: If multiple RUs per TB are NOT supported, the maximum supported TBS will be 504 bits.

Observation: A maximum TBS of 504 bits limits VoLTE coverage and limits the quality of voice by limiting the supported AMR frame types. 

Observation: Supporting multiple RUs per TB Improves the coding rate, turbo decoding performance, and allows more time diversity which results in an improve BLER performance of 1.5 dB

Observation: Supporting multiple RUs per TB improves spectral efficiency by 68% in low SNR conditions

Observation: Supporting multiple RUs per TB will improve battery life by 41% in low SNR conditions

Proposals:  For Sub-PRB transmissions for EC mode A and B:

· Mapping one TB to multiple resource units shall be supported

· A maximum transport block size of 1032 bits shall be supported

· 4 RV cycling shall be supported

Proposals: For Sub-PRB transmission 

· For EC mode A, mapping one TB to a maximum of 2 resource units shall be supported

· For EC mode B, mapping one TB to a maximum of [2 or 4] resource units shall be supported

Message 3 Support

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

Observation: Indication of UE support for the sub-PRB feature in message 3 will not allow message 3 to use sub-PRB transmission 

Proposal:  Either “Implicit Dual Schedule” or “Tie EDT and Sub-PRB features” solutions should be specified to allow the support of sub-PRB transmissions in message 3.

DCI Design

Observation:  By configuring the UE to only transmit Sub-PRB on one or two PRBs versus all six PRBs, will save DCI bits.

Observation: To reduce DCI size, most of the IRU=0 options can be removed for EC Mode A.

Observation: To reduce DCI size, not all the tone options need to be specified.
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Appendix I: Simulation Results and Assumptions
Assumptions for LLS:

	Parameter
	Value

	System bandwidth
	10 MHz

	Configuration 
	FDD

	Carrier frequency
	2 GHz

	Antenna configuration
	1x2, low correlation

	Channel model
	ETU 1Hz

	Number of RBs
	3 Tones

	Transmission mode
	TM1

	Frequency tracking error
	+30Hz

	Channel estimation
	Cross SF

	TBS
	504 bits/1032 bits

	Subframes of Transmission
	512 / 1024


Results:
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