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1 Introduction

At the RAN plenary # 75, a new Work Item (WI) on Even Further Enhanced MTC for LTE (“efeMTC”) was approved as a working agreement [1]. In accordance with the Work Item Description (WID) [2], one of the areas to be even further enhanced refers to increasing the spectral efficiency of the PUSCH. 

· 
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.

· Note: There is no intention to lower the minimum required UE capability compared to UE category M1 as part of this WI, i.e. the UE shall still support a PUSCH transmission of 6 PRBs.

In RAN1 #88bis several companies provided preliminary simulation results and their view on which technique should be used for increasing the spectral efficiency of the PUSCH [3-13]. In RAN1 #89, additional results using common simulation assumptions were discussed, as well as technical comparisons among the candidate techniques [14-23]. The discussions held in RAN1 #89 resulted in the following agreements [24]:

Agreement:
· MU-MIMO enhancements will not be specified as part of this WI.
· At least one of the following techniques to improve UL spectral efficiency will be supported as part of this WI:

· Sub-PRB allocation (with or without increased DMRS density)

· CDMA (with or without increased DMRS density)

· Support for switching between LTE and NB-IoT air interfaces can be further considered.

This contribution is intended to continue the analysis on the two techniques that remain as baseline candidates for increasing the PUSCH spectral efficiency.  More specifically, this contribution focuses on the sub-PRB technique since two different approaches (Keeping unmodified the TTI length of PUSCH & Re-using the NB-IoT framework) have been proposed for supporting this technique for PUSCH in MTC.

2 Background

The sub-PRB technique improves the spectral efficiency by increasing the subcarrier allocation granularity within a PRB. For example, by using the sub-PRB technique two BL/CE devices can coexists with a PRB when each of them are allocated with 6 subcarriers, which represents to be a 100% spectral efficiency improvement. Similarly, four BL/CE devices could be allocated with 3 subcarriers each, leading to a 300% spectral efficiency improvement.

Reducing the resource utilization in the frequency domain is typically compensated by extending the resource utilization in the time domain. This is the case of the sub-PRB design in NB-IoT, which introduced the Resource Unit (RU) concept for establishing the transmission duration as a function of the number of allocated subcarriers. Table 1 shows the resource allocation for NPUSCH, which framework has been proposed to be adopted by PUSCH for supporting the sub-PRB technique (e.g., [14-17]).

Table 1: Resource allocation for NPUSCH
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On the other hand, the support of the sub-PRB technique has been proposed to be introduced by keeping unmodified the existing TTI length of PUSCH [18-19]. On this matter, two proposals have been presented which are briefly described below:

· Alternative 1: This proposal incorporates the sub-PRB into PUSCH in a quasi-transparent way by limiting the Transport Block size to 144bits relying on repetitions, which effectively keeps the TBS mapping into a TTI which length is equal to 1ms [18].
· Alternative 2: This second proposal keeps the TTI length equal to 1ms as in the legacy PUSCH, but it requires the insertion of two new blocks to the L1 processing chain of PUSCH for puncturing and rotating (re-arranging) on a per subframe basis the subcarriers contained within a PRB [18].

The simplicity of alternative number one makes it an interesting candidate for introducing sub-PRB with minimum specification impacts. For that reason, the proposal of keeping the legacy TTI length and the proposal of re-using the NB-IoT framework for introducing the support of sub-PRB in PUSCH are further analyzed in the subsections below.
3 Sub-PRB in PUSCH
In relation with the support of sub-PRB over PUSCH, this section provides a technical comparison between the proposal of keeping unmodified the TTI length of PUSCH, and the one consisting in re-using the NB-IoT framework.

3.1 Resource Mapping

The sub-PRB technique allows to allocate a group of contiguous subcarriers within a PRB to one or more BL/CE devices. According with the proposals that have been presented for adopting the sub-PRB technique in PUSCH, the resources in the frequency domain would be subdivided in the same way for both, while in the time domain the transport block to be transmitted would be mapped into either a TTI lasting for 1ms, or a resource unit (RU) having a duration that depends on the number of allocated subcarriers. Figure 1 shows the TBS mapping for the two proposals on adopting the sub-PRB technique in PUSCH.
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Figure 1: TBS mapping for sub-PRB in PUSCH: a) The TBS is mapped to PUSCH legacy TTI equal to 1ms, and b) The TBS is mapped to a RU having a variable duration following the NB-IoT framework.
In the proposal where the TBS is mapped to the legacy TTI length, the size of the largest TBS must be constrained. In [19], using a maximum TBS of 144bits with a sub-PRB allocation consisting of 3 and 6 subcarriers and the same number of repetitions have been proposed to be used. The tables below (i.e., Table 2 to Table 5) compare one-on-one the TBS mapping for the two sub-PRB candidates (Keeping unmodified the TTI length of PUSCH & Re-using the NB-IoT framework) that have been proposed for adopting the sub-PRB technique for PUSCH. In both cases, a TBS size equal 144bits has been used along with subcarrier allocations consisting of 3 and 6 subcarriers. The performed analysis was intended to estimate and compare the code rate and the CRC overhead that is obtained when the TBS is mapped to either 1ms TTI, or to a RU. In the analysis below, the estimates were obtained accounting only for the Resource Elements (RE) that remained usable for carrying data after the REs used for carrying DMRS were discarded.
Table 2: Sub-PRB for PUSCH using the legacy TTI length: 6 subcarriers over a TTI length equal to 1ms
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	Technical Analysis 1: Sub-PRB using 6 subcarriers over a TTI equal to 1ms

	Number of bits per TTI (1ms) using QPSK: (6 subcarriers)(12 symbols carrying user data)(2 bits per RE) = 144bits.

Code Rate: For a TBS equal to 144bits and a CRC consisting of 24bits, the code rate would be 168bits/144bits = 1.1667.

The above means that even when all the bits carried over 1ms were assumed to be systematic, the TBS plus the CRC exceed by 16.67% the number of bits that can be carried over 1ms. This is the reason why the TBS is not decodable without repetitions.

Moreover, when only 1/3 of the bits carrying user data are assumed to be systematic, the code rate would be 168bits/48bits = 3.5, which increases the need of using repetitions (~ 4 repetitions are needed).

CRC overhead: The CRC overhead is equal to (24*100)/144 = 16.6667% when all bits are systematic, while if 1/3 of the bits are systematic the CRC overhead results to be (24*100)/48 = 50%.


Table 3: Sub-PRB for PUSCH using the NB-IoT framework: 6 subcarriers over a RU equal to 2ms
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	Technical Analysis 2: Sub-PRB using 6 subcarriers over a RU equal to 2ms

	Number of bits per RU (2ms) using QPSK: (6 subcarriers)(24 symbols carrying user data)(2 bits per RE) = 288bits.

Code Rate: For a TBS equal to 144bits and a CRC consisting of 24bits, the code rate would be 168bits/288bits = 0.5833.

The above means that when the bits carried over 2ms are all assumed to be systematic bits, the TBS plus the CRC represent to be 58.33% of the total number of bits that can be carried in 2ms. Meaning that in principle the TBS could be decodable without repetitions.

When only 1/3 of the bits carrying user data are assumed to be systematic, the code rate would be 168bits/96bits = 1.75, which will create the need of using repetitions for decoding the TBS (~ 2 repetitions are needed).

CRC overhead: The CRC overhead is equal to (24*100)/288 = 8.3333%, while if 1/3 of the bits are systematic the CRC overhead results to be (24*100)/88 = 25%.


Table 4: Sub-PRB for PUSCH using the legacy TTI length: 3 subcarriers over a TTI length equal to 1ms
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	Technical analysis 3: Sub-PRB using 3 subcarriers over a TTI equal to 1ms

	Number of bits per TTI (1ms) using QPSK: (3 subcarriers)(12 symbols carrying user data)(2 bits per RE) = 72bits.

Code Rate: For a TBS equal to 144bits and a CRC consisting of 24bits, the code rate would be 168bits/72bits = 2.3333.

The above means that even when all the bits carried over 1ms were assumed to be systematic, the TBS plus the CRC exceed by 133.33% the number of bits that can be carried over 1ms. This is the reason why the TBS is not decodable without repetitions.

Moreover, when only 1/3 of the bits carrying user data are assumed to be systematic, the code rate would be 168bits/24bits = 7, in this case the CRC itself would use all the available Resource Elements. Therefore, a smaller TBS would have to be used in this case.

CRC overhead: The CRC overhead is equal to (24*100)/72 = 33.3333%, while if 1/3 of the bits are systematic the CRC overhead results to be (24*100)/24 = 100%.


Table 5: Sub-PRB for PUSCH using the NB-IoT framework: 3 subcarriers over a RU equal to 4ms
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	Technical Analysis 4: Sub-PRB using 3 subcarriers over a RU equal to 4ms

	Number of bits per RU (4ms) using QPSK: (3 subcarriers)(48 symbols carrying user data)(2 bits per RE) = 288bits.

Code Rate: For a TBS equal to 144bits and a CRC consisting of 24bits, the code rate would be 168bits/288bits = 0.5833.

The above means that when the bits carried over 4ms are all assumed to be systematic bits, the TBS plus the CRC represent to be 58.33% of the total number of bits that can be carried in 4ms. Meaning that in principle the TBS could be decodable without repetitions.

When only 1/3 of the bits carrying user data are assumed to be systematic, the code rate would be 168bits/96bits = 1.75, which will create the need of using repetitions for decoding the TBS (~ 2 repetitions are needed).

CRC overhead: The CRC overhead is equal to (24*100)/288 = 8.3333%, while if 1/3 of the bits are systematic the CRC overhead results to be (24*100)/96 = 25%.


The Table 6 provides an overall comparison of the two proposals for supporting sub-PRB into PUSCH for MTC.
Table 6: Overview of the proposals for supporting Sub-PRB for PUSCH
	
	Sub-PRB for PUSCH using the legacy TTI length
	Sub-PRB for PUSCH using the NB-IoT framework

	Frequency domain utilization
	· Multi-tone transmissions: Equal

A PRB can be sub-divided in groups of adjacent subcarriers.

· Single-tone transmission: Not suitable

Unsuitable for single-tone transmissions due to the CRC overhead.
	· Multi-tone transmissions: Equal

A PRB can be sub-divided in groups of adjacent subcarriers.

· Single-tone transmissions: Suitable

Ready for single-tone transmissions as per the NB-IoT framework.

	Maximum TB size
	144 bits
	Depends on the number of Resource Units, for Multi-tone transmissions using a single RU the maximum TBS can be up 208bits.

	TTI length
	Fixed to 1ms
	Variable duration (the RU duration depends on the number of allocated subcarriers)

	TBS decodable without repetitions
	No
	Yes

(Depending on the number of RE available per RU, and number of systematic bits, the TBS could be decoded without requiring repetitions)

	CRC overhead
	Medium to High

Note: Depends on the number of systematic bits.
	Low to Medium

Note: Depends on the number of systematic bits.

	Specification effort for supporting sub-PRB in PUSCH
	Low to Medium

Statements updates for setting the constrains (e.g.,  max TBS) for using sub-PRB would be needed, plus new text for handling the sub carrier allocation and the DRMS sequences.
	Medium

The full design of the NB-IoT framework for sub-PRB is already available and can be re-used.


4 On the benefits of Sub-PRB over other techniques
In addition of fulfilling the objective of increasing the spectral efficiency, the sub-PRB technique also brings side benefits in terms of offering an improved BLER, an increased power spectral density (PSD), no performance loss in channel estimation (the DMRS resource elements will get boosted because of an increased PSD), a PAPR reduction, and battery savings derived from having a Power Amplifier (PA) operating more efficiently.

On the other hand, the CDMA technique which is other baseline candidate increases the spectral efficiency as a function of the spreading factor (SF), while increases the PSD of the total received signal (summed over the total number of ongoing orthogonal transmissions). However, with CDMA there are no additional benefits in terms of BLER (performance is just maintained), channel estimation, PAPR reductions, or battery savings
Table 7 summarizes the overall benefits that can be brought by CDMA and sub-PRB techniques.
Table 7:  Comparison on the main benefits of the CDMA and sub-PRB techniques for improving the PUSCH spectral efficiency

	Technique
	Increases the spectral efficiency
	Improves

BLER
	Increases the Power Spectral Density (PSD)
	Improves the Channel Estimation
	Provides a PAPR reduction
	Provides Battery savings
	Suitable for both CE mode A & B

	Sub-PRB
	Yes

6 subcarriers: 100% spectral efficiency improvement (2 BL/CE devices coexisting)

3 subcarriers: 300% spectral efficiency improvement (4 BL/CE devices coexisting)
	Yes

(Depends on the TBS and number of repetitions)
	Yes

6 subcarriers: 3dB PSD boost

3 subcarriers: 6dB PSD boost
	No

(The channel estimation performance is maintained due that the DMRS is PSD boosted)
	Yes

6 subcarriers: 5.5dB clipping [8]
3 subcarriers: 3.3dB clipping [8]
Using QPSK modulation:

Sub-carriers

PAPR

12
8.0dB

6

7.0dB

3

4.8dB

1

1.6dB


	Yes

(PA operates more efficiently)

[8]
	Yes

(In addition of opening the possibility of scheduling more BL/CE devices over the same time-frequency resources, for the number of repetitions associated to CE mode A, the throughput can be maintained with respect to a full PRB allocation, while for the number of repetitions associated to CE mode B, there is a slight throughput gain [3])

	CDMA
	Yes

SF = 4: 300% spectral efficiency improvement (4 BL/CE devices coexisting)
	No

(Maintained only)
	Yes

Summing over all the orthogonal transmissions, there is an increased PSD on total received signal.
	No

(Remains the same)
	No
	No
	Yes

(From the perspective of having more BL/CE devices over the same time-frequency resources)

Due to the near-far problem, only BL/CE devices belonging to the same CE mode could be multiplexed.


In accordance with the overall assessment presented in Table 7, and the investigations performed in [3-13] and in [14-23], the technique bringing more benefits for the system “as a whole” and specially in terms of the main performance metrics (spectral efficiency and power consumption) agreed for this WI is the sub-PRB technique. Whether combining the sub-PRB technique with an increased DMRS density could bring additional benefits can be further investigated.
Proposal 1: Use the sub-PRB technique for increasing the PUSCH spectral efficiency, and continue the investigations to find out whether keeping the legacy TTI length equal to 1ms or re-using the NB-IoT framework results to be more suitable for introducing this technique. 

Proposal 2: The benefits of combining the sub-PRB technique with an increased DRMS density can be further investigated.
5 Conclusions 

This contribution provided an analysis on how to increase the spectral efficiency of the PUSCH by using the sub-PRB technique. Two alternatives for introducing the support of sub-PRB in PUSCH were analysed, and a technical comparison between the sub-PRB and the CDMA technique was also provided. From the analysis performed the following points can be highlighted:
· A new Work Item (WI) on even further enhanced MTC (“efeMTC”) was approved.
· One of the areas to be even further enhanced refers to increasing the spectral efficiency of the PUSCH.
· Several contributions were submitted to RAN1 #88bis, and RAN1 #89 aiming at addressing the objective of increasing the spectral efficiency of the PUSCH [3-23].
· The sub-PRB technique improves the spectral efficiency by increasing the subcarrier allocation granularity within a PRB. For example, a 6 subcarriers allocation leads to a 100% spectral efficiency improvement, while a 3 subcarrier allocation leads to a 300% spectral efficiency improvement.
· Reducing the resource utilization in the frequency domain is typically compensated by extending the resource utilization in the time domain. This is the case of the sub-PRB design in NB-IoT (see Table 1 in section for more details).
· According with [14-19], the sub-PRB technique for PUSCH can be adopted by different means:
· The NPUSCH framework has been proposed to be adopted by PUSCH for supporting the sub-PRB technique.
· Alternatively, two techniques have been proposed for introducing the support of the sub-PRB by keeping unmodified the existing TTI length of PUSCH [18-19]. 
· Alternative 1: Incorporates the sub-PRB into PUSCH in a quasi-transparent way by limiting the Transport Block size to 144bits relying on repetitions, which effectively keeps the TBS mapping into a TTI which length is equal to 1ms [18].
· Alternative 2: Requires inserting two new blocks to the L1 processing chain of PUSCH for puncturing and rotating (re-arranging) on a per subframe basis the subcarriers contained within a PRB [19].
· The simplicity of the alternative number one makes it an interesting candidate for introducing sub-PRB with minimum specification impacts. 
· In section 3, the proposal of introducing the sub-PRB technique in PUSCH by keeping the legacy TTI length is compared against the proposal of re-using the NB-IoT framework.
· For the two proposals, the resources in the frequency domain would be subdivided in the same way, while in the time domain the transport block would be mapped into either a TTI lasting for 1ms, or a resource unit (RU) having a duration that depends on the number of allocated subcarriers (See Figure 1).
· In section 3, Tables 2 to Table 5 contain a comparative analysis of the code rates and the CRC overhead that is obtained when the TBS is mapped to either 1ms TTI, or to a RU according to the two proposals for adopting sub-PRB in PUSCH. A TBS size equal 144bits along with subcarrier allocations consisting of 3 and 6 subcarriers were used for the analysis.
· Table 6 provides an overall comparison of the two proposals for supporting sub-PRB into PUSCH for MTC.
· In section 4, the benefits of the sub-PRB as compared to CDMA is summarized (See Table 7).
· In general, it is mentioned that in addition of increasing the spectral efficiency, the sub-PRB technique also brings side benefits in terms of an improved BLER, an increased PSD, no performance loss in channel estimation (the DMRS resource elements will get boosted because of an increased PSD), a PAPR reduction, and battery savings derived from having a PA operating more efficiently.
Therefore, the technique bringing more benefits for the system “as a whole” and specially in terms of the main performance metrics (spectral efficiency and power consumption) agreed for this WI is the sub-PRB technique.

Proposal 1: Use the sub-PRB technique for increasing the PUSCH spectral efficiency, and continue the investigations to find out whether keeping the legacy TTI length equal to 1ms or re-using the NB-IoT framework results to be more suitable for introducing this technique. 

Proposal 2: The benefits of combining the sub-PRB technique with an increased DRMS density can be further investigated.
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