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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 accordance with the above WID’s objective, in RAN1 #88bis several companies have provided preliminary simulation results and technical argumentations supporting their view on which technique should be used for increasing the spectral efficiency of the PUSCH [3-13]. 

Based on the technical inputs made available for RAN1 #88bis, and once all the main candidate proposals are known, this contribution is intended to provide a technical comparison on the benefits and implications associated to each of the proposals.
2 Background
Several contributions were submitted to RAN1 #88bis aiming at addressing the objective of increasing the spectral efficiency of the PUSCH [2-13]. Among the candidate proposals, there were some techniques that were referred by multiple companies (e.g., sub-PRB [3-13]), there were some other ones that were cited by a few (e.g., increased DMRS [6,9], CDMA [6,8,9,12]), and it was even one proposal that counted with only one reference source (e.g., MU-MIMO) [12]. The candidate techniques (i.e., L1 mechanisms, not configuration strategies) submitted for discussion to RAN1 #88bis are briefly described below:
· Sub-PRB: This technique primarily consists in subdividing the spectrum of one PRB into several spectrum chunks for making possible to allocate several BL/CE devices within one PRB. One important aspect to consider is that depending on the TBS, the sub-PRB allocation may be required to be held longer in the time domain. Furthermore, the devices scheduled within a given sub-PRB won’t benefit from frequency selective scheduling. Nonetheless, in addition to fulfil the objective of increasing the spectral efficiency, this technique also provides 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.
· CDMA: Code Division Multiple Access makes use of Orthogonal Variable Spreading Factor (OVSF) codes which extend all along multiple orthogonal branches within a code tree. With this technique the number of BL/CE devices that can simultaneously make use of the same time-frequency resources is equal to the number of parallel branches of a given spreading factor (SF). The spectral efficiency of PUSCH can be improved as a function of the SF, there is an increase in the PSD of the total received signal (summed over the total number of orthogonal transmissions ongoing), and the average BLER can be maintained [12]. However, the orthogonality requires that the codes be time synchronized, that the maximum carrier frequency offsets (CFO) do not be large [9], and that the near-far effects be taken into consideration. In addition, the orthogonality can also be destroyed if there are other neighbour BL/CE devices using the same codes. Moreover, with CDMA there are no additional benefits in terms of BLER (performance is just maintained), channel estimation, PAPR reductions, or battery savings.
· Increased DMRS density: The DMRS extends along the whole bandwidth of a PUSCH PRB, and is present in one out of seven symbols. This candidate solution aims at improving the channel estimation accuracy by increasing the total number of resource elements that in one slot are used to carry the demodulation reference signals (DMRS). In [9], it has been mentioned that the DMRS can be present twice or even four times per slot (i.e., in two or even four out of seven symbols). This proposal will help to improve the channel estimation and BLER, but it will not improve the spectral efficiency in a direct manner (i.e., no additional UEs can be supported with the same radio resources), however an improved channel estimation may reduce the number of required repetitions allowing to release resources and potentially save battery (Hypothesis that needs to be tested). On the other hand, densifying the number of DMRSs per slot will put additional restrictions on the transport block sizes that can be used (i.e., resource elements that today are used to carry data, will be permanently taken away by DMRSs). Increasing the DMRS density does not bring additional benefits in terms of increasing the PSD, PAPR reductions.
· MU-MIMO: By making use of a MU-MIMO architecture it is possible for the network to receive transmissions from multiple users over multiple layers by using the same time-frequency resources. Given that one DMRS sequence is transmitted per layer, an Orthogonal Cover Code (OCC) using the same principle as CDMA (i.e., code tree) is used to distinguish among the DMRS transmissions from different users, hence near-far effects need to be taken into consideration. Using MU-MIMO will allow to increase the spectral efficiency of PUSCH; however, supporting different BL/CE devices on different beams will imply using multi-layer processing resources at the cell for serving low data rate devices.
3 Technical comparison
A brief description of the main candidate techniques for increasing the spectral efficiency of the PUSCH has been provided in section 2. The Table 1 provides an overview of the benefits that can be brought by each of the candidate proposals:
Table 1:  Comparison on the main benefits of the candidate 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

3 subcarriers: 3.3dB clipping 

[8]
	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.

	Increased DMRS density
	N/A
(No additional BL/CE devices can be supported on the same time-frequency resources, hence the spectral efficiency is not increased in a direct manner)
However, resources may be released if the number of repetitions were reduced through the improvements in channel estimation.
	Yes

(Depends on the TBS and number of repetitions, it may incur in a slight loss for low repetitions due to the introduced DMRS overhead) [6]
	No
	Yes
	No
	N/A
Battery may be saved if the number of repetitions were reduced through the improvements in channel estimation.
	No
(CE mode B only since BLER losses due to channel estimation errors are limited [9].

There is a slight loss for low repetitions due to the DRMS overhead [6].)



	MU-MIMO
	Yes

Four layers: 300% spectral efficiency improvement (4 BL/CE devices coexisting)
	No

(Maintained only)
	No
	No
	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 1, and the investigations performed in [3-13], the technique bringing more benefits for the system “as a whole” is the sub-PRB. Whether combining it with other technique could bring additional benefits can be further investigated, but it seems to be clear that sub-PRB by itself incorporates benefits in terms of the two main performance metrics agreed by RAN1 #88bis: spectral efficiency and power consumption.
In RAN1 #88bis a set of simulation assumptions were agreed [14], which will allow to estimate the gains and losses under common assumptions. Nonetheless, and independently of that, the high level benefits summarized in Table 1 are part of the nature of each of the proposals and they will remain tied to them. 
Therefore, and before proceeding further with detailed design discussions per proposal, any way forward on which technique(s) should be used for increasing the spectral efficiency of the PUSCH should first take into consideration the direct benefits, side benefits, and implications associated to each of the candidate solutions.
Observation 1: Independently of new and more accurate quantifications of gains & losses derived from common simulation assumptions, the high level benefits summarized in Table 1 are part of the nature of each of the proposals and they will remain tied to them.

Observation 2: Any way forward on increasing the spectral efficiency of the PUSCH should consider the direct benefits, side benefits, and implications associated to each of the candidate solutions. 
4 Conclusions 

This contribution provided an overall technical comparison among the candidate techniques that have been proposed for increasing the spectral efficiency of the PUSCH. From the analysis performed the following points can be highlighted:
· A new Work Item (WI) on even further enhanced MTC (“efeMTC”) was approved as a working agreement.
· 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 aiming at addressing the objective of increasing the spectral efficiency of the PUSCH [3-13].
· The proposed candidate techniques are sub-PRB, CDMA, increased DMRS density, and MU-MIMO, which are briefly described in the section 2 of this paper.
· In section 3 an overview of the benefits that can be brought by each of the candidate proposals was summarized in Table 1.
· From the overall assessment presented in Table 1, and the investigations performed in [3-13], the technique bringing more benefits for the system “as a whole” is the sub-PRB.
· Independently of new results derived from the common simulation assumptions agreed in RAN1 #88bis, one important thing to highlight is that the high level benefits summarized in Table 1 are part of the nature of each of the proposals and they will remain tied to them.

· Before proceeding further with detailed design discussions per proposal, any way forward should first take into consideration the direct benefits, side benefits, and implications associated to each of the candidate solutions.
Observation 1: Independently of new and more accurate quantifications of gains & losses derived from common simulation assumptions, the high level benefits summarized in Table 1 are part of the nature of each of the proposals and they will remain tied to them.

Observation 2: Any way forward on increasing the spectral efficiency of the PUSCH should consider the direct benefits, side benefits, and implications associated to each of the candidate solutions. 
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