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Discussion and Decision
1 Introduction

In [1], one objective of the WID is to increase PUSCH spectral efficiency. In RAN1#89, it was agreed that –

· 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.
In this contribution, we provide evaluation results and consider potential design for enhancing PUSCH spectral efficiency.

2 Sub-PRB Allocation vs CDMA
In RAN1#89, it was agreed that at least one of the following techniques – sub-PRB allocation and CDMA will be supported in Rel-15. Furthermore, increased DMRS density can be considered as a complementary enhancement to the techniques. In this section, we evaluate sub-PRB allocation versus CDMA and highlight some key results. 
Sub-PRB allocation

Of the techniques studied in Rel-13, sub-PRB allocation shows the most promise in increasing spectral efficiency and link budget. Link-level performance results for sub-PRB allocation are shown in Figure 1 based on simulation assumptions shown in Table 3. In this case, BLER performance for packet size of 504 bits is shown for different numbers of assigned resource elements (or sub-carriers or tones) per PRB (3, 6, and 12). The total transmission time is 64ms in Figure 1(a) and 256ms in Figure 1(b). 
From Figure 1(a), the required SNR at 10% BLER is -2.4, -4.9, and -7.4 dB for 3, 6, and 12 REs respectively. The corresponding MCL (using assumptions from Table 3) is 147.9, 147.4, and 146.8 dB for 3, 6, and 12 REs respectively. Thus, there is approximately 1dB gain in coverage with sub-PRB allocation. In addition, significantly less resource is required, which can lead to improved PUSCH spectral efficiency (e.g. 4 users using 3 tones each can be multiplexed into one PRB where 4 PRBs would be required otherwise). Hence, sub-PRB allocation increases spectral efficiency by both using less time-frequency resource as well as offering better performance due to improved channel estimation.
From Figure 1(b), the required SNR at 10% BLER is -7.3, -10.0, and -12.5 dB for 3, 6, and 12 REs respectively. The corresponding MCL is 152.8, 152.5, and 151.9 dB for 3, 6, and 12 REs respectively. Like the results shown for Figure 1(a), there is approximately 1dB gain in coverage with sub-PRB allocation.
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(b) 64 ms
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Figure 1. PUSCH performance with sub-PRB resource allocation.
Table 1 lists the MCL and spectral efficiency gain with sub-PRB resource allocation. The MCL gain is calculated from results shown in Figure 1. For the spectral efficiency gain, we used 1 PRB allocation and its 10% BLER point as the reference. We then determine the number of users that can be multiplexed into 1 PRB using sub-PRB allocation, as well as the improvement in link-level results due to better channel estimation. 
Table 1. MCL and spectral efficiency gain.
	No of REs/PRB
	64 ms
	256 ms

	
	MCL (dB)
	Spectral efficiency gain at reference MCL
	MCL (dB)
	Spectral efficiency gain at reference MCL

	12
	146.8
	-
	151.9
	-

	6
	147.4
	106%
	152.5
	105%

	3
	147.9
	314%
	152.8
	313%


From Table 1, it can be seen sub-PRB allocation can improve PUSCH spectral efficiency substantially. The amount of improvement depends mostly on the granularity of the sub-PRB allocation.
Observation 1: Sub-PRB allocation can improve PUSCH spectral efficiency substantially. 
CDMA
Code spreading can also be used to increase PUSCH spectral efficiency by multiplexing users in the code domain. An illustration of subframe based code spreading is shown in Figure 2. The increase in efficiency is proportional to the length of the spreading code. 
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Figure 2. PUSCH transmission with CDMA.

There are, however, several issues with code spreading. First, a common spreading factor is required and transmission must be aligned to this common spreading factor (e.g. every 4 or 8 subframes). This increases scheduling complexity and limits flexibility as UEs must be aligned to the common boundary. Furthermore, to support the same transmission times as in Rel-14, the transmission time must be an integer multiple of the spreading factor. For instance, to have an equivalent of repetition number of 32 would require repletion of 8 and spreading factor of 4. Frequency hopping boundary should also be aligned with the spreading boundary. Transmission gaps, retuning gaps and invalid subframes must also be considered to minimize loss of orthogonality. In addition, near-far problem is a concern, especially for UEs requiring long transmission time that may be multiplexed with many UEs across its transmission time. In addition, with inter-code interference can also be introduced due to channel variation (including frequency offset) within the spreading code.

Observation 2: CDMA can improve PUSCH spectral efficiency but may require significant specification effort and further studies are needed on performance loss with inter-code interference.
Table 2 provides a summary comparison of sub-PRB allocation versus CDMA.
Table 2. Comparison of sub-PRB allocation versus CDMA.
	Technique
	MCL gain
	Spectral efficiency gain
	Specification effort
	Complexity

	Sub-PRB allocation
	Moderate
	Substantial
	Moderate
	Small

	CDMA
	None
	Substantial
	Substantial
	Moderate


Based on the summary shown in Table 2, it is seen that sub-PRB allocation offers better balance in term of gain versus specification effort and complexity. It can improve both the link budget as well as spectral efficiency. Specification effort is small, and implementation complexity is expected to be low both at the UE and eNB. Although CDMA may also a good approach, there is no need to introduced multiple enhancement methods for the same objective. Therefore, it is proposed to introduce sub-PRB allocation as a method to improve PUSCH spectral efficiency in Rel-15.
Proposal 1: Introduce sub-PRB allocation to improve PUSCH spectral efficiency.
Another technique that may be considered in complement to sub-PRB allocation is to increase DMRS density. However, with the support for multi-subframe channel estimation, this technique is not as attractive since the PUSCH must be punctured to accommodate additional DMRS. This results in higher coding rate which degrades performance in some circumstances. Figure 3 illustrates PUSCH performance with increased DMRS density based on simulation assumptions shown in Table 3.
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Figure 3. PUSCH performance with increased DMRS density.

From Figure 3, it is seen that there is a slight loss with increased DMRS density due to the higher overhead with 64 repetitions. With 256 repetitions, there is a gain of approximately 0.2-0.3 dB. Thus, this method is only suitable for UEs requiring large coverage enhancement. Note that, in this case, cross-subframe channel estimation was used with estimation across 6 subframes. Naturally, increasing DMRS density results in better performance when the number of subframes that can be used for channel estimation is small. However, this technique might be further considered in case of high UE velocity where it is not beneficial to use multi-subframe channel estimation.
Observation 3: Increasing DMRS density can provide small improvement in PUSCH spectral efficiency for UEs requiring large coverage enhancement. 
3 Sub-PRB Resource Allocation
As discussed in Section 2, sub-PRB resource allocation can be introduced without significant specification effort. The following list provides our initial views on how this can be done –
· TBS values – one potential approach is to reuse the 1 PRB column from the legacy TBS table for QPSK modulation (i.e. with ITBS ≤ 10) and with appropriate substituion for TBS value of 328 bits. The largest TBS values would be 144 bits. Using this TBS value and all redundancy versions, an effective coding rate of R=1/2 can be achieved with 3 REs/PRB.
· TBS mapping – TBS mapping can be constraint to 1 TTI as in legacy. Similar to the modulation override introduced in Rel-14, this means that the TBS would only be decodable with repetitions. This can be either by handled by the eNB or a minimum repetition number can be introduced when this technique is enabled.
· Resource allocation – To provide full scheduling flexibility, 5 bits would be require to address the resource allocation within the PRB. However, the allowed allocation can be limited to reduce the number of bits and also to reduce complexity. For example, if only 3 RE and 6 RE allocations are supported, then 3 bits would be sufficient.
· DMRS design – DMRS design can reuse NB-IoT design where base sequences for 3 and 6 tones have already been standardized.
Alternately, sub-PRB resource allocation as implemented in NB-IoT can be adopted by eMTC. This requires support of 1,3,6,12 subcarriers and extending the transmission to one or more resource units. In this case, specification work will be minimal. However, this will introduce new numerologies and TBS mapping across multiple resource units, which may not be desirable from an implementation perspective.
Like other enhancement features introduced in Rel-14, sub-PRB allocation can be considered an optional UE capacity which will require appropriate capacity indication. Thus, eNB will configure UE to operate in this mode via higher-layer signaling.
4 Conclusions

In this contribution, we consider potential techniques for enhancing PUSCH spectral efficiency and make the following observations and proposal –
Observation 1: Sub-PRB allocation can improve PUSCH spectral efficiency substantially.
Observation 2: CDMA can improve PUSCH spectral efficiency but may require significant specification effort and further studies are needed on performance loss with inter-code interference.
Observation 3: Increasing DMRS density can provide small improvement in PUSCH spectral efficiency for UEs requiring large coverage enhancement. 
Proposal 1: Introduce sub-PRB allocation to improve PUSCH spectral efficiency.
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Table 3. Simulation assumptions.
	Parameter
	Value

	UE PA power
	23 dBm

	System BW
	10 MHz

	Band
	Band 8 (900 MHz)

	Channel model 
	ETU

	Doppler spread 
	1 Hz

	Frequency error 
	±30 Hz (uniformly distributed)

	Frequency Hopping
	None

	TBS
	504 bits

	UE Tx antenna configuration
	1 Tx

	eNB Rx antenna configuration
	2 Rx

	Channel estimation
	Realistic – cross SF estimation using 6 subframes

	eNB NF
	5 dB


