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Discussion and Decision
1 Introduction

In RAN1#90, it was agreed that –

· Sub-PRB allocation method shall be specified 
In this contribution, we provide potential design for PUSCH sub-PRB allocation.

2 Sub-PRB Allocation
In RAN1#90, it was agreed that sub-PRB allocation method shall be specified. This technique can be used to increase spectral efficiency and link budget. Furthermore, since it is already supported in NB-IoT, eMTC design can reuse many components from NB-IoT. In this section, we discuss the design of sub-PRB allocation for eMTC. 
In NB-IoT, sub-PRB allocation can be used by the eNB regardless of the coverage level of the UE. Sub-PRB allocation, however, is most beneficial for UEs in coverage limited situation where many repetitions are required. For PUSCH, CE Mode A can support up to 32 repetitions while CE Mode B can support up to 2048 repetitions. Generally, CE Mode A is intended for low to medium coverage enhancement while CE Mode B is for large coverage enhancement. From a spectral efficiency point of view, however, sub-PRB allocation can be used to improve spectral efficiency even if the UE is in CE Mode A. This is 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 and 12). The total transmission time is 32ms. 
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(a) 504 bits, 32 ms
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(b) 144 bits, 32 ms


Figure 1. PUSCH performance with sub-PRB resource allocation – CE Mode A, 32ms.

From Figure 1(a), the required SNR at 10% BLER is 0.7 and -5.2 dB for 3 and 12 subcarriers respectively. The corresponding MCL (using assumptions from Table 1) is 144.8 and 144.6 dB for 3 and 12 subcarriers respectively. From the figure, significantly less resource is required for the same coverage, 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). 
Unlike for CE Mode B results shown in [1], there is little coverage gain in Figure 1(a) (compared to close to 1dB for 62ms and 256ms in [1]). This is because channel estimation seems quite robust at the SNR range being considered in this case. However, for low MCS values, where the operating SNR is much lower, some coverage gain is possible even for CE Mode A. This is shown in Figure 1(b) where there is a coverage gain of approximately 0.6dB at the 10% BLER operating point.
Therefore, it is proposed to support sub-PRB allocation in both CE Mode A and B.
Proposal 1: Support sub-PRB allocation in both CE Mode A and B. 
Naturally, sub-PRB allocation is only feasible on the PUSCH once the eNB learns of the UE’s capability. However, it can be supported in two ways – dynamically via DCI or configured by higher layers. In the former, a field in the DCI may indicate whether the allocation is for sub-PRB or for PRB-level. Or the UE may be required to monitor two different DCI formats simultaneously. This provides good scheduling flexibility but increases complexity. For the latter, the size of the DCI fields may be different and higher layer (e.g. RRC) signaling would indicate which DCI version the UE would monitor. To switch a UE from one mode to another would require RRC reconfiguration. Given the desire to limit UE complexity, it is proposed that sub-PRB allocation is configured by higher layers.
Proposal 2: UE is configured with sub-PRB allocation by higher layers. 
With respect to the design of a transmission unit, two approaches can be considered here –

· eMTC design where the resource unit remains 1ms and we reuse the 1 PRB column from the legacy TBS table for QPSK modulation (i.e. with ITBS ≤ 10) and with appropriate substitution 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 subcarriers. However, this approach cannot support single-tone transmission.
· NB-IoT design where a resource unit spans multiple subframes depending on the number of used subcarriers. For instance, with 3 subcarriers the resource unit would be 4ms long, where for 6 subcarriers the resource unit would be 2ms long. If only one resource unit is used, TBS of 208 bits can be supported. However, multiple resource units (1,2,3,4,5,6,8,10) can be assigned to support larger TBS up to 1000 bits.
Using NB-IoT approach requires significant changes to eMTC implementation but only moderate specification effort. There are several advantages in using the NB-IoT design including the ability to support single-tone transmission, support of larger TBS values (which can result in lower higher-layer overhead as well as CRC overhead), self-decodable transmission without requiring repetitions (which can avoid some error cases), and the ability to share implementation design with NB-IoT. Therefore, it is proposed to reuse NB-IoT design for resource unit definition. 
Proposal 3: Reuse NB-IoT resource unit and TBS design principle for sub-PRB allocation. 
In eMTC both QPSK and 16-QAM are supported in the uplink. Since the key goal for sub-PRB allocation is to increase spectral efficiency, it can be considered to also support 16-QAM if this doesn’t introduce significant additional complexity (e.g. with respect to tests or requirements). However, since higher-layer signaling is proposed for sub-PRB enable/disable UEs that are capable of 16-QAM transmission may not be efficiently served if configured in sub-PRB mode. In this case, there is no strong motivation to allow 16-QAM to be used. Therefore, it is proposed that only QPSK is supported for sub-PRB allocation. This can simplify specification and implementation efforts.
Proposal 4: Support only QPSK for sub-PRB allocation. 
With the proposal to reuse NB-IoT resource unit design principle, it can be considered whether the number of subcarriers should be the same as NB-IoT. From NB-IoT design, 6-subcarrier allocation has 2ms resource unit, while 3-subcarrier allocation has 4ms resource unit. This provides the same number of resource elements as 1 PRB and is a natural fit for legacy eMTC implementation design both from coding/mapping perspective as well as the total transmission time. For instance, when considering the number repetition in eMTC, the total transmission time in many cases can remain equivalent (e.g. 3-subcarrier allocation repeated 192 times would be 768ms). If we consider other allocation e.g. 4-subcarrier, then the resource unit will span 3ms which may not line up well with existing possible transmission times. Therefore, it is proposed to support at least 3-subcarrier and 6-subcarrier allocation.
With respect to single- subcarrier allocation, it is expected that single-tone allocation would provide increased capacity as the system would use less resources to serve coverage-limited UEs. However, the gain may not be very significant as the number of UEs that can benefit from using single-subcarrier compared to 3-subcarrier is not expected to be large. In addition, compared to 3-subcarrier and 6-subcarrier, single-subcarrier may be more challenging to implement. Nonetheless, single-tone transmission remains an attractive proposition and can be studied further.
Proposal 5: Support 3-subcarrier and 6-subcarrier allocation.
Currently, resource allocation in 6-0A and 6-0B includes an index of the narrowband and 5/3 bits to indicate the allocated PRBs within the narrowband. For sub-PRB allocation, to provide full scheduling flexibility include single-subcarrier allocation, 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-subcarrier and 6-subcarrier allocations are supported, then 3 bits would be sufficient. In addition, the PRB index and number of resource units must be indicated as well. As a result, sub-PRB allocation using NB-IoT design would need the following fields –

· Narrowband index –
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· PRB index – 3 bits
· Sub-carrier allocation – 3-5 bits
· Number of resource unit – 3 bits
This would require 9-11 bits in addition to the narrowband index which is significantly more than the 5/3 bits required in 6-0A/B. Since it is expected that sub-PRB allocation would be used mostly for UEs in medium to large coverage enhancement, it is beneficial to keep the DCI size as small as possible. To reduce the number of bits, some restrictions may be imposed. For instance, the UE may be configured with the PRB index within the narrowband via higher layer signaling, which would save 3 bits. Or the PRB and sub-carrier allocation may be jointly determined. Furthermore, a smaller number of resource units may be supported in eMTC (e.g. only 1,2,4,8). Using these techniques, it is expected that resource allocation overhead can be minimized.
Proposal 6: Sub-PRB resource allocation parameters include narrowband index, PRB index, sub-carrier allocation, and number of resource unit. To keep overhead low, some restrictions would be needed. 
In [1], performance with increased DMRS density was considered. 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 2 illustrates PUSCH performance with increased DMRS density based on simulation assumptions shown in Table 1.

[image: image4.emf]-18 -16 -14 -12 -10 -8 -6 -4

10

-2

10

-1

10

0

SNR (dB)

BLER

PUSCH - 1Tx-2Rx, TBS=504, ETU1

 

 

256ms 64ms

2 DMRS per TTI

3 DMRS per TTI

4 DMRS per TTI


Figure 2. PUSCH performance with increased DMRS density.

From Figure 2, 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.
With respect to DMRS design and considering the above results for increasing DMRS density, it would be most beneficial to keep the existint PUSCH design. There are two ways to handle DMRS design –

· Use 1 PRB for DMRS. No specification change is needed and, in this case, different UEs can be differentiated via orthogonal code. 

· Introduce new sequences for 3-subcarrier and 6-subcarrier allocation. In this regard, NB-IoT has already DMRS sequences for 3 and 6 tones. 
Using the entire PRB has better inter-cell interference property. However, since all UEs sharing the same PRBs, there may be some intra-cell interference since the DMRS may not in practice be perfectly orthogonal to each other. This could present some near-far problem especially since 6-subcarrier UE may be received at much larger power than 3-subcarrer UE. In addition, the DMRS is spread over the entire PRB which may degrade channel estimation performance in the allotted PUSCH subcarriers. Therefore, it is proposed to reuse NB-IoT DMRS sequences for 3-subcarrier and 6-subcarrier allocation.
Proposal 7: Reuse NB-IoT DMRS sequences for 3-subcarrier and 6-subcarrier allocation. 
3 Conclusions

In this contribution, we consider the design of sub-PRB allocation and make the following proposals –
Proposal 1: Support sub-PRB allocation in both CE Mode A and B. 
Proposal 2: UE is configured with sub-PRB allocation by higher layers. 
Proposal 3: Reuse NB-IoT resource unit and TBS design principle for sub-PRB allocation. 
Proposal 4: Support only QPSK for sub-PRB allocation. 
Proposal 5: Support 3-subcarrier and 6-subcarrier allocation.
Proposal 6: Sub-PRB resource allocation parameters include narrowband index, PRB index, sub-carrier allocation, and number of resource unit. To keep overhead low, some restrictions would be needed. 
Proposal 7: Reuse NB-IoT DMRS sequences for 3-subcarrier and 6-subcarrier allocation. 
4 References

[1] R1-1713725, “Increasing PUSCH spectral efficiency in efeMTC,” Nokia, Nokia Shanghai Bell, RAN1#90, Prague, Czech Republic.
Table 1. 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
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