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1 Introduction

In RAN1 #89 meeting, the following have been agreed to improve PUSCH spectral efficiency for efeMTC [1]:
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.

In this contribution, we first provide link-level evaluations on PUSCH with sub-PRB allocation with and without increased DMRS density. By comparing the simulation results to pre-release (f)eMTC PUSCH, we down select from the candidate techniques to improve the UL spectral efficiency, and discuss the corresponding applicable cases, configuration, and design details for the selected techniques for UL spectral efficiency improvement. 
2 Evaluation of techniques to improve UL spectral efficiency
In this section, we first provide the link-level evaluations for PUSCH with sub-PRB allocation with and without increased DMRS density under the simulation assumptions agreed in RAN1 #88bis meeting [2], and study their achievable gain compared to (f)eMTC PUSCH. Then, we discuss the techniques to be supported for efeMTC UL spectral efficiency enhancement.
2.1 Link-level evaluations for PUSCH with sub-PRB allocation
Table 1 provides a specific example of MCL calculation for PUSCH. More simulation results of required SNR and achievable MCL are given in Table 2 for PUSCH with 1 PRB allocation, in Table 3 for PUSCH with sub-PRB allocation without increased DMRS density and in Table 4 for PUSCH with sub-PRB allocation and increased DMRS density, respectively. In cases where DMRS density is increased, we assume there are four DMRS symbols (at symbols #0, #3, #7 and #10) per subframe, i.e. the DMRS density is increased twice compared to legacy PUSCH. 
The UL spectral efficiency that can be achieved by different techniques for target MCL of 154 dB is given in Table 5.

Table 1. Example of MCL calculation for PUSCH with 1536 repetitions for 1-PRB allocation and 128 repetitions for 3-tone allocation with 3 RUs, at BLER=10% without frequency hopping.
	Physical channel name
	PUSCH 

(1 PRB)
	PUSCH 
(3-tone, 3 RUs)
	PUSCH 

(3-tone, 3 RUs, increased DMRS)

	Transmitter
	 
	 
	 

	(0) Max Tx power(dBm)
	23
	23
	23

	(1) Actual Tx power (dBm)
	23
	23
	23

	Receiver
	 
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5

	(5) Occupied bandwidth (Hz)
	180000
	45000
	180000

	(6) Effective noise power
	-116.45
	-122.47
	-122.47

	= (2) + (3) + 10 log((5))  (dBm)
	
	
	

	(7) Required SINR (dB)
	-20.30
	 -15.00
	-15.50

	(8) Receiver sensitivity
	-136.75
	-137.47
	-137.97

	= (6) + (7) (dBm)
	
	
	

	(9) Baseline MCL
	159.75
	160.47
	160.97

	= (1) - (8) (dB)
	
	
	


Table 2. SNR and MCL for PUSCH with 1 PRB allocation 
	PUSCH, 1PRB, without increased DMRS
	SNR (dB)
	MCL (dB)

	
	No frequency hopping
	With frequency hopping
	No frequency hopping
	With frequency hopping

	RL
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%

	256
	-9.90
	-12.80
	-12.50
	-14.40
	149.35
	152.25
	151.95
	153.85

	512
	-13.60
	-16.00
	-15.50
	-17.00
	153.05
	155.45
	154.95
	156.45

	1024
	-17.10
	-18.80
	-18.40
	-19.60
	156.55
	158.25
	157.85
	159.05

	1536
	-19.00
	-20.30
	-19.80
	-20.90
	158.45
	159.75
	159.25
	160.35

	2048
	-20.10
	-21.30
	-21.00
	-21.80
	159.55
	160.75
	160.45
	161.25


Table 3. SNR and MCL for PUSCH with 3-tone allocation and without increased DMRS density
	PUSCH, 3-tone, 
3 RUs
	SNR (dB)
	MCL (dB)

	
	No frequency hopping
	With frequency hopping
	No frequency hopping
	With frequency hopping

	RL
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%

	4
	3.10
	-0.90
	0.20
	-2.50
	142.37
	146.37
	145.27
	147.97

	8
	0.30
	-3.40
	-3.20
	-5.40
	145.17
	148.87
	148.67
	150.87

	16
	-3.00
	-6.20
	-5.80
	-7.80
	148.47
	151.67
	151.27
	153.27

	32
	-6.80
	-9.20
	-8.90
	-10.50
	152.27
	154.67
	154.37
	155.97

	64
	-10.20
	-12.30
	-11.80
	-13.10
	155.67
	157.77
	157.27
	158.57

	128
	-13.40
	-15.00
	-14.50
	-15.50
	158.87
	160.47
	159.97
	160.97


Table 4. SNR and MCL for PUSCH with 3-tone allocation and increased DMRS density
	PUSCH, 3-tone, 3 RUs, increased DMRS
	SNR (dB)
	MCL (dB)

	
	No frequency hopping
	With frequency hopping
	No frequency hopping
	With frequency hopping

	RL
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%
	BLER=2% 
	BLER=10%

	4
	3.30
	-0.50
	0.70
	-2.10
	142.17
	145.97
	144.77
	147.57

	8
	0.50
	-3.40
	-3.10
	-5.30
	144.97
	148.87
	148.57
	150.77

	16
	-3.30
	-6.30
	-5.80
	-7.90
	148.77
	151.77
	151.27
	153.37

	32
	-7.00
	-9.60
	-9.10
	-10.80
	152.47
	155.07
	154.57
	156.27

	64
	-10.70
	-12.60
	-12.30
	-13.60
	156.17
	158.07
	157.77
	159.07

	128
	-14.00
	-15.50
	-15.10
	-16.10
	159.47
	160.97
	160.57
	161.57


Table 5. Spectral efficiency comparison at MCL of 154 dB
	MCL = 154 dB, 

BLER = 2%
	Spectral efficiency (bps/kHz) 

	
	1PRB without increased DMRS
	3-tone, 
3 RUs, without increased DMRS
	3-tone, 
3 RUs, with increased DMRS

	No frequency hopping
	2.68
	14.29
	14.29

	With frequency hopping
	5.36
	28.58
	28.58


	MCL = 154 dB, 

BLER = 10%
	Spectral efficiency (bps/kHz) 

	
	1PRB without increased DMRS
	3-tone, 
3 RUs, without increased DMRS
	3-tone, 
3 RUs, with increased DMRS

	No frequency hopping
	4.92
	26.25
	26.25

	With frequency hopping
	4.92
	26.25
	26.25


2.2 Discussion on the techniques to improve UL spectral efficiency
To fairly compare the coverage performance of the PUSCH with 1-PRB and 3-tone allocations, we consider the PUSCH with 1-PRB allocation and 1536 repetitions against PUSCH with 3-tone allocation, 3 RUs and 128 repetitions, where both correspond to the time domain resource of 1536 ms. It can be observed that there is up to ~0.7dB gain in MCL with 3-tone allocation for the considered TBS and channel at BLER of 10%. While the coverage performances for sub-PRB and 1-PRB allocations are quite similar, the spectral efficiency is improved significantly via sub-PRB allocation as elaborated below.

For the UL spectral efficiency, the PUSCH spectral efficiency with 3-tone allocation is improved substantially. As given by Table 5, the PUSCH with 3-tone allocation has ~5x UL spectral efficiency compared to 1-PRB allocation. The significant gain in UL spectral efficiency with sub-PRB allocation motivates the support of sub-PRB PUSCH in efeMTC.
It can also be observed that the increase of DMRS density leads to coverage performance degradation for lower MCL target, e.g. ~0.4dB loss with total transmission duration of 48ms at BLER of 10%. This is due to the increased overhead from reference signals. For transmission time of 96ms or 192ms, there is almost no performance difference by increasing DMRS density. For deep coverage, the increased DMRS density can provide some coverage gains, e.g. ~0.5dB for transmission duration of 1536ms. As illustrated in Table 5, there is no benefit in UL spectral efficiency with increased DMRS in the considered example. 
Observation 1
· The sub-PRB PUSCH provides significant gain in UL spectral efficiency.
· There is up to ~5x UL spectral efficiency for PUSCH with 3-tone allocation compared to 1-PRB allocation at target BLER of 10% and MCL of 154 dB.
· Increased DMRS density provides coverage gains for high coverage enhancement targets. At lower targets, it leads to performance degradation due to increased overhead from reference signals. 

Proposal 1

· Support the sub-PRB allocation to improve UL spectral efficiency for efeMTC.
3 Design of techniques to improve UL spectral efficiency
In this section, we share our views on the design of sub-PRB allocation for PUSCH. We begin with the use case and configuration for these techniques, and then provide some physical design details to support sub-PRB allocation. 

Besides the sub-PRB allocation, CDMA is another candidate for the UL spectral efficiency improvement. It is observed in [3] that the performance impact from UE multiplexing with spreading codes is quite limited. With spreading factor of Z, the system capacity can be increased up to Z times compared to the cases without CDMA. Thus, we also provide the design details for CDMA for efeMTC PUSCH, if it is supported. 

3.1 Applicable cases and configurations
One of the key benefits for the support of sub-PRB allocation for PUSCH is to enable more UEs multiplexed in frequency domain, which improves the system capacity, especially when UEs are in deep coverage requiring large number of repetitions. In addition, the maximum power reduction (MPR) for sub-PRB PUSCH transmission is less than 1-PRB allocation, which helps the coverage enhancement. Therefore, sub-PRB allocation can be used to schedule PUSCH for UEs that are in CE mode B, where the sub-PRB allocation brings the most benefits. 

Similar to sub-PRB allocation, the system capacity improvement via UE multiplexing in code domain is more essential for UEs in CE mode B requiring large number of repetitions. Moreover, the RV is cycled every Z subframes in (f)eMTC PUSCH, where Z=4 for FDD and Z=5 for TDD in CE mode B. This facilitates the use of CDMA, where a length-Z spreading code can be directly applied. On the other hand, Z is 1 in CE mode A, where more changes are needed to support CDMA. Considering more benefits and less spec changes in CE mode B, it is preferred to support CDMA only in CE mode B, same as the applicable cases for sub-PRB allocation. 
Recall that larger PUSCH channel BW is supported only in CE mode A. The main motivation for configuring larger PUSCH channel BW (e.g. 5 MHz) is to support higher data rate, to cater to applications requiring high data rate, e.g. voice capable wearable devices and health monitoring devices, etc. On the other hand, the sub-PRB allocation and CDMA is expected to bring benefits primarily in terms of system spectral efficiency and thereby user capacity, considering PUSCH transmission from UEs in deep coverage. Thus, we do not see the need to use sub-PRB allocation or CDMA for UEs configured with max PUSCH channel BW larger than 1.4 MHz. 
Regarding the TDD frame structure, as sub-PRB allocation requires longer UL transmission duration in the time domain, it is desirable to preclude certain TDD configurations, which have limited number of UL subframes, e.g. TDD configuration 5, to avoid large latency. 

Moreover, the configuration of sub-PRB and CDMA should depend on the UE capability. For message 3 in the random access procedure to establish the RRC connection, as eNB is not aware of the UE capability yet, the sub-PRB and CDMA cannot be supported. Though it is possible to support sub-PRB allocation and CDMA for message 3 for UEs in RRC_CONNECTED mode, to have a clean and simple design and to minimize spec changes in terms of RAR contents, it is preferred to support sub-PRB allocation and CDMA only for PUSCH other than the message 3 in random access procedure. 

The support of sub-PRB allocation and CDMA can be semi-statically configured via higher layer signalling, depending on UE capability. In other words, eNB may configure the sub-PRB allocation or CDMA for PUSCH transmission from a UE, after the UE indicates its capability to support sub-PRB or CDMA. As discussed, the configuration of sub-PRB allocation and CDMA should take into account the max PUSCH channel BW, CE mode, and TDD configuration in TDD systems.
Proposal 2
· The techniques to improve UL spectral efficiency such as sub-PRB allocation are supported only by UEs supporting CE mode B.
· It is supported only for BL UEs configured with max PUSCH channel BW of 1.4 MHz.
· The techniques to improve UL spectral efficiency such as sub-PRB allocation are not supported for PUSCH carrying message 3 during random access procedure.

· Sub-PRB allocation for PUSCH is supported only in TDD configurations with large enough number of consecutive UL subframes. 

· TDD configuration 5 does not support sub-PRB allocation. 

Proposal 3
· The support of techniques to improve UL spectral efficiency such as sub-PRB allocation is configured semi-statically via higher layer signalling, depending on UE capability.

· The techniques to improve UL spectral efficiency such as sub-PRB allocation may be configured for a UE only when in CE mode B.
3.2 Design details of sub-PRB PUSCH
In this section, we share our views on the sub-PRB allocation design. Note that the sub-PRB allocation here refers to the cases with less than 1 PRB allocation, while 1-PRB allocation still follows the design in (f)eMTC. As sub-PRB allocation is supported in Rel-13 NB-IoT already, it is preferred to reuse as many designs from NB-IoT on sub-PRB allocation as possible.
Both 3-subcarrier and 6-subcarrier allocations can be supported for efeMTC. For these allocations, the subcarrier spacing of 15 kHz is supported, following NB-IoT design for multi-subcarrier NPUSCH transmission. Similar to NB-IoT, the resource unit (RU) concept can be introduced to efeMTC for sub-PRB allocation, where 3-subcarrier allocation corresponds to the RU of 4 ms, and 6-subcarrier allocation corresponds to the RU of 2 ms. Recall that in (f)eMTC, the max TBS for UEs with max PUSCH channel BW of 1.4 MHz in CE mode B is 1000 bits, which is the same as the max TBS for NPUSCH supported in Rel-13 NB-IoT. Thus, the TBS table in Rel-13 NB-IoT can be reused, which maps the TBS index and number of RUs indicated in the DCI to the TBS.

For modulation, QPSK is always used for PUSCH with 3-subcarrier and 6-subcarrier allocations. The modulation for PUSCH with no less than 1 PRB allocation follows the eMTC design.
The DMRS for sub-PRB PUSCH in efeMTC can reuse the DMRS introduced to Rel-13 NB-IoT for multi-subcarrier NPUSCH transmission. Specifically, the DMRS sequence with length 3 and length 6 are introduced for 3-subcarrier and 6-subcarrier PUSCH transmission, respectively, which are located in the same symbols as in LTE, i.e. the middle symbol of each slot. If the denser DMRS is supported, the use of denser DMRS can be configurable and implicitly indicated based on the total scheduled duration for the PUSCH transmission, specifically for PUSCH transmissions in deep coverage. 
In Rel-13 eMTC, a hierarchical resource allocation method is adopted, where at the higher level the NB index is indicated, and in the lower level the RB allocation within the NB is indicated. Similarly, a hierarchical resource allocation method can be used for PUSCH sub-PRB allocation in efeMTC:

· First, the allocated NB index within the system BW is indicated, follows the Rel-13 eMTC NB indication method. 

· Further, the PRB within the NB can be (explicitly or implicitly) indicated. 

· Last, the subcarrier allocation within the PRB can be indicated. Similar to Rel-13 NB-IoT, the subcarrier allocation can be based on non-overlapped 3-subcarrier or 6-subcarrier allocations. 
For the DCI design, existing DCI format 6-0B can be used as the baseline. To minimize the number of required repetitions for MPDCCH and to improve the DCI detection performance, it is preferred to keep the DCI size as small as possible, e.g., comparable to the size of DCI format 6-0B. In addition, it is desirable to not increase the number of blind decoding attempts for MPDCCH in UE-specific search space (USS), to keep the UE complexity low. 

Proposal 4

· 3-subcarrier and 6-subcarrier sub-PRB allocations are supported for efeMTC PUSCH.

· TBS and DMRS for sub-PRB allocation reuse Rel-13 NB-IoT design. 
· QPSK is always used for sub-PRB PUSCH transmission with multi-tone allocations. 
Proposal 5

· Consider a NB-based resource allocation:
· NB index indication follows Rel-13 eMTC.

· PRB is (explicitly/implicitly) indicated within the NB.

· Subcarrier allocation within the PRB is indicated, reusing Rel-13 NB-IoT sub-PRB allocation method with non-overlapped 3-subcarrier and 6-subcarrier allocations.
Proposal 6

· Use DCI format 6-0B as the starting point for DCI design. 
· Strive to design the DCI so as to not increase the size much, if at all, compared to DCI format 6-0B. 

· The number of blind decoding attempts for MPDCCH in the USS should not be impacted compared to Rel-13. 
3.3 Design details of CDMA for PUSCH

In this subsection, we provide designs for CDMA if it is supported.
As discussed in Section 3.1, a length-Z spreading code can be applied to every Z subframes across all repetitions. As long as the PUSCH transmissions from different UEs are aligned every Z subframes, these PUSCHs can be multiplexed on the same resources via CDMA. One example with Z=4 is illustrated in Figure 1. 
Cyclic shift (CS) can be used for DMRS when CDMA is configured. The spreading code for PUSCH and CS for DMRS can be semi-statically indicated via RRC signalling or dynamically indicated by DCI. 
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Figure 1. Illustration of UE multiplexing via CDMA with spreading factor of 4.
Proposal 7

· If CDMA is supported, consider the following designs:

· Length-Z spreading code is applied to every Z subframes across all PUSCH repetitions. 

· Z=4 for FDD and Z=5 for TDD in CE mode B.

· DMRS is multiplexed via different cyclic shift amounts when CDMA is configured.

· Consider either semi-static RRC signalling or dynamic DCI signalling for the indication of spreading sequence for PUSCH and cyclic shift for DMRS.
4 Conclusion

In this contribution, we performed evaluations on the achievable UL spectral efficiency for candidate techniques to improve UL spectral efficiency, including PUSCH with sub-PRB allocation and increased DMRS density. Based on the evaluations and discussions, we down select the techniques, and provide the designs details on various aspects for sub-PRB allocation and CDMA in efeMTC. We summarize our views with the following observations and proposals:
Observation 1

· The sub-PRB PUSCH provides significant gain in UL spectral efficiency.

· There is up to ~5x UL spectral efficiency for PUSCH with 3-tone allocation compared to 1-PRB allocation at target BLER of 10% and MCL of 154 dB.
· Increased DMRS density provides coverage gains for high coverage enhancement targets. At lower targets, it leads to performance degradation due to increased overhead from reference signals. 

Proposal 1

· Support the sub-PRB allocation to improve UL spectral efficiency for efeMTC.

Proposal 2

· The techniques to improve UL spectral efficiency such as sub-PRB allocation are supported only by UEs supporting CE mode B.
· It is supported only for BL UEs configured with max PUSCH channel BW of 1.4 MHz.
· The techniques to improve UL spectral efficiency such as sub-PRB allocation are not supported for PUSCH carrying message 3 during random access procedure.

· Sub-PRB allocation for PUSCH is supported only in TDD configurations with large enough number of consecutive UL subframes. 

· TDD configuration 5 does not support sub-PRB allocation. 

Proposal 3

· The support of techniques to improve UL spectral efficiency such as sub-PRB allocation is configured semi-statically via higher layer signalling, depending on UE capability.

· The techniques to improve UL spectral efficiency such as sub-PRB allocation may be configured for a UE only when in CE mode B.
Proposal 4

· 3-subcarrier and 6-subcarrier sub-PRB allocations are supported for efeMTC PUSCH.

· TBS and DMRS for sub-PRB allocation reuse Rel-13 NB-IoT design. 
· QPSK is always used for sub-PRB PUSCH transmission with multi-tone allocations. 
Proposal 5

· Consider a NB-based resource allocation:
· NB index indication follows Rel-13 eMTC.

· PRB is (explicitly/implicitly) indicated within the NB.

· Subcarrier allocation within the PRB is indicated, reusing Rel-13 NB-IoT sub-PRB allocation method with non-overlapped 3-subcarrier and 6-subcarrier allocations.
Proposal 6

· Use DCI format 6-0B as the starting point for DCI design. 
· Strive to design the DCI so as to not increase the size much, if at all, compared to DCI format 6-0B. 

· The number of blind decoding attempts for MPDCCH in the USS should not be impacted compared to Rel-13. 
Proposal 7

· If CDMA is supported, consider the following designs:

· Length-Z spreading code is applied to every Z subframes across all PUSCH repetitions. 

· Z=4 for FDD and Z=5 for TDD in CE mode B.

· DMRS is multiplexed via different cyclic shift amounts when CDMA is configured.

· Consider either semi-static RRC signalling or dynamic DCI signalling for the indication of spreading sequence for PUSCH and cyclic shift for DMRS.
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Appendix A: Simulation Assumptions

Table 6. Simulation assumptions for PUSCH. 
	Parameter
	Value

	System bandwidth
	10 MHz

	Antenna configuration
	1 Tx, 2Rx,  with low correlation

	Channel model
	ETU-1Hz

	Residual frequency offset
	30Hz 

	TBS
	504 bits

	PUSCH occupied BW
	1 PRB, or 3 tones

	Number of RUs for sub-PRB
	3 (with 4 subframes per RU)

	Repetitions
	256, 512, 1024, 1536, 2048 for 1-PRB allocation;
4, 8, 16, 32, 64, 128 for sub-PRB allocation.

	HARQ
	Not enabled

	Performance target
	2% BLER, 10% BLER

	Channel estimation
	Cross-subframe channel estimation using 2D-MMSE (over 4 subframes)

	Frequency hopping
	None, or frequency hopping at every 16 subframes

	UE max transmit power
	23 dBm

	eNB noise figure
	5 dB


Appendix B: Link-level Results
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Figure 2. PUSCH link-level performance for TBS of 504 bits and 1 PRB. The upper figures are the PUSCH results without frequency hopping and the lower figures are the PUSCH results with frequency hopping. 
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Figure 3. PUSCH link-level performance for TBS of 504 bits with 3-tone allocation and 3 RUs, without increased DMRS density. The upper figures are the PUSCH results without frequency hopping and the lower figures are the PUSCH results with frequency hopping. 
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Figure 4. PUSCH link-level performance for TBS of 504 bits with 3-tone allocation and 3 RUs, with increased DMRS density (4 DMRS symbols at symbols #0, #3, #7 and #10). The upper figures are the PUSCH results without frequency hopping and the lower figures are the PUSCH results with frequency hopping. 
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