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Introduction
It was agreed in RAN1_86 [1] [2] that NR will support CP-OFDM based waveform with possibly low PAPR techniques, as shown below:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 
It was further agreed [1] [3] that:
· NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, under the same usage scenarios and similar deployment configurations (e.g., same carrier frequency)
· Details FFS
· Techniques can be evaluated for the uplink scenarios
· E.g., low PAPR/CM techniques (including DFT-s-OFDM)
Notice that the low PAPR techniques are only discussed in the context of uplink, and mainly focused on eMBB for NR phase 1, as agreed in [4]:
· At least up to 40 GHz for eMBB and URLLC services, 
· CP-OFDM without specified low-PAPR/CM technique(s) is recommended to be supported for uplink
· For data transmission, additional low-PAPR/CM technique(s) is only considered for uplink from RAN1 specification perspective
· Additional low-PAPR/CM technique(s) for special downlink signals such as sync signals is FFS
· Additional low-PAPR/CM technique(s) for other uplink signals/channels is FFS
· Additional low PAPR/CM technique(s), if specified, and CP-OFDM without specified low-PAPR/CM technique(s) for uplink are considered as complementary to each other 

Low PAPR techniques for cellular uplink has been extensively studied in literature, even in the initial studies of 4G LTE deployment. Low PAPR techniques are critical in achieving better PA efficiency, which in turn results in better cell coverage, lower battery consumption and lower thermal dissipation on UE devices [5] for cell edge users. Those are much desired properties not only from fundamental network planning perspective, but also better user experiences. As a result, LTE chose DFT-S-OFDM as the default waveform for the uplink. In [5], we give a high level motivation and justification of supporting DFT-S-OFDM, together with CP-OFDM, in eMBB uplink for the coverage (or link budget) limited scenarios. It is expected that link budget limited scenarios mostly happen in the cell edge in macro cells.
In this contribution, we evaluate the relative gain on link budget improvement by using non-codebook-based beam forming for cell edge users, by using DFT-S-OFDM and CP-OFDM, respectively. Of course, such beamforming gain only applies to the class of UE’s with multiple transmit antennas. 
We observe that a per-RB svd-based beamforming can provide at most 0.1 - 0.35 dB of additional beamforming gain compared to a per-allocation beamforming even for fading channels with high frequency selectivity (e.g., TDL-C with 300 nsec r.m.s. delay spread), an allocation size of 10 RBs (1.8 MHz allocation), and a UE with 2 transmit antennas, even in scenarios with optimistic channel knowledge at the transmitter. In scenarios of low quality of channel knowledge of the transmitter, which is potentially the case of the cell edge users, a per-RB beamforming could even lead to worse beamforming gain than per-allocation beamforming.
Discussion
Link-budget limited scenarios
For sub-6 GHz deployment scenarios, DFT-S-OFDM is intended to be used in the following use cases:
· Cell-edge users which are power/thermal limited, and not dimension limited.
· Wider bandwidth allocation doesn’t help in providing better performance, and can even hurt channel estimation performance. Therefore, in the scenarios of interest, these UEs will be assigned narrow band allocations.
· The UEs typically have fewer antennas than the serving base station, and try to beamform towards the main direction to close the link.

For mmWave deployment scenarios, the following considerations need to be taken into account:
· In mmWave frequencies, allocation can be wider than in sub-6 GHz frequencies, but the terminals would mainly use analog beamforming due to the limited number digital chains. Note also that, in mmWave frequencies, the channel is hardened due to large antenna array, making the difference between analog and digital beam forming smaller.
· The frequency selectivity of the mmWave channels is significantly smaller than that of the sub-6 GHz use cases, and thus, frequency selective precoding on the uplink will provide even lower incremental gains over a flat per-allocation beamforming.
Simulation Parameters
Based on the above considerations, we demonstrate through a link-level simulation scenario that a high frequency selective closed-loop non-codebook-based precoding, such as a svd-based per-RB beamforming design, will provide only small incremental gains compared to a per-allocation beamforming design which could be employed if the UE transmits with DFT-S-OFDM without a PAPR penalty. 
Table 1 summarizes the main simulation parameters. In short, the UE is assumed to have genie or realistic knowledge of the uplink channel, and applies a non-codebook svd-based beamforming or a per-allocation svd-based beamforming where the allocation is 6 or 10 resource blocks (1.08 MHz and 1.8 MHz respectively). We compare the beamforming gains of each scheme with respect to a random open loop precoding design in a TDL-C 100 nsec and 300 nsec channel.
	Parameter
	Value

	Subcarrier Tone spacing
	15 KHz

	Assigned Bandwidth
	6 or 10 Resource Blocks (180 KHz each RB)

	# Antennas at the UE
	2 Tx antennas with two PAs

	# antennas at the BTS
	2, 4, 8, 10, 12, 16  Rx antennas

	Per-RB CL BF method
	Beamforming using the average main singular vector at each RB. Frequency selective beamforming

	Per-Allocation CL BF method
	Beamforming using the average singular vector of all the subcarriers in the allocation. (Flat beamforming on the allocation)

	Sampling Frequency
	61.44 MHz

	Channel Estimation
	Channel perturbation with average MSE of 0 dB, 10 dB, 20 dB and 50 dB (genie)



Beamforming gain TDL-C channel with 300 nsec r.m.s. delay spread
[image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\ULMIMO\PresentTDLC300nsec_10RBs_20dB.jpg][image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\ULMIMO\PresentTDLC300nsec_10RBs_10dB.jpg][image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\ULMIMO\PresentTDLC300nsec_10RBs_50dB.jpg]This is a simulation scenario with large frequency selectivity. Figure 1 demonstrates the beamforming gain difference with respect to the open loop precoding for both beamforming methods for an RB allocation of 1.8 MHz (10 RBs). Note that in these plots the MSE of the channel estimate used to design the beamforming vectors is 10, 20 and 50 dB (essentially genie channel knowledge at the transmitter) respectively.Figure 1 Beamforming gain with respect to OL precoding of both approaches in a 1.8 MHz allocation (10 RBs) with an channel estimation MSE of 10 dB, 20 dB, 50 dB (genie) as a function of the antennas at the base station.

We observe that the maximum beamforming difference between the two precoding designs is always smaller than 0.32 dB even in the most optimistic scenarios shown in Figure 1. Note also that the low channel estimation quality, which is likely the case when the UE is in the cell-edge, the difference between the two precoding designs is even smaller or even zero. Note that if the allocation is smaller, for example 6 RBs (1.08 MHz), then the difference is generally even smaller, for example smaller than 0.2 dB even for the case of relatively high channel estimation quality (MSE of 20 dB).
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Figure 2 Beamforming gain with respect to OL precoding of both approaches in a 1.08 MHz allocation (6 RBs) with a channel estimation MSE of 20 dB as a function of the antennas at the base station.

Note that if channel knowledge at the transmitter has even lower quality, as shown in Figure 3 where MSE is 0 dB, per-RB beamforming can potentially lead to worse beamforming than per-allocation beamforming, due to the higher mismatch in the transmit directions chosen in the per-RB beamforming, even for relatively large bandwidth allocations.
[image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\ULMIMO\PresentTDLC_300nsec_20RB_MSE_0dB.jpg][image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\ULMIMO\PresentTDLC_300nsec_6RB_MSE_0dB.jpg]Observation 1: For link-budget limited users, per-RB svd-based frequency selective closed-loop UL beamforming cannot provide more than a small fraction of dB beamforming gain (e.g., 0.1 - 0.35 dB) compared to a per-allocation closed-loop flat beamforming even for optimistic assumptions on the channel knowledge at the transmitter. 
Figure 3 Beamforming gain with respect to OL precoding of both precoding design with a channel estimation MSE of 0 dB as a function of the antennas at the base station.

Observation 2: For link-budget limited users, per-RB svd-based frequency selective closed-loop UL beamforming could potentially lead to smaller beamforming gain if there is a noisy channel knowledge at the transmitter. 
Beamforming gain TDL-C channel with 100 nsec r.m.s. delay spread
This is a scenario with small frequency selectivity, in which case we expect even smaller advantage of using a per-RB closed loop frequency selective fading compared to a per-allocation beamforming design. As it is shown in Figure 4, the difference in the beamforming gain is less than 0.15 dB, even in the genie channel knowledge at the transmitter case.
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Figure 4 Beamforming gain with respect to OL precoding of both approaches in a 1.08 MHz allocation (6 RBs) and 1.8 MHz allocation (10 RBs) with a TDL-C 100 nsec, 2 Tx Antennas, Genie Channel knowledge.

Additional considerations
It should be noted that additional constraints could be taken into account that would potentially make the beamforming gain difference between a per-RB beamforming and a per-allocation beamforming even smaller than what is reported in this study. Specifically, 
· Different UE PA configuration could potentially limit the BF gains of a very frequency selective non-codebook-based beamforming. For example, if the UE has 1 stronger PA than the other, then there are restrictions on the beamforming vectors that could be used for precoding.
· If only closed-loop codebook-based precoding is possible, then the overall uplink beamforming gains will be smaller, and the marginal advantage of a per-RB beamforming gain could be smaller.

Finally, note that in the cell-edge scenario for which DFT-S-OFDM is intended to be used, the UE is in the edge of a macro-cell, where the performance is mostly thermal limited, rather than interference limited. Therefore, a per-RB beamforming method that could potentially adapt to narrowband interference will not in general provide additional gains over a per-allocation beamforming vector in this deployment scenario.  
Summary 
Table 2 summarizes some of the results presented in this study by taking also into account the difference of 2 dB in the link budget between a CP-OFDM and DFT-S-OFDM waveform resulting by the PA efficiency (studied in [6]). 
	
	DFT-S-OFDM loss over CP-OFDM due to beamforming (optimistic CSI-Transmitter knowledge)
	DFT-S-OFDM gain over CP-OFDM due to PA efficiency
	Net gain of DFT-S-OFDM over CP-OFDM

	TDL-C 300 nsec, 10 RB allocation
	-0.35 dB
	2 dB
	1.65 dB

	TDL-C 100 nsec, 10 RB allocation
	-0.15 dB
	2 dB
	1.85 dB

	TDL-C 100 nsec, 6 RB allocation
	-0.05 dB
	2 dB
	1.95 dB

	TDL-C 300 nsec, 6 RB allocation
	-0.2 dB
	2 dB
	1.8 dB



Observation 3: The net gain for the link-budget limited (PA back-off and beamforming gain) users of DFT-S-OFDM with per-allocation beamforming versus CP-OFDM with per-RB beamforming is more than 1.65 dB in a variety of scenarios even for optimistic assumptions on the channel knowledge at the transmitter.
[bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
We evaluated possible UL beamforming gains that a per-RB closed-loop precoding design could demonstrate over a per-allocation design for the cell-edge user. Even in the very optimistic simulation settings these gains appear small and cannot reduce the link budget advantage that a DFT-S-OFDM waveform would have over a CP-OFDM waveform.
Observation 1: For link-budget limited users, per-RB svd-based frequency selective closed-loop UL beamforming cannot provide more than a small fraction of dB beamforming gain (e.g., 0.1 - 0.35 dB) compared to a per-allocation closed-loop flat beamforming even for optimistic assumptions on the channel knowledge at the transmitter. 
Observation 2: For link-budget limited users, per-RB svd-based frequency selective closed-loop UL beamforming can potentially lead to smaller beamforming gain if there is a noisy channel knowledge at the transmitter compared to a per-allocation closed-loop UL beamforming.
Observation 3: The net gain for the link-budget limited (PA back-off and beamforming gain) users of DFT-S-OFDM with per-allocation beamforming versus CP-OFDM with per-RB beamforming is more than 1.65 dB in a variety of scenarios even for optimistic assumptions on the channel knowledge at the transmitter.
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