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Introduction
In RAN1 90b, it was agreed to have an e-mail discussion on DMRS design for pi/2 BPSK PUSCH [1]:

Email discussion on RS design based on pi/2 BPSK for DFT-s-OFDM
However, RAN1 couldn’t reach a consensus on the support pi/2 BPSK based DM-RS. 
In this contribution, we discuss DMRS design for pi/2 BPSK PUSCH and evaluate the performance of Zadoff Chu (ZC) based DMRS and Gold sequence based DMRS which have been considered as candidate DM-RS sequences [2]. 
DMRS for pi/2 BPSK PUSCH
In pi/2-BPSK modulation, bit  is mapped to complex-valued modulation symbol  according to [3]
	
The block diagram of DFT-s-OFDM with pi/2 BPSK modulation is shown in Figure 1. To further reduce the PAPR, frequency domain spectral shaping (FDSS) is also usually applied [4]. FDSS can be applied either in frequency domain (by windowing after the DFT) or in time domain (by filtering before the DFT).
Two types of DMRS have been proposed for pi/2 BPSK PUSCH for DFT-s-OFDM:
a) Zadoff Chu (ZC) sequences
· In this approach, the same DMRS is used for pi/2 BPSK and other modulation types
b) Low PAPR DMRS based on pi/2 BPSK modulation [2]
· In this approach, a low PAPR DMRS is generated by modulating a PN sequence (e.g. Gold sequence) with pi/2 BPSK followed by spreading with a DFT.

In addition to the above, computer generated sequences (CGS) introduced in NR [5] and LTE [6] can also be considered for small allocations. Regardless of its type, the DMRS is also subject to FDSS since FDSS is transparent to the receiver and further reduces the PAPR.

The PAPR of the ZC and Gold sequences with FDSS are illustrated in Figure 2 for three different sequence lengths (N = 12, 60 and 600). It can be seen from this figure that the Gold sequence has about 1 to 1.5 dB less PAPR than the ZC sequence.
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[bookmark: _Ref498607044]Figure 1 Block diagram of pi/2 BPSK DFT-s-OFDM
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[bookmark: _Ref498607723]Figure 2 PAPR of the ZC and Gold sequences with FDSS

Performance Evaluation
The BLER performance of pi/2 BPSK DFT-s-OFDM with ZC and Gold sequence based DMRS has been evaluated with simulations. In addition, the length-12 sequence composed of QPSK symbols [5] has been used for the case of 2 RB allocation only.
The detailed simulation assumptions can be found in the Appendix.
Figure 3 to Figure 8 present the BLER results for three different bandwidth allocations (2 RBs, 10 RBs, 100 RBs) with AWGN channel. The results with and without power amplifier (PA) [5] are provided (“PA on” vs. “PA off”). Note that since the FDSS is transparent to the UE, the UE always performs channel estimation regardless of whether actually FDSS is used or not.
From these results, the following observations can be made:
· The BLER with FDSS is worse than the BLER without FDSS. This is due to the fact that FDSS makes the effective channel more selective and therefore reduces the channel estimation accuracy.
· The BLER with the ZC sequence is lower than the BLER with the pi/2 BPSK modulated Gold sequence with and without the FDSS. This is due to the fact that the frequency response of the pi/2 BPSK modulated Gold sequence is not flat even without FDSS, however, ZC has unity frequency response; therefore, Gold sequence results in less accurate channel estimation. Since the CGS has also flat frequency response, its performance is similar to ZC. 
· The BLER of both ZC and Gold sequences without FDSS deteriorates when PA is used because of the distortion introduced by the PA. However, when FDSS is used, the BLER with and without PA is almost the same, indicating that the lower PAPR due to the FDSS reduces the PA distortion. furthermore, the performance of the CGS is almost the same as the ZC sequence.
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[bookmark: _Ref498672443]Figure 3 BLER with 2 RBs and PA off (AWGN channel)
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Figure 4 BLER with 2 RBs and PA on (AWGN channel)
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Figure 5 BLER with 10 RBs and PA off (AWGN channel)
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Figure 6 BLER with 2 RBs and PA on (AWGN channel)
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Figure 7 BLER with 100 RBs and PA off (AWGN channel)

[image: ]
[bookmark: _Ref498672445]Figure 8 BLER with 100 RBs and PA on (AWGN channel)

Figure 9 to Figure 14 present the BLER results for three different bandwidth allocations with 30 ns channel delay spread.
From these results, the following observations can be made:
· The BLER with FDSS is slightly worse than the BLER without FDSS and the difference between the two grows with larger allocations. This is due to the fact that FDSS makes the effective channel more selective and therefore reduces the channel estimation accuracy. However, its impact is limited on a channel that is already selective. 
· The introduction of the PA does not result in noticeable BLER difference even without FDSS as opposed to the AWGN channel indicating that the distortion created by the PA is dominated by the impact of the fading channel. 
· The BLER performance with ZC and Gold sequences, and CGS from 2 RB allocation, is essentially the same. Although the modulated Gold sequence has lower PAPR than the ZC sequence, the PUSCH performance is not impacted. Firstly, as we saw with the AWGN channel, the frequency response of the Gold sequence is not flat, resulting in reduced channel estimation performance. On the other hand, due to its lower PAPR, the Gold sequence results in less distortion than the ZC sequence. However, the low order modulation (BPSK) is not very sensitive to small differences in channel estimation accuracy, especially at the BLER region of interest.
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[bookmark: _Ref498656726]Figure 9  BLER with 2 RBs and PA off (30 ns TDL-A channel)
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Figure 10 BLER with 2 RBs and PA on (30 ns TDL-A channel)
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Figure 11 BLER with 10 RBs and PA off (30 ns TDL-A channel)
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Figure 12 BLER with 10 RBs and PA on (30 ns TDL-A channel)
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Figure 13 BLER with 100 RBs and PA off (30 ns TDL-A channel)
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[bookmark: _Ref498656728]Figure 14 BLER with 100 RBs and PA on (30 ns TDL-A channel)
Figure 15 to Figure 20 in the Appendix present the BLER results for 300 ns channel delay spread. Similar to the 30 ns channel results, it can be seen that the BLER with ZC and Gold sequence based DMRS, and CGS for 2 RB allocation only, is essentially the same.

Conclusions
In this contribution, we have compared ZC and pi/2 BPSK modulated Gold sequences based DMRS with pi/2 BPSK PUSCH. In addition, the CGS from [5] has been considered as DMRS for 2 RB allocation only.
Simulation results with and without FDSS and with and without PA have been presented. The results have shown that ZC and CGS perform better in an AWGN channel while there is not a noticeable difference between the three types of sequences in a fading channel. 
The simulations presented have assumed a single UE. With multiple UEs transmitting on the same resources, the autocorrelation of the sequence becomes important as the cyclic shifts of the sequence is used to separate the UEs’ channel. Since the autocorrelation of the modulated Gold sequence is higher, it is expected that ZC and CGS may perform better in multi-user scenarios.
One drawback of the ZC sequence is that there are not 30 distinct sequences for N = 6, 12, 18, and 24. To alleviate this drawback, either existing 30 CGS may be used, or alternatively, only the available ZC sequences may be considered as DMRS for small allocations.
Based on the results and the discussion, we have the following proposals:
Proposal 1: Use ZC sequences as DMRS for pi/2 BPSK PUSCH for large allocations.
Proposal 2: Use either ZC sequences or existing CGS for pi/2 BPSK PUSCH for small allocations.
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Appendix – Simulation Assumptions
[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 1 Simulation Assumptions
	Parameters
	Value

	System bandwidth
	20 MHz 

	Waveform
	DFT-s-OFDM

	Subcarrier spacing
	15 kHz

	Carrier Frequency 
	2 GHz

	Modulation and coding rate
	Pi/2 BPSK, 1/2

	Number of allocated PRBs
	2, 10, 100 PRBs

	Channel model
	AWGN, TDL-A (30 ns, 300 ns), 3 kmph

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	FDSS
	Frequency domain window that corresponds to the filter [0.28 1 0.28] in time domain

	PA model [7]
	Polynomial with 26 dBm transmit power

	DMRS generation
	ZC: ZC sequence with lengths 11, 59, 599 are generated and padded to get DMRS lengths of 12, 60, and 600. For 10 and 100 RB allocations, the best 30 ZC sequences with the lowest PAPR are used as DMRS. For 2 RB allocations, all 10 sequences are used as DMRS.

Gold: 30 Gold sequences are generated by providing different second initial conditions to the polynomials used in LTE and given in [3].  These sequences are then modulated with pi/2 BPSK and precoded with DFT to be used as DMRS.

CGS: The 30 computer generated sequences given in [5] are used for 2 RB allocation.





BLER Results for 300 ns channel delay spread
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[bookmark: _Ref498658236]Figure 15 BLER with 2 RBs and PA off (300 ns TDL-A channel)
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Figure 16 BLER with 2 RBs and PA on (300 ns TDL-A channel)
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Figure 17 BLER with 10 RBs and PA off (300 ns TDL-A channel)
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Figure 18 BLER with 10 RBs and PA on (300 ns TDL-A channel)
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Figure 19 BLER with 100 RBs and PA off (300 ns TDL-A channel)
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[bookmark: _Ref498658246]Figure 20 BLER with 100 RBs and PA on (300 ns TDL-A channel)
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