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1 Introduction
In LS ‎[1], RAN4 was asked to take into account the following RAN1 views on defining the performance requirements for PUSCH pi/2 BPSK modulation: 

Agreement

· The filter used for “Pi/2-BPSK spectral shaping without bandwidth expansion” is not defined in the standard, but the performance requirements are to define the boundary conditions to the filter implementations. To ensure good performance of the filter implementations, RAN1 suggests RAN4 to set requirements at least for spectrum flatness, in-band/out-of-band emission and EVM. Further, RAN1 recommends RAN4 to discuss the expectations on the shaping filter characteristics in time domain (pre-DFT)/frequency domain (post-DFT) to meet the above requirements.
· Exact Filter implementation is an UE implementation specific issue
· DMRS design for pi/2 BPSK based PUSCH transmission shall be included in the December version of the specification
The agreement above endorses the usage of the so-called transparent spectral shaping approach, which was promoted e.g. in ‎[2]. One of its implications is that the DMRS must undergo the same shaping as the data, and so the Tx shaping filter response is in effect included in the channel estimated by the receiver, based on the received DMRS. Consequently, as noted in ‎[2] and ‎[3], demodulation performance may be compromised relative to the case where no shaping is applied, due to the extra frequency selectivity introduced into the effective channel via the spectral shaping. 
The possible benefit of spectral shaping, particularly of pi/2-BPSK DFT-s-OFDM, comes through reduction of the waveform’s PAPR, or more precisely of the required PA Output power Back-Off (OBO). The choice of shaping filter thus reflects a tradeoff between output power gain and detection (demodulation) loss. ‘Round-shaped’ Frequency Domain Spectral Shaping (FDSS) filters were shown to yield significant PAPR reduction even without BW expansion, and a rather extreme particular example of such a filter is RRC with rolloff 1.0, or equivalently the ‘1+D’ pre-DFT TD filter (cf. ‎[2]-‎[4]).
In this contribution we evaluate the detection losses resulting in from transparent RRC-1.0 (‘1+D’) shaping in certain scenarios, in order to get better understanding of the possible limitations of “aggressive shaping”. This may serve as further input before setting requirements on the allowed FDSS for pi/2-BPSK DFT-s-OFDM, in line with the RAN4-NR AH#3 agreement ‎[5] –
Spectrum flatness should be set such that channel estimation impairments and noise enhancement of MMSE equalizer are minimized.
2 Simulations and results
2.1 Problem analysis

As alluded to in the introduction, transparent spectral shaping poses a new challenge to the receiver’s Channel Estimation (CE) and equalization modules. The effective channel seen at the receiver combines two types of ingredients, namely cyclic-convolutional (the Tx FDSS filter response) and non-cyclic (the OTA channel combined with responses of other linear elements in the Tx and Rx analog processing chains). From the perspective of the Single-Carrier (SC) pi/2-BPSK symbols of the DFT-s-OFDM waveform, generated via the interpolative nature of the ‘DFT-spreading followed by IFFT’ processing, the ISI caused by the two ingredients have different characteristics. The numerology of the OFDM-based waveform is presumably adjusted to the deployment scenario such that the CP (~7% of the OFDM symbol duration T, in the normal CP mode) is longer than the duration τ of the non-cyclic ingredients of the effective channel, whereas the temporal range of the cyclic response part is controlled by the Tx FDSS. For the ‘1+D’ pre-DFT shaping, for instance, this range of the order of a fraction ~2/M of T, where M (= 12 * #PRB) is the DFT size. It follows that for narrow allocations (particularly M ≤ 2) the ‘round-shaped’ filter response range exceeds the (normal) CP duration.

From the dual FD viewpoint, when considering narrow allocations, the above discussion points at the difficulty of reaching sufficiently large processing gain while performing frequency averaging/smoothing on the received DMRS as part of the CE. Particularly, even when the OTA channel is rather flat (AWGN being the extreme example), the a-priori unknown to the receiver frequency selectivity of the Tx FDSS filter circumvents the CE from performing wide enough frequency smoothing, deteriorating the quality of the estimated channel and consequently resulting in detection losses. In general, in order to reach good performance, the CE frequency smoothing range (coherence BW) should be adapted to an effective channel length of ~(τ + 2T/M) in the case of ‘round-shaped’ Tx FDSS, in contrast to just τ (< TCP, presumably) in the absence of shaping. Based on this understanding, we arrive at the following observation regarding CE robustness in the context at hand: 
Observation 1: When the Tx FDSS filter coefficients vary considerably between consecutive subcarriers (as might typically happen in narrow allocations), CE deploying a too wide frequency smoothing may significantly degrade the detection performance, unlike a more moderate detection loss resulting in from a narrower than optimal frequency smoothing.   

There are different regimes in the (τ, M, TCP) parameter space that should be considered, depending on the relative sizes of the three time scales involved. In the sequel we focus attention on the case of τ << TCP, specifically AWGN channel, and investigate the dependence of the transparent shaping detection loss on M, or equivalently on the allocation size (#PRB). The RRC-1.0 Tx FDSS serves just as an example in the simulations below.      
2.2 Simulation assumptions
Table 1 presents the simulated scenarios and the relevant receiver characteristics.
	  Waveform
	DFT-s-OFDM with pi/2-BPSK modulation

	Tx FDSS type
	(a) None (reference);  (b) RRC rolloff 1.0 (≡ ‘1+D’ pre-DFT)  

	PRB allocation
	Variable

	Numerology

	Normal CP

	Coding
	LTE Turbo, rates 1/3 and 1/6 

	DMRS
	LTE-based (one mid-slot symbol), shaped like the data

	Channel 
	AWGN

	Receiver
	FDE (receiver is unaware of Tx shaping type)

	Channel Estimation
	Practical (MMSE); adaptive (coarsely optimized) frequency smoothing BW 

	Performance metric
	Required Rx SNR for reaching BLER=10%  (statistics collected over 1000 TBs)


Table 1  Simulation assumptions
2.3 Simulation results
The dependence on allocation size of the detection loss of transparent shaping in the simulated scenarios is shown in Figure 1. The losses are given in terms of the increase in Rx SNR – required when using RRC-1.0 FDSS – for maintaining BLER of 10%. The reference points, relative to which they are measured, correspond to the detection performance when no spectral shaping is applied by the transmitting UE.
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Figure 1  Dependence on #PRB of the detection loss of transparent RRC-1.0 FDSS relative to no shaping
Based on the simulation results, the following qualitative conclusions may be drawn:
Observation 2: In AWGN channel, the performance of transparent Tx FDSS of type RRC-1.0 is significantly degraded (relative to no shaping) at narrow allocations.

Observation 3: The performance degradation of transparent Tx FDSS of type RRC-1.0 at medium-to-large allocation sizes decreases as the code rate is decreased.

Conclusion

Here we collect our previous observations and present several proposals.
Observation 1: When the Tx FDSS filter coefficients vary considerably between consecutive subcarriers (as might typically happen in narrow allocations), CE deploying a too wide frequency smoothing may significantly degrade the detection performance, unlike a more moderate detection loss resulting in from a narrower than optimal frequency smoothing.   

Observation 2: In AWGN channel, the performance of transparent Tx FDSS of type RRC-1.0 is significantly degraded (relative to no shaping) at narrow allocations.

Observation 3: The performance degradation of transparent Tx FDSS of type RRC-1.0 at medium-to-large allocation sizes decreases as the code rate is decreased.

Based on Observation 1, regarding the adverse effect of rapid variation of the shaping filter frequency response on the CE quality, combined with several implicit insights on useful PAPR-reduction filters, we propose to define the spectral flatness requirements on the allowed shaping functions so as to enforce the following restrictions on the (phase and amplitude of the) associated Tx FDSS filter coefficients:
Proposal: For pi/2-BPSK DFT-s-OFDM, the (post-DFT) shaping filter coefficients 
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 (where M is the DFT size, and k enumerates consecutive subcarriers of increasing frequency) are restricted according to

(1) Positivity (hence also reality
), symmetry,
 and monotonicity –   
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(2) Spectral flatness –
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(3) Variability in time – the Tx FDSS filter remains unchanged during a whole NR PUSCH transmission burst.

It is currently left FFS how the restrictions listed in the above Proposal are translated into testable requirements, including on the Tx EVM. 
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� The carrier frequency, CBW, and SCS are essentially irrelevant in case of an AWGN channel.


� In principle, a slowly varying linear (complex) phase along the filter coefficients may be applied, being equivalent to some (cyclic) delay in TD.


� It might be beneficial to allow an additional variant of the symmetry constraint, in the form of�� EMBED Equation.3  ���


� The FFS upper bound 0.033 on the (normalized) coefficient “derivative” is motivated by being approximately equal to π/M for a minimal value of M ~ 96, corresponding to the maximal slope of the RRC-1.0 FDSS filter at #PRB = 8. 
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