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1. Introduction
The LS [1] sets clear goals for development of the shaped pulse pi/2 BPSK concept for use in NR:
	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


EVM Equalizer spectral flatness is addressed in this paper. IBE and EVM are treated in separate papers [3][4]. No special consideration is needed for out of band emissions.
2. Discussion

Shaped-pulse pi/2 BPSK waveforms take on a typical arched spectral shape when optimized to reduce PAPR [2], and ultimately, increase system gain in that mode. This arched shape is highest at the center of allocation, and it tapers towards the edges. Typical PSD of this type of waveform is shown graphically later in the paper (figure 3a). 
In this paper, we first discuss the spectral characteristics of shaped-pulse pi/2 BPSK waveforms. We then discuss two approaches to reconcile this spectral shape with the EVM equalizer spectral flatness test, and finally, recommend an approach to evaluate EVM equalizer spectral flatness for shaped-pulse pi/2 BPSK waveforms.
Spectral Characteristics of Shaped-Pulse π/2-BPSK Waveforms
The shaping aspect can be performed either as time-domain pre-coding, prior to the DFT block, or as frequency domain processing, after the DFT block. These techniques are mathematically equivalent, hence it is sufficient to treat just one of these cases. A high-level block diagram of the pulse-shaping chain using the pre-coding method is shown in figure 1. The spectral shaping filter, h(t), when properly chosen, can reduce PAPR significantly. The overall idea with shaping as described in [x] is to increase the PA’s Tx power capability more than the foreseen degradation in receiver sensitivity, thus increasing system gain.
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Figure 1  DFT-s-FDM transmitter with /2-BPSK and spectral shaping.

This shaping filter is UE implementation specific, but general guidelines have been proposed [5], [6]. These guidelines can be summarized in context of our pre-coding shaping filter prototype as:

· Minimize number of taps (3 will suffice)

· In case of 3 tap filter, middle tap should exceed end taps.

An example filter that meets these guidelines is a shaping filter with impulse response h(t) = [0.28 1.00 0.28]:

H(z)= 0.28 + z-1 + 0.28 * z-2
Figure 2 shows the amplitude and phase characteristics of the example shaping filter. 
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Figure 2 Example shaping filter response.

The shaping chain causes the normally flat amplitude spectrum of the baseband signal to take on the shape of the amplitude response of the filter H(z) itself. For the example filter, this shape is a raised cosine spanning 2π radians in phase over the subcarriers in the allocated RBs. The amplitude of this arch shape depends on the relative strengths of the coefficients in the shaping filter.
Observation 1: The amplitude profile of the subcarriers in the baseband signal shaped specifically for improved system gain is symmetrically arched over the allocated sub carriers.

The spectrum of pi/2 BPSK shaped with the example 3 tap filter is shown in Figure 3a, along with a spectrum of (unshaped) QPSK in figure 3b, for comparison purposes. 
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Figure 3 Example spectra for pulse shaped pi/2-BPSK and (unshaped) QPSK

EVM Equalizer Characteristics

With this new shaping filter in the Tx chain, and resulting non-flat spectrum, we expect the subcarrier-specific coefficients of a functioning equalizer in the receiver to take on a profile that is the inverse of the shaping filter’s frequency response.  In context of the EVM equalizer flatness criteria, we may address this systematic shaping of the equalizer coefficients in one of two methods described below.

De-shaping of Equalizer Coefficients 

In this technique, we need to further restrict the types of shaping filters so the spectral amplitude profile of the subcarriers is restricted to a narrow class of shapes.  One such restriction is symmetry in the weights. For a symmetric 3-tap filter that complies with the general guidelines in [5], this shape is known (raised cosine, one period over allocated subcarriers). The pk-pk variation remains the only additional degree of freedom, and is determined by the relative strengths of the shaping filter weights.
We can take advantage of this knowledge by first defining a ‘weighted’ set of equalizer coefficients ‘ECw’ for shaped-pulse pi/2 BPSK waveforms, but multiplying EC(f) with a de-shaping function:
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Where:
EC(f) = the set of equalizer coefficients, one for each allocated subcarrier.

N = number of allocated subcarriers

f = 0 to N-1 is index of allocated subcarrier

a = constant to be determined (0≤a<1) – value depends on UE implementation, specifically, H(z).

When ‘a’ is chosen correctly, and the channel is ideal, the magnitude of ECw(f) is constant for all allocated subcarriers ‘f’. ECw(f) is an abstraction that captures channel degradation while ignoring the effects of the shaping filter, just as EC(f) does for non-shaped waveforms. An alternative perspective is gained by recognizing that the act of de-shaping EC(f) (to create ECw(f)) effectively bends the existing flatness spec around the spectral shaping.

The parameter ‘a’ can be determined by an LSE fit to the profile of EC(f). This type of fit also allows filters that do not have the exact spectral shape targeted, but have the same approximate shape. 
Proposal 2a: ECw(f), the de-shaped version of EC(f), shall be used for evaluation of EVM equalizer flatness, for shaped-pulse pi/2 BPSK waveforms, where EC(f) was used for un-shaped waveforms. The criteria for EVM equalizer flatness shall be carried forward from TS36.101 rel. 14, unchanged. Shaping Filters are restricted to narrow range of spectral shapes to match de-shaping function.
Modifying Spec. Limits

In this technique, we retain the less restrictive constraints on H(z) as in [5], [6], and simultaneously loosen the EVM equalizer spec limits, as proposed in [7] and reproduced below. 
The maximal allowed peak-to-peak variation of EVM equalizer coefficients within the allocated frequency range is limited as shown in the following figure (replaces sec 6.5.2.4)
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· Where:

· Wtrans is the allocated transmission bandwidth

· Fcenter is the center frequency of the allocated transmission bandwidth

· FFS: the values of X1, X2, X3 are to be determined by considering impact of spectrum shaping on receiver performance. 

· This loosening of spec shall be considered only in context of pre-coding filters with weights that satisfy
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· Where:

· τ = {0, 1, 2, 3…..} 
· Y << 1, h(1) ~ 1
Proposal 2b: The criteria for EVM equalizer flatness in TS36.101 rel. 14 shall be modified to accommodate typical shaped-pulse pi/2 BPSK spectra, along with filters restricted per guidelines in [5], [6].
3. Conclusion
We discussed two approaches to evaluating EVM equalizer flatness described respectively in Proposals 2a and 2b.
Since proposal 2a places a stronger restriction on shaping filter choice, we propose the more general proposal 2b for evaluating EVM equalizer flatness.
Proposal: The criteria for EVM equalizer flatness in TS36.101 rel. 14 shall be modified to accommodate typical shaped-pulse pi/2 BPSK spectra, along with filters restricted per guidelines in [5], [6].
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