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1 Introduction

RAN1 reached the following agreement on the topic of pi/2 BPSK with spectrum shaping in WG1 meeting #90:

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
In this contribution we present additional results related to EVM, equalizer spectral flatness for pi/2 BPSK with spectrum shaping.

2 Pi/2 BPSK with frequency domain pulse shaping

In Figure-1, we show the pi/2 BPSK transmitter that employs precoder/filter. This operation is equivalent to frequency domain pulse shaping without excess bandwidth (BW).  The following two filters are considered: 

Option-1:  1+D 

Option-2: 0.26+0.92D+0.26D2

The filter can be implemented as subcarrier level multiplication post-DFT. Note that the frequency domain filter is realized using FFT of the proposed filters followed by fftshift.  Alternatively, the filter is implemented as a circular convolution before DFT. For short filter, time domain circular convolution is computationally efficient.

Figure 1: pi/2 BPSK with precoder/filter
In Figure 2, we show the PSD of the three methods for a 20MHz system with M=1200 (18 MHz) and a subcarrier spacing of 15 KHz. The LTE polynomial PA model is used for evaluations. In Table-1, we compare the Tx output power, ACLR, EVM for pi/2 BPSK, QPSK with SC-FDMA and OFDM as well. The results show that pi/2 BPSK with precoder/filter gives 24.9 dBm output power while the maximum UE PA power is 25 dBm. Note that the EVM for pi/2 BPSK is calculated using a WL equalizer.
Both 2-tap and 3-tap filter provide up to 24.9 dbm output power for the LTE PA. The MPR should be defined such that pi/2 BPSK delivers up to 3.0 dB more power compared to QPSK.  We also propose that NR should define a UE power class with 26 dbm PA output power for frequency bands below 6 GHz. The LTE PA can be used to deliver 3.0 dB higher power for the case of pi/2 BPSK with spectrum shaping.
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Figure 2: PSD comparison

	
	Tx power (dbm)
	EVM
	ACLR
	Spectrum mask

	Pi/2 BPSK
	23.0
	3.2 
	-30.5
	Yes

	Pi/2 BPSK with 1+D filter
	24.9
	5.0
	-32.7
	Yes

	Pi/2 BPSK with 0.26+0.92D+0.26D2  filter 
	24.9
	7.0
	-33.5
	yes

	QPSK
	21.7
	Meets requirement
	-30.86
	Yes

	OFDM
	19.1
	Meets requirement
	-30.4
	yes


Table 1: ACLR, EVM, Tx power comparison

WL Receiver: The proposed receiver uses a reference signal for estimating the combined effects of propagation channel precoding/filter. The receiver includes certain modifications compared to conventional MMSE FDE used in LTE. In the proposed receiver, the ISI created by the precoder is mitigated using a WL equalizer. We exploit the real-valued nature of pi/2 BPSK modulation and filtering of signal and its complex-conjugate for effective ISI mitigation. This technique is referred to as widely linear (WL) filtering in literature, and has been studied extensively in 3GPP. In the proposed receiver, the receiver first de-rotates the pi/2 BPSK data in frequency domain (after the DFT). The receiver collects the signal and its complex-conjugated, frequency reversed copies and applies MMSE filtering over these two branches. With Nr-receiver antennas, the receiver has 2Nr copies of the signal. 2Nr branch linear MMSE receiver is applied in frequency domain followed by IDFT.

Figure 3: Receiver structure employing WL MMSE 
In Figure 4 we show the spectrum of spectrum shaping filters for 2-tap and 3-tap case. Both 2-tap and 3-tap filter cause up to 3.0 dB power increase in the middle of the allocated band. The RAN4 specification should allow this additional in-band power increase for pi/2 BPSK PUSCH.
The 2-tap filter has a spectral null at the band edges. This spectral null causes significant noise enhancement for conventional MMSE equalizer. However, for WL equalizer, 1+D filter does not cause any noise enhancement and an be observed that 1+D filter results in flat equalized spectrum for the WL equalizer. 
In Figure 5, the we show equalizer spectrum. For the case of WL equalizer the we define the equalizer spectrum as the sum of squares of complex and complex-conjugate filters for each subcarrier (measured in dB). We remark here that the 2-tap filter being an optimal filter choice results in flat spectrum at the output of WL equalizer. The 3-tap filter has non-flat spectrum with about 1.6 dB variation at band edge.

3 Conclusions
1. Conventional MMSE equalizer suffers from excess noise enhancement for pi/2 BPSK with spectrum shaping. WL type equalizer should be used as the reference equalizer for equalizer spectrum flatness test, EVM measurements for pi/2 BPSK
2. Both 2-tap and 3-tap filter provide up to 24.9 dbm output power for the sub 6 GHz LTE PA. The MPR should be defined such that pi/2 BPSK delivers up to 3.0 dB more power compared to QPSK.  NR should define a UE power class with 26 dbm PA output power for frequency bands below 6 GHz. The LTE PA can be used to deliver 3.0 dB higher for TDD bands as well
3. Pi/2 BPSK PUSCH should allow required in band power increase to allow no-flat spectrum shaping
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Figure 4: In-band power (subcarrier level spectrum of shaping filter)
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Figure 5: Equalizer spectrum for the WL equalizer
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