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1. Introduction
During RAN-87, the following WF has been agreed:
R1-1613597
WF on pi/2 BPSK Modulation (Additional low PAPR Technique)
IITH, CEWiT, IITM, Tejas Networks, Reliance-jio, Qualcomm, Samsung, Intel, ATT, INL, Straightpathcommunications, Huawei, Panasonic. Also supported by Sony, Kyocera, Interdigital, KDDI
Working assumption:
NR supports 0.5*pi BPSK modulation for DFT-s-OFDM
· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz
· FFS
· The details of frequency domain spectrum shaping 
· This does not preclude the case where no spectrum shaping is needed
In this contribution, we compare the performance of pi/2 BPSK with and without frequency domain pulse shaping, and QPSK. We compare PSD, ALCR, EVM, spectrum mask and transmit power using the UE polynomial PA model. Next, we compare the error rate performance. We show that 1+D precoding of pi/2 BPSK results in PA operation near the saturation point while meeting the RF requirements. Pi/2 BPSK with 1+D shaping provides a total power gain of nearly 3.0 dB compared to QPSK. That is, compared with the LTE baseline. 
2. Pi/2 BPSK with frequency domain pulse shaping
In Figure-1, we show the pi/2 BPSK transmitter that employs precoder/shaping. This operation is equivalent to frequency domain pulse shaping without excess bandwidth (BW).  The precoders are derived from linearized Gaussian pulse without oversampling (suitable truncation of and rounding of coefficients is used). The following two options may be considered: Option-1:  1+D (2-tap filter), Option-2: 0.26Di+0.9268D+0.26D (i-denotes inverse)
Figure-2 shows the PAPR of pi/2 BPSK with precoding/shaping, pi/2 BPSK and QPSK for M=1200 subcarrier (18 MHz).
Figure 1: pi/2 BPSK with precoder/shaping

The PAPR results show that pi/2 BPSK with 1+D precoder/shaping has nearly 2.0 dB PAPR (at 99% cdf point) and pi/2 BPSK has approximately 6 dB PAPR and QPSK (as in LTE) has 7.5 dB PAPR. Option-2 0.26Di+0.9268D+0.26D has 0.5 dB higher PAPR. 
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Figure 2: PAPR CDF

In Figure 3, 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 polynomial PA model (that is agreed in waveform evaluation methodology discussions) is used here. In Table-1, we compare the Tx output power, ACLR, EVM. The results show that pi/2 BPSK with preoder/shaping gives 24.6 dBm output power while the maximum UE PA power is 25 dBm. This waveform has only 0.4 dB output power penalty compared to a constant envelope signal. 
We show that the pi/2 BPSK with precoder/shaping gives nearly 3.0 dB PA gain over QPSK and 1.6 dB gain over pi/2 BPSK. Note that Pi/2 BPSK gives a limited 1.3 dB power gain over QPSK. The PA back-off is chosen such that ACLR and spectrum mask requirements defined 3GPP is met in all cases. The spectrum mask results are shown in Figure 4. Also, note the reference signal using ZC sequence has low PAPR, and it requires only 0.3 dB PA back-off compared to pi/2 BPSK with precoder/shaping. This sequence can be used for channel estimation.
Precoder choice: Note that pi/2 BPSK constellation after 1+D shaping becomes a QPSK constellation with memory. This precoder is highly suitable for low-compplexity  implementation. Filters with additional taps (e.g., option-2 with 3-taps) results in a complexity increase for the UE. Furthermore, 1+D precoder results in ISI free condition at the receiver in channels with frequency flat fading or low delay spread/low frequency selectivity (e.g. mmwave systems with narrow beams or with Ped-A, Rma channels or low RB allocation). In the following, we will also show that 1+D decoder permits a low-complexity receiver design as well. Therefore, it is recommended to use 1+D precoding. 
[image: image2.png]2 PSD with polynomial PA model - max power=25 dbm
B I I

—— pif2 BPSK 1+D (24.6 dbm)
—— pif2 BPSK (23 dbm)

- QPSK (21.7 dbm)

—— pif2 BPSK 0.26Di+0.93+0.26D (24.6 dbm)

frequncy %107




Figure 3: 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 precoder/shaping
	24.6
	2.4
	-32.7
	Yes

	Pi/2 BPSK 0.26Di+0.9268+0.26D
	24.6
	2.4
	-33.5
	yes

	QPSK
	21.7
	Meets requirement
	-30.86
	Yes

	ZC sequence
	24.35
	NA
	-34.54
	Yes


Table 1: ACLR, EVM, Tx power comparison
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Figure 4: Spectrum Mask

Receiver Design
We propose that eMBB uplink uses a slot format similar to LTE. That is, the ZC reference signal is time multiplexed with data carrying OFDM symbols. In a slot, at least one OFDM symbol carriers reference signal that uses ZC sequence. Data is modulated using pi/2 BPSK with 1+D precoder/shaping for certain MCSs.

Two receiver algorithms are proposed here. The first algorithm uses a two stage receiver and the second algorithm uses a widely linear MMSE equalizer. 

Two stage receiver: This method exploits the special properties of 1+D shaping to reduce receiver implementation complexity. Here, we use a first stage that is based on conventional LTE type MMSE/ZF receiver that equalizes the propagation channel to obtain a time domain decision variable that is used for further processing. The second stage uses a post-processing for 1+D decoder that includes the following steps. Here, post processing involves collecting real and imaginary parts of the equalized data symbol obtained during the first stage, constellation de-rotation operation and a delayed combiner that combines the real imaginary part of the de-rotated decision variable.  The operations involved in the two stage receiver are shown in Figure 5a.
WL Receiver: The proposed receiver uses ZC reference signal for estimating the propagation channel and applies 1+D precoding/shaping on the estimated channel to reconstruct the effective channel experienced by the pi/2 BPSK data symbols. The receiver includes certain modifications compared to conventional MMSE FDE used in LTE. In the proposed receiver, the ISI created by the 1+D precoder needs to be mitigated. 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 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.
Note: Both receives provide optimal performance in frequency flat channels for pi/2 BPSK with 1+D precoding. 


Figure 5a: Two stage receiver for 1+D shaping


Figure 5b: Receiver structure employing WL MMSE 

. 
Simulation results: In the simulation setup, we use 15 KHz subcarrier spacing and the pi/2 BPSK with 1+D precoding is transmitted at 24.6 dBm power (the maximum power of polynomial PA model is 25 dbm) and pi/2 BPSK is transmitted at 23 dbm power. The ZC reference signal is also transmitted at the maximum power used by the respective data channel. We assume LTE type uplink RB structure and 3 kmph mobile speed.  Rate ½ convolutional code is used in all cases. Channel estimation is performed using ZC reference symbols. Both two stage and WL receiver have similar BLER performance in this case. 
Figure 6 show the performance in AWGN case. We can see that 1+D shaping results in approximately 0.1 dB SNR loss. 
In Figure 7 we show the performance for the case of M=12 (one RB allocation) in Ped-B channel. Here the channel frequency selectivity over one RB is low due to narrow band allocation. Two stage receiver used for this case. A performance loss of 0.2-0.25 dB is observed due to 1+D decoding.
In Figure 8 we show the results for M=120 (10 RB allocation). This scenario represents higher frequency selectivity. In this case the SNR loss due to 1+D decoding is observed to be in the range of 0.3-0.4 dB
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Figure 6: AWGN Results
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Figure 7: M=12 (one RB), Ped-B channel
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Figure 8: M=120 (10 RB), Ped-B channel

Observation-1: Pi/2 BPSK with 1+D precoder/shaping can operate in the non-linear region of the PA and yet meet RF requirements. Using the polynomial PA model, It gives 24.6 dBm output power whereas the maximum PA output is 25 dBm. The PAPR of this signal is nearly 2.0 dB. This result indicates that further reduction in PAPR of the signal below 2.0 dB does not provide significant additional power since the current design performs within 0.3-0.4 dB of maximum PA rating.
Observation-2: Pi/2 BPSK with 1+D precoder/shaping has very low complexity increase at the UE and BS. The constellation after 1+D shaping becomes a QPSK constellation with memory. This precoder is suitable for low-complexity implementation. Filters with additional taps results in a complexity increase for the UE.
Observation-3: Pi/2 BPSK with 1+D precoder/shaping provides 3.0 dB PA output power compared to QPSK-LTE. On the other hand, pi/2 BPSK without precoder/shaping has limited advantage over QPSK (1.3 dB PA gain only). Results show that using polynomial PA model, the proposal meets ACLR, spectrum mask and EVM requirements
Observation-4: Reference signals with ZC sequence can be used for channel estimation. The ZC sequences have low PAPR and delivers nearly same PA output power as that of pi/2 BPSK with 1+D precoder/shaping.
Observation-5: The proposed two stage and WL MMSE/ZF equalizer has low implementation complexity. The receivers have negligible BLER penalty in frequency flat channels or for UE allocations with narrowband width. For channels with very high frequency selectivity, receiver with precoding has 0.2-0.5 loss compared to without precoding case for 10% BLER.  
Observation-6: In mmwave systems with narrow beams, the channel experiences very low delay spreads. Pi/2 BPSK with 1+D precoder/shaping is recommended for frequency bands. 
Observation-7: In frequency bands below 6 GHz two scenarios should be considered. First we note that QPSK does not reach full UE power when UE has full 20 MHz allocation. QPSK gives a maximum power of 21.7 dBm while pi/2 BPSK with shaping reaches up to 24.6 dbm power. 
We also note here that pi/2 BPSK with shaping can be used for high power UEs where the maximum power can be up to 30 dbm (for rural CPE use cases etc.). This is an important use case for NR rural deployments
Observation-8: Pi/2 BPSK with 1+D precoder/shaping is recommended for uplink control channels transmissions as well. 
Proposal: NR supports pi/2 BPSK modulation with frequency domain pulse shaping for DFT-s-OFDM (without excess BW) at least for eMBB uplink data and control channels for up to 40GHz
· The pi/2 BPSK data is shaped using a precoder: 1+D 
3. References
[1] RP-156093, “Generalized Precoded OFDMA (GPO) – a SCFDMA variant for achieving near unit PAPR and low out of band emission” 
[2] R1-1613597
WF on pi/2 BPSK Modulation (Additional low PAPR Technique)
IITH, CEWiT, IITM, Tejas Networks, Reliance-jio, Qualcomm, Samsung, Intel, ATT, INL, Straightpathcommunications, Huawei, Panasonic, Sony, Kyocera, Interdigital, KDDI
BPSK  data





Pi/2 Constellation rotation





Precoder





M-point DFT





IFFT





CP





Subcarrier mapping





M-point DFT





Pi/2 Constellation de-rotation





Conventional Nr branch linear equalizer





IDFT





Channel estimation





BPSK data





ZC reference signal





Combine real imaginary parts





Soft output





1+D decoding: post processing





M-point DFT





Pi/2 Constellation de-rotation in freq domain





2Nr branch Frequency Domain MMSE Equalizer





IDFT





Complex-conjugation and frequency reversal





Channel estimation





frequency domain shaping using 1+D, Pi/2 Constellation de-rotation 





data





ZC reference signal








