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1. Introduction
R1-156093 describes a Generalized Precoded OFDM (GPO) waveform that offers low peak-to-average-power-ratio (PAPR).  This technique can is a generalization of DFT-recoded-OFDM (aka SCFDMA) with frequency domain pulse shaping (see Figure-1). Reduction in PAPR is achieved by using a frequency domain pulse shaping filter (FDPSF) that is obtained using a linearized Gaussian pulse. For the special of BPSK, we obtain a signal with constant envelope. In this contribution we show that for the case of QPSK modulation we reduce the PAPR by 2.0 dB compared to QPSK-SCFDMA. The FDPSF causes both inter-symbol-interference (ISI) and inter-user-interference (IUI). For the case of BPSK, we use a widely linear (WL) equalizer that filters the signal and its complex-conjugate suppress the ISI. The implementation complexity of the proposed WL equalizer is comparable to that of conventional SCFDMA frequency domain equalizer (FDE). For the case of QPSK modulation, to mitigate the ISI and to reduce the performance loss caused by the ISI, we use sequence estimation methods. 
In this contribution, we show that a 4-state reduced state sequence estimator (RSSE) that uses a frequency domain minimum mean square estimation based decision feedback equalization (MMSE-DFE) prefilter followed by a time domain trellis based sequence estimator performs within 0.5 dB of conventional SCFDMA case. The implementation complexity of proposed QPSK receiver is approximately 4-times that of conventional SCFDMA. This type of complexity increase can be justified for base station implementation.

The proposed GPO waveform has two operational modes. 

a) GPO with excess BW: The first mode employs a FDPSF that occupies certain excess bandwidth (BW). However, users are multiplexed with say M-subcarrier spacing (M-being the number of occupied subcarriers for each user) so that excess BW does not cause a loss in bandwidth efficiency.  Excess BW may cause mutual interference between users that are frequency multiplexed in adjacent resources. The amount of IUI caused by the FDPSF is low enough not to cause significant reduction in bit error rate (BER).  Linearized GMSK pulse that is oversampled with an oversampling factor “os” provides a FDPSF an excess BW of “os times M” that is “os” times the number of occupied subcarriers. Using BT=infinity, and os=3, we obtain a minimum shift keying (MSK)-like signal with near constant envelope and smooth phase trajectories within one OFDM symbol. With BT=0.3, and os=2, we obtain a signal similar that of linearized GMSK.
b) GPO without excess BW:  With os=1, the FDPSF does not use excess BW. Therefore, this mode leads to frequency orthogonal user multiplexing. The PAPR of the signal that is generated using os=1 is generally higher than for the case of os>1. 
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Figure 1: GPO: Waveform Employing Frequency domain filtering

Results and Discussion 

In Figure 2, we show the PAPR of BPSK GPO transmitter for different operational modes. We assume M=12. For the case of os=3, we get a signal with nearly constant envelope. Note that while sampling linearized GMSK pulse, that is parameterized by the parameter BT,  we use a parameter called “offset” that corresponds to the sampling timing phase. It takes a value of either 0 or 1/2 when T is normalzied to unity. In all cases, PAPR is defined as the 99% cdf point.  With os=2, the PAPR is close to 0.8 dB. With os=1 the PAPR increases to 1.8-2.0 dB. In comparision, the PAPR of p/2 BPSK-SCFDMA is 4.9 dB and QPSK-SCFDMA is 6.5 dB, respectively.
In Figure 3 we show PAPR results for GPO with QPSK modualtion. The PAPR of GPO with QPSK using os=3 is 4.5 dB. Comapred to SCFDMA with QPSK modualtion, we obtain 2.0 dB PAPR reduction.
In Figures 4 and 5 we report uncoded BER results for additive white Gaussian nose (AWGN) channel. In Figure 4, we show the results for the case of BPSK using a WL receiver. We observe that the WL MMSE based linear equalizer  is able to fully mitigate the ISI caused by the pulse. The receiver structure for BPSK is shown in Figure-6. The loss in performance is less than 0.1 dB compared to conventional SCFDMA that uses rectangular frequency domain pulse.  

In Figure 5, the BER results are given for QPSK GPO case. For this case, we compare the results for conventional QPSK-SCFDMA and QPSK-GPO that uses os=1 (offset=0.5). Here, the linear equalizer performs poorly, as it is unable to fully mitigate the ISI caused by the pulse. However, a 4-state RSSE receiver performs well and is able to reduce the performance loss caused by the pulse compared to linear equalizer case. The overall BER penalty is within 0.5 dB of conventional QPSK SCFDMA. Note that the QPSK receiver uses a MMSE-DFE prefilter that is implemented in frequency domain followed by a RSSE algorithm. The receiver structure for QPSK is shown in Figure-7.
For both BPSK and QPSK based GPO methods, we remark here that a) the BER results for os=3 is similar to that of os=1 b) In a typical urban channel case, the performance difference GPO and SCFDMA are similar to AWGN case.

Note that BPSK received when split into complex and complex-conjugate parts (or equivalently into real and imaginary parts), provides two degrees-of-freedom that is used by a linear equalizer to mitigate the ISI caused by the pulse effectively. However, QPSK does not have this advantage and therefore we use a sequence estimator for ISI mitigation.
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Figure 2: PAPR cdf  for BPSK
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Figure 3: PAPR cdf  for QPSK
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Figure 4: BER BPSK-GPO
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Figure 5: BER for QPSK-GPO 


Figure 6: GPO-BPSK Receiver

Figure 7: GPO-QPSK Receiver
2. Observations

Observation-1: GPO-BPSK with os=3, BT=infinity gives near constant envelope (PAPR is 0.12 dB). 
Observation-2: GPO-QPSK with os=3, BT=infinity gives 2.0 dB PAPR reduction over SCFDMA QPSK

Observation-3: Use of GPO with 8-PSK and other modulation formats needs further study

Observation-4: GPO is a generalized form of DFT-precoded-OFDM with frequency domain pulse shaping. 

Observation-5: GPO should be considered as a candidate waveform for NR. It can be considered for the uplink of eMBB and URLLC and mMTC

Recommendation-1: Spectrum shaped reduced PAPR waveforms  based on BPSK and QPSK modulation are evaluated as part of waveform evaluation for NR including eMBB, URLLC, mMTC. For mmwave communication, the waveform can be considered for both UL and DL"
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