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Introduction
In R1-163160, we introduced a Generalized Precoded OFDM (GPO) waveform that offers low PAPR.  This technique can be viewed as a generalization of DFT-recoded-OFDM (aka SC-FDMA) with frequency domain pulse shaping. Reduction in PAPR is achieved by using a combination of pi/2-BPSK modulation and a frequency domain pulse shaping filter (FDPSF) that is obtained using a linearized Gaussian pulse. The FDPSF causes both inter-symbol-interference (ISI) and inter-user-interference (IUI). A widely linear (WL) equalizer that filters the signal and its complex-conjugate is used to suppress the ISI. 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 occupies subcarriers for each user) so that excess BW does not cause a loss in bandwidth efficiency.  Excess BW causes 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 an MSK-like signal with near constant envelope and smooth phase trajectories. The PAPR for this case is less than 0.2 dB. Using BT=0.3 and os=2, the PAPR is typically less than 0.9 dB
b) GPO without excess BW:  With os=1, the FDPSF does not use excess BW. Therefore, this mode leads to frequency orthogonal user multiplexing. In this case, we obtain a waveform whose PAPR is less than 2.1 dB. Note that the FDPSF that is obtained using an oversampling rate of os=1 (symbol rate sampling of linearized GMSK pulse) causes ISI that is mitigated using a WL equalizer.

Furthermore, we consider the following scenarios:

1. 
GPO without excess BW can be implemented by configuring the precoder/filter in time domain using the symbol spaced samples of the linearized Gaussian pulse. Considering the entries in the last column of Table-1 and Table-2 of the Appendix-1 of this contribution, the following preocder/filter polynomials  can be used to reduce the PAPR:


 for BT=infinity

 for BT=0.3

Truncating the second precoder and scaling the power to unity, we get: .  This solution is adopted by the “filtered pi/2 BPSK” scheme described in contributions: R1-164688, R1-164684.

R1-163160 compares the PAPR cdf of various filters obtaining by sampling the linearized GMSK pulse.

As shown in Fig-1, the precoded pi/2 BPSK data can be fed to a SC-FDMA transmitter that  performs further pulse shaping operation. It can be implemented using DFT-precoded-OFDM or using a time domain interpolation filter.
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Figure 1: GPO: Precoding of pi/2 BPSK data

2. GPO with excess BW: We consider the following two cases:



Case-1: The time domain precoder/filter can be performed for e.g., using or  followed by frequency domain pulse shaping for e.g., based on a SQRC filter employing certain excess BW. Since the frequency domain pulse shaping filter takes significant values in the roll-off region, it is preferable that users are multiplexed in a frequency orthogonal manner to avoid IUI. For this case, whether SQRC pulse shaping provides an advantage over sinc pulse shaping is for FFS.  
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Figure 2: GPO: Time domain precoding and frequency domain filtering



Case2: In this case, precoding and pulse shaping operations implemented as a single filter and is implemented in frequency domain as shown in Fig 3. The frequency domain pulse shaping can be performed using the os times M-point DFT of the samples of the linearized Gaussian pulse. The time domain pulse coefficients are given in Appendix-2 for the oversampling rates os=2,3. Although the transmitter utilizes certain number of excess subcarriers, since frequency domain filter rolls-off to a small value outside the allocated bands, the resulting IUI is quite small. In this case frequency non-orthogonal user multiplexing can be used without loss in error rate performance. 
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Figure 3: GPO: Frequency domain filtering


Note: Using Fig-3, conventional TDMA signal can be synthesized by padding the BPSK with sufficient number of zeros and truncating the IFFT output appropriately.

[bookmark: _Toc429557878]In this contribution, we evaluate the waveform for single numerology case with 15 KHz subcarrier spacing.  With address the following aspects:
a. We compare the performance of GPO and OFDM when the signals are passed through a power amplier that is modeled as a signal limiter.  We obtain the power spectral density (psd) of proposed waveforms with and without windowing
b. The BER performance of GPO is simulated using Veh-A channel model for single transmit and single receiver antenna (SISO) configuration. We compare the BER performance of GPO with pi/2 BPSK SC-FDMA (DFT-precoded-OFDM) scheme.


Windowing Procudure

We append a cyclic prefix (CP) and a cyclic postfix (CS) to the base OFDM symbol. The total length of the CP/CS may be determined as sum of maximum expected delay spread and CP/CS duration dedicated for windowing. A raised cosine (RC) window is applied such that a portion of the CP/CS is unaffected by the windowing operation (this posrtion is expected to handle the delay spread). Multiple cosecutive blocks of data are concatenated to construct a frame. Note that we do not consider overlap and add operaiton in our simulations. In all cases, we report the overhead caused by the windowing operation where we do does not include the CP/CS required for handling the delay spread. 

PSD Results 

In Figures 1-4, we show the psd results with PA model for GPO and OFDM cases. The backoff (in dB) applied for each case is indicated in the legends. The psd is measured over 1000 OFDM symbol realizations for M=48 subcarriers with 15 KHz subcarrier spacing. The sprectum measured at PA output is normalzied to to have unit power in all cases. We remark here that that the psd shows significant out of band distortion when the backoff is less than the amount shown in the legend. It can be seen that os=3 requires 0.2 dB backoff, os=2 requires 0.9 dB backoff and os=1 needs 2.1 dB backoff. For the case of OFDM, a backoff of 12 dB is required to obtain psd without significant distortion. Note that EVM results are not reported in this contribution.

For os=2 and os=3, there is some  increase in the adjacent channel power comapred to OFDM for the adjacent user but the tails of the spectrum follow that of OFDM.

BER Results 


In Fig 5, the BER results are given for SISO case for Veh-A channel model. We assume uplink with 5 users each employing M=48 subcarriers (users are frequency multiplexed in the given band). The considered scenario includes the effects of ISI and IUI introduced by the FDPSF. The WL equalizer is able to mitigate the ISI. Compared to conventional SC-FDMA with pi/2 BPSK modulation, the loss caused by the ISI and IUI due to FDPSF is less than 0.25 dB for GPO with os=1 and 0.2 dB for GPO with os=2.

The results show that GPO class of waveforms can be used for cell edge users for uplink transmission to increase coverage. Users located close to the BS may use conventional SC-FDMA with QPSK or QAM modulation. The switching between GPO operation and conventional SC-FDMA requires enabling a FDPSF. 

The advantage of TDMA over OFDMA are well-understood. Although GPO can be used to synthesize a TDMA-type signal with low PAPR, GPO with CP/Windowing (disable to transmit block selection module in Fig 1) is the preferred approach for NR. 
GPO being a derivative of OFDM/DFT-precoded-OFDM, allows efficient multiplexing of users in frequency domain.  Since the waveform has low OBE, it can be used for efficient frequency domain user multiplexing where users may adopt different numerologies.  Furthermore, GPO can be used for both synchronous and a-synchronous multiple access.
The proposed GPO waveform may also be considered for mmwave transmission in downlink where efficient PA operation is desirable and where users are multiplexed in time.

Observations and Recommendations

Observation-1: Windowing requires with 3-6 % additional overhead compared to normal CP transmission without windowing. Windowing alone may meet the out-of-band-emission (OBE) requirements. Therefore, windowing with overlap and add operation may not be required
Recommendation-1: The CP/CS size may be chosen such that a portion of CP/CS is used for windowing and the remaining position is used for handling the delay spread. The total CP size is determined by the expected delay spread and windowing requirement. Therefore, it may not be desirable to make a decision related to 2^n CP scaling until an agreement is reached related to CP length.
Recommendation-2: The low PAPR GPO waveform be considered as a candidate waveform for uplink of NR for both synchronous and asynchronous multiple access
[bookmark: _GoBack]Recommendation-3: The low PAPR GPO waveform be considered as a candidate waveform for downlink for carrier frequencies above 6GHz
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Figure 1: PSD, M=48, No windowing 
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Figure 2: PSD, M=48, Windowing overhead=12.5% 
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Figure 3: PSD, M=48, Windowing overhead=6.2% 
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Figure 4: PSD, M=48, Windowing overhead=3.12% 
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Figure 5: BER in Veh-A channel, SISO




Appendix-1: Linearized GMSK pulse shaping filter coefficients



In Table-1, MSK corresponds to BT=infity, os=oversampling rate,  is the sampling time offset

Table-1
	MSK, os=3


	MSK, os=3


	MSK, os=2, 


	MSK, os=1



	0.5
	0.2588
	0.7071
	0.7071

	0.866
	0.7071
	1
	0.7071

	1
	0.9659
	0.7071
	0

	0.866
	0.9659
	0
	0

	0.5
	0.7071
	0
	0

	0
	0.2588
	0
	0

	0
	0
	0
	0



Table-2
	BT=0.3, L=6, os=2


	BT=0.3, L=6, os=1


	BT=0.3, L=6, os=1


	BT=0.3,L=6, os=1



	0.0007
	0.0315
	0.0007
	0.707

	0.0315
	0.7057
	0.2605
	0.707

	0.2605
	0.7057
	0.9268
	0

	0.7057
	0.0315
	0.2605
	0

	0.9268
	0
	0.0007
	0

	0.7057
	0
	0
	0

	0.2605
	0
	0
	0

	0.0315
	0
	0
	0

	0.0007
	0
	0
	0
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