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1 Introduction

In RAN1 NR Ad-hoc meeting of January 2017, support of π/2-BPSK modulation for DFT-s-OFDM was agreed as follows [1].
Agreement:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM
In RAN1 #88bis meeting of April 2017, support of spectrum shaping for π/2-BPSK DFT-s-OFDM was also agreed as follows [2]:

Agreements:
· pi/2 BPSK DFT-s-OFDM supports spectrum shaping without spectrum expansion of pi/2 BPSK data at least for uplink data for carrier frequencies above 6 GHz and below 52.6 GHz

· Note that UE still has to fulfill all RAN4 requirements

· FFS: Whether it will have RAN1 spec impact
· FFS: Applicability below 6 GHz

· Note that RAN1 needs to consider at least spectrum efficiency, PA efficiency, complexity, and coverage
This contribution discusses spectrum shaping methods for π/2-BPSK DFT-s-OFDM considering RAN1 spec impact.
2 Spectrum Shaping Methods
Spectrum shaping for DFT-s-OFDM has usually been considered as frequency domain processing, i.e. post-DFT operation so that the bandwidth for spectrum shaping can be expanded. Now for NR, since spectrum shaping without spectrum expansion is agreed, element-wise multiplication between DFT output and frequency domain spectrum shaping (FDSS) coefficients can be represented as circular convolution between DFT input and time domain spectrum shaping (TDSS) coefficients (which are IDFT of FDSS coefficients). Although both the two are mathematically equivalent, specification efforts for them are different.

Frequency domain spectrum shaping (FDSS)

Since DFT size for uplink data transmission is determined by gNB, FDSS coefficients should be defined for every supportable DFT size (e.g., 2α·3β·5γ·12). Thus, it is desirable to define a common function for spectrum shaping according to DFT size. Since FDSS is the same operation as windowing, any non-rectangular window function can be used for FDSS. However, non-equal-gain FDSS coefficients without excess bandwidth must break orthogonality between data symbols, they are carefully chosen considering trade-off among PAPR, BLER, and implementation complexity.

We found a polynomial fitting function for FDSS as follows:

[image: image1.wmf](

)

(

)

0

5

.

0

1849

.

0

1347

.

0

778

.

4

24

.

11

412

.

5

985

.

3

2

3

4

5

£

£

-

+

-

-

-

-

=

x

x

x

x

x

x

x

p

,

which is derived from numerical optimization by trading off PAPR minimization and self-interference caused by broken orthogonality. FDSS coefficients can be obtained from sampling p(x) by using following formulas:
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We can adjust number of sampling points according to DFT size L.
Figure 1 shows several CCDFs (complementary cumulative distribution functions) of PAPR (measured at sample level) for π/2-BPSK DFT-s-OFDM according to different FDSS coefficients. Detailed simulation parameters are shown in Annex-A. It is observed that the polynomial fitting function has the best PAPR performance compared to other well-known window functions such as RRC and Kaiser.
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Figure 1. PAPR CCDF comparison according to different FDSS coefficients for π/2-BPSK DFT-s-OFDM
For PUSCH specification, power normalization should be also considered in FDSS. For example, the following is the paragraph for transform precoding (i.e. DFT spreading) in LTE [3].

[image: image5]
If FDSS is specified according to the above normalized DFT representation, the FDSS coefficients should be defined as their sum power is equal to be DFT size 
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Observation 1: If spectrum shaping coefficients are defined in frequency domain, DFT-size-dependent power normalization should be considered.
Time domain spectrum shaping (TDSS)

If spectrum shaping is applied without bandwidth expansion, FDSS can be represented by time domain circular convolution before DFT spreading. Thus, the FDSS coefficients can also converted to circular convolution filter coefficients of length L (i.e. DFT size). However, since convolution has generally higher complexity than multiplication does, full-tap (i.e. L-tap) circular convolution is undesirable. By trading off PAPR performance and implementation complexity, the number of circular convolution filter taps can be further reduced to be less than L. Table 1 shows 2 to 7-tap circular convolution filter coefficients.
Observation 2: Spectrum shaping coefficients can be defined as a unique time domain circular convolution filter.

Table 1. Time-domain circular convolution filter coefficients for low-PAPR spectrum shaping

	
	1
	D
	D2
	D3
	D4
	D5
	D6
	PAPR loss
@ CCDF 10-4 (against full-tap)

	2-tap
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	0dB

	3-tap
	-0.6972
	0.7167
	-0.0161
	
	
	
	
	0.35dB

	4-tap
	-0.1185
	-0.35
	0.8699
	-0.3267
	
	
	
	0.2dB

	5-tap
	-0.0608
	-0.3413
	0.8714
	-0.3417
	-0.0613
	
	
	

	6-tap
	-0.0688
	-0.347
	0.8765
	-0.3225
	-0.0512
	-0.0074
	
	

	7-tap
	-0.0651
	-0.3409
	0.8793
	-0.3218
	-0.0527
	-0.0073
	-0.0034
	0.15dB


This time domain spectrum shaping (TDSS) coefficients can be defined to have normalized power (i.e. 1) as shown in Table 1, which helps to define spectrum shaping more easily than FDSS as follows:
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Equivalent FDSS coefficients can also be obtained L-point DFT of zero-padded TD coefficients.
Proposal 1: Define spectrum shaping as a unique pre-DFT circular convolution filter.

Regarding DFT-s-OFDM baseband signal generation, signs of some TDSS coefficients in Table 1 can be changed according to resource mapping rule. For example, if we adopt 
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 for TDSS, DFT output should be circularly shifted by half of DFT size before resource mapping to IFFT so that power spectrum of transmission symbol can be concentrated on center of transmission bandwidth. This can be a burden to specify resource mapping rule for DFT-s-OFDM signal generation. Thus, if we follow conventional resource mapping and baseband signal generation formula for DFT-s-OFDM in LTE [3], high-pass filter (e.g., 
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)  is more desirable than low-pass filter (e.g., 
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Observation 3: Considering conventional DFT-s-OFDM signal generation, TDSS filter is desired to be a kind of high-pass filter.

3 Performance Evaluation Results of SS

PAPR

We evaluated several CCDFs (complementary cumulative distribution functions) of PAPR (measured at sample level) for π/2-BPSK DFT-s-OFDM according to different SS coefficients. Detailed simulation parameters are shown in Annex-A.
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Figure 2. PAPR CCDF comparison according to different TDSS coefficients for π/2-BPSK DFT-s-OFDM

As shown in Figure 2, at 99.99% PAPR, TDSS has about 3dB gain against pure π/2-BPSK DFT-s-OFDM. Compared to full-tap TDSS, 2-tap TDSS such as 
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  shows comparable performance. As DFT size L increases,  PAPR performance gap between 
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Proposal 2: Use 2-tap TDSS filter for π/2-BPSK DFT-s-OFDM.

CM
We evaluated cubic metric (CM) for DFT-s-OFDM according to modulation/SS options as shown in Table 2.

Table 2. CM of DFT-s-OFDM (based on 12RB signals)

	QPSK
	π/2-BPSK without SS
	π/2-BPSK with SS

	1.21dB
	0.24dB
	-0.74dB


BLER

We evaluated BLER for π/2-BPSK DFT-s-OFDM according to different SS coefficients. Detailed simulation parameters are shown in Annex-A.

From Figure 3, we can observe the following:

Observation 4: Compared to pure π/2-BPSK DFT-s-OFDM, SS without excess bandwidth has no SNR loss at 10% BLER.

This is because self-interference caused by broken orthogonality is not so big as noise power. Thus, at very low SNR range (limited coverage scenario), PAPR (or PA back-off) gain of SS can help coverage extension.
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Figure 3. BLER comparison according to different SS coefficients for π/2-BPSK DFT-s-OFDM

4 Conclusion
In this contribution, we discussed design aspects and performance evaluation results of SS for π/2-BPSK DFT-s-OFDM. The observations and proposals are as follows.
Observation 1: If spectrum shaping coefficients are defined in frequency domain, DFT-size-dependent power normalization should be considered.

Observation 2: Spectrum shaping coefficients can be defined as a unique time domain circular convolution filter.

Proposal 1: Define spectrum shaping as a unique pre-DFT circular convolution filter.

Observation 3: Considering conventional DFT-s-OFDM signal generation, TDSS filter is desired to be a kind of high-pass filter.

Proposal 2: Use 2-tap TDSS filter for π/2-BPSK DFT-s-OFDM.

Observation 4: Compared to pure π/2-BPSK DFT-s-OFDM, SS without excess bandwidth has no SNR loss at 10% BLER.
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6 Annex-A: Evaluation Parameters
	Parameters
	Values or Assumptions

	IFFT size
	1024

	Oversampling factor
	8

	DFT size (L)
	12

	Modulation
	π/2-BPSK

	OFDM subcarrier spacing
	15kHz

	Resource block size
	12 subcarriers x 14 OFDM symbols (same as in LTE)

	DMRS
	12 resource elements for each 4th, 11th OFDM symbol (same as in LTE)

	Channel model
	TDL-C with 300ns delay spread

	Channel estimation
	Practical (DMRS based)

	Noise variance estimation
	Practical (DMRS based)

	Number of information bits
	48

	Channel coding
	LTE Turbo codes, Max-Log-MAP, 6 iterations

	Carrier frequency
	4GHz

	UE velocity
	3km/h

	Antenna configuration
	SIMO (1T2R)

	Receiver
	MMSE combing, LMMSE

	Spectrum shaping
	FDSS with polynomial fitting

: 3.985x5 – 5.412x4 – 11.24x3 -4.778x2 -0.1347x + 0.1849

2-tap TDSS: 
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3-tap TDSS: -0.6972 +0.7167D -0.0061D2


For each layer � EMBED Equation.3 ��� the block of complex-valued symbols � EMBED Equation.3 ��� is divided into � EMBED Equation.3 ��� sets, each corresponding to one SC-FDMA symbol. Transform precoding shall be applied according to


� EMBED Equation.3 ���


resulting in a block of complex-valued symbols � EMBED Equation.3 ���. The variable� EMBED Equation.3  ���, where � EMBED Equation.3  ��� represents the bandwidth of the PUSCH in terms of resource blocks, and shall fulfil


� EMBED Equation.3  ���


where � EMBED Equation.3  ��� is a set of non-negative integers.





For layer � EMBED Equation.3 ���, the block of complex-valued symbols � EMBED Equation.3 ��� is divided into � EMBED Equation.3 ��� sets, each corresponding to one DFT-s-OFDM symbol. Spectrum shaping shall be applied according to


� EMBED Equation.3 ���


resulting in a block of complex-valued symbols � EMBED Equation.3 ���. The variable � EMBED Equation.3 ��� is number of filter taps of � EMBED Equation.3 ��� (� EMBED Equation.3 ���) and � EMBED Equation.3 ��� is modulo operation with � EMBED Equation.3 ���. For example, � EMBED Equation.3 ���. The variable� EMBED Equation.3  ���, where � EMBED Equation.3  ��� represents the bandwidth of the PUSCH in terms of resource blocks, and shall fulfil


� EMBED Equation.3  ���


where � EMBED Equation.3  ��� is a set of non-negative integers.


Transform precoding shall be applied according to 


� EMBED Equation.3 ���


resulting in a block of complex-valued symbols � EMBED Equation.3 ���. 
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