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1
Introduction
In the LS [1] RAN1 is asking RAN4 to define requirements for PUSCH pi/2 BPSK modulation and taking into account the following RAN1 agreements:
	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


RAN4  NR Ad hoc #3 started the discussion on spectrum shaping for pi/2 BPSK DFT-s-OFDM UL. In our RAN4 NR Ad hoc#3 contribution in [2] we analyzed and simulated UL link performance aspects when spectrum shaping is used in pi/2 BPSK DFT-s-OFDM UL transmission by UE. Based on [2] RAN4 NR Ad hoc #3 made the following agreements:
	Proposal 1: Spectrum flatness should be set such that channel estimation impairments and noise enhancement of MMSE equalizer are minimized


In RAN4#84bis the WF on how to define EVM equalizer flatness for setting UE Tx spectrum flatness requirements for pi/2 BPSK with spectrum shaping was agreed in [4]. In this contribution, we provide simulation results based on the agreed assumptions and propose numbers for setting the minimum UE Tx spectrum flatness requirements with pi/2 BPSK spectrum shaping.
2
Performance Comparison
In this section, we evaluate and compare spectrum flatness and UL link performance for three different spectrum shaping assumptions; No spectrum shaping shaping, 1+D spectrum shaping and 50%, 25% and 10% truncated RRC spectrum shaping with rolloff = 0.25. The simulations assumptions are provided in Table 1. 
Table 1: Simulation assumptions
	Channel Estimation
	Ideal with MMSE equalizer

	Radio Channel 
	AWGN 

	Pulse Shaping methods
	(a) No spectrum shaping shaping  
(b) 1+D spectrum shaping

(c) 50%/25%/10% truncated RRC spectrum shaping with rolloff=0.25 

	Receiver
	FDE (receiver is not aware of pulse shaping used in transmitter)

	BW and PRB allocation
	20 MHz channel with allocation 100 PRB allocation for DFT-s-OFDM maximum

	Modulation and rank
	Pi/2 BPSK with Rank1

	Coding Rate
	1/3

	Reference symbols
	DMRS (for PA outpower analyses) – current RAN1 definition

	PA model
	3GPP polynomial PA model (for UE PA output power analyses for data and DMRS)


In Figure 1 we present spectrum flatness results for the three evaluated cases. From the results, we can see that as expected the best spectrum flatness performance is achieved without any spectrum shaping. Reasonable spectrum flatness performance is also achieved with 50% Truncated RRC SS with rolloff =0.25. However the spectrum flatness performance of  1+D spectrum shaping is very poor with PRB wise peak to peak RX equalizer weight amplitude response of 21.1 dB and subcarrier wise peak to peak RX equalizer weight amplitude response of 25.8 dB compared to 1.4 dB and 1.5 dB respectively for 50% Truncated RRC SS with rolloff =0.25.
Observation 1: Spectrum flatness performance of 1+D spectrum shaping for pi/2 BPSK is too poor for RAN4 UE requirement considerations.
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Figure 1: Spectrum flatness comparison for no spectrum shaping, 1+D spectrum shaping and 50% truncated RRC spectrum shaping with rolloff=0.25
In the next simulation results in Figure 2 the same thing is presented as average frequency domain Rx MSE (Mean Square Error) and EVM performance after equalization. The averaging is done over 100 subframes. These results supported the earlier findings the performance of 1+D spectrum shaping for pi/2 BPSK is too poor for RAN4 UE requirement considerations.
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Figure 2: Frequency domain Rx MSE and EVM after equalization for no SS, 1+D SS and 50% Truncated RRC SS, r=0.25
In Figure 3 we present UL link performance comparison for no spectrum shaping, 50% and 25 % truncated RRC with rolloff of 0.25 and 1+D spectrum shaping. These UL link performance show similarly as our earlier link results in [2] that 1+D spectrum shaping performance noticeably worse than no spectrum shaping or e.g. 50% truncated RRC spectrum shaping with rolloff 0 0.25. The results also show that lower truncation factor (more aggressive SS) in the truncated RRC has worse SNR in UL link performance than obtained with higher truncation factor (i.e. 25% vs. 50% truncation factor). 
Observation 2: UL link performance of 1+D spectrum shaping for pi/2 BPSK is noticeably worse than that of no SS or 50% or 25% truncated RRC SS with rolloff = 0.25
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Figure 3:  Link performance with and without spectral shaping in AWGN channel
In order to understand how much more UE Tx power on mmWave frequencies could be achieved with different spectrum shaping schemes compared to no spectrum shaping we have studied achievable UE PA output power for DMRS and data symbols.  The results are presented in Table 2 and Table 3 respectively.
In the DMRS UE Tx PA output power simulations we have first identified 30 best sequences in term of their PARP performance as 30 sequencies are expected to be sufficient from the network planning perspective. Then from those 30 best DMRS we have used the sequence with the highest PAPR at 1% probability point to evaluate the maximum PA output power to ensure that all UEs can actually achieve the given PA output power in practical network and DMRS deployments. 

Table 2: PA output power comparison for DMRS with no SS, 1+D SS and 50%/25% truncated RRC SS with rolloff = 0.25
	Allocation
	IFDM
	SS case
	IBO [dB]
	PA output [dBm]

	100 PRBs
	1
	No SS
	4.0
	26.8

	
	
	1+D
	0
	27.5

	
	
	50% Trunc. RRC, r=0.25
	1.8
	28.3

	
	
	25% Trunc. RRC, r=0.25
	0.7
	28.6

	
	2
	No SS
	3.6
	27.1

	
	
	1+D
	2.9
	27.3

	
	
	50% Trunc. RRC, r=0.25
	1.7
	28.3

	
	
	25% Trunc. RRC, r=0.25
	1.1
	28.5


Table 3: PA output power for data symbols with with no SS, 1+D SS and 50%/25% truncated RRC SS with rolloff = 0.25
	Parameter
	No SS
	1+D
	50% truncated RRC, r=0.25  
	25% truncated RRC, r=0.25

	PA out [dBm]
(without loss)
	27.7
	28.9
	27.8
	28.1

	IBO [dB]
	2.4
	0.1
	2.3
	1.8

	LTE 30 kHz OOBEM margin [dB]
	4.8
	3.8
	4.9
	4.0

	LTE 1 MHz OOBEM margin [dB]
	0.2
	0.1
	0.3
	0.0

	EUTRA ACLR [dB]
	27.8
	29.6
	28.4
	28.6

	LTE IBEM [dB]
	1.8
	0.3
	1.9
	1.0

	Tx EVM [%]
(complex plane)
	6.1
	9.8
	6.1
	5.7


These DMRS and data symbol PA output power results show that truncated RRC spectrum shaping provide the best achievable UE Tx power of DMRS symbols. For data symbols 1+D SS provide slightly higher achievable UE Tx power than truncated RRC SS but considering that DMRS PA output power seems to be the limiting factor for achievable UE Tx power, truncated RRC SS provides the best balance. Though it is worth noting that it may be possible to increase UE Tx power for data at mmWave frequencies when more relaxed mmWave spectrum emission mask is assumed. The current analyses is done assuming LTE SEM requirements. Furthermore, when considering poor spectrum flatness performance of 1+D SS, it is clear that either 50% or 25% truncated RRC SS should be used as basis for setting the UE minimum requirements for pi/2 BPSK DFT-s-OFDM signal. When considering the better UL link performance of 50% truncated RRC SS with rolloff = 0.25 than 25% truncated RRC SS with rolloff = 0.25 as shown in Figure 3 and better spectrum flatness performance as shown in Figure 4, we propose to use 50% truncated RRC SS with rolloff = 0.25 for setting the UE minimum requirements for pi/2 BPSK DFT-s-OFDM signal
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Figure 4: Spectrum flatness comparison of 50% and 25% truncated RRC spectrum shaping with rolloff=0.25
Observation 3: Evaluated truncated RRC SS provides the best balance between DMRS and data symbol spectrum shaping in terms of achievable UE TX PA output power.

Observation 4: 50% truncated RRC Spectrum Shaping with rolloff= 0.25 is well suited for setting the UE minimum requirements for pi/2 BPSK DFT-s-OFDM signal.
3
UE Tx spectrum flatness requirements 

RAN4 agreed in the WF [4] that EVM equalizer flatness is used for setting UE Tx spectrum flatness requirements for pi/2 BPSK with spectrum shaping. This follows similar principles as the LTE UE TX spectrum flatness requirements where the peak-to-peak variation of the EVM equalizer coefficients contained within the frequency range of the uplink allocation is not allowed to exceed the limits defined in the specifications. This is illustrated with related parameters X1, X2 and X3 in Figure 5. In [4] the following value ranges are given for the parameters X1, X2, X3 and Y used in setting the minimum UE Tx spectrum flatness requirements for pi/2-BSPK spectrum shaping waveforms.  
	· Value range for X1, X2, X3 and Y:

· X1: [4 to 8] dB
· X3: [3 to 15] dB
· Additional Constraints:
· X2 = X1 + X3
· X2 = [7 to 20] dB
· Y: [< -15] dB 
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Figure 5: EVM equalizer flatness as presented in [4]
The corresponding LTE UE Tx spectrum flatness requirements and limits as defined in TS36.101 are illustrated in Figure 6.
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Figure 6: The limits for EVM equalizer spectral flatness with the maximum allowed variation of the coefficients as specified in TS36.101
Below we provide our proposal for the X1, X2, X3 and Y values based on the analyses presented in the previous section and taking into account that pi/2 BPSK spectrum shaping causes additional relaxation on top of the existing LTE spectrum flatness requirements. Our proposal for additional relaxation for pi/2 BPSK with SS is based on the assumption of 50% truncated RRC Spectrum Shaping with rolloff of 0.25. In the proposal we want to ensure that BS Rx channel estimation impairments and noise enhancement of MMSE equalizer are minimized as earlier agreed in RAN4. The additional constraint of X2 = X1+X3 in [4] does not seem to match with the figure in [4] or the existing LTE UE Tx spectrum flatness requirement limits. Thus, we have not taken that constraint into account in our proposal below. 
· X1 = 4 dB (LTE) + 0.5 dB (additional relaxation for pi/2 BPSK with SS) = 4.5 dB
· X2 = 8 dB (LTE) + 2 dB (additional relaxation for pi/2 BPSK with SS) = 10 dB
· X3 = 3 dB (LTE) + 1.5 dB (additional relaxation for pi/2 BPSK with SS) = 4.5 dB 
· Y = -15 dB (Time domain filter maximum value for taps indices Δτ >1, where τ = 0,1,…,M-1 and Δτ is the circular distance from the first channel tap (τ = 0). )
Time domain filter response for 50% truncated RRC SS with rolloff = 0.25 is shown Figure 4. As we can see from the results even the second tap already is below the proposed Y requirement of – 15 dB.
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Figure 7:  Time domain response for 50% truncated RRC SS with rolloff=0.25
4
Conclusions 

In this contribution, we have continued analyses and simulations for spectrum shaping of pi/2 BPSK DFT-s-OFDM signal. We have analysed spectrum flatness requirements based on the WF proposal in [3] and considering the RAN4 NR Ad hoc #3 agreement to minimize negative impacts on BS receiver. Based on our simulations and analyses we make the following observations and proposal.
Observation 1: Spectrum flatness performance of 1+D spectrum shaping for pi/2 BPSK is too poor for RAN4 UE requirement considerations.
Observation 2: UL link performance of 1+D spectrum shaping for pi/2 BPSK is noticeably worse than that of no SS or  50% or 25% truncated RRC SS with rolloff = 0.25.

Observation 3: Evaluated truncated RRC SS provides the best balance between DMRS and data symbol spectrum shaping in terms of achievable UE TX PA output power.
Observation 4: 50% truncated RRC Spectrum Shaping with rolloff= 0.25 is well suited for setting the UE minimum requirements for pi/2 BPSK DFT-s-OFDM signal.
Based on the analyses and taking into account the earlier RAN4 agreements we propose the following numbers for X1, X2, X3 and Y parameters used in setting the minimum UE Tx spectrum flatness requirements for pi/2-BSPK spectrum shaping waveforms. 

Proposal 1: We propose the following limits and thus X1, X2, X3 and Y values to be used for setting the minimum UE Tx spectrum flatness requirements for pi/2-BSPK spectrum shaping waveforms. 
· X1 = 4 dB (LTE) + 0.5 dB = 4.5 dB

· X2 = 8 dB (LTE) + 2 dB = 10 dB

· X3 = 3 dB (LTE) + 1.5 dB = 4.5 dB 

· Y = -15 dB 
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