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1 Introduction

It has been agreed that [1]
· NR will define the minimum spectrum utilization value set X% in Release 15, which varies with the carrier bandwidth and numerology applied.

· Higher spectrum utilization Y% can be possible from BS perspective, without requiring Y% at UE, and the impacts to interference, blocking etc. will be considered and managed by the operator.

· RAN4 can define a minimum requirement for higher spectrum utilization Y% only if it can improve system and/or user throughput compared to X% in future release.

In this contribution, we study the achievable spectrum utilization value X%, considering the relevant Tx RF requirements (i.e. SEM, ACLR, EVM) and Rx RF requirements (i.e. ACS and blocking). In addition, the spectrum efficiency by link level evaluation is also presented.  

2 Discussion
In the simulation, both windowing and filtering are evaluated and the parameters applied are:

(1) Window length: 5% OFDM symbol duration

We noticed some companies used 2% OFDM symbol duration as the window length. That will result in <90% spectrum utilization for 5MHz channel bandwidth(CBW) with 15kHz subcarrier spacing(SCS), according to many companies evaluation result. Therefore, in this contribution, we set window length to be 5% OFDM symbol duration in order for higher spectrum utilization than LTE, although the obvious BLER performance degradation for 64QAM/256QAM was observed in fading channel due to the ISI.
(2) Filter length: 127 order 
127 order filter is used for evaluation considering most companies’ implementation capability, although higher filter order is also achievable with implementation optimization.
2.1 The achievable spectrum utilization for below 6GHz
2.1.1 Tx RF requirement consideration

From Tx perspective, X% should be achieved without violating SEM, ACLR and EVM requirement. In addition to the windowing/filtering length, the achievable X% also depends on the CBW, SCS and PSD. Table 1 illustrates the parameter configuration in the evaluation. 
For downlink, the DL maximum transmission power is assumed to be 46dBm for less than 20MHz CBW, and for wider CBW cases, the same PSD as 20MHz CBW is assumed in order to achieve the similar DL coverage.

For uplink, the spectrum utilization should be set assuming one RB allocated at band edge, where the signal PSD on one PRB is much higher than other bandwidth allocation cases.
Based on the parameter assumption in Table 1, the achievable spectrum utilization X% for downlink and uplink are also listed in Table 1, without violating the SEM, ACLR and EVM requirement. The detailed evaluation results are attached in the appendix.  It should be noted that the spectrum utilization number for 10MHz  CBW and 60kHz SCS is still below 90% for windowing even with 5% OFDM symbol duration.
Therefore, windowing only is not preferable at least for small CBW cases.
Table 1: Downlink/uplink system parameters
	CBW

(MHz)
	SCS

(kHz)
	DL max. power

(dBm)
	Downlink

#PRB(X%)
	UL max. power

(dBm)
	UL BW

(kHz)
	Uplink

#PRB(X%)

	
	
	
	Window
	filter
	
	
	window
	filter

	5
	15
	46
	25(90.0%)
	26(93.6%)
	23
	180
	25(90.0%)
	26(93.6%)

	10
	15
	46
	53(95.4%)
	53(95.4%)
	23
	180
	53(95.4%)
	53(95.4%)

	
	30
	
	25(90.0%)
	26(93.6%)
	
	360
	25(90.0%)
	26(93.6%)

	
	60
	
	12 (86.4%)
	13(93.6%)
	
	720
	12 (86.4%)
	13(93.6%)

	15
	15
	46
	81(97.2%)
	81(97.2%)
	23
	180
	81(97.2%)
	81(97.2%)

	
	30
	
	39(93.6%)
	40(96.0%)
	
	360
	39(93.6%)
	40(96.0%)

	
	60
	
	19 (91.2%)
	20(96.0%)
	
	720
	19(91.2%)
	20 (96.0%)

	20
	15
	46
	108(97.2%)
	108(97.2%)
	23
	180
	108(97.2%)
	109(98.1%)

	
	30
	
	53(95.4%)
	54(97.2%)
	
	360
	53(95.4%)
	54(97.2%)

	
	60
	
	25(90.0%)
	26(93.6%)
	
	720
	26(93.6%)
	27(97.2%)

	25
	15
	46+0.1
	136 (97.9%)
	136(97.9%)
	23
	180
	136(97.9%)
	136(97.9%)

	
	30
	
	68 (97.9%)
	68 (97.9%)
	
	360
	68 (97.9%)
	68 (97.9%)

	
	60
	
	33 (95%)
	34 (97.9%)
	
	720
	33 (95%)
	34 (97.9%)

	40
	15
	46+3
	218(98.1%)
	218(98.1%)
	23
	180
	220(99.0%)
	220(99.0%)

	
	30
	
	109(98.1%)
	109(98.1%)
	
	360
	109(98.1%)
	109(98.1%)

	
	60
	
	53(95.4%)
	54(97.2%)
	
	720
	54(97.2%)
	54(97.2%)

	50
	15
	46+4
	275(99.0%)
	275(99.0%)
	23
	180
	275(99.0%)
	275(99.0%)

	
	30
	
	136(97.9%)
	136(97.9%)
	
	360
	137(98.6%)
	137(98.6%)

	
	60
	
	67(96.5%)
	68(97.9%)
	
	720
	68(97.9%)
	68(97.9%)

	60
	30
	46+4.8
	164(98.4%)
	165(99.0%)
	23
	360
	164(98.4%)
	165(99.0%)

	
	60
	
	81(97.2%)
	82(98.4%)
	
	720
	81(97.2%)
	82(98.4%)

	80
	30
	46+6
	220(99.0%)
	220(99%)
	23
	360
	220(99.0%)
	220(99%)

	
	60
	
	109(98.1%)
	110(99.0%)
	
	720
	109(98.1%)
	110(99.0%)

	100
	30
	46+7
	275(99.0%)
	275(99%)
	23
	360
	275(99.0%)
	275(99%)

	
	60
	
	137(98.6%)
	137(98.6%)
	
	720
	137(98.6%)
	137(98.6%)


2.1.2 Rx RF requirement consideration

At Rx, only filtering is considered due to the fact that filtering is the only way to suppress out-of-band interference power, while windowing can’t.

From Rx perspective, X% should be achieved without violating ACS and blocking requirement. As discussed in previous RAN4 study, among these two selectivity requirements on BS receiver, the narrowband blocking would determine the Rx selectivity since its interfering signal PSD on one PRB is much higher than that in the ACS requirement, and impose stricter requirement on receiver filtering, as illustrated in Figure 1. Definitely RAN4 targets the reuse of existing E-UTRA specification as much as possible for below 6GHz, the noise floor is calculated with 25 PRB bandwidth for 5MHz or larger CBW [1]. Therefore, the needed filtering attenuation for Macro BS can be calculated as follows,

Needed attenuation 

= Interference signal power– Noise floor – 4.7dB (corresponding to 6dB noise floor degradation)

 = -49- (-174+60+10*log5+ 5) -4.7

= 48.3 dB
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                                             Figure 1: NR narrowband blocking 

It means the required attenuation at target carrier Rx should achieve 48.3dB at the left boundary of the narrow-band interference. Considering 10dBm margin and OFDM inherent leakage attenuation, the required Rx filter selectivity can be calculated as follows,

Rx filter selectivity

= 48.3+10dB margin – OFDM inherent attenuation
The Rx filter selectivity requirement is listed in Table 2, for various target CBW with offset1 guard band and narrowband (i.e., 1PRB) interference signal located at the offset2 with 5MHz CBW assumption. Obviously, the receiving filter requirement is the strictest if target carrier bandwidth is 5MHz, since the guard band offset1 of Rx filtering for 5MHz CBW is the smallest.
 
Table 2: The required Rx filter selectivity
	# PRB

Wanted carrier
	offset 1

(KHz)
	# PRB

Interfere carrier
	offset 2

(KHz)
	Required filter selectivity(dB)
	Margin needed (dB)
	FFT inherent attenuation
	Required Rx filter selectivity

	26
(93.6%)
	160
	26
(93.6%)
	160
	~48dB
	10
	26.6
	31.4

	53
(95.4%)
	230
	26
(93.6%)
	160
	~48dB
	10
	27.4
	30.6

	108

(97.2%)
	280
	26
(93.6%)
	160
	~48dB
	10
	27.6
	30.4


Figure 2 and Figure 3 shows the FFT attenuation and the receiver filter (127 order) OOB performance for 15kHz SCS @5MHz and 20MHz CBW, with 93.6% (26PRB) and 97.2% (108PRB) spectrum utilization respectively.
[image: image2.png]PSD (dB)

Downlink w/o PA,carrier BW 5MHz,
SC 15KHz,data BW 26PRB

X:032
Y:-26.35

n.
—— OFDM baseband PSD \

-1.5 -1 -0.5 0 0.5 1 15
Freq.(MHz)



[image: image3.png]PSD (dB)

Downlink w/o PA,carrier BW 20MHz,
SC 15KHz,data BW 108PRB

-1 -0.5 0 0.5 1
Freq.(MHz)




(a) 26PRB








(b) 108PRB








Figure 2:  FFT inherent attenuation
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Figure 3:  filtering OOB performance
It can be observed that the receiver filter selectivity by 127 order filter far outperforms the selectivity requirement in Table 2. Therefore, the spectrum utilization number X% recommended in Table 1 can be achievable from the Rx perspective.
2.1.3 Spectrum efficiency and user throughput consideration
Some concerns on the achievable spectrum efficiency and user throughput with very high spectrum utilization were raised, and the link level evaluations from some companies showed that the achievable spectrum efficiency defined on all the available data transmission bandwidth maybe decrease with the increasing spectrum utilization level due to the channel edge EVM loss and also the per PRB PSD reduction. In this section, we perform link level evaluation with a 20MHz carrier bandwidth and two numerologies (i.e. 15kHz, and 60kHz) respectively. The evaluated PRB numbers for 20MHz CBW are listed in Table 3, which covers all candidate number recommended by companies.
Table 3: The evaluated PRB numbers for 20MHz 

	SCS
	PRB number @20MHz
	SCS
	PRB number @20MHz

	15kHz
	105 (94.5%)
	60kHz
	25 (90%)

	
	106 (95.4%)
	
	26 (93.6%)

	
	107 (96.3%)
	
	

	
	108 (97.2%)
	
	


Table 4 Link level evaluation parameters for spectrum efficiency evaluation

	Parameters
	Values or assumptions

	Carrier bandwidth
	20MHz

	Subcarrier spacing
	15 kHz
	60 kHz

	CP length
	6.67 %

	FFT size
	2048
	512

	Channel model
	TDL-C-300ns

	Antenna configuration
	SISO

	UE speed 
	3 km/h

	MCS
	Link adaptation

	Channel estimation
	Ideal

	Filter order
	127
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	Figure 3: Spectrum efficiency and throughput of 15 kHz on 20 MHz CBW


	[image: image8.emf]-5 0 5 10 15 20 25 30

SNR (dB)

0

0.5

1

1.5

2

2.5

3

3.5

S

p

e

c

t

r

u

m

 

E

f

f

i

c

i

e

n

c

y

 

(

b

p

s

/

H

z

)

DL, TDL-C-300 ns, 60 KHz

25 PRB

26 PRB


	[image: image9.emf]-5 0 5 10 15 20 25 30

SNR (dB)

0

10

20

30

40

50

60

70

T

h

r

o

u

g

h

p

u

t

 

(

M

b

p

s

)

DL, TDL-C-300 ns, 60 KHz

25 PRB

26 PRB



	Figure 4: Spectrum efficiency and throughput of 60 kHz on 20 MHz CBW



It can be observed that increasing spectrum utilization will bring higher spectrum utilization and user throughput.  108PRB with 15 kHz and 26 PRB with 60 kHz @20MHz CBW 15kHz can achieve the best spectrum efficiency and user throughput among the proposed PRB numbers. In other words, a higher spectrum utilization X% should be targeted with the implementable windowing/filtering length.

Theoretically, the factors affecting spectrum efficiency/user throughput for different spectrum utilization consist of:
1. Per PRB PSD reduction due to the increasing data bandwidth
High spectrum utilization level will incur potential spectrum efficiency/user throughput loss as the PSD per PRB is lowered.

2. Frequency diversity gain due to the increasing bandwidth

Bigger bandwidth allocation due to high spectrum utilization provides more frequency diversity gain and is beneficial to spectrum efficiency improvement. 

3. Coding gain due to the bigger TBS for increasing data bandwidth

Bigger bandwidth allocation due to high spectrum utilization provides more coding gain and is beneficial to spectrum efficiency improvement.

From the evaluation results, with more transmission bandwidth, the spectrum efficiency loss due to the PSD reduction can be compensated by frequency diversity gain and coding gain. In addition, the user throughput is significantly improved by higher spectrum utilization. Therefore, the spectrum utilization values in Table 1 are preferable from spectrum efficiency and user throughput perspective. 
Based on the above evaluation and analysis, we have the following proposals,

Proposal 1: The spectral utilization value for below 6GHz in R15 is as follows,

	SCS [kHz]
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB

(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)

	15
	26 
(93.6%)
	52
(95.4%)
	81
(97.2%)
	108
 (97.2%)
	136
(97.9%)
	218

(98.1%)
	275
(99%)
	N.A
	N.A
	N.A

	30
	N.A
	26
(93.4%)
	40
(96%)
	54 
(97.2%)
	68 
(97.9%)
	109

(98.1%)
	136
(97.9%)
	165
(99%)
	220
(99%)
	275

(99%)

	60
	N.A
	13
(93.4%)
	20
(96%)
	26
 (93.6%)
	34
 (97.9%)
	54
(97.2%)
	68
(97.9%)
	82
(98.4%)
	110
(99%)
	137

(98.6%)


2.2 The achievable spectrum utilization for above 6GHz

Following the same methodology as below 6GHz, Table 5 gives the recommended spectrum utilization number for above 6GHz. It should be noted that the spectrum utilization values for above 6GHz can be improved since RF requirement (i.e. SEM/ACLR/ACS) is relaxed.

Table 5: the proposed spectrum utilization for above 6GHz
	SCS [kHz]
	50MHz
	100MHz
	150MHz
	200 MHz
	400 MHz

	
	NRB

(X[%])
	NRB
(X [%])
	NRB
(X [%])
	NRB
(X [%])
	NRB
(X [%])

	60
	68(97.9%)
	137(98.6%)
	206(98.9%)
	275(99%)
	550 (99%)

	120
	34(97.9%)
	68(97.9%)
	103(98.9%)
	137 (98.6%)
	275(99%)


3 Conclusions
In this contribution, we analyze the achievable spectrum utilization value with both windowing and filtering, taking the implementation complexity, spectrum efficiency and user throughput into consideration. According to the evaluation results, we have the following proposals, 
Proposal 1:  The spectral utilization value for below 6GHz in R15 is as follows,
	SCS [kHz]
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB

(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)
	NRB
(X%)

	15
	26 
(93.6%)
	52
(93.6%)
	81
(97.2%)
	108
 (97.2%)
	136
(97.9%)
	218

(98.1%)
	275
(99%)
	N.A
	N.A
	N.A

	30
	N.A
	26
(93.4%)
	40
(96%)
	54 
(97.2%)
	68 
(97.9%)
	109

(98.1%)
	136
(97.9%)
	165
(99%)
	220
(99%)
	275

(99%)

	60
	N.A
	13
(93.4%)
	20
(96%)
	26
 (93.6%)
	34
 (97.9%)
	54
(97.2%)
	68
(97.9%)
	82
(98.4%)
	110
(99%)
	137

(98.6%)


Proposal 2:  The spectral utilization value for above 6GHz in R15 is as follows,
	SCS [kHz]
	50MHz
	100MHz
	150MHz
	200 MHz
	400 MHz

	
	NRB

(X[%])
	NRB
(X [%])
	NRB
(X [%])
	NRB
(X [%])
	NRB
(X [%])

	60
	68(97.9%)
	137(98.6%)
	206(98.9%)
	275(99%)
	550 (99%)

	120
	34(97.9%)
	68(97.9%)
	103(98.9%)
	137 (98.6%)
	275(99%)
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1. PSD
(a) Channel BW = 5 MHz
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Tx filtering with 127 order
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Tx windowing with 5% OFDM symbol length
(b) Channel BW = 10 MHz
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Tx filtering with 127 order
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Tx windowing with 5% OFDM symbol length
(c) Channel BW = 15 MHz
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Tx filtering with 127 order
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Tx windowing with 5% OFDM symbol length
(d) Channel BW = 20 MHz
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Tx filtering with 127 order
[image: image38.png]Downlink Rapp PA model,carrier BW 20MHz,
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 [image: image39.png]Downlink Rapp PA model,carrier BW 20MHz,
SC 30KHz,data BW 53.0PRB, filter taps 127
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 [image: image40.png]Downlink Rapp PA model,carrier BW 20MHz,
SC 60KHz,data BW 25.0PRB, filter taps 127
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Tx windowing with 5% OFDM symbol length
(e) Channel BW = 40 MHz

[image: image44.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 15KHz,data BW 220.0PRB, filter taps 127
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 [image: image45.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 30KHz,data BW 110.0PRB, filter taps 127

SN
o o o

PSD (dBm/30KHz)
>

f-OFDM RF PSD

- @ - 3Gpp spectrum mask

19

19.5

20 20.5 21 215
Freq.(MHz)



 [image: image46.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 60KHz,data BW 54.0PRB, filter taps 127
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Tx filtering with 127 order
[image: image50.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 15KHz,data BW 220.0PRB, filter taps 127

SN
o o o

PSD (dBm/30KHz)
>

‘W-OFDM RF PSD

- @ - 3Gpp spectrum mask

19

19.5

20 20.5 21 215
Freq.(MHz)



[image: image51.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 30KHz,data BW 109.0PRB, filter taps 127
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 [image: image52.png]Downlink Rapp PA model,carrier BW 40MHz,
SC 60KHz,data BW 53.0PRB, filter taps 127
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Tx windowing with 5% OFDM symbol length
(f) Channel BW = 50 MHz

[image: image56.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 15KHz,data BW 275.0PRB, filter taps 127
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 [image: image57.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 30KHz,data BW 137.0PRB, filter taps 127
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 [image: image58.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 60KHz,data BW 68.0PRB, filter taps 127
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Tx filtering with 127 order
[image: image62.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 15KHz,data BW 275.0PRB, filter taps 127

SN
o o o

PSD (dBm/30KHz)
>

‘W-OFDM RF PSD

- @ - 3Gpp spectrum mask

24

245

25 255 26 26.5
Freq.(MHz)



 [image: image63.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 30KHz,data BW 136.0PRB, filter taps 127
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 [image: image64.png]Downlink Rapp PA model,carrier BW 50MHz,
SC 60KHz,data BW 67.0PRB, filter taps 127
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Tx windowing with 5% OFDM symbol length
(g) Channel BW = 60 MHz

[image: image68.png]Downlink Rapp PA model,carrier BW 60MHz,
SC 30KHz,data BW 165.0PRB, filter taps 127
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 [image: image69.png]Downlink Rapp PA model,carrier BW 60MHz,
SC 60KHz,data BW 82.0PRB, filter taps 127
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Tx filtering with 127 order
[image: image72.png]Downlink Rapp PA model,carrier BW 60MHz,
SC 30KHz,data BW 164.0PRB, filter taps 127
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 [image: image73.png]Downlink Rapp PA model,carrier BW 60MHz,
SC 60KHz,data BW 81.0PRB, filter taps 127

SN
o o

PSD (dBm/30KHz)
o

‘W-OFDM RF PSD

- @ - 3Gpp spectrum mask

29

295 30 30.5 31 315
Freq.(MHz)




[image: image74.png]PSD (dBm/30KHz)

Uplink Polynomial PA model,filter taps 127,
SC30KHz,Band edge 1.0PRB of 164.0PRB

W-OFDM RF PSD
- @ - 3Gpp spectrum mask

295 30 30.5 31
Freq.(MHz)



 [image: image75.png]PSD (dBm/30KHz)

Uplink Polynomial PA model,filter taps 127,
SC60KHz,Band edge 1.0PRB of 81.0PRB

W-OFDM RF PSD
- @ -3Gpp spectrum mask

295 30 30.5 31
Freq.(MHz)











Tx windowing with 5% OFDM symbol length
(h) Channel BW = 80 MHz

[image: image76.png]Downlink Rapp PA model,carrier BW 80MHz,
SC 30KHz,data BW 221.0PRB, filter taps 127

RN
o o o

PSD (dBm/30KHz)
>

f-OFDM RF PSD

- @ - 3Gpp spectrum mask

39

395

40 40.5 41 415
Freq.(MHz)



 [image: image77.png]Downlink Rapp PA model,carrier BW 80MHz,
SC 60KHz,data BW 110.0PRB, filter taps 127
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Tx filtering with 127 order
[image: image80.png]Downlink Rapp PA model,carrier BW 80MHz,
SC 30KHz,data BW 220.0PRB, filter taps 127
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 [image: image81.png]Downlink Rapp PA model,carrier BW 80MHz,
SC 60KHz,data BW 109.0PRB, filter taps 127
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Tx windowing with 5% OFDM symbol length
(i) Channel BW = 100 MHz

[image: image84.png]Downlink Rapp PA model,carrier BW 100MHz,
SC 30KHz,data BW 276.0PRB, filter taps 127
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 [image: image85.png]Downlink Rapp PA model,carrier BW 100MHz,
SC 60KHz,data BW 138.0PRB, filter taps 127
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Tx filtering with 127 order
[image: image88.png]Downlink Rapp PA model,carrier BW 100MHz,
SC 30KHz,data BW 275.0PRB, filter taps 127
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 [image: image89.png]Downlink Rapp PA model,carrier BW 100MHz,
SC 60KHz,data BW 137.0PRB, filter taps 127
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Tx windowing with 5% OFDM symbol length
2. EVM
The following table lists the EVM performance of the band edge PRB, with 127 filter taps.
	Filter taps
	SCS [kHz]
	5MHz
	10MHz
	20 MHz
	40 MHz
	60 MHz
	80 MHz
	100 MHz

	
	
	NRB
	EVM

[%]
	NRB
	EVM [%]
	NRB
	EVM [%]
	NRB
	EVM [%]
	NRB
	EVM [%]
	NRB
	EVM [%]
	NRB
	EVM [%]

	127
	15
	26
	2.76
	53
	2.71
	107
	2.93
	218
	2.70
	329
	1.87
	N.A
	N.A
	N.A
	N.A

	
	30
	13
	3.16
	26
	2.80
	53
	2.71
	108
	2.87
	163
	2.72
	219
	2.74
	275
	2.73

	
	60
	6
	3.66
	13
	3.15
	26
	2.84
	53
	2.74
	81
	2.92
	109
	2.91
	137
	2.88


Target NR carrier
Narrowband interference
Offset1
Offset2
Frequency



