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1 Introduction

In [1], it is agreed that

· Carrier spectrum utilization, denoted by Y, is assumed to be higher than 90% in RAN4 future study and RAN4 requirements should be defined based on this assumption.

It has been verified in some companies’ contribution that, the spectrum utilization level can be increased up to 99% with good spectrally confined techniques. 

However, some concerns on the achievable spectrum efficiency 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. We do think spectrum efficiency consideration matters, however, the spectrum efficiency evaluation methodology in existing contributions is oversimplified and not suitable for current situation. In this contribution, we present our views on the spectrum efficiency evaluation methodology and also provide the spectrum efficiency evaluation results.
2 Discussion

2.1 Spectrum efficiency and spectrum utilization evaluation methodology
Conventionally, the spectrum efficiency is calculated across all the available transmission bandwidth and this methodology is absolutely correct when comparing different techniques in a given transmission bandwidth. However, the current situation is that the available data transmission bandwidth varies with spectrum utilization. It is reasonable to compare the spectrum efficiency on the same bandwidth, i.e., band center PRBs with 90% spectrum utilization, while targeting the same spectrum efficiency on the other additional PRBs is not necessary due to the following reasons,
1) High spectrum efficiency on the additional channel edge PRBs is not the first priority. In order words, there is no reason to give up some PRBs at channel edge only because they cannot support 256QAM if the utilization of these PRBs does not cause spectrum efficiency degradation on the band center PRBs with 90% spectrum utilization. 

2) The additional bandwidth at channel edges varies with spectrum utilization level, and it isn’t reasonable to require the same spectrum efficiency on different data bandwidth.
In our opinion, a reasonable methodology is that given different spectrum utilization levels, 

· For the band center PRBs with 90% spectrum utilization, the spectrum efficiency is calculated and compared for different spectrum utilization level, and higher spectrum utilization should be achieved with negligible spectrum efficiency degradation on these PRBs.

· For the channel edge additional PRBs, the overall capacity rather than the spectrum efficiency is calculated and compared for different spectrum utilization level.
2.2 Link level evaluation for the spectrum efficiency and spectrum utilization

In this section, we perform link level simulation with a 20MHz carrier bandwidth and two numerologies (i.e. 15kHz, and 60kHz) respectively. The assumed available PRBs for data transmission are listed in Table 1 and table II shows all the detailed simulation configuration parameters.

Table 1 Spectrum utilization for evaluation at 20MHz carrier bandwidth 

	Numerology
	Available PRB @20MHz
	Spectrum utilization@20MHz

	15kHz
	100PRB
	90%

	
	106PRB
	95.4%

	
	110RRB
	99%

	60kHz
	25PRB
	90%

	
	26PRB
	93.6%

	
	27PRB
	97.2%


Table 2 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 for transmitter spectral confinement
	1/4 OFDM symbol length with block-wise filtering implementation[2][3]


Figure 1 shows the downlink per PRB EVM performance for 110 active PRBs with 15kHz subcarrier spacing, and 27 active PRBs with 60kHz subcarrier spacing respectively. 
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(a) 15kHz numerology





(b) 60kHz numerology

Figure 1. EVM performance per active PRB for 20MHz bandwidth 
Table 3 EVM performance for 20MHz carrier BW
	Waveform
	Numerology
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRB

	f-OFDM
	15kHz 
	0.92%
	3.12%
	2.01%

	
	60kHz 
	1.62%
	4.16%
	2.52%


With the maximum spectrum utilization (i.e., 99% for 15kHz SCS, and 97.2% for 60kHz SCS) enabled by long spectrally confined filter, the EVM performance is still acceptable despite that the its distribution across the whole channel bandwidth is uneven. It can be observed that even the EVM on the channel edge one PRB can fulfill the requirement of 64QAM if using long taps filter.
Observation1: With long taps filter (e.g. up to 1/4 OFDM symbol length), the EVM loss on the channel edge PRB is negligible, although the EVM distribution is uneven across the whole channel bandwidth.
If the channel edge PRB EVM loss is negligible with long taps filter, other affecting factors for spectrum efficiency with different spectrum utilization comprise of : 
1. Per PRB PSD reduction due to the increasing data bandwidth
High spectrum utilization level will incur potential spectrum efficiency loss as the PSD per PRB is lowered.

2. Frequency diversity gain due to the increasing data 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.

In the following, we evaluate the spectrum efficiency and the throughput for channel center bandwidth (i.e., 100 PRBs for 15kHz SCS, and 25PRBs for 60kHz SCS) and channel edge bandwidth respectively, as illustrated in Figure 2.
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Figure 2: Channel center PRBs and channel edge PRBs illustration

Figure 3 shows the spectrum efficiency comparison for 15 kHz numerology, on the 100PRBs data bandwidth (i.e. 90% carrier bandwidth) with different spectrum utilization level. With the same transmission bandwidth, the frequency diversity gain and coding gain remains the same, and the only affecting factor for the spectrum efficiency is different PSD level due to different spectrum utilization. However, it can be observed that the spectrum efficiency degradation on the channel center 100PRBs is negligible considering the MCS quantization effect. In other words, the PSD reduction for the channel center PRBs due to the utilization of additional band edge PRBs doesn’t hurt much the spectrum efficiency on this bandwidth in practical system. 
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Figure 2. Spectrum efficiency on 18 MHz data bandwidth with 15 kHz SCS
Figure 3 is the spectrum efficiency and throughput comparison on the channel edge additional PRBs, namely, 6 PRBs and 10PRBs on channel edges. As stated previously, with more transmission bandwidth, the spectrum efficiency loss due to the PSD reduction can be compensated by frequency diversity gain and coding gain. It also can be observed from Figure 3 that the spectrum efficiency on the channel edge 10 PRBs for 110 PRBs data bandwidth is even slightly better than that for 106 PRBs data bandwidth, although the advantage is almost negligible. While the throughput on the additional 10PRBs is much higher than that on the additional 6 PRBs. 
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	(a) spectrum efficiency
	(b) throughput


Figure 2. Spectrum efficiency and throughput on the channel edge PRBs with 15 kHz SCS 
Figure 3 and 4 give the evaluation results for 60 kHz numerology case. Similar observations can be made.

Observation 1: The spectrum efficiency calculated on carrier center bandwidth (i.e.,90% carrier bandwidth) is not hurt much by increasing spectrum utilization.

Observation 2: Additional bandwidth due to the higher spectrum utilization always brings system throughput improvement while doesn’t incur any spectrum efficiency loss on these bandwidth. The more the additional bandwidth, the higher the system throughput.
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Figure 3. Spectrum efficiency on 18 MHz data bandwidth with 60 kHz SCS

	[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

26 PRB

27 PRB


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

SNR (dB)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

T

h

r

o

u

g

h

p

u

t

 

(

M

b

p

s

)

DL, TDL-C-300 ns, 60 KHz

26 PRB

27 PRB



	
	

	(a) spectrum efficiency
	(b) throughput


Figure 4. Spectrum efficiency and throughput on the channel edge PRBs with 60 kHz SCS 
3 Conclusions
In this contribution, we present our views on the evaluation methodology on spectrum efficiency, and also provide evaluation results based on link level simulation.

Following methodology is preferred when comparing spectrum efficiency for different spectrum utilization level, 

· For the channel center PRBs with 90% spectrum utilization, the spectrum efficiency is calculated and compared for different spectrum utilization level, and high spectrum utilization should be achieved with negligible spectrum efficiency degradation on these PRBs.

· For the channel edge additional PRBs, the capacity rather than the spectrum efficiency is calculated and compared for different spectrum utilization level.

Based on the proposed methodology and evaluation results, we have the following observations:

Observation 1: The spectrum efficiency calculated on carrier center bandwidth (i.e.,90% carrier bandwidth) is not hurt much by increasing spectrum utilization.

Observation 2: Additional bandwidth due to the higher spectrum utilization always brings system throughput improvement while doesn’t incur any spectrum efficiency loss on these bandwidth. The more the additional bandwidth, the higher the system throughput.
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