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Introduction
NR-U considers non-contiguous (or punctured) channel allocations for wide band channels (e.g., BW = 60, 80 or 100 MHz). This represents a departure from the contiguous channel allocations employed by LTE LAA and 802.11ac (only contiguous 20/40/80/160 MHz allocations/bonded channels being supported). The spectrum emission mask (SEM) for the punctured channels needs to be properly designed to allow coexistence in the unlicensed band and protect legacy networks, while high enough to consider base station and UE RF characteristics.
RAN4 #93 meeting (Nov. 2019) agreed punctured channel SEMs for NR-U with bandwidth up to 80 MHz [1] and [2]. RAN4 #96-e (August 2020) agreed to postpone the 100 MHz bandwidth for NR-U post Rel-16 [3]. RAN#90-e (Dec. 2020) noted a WF [4] that concludes 100 MHz NR-U channel bandwidth would be treated in NR-bands_R17_BWs WID.
This contribution studies signal to interference and noise ratio (SINR) degradation impact upon coexistent devices (e.g. 802.11ac devices) and proposes punctured channel SEMs for 100 MHz bandwidth of each one of the presented SEM options when referenced to NR-U SEM.
Background: Agreed SEMs for Bandwidth up to 80 MHz
Punctured channel SEM has been classified into multiple categaries in RAN4 #93 meeting, as presented in Figure 1.
(a). Edge puncture: aggressor (NR-U) uses the channel(s) below -20 MHz in Figure 1(a) and victim (legacy network) uses channel(s) above -20 MHz. The SEM decreases from 0 dBr at the channel edge (-20 MHz) to -20 dBr at 1 MHz from the edge (-19 MHz), then decreases to -28 dBr at 10 MHz from the channel edge (-10 MHz).
(b). Interior single puncture: aggressor (NR-U) uses the channels below -10 MHz and above 10 MHz in Figure 1(b) and victim (legacy network) uses a single 20-MHz channel from -10 to 10 MHz. The SEM decreases from 0 dBr at the channel edges (-10 and 10 MHz) to -20 dBr at 1 MHz from the edges (-9 and 9 MHz), then decreases to -23 dBr at center of punctured channel (0 MHz).
(c). Interior multiple puncture: aggressor (NR-U) uses the channels below -20 MHz and above 20 MHz in Figure 1(c) and victim (legacy network) uses two 20-MHz channels from -20 to 20 MHz. The SEM decreases from 0 dBr at the channel edges (-20 and 20 MHz) to -20 dBr at 1 MHz from the edges (-19 and 19 MHz), then decreases to -25 dBr at 10 MHz from the channel edges (-10 and 10 MHz), the SEM has a flat bottom of -25 dBr between -10 and 10 MHz.
Note that the punctured channel SEMs are only defined for NR-U bandwidth up to 80 MHz.
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(c)
Figutre 1. Agreed punctured channel SEMs in RAN4 #93: (a) edge puncture; (b) interior single puncture; and (c) interior multiple puncture.
SEMs Under Consideration for 100 MHz Bandwidth
The 100 MHz bandwidth is being discussed for NR-U in bands n46 and n96 [3]-[4], which introduces a new case of interior triple puncture. The corresponding punctured channel SEM needs to be defined. 
The punctured channel SEM can be classified into four categories:
(a). Edge puncture;
(b). Interior single puncture;
(c). Interior double puncture;
(d). Interior triple puncture.
Categories (a), (b) and (c) with 100 MHz bandwidth are very similar to categories (a), (b) and (c) with bandwidth up to 80 MHz. The corresponding SEMs agreed in RAN4 #93 should be re-used for the 100 MHz bandwidth. SEM for category (d) are discussed further.
Observation 1: the new 100 MHz bandwidth for NR-U introduces a new case of channel puncturing: interior triple puncture.
For categories (a), (b) and (c):
Proposal 1: re-use SEMs up to 80 MHz bandwidth agreed during RAN4 #93 (presented in Section 2 and Figure 1) for the 100 MHz bandwidth edge puncture, interior single puncture and interior double puncture SEMs.
Category (d), interior triple puncture, indicates aggressor (NR-U) uses the channels below -30 MHz and above 30 MHz in Figure 2 and victim (legacy network) uses three 20-MHz channels from -30 to 30 MHz. The three SEM cases are considered:
Case 1: -31 dBr at 20 MHz from the edges (blue dashed line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -31 dBr at 20 MHz from the channel edges (-10 and 10 MHz), the SEM has a flat bottom of -31 dBr between -10 and 10 MHz (see Table 1 and Figure 3).
Case 2: -28 dBr at 10 MHz from the edges (red dash-dotted line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -28 dBr at 10 MHz from the channel edges (-20 and 20 MHz), the SEM has a flat bottom of -28 dBr between -20 and 20 MHz (see Table 1 and Figure 3).
Case 3: -25 dBr at 10 MHz from the edges (green dotted line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -25 dBr at 10 MHz from the channel edges (-20 and 20 MHz), the SEM has a flat bottom of -25 dBr between -20 and 20 MHz (see Table 1 and Figure 3).
Three SEM cases are illustrated in Figure 2 and Table 1. Points A to F in Table 1 are defined in Figure 3.
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Figure 2. Reference SEM and SEM cases under consideration for the interior triple puncture.
Table 1. NR-U Triple Punctured SEM for 100 MHz Bandwidth.
	N = 100 MHz
	A
	B
	C
	D
	E
	F

	Case 1 (-31 dBr)
	Relative Frequency (MHz)
	-0.4×N
	-0.4×N+1
	-0.1×N
	0.1×N
	0.4×N-1
	0.4×N

	
	Absolute Frequency (MHz)
	-30
	-29
	-10
	10
	29
	30

	
	Delta Power (dBr)
	0
	-20
	-31
	-31
	-20
	0

	Case 2 (-28 dBr)
	Relative Frequency (MHz)
	-0.4×N
	-0.4×N+1
	-0.2×N
	0.2×N
	0.4×N-1
	0.4×N

	
	Absolute Frequency (MHz)
	-30
	-29
	-20
	20
	29
	30

	
	Delta Power (dBr)
	0
	-20
	-28
	-28
	-20
	0

	Case 3 (-25 dBr)
	Relative Frequency (MHz)
	-0.4×N
	-0.4×N+1
	-0.2×N
	0.2×N
	0.4×N-1
	0.4×N

	
	Absolute Frequency (MHz)
	-30
	-29
	-20
	20
	29
	30

	
	Delta Power (dBr)
	0
	-20
	-25
	-25
	-20
	0
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Figure 3. Definition of points A to F in SEM.
SEM Performance Comparison
The SINR degradation is analysed in this section for the three SEMs under consideration (interior triple puncture case). The simulations consider four inputs:
1. NR-U (aggressor) SEMs: SINR degradation compares the SINR of three SEM cases under consideration vs. the reference SEM. The reference SEM is the overlapping of  two single-carrier 20 MHz NR-U SEM, as described in Appendix 6.1.
2. Power spectrum of victim OFDM waveform: the OFDM waveform was built by the method in Appendix 6.2, the corresponding power spectrum (black curve in Figure 4) is used to calculate the SINR degradation. Note that only the in-band portion is used to calculate SINR, e.g., power in frequency range from -10 to 10 MHz (the black curve shown in Figure 4(b)).
3. Relative power level ΔPRX between victim and aggressor (see Appendix 6.3 for more details): ΔPRX is the difference between aggressor and victim signal power arrived at the victim receiver, including the aggressor/victim transmit power, relative distances and corresponding path loss/shadowing loss. To reduce complexity, multiple parameters are reduced to a composite one: ΔPRX. For example, ΔPRX = 10 dB indicates that the victim in-band power is 10 dB stronger than aggressor in-band power, then victim in-band power and aggressor our-of-band emission in frequency range from -10 to 10 MHz are compared, as shown in Figure 9.
4. SNR at victim receiver was assumed as 10 or 25 dB, targeting cell edge with low modulation and coding scheme (MCS) and cell center with high MCS, respectively.
The Signal to interference ratio (SIR) at the victim receiver is calculated by inputs 1, 2 and 3. SINR is estimated by SIR and SNR using The assumptions and methodology are presented in Appendix 6.4.
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(a)																	(b)
Figure 4. Victim power spectrum and aggressor SEMs: (a) victim uses channel 2; (b) victim uses channel 3. Note that victim uses channel 4 is symmytrical to victim uses channel 2.

SINR for three SEM cases and the reference SEM are shown in Figure 5. It is hard to present all combinations of four inputs in a single figure. Without impacting the generality of the problem, Figure 5 only shows example results of victim using channel 3 and SNR = 25 dB. The black line in Figures 5 corresponds to the reference NR-U SEM (bottom pink/cyan dotted line in Figure 4(b)), which has the highest SINR. Three SEM cases all have smaller SINR than the reference SEM.
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Figure 5. SINR of single-carrier NR-U SEM and three cases (victim uses channel 3 with 25 dB SNR).

The SINR degradation compares blue/red/green lines in Figure 5 to the reference (black line), the results being provided in Figure 6. Similarly to Figure 5, Figure 6 only shows example results of victim using channel 3 and SNR = 25 dB:
· Case 1 (-31 dBr SEM) has the smallest SINR degradation up to 6.1 dB. 
· Case 2 (-28 dBr SEM) has worse SINR degration up to 9.1 dB. 
· Case 3 (-25 dBr SEM) is the worst case that corresponds to SINR degradation up to 12.1 dB.
[image: ]
Figure 6. SINR degradation of three SEM cases (victim uses channel 3 with 25 dB SNR).

The SINR degradation summary results with SNR of 10 and 25 dB, ΔPRX from -30 to 20 dB and victim using channels 2, 3 and 4 is listed in Table 2. SEM cases 1 and 2 have much smaller SINR degradation than case 3. SEM case 1 has a smaller SINR degradation than case 2 when victim uses channel 3. SEM case 2 has smaller SINR degradation than case 1 when victim uses channel 2 or 4.
· For example ΔPRX = 0 dB and victim uses channel 3 with 25 dB SNR: case 3 has the largest SINR degradation of 3.4 dB, which is 0.9 and 1.9 dB for cases 1 and 2, respectively. 
· For example ΔPRX = -10 dB and victim uses channel 3 with 25 dB SNR: case 3 has the largest SINR degradation of 9  dB. Case 2 has a SINR reduction of 6.3 dB. Case 1 has the smallest SINR degradation 3.8 dB.
The results for victim on channel 2 or 4 are identical since the SEMs are symatrical. SINR degradation is large when victim receiver is close to aggressor (ΔPRX is mall,e.g., -30 or -20 dB).
Table 2. SINR degradation for three SEM cases under consideration.
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Accordingly the following proposals are considered:
Proposal 2: SEM case 1 (-31 dBr) should be used with priority since it has the smallest SINR degradation (compared with the other 2 cases under analysis), see Table 1 and Figure 3.
Proposal 3: SEM case 2 (-28 dBr) may be considered alternatively albeit the victim SINR degradation remains a concern, see Table 1 and Figure 3.

Conclusion
Observation 1: the new 100 MHz bandwidth for NR-U introduces a new case of channel puncturing: interior triple puncture.
The punctured channel SEMs can be classified into four categories:
(a). Edge puncture;
(b). Interior single puncture;
(c). Interior double puncture;
(d). Interior triple puncture.
For categories (a), (b) and (c):
Proposal 1: re-use the SEMs up to 80 MHz bandwidth agreed in RAN4 #93 for the 100 MHz bandwidth edge puncture, interior single puncture and interior double puncture SEMs.
For category (d), interior triple puncture, three SEMs are considered: 
Case 1: -31 dBr at 20 MHz from the edges (blue dashed line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -31 dBr at 20 MHz from the channel edges (-10 and 10 MHz), the SEM has a flat bottom of -31 dBr between -10 and 10 MHz.
Case 2: -28 dBr at 10 MHz from the edges (red dash-dotted line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -28 dBr at 10 MHz from the channel edges (-20 and 20 MHz), the SEM has a flat bottom of -28 dBr between -20 and 20 MHz.
Case 3: -25 dBr at 10 MHz from the edges (green dotted line in Figure 2). The SEM decreases from 0 dBr at the channel edges (-30 and 30 MHz) to -20 dBr at 1 MHz from the edges (-29 and 29 MHz), then decreases to -25 dBr at 10 MHz from the channel edges (-20 and 20 MHz), the SEM has a flat bottom of -25 dBr between -20 and 20 MHz.
To compare SEM cases 1, 2 and 3, SINR degradation is simulated.
Proposal 2: SEM case 1 (-31 dBr) should be used with priority since it has the smallest SINR degradation (compared with the other 2 cases under analysis), see Table 1 and Figure 3.
Proposal 3: SEM case 2 (-28 dBr) may be considered alternatively albeit the victim SINR degradation remains a concern, see Table 1 and Figure 3.
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Appendix
[bookmark: _Ref24614254][bookmark: _Ref24017096]NR-U Reference SEM
The reference NR-U SEM is combined by two single-carrier NR-U SEMs. As displayed in Figure 7, the blue dotted line is a single carrier 20 MHz SEM uses the channel from -50 to -30 MHz. The green dashed line is a single carrier 20 MHz SEM uses the channel from 30 to 50 MHz. The pink dash-dotted line is the reference SEM combined by the green and blue lines.
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Figure 7. Single carrier NR-U SEMs and combined SEM.
Victim OFDM Waveform
The victim 802.11ac OFDM waveform for a 20-MHz channel was based on the following parameters:
· 125 Hz frequency resolution
· 312.5 kHz subcarrier spacing
· 52 active subcarriers: [-28:-22 -20:-8 -6:-1 1:6 8:20 22:28]
· 11 guard tones [-32:-29 29:31]
· 1 DC component: [0]
· 4 pilot tones (do not convey data): [-21 -7 7 21]
· Random binary bits make the PSD fluctuate; the simulated PSD use is averaged over 1000 times
The power spectrum of the 802.11ac OFDM waveform is shown in Figure 8.
[image: ]
Figure 8. Power spectrum of an 802.11ac victim OFDM waveform used in the simulation.
[bookmark: _Ref24641169][bookmark: _Ref24613603]Relative Power Level ΔPRX
ΔPRX is the difference between aggressor and victim signal power arrived at the victim receiver, which include aggressor/victim transmit power, relative distances and corresponding path loss/shadowing loss. To reduce complexity, multiple parameters are reduced to one: ΔPRX. 
· ΔPRX = 10 dB indicates victim in-band power is 10 dB stronger than aggressor in-band power, then victim in-band power and aggressor our-of-band emission in frequency range from -10 to 10 MHz are compared, as shown in Figure 9(a).
· ΔPRX = 0 dB indicates victim in-band power is equal to aggressor in-band power, then victim in-band power and aggressor our-of-band emission in frequency range from -10 to 10 MHz are compared, as shown in Figure 9(b).
· ΔPRX = -10 dB indicates victim in-band power is 10 dB weaker than aggressor in-band power, then victim in-band power and aggressor our-of-band emission in frequency range from -10 to 10 MHz are compared, as shown in Figure 9(c).
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(a)																(b)
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(c)
Figure 9. Illustration of relative power level ΔPRX.

Assumptions and Methodology
The victim uses a single 802.11ac 20 MHz carrier on channel 2, 3 or 4. The aggressor uses channels 1 and 5.
A. Inputs
· SNR: victim 802.11n/ac signal to noise ratio
· 2 values were exercised covering cell edge (SNR = 10 dB, RSSI = -86 dBm) and cell center (SNR = 25 dB, RSSI = -71 dBm), which are based on a Noise Floor of -101 dBm/20MHz and a Noise Figureof 5 dB
· ΔPRX = PRX(victim) - PRX(Aggressor), which represent relative location (distance or path loss) between victim transmitter to victim receiver, and between aggressor transmitter and victim receiver
· ΔPRX from -30 to 20 dB with 1-dB increment
· SIR: victim signal to interference (SIR) ratio
· Calculated per frequency points (800001 points over 100 MHz BW, 125 Hz RBW)
· Apply aggressor (e.g., NR-U) SEMs, victim power spectrum and ΔPRX
B. Outputs
· Signal to interference plus noise ratio (SINR):, 
· SINR degradation is calculated per active subcarrier.
· SINR is further averaged (linear units) over the occupied victim channel(s) bandwidth
· The absolute and relative SINR degradation for the SNR cases mentioned above for ΔPRX range under consideration (from -30 to 20 dB with 1-dB increment unless otherwise specified).
The flow chart of the simulation is provided in Figure 10. The detailed steps include:
1. Build aggressor SEMs according to specifications and cases under consideration
2. Build power spectrum using OFDM waveforms
3. Reference case: the aggressor is NR-U SEM without channel bonding or puncturing
a. Set the victim’s SNR for 2 cases: 10 dB (cell edge) and 25 dB (cell center)
b. Vary the aggressor relative power level in 1-dB steps
c. Calculate SINR for each frequency point
d. Calculate average SINR for frequency point inside active subcarriers of the victim 802.11ac waveform excluding guard tones, DC component and pilot tones
4. Replace the aggressor SEM with another aggressor SEM under consideration, repeat step 3
5. Compare results from steps 3 and 4 and make the SEM recommendation.


Figure 10. Flow chart of the simulation algorithm.
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Note: Victim receiving SNR = 25 dB correponds to cell center with high order of MCS.

         Victim receiving SNR = 10 dB corresponds to cell edge with low order of MCS.
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