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1. Introduction
In this document, we investigate the required Guard RB for ACS and ASCS.
2. Discussion
Two areas of interest as discussed in the WF [1] are the required guard band for ACS (Adjacent Channel Selectivity) and ASCS (Adjacent Sub-Carrier Selectivity). A few architectures have been discussed [2], so we study the need for a guard band based on the reduced current consumption version of the main radio with scan mode using architectures involving down conversion with BB/IF detection.
When starving the RX current consumption in scan mode for most architectures except RF envelope detection, ACS and ASCS dependent RF parameters like RXLO phase noise and RX non-linearity get worse. These RF parameters cannot be filtered by the WUS channel filter due to stages preceding the filter. To gauge the required GB (guard band), the main radio selectivity can be used as a baseline. 

In our view, the objective, pursuant to the WF/LS reply from RAN1, is to find the GB required to help overcome the degradation of these impairments from normal mode when scan mode RX and normal RX are operating in the same environment. The LS [4] reply from RAN1 to RAN4 addresses options for the specified guard band and is described in the Appendix of this document.
The WUS is planned to be embedded within the OFDM signal [4]. When the WUS signal is removed, a gap exists between the allocations reserved for UE(s). In scan mode, the noise in the WUS gap between allocations will degrade normal operation with a NR non-contiguous allocation without any WUS signal. We can model this degradation based on an assumed decrease in the bias current. If the RX bias current drops so will the oscillator power. This noise is enhanced with a lower cost/lower Q oscillator. Leeson’s model [5] helps and can be used to predict phase noise with lower power and where there is contribution from the reciprocal phase noise due to NR sub-carriers and jammer located outside the PLL bandwidth, and so the phase noise varies (~6dB/octave) up until the thermal corner. So, increasing GB will undoubtedly mitigate WUS interference. See Figure 2-1. 
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Figure 2-1: Phase Noise contribution of the many adjacent sub-carriers and super position in the WUS gap.
Any number of available amplifier models can be used to model the 3rd order non-linear behaviour of the adjacent NR subcarrier/jammer. Shown below is the 3rd order emission in the gap and how to mitigate by increasing spacing between allocations on either side of the WUS. See Figure 2-2.
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Figure 2-2: Non-contiguous allocation showing 3rd order non-linearity in the WUS gap.
2.1. ASCS Guard RB evaluation
The desired Co-channel noise/Adjacent NR signal Ratio is a measure of ASCS. Reduced current consumption degrades the RX in-band P1dB as well as the oscillator noise power. The goal is to maintain 30dB SNR for the WUS. If the current consumption is reduced further, the 30dB target SNR would not be possible, but the idea is to increase the guard band to maximize the target SNR for the WUS.
The scenario is shown in Figure 2.1-1 with pictorial plots show the WUS as being MC-OOK or SC-OOK with the guard band being part of the WUS BW per RAN 1 LS reply. The performance graph is shown in Figure 2.1-2, where the phase noise contribution of all NR sub-carriers from both sides of the LP-WUS are summed at all points within the WUS BW. The non-linear sideband contribution is also summed. The gain in ASCS Vs Guard Band is shown in Table 2.1-1. The following assumptions were made:
· gNB Channel BW = 20MHz

· LP-WUS BW = 4.32MHz including symmetric GBs (LP-WUS Tx BW = 2.88MHz)
· Target 28dB SNR for WUS.
· 3dB In-band RX P1dB degradation from main radio.
· 10dB SSB RXLO phase noise degradation from main radio.
· No WUS power boosting.
· P_WUS = P_NR_low = P_NR_high (equal PSD for MC-OOK; equal power for SC-OOK).
· BW_WUS <= BW_NR_low, BW_NR_high.
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Figure 2.1-1: NR – WUS –Scenario with possible WUS options
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Figure 2.1-2: Relationship between guard band and selectivity
[image: image5.emf]option  1 option 2 option 3

LP WUS BW 5 4.32 2.88

LP Tx BW 4.32 2.88 1.44

nRB for WUS 24 16 8

SCS (MHz) 0.015 0.015 0.015

GB (MHz) 0.34 0.72 0.72

NGB 1.888889 4 4

Total RB 24 24 16

Gain, dB 5.8 7.5 7.5


Table 2.1-1: ASCS Gain Vs GB for various option from RAN1 LS reply (Appendix).

Observation 1: Simulations show ~8dB gain in ASCS when 4 guard RBs (15KHz SCS) are used.
Observation 2: Maximum target WUS SNR is limited by the amount of degradation of phase noise and non-linearity.

Proposal 1: Use [4] Guard RBs (15KHz SCS) for ASCS or option 2 from RAN1 LS.
2.2. ACS Guard RB evaluation
The same approach can be taken for ACS guard band evaluation. The co-channel noise can be calculated for the case of the main radio ACS given the same Jammer/NR signal BWs. The noise is increased due to lower power consumption with aligned parameters, and then the guard band is increased to achieve the same target co-channel noise/WUS BW of what would appear in the main radio. 
The analysis is independent of the type of WUS which ultimately determines the desired capture ratio to be determined by RAN1. But based on the cheapest implementation for asynchronous half wave BB/IF detection of a 2-bit SC-OOK waveform, the final ACS level could be predicted if required. As shown in the Table 2.2-1, having the guard band ensures adequate pre-filtered selectivity in a jammer rich environment. Note, that an additional guard band is applied at the jammer side to make sure the combined WUS BW (4.32MHz) + 680KHz is the same as the 5MHz Jammer BW. The additional guard band on the jammer side provides more margin and flexibility for (analog + digital) filtering implementations. The final ACS value can be proposed in future meetings based on consistent alignment of parameters and agreed waveform. Here are the pre-filtered ACS assumptions:
· gNB Channel BW = 20MHz

· LP-WUS BW = 4.32MHz including symmetric GBs (LP-WUS Tx BW = 2.88MHz)
· WUS at the edge of the channel BW

· Place additional guard band (680KHz) on the jammer side so WUS BW + 680KHz = Jammer BW

· Target Jammer/Co-channel Noise Ratio ~ 28dBc

· 3dB In-band RX P1dB degradation from main radio
· 10dB SSB RXLO phase noise degradation from main radio
· No WUS power boosting

· P_WUS = P_NR (all type of LP-WUS)
· P_Jammer = TBD based on co-channel noise and WUS SINR from RAN1
· BW_WUS <= BW_NR
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 Figure 2.2-1: NR – WUS – Jammer Scenario with possible WUS options
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IM3 RR, dBc -34.4 -27.4 -30.4

Reciprical PN, dBc -33.0 -23.0 -33.0

Jammer/Co-ch noise ratio, dBc 30.6 21.7 28.5

SINR (Capture Ratio) [Pending RAN1] -1 9 9

Selectivity (ACS level) [Projected] 31.6 12.7 19.5


Table 2.2-1: Relationship between jammer side guard band (SCS=15KHz) and Selectivity.
Proposal 2: Use [4] Guard RBs (15KHz SCS) for ACS or option 2 from RAN1 LS. If WUS is located at the channel BW edge, apply additional guard band on the jammer side so that the combined WUS BW and the additional guard band is equivalent to the jammer BW.

3. Conclusion
Observation 1: Simulations show ~8dB gain in ASCS when 4 guard RBs (15KHz SCS) are used.

Observation 2: Maximum target WUS SNR is limited by the amount of degradation of phase noise and non-linearity.

Proposal 1: Use [4] Guard RBs (15KHz SCS) for ASCS or option 2 from RAN1 LS.

Proposal 2: Use [4] Guard RBs (15KHz SCS) for ACS or option 2 from RAN1 LS. If WUS is located at the channel BW edge, apply additional guard band on the jammer side so that the combined WUS BW and the additional guard band is equivalent to the jammer BW.
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4. Appendix
· Whether the case when the WUS/WUR is same as NR channel bandwidth, e.g. 5MHz WUS within 5MHz NR CBW (Max 25 RBs/15kHz SCS), is considered for LP-WUS/WUR evaluation.
	gNB Channel BW 
	20MHz, FFS other values

	LP-WUS BW
	Option 1:

· 5MHz including subcarriers for guard band

· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS

Option 2:

· {2.16, 4.32} MHz including subcarriers for guard band 

· 1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS

FFS: other options are up to companies to report

GB is symmetrically placed on each side of LP-WUS
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