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0 Introduction
As indicated in SID, RAN4 scope includes feasibility study and RF requirement impact due to self-interference, co-channel inter sub-band CLI and adjacent-channel CLI scenarios. In this contribution we consider how to model the UE-to-UE interference. 
We recognize RAN4 has provided information to RAN1 on this modelling effort. We should keep in mind that if we make additional agreements during this meeting, we should provide RAN1 with the updated information.
1 Typical vs worst case UE model parameters
	Agreement:  

RAN4 to implement UE model parameters to reflect typical performance rather than worst-case.


RAN4 agreed to implement typical model parameters [3]. Typical values will be considered in the following discussion of various aspects. We emphasize that typical is very different than specified. Typical works for this study … nominal UEs being served by the BSs. Worst case performance will be significantly worse than nominal UEs.
1.1 UE channel bandwidth configuration for SBFD

In the WID it is important to note the objective is to study the performance of existing UEs. From [3]:

In this study, the followings are assumed:

· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
In RAN4#104-bis-e some questions were raised about having the UE configure its receive bandwidth to the downlink sub-band. The UE channel bandwidth must be configured to include both the uplink and downlink sub-bands in order for the UE to be capable of transmitting UL or DL. A UE with channel configured on a DL sub-band loses the capability of quickly transmitting on the adjacent UL sub-band as in required for TDD operation. 

Further we have an agreement from last meeting in [3]

	Agreement:

1. For legacy UE: For receiver sub-band selectivity, no rejection/attenuation due to RF/BB filtering is assumed on interference in adjacent sub-band as legacy UEs do not operate this way.


Proposal channel configuration: RAN4 to focus it’s effort on legacy UE, i.e. a UE that does not configure BW to the sub-band BW.
2 UE RX modelling

Our approach is to rely on both measurement and analysis for the behaviour of a typical UE receiver. We consider thermal noise, IM3, quantization noise, ADC distortions, reciprocal mixing, residual sideband, phase noise, and FFT leakage.
2.1 Noise model for FR1 and FR2-1 UE receivers
In the last RAN4 meeting we proposed a detailed noise model for the UE which included the effect of gain state switching. This model was detailed in the behaviour of the UE noise, however a simpler model will suffice for our system evaluation purpose. Once the SINR is greater than approximately 30 dB the noise aspect of the signal becomes insignificant. We agree with the noise modelling as a noise figure value over all input power ranges.

The figure below shows the SINR behaviour of a gain-stepped vs a fixed noise figure model. Our SINR range of interest for system studies is in the 15 dB range. We observe the gain-stepped model has some differences in the high SINR regions, however our interest is in the lower SINR regime. A fixed model is sufficient.

Observation: Fixed noise figure model and gain-stepped noise figure model SINR performance is the same in our SINR region of interest, the 15 dB range.
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Figure: Fixed noise figure (left) vs gain stepped SINR performance vs input signal and interferer power

For both FR1 and FR2-1 it is appropriate to use the values from 38.828 which are relatively well aligned with REFSENS. 

For FR1, as an example, we examine the worst-case NF for n78 from REFSENS. REFSENS converts to a worst-case NF value of 9.5 dB. For a typical UE it is reasonable to assume improved NF of 2.5 dB. We consider 7 dB a reasonable value for typical in FR1.

For FR2, as an example, we examine the worst-case NF for n257 from REFSENS. REFSENS converts to a worst-case NF value of 9.9dB. We can assume approximately 2.5 dB difference for typical. Typical NF for this study can be assumed as 7.5 dB.
Proposal FR1 UE noise figure value: Use 7 dB typical NF for FR1
Proposal FR2-1 UE noise figure value: Use 7.5 dB typical NF for FR2-1
2.2 Receiver sub-band selectivity

In [3] the following agreement was made. We further discuss in this section.

	Agreement:

2. For legacy UE: For receiver sub-band selectivity, no rejection/attenuation due to RF/BB filtering is assumed on interference in adjacent sub-band as legacy UEs do not operate this way.
a. Use typical model for UE selectivity value

b. The selectivity and performance of the FFT is included in RAN4 study for co-channel case

i. FFS whether the adjacent channel case requires the selectivity and performance of the FFT. 

c. RAN4 should consider interferer with timing or frequency offset or both w.r.t. the desired signal for the co-channel case

i. FFS whether this applies to the adjacent channel case

3. For new SBFD capable UE, further analysis of the possibility to improve selectivity performance under the assumption that UE channel bandwidth not equal the sub-band bandwidth.
4. Companies come next meeting with technical proposals on the level of interference from an UL sub-band co-channel interferer to the UE DL sub-band. So far companies have proposed:

a. 33 dB at the ADC output (for FR1) based on typical performance. FFS for FR2-1

b. 25 dB (for FR1 and FR2-1)

c. 0 dB (for FR1 and FR2-1)

d. Other values not precluded for discussion next meeting.


2.3  FR1 Receiver with co-channel jammer
There are a few factors to consider to determine the in-subband interference in the presence of a co-channel jammer. With an in-channel adjacent-subband interferer the 3rd order distortion, reciprocal mixing, residual sideband, quantization noise, phase noise, ADC distortion, and analog filtering should be considered.

We made measurements of a UE receiver for various signal levels, interferer levels, interferer offsets, sub-band bandwidths, and interferer bandwidths. Our measurements included the entire receiver, which includes everything through the FFT. We measured 120 conditions in all. 
We find that the interference in the victim sub-band can be modelled as approximately 33 dB below the interferer level. Interference is approximately frequency flat across the victim.
Proposal FR1 interference from co-channel jammer (typical UE): Model as Pin - 33 dB 

2.4  FR2 receiver with co-channel and adjacent channel jammer
We analyzed the design of the FR2-1 receiver. There are multiple considerations in the receiver design … for example residual sideband, reciprocal mixing, integrated phase noise, IM3 distortion, and ADC distortions. The receiver performance is simply modelled as being 34 dB below the total input power level Pin. Pin the total power into the receiver, whether it is signal or jammer.

From last meeting we have this agreement [3].

	Agreement (Clarification on co-channel RX model):

For FR1: Pinterference_co-channel_FR1 = Pinterferer – (X dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· X value is FFS
For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS


	Agreement (Clarification on co-channel RX model):

For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS


The agreements require a slight correction. The interference generated is a function of the total input power (Pin) rather than the interferer input power. 
Proposal FR2-1 interference from co-channel jammer (typical UE) : 
Pinterference_co-channel_FR2-1 = Pin – (34 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))

We recognize have two prior agreements on adjacent channel. One agreement is to use typical values for the UE to represent a nominal population for system study. The other agreement is to use 23 dB for FR2. There is some conflict in these two agreements, as the 23 dB came from a worst-case spec. 

Our design analysis of a typical UE receiver shows 34 dB is an appropriate model. Channel filtering is done in baseband at the input to the ADC. The interference mechanisms … thermal noise, residual sideband, reciprocal mixing, phase noise, IM3 … are unaffected by the baseband filtering and this means the interference mechanisms for an adjacent channel are quite similar to in-channel adjacent sub-band. 
Proposal FR2-1 interference from adjacent channel jammer(typical UE) :
Pinterference_adjacent_channel_FR2-1 = Pin – (34 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))

2.5 FFT leakage with time and frequency-misaligned blocker

In the SBFD system an aggressor UE (UE2) operating in the UL sub-band may interfere with a UE (UE1) receiving in the adjacent DL sub-band. The UE2 UL may arrive at UE1 misaligned in time or frequency, and potentially causing UE1 DL SINR degradation in the FFT.

We simulated and OFDM waveform begin converted to spectrum with an FFT, injecting timing and frequency errors. We assumed a 5RB guard band. We found the major contributor to spectral leakage to be time-misalignment, and even small timing errors produce leakage.
It appears reasonable to consider the leakage as a single average value, the data shows about 33 dB down from the jammer level would be appropriate. We should also consider the leakage effect and compare it to the IBE-based interference. We discuss IBE-based interference later in this paper. IBE interference is higher than the FFT leakage. We propose to ignore the FFT leakage aspect.
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Figure: FFT leakage with time and frequency misaligned blocker (5 RB guard band)
Proposal FFT leakage: We recommend ignoring the FFT leakage interference since IBE-based interference is stronger and dominates.
3 UE TX modelling

3.1 ACLR Adjacent channel UE TX aggressor toward victim
In RAN4#105 the WF [3] included the following agreements:

	Agreement: 

· 30 dB is the total distortion power in the adjacent channel on each side of SBFD carrier. The ACLR1 distortion PSD is modeled as flat over that range.

· FFS whether RAN4 need to model allocations that are less than fully allocated uplink sub-bands.


	Agreement:  

RAN4 to implement UE model parameters to reflect typical performance rather than worst-case.


It is widely known ACLR will improve as the transmitter power is backed off. As an example, we show two different PA designs measured. Note both PAs exhibit improvement in ACLR with backoff.  We also propose an ACLR improvement vs backoff value of 1 dB per dB of backoff from maximum power for up to 10 dB of improvement. 
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Figure: ACLR improvement vs backoff and proposed model
Proposal typical FR1 ACLR mode for SBFD sims:  UE ACLR is modeled as 30 dB at max power, and improves 1dB/dB with backoff up to a maximum 10 dB of improvement. So this means at 10 dB backoff the ACLR is 40 dB. 
RAN4 has discussed and agreed the adjacent channel emissions for FR2-1 should have a baseline value of 27 dB, based on the OBW requirement. The PA behaviour in FR2-1 follows the same trend as FR1. We propose using the same improvement vs backoff for the FR2-1 transmitter.

Proposal typical FR2-1 ACLR mode for SBFD sims: 24 dB based value improved 1 dB/dB for up to 10 dB, similar approach as FR1.
3.2 Co-channel UE TX aggressor toward victim 
In RAN4#104bis the following agreements were made

	the following agreements were made for FR1 and FR2

Agreement: Use  IBE-based model for co-channel

Agreement: IBE-based model granularity is 1 RB.

Agreement: The IBE-based model should Include the image aspect of IBE and assume the LO is in the middle of the channel to allow for correct placement of the image frequency


In RAN4 #105 [3] the following agreement which modifies part of the FR2-1 agreement

	Agreement from 11/15 BS session 

· RAN4 shall confirm the same approach as FR1 counterpart (i.e., IBE-based model) for FR2-1 modelling of UE TX aggressor toward co-channel victim.


In our view it is appropriate to use IBE for FR2-1.
Proposal confirmation for use of FR2-1 IBE model: IBE model to be used for FR2-1 UE.
The DU configuration agreement in shown here:

	Agreement in R1-2210758
For SLS evaluation purposes only, Alt 1/2/4 (SBFD UL subband is about 20% of the channel bandwidth) and SBFD Subband configuration#1 with {DUD} pattern, the following is assumed: 
· For FR1 
· Baseline: 100MHz channel bandwidth and 30kHz SCS (273 PRB): < ND, NU, NG > = <104, 55, 5>
· Optional: 100MHz channel bandwidth and 30kHz SCS (273 PRB): < ND, NU, NG > = <106, 51, 5>
· For FR2
· Baseline: 100MHz channel bandwidth and 120kHz SCS (66 PRB) < ND, NU, NG > = <25, 14, 1>
· Optional: 200MHz channel bandwidth and 120kHz SCS (132 PRB): < ND, NU, NG > = <47, 32, 3>
· Other values of < ND, NU, NG > are not precluded and can be reported by companies


For the FR1 baseline configuration we compute the total IBE interference into each downlink subband. Using EVM = 8% for 64 QAM the interference is -29.2 dB. We use the 64QAM spec to improve the IBE and represent a more typical value. There is no image interference as the image is confined to the uplink subband. Overall our proposal is a single frequency flat value:
Proposal FR1 IBE interference : For DUD configuration use -29 dB as the interference in each downlink sub-band.
For the FR2 baseline configuration we make a similar computation and conclude the interference value is -25.3 dB

Proposal FR2-1 IBE interference : For DUD configuration use -25 dB as the interference in each downlink sub-band.
4 Conclusions

Proposal channel configuration: RAN4 to focus it’s effort on legacy UE, i.e. a UE that does not configure BW to the sub-band BW.
Proposal FR1 UE noise figure value: Use 7 dB typical NF for FR1
Proposal FR2-1 UE noise figure value: Use 7.5 dB typical NF for FR2-1

Proposal FR1 interference from co-channel jammer (typical UE): Model as Pin - 33 dB 

Proposal FR2-1 interference from co-channel jammer (typical UE) : 

Pinterference_co-channel_FR2-1 = Pin – (34 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))

Proposal FR2-1 interference from adjacent channel jammer(typical UE) :

Pinterference_adjacent_channel_FR2-1 = Pin – (34 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))

Proposal FFT leakage: We recommend ignoring the FFT leakage interference since IBE-based interference is stronger and dominates.
Proposal typical FR1 ACLR mode for SBFD sims:  UE ACLR is modeled as 30 dB at max power, and improves 1dB/dB with backoff up to a maximum 10 dB of improvement. So this means at 10 dB backoff the ACLR is 40 dB. 

Proposal typical FR2-1 ACLR mode for SBFD sims: 24 dB based value improved 1 dB/dB for up to 10 dB, similar approach as FR1.
Proposal confirmation for use of FR2-1 IBE model: IBE model to be used for FR2-1 UE.
Proposal FR1 IBE interference : For DUD configuration use -29 dB as the interference in each downlink sub-band.
Proposal FR2-1 IBE interference : For DUD configuration use -25 dB as the interference in each downlink sub-band.
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