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1	Introduction 
In the previous RAN4 #104-bis-e meeting, there was discussion in the UE full duplex thread on developing a UE Rx model.  In this paper, we review the filters in the typical UE receiver chain and discuss their potential for re-configuration for sub-band filtering in full duplex operation. 
2 Discussion
During the previous meeting, two issues had discussion but no agreement on the following UE receiver filtering related issues [1]:[bookmark: _Hlk114839436]Open Issues from WF
Receiver sub-band selectivity
How much sub-band filtering/ selectivity should be in the RX model?
Option 1: 0 dB
Option 2: Something based on 33 dB FR1 ACS but the details are not clear
Option 3: Typical performance model
Proposed WF: Option 1
Configuring the UE channel bandwidth to be equal to a sub-band for selectivity
Can the UE channel bandwidth be configured to equal the sub-band BW for SBFD operation?
Option 1: No
Option 2: Yes
Proposed WF: Option 1


2.1 Receiver Chain Filter Discussion
In the typical UE Receiver chain, there are several blocks which perform filtering function:
1. Front-end passive band select filter
2. RF resonator filters in LNA stages
3. Base-band analogue anti-alias filter, channel filter before ADC
4. Digital channel filter after ADC
5. FFT
1) Front-end band select filter: The front-end band select filter, is typically a fixed SAW/BAW device offering high selectivity, but with no opportunity to tune for sub-bands.  Multiple front-end sub-band filters could be switched in and out, but this would be overly complicated and incur too much loss from RF switches.
2) RF resonator filters: The active RF stages (e.g., LNA) typically have some filtering in tuned resonators where inductors and transformers are utilized to enhance RF gain.  As filters, these blocks are typically limited to Q values less than 40.  While they provide some out-of-band filtering, they have negligible impact on a narrow sub-band of 20MHz.
3) Base-band analogue anti-alias, channel filter: The base-band analogue filters before the ADC can perform anti-aliasing as well as some limited channel filtering.  For a low to moderate cost UE, a 3rd order Chebyshev filter might represent a typical programmable analogue channel filter.  Although, a higher performance UE might use up to a 6th order Chebyshev, we need to limit our study to ensure functionality with all legacy UEs, including the lower cost designs, so we prefer to base our analysis on the 3rd order case.  
In table 1, the simulated adjacent channel selectivity (ACS) of a 3rd order Chebyshev type 1 filter, with 1dB in-band ripple is listed.  The rows of the table show ACS for different numbers of blanked guard-bands (GB) used between the DL and UL sub-bands.  The ACS is measured comparing the filter attenuation in the assigned sub-band (20MHz) to the filter attenuation in the adjacent sub-bands (40MHz, 40MHz).  The ACS definition for adjacent channels given in [2].
Table 1 – ACS for a 3rd order Chebyshev type 1 filter with sub-band pattern DUD 40MHz,20MHz,40MHz.
	GB (RB)
	ACS (dB)

	0
	13.8

	1
	14.8

	2
	15.8

	3
	16.8

	4
	17.7

	5
	18.5



While the low order analogue filter may not provide significant attenuation compared to a higher order digital filter, it is nevertheless a valuable component of the overall receiver chain.  With this filter, strong blockers in the adjacent channel are somewhat attenuated before entering the ADC, where they could potentially cause clipping.  Thus, the analogue filter extends the overall dynamic range of the receiver.
Since most receiver chains have some type of pre-ADC anti-alias, channel filter, the attenuations given in Table 1 could also be useful in considering re-use of the analogue channel filter for sub-band filtering.  Depending on the number of guard band RBs used then there could be, for example 15.8dB of attenuation for the 2RB case, if this filter were used on a 20MHz passband in SBFD mode.  In TDD mode, the filter passband would be switched to the wider 100MHz bandwidth.  Yet this is only feasible if the switching time to enable the passband bandwidth change is acceptable.  Otherwise, this filter must only be considered for adjacent channel filtering.
Observation 1: The pre-ADC analogue anti-alias, channel filter typical to many UE receivers provides modest attenuation of blockers yet has value in extending the Rx dynamic range beyond that of the ADC.
4) Digital channel filter: The digital channel filter after the ADC is typically a higher order filter, such as a 50-tap FIR, for example.  The purpose of this filter is to provide tight, close-in filtering at the channel edge.  This filter can contribute a majority of the filtering required for the receiver to meet the ACS spec.  For use in sub-band filtering for SBFD, this filter can also provide significant sub-band attenuation.  The limit to potential attenuation comes from the dynamic range of the ADC.
While re-using the channel filter for sub-band filtering is attractive, the potential drawback, is the switching time to change from TDD, with full band DL or UL operation (e.g., CHBW = 100MHz) to SBFD operation (e.g., CHBW = 20MHz CHBW).  Due to implementation, changing the bandwidth of this filter, may likely require changing the sampling rate of several high-speed digital blocks, and may take too much time, for dynamic SBFD configurations.  Yet for static SBFD configurations, it may be acceptable.
Observation 2: The post-ADC digital filter, may provide significant attenuation of adjacent channels, but may not be capable of changing channel bandwidth fast enough to support dynamic SBFD which requires configuration changes at the slot level, e.g., TDD-SBFD-TDD
5) FFT:  The FFT is not always thought of as a filter, yet the FFT has a finite ability to remove blockers in adjacent sub-bands.  Consider the following simulation of how an UL sub-band blocker leaks interference energy into the DL sub-bands.  The simulation results show a 4096-point FFT, using real-precision numbers, to filter brick-wall gaussian noise in the UL SB.  The DUD configuration used is a 40MHz, 20MHz, 40MHz sub-band spacing with two 30kHz RB guard-band between DL and UL sub-bands.  The simulation results show signal-to-interference ratio (SIR) in the DL sub-band of 39.9dB.  After FFT processing, the UL RBs can be zeroed.
Figure 1 – Filtering response of a 4096-point, real-precision, FFT to brick-wall unwanted UL sub-band energy in a DUD 40MHz,20MHz,40MHz configuration with no signal in DL sub-band.  Due to limited orthogonality between frequency bins, the FFT allows some leakage from the UL SB to the DL SB resulting in SIR.
[image: ]
It is noted, that in the case of DUD 40-20-40, if a frequency flat power in dBm/MHz is applied across both the UL and DL sub-bands, then since the UL sub-band is 4x narrower than the DL sub-bands it will contain 6dB less power.  In other words, the Adjacent sub-band leakage ratio, ASBLR = SIR - 6dB.  So, for an in-band SIR of 39.9dB, the UL-to-DL leakage ratio would be 33.9dB.
The significance of the FFT filtering, is that blockers affecting the UE Rx in the UL sub-band can be attenuated before contributing interference to the desired signal in the DL sub-band, at which point they add to the SINR.  
Further scenarios of FFT filtering from simulation results are given in Table 2.  The columns indicate different size FFTs which are also considered for the case of narrower channel bandwidths where fewer RBs may be required.  The rows in the table indicate SIR values for various number of RBs that can be blanked in the GB between the DL and UL sub-bands.  There is considerable advantage in selecting a guard band of at least 2 RB, as this improves filtering performance by several dB.  When comparing different FFT sizes, there is approximately a 3dB loss in SIR for each factor of 2 reduction in FFT size.
Table 2 – Simulation results of Signal-to-Interference Ratios filtering ratio for different size FFTs filtering DL SB gaussian noise, with SBFD DUD (40MHz,20MHz,40MHz).  GB sizes in 30kHz SCS RBs.
	 
	1024-point FFT
	2048-point FFT
	4096-point FFT

	GB (RB)
	SIR (dB)
	SIR (dB)
	SIR (dB)

	0
	-30.6
	-31.6
	-33.8

	1
	-33.2
	-36.1
	-39.2

	2
	-33.8
	-36.8
	-39.9

	3
	-34.3
	-37.4
	-40.4

	4
	-34.8
	-37.8
	-40.8

	5
	-35.0
	-38.1
	-41.1



2.2 Receiver Chain Filter Discussion
After discussing the types of filters in the typical UE receiver, we can address the questions from the WF, listed above, “How much sub-band filtering/ selectivity should be in the RX model?” and “Can the UE channel bandwidth be configured to equal the sub-band BW for SBFD operation?”
The 33dB ACS spec, is typically met by the combination of the pre-ADC analogue filter and the post-ADC digital channel filter.   If switching time is not a concern, then it should be feasible for the network to signal to a legacy UE via RRC to change the channel bandwidth, so that these filters can be re-used for sub-band filtering, which will take several slots for RRC decoding and application.  For the static SBFD case where this switching time may be acceptable, 33dB of filtering should be considered.
Proposal 1: For the case of semi-static SBFD, with lower switching time requirement for changing between TDD and SBFD operation, the receiver channel filters can be re-configured for sub-band filtering, and the ACS value of 33dB can be used.
Yet, for dynamic SBFD, it is necessary to switch at a slot-to-slot level between TDD mode and SBFD mode.  For this use-case, the switching time to re-configure the channel filters is likely too slow, and thus no filtering is achievable, a value of 0dB should be used.  On the other hand, the actual time constants and settling time of the channel filters are relatively fast <10uS, so if a new fast switching signalling were developed for future SBFD aware UEs, then the full ACS value could be used.
Proposal 2: For the case of dynamic SBFD with slot-to-slot switching between TDD and SBFD mode, the switching time to reconfigure the channel bandwidth of the channel filters in legacy UEs is too slow, and a selectivity value of 0dB should be used.
For the case of semi-static SBFD, when the switching time to reconfigure the channel bandwidth of the channel filters in the legacy UE is acceptable, then it can be assumed that the channel bandwidth filters can be used for sub-band filtering.  Instead of 0dB, the ACS value can be used.
Proposal 3: For the case of semi-static SBFD, the channel bandwidth filters in the legacy UE can be re-purposed for sub-band filtering and the ACS value can be used.
In either case, the filtering of the FFT should be included in simulations, since the FFT also provides useful filtering.  When the channel filter is re-used for sub-band filtering, then the channel filter can remove most of the blocker energy.  Yet when the channel filter can’t be re-used for sub-band filtering, the FFT must be relied upon for sub-band filtering.
Proposal 4: In addition to the sub-band filtering / selectivity from the channel filter, receiver simulations should include the filtering that occurs in FFT.  

3	Conclusions
In summary, the various filters in a typical UE receiver were reviewed with discussion of their potential for re-configuration for use in sub-band filtering for full duplex operation.
Observation 1: The pre-ADC analogue anti-alias, channel filter typical to many UE receivers provides modest attenuation of blockers yet has value in extending the Rx dynamic range beyond that of the ADC.
Observation 2: The post-ADC digital filter, may provide significant attenuation of adjacent channels, but may not be capable of changing channel bandwidth fast enough to support dynamic SBFD which requires configuration changes at the slot level, e.g., TDD-SBFD-TDD
Proposal 1: For the case of semi-static SBFD, with lower switching time requirement for changing between TDD and SBFD operation, the receiver channel filters can be re-configured for sub-band filtering, and the ACS value of 33dB can be used.
Proposal 2: For the case of dynamic SBFD with slot-to-slot switching between TDD and SBFD mode, the switching time to reconfigure the channel bandwidth of the channel filters in legacy UEs is too slow, and a selectivity value of 0dB should be used.
Proposal 3: For the case of semi-static SBFD, the channel bandwidth filters in the legacy UE can be re-purposed for sub-band filtering and the ACS value can be used.
Proposal 4: In addition to the sub-band filtering / selectivity from the channel filter, receiver simulations should include the filtering that occurs in FFT.  
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