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1. Introduction
[bookmark: _Hlk97109309]The new RAN1/RAN4 study item on evolution of duplex operation for NR TDD systems in unpaired spectrum was adopted [1]. The assumptions are listed as follows:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges
While the work item objectives are the following:
	· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· [bookmark: _Hlk89796625]Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them (RAN1). 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).
· Study the feasibility of and impact on RF requirements considering adjacent-channel co-existence with the legacy operation (RAN4).
· Study the feasibility of and impact on RF requirements considering the self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE (RAN4).
· Note: RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.
· Summarize the regulatory aspects that have to be considered for deploying the identified duplex enhancements in TDD unpaired spectrum (RAN4).
Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion. 



This document focuses on the highlighted objectives on the base station RF feasibility for self-interference, co-channel, and adjacent channel, building on the discussion and agreements reached in RAN4#104-e [2][3][4].
2. Discussion
2.1		gNB inter-subband self-interference
As extensively discussed in our document [5], the minimum isolation between Tx and Rx antenna panels in a wide area base station has to be in excess of 100 dB, to minimize the self-interference impact due to Tx leakage and Rx dynamic range. More precisely, isolation can be defined as the combined conducted power across the Tx chains, combining to a single Rx chain. See example calculations in Table 1.
[bookmark: _Ref115253173]Table 1: Example gNB antenna isolation and receiver desensitization calculations.
[image: ]
The desensitization in Table 1 assumes sufficient Rx dynamic range and linearity, so that maximum gain can be maintained. Legacy transceivers do not have to tolerate such high interferer levels as are present in the SBFD operation.
The factors impacting the overall isolation can be:
· Spatial separation distance and mechanical obstacles (e.g. wave traps) between the Tx and Rx panels. Achieving over 100 dB in a commercial form factor does not seem feasible at the 3.5 GHz range. Going to a higher frequency range could improve the isolation, if the form factor is maintained, as the wavelength shortens.
· Number of receive chains in the RF implementation. Comparing two implementations with the same size Rx antenna panel, but with different number of Rx chains: the total interfering power coupling to the antenna is the same in both cases, but it is split between different number of receivers. The larger the number of receivers, the smaller the interferer power per receiver, however it will be difficult to give a definitive relationship, as coupling will be stronger to some of the receivers, and weaker to some others.
· Beam isolation. By restricting the choice of transmit and receive beam combinations, it may be possible to achieve higher isolation at the cost of some beamforming gain. To maintain uplink performance, the penalty will have to be taken in the downlink beam selection.
· Transmitter leakage across sub-bands; receiver dynamic range and selectivity. These aspect have been extensively discussed already.
· Digital cancellation. As discussed in [5], the leakage to be cancelled is noise and non-linearities, so any cancellation method is likely unable to provide gains over what transmit DPD was able to reach.
Proposal 1: Digital cancellation of inter-subband transmit leakage power is not feasible in SBFD, and should not be included in the cancellation performance assumptions.
As the purpose of the SBFD feature is to improve uplink performance, with the most interesting scenario being uplink coverage in macro deployments, the residual self-interference at the uplink receiver will have to be minimized. Since separate Tx and Rx antenna panels are assumed, the beamforming capability in uplink is already compromised by at least 3 dB. In order for SBFD to make sense in practical deployments, the total interference effect from self-interference and other sources should be less than e.g. 1 dB.
Proposal 2: The total interference effect from self-interference, and other sources should be less that e.g. 1 dB.
2.2		gNB inter-subband inter-sector interference
The inter-sector interference across sub-bands is similar as self-interference, and largely depends on the same factors. The spatial distance can be larger, and the coupling between elements in general weaker due to the different azimuth orientation of the antennas.
Regarding digital cancellation, we do not think this is feasible for interference across different sectors. Cancellation would require knowledge of the transmit signals (IQ samples) and carefully calibrated non-linear models. Even for gNB self-interference, we do not expect better digital cancellation performance as what DPD is able to reach, so for inter-sector the potential is even smaller.
Proposal 3: Digital interference cancellation is not feasible in SBFD for co-site inter-sector inter-subband interference cancellation.
2.3		gNB inter-subband inter-site interference
If the gNB self-interference and inter-sector interference can be resolved, the next step is to look at inter-site interference across sub-bands.
The urban macro scenario intended for SBFD evaluations uses 500 meter ISD, and 46 to 55 dBm output power per sector. The path loss at 4 GHz for 500 meter ISD is 98.4 dB for LOS gNB-gNB links, or 117 dB for NLOS links, according to TR 38.803, if using 25 meters as the height of both nodes. This does not take into account the antenna and beamforming gains. 
To illustrate the possible antenna and beamforming gains, consider Figure 1.
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[bookmark: _Ref115424012]Figure 1: Example radiation patterns for macro base station AAS with 8 degrees of mechanical downtilt. In blue: beam steered at 0 deg azimuth, 0 deg elevation. In red: beam steered at -60 deg azimuth, 0 deg elevation.
In the elevation cut, the gNB-gNB links would be at 0 degree elevation in the system simulations. It can be seen that the first beamforming null is conveniently located at the direction of the other base stations, yielding below 0 dBi gains. In real life deployments, they could be anywhere depending on the ground elevation and deployment height. The coupling will also depend heavily on the azimuth beam steering. Note that in the simulation, the co-channel gNBs are at +/- 60 degree azimuths. With the antenna (element and subarray) gains included but without digital beamforming gain, the coupling losses from the system simulation are shown in Figure 2:
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[bookmark: _Ref115424386]Figure 2: Coupling loss between gNBs in 500m ISD.
The coupling loss CDF includes links of the whole simulation layout, including the 7 cell sites and 21 cells. The closest cells are at 500 meters, and the longest distances are 2x500 meters. The high amount of 120 dB coupling loss data points are the co-site inter-sector cells, for which the simulation parameters used 120 dB of fixed isolation. The approximately 11% of the data points, at 85 to 95 dB coupling loss, reflect the 500 meter ISD cells that have +/- 60 degree facing offset at each other.
The digital beamforming gain for 16 subarrays used in the simulation, could be up to 12 dBi, if the beam would be steered towards the other gNB. Typically this would not happen, and the digital beamforming gain could be much lower.
Finally, the total interference power received at the victim gNB, would be split between the receiver branches. This helps to cope with receiver blocking due to LNA overload, but after combining the TX leakage could still become a problem. Table 2 contains example calculations considering the above discussed information.
[bookmark: _Ref115426374]Table 2: Co-channel, inter-subband, inter-site interference examples.
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Overall it is clear that the total receiver desensitization will highly depend on many aspects:
· Transmit and receive radiation patterns, especially if the first beamforming null happens to be towards the victim gNB (cannot be assumed in all cases).
· Digital beamforming at both ends, i.e. directions of the scheduled UEs.
Observation 1: gNB-gNB inter-subband inter-site interference is the dominant interference source, if the co-site isolation (self-interference, inter-sector, and adjacent channel) are managed.
Proposal 4: RAN4 to study the magnitude of gNB-gNB co-channel inter-subband inter-site interference in detail, in order to avoid receiver blocking (e.g. LNA overload) and excess desensitization after signal combining.
2.4		gNB adjacent channel co-site interference
In addition to the co-channel interference management within an operator’s own network, the interference across adjacent channel networks must be sufficiently handled. The isolation requirements are similar as for self-interference and co-channel inter-sector interference, assuming the transmit power is the same.
RAN4 assumes 30 dB of isolation between different operators’ base station antennas in the derivation of the RF requirements for co-location. It will be more difficult to coordinate between antenna installations of different operators, than it is to coordinate the sectors of a single operator. Figure 3 shows an example cell site, with multiple operators’ antenna installations on top of each other.
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[bookmark: _Ref115430705]Figure 3: A macro cell site in Southern France.
Looking at the figure, some of the antennas are very close to each other, without much vertical separation. There is significantly more separation distance between the different sectors of a single operator, than there is between the same sectors of two operators. In addition, the different sectors are facing at 120 degree offsets, whereas the antennas covering the same sector are facing at the same direction. Operators may have different mechanical downtilt, further complicating any assurance of minimum isolation.
Even if RAN4 assumes 30 dB isolation, calculations can be made with e.g. 50 dB. As seen in Table 3, such assumption leads to impossibly high interference, and in fact excess of 100 dB would be needed.
[bookmark: _Ref115431014]Table 3: Adjacent channel interference isolation requirements.
[image: ]
Because co-sited deployments represent the vast majority of today’s networks, RAN4 should ensure that SBFD operation is possible in such deployments before moving forward to a work item phase.
Proposal 5: RAN4 to address how to manage co-sited deployments of adjacent channel operators in SBFD operation in the study item phase.
For 3-operator deployments on adjacent channels, the ones with the edge spectrum allocations would see additional problems from third order intermodulation issues. RAN4 has not studied the impact from IMD3 in this context. Typical base station receivers would not have filtering that could mitigate IMD3 in that case, meaning that the LNA third order intercept point might become an issue, even if the base station ACS performance is sufficient to deal with a single adjacent channel interferer.
Proposal 6: RAN4 to study co-location of adjacent 3-operator scenario in particular from base station LNA third order intercept perspective.
2.5		gNB adjacent channel inter-site interference
One solution to the co-site adjacent channel interference management has been to assume e.g. 100% grid shift between the operators’ networks. This scenario has been proposed to be studied using system-level simulation methods.
The antenna radiation pattern and beamforming gain discussion of section 2.3 is relevant also in this case. With the grid shift, the base station antennas are somewhat facing each other (at +/- 30 degrees), making antenna gain higher than discussed previously. Also the path loss and NLOS probability are lower due to shorter distances.
Observation 2: gNB adjacent channel inter-site interference could be even worse than co-channel inter-site, due to site distance being closer.
2.6		Other site deployment considerations
In addition to the inter-sector and adjacent channel inter-operator deployment constraints, the surroundings around the cell site can affect self-interference cancellation. Especially rooftop installations could have significant clutter close to the site, causing reflections and thereby limiting the cancellation performance.
The reflections have to be suppressed by as much, or more, than the self-interference cancellation is. Otherwise the reflections will dominate the self-interference level. This means, that reflection suppression must be in the order of 100 dB or higher.
Observation 3: Reflections from clutter in front of gNB must be suppressed by > 100 dB, or specific active cancellation is needed to mitigate the self-interference effect.
This is a stringent requirement. Path loss for a reflection from something at 2 meter distance could be in the order of 56 dB, so the reflection coefficient would need to be -50 dB or higher. 
Proposal 7: Clutter impact to self-interference cancellation performance, and possible mitigation methods, should be studied further.
2.7		Guard bands between sub-bands
The spectrum utilization agreed in RAN4 (38.104) can be re-used to define the guard bands between DL and UL sub-bands:
	[bookmark: _Toc13080139][bookmark: _Toc29811635][bookmark: _Toc36817187][bookmark: _Toc37260103][bookmark: _Toc37267491][bookmark: _Toc44712093][bookmark: _Toc45893406][bookmark: _Toc53178133][bookmark: _Toc53178584][bookmark: _Toc61178810][bookmark: _Toc61179280][bookmark: _Toc67916576][bookmark: _Toc74663174][bookmark: _Toc82621714][bookmark: _Toc90422561][bookmark: _Toc106782754][bookmark: _Toc107311645][bookmark: _Toc107419229][bookmark: _Toc107474856]5.3.3	Minimum guardband and transmission bandwidth configuration
The minimum guardband for each BS channel bandwidth and SCS is specified in table 5.3.3-1 for FR1 and in table 5.3.3-2 and table 5.3.3-2a for FR2.
Table 5.3.3-1: Minimum guardband (kHz) (FR1)
	SCS (kHz)
	5
MHz
	10
MHz
	15
MHz
	20
MHz
	25
MHz
	30
MHz
	35
MHz
	40
MHz
	45
MHz
	50
MHz
	60
MHz
	70
MHz
	80
MHz
	90
MHz
	100
MHz

	15
	242.5
	312.5
	382.5
	452.5
	522.5
	592.5
	572.5
	552.5
	712.5
	692.5
	N/A
	N/A
	N/A
	N/A
	N/A

	30
	505
	665
	645
	805
	785
	945
	925
	905
	1065
	1045
	825
	965
	925
	885
	845

	60
	N/A
	1010
	990
	1330
	1310
	1290
	1630
	1610
	1590
	1570
	1530
	1490
	1450
	1410
	1370



Table 5.3.3-2: Minimum guardband (kHz) (FR2-1)
	SCS (kHz)
	50 MHz
	100 MHz
	200 MHz
	400 MHz

	60
	1210
	2450
	4930
	N/A

	120
	1900
	2420
	4900
	9860



Table 5.3.3-2a: Minimum guardband (kHz) (FR2-2)
	SCS (kHz)
	100 MHz
	400 MHz
	800 MHz
	1600 MHz
	2000 MHz

	120
	2480
	9920
	N/A
	N/A
	N/A

	480
	N/A
	9680
	[42640]
	[85520]
	N/A

	960
	N/A
	9440
	[42400]
	[85280]
	147040


  



Because in practical deployments there will be guard band at both sides of the carrier (i.e. one internal to the operator’ own channel bandwidth, the other inside the adjacent operator’s channel), the SBFD minimum guard band should be twice the one listed under clause 5.3.3 of TS 38.104.
Proposal 8: Use minimum guard band of 2x of clause 5.3.3. of TS 38.104 between the SBFD DL and UL sub-bands, rounded up to integer number of full Resource Blocks.
3. Modelling of noise figure vs. RF input level in system-level simulations
Receive noise figure (NF) is another critical aspect for SBFD as it naturally increases as the RF input power increases. Gain compression or gain control may happen at different power levels for the various circuit blocks in the RF chain. Noise figure also increase as a function of RF input power levels. The RF circuit blocks that are affected by this are typically the RF front end LNA, RF transceiver and base band receive circuitry. 
AGC functionality of such system is normally done by adjusting the gain in some, or all these blocks, which in turn cause the cascaded noise figure to increase as a function of peak input power level. This may be quite complex to estimate or calculate accurately. For system-level simulations, a simple and easy to use model is proposed and depicted in Figure 4 where the NF is a function of RF peak input power. The RF input power includes all the radiated signals, including self-interference, gNB-to-gNB CLI, as well as UE UL transmissions. The intention is to model the cascaded noise figure for the entire receiver as a function of RF input power including the effect of gain control as performed by the AGC algorithm, analogue gain compression and noise figure increase as a function of peak RF input level for all the relevant circuit blocks. At low peak input power levels, the noise figure is equal to existing NF requirements e.g. 5 dB for wide area base stations, while after a first and a second threshold the NF increases linearly with slope of SL1 and SL2 respectively. Some example values or range of values are presented in Table 4, while exact values can be further discussed in RAN1 or based on RAN4 input.  
Proposal 9: The effect of non-linearities at the gNB receiver suffered should be accounted for in RAN1 and RAN4 system level simulations. This can be modelled as a linear increase (with slope SL1 and SL2) of the base station noise figure as a function of the RF peak input power at each Rx chain once such peak input power exceeds a first and a second threshold a and b. RAN4 to further discuss appropriate parameters values for the model (a, b, SL1, SL2). 
[image: ]
[bookmark: _Ref115375147]Figure 4 Behaviour of noise figure as a function of Peak input power.

[bookmark: _Ref115375461][bookmark: _Ref115375428]Table 4: Example parametrization of proposed model
	Snf
	Small signal noise figure
	5
	dB

	a
	Peak input power threshold 1
	-40 to -25
	dBm

	b
	Peak input power threshold 2
	-20 to -10
	dBm 

	SL1
	Noise figure slope 1  
	0.1 to 1
	

	SL2 
	Noise figure slope 2  
	1 to 2
	



	NF = Snf						                                                                 for Peak input power < a 
NF = Snf – a * SL1 + SL1* Peak input power                                     for: a < Peak input power < b
NF = Snf – a*SL2 + b*(SL1 – SL2) + SL2*( Peak input power)        for Peak input power > b


4. Conclusion
In this contribution we discuss and analyze base station RF feasibility for self-interference, co-channel, and adjacent channel. Following observations and proposals were made:
Observation 1: gNB-gNB inter-subband inter-site interference is the dominant interference source, if the co-site isolation (self-interference, inter-sector, and adjacent channel) are managed.
Observation 2: gNB adjacent channel inter-site interference could be even worse than co-channel inter-site, due to site distance being closer.
Observation 3: Reflections from clutter in front of gNB must be suppressed by > 100 dB, or specific active cancellation is needed to mitigate the self-interference effect.
Proposal 1: Digital cancellation of inter-subband transmit leakage power is not feasible in SBFD, and should not be included in the cancellation performance assumptions.
Proposal 2: The total interference effect from self-interference, and other sources should be less that e.g. 1 dB.
Proposal 3: Digital interference cancellation is not feasible in SBFD for co-site inter-sector inter-subband interference cancellation.
Proposal 4: RAN4 to study the magnitude of gNB-gNB co-channel inter-subband inter-site interference in detail, in order to avoid receiver blocking (e.g. LNA overload) and excess desensitization after signal combining.
Proposal 5: RAN4 to address how to manage co-sited deployments of adjacent channel operators in SBFD operation in the study item phase.
Proposal 6: RAN4 to study co-location of adjacent 3-operator scenario in particular from base station LNA third order intercept perspective.
Proposal 7: Clutter impact to self-interference cancellation performance, and possible mitigation methods, should be studied further.
Proposal 8: Use minimum guard band of 2x of clause 5.3.3. of TS 38.104 between the SBFD DL and UL sub-bands, rounded up to integer number of full Resource Blocks.
Proposal 9: The effect of non-linearities at the gNB received suffered should be accounted for in RAN1 and RAN4 system level simulations. This can be modelled as a linear increase (with slope SL1 and SL2) of the base station noise figure as a function of the RF input power at each Rx chain once such input power exceeds a first and a second threshold a and b. RAN4 to further discuss appropriate parameters values for the model (a, b, SL1, SL2). 
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Parameter Unit Notes

Nominal transmit power (TRP) 55.0 52.0 46.0 44.0 dBm 100 MHz bandwidth

SBFD transmit power (TRP) 54.0 51.0 45.0 43.0 dBm 2x40 MHz bandwidth

Nominal ACLR 45 45 45 45 dB

TX leakage on SBFD UL (ref: TX antenna) 2.0 -1.0 -7.0 -9.0 dBm 20 MHz bandwidth

Isolation 98.0 95.0 89.0 87.0 dB From previous calculation

TX leakage on SBFD UL (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 3.0 3.0 3.0 3.0 dB

Isolation 107.0 104.0 98.0 96.0 dB

TX leakage on SBFD UL (ref: RX antenna) -105.0 -105.0 -105.0 -105.0 dBm

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 0.5 0.5 0.5 0.5 dB
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Parameter Unit Notes

Nominal transmit power (TRP) 55.0 52.0 46.0 44.0 dBm 100 MHz bandwidth

SBFD transmit power (TRP) 54.0 51.0 45.0 43.0 dBm 2x40 MHz bandwidth

Coupling loss 85.0 85.0 85.0 85.0 dB From system simulations

TX digital beamforming gain 6.0 6.0 6.0 6.0 dBi Approximate

TX power at victim (ref: RX antenna) -25.0 -28.0 -34.0 -36.0 dBm Combined 64RX

TX power at victim (ref: single RX in) -43.0 -46.0 -52.0 -54.0 dBm Split to single RX

Nominal ACLR 45 45 45 45 dB

TX leakage on SBFD UL (ref: TX antenna) 2.0 -1.0 -7.0 -9.0 dBm 20 MHz bandwidth

TX leakage on SBFD UL (ref: RX antenna) -77.0 -80.0 -86.0 -88.0 dBm Combined 64RX

TX leakage on SBFD UL (ref: single RX in) -95.0 -98.0 -104.0 -106.0 dBm Split to single RX

Receiver noise floor (ref: single RX in) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 19.1 16.1 10.4 8.7 dB Worst RX digital beam

Receiver desensitization 3.5 2.1 0.6 0.4 dB Outside RX digital beam
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Parameter Unit Notes

Nominal transmit power (TRP) 55.0 52.0 46.0 44.0 dBm 100 MHz bandwidth

SBFD transmit power (TRP) 54.0 51.0 45.0 43.0 dBm 2x40 MHz bandwidth

Nominal ACLR 45 45 45 45 dB

TX ACL (ref: TX antenna; flat ACLR model) 2.0 -1.0 -7.0 -9.0 dBm 20 MHz bandwidth

Isolation 50.0 50.0 50.0 50.0 dB Note: RAN4 assumes 30 dB

TX ACL (ref: RX antenna) -48.0 -51.0 -57.0 -59.0 dBm

Receiver noise figure (ref: RX antenna) 5.0 5.0 5.0 5.0 dB

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 48.0 45.0 39.0 37.0 dB

Isolation 107.0 104.0 98.0 96.0 dB

TX ACL (ref: RX antenna) -105.0 -105.0 -105.0 -105.0 dBm

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 0.5 0.5 0.5 0.5 dB
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