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1. Introduction
At RAN#94e meeting, a new SID [1] on “Study on evolution of NR duplex operation” was approved. The detailed objectives are as follows.

	[bookmark: _Hlk89819652]The objective of this study is to identify and evaluate the potential enhancements to support duplex evolution for NR TDD in unpaired spectrum.

In this study, the followings are assumed:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges

The detailed objectives are as follows:
· 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. 



In this contribution, we discuss on the evaluation methodology of NR duplex evolution.

2. Evaluation Methodology
2.1. Overview
During meeting #109e discussions, different deployment scenarios have been proposed including macro cells with and without Massive MIMO, micro cells, small cells, IAB’s etc. Many of these deployment scenarios can benefit from subband full duplex to reduce latency and improve coverage. 

However, one of the main challenges with simultaneous transmission and uplink reception is the higher isolation requirements between transmit and receive antennas. Solutions proposed using purely spatial isolation such as split antenna panel architecture may not fully realize the performance of subband full duplexing. 

In order to reap the full benefits of subband full duplexing and avoid placing constraints that are likely to create significant challenges for adoption of subband full duplex,  we propose evaluation methodologies that can help compare subband full duplex performance for different antenna panels configurations while allowing for the use of existing self-interference cancellation technology with the objective of allowing systems to make appropriate antenna panel design choices that in many cases could result in the avoidance of the creation of divergent base-station antenna panel configurations, thus making it significantly easier for widespread adoption of subband full duplex. 
2.2. Base station Antennas and Panels Configuration 
Simply using separate antennas on adjacent frequencies is not enough for FR1 subband non-overlapping full duplex operation in base stations.  The isolation requirements for making subband non-overlapping full duplex systems work practically without compromising radio link performance. 

In particular, while Massive MIMO antenna arrays do provide the ability of creating “spatial nulls” by manipulating some of the beamforming coefficients and this technique can help with improving TX to RX isolation, it significantly compromises beamforming gain – up to 10dB for a 32x32 antenna array. 

Self-interference cancellation at the RF layer can be used to mitigate this problem. Specifically, we can consider a joint approach of combining self-interference cancellation hardware with beamnulling to achieve the needed TX to RX isolation with a small additional hardware footprint. The joint approach allows the canceller hardware complexity to be linear with the number of antennas – an arrangement with  transmit and  receive antennas needs  RF cancellers rather than . 

Observation 1: Simply using separate antennas on adjacent frequencies provides insufficient isolation for FR1

Observation 2: Beamforming Gain may be compromised when beam nulling techniques are used to improve isolation.   

Observation 3: For FR1 Massive MIMO base-stations in particular, using spatial nulling for subband full duplex without simultaneously maintaining beamforming gain nearly eliminates the coverage enhancement benefits of Massive MIMO base-stations. This is a serious drawback since one of the main drivers for FR1 Massive MIMO adoption is the higher beamforming gain used to “claw back” coverage and range. Please see appendix for explanation.



Proposal 1: Beamforming gain should be considered together with the antenna isolation used in the evaluation methodology and simulation results. 

Proposal 2: For subband full duplex deployment scenario, BS antenna configuration shall consider the inclusion of RF self-interference cancellation thus allowing systems to maintain high electrical isolation between transmit and receive antennas while not needing additional spatial isolation

Proposal 3: For FRI Massive MIMO deployment scenarios using subband full duplex, BS antenna configuration shall support the inclusion of RF self-interference cancellation thus maintaining Massive MIMO coverage enhancement and beamforming gain even when beamnulling is used to improve transmit – receive isolation.


2.3. [bookmark: _Ref101856282]RF Self-interference modelling

The amount of residual self-interference into the UL subband depends on the Tx power of the DL signal, the value of spatial isolation and the frequency isolation as explained in Figure 1.  In addition to spatial and frequency isolation, gNB receiver may deploy some RF cancellation technique and/or beamforming to reduce the amount of the residual self-interference including clutter reflections. A detailed discussion on mitigation techniques of self-interference is presented in our contribution “RF cancellation techniques for Subband non-overlapping full duplex”  [3]. A first order approximation is to model the residual interference as fixed value across the UL subband. 
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	(a) Traditional vs subband non-overlapping full duplex TDD
	(b) Example 48+16 antenna split for subband Full Duplex
	(c) Rejection required at the subband full duplex receiver


[bookmark: _Ref96685607][bookmark: _Ref96685600]Figure 1: Example channel / antenna split under subband full duplex



With subband non-overlapping full duplex, two separate TDD schedules are operating at nearby channels, each taking a portion of the massive MIMO antenna elements as shown in Figure 1(b). For example, if the gNB is equipped with 64T64R antenna elements, DL-heavy TDD can be allocated 48T48R antenna elements and the remaining 16T16R antenna elements would be allocated for the UL-heavy. Another possible configuration is to split 32T32R antenna elements each for DL-heavy and UL-heavy schedules.
The crosstalk problem within the gNB arises when nearby antenna elements transmit and receive simultaneously, mainly DL-heavy elements transmitting and UL-heavy elements receiving. Figure 1(c) shows a simple spectral diagram of what the receive antenna would see. Even though the Downlink (DL) TX signals are transmitted at an offset from the Uplink (UL) RX channel, the higher power of the TX acts  as a blocker for the receiver saturating the LNAs. Furthermore, Adjacent Channel Leakage (ACL) power from the TX PA injects in-channel noise into the receiver channel resulting in receiver desensitization. Therefore, it is important for the gNB receiver to reject both the blocker and the in-channel ACL generated by the co-located transmitters to prevent subband full duplex receiver degradation.
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[bookmark: _Ref96685894]Figure 2: Additional isolation required for subband non-overlapping full duplex receiver to prevent desensitization
Figure 2 provide an example to quantify the amount of rejection needed for both the blocker and the ACL. Using a typical Total Radiated Power (TRP) for a 64-element array of +55dBm/100MHz and assuming 45dB Adjacent Channel Leakage Rejection (ACLR) via linearization techniques such as Digital Pre-Distortion (DPD), the total radiated leakage on the RX channel would be +10dBm. With careful antenna design to separate the subband non-overlapping full duplex antenna elements spatially and/or electrically and using careful isolation mechanisms for the co-located antennas, up to 70 dB of isolation between TX / RX antennas may be achievable at FR1 frequency bands. As a result, the received blocker power would be 55dBm – 70dB = -15dBm. This is much stronger than the maximum blocker allowed at typical receivers to prevent LNA saturation. In-channel ACL injected into the receiver is +10dBm – 70dB = -60dBm. This is far higher than the RX noise floor and causes >30dB receive desense. 
Therefore, while careful antenna isolation techniques would enhance TX / RX isolation, these aren’t enough and additional isolation enhancement is required to minimize the receiver degradation for an subband full duplex system. To satisfy at least 100 dB of total isolation on both blocker channel and receive channel, an additional 30dB isolation is required.

Observation 4: The amount of residual self-interference depends on gNB spatial isolation, subband frequency isolation, RF interference cancellation, digital interference cancellation and beamform nulling/isolation. 

Proposal 4:  The residual self-interference at gNB receiver is modelled as fixed value across the UL subband and is given by      

where 

1. αL is the overall self-inference reduction capability of the gNB by means of spatial isolation, subband frequency isolation, 
2. αRFX is the RF layer interference cancellation including beam nulling and explicit RF cancellation taps.
3. α0 being other losses or techniques that reduces self interference.
.


3. Conclusion
In this contribution, we discussed on the evaluation of NR duplex operation. Based on the discussion we made the following observations and proposals.

Observation 1: Simply using separate antennas on adjacent frequencies provides insufficient isolation for FR1

Observation 2: Beamforming Gain may be compromised when beam nulling techniques are used to improve isolation.   

Observation 3: For FR1 Massive MIMO base-stations in particular, using spatial nulling for subband full duplex without simultaneously maintaining beamforming gain nearly eliminates the coverage enhancement benefits of Massive MIMO base-stations. This is a serious drawback since one of the main drivers for FR1 Massive MIMO adoption is the higher beamforming gain used to “claw back” coverage and range. Please see appendix for explanation.

[bookmark: _GoBack]Observation 4: The amount of residual self-interference depends on gNB spatial isolation, subband frequency isolation, RF interference cancellation, digital interference cancellation and beamform nulling/isolation.

Proposal 1: Beamforming gain should be considered together with the antenna isolation used in the evaluation methodology and simulation results. 

Proposal 2: For subband full duplex deployment scenario, BS antenna configuration shall consider the inclusion of RF self-interference cancellation thus allowing systems to maintain high electrical isolation between transmit and receive antennas while not needing additional spatial isolation

Proposal 3: For FRI Massive MIMO deployment scenarios using subband full duplex, BS antenna configuration shall support the inclusion of RF self-interference cancellation thus maintaining Massive MIMO coverage enhancement and beamforming gain even when beamnulling is used to improve transmit – receive isolation. 

Proposal 4:  The residual self-interference at gNB receiver is modelled as fixed value across the UL subband and is given by      

where 

1. αL is the overall self-inference reduction capability of the gNB by means of spatial isolation, subband frequency isolation, 
2. αRFX is the RF layer interference cancellation including beam nulling and explicit RF cancellation taps.
3. α0 being other losses or techniques that reduces self interference.
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Appendix
In this appendix, we compared the performance of various RF cancellation techniques namely, basic beamforming, beamforming with beam nulling for self-interference minimization, and beamforming with beam nulling and RF canceller for self-interference minimization. For a complete discussion, please refer to our contribution “RF cancellation techniques for subband non-overlapping full duplex” [3].
A. [bookmark: _Toc97227324][bookmark: _Ref109644279]Simulation Results
We first investigate the efficacy of our joint optimization approach in simulation. We consider a gNB with 64 antennas that is operating in subband non-overlapping full duplex mode, with a subset of its antennas dedicated for downlink heavy traffic – called “TX array” for the rest of this paper; and the remaining antennas for uplink heavy traffic – called “RX array”. We use the simulation setup to evaluate the beamforming and isolation tradeoff with the TX array beamforming to a remote UE (UE1) while the RX array beamforms data from a different remote UE (UE2) at the same time as shown in Figure 3. 
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[bookmark: _Ref96696203]Figure 3: Simulation framework for subband non-overlapping full duplex with RF cancellation
We also include 64 cancellation paths in the simulation setup, 1 per antenna. The connections between TX antennas, cancellation paths and RX antennas are described through a connection matrix which is fixed for a given TX and RX array arrangement, where every receive antenna n is connected to transmit antennas n and n-1 through cancellation paths.

For example, let’s consider the case with 32 transmit elements and 32 receive elements. The minimum number of cancellers would be 64, and one example arrangement of the cancellers could be as follows:




We use this simulation to compare the performance of a subband non-overlapping full duplex system with just beamnulling versus one with beamnulling and cancellation combined. We evaluate the performance based on four metrics:
1) The transmit beamforming gain achieved on the TX array
2) The receive beamforming gain achieved on the RX array
3) The isolation achieved for the blocker signal at every receive antenna and
4) The isolation achieved for the ACL signal coming from every transmit antenna
This section evaluates these metrics at 3.7GHz, 80MHz+20MHz bandwidths for TX/RX array for different subband non-overlapping full duplex antenna configurations, 32+32 and 48+16, and shows the impact of multipath reflections on canceller complexity.
A.1 [bookmark: _Ref97044652][bookmark: _Toc97227325]Antenna Configuration 1: 32 TX + 32 RX
We first look at simulation results with the subband non-overlapping full duplex antennas evenly split between TX array and RX array. The canceller is configured as described in Section A. That is, out of the total 64 cancellers, 32 cancellers connect the i-th transmitter to the i-th receiver, and the other 32 cancellers connect i-th transmitter to (i+1)-th receiver. 
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96696977][bookmark: _Ref97033700]Figure 4: 32+32 subband non-overlapping full duplex configuration: Combined self-interference blocker channels per RX. Each line represents the TX beamformed channel at one of the 32 receivers.
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96697062]Figure 5: 32+32 subband non-overlapping full duplex configuration: Combined self-interference ACL channels per TX. Each line represents the RX beamformed channel from one of the 32 transmitters.
Figure 4 compares the blocker rejection performance at each receiver, with transmit beamforming coefficients optimizing for a fixed downlink UE position, at the relevant TX frequency 3.66 GHz – 3.74 GHz. While the basic beamforming optimization without beamnulling performs the worst at ‑74.7dB (Figure 4(a)), adding beamnulling into the optimization objective without a canceller only marginally improves the isolation to ‑78.4dB (Figure 4(b)). With 55dBm transmit power, -78.4dB isolation results in a -23.4dBm blocker at the receiver, which would cause saturation. It shows that beamnulling at 32 receivers while trying to maintain beamforming performance cannot be achieved due to lack of degrees of freedom.

Adding RF cancellers and jointly optimizing with beamnulling, as shown in Figure 4(c), the isolation improves to ‑105.7dB, which results in -50.7dBm blocker power at the receiver in the worst case. Receivers can accommodate this blocker without affecting the signal integrity at the receiver frequency. 
Figure 5 shows the ACL rejection performance at the RX frequency, 3.74 – 3.76 GHz, from each transmitter with receiver beamforming optimizing for a fixed UL UE location. Like the blocker channel results, beamnulling alone cannot provide the needed isolation, as shown in Figure 5(b), because ‑78.8dB isolation would result in 55dBm TX Pwr – 45dB ACLR – 78.8dB isolation = -68.6dBm on-channel noise at the receiver which degrades the RX sensitivity significantly. Again, the lack of degrees of freedom does not give sufficient isolation improvement for this case as well.

Joint optimization with cancellers achieves ‑107.3dB isolation (Figure 5(c)), which results in -97.3dBm on-channel noise. Given the thermal noise for 100MHz is -94dBm, the ACL residual impact on receiver sensitivity would be minimal.
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	(a) TX array beamforming gain
	(b) RX array beamforming gain


[bookmark: _Ref96697547]Figure 6: 32+32 subband non-overlapping full duplex configuration: TX / RX array beam patterns
Figure 6 shows the desired beamforming gain for the three cases. With 32 elements, the maximum possible beamforming gain is computed to be 15dB, and the simulation shows the beamforming gains are maintained at 14.1dB for all cases even with the beamnulling and the canceller.
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[bookmark: _Ref96697750]Figure 7: 32+32 subband non-overlapping full duplex configuration: Receive spectrum post RX beamforming
Figure 7 shows the resulting RX signal spectrum from TX beamforming, self-interference air channel and canceller channels, and RX beamforming, referred at the receive antenna. Without beamnulling, subband non-overlapping full duplex receiver sees high-power blocker signal as well as high IMD leakage on the RX channel (shaded red in the figure). As discussed with prior figures, just adding beamnulling optimization reduces the self-interference only by a few dBs. Joint optimization of beamforming and beamnulling with the canceller can significantly improve the isolation, both in the blocker channel and receive channel, enabling subband non-overlapping full duplex to receive while transmitting without receiver degradation.
A.2 [bookmark: _Toc97227326]Antenna Configuration 2: 48 TX + 16 RX
It may be desirable to allocate an unequal number of antennas to TX and RX in an subband non-overlapping full duplex configuration. For example, since the UL-heavy channel is narrower, it can maintain a good coverage area with lower beamforming gain. Allocating more antennas to the DL-heavy channel could be used to balance the cell range of DL-heavy and UL-heavy TDD schedules. Thus, this section shows the simulation results with subband non-overlapping full duplex antennas split to 48 transmitters and 16 receivers.

The total number of cancellers is the same as the 32+32 case, i.e. 64 cancellers, however how they are connected is different. For 48+16, each receiver connects to 4 transmitters through RF cancellers. Specifically, every receive antenna  connects to transmit antennas  where  is between  and . For example,  connects to; and  connects to . Other canceller arrangements with the same number of cancellers are also possible, this arrangement is one example that works and is relatively easy to implement from a hardware layout perspective.
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96701608]Figure 8: 48+16 subband non-overlapping full duplex configuration: Combined self-interference blocker channels per RX. Each line represents the TX beamformed channel at one of the 16 receivers.
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96701612]Figure 9: 48+16 subband non-overlapping full duplex configuration: Combined self-interference ACL channels per TX. Each line represents the RX beamformed channel from one of the 48 transmitters.
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	(a) TX Array beamforming gain
	(b) RX Array beamforming gain


[bookmark: _Ref96701856]Figure 10: 48+16 subband non-overlapping full duplex configuration: TX / RX array beam patterns
Figure 8 and Figure 9 show the simulation results for the 48+16 subband non-overlapping full duplex configuration. Unlike 32+32, the blocker rejection performance can be improved even without cancellers (Figure 8(b)). This is because 48 transmit beamforming coefficients do have sufficient degrees of freedom to null at each of the 16 receive antenna elements with a 1.8dB loss of TX beamforming gain, as seen in Figure 10(a). However, the degrees of freedom for ACL rejection have decreased even further, since 16 receive beamforming coefficients need to null 48 transmit elements. Therefore, while beamnulling in this case can achieve sufficient blocker rejection, it cannot provide the needed ACL rejection, as can be seen in Figure 9(b).
Joint optimization with cancellers can provide both blocker and ACL rejection by more than 30dB (Figure 8(c), Figure 9(c)) with only a 0.1dB beamforming performance degradation (Figure 10).
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[bookmark: _Ref96701934]Figure 11: 32+32 subband non-overlapping full duplex configuration: Receive spectrum post RX beamforming
Figure 11 shows the simulated receive signal spectrum for 48+16 case. As expected, the beamnulling without canceller can reject the blocker signal sufficiently. However, its rejection on the ACL channel is insignificant resulting in a significant amount of added on-channel noise at the receiver. Joint optimization with the canceller rejects both the blocker and the ACL signal significantly by using the added degrees of freedom due to the cancellers.
A.3 [bookmark: _Toc97227327]Multipath Environment
The results so far have only considered direct antenna element to element crosstalk. However, in real-world scenarios, additional crosstalk occurs from far-away reflectors such as buildings across the streets. This type of crosstalk has much longer group delay compared to direct crosstalk. The longer crosstalk elements necessitate each canceller to have longer delay taps in addition to short delay taps. 
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[bookmark: _Ref96702100]Figure 12: Delay-isolation profile of the simulated multipath channel with 6 reflectors. Isolation distribution comes from varying TX/RX beamforming directions
Figure 12 shows an example of such a multipath environment. The x axis shows the delay of multipath reflection components, and the y axis shows the pathloss distribution for each path across different beamforming settings.
The shortest component, also the strongest, comes from direct element-to-element crosstalk, and the longer delay crosstalk components come from randomly placed reflectors further away. The distribution of isolation for each component comes from various beamforming angles of the transmitter and the receiver. We simulated the channel with pathloss exponent of 3, therefore each doubling in path length results in 9dB more pathloss.

The main question is the delay coverage requirement for canceller taps to enable subband non-overlapping full duplex in this example. More delay coverage needed in the canceller taps would require more hardware complexity for the canceller.

Since the isolation target is around 100dB, long delay components greater than 100ns do not affect the subband non-overlapping full duplex performance, therefore canceller taps are not needed for such long delays. Furthermore, because beamforming can steer away from the reflector, multipath components that are only slightly stronger than 100dB can still be handled without requiring additional canceller hardware and without compromising much on beamforming gain. Therefore, the canceller in this case targets just the first two components at 10ns and 33ns.
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96702801]Figure 13: 32+32 subband non-overlapping full duplex configuration with multipath: Combined self-interference blocker channels per RX. Each line represents the TX beamformed channel at one of the 32 receivers.
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	(a) Basic beamforming
	(b) Beamforming + beamnulling without canceller
	(c) Beamforming + beamnulling with canceller


[bookmark: _Ref96702804]Figure 14: 32+32 subband non-overlapping full duplex configuration with multipath: Combined self-interference ACL channels per TX. Each line represents the RX beamformed channel from one of the 32 transmitters.
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	(a) TX array beamforming gain
	(b) RX array beamforming gain


[bookmark: _Ref96702806]Figure 15: 32+32 subband non-overlapping full duplex configuration with multipath: TX / RX array beam patterns
Figure 13, Figure 14 and Figure 15 show the simulation results with canceller delay coverage from 10ns to 33ns for 32+32 subband non-overlapping full duplex configuration. This would require up to 4 canceller taps to cover 100MHz instantaneous bandwidth.
The results show that the channels have significantly more frequency selectivity due to the multipath, but the overall trend is very similar to the 32+32 without multipath case in Section A.1. While beamnulling alone does not provide sufficient rejection, joint optimization with the canceller can provide 100dB isolation for both the blocker and ACL. The canceller performance is worse compared to the non-multipath simulation due to additional multipath components that are not covered by the canceller. Providing more canceller delay coverage can improve the performance further, if needed.
Overall, our simulations show a significant improvement possible in subband non-overlapping full duplex operation by augmenting MIMO array radios with RF cancellation and using a joint beamnulling and RF cancellation optimization approach. The number of RF cancellation taps needed is linearly proportional to the total number of antennas on the gNB, instead of square of the number of antennas as is conventional wisdom. The RF cancellation works well for different antenna configurations and scales well to handle multipath channels.
B. [bookmark: _Toc97227328]Proof of Concept and Demonstration Results
In the previous section we saw the simulation results of the proposed joint RF cancellation with beamnulling approach at scale. We use a smaller scale Proof-of-Concept to demonstrate the efficacy of our approach in real hardware.
B.1 [bookmark: _Toc97227329]Setup
We consider a 4 TX + 4 RX antenna array system together with 8 RF cancellation taps (using 2 Kumu Networks KU10405 RF cancellation chips [4]). The center frequency of the test waveform is 2.05 GHz and the bandwidth under consideration is 50 MHz, of which 20MHz is DL and 20 MHz is UL spectrum. We use USRP software radios to emulate the 4 TX + 4 RX gNB, and the downlink and uplink UEs. Figure 16 shows the demonstration setup.
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(a)                                                                                      	          (b)     
[bookmark: _Ref96703990]Figure 16: (a) KU10405 chip having the RF cancellation taps. (b) Demonstration setup inside the anechoic chamber with 4 Omni TX, RX antennas (red box), the UL and DL UEs (blue box) and the cancellation tap setup (pink box).
B.2 [bookmark: _Toc97227330]Performance Metrics
We use the following metrics to analyze the performance of the system:
1) Link SNR: UL / DL SNR calculated by the difference of the signal power and noise power.
2) Interference impact on the RX: Receiver desensitization impact measured by residual interference power compared to the noise floor of the receiver.
3) Impact on the TX and RX beamforming: The TX and RX beamforming gains seen when the optimization target focuses on both interference mitigation and beamforming as compared to when it focuses on beamforming alone.
4) Blocker channel power: The power of the blocker signal measured at each receive antenna.  
5) ACL leakage power: The power of the adjacent channel leakage coming from each transmit antenna.
B.3 [bookmark: _Toc97227331]GUI Description
Figure 17 show a MATLAB GUI we developed to control the optimization target, enable/disable RF cancellation as well as monitor the performance metrics. On the left panel of the GUI, the optimization target scroll bar (shown in a blue box) can be adjusted to focus more on either the beamforming or the interference mitigation part of the optimization. The TAPS ON/OFF button (shown in a red box) enables or disables the RF taps for cancellation. The gNB receiver spectrum shows the interference signal with and without mitigation as well the UL signal post receiver beamforming. When the RF taps are off, mitigation refers to beam-nulling alone. When the RF Taps are on, mitigation refers to a combination of beam-nulling and RF cancellation. We track the UL and DL SNRs in the Link SNR over time plot at the bottom of the left panel. In the right panel, the first and second plots show the blocker channel power at each of the RX antennas and the ACL leakage power at each of the TX antennas. The final plot in the right panel shows the UL and DL constellation. 
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[bookmark: _Ref97045838]Figure 17: Demonstration GUI showing the optimization target scroll bar (blue box), TAPS ON/OFF button to control the status of RF cancellation (red box) and the various performance metrics
B.4 [bookmark: _Toc97227332]Results
We first analyze the effect of changing the optimization priority from beamforming to interference mitigation, on the link SNR, interference impact on RX, and the TX and RX beamforming gain in Table 1. We then analyze the effect of changing the optimization priority on the blocker channel and adjacent channel leakage powers in Table 2. When the RF cancellation is disabled, the optimization target is varied between beamforming only; combined beamforming and interference mitigation; and interference mitigation only to observe the tradeoff. When the RF cancellation is enabled, no tradeoff is needed between beamforming and interference cancellation.



	RF Taps Status
	Optimization
Target Focus
	SNR (dB)
	Interference Impact on RX (dB)
	Beamforming Gain Loss (dB)

	
	
	           DL
	UL
	
	TX
	RX

	RF Taps Off
	Beamforming Priority




Interference Mitigation Priority
	29.5
	12.6
	15.7
	0.0
	0.0

	
	
	28.4
	14.3
	14.1
	1.1
	0.0

	
	
	24.1
	23.9
	4.9
	5.4
	0.3

	
	
	DL off
	         29.0
	                        0.1
	DL off
	         0.6

	RF Taps On
	Beamforming Priority
=
Interference Mitigation Priority
	29.5
	28.1
	0.1
	0.0
	0.0





[bookmark: _Ref97046029]Table 1: Tradeoff between beamforming and interference mitigation with no RF cancellation. With RF Cancellation enabled, no tradeoff is required




Table 1 shows the following observations on beamforming and interference performance:
1. When the RF taps are off, there is a trade-off between achieving the desired beamforming gain and the desired interference mitigation level. 
a. With beamforming gain prioritized, the uplink SNR is impacted due to a 15.7 dB interference residual on the RX. 
b. With interference mitigation prioritized, the downlink sets its beamforming gains to 0, and the system reduces to traditional TDD operation.   
c. A middle-of-the-road compromise loses 5.4 dB on the DL SNR due to lower beamforming gain and loses 5.1 dB on the UL SNR due to residual interference.
2. When the RF taps are on, the trade-off between beamforming gain and interference mitigation does not exist anymore, with both DL and UL links operating simultaneously at close to full capacity. We see no impact on the DL SNR, 0.9 dB impact on the UL SNR and a 0.1 dB interference impact on the RX. Moreover, we see no impact on the TX and RX beamforming gains.
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[bookmark: _Ref97046047]Table 2: Shows the effect of the beamforming and interference mitigation tradeoff on the blocker channel power and adjacent channel power with RF cancellation off. With RF cancellation on, there is no trade-off.

Table 2 shows the blocker power and ACL leakage powers at each RX and from each TX antenna respectively across different scenarios. When the RF taps are off, as we move the optimization priority from beamforming to interference mitigation, the blocker channel power decreases, but as seen before, at the cost of beamforming gain. We do not see reduction in the ACL power.
When the RF taps are on, we see that both the blocker channel power and the adjacent channel power satisfy the target power condition, without compromising on the beamforming gain.  
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