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1. [bookmark: _Toc109727897]Introduction
3GPP released the first version of the 5G standard, called New Radio (NR) as Release 15 in 2018 [1]. Compared to 4G LTE, 5G NR supports operation on higher carrier frequencies up to tens of GHz, larger bandwidths up to 800 MHz, and support for higher number of antennas to provide higher throughputs and reliability. Since 5G NR uses higher frequency bands where wider bandwidths are available, range and coverage that are possible using traditional radio architectures is significantly reduced. To claw back some of the lost coverage, 5G NR deployments are adopting massive MIMO radios.

While 5G networks are being designed to deliver higher throughputs for enhanced mobile broadband (eMBB), the network also needs to support ultra-reliable low-latency communications (URLLC) to enable uplink heavy applications like factory automation, Metaverse, V2X and IIoT [2]. Incorporating these applications is critical to the vision of the 5G standard becoming a universal communication tool across all industries and use cases.

5G networks are primarily designed to operate in Time Division Duplex mode (TDD). TDD offers better flexibility in resource allocation and avoids the need for paired spectrum allocations that are challenging to find for wider bandwidths, as opposed to Frequency Division Duplex (FDD) used earlier in 4G LTE and 3G. In TDD mode, uplink and downlink rates are adjusted by changing the number of time slots allocated to Downlink and Uplink directions. Typically, downlink traffic is heavier than uplink traffic, so TDD schedules assign more resources to downlink traffic with typical time slot allocations of 3:1 or 4:1 in favor of downlink traffic.

While TDD has the above benefits vs FDD, it compromises uplink performance both in terms of throughput and latency. For example, there is a significant gap between uplink time slots – about 2-4 milli-seconds (for 30kHz sub-carrier spacing). This built-in latency floor is directly at odds with the typical ultra-reliable low-latency communications (URLLC) target of <1ms latency on the communication link.

To bring together the best of both worlds, TDD and FDD, the 3GPP standards organization recently proposed a roadmap for the adoption of advanced duplex schemes. This includes use of full-duplex radios with no frequency overlap, partial overlap or full overlap [3]. Full-duplex radios can transmit and receive simultaneously on the same frequency, or on nearby frequencies. Unlike FDD, these radios don’t rely on fixed transmit and receive frequencies with a guard band in the middle, since they don’t rely on fixed frequency filters to isolate the transmitter and receiver. Full-duplex radios can address a lot of the issues with FDD and TDD radios by achieving better spectral efficiency and lower latency, since both uplink and downlink traffic can be active at the same time.

A key requirement to make full-duplex radio implementations work in practice is to enable sufficient isolation between the transmitter and receiver such that the transmitter’s signal does not interfere with the incoming signal at the receiver. While true full-duplex in fully overlapping channels continues to be the holy grail of spectral efficiency, the state of the art of current technology still does not provide sufficient isolation to allow full channel Full Duplex for high power massive-MIMO systems such as 5G NR base stations. Therefore as an interim first step, 3GPP Release 18 proposes non-overlapping, adjacent channel full-duplex operation. This non-overlapping full-duplex operation has been termed Sub-Band Full-Duplex (SBFD) [5] or Cross Division Duplex (XDD) [4]. 

As shown in Figure 1, SBFD radios allocate a slice of the frequency spectrum for Uplink heavy traffic, while allowing Downlink heavy traffic to operate simultaneously on the rest of the spectrum band. Thus, uplink slots are continuously available to cater to high priority and latency sensitive applications. Full-duplexing capability is only required at the gNB, which simultaneously accepts uplink data from one UE while transmitting downlink data to a different UE. Potential UE-to-UE interference in these scenarios (cross-link interference) is handled through scheduling, such that nearby UEs don’t get scheduled together for uplink and downlink. Simulations have shown this mechanism to improve both user-perceived overall throughput and latency performance [4, 5].
[image: ][bookmark: _Ref95830892]Figure 1: Time-Division Duplexing vs Sub-band full-duplex

In this paper we discuss the isolation requirements for making SBFD systems work practically without compromising radio link performance. We show that simply using separate antennas on adjacent frequencies is not enough for sub-6GHz SBFD operation in base stations. Massive MIMO antenna arrays do provide the ability of creating “spatial nulls” by manipulating some of the beamforming coefficients. 

While this technique can help with improving TX to RX isolation, it compromises beamforming gain – up to 10dB for a 32x32 antenna array. We show how self-interference cancellation at the RF layer can be used to mitigate this problem. Specifically, we use a joint approach 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 . We show the feasibility of this technique using both simulations and a proof-of-concept hardware demonstration.
2. [bookmark: _Toc109727898]Non-Overlapping SBFD Requirements and Potential Solutions
2.1 [bookmark: _Toc109727899]Isolation Requirements
In typical 5G NR deployments, macro gNB’s utilize massive MIMO antennas to maximize spectral / spatial efficiency, and the number of antenna elements range from 32 to 128. Each antenna element is equipped with a TDD radio front-end consisting of at least a power amplifier (PA), low noise amplifer (LNA), and a TX/RX switch. In a traditional TDD system, all elements are time-synchronized to an identical TX/RX switching schedule. 
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	(a) Traditional vs SBFD TDD
	(b) Example 48+16 antenna split for SBFD
	(c) Rejection required at the SBFD receiver


[bookmark: _Ref96685607][bookmark: _Ref96685600]Figure 2: Example channel / antenna split under SBFD
However, with SBFD, two separate TDD schedules are operating at nearby channels, each taking a portion of the massive MIMO antenna elements as shown in Figure 2. 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 2(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 SBFD receiver degradation.
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[bookmark: _Ref96685894]Figure 3: Additional isolation required for SBFD receiver to prevent desensitization
Figure 3 quantifies 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 SBFD 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 sub-6GHz 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 SBFD system. To satisfy at least 100 dB of total isolation on both blocker channel and receive channel, an additional 30dB isolation is required.
2.2 [bookmark: _Ref97045218][bookmark: _Toc109727900]Isolation Enhancement Options
2.2.1 [bookmark: _Ref97045200][bookmark: _Toc109727901]Beamnulling
Generally, beamforming algorithms optimize the antenna gain serving UE traffic  whereas beamnulling optimizes antenna beam patterns to create a null in other directions. In a massive MIMO radio unit that supports SBFD, some of the additional isolation required as described above could be achieved if the transmitter beamnulls towards the co-located receivers in the transmit channel, and the receiver beamnulls towards the co-located transmitters in the receive channel.

In this case however, as there are a large number of antenna elements to be nulled, it may not be possible to beam-null effectively. For example, when 64 antenna elements are split evenly into 32+32 for SBFD, the 32 transmit antenna elements not only need to beamform towards end users but also beamnull towards each of the 32 receiver antenna elements. Since these 32 null conditions take away all 32 beamforming dimensions, the beamforming performance will degrade as a result.
 
In the case when the number of TX antenna elements is greater than the number of RX antenna elements, e.g. 48+16, transmit beamformer may have enough degrees of freedom to null at 16 receive antenna elements. However, the receive beamformer must null 48 transmit antenna elements, for which it does not have enough degrees of freedom.
2.2.2 [bookmark: _Toc109727902]Digital Cancellation and Linearization
Another way to try and increase TX / RX isolation is digital cancellation. During the process of generating the transmit waveform, the transmitter also generates the expected antidote signal that can then be subtracted at the receiver to cancel out the self-interference signal. Digital cancellation mechanisms are efficient in handling multipath environments with long reflections.
However, SBFD requires not only in-channel ACL rejection but also blocker rejection to prevent receiver chain saturation. This would require injecting the antidote signal before the LNA by passing the digital antidote signal through a separate transmit chain and injecting it at the LNA input, while ensuring that no noise is injected at the receive frequency channel. In the case above, an antidote signal needs to be injected at -15dBm, while maintaining a noise floor of better than -90dBm noise floor on the adjacent frequency. This is a very difficult requirement to meet.

For the ACL rejection, the digital cancellation modeling required is very similar to digital pre-distortion (DPD) since in both cases, the non-linear response of the transceiver needs to be modeled. However, while DPD mechanisms can achieve >45dB ACLR, SBFD requires 75dB accurate non-linear modeling (45dB ACLR + 30dB additional rejection). This makes the distortion modeling extremely complex and also puts an impractical requirement on the dynamic range of the DPD receivers. 
2.2.3 [bookmark: _Toc109727903]RF Cancellation
RF Cancellation is another approach and it provides an intentional and controllable leakage path between transmitter and receiver chains to provide cancellation at the analog stage of the receiver. It typically provides much higher dynamic range path compared to digital cancellation, making it suitable for blocker cancellation while maintaining ACL residual at the noise floor.

However, the main drawback of RF cancellation is that it requires a very high hardware complexity  for a massive MIMO setting with  TX and  RX antennas. For example, 32+32 SBFD would require 1024 canceller circuits which makes this approach impractical.
3. [bookmark: _Toc109727904]Sub-Band Full-Duplex with Joint Nulling-Cancellation
3.1 [bookmark: _Toc109727905]Solution Architecture
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[bookmark: _Ref96689959]Figure 4: Proposed SBFD architecture with joint beamnulling and cancellation
Figure 4 shows the proposed SBFD architecture that provides superior performance compared to alternate approaches described above. This solution is able to simultaneously:
1) Maximize DL beamforming gain
2) Maximize UL beamforming gain
3) Enhance TX-RX isolation at each RX antenna elements at the TX frequency channel to prevent receiver saturation, and
4) Enhance TX-RX isolation at the RX channel frequency to minimize the effect of transmit nonlinearities desensitizing receivers. 
The proposed solution takes advantage of both TX/RX beamnulling and RF cancellation. Section 2.2 discussed that beamnulling alone cannot satisfy all requirements, and RF cancellation alone would require extremely high circuit complexity. The proposed solution can meet all of the above requirements while keeping the canceller hardware complexity minimal by jointly optimizing beamnulling and cancellation.
3.2 [bookmark: _Toc109727906]Problem Formulation
To help understand the benefit of the proposed solution, this section discusses a simple mathematical formulation of the problem to identify the deficiencies of the existing architecture, and shows that adding   cancellers is sufficient for SBFD with  TX antenna and  RX antenna elements.
Let  be the self-interference channel matrix of size , the number of transmit elements, by , the number of receive elements. The matrix  would be as follows:

where  is the crosstalk between TX element  and RX element . Then, the signal at the TX frequency channel leaked into receiver, , and the adjacent channel leakage (ACL) signal at the RX frequency channel leaked into receiver, , can be written as:


where  is the transmitted signal,  and are the self-interference channel matrices at TX and RX frequency channels, and  denotes the transmit and receive beamforming coefficients of length  and  respectively, and  is the nonlinear distortion component on RX frequency from power amplifiers for the input signal . 
The optimization criteria become:

This problem formulation has two issues:
Minimizing  requires high-accuracy estimation of  and, given the non-linear behavior of  , the optimal and  are function of the transmit signal . Currently, beamforming coefficients are updated when Channel Status Information (CSI) is updated, but the above formulation would require the beamforming coefficients to be updated at the rate of OFDM symbol period.
Furthermore,  minimization doesn’t ensure receiver protection from a strong blocker. Each receiver in the antenna array receives its own blocker signal given by , and this signal needs to pass cleanly through the receive chain, including the LNA, demodulator and ADC, before the signals are combined by receive beamforming . Each of these stages can get saturated from the strong blocker signal, thus the blocker needs to be rejected at the receiver input of each receive antenna to prevent saturation of all the receive chains.
3.3 [bookmark: _Ref97045113][bookmark: _Ref97045144][bookmark: _Toc109727907]Solution Approach
To address both the problems posed before, the proposed approach minimizes the leakage channel rather than the leakage signal. That is, we turn the optimization criteria into:

which does not require the knowledge of the transmit signal or the nonlinear behavior modeling of each power amplifiers.  corresponds to the combined self-interference blocker channel at each receiver, and  the combined self-interference ACL channel from each transmitter.
The above optimization requires solving  expressions (1 per receiver and 1 per transmitter), with  optimization variables – namely the beamforming coefficients and . But and  are also needed to maximize DL and UL beamforming gains towards/from intended UEs. Thus, a pure beamnulling approach would have to compromise between reducing blocker and ACL powers, and maximizing beamforming gains.
 
To provide the necessary degrees of freedom in the above optimization while mitigating the compromise with beamforming, we introduce an RF canceller to the SBFD system. The RF canceller introduces multiple controllable “cancellation channels”   which add to the self-interference channel such that the optimization becomes:


where  denotes canceller channel between transmit element  and receive element . 
If the optimization uses only cancellation variables, it requires nulling the self-interference from each transmitter to each receiver, i.e. zero-ing every element of . In this case, as we have discussed earlier, every  would have to be non-zero, therefore the number of cancellers would be , e.g. 1024 cancellers for 32+32 SBFD configuration.

The proposed solution jointly optimizes and  as well as , which significantly reduces the number of cancellers required for the above optimization. Specifically, since the optimization goal is to minimize two vectors of length  and ,  for each receiver and  for each transmitter, the additional degrees of freedom needed from the canceller would be just .

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:

Then, the self-interference blocker channel for -th receiver becomes:

and the self-interference ACL channel for -th transmitter becomes:

Because there are 64 optimization expressions and 64 variables added, the self-interference nulling can be achieved without compromising the intended beamforming performance.
In summary, we have shown that only  cancellers are needed to null the self-interference blocker at each receiver and the nonlinear leakage from each transmitter without degrading the intended beamforming performance. Moreover, because adding the cancellers enables the self-interference nulling to be in the channel domain, the solution does not depend on the transmit signal or the PA modeling. This allows the tracking complexity to be maintained at the conventional beamforming in terms of the DSP required and the update rates.
3.4 [bookmark: _Toc109727908]Hardware Architecture
This section discusses how the cancellers discussed above can be implemented in mMIMO frontend architecture. Because the RF cancellers need to cancel the blocker signal before the signal reaches the LNAs and reduce PA nonlinearities from the transmitter, they need to sample the post-PA signal and inject the cancellation signal pre-LNA. A typical mMIMO frontend is already equipped with couplers post-PA and pre-LNA for beamforming calibration, thus adding cancellers does not induce additional insertion loss or sensitivity loss from adding couplers.
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[bookmark: _Ref96690820]Figure 5(a): Typical mMIMO frontend architecture
	[image: ]
Figure 5(b): mMIMO frontend architecture with canceller


Figure 5(a) shows a simplified frontend architecture for 8T8R mMIMO. Each antenna element is connected to a T/R switch which chooses whether the antenna is connected to a PA or an LNA. Typically, couplers are added between the T/R switches and antenna elements for the purpose of antenna beam calibration. That is, although all transceivers are supposed to be identical circuits, many factors such as temperature and trace length prevent achieving perfect phase coherence at the antenna elements. Therefore, in order to predict the beam angles accurately, couplers are added at each antenna and the coupled signals from each element are combined to a single CAL port.

The couplers between switches and antenna elements can be re-used for connecting canceller taps. Figure 5(b) shows an example architecture for a simple 4+4 SBFD case with 8 cancellers. The 8 cancellers are arranged such that Tx1 is connected to Rx1 and Rx2, Tx2 to Rx2 and Rx3, and so on. In this case, each coupled signal is split into 3 ways, two for the cancellers and the other for the beam calibration. As can be seen, the additional hardware complexity only resides in the CAL combining portion with no changes to the critical signal paths. Other SBFD configurations, such as 6+2, would also require 8 cancellers, and they would only involve changing the splitting/combining configurations of the cancellers. 
4. [bookmark: _Toc109727909]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 SBFD 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 6. 
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[bookmark: _Ref96696203]Figure 6: Simulation framework for SBFD 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 – an example of the connection matrix was shown in Section 3.3 for a 32 TX 32 RX arrangement, where every receive antenna n is connected to transmit antennas n and n-1 through cancellation paths.

We use this simulation to compare the performance of an SBFD 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 SBFD antenna configurations, 32+32 and 48+16, and shows the impact of multipath reflections on canceller complexity.
4.1 [bookmark: _Ref97044652][bookmark: _Toc109727910]Antenna Configuration 1: 32 TX + 32 RX
We first look at simulation results with the SBFD antennas evenly split between TX array and RX array. The canceller is configured as described in Section 3.3. 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 7: 32+32 SBFD 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 8: 32+32 SBFD configuration: Combined self-interference ACL channels per TX. Each line represents the RX beamformed channel from one of the 32 transmitters.
Figure 7 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 7(a)), adding beamnulling into the optimization objective without a canceller only marginally improves the isolation to ‑78.4dB (Figure 7(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 7(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 8 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 8(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 8(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 9: 32+32 SBFD configuration: TX / RX array beam patterns
Figure 9 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 10: 32+32 SBFD configuration: Receive spectrum post RX beamforming
Figure 10 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, SBFD 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 SBFD to receive while transmitting without receiver degradation.
4.2 [bookmark: _Toc109727911]Antenna Configuration 2: 48 TX + 16 RX
It may be desirable to allocate an unequal number of antennas to TX and RX in an SBFD 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 SBFD 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 11: 48+16 SBFD 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 12: 48+16 SBFD 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 13: 48+16 SBFD configuration: TX / RX array beam patterns
Figures 11 and 12 show the simulation results for the 48+16 SBFD configuration. Unlike 32+32, the blocker rejection performance can be improved even without cancellers (Figure 11(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 13(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 12(b).
Joint optimization with cancellers can provide both blocker and ACL rejection by more than 30dB (Figure 11(c), Figure 12(c)) with only a 0.1dB beamforming performance degradation (Figure 13).
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[bookmark: _Ref96701934]Figure 14: 32+32 SBFD configuration: Receive spectrum post RX beamforming
Figure 14 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.
4.3 [bookmark: _Toc109727912]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 15: Delay-isolation profile of the simulated multipath channel with 6 reflectors. Isolation distribution comes from varying TX/RX beamforming directions
Figure 15 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 SBFD 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 SBFD 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 16: 32+32 SBFD 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 17: 32+32 SBFD 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 18: 32+32 SBFD configuration with multipath: TX / RX array beam patterns
Figures 16, 17 and 18 show the simulation results with canceller delay coverage from 10ns to 33ns for 32+32 SBFD 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 4.1. 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 SBFD 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.
5. [bookmark: _Toc109727913]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.
5.1 [bookmark: _Toc109727914]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 [6]). 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 19 shows the demonstration setup.
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(a)                                                                                      	          (b)     
[bookmark: _Ref96703990]Figure 19: (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).
5.2 [bookmark: _Toc109727915]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.
5.3 [bookmark: _Toc109727916]GUI Description
Figure 20 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. 

[image: Graphical user interface, table

Description automatically generated]
[bookmark: _Ref97045838]Figure 20: 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
5.4 [bookmark: _Toc109727917]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.






	RF Taps Status
	Optimization
Target Focus
	Blocker Channel Power at each RX antenna (dBm)
	ACL Leakage Power from each TX antenna (dBm)
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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.  
6. [bookmark: _Toc109727918]Conclusions
As 5G advanced pushes forward to address new use cases, the importance of higher reliability and low latency continues to grow. Evolved duplexing schemes such as Sub-band full-duplex (SBFD) are key to addressing this need. In this paper, we discussed the self-interference challenge that is critical to solve for practical SBFD systems. While existing techniques for self-interference mitigation, including digital cancellation, RF cancellation, and beamnulling can all help individually, they all come with challenges such as high modeling complexity, high hardware cost, or significant link performance trade-offs.

In this paper, we presented a joint RF cancellation and beam-nulling approach for self-interference mitigation in SBFD systems. We evaluated our approach through simulations showing >100dB isolation achievable with minimal impact on beamforming gains and the number of RF cancellers scaling linearly with the number of antennas in the system. The simulations incorporate different antenna configurations and channel multipath effects and found the proposed solution to be robust to both. We have also demonstrated the efficacy of this system with a smaller scale hardware prototype using Kumu Networks’ RF cancellation chip.

The approach of combining low-cost RF cancellation hardware with advanced joint tuning algorithms makes SBFD radios practical and we believe it to be a good starting point for addressing self-interference in massive MIMO systems as 5G evolves towards more flexible duplexing schemes.
[bookmark: _Toc109727919]References
1. [bookmark: _Ref96942746]3GPP Release 16 website. https://www.3gpp.org/release-16
2. [bookmark: _Ref96960262]“New Services and Applications with 5G Ultra-Reliable Low Latency Communications” https://www.5gamericas.org/wp-content/uploads/2019/07/5G_Americas_URLLLC_White_Paper_Final__updateJW.pdf
3. [bookmark: _Ref97138063]“Study on evolution of NR duplex operation.” https://www.3gpp.org/ftp/TSG_RAN/TSG_RAN/TSGR_94e/Docs/RP-213591.zip
4. [bookmark: _Ref97287364]“XDD (Cross Division Duplex): Extending Coverage of 5G TDD Carriers”, Samsung Technical White Paper, May 2021. https://cdn.codeground.org/nsr/downloads/researchareas/white_paper_XDD.pdf
5. [bookmark: _Ref97224693][bookmark: _Ref96966001]“Qualcomm Demoes Sub-band Half Duplex (SBHD)”. https://blog.3g4g.co.uk/2021/08/qualcomm-demoes-sub-band-half-duplex.html
6. [bookmark: _Ref97224586]K4051 Canceller Reference Board”. https://kumunetworks.com/wp-content/uploads/2020/04/K4051-Canceller-Product-Brief.pdf



For more information, please contact info@kumunetworks.com

Thank You!



- 21/21 -
image3.png
_ XAXXRXX XXX
Main 50505 s e 0
(DL Heavy)| % % % 55 % % %
XKXXXX XXX
XAXKXX XXX
XXKXX XXX
Aux [ EREREXEXIXEXIXIR
(UL Heavy)| % % 5% 55 % 0





image4.png
Blocker * Bllcker

Rejection Rejection

ACLR Rejection




image5.png
TX Channel RX Channel

+55dBm Total I:{.z-l.d.ia.lted Power @ TX Ant

Total Radiated ACL @ TX Ant (- 45dBc)

wannnnananns +10 dBM

~70dB Antenna Isolation

Total Received Power @ RX Ant ~70dB Antenna Isolation

-15dBM .iiannnnnn
Total Received ACL @ RX Ant
sanssnnnnnns 60 dBm

>30dB More Isolation NeededI

-450BM .uunnnnns
Max Blocker Power Allowed @ RX Ant
ssnsnnannnns -90 dBm

Max On-Channel Noise Allowed @ RX Ant

I >30dB More Isolation Needed





image6.png
UE1

1) Maximize TX Antenna Gain 2) Maximize RX Antenna Gain

towards intended DL UE

towards intended UL UE

UE2

'

N

Over-the-Air
Interference

Channel RX

Antennas

Canceller

Taps
X RX
Beamformer Beamformer
EEY S 3)>100dBisolation [ . T
T for EACH RX element 1‘\
at Blocker channel

SBFD ghtB

’| 4) >100dB isolation

for ACL at RX channel
post RX beamformer





image7.png
SEEEEEEE

ANV





image8.png
R o ||





image9.png
Beamform DL Transmit

Case2: 48 antennas|

64 Cancellation paths
with connection matrix

Joint Cancellation
Beamnull tuning

Case1: 32 antenna:

Case2: 16 antennas|
' UE2

Beamform UL Receive




image10.png
Tx-Rx Isolation (dB)

70+ WORST ISOLATION = -74.7 dB
I ————
-80 —— ———
——— =

i) —
40—
-110
-120
-130

36 3.65 37 375 3.8

Freq (GHz)




image11.png
WORST ISOLATION = -78.4 dB

3.7 3.75 3.8

Freq (GHz)

3.65

-70

o

(gp) uone|os| xy-x1.

-120
-130
3.6




image12.png
Tx-Rx Isolation (dB)

-130 —
3.6 3.65 3.7 3.75 3.8

-70 - WORST ISOLATION = -105.8 dB

-80

-90

-100 =
-110

-120

Freq (GHz)




image13.png
3.8

2
] o
©
O
~
T
I ~
z o
Q
5
Q
@ 8
- o
[2]
o
@]
S T

©
o o o 9 o ©
% 9 2 C

-120
-130

(gp) uone|os| xy-x1.

Freq (GHz)




image14.png
Tx-Rx Isolation (dB)

-100

-110

-120

-130

3.6 3.65 3.7 3.75 3.8

Freq (GHz)




image15.png
Tx-Rx Isolation (dB)

-70 - WORST ISOLATION =-107.3 dB

3.6 3.65 3.7 3.75
Freq (GHz)




image16.png
Beamforming Gain (dB)

~——— Beamforming Only : 14.1dB.

——— BF+BeamNuling w/o Canx : 14.1 dB

——— BF+BeamNuling with Canx : 14.1 a8 /|
40 20 0 20 40 60

Horizontal Angle (deg)




image17.png
Beamforming Gain (dB)

i

~——— Beamforming Only : 14.1 dB
~—— BF+BeamNuling w/o Canx : 14.1 dB
——— BF+BeamNulling with Canx : 14.1 dB

T

N I —( 1

-40

20 o 20 a0
Horizontal Angle (deg)

60




image18.png
Power (dBm / 100MHz)

-100

110}

-120

Beamforming Only
BF+BeamNulling w/o Canx
BF+BeamNulling with Canx

3.65 3.7
Freq (GHz)

3.75 3.8




image19.png
Tx-Rx Isolation (dB)

-100

-110

-120

-130

WORST ISOLATION = -73.3 dB

3.6

3.65 3.7 3.75
Freq (GHz)

3.8




image20.png
3.8

-104.3 dB

WORST ISOLATION

3.7 3.75

Freq (GHz)

3.65

-70

-80
9
0

o o g
- & @

(gp) uone|os| xy-x1.




image21.png
=-106.8 dB

WORST ISOLATION

-70

(gp) uone|os| xy-x1.

3.7 3.75 3.8

Freq (GHz)

3.65




image22.png
3.8

2
] o
@
o
~
T
I ~
z o
[}
5
Q
1] 8
= o
[2]
o
@]
H
©
o o o g ©
5 ® 9 2

o

-120
-130

(gp) uone|os| xy-x1.

Freq (GHz)




image23.png
Tx-Rx Isolation (dB)

-100

-110

-120

-130

WORST ISOLATION = -80.8 dB

3.6 3.65 3.7 3.75 3.8

Freq (GHz)




image24.png
-100

-110

Tx-Rx Isolation (dB)

-120

-130

WORST ISOLATION =-112.5dB

3.6

3.65 3.7 3.75 3.8
Freq (GHz)




image25.png
Beamforming Gain (dB)

——— Beamforming Only : 15.9 dB
~—— BF+BeamNuling w/o Canx : 14.1dB /| §
——— BF+BeamNulling with Canx : 15.8 dB

40 20 o 0 4 60

Horizontal Angle (deg)




image26.png
Beamforming Gain (dB)

20

~——— Beamforming Only : 11.1 dB
~—— BF+BeamNulling w/o Canx : 11.1 dB
——— BF+BeamNulling with Canx: 11.1 dB

T [ ¥ [Ur T

60

40 20 o 20 a0
Horizontal Angle (deg)

60




image27.png
Power (dBm / 100MHz)

-100

-110

-120
3.

Beamforming Only
BF+BeamNulling w/o Canx
BF+BeamNulling with Canx

3.65 3.7
Freq (GHz)

3.75




image28.png
Isolation(dB)

-100

-110

-120

-130

_ Multi-path reflector delay vs TX-RX array isolation

.'.

0

100

200

300 400 500 600 700
multipath delay (nsec)




image29.png
Tx-Rx Isolation (dB)

-120

-130

3.6

3.65

3.7
Freq (GHz)

3.75

3.8




image30.png
-70 WORST ISOLATION = -78.6 dB

36 3.65 37 3.75 38




image31.png
-70 - WORST ISOLATION = -101.1 dB





image32.png
WORST ISOLATION = -75.0 dB

o o o
8 g 8

o o g
- & @

(gp) uone|os| xy-x1.

3.7 3.75 3.8

Freq (GHz)

3.65




image33.png
Tx-Rx Isolation (dB)

38




image34.png
-70 - WORST ISOLATION = -103.1 dB

36 3.65 37 3.75 38




image35.png
Beamforming Gain (dB)

——— Beamforming Only : 14.1 dB.

—— BF+BeamNulling w/o Canx : 14.1 dB

——— BF+BeamNuling with Canx : 14.1 a8 /| "\
40 20 o 20 40 60

Horizontal Angle (deg)




image36.png
Beamforming Gain (dB)

~——— Beamforming Only : 14.1 dB
~—— BF+BeamNuling w/o Canx : 14.1 dB
——— BF+BeamNulling with Canx : 14.1 dB

40 20 o 20 a0 0
Horizontal Angle (deg)




image37.jpeg
o
MTONON—





image38.jpeg
A\ B\ A
TV
K“..

A
\\\‘:-
A A Ann?
~ RN
NN ¢ §
EEERR
ZFZean
v VIII

"2 2
v Vv
v Y
\,V
\/




image39.png
TAPS ON

Optimization Target
0

BF B WL Interf

Link SNR uL 28.1dB
DL 29.5dB
Self Interference Blocker -59.0 dBm
ACL -89.4 dBm
Interference Impact on RX 0.1dB
TX BF Impact 0.0dB
RX BF Impact 0.0dB
GNB Receiver Spectrum (dBm)
30
ntrrence, No Migato
ntreronce, Wih it
-40 ULSignal o
50

70 m
-80 m

~00 vt
-100 - -
DL Channel UL Channel
Link SNR over Time

®© W i
a2 L | {oxo
3 I | | UL

107 1

KUMiv

Blocker Channel Power at RX Antennas (dBm) NETWORKS

-30

-40

50 g taget

601 o7

R
-80
Antt Ant2 Ant3 Antd.

ACL Leakage Power from TX Antennas (dBm)

-70
-80
%0 o e
7100,
-100 108
- -
Ant1 Ant2 Ant3 Antd
Link Constellation
uL DL
s v ee |* 6 s o
C 22 . & & @
L2 2R I J ® » @« »
s ® & @ ‘ » ® e "




image40.png
Ant1 Ant2 Ant3 Ant4




image41.png
-100

-110

Ant1

Ant2 Ant3

Ant4




image42.png
target





image43.png
70

-81 -81
-84
-80 -87
-90 - target
-100
-110
Ant1 Ant2 Ant3 Ant4




image44.png
Ant1 Ant2 Ant3 Ant4




image45.png




image46.png
target

DL off (falls to half duplex mode)

Ant1

Ant2 Ant3 Antd.




image47.png
90 target

100! DL off (falls to half duplex mode)

10+

Ant1 Ant2 Ant3 Antd




image48.png




image49.png
Ant1 Ant2 Ant3 Ant4




image1.png
frequency

Traditional TDD

Downlink (DL D
(((g))) /
gNB &D

Uplink
(UL) time

Sub-Band Full Duplex

gNB’s Full Duplex, Devices Half

Duplex D
%

()
elf interference | o ference

ne - D
UL

timg





image2.png
TRADITIONAL TDD
Freq
UL
Time
SBFD
Freq

Time




