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Introduction
In December 2021, RAN plenary has approved a study item on evolution of duplex operation [1]. One objective of the study item tasks RAN4 to investigate the feasibility and impact on RF requirements considering self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE considering adjacent and co-channel co-existence with legacy operation. In addition, RAN4 is tasked to provide necessary information to RAN1. In this paper, self-interference is further discussed while the adjacent channel aspect is presented in [2]. 
Self-interference and co-channel interference sources and paths for SBFD are visualized in Figure 1.
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Figure 1  Self-interference and co-channel CLI
RAN1 has already sent a LS to RAN4, describing the agreements but also containing several questions around parameters for co-existence and system level studies as well as questions around self-interference and co-channel CLI. A proposed response is provided in [3] whilst the background for self-interference and co-channel CLI related aspects are elaborated in this paper. 

Discussion
SBFD with simultaneous transmission and reception in non-overlapped frequency resources can cause both self-interference (within a gNB) and cross-link interference (between different UEs or between intra and inter operator gNBs). Key motivations that have been cited for considering duplex enhancements are the potential for improved UL coverage and improved latency due to the provision of more UL opportunities compared to a static TDD UL/DL pattern.
[bookmark: _Hlk102058953]As identified in the study item objectives, since the benefits of SBFD heavily depend on gNB high isolation antenna, transmitter/ receiver algorithms, self-interference cancellation schemes performance, and on the deployment scenario, It is important to evaluate performance with proper models in place that capture practical effects to the largest extent possible. In the following we discuss some key aspects that need to be considered in the study.

UE performance aspects relevant to SBFD evaluation
As previously discussed, SBFD should aim to be compatible with legacy UEs and UE RF requirements should not be impacted as result of configuring SBFD. Thus, as a starting point, the performance of UEs meeting existing RAN4 requirements should be considered and if needed extrapolated. 
For simplicity of reading, proposals for both co-channel and adjacent channel UE performance have been captured in [2].
BS implementation performance aspects relevant to SBFD evaluation
In order to model gNB self interference, it is necessary to estimate the emissions from the gNB transmitter DL sub-band to the UL sub-band, the selectivity of the gNB receiver in the UL sub-band to the DL sub-band and the achievable suppression in the antenna structure.
In order to model CLI between co-channel gNBs, the same analysis of gNB transmitter emissions towards the UL sub-band and receiver selectivity in the UL sub-band is needed. The model of antenna isolation used for modelling self-interference is replaced by a model of propagation between gNBs (or between sectors within the same site).
The following sections consider gNB transmitter and receiver modelling, which is needed for both self-interference and CLI estimation.
BS transmitter
During SBFD slots, the gNB transmitter will generate DL NR waveforms that are situated adjacent (possibly with small guard) to the UL RBs that the gNB is attempting to receive. For example, with a DL-UL-DL configuration of the non-overlapping sub-bands, the gNB transmitter would generate DL NR waveforms on either side of the UL RBs. The digital and RF components in the transmitter chain will cause transmitter energy to be present across the UL RBs (i.e. adjacent to the transmitted RBs) in the form of unwanted emissions consisting of multiple impairments in the transmitter e.g. PA non-linearities. Although TX/RX antenna isolation solutions reduce the power that reaches the receiver from these emissions to some degree, the power level of the emissions still needs to be further suppressed to avoid that the emissions power causes desensitization of the UL receiver. Even after suppression of the unwanted emissions (both in the RF and the antenna), there may still be a need for further interference cancellation techniques in the UL receiver to further reduce the desensitization.
The degree to which transmitter unwanted emissions can be suppressed and cancelled is critical to achieving gains using SBFD, since sensitivity degradation of the gNB receiver communicating with SBFD UEs will reduce or eliminate the usefulness of the additional UL transmission opportunities. It is thus of key importance that the processes generating the unwanted emissions are properly modelled so that the feasibility of achieving sufficient suppression and cancellation with a real implementation is properly characterized.
Processes within the transmitter chain that cause emissions to the UL RBs include the following:
Before conversion to an analog signal, digital filtering is used to confine the transmitted signal to be within the allocated RBs. This is needed because the OFDM waveform intrinsically contains energy at multiples of the FFT frequency points outside of the allocated spectrum. Design of the spectral confinement filters must take into account several factors, including the amount of suppression needed, the group delay caused by the filtering, the complexity (amount of taps), delay and cost of the filters in digital hardware implementation and in-band effects such as ripple caused by the filtering. Due to the need to trade-off these factors, the filtering will not be perfect and some amount of guard will be needed between the DL and UL resource blocks.
· The peak to average power ratio (PAPR) of the transmit signal must be managed in order that the analog PA can operate efficiently without large backoff and meeting linearity requirements. To achieve this, so-called crest factor reduction (CFR) of the transmit signal is applied in the digital domain, which basically involves clipping of large samples. Clipping is a non-linear function, and thus has the effect of generating distortion both inside and outside the bandwidth of the wanted signal. This is filtered in the digital domain in order to confine the clipping distortion in the adjacent channels and not contribute to increase of unwanted emissions that face stringent requirements. Note that the unwanted emission requirements are regulated by different administrations and shall be fulfilled under all circumstances.
· The digital signal must be converted to an analog waveform by means of digital to analog conversion. The D/A conversion process introduces further D/A quantization noise which will be amplified through the analog transmitter, including the PA, and leads to increased transmitter noise floor. In addition, thermal noise floor of the transmitter need to be considered. The noise floor will impact the energy transmitted in the UL RBs.
· The last stage of the analog processing is the amplification of the transmit signal using a power amplifier (PA). The PA will generate intermodulation products due to not having ideal linearity, which will fall into the UL RBs. There is a trade-off between operating the PA close to its maximum power for efficiency and the linearity of the PA. In order to optimize power consumption, techniques known as Digital Pre-distortion (DPD), which condition the input signal to the PA in order to counteract the PA non-linearities are applied in modern BS transmitters. A model is needed of the total net effect of PA and DPD.
· The oscillators, used for frequency conversion, in the analog chain will introduce phase noise (PN). PN needs to be modelled in order that the real-world performance of cancellation techniques can be properly assessed with a real signal.
Modelling is needed for all of the above-mentioned effects. For assessing the level of emissions (for self-interference and cross gNB CLI), models that generate power levels are sufficient. However, to assess self-interference cancellation algorithms, a more detailed representation of frequency and phase variation of the residual distortion is essential for a realistic assessment of the performance. This is important also to determine positive and negative interference patterns occurring in the receiver antenna array due to multiple transmit antennas, which may affect the performance on an individual basis in the different receivers.
Examples of gNB Transmitter Modelling 
Initial examples of gNB transmitter modelling incorporating the components are discussed in this section. Representing the various non-linearities in the transmit chain faithfully is essential to studying the impact of gNB self-interference cancellation as well as gNB-gNB cross link interference for both SBFD and dynamic TDD. This is vital since both intra-operator and inter-operator CLI is due to spectral leakage, (i.e.,both inter-subband and inter-channel), occurs due to these non-linearities. In this section we propose a generic modelling approach. From this foundation, additional details and modelling of other transmitter components such as the DAC noises and phase noises can be further incorporated if needed.
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Figure 2: Summary of initial example of gNB transmitter modeling.

Power amplifier, digital predistortion (DPD) and net effect modelling
TR 38.803 Annex A lists several PA models suitable for link level studies. For instance, the input, , and output, , relationship of a memory PA can be characterized by a generalized memory polynomial (GMP) :

An example model for commercially available GaAs PA for ~2 GHz was given in TR 38.803 Annex A with , , , and . The total number of parameters is hence . Its AM-AM and AM-PM responses are given in TR 38.803 and copied in Figure 3 for ease of reference. 
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		(a) AM-AM characteristic						(b) AM-PM characteristic
Figure 3: Characteristics of ~2 GHz GaAs PA (copied from TR 38.803). 
The expected input sampling rate is 307.2 MHz for the PA model parameters given in TR 38.803. To apply this model to an NR signal of 100 MHz with a sampling rate of 491.52 MHz (corresponds to four times oversampling of a NR OFDM signal with 30 kHz subcarrier spacing and 4096-point DFT size, i.e., 491.52 MHz  kHz), new PA model parameters need to be derived. The corresponding derived sets of parameters  and  are provided in Annex A. The total number of parameters is 56, which is same as those for the PA model in TR 38.803.
It is well known that the nonlinear responses of the PA can generate substantial out-of-band emissions. To mitigate these issues while maintaining PA output efficiency, several common practices are adopted in a typical modern base station. 
A DPD is designed to pre-process the input signals to the PA in order to linearize the net responses of going through both DPD and PA.
CFR techniques are deployed to increase PA power efficiency.

A DPD is designed to pre-process the input signals to the PA in order to linearize the net responses. The input/output relationship of a DPD can also be described by a GMP:

For the above PA, a DPD with  and  can be designed to satisfy the base station ACLR requirements. The complete set of parameters  is provided in Annex A. The AM-AM response of passing through both DPD and PA is shown in Figure 4, where the DPD and PA are modelled separately. Comparing to the AM-AM response shown in Figure 3, it can be observed that the PA has become substantially linearized by use of a DPD. Note that to compensate for the PA’s compression of the input signal for normalized input powers close to 1 as shown in Figure 3, the DPD expands the input signal. The DPD correspondingly can only linearize input magnitude of at most around -2 dB relative to the peak magnitude of 1.
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Figure 4: AM-AM characteristics of explicit and net effect modelling of DPD and PA.
It may not be necessary or desirable to perform simulations using separate models for the DPD and PA in the link level studies. This is because what matters to the ACLR and leakage issue is the fidelity and representativeness of the net effect of both devices rather than those of the individual devices. Further, specific PA and DPD implementations may vary significantly from company to company. However, what can be common is that all these implementations are careful trade-offs of complexity/costs/compliance. Hence, it may be more feasible to agree on a net effect model that captures the essential behaviours of a DPD and PA combination with compliance to the base station ACLR requirements.
Since DPD is designed to linearize a nonlinear PA, the net effect of both devices is substantially more linear as discussed in the above. That is, such net effect can also be captured by a GMP model as

with fewer parameters than those for the PA alone. This can be quite beneficial to speeding up link level simulations. For instance, we found the net effect can be captured with the  and  and the complete set of 40 parameters  is provided in Annex A. The AM-AM response of the net effect model is also shown in Figure 4. It can be observed that the (one-step) net effect model captures the behaviours of passing through the DPD and the PA quite well.
Observation 1:
It is not necessary to perform link level simulations using separate models for DPD and PA.
Proposal 1:
Adopt a net effect model that captures the essential behaviours of a realistic DPD and PA combination with compliance to the base station ACLR requirements. 


Crest factor reduction (CFR)
It is well known the OFDM signal can be approximately viewed as a zero mean complex Gaussian signal with magnitude following Rayleigh distribution:

The PAPR of an example OFDM signal is shown in Figure 5(a) and is used as an illustration to demonstrate the effects of the models to be discussed below. It can be observed that the PAPR is around 9.5 dB as expected (measured at CCDF value 10-4).
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(a) PAPR of OFDM signal			(b) PAPR of CFR processed OFDM signal
[bookmark: _Ref101797075]Figure 5: Example of PAPR of OFDM signal without or with CFR processing.
With such characteristics, inputs with large magnitudes to the DPD and PA (or their equivalent net effect) models can still drive into the nonlinear region and cause substantial out-of-band emissions due to the long tail of Rayleigh distribution. One approach to avoid these issues is to back off the input signal power such that the probability of unacceptable large magnitude becomes negligible. This however comes at substantial reduction of the transmit power. For instance, if the signal is scaled such that the mean sample power to the DPD and PA is around -12.7 dB, the spectra of such a signal going through the different models discussed in the above can be observed in Figure 6. The ACLR of this power back off approach will indeed satisfy the base station ACLR requirements, but with an unacceptable cost in amplifier efficency.
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[bookmark: _Ref101537669]Figure 6: Example of spectra of OFDM signals with power back-off (mean sample power = -12.7 dB).
A better approach, which is used in practice, is to suppress the peak power to average power ratio (PAPR) of the OFDM signal to control the probability of unacceptable large magnitudes. A simple single-stage CFR model can be as follows:
· Apply hard clipper on the signal:

where, for an example of clipping at 5.7 dB PAPR, the parameter . CFR, regardless of the exact approach used, generates both distortions to the signal and out-of-band emissions as shown in Figure 7. It is therefore necessary to apply filtering after the hard clipper to suppress the out-of-band emissions.
· Apply bandpass filter with, e.g., 25 dB stop band suppression, on the hard clipper output as shown in Figure 7.
A simple single-stage CFR would facilitate the modelling and selection of algorithms while it provides necessary characteristics of the distortion which is induced in UL PRB:s which  need to be considered when addition possible cancellation schemes are considered.
After applying the CFR processing, the PAPR of the OFDM signal is reduced to around 7.9 dB (measured at CCDF value 10-4) as shown in Figure 5(b). The error vector magnitude (EVM) for the OFDM signal after CFR is roughly 3%, where EVM is a measure of in-band distortion.
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[bookmark: _Ref101538652]Figure 7: Example of spectra of OFDM signals before, during and after CFR processing.
The benefits of such CFR processing become clear when comparing the CFR processed example shown in Figure 8 with the power back-off example shown in Figure 6. With CFR processing, it is now possible to raise the input signal power to -10.9 dB, which represents a transmit power gain of almost 2 dB compared to the previous example – a significant increase. The ACLR of this CFR processed example will satisfy the base station ACLR requirements (see purple curve in Figure 8)
[bookmark: _Hlk102041187][image: ]
[bookmark: _Ref101539467][bookmark: _Hlk102061654]Figure 8: Example of spectra of OFDM signals with CFR processing (mean sample power = -10.9 dB).
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Adopt a simple crest factor processing model, e.g., hard clipping + bandpass filtering, that captures the essential behaviours of a BS design to increase transmit power. This requires input from RAN4.

BS receiver
Similarly, to the transmitter, gNB receiver imperfections will have an impact on the noise floor and sensitivity of the SBFD receiver chain. It is consequently important to model these effects in order that the receiver contributions to the overall UL link budget and gains are understood, and in order that receiver effects are captured in sufficient detail that the feasibility and efficiency of interference cancellation can be properly established.
Of particular relevance to the receiver is that the receiver must be able to be configured to different carrier frequencies within the band, which generally that the analogue front end of the receiver is as wide as the band. Even if the receiver would be designed specifically for one carrier, it must be able to handle the whole UL bandwidth of the carrier in normal UL slots and the UL sub-band in SBFD slots. In practice this means that at least parts of tthe analog front end of the receiver will experience both residue of the DL PRB:s and the received UL signal during SBFD slots. The DL PRB:s will be subject to TX to RX antenna isolation, but unlike transmitter noise leakage in the UL resource blocks, the DL carriers are not subject to any ACLR suppression. 
This will lead to a receive signal structure consisting of relatively high-power signals coming into the receiver on the DL PRBs and for most cases a lower power RX signal from the UL RBs. The receiver must, even in the presence of the strong DL PRB:s pass the UL signal to the digital domain without significantly degrading the receiver noise floor implying linear operation without going to compression in any part. 
Processes within the receiver that can impact the UL receiver sensitivity and should be considered include:
· The receiver will have a finite dynamic range (i.e., the difference between the largest power input signal and lowest power input signal). The power difference between the interferer level from the DL part and the UL receive signal needs to be within the dynamic range capability of the receiver to avoid degradations.
· In order for the receiver to operate within the dynamic range of the ADC when receiving a strong signal level, the receiver may operate an automatic gain control (AGC), which scales down the gain of the receiver, for instance the LNA and baseband. Scaling down the receiver gain will lead to an increase in the receiver noise figure, which will degrade the sensitivity. The behaviour of AGC and it’s impact on the receiver noise floor depending on input signal levels needs to be understood and modelled.
· To further suppress power from the DL interferer (SBFD DL PRB:s) from reaching the ADC, analog filtering in the receiver might be needed. The feasibility and performance impact of the needed analog filtering needs to be studied and understood by considering, for example, aspects such as the realization complexity and subband configuration flexibility and insertion losses.
· Digital filtering is needed to separate the UL receive RBs from the DL carrier in the digital domain. The filters need to trade off complexity, filter length, group delay, ripple etc. and will impact the characteristics of the receive signal. The impact of the filtering may impact the performance of digital cancellation algorithms and link level receiver performance. Also, some guard band between the DL and UL parts is likely to be needed, depending on the filter assumptions.
· The receiver needs to amplify the received signal using a Low Noise Amplifier (LNA). The LNA will, like any amplifier have some degree of non-linearity. If the DL interference signal has a significantly larger power than the UL receive signal then IM distortion from the DL part will arise in the UL receive band due to non-linearity in the receiver chain which is characterized by input third order intercept point. In order to characterize the noise floor and to properly model the signal that should be subject to interference cancellation, a suitable model for the receiver chain non-linearity should be used. 
· The receiver may contain frequency mixer stages as part of down-conversion. These also may create IM products, causing noise in the UL receive RBs due to the higher power DL part of the signal.
· The receiver phase noise will be subject to reciprocal mixing of phase noise with the higher power DL signal at low guard, which will lead to superposition of the phase noise in DL PRB:s and leak without filtering in the UL RBs that are to be received. A modelling of the phase noise and reciprocal mixing characteristics is needed since this impacts the noise level and the nature of interference in the UL. 
During SBFD slots, a SBFD BS transmits from transmitter panels on some resource blocks whilst receiving on other resource blocks with a receiver panel. Isolation is provided between the transmitter and receiver panels to reduce self-interference.
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Figure 9 SBFD self-interference
Observation 2:
There are several receiver imperfections which in combination with high power level in DL sub-band can highly affect the SBFD receiver.
Proposal 3:
Receiver impairments should be modelled and considered for SBFD link level and self-interference studies.
Some insight into expected performance of a BS that is just compliant to RAN4 requirements can be obtained by examining and extrapolating from the requirements in 38.104. Considering DL and UL sub-bands sizes similar to NR existing reference carrier bandwidth in 3GPP e.g. DL-UL-DL of 40-20-40 MHz respectively, base-line 3GPP BS requirements on in-band blocking, narrowband blocking and adjacent channel selectivity are as follows:

Table 7.4.2.2-1: Base station general blocking requirement
	BS channel bandwidth of the lowest/highest carrier received (MHz)
	Wanted signal mean power (dBm) 
(Note 2)
	Interfering signal mean power (dBm)
	Interfering signal centre frequency minimum offset from the lower/upper Base Station RF Bandwidth edge or sub-block edge inside a sub-block gap (MHz)
	Type of interfering signal

	5, 10, 15, 20
	PREFSENS + x dB
	Wide Area BS: -43
Medium Range BS: -38
Local Area BS: -35
	±7.5
	5 MHz DFT-s-OFDM NR signal
15 kHz SCS, 25 RBs

	25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100
	PREFSENS + x dB
	Wide Area BS: -43
Medium Range BS: -38
Local Area BS: -35
	±30
	20 MHz DFT-s-OFDM NR signal
15 kHz SCS, 100 RBs

	NOTE 1:	PREFSENS depends on the RAT. For NR, PREFSENS depends also on the BS channel bandwidth as specified in tables 7.2.2-1, 7.2.2-2 and 7.2.2-3. For NB-IoT, PREFSENS depends also on the sub-carrier spacing as specified in tables 7.2.1-5, 7.2.1-5a and 7.2.1-5c of TS 36.104 [13].
NOTE 2:	For a BS capable of single band operation only, "x" is equal to 6 dB. For a BS capable of multi-band operation, "x" is equal to 6 dB in case of interfering signals that are in the in-band blocking frequency range of the operating band where the wanted signal is present or in the in-band blocking frequency range of an adjacent or overlapping operating band. For other in-band blocking frequency ranges of the interfering signal for the supported operating bands, "x" is equal to 1.4 dB.



Table 7.4.2.2-2: Base Station narrowband blocking requirement
	BS channel bandwidth of the lowest/highest carrier received (MHz)
	Wanted signal mean power (dBm)
	Interfering signal mean power (dBm)

	5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80,90, 100 (Note 1)
	PREFSENS + 6 dB
	Wide Area BS: -49
Medium Range BS: -44
Local Area BS: -41

	NOTE 1:	The SCS for the lowest/highest carrier received is the lowest SCS supported by the BS for that BS channel bandwidth
NOTE 2:	PREFSENS depends on the BS channel bandwidth as specified in tables 7.2.2-1, 7.2.2-2 and 7.2.2-3. 
NOTE 3:	7.5 kHz shift is not applied to the wanted signal.



Table 7.4.1.2-1: Base station ACS requirement
	BS channel bandwidth of the lowest/highest carrier received (MHz)
	Wanted signal mean power (dBm)
	Interfering signal mean power (dBm)

	5, 10, 15, 20, 
25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100  
(Note 1)
	PREFSENS + 6 dB
	Wide Area BS: -52
Medium Range BS: -47
Local Area BS: -44

	NOTE 1:	The SCS for the lowest/highest carrier received is the lowest SCS supported by the BS for that bandwidth.
NOTE 2:	PREFSENS depends on the RAT. For NR, PREFSENS depends also on the BS channel bandwidth as specified in tables 7.2.2-1, 7.2.2-2, 7.2.2-3. For NB-IoT, PREFSENS depends also on the sub-carrier spacing as specified in tables 7.2.1-5, 7.2.1-5a and 7.2.1-5c of TS 36.104 [13].



Table 10.5.2.3-1: General OTA blocking requirement for BS type 2-O
	BS channel bandwidth of the lowest/highest carrier received (MHz)
	OTA wanted signal mean power (dBm)
	OTA interfering signal mean power (dBm)
	OTA interfering signal centre frequency offset
from the lower/upper Base Station RF Bandwidth edge or sub-block edge inside a sub-block gap (MHz)
	Type of OTA interfering signal

	50, 100, 200, 400
	EISREFSENS + 6 dB
	EISREFSENS_50M + 33 + ΔFR2_REFSENS
	±75
	50 MHz DFT-s-OFDM NR signal,
60 kHz SCS, 64 RBs

	NOTE:	EISREFSENS and EISREFSENS_50M are given in clause 10.3.3.




Table 10.5.1.3-1: OTA ACS requirement for BS type 2-O
	BS channel bandwidth of the lowest/highest carrier received (MHz)
	Wanted signal mean power (dBm)
	Interfering signal mean power (dBm)

	50, 100, 200, 400
	EISREFSENS + 6 dB (Note 3)
	EISREFSENS_50M + 27.7 + ΔFR2_REFSENS (Note 1)
EISREFSENS_50M + 26.7 + ΔFR2_REFSENS (Note 2)

	NOTE 1:	Applicable to bands defined within the frequency spectrum range of 24.25 – 33.4 GHz
NOTE 2:	Applicable to bands defined within the frequency spectrum range of 37 – 52.6 GHz
NOTE 3:	EISREFSENS is given in clause 10.3.3



For a SBFD receiver, the self-interference will be very close to the receiver in frequency and will be attenuated by the antenna isolation. As an example, if the TX power is 50dBm and the antenna isolation is assumed to be 80dB then the power of the TX signal at the receiver will -30dBm. Alternatively, considering a lower power BS class transmitter of e.g. 40dBm, the RX power would be 40dBm – 80dB (example) = -40dBm.
Thus, for any DL sub-band transmitter power levels (depending on the achievable antenna isolation, which is assumed as 80dB in this case), the power level of the self-interferer at the SBFD receiver will be greater than the maximum blocking RX power level designed for in a BS meeting 3GPP ACS and blocking requirements. 
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Figure 10  Self-interference and receiver blocking

Furthermore, with the 3GPP requirement, 6dB degradation of the receiver sensitivity is allowed for when the adjacent channel or blocking signal is applied. If the aim of SBFD is to improve coverage then desensitization of the receiver by 6dB would be unacceptable. Hence, maintain similar noise floor and sensitivity level for SBFD receiver compared to legacy TDD receiver is essential.
In addition, proper modelling of receiver is important for conducting link level studies of SBFD and feasibility aspects.
Proposal 4: 
3GPP existing BS receiver requirements should be used as base-line and if needed extrapolated to derive models for link level and self-interference and feasibility studies. 
Proposal 5:
The 6 dB sensitivity degradation of existing BS receiver requirements is too high considering UL coverage enhancement as one key benefit of SBFD. The analysis should consider 0.1 dB and 1 dB degradation instead.
Receiver design considerations
Based on the observations in previous section, it is likely that the receiver design will need to be able to meet more stringent requirements than those of BS receivers that just meet minimum 3GPP requirements. The Study Item should thus address and make an estimation of what can be considered to be a reasonable achievable receiver performance and feasibility beyond the minimum requirements.

Receiver architecture and filtering
A typical BS receiver applies analogue filtering at the edges of the 3GPP band in order to reject out of band signals. In-band, digital filtering is used to suppress interferers from carriers of other operators.
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Figure 11  BS filters
The analogue front end of the BS receiver needs to process both the wanted carrier and other unwanted interferers within the band without significant distortion in order that the entire signal can be passed to the digital domain for filtering. Any distortion within the analogue domain that falls into the wanted carrier frequency range will degrade the receiver sensitivity.
An alternative that could be considered is to place an analogue filter whose passband covers the SBFD receiver frequency range somewhere within the receiver chain. The filter would likely need to be switchable (since in some slots the receiver will cover the entire carrier in the usual manner, and no additional filtering will be required) and tuneable (since otherwise very configuration specific and inflexible receivers would be needed).
The overall Noise Figure of the receiver is related to the noise figure of each of the individual components of the analogue processing. The individual noise rise values of the components are related to the overall noise rise according to the following cascading formula:

[image: ]

Examining the formula suggests that the components at the start of the chain, before all gain has been achieved contribute most to the noise figure. Furthermore, it is advantageous to achieve as much gain as possible close to the antenna. For this reason, the first component in the receiver chain is a low noise, high gain amplifier (LNA). Also, any filtering that takes place before the LNA needs to be designed very carefully since filter insertion losses will have a significant impact on the noise figure for the overall receive chain.
Thus, placing filters as close as possible to the antenna could improve the receiver performance by removing the DL interferers at an early stage, but on the other hand if the filters create an insertion loss, placing filters close to the front end would reduce the front end gain and hence sensitivity. Hence, a trade-off would be needed.

Non-linearities in the receiver
All amplifiers have an upper output power limit and can suffer from intermodulation distortion. For output power levels not sufficiently backed off from the upper limit, the intermodulation distortion appears as spectral regrowth outside the bandwidth of the signal to be amplified as shown below:
[image: ]
Figure 12  Receiver non-linearities
A basic third-order model for the LNA at a BS receiver chain can be characterized by the complex baseband representation of the output voltage (excluding the harmonic term far away from the carrier at ) where  is the voltage gain of the amplifier, and the (real) coefficient  characterizes the 3rd order non-linearity:

The unwanted IM3 distortion power is given by

where  is the input power. That is, for every 1 dB increase in the input power, the IM3 power increases by 3 dB. As a result, the third order term will intercept the linear term when the input power is at

as illustrated in Figure 13.
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Figure 13: Illustration of simple third-order modelling of a BS receiver LNA.

Using the above notations, one can relate the gain-normalized IM3 interference power, input power, and IIP3 as follows (assuming ):


where .
A first analysis of the IIP3 performance needed by the receiver in order to meet the RAN4 minimum requirements can be achieved by considering the receiver intermodulation requirement. Using the above equation and BS receiver intermodulation requirements (-52, -47 and -44 dBm for the WA, MR and LA BS classes, respectively), a simplified assumption that the receiver performance degradation is caused entirely by IM3, one can estimate the minimum required receiver IIP3dB for the different BS classes as shown in the following table:
Table 1 Minimal LNA IIP3dB parameter estimation based on RAN4 in-band receiver intermodulation requirements.
	
	
	WA BS
	MR BS
	LA BS

	A
	RAN4 noise floor
	~-95.6
	~-90.6
	~-87.6

	B
	RAN4 RX intermodulation interferer power
	-52
	-47
	-44

	C
	RAN4 allowed desensitization
	6
	6
	6

	D
	Implied DNR = 10*LOG10(10^(C/10)-1)
	4.7
	4.7
	4.7

	E
	Implied gain-normalized distortion = A+D
	-90.9
	-85.9
	-82.9

	F
	Estimated minimum IIP3dB = (3*B-E)/2
	-32.6
	-27.6
	-24.6



It is reasonable to expect that BS receivers can be designed that exceed the IIP3 performance necessary to achieve the minimum RAN4 requirements. Exceeding 3GPP requirements will come at increasing complexity and cost, depending on the extent to which the requirement is exceeded. We estimate that IIP3 could be in the order of 5-10dB improved from the values shown in table 1. Further improvements above and beyond this would necessitate more significant cost and complexity.
TS 38.104 stipulates BS performance requirements for adjacent channel selectivity (ACS), in-band general blocking and in-band narrowband blocking conditions. As illustrated below, the ACS and narrowband blocking requirements may be most relevant to evaluate the implementation for SBFD operations. 
[image: ]
Figure 14: Illustration of RAN4 BS performance requirements for adjacent channel selectivity (ACS), in-band general blocking and in-band narrowband blocking conditions.

RX intermodulation may not be the only requirement that impacts the needed IIP3, depending on the receiver architecture.
For in-band narrowband blocking performance, the RAN4 test specifies blocker powers of -49, -44 and -41 dBm for the WA, MR and LA BS classes, respectively. At these blocker powers, the specifications allows desensitization of 6 dB to the REFSENS, which translates to a distortion to noise ratio (DNR) of 4.7 dB. For SBFD, 6dB degradation to the sensitivity is not acceptable if the overall goal is to improve uplink coverage. To achieve a much lower sensitivity degradation, either improved receiver performance or sufficient isolation to bring interferer levels to much lower than the blocker levels indicated in the specification is needed.
The desensitization caused by the blocking requirements may be caused by a number of different factors, such as the ADC granularity, AGC, reciprocal phase noise mixing, linearity etc. To assess the receiver performance needed to avoid the self-interference from desensitizing the receiver, further analysis of an assumed overall receiver architecture is needed. The IIP3 performance may be one factor, and to avoid desensitization due to blockers an IIP3 performance better than the levels shown in table 1 may be needed.


Proposal 6:
The BS receiver non-linearities and selectivity that can reasonably be achieved should be modelled and investigated when evaluating SBFD and its feasibility.



Reciprocal mixing of phase noise
A receiver based on down conversion includes a mixer, which multiplies an LO with the RF input signal. The resulting output in the frequency domain is a convolution of the LO and RF spectra.
If the RF input consists of a low power wanted signal and a high-power interferer, then the phase noise spectrum of the LO will be superimposed on the interferer with the interferer power level, and part of the resulting distortion will fall into the wanted signal in the receiver. This is known as reciprocal mixing of phase noise.



Figure 16 Reciprocal mixing of phase noise

As outlined earlier, for SBFD the receiver will process both a low power wanted signal and high-power interferer. Depending on the position of filtering and the receiver architecture, the phase noise spectrum of the LO and potential desensitization of the wanted signal by this mechanism should be considered.
Potentially, the LO spectrum may include some spurious emissions, which might also convolute with the interferer and should be further considered.
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Figure 17 Illustration of LO spectrum

Using the phase noise models discussed in RAN4 Rel-17 as examples, the phase noise power spectral densities is illustrated in Figure 18.
[image: ]	
Figure 18: Illustration of 3.5 GHz phase noise models discussed in RAN4 Rel-17
It is well known that phase noises cause intercarrier interference (ICI) to the OFDM waveforms. As a result, the ICI distortion introduced by high power leakage in the DL sub-bands into the UL sub-bands can degrade UL receiver sensitivity. Hence, the corresponding integrated ICI over the receiver need to be studied to understand the possible additional noise induced in the SBFD receiver. 
Proposal 7:
The receiver reciprocal mixing of phase noise should be modelled and investigated when evaluating SBFD and its feasibility.

ADC impacts
The dynamic range of the ADC needs to be large enough to accommodate both the small, wanted signal and the large self-interference, depending on the receiver architecture and position of the filtering. The number of bits and ENOB (effective number of bits) thus need to be appropriately dimensioned.
The ADC may generate several types of distortion that impact the sensitivity of the receiver:
· Clock jitter, which in effect causes the sampling time to deviate from the ideal. The RMS jitter will impact the ADC distortion and noise floor. At least to a first approximation, though it is not impacted by the presence of the self-interference signal. The clock jitter impact is proportional to the sampling frequency, and hence clock jitter is of especially impact for direct conversion receivers.
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Figure 20 Illustration of clock jitter impact on ADC distortion
· Non-linearities in the ADC causing harmonic distortion. This is often expressed as SFDR (Spurious Free Dynamic Range), which is the ratio of the wanted output to the strongest spurious signal at the output. The presence of harmonic distortion from self-interference may increase the noise floor for the wanted signal due to similar mechanisms as for other non-linearities.
· Differential non-linearity (DNL), which is the difference between the achieved and real step size for individual steps, and Integrated Non-Linearity (INL), which is the relationship between the real input to output transfer function and the ideal one. INL impacts large signal behaviour and DNL small signal behaviour and so in the presence of both large (self-interference) and small (wanted signal) signals, the impact of both needs to be evaluated to manage desensitization.

[image: ]
Figure 21 Illustration of DNL and INL

· For some ADC architectures, interleaved ADCs are used to increase the sampling rate. This can give rise to spurs in the digital signal. These may depend on the strength of the self-interference.

Automatic Gain Control (AGC)
AGC is used to adapt the receiver gain to the input signal level. Reducing the input gain avoids saturation of the receiver, but also increases the noise figure. If AGC is used to manage the input level due to self-interference, then the receiver noise will rise and impact the sensitivity and UL coverage. It should be noted that the increased noise floor induced by AGC cannot into the be cancelled.
Other possible receiver impairments
Compression point
A receiver can be characterized in terms of 1dB compression point. To avoid significant distortion, the input (and output) level must be well below P1dB. 
For SBFD, the input signal consists of a strong self-interference and weaker RX signal. With large and small signal inputs, the impact of compression on the small RX signal differs from the impact that is experienced if only the input signal is present.

[image: image001]
Figure 15 Receiver compression point

The 1dB compression point must be dimensioned based on the self-interference level which is expected to be significantly stronger than any RX signal. The composite 1dB compression point for the receiver chain will depend on the individual compression points of the individual components.


Mixer distortion and desensitization
A mixer will have some degree of non-linearities. In the presence of a strong interfering signal, the noise figure of the mixer will be increased. Depending on the architecture of the receiver and position of any filtering, the impact of the self-interference to the mixer noise floor should be considered.

[image: ]
Figure 19 Illustration of mixer distortion
The positions in frequency of significant IM components at the output of the mixer needs to be analysed such that the wanted signal is not significantly desensitized.

High isolation Antenna consideration and modelling
The feasibility and performance of a suitable antenna structure that can achieve significant isolation between transmitted DL and received UL signals in SBFD slots is a key consideration for assessment. Firstly, it is necessary to study achievable isolation between RX and TX for a SBFD capable BS. Secondly, the far-filed properties and efficiency of the antenna need to be considered. As there are possible restrictions on the antenna sizes, simple physical separation between RX and TX part of SBFD BS antenna will provide some, but probably not sufficient isolation Thus reasonable physical separation needs to be combined with more advanced structures that in combination can increase the isolation. Some examples of such structures and their limitations are discussed in this section.
The achievable RX/TX isolation will depend on many aspects such as how isolation is defined, the sub-array structure and size, the beam forming impact over the steering range of the antenna, allowed/acceptable size of the antenna and separation zone between RX and TX etc.
Given the constraint on the site and possible issues around wind load, physical separation needs to be kept to a reasonable level and to be able to further assess the feasibility of reaching high isolation, a physical separation of 20-30 cm could be a working assumption for FR1. For FR2, the physical separation could be lower (if the same separation relative to wavelength is assumed) but requires further consideration. 
The definition of achievable isolation is another important aspect to agree upon as isolation can be defined between element to element, sub-array to sub-array or TX panel to RX sub-array. From the point of view of assessing total achievable isolation, a definition based on TX panel to RX sub-array is a reasonable choice, but from a link gain assessment perspective taking into account the cancellation algorithms, sub-array to sub-array definition could be relevant since interference towards RX is created by coupling to a large set of individual TX sub-arrays with different coupling and gain/phase signal characteristics, and in order to properly assess the complexity and gain of interference cancellation algorithms, it is necessary to capture the signal structure accurately. For this reason, a model could be needed that captures the gain and phase contributions for each of the TX to RX sub-array couplings for link level simulation.
To create a model for a SBFD base-station, a modelling of the structure used for achieving TX/RX isolation is needed. The isolation structure may have two aspects to consider from an antenna system behaviour perspective. Firstly, the relationship between the achieved isolation and the TX and RX beam directions (over steering range of the antenna array) needs to be understood and modelled, as there is the possibility that the isolation may vary significantly depending on beam direction.
Apart from modelling of the intra-gNB antenna interactions, it is also of importance to consider achievable isolation at site level. For a sectorized site, back-lobes and side/grating lobes from other sectors can cause interference towards a SBFD receiver. For AAS, the back-lobe and side/grating lobe impact to other sectors may depend on TX and RX beam directions. It is possible that the back-lobe coupling may be lower for AAS BS than for passive antennas. In addition to other sectors, if other operators are co-located at the same site then a model of the coupling loss between other operators BS and SBFD BS is needed. This is in particular the case if the other operators are not operating SBFD or cases where multiple carriers operate at the site even for same operator. 
The correct calculation and modelling of RX/TX isolation in both intra- and inter-gNB scenarios depends on complex electromagnetic simulations. The separation between the RX and TX antennas is typically within only a few wavelengths, hence the self-interference leakage is mostly a near-field phenomenon. To accurately model near-field interactions, it is necessary to run full-wave simulations that take into account all the coupling mechanisms and structures in detail. Isolation-enhancing structures usually comprise electrically small elements that require a full-wave solution with a fine mesh to provide an accurate isolation result. The electromagnetic interactions between an SBFD antenna and other structures on the same site happen mostly in its near-field region. Self-interference leakage can also reach the RX antennas through propagation mechanisms in the far-field. For example, any metallic structure around the gNB’s far-field region can serve as a reflector that will couple the TX to the RX. Such a scenario requires complex full-wave simulations that capture all these coupling mechanisms in both near- and far-field regions.
In summary, the SBFD achievable isolation needs to be studied in detail but also up-to-date relevant base-line antenna models including sub-array characteristics and other antenna parameters should be created. 
Definitions of RX/TX Isolation
The antenna isolation between the RX and TX can be defined in multiple ways. It is therefore important to precisely clarify the RX/TX isolation that are relevant for this contribution. It is convenient to represent the RX/TX isolation in terms of antenna coupling magnitude. Specifically, the coupling between intra-gNB RX and TX (assuming RX and TX is arranged on top of each other, using vertical sub-arrays) can be defined as
· Element-to-element coupling (Fig. 22 (a))
· Sub-array-to-sub-array coupling (Fig. 22 (b))
· Column-to-sub-array coupling (Fig. 22 (c))
· Panel-to-sub-array coupling (Fig. 22 (d))
The inter-gNB interactions between RX and TX can be defined in a similar manner as for the intra-gNB scenario by taking any RX/TX pair in different gNBs. In the inter-gNB case, an additional coupling type considered is the panel-to-panel coupling, which corresponds to the case where a TX panel in one sector is excited while an RX panel in another sector is receives the transmitted excitation.
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(a) Element-to-element coupling
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(b) Sub-array-to-sub-array coupling
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(c) Column-to-sub-array coupling
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(d) Panel-to-subarray coupling


[bookmark: _Ref110587755]Figure 22 Intra-gNB coupling interaction types. The bottom panel corresponds to TX and the upper panel to RX. The green block between panels represents the isolation-enhancing structure. The stripped blocks are those relevant for the corresponding coupling type definition.
Technologies to enhance intra-gNB isolation
Passive antennas isolation improvement technologies are central to achieve the stringent RX/TX antenna isolation requirements of SBFD. The various antenna coupling supressing techniques vary in terms of implementation complexity, costs, bandwidth, effects on far-field beampattern, isolation improvement, among other performance indicators. It is desirable to devise an SBFD antenna solution that provides a significant improvement on isolation over a relatively large bandwidth. It is also important that the solution is able to maintain the desired isolation level for various beam steering angles and different polarization setups, e.g., 45 deg slant. In this section, some relevant isolation-enhancing techniques are evaluated.
A reference SBFD antenna setup is introduced in Figure 23 to provide a baseline for simulations of isolation enhancement techniques. Unless mentioned otherwise, the isolation-enhancing structures investigated in this section are modified versions of this reference antenna. There, two vertical sub-arrays (3x1) for RX and TX are shown. Note that the structure is rotated 90 degrees clockwise compared to Figure 22, such that the vertical direction (y) is actually shown horizontally. Each antenna element is excited for a dual, linear polarization (e.g., -45/+45 deg. or V/H) and the vertical inter-element distance is 0.7𝜆.
In addition, through all simulations in this section, each antenna element in the TX panel has an individual analog phase shifter to minimize the harmful effects of side/grating lobes on RX/TX coupling. Note that this is quite a complex approach and not commonly used but provide most beneficial case from isolation perspective. 

The polarizations are configured to exhibit a 45 degree polarization. This consideration is found to be more general for FR1 than adopting horizontal and vertical (H/V) polarization directions, which is often considered for FR2. The inter-element separation in the considered sub-arrays is set to 0.7 and the width of the sub-arrays is 0.5, such that the horizontal inter-element distance when various sub-arrays are stacked along the x direction is 0.5. The edge-to-edge separation between the RX and TX sub-arrays is set to 4, which allows for a relatively compact antenna size and provides sufficient space for practical isolation enhancement structures. A simulation trial was carried out to calculate the RX/TX sub-array-to-sub-array coupling magnitude of the reference antenna considering center frequency of 4 GHz. The obtained result is shown in Figure 24. At 4 GHz the coupling magnitude is -37.8 dB for the co-polarization pair and -37.3 dB for the cross-polarization pair.
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Figure 23 Illustration of reference antenna design.
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Figure 24 RX/TX coupling magnitude of the reference antenna array.

Influence of the physical separation between antennas on isolation
Mutual coupling between the transmitting and receiving antennas are mainly caused by two mechanisms: near-field interactions and surface wave propagation through connecting structures (e.g., ground plane). Increasing the spatial separation between the RX/TX panels is the simplest method to increase isolation.
Simulations were carried out to evaluate how much isolation improvement can be obtained by simply increasing the sub-array edge-to-edge separation of the antenna illustrated in Figure 23. In this simulation, both RX and TX sub-arrays steer to boresight and share the same ground plane. The main coupling mechanisms are the surface waves propagating through the common ground plane (e.g., along the PCB if patch elements are considered) and the radiated fields from TX. The sub-array-to-sub-array RX/TX coupling is presented in Figure 25 as a function of its distance normalized by the wavelength. The simulation results indicate that after five wavelengths of separation, the coupling magnitude decreases with a slope of approximately -0.45 dB/wavelength. This means that simply increasing the distance between the antenna pair is not sufficient for achieving high isolation levels, because surface waves can maintain a relatively strong coupling even for long separation lengths.
Therefore, the antenna pair separation should be reasonably chosen (i.e., not too long), and additional structures are needed for further isolation enhancement. For the FR1 band, a total antenna length for macro base station could reach up to 2.7 m. Considering a sub-band full duplex system with 96 elements in each panel, the available distance between the transmitting and receiving panels could vary up to 9 λ. The separation between panels, sharing a same ground, is recommended to be less than 5 λ. Certainly, smaller gaps are preferable for space saving.
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Figure 25 Sub-array-to-sub-array coupling magnitude between a pair of dual-polarized antenna sub-arrays.
Observation 3: Simple physical separation cannot provide enough isolations between RX and TX with reasonable separation distances. A maximum isolation of ~40 dB seems possible with reasonable separation of ~4 λ. 
Periodic structures
A typical way to improve the isolation between antenna elements consists of implementing a high-impedance structure between them. If properly designed, this kind of structure can attenuate the surface waves that propagate from TX to RX without significantly disturbing the radiation properties of the antenna system. There exist multiple high-impedance structure designs in the literature, e.g., electromagnetic band gap (EBG) structures. The unit cell design of an EBG structure determines most of the high-impedance structure properties when arranged in array. The square mushroom EBG may offer low transmittivity bandgap over a wide bandwidth. It has been widely explored in the academic literature and can be arranged in various ways in an antenna structure yielding different implementation complexity. It is reasonable in terms of complexity-performance trade-off to consider a simple design where the mushroom EBG is placed in between the RX and TX panels.
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  Figure 26 Example of 4x4 mushroom EBG array. The metallic conductive plates are shorted to the ground plane below the substrate.

Simulations were conducted to assess the isolation improvement provided by a single-layer square mushroom EBG structure. The simulation setup consists of two dual-polarized (45 degrees slant) antenna sub-arrays sharing the same ground plane and substrate steering at boresight. An EBG structure is placed between the antenna sub-arrays to implement a high-impedance structure that aims at attenuating propagating surface waves. The EBG structure consists of an array of square conductive plates that are shorted to the ground plane. An example of a 4x4 mushroom EBG array is shown in Figure 26. In the simulation study, the considered centre frequency is 4 GHz. The obtained sub-array-to-sub-array (SA-SA) coupling is shown in Figure 27.  These results indicate that, for the co-polarized sub-array pair, an isolation level of 60 dB over ~300-500 MHz can be achieved. By contrast, an isolation level of 55 dB over 300 MHz is provided by the cross-polarized sub-array pair. Even though the isolation level over 300 MHz of the co-polarized sub-arrays is larger than that of the cross-polarized sub-arrays, the latter provides a larger maximum isolation level of 72 dB over very limited bandwidth.
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 Figure 27 RX/TX coupling magnitude for two sub-arrays as function of frequency obtained from the simulation with a mushroom EBG structure. 
Observation 4: EBG structure in combination with physical separation provides 60-65 dB of isolations but over limited bandwidth.
Absorber material 
Another possible solution to achieve broadband isolation is to place dielectric electromagnetic absorber structures between the RX and TX panels. Although this is a rather simple solution, it can be expensive, bulky, cause issues related to passive intermodulation, and environmental variations, e.g., temperature and humidity, could have an impact on its performance. Therefore, it would be reasonable to use this kind of absorber inside a gNB antenna as little as possible. Simulations were conducted to evaluate how much isolation improvement a typical commercial absorber slab may provide. The simulation results are shown in Figure 28. The considered solution provides an isolation level of at least 63 dB over a broad band for both polarization configurations. Since dielectric absorbers improve the isolation by dissipating the impinging waves, it is recommended to allow for a gap between the sub-arrays’ edges and the absorber. This way, the absorber might not significantly disturb the radiated field, thereby maintaining a reasonable radiation efficiency.

[image: ]
 Figure 28 RX/TX coupling magnitude for two sub-arrays as function of frequency obtained from the simulation with a dielectric absorber slab.
Observation 5: 
Dielectric absorber slabs in combination with physical separation provide isolation around 65 dB but is not a recommended solution for SBFD antennas due to passive intermodulation (PIM) and environmental variation aspects.
Chokes
Metallic choke walls are another possible solution to reduce the energy leakage between the sub-arrays. By proper design, chokes resonate at the desired frequency, thereby supressing interference leakage between RX and TX. The distance between the choke walls and the antenna sub-arrays should be large enough to reduce their effect on the radiation pattern. 

[image: ]
 Figure 29 RX/TX coupling magnitude for two sub-arrays as function of frequency obtained from the simulation with choke walls.

A simulation trial was performed to investigate the achievable isolation of an SBFD antenna system comprising multiple choke walls. According to the Figure 29, the choke solution significantly enhances the isolation over a relatively narrow bandwidth. In particular, the maximum achieved isolation at 4 GHz for the cross-polarized sub-array pair is 89 dB, while it is 73 dB for the co-polarized pair at the same frequency. This figure also reveals that the choke solution yields 70 dB of isolation over 300 MHz and 400 MHz for the cross-polarized and the co-polarized sub-array pairs, respectively. Chokes provide a large mutual coupling suppression; however, the corresponding frequency bandwidth is relatively narrow due to its resonating mechanism. To broaden bandwidth, multiple choke walls at different resonating frequency could be used, but the implementation complexity would increase correspondingly. 
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 Figure 30 Full-wave averaged E-field magnitude on an XZ plane cut.
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 Figure 31 Full-wave averaged E-field magnitude on an XY plane cut.
Cross-sectional cuts of the E-field magnitude are shown in Figures 30 and 31 to help the visualization of the isolation enhancement mechanism of chokes (Note that the x and y axes orientation in these figures differ from figures 22 and 23). In these figures, the elements in the TX sub-array (left-hand side) are coherently radiating toward boresight. The E-field XZ-plane crosscut in Figure 30 indicates that the resonating choke structures create a “shadow” over the RX sub-array (right-hand side), thereby the RX/TX coupling is significantly reduced. One can see in the XY-plane crosscut in Figure 31 a significant amount of energy can also leak from the antenna array’s side edges. This causes an edge effect that deteriorates the isolation at the border antenna elements.
Observation 6: 
Choke structure in combination with physical separation provide isolation around 60-70 dB but is bandwidth limited.
Example of combined structures
The simulation results presented in the previous sections suggest that the considered individual techniques provide SA-SA isolation between 60 dB and 75 dB with varying bandwidth. Combining different isolation improvement techniques might be a solution to further increase the isolation level and bandwidth while keeping a fixed SA-SA distance, e.g., 4. In this section, an example of SBFD antenna structure that combines various isolation techniques is presented considering different excitation scenarios. In particular, the isolation performance of this example antenna is evaluated for the sub-array-to-sub-array, column-to-sub-array, and panel-to-subarray intra-gNB coupling cases, as defined in Section 2.2.3.1.
The sub-array-to-sub-array coupling magnitude considering two 3x1 sub-arrays steering toward boresight is plotted in Figure 32 as a function of frequency. Using a combination of isolation improvement techniques, it is seen that the cross-polarized ports achieve an isolation level of 65 dB over 500 MHz and the co-polarized ports provide an isolation level of 68.6 dB over 430 MHz. 
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 Figure 32 RX/TX coupling magnitude for two sub-arrays as function of frequency corresponding to the using combined isolation improvement techniques

Observation 7: 
Combination of different structures can provide reasonable isolation of 65 dB over large enough bandwidth.
In the following simulation results, the TX panel comprises more than one antenna sub-array. Each antenna element in the TX panel has an individual phase shifting element such that the vertical inter-element distance is 0.7. This minimizes the harmful effects of grating lobes on RX/TX coupling. Furthermore, the coordinate system shown in Figure 33 is also considered in the following results where 'y' is the vertical dimension. In this figure, the TX panel is located at the right-hand side. When the elevation angle is positive, the TX panel beam is steered toward the RX panel, and it is steering away when the elevation angle is negative. 
The simulation results shown in Figure 34 were obtained from a simulation model in which the TX panel comprises 4 rows and 1 column of 3x1 sub-arrays, and the RX panel comprises a single column with a single 3x1 sub-array. The TX steers its main beam to boresight and 15 degrees. In this scenario, the isolation level is 65 dB for the co-polarized ports and 70 dB for the cross-polarized ports over a relatively large bandwidth. The achieved isolation levels are generally deteriorated when the TX beam is steered away from boresight, but still maintains its wideband performance. Figures 35 and 36 present the simulation results corresponding to the setup in which the TX panel consists of 4 rows and 8 columns of 3x1 sub-arrays, and the RX panel includes 1 row and 8 columns of 3x1 sub-arrays. Each curve in these figures represents the coupling between the TX panel and a single RX sub-array over a given polarization. For both co-polarized and cross-polarized ports scenarios (Figures 35 and 36, respectively), the isolation at 4 GHz varies from 75 dB and 85 dB for different RX sub-arrays when the TX beam is pointed to boresight. However, this range drops significantly when the TX beam steers at 15 degree of elevation.
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 Figure 33 Illustration of TX elevation beam steering angle . The right antenna panel refers to TX while the left one to RX. In this illustration, the azimuth angle  is 0 degrees.
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(a) Co-polarized ports
	               [image: ]
(b) Cross-polarized ports


    Figure 34 RX/TX coupling magnitude for a TX with 4 rows and 1 column, and an RX with a single sub-array. The elevation angle varies between 0 degree and 15 degrees. 
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(a) 0 degree (boresight)
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(b) 15 degrees (TX steers main beam toward RX)
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(c)  -15 degrees (TX steers main beam away from RX)


Figure 35 TX panel to RX sub-array coupling magnitude curves considering co-polarized ports. Each curve represents the coupling magnitude of the TX panel to a single RX sub-array. Each sub-figure corresponds to a specific elevation angle. The RX sub-arrays are those closest to the isolation structure.

	[image: ](a) 0 degree (boresight)
	[image: ](b) 15 degrees (TX steers main beam toward RX)
	[image: ] (c) -15 degrees (TX steers main beam away from RX)


Figure 36 TX panel to RX sub-array coupling magnitude curves considering cross-polarized ports. Each curve represents the coupling magnitude of the TX panel to a single RX sub-array. Each sub-figure corresponds to a specific elevation angle. The RX sub-arrays are those closest to the isolation structure.
Observation 8: 
SBFD antenna performance highly depends on polarization and desired bandwidth and complexity of combined structures. In addition, the achievable isolation can degrade up to 10-15 dB depending on the beam forming over steering range of the antennas. 
Proposal 8:
For link level assessment of SBFD, proper modelling of advanced antennas as well as modelling of beamforming impact on isolation should be considered.
Inter-gNB isolation and interactions for sectorized SBFD deployment
Back-lobes as well as side/grating lobes for phased arrays create a source of interference within a site, which can increase the mutual coupling between antenna systems even though the coupling is a near-field interaction and phenomena. Back-lobes, similar to side/grating lobes are dependent on the beam-forming range and applied weights to the array and can vary depending on the beam which can affect the coupling and isolation in the site. 
To visualize the impact of beam forming over the scan range of the antennas, an example of radiation pattern in far field of AAS BS is presented in Figure 37. For wide area base stations and medium range base stations 3-sector deployments scenarios is often used to provide 360 degrees coverage in the horizontal plane. The 3-sector deployment scenario is the most common deployment scenario for base station. In each sector a base station provides coverage. This means that 3 base stations will be mounted close together in the mast. In the figure the horizontal radiation patterns for reference direction (close to bore-sight) and maximum horizontal steering direction is plotted. 
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 Figure 37 Horizontal radiation patterns
The far-field radiation patterns cannot be used to draw exact conclusions on the isolation between sectors. However, the far-field patterns indicates that the isolation will depend on beam steering and array antenna configuration. 
For SBFD, in addition to intra-gNB isolation, the isolation between different sectors influences the interference in UL sub-band and thus need to be considered. In this section, a simple site model for a sectorized SBFD is considered and the isolation including beam forming aspects both for elevation and azimuth domain is studied. In addition, as the inter-gNB isolation is a near-field phenomena, complex electromagnetic field simulations with relevant solver techniques are required. 
A typical site setup model is presented in Figure 38 where three poles are arranged with inter-pole distance d to each other, and antenna modules are mounted on the poles to create a 3-sector 120° coverage. In this geometry, it follows that radius of the inner circle is  and the radius of the outer circle is . The considered antenna module is illustrated in Figure 39. It consists of an array with 9 wire dipole elements with individual phase steering capabilities. The centre frequency is 3 GHz and the inter-element spacing is half wavelength in both horizontal and vertical directions.

	

(a) Site geometry. Red arrow denotes boresight direction,  radius of inner circle and  radius of outer circle,  inter-pole distance.
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(b) 3-sector site setup 3-D model. The blue boxes represent the antenna modules.


 Figure 38 3-sector site setup considered in simulations.
[image: ]
 Figure 39 Illustration of the considered antenna model considered.
Simulations were carried to assess the inter-gNB RX/TX leakage considering the 3-sector site setup of Figure 38. Here panel-to-panel coupling is taken as performance indicator. The antenna module in a given sector acts as TX while the other two antenna modules operate as RX. Two types of beam sweeping are performed considering the coordinate system illustrated in Figure 40: (1) All antenna modules steer their beam to  with fixed  degree, and (2) beam steer to  with fixed  degree.
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(a) Beam steering with varying  and  degree. 
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(b) Beam steering with varying   and  degree.


 Figure 40 Coordinate system for the 3-sector site setup. In this example, Sector 1 is TX and Sectors 2 and 3 are RX.
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(a) Beam steering with varying  and  degree.
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(b) Beam steering with varying  and  degree.


 Figure 41 Inter-gNB leakage between antenna modules with inter-pole distance of  mm (edge-to-edge distance of 100 mm). 
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(a) Beam steering with varying  and  degree.
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(b) Beam steering with varying  and  degree.


 Figure 42 Inter-gNB leakage between antenna modules at same height and inter-pole distance of                       .

In the first simulation scenario, all antenna modules are located at the same pole height and the inter-pole distance  is set such that the edge-to-edge distance between the antenna modules is 100 mm, yielding  mm. The RX/TX leakage between Sector 1 (TX) and any of Sectors 2 and 3 (RX) is given in Figure 41.
In the second simulation scenario, the inter-pole distance is increased to  mm. At 3 GHz, the largest isolation is 70 dB, obtained when the TX beam points to boresight. It drops to 41 dB when  degrees and  degree. By contrast, sweeping  to -60 degrees with  degree drops the isolation to 60 dB as shown in Figure 42.
For SBFD, if the TX and RX sections of the antenna are separated vertically in order to supress self-interference then there will exist also a vertical separation between the TX and RX sub-arrays of different sectors. To model this vertical separation, a third simulation scenario is modelled. The transmit antenna modules of Sectors 2 and 3 have the same pole height but the receive module of Sector 1 is located  above the others, as shown in Figure 43. (It should be noted that all sectors will have both a transmit and a receive module. However, in this model the impact of sectors 2 and 3 transmit on sector 1 is to be modelled and hence only the transmit modules for sectors 2 and 3 and the receive module for sector 1 are captured). The corresponding RX/TX isolation curves for sector 3 onto sector 1 plotted in Figures 44 and 45. In the elevation scan the loss between the sources is smaller and has less spread across the scan angles compared to the results in the azimuth scan. This can be explained by the grating lobes (and back-lobes) due to steering in this cut do less interfere with the other antenna modules.
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(a) – XZ plane
	         [image: ]
(b) – XY plane


 Figure 43 Site setup wherein the antenna of Sector 1 is at a different pole height from that of Sectors 2, 3.

	

	[image: ]
	



 Figure 44 Inter-gNB leakage between sectors 1 and 3 for varying  with fixed  degree for the site setup in Figure 4399.
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 Figure 45 Inter-gNB leakage between sectors 1 and 3 for varying with fixed  degree for the site setup in Figure 43.
Observation 9: 
SBFD inter-gNB antenna isolation performance highly depends site installation and achievable isolation can vary significantly depending on the beam forming over steering range of the antennas. 
Proposal 9:
For link level and system level assessment of SBFD for both co-channel and adjacent channel CLI, proper modelling of inter-gNB isolation as well as modelling of beamforming impact on isolation should be considered.

Antenna isolation measurements
Measurements with two passive antennas for FR1 were performed to get more insight into co-location isolation. Two setups were considered in the measurement campaign: 120-degree sector and parallel, as shown in Figure 46. The isolation was taken by connecting an instrument to a specific column and polarization for each antenna and measuring the corresponding coupling magnitude. The measurements were taken for various distance between the antennas, and the obtained results are shown in Figure 47 for both setups.
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(a) 120-degree sector
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(b) Parallel setup


  Figure 46 Passive antenna measurement setup.
[image: ]
 Figure 47 Coupling magnitude between passive antennas as a function of the distance between them.
Observation 10: 
Measurements of physical passive antennas for different set ups indicate isolation level of 40-50 dB for co-located antennas. 


Parameterized antenna model for link and system far field simulation
As described in more detail previously, for SBFD operation isolation between transmitter and receiver is achieved by transmitter to receiver antenna isolation, suppression of emission close to the carrier and digital interference cancelation. The isolation between the transmitter and the receiver antenna is achieved by splitting the array antenna into a separate transmitter antenna and receiver antenna. To enhance the isolation and reduce the separation distance between the transmitter antenna and receiver antenna an isolator (ISO) can be placed between the antennas. The isolation can be significantly improved by an isolator to suppress surface waves and element radiation characteristics towards the other antenna. The array configuration will also affect the isolation. The element separation and usage of sub-array structures will have impact on isolation. In general, the isolation will depend on frequency, since tuned components such as transmission lines and elements are considered. The isolation will also depend on beam steering, since the isolation is constituted by summation of multiple contribution with different phases, where each phase contribution depends on frequency and element separation. 
In addition to a model for studying near field interactions for determining feasible TX-RX isolation, for link and system modelling in the far field, a parameterized antenna model is needed. 
In Figure 48, an overview of an array antenna configuration for SBFD is visualised. It contains of a transmitter array antenna and a receiver array antenna. Each array antenna constitutes of an array antenna (AA) that is connected to a radio distribution network (RDN). In the RDN elements in the AA can be combined to create sub-arrays. The TAB interface defined in TS 38.104 between the array antenna (RDN+AA) and the radio electronics is visualised as a reference. 
[image: ]
Figure 48 SBFD BS antenna overview
To replicate impact from the composite array antenna beamforming (BF) is required for both the transmitter branch and the receiver branch. The beamforming applies a linear phase progression to control the main beam direction. With this approach the impact on isolation can be studied as function of beam steering direction. In Figure 48, it can be noticed that isolation can be referred to at least four different interfaces (I1, I2, I3 and I4). In this contribution the isolation between transmitter antenna and receiver antenna is defined in logarithmical scale as:
		
, which means that the isolation is a positive. The isolation I4 captures isolation characteristics between single elements and will vary due to selection of element position in the transmitter array and receiver array. A transmitter element located closest to the edge of the receiver antenna will have the lowest isolation. Isolation between sub-arrays (I3) can also be of interest. The isolation I2, captures the composite transmitter array characteristics to a single sub-array on the receiver side. This can be of interest to study aspects related to digital interference cancellations algorithms. For network simulations the impact related to composite array isolation I1 is of interest. The isolation will include spatial selectivity on both transmitter side and receive side. 
The isolation can be evaluated if the RDN or AA is seen as N-port RF network and the scattering matrix is known. The scattering matrix is typically acquired from finite element method (FEM) simulations of a complete design or measurements conducted on a complete design, as discussed in the previous sections. Since the availability of SBFD antennas is very limited and FEM simulations are time consuming and complex a coupling model is required to model isolation for different array geometries. 
For the case where the transmitter antenna and the receiver antenna are separated along the vertical axis (the transmitter antenna is located above the receiver antenna) vertical sub-arrays can be used to improve the isolation. Vertical sub-array structures are very common for both passive base station antennas and AAS base stations. The reason is the vertical sub-arrays allows for optimizing the beamforming capability to where UEs are located within the coverage area. For a macro deployment the UEs are typically located within a very narrow angular range (10 degrees). 
In Figure 49, the concept of vertical sub-arrays is visualized, and essential related parameters are described. 
 [image: ]
 Figure 49 Base station array antenna geometries
It is here assumed that the transmitter antenna is placed on top of the receiver antenna. The distance between the transmitter array antenna edge and the receiver array antenna edge is dtr (m). The separation is typically in the range 3l to 5l depending on considered design technologies for the isolator between the transmitter and receiver antenna. It can be noticed that the total physical area required for a SBFD antenna will be significantly larger compared to a traditional FDD/TDD base station array antenna. Depending on operating frequency, base station class (Wide Area, Medium Range, Local Area) and number of supported MIMO layers, number of supported carriers, number of supported bands the design freedom with respect to available area for the SBFD antenna system significantly differ. 
To model SBFD performance properly an array antenna model supporting sub-arrays is required. The antenna model consists of two essential parts: model description and parameters. The model description describes the radiation pattern by a set of mathematical equations as function of vertical and horizontal angles and the parameters describes a relevant base station implementation. 
Currently, a sub-array antenna model is defined for the frequency range 1710 to 4990 MHz in TR 38.803. This frequency range covers just a fraction of the combined frequency range covered by FR1and FR2. Therefore, the applicability for the extended antenna model needs to be extended. The extension of the antenna model can be done by defining new parameter set for remaining frequencies of interest for different relevant deployment scenarios. Eventually, multiple parameter sets are required to cover all spectrum including FR1 and FR2.
The sub-array model currently defined in TS 38.803 is described by equations summarized in Table 2. This model is capable of modelling array antennas with vertical sub-array structure for all frequencies where 3GPP currently have defined operating bands from 400 MHz up to millimetre frequencies. 
 

Table 2 Array antenna model description 
	Description
	Equation

	Peak normalized element radiation pattern
	


	Peak gain normalized element radiation pattern
	

	Sub-array excitation
	

	Sub-array radiation pattern
	
, where


	Array excitation
	

	Composite array radiation pattern
	
, where




For SBFD the array antenna model can be used to model both transmitter array antenna gain and receiver antenna gain. 
Base station parameters relevant for base stations operating within the frequency range 1710 to 4990 MHz is captured in TR 38.803. The parameter is summarized in Table 3.

  Table 3 Array antenna parameters relevant for FR1 within the range 1710 to 4990 MHz 
	Parameter
	Macro rural
	Urban macro
	Dense urban

	Element gain
	6.4 dBi
	6.4 dBi
	6.4 dBi

	Horizontal/vertical 3 dB beam width of single element
	90 º for H
65 º for V
	90 º for H
65 º for V
	90 º for H
65 º for V

	Horizontal/vertical front to back ratio
	30 dB for both H/V
	30 dB for both H/V
	30 dB for both H/V

	Antenna polarization
	Linear ±45 º
	Linear ±45 º
	Linear ±45 º

	Antenna sub-array configuration (Row × Column)
	4 x 8
	4 x 8
	4 x 8

	Horizontal/Vertical radiating sub-array spacing
	0.5l for H, 2.1l for V
	0.5l for H, 2.1l for V
	0.5l for H, 2.1l for V

	Number of element rows in sub-array
	3
	3
	3

	Vertical element separation in sub-array (dv,sub)
	0.7l
	0.7l
	0.7l

	Pre-set sub-array down-tilt
	3 º
	3 º
	3 º

	Array Ohmic loss
	2 dB
	2 dB
	2 dB

	Conducted power (before Ohmic loss) per sub-array
	35 dBm 
	35 dBm 
	35 dBm

	Base station horizontal coverage range 
	+/-60 º
	+/-60 º
	+/-60 º

	Base station vertical coverage range 
	90-100 º
	90-100 º
	90-100 º

	Mechanical down-tilt
	3 º
	6 º
	6 º



In Table 4 relevant parameters for base stations using sub-array antenna configurations is summarized for urban macro and dense urban deployment scenarios.

  Table 4 Additional parameter sets relevant for FR2
	Parameter
	24250 to 52600 MHz

	
	Urban macro
	Dense urban

	Element gain
	5.5 dBi
	5.5 dBi

	Horizontal/vertical 3 dB beam width of single element
	90 º for H
90 º for V
	90 º for H
90 º for V

	Horizontal/vertical front to back ratio
	30 dB for both H/V
	30 dB for both H/V

	Antenna polarization
	Linear H/V
	Linear H/V

	Antenna sub-array configuration (Row × Column)
	8 x 24
	4 x 24

	Horizontal/Vertical radiating sub-array spacing
	0.5l for H, 1.2l for V 
	0.5l for H, 1.2l for V

	Number of element rows in sub-array
	2
	2

	Vertical element separation in sub-array (dv,sub)
	0.6l
	0.6l

	Pre-set sub-array down-tilt
	0 º
	0 º

	Array Ohmic loss
	2 dB
	2 dB

	Conducted power (before Ohmic loss) per sub-array
	13 dBm 
	13 dBm 

	Base station horizontal coverage range 
	+/-60 º
	+/-60 º

	Base station vertical coverage range 
	90-105 º
	90-105 º

	Mechanical down-tilt
	15 º
	10 º



Based on parameters in Table 4 general power characteristics such as total conducted power feed to the transmitter array antenna, Total Radiated Power (TRP) and peak Equivalent Isotropic Radiated Power (EIRP) can be calculated as:
		 
		 
		 
, where Ptx is the conducted power per sub-array, N is the number of columns, M is the number of sub-array rows, P is the number of polarizations (for all parameter sets equal to 2), LE is the array loss, GE is the element gain and Msub is the number of elements in vertical sub-array. 
The vertical sub-array structure is a key to achieve large isolation between transmitter and receiver when antennas are separated in the vertical domain. The sub-array inherently provides better isolation since the element beam width is narrower than a single element. 
Proposal 11:
It is proposed to adopt the antenna parameters in this document for far field antenna pattern modelling during the SBFD studies.









Conclusion
[bookmark: _In-sequence_SDU_delivery]In this paper, a more detailed discussion around antennas, transmitter, receiver aspects for SBFD studies considering self-interference and co-channel CLI was presented. The need for detailed models of transmitter impairments and receiver imperfections was described. In addition, different techniques to enhance the isolation between TX and RX was discussed and initial simulated and measured results were presented. For different cases, it was shown that detailed and realistic modelling of antennas, transmitter and receiver impairment is necessary as well as the need to consider the beam forming impact on achievable isolation.
For sectorized site, the isolation aspects were studied and the need to consider such modelling including the impact of beamforming was presented.
Following observations and proposals was made:
Observation 1:
It is not necessary to perform link level simulations using separate models for DPD and PA.
Proposal 1:
Adopt a net effect model that captures the essential behaviours of a realistic DPD and PA combination with compliance to the base station ACLR requirements. 
Proposal 2:
Adopt a simple crest factor processing model, e.g., hard clipping + bandpass filtering, that captures the essential behaviours of a BS design to increase transmit power. This requires input from RAN4.
Observation 2:
There are several receiver imperfections which in combination with high power level in DL sub-band can highly affect the SBFD receiver.
Proposal 3:
Receiver impairments should be modelled and considered for SBFD link level and self-interference studies.
Proposal 4: 
3GPP existing BS receiver requirements should be used as base-line and if needed extrapolated to derive models for link level and self-interference and feasibility studies. 
Proposal 5:
The 6 dB sensitivity degradation of existing BS receiver requirements is too high considering UL coverage enhancement as one key benefit of SBFD. The analysis should consider 0.1 dB and 1 dB degradation instead.
Proposal 6:
The BS receiver non-linearities and selectivity that can reasonably be achieved should be modelled and investigated when evaluating SBFD and its feasibility.
Proposal 7:
The receiver reciprocal mixing of phase noise should be modelled and investigated when evaluating SBFD and its feasibility.
Observation 3: Simple physical separation cannot provide enough isolations between RX and TX with reasonable separation distances. A maximum isolation of ~40 dB seems possible with reasonable separation of ~4 λ. 
Observation 4: EBG structure in combination with physical separation provides 60-65 dB of isolations but over limited bandwidth.
Observation 5: 
Dielectric absorber slabs in combination with physical separation provide isolation around 65 dB but is not a recommended solution for SBFD antennas due to passive intermodulation (PIM) and environmental variation aspects.
Observation 6: 
Choke structure in combination with physical separation provide isolation around 60-70 dB but is bandwidth limited.
Observation 7: 
Combination of different structures can provide reasonable isolation of 65 dB over large enough bandwidth.
Observation 8: 
SBFD antenna performance highly depends on polarization and desired bandwidth and complexity of combined structures. In addition, the achievable isolation can degrade up to 10-15 dB depending on the beam forming over steering range of the antennas. 
Proposal 8:
For link level assessment of SBFD, proper modelling of advanced antennas as well as modelling of beamforming impact on isolation should be considered.
Observation 9: 
SBFD inter-gNB antenna isolation performance highly depends site installation and achievable isolation can vary significantly depending on the beam forming over steering range of the antennas. 
Proposal 9:
For link level and system level assessment of SBFD for both co-channel and adjacent channel CLI, proper modelling of inter-gNB isolation as well as modelling of beamforming impact on isolation should be considered.
Observation 10: 
Measurements of physical passive antennas for different set ups indicate isolation level of 40-50 dB for co-located antennas. 
Proposal 11:
It is proposed to adopt the antenna parameters in this document for far field antenna pattern modelling during the SBFD studies.
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[bookmark: _Toc108516381]Annex A
[bookmark: _Toc108516382]A.1 GMP coefficients for ~2 GHz GaAs PA at 491.52 MHz sampling rate
 with rows  and columns :
  Columns 1 through 3

    -0.018625 +   0.010388i     0.023333 -  0.0087798i      0.98622 -    0.18951i
     0.054357 -   0.088831i    -0.090219 +    0.27003i       1.4755 +    0.65625i
     -0.12455 -   0.017389i     -0.21213 -    0.15655i      -17.835 -    0.36305i
      0.21638 +    0.66855i       2.8252 -     0.2232i        104.9 -     28.214i
     -0.50435 -     2.3545i      -10.033 +     1.1268i      -358.38 +     172.31i
      0.62463 +     4.0633i       18.287 -     2.2362i       700.58 -     426.41i
     -0.41658 -     3.3421i      -16.322 +     1.9937i      -722.13 +     479.27i
      0.12892 +     1.0357i         5.62 -    0.64864i       299.41 -     200.73i

  Columns 4 through 5

    -0.038271 +   0.057208i      0.05687 -   0.047196i
     -0.06683 -    0.23028i    -0.087356 +      0.217i
       2.6685 -     1.8173i    -0.055794 -     0.7882i
      -18.377 +     11.387i       1.1306 +     3.5817i
        52.78 -     30.504i      -2.6675 -     11.211i
      -79.138 +     43.326i       2.8947 +     19.236i
       60.339 -     31.287i      -1.5249 -     16.556i
      -18.351 +     8.9437i      0.30771 +     5.5925i 

 with rows  and columns 
     0.023333 -  0.0087798i    -0.038271 +   0.057208i
     -0.60131 +    0.97361i     -0.19392 +    0.52764i
       8.3245 -     10.179i      0.18517 -     3.2744i
        -66.4 +     51.766i       2.1001 +     27.044i
       283.41 -     146.66i       2.6785 -     124.41i
      -622.14 +     241.98i       -40.94 +     281.93i
       665.85 -     217.24i       85.013 -     304.59i
      -273.99 +     80.807i      -52.474 +     125.19i 

A.2 GMP coefficients for DPD
 with rows  and columns :
      Columns 1 through 3

     0.022471 -  0.0078921i    -0.043712 -   0.016952i      0.98993 +     0.2369i
     -0.11504 +   0.094754i      0.30463 -    0.27514i     -0.41542 -      2.164i
      0.61892 -    0.20048i       -2.526 +    0.77428i       6.3179 +     15.297i
      -2.1807 +    0.41401i       17.271 -     3.5562i      -20.414 -     64.192i
       2.4173 -    0.26032i      -72.797 +     12.622i      -13.665 +     157.79i
       8.1116 -     2.0655i       171.24 -     25.741i       171.94 -     249.03i
      -23.955 +     7.1712i      -209.54 +     24.822i      -286.08 +     262.85i
         17.8 -      6.778i       103.15 -     7.9965i       151.32 -     140.44i

  Columns 4 through 5

     0.089525 -    0.13533i    -0.058866 +   0.041949i
     -0.18446 +    0.36701i      0.21464 -    0.21315i
     -0.55708 -    0.73642i      -1.2971 +     1.2718i
        8.508 +     6.3938i       7.4914 -     8.3733i
       -19.38 -     41.588i      -32.321 +     32.588i
       1.9616 +     124.32i       81.761 -     67.305i
       42.859 -     170.52i       -106.2 +     68.492i
      -38.085 +     87.918i       54.323 -     26.754i 

A.3 GMP coefficients for net effect of DPD and PA
 with rows  and columns :
  Columns 1 through 3

   -0.0014656 -  0.0023163i    0.0012144 +  0.0096127i       1.0151 -   0.021398i
     0.016921 +    0.02074i    -0.033944 -   0.060851i     -0.13734 +   0.092064i
     -0.19421 -   0.090327i      0.70051 +    0.46802i     0.053178 +     1.0772i
       1.2719 -    0.37999i      -7.2355 -    0.68417i       7.9188 -     22.487i
      -3.6967 +     4.8521i       37.145 -     5.8753i      -66.051 +     153.74i
       3.9652 -      16.55i      -99.665 +     25.306i        250.5 -     481.88i
       1.2339 +     23.785i       134.36 -      36.61i      -450.95 +     708.65i
      -4.4834 -     12.473i      -70.523 +     18.559i        304.9 -      395.4i

  Columns 4 through 5

    -0.015418 +   0.010133i    0.0069273 -  0.0004492i
      0.15998 +  0.0074072i    -0.060129 -   0.060582i
      -1.4886 +     0.3234i      0.52252 +    0.51057i
       11.254 -     7.8223i      -2.8348 -      1.121i
      -62.593 +     48.408i       8.8972 -     1.7227i
       198.44 -     135.61i      -15.718 +     9.5199i
      -314.86 +     177.91i       13.792 -     9.4002i
       189.75 -     88.448i      -4.3876 +    0.17987i 
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