Page 4
Draft prETS 300 ???: Month YYYY
3GPP TSG-RAN WG1 Meeting #110bis-e	R1-2209729
e-Meeting, October 10th -19th, 2022

Agenda Item:	9.3.2
Source:	Samsung
Title:	SBFD feasibility and design considerations for NR duplex evolution
Document for:	Discussion
Introduction
The SID for NR duplex evolution aims to identify solutions and evaluate their feasibility to provide enhanced UL coverage, reduced latency, improved system capacity, and improved configuration flexibility for NR TDD operation in unpaired spectrum [1].
In the Rel-18 study item, it is assumed that the duplex enhancements are deployed at the gNB side and that the TDD UE operates in half-duplex. Subband full-duplex (SBFD) operation in a time-domain resource is limited to FDM, e.g., using non-overlapping subband allocations for simultaneous DL transmissions to UEs and for UL receptions from UEs respectively. Note that in the remainder of this contribution we will simply refer to SBFD for subband full-duplex operation using non-overlapping subband allocations, e.g., as assumed by the Rel-18 SID.
In this contribution, in Section 2 we first present Samsung FR1 and FR2-1 testbed results to demonstrate that SBFD operation is feasible and viable for commercial NR network implementations. Section 2 also discusses aspects related to gNB power consumption during SBFD operation.
In Section 3 we discuss backwards compatibility and benefits of using gNB-side SBFD when legacy UEs are present in the NR TDD cell, e.g., SBFD transparent mode. In Section 4, we discuss practical SBFD design requirements including scheduling aspects when introducing simultaneous transmission and reception capability at the gNB for the NR TDD bands. In Section 5, we consider several UE-side enhancements to provide support to gNB-side SBFD operation in later NR releases.

SBFD feasibility and implementation aspects
When SBFD is implemented at the gNB, the received UL signal at the gNB is subject to co-channel cross-link interference (CLI) from the gNB side transmitter. Methods to cancel the CLI include passive methods which rely on the antenna isolation between Tx and Rx antennas, active methods which utilize RF or digital signal processing, hybrid methods using a combination of these, and filtering.
Achieving a sufficient level of SIC is the most critical part when implementing SBFD at the gNB. Without adequate SIC capability, the interference from the transmitted DL signal would corrupt the received UL signal (Figure 1(a)). To solve this problem, various SIC schemes can be used. Using the example of Figure 1(b), SIC capability can be provided through the antenna or panel design (A), can be applied in RF domain to the RF signal (B) or in digital signal domain (C), or a combination of these.
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Figure 1: gNB transceiver architecture with self-interference cancellation capability

For example, antenna SIC can be used to minimize the leakage power from the Tx ports to the Rx ports of the panel, and digital SIC is then used to handle any residual interference after antenna SIC. DL out-band signal power flowing into the UL Rx path can be effectively suppressed below the noise floor level to guarantee the UL receiver performance. Also, by combining digital pre-distortion (DPD) at the Tx path and digital SIC at the Rx path, the out-band interference from the DL signal to the UL signal can be effectively mitigated by the gNB such that the need for a guard band between the UL and DL signals is minimized. In FR2, the use of separate antenna panels can provide additional spatial isolation.
To check and demonstrate the feasibility and viability of SBFD, Samsung has developed and tested two different testbeds, one operating at FR1 3.5 GHz and one for FR2-1 26 GHz. These validate the feasibility of SBFD operation when implemented at the gNB-side.

Self-interference Cancellation
Spatial-domain and antenna isolation
To simultaneously transmit and receive in the TDD gNB radio unit using SBFD, sufficient Tx/Rx isolation is required. NR TDD radio units use duplexers and multiplexers for the antenna panels which are shared for Tx-mode and Rx-mode in TDM. Such existing RF components alone do not provide sufficient isolation when introducing SBFD in the TDD gNB radio unit.
One solution to increase the Tx/Rx isolation during simultaneous transmission and reception by the gNB is to physically separate the Rx panel and the Tx panel, e.g., separation in antenna domain. Tx/Rx isolation can be increased first simply by increasing the spatial distance. Tx/Rx isolation performance can be further increased when an additional RF barrier structure is used. Using the RF barrier between the Tx and Rx panels affects the required spatial distance separating the Tx and Rx panels. A well-designed RF barrier can minimize the need for large spatial separation and mostly preserve the existing antenna form factor and enclosed volume when compared to legacy TDD. To design an efficient RF barrier, various electromagnetic resonator structures can be incorporated into the antenna design, e.g., wall(s), gap(s), or a combination of them. These result in surface wave nulling and can further block the undesired leakage signals from the Tx panel to the Rx panel.
Figure 2 shows measurement results with respect to the distance between upper and lower antenna panels in our FR1 3.5 GHz SBFD testbed.
While it can be expected that spatial isolation numbers vary depending on the form and particular layout configuration of antenna elements in the upper and lower panels, we have shown that >80 dB antenna isolation is possible between the Tx and Rx panels in FR1.
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Figure 2: FR1 testbed and SIC performance when varying distance between upper and lower panel

We observe similar and even better antenna isolation performance with the FR2-1 26 GHz testbed where panel separation can be exploited.
Figure 3 shows the FR2-1 testbed using 2 Tx panels and 2 Rx panels. Unlike the FR1 3.5 GHz testbed where SBFD performance is verified for a single NR carrier setup, the FR2-1 gNB-side testbed uses intra-band contiguous CA with 4 (or 3 CCs). Total aggregated BW is 400 (or 300) MHz with 100 MHz per CC. 3 (or 2) CCs are used for the DL and 1 CC for the UL.
Like described in the case of the FR1 3.5 GHz testbed, the Tx panel and the Rx panel in the FR2-1 26 GHz testbed are separated by a separation distance. Additional Tx/Rx isolation performance is then enabled by using an RF barrier, e.g., an additional EM resonant between the panels. In the case of FR2-1 26 GHz, since each panel can perform more directive beamforming in analog domain than possible in FR1 using mMIMO panels, the FR2-1 antenna isolation performance is better than what is achievable in FR1. An average of 87 dB antenna isolation can be observed based on the measurement results obtained from our FR2-1 testbed.
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Figure 3: FR2-1 testbed and SIC performance when varying the operating frequency

An important design consideration for increased spatial isolation provided by the RF barrier is whether such stopband performance is stable over a wide enough frequency range. EM isolators and resonant structures are designed around a specific center frequency, e.g., 3.5 GHz. Therefore, design of the resonant structure must account properly for the channel BW and NR operating band under consideration to provide a sufficiently large stopband between Tx and Rx panel. Another consideration is that undesired Tx/Rx interference is created by multiple EM sources, e.g., antenna elements in the Tx panel. Therefore, diffusion of the corresponding surface waves is more challenging when isolating the Tx and Rx panel. Despite these challenges, our FR1 3.5 GHz and FR2-1 26 GHz testbeds have achieved isolation performance that show almost uniform antenna and panel isolation performance with respect to frequency for the 100 MHz channel BW of the NR carrier in 3.5 GHz and 100 MHz CC BW in 26 GHz. Figure 3 shows measurement results from the FR2-1 testbed with respect to achievable antenna isolation as a function of the operating frequency.

Observation 1: 80 dB in FR1 and 87 dB in FR2-1 antenna isolation using spatial separation and RF barrier can be achieved
Observation 2: Stopgap performance of the RF barrier for FR1 100 MHz and FR2-1 100 MHz channel BW is feasible

Frequency-domain and digital cancellation
On top of the spatial isolation to prevent undesired Tx-Rx interference from the Tx panel to the Rx panel during simultaneous transmission and reception by the gNB radio unit, additional Tx/Rx isolation can be achieved in frequency-domain.
The Tx signal and the Rx signal are respectively allocated to non-overlapping frequency-domain resources on the same time-domain symbol during simultaneous transmission and reception, e.g., SBFD. At least the waveform roll-off therefore reduces the magnitude of the Tx-Rx interference to which the Rx signal is subjected. Additionally, BB filtering can be applied to further increase the achievable isolation.
The use of frequency-domain isolation between the Tx and Rx signal allocations is primarily an approach that serves the purpose of reducing the amount of self-interference which must be further cancelled by a digital cancellation stage. Note that TDD gNB radio unit design must also account for ADC and LNA in the receiver path, e.g., to prevent Rx saturation or blocking by the spectral leakage created from the undesired Tx signal.
In the case of gNB-side SBFD operation, the SBFD UL subband can be considered as out-of-channel with respect to the 1 or 2 SBFD DL subband(s). Undesired spectral leakage from the DL Tx signal in the gNB into the Rx path are reduced similar to the case of out-of-channel leakage, e.g., comparable to the gNB Tx-side Adjacent Channel Leakage Ratio (ACLR) for coexistence between two operators on adjacent channels in the same NR band. Note that ACLR is determined by the non-linear characteristics of the PA and corresponding RF requirements are set by RAN4, e.g., 45 dBc for the gNB Tx.
While it can be considered to assume that the achievable Tx-to-Rx interference from the SBFD DL subband to the UL subband can only guarantee performance according to the less stringent in-channel RF requirements, our FR1 3.5 GHz testbed implementation shows that the use of digital pre-distortion (DPD) techniques to improve upon the non-linearity characteristics of the PA can achieve 45 dBc isolation between the SBFD DL and UL subbands.
Figure 4 shows the achievable isolation in frequency domain for FR1 SFBD when Tx-to-Rx leakage is also compensated for by DPD based on the FR1 3.5 GHz testbed.

Observation 3: 45 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources with digital pre-distortion can be achieved in FR1
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Figure 4: FR1 testbed and PSD for SBFD DL and UL SBs after antenna isolation and digital pre-distortion

In the case of FR2-1, frequency-domain isolation for SBFD is of particular importance. Non-linear characteristics of mmWave PAs are worse than those of FR1 mid-band PAs. 3GPP ACLR requirements are more relaxed in FR2-1 when compared to FR1. This is due to beamforming providing isolation in FR2-1, implying that the probability of a blocker coming from the same direction is much lower than in FR1. Another consideration is that in FR1, the difference between the out-of-channel requirements like the ACLR and in-channel requirements like EVM is large. The PA linearity requirement is therefore dominated by out-of-channel requirements, e.g., ACLR. In FR2-1, these are at comparable levels. Spectral regrowth due to IM3 is dominant for in-channel requirements and as such, PA linearity requirements are rather driven by EVM and possibly in-band emissions. Another design challenge for DPD in FR2-1 is that PA characteristics must be carried through a feedback link from the output of the PA. In the case of mmWave, it is more difficult than in FR1 to create such a feedback link due to signal attenuation. Therefore, it is significantly more challenging to exploit DPD in FR2-1 such as done for FR1.
Despite these design challenges for gNB-side SBFD operation, our FR2-1 26 GHz testbed measurement results in Figure 5 show that 28 dBc leakage ratio between DL and UL subband (or component carriers) are still possible, e.g., similar to ACLR as existing out-of-channel requirement for FR2-1.

Observation 4: 28 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources can be achieved in FR2-1
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Figure 5: FR2-1 testbed and PSD for SBFD DL and UL subbands after antenna isolation and filtering


Additional design aspects
Frequency-domain separation to achieve a 45 dBc leakage ratio in FR1 benefits from the presence of a few RBs guard-band, e.g., 5 RBs, between the SBFD DL and UL subband. Since DPD is affected not only by the non-linear PA characteristics but also by noise caused from memory effects and PA temperature, absence of guard RBs is not meaningful to assume. In addition, presence of a few guard RBs between the DL and UL subband helps to balance the interference power per subcarrier in the UL subband which helps digital SIC performance.
Time-domain digital SIC can be used to further reduce the number of guard RBs. For example, if there is sufficient spatial isolation such that no ADC or LNA saturation in the Rx path occurs, the residual amount of interference power per subcarrier does not impact the digital SIC performance with time-domain SIC. Instead of using the frequency-domain digital SIC after FFT, time-domain filter taps which adapt according to the self-interference channel estimation can be applied to the Tx signal and remove the estimated leakage signal from the time-domain received signal. Using time-domain SIC, the guard-band size does not impact the digital SIC performance. The guard band can be smaller or the gNB radio unit can even operate without any guard band between the SBFD DL and UL subband.
Figures 6 (FR1) and 7 (FR2-1) show the achievable performance using time-domain SIC in our FR1 3.5 GHz and FR2-1 26 GHz testbeds respectively. Note that no guard band between the SBFD DL subband and UL subband was used.

Observation 5: Both in FR1 and FR2-1, SBFD can operate with only a few guard RBs between DL and UL subband when sufficient spatial isolation is guaranteed

Another consideration is that the desired received signal is mixed with the undesired DL leakage signal in the Rx path of the gNB radio, e.g., after ADC. The unwanted DL leakage signal must be removed by receiver processing using digital SIC. It is necessary to estimate the interference channel between the Tx panel and the Rx panel. Digital SIC performance is helped when synchronization to accurately remove the Tx signal from the Rx signal can be obtained. In principle, two methods exist to estimate the interference channel. One approach is to store information on a Tx signal that has passed through the PA with a feedback link and then estimate the interference channel over-the-air to remove the interference from the Rx signal. Another approach is to use only over-the-air estimation. Without a feedback link, the whole combined channel can still be estimated through the Rx panel. We used the first approach in the FR1 3.5 GHz testbed and the second approach in the FR2-1 26 GHz testbed.
As we observed, both approaches can effectively estimate the interference channels and eliminate undesired Tx-to-Rx interference. Based on the measurement results in the testbeds, multiple interference channels can be removed simultaneously. No more than 0.9 dB noise rise (INR) was measured in our FR1 testbed. In the case of FR2-1, noise rise performance of 0.7 dB for 1T1R and 1 dB for 2T2R configurations were measured as shown in Figures 6 and 7.

Observation 6: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.9dB for SFBD in FR1
Observation 7: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.7 dB with 1T1R and 1 dB with 2T2R panel configurations for SBFD in FR2-1
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Figure 6: FR1 testbed and Rx signal after digital SIC for INR < 0.9 dB
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Figure 7: FR2-1 testbed and Rx signal after digital SIC for 1T1R (left) and 2T2R (right)

To prevent ADC saturation in the Rx path of the gNB radio unit supporting SBFD, Rx filtering can be used to suppress the leakage from the Tx side interfering signal. Additional Rx filters can provide protection to avoid potential dynamic range and saturation issues for ADC or LNA when demodulating the UL subband in the Rx path of the gNB. Note that for RF filters with sharp roll-off’s, the order of the filter must increase, and so must then the size of the filter. Additional insertion losses are incurred which negatively affect the link budget. In our view, we consider such RF filter not practical for SBFD antenna implementation. Instead, analog filters such as IF and BB filters can be employed. For example, when the receiver is designed to use zero IF architecture, the receiver can use the lowpass filter to further remove the leakage signal after applying the mixer. By combining multiple LNAs, filter loss can be compensated more easily.

Observation 8: Additional Rx filtering in IF or BB can be applied for FR1 and FR2-1 receivers to increase robustness of the gNB Rx path with respect to ADC and LNA dynamic range without incurring undue insertion losses

FR1 and FR2-1 testbed performance
We show end-to-end performance results for SBFD based on our FR1 and FR2-1 testbeds in Table 1 and Table 2. Note that FR2-1 results were obtained using an outdoor test environment.
In the case of SBFD in FR1 n78, performance is compared for 1-slot PUSCH transmission without DL interference for the legacy TDD case and 5-slots repeated PUSCH transmissions with DL interference for the first 4 slots (Table 1). For PUSCH transmission, MCS index 4 is selected and PUSCH transmitted over a 20 MHz UL subband placed in the center of the 100 MHz channel BW. When all repeated PUSCH transmissions are combined by the gNB receiver, an SNR gain of 6.1 dB is observed. Note that the FR1 testbed used the fully implemented SIC capability.
In the case of SBFD in FR2-1, we tested throughput performance over 4x100 MHz carriers. 1 CC among 4 CCs is used for the SBFD UL transmissions from the UE. PUSCH uses MCS index 24. For the legacy TDD case, only one FR2-1 CC is used for the PUSCH transmission without DL self-interference. Despite DL leakage somewhat degrading the UL receiver performance, we observe that SBFD using SIC allows for 4.13x throughput gain compared to legacy TDD in our FR2-1 testbed.

Table 1: FR1 testbed subband configuration for PUSCH and SNR performance
	Uplink throughput
	TDD
	SBFD

	SBFD
Subband setting
	DDDDU (100 MHz)
	DDDD-- (40 MHz)
UUUUU (20 MHz)
DDDD-- (40 MHz)

	SNR gain using repetitions
	0 dB
	6.1 dB



Table 2: FR2-1 testbed CC configuration for PUSCH and throughput performance
	Uplink throughput
	TDD
	SBFD

	SBFD
carrier setting
	DDDD-- (4th CC, 100MHz)
DDDDU (3rd CC, 100MHz)
DDDD-- (2nd CC, 100MHz)
DDDD-- (1st CC, 100MHz)
	DDDD-- (4th CC)
UUUUU (3rd CC)
DDDD-- (2nd CC)
DDDD-- (1st CC)

	Throughput gain with new transmission
	75 Mbps (1x)
	310 M bps (4.13x)



gNB power consumption
When evaluating the feasibility and performance of SBFD schemes for Local Area (LA), Medium Range (MR) and Wide Area (WA) base station classes in the Rel-18 SID NR duplex evolution, gNB power consumption must be considered as part of the feasibility analysis.
The SBFD implementation approach selected by a network vendor may affect the observed gNB power consumption profile during sustained system operation in a variety of ways, e.g., RFFE components, gNB scheduling, and site deployment aspects.
The direct Tx-Rx self-leakage link budgets for LA, MR and WA BS classes should be considered first when analyzing the need for higher linearity Tx RFFE or more RF components in the gNB implementation. In the case of the LA BS class, FR1 antenna isolation of 75 – 80 dB or more avoids Rx desensitization. There is little need for additional SI mitigation measures. The MR BS class somewhat more benefits from increased Tx linearity but relying on Tx-side analog/digital DPD or Rx-side digital SIC are meaningful design alternatives while preserving existing gNB implementations. In both cases, we do not expect significantly impacted gNB power consumption incurred by the RFFE components. WA BS classes are more challenging not only because of the larger Tx-Rx self-leakage budget, but also due to the very high Tx power regime of the PAs. In the Rx path, analog filtering may be required.
We would like to point out however, that even for the WA BS class, expected hardware and power consumption impacts when implementing SBFD are highly dependent on the vendor baseline. For example, the complexity of the analog/digital DPD component does not necessarily scale linearly with the number of Tx and Rx ports, respectively, depending on the selected SBFD implementation. Pre-distortion to increase the linearity in the self-interference channel(s) can be implemented with respect to the Rx ports only to reduce complexity. Power consumption then scales accordingly. Similar considerations apply to the eventual need of higher linearity or high-power filtering components. If the existing baseline implementation uses a PA supporting ACLR = -45 dBc for the 100 MHz channel bandwidth to meet out-of-band requirements, and the vendor design already maintains the -45 dBc leakage power ratio even for the in-band case, then no additional components and no corresponding power consumption increase for PA and pre-distortion components is incurred.
When the base station implementation supports SBFD operation, the impact of gNB scheduling must be considered. SBFD in a slot uses a smaller DL transmission BW, e.g., 2x40 or 80 MHz than the TDD channel BW, e.g., 100 MHz in a DL-only slot. The Tx PA efficiency is increased with SBFD when compared to TDD due to less DC bias which in turn increases the linearity of Tx PA. The need to run pre-distortion and digital SIC components in the base station also depends on the DL-UL co-scheduling allocations. gNB power consumption is increased in slots with simultaneous DL and UL transmissions. SBFD DL slots scheduled for UL-only allocations may see decreased gNB power consumption.
Site deployment aspects such as the selected antenna and panel architecture when SBFD is deployed affect the gNB power consumption primarily through the number of TRXs. However, the use of antenna option 1 where half of the antenna panel is used for Tx when compared to the TDD baseline would result in less power consumption with SBFD. The use of antenna option 2 and 3 would result in a higher power consumption, but this increase can be considered equivalent to the deployment of a second antenna panel in the TDD baseline case.
In summary, gNB power consumption should be considered as part of the SBFD feasibility analysis required by the Rel-18 SID. When SBFD is implemented, the gNB power consumption profile can be affected by several contributing factors, e.g., gNB RFFE components, gNB scheduling, and site deployment aspects. Based on our results presented in this section for the FR1 and FR2-1 testbeds, we consider that gNB power consumption and complexity when implementing SBFD is very manageable. We also note that some of these such as the potential need for more high-linearity RFFE components highly depend on the existing vendor baseline and their selected SBFD implementation approach.

Observation 9: gNB power consumption aspects are considered in the SBFD feasibility analysis

SBFD and legacy UEs
When SBFD operation is supported by the gNB, backwards compatibility for legacy UEs must be assured. UE backwards compatibility must be considered from the perspective of both functional and operational backwards compatibility.
Functional backwards compatibility implies that legacy Rel-15 to Rel-17 UEs can still connect to and establish service in the NR TDD cell. Transmission and reception of data and RRC/NAS signaling should still be possible without undue performance impact. In addition, legacy UEs can potentially benefit from the availability of SBFD in an NR TDD cell, e.g., when DFFFU is configured in the cell. Operational backwards compatibility means that legacy UEs should still be able to use existing deployed NR network features such as CA/DC when SBFD operation is introduced in a serving cell.
Legacy UEs in SA mode when operating on a TDD cell with SBFD at the gNB can access the TDD cell as their serving cell. These UEs must be able to acquire the TDD cell with SBFD during initial cell-selection, complete initial network access in the TDD cell with SBFD and later perform cell re-selection in RRC_IDLE or RRC_INACTIVE when camped on the TDD cell.
Using n78, channel BW = 100 MHz, SCS = 30kHz and DXXSU as example where gNB-side SBFD operation is enabled in the 2nd and 3rd slot (Figure 8), the gNB can configure SIB1 for the legacy UEs with tdd-UL-DL-ConfigCommon as {dl-UL-TransmissionPeriodicity, nrofDownlinkSlots, nrofDownlinkSymbols, nrofUplinkSlots, nrofUplinkSymbols} = {P = 2.5ms, 3 DL slots, 12 DL sym, 0 UL sym, 1 UL slot}, or DDDSU. Legacy NR UEs then consider only the last 2 symbols in slot #3 as flexible symbols. This disables the possibility to schedule any UL transmissions for legacy UEs using the SBFD UL subband when SBFD operation is supported in slots #1 and #2.
When SIB1 tdd-UL-DL-ConfigCommon for the legacy UEs is configured with {dl-UL-TransmissionPeriodicity, nrofDownlinkSlots, nrofDownlinkSymbols, nrofUplinkSlots, nrofUplinkSymbols} = {P = 2.5ms, 1 DL slot, 0 DL sym, 0 UL sym, 1 UL slot}, or DFFFU, the gNB can in principle schedule UL transmissions to legacy UEs using the SBFD UL subband in flexible symbols of slots #1 and #2 as shown in Figure 8. The UL BWPs of the legacy UEs must be configured inside the BS channel BW such that they contain the SBFD UL subband.
Note that we assume here that no UE-dedicated, e.g., no UE-specific RRC UL-DL frame configuration is provided to the UEs by RRC. Similarly, SFI, e.g., DCI format 2_0 is not assumed as configured. This corresponds to typical NR TDD operation where FG 5-1 support is mandatory for the UE, but FG 5-1a (UE-specific RRC UL-DL frame configuration) and FG 3-6 (SFI) are optional UE features (and not usually implemented).
Unfortunately, as was observed by several companies in RAN1#109-e, different R15 UE modem chipsets implement inconsistent behavior when following gNB scheduling assignments for the semi-static symbols/slots configured as F. It is therefore not a safe assumption to make that SBFD using transparent mode can always be used for scheduling legacy UEs.
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Figure 8: SBFD operation for legacy UEs without specification impact, e.g., transparent mode

When DFFFU is configured and if the legacy UE scheduling behavior for the F slots is implemented as required by core specifications, the gNB would schedule UL transmissions to legacy UEs using the SBFD UL subband of slots #1 and #2, e.g., using UL resource allocation type 1. Limitations would exist with respect to CSI-RS resource configurations when configured in these slots. UL scheduling by the gNB cancels UE reception for such RRC configured DL signals. Similar considerations apply to RRC configured UL signals/channels. Reception of a scheduling DCI by the UE will cancel the configured UL transmission and the UE transmits or receives the scheduled signal/channel. The Rel-15 UE can be configured with multiple open loop power-control parameter sets when scheduled for UL transmissions in SBFD slots and the normal UL slot(s).
In summary, the use of the DFFFU UL-DL frame configuration would result in “transparent mode” SBFD operation, e.g., based on existing specifications and legacy UE behavior, but cannot be assumed to be consistently supported by all UE modem implementations.

Observation 10: Backwards-compatibility for legacy UEs when SBFD is configured in the TDD cell can be achieved by using DDDSU in SIB1 tdd-UL-DL-ConfigCommon
Observation 11: It cannot be assumed that SBFD using transparent mode when configuring DFFFU in SIB1 tdd-UL-DL-ConfigCommon is supported by all legacy UE implementations

When SBFD is supported in a TDD serving cell of an NR band, legacy NR UEs can use intra-band CA, inter-band CA, FR1-FR2 CA, EN-DC or NR-DC. The TDD cell with SBFD must be able to operate as PCell, SCell or SpCell for the legacy UEs.
Using the example of FR1-FR1 inter-band CA, it can be expected that the mid-band TDD cell with SBFD will often be configured as SCell (Figure 9). Relevant deployment cases are n3 + n78 or n41+ n78. The n78 (3.5 GHz) TDD cell with SBFD can use up to 100 MHz channel BW. The n3 (1.7 GHz) FDD carrier or the n41 (2.5 GHz) TDD carrier provide the coverage layer and are configured as PCell for the legacy UEs. Note that simultaneous Tx/Rx capability is mandated for the UE for n3 + n78, but not for n41 + n78. In this case, the PCell is in a different band and the TDD SCell with SBFD will then carry DL data. The TDD SCell with SBFD will then mostly be used for DL data, so the SCell UL does not benefit from the availability of SBFD.
[bookmark: _GoBack]Using the example of FR1-FR2 CA, it is possible that the mid-band TDD cell with SBFD is configured as PCell. One relevant case is n78 + n257. For example, the n257 (28 GHz) TDD cell is then configured with 200 MHz and 120 kHz. Note that simultaneous Tx/Rx capability is mandatory for the UE for this combination (like for any FR1-FR2 combination). The FR1 TDD PCell with SBFD carries DL & UL control (L1, RRC, NAS) for both CCs. The FR1 TDD PCell with SBFD may carry both DL and UL data, so improved UL performance in the PCell with SBFD is beneficial.
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Figure 9: SBFD on SCell for FR1 inter-band CA (n41 + n78)

Examples for EN-DC or NR-DC are inter-band EN-DC within FR1, e.g., DC_1A_n78A or FR1-FR2 inter-band DC_n78A-n257A using 2 bands. Note that UL data is then present in both cases on the n78 TDD cell with SBFD, so any benefits (or penalties incurred) from introduction of SBFD apply.
Deployment of SBFD in a network region of an NR band by the operator should not prevent the operator from continuing to serve the legacy UEs in that band to avoid the need for segregation of the legacy and later release UEs through frequency layers in the deployment. Therefore, it is necessary to consider the use and impact of the SBFD UL subband when the TDD cell with SBFD is configured as PCell, SCell or SpCell using CA or DC. From the point-of-view of functional backwards-compatibility for the legacy UEs, it is also necessary to continue to support the case that the TDD cell with SBFD in band is configured as PCell, SCell or SpCell. In terms of operational backwards-compatibility, it is important to continue to support the case that the later release UEs providing improved support for SBFD at the gNB can still use CA or DC “as is” without changes to the operator’s deployment grid.

Proposal 1: RAN1 should evaluate the potential impacts from SBFD when a TDD serving cell using SBFD is configured as PCell, SCell or SpCell for a legacy UE

SBFD design principles
Using a single NR RF carrier, SBFD implements full-duplex transmission at the gNB in the BS channel bandwidth. In a slot where SBFD is supported and enabled, the gNB can schedule DL and UL resources to UEs using non-overlapping frequency-domain resources. The TDD UEs operate in half-duplex. When a UE is scheduled for DL reception in a slot, no simultaneous UL transmission from the same UE can occur using the same time-domain resources. The gNB must account for Rx-Tx and Tx-Rx switching times of the UE when scheduling DL and UL for the UE in different slots. UL transmission from a UE in a slot with SBFD occurs in the SBFD UL subband. DL transmissions to UEs in a slot occur in the SBFD DL subbands at the higher and lower range of the BS channel BW (Figure 10).
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Figure 10: SBFD principles

In frequency-domain, it can be expected that the SBFD UL subband is often placed at the center of the BS channel BW which provides most frequency separation and isolation towards the adjacent channels in band segments owned by other TDD operator(s). In cases where an operator holds a band segment at the edge of the NR band, placing the SBFD UL subband at the edge of the BS channel BW is an alternative. There will then be only 1 DL subband. The size of the SBFD UL subband cannot be assumed fixed. At least for evaluation purposes, it may be assumed that the SBFD UL subband is 20 MHz wide, e.g., n78 and that the operator holds a 100 MHz band segment. However, many operators own band segments of smaller size in n78, e.g., 40 or 60 MHz, and some operators may even hold 2 disjoint band segments in n78. This makes it necessary to account for the need to configure an SBFD UL subband of smaller size than 20 MHz.
In time-domain, not all symbols and slots can be used for SBFD operation. DL symbols carrying the SSB(s), CORESET0 and PDSCH carrying SIB1 cannot be used for UL transmissions using the SBFD UL subband due to UE backwards compatibility considerations. Considering the UE Rx-Tx and Tx-Rx switching time requirements, this often implies that DL slots including SSBs are not available for SBFD operation (depending on the number of SSBs configured in the cell). SBFD operation in the UL slot(s) of the TDD UL-DL frame configuration, i.e., introducing DL subband in the UL slot(s), is possible in principle. However, any DL transmission in the UL slot is subject to inter-gNB co- and adjacent channel interference which makes the use of SBFD less meaningful in practice when considering the typically high DL Tx power levels and BTS-BTS interference scenarios in urban macro and micro cells. For these deployment scenarios, it should therefore be assumed that SBFD DL subband is not configured in UL slots or symbols.
Accordingly, it was already agreed in RAN1#109-e that the time and frequency location of subbands within a TDD carrier are not fixed in the specification. Note that the need for the UE to be aware of the SBFD UL subband configuration is to be discussed separately. In our view there are several benefits to providing the UE with the SBFD UL subband configuration in the cell as further discussed in Section 5.
When SBFD is supported by the gNB in the NR TDD cell, different approaches for the network to configure the UE are possible. The simplest approach is that the gNB configures the SBFD UL subband and the DL subband(s) for the UE inside the UE channel BW, e.g., using single-carrier operation with SBFD in the serving cell (Figure 11). An additional possibility is to configure the SBFD UL subband for the UE by means of a SUL configuration. Another approach of particular interest for FR2-1 is the use of intra-band CA for SBFD (Figure 12).
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Figure 11: SBFD using single carrier in FR1
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Figure 12: SBFD using intra-band CA in FR2-1

Using intra-band TDD carrier aggregation for SBFD in FR2, either 3 or 4 contiguous CCs can be configured for the UE in the aggregated BS channel BW. With 3 CC contiguous intra-band TDD CA, the SBFD UL subband can be placed in the center of the aggregated transmission BW configuration. Using 3-CC intra-band TDD CA in FR2-1, the SBFD UL subband is configured with an UL-heavy UL-DL frame configuration in one of the CCs and the DL subband(s) are configured for the 2 remaining CCs. When intra-band TDD CA is configured for the UE, it is in principle possible to configure the DL BWPs corresponding to the DL subbands independently from the size of the SBFD UL subband, use features such as R16 SCell Dormancy for reception in the DL subbands, or configure the CCs with unaligned frame boundaries and the slot offset. Note that the use of FR1 intra-band CA for purpose of enabling SBFD operation in the NR band is significantly more challenging than using a single NR carrier for SBFD operation in FR1.
When using intra-band TDD CA for SBFD in FR2-1, more flexibility to introduce SBFD operation exists when compared to FR1. The support of NR FR2 CA with Independent Beam Management (IBM) and Common Beam Management (CBM) with simultaneous DL reception on different CCs from the co-located and non-collocated TRPs has been introduced in Rel-16 and Rel-17. IBM implies that a UE is capable of DL simultaneous reception on different UE panels/chains using separate beams on different CCs and requires improved UE BB and RF capabilities, e.g., multiple BB chains and support of multiple antenna panels. Rel-18 FR2 enhancements work has started and will introduce requirements for FR2-1 UEs capable of multi-beam/multiple Rx chain simultaneous DL reception on a single CC to achieve improved RF, RRM and UE demodulation performance.

Observation 12: SBFD operation can be supported using a single NR carrier or TDD intra-band CA

When needed, guard band(s) between the SBFD DL subband(s) and the UL subband can be configured by the gNB to avoid inter-subband CLI and self-interference. As discussed in Section 2, the need for a guard band is mostly a function of the gNB SIC implementation.
Explicitly configured guard bands can potentially reduce cell throughput in the SBFD deployment since the resources in the guard band are then always reserved and not used. Also, the guard band would then be fixed even if the neighbor cells do not schedule the SBFD UL subband for UL transmission in the slot.
Instead of configuring an explicit guard band configuration, the gNB should be able to schedule DL signals and UL signals as needed and then account for need of guard band(s) according to its scheduling decision. For legacy Rel-15 UEs operating in a TDD cell with SBFD, this kind of implicit guard band configuration must always be used by the gNB. When no explicit guard band configuration is provided by the gNB to UEs, this gives increased flexibility to the gNB implementation. For example, the gNB can then schedule UL signals and DL signals from/to UEs in the SBFD slot when much spatial isolation is possible using only small or no guard band. In cases where little spatial isolation between DL and UL UE pairings scheduled in the SBFD slot is available, larger guard bands be scheduled by the gNB. However, knowing the guard band size, possibly as part of the SBFD UL subband configuration then half-duplex TDD UEs can implement improved Tx/Rx side filtering when transmitting or receiving in SBFD slots.

Proposal 2: RAN1 to study potential benefits and specification impacts of explicit guard band configuration provided to the UE for the SBFD UL subband and DL subband(s)
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Figure 13: Guard band configurations using explicit configuration vs. scheduling-based

SBFD configuration and scheduling
Supporting SBFD within a TDD carrier must consider UE BWP operation, the need for, and signaling details for the UE configuration of the SBFD subband(s) and the gNB scheduling options.
With respect to UE BWP operation, the following WA was taken in RAN1#110.

Working Assumption
For SBFD operation within a TDD carrier, study SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies as baseline. 
· FFS feasibility and potential benefit of SBFD scheme within a single configured DL and UL BWP pair with unaligned center frequencies
· FFS feasibility and potential benefit of SBFD scheme with more than one configured DL and UL BWP pair with aligned/unaligned center frequencies for a DL and UL BWP pair


The baseline to be studied for SBFD operation within a TDD carrier is UE operation according to FG 6-1. The UE supports a single BWP pair which can be re-configured by RRC. The corresponding BWP re-configuration delay of ~10 msec is dominated by the RRC message processing delay. The NR TDD DL and UL BWP pair with the same configured bwp-id must have the same center frequency. The DL and UL bandwidths of the BWP pair can be different.
When UEs supporting only a single BWP are scheduled in the SBFD UL subband, the UE UL BWP must then be configured such that it comprises the entire SBFD UL subband. Note that the SBFD UL subband configuration has both cell-specific and UE-specific aspects. The frequency-domain (and time-domain) configuration of the SBFD UL subband has a cell-specific configuration aspect, e.g., it is set dependent on the gNB implementation and the particular RF constraints valid for the NR carrier in the NR band segment of the operator. In RRC_CONNECTED mode, the SBFD UL subband configuration can be signaled to the UE using UE-dedicated signaling. It is not necessary that common RRC signaling is used even though the same SBFD subband configuration is configured for multiple SBFD-aware UEs. In this sense, configuration of the SBFD UL subband for the NR carrier has similarities with the configuration of CSI-RS resource set(s). However, it is undesirable that the SBFD UL subband configuration is linked to the UE BWP configuration. Depending on the frequency occupancy of the SBFD UL subband in the gNB channel BW, the size of the UE DL BWP can then not always be independently selected by the gNB to fit the DL traffic profile of the UE under the condition that the center frequency of the DL and UL BWP pair also remain aligned. This can negatively impact the UE power consumption during DL reception in RRC_CONNECTED. It is desirable for SBFD operation that a DL BWP of size from 20 to 40 MHz can still be configured by the gNB without losing the ability to schedule the UE in the SBFD UL subband.

Proposal 3: Confirm the RAN1#110 working assumption that the SBFD scheme with a single configured DL and UL BWP pair with aligned center frequencies is studied as baseline

It is in principle possible to also consider support of SBFD operation by the UE using a single configured DL and UL BWP pair with unaligned center frequencies or using multiple configured DL and UL BWP pairs with either aligned or unaligned center frequencies per pair. These two possibilities were left FFS as by the RAN1#110 working assumption.
In our view, it is very desirable that the introduction of gNB-side SBFD in the TDD cell does not increase the UE implementation complexity. Single local oscillator implementation for the UE TDD modem implementation when operating in an NR band must remain possible as by Rel-15. Unaligned center frequencies for the BWP pair would result in higher RF modem design cost for single BWP UE implementations. If single BWP operation with unaligned center frequencies was introduced, the resulting additional specification effort must be accounted for. Additional switching delay requirements and RF configuration constraints would need to be introduced. Support for multiple BWPs is an existing, specified, and tested UE feature since Rel-15. When the UE implements one of the FGs 6-2 to 6-4 (2 or 4 BWPs with same or different SCS), the active BWP can be switched by DCI. However, DL switching delay of 2 or 5 slots in the SCS=30 kHz case is incurred depending on the UE capability bwp-SwitchingDelay. If BWP switching by DCI or timer-based fallback is used, the UE DL and UL UPT may be impacted during SBFD operation. Note that even when support for multiple BWP pairs is implemented by the UE, the center frequencies in a DL and UL BWP pair must be the same. Introducing the possibility of unaligned center frequencies for a DL and UL BWP pair is undesirable for similar reasons as in the single BWP case. 

Proposal 4: For SBFD operation within a TDD carrier, SBFD within a single DL and UL BWP pair with unaligned center frequencies is not supported
Proposal 5: For SBFD operation within a TDD carrier, SBFD with more than one configured DL and UL BWP pair is supported only for the case of a DL and UL BWP pair with aligned center frequencies

The following agreement was taken in RAN1#110 with respect to alternatives for SBFD operation.

Agreement
Study the following alternatives with Alt 4 prioritized, for SBFD operation at least for RRC_CONNECTED state.
· SBFD operation Alt 1:
· Time and frequency locations of subbands for SBFD operation are not known to UEs. 
· UE behaviors follow existing specifications without introducing new UE behaviors for SBFD operation at gNB side.
· SBFD operation Alt 2:
· Time and frequency locations of subbands for SBFD operation are not known to UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs
· SBFD operation Alt 3:
· Only time location of subbands for SBFD operation is known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time location of subbands for SBFD operation 
· SBFD operation Alt 4:
· Both time and frequency locations of subbands for SBFD operation are known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time and frequency locations of subbands for SBFD operation.
UE capability discussion is held in work item phase.


SBFD operation Alt. 1 results in “transparent mode”, e.g., as described for legacy UEs in Section 3. The support for Alt. 1 has no specification impacts and doesn’t allow for UE-side SBFD enhancements in Rel-19 to support gNB-side SBFD operation. The use of SBFD operation Alt. 1 is always possible. Legacy UEs and Rel-19 UEs not supporting any UE-side enhancements can still be scheduled in the SBFD UL subband, but limitations exist, such as dependency on the SIB1-provided TDD common frame configuration and inconsistent behavior in F symbols/slots. Alt. 1 is also of interest when benchmarking and evaluating the achievable performance benefits for Alt.3 and Alt. 4.

Observation 13: For SBFD operation in RRC_CONNECTED mode, SBFD operation Alt. 1 is possible.

SBFD operation Alt. 2 doesn’t provide the knowledge of time-domain symbols/slots or the frequency-domain RBs or RBGs of the configured SBFD subbands to the UE. For example, the introduction of new/additional scheduling behaviors for Rel-19 UEs is possible. It is also possible to not introduce new scheduling behavior for Rel-19 UEs and such SBFD-aware UEs provide support for gNB-side SBFD operation through means other than new scheduling behavior, e.g., enhanced CLI measurements and reporting, different in-band Tx/Rx filtering capabilities, etc. 
SBFD operation Alt. 3 allows to configure UEs with the time-domain symbols/slots in which the SBFD subbands can occur. SBFD operation Alt. 4 additionally allows to provide the UE with the knowledge of the SBFD subband frequency-domain occupancy.
Even though Stage 3 design aspects can be left to a later WID, some consideration must be given to the gNB signaling in RRC_ONNECTED to configure the SBFD DL and UL subbands.
Similar to the CSI-RS resource configuration, the frequency occupancy of the SBFD UL subband has a start RB and allocation bandwidth. In time-domain, UL transmissions in the SBFD UL subband may not be possible on all symbols in a slot, e.g., when PDCCH monitoring at the beginning of the slot is configured on the first symbol of the slot.
If the frequency occupancy of the SBFD UL subband in the configured gNB channel BW is not known to the UE like in SBFD operation Alt.2 and Alt.3, it is significantly harder to implement UL Tx and DL Rx filtering in the UE. While it should not be assumed that UE implementations with enhanced support for gNB-side SBFD must use more stringent Tx/Rx filtering than what is currently necessary to meet the existing NR UE RF requirements to improve their in-channel selectivity and in-band blocking performance, it is desirable to enable such UE functionality as capability. Knowing the SBFD frequency locations of subbands for SBFD operation also allows the UE to adjust its UL RFFE to the size of the configured UL subband instead of the UL BWP. In SBFD slots with a configured UL subband, the UE operational bandwidth is scaled down to the size of the UL subband when compared to the normal UL slot where the UE operational bandwidth is given by the size of the UL BWP. UE modem functional blocks such as D/A converter and BB can use a lower voltage and/or a lower clock rate due to less data sample for processing. This is beneficial for the UE Tx PA regime and reduces UE power consumption.
Providing the SBFD UL subband configuration to the UE in terms of the allowed time-domain symbols/slots where SBFD UL transmissions can be scheduled independently from SIB1 tdd-UL-DL-ConfigCommon like in SBFD operation Alt.3 and Alt.4 have the advantage that legacy UE behavior in the TDD cell with SBFD can be independently configured from the transmission behavior of the UEs with improved support for gNB-side SBFD. For example, it is then possible to schedule UL transmissions in the SBFD UL subband even in the symbols/slots configured as D for the legacy UEs or to only schedule UL transmissions in the SBFD UL subband in the SBFD slots, but not the normal UL slot. It is then also possible to define separate UE behavior not currently possible in Rel-17 with respect to CSI reception and SRS transmissions for purpose of inter-subband CLI measurements and associated reporting in the TDD cell with SBFD operation.
With respect to Alt.2, overcoming existing Rel-15 scheduling limitations when using tdd-UL-DL-ConfigDedicated or SFI becomes artificially cumbersome. Only flexible symbols in the tdd-UL-DL-ConfigCommon can currently be re-assigned as D or U. SBFD operation should support that the SBFD UL subband can also be configured on legacy D symbols/slots. Therefore, some form of new alternative signaling of D/U/F symbol/slot allocations becomes necessary for the Rel-19 UEs even with Alt.2. In addition, new alternative scheduling behavior must be specified in 38.213 Section 11. We note that it is absence of corresponding test cases to address the entire possible set of resulting UE transmission/reception behaviors that led to inconsistent UE behavior observed for Rel-16 UE modem implementations. To signal the time-domain and frequency-domain configuration of the SBFD subbands to UEs in RRC_CONNECTED as by Alt.3 and Alt.4, UE dedicated RRC signaling can be used, possibly including a combination of cell-common and UE-specific parts. Such an approach is inherently simpler and more readily testable. 

Proposal 6: For SBFD operation in RRC_CONNECTED mode, SBFD operation Alt. 4 is supported and SBFD operation Alt.2/Alt.3 are not supported

The following agreement was taken in RAN1#110 with respect to gNB scheduling options for SBFD operation.

Agreement
For SBFD operation Alt 4, for an SBFD aware UE configured with an UL subband in an SBFD symbol, study the following options:
· Option 1: The SBFD aware UE does not expect to be scheduled with UL transmission outside the UL subband or to be scheduled with DL reception within the UL subband in the SBFD symbol
· Option 2: The SBFD aware UE does not expect to be scheduled with UL transmission outside the UL subband and may be scheduled with DL reception within the UL subband in the SBFD symbol
· Option 3: The SBFD aware UE does not expect to be scheduled with DL reception within the UL subband and may be scheduled with UL transmission outside the UL subband in the SBFD symbol
· Option 4: The SBFD aware UE may be scheduled with UL transmission outside the UL subband or DL reception within the UL subband in the SBFD symbol


SBFD operation Alt.4 allows to provide the UE with knowledge, e.g., to configure the UE with the time-domain symbols/slots and the frequency-domain locations of the SBFD subbands.
However, 2 separate SBFD configuration cases need to be distinguished for purpose of the scheduling options 1-4 identified in RAN1#110.
First, SBFD can be configured in D/F slots but not in the normal U slot, e.g., DUD or DU subband configuration such a targeted for micro and macro TDD deployments. Then, as second priority following the RAN#96 decision, SBFD can also be considered in U/F slots, but not in the D slots, e.g., UDU or UD subband configuration such as targeted for small or factor-floor TDD deployments more isolated with respect to the coverage layer. We first provide our views when SBFD operation is configured in D/F slots, then for the case where SBFD operation is configured in U/F slots.
For any SBFD configuration case, one key Rel-15 NR feature to preserve is the support for dynamic TDD operation where the gNB scheduler can dynamically determine the transmission direction. NR uses 3 different signaling mechanisms to provide the information to the UE whether a transmission resource is used for UL or DL. The basic principle is that the UE monitors the configured PDCCH and then transmits or receives according to the received DCI. The UL-DL frame configuration can be signaled to the UE as cell-specific pattern, e.g., SIB1 tdd-UL-DL-ConfigCommon, and a UE-specific pattern can additionally be configured by tdd-UL-DL-ConfigDedicated. The third possibility is to configure SFI, e.g., DCI format 2_0. When the SBFD subband configuration is signaled by the gNB to the UE, such configuration determines where an UL or DL transmission may occur. gNB scheduling then actually assigns the corresponding radio resources to actual UL or DL transmissions as needed. Generally, it is very desirable to avoid that the introduction of the SBFD feature results in hard UL-DL resource partitioning in the TDD cell. However, when DL scheduling the UL subband, inter-cell intra-subband DL-UL CLI will be incurred. Overall system-level performance will determine if exploiting the ability of the gNB to dynamically DL schedule a configured UL subband is meaningful. This will depend on the network load, offered DL and UL traffic, and other factors.
For SBFD using D/F slots, the gNB selected frequency occupancy of the SBFD UL subband in the gNB channel BW must be chosen according to deployment needs, e.g., depending on the operator band segment. The frequency-domain location and size of the SBFD UL subband also depends on the capabilities of the gNB-side SBFD implementation. Scheduling UL transmissions from UEs in the SBFD time-domain resources is then possible only inside the SBFD UL subband, but not outside in the DL subband(s) of the same SBFD time-domain resource. It can be expected that gNB-side SI cancellation capabilities will often restrict the possibility of scheduling UL transmissions outside the configured SBFD UL subband due to RF and BB constraints.
For SBFD using D/F slots, the gNB scheduler should still be able to schedule the SBFD UL subband for DL transmissions to UEs as needed, e.g., the SBFD time-domain resource is then used for DL only. This principle is shown in Figure 14 where an UL transmission using the SBFD UL subband is scheduled for the UE in slot #1 but is then used for DL scheduling to the same UE in slot #2. One possibility is to allow DL scheduling of the configured UL subband for any UE, e.g., including SBFD-aware UEs configured with the SBFD UL subband. Another possibility is to limit the possibility of DL scheduling in the configured SBFD UL subband to other UEs, e.g., the UE configured with the SBFD UL SB in the slot cannot be DL scheduled inside the UL subband, but other UEs can be DL scheduled in the UL subband.
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Figure 14: SBFD operation Alt.4 with dynamic DL/UL scheduling of the UL subband

From the perspective of SBFD using D/F slots, Options 3 and 4 where the UE may be scheduled with UL transmissions outside the configured UL subband in an SBFD symbol are not meaningful. The gNB implementation due to SIC prevents the possibility of UL scheduling the UE outside the configured SBFD UL subband for MR and WA BS classes. Even for LA BS classes where less hardware constraints imposed by the SIC implementation exist, the SBFD UL subband can then be RRC configured sufficiently large that gNB scheduling using Option 1 or Option 2 can be adjusted to needs in the deployment. Using Option 2, the SBFD UL subband can be configured for the size of the NR channel BW, then theoretically, the SBFD-aware UE can be either DL or UL scheduled over the full channel BW in the SBFD slot. There is therefore little additional need for Options 3 and 4.
For SBFD using U/F slots, the converse arrangement applies. When the gNB supports SBFD operation in the normal UL slot, a DL subband is configured by RRC and corresponding time-domain symbols and frequency-domain occupancy of the DL subband are then signaled to the UE with SBFD operation Alt.4. The UE should not expect to be scheduled DL transmissions outside the configured DL subband in the U slot. The configured DL subband can still be used by the gNB for UL scheduled to the same or possibly different UEs.

Proposal 7: For SBFD operation Alt.4 and SBFD configured in D/F symbols/slots, support both Options 1 and 2
Proposal 8: For SBFD operation Alt.4 and if SBFD configured in U/F symbols/slots is supported, support only Option 3

UE enhancements for improved SBFD performance
In this section, we provide our views on the potential for several UE-side SFBD enhancements and their criticality with for existing NR functionality other than CLI management.
Note that we additionally discuss CLI enhancements and provide further details on gNB-to-gNB and UE-to-UE CLI mitigation and handling common to SBFD and d/f-TDD in our companion contribution [4].
In summary, we consider gNB coordinated scheduling in time/frequency, gNB-to-gNB spatial domain coordination, gNB transmit power coordination and UE Tx power restrictions as promising candidate methods for CLI mitigation in TDD networks supporting SBFD operation. Some of these features require new Xn/F1AP signaling support. Network-side coordinated transmission of RE-level CSI-RS resource(s) set(s) for signal power measurements and corresponding interference measurement resources and enhancements to UE transmission and reception timing can be of benefit to advanced gNB scheduler implementations. In addition, we also consider enhancements to UE CLI reporting such as subband based and spatial domain-based reporting and fast L1 CLI reports as beneficial to improve the UE-side support for SBFD operation in the network [4].

PDSCH/PUSCH resource allocation
Resource allocation in time-domain
An example with per-slot scheduling during SBFD operation in the TDD cell is shown in Figure 14 for SBFD operation Alt.4 with dynamic DL/UL scheduling of the UL subband for the case of an n78 (3.5 GHz) carrier with 100 MHz channel BW.
CORESET#1 is configured in the DL subband of the SBFD slot for the SBFD-aware UE. Search Space #1 can be configured once per slot. For AL8 (48RBs) @30kHz and using a 1 symbol CORESET, some 17-18 MHz are required. CORESET#1 can be configured inside the DL subband. Benefits of such a scheduling approach include good DL and UL scheduling latency. For smaller channel BW such as n78 using 40 MHz or 60 MHz, the CORESET#1 can still be configured across one of the DL subband and the UL subband. Drawbacks include that not all time-domain symbols are available when scheduling UL transmissions using the SBFD UL subband in the SFBD slots. A loss of 1 dB is incurred for UL transmissions when not all 14 symbols in the slot can be scheduled for UL transmissions.
For UL and DL scheduling in a TDD cell with SBFD, both single slot and multi-slot scheduling of PUSCH and PDSCH must be considered. One important use case for TDD with SBFD is improved UL coverage in the existing deployment grid. SBFD enables to significantly increase the UL slot utilization ratio by making more time-domain resources available to UEs in bad coverage which transmit at maximum configured UE output power. In DDDSU, the UE can only transmit UL in 20% of the time-domain resources at maximum power, whereas with SBFD and DXXXU it can potentially transmit in up to 80% of the time-domain resources. R15 PUSCH aggregation and R16/R17 PUSCH repetition Type A features are therefore important when scheduling the UE across multiple slots.
In the TDD cell supporting SBFD operation, UEs requiring best UL coverage use multi-slot PUSCH scheduling, e.g., Rel-15 PUSCH aggregation or Rel-16/17 PUSCH Type A repetition (Figure 15).
CORESET#1 must then be configured in the SBFD DL subband of the SBFD slot such that all time-domain symbols per slot can be used for the PUSCH repetition in a slot. The UL link budget is improved because up to 14 symbols in a slot where the UL subband is configured can be used for PUSCH transmission. Potentially, TDD can now also harvest the additional Rel-17 JCE gains because 4-slot DMRS bundling across contiguous slots without DL/UL switching is enabled by SBFD.
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Figure 15: SBFD operation with multi-slot PUSCH transmission for best UL coverage

Several antenna and panel design options exist to support gNB-side full-duplex operation. Design options may be expected to change over time as technology matures. For example, the antenna panel to provide spatial separation of Tx and Rx paths and for gNB side SIC can be based on a fully split design where ports are either dedicated to DL transmission or to UL reception. Another possibility is shared design where a certain number of ports can be used for both DL transmission and UL reception with SBFD, but a number of ports is dedicated to either DL transmission or to UL reception, respectively. Therefore, it cannot be expected that the number of TRXs and the available Tx or Rx aperture area used for Tx and/or Rx in normal DL or normal UL slots is necessarily the same when compared to the DL transmission or UL reception in SBFD slots. The link gain and resulting link budget when transmitting an UL signal or channel in the SBFD UL subband of a slot is different when compared to transmitting the same UL signal or channel in the normal UL slot. Similar considerations apply to transmission of DL signals/channels in the DL subbands of SBFD slots.
PUSCH transmissions of a Rel-15 PUSCH aggregation and Rel-16/Rel-17 PUSCH repetition Type A when transmitted in the SBFD UL subband of SBFD slots and in the normal UL slot will therefore be subject to mis-matched link adaptation settings. It is desirable to restrict the PUSCH transmissions of a PUSCH repetition with respect to the time-domain resources in a TDD cell with SBFD. It should be possible to transmit such PUSCH repetitions using only the UL subband of the SBFD slots, but not in the normal UL slot. Note that even when PUSCH repetitions are limited to the use of the SBFD UL subband in DXXXU, the resulting UL slot utilization ratio is still higher than currently possible with DDDSU.
Another important design consideration for SBFD operation in the UL is that the separation of SBFD symbols/slots and the UL slot(s) with respect to the resource allocation in time-domain when introducing gNB-side SBFD operation also allows to increase the achievable UL spectral efficiency and UL cell throughput in the normal UL slot(s). UL transmissions from low-SINR UEs can be offloaded to the SBFD slots. UEs in good geometry can then be scheduled with high MCS settings using large contiguous RB allocations in the normal UL slot(s). Given that most existing UE implementations only support UL contiguous resource allocation, e.g., PUSCH resource allocation type 1, the offloading of the low-SINR UEs to the SBFD UL subband in the SBFD slots prevents resource fragmentation in the normal UL slot. 

Proposal 9: Multi-slot PUSCH transmissions and PUCCH repetitions can be configured to only use the SBFD slots/symbols

Resource allocation in frequency-domain
PDSCH resource allocation types 0 and 1 for DL scheduling and PUSCH resource allocation types 0 and 1 for UL scheduling must be considered when introducing SBFD operation in the TDD network. PDSCH RA Type 0 and Type 1 only for PDSCH without interleaving and PUSCH RA Type 1 for PUSCH without interleaving are UE mandatory features (FG 5-1). PUSCH RA Type 0 and dynamic switching between PDSCH Type 0 and 1 or between PUSCH Type 0 and 1 are separate optional UE features with capability signaling (FG 5-2 to 5-4). Almost contiguous UL CP-OFDM is an optional UE feature (RAN4 FG 2-7).
We assume that a guard band between DL subband(s) and the UL subband in SBFD slots, if needed, is at least implicitly provided by gNB scheduling. The gNB must also ensure that the PUSCH is allocated or that PUCCH resource are configured for the UE inside the SBFD UL subband when scheduling the UE in the SBFD UL subband of an SBFD slot. Note that this section discusses frequency-domain RA for the case that SBFD operation is configured in D/F slots (DUD).
Using PDSCH resource allocation type 0, the resource block assignment information includes a bitmap indicating the RBGs that are indicated to the UE. The RBG size depends on the UE BWP. One of two possible sizes can be signaled by RRC. For n78 and 100 MHz carrier BW and a UE DL BWP of 100 MHz, worst case, the nominal RBG size is always 16. DL scheduling to UEs in the 2 DL subbands of the SBFD slot then may suffer granularity issues. When the UL subband occupies center 51 RBs, 4*16=64 RBs of 273 RBs cannot be DL scheduled to the UE because an RBG would be in partial overlap with the UL subband. The effective loss may be reduced when considering that part of these partial overlap RBGs provide an implicit guard band configuration.
Using PDSCH resource allocation type 1, the resource block assignment information indicates a set of contiguously allocated inter-leaved or non-interleaved VRBs to the UE. Clearly, DL scheduling across the UL subband in the SBFD slot is then not possible. PDSCH RA Type 1 can still be used without limitation for smaller PDSCH allocations contained within one of the 2 SBFD DL subbands.
An additional possibility is to mask RBs and symbols of the SBFD UL subband in an SBFD slot using a Rel-15 or Rel-16 cell- or UE-specific RateMatchPattern configured for the UE. Support of FG 5-26 (semi-static rate-matching resource set configuration for DL) is mandatory for legacy UEs, but dynamic signaling support of the bitmap 1/2/3 as by FG 5-27 is only optional. Note that when the gNB uses the configured UL subband in the SBFD slot to DL schedule a UEs, the RRC configured RateMatchPattern cannot be disabled by the scheduling DCI format 1_1. The gNB can then only schedule PDSCH using (non-interleaved) PDSCH RA type 1 either in the lower or upper DL subband of the SBFD slot, or PDSCH across both DL subbands cannot be mapped across the UL subband at all (Figure 16).
In principle, it is possible to consider 3 types of PDSCH resource allocation enhancements for SBFD operation. Option 1 is no change compared to Rel-15 behavior. Option 2 is to introduce a 3rd more optimal set of RBG set sizes for use with PDSCH RA Type 1. Option 3 is to define and introduce a new RA Type. In our view, Option 3 is not meaningful, given the limited impact from granularity observed with partially overlapping RBGs for PDSCH RA Type 0 and the significant associated evaluation and specification efforts. Option 2 may be seen as a low-cost approach, e.g., RRC signaling based solution. Similar considerations apply with respect to the use of the existing RateMatchPatterns.

Proposal 10: RAN1 to study the impacts of SBFD operation on PDSCH resource allocation types 0 and 1 and resource mapping in SBFD slots/symbols
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[bookmark: _Ref100738356]Figure 16: SBFD operation and use of PDSCH resource allocation type 1 with RMP

For PUSCH resource allocation type 1, the resource block assignment information indicates a set of contiguously allocated inter-leaved or non-interleaved VRBs to the UE. Clearly, UL scheduling across the UL subband in the SBFD slot is possible within the existing set of constraints inherited from Rel-15.
In the case of multi-slot PUSCH using the UL subband of SBFD slots and the normal UL slot, frequency-hopping if configured can result in limitations when SBFD operation is used in the TDD cell. It can be expected that the SBFD UL subband is often placed in the center of the NR carrier. During multi-slot PUSCH transmissions across the SBFD and normal UL slots, the same FDRA and FH behavior must apply in these slots as by existing Rel-15 specifications, e.g., FH in SBFD slots must be configured by the gNB such that hops are confined to the UL subband, and the same configured hop size then also applies to the normal UL slot. The available contiguous UL scheduling bandwidth in the normal UL slot is then fragmented. One option to avoid such an issue is to restrict multi-slot PUSCH transmissions to only use the SBFD slots but not the normal UL slot in time-domain. Another option is to introduce a new or separate additional FH configuration for the normal UL slot for use with PUSCH RA Type 1. Note that similar issues resulting in fragmentation of the UL scheduling BW in the normal UL slot can also exist when single-slot PUSCH scheduling is used due to constraints arising from the UE DL/UL BWP pair configuration with respect to the channel occupancy of the SBFD UL subband.

Proposal 11: RAN1 to study the impacts of SBFD operation on PUSCH resource allocation type 1 and frequency hopping

CSI-RS resource set configuration and CSI reporting
When SBFD operation is introduced in a TDD cell, the potential impact and limitations of CSI-RS configuration and reports must be considered. We first discuss configuration of CSI-RS resource set(s) and then discuss CSI reporting.
An example for possible CSI-RS resource set configurations is shown in Figure 17. When SBFD operation is supported in the TDD cell, a CSI resource set in the SBFD slot can be configured with a frequency occupation located entirely outside the SBFD UL subband or the CSI resource set contains the UL subband of an SBFD slot, e.g., is configured across the DL and UL subbands. Partial overlap scenarios, e.g., the CSI resource set is configured with a frequency occupation comprising parts of the UL subband of a full-duplex slot is also possible. In Rel-15, the CSI-RS frequency occupancy must be configured in integer multiple of 4 RBs and has size of minimum DL BWP or 24 RBs. Either every or every other RB is occupied by CSI-RS REs inside the configured CSI bandwidth. Special rules apply to the case of the CSI-RS resource set with density = 3 (TRS), where the minimum occupied BW must be 52 RBs. The CSI bandwidth configuration applies independent of type, e.g., applies to both CSI-RS designated by RRC as NZP or ZP. Note that CSI-IM occupy every RB inside the configured CSI bandwidth. The CSI bandwidth is configured independently for different (multiple) CSI resource sets. The UE implementation must support a minimum number of multiple configured CSI-RS resource configurations per frame.
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Figure 17: SBFD operation and configuration of CSI-RS resource sets

When the CSI bandwidth of the configured CSI-RS resource set is confined within the DL subband of the SBFD slot, no CSI reporting is possible for the UE for outside the CSI bandwidth. Configuration of multiple CSI resource sets becomes necessary, e.g., 2, to cover both DL subbands of the SBFD slot. Another consideration is then that the gNB scheduler cannot obtain CSI reports from the UE for purpose of DL scheduling in the UL subband, e.g., SBFD option 2. There is no immediate impact on aperiodic, semi-persistent and periodic CSI-RS resources or CSI reports. If the gNB scheduler requires CSI reporting inside the configured UL subband of the SBFD slot from the UE, aperiodic triggered CSI reporting and associated CSI-RS resource set must be used. Dependencies exist with respect to reference slot for the CSI reports.
When the CSI bandwidth of the configured CSI-RS resource set contains the DL and UL subbands of the SBFD slot, either full or partially, CSI reporting can be impacted. Note that Rel-15 NR already allows to toggle on or off individual (CSI) subbands through the CSI reporting configuration (38.214). The reportFreqConfiguration contained in the CSI-ReportConfig indicates the frequency granularity of the CSI report. A CSI Reporting Setting configuration defines a CSI reporting band as a subset of subbands of the bandwidth part, where the reportFreqConfiguration indicates the csi-ReportingBand as a contiguous or non-contiguous subset of subbands in the bandwidth part for which CSI shall be reported. When wideband CQI reporting is configured, a wideband CQI is reported for each codeword for the entire CSI reporting band. When subband CQI reporting is configured, one CQI for each codeword is reported for each subband in the CSI reporting band. In consequence, even when the CSI-RS resource set is configured across the DL and UL subbands of the SBFD slot, the CSI report configuration linked to the CSI-RS resource set can blank out the UL SB. Granularity issues exist similar to the case of PDSCH RA Type 0. The CSI reporting subband size can be configured from two possible values depending on the UE DL BWP size. For example, 16 or 32 PRBs subband size can be configured for a UE DL BWP of 273 RBs.
Another consideration when introducing SBFD operation in the TDD network is the need to apply different CSI-RS Tx EPRE settings by the gNB in the two DL subbands of the SBFD slot. One reason is that even when digital BF is used, a different number of TRX may be available to the gNB for DL beamforming operation in the upper DL subband of the SBFD slot and the lower DL subband of the SBFD slot. Tx power imbalances exist across the DL subbands. Another reason is the direct Tx-Rx leakage interference cancellation by the gNB in presence of live DL and UL scheduling. Equal RB occupancy in the first and second DL parts of the full-duplex slot is not always possible due to varying UE traffic loads. Similarly, an equal or balanced RB occupancy in the UL subband is not always possible. The Tx EPRE of the DL signal(s) or channel(s) may be adjusted accordingly by the gNB accounting for DL and/or UL scheduling in the SBFD slot, but Rel-15 NR forces to set the same EPRE setting for both DL subbands in the SBFD slot for the configured CSI-RS resource set.
In summary, the possibility to configure multiple CSI resource sets and multiple CSI reports and trigger conditions as by Rel-15 NR provides much flexibility to configure per-SBFD subband CSI-RS resources and CSI reports. However, limitations exist with respect to the configuration of multiple CSI-RS resource sets with a frequency occupation limited to either the first or the second DL subband and when configured across the DL and UL subbands. UE complexity can be increased, and CSI reporting restrictions can result due to the need for the UE to support more concurrently active CSI measurement and reporting configurations during SBFD operation.

Proposal 12: RAN1 to study the impacts of SBFD operation on CSI-RS resource set configuration and CSI reporting

Random Access signals/channels
When the SBFD UL subband is available to schedule UL transmissions from the UE, consideration must be given to which types of UL signals or channels can be configured or scheduled using the SBFD UL subband. In section 5 and 6.1 we discussed PUSCH and PUCCH scheduling aspects.
Using the SBFD UL subband for PRACH transmissions (Figure 18) has the immediate benefit that fragmentation of the contiguous UL scheduling BW in the normal UL slot can be avoided. UL throughput and spectral efficiency is increased in the TDD cell with SBFD, because good SINR UEs allowing for high instantaneous UL data rates immediately benefit from the availability of larger available contiguous UL scheduling BW. UEs experiencing good SINR or requiring high UL data rates are best scheduled in the normal UL slot(s) where CLI is controlled network wide.
It must be considered that RACH occasions in the UL slot are rarely configured at the carrier edges in practical NR TDD deployments for various reasons. RACH in the UL slot segments part of the schedulable UL bandwidth. Most UEs support only the mandatory PUSCH resource allocation type 1, e.g., contiguous PUSCH allocations. When placing PRACH ROs in SBFD slots, PRACH creates CLI only when actually used by a UE selecting a random-access resource. A PRACH RO which is configured, but not used by any UE in the SBFD slot does not create CLI towards other UEs in the slot. Note that when PRACH ROs are configured in the normal UL slot, they can seldom be re-used for UL data scheduling and shared data/random access reception by the gNB, e.g., when configured, such resource are not available for UL data.
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Figure 18: SBFD operation using the SBFD UL subband or normal UL slot(s)

Allowing for configuration of PRACH in the SBFD UL subband and use of the SBFD UL subband for RRC and NAS signaling exchanges during the 5G Initial Attach procedure also reduces UE initial acquisition time in NR TDD. It must be considered that about 8-10 DL and UL messages must be exchanged by network and UE during initial attach. These signaling exchanges are mostly “atomic” and “in sequence”, e.g., successful completion of a NAS procedure such as Authentication Request/Response is required before a subsequent NAS procedure such as NAS Identity Request can be initiated. NR TDD 30 kHz when compared to NR FDD 15 kHz in the NR low band is penalized by the average UL frame alignment delay incurred for each of the UL RRC and NAS messages due to limited number of UL slots. This typically results in 2x longer initial acquisition duration when comparing NR TDD to FDD.
While we see several potential benefits in allowing for the possibility to allow for PRACH transmission using the SBFD UL subband of SBFD slots, SBFD operation at least initially should attempt to evaluate feasibility for full-duplex operation in RRC_CONNECTED mode. RACH procedures are of relevance to RRC_CONNECTED mode in a more limited context, e.g., for network-controlled cell-level mobility handling procedures using contention-free random-access procedures where access information to the target cell is provided through RRC Handover Command message.

Proposal 13: RAN1 to study potential benefits and specification impacts when using SBFD slots/symbols for random access

Conclusion
In this contribution, we made the following observations and proposals:
Observation 1: 80 dB in FR1 and 87 dB in FR2-1 antenna isolation using spatial separation and RF barrier can be achieved
Observation 2: Stopgap performance of the RF barrier for FR1 100 MHz and FR2-1 100 MHz channel BW is feasible
Observation 3: 45 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources with digital pre-distortion can be achieved in FR1
Observation 4: 28 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources can be achieved in FR2-1
Observation 5: Both in FR1 and FR2-1, SBFD can operate with only a few guard RBs between DL and UL subband when sufficient spatial isolation is guaranteed
Observation 6: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.9dB for SFBD in FR1
Observation 7: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.7 dB with 1T1R and 1 dB with 2T2R panel configurations for SBFD in FR2-1
Observation 8: Additional Rx filtering in IF or BB can be applied for FR1 and FR2-1 receivers to increase robustness of the gNB Rx path with respect to ADC and LNA dynamic range without incurring undue insertion losses
Observation 9: gNB power consumption aspects are considered in the SBFD feasibility analysis
Observation 10: Backwards-compatibility for legacy UEs when SBFD is configured in the TDD cell can be achieved by using DDDSU in SIB1 tdd-UL-DL-ConfigCommon
Observation 11: It cannot be assumed that SBFD using transparent mode when configuring DFFFU in SIB1 tdd-UL-DL-ConfigCommon is supported by all legacy UE implementations
Observation 12: SBFD operation can be supported using a single NR carrier or TDD intra-band CA

Proposal 1: RAN1 should evaluate the potential impacts from SBFD when a TDD serving cell using SBFD is configured as PCell, SCell or SpCell for a legacy UE
Proposal 2: RAN1 to study potential benefits and specification impacts of explicit guard band configuration provided to the UE for the SBFD UL subband and DL subband(s)
Proposal 3: Confirm the RAN1#110 working assumption that the SBFD scheme with a single configured DL and UL BWP pair with aligned center frequencies is studied as baseline
Proposal 4: For SBFD operation within a TDD carrier, SBFD within a single DL and UL BWP pair with unaligned center frequencies is not supported
Proposal 5: For SBFD operation within a TDD carrier, SBFD with more than one configured DL and UL BWP pair is supported only for the case of a DL and UL BWP pair with aligned center frequencies
Proposal 6: For SBFD operation in RRC_CONNECTED mode, SBFD operation Alt. 4 is supported and SBFD operation Alt.2/Alt.3 are not supported
Proposal 7: For SBFD operation Alt.4 and SBFD configured in D/F symbols/slots, support both Options 1 and 2
Proposal 8: For SBFD operation Alt.4 and if SBFD configured in U/F symbols/slots is supported, support only Option 3
Proposal 9: Multi-slot PUSCH transmissions and PUCCH repetitions can be configured to only use the SBFD slots/symbols
Proposal 10: RAN1 to study the impacts of SBFD operation on PDSCH resource allocation types 0 and 1 and resource mapping in SBFD slots/symbols
Proposal 11: RAN1 to study the impacts of SBFD operation on PUSCH resource allocation type 1 and frequency hopping
Proposal 12: RAN1 to study the impacts of SBFD operation on CSI-RS resource set configuration and CSI reporting
Proposal 13: RAN1 to study potential benefits and specification impacts when using SBFD slots/symbols for random access
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