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1. Introduction

In RAN1 #84bis meeting, the following agreements were made to study flexible/dynamic TDD and flexible duplex for NR design [1]. 
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Furthermore, in RAN1 #86 meeting, the following detailed agreements also were made to support flexible/dynamic TDD and flexible duplex for NR design target [2]. Based on these agreements, this contribution discusses interference features and interfere management techniques in flexible duplex in both paired and unpaired spectrum for NR study.
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2. Discussion 
As discussed in previous meeting, to support asymmetric DL/UL data traffic patterns and increase flexibility of frequency resource utilization, dynamic resource allocation of downlink and uplink resource needs to be supported. Furthermore, to supporting those purposes, both paired and unpaired spectrum need to be considered and two approaches should be considered – (1) flexible duplex operation in un-paired spectrum (2) flexible duplex operations in paired spectrum. In this contribution, we discuss each approach respectively to efficiently support asymmetric DL/UL data traffics patterns, and then we also discuss (3) TDM and FDM manner based flexible duplex operations for multiplexing each transmission direction (transmission directions include all of downlink, uplink, sidelink, and backhaul link) which can be applicable to both paired and unpaired spectrum cases. Furthermore, we also addressed the cross-link interference in TDM manner flexible duplex and additional interference in FDM manner flexible duplex in paired and un-paired spectrum.
2.1. Flexible duplex operations in un-paired spectrum 
In un-paired spectrum, generally, TDM manner can be considered as a typical mechanism for multiplexing downlink and uplink portion. In flexible duplex operations in un-paired spectrum (i.e., flexible/dynamic TDD), eNB can change DL/UL configuration of each subframe dynamically to support asymmetric DL/UL data traffic patterns. Based on the flexibility of resource utilization, there would be two types of flexible duplex operations, i.e., cell-specific and user-specific. In this contribution, we only focus on the cell-specific flexible duplex operation. 

In un-paired spectrum, FDM manner also can be considered to multiplex downlink and uplink portion like flexible duplex operation in paired spectrum. If FDM manner is considered, with necessary guard band to uplink transmission in the same frequency bands or adjacent frequency band should be considered. By adapting FDM manner to flexible duplex operation in un-paired spectrum, we can achieve two advantages; enhanced flexibility in resource utilization and supporting different usage scenarios (e.g., eMBB DL/UL and URLLC DL/UL) as illustrated in Figure 1.  
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Figure 1. Example of simultaneous downlink and uplink in un-paired spectrum
Figure 1-(a) shows an example that one eNB utilizes un-paired spectrum both downlink and uplink in FDM manner. In this case, downlink and uplink portions can be changed dynamically for every subframe. Figure 1-(b) shows an example of different numerologies or different subframe lengths to support different usage scenarios (e.g., eMBB and URLLC). First subframe for eMBB and first two subframes for URLLC are multiplexed in FDM manner and the other subframes are multiplexed in FDM manner for supporting multiple UEs with different TTI lengths. As discussed in our companion contribution [3], the following three approaches can be considered as follows: (a) URLLC UL resource reservation in every subframe, (b) DL/UL FDM manner in a band, and (c) Symbol TDM manner between DL and UL. In this contribution, we focus on the detailed discussion for feasible flexible duplex operation with TDM and FDM manners in subsection 2.3 and 2.4, respectively.
TDM manner flexible duplex or dynamic TDD, in spite of simplicity, needs to address co-channel interference between eNBs and UEs which should be controlled and mitigated using ICIC techniques. Moreover, TDM manner also have two bottlenecks, which are increased latency and limited flexibility in frequency utilization. Due to various usage scenarios and requirements on dynamic resource adaptation, semi-static manner of TDM (even though special configurations with all DL or all UL subframes are deployed) would be inefficient. And thus dynamic TDM should be considered when TDM approach is considered. Furthermore, mechanism to support simultaneous downlink and uplink in the same frequency band should be also considered and seem essential to support low latency services such as URLLC and eV2X in NR design.
Observation 1: For efficient handling of different usage scenarios, dynamic TDD and FDM between DL and UL resources seem necessary. 

Assuming the network can support downlink and uplink resource allocation simultaneously in FDM manner, we also propose the following aspects to be considered in NR design in addition to dynamic TDM. 

· Downlink and uplink subband operation in the same frequency region (e.g., a NR carrier) where subband bandwidth and location can be adapted considering interference to neighboring cell and adjacent carriers (e.g. LTE TDD carrier and LTE UL carrier) [4]. In terms of reducing interference to neighboring cell, our companion contribution could be considered inter-cell interference coordination schemes for flexible duplex operations [5].
· Instead of cell-common GP configuration, UE-specific GP configuration (e.g., long GP for cell edge UEs vs. short GP for cell center UEs) can be considered to maximize the spectral efficiency and to be supported for multiplexing different DL/UL configuration of UEs.
· Instead of cell-common DL/UL resource configuration, UE-specific and/or subband specific DL/UL resource configuration is considered to allow different DL/UL ratio per UE and/or per usage scenario. 
Proposal 1: For efficient handling of different usage scenarios and DL/UL resource ratio requirements per UE, flexible DL/UL resource configuration in both TDM and FDM manners in a band should be considered in NR design. 
2.2. Flexible duplex operation in paired spectrum 
Paired spectrum would define downlink and uplink spectrum rather statically and thus the ratio between downlink and uplink portion is fixed. To support various usage scenarios which changes traffic pattern dynamically, mechanisms to allow dynamic adaption of downlink and uplink portions should be supported even in the paired spectrum. To increase flexible resource utilization in both downlink and uplink spectrum, we can consider various deployment scenarios as shown in our companies previous contributions in both downlink and uplink spectrum, respectively [6]. 

To utilize downlink or uplink spectrum in various deployment scenarios between downlink and uplink portions, both FDM manner and TDM manner multiplexing between downlink and uplink portion can be considered. When TDM is considered, dynamic TDD operation or DL/UL resource sharing in unpaired spectrum can be similarly applicable to either downlink or uplink band in the paired spectrum. TDM approach, however, could be inefficient to address very low latency applications, particularly, for handling low latency uplink traffic. Furthermore, interference handling to adjacent carrier could be more challenging when for example adjacent carrier operates either only downlink or uplink.  In order to overcome these limitations of TDM manner and allow full flexibility, we can consider FDM manner which can change the portion of downlink and uplink dynamically by adjusting DL/UL ratio as shown in Figure 2. 
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Figure 2. Example of FDM manner flexible duplex operation in paired spectrum

One of the main reason of requiring simultaneous downlink and uplink resource allocation in FDM manner is to support low latency services such as URLLC and eV2X. In eV2X, we propose to consider direct communication among vehicles utilizing sidelink operation in NR [7]. In LTE, sidelink operation is assumed as half-duplex which allows either transmission or reception at a given time. The capability of half-duplex in NR may challenge the challenging latency requirement of next generation network such as in eV2X. Thus, mechanisms to support simultaneous transmission and reception for sidelink operation could be further considered. The detailed discussion for feasible flexible duplex operation with TDM manner will be presented in subsection 2.3 of this contribution.
If FDM is considered, however, with necessary guard band to different direction transmission in the same frequency bands or adjacent frequency band should be considered. As illustrated in Figure 3, sufficient gap between adjacent downlink and uplink resources should be considered for supporting downlink and uplink simultaneously in FDM manner in paired spectrum. Another possible approach is to consider interference mitigation and cancellation capabilities, result in reducing the gap between two resources. The detailed discussion for feasible flexible duplex operation with FDM manner will be presented in subsection 2.4 of this contribution.
Proposal 2: Consideration on interference mitigation and cancellation capabilities to support simultaneous downlink and uplink transmission in both TDM and FDM manners are necessary. 
2.3 TDM manner on flexible duplex operations in paired and unpaired spectrum
When TDM manner is used in flexible duplex operations in paired and unpaired spectrum, the portion of downlink and uplink can change dynamically to improve resource utilization an increase downlink/uplink flexibility and adaptation. By using dynamically changed transmission direction, however, each node suffer from additional interference between two different transmission directions, known as cross-link interference (BS-to-BS interference and UE-to-UE interference) as described in Figure 3. 
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Figure 3. Examples of cross-link interference of TDM manner flexible duplex operation in paired and un-paired spectrum
It is noted that the cross-link interference (BS-to-BS interference and UE-to-UE interference) of TDM manner based flexible duplex operation in UL band in paired spectrum is same as those of TDM manner on flexible duplex operation in un-paired spectrum. In this sense, applying TDM manner of DL/UL resource sharing in both paired and unpaired spectrum require similar ICIC solutions. 
Observation 2: ICIC features to support efficient TDM manner on flexible duplex operation in paired spectrum and un-paired spectrum are common. 
Proposal 3: From RAN1 perspective, ICIC techniques for efficient TDM manner of DL/UL resource sharing are agnostic to the scenarios of flexible duplex in paired spectrum and unpaired spectrum. 
2.4 FDM manner on flexible duplex operations in paired and unpaired spectrum
When FDM manner is used in flexible duplex operations in paired and unpaired spectrum, on the other hands, the portion of downlink and uplink can change dynamically to adjust ratio between DL and UL portions in paired and un-paired spectrum (including only DL/UL with guard band). This FDM manner where DL sub-band and UL sub-band are located with adjacent band, however, can be cause of severe cross-link interference in UL reception due to the out-of-band emission (OOBE) from a downlink sub-band, along with the interference illustrated in Figure 4. Figure 4 shows examples of interference of DL/UL FDM manner in a band (both paired and un-paired spectrum, respectively). 
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Figure 4. Examples of interference of FDM manner flexible duplex operation in paired and un-paired spectrum
Observation 3: To enable DL/UL resource sharing in a FDM manner on flexible duplex operations, cross-link interference issue needs to be addressed.
As mentioned above, mitigating and cancelling inter-link interference is important for feasible flexible duplex operation. This OOBE will be a function of: 

· Allocated transmission bandwidth

· Transmit output power
· Numerology (e.g. subcarrier spacing, occupied bandwidth, etc…)

· Center frequency (e.g. related to the performance of the antenna isolation schemes)

· Class of waveforms (e.g. CP-OFDM, DFT-s-OFDM, etc…)

· RF Hardware impairment (e.g. clipping issue due to power amplifier saturation with non-linearity property)
In general, the magnitude of OOBE is related to the transmit power with non-linear direct proportional. The non-linear coefficients of power amplifier can be varied in various environments (e.g. temperature of circuit). Furthermore, it is obvious that the class of waveforms and numerology of transmitted signal are also related to the magnitude of OOBE. Because the out-of-band (OOB) at each tone can be combination of side lobes of transmitted signals, the types of waveform can define the magnitude power of sidelobe and the transmitting bandwidth and subcarrier spacing also define the total number of side lobes at the receiver side. To reduce and cancel OOBE for reliable reception at the receiver side, there could be possible techniques. 

- Antenna domain techniques: this kinds of techniques can suppress the interference before it enters the receive RF chain circuit. In separated antenna, cancellation and isolation can be accomplished using path-loss, cross-polarization, and directional antenna. About 15~30dB isolation can be achieved with omni-directional antenna and about additional 10dB isolation with RF absorber between transmit and receive antenna. Cross-polarization antenna and directional antennas offer an additional gain to electromagnetically isolate the transmission and reception and align their null directions. Furthermore, beamforming techniques could be attractive solution for achieving interference reduction without hardware impact. With omni-directional antenna and careful antenna deployment, for example, about 45~55dB isolation can be achieved at 10MHz BW in 2.4GHz carrier frequency. Furthermore, we can achieve about 72dB isolation with dual-polarized antenna at 20MHz BW in 2.4GHz carrier frequency. In shared antenna, on the other hands, about 15~20dB isolation can be achieved using the specific ferrite circuit such as 3-port circulator. Furthermore, the increased operating center frequency band (e.g. mmWave) can give opportunity for achieving more isolation performance for the given form-factor.
- Flexible guard band between downlink and uplink band: flexible gap between downlink and uplink band can adjust and tune interference level with simple way as illustrated in Figure 4. In the simulation results, average OOBE can be reduced about 25dB, 29dB, and 31dB with 500kHz, 1MHz, and 2MHz guard band, respectively. (based on CP-OFDM waveform, transmission bandwidth is 50 physical resource blocks).
- Filter based transmit and receive isolation: in TDD system, duplexer can isolate between transmit signal and received signal with band-pass filter. Nowadays, electrically tunable duplexer can be turned tunable by using tunable components in the filter and impedance matching circuitries. Therefore, electrically tunable duplexer also could be a potential solution to operate flexible duplex operation in FDM manner. 

The various combinations of these schemes could be applicable for feasible flexible duplex operations. For example, we can achieve about 85~91dB isolation performance with combinations of antenna isolation with directional antenna, transmit beamforming, and sufficient guard band. Furthermore, we can also achieve about 85~91dB isolation with flexible duplexer and sufficient guard band. One is to consider eNB/UE capabilities of cancelling interference such that downlink transmission and uplink reception can occur simultaneously in the adjacent frequency band. If the NR design has interference mitigation and cancellation capabilities, then, we can achieve additional 15~20dB gain and this leads to increasing spectral efficiency by minimizing the size of guard band. 

Proposal 4: Various combinations of interference mitigation and cancellation schemes can be considered and studied for feasibility of FMD based flexible duplex operations.
Proposal 5: When the network or UE supports interference mitigation and cancellation capabilities for flexible duplex operation, guard band between adjacent downlink and uplink resources can be reduced.
3. Conclusion
We discussed flexible duplex operation in NR design, and proposed the followings.
Observation 1: For efficient handling of different usage scenarios, dynamic TDD and FDM between DL and UL resources seem necessary. 

Proposal 1: For efficient handling of different usage scenarios and DL/UL resource ratio requirements per UE, flexible DL/UL resource configuration in both TDM and FDM manners in a band should be considered in NR design. 
Proposal 2: Consideration on interference mitigation and cancellation capabilities to support simultaneous downlink and uplink transmission in both TDM and FDM manners are necessary. 
Observation 2: ICIC features to support efficient TDM manner on flexible duplex operation in paired spectrum and un-paired spectrum are common. 
Proposal 3: From RAN1 perspective, ICIC techniques for efficient TDM manner of DL/UL resource sharing are agnostic to the scenarios of flexible duplex in paired spectrum and unpaired spectrum. 

Observation 3: To enable DL/UL resource sharing in a FDM manner on flexible duplex operations, cross-link interference issue needs to be addressed.
Proposal 4: Various combinations of interference mitigation and cancellation schemes can be considered and studied for feasibility of FMD based flexible duplex operations.
Proposal 5: When the network or UE supports interference mitigation and cancellation capabilities for flexible duplex operation, guard band between adjacent downlink and uplink resources can be reduced.
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Agreements:


Study flexible/dynamic TDD, including both downlink and uplink transmissions in the same subframe interval


Study flexible duplex





Agreements:


NR should support at least following design targets: 


It should allow different transmission directions in either part of a paired spectrum


It should allow TDD operation on an unpaired spectrum where the transmission direction of most time resources can be dynamically changing


Note: transmission directions include all of downlink, uplink, sidelink, and backhaul link 
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