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Abstract
This document provides the proposed text on self-interference cancellation to contribute to Sections 4.2.1 and 4.2.2 in the FD TIF report framework [1]. The proposed text is mainly based on the FD TIG presentation [2].











[bookmark: _Toc507602187]FD Technical Feasibility
[bookmark: _Toc507602189]A device with wireless Full Duplex (FD) capability can simultaneously transmit and receive wireless signals sharing the same frequency resource. FD feasibility analyses for 802.11 include both PHY and MAC aspects.
0. FD operations within a BSS

The most challenging work in FD development is probably to efficiently and sufficiently cancel the self-interference (SI) which is transmitted by an FD-capable device and received by the same device through transceiver coupling and multipath reflections. 

[bookmark: _Toc507602190]Self-interference cancellation level
Self-interference produced by the transmitted signal can be very strong and thus has a significant impact on RF and digital properties of the desired signal.

In general, self-interference includes:
· linear components: leakage from Tx to Rx, possible reflections due to antenna/transceiver, and reflections from environment. The main interference signal power could be about the same level of the Tx power;
· nonlinear components: nonlinear distortion due to Tx power amplifier (PA), which is about 30 dB lower than the main signal in linear self-interference [3];
· Tx noise: due to PA noise and phase noise, which is about -50 dBm [3].

 Assume that in an indoor environment, noise figure (NF) is 6 dB, bandwidth (BW) is 20 MHz, implementation margin (Io) is 5 dB. Noise floor is calculated as:

 – 114 dBm = -90 dBm. 

If the transmit power equals 20 dBm, it requires an FD receiver to have an SIC ability in a level of 20-(-90) = 110 dB in order to reduce the main interference signal to the noise floor power level.

The self-interference channel impulse response can be appropriately modelled as shown in [2] where the parameters of the linear portion of the self-interference channel impulse response depend on the internal antenna structure. They are quasi-static and can be calculated/estimated based on the antenna structure specifications while the parameters of non-linear portion of the self-interference channel impulse response depend on the external possible reflectors in the surrounding environment and are time-varying.

[bookmark: _Toc507602191]Potential techniques for self-interference cancellation

General

Due to insufficient receive dynamic range, large self-interference can saturate the Rx LNA/ADC, and the intended Rx signal is compressed / wiped out. It requires antenna isolation/analog circuitry to cancel the self-interference sufficiently in order for the receiver to perform further self-interference cancellation (SIC) in the digital domain. As shown in Figure 1, SIC at the FD receiver is implemented with two stages: analog SIC and digital SIC. 
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Figure 1 analog and digital SIC. 

Example requirements for analog/digital SIC are shown in Figure 2 in which the budgets of analog/digital interference cancellation are illustrated.
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Figure 2 Illustration of requirements for analog/digital SIC.

RF front-end (RFFE) / Analog circuitry SIC
A) RF front-end isolation

· Separate Tx/Rx antennas

Separating multiple antennas into Rx & Tx yields high isolation, however this may limit the MIMO capabilities. A 2x2 MIMO self-interference sounding system using dual-polarized antennas is shown in [4], in which one polarization (e.g., Vertical) for Tx port and the other polarization (e.g., Horizontal) for Rx port. It demonstrates that [4] the V-H isolation of the same antenna can be approximately 45 dB and the cross-polarization coupling from the one polarization (H or V) port of one antenna to another polarization (V or H) port of the other antenna can be -70 dB.  

· Single Tx/Rx antenna

With single antenna, a receiver can use a circulator and/or other alternatives to achieve RF front-end isolation. The combined isolation from the circulator and antenna can be 30 dB [5]. However, a circulator may suffer from high losses, linearity and BW limitations and significant LO leakage. A modified Quadrature Balanced Power Amplifiers (QBPA) method is introduced in [5], which uses dual-mode RFFE isolation instead of circulator and yield competitive performance as circulator.


B) Analog circuitry SIC

Multiple RF/Analog Tap “Weighted” Delay Lines [6] and Two RF Tap Delay Lines “Weighted” & Tunable [7] are considered to be practical for Wi-Fi chipsets, in which the analog canceller is implemented like an analog filter with time delay circuit and variable gain amplifier. It is reported [6] [7] that analog SIC circuitry can suppress 40-50 dB interference.

Digital SIC
Digital self-interference cancellation is the last step of defence against self-interference. However, as discussed above, it is limited by ADC dynamic range. Currently, 12-bit ADC with 11-bit ENOB is widely implemented in 802.11ac chips, yielding an effective dynamic range of 6.02*(11-2)=54.18dB with one bit to budget an additional headroom of 6 dB (depending on the received PAPR) and one bit to place the quantization-error floor 6 dB below noisy floor [8].

Assume that the analog SIC can provides interference suppression of 50dB, thus the digital SIC should be capable to mitigate 60dB of the interference. Also assume that the interference consists of linear and non-linear components (5th and 7th order) and the residual interference (linear component) at input to digital SIC is around -30dBm (nonlinear component is 30 dB below linear components). The incoming desired Rx signal (to be detected) is assumed to be limited by -67 dBm. Figure 3 shows a power diagram of the assumptions and requirements above.
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Figure 3 Full Duplex Power Diagram after Analog SIC


As discussed in [2], a self-interference signal (produced by the Tx side) includes linear and non-linear components (of 3rd and 5th orders).  Assume non-linearity components are memoryless. Thus, every non-linear component depends only on the signal transmitted at the same time-sample. The Tx signal including non-linear components is transformed by analog reflections, multipath channel and also an analog SIC. 

The fact that non-linear components are at least 30dB below the linear part suggests a two-step process [2] to solve a problem that requires to estimate both impulse response taps and the parameters of the non-linear components.

Step 1: Consider non-linear components as a noise and estimate the linear transfer function parameters

Step 2: Subtract the estimated linear part from the received signal and estimate the parameters of the non-linear components

A simulation of the two-step solution is carried out, in which the following parameters are provided in [2]. The simulation results demonstrates that for all the Rx signals in the assumed range -72 dBm :-85 dBm, the total digital interference mitigation is larger than 60dB, thus the interference level after digital SIC can be lower than the target level of -90dBm.
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