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Full duplex wireless has
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in the recent past due to
the potential for doubling
network capacity in the
physical layer and offering
numerous other benefits
at higher layers. However,
the implementation of
integrated full duplex radios is fraught with several
fundamental challenges.

Abstract
Full duplex wireless has drawn significant interest in the recent past due to the potential for
doubling network capacity in the physical layer
and offering numerous other benefits at higher
layers. However, the implementation of integrated full duplex radios is fraught with several
fundamental challenges. Achieving the levels of
self-interference cancellation required over the
wide bandwidths mandated by emerging wireless
standards is challenging in an integrated circuit
implementation. The dynamic range limitations
of integrated electronics restrict the transmitter
power levels and receiver noise floor levels that
can be supported in integrated full duplex radios. Advances in compact antenna interfaces for
full duplex are also required. Finally, networks
employing full duplex nodes will require a complete rethinking of the medium access control
layer as well as cross-layer interaction and co-design. This article describes recent research results
that address these challenges. Several generations
of full duplex transceiver ICs are described that
feature novel RF self-interference cancellation
circuits, antenna cancellation techniques, and a
non-magnetic CMOS circulator. Resource allocation algorithms and rate gain/improvement
characterizations are also discussed for full duplex
configurations involving IC-based nodes.

Introduction

One of the long-held precepts of wireless communication has been that it is impossible for a
wireless device to transmit and receive at the
same time and at the same frequency because of
the resulting self-interference (SI). Recent efforts
have challenged this wisdom, opening the door to
full duplex (FD) wireless, which has the potential
to immediately double network capacity at the
physical (PHY) layer and offers many other benefits at the higher layers.
The concept of FD communication is certainly
not entirely new. The earliest pre-electronic telephone handsets used hybrid transformers to isolate the earpiece from the microphone, enabling
FD communication on a two-wire loop to the central office. In the realm of wireless, the Plessey
Groundsat system of the 1970s was a military-specification FD wireless system capable of
operating over radio channels within the 30–76
MHz VHF band.
However, achieving FD operation in commer-
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cial wireless applications, such as cellular communications and WiFi, is fraught with several
challenges. The fundamental challenge associated
with FD wireless is the tremendous transmitter
(TX) SI, or echo, that appears at the receiver (RX).
This SI can be anywhere between 90–120 dB (a
billion to a trillion times) more powerful than the
desired signal depending on the application. This
powerful SI is further susceptible to the uncertainties of the wireless channel (e.g., frequency
selectivity and time variance) and the imperfections of the transceiver electronics (nonlinear distortion and phase noise, to name a couple). These
challenges are further exacerbated when integrated implementations targeting cost-sensitive and
form-factor-constrained mobile devices are considered. Finally, to fully utilize the benefits of FD
communication, wireless systems will require a
fundamental rethinking of not only the PHY layer
but also the medium access control (MAC) layer,
and a careful co-design of the two.
Initial research performed a few years ago
established the feasibility of SI cancellation and
FD operation in commercial wireless applications
using laboratory bench-top equipment and offthe-shelf components [1]. More than 100 dB SI
cancellation has also been demonstrated in [2]
for military applications. However, the self-interference cancellation (SIC) techniques utilized
in these works are fundamentally not compatible with small-form-factor/integrated circuit (IC)
implementations. More recently, research on integrated FD radios and associated SI cancellation
techniques has emerged [3–7].
This article reviews recent research at Columbia University on integrated FD radios spanning
RF, analog and digital SIC, FD antenna interfaces,
and non-magnetic complementary metal oxide
semiconductor (CMOS) circulators that enable
single-antenna FD [3–5, 8, 9]. This article also
touches on the FlexICoN project at Columbia,
which is taking a holistic cross-layered approach
to develop FD radios and networks from PHY to
MAC. It covers resource allocation algorithms and
rate gate/improvement characterizations for FD
configurations involving IC-based FD nodes.

Challenges Associated with
Integrated Full Duplex Radios

Figure 1 depicts the block diagram of an FD radio
that incorporates antenna, RF, and digital SI suppression. The indicated transmitter and minimum
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Figure 1. Block diagram of an FD radio featuring antenna, RF and digital SI suppression, along with a depiction of the various transceiver non-idealities that must also be managed for effective FD operation.
received signal power levels are typical of WiFi
applications. Also depicted are various transceiver
non-idealities that further complicate the SI suppression problem.

Achieving > 100 dB SI Suppression

The power levels indicated in Fig. 1 necessitate
> 110 dB SI suppression for WiFi-like applications. Such an extreme amount of cancellation
must necessarily be achieved across multiple
domains (here, antenna, RF and digital), as > 100
dB precision from a single stage or circuit is prohibitively complex and power inefficient. The suppression must be judiciously distributed across the
domains, as suppression in one domain relaxes
the dynamic range requirements of the domains
downstream. Furthermore, all cancellation circuits
must be adaptively configured together — optimization of the performance of a single cancellation
stage alone can result in residual SI that is sub-optimal for the cancellers downstream.

Transceiver Non-Idealities

The extremely powerful nature of the SI exacerbates the impact of non-idealities such as nonlinearity and phase noise, particularly for IC
implementations. For instance, nonlinearity along
the transmitter chain will introduce distortion
products. Antenna and RF cancellation that tap
from the output of the transmitter will suppress
these distortion products, but linear digital cancellation will not as it operates on the undistorted digital signal. Depending on the amount of
antenna and RF cancellation achieved, the analog
receiver front-end may introduce distortion products as well, as may the RF cancellation circuitry.
Nonlinear digital cancellation may be employed
to recreate and cancel these distortion products,
but the associated complexity and power consumption must be considered. Local oscillator
(LO) phase noise can pose problems as well. If
a common LO is used for the transmitter and the
receiver, the phase noise in the transmitted and
the received SI will be completely correlated,
enabling its cancellation in the receiver downmixer. However, delay in the SI channel will decor-
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relate the phase noise, resulting in residual SI that
cannot be cancelled. Figure 1 depicts transceiver
performance requirements calculated for two different SIC allocations across domains, one antenna-heavy and the other digital-heavy.

SI Channel Frequency Selectivity and
Wideband RF/Analog SI Cancellation

The wireless SI channel can be extremely frequency
selective. Compact antennas can be quite narrowband, and the front-end filters that are commonly
used in today’s radios even more so. The wireless
SI channel also includes reflections off nearby
objects, which will feature a delay that depends
on the distance of the object from the radio. Performing wideband RF/analog cancellation requires
recreating the wireless SI channel in the RF/analog
domain. Conventional analog/RF cancellers feature
a frequency-flat magnitude and phase response,
and will therefore achieve cancellation only over
a narrow bandwidth (BW). Wideband SIC at RF
based on time-domain equalization (essentially an
RF finite impulse response [FIR] filter) has been
reported in [1] using discrete components. However, the integration of nanosecond-scale RF delay
lines on an IC is a formidable (perhaps impossible)
challenge, and therefore alternate wideband analog/RF SIC techniques are required.

Compact FD Antenna Interfaces

FD radios employing a pair of antennas, one for
transmit and one for receive, experience a direct
trade-off between form factor and transmit-receive isolation arising from the antenna spacing
and design. Therefore, techniques that can maintain or even enhance transmit-receive isolation,
possibly through embedded cancellation, while
maintaining a compact form factor are highly
desirable. Compact FD antenna interfaces are also
more readily compatible with multiple-input multiple-output (MIMO) and diversity applications,
and promote channel reciprocity, which is useful
at the higher layers. For highly form-factor-constrained mobile applications, single-antenna FD
is required, necessitating the use of circulators.
Traditionally, circulators have been implemented
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Figure 2. Integrated wideband RF SIC based on frequency-domain equalization (FDE): a) FDE concept and two-port Gm-C N-path filter
with embedded variable attenuation and phase shift; b) chip photo of the implemented 0.8-to-1.4 GHz 65 nm CMOS FD receiver
with FDE-based SIC in the RF domain featuring a bank of two filters; c) transmit-receive isolation of an antenna pair without SIC,
with conventional SIC (theoretical), and with the proposed FDE-based SIC.
using ferrite materials, and are costly, bulky, and
not compatible with IC technology. Novel techniques for high-performance non-magnetic integrated circulators are of high interest.

Adaptive Cancellation

The SIC in all domains must be reconfigurable
and automatically adapt to changing operation
conditions (e.g., supply voltage and temperature)
and, most importantly, a changing electromagnetic (EM) environment (i.e., wireless SI channel),
given the high level of cancellation required. This
requires the periodic (or perhaps even continuous) usage of pilot signals to characterize the SI
channel, the implementation of reconfigurable
cancellers (which is more challenging in the
antenna and RF domains), and the development
of canceller adaptation algorithms.

Resource Allocation and Rate Gains for
Networks with Integrated FD Radios, and
Rethinking MAC Protocols

The benefits of enabling FD are clear: the uplink
(UL) and downlink (DL) rates can theoretically be
doubled (in both random access networks, e.g.,
WiFi, and small cell networks). That, of course, is
true, provided that the SI is cancelled such that
it becomes negligible at the receiver. Hence,
most of the research on FD at the higher layers
has focused on designing protocols and assessing
the capacity gains while using models of recent
laboratory bench-top FD implementations (e.g.,
[1]) and assuming perfect SI cancellation. How-
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ever, given the special characteristics of IC-based
SI cancellers, there is a need to understand the
capacity gains and develop resource allocation
algorithms while taking into account these characteristics. These algorithms will then serve as building blocks for the redesign of MAC protocols for
FD networks with integrated FD radios.

Integrated
RF Self-Interference Cancellation

To address the challenge related to integrated RF
cancellation across a wide bandwidth (BW), we
proposed a frequency-domain approach in contrast to the conventional time-domain delay-based
RF FIR approach [3]. To enhance the cancellation BW, second-order reconfigurable bandpass
filters (BPFs) with amplitude and phase control
are introduced in the RF canceller (Fig. 2a). An
RF canceller with a reconfigurable second-order
RF BPF features four degrees of freedom (amplitude, phase, quality factor, and center frequency
of the BPF). This enables the replication of not just
the amplitude and phase of the antenna interface
isolation [HSI(s)] at a frequency point, but also the
slope of the amplitude and the slope of the phase
(or group delay). The use of a bank of filters with
independent BPF parameters enables such replication at multiple points in different sub-bands, further enhancing SIC BW. Essentially, this approach
is frequency-domain equalization (FDE) in the RF
domain. In Fig. 2a, which represents a theoretical computation on the measured isolation of a
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pair of 1.4 GHz antennas that are described in
greater detail below, two BPFs with transfer functions H^ 1(s) and H^ 2(s) emulate the antenna interface isolation in two sub-bands, resulting in an
order-of-magnitude improvement in the SIC BW
over a conventional frequency-flat RF canceller.
For FDE, reconfigurable RF filters with very
sharp frequency response (or high quality factor) are required. The achievable quality factor
of conventional LC-based integrated RF filters has
been limited by the quality factor of the inductors and capacitors that are available on silicon.
However, recent research advances have revived
a switched-capacitor circuit-design technique
known as the N-path filter that enables the implementation of reconfigurable, high-quality filters
at RF in nanoscale CMOS IC technology [10].
Figure 2a depicts a two-port N-path filter, where
RS and RL are the resistive loads at the transmit
and receive sides, respectively. CC weakly couples
the cancellation signal to the receiver input for
SIC. The quality factor of an N-path filter may be
reconfigured via the baseband capacitor CB, given
fixed RS and RL. Through clockwise/counter-clockwise (only counter-clockwise connection is shown
in Fig. 2a for simplicity) connected reconfigurable
transconductors (G m), an upward/downward
frequency offset with respect to the switching
frequency can be introduced without having to
change the clock frequency [10]. Variable attenuation can be introduced by reconfiguring RS and
RL relative to each other. Interestingly, phase shifts
can be embedded in a two-port N-path filter by
phase shifting the clocks driving the switches on
the output side relative to the input-side clocks as
shown in Fig. 2a [3]. All in all, the ability to integrate reconfigurable high-quality RF filters on chip
using switches and capacitors uniquely enables
synthesis of nanosecond-scale delays through FDE
over time-domain equalization.
A 0.8–1.4 GHz FD receiver IC prototype with
the FDE-based RF SI canceller was designed and
fabricated in a conventional 65 nm CMOS technology (Fig. 2b) [3]. For the SIC measurement
results shown in Fig. 2c, we used a 1.4 GHz narrowband antenna-pair interface with peak isolation magnitude of 32 dB, peak isolation group
delay of 9 ns, and 3 dB of isolation magnitude
variation over 1.36 to 1.38 GHz. The SI canceller
achieves a 20 dB cancellation BW of 15/25 MHz
(one/two filters) in Fig. 2c. When a conventional
frequency-flat amplitude- and phase-based canceller is used, the SIC BW is about 3 MHz (> 8
lower). The 20 MHz bandwidth over which the
cancellation is achieved allows our FD receiver
IC to support many advanced wireless standards
including small-cell LTE and WiFi.

Compact Full Duplex Antennas
Employing Reconfigurable
Polarization-Based SI Cancellation
The suppression of the SI within the antenna interface itself has significant advantages, as it relaxes
the dynamic range requirements on the RF, analog, and digital blocks in the receiver chain as well
as the RF/analog and digital SIC circuits. While
contemplating SI suppression at the antenna, it is
important to keep in mind that FD antenna interfaces must also exhibit a compact form factor, preserve
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their radiation patterns, and maintain SI suppression
in the presence of a changing EM environment.
Prior antenna-domain SI suppression approaches
only partially satisfy these requirements [11]. In particular, they are typically static approaches that are
unable to respond to a changing environment.
The antenna-electronics interface offers a
unique opportunity to blend EM, RF, analog,
and digital concepts to create “smart” antennas
that achieve novel functionality. In particular, the
antenna domain offers another degree of freedom,
wave polarization, apart from the conventional
amplitude, phase, and frequency, which are the
workhorses of the electronic domain. Orthogonal polarizations can be exploited to enhance
transmit-receive isolation, and, more interestingly,
embed reconfigurable SIC.
Using this insight, we recently developed
a wideband reconfigurable polarization-based
antenna cancellation technique for FD. The technique is depicted in Fig. 3a and employs a pair of
compact co-located antennas for the TX and the
RX that use orthogonal polarizations to enhance
the initial TX-to-RX isolation. Additionally, an auxiliary port that is co-polarized with the TX antenna
is introduced on the RX antenna and terminated with a reconfigurable reflective termination
(essentially a programmable filter). Since this port
is co-polarized with the TX antenna, it “steals” a
small portion of the transmitted signal, thus creating an indirect coupling path between the TX
and RX ports. The signal in the indirect path is
conditioned through the reflective termination
and then couples to the RX port. By configuring
the reflective termination appropriately, SIC can
be achieved at the RX port. Through the implementation of a higher-order reflection termination, our technique can mimic the direct path’s
magnitude and phase as well as their slopes at
multiple frequency points to achieve wideband
cancellation in a manner similar to the FDE technique described earlier. The electronically programmable nature of this reflective termination
also allows SIC to be reconfigured in-field in the
face of a changing EM environment.
A 4.6 GHz antenna prototype employing this
technique was built (Fig. 3b), and achieves more
than 50 dB isolation over 300 MHz bandwidth [8].
This represents a 20 improvement in isolation
bandwidth over conventional techniques. A strong
reflector (a metallic plate) was also placed near the
antenna during measurement, and the ability to
reconfigure and recover the cancellation despite the
reflector’s presence was demonstrated (Fig. 3b).
Such antenna-electronics co-design techniques
readily translate to higher frequencies where
antennas are naturally smaller and interface more
tightly with the IC. Recently, we reported a transceiver IC that combines FD with millimeter-waves
[4]. Merging millimeter-waves with FD can potentially offer the dual benefits of wide bandwidths
and improved spectral efficiency, a step toward
delivering the tremendous increase in capacity
demanded by emerging wireless standards. As
shown in Fig. 3c, our 60 GHz FD transceiver IC
employs the reconfigurable wideband polarization-based antenna cancellation discussed earlier. The reconfigurable reflective termination is
implemented on the chip. To improve the SI suppression further, an RF canceller from the TX out-

The suppression of the
SI within the antenna
interface itself has significant advantages, as
it relaxes the dynamic
range requirements on
the RF, analog, and digital blocks in the receiver
chain as well as the RF/
analog and digital SIC
circuits.
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SIC implemented in MATLAB after capturing the
baseband (BB) signals using an Agilent 54855A
oscilloscope (essentially an 8-bit 20 GSps ADC), a
total SI suppression of nearly 80 dB was achieved
over 1 GHz BW, enabling the world’s first millimeter-wave FD link over a distance of almost 1 m.
Figure 3e shows the demonstration setup using a
100 MHz offset continuous wave (CW) signal and

put to the low-noise amplifier (LNA) output is also
included in the transceiver. The complete 60 GHz
FD transceiver architecture and its chip microphotograph are shown in Fig. 3d. It is implemented in a 45 nm silicon-on-insulator (SOI) CMOS
process and achieves the highest integration
level among FD transceivers irrespective of the
operation frequency. In conjunction with digital
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1 Gb/s binary phase shift keying (BPSK) as the
received and the transmitted signal (SI), respectively. In the absence of antenna and RF SIC, the RX
output is dominated by SI. Engaging the antenna
and RF SIC enables the discerning of the desired
signal. Digital cancellation in MATLAB (a 100tap adaptive LMS filter with a settling time of 16
ms) further suppresses the SI, resulting in an even
cleaner received signal with a signal-to-interference-noise-and-distortion ratio (SINDR) of 7.2 dB.

Integrated Non-Magnetic Circulator
for Single-Antenna Full Duplex

Highly-form-factor-constrained mobile applications, particularly at RF frequencies where the
wavelength is considerably higher, demand single-antenna solutions. Single-antenna FD also
ensures channel reciprocity and compatibility with
antenna diversity and MIMO concepts. However,
conventional single-antenna FD interfaces, that is,
non-reciprocal circulators, rely on ferrite materials
and biasing magnets, and are consequently bulky,
expensive and incompatible with silicon integration. Reciprocal circuits, such as electrical-balance
duplexers, have been considered, but are limited
by the fundamental minimum 3 dB loss in both
TX-antenna (ANT) and ANT-RX paths.
As mentioned earlier, non-reciprocity and
circulation have conventionally been achieved
using the magneto-optic Faraday effect in ferrite
materials. However, it has recently been shown
that violating time invariance within a linear, passive material with symmetric permittivity and permeability tensors can introduce non-reciprocal
wave propagation, enabling the construction of
non-magnetic circulators [12]. However, these
initial efforts have resulted in designs that are
either lossy, highly nonlinear, or comparable in
size to the wavelength, and are fundamentally not
amenable to silicon integration. Recently, we introduced a new non-magnetic CMOS-compatible circulator concept based on the phase-non-reciprocal
behavior of linear, periodically time-varying (LPTV)
two-port N-path filters that utilize staggered clock
signals at the input and output [9].
N-path filters, described earlier in the context
of FDE, are a class of LPTV networks where the
signal is periodically commutated through a bank
of linear, time-invariant (LTI) networks. We found
that when the non-overlapping clocks driving the
input and output switch sets of a two-port N-path
filter are phase shifted with respect to each other,
a nonreciprocal phase shift is produced for signals
traveling in the forward and reverse directions as
they see a different ordering of the commutating switches (Fig. 4a). The magnitude response
remains reciprocal and low-loss, similar to traditional N-path filters. To create non-reciprocal wave
propagation, an N-path filter with ± 90° phase
shift is placed inside a 3l/4 transmission line loop
(Fig. 4b). This results in satisfaction of the boundary condition in one direction (–270° phase shift
from the loop added with –90° from the N-path
filter) and suppression of wave propagation in
the other direction (–270° + 90° = –180°), effectively producing unidirectional circulation. Additionally, a three-port circulator can be realized by
placing ports anywhere along the loop as long
as they maintain a l/4 circumferential distance
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between them. Interestingly, maximum linearity
with respect to the TX port is achieved if the RX
port is placed adjacent to the N-path filter (l = 0),
since the inherent TX-RX isolation suppresses the
voltage swing on either side of the N-path filter,
enhancing its linearity.
A prototype circulator based on these concepts
operating over 610-850 MHz was implemented in
a 65 nm CMOS process. Measurements reveal
1.7 dB loss in TX-ANT and ANT-RX transmission, and broadband isolation better than 15 dB
between TX and RX (the narrowband isolation
can be as high as 50 dB). The in-band ANT-RX
IIP3 is +8.7 dBm while the in-band TX-ANT IIP3
is +27.5 dBm (OIP3 = +25.8 dBm), two orders
of magnitude higher due to the suppression of
swing across the N-path filter. The measured clock
feedthrough to the ANT port is –57 dBm, and IQ
image rejection for TX-ANT transmission is 49 dB.
Techniques such as device stacking in SOI CMOS
can be explored to further enhance the TX-ANT
linearity to meet the stringent requirements of
commercial wireless standards. Clock feedthrough
and IQ mismatch can be calibrated by sensing
and injecting appropriate BB signals through the
N-path filter capacitor nodes as shown previously
in the literature.
A 610–850 MHz FD receiver IC prototype
incorporating the non-magnetic N-path-filterbased passive circulator and additional analog
BB SI cancellation (shown in Figs. 4c and 4d) was
also designed and fabricated in the 65 nm CMOS
process [5]. SI suppression of 42 dB is achieved
across the circulator and analog BB SIC over a
BW of 12 MHz. Digital SIC has also been implemented in MATLAB after capturing the BB signals
using an oscilloscope (effectively an 8-bit 40 MS/s
ADC) (Fig. 4e). The digital SIC cancels not only
the main SI but also the IM3 distortion generated
on the SI by the circulator, receiver, and canceller.
A total of 164 canceller coefficients are trained by
800 sample points. After digital SIC, the main SI
tones are at the –92 dBm noise floor, while the SI
IM3 tones are 8 dB below for –7 dBm TX average
power. This corresponds to an overall SI suppression of 85 dB for the FD receiver.

Conventional single-antenna FD interfaces,
that is, non-reciprocal
circulators, rely on
ferrite materials and
biasing magnets, and
are consequently bulky,
expensive, and incompatible with silicon
integration. Reciprocal
circuits, such as electrical-balance duplexers,
have been considered,
but are limited by the
fundamental minimum
3 dB loss in both
TX-antenna (ANT) and
ANT-RX paths.

Resource Allocation and
Achievable Rate Improvements in FD

Cancelling SI to a negligible level is extremely
challenging. Therefore, we have been considering
the following questions: How much can be gained
given a realistic canceller residual SI profile and
signal strength? And when does it make sense to
use FD over legacy time-division duplex (TDD)?
These questions need to be addressed in the context of a hybrid network with both FD and legacy
half-duplex (HD) nodes, as illustrated in Fig. 5a.
As a first step and in order to obtain fundamental
understanding, in [13, 14] we focused on a single
FD bidirectional link with orthogonal channels
(e.g., orthogonal frequency division multiplexing
— OFDM), and obtained analytic and algorithmic
resource (power, time, and frequency) allocation
results that quantify the achievable rate improvements as a function of SI-to-noise ratios (XINRs)
and signal-to-noise ratios (SNRs).
To model achievable rates on the UL and
DL, we used Shannon’s capacity formula. We
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assumed that the residual SI is a constant fraction of the transmitted signal, where the “constant
fraction” can be different for different channels.
Under such a model, assuming that there are K
orthogonal channels, the rate on the DL can be
written as
⎛
SNR bm,k ⎞
K
rb =
log ⎜ 1+
⎟,
k=1
⎝ 1+ XINR mm,k ⎠

∑

where SNRbm,k is the SNR at the mobile station
(MS) on channel k and XINRmm,k is the XINR at
the MS on channel k. Similarly, the UL rate is
⎛
SNR mb,k ⎞
K
rm =
log ⎜ 1+
.
k=1
1+
XINR bb,k ⎟⎠
⎝
Note that the noise levels at the MS and the BS
and over orthogonal channels are not assumed
to be equal.
We now briefly outline a few main results. As
illustrated in Fig. 5b, for a given FD rate pair (rb, rm),
we defined the FD rate improvement p as the (positive) number for which (rb/p, rm/p) is at the boundary of the corresponding TDD capacity region.
First, we focused on maximizing the sum of
the UL and DL rates (referred to as the sum rate)
when only a single channel is considered. We
showed that if any FD rate pair has higher sum
than the maximum TDD rate, the maximum sum
rate is obtained when both UL and DL TX power
levels are set to their maximum values. Let (sb, sm)
denote the rate pair corresponding to the maximum TX power levels. Figures 5c and 5d show
the rate improvements at (sb, sm) when the XINR
at the BS is 0 dB, as a function of the XINR at the
MS and SNRs at the UL and DL. As Figs. 5c and
5d suggest, to obtain non-negligible rate improvements from FD, SNRs need to be sufficiently high
compared to the XINRs.
For a general number of channels, the problem
of allocating power levels to orthogonal UL and
DL channels such that the sum rate is maximized is
non-convex. However, we showed that under mild
restrictions, the problem is, in fact, amenable to efficient optimization methods. The restrictions impose
a lower bound on the amount of SIC that needs to
be obtained for given levels of SNR. We show that if
these restrictions are not satisfied, FD cannot provide
appreciable rate improvements. Based on realistic
models of residual SI at the BS [1] and at the MS
[3, 15], we demonstrated in [13] that simple power
allocation methods, such as the high SINR approximation power allocation, are near-optimal whenever the
gains from FD are non-negligible.
In [14] we focused on determining the capacity region of an FD link. This is equivalent to the
problem of maximizing one of the (UL and DL)
rates when the other is fixed. An FD capacity
region is not convex in general. However, the
region can be “convexified” through time sharing between different FD rate pairs. We refer to
a convexified capacity region as the time-division full-duplex (TDFD) capacity region. A TDFD
capacity region generally provides higher rates
than its corresponding FD region. Moreover, a
convex (TDFD) capacity region is desirable, since
most resource allocation and scheduling algorithms rely on convexity, as providing performance
guarantees for a non-convex region is hard.
Although the problem of determining either
the FD or the TDFD capacity region is non-con-
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vex in general, we developed an algorithm (AltMax) that determines the TDFD region under
mild restrictions and is guaranteed to converge
to a stationary point, which in practice is a global optimum. The restrictions lead to suboptimality mainly in the region where, on average, XINR
over channels is high compared to the average
SNR over channels. Building on insights from our
numerical experiments, we also developed a simple heuristic with similar performance but lower
running time. The rate improvements obtained by
AltMax and the heuristic are illustrated in Figs. 5e
and 5f for the residual SI of the FD receiver implemented in [15], and Figs. 5g and 5h for the residual SI of the FD receiver implemented in [3]. In
the figures, we assume that 110 dB is required for
the TX signal to be cancelled to the noise level, as
in, for example, [1]. We can observe from Figs.
5e–5h that as the average SNR increases, the rate
improvements increase.1
Comparing the rate improvements for the
canceller from [16] with the rate improvements
for the canceller from [3] (i.e., comparing Fig. 5e
with Fig. 5g and Fig. 5f with Fig. 5h, it is not difficult to observe, as expected, that more broadband cancellation ([3] vs. [15]) provides higher
rate improvements. Moreover, we can observe
that in the regions of higher SNRs, where the rate
improvements are higher (Figs. 5f and 5h), AltMax
and the heuristic provide almost indistinguishable
solutions. Therefore, in the regions of high rate
improvements, the TDFD capacity region can be
determined near optimally with a simple heuristic.
Finally, we note that FD has other advantages
in addition to potential 2 rate improvement. For
example, in WiFi systems, FD can reduce collisions and, consequently, reduce the packet loss.

While exciting progress
has been made in the
last few years by the
research community
as a whole, several
problems remain to
be solved before FD
wireless can become a
widely-deployed reality.
Continued improvements are necessary in
IC-based FD transceivers
towards increased total
cancellation over wide
BWs and support for
higher TX power levels
through improved RX
and circulator linearity.

Conclusion

In summary, the Columbia FlexICoN project
has been focusing on IC-based FD transceivers
spanning RF to millimeter-wave, reconfigurable
antenna cancellation, non-magnetic CMOS circulators, and MAC layer algorithms based on realistic hardware models. While exciting progress has
been made in the last few years by the research
community as a whole, several problems remain
to be solved before FD wireless can become a
widely deployed reality. Continued improvements
are necessary in IC-based FD transceivers toward
increased total cancellation over wide BWs and
support for higher TX power levels through
improved RX and circulator linearity. Incorporation of FD in large-scale phased-array transceivers
is another open research problem. The extension
of IC-based SIC concepts to MIMO transceivers
is an important and formidable challenge. In a
MIMO transceiver, SI will exist between every
TX-RX pair, and a brute force implementation will
cause canceller complexity to scale quadratically with the number of MIMO elements. At the
higher layers, while extensive recent research
has been devoted to this area, the implications
of different possible PHY layer implementations
are still not fully understood. Moreover, there are
still several important open problems related to
MAC layer design for both cellular and random
access networks. Specifically, it is necessary to
design algorithms that support asymmetric UL
and DL traffic requirements and provide fairness

1 In fact, it can be shown
that for any finite values of
XINR over channels, if it was
possible to increase the SNR
to infinity, the rate improvements would reach the theoretical upper bound of 2.
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Figure 5. Resource allocation and rate gains in FD systems: a) illustration of a network with FD and HD users, with the FD link outlined
by a box; b) definition of rate improvement; c) rate improvement at (sb, sm) for equal SNRs on UL and DL; d) rate improvement
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in networks composed of both FD and legacy
HD nodes. In addition, it is important to consider interference management in OFDM networks
jointly at the PHY and MAC layers.
Integrated FD is suitable for many applications
ranging from backhaul, relays, and WiFi to smallcell LTE (where cancellation requirements are
relaxed compared to macrocells). Although antenna cancellation techniques provide wider BW and
relax dynamic range requirements, they tend to
have large form factors, making them more practical for point-to-point/less form-factor-constrained
applications like backhaul and relays. On the other
hand, RF cancellation and on-chip circulator-based
FD works generally result in smaller form factors,
making them more feasible for mobile devices for
WiFi and small cells with future improvements in
cancellation BW and power handling capability.
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