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Optimum Single Antenna Full Duplex Using Hybrid
Junctions

Leo Laughlin, Member, IEEE, Mark A. Beach, Member, IEEE, Kevin A. Morris, Member, IEEE,
and John Haine, Member, IEEE

Abstract—This paper investigates electrical balance (EB) in
hybrid junctions as a method of achieving transmitter-receiver
(TX-RX) isolation in single antenna full duplex wireless systems.
A novel technique for maximizing isolation in EB duplexers is
presented, and we show that the maximum achievable isola-
tion is proportional to the variance of the antenna reflection
coefficient with respect to frequency. Consequently, antenna
characteristics can have a significant detrimental impact on
the isolation bandwidth. Simulations which include embedded
antenna measurements show a mean isolation of 62dB over a
20MHz bandwidth at 1.9GHz, but relatively poor performance at
wider bandwidths. Furthermore, the operational environment can
have a significant impact on isolation performance. We present a
novel method of characterizing radio reflections being returned
to a single antenna. Results show as little as 39dB of attenuation
in the radio echo for a highly reflective indoor environment at
1.9GHz, and that the mean isolation of an EB duplexer is reduced
by 7dB in this environment. A full duplex architecture exploiting
electrical balance is proposed.

Keywords—Duplexers, Full-duplex, Hybrid junctions, Interfer-
ence cancellation, Self-interference.

I. INTRODUCTION

IRELESS COMMUNICATION systems are fundamen-

tally limited by the availability of the electromagnetic
spectrum in which they must operate. Consequently, increasing
spectral efficiency has been a major focus of research over
recent decades, and given the exponential growth in demand
for radio services, spectral efficiency will continue as a key
research driver for years to come. Radio signals attenuate
quickly with distance, and therefore in radio systems the
transmit signal powers are typically much higher than receive
signal powers (often over 100dB higher in cellular systems).
Because of this, it has long been held that a radio system
cannot transmit and receive on the same frequency at the
same time, as the high powered transmit signal would lead
to catastrophic self-interference at the receiver. In current
radio systems, full duplex operation is achieved by simply
avoiding this problem. Spectral resources are divided between
the transmit and receive channels either in time, using Time
Division Duplexing (TDD), or frequency, using Frequency
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Division Duplexing (FDD). However, since the 1980s [1], [2],
and particularly in recent years [3]-[8], research has challenged
this paradigm, proposing new system architectures utilizing
various techniques to provide high levels of transmit to re-
ceive isolation, thus allowing simultaneous transmission and
reception at the same frequency. This division free duplexing,
often referred to simply as full duplex wireless, has obvious
benefits for spectral efficiency, theoretically providing double
the capacity of TDD or FDD systems without increasing
bandwidth.

To achieve in-band full duplex communication, the self-
interference must be reduced to an acceptable level at the
receiver. Any residual self-interference will effectively increase
the receiver noise floor, reducing the capacity of the receive
channel. To achieve the theoretical two-fold capacity increase,
infinite isolation would be required. Infinite TX-RX isolation is
not practically feasible; however, provided the isolation is high
enough such that the residual self-interference is at least some
5dB or so below the receiver noise floor, then the impact on the
receive performance will be negligible. For an LTE handset,
with a maximum transmit power of 23dBm, and a receiver
noise floor of around -95dBm, then 23dBm - (-95dBm) + 5dB
= 123dB would be required to reduce the self-interference to
5dB below the level of the noise floor. For a typical Wi-Fi
system, a similar calculation tells us that approximately 115dB
of isolation would be required. These high levels of isolation
are not easily achievable, however even if the residual self-
interference noticeably increases the receiver SNR and thereby
reduces the channel capacity, there may still be a net capacity
gain in operating two simultaneous reduced capacity channels
in full duplex over the self-interference free TDD alternative.

Existing designs [2]-[6], [9]-[11], involve various combi-
nations of analog cancellation, digital cancellation, and an-
tenna based suppression to provide the high level of isolation
required. Digital cancellation [6], [7], [11]-[13], although
effective and easy to implement in baseband DSP, cannot
prevent self-interference from overloading the receiver front
end, which would prevent any recovery of the receive signal.
Analog cancellation [4]-[6], [8], [10], [14], [15], can pro-
vide significant isolation prior to the receiver, reducing self-
interference and preventing receiver overloading, making it a
requirement in most practical systems [4]. Significant progress
has also been made in understanding the impact of hardware
limitations and other imperfections on system performance
[16]-[19], and network capacity and MAC protocols for full
duplex networks have also been the subject of investigation
(8], [12], [20]-[23].
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Antenna based suppression methods can provide significant
isolation, however these designs require additional antennas
which is a disadvantage in applications where device size and
form factor are important considerations. Antenna separation
[2], [6], [8], [11], [12], uses separate transmit and receive
antennas and is a simple and effective method of achieving TX-
RX isolation. Shielding, radiation pattern, and polarization can
be exploited to improve isolation [8], [24], [25], however the
achievable isolation is fundamentally limited by the physical
separation of the antennas. Antenna cancellation [3], [5], [26],
[27] involves positioning transmit antennas such that their ra-
diated signals interfere destructively at the receive antenna(s).
Although effective, the isolation offered by this technique is
significantly reduced in multipath environments [3]. Transmit
beamforming in MIMO systems with antenna separation [9],
[17], [28], can also be exploited to reduce self-interference
at the receive antennas, and can be combined with spatial
multiplexing, although obtaining interference suppression in
this way consumes spatial degrees of freedom that could have
otherwise been used for data transmission [17].

In many applications, and especially in consumer products,
cost reduction and form factor often take precedence over radio
performance. The multi-antenna techniques mentioned above
are well suited to applications such as cellular basestations,
however the increase in device cost and size due to the
additional antennas make these techniques less attractive for
smaller devices such as smartphones and tablet computers.
Single antenna full duplex systems have been reported in [4],
[29]. These implementations use circulators to provide some
level of TX-RX isolation (around 15-20dB) in the antenna
coupling network, however, circulators are also an unattractive
option due to their cost, size, and limited bandwidth.

In this paper, we study electrical balance (EB) using hybrid
junctions as a possible alternative method for providing TX-
RX isolation in full duplex system. This technique has been
shown to provide high TX-RX isolation over wide bandwidths
[30], [31], however this method requires just one antenna,
reducing device size and cost compared to an antenna separa-
tion or antenna cancellation system. In section II, we review
Electrical Balance Isolation techniques, and in section 111, we
derive expressions for the optimum balancing impedance and
the maximized isolation, and show that practical antennas will
limit performance. Section 1V then analyzes the performance
of an EB duplexer with dipole antenna using the novel optimal
balancing technique. In section V the impact on isolation
performance due to radio reflections in the environment is
investigated, and section VI discusses possible system archi-
tectures exploiting EB duplexing.

Il. ELECTRICAL BALANCE DUPLEXING

Transformer based isolation methods were first developed
in the early 20" century for use in wired telephony systems,
which, incidentally, are themselves early examples of on-
frequency full duplex systems. In an analog telephone, the
microphone and earpiece must both be connected to the
telephone line, but the microphone signal must be isolated from
the earpiece to prevent the users own speech deafening them
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Fig. 1. Hybrid transformer providing TX-RX isolation using electrical
balance, and definitions of the common mode signal, vcy, and differential
mode signal vpu, at the LNA input.

to the much weaker audio signal being received. This early
application is entirely analogous to the requirements of single
antenna full duplex wireless transceivers, where the TX and
RX must both be coupled to the same antenna, but high TX-RX
isolation is required. This circuit technology is commonplace
in wired communication, and the hybrid junction is widely
used in RF engineering. Recent research has investigated using
electrical balance in hybrids for implementing wireless FDD
[30]-[35], where it could potentially replace the multiple off-
chip acoustic resonator duplexers required for FDD operation
in todays multiband cellular handsets, thus reducing their cost
and size. This technique, sometimes referred to as electrical
balance isolation (EBI) is, however, equally applicable to the
full duplex wireless systems discussed presently, although for
full duplex operation the isolation requirements are much
higher than for FDD.

EB duplexing exploits electrical balance in a hybrid junc-
tion to achieve high TX-RX isolation. A number of trans-
former configurations can be used, including auto-transformers
[36], [37], 90 or 180 hybrid couplers [1], [34], and hybrid
transformers [31]. Fig. 1 [31] depicts a hybrid transformer
based EB duplexer and defines the Differential Mode (DM),
and Common Mode (CM) signals at the receiver input. EB
duplexers must not only provide high DM isolation in order to
reduce self-interference, but must also protect the receiver from
CM signals, which can cause Low Noise Amplifier (LNA)
device breakdown due to the large voltage swing at the LNA
input. In [36], a prototype auto-transformer based duplexer
has been shown to provide a 60dB isolation bandwidth (the
bandwidth over which at least 60dB of isolation is achieved)
of over 50MHz for DM signals, however this architecture
provides no CM isolation, making it unsuitable for all but
low transmit power applications. Hybrid transformer based
implementations, however, can provide CM isolation, making
them preferable for most modern wireless applications.

The operation of the EB duplexer depicted in Fig. 1 is
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analyzed in detail in [31]. The TX current supplied by the
Power Amplifier (PA) enters the hybrid at the center tap of
the primary winding and is split between two paths flowing in
opposite directions, with one component flowing to the antenna
(and being transmitted), and the other to the balancing network.
The relative magnitudes of these currents is determined by the
coupling coefficient, K. The balancing impedance is adjusted
such that these two currents create equal but opposite magnetic
fluxes that cancel, and therefore zero current is induced in the
secondary winding and the receiver is completely isolated from
the transmitter. Conversely, a signal received by the antenna
causes current to flow through the primary winding in one
direction, thereby coupling it to the receiver winding. There is,
of course, some loss associated with the duplexer. Some TX
power is dissipated by the balancing network, instead of being
transmitted, and not all of the RX power is coupled to the LNA.
The losses of the TX and RX paths can be traded off against
one another by changing the coupling coefficient, and when
K2 = 0.5 the losses of the TX and RX paths are both 3dB.
Although any loss in the TX and RX paths degrades efficiency
and sensitivity respectively, the magnitude of these losses is
comparable to the losses observed in alternative architectures,
such as the loss due to the circulator, splitter, and coupler used
for analog cancellation in [4].

It can be shown [38] that the DM TX-RX power gain of an
ideal EB duplexer is

Grx—rx = L|Tpar — Tanr|? (1)

where I'g 4, and I" oy are the complex reflection coefficients
of the balancing network and antenna respectively, and where
L is a constant scaling factor which depends on the coupling
coefficient such that L = K2(1 — K?). As we can see from
(1), in the ideal circuit, the isolation depends on how closely
T'par, can match I' 4 7, and hence how closely the balancing
impedance can match the antenna impedance. Results in [30]
also demonstrate that (1) remains valid for the non-ideal
circuit, and that parasitic elements in the hybrid transformer
have little effect on DM isolation compared to balancing
inaccuracies. However, due to environmental effects, I'y nT
may be time variant and therefore, as is also the case with
analog cancellation, the system must be adaptive.

Although the non-ideal properties of the hybrid have little
impact on the DM isolation, parasitic coupling can signifi-
cantly reduce the CM isolation. In [30], a fully differential EB
duplexer is introduced which exploits differential TX inputs to
cancel the CM signal at the LNA. Although providing signif-
icantly higher CM isolation than single ended EB duplexers,
the additional balun required to couple the antenna increases
loss in the receive path, thereby adding to the noise figure. In
both differential and single ended EB duplexers, the DM TX-
RX gain is given by (1), and therefore the analysis presented in
this paper is applicable to all of the EB duplexer architectures
discussed presently.

I1l. ACHIEVABLE ISOLATION

In order to obtain high isolation, the balancing impedance
must be as close as possible to the antenna impedance. For

v ZBALZl

Fig. 2. Differential EB duplexer [30].

purely resistive loads, high isolation can be achieved over wide
bandwidths, however, in practice the antenna impedance seen
by the hybrid transformer is frequency dependent. Previous
work [30], [31] has demonstrated the achievable isolation using
near ideal 5002 impedances to model the antenna. In this
paper we investigate the reduction in isolation performance
when a real antenna is used, strategies for calculating the
balancing impedance, and we calculate the optimum balancing
impedance for an arbitrary antenna and the maximum isolation
that this can achieve.

A. Balancing at the Carrier Frequency

Considering the case where the antenna reflection coefficient
is a frequency selective function, Tynr(w), and Tpayr is
frequency invariant, the frequency dependent TX-RX power
gain of the duplexer is given by

GTX*RX(W) :L|FBAL _FANT(W)|2' (2)

A simple but naive method of determining the balancing
impedance is to set it to be equal to the antenna impedance at
the carrier frequency, w,, such that

Ipar = Tanr(we). 3)

Although this provides very high (theoretically infinite) iso-
lation at the carrier frequency, variation in the antenna
impedance with frequency drastically reduces the isolation as
we move away from this frequency. Since the self-interference
power is spread across the transmit bandwidth, setting the
balancing impedance to obtain high isolation at a single
frequency point is not necessarily useful if this results in poor
isolation at other frequencies in the transmit band. Instead,
we wish to maximize the SNR at the receiver, and therefore
we wish to find the optimum balancing impedance which
minimizes the total self-interference power across the entire
band.

B. Optimum Balancing Impedance

To minimize the self-interference power at the LNA, we
must minimize the mean of the TX-RX gain as given by (2)
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across the band of interest (e.g. the transmit signal bandwidth).
Here we may note that this is a minimum mean square error
(MMSE) problem, and assuming the balance impedance is
frequency invariant (see below), we may write the minimum
TX-RX gain, Grx—RXuyser 85

GTX-RXmmse = FHBH/E {L Tpar — FANT(W)|2} (4)

for w<w<uwy

T'par

= L min { /wh Tpar — Canr(w)| dw} (5)

Wh — Wi Jy,

where wy, and w; are the upper and lower band limits respec-
tively. It can be shown that the minimizer, T'par, sp + IS
given by

1 /Wh FANT(LU) dw (6)

I BAL
MMSE
Wh Wi wy

= FANT(W) for w <w<wy (7)
and therefore, in the case where the balancing network is a
single complex impedance, the balancing impedance which
minimizes the self-interference at the receiver across a given
frequency band is that which occurs when the balancing reflec-
tion coefficient equals the mean of the antenna reflection co-
efficient across that band. The optimum balancing impedance,
ZBALymse 18 therefore given by

1+ Tsnr(w)

———— for wi<w<w, (8)
1_FANT(W)

ZBALymse = 20

where Z; is the normalizing impedance. At this optimum
point, the TX-RX isolation is maximized and is given by

— Tanr(W)]* (9)
— Tanr(w)|* (10)

for w <w<uwy

GTX—RXMMSE (W) = Ll]‘—‘BALIWIWSE

GTX—RXMMSE (W) = Lll—‘ANT(w)

and the minimized mean gain (i.e. the maximized mean
isolation) across the band is

Grx-RXpyuse (W) = LIPaNT (W) — Tant(w)[? (11)

for w <w < wy.

Here we may note that the maximized mean isola-
tion for a given frequency band is proportional to

ITanT(w) — Tanr(w)|?, which is the variance with respect to
frequency of the antenna reflection coefficient T" s 7 (w) Over
said band. This result is intuitive, and quantifies our earlier
observation that variations in the antenna reflection coefficient
over frequency will limit the isolation bandwidth.

C. Balancing Impedance Realisation

The balancing impedance can be realized using a series RC
or RL circuit, depending on the sign of the imaginary part of
the balance impedance (thus requiring both configurations to
be available in the balancing network). Here we may recall the
assumption that the balancing impedance is frequency invari-
ant. However, a frequency invariant complex impedance cannot
be physically realized by any RLC network. Nonetheless, in
general this analysis remains valid as in comparison to the
practical variation in antenna impedance, a first order RC or
RL circuit impedance can be assumed to be frequency flat over
typical system bandwidths. Furthermore, it is pertinent to note
that this analysis assumes that delay (linear phase shift) in the
antenna impedance (due, for example, to a transmission line
or cable between the duplexer and antenna) is compensated
for by an equal delay in the balancing network.

IV. PERFORMANCE ANALYSIS

RF simulation was used to determine the performance of the
circuit in Fig. 1 with a real antenna connected to the duplexer,
and to investigate the impact of the different balancing strate-
gies. Measured Sy; frequency response data taken from a real
antenna was incorporated into the circuit simulator, thereby
creating an almost perfect model of the antenna reflection
within the simulation (limited only by the Vector Network
Analyzer (VNA) measurement accuracy and quantization). A
lumped element model of the transformer was used to simulate
the reduced magnetic coupling and quality factor. This model
used the parameters of the transformer which was fabricated in
[30], in which the primary and secondary winding inductances,
L; and Ly, are 2.24nH and 15.3nH respectively, the quality
factors of the primary and secondary windings, Q; and Q; ,
are 10.5 and 14.6 respectively, and L; is the winding on the
PA side. The coupling coefficient, K, is 0.84, and the tapping
ratio is 1:1. In the simulation the balancing impedance was
implemented as a series RC (or RL, see above) circuit.

Fig. 3 shows the simulated isolation performance for the
two different balancing strategies when a dipole antenna is
connected. When carrier frequency balancing is used, high
isolation is obtained at the carrier frequency, but quickly
reduces either side of this, and in this case the system has
a 50dB isolation bandwidth of only 10MHz. When MMSE
balancing is used, the peak isolation is traded for better average
isolation across the system bandwidth, and this extends the
50dB isolation bandwidth to 38MHz. The simulation was also
used to compare the isolation when using the RC balancing
network against the isolation which would occur if using the
non-realizable frequency flat complex impedance which was
assumed in the derivation. In all simulations conducted, the RC
or RL balanced case was found to be in close agreement with
the frequency invariant balancing case, showing less than 1dB
difference in mean isolation, thus validating the narrowband
assumption. The results also demonstrate that the variation
in antenna impedance has a profound effect on the isolation
bandwidth. Even when the MMSE balancing is used, the 50dB
isolation bandwidth seen here is substantially less than the
>250MHz 50dB isolation bandwidth reported in [30] where
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Fig. 3.  Simulated TX-RX isolation of the EB duplexer with a dipole

antenna when balancing at the carrier frequency, and when using MMSE
balancing. Carrier balancing is maximizing the isolation at 1.833GHz. The
MMSE balancing is maximizing the isolation for a 30MHz bandwidth centered
at the same frequency.

a 5002 load was used instead of an antenna, and this sug-
gests that previously reported duplexer isolation performance
figures in [30], [31] are not practically achievable. Fig. 4
compares simulated mean isolation for system bandwidths up
to 100MHz when using carrier frequency balancing, and when
using MMSE balancing to minimize self-interference over that
particular system bandwidth. In both cases the variation in
antenna impedance increases with bandwidth, thereby reducing
the isolation, however at wider bandwidths the MMSE balanc-
ing results in up to 5dB of additional interference suppression
compared to carrier balancing.

V. EFFECT OF THE PROPAGATION ENVIRONMENT

It has been shown that frequency variation in the reflection
coefficient at the antenna port limits the isolation bandwidth
provided by the EB duplexer, however we have thus far not
considered the mechanism by which this energy is reflected.
We can, in fact, divide the reflected energy into two compo-
nents: energy reflected by the antenna system itself, and energy
reflected by the environment in which the antenna operates. In
the case of the latter, transmit energy leaves the antenna, and
is reflected back into the antenna by nearby objects. We may
refer to this as the radio echo. Since we have shown that the
antenna Sy; is a critical factor in determining the performance
of an EB duplexer, then, if powerful enough, the environmental
reflections are likely to affect the isolation performance. In
this section we measure the power of these reflections in two
different environments and quantify the effect this has on the
EB duplexer isolation.

A. Radio Echo Measurement

We may express the reflection at the antenna port as the sum
of the reflection due to the antenna system itself, I, y(w),
and the radio echo, I'pcmo(w), and hence

FANT(W) = F;xNT(W) + T'ecHo (w) (12)
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Fig. 4. Simulated mean TX-RX isolation for different system bandwidths up
to 100MHz for both balancing strategies.

The echo component, T'rcro(w), at a particular position
could be determined by measuring I' sy (w) at that position,
and then subtracting an estimate of I/, - (w), which could be
obtained by measuring the antenna reflection coefficient in an
anechoic chamber, such that

I'ecro(Ww) ~Tant(Ww) —Tanecrorc(w)  (13)

where
Panvecrorc(w) = Ty yp(w). (14)

This method would estimate the full frequency response of
the reflection channel, but has the drawback of requiring
the use of an anechhoic chamber. Another possible method
for estimating the environmental echo power is to observe
the S;1 impulse response in the time domain by taking the
inverse discrete Fourier transform (IDFT) of the Sy; frequency
response. This approach has been successfully used in [25] to
investigate environmental effects on the self-interference chan-
nel in an antenna separation full duplex system. This transform
based method, however, requires a significant measurement
bandwidth in order to resolve the reflection components to
the required time domain resolution (typically ~10ns or less
for indoor environments), and is thus not possible when the
measurement bandwidth is sufficiently limited by the antenna
bandwidth. Furthermore, even when windowing is correctly
applied, the time domain “ringing” (i.e sidelobes) caused by
the finite measurement bandwidth is particularly problematic
in an S;; measurement, as the environmental components
can be obscured by ringing from the much larger IV, 7 (w)
reflection component, further necessitating a wide measure-
ment bandwidth. Here we present an alternative narrowband
technique which estimates the mean echo power at a single
given frequency, and does not require the use of an anechioc
chamber.

B. Estimating the Echo Power Statistically

By making some basic assumptions regarding the nature of
the reflected signals it is possible to estimate the loss of the
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echo channel for a given environment at a given frequency as
follows. Firstly, let us assume that the reflection due to the
antenna, I, y(w), is stationary in time. Since the antenna
is a fixed physical device its response is, generally speaking,
time invariant. Minor variations in the antenna reflection
coefficient may occur due to changes in temperature and
device ageing effects, however these occur over relatively long
timescales and can therefore be neglected. If we take a time
domain measurement of the reflection coefficient at the carrier
frequency, T'an7(we,t), as the antenna moves through the
environment, then under the above assumption any variation
in the measured reflection coefficient over time is due to the
radio echo component. Hence we may write

Lant(we, t) = ynr(we) + Tecro(we, t).  (15)

Secondly, let us assume that the equivalent baseband radio
echo is a zero mean fading process [39], such that

Iecro(we t) =n(0,0%) (16)
and the reflection at the antenna can therefore be written as
FANT(WCa t) = FCLXNT(WC) + 77(0, U2E)' (7)

where 7(0,0%) is some arbitrary distribution with zero mean
and variance o%. Since we have assumed the fading process
in the echo channel is zero mean, o2 is equal to the average
power gain of the echo channel

=03, (18)

Furthermore, since I, y(w,) is time invariant, this is also the
variance of I' sy (we, t)

T ecHO (We, )]

Tecro(we, t))? = var {T anr(we, t)} (19)

and hence the variance of a time domain measurement of the
reflection coefficient at a given frequency, taken as the antenna
moves through the environment, provides an estimate of the
mean radio echo power at that frequency averaged over the
measurement path. Alternatively, one could also interpret this
estimation method as assuming the reflection at the antenna
port is a Ricean channel, and inferring the echo component
by estimating the K-factor. Although requiring measurement
at only a single frequency and thus being suitable for use
with narrowband antennas, this method does not give any
insight into how this power is spread in the time domain.
Conversely, the wideband IDFT method used in [25] can
provide useful information such as the RMS delay spread.
Estimating the reflected power at a single frequency may also
be advantageous in environments where radio reflections are
highly frequency dependent, and this technique could also be
repeated at multiple frequency points to estimate the amplitude
frequency response of the environmental reflection channel.

C. Measurement

In order to use the method described above to measure the
additional reflection at the antenna port due to radio echoes,
it is necessary to ensure that the conditions these are based
upon are valid. Specifically, to obtain a valid estimate, it is

Antenna

Fig. 5. The radio echo measurement setup in the laboratory.

necessary to ensure that the radio echo channel is fading, and
therefore the antenna must be moving whilst the measurement
is taken. However, movement in cables can be a significant
source of measurement error, and to mitigate against this, high
quality phase stable cables were used in this measurement.
Additionally, to minimize any cable movement, and to allow
the antenna position to be easily controlled without interfering
with the measurement (as would be the case if moving the
antenna by hand), a special jig was constructed to perform
the measurement. The antenna was mounted on the end of
a 2m wooden pole, which was attached to a pivot mounted
next to a VNA. This allowed the antenna to be easily moved
as the measurement was taken, and, since the measurement
apparatus described does not move relative to the antenna, it
does not introduce any extra variation in the reflected signal,
and therefore does not interfere with the measurement. The
antenna was swept through a distance of approximately 2.5m
in the center of the room, taking care that the antenna did not
come unduly close to any reflective objects which might distort
the measurement. At the 1.9GHz measurement frequency this
meant that measurement was performed over a distance greater
than 15 wavelengths.

Two environments were measured: a rich multipath environ-
ment in the laboratory, and a less reflective home environment.
The laboratory has many reflective surfaces, including a metal
raised floor, metal heating ducts in the ceiling cavity, and
various metal pieces of lab equipment. Furthermore, steel plate
and tin-foil reflectors were placed around the laboratory to
increase the reflectivity of the environment. Conversely, the
home environment does not have many metal surfaces or
objects, and it is therefore reasonable to expect there to be a
lower radio echo power in this environment. A Taoglas PA.710
multiband cellular antenna was used in these experiments, as
this is representative of a typical cellular or WLAN antenna.

D. The Effect of the Environment on isolation

In addition to estimating the echo power in the home and
laboratory environments, the antenna S;; frequency response
was also measured at these locations. It is important to note
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Fig. 6. The TX-RX isolation of the EB duplexer optimized for maximum

isolation over a 20MHz bandwidth in two different propagation environments.

TABLE I. SUMMARY OF MEASURED RADIO ECHO POWER AND EB
DUPLEXER PERFORMANCE IN THE HOME AND LABORATORY
ENVIRONMENTS.

Environment Lab Home
Echo Atten. -39dB -49dB
Mean Isol (20MHz BW) -55dB -62dB
60dB isol. BW 8MHz  14MHz
R 78.5Q2 45.7Q2
L 0.8 nH 1.8 nH

that an S;; measurement is a measure of total reflection at
the antenna port, regardless of the reflection mechanism. The
measured antenna S;; therefore also includes any radio echoes
from the environment. Consequently, by incorporating mea-
sured antenna S;; data from the home and lab environments
into the simulation, it was possible to realistically simulate
the antenna and the echo channel, and thereby investigate the
impact of the different propagation environments on the perfor-
mance of the duplexer. Table | summarizes the measured echo
power and simulated isolation performance of the duplexer at
two example locations in the home and lab environments, and
shows component values for series RL or RC circuits required
to implement the balancing impedance. The echo channel at-
tenuation is as little as 39dB for the reflective lab environment.
Considering the high isolation requirements, clearly this means
that the returning echo signals are powerful enough to have an
effect on performance. Since the radio echoes are included
as part of S;3 measurement the optimum balance calculation
takes this component into account, maximizing the isolation
for any given antenna and environment. However, comparing
the optimum isolation performance in the two environments
(Fig. 6 and Table I), we can see that the radio echoes have a
significant impact on the maximum achievable isolation, with
mean isolation over the bandwidth reducing by 7dB due to
the additional radio echo in the lab. A further observation is
that required resistor values show a relatively large variation.
This has negative implications for the hardware design of the

DSP

DAC T

\l/ Radio

H(w,t) T
DAC Tx EB duplexer

Radio

A ADC Rx

W) Radio

Fig. 7. Possible architecture for a single antenna full duplex radio system
incorporating an electrical balance and analog cancellation (EBAC), and digital
baseband cancellation.

tunable balancing impedance, as a requirement for a large
tuning range and high accuracy in the balancing network would
increase system complexity.

V1. FuLL DUPLEX SYSTEM ARCHITECTURE

Fig. 7 shows a possible single antenna full duplex system
architecture exploiting electrical balance, analog cancellation,
and digital cancellation. This electrical balance and analog
cancellation (EBAC) RF transceiver architecture is similar to
systems reported in [8], [10], but in this system a single
antenna connected via an EB duplexer is used in place of
the separate transmit and receive antennas. Similarly, the EB
duplexer could be used instead of the circulator in [4]. For
practical antenna separations possible in laptop sized devices,
the EB duplexer can provide TX-RX isolation exceeding
antenna separation for bandwidths of 20MHz or less [8]. Given
that EB duplexing can outperform antenna separation in this
scenario, it is reasonable to expect that the proposed EBAC
architecture would meet or exceed the antenna separation and
analog cancellation (ASAC) isolation observed in [8]. Simi-
larly, one would also expect EB duplexing to be compatible
with digital cancellation in the same manner as other analog
suppression techniques. Further work is required to investigate
the design and performance of full duplex system architectures
incorporating EB duplexing.

VIlI. CONCLUSION

Electrical balance in four port hybrid junctions can be ex-
ploited to obtain TX-RX isolation in single antenna full duplex
systems. Unlike alternative multi-antenna techniques, such as
antenna separation and antenna cancellation, the isolation is
not limited by the physical separation of the antennas, making
this technique highly applicable where small device size and
form factor are important design considerations. The EBI based
solution is also tunable over a wide frequency range, and can
potentially be implemented using integrated circuit technology
[30], [31].

It has been shown that TX-RX isolation can only be obtained
when the balancing impedance closely matches the antenna
impedance, thus limiting the isolation bandwidth. The simu-
lated duplexer described in section 1V, with embedded physical
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antenna data, provides on average 62dB of isolation across
a 20MHz bandwidth, however, this is significantly reduced
at wider bandwidths. Conversely, antenna separation does not
limit bandwidth, and circulator based systems have been shown
to maintain isolation over wide bandwidths [4].

In section Il we introduce an MMSE balancing technique
for minimizing the self-interference power over the system
bandwidth. When MMSE balancing is achieved, the resid-
ual self-interference is proportional to the variance of the
antenna Sy; frequency response. The results presented show
that MMSE balancing can significantly extend the isolation
bandwidth compared to balancing the system at the carrier
frequency, with a near four-fold increase in 50dB isolation
bandwidth being observed. However, even with MMSE bal-
ancing, the isolation bandwidth of the duplexer is significantly
degraded by the antenna.

The radiated energy reflected back into the antenna in
indoor environments has been shown to reduce the achievable
isolation bandwidth. A novel method of estimating radio echo
power has been presented in section V, and using this technique
the radio echo power in two environments has been measured.
Results show 39dB of attenuation in the echo channel for a
relatively reflective indoor environment. Any radio echoes are
part of the observed antenna S;;, and thus can increase the Sy
variance, thereby further reducing the isolation bandwidth of
an EB duplexer.

Electrical balance duplexing could potentially be combined
with analog cancellation, digital cancellation, and full duplex
MIMO [3], [21] where EB duplexing has the potential to
reduce the number of required antennas by half. The design
and implementation of full duplex radio systems incorporating
electrical balance requires much further investigation.
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