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Abstract—The Electrical Balance Duplexer (EBD) implements
a form of self-interference cancellation, and can provide high
Tx-Rx isolation whilst allowing simultaneous transmit (Tx) and
receive (Rx) trough a single antenna in In-Band Full-Duplex
(IBFD) radio transceivers. This paper presents a novel Micro-
ElectroMechanical Systems (MEMS) based implementation of the
tunable balancing impedance component of the EBD. A prototype
MEMS tunable impedance demonstrates excellent tuning range
and accuracy, and can operate over wide frequency ranges,
balancing the EBD at 800 MHz and 1900 MHz to provide >40 dB
isolation over a 20 MHz bandwidth. However, the MEMS tunable
impedance is observed to introduce non-linear distortion into the
system. This non-linearity does not significantly degrade the Tx
error vector magnitude, however it has a substantial detrimental
impact on the performance of a second stage of linear active
cancellation, which achieved just 16 dB of additional cancellation
at a Tx power of 23 dBm.

I. INTRODUCTION

Over the coming decade, the fifth generation of mobile
communication technology, 5G, is expected to deliver sub-
stantial increases in network capacity in order to meet unprece-
dented increases in demand. Due to the limited electromagnetic
spectrum available for mobile communication, novel technolo-
gies and techniques which increase spectral efficiency will
be key to meeting this demand. In-band Full-Duplex (IBFD)
communication, in which devices transmit and receive on the
same frequency at the same time, has been the subject of
significant recent attention [1]. IBFD can provide up to double
the spectral efficiency, however this is contingent on effective
cancellation of the Self-Interference (SI) which results from the
co-located co-channel transmitter and receiver. To mitigate the
SI, many IBFD transceiver architectures and prototypes, e.g.
[2], [3], have been proposed, combining various techniques
which avoid or cancel SI in order to provide high transmit-to-
receive (Tx-Rx) isolation.

Electrical Balance (EB) duplexing implements a form of SI
cancellation. The EB Duplexer (EBD) connects the transmitter,
receiver, and antenna through a hybrid junction, along with a
balancing impedance, as depicted in Fig. 1. The ideal EBD
provides high (theoretically infinite) Tx-Rx isolation when
the balancing impedance is equal to the antenna impedance.
However, in practice the antenna impedance is frequency
variant, limiting the isolation bandwidth that can be achieved
and requiring the balancing impedance to be tunable for the
purposes of band selection. Furthermore, due to environmental
effects, the antenna impedance may also be time variant,
requiring the balancing impedance to adaptively track the
antenna impedance in order to maintain isolation. A drawback
of EB duplexing is high Tx and Rx insertion loss, which
for a symmetrical hybrid junction, is 3 dB in both the Tx
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Fig. 1. Electrical Balance Duplexer (EBD) with adaptive balancing.

and Rx path, reducing the Tx efficiency and Rx sensitivity
respectively. However, this can be mitigated by using an
asymmetric hybrid junction and a noise matched receiver, with
the EBD in [4] achieving a 2.2 dB Tx insertion loss and 5
dB Rx noise figure. The EBD can potentially be implemented
using a Complementary Metal Oxide Semi-conductor (CMOS)
process [4]–[6], and may therefore be a suitable choice for a
low cost small-form-factor implementation of SI cancellation.
Previously reported EBDs have implemented the tunable bal-
ancing impedance using switched resistor and capacitor arrays
in CMOS [4]–[6], electromechanical impedance tuners [7],
and using active methods to control the effective reflection
coefficient [8].

In recent years, Micro-ElectroMechanical Systems
(MEMS) technology has an increasingly popular implementa-
tion for tunable RF components. Compared to CMOS switch
capacitor arrays, MEMS tunable capacitors have the advantage
of substantially higher Q factors (which reduces insertion loss)
and higher voltage handling capability. MEMS components
can also be fabricated on a silicon, quartz, glass, or CMOS
substrate, making it suited to small factor applications.

In this paper, a novel application of MEMS technology is
presented, using MEMS digitally controlled tunable capacitors
to implement the tunable balancing impedance subsystem of an
EBD. The balancing impedance must be capable of tolerating
the high voltage swing at the PA output, and dissipating a
substantial portion of the Tx power (as much as 50%), and
therefore the high voltage handling capability of MEMS is a
significant advantage over a CMOS implementation. Section II
describes the MEMS tunable impedance implementation and
section III presents the measured Tx-Rx isolation performance.
Section IV analyzes the degradation in SI channel linearity and
Tx path linearity due to the MEMS balancing network. Section
V demonstrates the performance of a further stage of active
self-interference cancellation, when combined with the MEMS
balanced EBD and section VI concludes this paper.
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Fig. 3. Hardware implementation of the MEMS tunable balancing impedance.

II. MEMS BALANCING NETWORK

A. Balancing Network Requirements

To balance the EBD at a particular frequency, the tunable
balancing impedance must tune to the value of the antenna
impedance at that frequency. The requirements for the tunable
balancing impedance are therefore threefold:

1) High impedance tuning accuracy: The isolation pro-
vided by the EBD is limited by the error between the balancing
and antenna impedance. Therefore achieving high isolation
requires correspondingly high balancing impedance tuning
accuracy.

2) High impedance tuning speed: Due to environmental
interaction, the antenna impedance is time variant, thereby
requiring the balancing impedance to adaptively adjusted to
track antenna impedance variation (see Fig. 1). This is es-
pecially true in mobile devices, where interaction with the
user can result in substantial antenna impedance variation,
significantly reducing the Tx-Rx isolation. Previous results
[9] have shown that correcting the balancing impedance at
intervals of 10 ms is sufficient to maintain isolation in user
interaction scenarios. When using a balancing algorithm of
the type proposed in [8], the tuning time of the balancing
imepdance subsystem represents a system overhead, which
must therefore be minimised.

3) Wide impedance tuning range: Practical antennas ex-
hibit significant impedance variation with frequency. Further-
more, multiband antennas may not be well matched at all
operating frequencies, and in mobile handset applications a
Voltage Standing Wave Ratio (VSWR) of 3:1 or lower (i.e., >6
dB return loss) is considered an acceptable match. The phase of
the reflection coefficient could also take any value, depending
on the design of the antenna and antenna feed, and therefore to
balance the EBD, the balancing reflection coefficient must be
capable of tuning to any value within the VSWR=3:1 region
of the smithchart. Co-design of the antenna and balancing
impedance could reduce the tuning range requirement, however
the effect of the environment, and in particular the user’s hand
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Fig. 4. Measured tunable range of the balancing impedance, showing the
S11 values at 1.9 GHz with 216,000 states inside of the outer limit curve.

and head in a mobile application, can cause large fluctuations
in the antenna impedance value, and therefore a significant
tuning range would still be required to compensate for this
effect. Antenna Tuning Units (ATUs) are now commonly
deployed in mobile handset applications, and may improve
the antenna match at the instantaneous operating frequency,
typically reducing the VSWR to less than 2:1, which would
be beneficial in terms of reducing the required tuning range of
the balancing impedance, such that the balancing impedance
must be capable of tuning to any value within the VSWR=2:1
region of the smithchart if an ATU is used [10].

B. MEMS Implementation

A MEMS tunable capacitor π-network topology for an-
tenna impedance tuning was proposed in [11] and depicted
in Fig. 2. This matching network topology is also applicable
to a tunable impedance implementation: whereas the antenna
tuning application transforms the antenna impedance towards
50 Ω, the topology can equally be used to transform a 50 Ω
termination toward a desired impedance value.

The π-network topology of Fig. 2 was implemented using
WiSpry WS1050 digitally tunable capacitors. The WS1050
Integrated Circuit (IC) contains 3 capacitors, each of which can
be tuned from 0.46pF to 5.69pF in 0.1pF steps with 20µs of
settling time. Circuit modelling was used to simulate the circuit
in order to determine the inductor value which maximizes the
tuning range (also referred to as “smithchart coverage”) for
this capacitor tuning range and a given operating frequency.
For an operating frequency of 1.9 GHz, a 5nH off-chip air-
core inductor was selected for L1. The WiSpry WS1050 based
tunable π-network PCB implementation is depicted in Fig.
3, fabricated using FR-4, and including a CR2032 battery as
the DC power supply. The IC is programmed using a serial
interface connected through a pin header.

A Keysight N5242A PNA-X Vector Network Analyzer
(VNA) was used to measure the S11 of this device (reflection
coefficient at Port1 when Port2 is terminated with 50 Ω). Fig.
4 plots the measured S11 at 1.9 GHz across all capacitor value
permutations. Each tunable capacitor C1, C2 and C3, has 60
tuning states, and therefore the tunable balancing impedance
has a total of 603 = 216, 000 tuning states; Fig. 4 plots all
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of these states in order that the smithchart coverage can be
observed. Clearly this tunable impedance circuit has excellent
smithchart coverage, covering significantly more than the re-
quired VSWR 3:1 area. At 800 MHz the smithchart coverage
was reduced but still covered the whole of the VSWR=2:1
region.

III. EBD ISOLATION MEASUREMENT

A. Experimental Setup

An EBD prototype including the MEMS based tunable
balancing impedance was constructed and the performance
measured. The hybrid junction used is a discrete Krytar model
1831 hybrid coupler, and a Taoglas PAD710 multiband cellular
antenna was used to allow for performance comparison against
previous results reported in [7]. For the Tx and Rx subsystems,
a National Instruments PXIe system was used, comprising 2
PXIe-5646R Vector Signal Transceivers (VSTs) and a PXIe-
8135 embedded controller, mounted in a PXIe-1085 chassis.
The system was configured such that the Tx and Rx share a
common LO.

An OFDM physical layer was used, thereby allowing the
Tx-Rx transfer function (i.e. the self-interference channel) to
be measured on a per-subcarrier basis to determine the Tx-
Rx isolation frequency response. All baseband digital signal
processing, including the Fast Fourier Transform (FFT) and
Inverse Fast Fourier Transform (IFFT), and cyclic prefix signal
processing was implemented in LabView and runs on the em-
bedded controller. The physical layer is similar to 3GPP LTE
standard using a 15 kHz sub-carrier spacing, and a sampling
rate of 30.72 MHz. The operational system bandwidth (i.e.
occupied sub-carriers) was 19.8 MHz, and the Tx power was
10 dBm. The system implements the balancing algorithm pre-
viously presented in [8], determining the balancing impedance
settings required to balancing the EBD in order to maximise
the isolation at the centre of the band.

B. Isolation Results

The Tx-Rx isolation was measured at two carrier frequen-
cies: 800 MHz and 1900 MHz. Results are plotted in Fig.
5, which shows the Power Spectral Density (PSD) of Tx
signal and residual SI at the receiver input, demonstrating
substantial isolation across the band. Table I reports the mean
isolation across the 20 MHz bandwidth, and compares this

TABLE I. COMPARISON OF MEASURED TX-RX ISOLATION AGAINST
MECHANICAL TUNER AND CMOS CIRCUITS

Reference Freq. Balancing Network Mean Isolation
This work, 20MHz BW 800 MHz MEMS Circuit EBD = 44 dB
This work, 20MHz BW 1900 MHz MEMS Circuit EBD = 43 dB
[7], 20MHz BW 890 MHz Mechanical Tuner EBD = 44 dB
[7], 20MHz BW 1890 MHz Mechanical Tuner EBD = 45 dB
[12], 6MHz BW 2450 MHz CMOS EBD = 50 dB
[12], 10MHz BW 2450 MHz CMOS EBD = 44 dB

against results previously reported in [7] and [12]. The system
in [7] is identical to the system discussed here, but uses a
laboratory instrumentation type electromechanical impedance
tuner instead of the MEMS device, and thus these results
allow for direct comparison of the two balancing impedance
implementation methods. The two systems achieve very similar
isolation performance of 43 - 45 dB for all combinations of
frequency and tunable impedance implementation. The EBD
subsystem in [12] is implemented by CMOS process with
switch controlled balancing impedance. Comparing with [12],
this paper’s implementation achieves more bandwidth (BW) at
the similar isolation figures.

Result 1: MEMS tunable capacitors can be used to im-
plement the tunable balancing impedance of an EBD without
a significant impact on the linear self-interference transfer
function at a 10 dBm input power.

Result 2: The MEMS tunable impedance can operate over
wide frequency ranges, maintaining the tuning range and
tuning accuracy required for the EBD balancing application.

IV. NON-LINEARITY MEASUREMENT

Although the linear Tx-Rx isolation was substantially
unaffected by the MEMS implementation as compared to
the mechanical tuner, any non-linear characteristics in the
MEMS components may affect the Tx path linearity, poten-
tially degrading the Tx Error Vector Magnitude (EVM), and
the self-interference channel linearity, which may increase the
requirement for non-linear cancellation in further stages of SI
cancellation. The SI cancellation in an EBD is contingent on
equal reflection coefficients at the antenna port (the antenna
reflection coefficient) and the balance port (i.e. the balancing
reflection coefficeint). Any non-linear characteristics in the
balancing reflection will produce non-linear components which
will not be cancelled (cancelling this would require an identical
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non-linearity at the antenna port), resulting in a non-linear
self-interference channel through the EBD. To quantify this,
the third order input intercept point (IIP3) of the S11 of the
MEMS tunable balancing impedance was measured, and the
in-band distortion introduced in the Tx path and the EBD
self-interference channel was also measured, comparing the
linearity and resulting distortion observed in the MEMS EBD
against the linear electromechanical tuner implementation.

A. Balancing Circuit IIP3 Measurement

The IIP3 of the balancing port reflection coefficient was
measured using a two tone test. The two Carrier Wave (CW)
sources were used to generate two CW tones centred at 1.9
GHz and with a 5 MHz spacing. The output of each CW source
was isolated using a circulator, and the two signals were then
combined using a directional coupler to generate the two tone
signal. A second directional coupler was then used to separate
the incident and reflected signals at port 1 of the MEMS
tunable impedance, with the two tone signal being fed into the
tunable impedance network, and the reflected signal being fed
to a spectrum analyser, such that the power of the fundamental
and third order intermodulation (IM3) components could be
measured. As is the case in the EBD balancing application,
port 2 of the tunable impedance was terminated with 50 Ω.
Fig. 6 plots the power of the fundamental and IM3 components
as the input power was swept from 15 dBm to 24 dBm, and as
shown from this the IIP3 can be estimated as 41 dBm. Similar
measurement was done at 800 MHz in which a much higher
IIP3 of 51 dBm was achieved. As would be expected consid-
ering result 1, this meets the balancing reflection coefficient
linearity requirement as derived in [10], where it is shown that
the balancing reflection coefficient requires an IIP3 of 44.5
dBm in order to prevent un-cancelled non-linear residual self-
interference from reducing EBD isolation below 50 dB, up to
a maximum Tx power of 27 dBm.

B. Distortion measurement

To quantify the non-linear distortion introduced into the
self-interference channel by the balancing impedance, an
EVM estimation technique was applied to the residual self-
interference at the EBD output. The EVM was estimated
by measuring the linear Tx-Rx channel. The linear channel
estimation was performed at low power such that non-linear
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distortion was negligible, and the channel estimate was av-
eraged across many measurement to provide a high signal-
to-noise ratio estimate of the linear component of the self-
interference channel. Using the linear channel estimate, the
linear residual self-interference could then be calculated from
the Tx signal, and by comparing this to the measured SI, the
distortion could be estimated. For example, the SI at the EBD
output, SI(ω), can be expressed as the sum of a linear self-
interference component, SIlin(ω), and a distortion component,
D(ω), such that

SI(ω) = SIlin(ω) +D(ω). (1)

The linear self-interference component is the product of the
Tx signal, ST (ω), and the linear EBD Tx-Rx transfer function,
CEBD(ω), such that

SIlin(ω) = ST (ω)CEBD(ω). (2)

CEBD(ω) is measured at low power to yield an estimate,
ĈEBD(ω). Using this, the distortion can be estimated as

D̂(ω) = SI(ω)− ŜIlin(ω)

= SI(ω)− ST (ω)ĈEBD(ω). (3)

The EVM is then calculated as

EVM =
|D(ω)|2

|SI(ω)|2
. (4)

The accuracy of this EVM estimate is affected by the EVM
of the Tx chain, and noise in the measurements. However,
as will be clear from the results, the distortion introduced by
the MEMS tunable impedance system becomes the dominant
distortion component, and thus the distortion from noise and
the Tx chain becomes negligible at higher Tx powers. The
measurements and signal processing required to implement
this estimation technique were implemented on the NI VST
platform as described in section III.A, at a carrier frequency of
1.9 GHz as the Tx power was swept from -5 dBm to 24 dBm.
To increase the Tx power, the VST Tx output was connected to
the EBD Tx port through a MILMEGA linear power amplifier.
In order to remove and dependence of the linearity of the the
signal source (the VST Tx and amplifier), the output power
of the VST, was fixed and the input power to the EBD was
controlled using variable attenuators, such that any non-linear
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distortion power present in the input signal remains at a fixed
ratio with the total input signal power. This Tx chain was
observed to be highly linear, achieving an EVM of less than
(<-40 dB).

Results are plotted in Fig. 7, showing the estimated EVM
for the self-interference in the MEMS implementation and the
mechanical tuner (“iTuner”) implementation. Below 10 dBm,
the distortion caused by the MEMS tunable impedance circuit
is below that of the Tx chain, and therefore there is no change
in EVM as the input power is swept. However, for input powers
above 10 dBm, the non-linear distortion from the MEMS
balancing circuit becomes the dominant distortion component
in the residual SI signal, and increases the EVM estimate. The
implementation using the linear mechanical tuner shows no
increase in distortion. Since the only difference between the
two systems is the tunable balancing impedance implementa-
tion, the additional distortion observed in the MEMS based
implementation must be from the MEMS tunable balancing
impedance circuit.

Result 3: The MEMS tunable balancing impedance network
can introduce significant non-linear distortion into the residual
self-interference.

Non-linear distortion introduced into the Tx signal was also
measured using the same method. Tx path distortion occurs
when signals reflected at the balance port couple to the antenna
port. In the ideal EBD, the antenna and balance ports are
isolated, however coupling between these ports is increased
when the impedances at the Tx and Rx port are not identical
(as would be the case, for example, if a noise matched receiver
design is employed [4]), thereby coupling distortion to the
antenna port.

Fig. 8 plots the Tx EVM measured at the antenna port
when the Tx and Rx ports are perfectly matched, and when the
Rx port is mismatched with a reflection coefficient magnitude
of -10 dB. Where the ports are matched, no distortion is
coupled to the antenna port and the Tx EVM is not degraded
by the balancing impedance non-linearity. However, when the
receiver is mismatched, additional Tx distortion was observed
at power levels above 24 dBm. However, up to power levels
of 28 dBm, the total EVM of the Tx signal was <-40 dBm,
exceeding the performance of typical power amplifiers in
mobile devices. Therefore, although this distortion is detectable
in this laboratory setup, in a practical low cost radio system,
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this additional distortion will not be significant in comparison
to other sources of Tx distortion (i.e. the rest of the Tx chain).

Result 4: Mismatch at the Tx and/or Rx port can result in
non-linear distortion being coupled to the antenna port.

Result 5: The degradation in Tx EVM in a MEMS balanced
EBD is not significant compared other sources of Tx distortion
in mobile device applications.

V. ACTIVE SELF-INTERFERENCE CANCELLATION

The results and analysis presented hitherto have demon-
strated that the MEMS tunable balancing impedance can in-
troduce significant non-linearity into the EBD self-interference
channel. Although this distortion is not powerful enough to
compromise the EBD Tx-Rx isolation at Tx powers common
in mobile devices (i.e. <30 dBm), the in-band non-linear
distortion present in the residual self-interference is highly
relevant to the design and performance of further stages of
self-interference cancellation. The non-linear distortion in the
SI at the EBD output cannot be cancelled using further stages
of linear SI cancellation, and can only be suppressed using
non-linear signal processing, which can be significantly more
complex and computationally expensive.

To quantify the impact on the performance of further
stages of linear cancellation, the EBD with MEMS tunable
balancing impedance was combined with a further stage of
linear active cancellation. The NI VST based hardware im-
plementation described in section III.A was augmented to
include a second auxiliary transmitter for the purposes of active
cancellation signal generation. This is essentially the same
Electrical Balance and Active Cancellation (EBAC) prototype
as previously presented in [7]. The baseband signal processing
for cancellation signal generation is performed in the em-
bedded controlled, generating a digital baseband cancellation
signal which is then up-converted and injected at the EBD
output using a directional coupler, as shown in Fig. 9. Full
details of the experimental setup can be found in [7].

Fig. 10 plots the residual SI at the EBD output (“SI-EB
only”), and after the second stage of active cancellation (“SI-
EBAC”), for three different input power levels, and the mean
isolation values for these measurements are given in Table
II. The results clearly demonstrate that the active cancellation
stage provides less cancellation at higher power levels, this
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TABLE II. MEASURED SI CANCELLATION PERFORMANCE FOR THREE
TX POWER LEVELS (MEAN OVER 20 MHZ BANDWIDTH).

TX Power Isolation, EB only Active cancellation Total isolation (EBAC)
3 dBm 48 dB 30 dB 78 dB

13 dBm 49 dB 26 dB 75 dB
23 dBm 49 dB 16 dB 65 dB

being due to increase in un-cancellated non-linear distortion
at higher power levels.

Result 6: Non-linear distortion introduced by the MEMS
balanced EBD at high power level can substantially reduce
the effectiveness of further stages of linear SI cancellation.

Therefore, for low power applications, e.g. some near field
sensor networks, compound EBD subsystem and baseband
digital cancellation may provide enough SI isolation. On the
contrary, for high power applications, e.g. mobile handsets, AC
is essential to prevent the receiver from saturating. At the same
time, much more complicated non-linear digital cancellation
will be necessary to model the channel and compensate the
extra non-linear distortion introduced by EBD subsystem.

VI. CONCLUSION

This paper has presented a novel MEMS tunable capacitor
based implementation of the tunable balancing impedance
component of an Electrical Balance Duplexer. A prototype
has demonstrated excellent smithchart coverage, tuning speed,
tuning accuracy, and is capable of balancing the EBD at 800
MHz and 1.9 GHz.

The linearity of the MEMS implementation has been
measured. The MEMS tunable impedance has a reflection
coefficient IIP3 of 41 to 51 dBm. Even when the receiver port
is mismatched, this non-linearity does not significantly impact
on the Tx EVM. However, the distortion introduced by the
MEMS tunable impedance does have a substantial impact on
the self-interference channel, introducing non-linear distortion
into the residual self-interference at the EBD output, thereby
reducing the performance of a second stage of active linear SI
cancellation, improving the complexity of digital cancellation.
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