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Abstract— In-band full-duplex sets challenging requirements
for wireless communication radios, in particular their capability
to prevent receiver sensitivity degradation due to self-interference
(transmit signals leaking into its own receiver). Previously
published self-interference rejection designs require bulky
components and/or antenna structures. This paper addresses this
form-factor issue. First, compact radio transceiver feasibility
bottlenecks are identified analytically and trade-off equations in
function of link budget parameters are presented. These
derivations indicate that the main bottlenecks can be resolved by
increasing the isolation in analog/RF. Therefore, two design ideas
are proposed which provide attractive analog/RF-isolation and
allow integration in compact radios. The first design proposal
targets compact radio devices such as small-cell base stations and
tablet computers, and combines a dual-port polarized antenna
with a self-tunable cancellation circuit. The second design
proposal targets even more compact radio devices such as
smartphones and sensor network nodes. This design builds on a
tunable electrical balance isolator/duplexer in combination with a
single-port miniature antenna. The electrical balance circuit can
be implemented scaled CMOS technology, facilitating low-cost
and dense integration.

Index Terms—In-band full-duplex, self-interference isolation,
dual polarized antenna, tunable duplexer, electrical balance,
transceiver macro-modelling.

I. INTRODUCTION

TODAYS evolution in wireless communication is
characterized by a tremendous growth and dynamism in
data traffic and user access [1, 2]. To sustain this evolution,
improved air interface techniques are required to increase the
spectral efficiency. The exploitation of in-band full-duplex
(FD) in wireless communications targets to improve this
efficiency by using the same resources to transmit and receive,
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i.e., simultaneous transmission and reception at the same
carrier frequency.

Different attractive network concepts have been developed
[3—6] which exploit FD capabilities in wireless communication
radios to improve the capacity and user access. Especially in
cellular, access point and mesh networks, FD has the potential
to mitigate some fundamental problems like hidden terminals,
bandwidth degradation and network latency [7-9].

The benefits at network level however rely on the
availability of full-duplex radios. The key challenges in full-
duplex radios are:

- Isolation: to prevent the RF-signal generated by the local

transmitter (TX) from leaking onto its own receiver
(RX), where it causes self-interference.

- Cancellation: to subtract any remaining self-interference

from the RX path using knowledge of the TX signal.

As the receiver is capturing a signal coming from a distant
source, the self-interference is much stronger in power in the
absence of isolation/cancellation. As it occupies the same
frequency band, it interferes with the reception and may hinder
the receiver sensitivity and therefore the link throughput. The
TX signal in a typical link is in excess of 100 dB above its RX
noise floor, requiring isolation and cancellation to provide
roughly 100 dB rejection of the self-interferer if no
performance compromise can be accepted. These numbers and
associated hardware bottlenecks will be refined for different
application scenarios in section II.

Figure 1 illustrates a full-duplex link between two wireless
radio nodes, the ‘local’ and ‘remote’ one. Assuming a
symmetrical link, the discussions that will follow apply to
either radio node. Hence only the ‘local’ node with its
downlink is fully depicted, as well as the associated self-
interference via various cross-talk and reflection paths.
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Figure 1: FD-link between a “Local” and “Remote” radio node. Self-
interference enters the receiver through various paths: direct crosstalk (A),
limited antenna isolation (B) and reflections through the environment (C).
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In the recent years, several designs have been published
dealing with the self-interference problem. They propose
different self-interference rejection techniques, covering
isolation, cancellation, and combinations of the two.

Isolation of the receiver from self-interference is achieved
by minimizing the parasitic signal propagation from the
transmitter to its own receiver. Prior designs mainly focus on
multiple antenna techniques, where the antenna spacing and
positioning is exploited [7, 10-17]. These multiple antenna
techniques achieve up to 40 dB of isolation, but prevent dense
integration due to the required physical distances between the
antennas. An alternative technique which uses one antenna for
simultaneous transmission and reception, relies on a circulator
to isolate the receiver from the transmitter [18, 19].
Unfortunately, circulators provide a moderate isolation
between TX and RX of about 20 dB, they show nonlinear
behavior and they are considered bulky and expensive for
consumer equipment operating below 6 GHz.

Self-interference cancellation is achieved by subtracting the
interference in the receiver path, where the subtracted signal is
a modified copy of the transmitted signal. This modification
mimics the channel path between the points where signals are
sampled (transmitter) and subtracted (receiver). The
effectiveness of cancellation highly depends on the accuracy
with which the transmitted signal can be copied, modified and
subtracted. Three main cancellation architectures are described
in literature [7, 10-13, 20]. The first architecture, called
digital cancellation, processes the signals completely in the
digital domain, leveraging all digital benefits. However, this
cannot remove self-interference in the analog receiver chain,
and is thus unable to prevent the analog circuitry to block the
reception due to nonlinear distortion or saturation. This
architecture can provide up to 30-35 dB cancellation in
practice [12, 13], limited by a noisy estimate of the self-
interference channel and noisy components of the self-
interferer that cannot be cancelled. A second architecture is
analog cancellation, which uses a tap of the actual RF transmit
signal for use in cancellation. This is beneficial as the
cancellation signal includes all transmitter impairments, and it
relaxes requirements further downstream, but it requires
processing the cancellation signal in the analog RF domain.
This architecture provides cancellation performance up to 60
dB [18]. The third architecture is mixed-signal cancellation:
the digital TX signal is processed and converted to analog RF,
where subtraction occurs. This requires a dedicated additional
up-convertor, which in practice introduces its own noise and
distortion [21] and therefore limits its cancellation to 35 dB.

To achieve an overall self-interference rejection of more
than 100 dB, a combination of isolation and cancellation
techniques implemented in digital, analog and RF is required.
Literature reports up to 60 dB of total self-interference
rejection when combining analog/RF isolation with digital
cancellation [7, 10, 13, 14, 21]. Although few techniques
indicate higher rejection [11, 12, 18], all published designs
require bulky components and/or antenna structures,

hampering the development of compact wireless full-duplex
radios. Only few of the relevant designs have published form-
factor measures as listed in Table 1.

Table 1: Form factor measures presented in literature.

Form factor Covered in form factor Reference
Laptop size Antenna spacing for TX and (5]
330x230 mm RX antenna
. Antenna spacing for 2xTX and
Laptop screen size RX antennas [12]
100x100 mm Analog cancell.atlon board [18]
(excl. antenna, circulator etc.)
70x80 mm Integrated 2xTX and RX [14]
antennas

Our work aims to solve this form-factor issue by focusing
on solutions that can be integrated in the compact radio device
as a separate module, or integrated on the radio chip (system
on chip (SoC)). Such integration would permit the design of
commercially attractive compact full-duplex radios for
different applications. To further motivate this aim, consider
the annual growth of the amount of mobile broadband
subscribers of about 40% [2]. These subscribers are
increasingly diverse covering user terminals and self-operating
machines. Compact radio devices will be dominantly
employed, estimated to 27.4% smart phones and 16.5% M2M
communication devices by 2017 compared to all portable
devices [1]. This evolution towards portable devices with
smaller form factor is especially challenging for full-duplex
communication devices, because the existing self-interference
rejection solutions mainly rely on physical dimensions (i.e.,
antenna spacing) and bulky components hampering dense
integration. This paper focusses on analog/RF self-interference
rejection solutions that can be densely integrated in compact
radio devices. Table 2 gives realistic radio form factor
indications over different applications. To preserve the form
factor of these radios, the dimension of the analog/RF self-
interference rejection solution should typically not exceed
10% of the sizes listed in Table 2. In this work both compact
radios (femto-cell base-stations, netbooks and tablet PC’s) and
extremely compact radios (smartphones and sensor nodes) are
considered. Please note that size and cost really matters in
commercial applications, and compromises in performance
may be required to make FD radio commercially viable.

Table 2: Form factor of wireless communication devices.

Femto-cell 236 x 160 x 76 mm
BASE STATIONS Pico-cell 426 x 336 x 128 mm
Macro-cell 1430 x 570 x 550 mm
Netbook 285 x 202 x 27.4 mm
IAJSISIIQE ;SQII’J(I)IIJII\\I/’ITESIGT Tablet PC 241 x 186 x 8.8 mm
Smartphone 124 x 59 x 7.6 mm
M2M Sensor nodes 50 x 50 x 50 mm
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In order to optimize performance, cost and size, it is crucial
to explore different design options and their trade-offs. Hence,
this paper first analyzes the self-interference mechanisms and
effects, and identifies the feasibility bottlenecks for a compact
radio. It systematically analyzes a set of transceiver
requirements needed for integrated transceiver design and
circuit simulation. To the best of our knowledge, such a
systematic analysis has not been published before for full
duplex. Based on sets of specifications for low-end to high-end
application scenarios, different transceiver bottlenecks are
identified and quantified. It is shown how requirement
bottlenecks can be relaxed or resolved by increasing RF-
isolation. Then two designs that improve isolation while
achieving a small factor are proposed. The first design targets
applications such as small-cell base stations and notebooks,
whereas the second design targets more compact devices, such
as smartphones and sensor nodes. The first solution combines
passive cancellation based on a dual-port polarized antenna
with self-tunable RF cancellation. The second solution is a
single-port antenna circuit which uses electrical balance
directly at the antenna interface to isolate TX and RX signals.
By virtue of its tunability, robust and frequency agile isolation
may be achieved. Both presented techniques are compatible
with other cancellation techniques, which are required to
further increase the overall self-interference rejection
performance.

The next section will systematically derive a set of full-
duplex transceiver requirements considering various
transceiver impairments. It also aims to find a set of feasible
building block specifications for a compact full-duplex radio.
Sections III and IV describes the two analog/RF
self-interference techniques, where section III focuses on the
dual-port directional antenna solution and section IV focuses
on the electrical balance technique. Finally, section V
summarizes the main conclusions.

II. TRANSCEIVER REQUIREMENTS AND BOTTLENECKS

A. Transceiver impairments

Figure 1 illustrated a full-duplex wireless link between two
radio nodes, suffering from self-interference. In practice, this
self-interference consists of multiple components as the
transmit signal is corrupted by different impairments, such as
nonlinearity, phase- and quantization noise [18]. Some of these
by-products are noisy, others are deterministic. This transmit
signal, including its by-products, is coupled into the receiver
through various paths indicated in Figure 1, e.g. direct
crosstalk (A), TX-RX antenna leakage due to limited isolation
(B), and reflections on nearby objects in the environment (C).
To achieve a receiver sensitivity similar to conventional half-
duplex radios is very challenging, as all self-interference
components should be suppressed to below the receiver noise
floor. This likely requires isolation in the antenna solution
combined with cancellation in the transceiver.

Figure 2 shows the key “local node” signals limiting the FD
link budget when receiving a remote transmitter signal,

assuming both nodes operate at equal average transmit power.
The locally transmitted signal (Local TX) consists of a clean
signal and its by-products due to transmitter impairments (half-
circle). Isolation at RF (e.g. antenna isolation) will attenuate
the self-inferences coupled to the receiver (Local RX), along
with its transmitter impairments. Additional by-products will
arise on this large signal due to receiver impairments (circle).
Cancellation techniques are required to further reduce the self-
interference and its by-products towards the receiver digital
baseband (Local BB), ideally to below the noise floor.

It is well known from literature that high isolation is desired
for FD-radios and some promising results have been achieved.
What has not been explored much are the consequences of
limited robustly achievable isolation, e.g. if compact low cost
radios have to work under varying environmental conditions.
The question then arises how transceiver requirements change
as a function of the RF-isolation and link budget parameters,
and whether a viable user scenario is still feasible. Table 1
shows some results of an analysis that will be detailed below.
It analyzes several important transceiver requirements (bold
fonts) as a function of several assumption (italics). Comparing
the outcomes to typically feasible transceiver specifications
taken from [22] as shown in the right side column, bottlenecks
are identified and marked. These bottlenecks can be resolved
by increasing the amount of RF-isolation or by improvements
in transceiver design. In the following, the equations needed
for transceiver design are derived.
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TXimpairments (EVM,,)
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Figure 2: Relation between various in-band power levels in a full-duplex link
budget. The combination of isolation and cancellation techniques suppress all
self-interference components, preferably to below the receiver noise floor.

Starting from the link budget parameters bandwidth (BW),
transmission power (Prx) and receiver noise figure (NF), the
in-band receiver noise floor (Ppise) is calculated as:

P, |dBm]=—-174 df]l +10 *log (BW [Hz )+ NF [aB] (D
Z
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Table 3: Three FD link budget scenarios analyzed for variable RF-isolation.
The right side column indicates typically achievable specifications (based on
e.g. [22]), and requirements in excess of this are marked as “feasibility

bottlenecks”.
Scenario .diﬁi'culty Eqn Low-end Mid-end High-end easible
RF-Isolation in dB 20dB/40dB |40dB/60dB |60dB/80dB
BW (MHz) 10 10 | 10 10 | 20 20 20
Prx (dBm) 0 0 10 10 | 20 20 20
NF (dB) 25 25 |15 15| s 5 5
Pnoise (dBm) g Mf-79 -7191 -8 -8 |96 -9 -96
Prx-Phoise (dB) 79 79 99 99 | 116 116 116
Isolation (dB) 20 40 | 40 60 | 60 80
Psi =Prx-Isolation (dBm) 20 40 | 30 -50 | 40  -60
EVMrx (dB) "o 59 39|59 3956 36| 40
Piv3,tx (dBc) ’ 3 59 39| -5 39|56 -3 -40

OIP31x (dBm) " @ 30 20| 40 30 | 48 38 40
CP14BTx=OIP31X-10 (dBm) 20 10 30 20 38 28 30
OBOrTx (dB) 20 10 | 20 10 | 18 8 10
DAC margin (dB) 15 15 120 20 |25 25 25
DAC_DR (dB) g ™| 74 54 | 719 59 81 61 65
DAC bits=DAC_DR/6.02 12 9 13 10 | 13 10 11
Piv3 rx (dBm) =] -79 -79 | -89 -89 | 96 -9
CP1aBrx=IIP3rx-10 (dBm) =20

WP3ex@Bm) G| 10 21| a 31|12 42| o
ADC-margin (dB) 20 2025 25|30 30| 3
ADC_DR (dB) 79 59| 8 e |8 66| 70
ADC bits B 10|14 w|le ul n
PN (dBc) " 6|62 42|62 42|59 39| 40
PN (deg) " M| 005 046|005 046|006 064| 057

In Table 3, typical numbers for a low-end, mid-end and
high-end wireless link scenario are given, where the high-end
specifications correspond to a commercial 54-Mbps WLAN
link with 64-QAM OFDM [22]. The mid- and low-end
scenarios have significantly relaxed transmit power and noise
figure and a factor 2 lower bandwidth, which is deemed still
viable for some shorter range links, e.g. for sensor networks.

Table 3 lists the outcome of eqn.(1) and also the resulting
difference between the transmit power and the noise floor,
indicating that 79 to 116 dB of isolation/cancellation is
required to prevent sensitivity losses compared to a half-
duplex link. In practical antenna solutions [7, 17], the effective
isolation is limited to approximately 40 dB, also due to
reflections from the environment. Therefore, an additional
cancellation of 39 to 76 dB would be required to exceed the
noise floor.

If the antenna solution is pushed to achieve more isolation,
the self-interference path likely becomes more dominated by
reflections from the environment, which can make the self-
interference channel very frequency-selective [12]. Further
cancellation of this frequency-selective self-interference can be
addressed leveraging OFDM modulation and digital
processing techniques to estimate the self-interference channel
using pilot sequences and tones. Combining isolation and
OFDM-based cancellation in the digital domain could

theoretically form a full-duplex solution, as depicted in Figure
3. The transmit signal is fed through a digital estimate of the
self-interference channel, and subtracted from the received
signal in digital baseband. However, this solution puts
stringent requirements on the transmitter and receiver, which
will be illustrated in the next sections.
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o>

>
Digital BB : Analog RF
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Figure 3: Self-interference suppression techniques are required to prevent the
reduction of receiver sensitivity for FD e.g. isolation at the antenna(s) and
cancellation in the digital baseband.

B. Transmitter impairments

Iransmitter Error Vector Magnitude (EVM) is a commonly
used metric to quantify the transmitter performance, which
covers the main in-band impairments, albeit in a lumped
fashion. In conventional half-duplex radios, the EVM toughest
requirement results from the most complex modulation scheme
to be used. E.g. for the high-end scenario, to demodulate 64-
QAM OFDM for a 54-Mbps WLAN link, better than 5.6%
(-25 dB) EVM is required [23].

In all three full-duplex scenarios mentioned before, an
isolation of 40 dB and an EVM of -25 dB would result in a
self-interference due to TX impairments well above the
receiver noise floor, limiting the receiver sensitivity. To solve
this problem, the TX EVM requirement should be better than:
EVM y[dB] < ~(P [dBm]— P, [dBm]—Isolation|dB]) 2
The resulting values are shown in Table 3, where each
scenario is extended with an extra 20 dB of isolation to relax
the EVM to a likely feasible value. Note that this EVM is no
longer dictated by the modulation scheme, but by the FD
constraint. Alternatively, extra analog cancellation can relax
the EVM requirement by including the effects of the
transmitter impairments in analog cancellation path [18].

EVM is a lumped term for errors that actually results from
several causes, e.g. distortion, DAC dynamic range and phase
noise. The related requirement will be modelled in the next
paragraphs. Quadrature imbalance (I/Q amplitude and phase
mismatch) is not modelled here as effective techniques exist to
calibrate and suppress it. [24].

1) Transmitter nonlinearity

In-band EVM due to transmitter nonlinearity is often mainly
due to 3" order intermodulation distortion. For low EVM a
weakly nonlinear model with a 3™-order output referred
intercept point (OIP37x) can be adequate [25], while the 1 dB
compression point provides an estimate of the upper limit of
output power range.

Without distortion, the “clean self-interferer” enters the
receiver at a power level of Pg. Ideally its distortion content
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should stay below Ppoise. Therefore, the transmitted distortion
products (Pmv3 tx) should satisfy (see also Table 3).
Py o ldBe ] Py [aBm |- P, [dBm ] 3)

With a transmitted power Prx, the required OIP3 at the
transmitter thus equals

[dBc ]

OIP 3, [dBm]> P,y [dBm ]+ PIM% @

Assuming a simple weakly nonlinear memory-less
transmitter model, the 1 dB compression point will be
approximately 10 dB below OIP3rx and the output back-off
(OBOrx) of the transmitter can be calculated (Table 3). In all
scenarios, the transmitter has to be operated at a larger back-
off than normally required for the corresponding link (e.g. in
the high-end scenario, more than the normally required 6-8 dB
for 802.11g WLAN [26]). This causes power-inefficient
operation. A potential solution direction to reduce the required
back-off is linearization by pre-distortion [27]. Alternatively,
analog cancellation performed at RF includes the transmitter
nonlinearities in the cancellation signal and therefore makes
stronger distortion products acceptable [18].

2) DAC dynamic range

The main DAC requirement in a half-duplex transceiver is

the dynamic range to transmit the most complex modulated
signal with sufficient fidelity. E.g. for the high-end scenario, to
transmit 64-QAM OFDM for a 54-Mbps WLAN link, about 8
bits are required in the DAC [26] resulting in about 50 dB
dynamic range. Since the EVM requirement for this link is -25
dB, about 50 dB-25 dB=25 dB margin is taken in the DAC to
make its EVM contribution (quantization noise and clipping
noise due to high peak-to-average ratios) non-dominant. Table
3 lists typical DAC margins for this and the other scenarios.
In the full-duplex examples, more stringent EVM values are
required in order to sufficiently cancel the self-interferer based
on its digital representation, resulting in tougher DR
requirements for the DAC. Assuming the same margins apply
as in half-duplex, the resulting DAC dynamic range
requirements are listed in Table 3. The required resolution
seems feasible [28], certainly for the “20 dB extra” RF-
isolation cases.

C. Receiver impairments

In a conventional half-duplex system, the receiver needs to
capture the desired signal with sufficient fidelity to perform
demodulation. In a full-duplex receiver, the self-interferer
present at the receive port will usually be stronger than the
desired receive signal (as illustrated in Figure 2). Hence, any
by-products of capturing the self-interferer should not mask
the underlying desired signal. The expected issues are
nonlinearity in the receiver and limited ADC dynamic range.

1) Receiver nonlinearity

In the presence of a strong self-interferer, the receiver has to
be sufficiently linear to prevent masking the desired signal
with the receiver intermodulation products. If no analog
cancellation is applied the required in-band input-referred 3%-
order intercept point (IIP3) [25] can be calculated, assuming a

weak third-order nonlinearity. With a self-interferer power Ps;

and a maximum strength of the 3"-order distortion
components Pnv3 rx, the required IIP3 equals:

P, |dBm |- P, dB
1P 3, [dBm | > Py, [dBm ]+ LB )= By cldBn ] s)

2
In Table 3 we see the resulting value for different scenarios.
Now, for the low- and mid-end scenarios the IIP3 requirement
is tougher but feasible given recent improvements achieved in
in-band linearity [29]. However, care must be taken that the
receiver can achieve the required IIP3 at the power level Pg;,
which may require reduction of the front-end gain to avoid
compression. Applying extra analog cancellation at RF may be
useful, provided this does not add any (random) components
that cannot be suppressed further in the digital domain [20].
2) ADC dynamic range

In order to perform self-interference cancellation in the
digital domain, the ADC dynamic range has to cover the
strong self-interferer, without masking the underlying desired
signal with its quantization noise. Therefore, the demands on
the ADC are tougher than in half-duplex systems.

In a half-duplex link budget, the ADC has to capture the

signal at the most complex modulation scheme under fading
conditions, plus several margins for gain control, quantization
noise and peak-to-average ratio. Typical values for 64-QAM
are about 30 dB for SNR and another 30 dB for various
margins [22], resulting in 60 dB ADC dynamic range. It is
assumed here that the same margin applies to a full-duplex
link.
The resulting ADC DR requirements and corresponding
number of bits is listed in Table 3, and can be very tough.
Again, the though requirement can be relaxed by means of
analog cancellation, where a cancellation signal is subtracted
before the ADC. Unlike analog cancellation used to relax RX
linearity requirement, this need not necessarily be done at RF.

D. System level impairments

Two system level impairments are relevant to full-duplex
radios: the system clock phase noise, and the multi-path
components in the self-interference path.

1) System clock phase noise

Phase noise (PN), which is caused by the system clock
generation and distribution system, degrades the SNR of the
transmitted and the received signal. In case the transmitter and
receiver operate on different system clocks, their PN will be
uncorrelated. Then, TX and RX phase noise powers add and
the combined noise limits the suppression that can be achieved
by further cancellation at analog and digital baseband [20].
Assuming equal phase noise in the transmitter and receiver, the
requirement of any single clock can be calculated:

PN 4 [dBc |= PN, [dBc |< EVM ,, [aB]- 3dB (©6)
For small values, this can be converted to degrees using:
PN [dBc ]
PN [deg ] < arcsin [10 2 ] N

Note that the integrated phase noise is calculated over the
bandwidth BW here, and not phase noise density. The
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calculated values in Table 3 are clearly very tough without
sufficient isolation.

Integrated full-duplex radios could however share a
common clock as the transmitter and receiver operate
simultaneously at the same frequency. Ideally, their phase
noise is fully correlated and the cancellation is no longer
limited by phase noise. However, in practice there will be
some delay between transmission and reception of the self-
interferer due to reflections [21]. This delay reduces the
correlation between the transmitted and received self-
interference signal and hence degrades cancellation. As a
result the phase noise cancellation degrades especially at
higher offset frequencies. The amount of cancellation depends
on several factors: the bandwidth of the wireless link, the
phase noise profile of the PLL that is used and the reflection
characteristics of the self-interference channel. This is an
important topic for further research.

2) Multi-path reflection

In a realistic environment, transmitted signals may be
reflected back to their own receiver through different paths
which are each characterized by an attenuation and a delay.
When leveraging OFDM modulation, the net effect is a
subcarrier-dependent attenuation and phase shift, ie., a
frequency-selective channel. Multi-path reflections of the self-
interferer can be cancelled by virtue of OFDM [28], but this
requires a clean (noise-free) transmit signal. Realistically, the
transmitter impairments add noise and distortion by-products
which are also reflected via multiple paths. Distortion
by-products can be reduced in the digital domain as was
recently demonstrated in [18]. Noise by-products require,
however, that an exact analog copy of the transmit signal is fed
through circuitry that mimics the self-interference channel
including the time delays. Implementing these delays at RF
may provide robust cancellation [18], but leads to a bulky
solution. Basically physical delay lines are needed with equal
length as the delay path they model, divided by the ratio of the
propagation velocities of associated propagation media
(typically 2:1 for air compared to cables). Such a direct delay
line implementation is not suitable for full CMOS integration,
so alternative compact solutions are wanted.

E. Transceiver Design Trade-offs

The formulas derived above are very useful for spreadsheet
calculation to assess overall feasibility and also as starting
point for deriving sub-block specification. The results in Table
3 indicate that even for a low-end very relaxed scenario 40 dB
of RF-isolation is very much wanted. For the high-end case
this increases to 60 or even 80 dB, which is extremely
challenging. The tables indicates that not only phase noise but
also transmitter linearity are very critical aspects, while
receiver linearity becomes a bottleneck at low isolation values.
Design innovations will hopefully move or remove some of the
indicated bottlenecks, and the analysis above is believed to be
very useful for future work on full-duplex transceiver design.

III. DUAL-POLARIZED FULL-DUPLEX ANTENNA

As shown in the previous section, isolation at the antenna is
key in mitigating self-interference. Although interesting
solutions are described in literature, their size prevents
efficient integration in small form factor full-duplex radios.

Of the recent literature, [7, 11, 14-16, 30], most of the
proposed systems operate with at least two antennas.
Employing separated TX and RX antennas may provide better
self-interference  suppression, but these multi-antenna
architectures translate the problem to the spatial domain,
spoiling the far-field coverage or degrading the antenna
radiation pattern. For example, [14] proposes a three antennas
system using one RX antenna and two TX antennas with 180°
phase shift. This phase shift causes TX signals to add
destructively and cancel at the receiver. Similar concept is
proposed by [7] where also three antennas are used. In that
case, TX antennas are asymmetrically placed at distances d
and d+(4/2) from the RX antenna causing a self-interference
null at the receiver. However, these configurations creates also
null regions of destructive interference in the far-field region,
spoiling far-field coverage. Self-interference can also be
reduced by separating the TX and RX antennas sufficiently to
obtain an acceptable suppression. Figure 4 shows the relation
between the self-interference attenuation and the distance
between the antennas. These results are based on full-3D
electromagnetic simulations employing an omni-directional
microstrip dipole at 2.45 GHz.

Based on Figure 4, the antenna separation technique
provides >40 dB interference suppression only when antennas
are separated beyond 150 mm. This large distance makes this
technique unsuitable for small form-factors radio devices.
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Figure 4: Self -interference suppression for antenna separation technique at
2.45 GHz.
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Figure 5: Ideal energy transfer coefficients for different polarizations.
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Alternatively, we propose to use only one compact antenna
for both TX and RX, but still maintain the coverage area. This
single antenna approach relies on polarization of the
electromagnetic wave in order to reduce the self-interference
between TX- and RX-waves. Ideally the transferred energy
between orthogonal polarizations is zero, as illustrated in
Figure 5, and therefore the self-interference can be minimized
in a full-duplex systems, provided the TX and RX signals have
orthogonal polarization. For that purpose dual-polarized
antennas can be used.

Dual-polarized antennas consist of single radiating elements
with two ports, where in the case of full-duplex applications,
one port will be connected to RX and the other port to TX.
Microstrip patches are widely used as dual-polarized elements
due to their low-profile, low cost and easy integration.
Although common dual-polarized microstrip elements usually
present poor isolation between ports (about 20-30 dB), this
work introduces a microstrip stacked-patch structure with a
multilayer feeding network which improves antenna cross-
polarization and increases the isolation between Rx and Tx
ports up to 60 dB. Figure 6 shows the proposed antenna
structure.

The proposed antenna consists of a stacked-patch structure,
where the lower patch is excited from two orthogonal ports.
Both ports generate orthogonal linear polarizations by means
of a slot-coupled line (Port 1- Transmission) and a standard
microstrip line (Port2 — Reception). Figure 7 shows the
geometry of the dual-polarized microstrip antenna as well as
the antenna stack-up.

As depicted in Figure 7, port 1 excites the patch employing
coupled-slots with 180° phase shift introduced by a Wilkinson
Divider and unequal-length microstrip lines. The slots are
printed in an internal ground plane; this internal ground layer
together with 180° phase shift excitation improves the cross-
polarization purity and consequently the isolation between
ports. The antenna radiation characteristics is improved by
means of internal vias. Based on full-3D electromagnetic
simulations of the presented design operated in free space, the
antenna presents an isolation up to 60 dB between the
transmitter and receiver port and 55 dB over a bandwidth of
10 MHz, as illustrated in Figure 8. This antenna isolation
exceeds the 40 dB mid-end scenario design requirement given
in Table 3.

Upper Patch

PORT 1

Lower Patch &

PORT2 Feeding Network

Figure 6: Dual-polarized microstrip antenna structure.
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Wilkinson & 180°
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Figure 7: Structure of the dual-polarized micostrip antenna. (a) Top view.
(b) Multilayer antenna stack-up.
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Figure 8: Simulated isolation between the transmitter and receiver port of the
dual-polarized microstrip antenna structure.

The performance robustness of given antenna structure is
also evaluated by simulating the effect of placing an object
close to the antenna. A 60x60x60 mm metallic object has been
added to the 3D electromagnetic model, and the antenna
isolation is simulated for different distances between the
antenna and the object. Figure 9 shows the simulated results
which indicates a limited isolation degradation, as long as the
distance is 20 cm or more. Then, the degradation is limited to
8 dB (thus maintaining an antenna isolation of more than 45
dB) over a 20 MHz bandwidth at 2.45 GHz operation
frequency.
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Figure 9: Simulated antenna isolation with a near-by metallic object.

Although these simulation results show a moderate impact
of external elements on the isolation, reflections may,
however, affect the polarization and degrade the self-
interference suppression because the reflected transmission
signal may have a similar polarization as the receive antenna.
Therefore, it is necessary to complete the antenna isolation
with a tunable cancellation stage which makes the solution
more robust to environmental effects.

We propose an tunable analog cancellation, where a copy of
the actual transmitted RF signal (including its in-band TX
impairments) is attenuated, phase-shifted and combined with
the RF received signal (before the ADC). The attenuator and
phase shifter compensate the self-interference leakage due to
imperfect isolation between the TX and RX. Off-the-shelf
components are selected based on their linearity and distortion
characteristics to avoid performance limitations as reported in
[13]. Both the attenuator and the phase-shifter are tunable to
cover variations in the self-interference leakage. This
cancellation architecture will be self-tunable, based on the
detection of the remaining self-interference in the RX path.
Figure 10, illustrates the proposed tunable cancellation block
diagram in combination with the dual port antenna.

| Antenna

Tx port Rx port

Detector

Variable
Phase

[“Cowpler 1 ampitude |
oupler Amplitude

From HPA

—| Combiner |—| Coupler |

To LNA
Figure 10: Block diagram for the analog cancellation in combination with a
dual-port antenna.

The total self-interference rejection has been simulated
based on a sinusoidal TX signal at 2.45 GHz by combining the
antenna isolation behavior (Figure 8) with theoretical models
of an 8-bit tunable attenuator and a 10-bit tunable phase-
shifter. Optimal tuning these components results in an
additional RF cancellation of 21 dB over 10 MHz bandwidth,
as depicted in Figure 11. This self-interference rejection
exceeds the 60 dB mid-end scenario design requirement given
in Table 3.
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Figure 11: Simulated isolation between the TX output and RX input port,
with and without RF tunable cancellation.

The proposed dual-polarized microstrip antenna and RF
tunable cancellation circuitry combines isolation and
cancellation solutions for compact radios, where the antenna
dominates the size. Preliminary design indicates an antenna
size of 90x90 mm when Rogers substrate with a dielectric
constant of 3.55 is used. However, the size of the antenna
could be reduced by 68-70%, by making use of substrates with
higher dielectric constants and by minimizing the size of
Wilkinson Divider and microstrip delay lines. Then, the
antenna structure measures 30x30 mm, which is half the size
of the smallest published form-factor solution presented in
Table 1.

IV. ELECTRICAL BALANCE RF ISOLATION

When an extremely small, integrated solution is required for
a full-duplex communication devices, e.g. smartphone, a
single-antenna solution favors other, more bulky solutions
based on multiple antennas. Such single-antenna solution
should however prevent TX signal leaking to the RX. This can
be achieved by an isolator as shown in Figure 12, which has a
separate TX and RX port, but a shared TX/RX antenna. A
standard miniature antenna is assumed in this case (no
isolation by polarization).

Figure 12: Single-antenna FD solution with TX-to-RX isolation.

In state-of-the-art cellular devices, SAW-based duplexers
[31] provide the required isolation between transmission and
reception for standards operating in Frequency Division
Duplexing (FDD) mode. Furthermore, they provide
out-of-band filtering to resolve many blocker issues in the path
from antenna to the receiver, while reducing the spectral
leakage to the adjacent channels by filtering out
intermodulation products in transmission. However, such
solutions are based on fixed-frequency passive filters, which
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only allow antenna sharing when transmission and reception
operate concurrently on different frequencies.

Recently, the use of hybrid transformers to achieve filtering
based on electrical balance has been proposed to achieve
tunable duplexer filters for FDD [7, 32, 33]. In this paper, this
technique is introduced in the context of full-duplex, and it is
shown how it may provide self-interference isolation in RF for
very compact radio devices.

A. Operating principle

Figure 13 shows how electrical signals transfer through a
hybrid transformer, achieving electrical balance operation.
Shown also are the antenna, TX, RX and a passive network
called the balance network, which may consist of tunable
resistive,

passives, e.g. and/or  inductive

components.

capacitive

Figure 13: Electrical balance duplexer operation principle.

When a signal is transmitted (Figure 13(a)), and Zant
Zgav at the transmission frequency, the electrical signals splits
up exactly between the two impedances (e.g. it is perfect
common-mode to the hybrid transformer). As a result, no net
differential current flows through the primary winding of the
hybrid transformer, and only the common-mode leakage
transfers through to the hybrid transformer secondary (i.e.,
RX) side, cancelling any direct-path TX leakage flowing into
the RX. When the first-stage low-noise amplifier in the RX
chain has good common-mode rejection, the remaining
common-mode is not a problem.

In reception mode (Figure 13(b)), the antenna absorbs
energy from the ether, but the same signal is not excited in the
passive balance network. As a result, a differential current
flows through the hybrid transformer and is transferred to the
RX side. In fact, in the ideal balance condition, the hybrid
transformer is a reciprocal network [13], so that the antenna
and balance network are isolated as well, like the TX and RX.
For this reason, the energy absorbed by the antenna splits up
between the TX and RX out- and input impedances,
respectively. Near-field and far-field reflections cannot be
removed by the electrical balance circuit; this requires a
subsequent cancellation circuit e.g. as presented in section III
or cancellation in the digital domain.

For FD operation, both transmission and reception occur
concurrently in real-time, and both principles apply. As a
result, isolation is achieved from TX to RX, while transfer
occurs from antenna to RX and TX to antenna, albeit with a

minimal insertion loss of 3 dB due to power splitting in the
hybrid transformer. This 3 dB loss however refers to an
unrealistically —perfect lossless implementation, where
conventional FDD-systems use duplexers which also exhibits a
loss of about 2.5 dB. Therefore, the additional loss of the
proposed solution enabling FD operation is only 0.5 dB. Also
note that a hybrid transformer can be integrated in plain silicon
process technology, where a typical die-size depends on the
exact implementation, but is in the order of 0.4-1 mm?. This
area is mainly determined by the hybrid transformer. This die
can be mounted and interconnected with a miniature antenna
(e.g. 14 mm? ANT-2.45-CHP from Linx Technologies)
directly on the PCB of the hosting communications device.
The form-factor of this design, when considering a non-size-
optimized commercial off-the-shelf antenna, is at least 10
times more compact than the smallest design in Table 1. The
size of the electrical balance solution is sufficiently compact
for integration in the smallest device listed in Table 2.

B. Full-duplex requirements for electrical balance

The hybrid transformer and balance network may be
co-integrated on CMOS, together with the transceiver and
system-on-chip (SoC) for digital processing, to achieve a very
small form-factor, mainly limited by the antenna size. There
are two practical issues that complicate the implementation of
this system, both relating to the antenna.

First, a practical antenna may have a widely varying
impedance across frequency, but also shift when near-field
objects impact the radiation pattern and thus the antenna
impedance. The balance network should have sufficient tuning
range to cover the impedance shift the antenna may
experience. The design of the balance network is based on all
realistically potential impedance shifts, while considering also
the complete interconnection path towards the antenna.

Second, due to real-time variations in the antenna
impedance, a fast enough (milli-second time delay) tracking
algorithm must be implemented to guarantee the isolation
characteristics at a given frequency. The proposed design
supports such adaptation speed; it implements a 300 MHz
network-on-chip [34] and the response time of the balance
network is a few nano-seconds only. When used in conjunction
with digital cancellation, the leakage path through the duplexer
must be re-estimated in the digital algorithm at the same rate in
order to maintain signal integrity in the digital domain.

As derived in section II, an isolation of at least 50 dB across
the signal bandwidth must be achieved in order to meet the
total self-interference cancellation budget. For this reason, the
resolution of the balance network is critical [33], and
co-design with the antenna and its interconnection length is
required to allow sufficient isolation bandwidth.

C. Building block specifications

To evaluate the required tuning range of the balance
network, impedance measurements of a WiFi-specified Planar
Inverted-F Antenna and interconnect to a test-chip (including
bonding wire) have been made. Figure 14 (right) shows the
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observed impedance variations of the antenna, including
maximum observed variations in various environmental
conditions.

Figure 14 (left) shows the proposed CMOS integrated
balance network that is able to operate in conjunction with this
antenna. Using just a resistor and capacitor bank means no
positive (inductive) imaginary impedance is covered, but
thanks to the parasitic phase shifting action of the interconnect,
even the Planar Inverted-F Antenna, which is mainly inductive
in nature, offers a negative (capacitive) imaginary impedance
at the antenna port of the hybrid transformer.

A resistor range of 10Q-100Q and a capacitor range of
800fF-2500fF cover the reference impedance including
variations as measured from the antenna and interconnect.
Those are implemented by a capacitor bank with 13-bits
effective resolution and an analog-tuned resistor [32] with
more than 13-bits resolution.

When an initial electrical balance condition is found by
tuning the balance network to mimic the antenna impedance,
Figure 15 shows about 50 dB of isolation is achieved at 2.45
GHz over a signal bandwidth of 6 MHz and 44 dB over 10
MHz. This RF-isolation meets the 40 dB mid-end scenario
design requirement given in Table 3.
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Figure 14: (left) The R-C balance network & control; (right) measured
antenna+interconnect (and variation); and theoretical balance impedance.
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V. CONCLUSION

This work addresses an important issue of previously
published self-interference rejection designs: they generally
require bulky components and/or antenna structures, which
hampers the realization of compact full-duplex radios. This
paper identifies feasibility bottlenecks of a compact full-
duplex radios and proposes two analog/RF designs to resolve
the main bottleneck.

Full-duplex sets challenging design requirements on the
wireless communication transceiver, especially in comparison
with half-duplex radios. Crucial transceiver requirements have
been analyzed in terms of link budget parameters and the
achievable RF isolation. Calculation for three scenarios in
Table 3 indicate that, even for a low-end very relaxed scenario,
40 dB of RF-isolation is required. For the high-end case, this
increases to 60 dB or even 80 dB, which is extremely
challenging. Key feasibility bottlenecks are the phase noise
and transmitter linearity, while receiver linearity becomes a
bottleneck at low self-interference isolation values. These
though design requirements can be majorly relaxed by
improving isolation and cancellation at analog/RF. Therefore,
two analog/RF design ideas are proposed, allowing integration
in compact radio devices.

The first analog/RF design idea combines isolation and
tunable cancellation by means of a dual-port polarized antenna
and a self-tunable cancellation circuit, offering up to 75 dB
simulated isolation (55 dB isolation + 20 dB cancellation) over
a bandwidth of 10 MHz at 2.45 GHz. The polarized antenna is
to be implemented as microstrips on a conventional printed
circuit board, which allows dense integration in a tablet
computer, notebook or a small-cell base-station. A preliminary
implementation indicates an antenna size of 90x90 mm, but is
expected to scale down to 30x30 mm when using a higher
dielectric-constant substrate.

The second analog/RF design idea exploits a tunable
electrical balance isolator in combination with a single-port
antenna. Implementing this in low-cost plain CMOS
technology (excluding the antenna) would measure less than 1
mm?. Given its tunability and single-port antenna connection,
conventional miniature antennas are compatible with this
solution. This enables integration in very compact radio
devices such as smartphones and sensor network radios.
Simulations indicate a 50 dB of isolation at 2.45 GHz over a
signal bandwidth of 6 MHz.

Both presented techniques are compatible with digital
cancellation techniques, which are required to further increase
the overall self-interference rejection performance. As future
work, both design ideas are implemented, and their
performance will be evaluated based on measurements with
and without digital cancellation.
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