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Abstract

Full duplex (FD) could potentially double wireless communications capacity by allowing
simultaneous transmission and reception on the same frequency channel. A single antenna
architecture is proposed here based on a modified rat-race coupler to couple the transmit
and receive paths to the antenna while providing a degree of isolation. To allow the self-
interference cancellation (SiC) to be maximized, the rat-race coupler was made tuneable.
This compensated for both the limited isolation of the rat race and self-interference caused
by antenna mismatch. Tuneable operation was achieved by removing the fourth port of the
rat race and inserting a variable attenuator and variable phase shifter into the loop. In simu-
lation with a 50 Q load on the antenna port, better than —65 dB narrowband SiC was achieved
over the whole 2.45GHz industrial, scientific and medical (ISM) band. Inserting the
S-parameters of a commercially available sleeve dipole antenna into the simulation, better
than —57 dB narrowband SiC could be tuned over the whole band. Practically, better than
—58 dB narrowband tuneable SiC was achieved with a practical antenna. When excited
with a 20 MHz Wi-Fi signal, —42 dB average SiC could be achieved with the antenna.

Introduction

The rapidly growing user demand for wireless connectivity has caused Wi-Fi standards to
evolve over the last decade. One technique which could theoretically double data capacity is
FD by allowing simultaneous transmission and reception (STAR) on the same frequency chan-
nel [1, 2, 3]. A single antenna FD system [1] facilitating STAR is shown in Fig. 1.
Single-antenna FD systems require a combining network to couple the transmitted signal
from the power amplifier (PA) and the received signal to the antenna. Dual-antenna systems
have also been proposed, but the space required for two antennas [2] can often outweigh any
advantages. Similarly, single-antenna solutions using dual polarization exist in the literature
but are complex in design [3] and cannot be used with low-cost off-the-shelf dipole-type
antennas as often found in consumer electronics.

STAR is hampered by self-interference, where the transmitted signal interferes with the
received one. Due to path-loss, the transmitted signal is often 100 dB greater than the received
one, at a minimum masking it, but potentially damaging the delicate receiver low-noise amp-
lifier (LNA). Practical combing network will typically only provide 30 dB of isolation between
the received and transmitted ports. In addition to this leakage signal, part of the transmitted
signal is reflected into the receive path due to antenna mismatch - a significant source of self-
interference in FD systems [4]. To overcome self-interference, a cancellation network is
included between the antenna combiner and the LNA. A portion of the transmitted signal
is tapped off, gain and phase manipulated and injected into the receive path to cancel the self-
interference. In Fig. 1 there are two levels of cancellation, one in the analogue domain before
the LNA and a second one after down-conversion in the digital domain.

Most published FD system level study uses circulators as the combining network [5]
because they have low (<1 dB) insertion loss but are often too large and expensive for con-
sumer electronics. Transmission line networks like the rat-race coupler [6], hybrid coupler
[1] and directional coupler [7] provide a more practical solution.

This study integrates a combining network based on a rat-race coupler with the analogue
cancellation network. To do this, the rat race must be made tuneable. Tuneable rat-race cou-
plers have previously been proposed in the literature either by loading transmission lines with
varactor diodes [8, 9], or incorporating piezo activator tuned cavities [10]. The tuneable rat
race proposed here substitutes its fourth port for a variable attenuator and phase-shifter in
one of the arms, therefore facilitating tuning. This not only tunes the rat-race’s inherent
isolation, but also compensates for the antenna mismatch.

Although the focus of this study is Wi-Fi communications in the ISM band, it can be applied to
other applications: frequency-division-duplexing [11], radar [6] and test and measurement [12].

Prior related study by the author is described in Reference [13] which although also
intended for Wi-Fi, used a different architecture. That was based around a hybrid coupler
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Fig. 2. FD architecture with rat-race coupler; (a) separate analogue cancellation and rat race, (b) rat race with variable impedance.

with its fourth port terminated in a variable impedance (Zy) as
shown in Fig. 2(b). Zy consisted of a digitally controlled switched
attenuator and a digitally controlled switched phase shifter. These
were connected in series with the other end of the attenuator ter-
minated in a short circuit. The reflection - and hence impedance
- seen looking into the phase shifter could be controlled in
magnitude by the attenuator and phase by the phase shifter.

Rat-race full duplex coupler

The frontend of a single-antenna rat-race full duplex (FD) system
is shown in Fig. 2(a). The communications system baseband cir-
cuitry generates a modulated RF signal from an input data source
which is amplified by the PA. This signal is applied to port 1 of
the rat-race coupler. Port 2 of the rat race is connected to the
LNA in the receive path. An antenna is connected to port 3
and a 50 Q load to port 4. The reflected portion of the transmitted
signal due to antenna mismatch is represented by vector Vynr. In
an ideal rat-race coupler, there is a 180° phase difference between
the two paths between ports 1 and 2. This phase difference leads
to anti-phase cancellation of the transmitted signal at port 2, if
Vanr is zero. Including Vant adds a further interference compo-
nent which an ideal rat race cannot cancel, which is why an ana-
logue cancelation block is required. In addition to the simplified
schematics of Fig. 1, a control signal generated by the baseband
is required to control the analogue cancellation block for max-
imum self-interference cancellation (SiC).

One combined analogue cancellation and coupler solution
proposed in the literature is to use a hybrid coupler with its fourth
port terminated with a Zy which can inject a voltage (Vzy) to
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cancel Vynr [13] and any residual self-interference due to leakage
from the hybrid. This can similarly be applied to a rat race as
shown in Fig. 2(b) where Zy is connected to port 4. Zy is con-
trolled by the baseband so that Vy cancels Vanr at the input
of the LNA, therefore increasing SiC.

The classic rat-race [14] coupler shown in Fig. 2 is composed
of six transmission line sections as expanded in Fig. 3(a). Each
transmission line is a quarter wavelength (1/4) long with an
impedance of \/ 2 times the system impedance (50 Q here, result-
ing in 70.7 Q). Between ports 1 and 2 one path passes through
TL,; and the other through TL; 4 4. The signal passing through
TL, 4. is described as Vigo. It can be found in Cadence’s
Microwave Office (MWO) simulation that if an input current
iry flows into port 1, a current with a half its magnitude and
phase shifted by 180° flows out of TL; into port 2. However, a cur-
rent with the same magnitude but in-phase with iy flows out of
TL, into port 2. The two currents cancel resulting in close to zero
volts at port 2. A small voltage divided by large current results is
equivalent to a low impedance. Because all the TLs are 90°, they
operate as quarter wavelength transformers, resulting in a high
impedance at their other end, and hence little current flow.

In Fig. 3(b) Zy is connected to port 4, such that part of Vigo is
reflected back into the rat race as Vy. The gain and phase of Vy
relative to Vigg is controlled by Zy. Zy can be produced by several
means, but most common are those involving variable gain and
phase control elements [13], although other techniques also
exist for achieving this.

A further observation is that the voltage present and current
flowing out of the TL, into TL¢ has a ratio of 50 — an impedance
of 50 Q. A similar relationship is found to TLs. Reducing the
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Fig. 3. Rat race-based FD frontend where all TLs are 70.7 Q unless indicated other-
wise: (a) conventional rat-race coupler, (b) rat-race coupler with Zy and (c) modified
rat-race coupler where the characteristic impedance of A and 6 is 50 Q.

impedance of TLs and TL¢ to 50 Q allows the coupler to still bal-
ance and port 2 to be isolated from port 1. This opens the poten-
tial to tune the isolation by controlling the TLs. In this study, Zy is
removed and a variable attenuator (A) and variable phase shifter
(0) substituted for TLs and TLg in the Vigo path as shown in
Fig. 3(c). To ensure the correct cancelling at port 2, the electrical
length of A and 6 should be centered around half a wavelength.
From simulation the optimum value for A was found experimen-
tally to be approximately 3 dB when port 3 is terminated in a 50 Q
load. This value for A will be different when port 3 is terminated
with an antenna, as that will introduce V1, which is not present
with a perfect 50 Q simulated load. It was also noted in the simu-
lation that this 3 dB value is dependent on impedance of the
transmission lines, any deviation from the theoretical 70.7 Q
resulted in a different optimum attenuation.

To understand the operation of the modified rat-race coupler
the scattering matrix of a conventional coupler is shown in
Equation (1). It is important to note that the arrangement of
the scattering matrix will depend on the labelling of the ports.
(1) Refers to Fig. 3(a) where a signal entering a port experiences
an equal power split (3dB) and 90° phase shift as it passes
through a transmission line section to its adjacent port. Those
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paths where the signal is cancelled (S;,/S,; and S34/S,3) are zero.

Sm race — — =
{race V2| S Sn Sz Su

0 0o -1 1
0 0 -1 -1
-1 -1 o0 0 )

1 -1 0 0

With A and 6 optimally adjusted, the three-port coupler
shown in Fig. 3(c) and expressed in Equation (2) has an insertion
loss of 3dB and 90° phase shift for S;; and S;,. S,; will be zero
due to cancellation. The layout in Fig. 3(c) has a similar structure
to a Wilkinson power splitter in that it is also a three-port device
and dissipates power in a resistive element. In this respect, TL;,
TL,, A and 6 replace the resistive element between the two output
ports.

j S Sz Si3 0 0 -1
Srat race = 7— Sa1 S S = 0 0 —1 (2)
2 S31 832 S -1 -1 0

The 3 dB insertion loss through each path experienced in
Equation (2) will have an adverse impact on system performance.
In the transmitter path the output power will be halved. Because
the DC power unchanged the PA, its efficiency will also be halved.
Similarly, 3 dB insertion loss in the receiver path will increase the
noise figure by 3 dB as the coupler is the first element in the
receiver chain. This is a known issue with many proposed FD
architectures [1]. The only currently known alternative are circu-
lators [5] which as stated above have <1 dB insertion loss but are
physically large and so unsuitable for consumer electronics.

Gain and phase balance

To determine the level of possible SiC, the individual elements of
the combined analogue canceller and combining network must be
evaluated. As previously mentioned, the antenna suffers from
mismatch resulting in the self-interference component Vanr.
Vanr can be a significant source of self-interference as determined
by measuring three practical sleeve-dipole antennas — as often used
by ISM band 2.45 GHz Wi-Fi routers. The antennas were: (A) RF
Solutions ANT-24G, (B) L-COM HG2403RD and (C) Siretta
Delta 6B. The results for antennas (A)-(C) are shown in Fig. 4
where the return loss can be as good as —33dB, or as bad as
—13 dB depending on the antenna and frequency.

Assuming an ideal rat-race coupler, then the self-interference is
solely dependent on the antenna return loss. Vy role is then to
improve the SiC beyond that provided by the antenna. Achieving
a large degree of SiC is only possible if the Vzy and Vanr have iden-
tical amplitude and are exactly in antiphase when arriving at the
LNA input. The SiC for a given gain (JA) error and phase error
(66) can be determined using Equation (3) [15]:

SiCqp = 10log,, ((cos 60 — OA cos 56) + (sin 80 + SA sin 50)?)
(3)

From Equation (1), Fig. 5 is derived where to achieve say 60 dB
of SiC in the rat-race coupler, on top of that produced by the
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Fig. 5. Gain and phase error impact on SiC.

antenna, the gain and phase error need to be better than 0.01 dB
and 0.01°, respectively. Assuming this was possible, and antenna
C was used at 2.45 GHz, 91 dB could be achieved. This requires
that the tuning resolution of A and 6 be in the order of 0.01 dB
and 0.01°. This level of SiC is only maintained over the bandwidth
where the gain and phase error remain within these limits. This
becomes a challenge if the impedance of the antenna (and
hence the magnitude and phase of Vsnt) changes significantly
over its operating band as does that of Zy. The rat-race isolation
will also be reduced, as the relative wavelength of the TLs move
away from a quarter wavelength as frequency changes, resulting
in a narrowband response.

The resolution and range requirements of A and 6 are not cur-
rently available with digital switched control elements, so ana-
logue must be used. One challenge for A and 0 is that they
must have a low insertion loss, approximately 3 dB as described
in section “Rat-race full duplex coupler”. Therefore it should
have a minimum loss of less than 3 dB. A common configuration
are hybrid coupler-based reflection variable attenuators and phase
shifters [15]. Theoretically these have minimum loss, but when
simulated with practical components often have excess insertion
loss greater than 3 dB. To minimize the loss, for this work A is
a I1 type attenuator incorporating a PIN diode in the series elem-
ent with two fixed shunt resistors and 6 is hybrid coupler reflec-
tion phase shifter incorporating varactor diodes as shown in
Fig. 6.

A TT attenuator is chosen as the series element can be replaced
with a PIN diode. A PIN diode will have a low RF resistance when
DC current passes through it. To complete the attenuator two
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1 kQ shunt resistors are included. A PIN diode resistance of 3 Q
corresponds to 0.7dB attenuation and 100Q 5.7dB. A
BAP50-04W was selected for this, which corresponds to a DC cur-
rent of 100 pA to 10 mA.

The hybrid coupler phase shifter was chosen as although it
incurs a moderate insertion loss, it is capable of a large phase tun-
ing range and the insertion loss does not change much over the
tuning range. The insertion loss is attributed to the series resist-
ance of the varactor diodes. BB837 diodes were selected which
have a series resistance of 1.5Q. The BB837 has a capacitance
range of 0.5-6.6 pF corresponding to a reverse voltage 1-28 V.
For the MWO simulation the varactor diodes were BB837 and
the PIN diode a BAP50-04W. These were chosen due to their
availability at the time. When incorporated in the schematic of
Fig. 6 with 1 kQ shunt resistors for A, the gain and phase response
were simulated as shown in Fig. 7 where an enclosed area is
defined for 2.4, 2.45 and 2.5 GHz. Figure 7 shows that there is a
degree of dependency between A and 6 due to stray parasitic com-
ponents. In particular, the shunt capacitance of the PIN diode
introduces a phase shift at high attenuation setting where it
becomes the dominant path.

Simulated results

A full simulation of the rat-race frontend including the models for
the varactor and PIN diodes was developed. It was first simulated
with a 50 Q load on the antenna port (port 2) of the rat-race
coupler. A and 6 were manipulated to produce a high level of iso-
lation for the combined rat race and analogue cancellation over
the whole 2.45 GHz ISM band. The results for this are shown
in Fig. 8 where it can be shown that greater than —65 dB narrow-
band isolation can be tuned over the whole ISM band.

During these simulations, the S;; and S;, - effectively the
insertion loss — of the rat-race coupler were flat across the
whole band for a given combination of A and 6. Tuning A and
6 to tune the SiC null did result in a variation of S;; and S;,
between 3.6 and 3.8 dB. This is higher than the theoretical 3 dB
for the rat-race coupler due to substrate losses — the simulations
were carried out on a realistic FR4 substrate or mismatch between
the TLs. Worst return loss from any port under these conditions
was —14.6 dB. The optimum attenuation and phase settings were


https://doi.org/10.1017/S1759078721000787

570

== Y
@ \‘.\ \
=g R \
% “& S, ‘\
© 8 R Su I
’ X M S
10 e
-12
-315 -270 -225 -180 -135 -90 -45

Phase (Degrees)

Fig. 7. Tuning area of Fig. 6, where sold black line is 2.4 GHz, small dashes are
2.45 GHz and big dashes are 2.5 GHz.

Isolation (dB)

2.4 245

Frequency (GHz)

25

Fig. 8. Simulated isolation between ports 1 and 2 for different 6 and A settings with
50 Q load.

recorded while tuning and displayed in Fig. 9, where the attenu-
ation setting is flat at —3.52dB and the phase varies by 3.3°
between 217.4° and 220.7°.

The measured S-parameters of the three Wi-Fi sleeve-dipole
antenna shown in Fig. 4 were then incorporated into the simula-
tion as a sub-circuit connected to port 2. Antenna C was found to
be the best. Its simulated results are presented in Fig. 10 where
better than —57 dB narrowband SiC between ports 1 and 3
could be achieved over the whole 2.45 GHz band.

With the measured antenna C included in the simulation, the
worst return loss from the ports 1 and 2 (S1; and S,,) was —14.7 dB.
The optimum A and 6 settings are displayed in Fig. 11, where they
can be seen to vary more than when port 3 was terminated with a
50 Q load. A varies by 1.8 dB between —3.7 and 5.5 dB, 6 by 15.4°
between 208.7° and 224.1° for optimum SiC. This is to be expected
as antenna C mismatch varies considerably over the band as shown
in Fig. 4.

Measured results

To verify further the operation of the tuneable rat-race frontend, a
prototype was constructed on an FR4 substrate for use at 2.45
GHz as shown in Fig. 12. Measurements were taken on a
Rhode and Schwarz ZNB20 vector network analyser (VNA) and
are shown in Fig. 13 with antenna C connected. Better than
—58 dB narrowband SiC could be achieved over the whole
band. It should be noted that these results were not taken in an
anechoic chamber, but in a typical laboratory space where there
were reflections from the walls, metal enclosed equipment and
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Fig. 11. Simulated 6 and A settings for maximum isolation with antenna C as load.

the researcher taking the measurements. These results show a
higher isolation than other published tuneable rat-race couplers
[7, 8, 9]. However, those results were taken with a 50 Q load at
port 2, whereas these are with the commercial sleeve dipole, so
are not completely comparable, but do justify the value of this
simpler tuneable rat-race implementation.

The optimum values for A and 6 for Fig. 13 are shown in
Fig. 14. They are shown to vary considerably more than the simu-
lated results presented in Fig. 11. This is likely due to fabrication
tolerances as acceptable gain and phase errors are very small for a
large SiC, as shown in Fig. 5. The values in Fig. 13 were derived by
measuring the tuning voltages for both A and 6 at the middle
terminals of the two multiturn variable resistors shown at the
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Fig. 12. Photograph of prototype: input port is on the left, antenna port at the top,
output port on the right the A and 6 controlled by multiturn variable resistors on the
bottom and on the middle of the board on the left is a shortened quarter wavelength
stub for DC return.

2.45 2.5 2.55

Frequency (GHz)

Fig. 13. Measured SiC between ports 1 and 2 for different 8 and A settings with
antenna C.

bottom of Fig. 12. Using the datasheets for the BAP50-04W and
the BB837, along with the schematic in Fig. 6, the corresponding
A and 6 values were calculated and plotted in Fig. 14.

The rat-race frontend was further evaluated by injecting a
standard compliant 20 MHz Wi-Fi signal as would be used in a
commercial FD system into the input port and monitoring the
output port. The Wi-Fi signal was generated by a Keysight
N5172B EXG Signal Generator with a Keysight N9010A EXA
Signal Analyzer as the receiver. A and 6 were tuned for maximum
SiC over the whole 20 MHz bandwidth of the Wi-Fi signal. An
example result is shown in Fig. 15 at 2.45 GHz, where both the
transmitted and received signal (at port 2) are shown. Under
these conditions —42 dB of average SiC was achieved over the
20 MHz signal bandwidth relative to the transmitted signal. In
this measurement, the RF signal generator was set to 10 dBm,
resulting in a total power of 6.3 dBm over the signal bandwidth.

For comparison, the performance of a Cerncx off-the-shelf
circulator is included intended for 2.5-2.55GHz operation.

https://doi.org/10.1017/51759078721000787 Published online by Cambridge University Press

571

° T T T 1T T 71 230
] 1 =Tl
4 i 'Rx » x Attenuation = 32
2 _ =14 .| = Phase ] _
= = VI 24
§ 7 i 22 §
3 — o 20 &
5 ] T 218 §
< i o o 216 &
e x I 214
= - 212
. . ——— 210
2.35 2.4 2.45 2.5 255

Frequency (GHz)

Fig. 14. Measured 6 and A settings for maximum isolation with antenna C.

Transmitted Signal

= = = Received signal

-20 — —Circulator
} 1 1 T 1
& LN . | S S S

2.44

2.46
Frequency (GHz)

Fig. 15. Measured spectrum with 20 MHz Wi-Fi signal: the transmitted signal, SiC with
the tuneable rat race and a comparison with an off-the-shelf circulator.

0 T . T -
a0 L T P
T — T "\. ’1. ) ==== =
-20 o B 7
- _"”‘“""- B ("a =
@ .30 P4 B
© VEK d | ; -==522
| 4 v I
-40 14 1l —=maa s21
-50 - |
60 L L1 |
2.2 23 2.4 25 26 2.7

Frequency (GHz)

Fig. 16. Measured port response when tuned to 2.45 GHz.

When the circulator is terminated with a 50 Q load —42 dB of
average SiC was achieved at 2.45 GHz comparable to the rat-race
coupler. However, when the load was replaced with antenna C,
the SiC degraded to —16 dB due to antenna mismatch. This jus-
tifies the use of a tuneable rat-race coupler as any network must
adapt to a practical antenna.

Similar results were achieved over all regions of the band. The
SiC contains a null mirroring the narrowband responses of
Fig. 13. This level of SiC and simplicity of its design verifies the
feasibility of a rat-race frontend for FD. When combined with
digital cancellation, an overall system should be capable of a
high level of performance to achieve the intended FD
communications.


https://doi.org/10.1017/S1759078721000787

572

Fig. 16 shows the port response as measured on the VNA with
the SiC tuned to 2.45 GHz as shown by the S,; response. The S;;
and the S,, are the two return losses from ports 1 and 2, respect-
ively. At 2.45GHz, S;; is —9.3dB and S,, —26.7 dB indicating a
good level of match. The match is dependant on the settings of
A and 0, so needs to be considered to ensure that the PA and
LNA of the FD system are not subjected to a high standing
wave ratio (SWR) which could lead to instability.

Conclusion

This paper describes an RF FD frontend based on a novel tune-
able rat-race coupler for the 2.45 GHz ISM band. This is made
possible by incorporating analogue control elements into one of
the rat-race arms. Under simulation conditions a null of —65 dB
could be tuned across the band with a 50  load on the antenna
port. Similarly, when the S-parameters for a typical Wi-Fi antenna
were incorporated in the simulation, better than —57 dB could be
tuned over the whole band.

A practical demonstrator was constructed which produced a
—58 dB narrowband SiC null that could be tuned over the
whole of the ISM band. To fully evaluate its suitability for FD,
a 20 MHz Wi-Fi signal was applied where —42 dB average SiC
was achieved at 2.45 GHz over the total bandwidth of the Wi-Fi
signal. A similar level of performance was possible over the
whole ISM band with this simple architecture.
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