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A Frequency Tunable Circulator with 70 dB
Isolation Using Reflection Coefficient Controller

for Arbitrary Load Impedance
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Abstract—This paper presents a method to increase the iso-
lation and control the operating frequency of a circulator. The
internal signal flow of a circulator is analyzed, and the through-
port reflection to cancel out leakage signal is investigated. A
reflection coefficient controller(RCC) is designed to ensure that
such reflection occurs at the operating frequency. In addition, the
operating frequency can be tuned by using two varactor diodes
of the RCC for an arbitrary value of the antenna impedance.
The experimental results from the proposed method show an
isolation of 70 dB and an insertion loss of –1.4 dB at the operating
frequency. Moreover, the operating frequency can be changed
from 2.2 GHz to 2.8 GHz with high isolation for an arbitrary
antenna impedance.

Index Terms—full-duplex radio(FDR), signal cancellation, high
isolation circulator, tunable circulator, arbitrary impedance
matching, reflection coefficient controller.

I. INTRODUCTION

IN-band full-duplex radio systems have recently attracted
interest for solving radio frequency (RF) congestion. Full-

duplex radio (FDR) systems which transmit and receive simul-
taneously using the same frequency resources, ideally increase
the spectral efficiency by a factor of two[1]. However, there
is a self interference problem in such systems since the signal
radiated from the transmitter interferes with the desired signal
received by the antenna where the power of the latter signal
is very low compared to that of the former [2]. Thus, high
isolation between the transmitter (TX) and receiver (RX) is
essential in an FDR system, and this isolation can be achieved
by antenna isolation, RF cancellation, and digital cancellation
[2-3]. Generally, a ferrite circulator with an isolation level
exceeding 30 dB is required for antenna isolation if a common
antenna needs to be shared by the TX and RX [4]. However,
typical ferrite commercial circulators have an isolation of ap-
proximately 20 dB; therefore, circulators with higher isolation
are required for an FDR system.

Geometric changes to ferrite circulators have been studied to
improve isolation by modification of the crossover structures
[5-7]. Although these changes do not increase insertion losses,
the isolation is not improved much and is heavily dependent
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Fig. 1. Circulators for two configurations: (a) without RCC, (b) with RCC.

on the impedance of the antenna port. It has been shown that
a circulator with a filter can achieve high isolation between
TX and RX; however, the structure is primarily a diplexer, so
it cannot be used for a full-duplex system[8]. Another method
of obtaining high isolation is the signal cancellation method
which involves applying a signal with the same magnitude
and opposite phase as the leakage signal at the RX port.
In [9], the transmit signal was divided into two circulators
and the leakage signal from a circulator cancels the other
leakage signals. Comparatively high isolation was achieved
in [9] using this scheme; however, the insertion loss of the
structure was 3 dB owing to the power divider. In [10], a small
portion of the transmitted signal is separated using a coupler
followed by a PA; then, it is cancelled with the leakage signal
at the coupler following LNA, after adjusted by phase shifter
and attenuator to duplicate the leakage signal. This method
achieves high isolation, but it is also not free from additional
insertion losses due to power division and combination. In ad-
dition to the ferrite circulator, there are non ferrite circulators
that use transistors, which provide high isolation mainly by
signal cancellation. However, most of the available non ferrite
circulators have poor insertion losses. Amplifiers are generally
used to improve upon this disadvantage, but the problem of
linearity degradation remains [11-15].

In this paper, a design theory and practical implementation
of a tunable high-isolation circulator using a network called
the reflection coefficient controller (RCC) are presented. The
proposed structure has high isolation and low insertion loss
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characteristics for an arbitrary value of the antenna impedance
with the capability to vary operating frequency, where the
isolation performance should be best. Further, the power
handling capability is measured and discussed. In Section II,
the mathematical design of achieving high isolation is shown
with respect to the given S-parameters of the ferrite circulator;
the detailed procedure to implement the design using RCC is
presented in Section III. The measured results are then given
in Section IV, and the conclusions are presented in Section V.

II. DESIGN THEORY

A. Reflection coefficient control and isolation
In reality, a general circulator shown in Fig. 1(a) is different

from the ideal one owing to the imperfect performance of the
ferrite and the geometrical structure within the circulator. The
S-parameters of the circulator in Fig. 1(a) can be expressed
as

S =

S11 S12 S13

S21 S22 S23

S31 S32 S33

 . (1)

None of these terms is either a perfect 0 or 1, which means
that the signal does not flow in one direction and it is im-
possible to achieve perfect matching unlike an ideal circulator
because of the process errors involved in the manufacturing
of commercial circulators. In addition, even though S21 in (1)
is 0, when port 3 is used for an antenna whose impedance is
not Z0, the reflected signal is generated from the port and
mixed with the existing signal such as the leakage signal,
which affects the performance of the circulator.

In this situation, it is not clear whether the mixture
of signals has a good effect on the performance of the
circulator. For example, if the reflected signal is in phase
with the leakage signal and has a lager magnitude, the
isolation performance degrades. Conversely, if the reflected
signal is out of phase with the leakage signal but has
same magnitude, the isolation performance is improved by
cancellation of the signal. The isolation performance of the
circulator can thus be determined by adding an RCC, as shown
in Fig. 1(b). The S-parameters in Fig. 1(b) can be expressed as

S′ =

[
S′11 S′12
S′21 S′22

]
. (2)

The S-parameters of the two-port network in (2) can
be analyzed by reducing a three-port network to a two-
port network and finding the modified scattering matrix
of the three-port network with one of the ports is not
match-terminated; this modification is then described by
the S-parameters in (1) and ΓRCC , which is the reflection
coefficient of the antenna port in Fig. 1(b) [16-17]. The
isolation S′21 is expressed as

S′21 = S21 +
S31 × S23 × ΓRCC

1− S33 × ΓRCC
. (3)

Гconjugated

Гdesired

2.2GHz

2.4GHz

2.6GHz2.8GHz

Fig. 2. Γdesired and Γconjugated depicted on the Smith chart.

B. Isolation and power transfer efficiency

As shown in Section II-A, the reflected signal at the
antenna port affects the S-parameters. In other words, S′21
can be adjusted using ΓRCC . To enable the circulator to
have high isolation, the value of ΓRCC should be adjusted
such that S′21 = 0 in (3). Such a desired ΓRCC can be written as

⇒ Γdesired =
−S21

S31 × S23 − S21 × S33
. (4)

In (4), Γdesired represents the value of ΓRCC for which
S′21 is zero. This equation gives an exact formula for ΓRCC

to achieve perfect isolation. Thus far, this technique is the
only available choice for perfect isolation; however, it is not
clear whether this scheme allows good matching, or power
delivery. Thus, the transducer power gain should be ana-
lyzed. Theoretically, maximum power transfer can be achieved
by conjugate matching at the antenna port. The calculated
Γdesired and Γconjugated, which is the reflection coefficient
at the antenna port when conjugate matching is performed
using the measured S-parameters of a commercial circulator,
SKYFR-000742, are shown in Fig. 2.

Fig. 2 shows that Γdesired resembles Γconjugated, which
leads to the expectation that the transducer power gain from
port 1 to the antenna and from the antenna to port 2 when
ΓRCC = Γdesired is almost equal to that of the case when
maximum power is transferred. For accurate comparisons, the
transducer power gain at the TX port for each case where the
RCC is assumed to be lossless is shown in Fig. 3 and that for
the RX port is omitted since it is almost similar to that of the
TX.

As shown in Fig. 3, the transducer power gain without the
RCC is lower than that where ΓRCC = Γdesired, whereas there
is no significant difference between the cases where ΓRCC =



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. XX, NO. X, XXXXXXXXX 2020 3

Tr
an

sd
u

ce
r 

p
o

w
er

 g
ai

n
 (

d
B

)

Is
o

la
ti

o
n

 (
d

B
)

Frequency (GHz)

2.2 2.3 2.4 2.5 2.6 2.7 2.8

-0.4

-0.6

-0.8

-1.0

-10

-20

-30

-40

-50

-60

ГRCC = Гconjugated

w/o RCC

ГRCC = Гdesired

Fig. 3. Calculated transducer power gains and isolations with respect to the
TX port for each case based on the measured S-parameters of a commercial
circulator, SKYFR-000742. Isolation for the case where ΓRCC = Γdesired

is not shown as it is infinite.
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Fig. 4. Schematic of the proposed reflection coefficient controller (RCC).

Γdesired and ΓRCC = Γconjugated, as expected. Numerically,
the difference is less than 0.005 dB from 2.2 GHz to 2.7 GHz
and 0.03 dB at 2.8 GHz. This isolation is also shown in Fig.
3. The isolation is relatively good for ΓRCC = Γconjugated but
not perfect; conversely, it is infinite for the case where ΓRCC

= Γdesired. Therefore, Γdesired would be the best choice since
the insertion loss for mismatch is negligible but the isolation
is greatly improved. At this point, the question arises whether
this ’coincidence’, i.e., Γdesired ' Γconjugated, occurs only
for the specific circulator, SKYFR-000742, measured in this
work. Intuitively, it can be considered that if the signal from
port 1 does not reach port 2, it is transmitted to some other
point in the network because the RCC is assumed to be a
lossless network and hence it is not a coincidence.

III. DESIGN OF RCC

To achieve high isolation, a circuit that can transform a
specific antenna impedance to Γdesired must be designed. If
the circuit comprises only one transmission line, then it is
impossible to transform a range of impedances to Γdesired.
However, if the circuit consists of stepped transmission lines,
then it is possible to transform any impedances to the Γdesired.
Thus, starting from the stepped transmission lines, each trans-
mission line section is implemented via synthetic transmission
lines using varactors as tunable factors. This RCC network is
shown in Fig. 4.

V2 V1

Z2, -θ2Z2, -θ2 Z1, -θ1Z1, -θ1

DC

block

DC

block

DC

block

Varactor1, -C1

Zdesired

Varactor2, -C2

Zin

Fig. 5. Schematic of the de-embedding network of the original RCC.

The standard return loss of a conventional antenna is 10 dB,
but actually varies from product to product and also depends
on the environment in which it is used. Therefore, consid-
eration of the arbitrary antenna impedance is necessary. The
recommended operating frequency of the circulator used in
this study is 2.5 GHz; hence, the proposed circuit is designed
to be tuned from 2.2 to 2.8 GHz, where the insertion loss of the
circulator is acceptable, to ensure that any impedance whose
return loss is within 10 dB can be transformed to an impedance
corresponding to Γdesired, namely Zdesired, by adjusting two
varactors.

To achieve this, all the design parameters, such as Z1, θ1,
Z2, and θ2, in Fig. 4 should be carefully chosen; however,
this may be very difficult owing to the following reasons.
Technically, at the frequency of interest, for a given set of
design parameters, if an intersection of sets, that represent
the areas consisting of reflection coefficients corresponding to
the impedances transformed by the RCC starting from all the
impedances whose return losses are less than 10 dB, being
drawn by sweeping C1 and C2 which are the values of the
capacitances of the two varactors in the RCC, contains the
Γdesired of that frequency, then it is done. However, this kind
of approach has not only complexity but also does not give
the intuition what design parameters should be to do such
thing, because the intersection of numerous sets on the Smith
chart is hard to consider. Hence, a new design technique based
on designing the de-embedding network of the original RCC,
instead of the RCC itself, is introduced as follows.

The de-embedding network of the original RCC is the
mirror symmetric network, where the electrical lengths of the
transmission lines, capacitances, and inductances become neg-
ative values as shown in Fig. 5. At the frequency of interest, if
the area consisting of the reflection coefficients corresponding
to all the Zin in Fig. 6 which are the impedances looking
into the de-embedding network of the original RCC named
–RCC terminated by Zdesired of that frequency, plotted by
sweeping –C1 and –C2, which are the values of the negative
capacitances of the two varactors in the –RCC, includes 10
dB circle in Smith chart, then it is ensured that the original
RCC have a capability to transform all the impedances whose
return losses are less than 10 dB to Zdesired. Unlike the
method mentioned in the previous paragraph, as long as the
mechanism of impedance transformation on the Smith chart
is considered in the opposite manner, for example counter
clockwise movement drawn by the transmission line whose
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Fig. 6. Traces consisting of Zins that are transformed by the –RCC, where
–C1 and –C2 are swept, starting from Zdesired for each frequency on
the Smith chart. At a frequency, a closed loop is formed by four traces
representing
trace 1 : –Cmin, [–Cmax, –Cmin], trace 2 : [–Cmax, –Cmin], –Cmin,
trace 3 : –Cmax, [–Cmax, –Cmin], trace 4 : [–Cmax, –Cmin], –Cmax.

sign of the electrical length is negative, it is easy to determine
the design parameters in the –RCC to do such work since
the trace can be considered intuitively that consists of the
impedances transformed by the –RCC starting from the single
impedance, Zdesired of the target frequency.

There is no synthetic closed form solution of the design
parameters, Z1, θ1, Z2, and θ2 over the frequency band-
width since Zdesired of the experimented circulator cannot
be expressed as a simple mathematical function of frequency.
Furthermore, it is difficult to explain the impedance transfor-
mation from any arbitrary impedance by adjusting C1 and C2.
Therefore, the design process are visualized with the concept
of inverse network, –RCC. After choosing a varartor with a
high enough self resonance frequency, one can draw a closed
loop in Smith chart made by four traces, which are sets of
Zins of –RCC by sweeping –C1 and –C2 independently within
the varactor tuning range as in Fig. 6. The parameters, Z1,
θ1, Z2, and θ2 need to be designed iteratively in order that
10-dB arbitrary impedance circle in Smith chart is enclosed
by the closed loops of all frequencies of interest. For the
given circulator, the design parameters are Z1 = 75 Ω, θ1
= 20◦ @ 2.5 GHz, Z2 = 48 Ω and θ1 = 20◦ @ 2.5 GHz. At
the chosen design parameters, the traces are described in the
Smith chart in Fig. 6. For each frequency, four vertices on the
trace represent the Zins looking into the –RCC terminated by
Zdesired when –C1 and –C2 are –Cmin or –Cmax and so on.
The only remaining part of the design of the RCC is taking
mirror symmetry and positive sign to given –RCC.

IV. IMPLEMENTATION AND MEASURED RESULTS OF THE
PROPOSED CIRCULATOR

The proposed circulator is implemented on a Taconic RF-
35 substrate, whose thickness is 0.76 mm, using a SKYFR-

DC Block
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DC Block
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Varactor

Fig. 7. Photograph of the proposed high isolation circulator with RCC.
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Fig. 8. Simulated and measured isolations for each case tuned at 2.5 GHz
when the port for an antenna is terminated by a 50 Ω resistor.

000742 circulator and two SMV-1405 varactors manufactured
by Skyworks with SC-79 package whose parasitic inductance
is 0.7 nH and self resonance frequencies are 3.7 GHz and 7.4
GHz for Cmax and Cmin, respectively. This setup is shown
in Fig. 7. The size of the board is 5 cm × 6 cm, including
the SMA connectors. The S-parameters are measured using
a Keysight E5071 vector network analyzer and an Anritsu
MS2830A spectrum analyzer and Anritsu MG3694C signal
generator are used to measure the linearity. The tuning range
of voltages used for the varactor is 0–30 V, and the required
voltage for high isolation depends on the target frequency and
load impedance.

A. S-parameter measurement

To demonstrate the performance of the proposed circulator,
the case where the port for an antenna is terminated by a 50 Ω
resistor is shown first; then, a commercial monopole antenna
is used to verify that the RCC can be applied for arbitrary
load impedances as well as the 50 Ω resistor. The results for
the former case with and without the RCC, which is tuned
at 2.5 GHz, is shown in Fig. 8. The dashed line shows the
simulated isolation of the proposed circulator with the RCC,
and the solid and dotted lines show the measured isolations
of the commercial circulator with the RCC and that without
the RCC, respectively. The proposed circulator has a 50 dB
higher isolation performance than the commercial circulator.
The other characteristics are as follows.
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tuned at 2.5 GHz.

The measured and simulated results for the return losses
are shown in Fig. 9 and that for the insertion losses are shown
in Fig. 10, where the dashed and solid lines represent the
simulated and measured results, respectively. The return loss
is below –20 dB at 2.5 GHz, and the insertion loss for S12 is
about –0.6 dB, and the insertion losses for S31 and S23 are
about –1.4 dB each, mainly caused by the series resistances
of the varactors in the RCC.

The other isolation cases that are not depicted in Fig. 8 are
shown in Fig. 11. The isolation for S21 is 70 dB and that for
S13 and S32 are below –20 dB. The isolations for S13 and S32

with the RCC maintain the isolation of the circulator without
the RCC because the magnitude of the adjusted reflection
coefficient for high isolation is small for S21; thus, S13 and S32

are not affected much. To summarize, the proposed circulator
has a loss of 0.8 dB owing to the RCC and an isolation of
70 dB, while maintaining the return losses, other insertion
losses, and isolation characteristics of the circulator used in
the design. Fig. 12 shows the isolations for the cases where
the bias voltages applied to each of the varactors in the RCC
are optimized for each frequency to obtain high isolation with
50 Ω termination, and most of these are observed to be over

2.2 2.3 2.4 2.5 2.6 2.7 2.8

Frequency (GHz)

Is
o

la
ti

o
n

 (
d

B
)

-20

0

-40

-60

-80

Simulation

Measurement

S21

S32

S13

Fig. 11. Simulated and measured isolations of S21, S32, and S13 with the
RCC tuned to minimize S21 at 2.5 GHz.
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Fig. 12. Measured isolations with the RCC tuned to individual frequencies
when the port for an antenna is terminated by 50 Ω resistor. The varactor
states for tuning frequencies are summarized in Table I/II.

70 dB.
Finally, a commercially available monopole antenna, whose

return loss is as shown in Fig. 14, is used to verify the
ability of the RCC to obtain high isolation with arbitrary
load impedances instead of 50 Ω, as depicted in Fig. 13.
The measured isolations corresponding to Fig. 12 in this case
are shown in Fig. 15, and the return losses are omitted for

TABLE I
TUNING FREQUENCIES AND VARACTOR STATES OF THE RCC FOR 50 Ω

TERMINATION

f0 (GHz) C1 (pF) C2 (pF) V1 (V) V2 (V)

2.2 3.04 2.78 0.46 0.66

2.3 2.9 2.74 0.64 0.78

2.4 2.58 2.66 1.05 0.96

2.5 2.26 2.45 1.66 1.34

2.6 2.05 2.13 2.28 2.06

2.7 2.02 1.81 2.52 3.25

2.8 2.12 1.85 2.43 3.28
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Fig. 13. Photograph of the proposed circulator with the monopole antenna.
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the port for an antenna is terminated with a monopole antenna. The varactor
states for tuning frequencies are summarized in Table I/II.

simplicity since they do not differ from those of 50 Ω case.

B. Power handling capability

Since the proposed circulator is based on a commercial
passive circulator whose linearity is generally high, the power
handling capability is dominated by the linearity of the var-
actors in the RCC. As the input power increases, thereby the
voltage swings of the varactors increase, affecting the isolation
and insertion loss of the proposed circulator. Fig. 16 shows

TABLE II
TUNING FREQUENCIES AND VARACTOR STATES OF THE RCC FOR A

MONOPOLE ANTENNA

f0 (GHz) C1 (pF) C2 (pF) V1 (V) V2 (V)

2.2 2.81 2.23 0.64 1.34

2.3 2.85 3.4 0.69 0.32

2.4 2.65 2.78 0.97 0.84

2.5 2.26 2.58 1.65 1.16

2.6 2.22 2.16 1.88 2

2.7 2.22 1.64 2.03 4.1

2.8 2.15 1.55 2.34 4.91
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Fig. 16. Measured insertion loss (TX to antenna) of the proposed circulator
with RCC versus input power at 2.5 GHz with 50 Ω termination.
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Fig. 17. Measured isolation of the proposed circulator with RCC versus input
power at 2.5 GHz with 50 Ω termination. Varactors of RCC are tuned at the
input power level indicated.

the measured insertion loss from TX port to antenna port
versus input power, and the 1-dB power compression point
is 25 dBm. The varactors of RCC are tuned for the highest
isolation at 2.5 GHz with 50 Ω termination at the input power
level of 0 dBm. Fig. 17 shows the measured isolation between
TX and RX ports versus input power, and the varactors of
RCC are tuned at various power level of 0-20 dBm. The
isolation is maximized at the input power when the varactors
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TABLE III
PERFORMANCE COMPARISON WITH OTHER REFERENCES

This work [9] [18] [20] [19]

Frequency
tunability (GHz)

Yes
(2.2∼2.8)

No
Yes

(1.8∼2.8)
Yes

(67∼85)
No

Center
frequency (GHz)

2.45 1.9 2.4 78 0.93

> 40 dB isolation
fractional bandwidth (%)

2.04 1.05 0.42 3.84 4.3

Return loss (dB) -20 N/A -20 -10 -10
S31 -1.4 -8 -2.2 -9 -1
S23 -1.4 -8.5 -3.2 -3 -1
S21 -72 -66 -65 -55 -60

are tuned. For the small signal power of 0 dBm, the 1-dB
power expansion point is 9 dBm which is lower than the 1-
dB power compression point of insertion loss since the power
level of leakage signal is much lower than the power level
of transmitting signal especially with a high isolation. It is
possible to optimize the bias voltages of the varactors in the
RCC for a specific input power level as shown in Fig. 17,
but the optimization is less effective for the modulated signal
with a high peak to average power ratio. This is expected
rather naturally since any technique for the RCC to have high
linearity such as anti-series topology for utilizing varactors is
not used; these cases are relegated to future work.

C. Comparison of performance with other references

Comparison of performance with other references is shown
in Table III. As mentioned in the introduction, [9] and [18]
shows high insertion loss owing to the coupler functioning
as power divider and combiner. Although there is no coupler
in [20] directly, the mechanism to achieve high isolation is
basically same as [9], which also shows high insertion loss
and low SNR. A direct matching network is added between
a circulator and a port for an antenna in [19], which makes
insertion loss low, but unlike [19], the RCC has frequency
tunability and strict theoretical requirement for the RCC is
covered in this work.

V. CONCLUSION

A frequency tunable high isolation circulator with 70 dB
isolation is presented in this paper. The desired reflection
coefficient for high isolation, looking into the antenna port
with respect to the circulator, is derived and observed to
not differ much from the conjugated reflection coefficient for
maximum power transfer; this leads to the observation that the
loss of transducer power gain in the former case is negligible
compared to that in the latter case. A circuit referred to as
the reflection coefficient controller (RCC) is thus designed
and attached between the load and circulator to adjust the
load impedance to the desired impedance corresponding to
the desired reflection coefficient. Before implementing the
RCC, its de-embedding network is designed in advance, which
is a versatile technique to ensure that the given circuit can
transform any load impedance to the desired impedance cor-
responding to the desired reflection coefficient at the frequency

of interest. The measured results show that the proposed
circulator achieves a high isolation of 70 dB for the load
as commercially available monopole antenna as well as a 50
Ω termination, and the operating frequency for the isolation
maximization should be maximized can be varied in the range
of 2.2–2.8 GHz by tuning the varactors in the RCC, while
maintaining a low insertion loss of 1.4 dB. The proposed
circulator is suitable for communication systems such as in-
band full duplex radio.
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