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ABSTRACT In-band full duplex (IBFD) communication systems have attracted much interest due to their
ability to double the spectrum efficiency by simultaneously transmitting and receiving (STAR) over the same
bandwidth. Modern communication technologies have to adapt to be able to meet the ongoing high demand
capacity over existing radio channels. This paper proposes a system-level approach based on physical sym-
metry to improve the electromagnetic performance of a 3-port circulator. A system-level design consisting
of two matched circulators connected in a differential configuration is proposed to cancel out residual RF
scattering and leakage that causes self-interference in a STAR front-end. The method is validated using a
custom designed microwave circulator based on microstrip technology, which forms a building block that
operates in the 3—8 GHz band with 20 dB isolation. The proposed RF front-end operates within an extended
band of 3-8 GHz while simultaneously exhibiting improvement in isolation by about 10 dB (isolation 30 + 4
dB) between the transmitter and the receiver ports of the STAR system.

INDEXTERMS [BFD, STAR, SIC, ferrite, circulator, wide bandwidth, high isolation, sub-6 GHz, full duplex

system, microstrip.

I. INTRODUCTION

There is severe crowding in the sub-6 GHz “legacy” bands,
where bandwidth is at a premium for terrestrial and space
services. The FR1-band, which is the band up to 6 GHz in the
radio spectrum, is extremely important to many stakeholders
and spectral resources in this band are at a premium. Although
mm-wave spectrum is abundant and the future of wireless
relies on moving many services to mm-wave bands, legacy
FR1-band frequencies remain extremely important for com-
munications due to the favorable physics for highly-scattering
urban environments (e.g., low path-loss). As a consequence,
there is, and always will be, a strong demand for the sub-
6 GHz spectral band from both commercial, public safety,
and military systems. For example, the air interface standard
for 5G cellular (known as 5G NR) includes multiple sub-
6 GHz bands (0.6-0.7 GHz, 3.3-3.8 GHz, etc.) [1]. Full duplex

(FD) radios can simultaneously transmit and receive (STAR)
two information-carrying signals over the same bandwidth
(in-band). The adoption of in-band FD wireless effectively
doubles the bandwidth of operation and the capacity of the
wireless channel for a given signal to noise ratio (SNR). Such
a doubling of capacity is a tremendous advantage for wire-
less communications in legacy spectral bands. In addition to
capacity increases from a communications standpoint, STAR
provides the ability for joint communications and sensing
within the same frequency band.

To increase the channel capacity, we can either increase
the bandwidth or the SNR. However, the fundamental issue
of in-band full-duplex (IBFD) system is the inherent self-
interference (SI) present at the STAR receiver. SI is caused by
the leakage that occurs directly from the Tx to Rx. This results
in a degradation of the performance of the system and reduces
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the channel capacity due to very high levels of interference.
To combat this problem, self-interference cancellation (SIC)
is required in the IBFD system to increase the SNR and, by
extension, the capacity of the channel. This paper discusses
radio frequency (RF) front-end designs for IBFD wireless
applications based on the system level design using ferrite
circulators. Ferrite circulators are capable of reasonable power
handling and offers low noise and high linearity. We focus on
system level innovations that do not include integrated circuit
(IC) realizations of circulators, which are beyond the scope of
this paper.

The rest of the paper is organized as follows. Section II
contains a review of the literature pertaining to full duplex
front-end approaches including ferrite circulators, balanced
duplexers, and multiple circulator approaches for STAR.
Section III Introduces the proposed architecture for full du-
plex front-ends using two ferrite circulators. This section
covers ferrite circulator design aspects and COMSOL Multy-
physics based simulation of a two circulator front-end STAR
system. Section IV covers the fabrication, measurement and
evaluation of the proposed two circulator architecture leading
to measured performance plots. Finally, in Section V the paper
is concluded.

Il. REVIEW OF STAR FRONT-ENDS

We reviewed existing approaches and their achievable cancel-
lation, and compared them with our proposed SIC technique
in the following section. In most cases, shared aperture STAR
(SA-STAR) architecture either uses balanced duplexers or
circulators to realize full-duplex operation [2]. Circulators
are building blocks for full-duplex transceivers as it allows
STAR operation within the same band of interest. SA-STAR
using an electrical balanced duplexer (EBD) has more losses
and degraded noise figures compared to circulator-based
SA-STAR [2]. On the contrary, circulator-based SA-STAR
provides both lower losses and improved noise figures, at the
cost of narrowband operation. Furthermore, EBD approaches
to STAR can be categorized as active or passive; circulators
can be classified as based on either magnetic and nonmagnetic
principles of operations [2]. Different static or dynamic (i.e.,
adaptive) approaches exist for using EBD and circulators in
SA-STAR radio.

A. BALANCED DUPLEXER-BASED SA-STAR

A duplexer permits bi-directional communication over a sin-
gle path. This costs at least 3 dB of loss for a transmitted signal
and a 3 dB degradation of the receiver noise floor. This is due
to the balancing as well as the equal splitting of the losses
between the Tx-Rx chain [3]. Table I enumerates the design
properties for the balanced duplexer-based SA-STAR. Based
on the operation principle of balanced duplexers in SA-STAR
radios, it can be of the following types:

Single/Differential Balanced duplexer: Existing single-
balanced architecture is able to provide 60 dB of isolation
for 50 MHz bandwidth by exploiting the differential mode
(DM) excitation only at the transmitter end [3]. However, this
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TABLE 1. Review on Balanced Duplexer-Based SA-STAR

Reference Technology Isolation  Center Bandwidth
(Max) Frequency (GHz)
(dB) (GHz)
[3] electrical balanced 62 1.9 0.020
duplexer
[4] tunable  electrical 50 24 0.070
balanced duplexer
[5] tunable  electrical 53 1.9 0.050
balanced duplexer
[8] 0.18um SOI CMOS 50 0.85 0.010
9] 0.18um SOI CMOS 60 0.85 0.3
[11] Discrete electrical ~ 53.4 2.45 0.080

balanced duplexer

approach lacks the common mode (CM) isolation required to
protect the LNA from saturation [3]. It is possible to protect
LNA from saturation by extending the differential mode to be
symmetric; however, this comes at the expense of increased
noise floor of the receiver due to the addition of baluns and
the requirement of an auxiliary transmit chain.

Tunable balanced duplexer: Unlike static balanced duplex-
ers, tunable EBD tune the balance load to match the antenna
impedance better. This tunability minimizes the in-band self-
interference and ensures high isolation between the Tx-Rx
chain. An automated tuning algorithm was reported to have
45 dB of isolation at the 2.4 GHz ISM band [4]. Another ex-
perimental demonstration reported having a 60 dB of isolation
across 50 MHz bandwidth [5].

Adaptive balanced duplexer: An adaptive balanced du-
plexer is required to cancel self-interference in real-time.
This adaptation is required to deal with reflected path SI
components in a dynamic wireless environment [6]. In a dy-
namic wireless environment, a swarm optimizer uses adaptive
multi-bit tunable capacitor banks to deal with self-interference
within 1 ms [7]. This multi-bit, multi-path architecture can
provide 40-50 dB of isolation across 1.5-3.5 MHz bandwidth
in a dynamic wireless environment [8], [9]. A real-world
demonstration was reported to achieve a greater than 50 dB
isolation across a 20 MHz bandwidth within a 5 ms tuning
cycle [10]. Further, a digitally aided EBD provided 53 dB of
Tx-Rx isolation and enhanced the performance across a larger
bandwidth of 80 MHz in the ISM band [11].

B. CIRCULATOR-BASED SA-STAR

The main advantage of using circulators over EBD is that
they do not suffer from the 3 dB insertion loss associated
with EBD. A circulator can be designed using either hybrid
couplers or transistors, while in nature, it can be either mag-
netic or nonmagnetic. Table II lists the design properties for
the circulator-based SA-STAR. The following section will
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TABLE 2. Review on Circulator-Based SA-STAR

Reference Technology Connection Tx-Ant Ant-Rx Isolationps,, Center Bandwidth NF (dB) OOB IIP3 1B IIP3
type lossprin lossazin (dB) Frequency (GHz) (dBm) (dBm)
(dB) (dB) (GHz)
[12] Microstrip ferrite Discrete N/A N/A 39.5 2.45 0.065 N/A N/A N/A
[13] Microstrip ferrite Discrete N/A N/A 60 8.5 0.8 3 N/A N/A
[14] LTI AIN MEMS Integrated 11 N/A 15 1.168 0.0022 N/A N/A N/A
[15] 65nm CMOS Integrated N/A N/A 50 0.7 0.032 5 +19 -33
[16] 65nm CMOS Integrated 3.1 N/A 40 0.73 0.056 2.7 +14 -4
[17] 180nm SOI CMOS  Integrated 2.1 29 25 0.97 0.215 3.1 N/A N/A
[18] 45nm SOI CMOS Integrated 3.3 32 18.5 25 4.6 4 +19.9 N/A
[19] SSDL GaN MMIC  Discrete 8 9 25 1.5 1 N/A N/A N/A
[20] Microstrip Discrete 7 7 32 0.5 1 N/A N/A N/A
[21] 0.25um pHEMT Integrated 4.5 4.5 35 11.5 2.6 45 N/A N/A
This work  Microstrip ferrite Discrete 8 5 32 4.5 7 N/A N/A N/A

describe the operation principle and the recent advancement
in magnetic/nonmagnetic circulator-based SA-STAR radios.

Magnetic Circulator: Three port magnetic circulator ex-
ploits wave propagation and cancellation based on the Faraday
effect on magnetic/ferrite cores having limited narrowband
isolation [12]. This limited isolation can be enhanced by im-
proving the impedance matching through the use of varactor
diodes which act as a reconfigurable impedance match termi-
nal (IMT). Existing work showed the cancellation of 40 dB
across a 65 MHz bandwidth at 2.45 GHz [12]. This afore-
mentioned magnetic circulator-based SA-STAR radio has a
narrow bandwidth. Broadband isolation requires multiple fer-
rite circulators and couplers arrangement, resulting in a larger
footprint. A multi section Lange-couplers and ferrite circula-
tor design arranged in a symmetric fashion has been shown
to realize a 60 dB of isolation across an 800 MHz band-
width [13].

Non-Magnetic Circulator: An alternative way to realize a
nonmagnetic circulator is by using a transmission line with
periodically spaced transistor-based switches. Combined with
a quarter wavelength arrangement, variable phased-clock-
driven transistors can be used to emulate the operation of a
circulator operation [14]. Most importantly, this concept can
be implemented in an integrated circuit using N-path filters
and switches [15], [16]. Implementations using a CMOS in-
tegrated circuit showed 15 dB of isolation across a 2.2 MHz
bandwidth [15]. Additionally, N-path filters were integrated
with the CMOS process and attained 50 dB of remarkable iso-
lation across a 32 MHz bandwidth [15]. Other work reported
achieving 40 dB of isolation across a 56 MHz bandwidth,
while maintaining a 2.7 dB receiver noise figure [16].

Recently, researchers demonstrated a significant contri-
bution to realizing compact integrated nonmagnetic high
isolation circulator-based SA-STAR front end [17] operat-
ing at mm-wave [18]. Further, wideband isolation ranging
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from 20-35 dB was reported in [19], [20], where they used
a novel sequentially-switched delay line (SSSDL) to realize
nonmagnetic circulator-based SA-STAR radio. Further, an ul-
trawideband 2.5 GHz SA-STAR radio was realized with 35 dB
of isolation by combining three quadrature hybrids [21].

1Il. PROPOSED FERRITE-BASED 2-CIRCULATOR STAR
FRONT-END

The IBFD communication system is interesting due to its
ability to double the spectral efficiency by STAR. As there
is a rapid development of communication technologies and
there is a resulting demand of high traffic levels over ex-
isting channels, a considerable expansion of the capacity of
the communication channels is required using available FR1
(sub 6 GHz) bands without additional spectral allocations. Ac-
cording to the Shannon-Hartley law, the capacity, in bits per
second, can be expressed as C. = W log,(1 4+ SNR) where W
is the bandwidth of the channel in hertz and SNR refers to the
signal to noise ratio in linear [22].

A circulator is a non-reciprocal microwave component
that allows STAR from a single antenna. Real-world circula-
tors must provide adequate isolation between the transmitter
and the receiver despite mismatches to the antenna, trans-
mitter and receiver, across the potentially wide operation.
Ferrite circulators are typically narrowband, and furnish a
complex-valued and highly frequency dependent driving point
characteristic across a wideband region of the frequency spec-
trum. For example, the sub-6 GHz band is desirable for
emerging full-duplex STAR applications, but the demands on
matching and isolation across this band for real-world circu-
lators are difficult to achieve due to the frequency dependence
of the designs and materials.

From a microwave circuit design standpoint, a circulator
can be thought of as a 3-port device having scattering (S-)
parameters given by (1), and (2) for ideal and real-world cases
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TABLE 3. Performance Comparison of Published Single Circulators

Reference  Technology Tx-Ant Ant-Rx Isolationpsq, Center Frequency — Bandwidth Metric M1 Metric Mo
lossrin lossarin (dB) (GHz) (GHz)
(dB) (dB)
[26] Microstrip 2.7 2.7 44 30.5 0.2 164.7 34.9
[27] Microstrip 0.4 0.1 20 9.6 1.2 12.5 4.0
[29] Microstrip  0.51 0.51 33 4.25 1.1 516.4 158.9
[30] Microstrip 3 3 9 4.3 0.6 1.1 0.22
[31] Microstrip 0.5 0.5 20 12 4 333 10.3
[32] Stripline 9 9 15 1.8 0.4 7.0 0.4
[33] Stripline ~ 0.75 0.75 21 4.6 1.2 32.8 9.7
[34] Stripline ~ 0.37 0.37 25 7.5 7 295.1 92.9
[35] Stripline 1.5 1.7 28 0.3 0.2 420.6 108.1
[36] Microstrip 0.4 0.4 23 0.6 0.4 133.0 41.7
[37] Microstrip 2.7 4.5 20 3 0.2 6.7 1.2
This work ~ Microstrip 3 3.5 30 55 4.6 836.4 159.8

respectively, where |y| < 1 represents small imperfections
due to impedance mismatch/variations [23].

0 0 1
Sigear =11 0 0 (D
010
y y  1—y?
Sreat—worta ~ | 1 —y? 14 4 yeC (2

y  1-y* y

A. FERRITE-BASED MICROSTRIP CIRCULATORS
Ferrite-based microstrip circulators exhibit a narrow fre-
quency range of operation typically in the range 600-800
MHz [24], [25], [26], [27], [28]. Due to emerging require-
ments for circulators to operate within a wider frequency
range, ideally covering the legacy band, some frequency
broadening techniques have been proposed in the literature.
The studies in [29] and [30] explored the effect the “fill factor”
of the ferrite has on the bandwidth, enabling optimization of
frequency range via modification of the thickness of the ferrite
punk inserted in the circulator cavity; this technique has been
shown to achieve around 1.6 GHz bandwidth. Moreover, the
study in [30] further explored the effect of DC magnetic bias
field and impedance matching on the optimization of the cir-
culator bandwidth. By properly placing the ferrite, the study in
[31] shows the bandwidth broadening via low-tempeerature
co-fired ceramics (LTCC) and sintered bulk ferrites.

Another optimization on the Y-shape conductor of the
stripline circulator has been proposed in [32], [33], [34]
to achieve a broad bandwidth. Impedance matching struc-
tures via lumped elements for the microstrip circulator were
deployed in [35], [36], [37]. However, applying lumped ele-
ments to achieve impedance matching for a microstrip based
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circuit design is not an optimal choice. Thus, impedance
matching via microstrip transformers were attempted. The
study in [30] introduces the stepped impedance matching
network. Papers [38] and [39] present a detailed analysis of
the impedance matching via network theory where it was con-
cluded that the bandwidth can be broadened as long as the port
impedance is within a prescribed range. However, the figures
in these publications only show the circulator design with-
out the impedance matching network, a detailed illustration
or photos on their fabricated impedance matching network
was not provided. Further to this, [31], [38] and [39] reports
a bandwidth over 5 GHz at X-band. The design properties
for the ferrite based circulator are specified in Table III. As
numerous design properties, such as minimum forward loss,
maximum isolation, center frequency, and the bandwidth, we
use a metric M1 = I/Q [2], and also introduce a new metric
M, which is defined in (3).

I
T U+ LI+12)0

Where I is the maximum isolation, Q = F /B, where F is
the operating central frequency in GHz, and B refers to the
bandwidth in GHz, and where L is the loss from the Tx to
the Antenna port in the circular, and L, is the average from
the Antenna port to the Rx port in the circulator (isoloation
and losses are in dB). The proposed metric M> is designed to
improve upon M) by taking into account the forward losses
in the circulator that impacts system power efficiency and
noise figure of the receiver. Both metrics are equivalent for
the case of a lossless circulator. The M2 metric aims to define
a system-level equivalent of M1, which would indeed pro-
vide a design spec guideline for the STAR front-end based
on two differentially connected circulators reported in this
manuscript.

M, 3)
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TABLE 4. Properties of Different Ferrite Materials

Type number Saturation Line width Dielectric
Magnetization Ah Oe Constant
47 M s(Gauss)

TT1-105 1750 <270 12.2

TT2-111 5000 <200 12.9

B. FERRITE CIRCULATOR DESIGN EQUATIONS
One important parameter for the ferrite based circulator is the
radius of the ferrite puck, which can be calculated by (4) [40].

kR = x )
k= (w/c)y/(eff - €f) &)

In (4), R is the radius of the ferrite cylinder, k is the wave
propagation constant that is found via (5) where the parameter
x corresponds to the first circulation condition, which in turn
is typically found to be x = 1.841 [40], and the resonance at @
= 2x f in radians/second, where f is the resonant frequency
inHz, and ¢ = 3 - 108 m/s is the speed of light, and p, 77 is the
effective permeability of the ferrite cylinder, given by (6) [40].

terr = (W —k*) /1 (6)

We recall that quantities n and k are polder tensor elements
of the ferrite cylinder which can be calculated through (7) and
(8) [40].

k= — fzzfniffz ™
ndhs W

Where f is the frequency of operation, f,, = 2.8 x 4w M;
MHz, M, is the saturation magnetization, f, = 2.8Hy MHz,
Hy is the applied magnetic field in Oe.

1) COMPUTER SIMULATION USING COMSOL
The selection of the correct ferrite material is important for
optimum performance of a circulator. Higher levels saturation
magnetization will result in a wider bandwidth at the cost of
reduced power handling capability [27]. Table IV lists two
types of ferrite material; for our designs, the ferrite of type
TT2-111 was selected in order to obtain a larger saturation
magnetization resulting in also achieving a wide bandwidth.
The frequency performance of the circulator depends on
magnetic properties of the ferrite material. To simulate the
nonlinear effects in a ferrite, we used the simulation tools from
COMSOL Multiphysics. The definition of the anisotropic per-
meability of a ferrite magnetized in the positive z—direction
as defined in COMSOL Multiphysics modeling environment
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FIGURE 1. Ferrite circulator design without the matching network:
(a) Circulator geometry. (b) Return loss. (c) Insertion loss. (d) Isolation.

is expressed in (9) [41]:

w o jk 0
ul=|—-jx wn 0O 9
0 0 po
where
ww
k= ,U«OZ—m2 (10)
CUO —
ww,
M= o <1+2—n12) (11)
COO —
wo = po(yHo) (12)
wm = po(yMy) 13)

In (10)-(13), uo denotes the permeability of free space, w
is the angular frequency, wq is the Larmor frequency of a
spinning electron in the applied magnetic bias field shown as
Hy, and w,, is the electron Larmor frequency a the saturation
magnetization of the ferrite My, and y is the gyromagnetic
ratio of the electron [41].

Applying (4) to (8), for an operating frequency of 3 GHz,
the radius of the cylinder is R = 7.01 mm. The substrate is
Rogers 4350B having ¢ = 3.48 and thickness 7 = 1.524 mm.
To achieve a 50 €2 characteristic impedance, the width of the
microstrip line was determined to be 3.3 mm. The applied
magnetic bias field in the simulation was varied from Hy =
0.3T to 0.5 T (3000 Gauss to 5000 Gauss).The simulation
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FIGURE 2. Ferrite circulator without the matching network simulation
result (Port 1 as the excitation): (a) S-parameters. (b) Impedance.
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FIGURE 3. Three-section microstrip Chebyshev matching transformer.

geometry of the circulator design is shown in Fig. 1(a), and the
corresponding simulation results are shown in Fig. 1(b)—(d).
The COMSOL simulation shows that the s-parameter curve
shifts from low to high frequency when increasing the mag-
netic bias field, and the optimal performance for the designed
3 GHz operation frequency can be achieved by applying a
biased field of 0.4 T (4000 Gauss). Thus, the applied magnetic
bias field for the following simulation is selected to be Hy =
0.4 T, the gyromagnetic ratio y is 1.759 x10'' C/kg; The
permittivity of free space ¢ is 8.85 x107!? F/m, and the per-
meability of free space j1o is 1.26 x10~° H/m. Fig. 1(c) and
(d) indicate that the designed circulator can operate from 2.8
to 3.4 GHz in a counterclockwise direction with low insertion
loss and the isolation between ports is approximately 23 dB.
However, as shown in Fig. 2(a), the circulator is not operating
at other frequencies since the impedance only matches to 50
at the frequency of 3 GHz, which is shown in Fig. 2(b), mak-
ing the operational band rather narrow. Therefore, wideband
impedance matching networks are included in the design.

C. WIDEBAND IMPEDANCE MATCHING TO CIRCULATOR
PORTS

Chebyshev multi-section matching transformers are applied
as the matching network prototype due to their broadband
matching properties. One three-section Chebyshev matching
transformer is shown in Fig. 3, where I, (n = 1,2,3) denotes
the reflection coefficient, which is defined using (14) [42]:

Zn+1 -7,
Zn+l +Z,

Prior to wideband impedance matching, a specific value of
the port impedance for matching the 50 €2 is required. In [38]
and [39], it was shown that the real part of the circulator’s

Iy = (14)
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FIGURE 4. Ferrite circulator design with the matching network: (a) Top
conductor of the circulator. (b) Bottom ground of the circulator.

impedance should remain in the range 10 to 70 Q for ap-
propriate operation, and the imaginary part of the circulator’s
impedance should keep between -50 to 50 2. Fig. 2(b) shows
that the real part of the port impedance varies from 10 to 200
2, therefore, 100 €2 is selected for the prototype to match
a 50 Q load. Assuming the maximum allowable reflection
coefficient I, is 0.05, 6, is 44.7° according to (15), where
N =3; Ty and I'1 can be derived following the models in

(16) [42]:
1 InZ
secO,, = cosh | —arccosh nZ1/Z

N 2T,
(15)

2(Tgcos360 + T'icosh) = Fmsec39m(c0s39 + 3cos6)
— 30, sech,,cos0 (16)
InZ, = InZ, | +2I,_ (17

From symmetry, it follows that ' = I's = 0.0698 and
't = I’y = 0.1037. The required impedance Z, for each
section can be calculated employing (17) [42], which re-
sults in Z; = 57.5 Q, Z, = 70.7 Q and Z3 = 87 Q. To
achieve better performance, two open stubs are introduced
to achieve further impedance optimization. Considering the
magnetic field at the near edge of the ferrite punk is not uni-
form, the radius of the circular copper conductor effectively
“shrinks” slightly down to 6.63 mm. Meanwhile, [31] shows
that by keeping the copper conductor marginally smaller than
the ferrite cylinder, the operating bandwidth can be further
increased. In [29], [31], [37] it was shown that by chang-
ing the fill factor, the bandwidth performance can be further
improved.

Through the optimization procedure, the ultimate fer-
rite circulator design with wideband impedance matching is
shown in Fig. 4. The thickness of the fabricated ferrite cylin-
der is 0.424 mm (TT2-111 from Island Ceramic Grinding
Inc.,). Fig. 5 shows the COMSOL Multyphysics simulation
results of the s-parameters and the port impedance by applying
the same optimal magnetic bias field (0.4 T). Compared with
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FIGURE 5. Ferrite circulator with matching network simulation result (Port
1 as the excitation): (a) S parameters. (b) Port impedance.

180-coupler ‘

Circulator Combiner

FIGURE 6. Proposed IBFD system model in COMSOL Multiphysics. The
corresponding measurement results are shown in Fig. 10.

the impedance before matching, which is shown in Figs. 2(b),
5(b) shows that the real part of the impedance within the band
of interest running from 3 to 7 GHz maintains within 30 to
80 €2, and the imaginary part of the impedance maintains
within —20 to 20 2 after adding the impedance matching
network and optimization. Therefore, the optimized circulator
can achieve a wide bandwidth from 3 to 7 GHz as shown in
Fig. 5(a). The insertion loss of the circulator is within 1 to 4 dB
from 3 to 7 GHz after optimization, and the isolation is around
16 dB. The magnetic field in the commercially sourced rare
earth magnet was measured, and was found to be 0.3988 T
which is close to the target value.

D. DESIGN OF THE SIC ARCHITECTURE

The proposed SIC architecture, depicted in Fig. 6(a), contains
one 180° coupler, two identical circulators, and one power
combiner. Since the circulator operates at the counterclock-
wise direction, port a is the Tx port of the transmitter, port b
and port d are the antenna output ports, port c is the Rx port
of the receiver, and port e is the isolated port of the coupler.
The scattering matrix for a ideal 3 dB 180° coupler can be
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Thus, assuming the transmit signal at port 1 is S(t),
the two output of the coupler SlzﬁS(t)l_90°, and

Sg:\/LiS(t),_ﬂOO. Likewise, the leakage signals from the
circulators S3(t) and S4(t) also have 180° in phase. At the
combiner, the combined signal S5(t)=S3(t)+S4(t) will be small
valued since S3(t) and S4(t) cancel each other. Although
the optimized circulator design can achieve a broadband
performance, the overall system’s bandwidth is still being
constrained, and that is caused by the conventional microstrip
rat-race coupler and microstrip Wilkinson power divider
which are narrow-band performance elements.

E. COMPUTER SIMULATIONS

The SIC simulation model after the optimization is shown in
Fig. 6(a) by using COMSOL Multiphysics. The substrate used
in the simulation is 1.52 mm thickness RO4350B with ¢ =
3.48. In the system structure, which is shown in Fig. 6(a), the
left side component is one 180° rat-race coupler to split the
signal into two signals with 180° phase difference, the right
side components consists of a Wilkinson power combiner and
two identical circulators that are placed between the coupler
and power combiner. Port d and port e are terminated with 50
2, and all other ports are connected with 50 Q ports in the
simulation.

The overall system performance is constrained by the de-
signed microstrip coupler and microstrip power combiner.
The simulated s-parameters from 1 to 8 GHz are shown in
Fig. 6(b) to (e). Since the designed coupler and power com-
biner only have 2 GHz bandwidth from 3 to 5 GHz, the FD
system also works between that range. At the Tx side, the
insertion loss Sp, of the simulated FD system is around 5 dB
since the coupler will introduce an additional about 3 dB loss
and the circulator has around 2 dB intrinsic loss. At the Rx
side, the minimum insertion loss S, is around 5 dB, and the
maximum isolation from port b to port a is around 28 dB.
By using two identical circulators in two symmetrical signal
paths leads to the combined leakage interference signal at
the Rx port ¢ to undergo destructive interference and thereby
significantly reduce in power compared to ther usual case
of using a single circulator. The scattering behavior due to
impedance mismatches across the 1-8 GHz also largely can-
cel out causing an increased bandwidth compared to that of a
single circulator.

IV. EXPERIMENTS

A. MEASUREMENT OF A SINGLE CIRCULATOR

RO4350B with a 1.52 mm substrate thickness and 35 pum
copper thickness from Rogers Corporation was selected for
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FIGURE 7. Proposed circulator design: (a) Copper conductor. (b) Circulator
with ferrite inserted and magnets.

the substrate, and TT2-111 magnetic ferrite was selected for
the magnetic ferrite puck material. The fabricated prototype
circulator is shown in Fig. 7. Fig. 7(a) shows the circulator’s
(top side) copper conductors, where the middle circle of the
copper conductor is slightly smaller than the via hole on the
substrate - also used to insert the ferrite punk. Fig. 7(b) depicts
the circulator with ferrite inserted and magnets for measure-
ment.

1) MEASURED MAGNETIC FIELD

A magnetic field probe (TD8620 from HFBTE) was used to
experimentally verify the magnetic field bias for the ferrite
core. The upper side magnet is placed above the copper con-
ductor, and one small piece of plastic is placed between the
magnet and the substrate to adjust the magnetic field. The
magnetic field was measured to be 0.3933 T, which is close
to the value in the simulation.

2) MEASURED S-PARAMETERS

A magnetic field of around 0.4 T that is close to the COMSOL
simulation can be generated by using two DC2-N52 magnets.
The measured results indicate that DC2-N52, where 3933
Gauss magnetic field applied to the circulator, achieves the
best performance while other magnetic fields cannot make the
circulator operate at higher performance levels. Thus, DC2-
N52 is used to generate the magnetic field in the following
measurements. Fig. 8(a) to (c) denote that the designed cir-
culator operates between 3.5 to 8 GHz can achieve maximum
high isolation 25 dB to 35 dB.

The measured return loss of the circulator is shown in
Fig. 8(d). The insertion loss is a marginally larger than the
simulation results which probably due to fabrication errors
and deviations in material properties of their ideal valued
used in the COMSOL model. Moreover, in the COMSOL
environment, there is no gap between the ferrite punk and the
conductor; however, in the reality, there do exist some gap
between the punk and the copper conductor due to the raw fab-
rication accuracy. The model in the COMSOL is more like an
ideal version compared to the reality model. Therefore, some
properties such as the uniform of magnetic field and material
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FIGURE 8. Measured S parameters of the designed circulator: (a) S21 &
S12. (b) S31 & S13. (c) S32 & S23. (d) Return loss.

aligning, the air and substrate gap between the components,
and the thickness of copper are considered to be ideal in the
simulation.

The simulation results, which are shown in Figs. 2 and 5,
indicates that by applying the broad-band impedance match-
ing network, the impedance of the ports can be optimized
to around 50 Ohm, and the measurement verifies that this
method can achieve a broadband operating frequency. Non-
theless, during the measurement, one non-uniform magnetic
field, which is generated by the permenet magnets, is applied
to the ferrite punk, and that will introduce the differences
compared to the simulation result since the performance of the
ferrite material is sensitive to changes in the external magnetic
field.

B. MEASUREMENTS OF THE TWIN-CIRCULATOR SIC
CIRCUIT

The proposed full-duplex front-end microwave system is
shown in Fig. 9. The system’s front- and back-ends consist
of a 180-coupler and a splitter/combiner. The arc arrow in
red color on Fig. 9 denotes the circulator’s signal circulation
direction. During the measurement, the input signal at port
1 separates into 2 signals with 180° phase difference, while
port b is connected to one 50 €2 load and one wide-band horn
antenna, respectively. Meanwhile, the interference signals,
which are the leakage signals at the twin circulators’ isolated
ports, are combined at the receiver side of the full-duplex
system at port c.

A wide-band coaxial 180-degree hybrid coupler that covers
the frequency range of 1 to 18 GHz from SAGE Millimeter,
Inc. was used for the SIC architecture measurement (left side
of the SIC architecture) in order to enable a wide operating
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FIGURE 9. Proposed SIC architecture.

range across the full-duplex microwave system. A wideband
power splitter that covers the frequency range of 1 to 12 GHz
from Mini-Circuits is used in the measurement (right side of
the SIC architecture).

1) MEASURED S-PARAMETERS

Fig. 10 shows the measured S-parameters with a 50 2 ter-
minator connected at port b. Due to the transmission loss of
the coupler (=3-5 dB), the transmission loss of the circulator
(~3.5-5.5 dB), and the cable loss (*1.5 dB), the overall
transmission loss Sp, is in the range of 8—10 dB as shown in
Fig. 10(d). Fig. 10(e) shows the measured losses S, around
5 dB and the maximum isolation around 30 dB at the receiver
side. Compared with the interference signal of a single circu-
lator, which is shown in Fig. 8, Fig. 10(a) indicates that the
interfering signal of the full-duplex system at the receiver side
(port ¢) obtains a high degree of interference cancellation; the
cross coupling is measured to be better than —33 dB within
the frequency band from 3 to 8 GHz.

In order to evaluate the SIC system with an antenna con-
nected, the 50 Q terminator at port 2 is replaced with a
wideband horn antenna. Fig. 11 shows the S-parameter mea-
surement of the system with horn antenna connected at port
2. Comparing the measured return loss and interfering signal
in Figs. 10 and 11, the system response is similar since the
wide-band horn antenna is designed to be very well matched
with 50 Q.

2) MEASURED SIC- FROM TIME DOMAIN MEASUREMENTS
To cross-verify performance of the full-duplex front-end, we
employed wideband signals in the time-domain and measured
self-interference cancellation using a spectrum analysis at the
receiver port. A Tektronix mixed signal oscilloscope is used to
measure the frequency spectrum and time domain waveform
at port b (the antenna transmit port fed by the power ampli-
fier) and at port ¢ (the receiver port connecting to the LNA).
Meanwhile, port a is connected to the input from the signal
generator to emulate the wideband signal source during the
measurement.
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FIGURE 12. Frequency domain measurement of signal levels. The transmit
signal undergoes about 3 dB of loss as measured at the Tx port. The
residual self-interference at the Rx is better than —30+4 dB.

Referring to the S., of the system, which is shown in
Fig. 10, the interference waveform at port ¢ maintains a low
power level within the band 3 to 8 GHz. To be noticed, the
signal at the Tx maintains a flat change. Therefore, the output
signal at the Tx will maintain stable over 1 to 7 GHz. Although
the circulator only works from 3.5 to 8 GHz, by applying
the twin structure as the cancellation method, the interference
signal - leakage signals with 180 phase difference - at Rx will
cancel each other and thus still remainss in low power from 3
to 8 GHz.

Fig. 12 shows the signal power measurement at port b and
port c for the frequency band 1 to 8 GHz by applying the RF
signal at port a from the RF signal generator. The measured
signal at the transmit side-Tx-is marked in blue curve, and the
leaking signal at the interference port-Rx-is marked in red.
The best isolation performance for the proposed system is
from 3 to 8 GHz due to the best operating frequency range of
the circulator. The measured transmitted signal at the transmit
port is —3 dBm and the measured interfering signal at the
receiver side is —33 dBm. The proposed system achieves an
isolation better than 30 dB over a wide bandwidth from 3 to
8 GHz.

V. CONCLUSION

We proposed and fabricated an RF front-end system for in-
band full-duplex (IBFD) communications using a linear and
time-invariant system obtained using a coupler, a power di-
vider and a pair of circulators. The fabricated and tested
full-duplex allows STAR applications across the 3—8 GHz
band using a RF systems approach. We proposed and fabri-
cated an ultra-wideband ferrite based circulator design; this
circulator forms the building block of the STAR system for
IBFD radio. Measurements show that the fabricated circulator
maintains a high isolation of around 30 dB, and a broad band-
width from 3 GHz to 8 GHz was obtained. Compared with
other ferrite based microstrip circulator designs, the proposed
circulator design achieves a wider bandwidth and a higher
isolation within the 3—8 GHz band. High self-interference
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(SI) cancellation is then achieved by introducing the building
block circulators, couplers and splitters in the proposed IBFD
system. Furthermore, a physically symmetrical structure was
proposed and tested to better isolate and reduce the SI signal
in the IBFD system. Compared with other IBFD systems,
our proposed IBFD microwave system achieves more than
25 dB cancellation (isolation) of the SI signal over a relatively
ultra-wide band from 3 to 8 GHz by using two circulators that
individually only operate in the 3—8 GHz band. However,
the losses in our experimental system was significant. The
lossy nature of the circulators used in the experiment has been
taken into account in metric M>. The use of optimized circula-
tors from commercial sources which have low loss (typically
less than 0.5 dB) can be considered for real world applica-
tions. The differential cancellation of reflections used in the
proposed structure allows higher tolerance of impedance mis-
matches across the 3—8 GHz range. This leads to a bandwidth
extension as well as improved circulation system-wide. In a
sense, the proposed system achieves wideband STAR perfor-
mance at the cost of higher system losses.
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