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Conventional circulators are made of magnetic ferrites and suffer from a cumbersome architecture,
incompatibility with integrated circuit technology, and inability for high-frequency applications. To
overcome these limitations, here we propose a low-noise, lightweight, low-profile, and linear nonmag-
netic circulator comprising a nonreciprocal time-varying phase shifter. This circulator is composing a
nonreciprocal temporal phase shifter and two reciprocal delay-line-based phase shifters. The proposed
nonreciprocal temporal phase shifter is based on the generation of time-harmonic signals, enforcing
destructive interference for undesired time harmonics and constructive interference for desired time
harmonics at different locations of the structure. Such a unique task is accomplished through two phase-
engineered temporal loops. The phase and frequency of these two loops are governed by external signals
with different phases, imparting an effective electronic angular momentum to the system. We observe a
large isolation level of greater than 32.3 dB, a low noise figure of less than 2.5 dB, a P1dB of +30.2 dBm,
and TIP3 of +43.5 dBm. Furthermore, this circulator is endowed with a reconfigurable architecture and can
be directly embedded in a conventional integrated circuit (IC) technology to realize a class of high-power

handling and linear IC circulators.

DOI: 10.1103/PhysRevApplied.18.034082

I. INTRODUCTION

Circulators are three-port nonreciprocal devices and rep-
resent key elements for full-duplex telecommunication
transceivers [1—6]. They are used to separate the trans-
mitter and receiver paths by introducing nonreciprocity
between their ports [4,7]. Conventional circulators are
formed by ferrite magnetic materials, where nonreciprocity
is achieved under a magnetic bias field [3,8,9]. However,
ferrite-based magnetic circulators are bulky, costly, heavy
and are not available at high frequencies. Recently, non-
magnetic nonreciprocity has spurred a surge of research
activity to eliminate the issues associated with magnetic
nonreciprocal devices.

Nonmagnetic nonreciprocity is conventionally achieved
through nonreciprocal properties of transistors at micro-
wave frequencies [10—16], and electro-optical modulators
at optical frequencies [17]. However, these techniques
substitute the absence of cumbersome magnetic bias for
other tangible drawbacks, such as poor noise performance
and strong nonlinearities of transistors, or the complexity
and large size of the electro-optical modulators. Recently,
space-time modulation has been shown to be a remarkable
approach to realize nonreciprocal components, especially

*sajjad.taravati@utoronto.ca

2331-7019/22/18(3)/034082(10)

034082-1

for integrated optical networks where they can be fully
realized using silicon photonics [18-20]. It is shown that
by taking advantage of one-way progressive wave cou-
pling in a space-time-modulated structure, nonreciprocal
devices and isolators can be created [18,21-26]. The
space-time modulation technique exhibits appealing capa-
bilities, such as parametric wave amplification [27-29],
unidirectional beam splitting [30], pure frequency gener-
ation [31,32], nonreciprocal metasurfaces [33—36], anten-
nas [37], nonreciprocal filters [38], and full-transceiver
realization [39,40].

Nevertheless, the space-time modulation technique
requires optically long structures as they rely on the
weak and progressive wave coupling, acousto-optic and
electro-optic effects [21,22,34,41,42]. Time-varying cir-
culators [19,43—47] have shown to be a good candidate
to realize versatile nonmagnetic wave circulators. They
offer outstanding noise performance, and are compati-
ble with integrated circuit technology and high-frequency
applications. Additionally, phase-engineered time mod-
ulation has recently been considered as an alternative
approach to realize unique functionalities and devices
[37,48]. Phase-engineered time-modulated structure
provides a low-profile and efficient platform for wave
engineering by taking advantage of asymmetric frequency-
phase transitions.
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Within this context, this study proposes a low-profile,
lightweight, and nonmagnetic circulator based on a non-
reciprocal phase shifter at microwaves. This nonrecipro-
cal phase shifter is constituted of two time-modulated
loops, each of which comprising phase-engineered tem-
poral transmission lines. The lightweight and low-profile
properties originate from the fact that the time modulation
requires only four temporal varactors. Isolation between
different ports is achieved by imposing specified con-
structive and destructive interferences at the ports of the
circulator. We show that by proper design of the band
structure of the phase-engineered temporal transmission
lines, a desired nonreciprocal phase shift and consequently,
strong signal isolation between the three ports of the circu-
lator can be achieved. The frequency and phase transition
in a time-varying transmission line are provided by var-
actors biased by a time-varying voltage. The circulator
exhibits strong isolation of more than 32.3 dB, highly
linear response, that is, 1-dB compression point of 30.2
dBm, broad-band operation where more than 20-dB isola-
tion is introduced across a 22% fractional bandwidth. This
circulator can be realized using integrated circuit (IC) tech-
nology for a much smaller dimension and programmable
mechanism.

II. RESULTS

A. Circulator design

Figure 1 depicts the architecture of the proposed time-
modulated circulator. The circulator is composed of a
nonreciprocal time-varying phase shifter between ports 1
and 2, and two reciprocal phase shifters (e.g., transmission
lines) between ports 1 and 3 and between ports 2 and 3.
To compute the required phase shifts at the three arms of

FIG. 1. Schematic illustration of the time-modulated circulator
composed of a nonreciprocal time-varying phase shifter and two
reciprocal phase shifters.

the circulator, we excite a given port and ensure construc-
tive interference at the next right-side port, and destructive
interference at the next left-side port. For instance, we
first excite port 1. Then, a full transmission (constructive
interference) from port 1 to port 2 requires
¢;I_R:2¢rec 5 ( 1 a)
whereas a null (destructive interference) at port 3 may be
achieved by satisfying
Prec = ¢]_\I|—R+¢rec -, (1b)
where ¢y is the forward phase shift of the nonreciprocal
phase shifter, from left to right, and ¢ is the phase shift
provided by reciprocal phase shifters. Next, we excite port
2, where a full transmission (constructive interference)
from port 2 to port 3 requires
¢rec = ¢§R+¢rem (10)
where ¢ denotes the backward phase shift of the nonre-
ciprocal phase shifter, from right to left. A null (destructive
interference) at port 1 can be satisfied by
ONR=2Prec — TT. (1d)

Hence, by setting ¢rc = 7/2, ¢pip = 7, and ¢rp =
0, the desired constructive and destructive interferences
between three ports of the circulator in Fig. 1 can be
achieved.

The two reciprocal phase shifters may be realized by
lumped elements at low frequencies or using transmission
lines at high frequencies. The nonreciprocal phase shifter
is realized by a time-varying lightweight and highly effi-
cient phase shifter, where the effective electric permittivity
of a transmission line is time modulated.

B. Temporal nonreciprocal phase shifter

Figure 2 depicts the architecture of the temporal nonre-
ciprocal phase shifter, formed by two time-varying loops,
each of which is composed of two phase-engineered tem-
poral transmission lines. The left temporal loop is com-
posed of two (upper and lower) temporal transmission
lines, where the capacitance of the transmission lines
is modulated in time considering a w phase difference
between the lower Fig. (2a) and upper Fig. (2b) temporal
transmission lines, i.e.,

C1(f) = Cyy + 8 cos(K20),
C|(t) = Cay + 8 cos(Q + ),

(22)
(2b)

where C,, is the average capacitance of the loops and §
is the modulation amplitude of the loops. In addition, 2
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FIG. 2. Schematic representation of the nonreciprocal phase
shifter integrating two time-modulated loops.

denotes the temporal modulation frequency. The right tem-
poral loop is composed of two (upper and lower) temporal
transmission lines, where the capacitance of the transmis-
sion lines is modulated in time considering a m-phase
difference between the upper and lower temporal trans-
mission lines and ¢-phase difference with the left loop,
ie.,

Cy(f) = Cyy + 8 cos(Q2t + ¢), (2¢)
Cy(f) = Cay + 8 cOS(QU + ¢ + 1), (2d)

where ¢ represents the modulation phase difference
between the first and second loops. Next, by proper design
of the time modulation of the two loops, a desired nonre-
ciprocal phase shift is achieved. These two temporal loops
are designed to provide appropriate constructive inter-
ference for the desired time harmonics and destructive
interference for the undesired time harmonics.

Figure 3 shows a schematic representation of the disper-
sion diagram for asymmetric frequency-phase transitions
in a temporal transmission line. Here, a frequency up-
conversion from wy to wy + €2 is accompanied by a pos-
itive additive phase, i.e., +¢,; in the forward transmission
and +¢, in the backward transmission. However, a fre-
quency down-conversion from wy + Q2 to wy is accompa-
nied by a negative additive phase, i.e., —¢; in the forward
transmission and —¢; in the backward transmission.

To best understand the effect of the phase and amplitude
of the time modulation on the output voltage of the tem-
poral transmission line, we first investigate the variation of
the voltage through a temporal-varactor-loaded transmis-
sion line. It may be shown that, by proper engineering of
the dispersion of the transmission line, the output voltage
acquires a frequency transition (up- or down-conversion)
accompanied by a phase transition. We assume the dis-
persion bands of the structure are engineered so that only
the fundamental and the first higher-order time harmon-
ics are excited, whereas all higher-order time harmonics
are suppressed. Hence, the voltage is defined based on the
superposition of the n =0 and n = —1 space-time har-
monics fields. Considering a forward wave traveling along

@y, LG~ <=~ 0, + QL+ <€----- @,, 20
a)o,LO —_— a)O+Q,Z+¢I > w0,4+¢1_¢2
o— "o

C, +ocos(Qr+4)) C,, +05cos(Qt +4,)

Backward propagation Forward propagation ’k
FIG. 3. Schematic representation of forward and backward

frequency-phase transitions in two cascaded temporal transmis-
sion line.

+z direction, the voltage may be expressed as
VS(Z, t) — vo(z)efi(kzzfa)()l) + v (Z)efi(kzzf(w()+9)[). (3)

Equation (3) considers an identical wave number ky for
both the fundamental and the higher-order harmonics as
the transmission line is modulated only in time, and not in
space. It may be seen from Fig. 3 that, as a result of the
temporal sinusoidally periodic capacitance, the dispersion
diagram of the temporal transmission line is periodic with
respect to the w axis [49], that is k(wy + 2) = k(wy) =
ko = wo/v,. Here, v, = c/./ecxr is the phase velocity of the
wave inside the background transmission line, where €. is
the effective permittivity of the transmission line. Such a
temporal periodicity leads to vertical electromagnetic tran-
sitions in the dispersion diagram, as shown in Fig. 3. The
unknown spatially variant amplitudes vy(z) and v;(z) are
to be found through satisfying both the telegrapher’s equa-
tions and the initial conditions at z = 0. We then consider
a lossless transmission line with time-varying capacitance,
the telegrapher’s equations read

vz, al(z,1)

z . T ar (42)
MG _ _ iCa(0VED] ab)
0z ot

where Ly and Cp are the inductance and capacitance
per unit length of the transmission line, respectively.
Equations (4a) and (4b) yield

3?2V (z,t) _ laz[Ceq(t)V(z, ]

2 2 2
dz v, ot

)

where v, = 1/4/LyCo.
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We then insert the voltage in Eq. (3) into Eq. (5) and take
the space and time derivatives, while considering a slowly

. . 21/ Q
varying envelope approximation, and apply fo dt to
both sides of the resultant equation, which yields

dvo(Z) . lk05

e 4Cave v1(2), (6)
dv(z) ikis
P A P . 7
& et v @

Next, we seek independent differential equations for
ap(z) and vy (z), which yields

d>
;;(Z) — or1v0(2) = 0, ()
d*v; (2) —o 9
de — YoV1V1 (Z) — Y, ( )

which are second-order differential equations, where yy =
ikoSe ™ JAC,, and yy = ik38e /4k,Cyy.

The up-conversion assumes the initial conditions of
v0(0) = 4y and v;(0) = 0, which gives

8k,
Z b
4C,y
k.. Sk
v(z) = Aok—le“” sin <4C1 z) )

0 av

vo(z) = Ay cos ( (10a)

(10b)

Equations (10a) and (10b) show that the change of the fre-
quency and phase of the up-converted signal corresponds
to the frequency and phase of the temporal modulation
signal, 2 and +¢. In addition, the maximum amplitude
of the up-converted signal a;(z) occurs at 6k /Cyy = 271.
This reveals that, one can control the amplitude of the up-
converted signal by changing the modulation amplitude §.
Following the same procedure, we can determine the input
and output voltages for the down-conversion.

The down-conversion assumes the initial conditions
of v9(0) = 0 and v, (0) = 4; = Max[v;(z)] = Aok1/ko exp
(+i¢y), which gives

Sk
v1(z) = A, cos <4Civz) , (11a)
and
k . ok . Sk
vo(z) =4, k—?e_’¢ sin <4C:v z) = Aye" @9 gin (ﬁz) .
(11b)

Equations (11a) and (11b) show that the change of
the frequency and phase of the down-converted signal

corresponds to the frequency and phase of the temporal
modulation signal, 2 and —¢.

Figures 4(a) and 4(b) illustrate engineered frequency
and phase transitions in the proposed temporal nonrecip-
rocal phase shifter leading to opposite phase shifts for
forward and backward signal transmissions. The struc-
ture is designed in a way to provide desired constructive
and instructive interferences of different harmonics, and
for both forward and backward signal transmissions. Two
power splitters and combiners possessing two quarter-
wavelength arms are utilized at two sides of the structure
to attain the desired constructive and destructive interfer-
ences. In addition, a half-wavelength transmission line is
placed at the middle of the structure to separate the two
loops from each other and provide desired constructive
and destructive interferences at different time harmonics.
We aim to achieve a two-way complete signal transmis-
sion, but with opposite phase shifts for forward and back-
ward transmissions, by proper engineering of the forward
[Fig. 4(a)] and backward [Fig. 4(b)] frequency and phase

Constructive interference at@,, and @_;

and destructive interference at @Dy

Destructive interference at @, and @_,
and constructive interference at@,

yYc + ) COS(‘Qt\'t?”L‘

0, S+

1050 dP> -Qgg.!

"

Destructive interference at@, and @_;
and constructive interference at @,

Constructive interference at®,, and @_

and destructive interference at [2%

FIG. 4. Engineered frequency and phase transitions in the pro-
posed temporal nonreciprocal phase shifter. (a) Forward signal
injection. (b) Backward signal injection.
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transitions in the proposed temporal nonreciprocal phase
shifter.

Consider the forward signal injection in Fig. 4(a). The
input signal is injected to the common port of the left
power divider and flows in the upper and lower arms
of the left loop. Next, these two signals make a tran-
sition to higher-order time harmonic w;; but with the
+m and 0 phase shifts in the upper and lower arms,
respectively. Since the half-wavelength transmission mid-
dle interconnector makes a constructive interference at
w41, the generated w,| time harmonic reaches the right
side loop. This leads to the generation of wy harmonic by
the right-side loop (second loop for the forward transmis-
sion), possessing identical phase shift of —¢ in the upper
and lower arms of the output of the right-side loop. As a
consequence, since the power divider is formed by equal
quarter-wavelength long arms, the signals add up at the
common port of the right-side power divider. This yields
a transmission at wy with the phase shift of —¢. We stress
that, since the higher-order time harmonics w,; = wy + 2
and w_; = wy — Q acquire a mw-phase-shift difference at
the two arms of the output (right) power divider, they will
form a complete null at the output of the structure.

Now, consider the backward signal injection shown in
Fig. 4(b). The input signal is injected to the common port
of the right-side power divider and flows in the upper
and lower arms of the right loop. Then, these two sig-
nals make a transition to higher-order time harmonic w,
but with the +¢ + 7 and +¢ phase shifts in the upper
and lower arms, respectively. Similar to the forward sig-
nal transmission case, the half-wavelength transmission
middle interconnector makes a constructive interference at
w4+ and a destructive interference at wy. Hence, the gen-
erated w,; time harmonic reaches to the left-side loop.
This leads to the generation of wy harmonic by the left-
side loop (second loop for the backward transmission),
possessing identical phase shift of +¢ in the upper and
lower arms of the output of the right-side loop. As a
result, since the power divider is formed by equal quarter-
wavelength long arms, the signals add up at the common
port of the left-side power combiner. This results in a trans-
mission at wy with the phase shift of +¢, which is the
opposite of the phase shift of the forward direction. Since
the higher-order time harmonics w,; and w_; acquire a
m-phase-shift difference at the two arms of the output
(left) power divider, they will form a complete null at
the output of the left power combiner. Such a contrast
between the phase shift of the forward and backward trans-
missions originates from the asymmetric frequency-phase
transitions in phase-engineered time-modulated structures.

As shown in Eq. (1), the nonreciprocal phase shifter
of the proposed temporal circulator should introduce a
forward phase shift of ¢ =7 and a backward phase
shift of ¢y = 0. Therefore, we design the nonreciprocal
phase shifter of Fig. 4 for ¢ = 7 /2 introducing forward

phase shift of ™ = 7/2 and backward phase shift of ¢~ =
—m /2. Next, we connect each of the two arms of the nonre-
ciprocal phase shifter to a A,/8 passive transmission line,
where A, is the guided wavelength of the transmission line.
Each of these two A,/8 passive transmission lines pro-
vide a reciprocal phase shift of 7 /4. As a consequence,
the entire structure introduces a forward phase shift of
¢yg = /4 + /2 + w/4 = 7, and a backward phase shift
of ppp =7/4—n/2+ /4 =0.

III. EXPERIMENTAL DESIGN

Figure 5 shows an implementation of the time-
modulated circulator by four phase-shifted time-varying
varactors. Here, the two quarter-wavelength transmission
lines on top of the figure form the two fixed recipro-
cal 90° phase shifters. The nonreciprocal phase shifter
(pnr = 7 and ¢ = 0) on the bottom of the structure is
constituted of a nonreciprocal temporal phase shifter, with
forward phase shift of ¢ = 7 /2 and backward phase shift
of ¢~ = —m/2, and two A./8 passive transmission-line-
based phase shifters introducing a reciprocal phase shift of
/4 at each side of the nonreciprocal phase shifter. The
nonreciprocal temporal phase shifter is constituted of the
following components. Four varactors are used to create
a phase-shifted time modulation. Two transmission-line-
based power splitters feed the four temporal transmission
lines, and the half-wavelength transmission line in the mid-
dle of the nonreciprocal temporal phase shifter provides
constructive interference for the desired time harmonics
and destructive interference for undesired time harmon-
ics. Furthermore, four fixed inductors denoted by L. =
390 nH prevent leakage of the main microwave signal
to the modulation line and phase shifters, eight fixed
capacitances denoted by C,, = 10 pF are considered for
decoupling of the dc bias and low frequency modulation
signal from the incident and transmitted high-frequency

Port 3

FIG. 5. Implementation of the time-modulated circulator by
four phase-engineered time-varying varactors.
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incident microwave signal. In addition, considering ¢ =
289°, the value of capacitances and inductances for three
phase shifters in Fig. 5 read C; = 16 pF, L; =75 nH,
C; =16 pF, and L} = 57 nH for 180° phase shift, and
C, =16 pF, L, =57 nH, C, =16 pF, and L, =75 nH
for 180° phase shift, and C; = 10 pF, L3 = 39 nH, and
L% = 39 nH for 109° phase shift.

Figures 6(a) and 6(b) show the top and bottom views
of the fabricated circulator, respectively. The circulator is
designed at the center frequency of 4 GHz with the modu-
lation frequency of = 220 MHz and modulation power
of 15 dBm. Four SMV2019-079LF varactors manufac-
tured by Skyworks Solutions Inc. are used for realizing the
time modulation. We utilize a RT6010 substrate with per-
mittivity €, = 10.2, thickness 2 = 1.27 mm, and tan§ =
0.0023. Ports 1-3 are the main high frequency ports of
the circulator (support 4 GHz), while two other ports at
the bottom of the structure, i.e., Mod. 1 input and Mod. 2
input, support the low-frequency modulation signal injec-
tion with different phase shifts. The two 50-Ohm coplanar
waveguide (CPW) transmission lines at the back of the
structure, shown in Fig. 6(b), possess a width of W = 1.143
mm and a gap of G = 0.508 mm. In addition, the two
Ag/8 lines (shown in Fig. 5) are characterized by the width

(@ Mod. 2 input Mod. 1 input

it 3

Port2 [

(b) Mod. 1 input Mod. 2 input

R .

FIG. 6. Photo of the fabricated time-modulated circulator. (a)
Top view. (b) Bottom view.

W =0.635 mm and length / =7.11 mm, the two A,/4
lines (reciprocal phase shifters) on top of Fig. 5 possess
the width W = 0.635 mm and length of / = 14 mm, the
middle interconnector Ag/2 line possesses the width of
W = 3.3 mm and length of / = 18.5 mm, and the two A, /4
lines (power divider) inside the nonreciprocal phase shifter

Power
splitter' —

\ e hifter :\\‘_ a K
and amplifier Bjag e~

g Circulator
(b) © @47
10+ ; —e— 12
A —4— A,
20 S
=
=30 _%

Transmitted power (dBm)

30 35 40 45 50 55 60
Freq. (GHz)

(3
~—
(=]

(

isolation>32.3 dB

=
o

Transmitted power (dBm)
IS
S

30 35 4 45 50 55 60
Freq. (GHz)

FIG. 7. Experimental results. (a) Photo of the measurement
setup. (b) Power transmission from port 1 to port 2, P,;, and from
port 2 to port 1, Pj;. (c) Power transmission from port 1 to port
3, P31, and from port 3 to port 1, P3.
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FIG. 8. Return loss (reflection) at three ports of the circulator,
showing impedance matching at different ports.

are characterized by the width W = 0.355 mm and length
[ = 18.5 mm. We utilize two ZFBT-6GQ+ minicircuit bias
tees to inject the modulation signals and dc biases to the
varactors, concurrently.

Figure 7(a) shows a photo of the experimental
setup for the measurement of the unidirectional sig-
nal transmission through the temporal circulator, where

Q =27 x 220 MHz. The measurement setup is formed
by the device under test (temporal circulator), two Agi-
lent E8257D signal generators, a FSW Rohde & Shwartz
spectrum analyzer, a ZMSCJ-2 power splitter from Mini-
Circuits, two ZFBT-6GW+ bias tees from Mini-Circuits, a
phase shifter and amplifier providing the phase-engineered
modulation signals, and a dc power supply chain that pro-
vides three independent dc sources. Figures 7(b) and 7(c)
plot the experimental results for wave circulation between
different ports of the circulator. It may be seen from the
experimental results that an isolation of more than 32.3 dB
between the ports is achieved, whereas the undesired time
harmonics are highly suppressed, they are more than 40
dB lower than the main signals. Figure 8 plots the return
loss (reflection) at three ports of the circulator, i.e., Py,
P22, and P33, where P11 <172 dBm, P22 <353 dBm,
and P33 < 22.4 dBm. This figure shows that return loss
(RL) of more than 17.2 dB is achieved at all ports of the
circulator.

IV. DISCUSSION

Table I summarizes the performance of the fabri-
cated circulator and provides a comparison between

TABLE I. Summary of the efficiency of the time-modulated circulator and comparison with previously reported circulators.
Freq. FBW  Isol. IL (dB), RL  PldB 1IP3
Technology Area (GHz)  (Isolation) (dB) 1L, /ILy3 (dB)  (dBm) (dBm)
This Phase-engineered time 0.19212 4 22% 323 2.12.4 17.2 30.2 43.5
work modulation (1080 mm?) (20dB)
[56] Ferrite magnets 0.822 12 33.3% 10 1 10
(500 mm?) (10dB)
[45] Time-modulated 0.006A2 1 4% 55 33 10.8 29 33.7
resonators (575 mm?) (20dB)
[57] Chip-space-time 0.000322 1.6 18% 25 2 > 10 10.5
modulation (11.76 mm?) (25dB)
[44] Chip-space-time 0.01512 25 18% 18.5 3.3/32 21.5 19.9
modulation across (2.16 mm?) (18.5dB)
delay line
[58] Chip-hybrid-coupler 0.00000622 0.725  27% 30 3.1/15 +5.5 14
N-path (1Imm?) (30dB)
[59] Chip-switched TL gyrator 0.000112 1 18.4% 25 2.07/2.49 17.3 36.5
(9mm?) (25dB)
[60] Chip-transistor (65-nm 0.02312 100 1.5% 46 5.6 > 10 11.4
CMOS), A resonators  (0.21 mm?) (45 dB)
—123/—-22.4
[61] Chip-transistor (180-nm  0.02112 24 1% 20 (gain) > 8 —19.8 —11
CMOS), Feedforward  (3.22 mm?) (15dB)
[62] Chip-transistor (180-nm  0.003612 30 7.6% 12 7.5/5 > 6 -7
CMOS), Current reuse  (0.36 mm?) (15dB)
[63] Chip-transistor (180-nm  0.002212 24 11.2% 30 8.5/9 > 8.5 —12
CMOS), Cancellation  (0.35mm?) (15dB)
[64] Chip-transistor (90-nm 0.01A% 31.75  58% 12 ~22 9/3.5 >3 -3
CMOS), Amps (0.93mm?) (15dB)
[65] Chip-transistor (180-nm  0.004A? 24 3% 20 5.7/5.7 > 16 9.5
CMOS), isolators (0.715 mm?) (15dB)
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the performance of this circulator and that of recently
proposed circulators with different techniques, includ-
ing space-time (ST) modulation, magnetic-ferrite-loaded
waveguides, nonlinearity, and transistor-loaded transmis-
sion lines. In this table, IL stands for insertion loss, RL
stands for return loss, and FBW is an acronym for the
fractional bandwidth, which is equal to the frequency
bandwidth over the center frequency. Additionally, P1dB
is the output 1-dB compression point, which shows the
prominent linearity of the circulator. Additionally, 11P3
represents the third-order intercept point, which is a hypo-
thetical point where the power levels of the third-order
components and the fundamental component meet each
other. Calculating the IIP3 is a method of quantifying
intermodulation distortion and determining the linearity of
the circulator. A high IIP3 value demonstrates outstand-
ing linearity of the circulator, while low IIP3 value shows
that the intermodulation products could interfere with the
fundamental signal.

The proposed circulator can be realized in a much more
compact fashion, and may be integrated into chip tech-
nology for high frequencies thanks to the availability of
variable capacitors at high frequencies [42]. In addition, in
contrast to the transistor-based circulator [50] where non-
linear and low-power handling transistors are placed in
series with the incident signal, our circulator is endowed
by high-power rating as the varactors are placed in paral-
lel to the incident signal. In our experiment, we apply up
to +33-dBm input signal, and the power rating is expected
to exceed 47 dBm. Having leveraged the linear properties
of the time modulation, the proposed temporal circulator
exhibits an outstanding linear response, where the P1dB is
+30.2 dBm and IIP3 is +43.5 dBm.

The frequency bandwidth of this temporal circulator can
be enhanced by using engineering approaches for the band-
width enhancement of power splitters, e.g., using nonuni-
form transmission lines and transmission lines [51,52], and
broad-band phase shifters [53—55]. Additionally, voltage-
controlled varactor-based phase shifters may be utilized to
enhance performance and controllability of the circulator.

V. CONCLUSION

In summary, we propose a lightweight compact non-
magnetic time-varying circulator. The circulator is based
on a time-modulated nonreciprocal phase shifter. The pro-
posed nonreciprocal phase shifter exhibits great perfor-
mance including nonreciprocal phase-shift range, and can
be adopted for broad-band operation. The experimental
results demonstrate a strong isolation level of more than
32.3 dB, which can be further improved. Furthermore,
the unwanted time harmonics are 40 dB lower than the
main signal. What is more, this circulator exhibits a highly
linear response, with the P1dB of +30.2 dBm and the
IIP3 of 43.5 dBm. Such promising results and compact

profile of the circulator can be further improved and opti-
mized in future work. Furthermore, the proposed structure
can be redesigned for integration into integrated circuit
technology to achieve much smaller profile and versatile
operation.
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