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Nonreciprocal-Beam Phased-Array Antennas
Reza Karimian, Shahrokh Ahmadi and Mona Zaghloul, and Sajjad Taravati

Abstract—This study presents a nonreciprocal-beam phased-
array antenna constituted of phase-gradient patch radiators
integrated with transistor-based nonreciprocal phase shifters.
Such an antenna exhibits different beams for transmission and
reception states. The proposed phased-array antenna provides
power amplification for both transmission and reception states,
which is of paramount importance in most practical applica-
tions. In addition, in contrast to the recently proposed time-
modulated antennas, the proposed nonreciprocal-beam phased-
array antenna introduces no undesired time harmonics and
unwanted frequency conversion, requires no radio frequency bias
signal. Furthermore, the nonreciprocal phased-array antenna is
lightweight and is amenable to integrated circuit fabrication. The
transmission and reception beam angles, the beam shapes, and
the power amplification level may be easily tuned by changing
the direct current (dc) bias of the transistors and phase of the
passive phase shifters. Such a nonreciprocal-beam phased-array
antenna is expected to find military and commercial applications.

Index Terms—Phased-array, antennas, nonreciprocity, radia-
tion, phase shifter, transceiver.

I. INTRODUCTION

Phased-array antennas are key elements of military radar
systems, where planes and missiles are detected by steering
a beam of radio waves across the sky [1]–[3]. Such versatile
antennas are now widely used and have spread to modern wire-
less telecommunication applications. In addition to microwave
and millimeter wave applications, the phased-array principle
is applied to acoustics, including medical ultrasound imaging
scanners, military sonar systems, and reflection seismology
for gas and oil prospecting [3]. Conventional phased-array
antennas are restricted by the Lorentz reciprocity theorem,
where the antenna is forced to introduce identical characteris-
tics, e.g., identical beams, gains and input matchings, for the
transmission and reception states.

Recently, nonreciprocal electromagnetic and electronic sys-
tems have gained a surge of scientific interest thanks to their
unique and strong capability in wave engineering and their
control over the electromagnetic wave propagation. Some of
the recently proposed nonreciprocal structures include nonre-
ciprocal antennas [4]–[10], nonreciprocal metasurfaces [11]–
[22]. Nonreciprocity can be realized by magnetic ferrite-based
structures [4], [23]–[30], space-time modulated media [12],
[20], [31]–[40], and transistor-loaded metamaterials [11], [13],
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[21], [22], [41], [42]. However, the transistor-loaded meta-
surfaces may present various advantages over the other non-
reciprocal nonreciprocity technologies [13], i.e. less design
complexity, power amplification, lack of undesired harmonics,
tunability and high efficiency.

A nonreciprocal phased-array antenna is recently proposed
in [9] by taking advantage of the asymmetric frequency-phase
transition in time-modulated patch radiators. The proposed
nonreciprocity mechanism in [9] is very unique and interest-
ing, especially due to the current scientific research interest on
new properties and capabilities of time modulation. However,
the proposed phased-array antenna may not be suitable for
many practical applications due to the following drawbacks.
Firstly, the antenna in [9] introduces undesired side-band time
harmonics, which interfere with adjacent channels and lead to
a crowded spectrum with significant interference between ad-
jacent channels. Secondly, the proposed nonreciprocity in the
phased-array antenna in [9] is essentially accompanied with a
frequency conversion which may not be required, as the forced
frequency conversion possesses a small frequency conversion
ratio and hence is not useful for practical applications. Thirdly,
the nonreciprocity based on time modulation requires a radio
frequency bias signal (in addition to a direct current (dc) bias),
which represents fabrication and usage complexity.

Conventional transmit and receive modules for active elec-
tronically scanned arrays (AESAs) utilize transmit-receive
(TR) switches or circulators at the front and back of the mod-
ule [43]. Here, we propose a “nonreciprocal-beam” phased-
array antenna, where the beam shapes, transmission and
reception angles as well as magnitude of the TX and RX
signals can be different and electronically controlled. The
AESA technique does not provide nonreciprocal-beam op-
eration. For instance, such a full-duplex nonreciprocal-beam
is extremely useful for satellite communications, where the
RX signal is incoming from a country while the TX signal is
transmitted to another country. Furthermore, in this scenario,
the nonreciprocal-beam antenna array may be designed in a
multi-band fashion to support different frequencies so that
the TX and RX signals may be at different frequencies,
where the transmission and reception frequencies are very
close to (or far from) each other, e.g., transmission fre-
quency of 1 GHz and reception frequency of 1.01 GHz. The
conventional technique, e.g., [27], [43] requires ferrite-based
magnetic circulators and TR switches. However, as explained
before, magnet-based circulators suffer from a cumbersome
architecture and are not suitable for high frequency applica-
tions, and TR switches imply “half-duplex operation which
is different than the full-duplex architecture of our paper. We
believe that the functionality and performance of the proposed
nonreciprocal-beam phased-array antenna makes it a suitable
choice for modern wireless communication systems. Some of
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its unique features are lightweight structure, suitability for high
frequency applications, controllability and programmability,
arbitrary transmission and reception gains and frequencies.

This paper proposes a nonreciprocal-beam phased-array
antenna by leveraging unique properties of phase-gradient
transistor-loaded nonreciprocal phase shifters. The proposed
antenna introduces different beams for the transmission and
reception states, which may find intriguing military and com-
mercial applications. In contrast to the previously reported
nonreciprocal/reciprocal phased-array antennas, here the an-
tenna provides power amplification for both transmission and
reception states, which is highly desired in most practi-
cal applications. Furthermore, in contrast to time-modulated
antennas, the proposed nonreciprocal-beam antenna in this
study introduces no undesired time harmonics and unwanted
frequency conversion, and therefore, is suitable for practical
scenarios. In addition, the proposed nonreciprocal-beam an-
tenna is compatible with the planar circuit board technology.
The transmission and reception beam angles as well as the
power amplification can be easily tuned by adjusting the dc
bias of the transistors and phase of the passive phase shifters.

The paper is structured as follows. Section II presents
the operation principle and analytical results of the proposed
nonreciprocal-beam phased-array antennas. Then, Sec. III pro-
vides the details of the implementation mechanism and simula-
tion and experimental results for the proposed transistor-based
nonreciprocal-beam phased-array antenna. Finally, Sec. IV
concludes the paper.

II. THEORY

Figure 1 shows the operation principle of the nonreciprocal-
beam phased-array antenna. In the transmission state, the
signal is launched from the input port of the antenna and
radiates at the angle θT. In contrast, in the reception state, the
phased-array antenna presents the maximum reception gain for
the incoming wave at the angle of reception θR. Therefore, at
a given radiation angle θ0, the phased-array antenna presents
different radiation patterns for the transmission and reception
states, i.e.,

ETX(θ) 6= ERX(θ), (1)

where ETX(θ) and ERX(θ) are the electric fields of the
transmitted and received waves, respectively. As a result of
this nonreciprocal-beam operation of the antenna, an incoming
wave from θT will not be received rather is being reflected,
and the transmitted wave at θR is supposed to be negligible.
We shall stress that, as a result of this nonreciprocity, antenna
may be designed in a way to acquire different radiation
beam shapes, different radiation gains and different half-power
beamwidths (in addition to different radiation angles) for the
transmission and reception. In the next section, we provide
further details on the approach for the design of such versatile
antenna system.

To realize the nonreciprocal phased-array antenna in Fig. 1,
we consider the nonreciprocal phase-gradient phased-array
antenna in Figs. 2(a) and 2(b). The phased-array antenna
is constituted of an array of nonreciprocal-beam microstrip
patch antenna elements. The unit cells are distributed with

the distance d, to present an arbitrary nonreciprocal radiation
pattern for transmit and receive signals. For the sake of
simplicity, here we assume that the antenna is uniform (no
phase and amplitude difference) along the y direction. Thus,
the proposed antenna is supposed to introduce a nonreciprocal-
beam in the x − z plane as shown in Fig. 1. As a result,
a two-dimensional beam scanning in the x − z plane may
be achieved by changing the characteristics of the antenna
elements. However, the proposed technique in this study may
be extended to a three-dimensional problem, and achieve a
three-dimensional nonreciprocal-beam scanning in the both
x− y and x− z planes.

Figure 2(a) presents the operation of the nonreciprocal-
beam phased-array antenna in the reception state, where the
incoming wave under the reception angle θR, experience
gradient reception phase shifts of φk,R, and is received by
the antenna. In this case, the incoming waves from other
directions will not be received by the antenna, rather being
reflected. Fig. 2(b) shows the operation of the phased-array
antenna in the transmission state, where the transmitted wave
is radiated under the transmission angle θT. In contrast to the
reception state in Fig. 2(a), here the radiated wave experiences
the transmission phase shifts of φk,T.

The array factor of the phased-array antenna may be written
as

AF = I0+I1e
jβd cos(θ)+I2e

jβ2d cos(θ)+.... =

K−1∑
k=0

Ike
jβkd cos(θ),

(2)
where d is the distance between two adjacent elements, β is the
wavenumber of the radiated wave, and Ik is the complex cur-
rent of the kth radiator element. By employing nonreciprocal
phase shifters for each element, i.e., Ik,TX 6= Ik,RX. In general
by assuming a linear phase progression across the antenna, we
have

Ik,TX = Ak,TXe
−jkαTX , (3a)

and
Ik,RX = Ak,RXe

jkαRX . (3b)

Here, Ak,TX and Ak,RX are the amplitudes of the kth radiator
element in the transmission and reception states, respectively,
and αTX = φk,T − φk−1,T and αRX = φk,R − φk−1,R are the
phase difference between two adjacent radiator elements in the
transmission and reception states, respectively.

The array factor of the antenna reads

AFTX =

K−1∑
k=0

Ak,TXe
jk(βd cos(θ)−αTX), (4a)

for the transmission state, and

AFRX =

K−1∑
k=0

Ak,RXe
jk(βd cos(θ)+αRX). (4b)

for the reception state.
Figure 3(a) plots the analytical results using Eqs. (4a)

and (4b) for a symmetric nonreciprocal-beam operation of
the phased-array antenna. Here, we consider four radiator
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Fig. 1. Functionality of the nonreciprocal radiation pattern phased-array antenna.

(a)

(b)

Fig. 2. Practical realization of the nonreciprocal radiation pattern phased-
array antenna in Fig. 1 using an array of phase-gradient nonreciprocal phase
shifters. (a) Reception state. (b) Transmission state.

elements, i.e., K = 4, each of which introducing a nonre-
ciprocal phase shift for the incoming and transmitted waves.
In Fig. 3(a), an upward phase progression is considered for
the reception state with 110◦ phase difference between each
two adjacent elements, i.e., αRX = φk,R − φk−1,R = 110◦.
However, a downward phase progression is considered for the
reception state with −110◦ phase difference between each two
adjacent elements, i.e., αTX = φk,T − φk−1,T = −110◦. As a
result, the maximum gain of the transmission radiation beam
occurs at θT = 52.33◦ with the radiation gain of 11.9 dBi. In
contrast, the maximum gain of the reception radiation beam
occurs at θR = 127.7◦ with the radiation gain of 11.9 dBi.

For some application, an asymmetric nonreciprocal-beam
may be desired, where different beam shapes are achieved

for the transmission and reception states. Fig. 3(b) plots the
analytical results for asymmetric nonreciprocal-beam of the
phased-array antenna. Here, we consider K = 4, αRX =
φk,R − φk−1,R = 130◦ and αTX = φk,T − φk−1,T = −60◦.
The maximum gain of the transmission radiation beam occurs
at θT = 70.52◦ with the radiation gain of 11.9 dBi. In contrast,
the maximum gain of the reception radiation beam occurs at
θR = 136.24◦ with the radiation gain of 11.8 dBi.

III. PRACTICAL IMPLEMENTATION

This section presents the experimental implementa-
tion of the proposed transistor-based nonreciprocal-beam
phased-array antenna at microwave frequencies. To achieve
nonreciprocal-beam radiator elements, we integrate microstrip
patch antennas with unidirectional-transistor-based nonrecip-
rocal phase shifters.

Figure 4 shows a schematic representation of the transistor-
based nonreciprocal phase shifter. Such a nonreciprocal phase
shifter is constituted of two unidirectional transistor-based
amplifiers, two distributed microstrip power splitter and two
passive reciprocal lumped element phase shifters. Two power
splitters ensure full-duplex operation of the transmission and
reception states, and the two unidirectional transistors ensure
sufficient isolation between the transmission and reception
states (i.e., S12 ≈ 0) and provide power amplification in
their forward operation (i.e., S21 >> 1). In addition, the two
(reciprocal) lumped element passive phase shifters provide the
desired phase shifts for the transmission and reception states.

Figures 5(a) and 5(b) show two types of reciprocal phase
shifters, i.e. a low pass T-type phase shifter and a high pass T-
type phase shifter, respectively. The low pass phase shifter
in Fig. 5(a) introduces a negative transmissive phase shift,
i.e., from −π to 0, whereas the high pass phase shifter in
Fig. 5(b) introduces a positive transmissive phase shift, i.e.,
from 0 to π. As a result, one can achieve a complete range of
desired reciprocal phase shifts from −π to π using these two
phase shifters and construct an arbitrary nonreciprocal phase
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(a)

(b)

Fig. 3. Analytical results for nonreciprocal transmission and reception beams
of phased-array antenna with K = 4. (a) Symmetric beams for αRX = φk,R−
φk−1,R = 110◦ and αTX = φk,T − φk−1,T = −110◦. (b) Asymmetric
beams for αRX = φk,R − φk−1,R = 130◦ and αTX = φk,T − φk−1,T =
−60◦.

Fig. 4. Schematic representation of the transistor-based nonreciprocal phase
shifter constituted of two unidirectional transistor-based amplifiers, two dis-
tributed microstrip power splitter and two passive reciprocal lumped element
phase shifters [44].

shifter using the architecture in Fig. 4. The inductance (L)
and capacitance (C) values of the phase shifter in Figs. 5(a)
and 5(b) may be found by knowing the required phase shift

(a) (b)

Fig. 5. Reciprocal T-type phase shifters. (a) Low pass. (b) High pass.

(φ), the angular frequency ω and the characteristics Z0, as

L =
Z0

ω sin(φ)
, (5a)

C =
sin(φ)

ωZ0(1− cos(φ))
, . (5b)

for the high pass phase shifter in Fig. 5(a), and

L =
Z0(1− cos(φ))

ω sin(φ)
, (6a)

C =
sin(φ)

ωZ0
, . (6b)

for the low pass phase shifter in Fig. 5(b).
Figure 6 shows the details of the radio frequency path and

the biasing circuit of the unilateral amplifier.

Output

2 pF

Gali-2+

2 pF

Input

4.7 pF

1 nF 10 nF

44 Ohm

360 nH RFC

+5 V DC

   bias

Fig. 6. Circuit of the unilateral amplifier including the radio frequency path
and the dc bias signal path.

Figure 7 shows an image of the two fabricated nonreciprocal
phase shifters. The size of the boards is 3.5 × 6.5 cm2. Two
Gali-2 transistor amplifiers from Mini-Circuits are integrated
into a microstrip structure. The two unidirectional amplifiers
are placed in an unbalance scheme using two Wilkinson power
splitters. The structure on the top of Fig. 7 is fabricated
for calibration purposes, where a zero phase shift for both
transmission and reception channels are considered to see the
effect of transistor amplifiers and their S21 phase shift on
the overall structure response. The nonreciprocal phase shifter
on the bottom of Fig. 7 is fabricated for achieving a desired
nonreciprocal phase shift.

Figures 8(a) and 8(b) plot the simulation and experimental
results, respectively, for the magnitude and phase of the
scattering parameters of the fabricated transistor-based nonre-
ciprocal phase shifters, shown in the bottom of Fig. 7. It may
be seen from this figure that the nonreciprocal phase shifter
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Fig. 7. Photo of the fabricated transistor-based nonreciprocal phase shifters
for (top) calibration and (bottom) parametric study purposes. The fabricated
prototypes are formed by Gali2+ unidirectional transistor-based amplifiers
(from Mini-Circuits), two distributed microstrip Wilkinson power splitter and
two passive reciprocal lumped element phase shifters.

introduces more than 7 dB amplification gain (S12 and S21) in
each direction at 2.4 GHz. The bandwidth of the nonreciprocal
phase shifter is 9%, which is mostly limited by the bandwidth
of fixed phase shifters, as amplifiers are broadband. Hence, the
bandwidth of the nonreciprocal phase shifter can be increased
using variable phase shifters and standard techniques for
bandwidth enhancement of phase shifters [45], [46]. Figure
and 8(c) plots the simulation results for scattering parameters
of the Wilkinson power divider and the input matching (S11)
of the nonreciprocal phase shifter.

Figure 9 depicts a perspective of the designed nonreciprocal-
beam phased-array antenna. The designed prototype is com-
posed of an array of 4 × 2 microstrip patch elements and
four nonreciprocal phase shifters. The antenna is designed,
based on the implementation scenario in Fig. 2, at frequency
f = 2.4 GHz using eight microstrip patches distributed with
the distance of d = λ/2. Table I lists the details of the eight
lumped element T-junction phase shifters that are required to
form the four phase-gradient nonreciprocal phase shifters.

Figure 10 shows an image of the fabricated nonreciprocal-
beam phased-array antenna. The antenna size is 19× 25 cm2.
Here, an upward phase progression is considered for the
reception state with 110◦ phase difference between each two
adjacent elements, i.e., αRX = φk,R − φk−1,R = 110◦,
and a downward phase progression is considered for the
reception state with −110◦ phase difference between each
two adjacent elements, i.e., αTX = φk,T − φk−1,T = −110◦.
The measurement of the TX and RX beams that are plotted
in Figs. 11(a) and 11(b) is accomplished using a vector
network analyzer (VNA), a reference horn antenna and the
fabricated nonreciprocal antenna array. The port-1 and port-2

(a)
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Frequency (GHz)

(c)

Fig. 8. Simulation and experimental results for the fabricated nonreciprocal
phase shifter in Fig. 7. (a) Scattering parameters. (b) Phase response. (c)
Simulation results for scattering parameters of the Wilkinson power divider
and the input matching (S11) of the nonreciprocal phase shifter.

of the VNA are connected to the input port of the fabricated
antenna array and the input port of the reference horn antenna,
respectively. Hence, by rotating the reference horn antenna
from 0 to 180 degrees (by steps of 5 degrees), the measured
the S21 and S12 provide the TX and RX patterns of the
fabricated nonreciprocal-beam array, respectively. It should be
noted that the antenna patterns in Figs. 11(a) and 11(b) are
plotted with reference to 2 dBi. These two plots show the
nonreciprocal-beam of the metasurface, as well as more than
7 dB power amplification. As a result, given 10 dBi gain of
the RX and TX beams, and 7 dB power gain of nonreciprocal



6

Fig. 9. Schematic representation of the fabricated nonreciprocal-beam phased-
array antenna composed of four nonreciprocal phase shifters and a 4 × 2
antenna array.

TABLE I
INDUCTANCE AND CAPACITANCE VALUES FOR THE LUMPED-ELEMENT

PHASE SHIFTERS OF THE PHASE-GRADIENT PHASE SHIFTERS, FOR
f = ω/2π = 2.4 GHZ AND Z0 = 50 OHM.

Phase
shift, φ
(degree)

Type L (nH) C (pF)

1 -172 Low pass T 5.1 1
2 170 High pass T 0.78 0.62
3 -60 Low pass T 1.7 0.15
4 58 High pass T 1.4 1.3
5 49 High pass T 1.9 1.8
6 -44 Low pass T 0.33 0.18
7 161 High pass T 0.56 0.68
8 -151 Low pass T 4.9 0.82

active phase shifters, more than 17 dBi gain for TX and RX
paths is achieved. Since the active phase shifters are part of this
active antenna array and integrated into the antenna structure,
we have plotted the pattern of the entire antenna and did not
separate the gain provided by the active phase shifters.

Figure 11(a) plots the full-wave simulation and experimental
results of the fabricated prototype for the transmission state.
The maximum gain of the transmission radiation beam occurs
at θT = 52.33◦ with the radiation gain of 17 dBi. The
simulation of the nonreciprocal antenna is carried out using
CST Microwave Studio, and simulation of the nonreciprocal
phase shifter is accomplished using Advanced Design System
(ADS) commercial software.

Figure 11(b) plots the full-wave simulation and experi-

Fig. 10. An image of the fabricated nonreciprocal-beam phased-array antenna
prototype.

mental results of the fabricated prototype for the reception
state. In contrast to the transmission state in Fig. 11(a), here
the maximum gain of the reception radiation beam occurs at
θR = 127.7◦ with the radiation gain of 17 dBi.

Figure 11(a) and 11(b) show that more than 15 dB isolation
between the transmission and reception beams, at θT = 52.33◦

and θR = 127.7◦, is achieved. Furthermore, it may be seen
from Figs. 11(a) and 11(b) that more than 5 dB power gain is
achieved compared to the conventional reciprocal phased-array
antenna. Such a significant power amplification is due to the
amplifications of the transistor amplifiers in both transmission
and reception states. Each amplifier is supplied by a dc voltage
of 3.8V and dc current of 43mA. As a result, the power
consumption of the entire array which includes eight amplifiers
is 1.3 Watt. It should be noted that, in this particular prototype
example, we utilized a nonreciprocal phase shifter for each row
(each row includes two horizontal patches), which is suitable
for a two-dimensional nonreciprocal beam scanning. However,
one may assume a three-dimensional nonreciprocal beam
scanning where a nonreciprocal phase shifter is connected to
each individual patch element. In this case, more leverage on
beam scanning is achieved at the cost of increased power
consumption of the entire array because of more utilized
amplifiers.

Figure 12 describes the design procedure of the transistor-
based nonreciprocal phased-array antenna. Table II compares
different features of the proposed nonreciprocal-beam phased-
array antenna with of other recently proposed nonreciprocal
phased-array antennas and metasurfaces. One of the main
advantages of the proposed active phase array antenna is
its programmability. In practice, the functionality of the an-
tenna, e.g., the TX/RX isolation, gain, radiation angles, and
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(a)

(b)

Fig. 11. Experimental and simulation results for the designed nonreciprocal-
beam phased-array antenna based on the implementation scenario in Fig. 9,
with f = 2.4 GHz, K = 4, d = λ/2, θT = 52.33◦ and θR = 127.7◦. (a)
Transmission (TX) radiation beam. (b) Reception (RX) radiation beam.

Operation frequency Choose an appropriate substrate

Design of patch antennas

Design of phase shifters

and amplifiers

Design of power splitters

Integrate patch antennas, power splitters, 

phase shifters, and amplifiers

Design of the basic (reciprocal) 

phased-array antenna

Desired transmission and 

reception radiation angles
Desired transmission and 

reception power amplification

Fig. 12. Design procedure of the transistor-based nonreciprocal-beam phased-
array antenna.

stability of the active nonreciprocal phase shifters, can be
programmed and controlled through a field-programmable gate
array (FPGA).

An important practical point is that the structure (power
dividers, and other components) should be designed in a way
to ensure that the required isolation between the transmission
and reception is achieved for a particular transmitted power
level and received power level. Otherwise, if the isolation of
the power dividers is not sufficient, part of the transmitted

power will leak to the reception path. Another critical point is
the noise figure of the array in the reception state. The noise
figure of each nonreciprocal phase shifter is equal to the noise
figure of one unilateral amplifier plus 3 dB noise figure of the
power divider and noise figure of reciprocal phase shifter. In
the fabricated prototype, the total noise figure is equal to 8.9
dB, including 3.07 dB for power divider, 4.76 dB for Gali2+
unilateral amplifier and 1.07 dB for reciprocal lumped element
phase shifter.

IV. CONCLUSIONS

We have presented a nonreciprocal-beam phased-array an-
tenna by taking advantage of unique properties of transistor-
based nonreciprocal phase shifters. The proposed antenna
exhibits different beams for transmission and reception states.
Different from the previously reported phased-array antennas,
the proposed phased-array antenna in this study provides
power amplification for both transmission and reception states,
which is desired in practical applications. The experimental
results show that more than 15 dB isolation between the
transmission and reception beams is achieved, and more than
5 dB power gain is achieved compared to the conventional
reciprocal phased-array antenna due to the power amplifi-
cation by unidirectional transistors. In addition, in contrast
to recently proposed time-modulated antennas, the proposed
nonreciprocal-beam phased-array antenna introduces no un-
desired time harmonics and unwanted frequency conversion,
and hence, is suitable for practical applications. The proposed
nonreciprocal-beam antenna is compatible with the integrated
circuit technology. Furthermore, the transmission and recep-
tion beam angles as well as the power amplification may be
tuned through the dc bias of the transistors and phase shifts of
the passive phase shifters. The proposed phased-array antenna
is highly efficient and is expected to find various military and
commercial applications. Furthermore, the efficiency of the
proposed antenna, e.g., the frequency bandwidth and size, may
be improved by using previously reported antenna and power
splitter engineering techniques [46]–[49].
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TABLE II
COMPARISON OF THE RECENTLY PROPOSED NONRECIPROCAL PHASED-ARRAY ANTENNAS AND METASURFACES.

Nonreciprocal
transistor-based

metasurface [13]

Nonreciprocal-
beam

time-modulated
metasurface [20]

Nonreciprocal-beam
time-modulated

antenna [9]

This work
(Nonreciprocal-beam

transistor-based
antenna)

Full-duplex
beam-steering
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and design of multifunctional space-time metasurfaces,” Phys. Rev.
Appl., vol. 13, no. 4, p. 044040, 2020.

[20] S. Taravati and G. V. Eleftheriades, “Full-duplex nonreciprocal beam
steering by time-modulated phase-gradient metasurfaces,” Phys. Rev.
Appl., vol. 14, no. 1, p. 014027, 2020.

[21] Y. Ra’di and A. Alù, “Nonreciprocal wavefront manipulation in synthet-
ically moving metagratings,” in Photonics, vol. 7, no. 2. Multidisci-
plinary Digital Publishing Institute, 2020, p. 28.

[22] S. Taravati and G. V. Eleftheriades, “Programmable nonreciprocal meta-
prism,” Sci. Rep., vol. 11, no. 1, pp. 1–12, 2021.

[23] B. Lax and K. J. Button, Microwave Ferrites and Ferrimagnetics. New
York: McGraw-Hill, 1962.

[24] T. Ueda, K. Horikawa, M. Akiyama, and M. Tsutsumi, “Nonreciprocal
phase-shift composite right/left handed transmission lines and their
application to leaky wave antennas.”

[25] T. Kodera and C. Caloz, “Uniform ferrite-loaded open waveguide
structure with CRLH response and its application to a novel backfire-

to-endfire leaky-wave antenna,” IEEE Trans. Microw. Theory Techn.,
vol. 57, no. 4, pp. 784–795, Apr. 2009.

[26] A. Parsa, T. Kodera, and C. Caloz, “Ferrite based non-reciprocal radome,
generalized scattering matrix analysis and experimental demonstration,”
IEEE Trans. Antennas Propagat., vol. 59, no. 3, pp. 810–817, 2011.

[27] G. Mannocchi, M. Amici, M. Del Marro, D. Di Giuliomaria, P. Farilla,
M. Macchiusi, and A. Suriani, “A l-band transmit/receive module for
satellite telecomunications,” in 2013 European Microwave Conference.
IEEE, 2013, pp. 951–954.

[28] A. E. Marston, “Conjugate pair feed system for antenna array,” Patent
US3 422 438A, 1965.

[29] R. Zang, C. Caloz, and Q. Zhang, “Relay multiplexing enhancement
using a nonreciprocal antenna array,” in 2015 International Symposium
on Antennas and Propagation (ISAP). IEEE, 2015, pp. 1–3.

[30] T. Guo, Q. Zhang, A. Kandwal, R. Wang, and Y. Chen, “Design of non-
reciprocal antenna array,” in 2017 International Workshop on Antenna
Technology: Small Antennas, Innovative Structures, and Applications
(iWAT). IEEE, 2017, pp. 312–315.

[31] S. Taravati, “Self-biased broadband magnet-free linear isolator based on
one-way space-time coherency,” Phys. Rev. B, vol. 96, no. 23, p. 235150,
Dec. 2017.

[32] D. Ramaccia, D. L. Sounas, A. Alù, A. Toscano, and F. Bilotti, “Doppler
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