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Abstract— A new type of nonreciprocal composite right/left-
handed leaky wave antenna (CRLH LWA) is introduced, which
incorporates a distributed mixer (DM) for simultaneous transmit
and receive. In this proposed design, the drain line of the DM
is formed by the CRLH LWA, while the gate line consists of a
conventional microstrip line. GaAs-based field-effect transistors
(FETs) are used as mixing elements within the microstrip line.
The local oscillator (LO) signal is injected through the input
port of the microstrip line, connected to the FET gates. In the
receive mode, the RF signal captured by the CRLH LWA on the
drain side propagates in the same direction as the LO signal.
Conversely, during the transmit mode, the RF signal is injected
from the composite right/left-handed (CRLH) drain line port
in the opposite direction to the LO signal. By leveraging the
principles of the DM, it is demonstrated both theoretically and
through measurements that the proposed CRLH DM exhibits a
directional dependency in its mixing behavior. This characteristic
allows for good isolation between the transmit and receive
modes for the intermediate frequency (IF) signal by selecting an
appropriate IF signal extracted from the other port of the CRLH
drain line. This directional dependency in RF-to-IF conversion,
which exhibits nonreciprocal property, provided by the CRLH
DM enables simultaneous transmission and reception of the
RF signal. The received information can be extracted from the
downconverted IF signal.

Index Terms— Composite right/left-handed-transmission lines
(CRLH TLs), distributed mixers (DMs), leaky wave antennas
(LWAs), nonreciprocal, simultaneous transmit and receive.

I. INTRODUCTION
ISTRIBUTED mixers (DMs) based on traveling wave
propagation along nonlinearly coupled transmission
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lines (TLs) offer the advantage of wideband mixing perfor-
mance, thanks to the nature of the distributed network [1],
[2]. This topology has been implemented in both comple-
mentary metal-oxide—semiconductor (CMOS) and monolithic
microwave integrated circuits (MMICs) for microwave and
millimeter-wave applications [3], [4]. On the other hand,
composite right/left-handed (CRLH) unit cells, which exhibit
properties such as negative phase velocity and propagation
constant, are used in designing antennas for various wireless
communication applications [5], [6], [7], [8]. In this regard,
CRLH TL-based distributed circuits are integrated into the
design of DMs to achieve novel functionalities, such as
dual-band mixing behavior and wideband image rejection
capability [9], [10], [11]. Furthermore, these CRLH TL-based
circuits can be implemented in distributed amplifiers for both
guided and radiated-wave applications, enabling the realization
of multiband amplifiers and active antennas [12], [13], [14],
[15], [16], [17], [18], [19].

Similar to the concept of DM, very recently, time-varying
TLs incorporating time modulation as an additional degree
of freedom for designing nonreciprocal components have
been proposed in [20] and [21], in which balanced TLs
are loaded with varactor diodes to realize time-modulated
capacitance along the TL. In this case, the RF signal
propagating in the same direction as the local oscillator
(LO) signal will result in a maximal intermediate frequency
(IF) downconversion, while the one traveling against the
LO direction will exhibit much less signal conversion gain.
Owing to the difference in the propagation directions of
the transmit and receive signals, the direction-dependent
conversion gain is leveraged to realize the signal isolation,
and consequently nonreciprocity is achieved. Nevertheless,
since three-port variable capacitors are either not available in
practice or not sensitive enough to achieve high-capacitance
modulation index, the time-varying TLs have been realized in
a double-balanced fashion which quadruples the number of
varactor diodes [20], [21]. Moreover, two pairs of differential
TLs are used to carry the carrier wave and the signal wave
separately, thereby increasing the design complexity.

While several nonreciprocal leaky wave antennas (LWAS)
based on magnetically biased ferrite materials have been
reported in the past decade [22], [23], [24], these ferrite-based
components have inherent disadvantages such as bulkiness,
heaviness, high cost, and limited compatibility with inte-
grated circuit technologies, particularly at higher operating
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Fig. 1. Proposed nonreciprocal CRLH metamaterial LWA based on DM.

frequencies. As a result, recent efforts have been focused
on developing nonreciprocal devices that do not rely on
magnetic materials. For instance, in [25], a mixer—duplexer—
antenna leaky wave system based on periodic space—time
modulation is proposed. Nevertheless, in this approach, the
signal is transmitted and received at the same carrier frequency,
necessitating a large antenna aperture to achieve adequate iso-
lation. Furthermore, due to the characteristics of conventional
LWAs, only a limited scanning angle in the forward region is
demonstrated.

To address these challenges, we present a new kind of non-
reciprocal CRLH LWA for simultaneous transmit and receive,
by leveraging the unique combination of CRLH LWA and
DM using field-effect transistors (FETs) as mixing elements,
as illustrated in Fig. 1. While we briefly introduce the basic
principle in our previous work [26], this article significantly
expands the theoretical analysis by deriving equations to
explain the isolation of the downconverted IF signal between
the transmit and receive modes. Moreover, to validate the
proposed nonreciprocal mixing property of the proposed LWA,
we conduct over-the-air (OTA) measurements in the receive
mode by illuminating the signal from various directions in
the far-field region of the CRLH LWA. In this case, the
IF signal from Port 2 is collected to obtain the isolation
between the transmit and receive modes. In addition, we con-
duct bit-error-rate (BER) measurements under both QPSK
and 16QAM modulation schemes to investigate simultaneous
transmit and receive operation in a real scenario. As depicted
in Fig. 1, CRLH unit cells are connected to the drain of the
FETs, while the LO signal is injected into the DM (Port 3)
through a microstrip TL (MSTL) connected to the gates. In the
receive mode, the RF signal received by the CRLH LWA
propagates along the drain line in the same direction as the
LO signal in the gate line. Conversely, in the transmit mode,
the RF signal is injected from the CRLH drain line (Port 1)
in the opposite direction to the LO signal in the gate line.
When a propagating wave travels through a nonreciprocal
medium, the interaction between the field and the system
depends on the direction in which the wave travels through the
medium. In the proposed design, the directional dependency
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Fig. 2. Proposed nonreciprocal CRLH metamaterial LWA based on DM.

in the mixing behavior results in significant isolation of the
downconverted IF signal at Port 2 between the transmit and
receive modes, thereby enabling simultaneous transmission
and reception. This will be demonstrated through our analysis
and measurements, as shown in Sections II-IV.

II. OPERATING PRINCIPLES
A. Isolation Performance of DM-Based CRLH-LWA

The conventional DMs typically use two MSTLs connected
to mixing components such as diodes or transistors to form
frequency conversion [1]. In contrast to the conventional DMs
where both RF and LO are injected to the gate side of an FET,
in our proposed scheme shown in Fig. 2, the LO is injected
from the gate, whereas the RF signal is injected from the drain
CRLH TL in the transmit mode and is received by the LWA
located in the drain side in the receive mode. When the signal
is received by the CRLH LWA cells, it propagates toward
Port 1, which is similar to the case where the RF signal is
injected into Port 2. According to the method provided in [1]
based on distributed mixing principle, the reverse conversion
gain (Gyey) With respect to Port 2 can be calculated in terms of
g1 (conversion transconductance), Z,, (drain line impedance),
Bg (gate line wavenumber), B, (drain line wavenumber), and
N (number of CRLH unit cells with a length of p) as follows:

Pr(Port 2)  g? sin 2% |?
Grov = ———— = = Zna(fiF) Zna(fre)|———| (1)
PR 16 sin Z-
where in the transmit mode
0, = |Ba(frr) + Be (fLo)| + Ba(fir) 2)
and in the receive mode
0, = |Ba(frr) — Be(fLo)| + Ba(fiF). (3)

From (1) and (3), the maximum reverse conversion gain
G,y 1s obtained when 6, = 0 in the receive mode at Port 2,
as shown in Fig. 1. It can be seen that Gy, exhibits a sinc>-type
behavior. Therefore, by ensuring that 6, = 0 in the receive
mode and 6, # 0 in the transmit mode (except when RF
is around the center frequency where B;(frr) ~ 0), we can
anticipate good isolation.

An equivalent circuit model of a symmetric CRLH unit cell
is shown in Fig. 3 including an RH inductance L in series

Authorized licensed use limited to: Rutgers University Libraries. Downloaded on September 30,2024 at 16:20:20 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

VOSOUGHITABAR et al.: NONRECIPROCAL CRLH FULL-DUPLEX METAMATERIAL LWA 3

2, Lg/2 Lg/2 2¢,

Fig. 3. Equivalent circuit model of a CRLH unit cell.
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Fig. 4. Dispersion diagram of CRLH unit cell (drain), microstrip line (gate),
and air line.

with an LH capacitance C; and an RH capacitance Cg in
parallel with an LH inductance L. The propagation constant
By is calculated according to the dispersion diagram of an
ideal CRLH TL with the unit cell length p using the following
formula [27]:

s(w) 1 LrCp + L Cg

= 2LgC - 4
p= p VR i w?LCy L.Cp @
where
L . ( 1 1 )
—1, if ® < min ,
~LrCp /L C
() = rRCL LCR )

1 1

1 if w > max .

’ (\/LRCL’ vLLCR)
Initially, the goal is to design a balanced CRLH unit cell with
Cr = C, =2pF,Lg = L, = 5.4 nH to have a center
frequency of 1.55 GHz shown in Fig. 4. However, when the
active part is loaded, we anticipate an increase in Cg due to the
drain-to-source capacitor of the FETs. Therefore, to obtain a
better estimation of 8, in the fabricated prototype, we consider
Cr to be 2.5 pF.

Fig. 5 depicts the normalized IF power at Port 2 in the
transmit and receive modes based on (1) for RF = 2 GHz.
As can be observed, when LO is around 3 GHz, not only the
IF power reaches its maximum at Port 2 but also the isolation
more than 10 dB can be clearly seen between the transmit and
receive modes as shown in Fig. 5. While we only illustrate the
isolation at RF = 2 GHz, it is observed that good isolation can
be achieved across all the RF signals in the fast wave region
by adjusting the LO signal to obtain an IF ranging from 0.9 to
1.1 GHz.

In practical scenarios, the CRLH LWA on the drain line
receives the RF signal, while the large LO signal modulates

----- Normalized IF power at port 2-Receive mode
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Fig. 5. Normalized IF power at Port 2 in receive and transmit modes
calculated based on (1) and their difference (Isolation) when RF = 2 GHz.

the drain capacitor of the FETs. The mixing of these signals
generates the IF signal, which propagates along the drain line
and delivers IF power at both the ends. For the transmit mode,
the downconverted IF generated at the ith unit cell (the first
unit cell from the right side is considered as i = 1) can be
written as

‘/iTX(t) — ‘/ZLO(I) * ‘/ZRF(I)

= cos((we — wrp)t — p(iB,(fLo) — (N —i)Ba(frr)))

(6)
V(1) = cos(wct — ipB,(fi0)) )
VRE(t) = cos(wrpt — (N — i) pBa(frF)) (8)

where Vl.LO (t) and ViRF(t) are the LO and RF signals reaching
at the ith unit cell, respectively. w, is the LO frequency,
wgr 1s the RF frequency, B,(fLo) is the propagation constant
of gate line at the LO frequency, in which the gate line
is a nondispersive microstrip line, B;(frr) is the drain line
propagation constant at the RF frequency, N is the number of
cells, and p is the CRLH unit cell length.

The total modulated signal arriving at the right end (Port 2)
is given by

N
nght(t) - Z VTX(

"

Z s((we — wrp)t

— p(iBe(fio) — (N — i)Ba( fr)
+ iBa(fir)))- ©))

For simplicity, the mixing gain is assumed to be unity
as the absolute value of conversion gain/loss is irrelevant to
the directional isolation performance. In the receive mode,
supposing that the RF signal is illuminated to the antenna at
the main beam angle, each unit cell receives the RF signal,
traveling toward the Port 1. After the reception of the signal
by the nth CRLH unit cell, the generated downconverted IF

lPﬁd(fIF))

— WRF
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at the ith unit cell can be written as
‘/in(t) — ‘/ILO([) * ‘/IRF(I)
= acos((w.—wrp)t —p(iBy(fLo)— (i — n)Ba(frr))

— @), fori=n, n+1,...,N (10)

where
V(1) = cos(wet — ipBy(fLo)) (11)
VRE(t) = beos(wrpt — (i — 1) Ba(frr) + @n) (12)
op = (N — n)i—:P -sinfy = (N —n)pBq(fre) (13)
0o = arcsin(ﬂd(J;RF)) (14)

with i > n, since the signal received by the nth unit cell will
travel to the left side (Port 1). b is the amplitude of the received
signal by each CRLH unit cell. The modulated signal arriving
at the right end (Port 2) is given by

Vn}i)l({ight(t)
_ ﬁ: R (; _ iP,Bd(fIF))
— We — ORF
N
= D beos((@e — wrp)t = p(iy(fio) = (i = mBulfrr)

+iBa(fir)) —@n). (15

Therefore, the total modulated signal arriving at the right
end when all the unit cells receive the RF signal simultane-
ously can be written as

Vitighi ()

N
= 2 VnR_)l(Qight (t)

n=1

N N
= Z:Z:bcos((wC — wrp)t — p(iB(fLo) — (i —n)Ba(fre)
n=1 i=n

+iBy(fir) —¢n). (16

For simplicity, in the rest of derivations, only the positive
frequency terms will be considered without loss of generality.
The isolation between the transmit mode and the receive mode
with respect to the downconverted IF at Port 2 can thus be
defined as follows:

Isolation
b ZN | ZN ej((_p(iﬂg(fLO)_(i—n)ﬂd(fkp)-i,—iﬁd(fu:))_(pn))
n= i=n
SN e P (Belio)=WN=Dhi(frue) +iba(fi0))

a7
Substituting (13) into the above expression and considering
le/?] = 1, yield
Isolation
be—IPNBa(fre) ZN IZN e~ IPi (Be(fL0)—Ba(frp)+Ba(fir))
n—= =n

eJPNBa(frr) Z,N: X o= IPi (Bs(fLo)+Ba(frr)+Ba(fir))
(18)
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Using the formula for a geometric sequence, we have

1 N+1 2 N+1 N N+1
r —r re—r rV —r
b( + + 1t )

1—r 1—r 1—r

Isolation = — (19)
1-m
where
r = e*jp(ﬂg(fLo)*ﬁd(fRF)ﬂf}d(le)) (20)
m = e—jp(ﬂg(fLo)+ﬂd(fRF)+ﬂd(ﬁF))_ (1)
Then we have
(=) NN (=) _N#N
b( = 1—r b 1ﬂl—r
Isolation = —— = — . (22
1-m 1-m
Finally, we obtain
sin (B2 _y, Slpteie
sin(pg—")
sin(%)
Isolation = b (23)
sin( N’z’g’ )
sin(%)
where
0, = |Bs(fLo) — Ba(fre)| + Ba(fir) (24)
0 = | B¢ (fLo) + Ba(frp)| + Ba(fir)- (25)

Moreover, if we need to use the calculated isolation formula
for the Left-handed region of CRLH LWA with RF greater than
LO, it is necessary to use absolute values in (24) and (25).
For the fair comparison of the IF power at Port 2 between
the transmit and receive modes, i.e., for isolation calculation,
we suppose that the power received by the CRLH LWA is
equal to the injected power in the transmit mode, and therefore
we take b = 1/N. For simplicity, we ignore the loss of the
signal during propagation along the drain line and the leakage
from the radiation. Since such loss exists in both the transmit
and receive modes, it will not have considerable effect in
the isolation calculation. It is noted that good isolation can
be obtained where the numerator becomes maximum or the
denominator becomes minimum in (23). Since it is desired to
obtain maximum IF power at Port 2 in the receive mode, the
objective here is to obtain good isolation where the numerator
of (23) becomes maximum. Besides, we should operate RF
in the fast wave region, whereas LO and IF should be in the
guided wave region of the CRLH LWA to avoid leakage at
these frequencies. For example, if we choose RF = 1.9 GHz
and sweep LO from 2.4 to 3.1 GHz to have LO and IF in the
guided wave region, the normalized IF power in the receive
and transmit modes, i.e., the numerator and denominator
of (23), and the calculated isolation can be obtained as shown
in Fig. 6. Fig. 7 depicts the results for RF = 1.3 GHz which is
in the left-handed region. When RF is 1.9 GHz, it can be seen
that the maximum of IF power at Port 2 in the receive mode
occurs when LO = 2.8 GHz. In addition, the minimum amount
of IF power at this port in the transmit mode with LO =
2.8 GHz is obtained as well. On the other hand, when RF is
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Fig. 6. Normalized IF power in the receive and transmit modes and calculated
isolation based on (23) when RF = 1.9 GHz.

1.3 GHz (left-handed region), good isolation can be observed
when LO = 0.4 GHz. By investigating the isolation versus
LO frequency for various RF frequencies in the fast wave
region, we noticed that when we take IF = 0.9 GHz, a good
isolation can be obtained in all the RF frequencies in the right-
and left-handed regions. However, for RF frequencies in the
right-handed region, by choosing IF = 1 and 1.1 GHz, good
isolation can still be achieved. We need to clarify that for the
RF in the right-handed region, 1.5 GHz < RF < 2.4 GHz,
we take IF = LO — RF, and for the RF in the left-handed
region, 1.2 GHz < RF < 1.5 GHz, we have IF = RF — LO.

The generated upconverted IF for RF frequencies in the RH
region is greater than the cutoff frequency ( f¢) of the balanced
CRLH transmission line which can be calculated according

to [27] as follows:
fr
= 1 —_
fe=frl 1+, o

(26)
where
1
- 2
= i @D
1
fr= (28)

27'[/\/LRCR.

In our case, based on the aforementioned unit cell parameters,
the estimated cutoff frequency will be around 3.6 GHz.
As such, the generated upconverted IF cannot propagate in
the CRLH TL and will be suppressed.

B. Simulated Linearity Performance of DM

To analyze linearity performance, we inject the RF into
Port 2 while in the receive mode, to extract information from
the IF signal at this port. Initially, we plot the IF power at
Port 2 by varying the RF input. Subsequently, a two-tone RF
input is introduced, with fio — 2frrp1 — frr2) and fio —
(2 frr2 — frr1) at Port 2 considered as IM3 components. The
results are displayed in Fig. 8, where the interception point is

----- Normalized IF power at port 2-Receive mode
= =Normalized IF power at port 2-Transmit mode
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Fig. 7. Normalized IF power in the receive and transmit modes and calculated
isolation based on (23) when RF = 1.3 GHz.
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Fig. 8. Simulated linearity performance of the prototype.

identified at 16 dBm. Therefore, the structure exhibits linear
behavior when the received signal power is below 5 dBm.
In this simulation, the LO power is set to 10 dBm, the RF
frequency to 2.1 GHz, and the LO frequency to 3.1 GHz. The
two tones used are 2.099 and 2.101 GHz. This approach allows
for the generation of similar plots for other RF frequencies as
well.

III. DESIGN AND FABRICATION
A. Unit Cell Design

Interdigital capacitors and shunt stub inductors are used
for microstrip implementation of CRLH LWA on the drain
line [27]. The center frequency of the balanced unit cell is
designed to be 1.55 GHz. Intersection between the air line and
dispersion diagram of CRLH unit cell determines the fast wave
region which is from 1.3 to 2.3 GHz and can be seen in Fig. 4.
Due to the drain—source capacitance of FETs (Cys), a slight
center frequency shift and band gap are expected after loading
the active part. The injected RF signal will be in the fast wave
region, whereas the LO and downconverted IF signal should
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Fig. 9. Simulated gain of six cells CRLH LWA before loading active part
in XZ cut.

be in the guided wave region to avoid leakage radiation of LO
and IF. The LO signal is injected from the gate line which
is a microstrip line. The dispersion curve of a nondispersive
microstrip line by considering the dielectric constant of the
substrate is also shown in Fig. 4, for comparison.

B. CRLH DM Prototype

Six cells are connected in a cascade fashion to create
an LWA. Fig. 9 presents the simulated radiation pattern of
CRLH LWA prior to incorporating the active components, and
frequency scanning property can be seen from this figure.

The simulation results indicate that the radiation efficiency
of the LWA is approximately 30%, which is attributed to the
limited number of cells and resistive mixing. It is noted that
our aim in this study is to demonstrate the proof-of-concept
for nonreciprocity using a CRLH LWA with DM; as a result,
we construct a prototype comprising only six cells, sufficient
to exhibit such property.

Fig. 10, shows the fabricated prototype. It was fabricated
on an RT/duroid 5870 substrate (¢, = 2.33, h = 1.57 mm).
The prototype consists of six CRLH cells in drain line of
NE3509M04 transistors which are used as mixing elements.
The drain is biased from the end of each shunt stub of CRLH
unit cell connected to a 100-pF capacitance with Vpg = 0.08 V
and Vgs = —0.2 V to make the FETs work as a resistive mixer.
The FETs are stabilized by putting two resistors in their gates.
The drain sides are connected to the CRLH unit cells, and the
gates are connected to a microstrip line to create a path for
LO propagation.

Based on the specifications in the datasheet of the used
transistor and our measurements, when under the given bias
conditions, the drain current Ip is 2 mA. As a result, the dc
power consumption calculates to 6Vplp = 0.96 mw. This
amount is considered minimal due to the bias point necessary
for resistive mixing [28].

IV. EXPERIMENTAL RESULTS
A. Radiation Pattern, Isolation, and Noise Figure

First, we measure the radiation pattern of CRLH LWA after
loading the mixing components to validate the beam scanning
property. The normalized radiation pattern is plotted in Fig. 11.
One can see the frequency-scanning capability by increasing
the frequency in the fast wave region. The center frequency

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

ing Capacitors

50 Ohm#

Terminal Input LO

i

Fig. 10. Fabricated prototype of the proposed nonreciprocal CRLH meta-
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Fig. 11. Measured normalized radiation pattern of LWA after loading the
active part in XZ cut.

has been shifted a bit after loading the active part. As a result,
the fast wave region is from 1.2 to 2.2 GHz.

Considering the real scenario, in the receive mode, the RF
power is illuminated to the DM-based CRLH LWA structure
through a horn antenna. According to the Friis transmis-
sion formula, by taking into account the gains of the horn
antenna and our LWA at different frequencies, and the distance
between them equal to the minimum possible distance such
that the antenna operates in the far-field region, the maximum
power can be received by the prototype is around —30 dBm.
Therefore, to have a fair calculation for isolation, we inject
—30 dBm from Port 1 in the transmit mode with an LO power
equal to 8 dBm. The isolation is calculated as follows:

Isolation(dB) = Pr_receice Mode at Port 2(dBm)
(29)

—P IF—Transmit Mode at Port Z(dBm)

Fig. 12 depicts the measured conversion loss when IF =
1 GHz. Besides, the simulation results are plotted while the RF
power is injected into Port 2. For IF = 0.9 and 1.1 GHz, con-
version loss changes between 6 and 12 dB. Fig. 13 illustrates
the results of the calculated [based on (23)] and measured
isolation for IF = 0.9 and 1.1 GHz, where the measurement
setup for the receive mode is shown in Fig. 14. The small
center frequency shift has been considered in the dispersion
diagram of CRLH unit cell for the calculation of isolation.
The results shown in Fig. 13 verify the good isolation when
IF is 0.9 GHz or 1.1 GHz. As can be seen in Figs. 6 and 7,
the IF power in the transmit mode shows sharp resonances,
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Fig. 12. Simulated and measured conversion losses when IF = 1 GHz.
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Fig. 13. Calculated and measured isolation.

in which a little shift from these resonant frequencies will
lead to difference in the isolation. In practice, it is more likely
that in the fabricated prototype, the resonant frequencies are
not exactly where we expect based on the calculation which
may be the reason for the difference between the calculated
and measured isolation.

Fig. 15 illustrates the simulated and measured noise figures
of the mixer in the receive mode. Since simulating or measur-
ing the noise figure is not feasible when the signal illuminates
the DM in the receive mode, the results are obtained by
injecting the signal into Port 2, which is also considered as
the output port. The measurement setup is depicted in Fig. 16.
Given the conversion loss shown in Fig. 12 for a resistive FET
mixer, the plotted results for the noise figure are anticipated.
On the other hand, active mixing can be leveraged to further
reduce the noise figure.

B. Simultaneous Transmit and Receive Operation

To showcase the concurrent capabilities of transmission
and reception, a measurement setup involving three universal
software radio peripherals (USRPs) is conducted, as illustrated
in Figs. 17 and 18. The setup uses GNU Radio software to
enact the IEEE 802.11 standard for transmitting and receiving
orthogonal frequency-division multiplexing (OFDM) packets
with both QPSK and 16QAM modulation schemes. A single-
frequency LO signal is fed into Port 3 of the fabricated DM,
while an OFDM signal functioning as the RF with a center
frequency of 1.3 GHz and 64 subcarriers is injected to Port
1 through USRP 1 as the transmitted signal. Concurrently,

Fabricated Prototype|

‘ 1‘\>
=7
\ :' ,
BiasEiRG

Fig. 14. Measurement setup for the receive mode.
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Fig. 15. Simulated and measured noise figures when IF = 1 GHz.
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Fig. 16. Noise figure measurement setup.

USRP 2 generates another OFDM signal, which is then
broadcast to the prototype using a horn antenna. USRP 3,
linked to Port 2 of the DM, captures information at an IF
signal. Considering that the antenna receives power at approx-
imately —25 dBm at the RF frequency in the reception mode,
the same —25 dBm is injected into Port 1 for the transmission
mode. Moreover, we adjust the LO frequency, as depicted in
Fig. 19, to determine the frequency at which the IF power
significantly decreases in the transmit mode. It is observed
that there is a shift in the anticipated null point frequency
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Fig. 18.  Simultaneous transmit and receive measurement setup in the
anechoic chamber.

based on the simulation results. Considering this, we choose
LO = 0.35 GHz to achieve the optimal isolation. Figs. 20
and 21 display the constellation maps of the demodulated sig-
nal at the IF frequency, extracted from Port 2. In Fig. 20, where
QPSK modulation is leveraged, the error vector magnitude
(EVM,ps) is calculated as 0.28, and for Fig. 21 with 16QAM
modulation, its EVM,,, is 0.20. It is noted that EVM, is
calculated using the following formula [29]:

%ZT:I(‘IZ - IO,t’2 +|0: - Qo,z|2)
3 ot ([fon[* + 1Qonl?)

where I; and Iy, stand for the normalized in-phase voltages
for the measured symbols and ideal transmitted symbols
in the constellation, respectively. Moreover, Q, and Q,
represent the normalized quadrature voltages for the measured
symbols and ideal transmitted symbols in the constellation,
respectively. M denotes the number of unique symbols in the
constellation and 7 denotes the total number of symbols in
the constellation (typically 7 > M).

In addition, by comparing the bits of the received packets
through USRP 3 with the sent bits through USRP 2, BER
can be calculated. With a set illuminated RF power, we vary
the injected power in the transmit mode and measure the BER,
as shown in Fig. 22. When the power received by the prototype
closely matches the transmitted power level, a satisfactory
BER is maintained for both the modulation schemes. This
allows for effective data extraction from Port 2 of the DM
at the IF frequency. Furthermore, at a fixed RF frequency,

EVM;ns =

30)
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Fig. 19. Normalized IF power at Port 2 when RF = 1.3 GHz.
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Fig. 20. Constellation map of the received signal with QPSK modulation

when RF = 1.3 GHz and LO = 0.35 GHz.
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Fig. 21. Constellation map of the received signal with 16QAM modulation
when RF = 1.3 GHz and LO = 0.35 GHz.

by fine-tuning the LO frequency to align with the precise
null point, an acceptable BER can be achieved using QPSK
modulation, even when the transmitted RF power exceeds the
received RF power at the prototype by 10 dB. Moreover, it is
evident that QPSK modulation offers superior transmission
reliability, although at the cost of lower spectral efficiency
compared with 16QAM modulation. To enhance the BER for
a robust system, one can use high modulation grades with
increased number of redundant bits which enable recovering
the original information. Besides, the illuminated power needs
to be increased to ensure greater isolation.
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TABLE I
COMPARISON OF THE PROPOSED FULL-DUPLEX ANTENNA WITH RELATED WORKS

Ref. Size ()\g) Frequency (GHz) | Mixing | Isolation(dB) | OTA BER* measurement
[30] 2.67 x 0.40 x 0.02 5.85 - 6.1 No 17 No

[31] 11.7 x 11.7 x 0.3 27.6 — 29.5 No 55 No

[32] 0.25 x 0.25 x 0.04 2.4 - 2.52 No 25 No

[33] 0.45 x 0.20 x 0.04 3.4-38 No 45 No

[34] 0.37 x 0.37 x 0.08 0.912 - 0.934 No 30 No

[25] 1.5 x 0.4 x 0.02 1.88 - 2 Yes 30 No

This 0.65 x 0.31 x 0.01 1.3-22 Yes 22 Yes

work

* Over-the-air bit-error-rate

—e—QPSK (LO=0.38 GHz)
—6—QPSK (LO=0.35 GHz) —a
16QAM (LO=0.35 GHz)

-25 -20 -15 -10 -5
Transmitted power(dBm)

Fig. 22. Measured BER result for a fixed illuminated power while sweeping
the injected power at Port 1 (transmitted power).

Our proposed antenna uses mixing to achieve full-duplex
functionality, setting it apart from traditional full-duplex anten-
nas. A comparison of our design with other documented
efforts in the field is shown in Table I. Notably, despite its
comparatively short length, the proposed design effectively
ensures sufficient isolation for full-duplex operations. In addi-
tion, we explore the capability for simultaneous transmission
and reception by performing OTA BER measurements.

V. CONCLUSION

This study presents a CRLH nonreciprocal LWA, designed
based on the distributed mixing principle for concurrent trans-
mission and reception. The LO signal, fed through the gate
line, combines with the RF signal in the fast wave region of
the CRLH LWA. This combination yields a downconverted
IF at the reverse port, displaying variable conversion gains
for both transmitting and receiving. Notably, at certain IF
frequencies, the reverse port on the drain line achieves signifi-
cant isolation due to CRLH DM’s direction-dependent mixing
characteristic. This design enhances the extraction of data from
the downconverted IF signal in the reception mode. A six-cell
prototype of this system has been developed, demonstrating
effective isolation at selected IF frequencies, corroborating our
theoretical analysis that links isolation with the downconverted
IF signal in the proposed CRLH DM.
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