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This paper presents an efficient decoupling network using a single directional coupler and transmission lines for closely spaced Tx/
Rx antennas in single polarized radar applications. The isolation between both antennas can be enhanced by controlling the phase
of the Tx leakage signal and the coupling coeflicient of the directional coupler. Its structure provides no loss of Tx/Rx paths
excepting minute loss due to the coupling of the directional coupler. The Tx leakage is more insensitive to the antenna impedance
variation compared with a conventional monostatic system. The design process is as follows: First, closely separated Tx/Rx
antennas were designed and their isolation (I,) was extracted. Second, the directional coupler was designed with its coupling
coeflicient = [I,]. Finally, both were connected by transmission lines, of which phases were adjusted for the coupled and antenna-
isolated signals with 180° phase difference. The Tx/Rx antennas without and with the decoupling network have 15-dB bandwidths
of 23.98-24.43/23.98-24.50 GHz and 23.80-24.36/23.80-24.45 GHz, respectively. Gains of 8.17/8.39 and 8.72/8.73 dBi and ef-
ficiencies of 60.56%/60.77% and 63.0%/61.8% in the Tx/Rx antennas without and with the decoupling network were achieved at
24.1 GHz, respectively. The dimension of the proposed antenna is 1.6219x 2.0919x 0.02041,. The K-band antennas show a good

Tx-Rx isolation of 29.3-67.9 dB which was superior at least 9 dB to the conventional antennas.

1. Introduction

Short-range radars using microwave technology have been
widely applied in various applications such as speed/motion
detection, automotive sensors, healthcare monitoring, and
collision avoidance [1-5]. Frequency modulated continuous
wave (FMCW) and Doppler radars are actively studied since
continuous wave (CW) radars are beneficial to compactness
and cost-effectiveness [5]. In receivers with asymmetric
structure using an unbalanced LO signal, the LO self-mixing
results in relatively large DC offsets in a baseband. In radar
transceivers, since the output of an oscillator shares the LO
and the Tx signals, the LO leakage signal causing the LO self-
mixing can be represented as the Tx leakage signal. Also,
since the frequencies of Tx and Rx signals are generally or
occasionally close, the frequency of the baseband is close to

DC. The DC offsets due to the Tx leakage signal is an in-
terference signal to the desired signal and degrades the radar
receiver sensitivity. To enhance the radar receiver sensitivity,
the Tx leakage signal should be mitigated. Because it is hard
to use a duplexer for splitting Tx and Rx signals, which are
close, the Tx-Rx isolation of the Tx/Rx antennas plays a key
role in the radar receiver sensitivity.

Various radar transceiver architectures have been ex-
plored to improve Tx-Rx isolation. Compared with bistatic
architecture, a monostatic system using a single Tx/Rx
antenna has smaller circuit size but lower Tx-Rx isolation. To
suppress the leakage signal from Tx to Rx in the monostatic
system using a single antenna, an additional duplexing
network such as a quadrature hybrid, circulator, or di-
rectional coupler is required. In the bistatic system using
a single Tx/Rx antenna pair, sufficient spacing between Tx
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and Rx antennas is required for the reduction of the Tx
leakage. Figures 1(a) to 1(d) show, respectively, the four
conventional approaches to reduce the Tx leakage signal [5].

Methods with the quadrature hybrid uses power split
port and isolation port for antenna feed and leakage sup-
pression, respectively. Techniques with the circulator make
use of its directionality of the power flow. Schemes with the
directional coupler uses the through port, coupled port, and
isolation port for antenna feed, signal receive, and leakage
suppression. The directional coupler or hybrid coupler
undergoes the loss of the wanted signal by 3 dB power splits
in the Tx and Rx paths or coupling in the Rx path, re-
spectively. Moreover, in aforementioned schemes for the
monostatic systems, the receiver remains exposed to a sig-
nificant Tx leakage signal due to the reflection from antenna
on the Tx path and the intrinsic isolation performance of
components such as quadrature hybrids, circulators, and
directional couplers [5]. Commercially available hybrid
couplers, directional couplers, or circulators typically pro-
vide the isolation of approximately 25dB when well-
matched [5]. In monostatic systems with the antenna that
is not well-matched, the Tx leakage increases, which ad-
versely affects the receiver sensitivity. Various monostatic
systems using a single antenna have been studied for the
reduction of Tx leakage: balanced topologies [6, 7], quad-
rature topologies [8, 9], and configurations using a di-
rectional coupler [10-12]. Methods to reduce the Tx leakage
considering antenna impedance variation have been in-
troduced in references [10, 11].

Bistatic architecture shown in Figure 1(d) is not suitable
for compact radar module since both antennas should be
separated from each other for sufficient isolation. Various
other approaches for high Tx-Rx antenna isolation have
been introduced for Tx/Rx antenna pair geometry [13]:
decoupling networks [14-17], parasitic elements [18, 19],
defected ground structures [20, 21], and neutralization lines
[22, 23]. Among them, schemes using the decoupling net-
work for Tx leakage cancelation have been proposed, of
which decoupling networks are two directional couplers,
strip monopole, and suspended transmission line shorted to
the ground plane with capacitor [14-17].

In this work, Tx/Rx antennas with horizontal polariza-
tions for K-band automotive radar sensors, which have been
widely used in advanced driver assistance [24], have been
investigated. Power losses in the Tx and Rx paths degrade the
power level of the wanted signal. Poor Tx-Rx isolation in-
creases the interference of the DC offset. The bistatic ar-
chitecture, which has no power losses in the Tx and Rx paths
and sufficiently high Tx-Rx isolation, is suitable for higher
receiver sensitivity. The neutralization-line technique is
useful for simple geometry and compactness. The
neutralization-line technique cannot be realized on the
microwave substrate, since the characteristic impedance of
216 Q corresponds to the microstrip line width of 1 ym on
the microwave substrate RO4350B with a thickness of 10 mil
and a relative dielectric constant ¢, of 3.48 as well as the
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required characteristic impedance of the neutralization line
is 500 Q for the designed Tx and Rx antennas operating in
the frequency range of 24 to 24.25 GHz allocated for the K-
band radar operation. In this paper, authors propose a new
compact approach, a simple and eflicient decoupling net-
work adopting a sole directional coupler for closely spaced
Tx/Rx antennas in single polarized automotive sensors with
transmission and reception of horizontally polarized electric
fields. The horizontal polarization is adopted for automotive
radar target detection since the horizontally polarized
backscattering coefficients are smaller than the vertically
polarized backscattering coefficients for dry and wet asphalts
at large incidence angels of 25° to 80" at 24 GHz [25]. The
proposed decoupling network is a simple structure, occupies
small circuit size, and has easy implementation, which is
realized by adjusting the phase of the Tx leakage signal and
the coupling coeflicient of the directional coupler. The
operation of the decoupling network adopting the di-
rectional coupler is explained using the S-parameters of the
directional coupler and Tx/Rx antennas. The effect of the
antenna impedance on the Tx leakage is analyzed. The
suppressed Tx leakage is more insensitive to the antenna
impedance variation compared with the conventional
monostatic system using the quadrature hybrid, circulator,
or directional coupler.

2. Proposed Decoupling Network Design

2.1. Theory. The schematic of Tx/Rx antennas with the di-
rectional coupler is shown in Figure 2. The Tx signal is
induced at port 1 and the signal leaks to the Rx path at port 4.
The Tx-Rx isolation, the power ratio of the Tx leakage
signal to the Tx input signal can be expressed in terms of the
scattering parameters. The S-parameter matrices of the di-
rectional coupler and Tx/Rx antennas are as follows:

roT I Cj
8 TO0CI N
N = >
coupler ICOT
LC I T 0]
[Ty, I
[S]antennas = | I:a rRia | : (2)

The through, coupling, and isolation of the coupler are
denoted as T', C, and I, respectively. For simplicity, the perfect
matched conditions and symmetric and reciprocal properties
are applied in equation (1). The reflection coefficients of Tx
and Rx antennas and coupling between two antennas are
denoted as I'r,,, I'py» and I, in equation (2), respectively.
When the coupler is connected to antennas at ports 2 and 3 as
shown in Figure 2, the reflected waves at ports 1, 2, 3, and 4,
b1, by, bs, and by, are represented in terms of S-parameters of
the coupler and antennas, and the incident waves at ports 1, 2,
3, and 4, a,, a5, as, and ay, are as follows:
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FIGURE 2: Schematic of Tx/Rx antennas with single directional coupler.

by 0T 1ICIq[a, Substituting equation (4) into equation (3), the reflected
waves, by and by, can be expressed by the incident waves, a;

b, _ ToCTIa, , (3) and a, as follows:

b, I CO0Tl|a,

byl LC I T 0llLa,

b2 ] _ l_‘Txa Ia 1 a, (4)

b3 J Ia l—‘Rxa 1La;3 .

1 I(Tp T + Tpod?) + 2T T T1
bl — > rTxaTz + rquIZ + ZIaTI : a( Txa Rxa ) Txa™ Rxa C
1- IaC - I‘TxarRxaC /(1 - Iac) 1- Iac
1 Tro Tp (T2 +1%) + (T, + T VLTI
°a, + C+ > Ia(TZ +12) + (rTxa + FRxa)TI + Txa Rxa( ) ( Txa Rxa) a C .a,
1—IaC—FTxaFRxaC/(1—IuC) 1-1,C
(5)
1 Tl o (T2 + ) + (Tpyy + Tpog ) I TI
b,=|C+ - I“(T2 +12) + (Cpa + Trea)TT + Txa qu( ) (7o *+ Ciaa) oC
1-1,C-Tr,,IrC /(I—IaC) 1-1,C

1
1- IaC - rTxarRxaCZ/(l - IuC)

a, +

I (Tp, T* +Tp I?) + 20 Tp TI
{rRxaTZ + Ty 12+ 21, TI + oo Im I)C fa Ra” ", }'a4,
“1a

(6)



An equation related to Tx-Rx isolation can be derived
from equation (6) as follows:

1
C+ 5
1-1,C-Tp TrC/

b, =

Next, three terms in equation (7) are assumed as follows:

2
1—IaC—M’~?1, (8)
1-1,C
1,I° =0, )
2 2
I1Txarqu(T +1 )+ (rTxa + l_‘Rxa)IaTI .C=0 (10)

1-1,C

A simplified equation related to the Tx-Rx isolation can
be derived from equations (7)-(10) as follows:

by = [CH+{I,T? + (T4 + Treo) TT}H - ay. (11)

To simplify equation (11), let (T, + [g.,)T1, which is,
the Tx leakage related to the antenna impedance variations is
0, then C satistying the cancelation of the Tx leakage is as

follows:
272
Czl—\/1+41a T ~ T2 e, (12)

21

a

where C and T in the intrinsic directional coupler are
expressed mathematically in the form of |C|e/® and |T|e/ ™2,
respectively, considering both the phases. Here, the coupling
of the directional coupler, C, has no value satisfying equation
(12) except antenna coupling, I, with phase of 2nm. To make
the phase of I, be 2n7, the directional coupler and antennas
should be adjoined by additional two transmission lines with
the characteristic impedance of 50 Q) and electrical length of
Or;, as shown in Figure 3. Assuming |T| = 1, C for Tx-Rx
leakage cancelation is expressed as follows:

C = |1,] = |1,]e/ Corr+dre), (13)

With 20;; + 0;, = 2nm, the isolation of the Tx and Rx
antennas including the additional two transmission lines can
be represented as follows:

Ia,m _ :;a:ej (26,,+65,) (14)
=1,

Then, the antenna isolation term, I, in equations
(7)-(10) can be substituted to |I,,|. The Tx leakage levels with
the reflection coefficients of 15, 20, 25, and 30 dB against the
phase of the delay line from equation (7) is depicted in
Figure 4, assuming that the phase of the antenna coupling,
0), is set to 360°. As expected by equation (13), each Tx
leakage level is lowest for each return loss with the delay line

L(T? + 1) + (T + Tpya)TT +
(1 _ IaC) { u( ) ( Txa qu)
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1—‘TxurRxa(Tz + 12) + (rTxa + rRxa)IaTI.
1-1,C

C}»]ml. (7)

phase of around 360°. Previously, equation (7) is simplified
to equation (11), assuming equations (8)-(10). Figures 5(a)
and 5(b) depict the Tx leakage levels against the antenna
coupling and return loss of the Tx and Rx antennas with
I-C=10dB from equations (7) and (11), respectively.
Figures 6(a) and 6(b) show the Tx leakage levels with I - C =
15dB from equations (7) and (11), respectively. From
equations (7) and (11), both Tx leakage levels with I - C =
10dB are better with higher return loss and antenna cou-
pling, but the Tx leakage from equation (7) is more sensitive
to the antenna coupling and insensitive to the return loss
than the Tx leakage from equation (11). Both Tx leakage
levels with I - C = 15dB from equation (7) is also more
insensitive to the return loss than the Tx leakage from
equation (11). Especially, both Tx leakage levels from
equations (7) and (11) with I -C =15dB have similar
tendency for the return loss from 10 to 15 dB. The simplified
equation (11) is acceptable providing the return loss from 10
to 15dB and I - C = 15dB. The simplified equation (11)
with I-C=10dB is different from equation (7), but
equation (11) with I — C = 10dB is helpful in improving the
Tx leakage level and simply presuming the Tx leakage level,
given the return loss from 10 to 15 dB. In the practical case,
the term (I'y,, + IT'z,,)TI in equation (11) in addition to the
terms in equations (8)-(10) have an effect on the Tx leakage.
The Tx leakages using equations (7) and (11) are compared
varying the reflection coefficients of the Tx and Rx antennas.
In comparison, the Tx-Rx isolations against the magnitude
and phase of the reflection coefficients with I';,,, = T, and
the phase of the reflection coeflicients with |T'y,,| = [Tg,,l
are addressed for representing a 3-dimensional data of
(T, 2L 5 Ipy_gy) and (£T7yps 20 peas ITx_ry)> TeSpectively,
even though, practically, both reflection coeflicients are not
identical to each other. Furthermore, considering the Tx/Rx
antennas and directional coupler, which were designed and
fabricated in this work, the directional coupler was set to
have a coupling coeflicient of 20 dB and isolation of 30 dB for
Tx leakage suppression of the antenna, which has 20dB
isolation. The Tx leakage levels against the magnitudes and
phases of the reflection coefficients of the Tx and Rx an-
tennas from equations (7) and (11) are shown in Figures 7(a)
and 7(b), respectively, assuming that the reflection co-
efficient of the Tx antenna is identical to that of the Rx
antenna. Both the Tx leakage levels with the return losses of
less than 25 dB have similar tendency. When Ty, ,T'g,,I* is
comparable to (I'y,, + g, TI in equation (10), the
phases of the reflection coefficients have a significant effect
on the Tx leakage level. The local minimum of the Tx leakage
map in Figure 7(a) appears when Iy, Iz, I? and (T'yy, +
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FIGURE 3: Schematic of Tx/Rx antennas with proposed decoupling network using single directional coupler and transmission lines.
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FIGURE 5: Tx leakage levels against the antenna coupling and return loss of the Tx and Rx antennas with I — C = 10 dB from (a) equation (7)

and (b) equation (11).

Trea)I,TI have identical magnitudes but 180°-different
phases. The Tx leakage level with the reflection co-
efficients of 10dB in the proposed structure is less than
—30.5dB, which is better than the antenna without the
decoupling network by 10.5dB. The Tx leakage levels with

the return losses of 15 and 20 dB against the phases of the
reflection coefficients of the Tx and Rx antennas from
equation (7) are depicted in Figures 8(a) and 8(b), re-
spectively. The areas filled with yellow color for the return
losses of 15 and 20 dB are corresponding to the Tx leakage
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FIGURE 6: Tx leakage levels against the antenna coupling and return loss of the Tx and Rx antennas with I — C = 15 dB from (a) equation (7)

and (b) equation (11).
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FIGURE 7: Tx leakage levels against the reflection coefficients of the Tx and Rx antennas with 'y, = I, from (a) equation (7) and (b)

equation (11).

level of —38.9 and —43.8 dB, respectively, which are the worst
cases. Consequently, as shown in Figures 7(a), 8(a), and 8(b),
each Tx leakage level with the Tx/Rx antennas, of which the
reflection coeflicients are identical to each other, exhibits the
worst Tx leakage levels, of which the magnitudes of the
reflection coefficients are identical to each other (A-A’ and
B-B' in Figures 7(a), 8(a), and 8(b)). From the assumption of
the antenna coupling with 20 dB, the Tx leakage level of less
than —43.8 dB can be achieved by the proposed Tx leakage
cancelation technique, providing that the return losses of Tx
and Rx antennas are better than 20 dB. The influence of the
antenna impedances on the Tx-Rx isolation is reduced by
[, TC/{(Try, + Tge,)TI} compared with the monostatic
system adopting the directional coupler (Figure 1).

2.2. Design. By controlling the coupling factor of the di-
rectional coupler, C, to be equal to the magnitude of the
antenna coupling, |I,| and the lengths of the transmission
lines to meet the condition of 20, + 0;, = 2nm, the Tx
leakage signal in the Rx path (port 4 in Figure 3) is elimi-
nated. Hence, the antenna coupling caused by space and

surface waves can be canceled out by the coupling of the
coupler as well as the transmission phases of both the lines.

To verify the proposed decoupling structure, two arrays
of patch antennas, with each array consisting of four patch
antennas in a 1 x 4 configuration, was designed for a K-band
radar operation of 24 to 24.25 GHz, as shown in Figure 9,
using the electromagnetic simulation software CST. It made
use of the microwave substrate RO4350B with a thickness of
10 mil and a relative dielectric constant ¢, of 3.48. The di-
mensions of the antennas are listed in Table 1. The antennas
were fed using 2.92mm (K) connectors operating up to
40 GHz for measurement. The dimensions of the patch and
the series-fed line were optimized to have resonance and
high antenna gain at the center frequency and avoid beam
tilting caused by the change in the progressive phase angle
between adjacent elements along the series-fed line [26].
Also, series-fed lines were designed using meander lines to
reduce the array size.

The S-parameters of the designed Tx/Rx antennas with
distances of 2, 3, 5, and 9.5 mm, between elements, denoted
as D in Figure 9, were extracted from simulation results
using the software CST. The antennas with a distance 2 and
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TaBLE 1: Dimensions of the array antenna.

Parameters Descriptions Values (mm)
PL Length of the patch 3.12
PW Width of the patch 4.1
ITL Impedance transformer length 1.2
ITW Impedance transformer width 0.64
SFL Length of the series-fed line 4
SEFW Width of the series-fed line 0.25
D Distance between elements 2
SUBL Length of the substrate 20.74
SUBW Width of the substrate 20.2
SUBH Height of the substrate 0.254

3mm including feed lines and decoupling networks were
configured (Figure 3) and simulated using the software ADS.
The antennas with a distance 5 and 9.5 mm including feed
lines were also configured and simulated. In terms of the
worst isolation at 24-24.25GHz, the proposed Tx/Rx

antennas including the decoupling network with a distance
of 2mm, showed a Tx/Rx isolation of 27.6-54.8 dB (mini-
mum-maximum), which is comparable to Tx/Rx antennas
without the decoupling network with a distance of 5mm,
having a Tx/Rx isolation of 27.8-29.0 dB. The proposed Tx/
Rx antennas including the decoupling network with a dis-
tance of 3 mm provided a Tx/Rx isolation of 31.8-76.8 dB,
which is comparable to Tx/Rx antennas without the
decoupling network with a distance of 9.5mm, showing
a Tx/Rx isolation of 31.8-32.8 dB. For verification, a distance
between array elements was set to 2mm, corresponding
0.48 1, between two adjacent arrays. The designed Tx and Rx
antennas showed the magnitude and phase of the antenna
coupling of 19.3 to 20.4dB and -62.7° to —109.1° re-
spectively, at a range of 24 to 24.25GHz, in simulation.
Therefore, the coupling factor of the directional coupler and
the electrical length of the added transmission line were
determined as 20dB and 138°, respectively, for optimal Tx
leakage elimination at the operating frequency band.

Even-mode and odd-mode characteristic impedances
of the designed directional coupler were set as 55.3 Q) and
45.2 Q) for 20 dB coupling coefficient. Figure 10 illustrates
the Tx and Rx arrays using the proposed decoupling net-
work with the sole directional coupler and transmission
lines for controlling the magnitude and phase of the Tx
leakages coupled by the directional coupler and the an-
tennas, respectively. The antenna coupled Tx leakage is the
vector sum of all Tx leakage paths denoted as Tx leakage
flows 1, 2, 3, and 4 in Figure 10. The total Tx leakage signal
that travels from green spot to Rx port in Figure 10, is the
sum of both Tx leakages coupled by the directional coupler
and the antennas. The total Tx leakage signal is suppressed
since both signals have identical magnitudes and are out
of phase.

The return losses of the Tx/Rx antennas without and with
the decoupling network are shown in Figure 11. The Tx/Rx
antennas without the decoupling network had 15-dB
bandwidths (BWs) of 23.925-24.274 and 23.922-24.273
GHz, respectively, corresponding to fractional bandwidths
(FBWs) of 1.45% and 1.46%. The Tx/Rx antennas with the
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decoupling network provided 15-dB BWs (FBWs) of
23.962-24.238 GHz (1.15%) and 23.963-24.23 GHz (1.11%),
respectively. The FBWs of the antennas with the decoupling
network were slightly narrower than the antennas without
the decoupling network. Figure 12 shows the simulated Tx
leakage levels of the antennas without and with the
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FIGURE 12: Tx leakage levels of the antennas without and with the
decoupling network.

decoupling network. The array antennas using the proposed
decoupling structure showed a Tx-Rx isolation of
27.6-54.8 dB that had better performance at least by 7.2 dB
compared with the conventional array antennas without the
decoupling network. The BW of the Tx leakage cancelation is
narrow due to the steep slope of the Tx-Rx isolation with
—185.6"/GHz. The simulated beam patterns without and with
the decoupling network at the frequency of 24.1 GHz for the
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FiGure 13: Simulated beam patterns of Tx/Rx antennas without and with the decoupling network at the frequency of 24.1 GHz: (a) E-plane
of Tx antenna, (b) E-plane of Rx antenna, (c) H-plane of Tx antenna, and (d) H-plane of Rx antenna.

E-planes of the Tx and Rx antennas and H-planes of the Tx
and Rx antennas are shown in Figures 13(a)-13(d), re-
spectively. The Tx and Rx antennas without the decoupling
network showed gains of 9.95 and 9.98 dBi, respectively. By
comparison, the proposed antennas with the decoupling
network provided gains of 9.64 and 9.75 dBi, respectively.
The cross-polarized radiations of Tx and Rx antennas were
increased by feed lines including the decoupling network
(Figures 9 and 10). The simulated results in Figures 12 and
13 have proved that the decoupling network plays a key role
in the enhancement of Tx leakage suppression with little
variation in the Tx and Rx antennas beam patterns.

3. Experimental Verification

The construction procedure of the proposed Tx/Rx antennas
with the decoupling network is as follows: First, Tx/Rx
antennas without the decoupling network were designed and
fabricated, and their isolations were measured. Next, the
coupling coefficient of the directional coupler was chosen,
being almost identical to the magnitude of the Tx/Rx an-
tenna isolation, and the directional coupler was designed.
Finally, the directional coupler and Tx/Rx antennas were
connected by two transmission lines considering the phase
of the Tx/Rx antenna isolation.
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FIGURE 14: S-parameters of the fabricated 20 dB directional coupler.
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FIGURE 15: Pictures of the Tx/Rx antennas (a) without and (b) with the decoupling network.

The directional coupler with 20dB coupling coefficient
was fabricated. The fabricated directional coupler showed
a coupling coefficient of 19.7-20.1dB and isolation of
32.8-33.5dB at a range of 24-24.25GHz as depicted in
Figure 14. The 20dB directional coupler and adjacently
spaced Tx and Rx antennas were joined by two transmission
lines with characteristic impedance of 50 Q) and electrical
length of 138°. Figures 15(a) and 15(b) illustrate the pictures

of the Tx/Rx antennas without and with the proposed
decoupling network, respectively. The Tx/Rx antennas
without the decoupling network had 15dB BWs (FBWs) of
23.98-24.43 GHz (1.87%) and 23.98-24.50 GHz (2.16%),
respectively. The Tx/Rx antennas with the decoupling net-
work provided 15-dB BWs (FBWs) of 23.80-24.36 GHz
(2.32%) and 23.80-24.45GHz (2.69%), respectively. Each
measured return loss of the proposed Tx/Rx antennas was
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decoupling network.
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FIGURE 17: Measured beam patterns of Tx/Rx antennas without the decoupling network at the frequency of 24.1 GHz: (a) E-plane of Tx
antenna, (b) E-plane of Rx antenna, (c) H-plane of Tx antenna, and (d) H-plane of Rx antenna.
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FIGURE 18: Measured beam patterns of Tx/Rx antennas with the decoupling network at the frequency of 24.1 GHz: (a) E-plane of Tx antenna,
(b) E-plane of Rx antenna, (c) H-plane of Tx antenna, and (d) H-plane of Rx antenna.

above 20dB at a range of 24-24.25GHz. The measured
isolations between Tx/Rx antennas without and with the
decoupling network were 20.3-21.3dB and 29.3-67.9 dB,
respectively, at a range of 24-24.25 GHz, as shown in Fig-
ure 16. The proposed decoupling network results in better
Tx-Rx isolation performance by more than 9 dB compared
with the conventional Tx/Rx antennas without the decou-
pling network. For compacter size of the Tx/Rx antennas,
ceramic directional couplers can be used instead of
microstrip line directional couplers.

Figures 17(a)-17(d) and 18(a)-18(d) illustrate the mea-
sured beam patterns without and with the decoupling net-
work at the frequency of 24.1 GHz, respectively. The proposed
decoupling network had little effect on the beam patterns. The
measured antenna gains of Tx and Rx without the decoupling
network were 8.17 and 8.39 dBi at the frequency of 24.1 GHz,

respectively. The measured antenna gains of Tx and Rx with
the decoupling network were 8.72 and 8.73dBi at the fre-
quency of 24.1 GHz, respectively. The gains of the Tx/Rx
antennas without and with the decoupling network were
measured and the radiation efficiencies were calculated with
the measured gains and simulated directivities. Figure 19
shows the measured gains and efficiencies of the Tx/Rx an-
tennas without and with the decoupling network. The effi-
ciencies of the Tx/Rx antennas without the decoupling
network were 60.56% and 60.77% at the frequency of
24.1 GHz, respectively. The efficiencies of the Tx/Rx antennas
with the decoupling network were 63.0% and 61.8% at the
frequency of 24.1 GHz, respectively. The comparison between
the proposed antenna and reported high isolation designs for
monostatic, bistatic, and multiple-input multiple-output
(MIMO) systems are listed in Table 2.
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TaBLE 2: Comparison between the proposed antenna and reported high-isolation designs.
Freq. Radiation Decoupling Gain Antenna  Polari . TX-I.{X The
. . . . isolation number Components Notes
(GHz) element techniques (dBi) size zation
(dB) of layers
Dual fed 2 x Orthogonal 6.97/ ciuh}llgrrsle
[5] 23.5-24.5 1 patch olarization, ok N.A Dual-pol >35 1 plers, Monostatic
p p p
; . 5.65 quadrature
array differential feed
couplers
[7] 22.7-24.8 21 patch Hybrid coupler N.A N.A Co-pol >30 1 > hybrid Monostatic
array couplers
Two couplers LOAex
VAo . .
4] 75  Twopatch connected by two 688/ ) 0 Co-pol 58 3 2 directional = b e
sections of 6.55 couplers
ons 08 0.2125,
transmission line
Directional 2 directional
Two coupler, 0.861yx couplers,
(5] 24-25 L-shaped ‘ransmissionline, g, 1allo o p o) >29 1 resonant  pistatic
antennas resonant circuit, (height circuit, 2
attenuator, phase N.A) attenuators,
shifter phase shifter
Reactive
Two . 30.3@ .
decoupling 1.4A0% 2 reactive
[16] 2.45/5.25 dual-band network using 23/ 0.7A0x  Co-pol 245GHz 1 decoupling MIMO
monopole . 0.7 343@
eigenmode feed 0.014A, networks
antennas 5.25GHz
network
Suspended
[17]  0.7-0.96 couple-fed N.A  0.421px  Co-pol ’ 1 transmission MIMO
shorted to >15@upper .
PIFAs 0.00221, line
a ground plane band

and a capacitor
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TasLE 2: Continued.
Freq. Radiation Decoupling Gain Antenna  Polari . TX_RX The
. . . . isolation number Components Notes
(GHz) element techniques (dBi) size zation
(dB) of layers
Orthogonal 6.5A0%
[27] 13.6-15.7 4 x 4 patch polarization, 224 6.5Mx  Dual-pol >50 1 — Monostatic
differential feed 0.0251,
Orthogonal 11.7A0%
[28] 27.6-29.5 LWA polarization, 24 11.7A¢x  Dual-pol >51 4 — Monostatic
differential feed 0.31,
. >36.7 Periodic
[29] 24-24.25 Two 2 x 2 Electromagnetic 5'21 N.A Co-pol (>32@w/o 1 Jerusalem Bistatic
patch bandgap 52 decoupli )
pling) cross slot array
29.3-67.9
. Directional 1.62A% L
This 24-2425 Two 1 x 4 coupler, 8.731 2091,x  Co-HP (>20.3-21.3@ 1 1 directional Bistatic
ork patch S 8.72 w/o coupler
transmission line 0.02041, .
decoupling)

PIFA: planar inverted F antenna, LWA: leaky-wave antenna, HP: horizontal polarization, and *Tx/Rx.

4. Conclusion

This paper presents a new decoupling network using the sole
directional coupler and transmission lines for closely spaced
Tx/Rx antennas in radar applications with transmit and
receive horizontal polarizations. The designed antenna
structure has the advantages of good Tx-Rx isolation,
compactness, Tx leakage insensitivity to the antenna im-
pedance variation, and minute loss of Tx and Rx paths by
virtue of the proposed decoupling network and the Tx and
Rx antennas separation characteristic. The Tx-Rx isolation
was improved by 9-47.6 dB due to the Tx leakage cancelation
technique with the decoupling network, compared with the
conventional Tx/Rx separated antennas. The suppressed Tx
leakage is more insensitive to the antenna impedance var-
iation compared with the conventional monostatic system
using the quadrature hybrid, circulator, or directional
coupler. The Tx and Rx paths have no loss excepting the line
loss and coupler’s though signal loss. Furthermore, the
introduced decoupling network has little effect on beam
patterns. Especially, the proposed decoupling structure can
be easily applied to closely spaced Tx/Rx antennas in
a compact radar module by adjusting the phase of the Tx
leakage signal and the coupling coeflicient of the directional
coupler.
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