
Received 8 May 2023, accepted 30 May 2023, date of publication 9 June 2023, date of current version 26 June 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3284558

Wideband Matching Circuit for mmWave Series
Fed Patch Array Antenna
MANOJ PRABHAKAR MOHAN 1, (Member, IEEE), JUAN MIGUEL JIMENO2,
SUN MEI3, (Senior Member, IEEE), AROKIASWAMI ALPHONES 1, (Senior Member, IEEE),
MOHAMMED YAKOOB SIYAL 1, (Senior Member, IEEE),
AND MUHAMMAD FAEYZ KARIM 1, (Senior Member, IEEE)
1School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798
2NCS Corporation, Singapore 469272
3Institute of Microelectronics, Agency for Science, Technology and Research (A∗STAR), Singapore 138634

Corresponding author: Muhammad Faeyz Karim (faeyz@ntu.edu.sg)

This work is funded by the Singapore Government through the Industry Alignment Fund - Industry Collaboration Projects Grant.

ABSTRACT A novel wide bandmatching circuit for the series fed patch array antenna at 80 GHz is proposed
in this paper. The series fed patch array is designed with amplitude tapered configuration. First, the series fed
patch array is matched using stub loaded transmission line (TL) with narrow band. Later, it is converted to
wide bandmatching circuit using three quarter wave transformers and two half wavelength stubs. The sizes of
these half wavelength stubs are reduced using the stub loaded and step impedance TLs. The simulated results
of the series fed patch array with and without the connector are presented. The simulated −10 dB reflection
coefficient bandwidth with connector is from 77.125 GHz to 83.95 GHz and the simulated co-polarized
gain with connector is 13.73 dBi. The designed antenna array is fabricated along with the matching circuit
and tested experimentally. The measured −10 dB reflection coefficient bandwidth is from 76.73 GHz to
86.08 GHz with the measured gain of the antenna is 13.3 dBi at 81.44 GHz.

INDEX TERMS mmWave, series fed patch antenna, stub loaded transmission line, wide bandwidth.

I. INTRODUCTION
Millimeter Wave bands have received a lot of attention
recently due to their applications in 5G, IOT, level crossing
monitoring and automotive radars [1], [2], [3]. The series
fed patch array antennas has been used in many mmWave
bands [4], [5], but one of the main disadvantages of these
patch arrays is their narrow bandwidth behavior.

Therefore, several matching circuits have been designed
to support wide band microstrip antennas. A series fed patch
array with recessed microstrip feed for the terminal array ele-
ment was proposed in [6]. Also, the width of the feed lines to
other array elements are changed to match the impedance of
the array elements. So, the bandwidth of 2.8% was achieved
with better VSWR characteristic at 5 GHz. Two slits were
made in the radiating edge opposite to feed of the patch
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element in [7] to increase the bandwidth of series fed array
at Ku band. The bandwidth of the patch array was increased
by using U-shaped slot in [8] with a thick substrate of 3.5mm
thickness. The bandwidth of the patch antennas was reported
to increase by using an E-shaped patch [9], half U-slot patch
and half E-shaped patch [10] also. The probe feeding, air
substrate and very thick substrate were used in [9] and [10].

A bandwidth of 8.4%was achieved for the patch antenna at
4.9 GHz by coupling two λ/4 resonators capacitively to the
patch in [11]. A shorting pin was also used at the junction of
two λ/4 resonators. The stacked patch configurations were
also used to increase the impedance bandwidth [12], [13].

The bandwidth was increased by capacitively coupling the
quarter wavelength short-circuited patch to the radiated edge
of the main patch in [14]. Similarly, by capacitively coupling
the resonators to the radiated edges [15], to non-radiated
edges [16], and to the four edges [16] of the patch were
used to increase the bandwidth. The bandwidth of the patch
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at 40 GHz was increased by using slots and coupled feeding
and the parasitic patches were used to reduce the directivity
in [17]. The bandwidth of the antenna in [17] was further
increased by using stubs in the matching circuit in [18]. This
method of increasing the bandwidth by using the stubs in
the matching circuit was initially proposed in [19]. Tech-
niques like 3D printed curved patch [20], thin film multilayer
antenna element [21] were reported to replace the conven-
tional techniques like using thick substrates and multilayer
printed circuit boards (PCBs) to improve the bandwidth of
the antenna. The bandwidth of the antenna reported in [22],
was increased by using stacked micro vias implemented by
using new PCB technology called ‘any layer PCB.’

Most of the techniques previously reported used slots to
improve the bandwidth while other reported works in the
literature used complex multi-layer PCBs. At 78.5 GHz the
patch itself is so small and dimensions of the slots will
become difficult to fabricate using current PCB fabrication
technologies. Therefore, in this paper, the bandwidth of the
series fed patch array is increased by using the stubs [19]
in a single layer planar PCB configuration. The size of the
stubs is further reduced by using stub loaded transmission
lines (TLs) [23]. The stub loaded TL was reported to imple-
ment very high or low impedance TLs in Wilkinson power
divider and to design compact Wilkinson power divider.
Metamaterial [24], [25] has been used to reduce the size of
the resonators. But this technique is not used in this paper,
because metamaterial resonators at W band may become too
small to fabricate using current fabrication technologies.

Impedance bandwidth of the series fed patch array is
enhanced using the combined transformers and stub loaded
TLs. The details about the design of the series fed patch
array and the quarter wave matching circuit are discussed
in section II along with the analysis of stub loaded TL. The
design procedure of the wide band matching circuit along
with the simulated results at each stage are discussed in
section III. The simulated and measured results of the final
design are also discussed in section III.

II. DESIGN OF SERIES FED PATCH ARRAY AND QUARTER
WAVE TRANSFORMER
The conventional series fed patch array operating at mmWave
frequency is shown in Fig. 1. The Dolph-Tschebyshev based
amplitude tapering is used to design the three patches of the
array and the distance between the patches is maintained at
λ/2. In Fig. 1, the series fed patch array is shown without
any matching circuit along with its simulated S-parameter
response. The impedance of the series fed patch array is
shown in Fig. 2. The impedance of the patch array is found
from the reflection coefficient and the impedance of the feed
line which is 50 �. First the series fed patch array is matched
by using a quarter wave transformer as in Fig. 3. As shown in
Fig. 3 the width of the quarter wave transformer is too small
(0.06 mm) to fabricate using current fabrication techniques.
The substrate used is Rogers 4350B with dielectric constant
of 3.66, thickness of 0.168 mm and loss tangent of 0.0037.

FIGURE 1. Conventional series fed patch array antenna with
wp1 = 0.72mm, lp1 = 0.98mm, wp2 = 1.25mm, lp2 = 0.92mm (a)
Structure of the series fed patch array with no matching circuit, and (b)
simulated S parameter response.

FIGURE 2. Impedance of the series antenna array.

In order to make the quarter wave transformer realizable, it is
replaced by the stub loaded TL reported in [23]. The stub
loaded TL has open or short-circuited stubs loaded at regular
intervals, and it can be made equivalent to the conventional
TLs. There is relatively a greater number of parameters in the
stub loaded TL, so it gives more design freedom compared to
conventional one. The conventional TL and the stub loaded
TL are shown in Fig. 4. The ABCD matrices of the conven-
tional TL [26] is given as[

A B
C D

]
=

 cos 2θc jZc sin 2θc

j
sin 2θc
Zc

cos 2θc

 (1)
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FIGURE 3. Series fed patch antenna matched by quarter wave
transformer (a) structure with wq = 0.06 mm, and lq = 0.6 mm, and
(b) simulated S parameter response.

FIGURE 4. (a) Conventional TL, and (b) Stub loaded TL.

ABCD matrix of the stub loaded TL [21] is given as[
AT BT
CT DT

]

=

 cos 2θ −
ZB
2

sin 2θ jZ sin 2θ − jZ2B sin2 θ

j
sin 2θ
Z

+ jB cos2 θ cos 2θ −
ZB
2

sin 2θ

 (2)

Equating (1) and (2) and simplifying, the following equa-
tions are obtained. The detailed derivation can be found
in [27]

B = sin 2θc ·

(
Z2

− Z2
c

Zc · Z2

)
(3)

tan θ =
Zc
Z

tan θc (4)

For a chosen value of Z , the stub loaded TL parameters
B and θ can be found from (3) and (4) from the conven-
tional TL parameters Zc and θc. In this case, quarter wave
transformer is the conventional TL, and it is replaced with
short-circuited stub loaded TL with low Z value so that it
can be fabricated by current fabrication technologies. The

FIGURE 5. (a) Series fed patch array with stub loaded TL as quarter wave
transformer with wp1 = 0.72mm, lp1 = 0.98mm, wp2 = 1.25mm,
lp2 = 0.92mm, ws = 0.5mm, and ls = 0.27mm, (b) Photograph of the
fabricated series fed patch array, (c) Measured and simulated S parameter
response, and (d) Simulated Co-polarized radiation pattern in XZ plane
and YZ plane.

series fed patch array matched by using short-circuited stub
loaded TL is shown in Fig. 5 along with the photograph
of the fabricated structure. The S-parameter response along
with the simulated co-polarized radiation pattern in the XZ
and YZ planes are also shown in Fig. 5. The Simulations
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FIGURE 6. (a) Equivalent circuit of the series fed patch array, (b) Circuit
representing 3rd order low pass prototype, (c) Bandpass circuit formed
from low pass circuit in (b), and (d) Final matching circuit with bandpass
response.

are done using CST Microwave Studio. The measured and
simulated reflection coefficient of the antenna are−12.72 dB
(78.65 GHz) and is−38.627 dB (78.675 GHz). Themeasured
−10dB reflection coefficient bandwidth is from 78.01 GHz
to 79.22 GHz whereas the simulated bandwidth is from
78.12 GHz to 79.2 GHz. The simulated gain of the antenna
is 9.28 dB with polarization in X direction. The mismatch
on reflection coefficient magnitude, and slight mismatch on
the bandwidth, and frequency between the simulated and
measured results are due to the fabrication errors and connec-
tor effects. The design of the proposed wide band matching
circuit is explained in the following section.

III. DESIGN OF WIDE BANDWIDTH MATCHING CIRCUIT
In order to have the wide band matching, a reactive network
consisting of three quarter wavelength TLs and two half
wavelength stubs [19] are added to the narrow band series

FIGURE 7. (a) series fed patch array with wide band matching circuit,
(b) Simulated S-parameter response with ls1 = 2.558 mm, ws1 = 0.8 mm,
ls2 = 2.17mm, and ws2 = 0.8mm, and (c) Simulated co-polarized
radiation pattern in XZ-plane.

fed patch array (Fig. 5) as in Fig. 7. The equivalent circuit of
the antenna is a parallel resonant circuit as shown in Fig. 6.
The reactive network is implemented using the low pass
prototype values. The third order low pass prototype is shown
in Fig. 6 (b). This is converted to band pass resonant structure
by replacing the parallel C by open circuited stubs and series
L by short circuited stubs. Both the stubs are half wavelength
in lengths. This circuit is shown in Fig. 6(c). The admittance
inverters are used to convert the series short circuited half
wavelength stubs to parallel open circuited half wavelength
stubs. The final model is show in Fig. 6(d), where the parallel
half wavelength stub Yc1 represents the parallel lossless res-
onant circuit of the antenna to be matched and the rest of the
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FIGURE 8. (a) series fed patch array with stub loaded TLs in the matching
circuit, (b) Simulated S parameter response, and (c) Simulated
co-polarized radiation pattern in XZ-plane.

components are used to design the matching network. The
design parameters of the quarter wavelength TLs, and half
wavelength stubs are calculated using the equations.

J12 =

√
3Yc2
R0g2

(5)

Ji,i+1 = 3

√
YciYci+1

gigi+1
, i = 2, 3, . . . , n− 1 (6)

Jn,n+1 =

√
3Ycn

gngn+1Z0
(7)

Y i,i+1
c = Ji,i+1 cos

(π

4
B
)

(8)

FIGURE 9. Series fed patch array (a) Structure with wp1 = 0.72mm,
lp1 = 0.98mm, wp2 = 1.25mm, lp2 = 0.92mm, wf = 0.32mm,
wf 1 = 0.278mm, lf 1 = 1.39mm, wf 2 = 0.15mm, lf 2 = 0.61mm,
wf 3 = 0.19mm, and lf 3 = 1.2mm, (b) Simulated S parameter response,
and (c) Simulated Radiation pattern in XZ plane.

where,

3 = tan
(π

2
B
)

(9)

B =
f2 − f1
fr

(10)

and gis are the low pass prototype values that can be found
out from [28]. The parameters Yci give the admittances of
the half wavelength stubs and Y i,i+1

c parameters give the
admittances of the quarter wavelength TLs. The parametric
values of Yci can be chosen arbitrary. The detailed explanation
of the matching circuit can be found in [19]. In this case,
n = 3 and 0.5 dB equal ripple low pass prototype values are
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FIGURE 10. Proposed Series fed patch array with wide band
characteristics (a) Structure with connector, (b) Photograph of the
fabricated Series fed patch array with matching circuit, (c) S- parameter
response with connector, and (d) Radiation pattern with connector in XZ
plane.

chosen as gi parameter values [28]. The values of Zcis are
chosen as 12.5 �. Since the width of the stubs will be very

FIGURE 11. (a) Measured co-pol radiation pattern of the antenna at
different frequencies, and (b) Measured and Simulated co-polarized gain
of the antenna at different frequencies.

TABLE 1. Comparison of different stages of designed antenna.

wide at 12.5 �, two stubs with 25 � in parallel configuration
are selected.

The structure of the wideband matching circuit and its
simulated S-parameter response and the radiation pattern in
XZ-plane are shown in Fig. 7. The simulated 10 dB band-
width is from 75.904 GHz to 81.152 GHz (Fig.7(b)). The two
half wavelength stubs are of comparable size to the patches.
So, to reduce the size of the half wavelength stubs, the stub
loaded TLs [23] are used. Two-unit cells of stub loaded TLs
are used to implement each of the half wavelength stubs and
it is shown in Fig. 8 along with the simulated S-parameter
response and radiation pattern in XZ plane. The simulated
10 dB bandwidth from Fig. 8(b) is from 76.604 GHz to
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TABLE 2. Comparison of the designed antenna with published works.

81.441 GHz. Even though the size of the matching circuit is
reduced in Fig. 8(a) compared to Fig. 7(a) but still it can be
reduced further. The TL of the stub loaded TL is replaced by
a high impedance TL and the stubs of the stub loaded TL is
replaced by using step impedance stubs [29] which reduces
the size of the stubs. The final structure of the wide band
series fed patch array is shown in Fig. 9. The simulated S
parameter response along with the simulated radiation pattern
is shown in Fig. 9. The comparison of the designed antenna
in different stages is shown in Table 1 (only simulated values
are used).

Since the connector is also in comparable size with the
antenna in mmWave range of frequency, the antenna is sim-
ulated with connector as shown in Fig. 10. The photograph
of the fabricated antenna is shown in Fig. 10 (b). The simu-
lated S-parameter response with the connector along with the
measured response are shown in Fig. 10(c). The simulated
radiation pattern with connector along with the measured
radiation pattern in XZ plane is shown in Fig. 10(d). The
measured −10 dB reflection coefficient bandwidth of the
series fed patch array with wide bandmatching circuit is from
76.73 GHz to 86.08 GHz. The simulated −10 dB reflection
coefficient bandwidth is from 76.9 GHz to 83.85 GHz.

The radiation pattern is measured by connecting the
antenna under test to the transmitter and WR-12 pyramidal
horn antenna with 20 dBi typical gain is connected to the
receiver. With the help of the rotor system connected to the
receiver, the receiver horn antenna moves over the transmitter
to find the radiation pattern. The measured co-polarized gain
of the antenna at 81.44 GHz is 13.33 dBi and the simulated
co-polarized gain with connector is 13.73 dBi. The antenna
is polarized in X direction.

Comparing the simulated results of the antenna without
and with connector shown in Fig. 9 and Fig. 10 respectively,
the −10 dB reflection coefficient bandwidth is moved to
higher frequency range from 76.78 GHz - 83.26 GHz to
76.9 GHz - 83.85 GHz. The simulated bandwidth is increased
from 8.1% (Fig.9) to 8.647% (Fig.10) and to 11.49% in the
measurement. The w band antennas in [21] and [22] also

reported an increase in the measured impedance bandwidth
compared to simulated ones. The maximum realized gain
without the connector in Fig. 9 is 10.2 dBi (78.5 GHz) and
it is increased to 13. 73 dBi (81.44 GHz) in the simulation
with connector. The main lobe of the antenna is shifted
from 3◦ (Fig.9) to 38◦ (Fig.10) and shifted to 45.4◦ in the
measurement. The differences between the simulated and
measured results are due to the fabrication tolerances and
also the loss tangent used in the simulation was reported
at 10 GHz. By using the loss tangent measured at 78.5 GHz
and substrates with low conductive loss will help to reduce
the difference between the simulated and measured results.

The measured co-pol radiation patterns of the antenna
at different frequencies within the bandwidth are shown in
Fig. 11 along with the measured and simulated co-pol gains
at different frequencies within the band of interest. A detailed
comparison of the designed antenna with the previously pub-
lished works is shown in Table 2. In this work, the bandwidth
of 11.49% at 80 GHz is achieved without using slots in the
patch, gap coupling the feed, and multilayered PCB. In the
future, the size of the matching circuit will be reduced further.

IV. CONCLUSION
A wide band matching circuit for a mmWave series fed
patch array antenna with Dolph-Tschebyshev based ampli-
tude tapering has been designed, fabricated, and validated
experimentally. The measured −10 dB reflection coefficient
bandwidth of the antenna is from 76.73 GHz to 86.08 GHz.
The measured gain of the antenna is 13.3 dBi at 81.44 GHz.
Proposed matching circuit configuration can be used for
mmWave and microwave wireless system designs.
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