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ABSTRACT A wide-beam microstrip patch antenna and antenna array ranging from 77 to 81 GHz are
presented in this study for millimeter-wave applications. A substrate-integrated-waveguide probe-fed patch
was developed. For beamwidth enhancement, two I-shaped parasitic elements were placed next to the main
patch to establish a three-element subarray. The current directions of the parasitic elements were opposite to
that of the main patch, leading to beamwidth enhancement in the E-plane radiation pattern. The proposed
I-shaped parasitic element has the advantages of coplanar structure, compact size, and easy adjustment of the
induced current. An array-factor method was employed to analyze the effect of the parasitic elements on the
beamwidth of the main patch. Three amplitude distributions of the subarray were compared. The distribution
of −0.1:1:−0.1 was proved to present the most beamwidth, which can be realized easily by the proposed
I-shaped parasitic elements. To achieve both wide beamwidth and high gain, a 1 × 8 patch antenna array
with the I-shaped parasitic elements was proposed. The measured results showed that the design can offer a
gain of 10.74 dBi and a wide beamwidth of 138◦ at 79 GHz.

INDEX TERMS Automotive radar antenna, beamwidth, parasitic element, millimeter-wave antenna,
substrate integrated waveguide, wide-beam antenna.

I. INTRODUCTION
The main benefit that millimeter-wave technology has over
lower RF frequencies is the wide bandwidth and small
volume. In recent years, with the rapid development of
application fields such as high-speed broadband wireless
communication, beam scanning phase array, vehicle driver
assistance, security screening, inter satellite link, imag-
ing, and gesture recognition, the millimeter-wave band has
received extensive research and application [1]–[6]. For some
millimeter-wave applications, it is favorable to have an
antenna with a wide beam. According to the array theory,
the array pattern consists of the product of array factor and
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element pattern. To achieve wide-angle scanning, the element
pattern of phase array should be widened to reduce scan loss.
Another example is the short-range automotive radar (SRR),
which requires antennas with a wide field of view up to
±65◦ [4].
Various 79-GHz antennas have been developed for auto-

motive radar applications [7]–[19], but few of them exhibit
a half-power beamwidth (HPBW) greater than 130◦. In [7],
a 1 × 12 slot array antenna was fabricated via low tem-
perature co-fired ceramic (LTCC) technology. The shaped
slots presented themselves in a Dolph-Chebyshev ampli-
tude distribution, which lead to a gain of 9.6 dBi and a
sidelobe level of −20 dB. A substrate-integrated-waveguide
(SIW) slot-fed stacked grid antenna was introduced in [8].
This design adopted three different feed networks to create
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a 1 × 4 antenna array with an HPBW of 40◦ and a gain
of 12.1 dBi. In [9], a 1 × 10 LTCC grid array antenna
demonstrated anHPBWof 58◦ and a gain of 12.4 dBi. In [10],
a planar antenna employed 1× 8 ceramic cavities fed by slots
to achieve an HPBW of 100◦ and a gain of 13.2 dBi. Three
vertical power dividers were combined to construct a vertical
feed network for a 1 × 16 patch array [11]. A gain of 13 dBi
was observed. In [12], a 1× 8 grid antenna developed through
multi-layer PCB technology produced an HPBW of 62◦ and
a gain of 13.52 dBi. A compact comb-line array antenna was
proposed for beamwidth enhancement [13]. A wide HPBW
of 124◦ and a gain of 12.36 dBi were achieved. In [15], dual-
polarized antenna arrays using inclined 45◦ patches were
presented for automotive radars. In [17], a transition structure
from a microstrip line to a ridge gap waveguide (GWG) was
proposed for a slot antenna array with a magnetic-coupling
ridge GWG feed network operating at 77 and 79 GHz.
A Luneburg lens and seventeen SIW-fed log periodic dipole
arrays were integrated into a lens antenna [18]. The measured
results demonstrated the capability of a wide scanning angle
of±85◦ in an azimuth plane. In [19], a cavity-backed bow-tie
microstrip antenna was introduced to offer a gain of 7.9 dBi
and beamwidths of 84◦ in E-plane and 48◦ in H -plane.
There have been many techniques proposed to increase

antenna beamwidths at low operating frequencies [20]–[26].
A slot antenna from [20] employed a pair of tapered slots
and patches to guide its surface current. The E-plane and
H -plane beamwidths of this antenna can be extend to sur-
pass 117◦. A dual-polarized antenna presented in [21] con-
sisted of four differentially-fed patches, four short-circuited
vias, and a square metallic cavity. The measured beamwidth
in E-plane was greater than 116◦. The design developed
in [22] explored a multi-resonant patch antenna fed by
a coupling slot. The beamwidth of this structure could
reach 125◦. An SIW-based slot antenna was proposed in [23].
By integrating the structures of magnetic and electric dipoles,
a wide beamwidth of 140◦ was observed in both E- and
H -planes. A conformal magneto-electric dipole with wide
H -plane pattern for base-station applications was presented
in [24]. In [25], a circularly-polarizedmagneto-electric dipole
with meta-columns loading can achieve wide beamwidth
of greater than 108◦ in principle planes. A patch antenna
from [26] adopts a double-layer design. A main patch was
located at the bottom of the structure, whereas a parasitic
ring was placed on the top. A field pattern similar to the one
generated by a magnetic dipole antenna was created through
this parasitic ring, and superimposed to the radiation pattern
of the main patch to achieve a beamwidth of 140◦. The
antenna arrays in [27], [28] consist of patches and parasitic
elements. Parasitic elements were used to reduce the gain of
themain patch to increase the beamwidth of the antenna array.
Although the widest antenna beamwidth from the above
studies could exceed 130◦, its operating frequency was far
below 79 GHz.

This work presents a wide-beam microstrip patch antenna
and a 1× 8 patch antenna array operating over the frequency

range from 77 to 81 GHz. The following innovative tech-
niques have been used in this design, which are helpful to
improve the performance of conventional patch antennas:

(i) SIW probe-fed patch antenna: the SIW feed line and
probe-fed structure were combined to minimize the insertion
loss and to increase the beamwidth of patch antennas;

(ii) Three-element subarray: two parasitic elements were
added laterally to the main patch to establish a three-element
subarray. The current directions of the parasitic elements
were opposite to that of the main patch, leading to beamwidth
enhancement;

(iii) I-shaped parasitic element: the proposed I-shaped
parasitic element has the advantages of coplanar structure,
compact size, and easy adjustment of the induced current;

(iv) Analysis method: an array-factor method was pro-
posed to analyze the effect of the parasitic elements on
the beamwidth of the main patch. The distribution of
−0.1:1:−0.1 was proved to present the most beamwidth,
which can be realized easily by the proposed I-shaped par-
asitic elements;

(v) Beamwidth and gain enhancement technique: a 1 × 8
patch antenna array with the I-shaped parasitic elements was
proposed to achieve both wide beamwidth and high gain.
The measured results showed that the design can offer a gain
of 10.74 dBi and a wide beamwidth of 138◦ at 79 GHz.
The rest of this paper is organized as follows: The design

of an SIW probe-fed patch antenna is described in Section II.
The main patch is laterally loaded with two I-shaped par-
asitic elements for bandwidth enhancement as disclosed in
Section III. In Section IV, a 1× 8 patch antenna array is intro-
duced to provide additional gain besides wide beamwidth.
At last, the paper is concluded in Section V.

II. DESIGN OF SIW PROBE-FED PATCH ANTENNA
Patch antennas are one of the most popular designs for planar
antennas. However, conventional microstrip edge-fed patch
antennas normally exhibit an HPBW around 80◦ [29], which
is insufficient to cover the desired wide field of view 130◦ (or
±65◦) demanded by SRR applications [4]. The beamwidth of
a patch antenna can be enhanced if it is fed by a probe [30]. In
addition, the insertion loss of microstrip feed lines becomes
considerable in millimeter-wave band. The SIW feed line can
be chosen as an alternative tominimize the insertion loss [31].

Fig. 1 shows the configuration of an SIW probe-fed patch
antenna. The structure consists of two substrates and three
metallic layers. The SIW portion is constructed in Sub 2 with
one end terminated by a metallic via wall. A circular aperture
is created on the top surface of the SIW and is located at
0.33λg from the termination, where λg is the guided wave-
length. The feed probe penetrates through the two substrates
and the aperture to support a vertical excitation current. One
end of the probe is connected to the bottom surface of the
SIW, and the other end is connected to the patch antenna.
The radiation generated by the feed probe is superposed to the
pattern of the patch antenna to increase the beamwidth of the
latter. The laminate Roger 4450F with a dielectric constant
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of 3.52 and a thickness of 0.203 mm was selected for Sub 1,
while the laminate Roger 4350B with a dielectric constant
of 3.66 and a thickness of 0.254 mm was chosen for Sub 2.

FIGURE 1. Configuration of the SIW probe-fed patch antenna: (a) 3D view.
(b) Side view.

The impedance of the feed probe is determined by the
dielectric constant and thickness of the substrate, the diam-
eters of the aperture and via hole, and the position of the
aperture. When the dielectric constant and thickness of the
substrate and the diameter of via holes are fixed, the location
and size of the aperture would affect the impedance matching
of the feed network. To analyze the feed structure separately,
the two-port network of the SIW probe-fed structure with
p = 0.4 mm and d = 0.2 mm is established and presented
in Fig. 2, in which Sub 1 and Metal 1 are removed. The diam-
eter of the feed probe is 0.2 mm. The full-wave EM software
HFSS was employed to conduct the required simulations for
this work.

FIGURE 2. Two-port network of the SIW probe-fed structure after
removing Sub 1 and the patch antenna: (a) 3D view. (b) Top view.

Fig. 3 shows the simulated S-parameter responses of
the two-port network. The slot position ls and diameter d1
will affect the return loss and resonant frequency. However,
increasing the values of ls and d1 has an opposite effect on
the S-parameter responses. Based on optimization, the values
of ls and d1 are selected to be 0.9 mm and 0.6 mm, respec-
tively. According to the results shown in Fig. 3, the proposed
SIW probe-fed network has a low insertion loss of less than
1 dB and a high return loss of more than 14 dB within
the frequency range of 77−81 GHz, which confirms good
impedance matching performance.

FIGURE 3. Simulated S-parameter responses of the SIW probe-fed
structure in Fig. 2 subject to the changes in: (a) the aperture position ls
(d1 = 0.6 mm) and (b) the aperture diameter d1 (ls = 0.9 mm).

Fig. 4 shows a patch antenna fed by the proposed SIW
probe-fed network. The simulated |S11| responses of the SIW
probe-fed patch antenna subject to the changes in the patch
length L1 and the probe position y0 are illustrated in Fig. 5.
The parameter L1 is the resonance length corresponding
to the operating frequency. Based on the results displayed
in Fig. 5(a), the value of 0.82mm is suitable for the operations
at 79 GHz. The value of W1 is chosen to be one and a half
times the length of L1. The position y0 affects the return loss
of the patch antenna. The antenna would achieve its optimum
matching performance if y0 is chosen as 0.16 mm. According
to the curves observed in Fig. 5, the −10-dB impedance
bandwidth of the SIW probe-fed patch antenna ranges from
75.85 GHz to 82.21 GHz, which amounts to 8.04%.

FIGURE 4. Design parameters of the SIW probe-fed patch antenna.

FIGURE 5. Simulated |S11| responses of the SIW probe-fed patch antenna
subject to the changes in: (a) the patch length L1 and (b) the probe
position y0.

Fig. 6 shows the simulated radiation patterns of the patch
antenna at 79 GHz, of which its HPBW is 91◦. The maximum
gain is 6.7 dBi. The beamwidth of the E-plane co-polarized
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FIGURE 6. Simulated radiation patterns of the SIW probe-fed patch
antenna at 79 GHz.

FIGURE 7. Normalized radiation patterns of the array factor of a
three-element subarray subject to different ratios of current amplitudes:
(a) Case 1, −1:1:−1. (b) Case 2, −0.4:1:−0.4. (c) Case 3, −0.1:1:−0.1.

pattern is slightly wider than that of the H-plane pattern.
At angles other than 0◦, the level of the H-plane cross-
polarized pattern is more severe than the level of the E-plane
pattern, which is a unique feature of patch antennas with
single-ended feed. The SIW probe-fed method can widen the
beamwidth of the patch antenna, but its effect is limited, and
the beamwidth does not meet the design goal.

III. DESIGN OF WIDE-BEAM PATCH ANTENNA WITH
I-SHAPED PARASITIC ELEMENTS
A. THREE-ELEMENT SUBARRAY
According to the array theory [29], the complete pattern of an
array antenna can be obtained from the element pattern of a
single element antenna of the array multiplied by the pattern

FIGURE 8. SIW probe-fed patch antenna loaded with two parasitic strips:
(a) Top view. (b) Surface current distributions at 79 GHz. (c) Radiation
patterns at 79 GHz. (Lp = 1 mm, Wp = 0.2 mm, and g0 = 0.15 mm).

FIGURE 9. Current distributions on (a) a uniform strip and (b) an I-shaped
parasitic element. (c) Current ratio |Ip/Io| subject to the width W3 of the
I-shaped parasitic element.

of a normalized array factor. For beamwidth enhancement,
parasitic elements are introduced to expand the radiation
pattern of the probe-fed patch antenna. Two parasitic ele-
ments are added laterally to the main patch to establish a
three-element subarray.

The influence of the parasitic elements on the radiation
pattern of the main patch can be analyzed through the array
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FIGURE 10. SIW probe-fed patch antenna loaded with two I-shaped
parasitic elements: (a) Top view. (b) Surface current distributions at
79 GHz.

FIGURE 11. Simulated |S11| responses of the patch antenna loaded with
I-shaped parasitic elements subject to the changes in: (a) g0, (b) L2, and
(c) W3. (d) Simulated |S11| responses of the patch antenna with and
without the I-shaped parasitic elements.

TABLE 1. Values of the Design Parameters for the Proposed Patch
Antenna With the I-Shaped Parasitic Elements (in mm).

factor. The key design parameters are the spacing between
the elements and the ratios of the current amplitudes of
the elements. The spacing would affect the amount of the
energy coupled from the main patch to the parasitic elements
and, therefore, the superposition mechanism of the radia-
tion patterns. The center-to-center spacing of the elements is
chosen as 0.2λ0, where λ0 is the wavelength in free space,
which is enough to prevent the parasitic elements short to
the main patch. For simplicity, Fig. 7 shows the normalized
radiation patterns of an array factor associated with three
isotropic point sources. Three amplitude distributions of the

FIGURE 12. Simulated radiation patterns of the SIW probe-fed patch
antenna with the I-shaped parasitic elements at: (a) 77 GHz, (b) 79 GHz,
and (c) 81 GHz.

three-element subarraywere examined to compare their influ-
ence on the array factor: −1:1:−1 (Case 1), −0.4:1:−0.4
(Case 2), and −0.1:1:−0.1 (Case 3). The negative ampli-
tude indicates that the element-to-element phase shift is 180.
As the current of the parasitic element increases, the radia-
tion null and beam focusing will happen in the direction of
broadside, resulting in the reduction of beamwidth. Fig. 7(c)
shows a wide pattern generated by the amplitude distribution
of Case 3 as opposed to the nulls produced by those from
Cases 1 and 2.
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FIGURE 13. Structure of the proposed eight-way SIW feed network.

FIGURE 14. Simulated S-parameter responses of the eight-way SIW feed
network.

TABLE 2. Performance of the Proposed Patch Antenna With the I-Shaped
Parasitic Elements.

B. DESIGN OF PARASITIC ELEMENTS
To widen the E-plane beamwidth, the parasitic elements
should affect the E-plane pattern of the main patch, but need
to avoid affecting the H -plane pattern to maintain the gain.
The first candidate for the parasitic elements is a uniform
strip. Fig. 8(a) reveals the initial design of the three-element
subarray, in which the two parasitic strips were placed next to
the E-plane sides of the main patch with a length of ≈0.5λg
and a width of 0.2 mm. The spacing of the three-element
subarray is 0.26λ0. The direction of induced strip currents
is expected to be opposite to that of the current on the main
patch, which would reduce the antenna gain in return for an
increase in beamwidth. The prediction is confirmed by the
current distributions of the subarray at 79 GHz, as shown

FIGURE 15. Configuration of the proposed 1 × 8 patch antenna array:
(a) 3D view and (b) Top view.

FIGURE 16. Simulated and measured |S11| responses of the proposed
1 × 8 patch antenna array.

in Fig. 8(b). By resorting to the function of Field Over-
lays from HFSS, the ratios of the current amplitudes on
the three-element subarray were given by −0.37:1:−0.38,
which is close to the amplitude distribution specified by
Case 2. Fig. 8(c) shows the simulated radiation patterns of
the three-element subarray at 79 GHz. The presence of the
parasitic elements indeed expands the patch antenna beam.
However, excessive currents on the parasitic strips generate
a radiation null at the angle of 0◦, which effectively narrows
down the HPBW. This result is consistent with the pattern of
Case 2 shown in Fig. 7(b).
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FIGURE 17. Simulated and measured radiation patterns of the proposed 1 × 8 patch antenna array. At 77 GHz: (a) E-plane and (b) H-plane.
At 79 GHz: (c) E-plane and (d) H-plane. At 81 GHz: (e) E-plane and (f) H-plane.

To solve the problem caused by the excessive currents,
an I-shaped parasitic element with the same resonance length
is proposed to replace the uniform strip. Since the vertical
sections at both ends of the I shape will force the current to
flow in the opposite direction, it can be used to adjust the
current amplitude of the parasitic element. Note that when
changing the size of the parasitic element to adjust current
amplitude, the equivalent electrical length of the parasitic
element still needs to maintain a resonance length of 0.5λg
to ensure that the current phase is reversed.

Figs. 9(a) and 9(b) compare the current distributions of the
uniform strip and the I-shaped parasitic element. The currents
on both ends of the I-shaped element are out of phase to each
other, thus reducing the total current amplitude. Compared
with the uniform strip, the vertical sections of the I-shaped
parasitic element provide additional design freedom, which
is useful for adjusting the amplitude of the induced current to
solve the problem of the radiation null. Fig. 9(c) shows the
width W3 of the I-shaped parasitic element required for the
current ratio |Ip/Io| adjustment, where Ip and Io are the current
of the parasitic element and the main patch, respectively.

Fig. 10(a) shows two proposed I-shaped parasitic elements
to replace the uniform strips. The desired current distribution
is created and displayed in Fig. 10(b). Figs. 11(a)−11(c)
disclose the simulated |S11| responses of the patch antenna
loaded with two I-shaped parasitic elements subject to the
changes in the values of the design parameters, g0, L2,
and W3, respectively. The two parameters g0 and L2 demon-
strate a more significant influence on the resonant frequency

as well as the return loss than the parameter W3. According
to the simulation results, the values of g0 = 0.2 mm, L2 =
0.4 mm, and W3 = 0.6 mm would lead to the best perfor-
mance in terms of impedance matching. The ratios of the
current amplitudes calculated by HFSS are −0.14:1:−0.12,
which is close to the current distribution of the array factor
specified in Case 3.

C. SIMULATION RESULTS OF PATCH WITH PARASITIC
ELEMENTS
Fig. 11(d) shows the simulated |S11| responses of the
probe-fed patch antenna with and without the I-shaped par-
asitic elements. The −10-dB return-loss bandwidth of the
one with the parasitic elements ranges from 76.3 GHz to
81.7 GHz, which is equivalent to 6.8% and is slightly less
than the bandwidth of the one without the parasitic elements.

Figs. 12(a)−12(c) show the simulated radiation patterns
of the proposed antenna at 77 GHz, 79 GHz, and 81 GHz,
respectively. Because the direction of the currents on parasitic
elements towards the E-plane, the H -plane current of the
main patch will not be disturbed. Therefore, the beamwidth
of the E-plane co-polarized pattern is much wider than
the beamwidth of the H -plane pattern. At 79 GHz, a gain
of 5.21 dBi is achieved. A wide HPBW of 138◦ is also
observed, which is 47◦ greater than that of the antenna
without the I-shaped parasitic elements. The HPBW in
the H -plane is only slightly affected by the presence of the
I-shaped parasitic elements. Table 1 lists the values of the
design parameters for the proposedwide-beam patch antenna.
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FIGURE 18. (a) Zoom-in view of the patch loaded by two I-shaped
parasitic elements. Simulated radiation patterns in the (b) E-plane and
(c) H-plane of the 1 × 8 patch antenna array at 79 GHz with its probes
misaligned by 0.1 mm.

The comprehensive performance of the antenna at the three
frequencies is provided in Table 2.

Note that the proposed parasitic elements are not limited
to being arranged only along the E-plane direction of the
antenna. This work chose to enhance the E-plane beamwidth
of the antenna because the horizontally-polarized automotive
radar antenna was selected as a design example.

IV. WIDE-BEAM HIGH-GAIN 1 × 8 PATCH ANTENNA
ARRAY WITH I-SHAPED PARASITIC ELEMENTS
A. DESIGN PROCEDURE
For convenience of applications, the basic steps for the wide-
beam patch antenna design are summarized as follows.

Step 1) Determine the size of SIW probe-fed structure
based on the operating frequency and two-port network
analysis.

Step 2) Combine the patch antenna and SIW probe-fed
structure, and adjust the circuit size to achieve superior
impedance matching.

Step 3) Adjust the spacing and size of the I-shaped parasitic
elements according to the required current ratio.

Step 4) Design the array feed network according to the
required number of elements and the array spacing.

Step 5) Complete the antenna array design.

B. 1 × 8 PATCH ANTENNA ARRAY
To feature both wide beamwidth and high gain, a 1× 8 patch
antenna array with I-shaped parasitic elements is proposed.

TABLE 3. Values of the Design Parameters for the Proposed 1 × 8 Patch
Antenna Array (in mm).

TABLE 4. Comparison on the Performances of the 1 × 8 Patch Antenna
Array With and Without the I-Shaped Parasitic Elements.

Generally, the bandwidth of series-fed array is more limited
than that of the parallel-fed array. Moreover, series-fed array
may introduce frequency-dependent progressive phase incre-
ments to the radiating elements, resulting in the radiation
pattern changing with frequency. Therefore, a parallel feed
is proposed to keep the radiation patterns constant across the
whole bandwidth.

Fig. 13 shows the structure of the corresponding eight-way
SIW feed network. The via holes placed in the centers and
corners of the T-junction power dividers serve the purposes
of power equalization and impedance matching. Note that the
eight wave ports (Port 2−Port 9) marked in SIW feed network
are only used for the preliminary S-parameter analysis, which
do not include the feed probes and apertures. Fig. 14 shows
the simulated S-parameter responses of the SIW feed net-
work. The insertion loss of each transmission path is less than
−1 dB and |S11| is lower than −15 dB across the frequency
range of 77−81 GHz.

The SIW feed network is integrated with the eight patches
accompanied by the I-shaped parasitic elements to complete
the proposed design. The substrate adopted for the single
probe-fed patch antenna in Section II also serves for the
array antenna. More investigations on PCB laminates for
automotive radar antennas under various environmental con-
ditions are disclosed in [32]. The array pitch of the patch
antennas is 0.73λ0.
Fig. 15 shows the configuration of the proposed 1 × 8

patch antenna array. The patch antennas and the SIW feed
network are fabricated in Sub 1 and Sub 2, respectively.
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TABLE 5. Comparison on the Performance of the Proposed Antenna Array and Previously Reported 79-GHz Antennas.

An SIW-to-GCPW transition is introduced to benefit mea-
surements. Note that a surface wave suppression structure
consisting of a rectangular ground plane on Sub 1 and via
wall in Sub 1 is added to reduce the surface wave effect [33].
Table 3 lists the detailed dimensions of this array antenna.

C. SIMULATION AND MEASUREMENT RESULTS
Fig. 16 shows the simulated and measured |S11| responses
of the proposed 1 × 8 patch antenna array. The mea-
sured −10-dB impedance bandwidth ranges from 72.79 to
81.78 GHz, which amounts to 11.63%. The result is in
good agreement with the simulated bandwidth ranging from
75−82.3 GHz, which is equivalent to 9.28%. The center
frequency is slightly shifted to low frequency, which is due
to the fact that the actual dielectric constants of RO4350B
and RO4450F at 79 GHz are slightly higher than the values
substituted in the simulation.

Figs. 17 display theE-plane andH -plane radiation patterns
of the proposed 1× 8 patch antenna array at 77 GHz, 79 GHz,
and 81 GHz. As indicated in Figs. 17(c) and 17(d), the sim-
ulated and measured gains at 79 GHz are 12.57 dBi and
10.74 dBi, respectively. The simulated andmeasured HPBWs
in the E-plane are 144◦ and 138◦, respectively, in contrast
to the value of 8◦ in the H -plane. No significant changes in
the antenna patterns are observed at these three frequencies.
The simulated cross-polarization level is more than 40 dB
below the co-polarization level in the E-plane. However, only

20-dB difference is noticed between the measured cross-
and co-polarization levels in the vicinity of the boresight
direction. The increase in cross-polarization level and the
decrease in gain are likely caused by the fabrication and
assembly errors, in which the feed probes were misaligned
by 0.1 mm leading to undesired excitation currents on the
patches.

Fig. 18(a) shows the zoom-in view of a patch loaded by
two I-shaped parasitic elements. The picture clearly shows
the misalignment of the feed probe. This speculation can be
verified by the simulated radiation patterns of the 1× 8 patch
antenna array with the feed probes misaligned by 0.1 mm.
As indicated in Figs. 18(b) and 18(c), the simulated results are
quite consistent with themeasured results, which confirm that
the misalignment of the feed probes would severely degrade
the antenna gain and the cross polarization level.

Table 4 summaries the simulated and measured perfor-
mance of the proposed 1 × 8 patch antenna array. The com-
parison on the measured performance of the 1 × 8 patch
antenna array with and without the I-shaped parasitic ele-
ments is provided in Table 4 along with the simulated per-
formance of the proposed antenna array. The table indicates
that the presence of the I-shaped parasitic elements enhances
the E-plane beamwidth of the patch antenna array. The photo
of the final assembled 1 × 8 patch antenna array with the
I-shaped parasitic elements is shown in Fig. 19. Table 5
compares the performance of the proposed antenna array
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and other published 79-GHz antennas. The proposed antenna
array outperforms other designs on its E-plane beamwidth.

FIGURE 19. Final assembled antenna array: (a) Top view. (b) Bottom view.

V. CONCLUSION
This study presents a wide-beam patch antenna for
millimeter-wave applications ranging from 77 to 81 GHz.
A SIW probe-fed patch was developed. For beamwidth
enhancement, two parasitic elements were added to the main
patch to enhance the beamwidth. An array-factor method
was used to analyze the influence of parasitic elements on
the main patch. The ratio of the current amplitudes of the
three-element subarray was investigated. The distribution of
−0.1:1:−0.1 was proved to present the most beamwidth.
According to the analysis result, two I-shaped parasitic ele-
ments placed next to the E-plane sides of the main patch
achieved this goal. The proposed I-shaped parasitic element
provides additional design freedom, which is useful for the
amplitude adjustment of the induced current. A 1 × 8 patch
antenna array with the proposed I-shaped parasitic elements
was assembled for both wide beamwidth and gain enhance-
ment. An HPBW of 138◦ and a gain of 10.74 dBi were
observed at 79 GHz.
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