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ABSTRACT In this paper, a novel wide-beam microstrip patch array antenna is proposed for automotive
radar applications. Different from the regular wide-beam antenna, which is designed to achieve the wide-
beam unit radiation performance, the proposed array antenna introduces the coupled-mode technology of the
microstrip antenna to design an inclined unit radiation beam. The array elements are arranged alternately and
in opposite phases so that the unit radiation beams alternately point to two sides of the array. The wide-beam
feature and the high gain performance are realized simultaneously by the array characteristics. The excellent
beamwidth and antenna gain performance enable enormous application potential in automotive radar.
An 8-unit prototype working at 24 GHz is designed and fabricated for automotive radar applica-
tions. Measured results show that the special design scheme extends the horizontal-plane half-power

beamwidth (HPBW) to 140°, and the maximum antenna gain is over 10.5 dBi.

INDEX TERMS Array antenna, microstrip antenna, wide-beamwidth, coupled-mode, automotive radar.

I. INTRODUCTION
With the rapid development of wireless communication sys-
tems, the application of electronic products is increasingly
widening: the field of automotive electronics is no excep-
tion. The vision for fully autonomous vehicles equipped
with active safety and comfort systems is steadily advanc-
ing. While fully autonomous vehicles are the ultimate goal,
an even more pressing requirement has been the need for
advanced driver assistance systems, which can provide cru-
cial situational information to assist driver operation. All
kinds of sensors are indispensable in order to obtain all kinds
of situational information, and automotive radar is one of the
key technologies [1]-[3]. The high-gain needle beam anten-
nas are nearly always adopted in long-range and middle-range
radar applications [4]-[6], while the short-range radar (SRR)
system always requires a wide horizontal angular coverage.
Hence, the antennas for SRR systems are often linear array
models with a fan radiation beam [7], [8].

Due to the features of simple structure, light weight, and
easy integration, microstrip antennas have become the most
common choice for automotive radar. The beamwidth of a
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typical microstrip antenna array for SRR systems is approxi-
mately 70° - 80° [8], [9], which does not meet the require-
ment of wide horizontal angular coverage for SRR radar
application. The typical SRR systems require the antenna
horizontal beamwidth to be greater than 130° to ensure that
the radar system can cover a sufficient range. Naturally, how
to broaden the beamwidth of microstrip antennas has become
the research focus of practitioners.

Enhancing the horizontal beamwidth of the unit is the
easiest method to imagine and the most widely used approach
to broaden the horizontal beamwidth of a microstrip antenna
vertical line array. The radiation of a typical microstrip
antenna element can be equivalent to that of a two-unit mag-
netic current array, while the array factor can improve the
antenna directivity, yet reduce the antenna beamwidth. Hence
multipole antenna [10], [11] and single magnetic dipole
[12], [13] are often adopted in the widebeam antenna.
Designing the half-mode microstrip antenna by shorting
via array is a typical implementation scheme. In [13],
by constructing a single magnetic current radiation microstrip
antenna model, the beamwidth of the element was even
extended to over 170°. Based on the same design concept,
the wire antenna unit reported in [14] also realized a decent
beamwidth performance of 150°. However, this method
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usually causes severe deterioration of the cross-polarization
level of the H-plane. The H-plane cross-polarization levels
of the designs in both [13] and [14] are more than —10 dB.
Although the high cross-polarization can be suppressed by
shorting the two end edges of the patch [15], this will increase
the size of the patch and is thus restricted in line array
application. A vertical linear array is exactly what the SRR
systems requires.

In addition, introducing the parasitic structure to the
microstrip antenna is another method to enhance beamwidth
performance. In [16], the parasitic loop improved the
beamwidth performance of the microstrip antenna to 130°.
Two I-shaped parasitic elements were placed next to the main
patch to establish a three-element subarray as introduced
in [17] for beamwidth enhancement. The current directions of
the parasitic elements are opposite to that of the main patch,
leading to extending the beamwidth to 138°. The method
of introducing the parasitic structure can indeed expand the
horizontal plane beamwidth to partially satisfy the require-
ments of SRR systems. However, introducing the parasitic
structure will increase the width of the microstrip unit, which
is not suitable for applications in systems with two or more
receiving antennas. The multi-receiving system requires the
distance between the adjacent receiving antennas to be less
than 1/2Ag (X¢ is the free-space wavelength at working fre-
quency), otherwise, the angle resolution will exhibit a multi-
solution error.

In this paper, beamwidth enhancement is reconsidered
for array perspective, instead of considering expanding the
beam-width of the antenna unit as in other literature. The
coupled-mode patch antenna is introduced as the element of
the proposed array antenna. The configuration of coupled-
mode patch antenna is similar to a regular patch antenna,
but shorting vias are designed at the center, which can
adjust the even-mode resonant frequency to close to that of
the odd-mode resonant frequency [18], [19]. The coupled
modes enable the phase changing with frequency at the two
radiating slots. The antenna, then, behaves similar to an
array of two radiating elements with controllable phases,
and thus the radiation beam can bias from the broadsiding
direction [20]. The unit strcuture shares the benefits of a
typical microstrip antenna: simplicity, compact size, and low
cost.

The units in the proposed array antenna are arranged
alternately and symmetrically in the array and are excited
alternately in antiphase. Hence, the radiation beams of ele-
ments can alternately bias to the two sides of the array, and
the synthesized radiation pattern of the array can achieve a
wider beamwidth in the plane orthogonal to the array place-
ment. Meanwhile, the array feature offers a high antenna
gain performance. Based on the design concept, an 8-unit
prototype working at 24 GHz is designed and fabricated
for automotive radar applications. The horizontal-plane half-
power beamwidth (HPBW) of the prototype is extended to
140° with an antenna gain over 10 dBi, which can meet the
wide-beam requirement of the SRR system.
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FIGURE 1. E-field distribution of the microstrip patch antenna.
(a) Even-mode and (b) Odd-mode.
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FIGURE 2. E-plane radiation patterns of the even-mode and odd-mode.

FIGURE 3. Synthesis of the radiation patterns of the even and odd modes.

Il. PRINCIPLE OF OPERATION

A. COUPLED-MODE MICROSTRIP ANTENNA UNIT

The even-mode and odd-mode are two typical resonance
modes for a microstrip antenna. The radiation of even-
mode can be equivalent to a pair of magnetic currents with
anti-phase [Fig. 1(a)], while they are in-phase for the odd
mode [Fig. 1(b)]. By setting the distance of the two mag-
netic currents to be 0.2Xy - 0.3%p, the radiation pattern
of the even-mode shows a figure-oo shape in the E-plane
(xoz-plane), while a quasi-omnidirectional figure-0 pattern
can be generated by the odd-mode (Fig. 2). If the two modes
of the microstrip patch have a proper relationship of ampli-
tude and phase, their radiation fields can be synthesised
as shown in Fig. 3. Specifically, the figure-oo pattern of
the even-mode and the figure-0 pattern of the odd-mode
can synthesize a heart-shape unidirectional endfire radiation,
which is the fundamental of the titling beam of coupled-mode
microstrip antenna.

By adding the shorting vias on the microstrip antenna,
the even-mode and odd-mode can resonate at similar fre-
quencies. A back-fed coupled-modes microstrip antenna is
shown as Fig. 4. The unit is designed based on a Taconic
RF-35 substrate with a dielectric constant of 3.5 and a
thickness of 0.25 mm, and the detailed structure parameters
are listed in Table 1. Compared with the typical microstrip
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FIGURE 5. Simulated results of the coupled-mode microstrip antenna.
(a) Sq; and gain, (b) radiation patterns.

antenna working in TMjp-mode (odd mode), the obvious
difference is that an additional shoring vias array divide the
patch into two parts. The shorting vias can force the resonant
frequency of the even-mode closing to that of the odd-mode
and achieve the special dual-mode resonant model. As shown
in Fig. 5(a), two obvious S;; notches can be noticed and the
S11 notch at the lower frequency end is introduced by the
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FIGURE 6. The proposed array layout for the wide-beam performance.

104 330 30

300 60

-204 270 90

240 120

210 150

180

FIGURE 7. The E-plane radiation patterns for the two type units.

TABLE 1. Optimized design parameters of coupled-mode unit.

Parameters | Lp | Wp Lf Rf D Rs
Value (mm) | 3.22 | 33 | 0.65 | 0.15 0.4 0.15
Value (Ao) | 0.26 | 0.26 | 0.052 | 0.012 | 0.032 | 0.012

even-mode of the microstrip patch, while the S1j notch at the
higher frequency end belongs to the original odd-mode. Both
the even-mode and odd-mode of the microstrip antenna can
be simultaneously excited at the middle frequency band. Just
like the previous analysis, when the two modes are excited
at the same time, a unidirectional end-fire radiation pattern
can be realized. Due to the fringe electric field radiation of
the limited ground plane, the ideal end-fire radiation like the
analysis (Fig. 3) cannot be achieved. Instead, a tilted radiation
beam is realized. As shown in Fig. 5(b), the main beam of the
simulated E-plane (xoz-plane) radiation pattern is shifted to
the feed point direction in xoz-plane.

B. WIDE-BEAM MECHANISM

Based on the special radiation scheme of the coupled-mode
microstrip antenna, a special array arrangement can be con-
sidered. As shown in Fig. 6, the coupled-mode units are
arranged alternately on the H-plane, so the units can be
divided into two types. The yellow patches in Fig. 6 are
type-1, and the blue patches are classified as type-II. Obvi-
ously, the E-plane radiation beam of the type-I units and
type-1II units, as shown in Fig. 7, will tilt to the two sides of
broadsiding direction, respectively. Because of the alternately
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FIGURE 8. The structure of the proposed 24 GHz wide-beam array
antenna. Lg = 60, Wg = 30,d = 5.2,ds = 1.2, wf1 = 0.28, wf2 = 0.53,
It = 1.95, unit: mm.

arranged units, alternative anti-phased excitation in the array
is need so that these elements can radiation the same polar-
ization. Hence when the two unit types are excited with equal
amplitude and inverse phase, a wide-beam array radiation pat-
tern can be synthesized. Moreover, both the compact unit size
(0.26 19 x 0.26 Ag) and the standard broadsiding radiation of
the H-plane indict the feasibility of this array arrangement.

lll. WIDE-BEAM ARRAY ANTENNA DESIGN
A. ARRAY ARRANGEMENT
Based on the proposed wide-beam radiation synthesis
scheme, an 8-unit wide-beam array antenna is designed at
24 GHz for automotive radar application. The array antenna
structure is shown as Fig. 8 and the unit is the same as
in Fig. 4. The proposed wide-beam array antenna is con-
structed with two layers of substrate and three copper layers.
The unit patches are designed on the top layer, the feeding
network is designed on the bottom layer, and the middle
copper layer is the shared ground plane of the microstrip
antenna and the microstrip feeding network.

The space between two adjacent units (d) is 5.2 mm,
which is less than the half space wavelength of 24 GHz.
The shrinking unit spacing is designed for an acceptable
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FIGURE 9. The effect of the element distance d on the (a) H-plane and
(b) E-plane radiation pattern.

cross-polarization performance. As shown in Fig. 9(a),
the H-plane cross-polarization will deteriorate with increas-
ing unit spacing, especially in the direction parallel to the
substrate. However, a slightly higher broadsiding gain is also
achievable with increasing unit spacing, and so a unit spacing
of approximately 5-5.2 mm is suitable for both the antenna
gain and the cross-polarization level. The unit spacing is a
critical factor for the H-plane cross-polarization level, while
it exerts basically no impact on E-plane radiation. As shown
in Fig. 9(b), the variety of the parameter d exerts no essential
effect on the E-plane wide-beam radiation. The simulated
results show that the E-plane beamwidth of the 8-unit array
is approximately 135°, which is excellent performance for a
planar array antenna.

From the top layer shown in Fig. 8, it can be noticed that
the geometric centers of the array units are not distributed
on a straight line but are alternately distributed on the two
sides of the central axis. This can be attributed to the reason
that the radiation phase center of the coupled-mode antenna
is not at the geometric center. The alternately staggered dis-
tribution can cause the phase centers of each unit to lie on
a straight line, which is beneficial to the formation of wide-
beam radiation. As shown in Fig. 10, the E-plane wide-beam
radiation is sensitive to different offset values (ds). When ds is
positive, the yellow units are offset in the positive direction of
the x-axis compared to the blue units (Fig. 8), and an obvious
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FIGURE 10. The effect of ds on the E-plane radiation pattern.
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radiation pattern.

wide-beam radiation pattern with the flat top feature can
be realized (Fig. 10). However, when ds is negative, which
means that the yellow units are offset in the negative direction
of the x-axis compared to the blue units (Fig. 8), the E-plane
beamwidth is narrowed and the broadsiding gain is higher.
The optimized value of ds is 1.2 mm, which can take into
account wide-beam performance and compact array structure
at the same time.

For planar wide-beam antennas, the influence of the edge
radiation of the ground plane on the radiation characteris-
tics is inevitable, so the ground plane size parameters are
discussed first. As shown in Fig. 11, as the width of the
ground plane changes, the wide-beam radiation performance
in the E-plane will produce certain fluctuations, while the
wide-beam and flat-top radiation characteristics can remain
unchanged. Therefore, increasing the size of the ground plane
has no essential effect on wide-beam radiation.

Because of the compact arrangement of the array antenna,
the coupling between the adjacent units is serious and the
active-S1; for every unit must be considered. As shown
in Fig. 12, a decent overlapped bandwidth can be noticed for
every element, since the two frequency points of even-mode
and odd-mode are merged into one frequency band.

B. FEEDING NETWORK
Due to the special excitation requirement of the proposed
array antenna, alternately inverse phase excitation with equal
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FIGURE 13. The topology models of the 1-8 feeding network. (a) type-I
and (b) type-IL.

amplitude is necessary. To realize the special excitation
model, there are two different feeding network topologies,
as shown in Fig. 13. One is designing the 180° phase shift
structure between the feeding network and the feeding port
(Fig. 13(a)), while the other includes the 180° phase shift
structure inset between the first order and second order power
divider (Fig. 13(b)). In this design, in order to simplify layout
complexity, the second feeding network scheme is chosen and
realized by microstrip line network. As shown in the bottom
layer in Fig. 8, the 180° phase shift structure is realized by an
extended microstrip line.

The simulated results of the 1-8 feeding network are shown
in Fig. 14. Good amplitude consistency can be noticed. The
amplitude difference of the transmission coefficient between
the input port and the 8 output port is less than 0.3 dB,
and the average transmission coefficient is approximately
—9.6 dB, which means that the insertion loss of the feeding
network is approximately 0.6 dB. The phase fluctuation is less
than +5°, and the alternately inverse phase excitation is also
verified.
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FIGURE 15. The photographs of the fabricated prototype.

IV. EXPERIMENT

A prototype of the proposed 8-unit wide-beam array antenna
is fabricated to verify the design concept. Both the coupled-
mode microstrip unit and the 1-8 feeding network are based
on a Taconic RF-35 substrate with a dielectric constant
of 3.5, a loss tangent of 0.003 and a thickness of 0.25 mm.
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The two substrates are assembled together by reflow sol-
dering process. The photograph of the wide-beam antenna
prototype is shown in Fig. 15. It can be noticed that a 50-Q2
SMA connector is soldered as the test port.

The measured reflection coefficients are compared with
simulated results in Fig.16. Due to assembly errors, the mea-
sured working frequency band is slightly offset to the low
frequency end. Based on the standard of |Sj;| < —10 dB,
the simulated results show impedance bandwidth of 5.8%
(23.4 - 24.8 GHz) and the measured results shows a wider
bandwidth. The difference between the simulated S;; and
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FIGURE 19. Simulated and measured radiation patterns of the
wide-beam prototype. (a) H-plane and (b) E-plane.

measured one can be attributed to the fabrication error. The
limited experimental conditions may leave an air gap between
the two plates. The effect of the gap error is simulated and
shown in Fig. 17. The existence of the air gap makes the
antenna have a better impedance bandwidth and the dual-
mode resonance characteristic is also clearer, which just coin-
cides with the measured result (Fig.16). At the same time,
the fabrication error also slightly shifts the working frequency
band to the low frequency end. The measured antenna gain
shows the same offset trend like the S1; (Fig. 18). In general,
in the operating frequency band, the measured antenna gain
is over 10 dBi and the fluctuation is less than 1.5 dB, which
corresponds to a decent total antenna efficiency of about 0.7.

Fig. 19 shows the comparison of the simulated and mea-
sured normalized radiation patterns. Due to the frequency
deviation, the simulated radiation patterns at 24 GHz are
chosen for representative, and the corresponding measured
patterns are selected at 23.7 GHz. Due to the symmetry
characteristics of the unit H-plane radiation, the H-plane
radiation patterns show typical narrow beam characteris-
tics and the first side lobe is approximately —14 dB. The
measured E-plane radiation patterns again verify the wide-
beam design. The E-plane HPBW is over 140°, and the
excellent wide-beam performance is suitable for automotive
radar application. The obvious flat top feature of the E-plane
patterns is also noteworthy even when the 1.5-dB beamwidth
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is over 100 °. The cross-polarization levels in both E-plane
and H-plane are less than —25 dB. Hence the special flat top
radiation pattern feature with good decent cross-polarization
suppression performance gives this design more possible
application scenarios, such as wide-angle scanning phased
array application. Due to the parallel feeding scheme in this
prototype, the footprint of the feeding network has a relatively
large width, which limits its application in the array. However,
this shortcoming can be achieved by adopting a multi-layer
process or using a more compact series feeding network.

V. CONCLUSION

A novel wide-beam array antenna based on coupled-mode
microstrip unit is proposed for automotive radar applications.
The coupled-mode technology can achieve the inclined radi-
ation beam. Arranging the array elements alternately and
exciting with opposite phases can make the alternately offset
unit radiation beams point to two sides of the array. Hence,
wide-beam radiation can be realized in the direction perpen-
dicular to the array. Meanwhile, the array feature can also
maintain adequate antenna gain. This type of wide-beam one-
dimensional array is very suitable for automotive radar appli-
cations, so an 8-unit prototype working at 24 GHz is designed
and fabricated. Measured results show that the special design
scheme extended the horizontal-plane HPBW to 140° with an
antenna gain of approximately 10.5 dBi.
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