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1 | INTRODUCTION

According to a study by the World Health Organization,
road traffic accidents are expected to increase from the
9th to 5th cause of death by 2030 [1]. This pushes for
technological advancements in sensing and detection,
which are a critical part of contemporary automotive
technology (ie, self-driving autonomous cars). There are
several features that can be integrated into vehicles for
safer driving: adaptive cruise control, collision notifica-
tion, avoidance, blind spot detection, park mate, back-up
aid, lane departure warning, lane keeping, traffic sign
recognition, and night vision. mmWave radar was once
considered inappropriate technology for automotive appli-
cations because there were no practical means of genera-
tion, reception, channelization, and transmission of
electromagnetic (EM) waves in the mmWave range.
However, recent developments based on the mmWave
theory and experimentation have provided new

This paper introduces a low-cost, high-performance mmWave antenna array mod-
ule at 77 GHz. Conventional waveguide transitions have been replaced by 3D
CPW-microstrip transitions which are much simpler to realize. They are compati-
ble with low-cost substrate fabrication processes, allowing easy integration of ICs
in 3D multi-chip modules. An antenna array is designed and implemented using
multilayer coupled-fed patch antenna technology. The proposed 16 X 16 array
antenna has a fractional bandwidth of 8.4% (6.5 GHz) and a 23.6-dBi realized

3D transition, automotive radar module, broadband transition, mmWave antenna array, proximity-

opportunities for communication and radar applications in
various fields. The mmWave band offers many advan-
tages compared to low-GHz frequency bands. It has a
broad bandwidth, high communication security,
antenna dimensions, high-speed data transmission, and
compatibility with Si technology [2,3]. Polished metallic
structures have advantages such as low path loss, robust
mechanical support,
noise. However, conventional metallic waveguide-based
antennas and radio frequency (RF) module architectures
for packaging, support, and interconnection have enor-
mous costs and high volumes [4,5].

mmWave technology for short-range broadband radar
and other applications is low-cost and has good perfor-
mance. The ultimate goal of this study is to realize a
low-cost, high-performance mmWave module that can be
applied to automotive radar. In this work, a broadband
3D transition and a patch antenna array on a low-cost
flexible liquid crystal polymer (LCP) substrate for
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FIGURE 1 A, Front and back side
view of proposed architecture for 3D-
integrated mmWave radar front-end, and B,
cross-section of multilayer low-cost RF
mmWave front-end module based on
FCBGA technology

mmWave applications are introduced as the first step
toward this goal. The novelty of this paper is the presen-
tation of the RF mmWave front-end module that replaces
the waveguide structures with wideband coplanar-wave-
guide-(CPW)-based 3D RF transition while considering
materials, packaging, integration, and antenna design. As
shown in Figure 1, the proposed antenna array module
has been designed based on flip chip ball grid array
technology which is a key technology enabling compact
RF front-end modules with high system integrity. Fig-
ure 1A shows a CPW line bending for system miniatur-
ization and interconnection between integrated circuits
(ICs) and the antenna array. Figure 1B shows the cross-
section of the proposed module with a heat sink
(through thermal vias), DSP, and digital blocks. A planar
patch type antenna was designed as proof-of-concept
since the automotive radar needs a broadside radiation
pattern with a high antenna gain. The ground plane
under the patch antennas efficiently isolates the analog/
digital circuits from the radiation system (ie, antennas
and their feeding networks) as shown in Figure 1B. The
proposed antenna array for the mmWave module is an
off-chip antenna architecture that exhibits better antenna
performance (ie, radiation efficiency, heat sink, and
gain); however, it requires a much larger area than the
on-chip antenna. The on-chip antenna is able to reduce
the module size dramatically, but the antenna suffers

from low radiation efficiency owing to the silicon

'\
Flip-chip mounted
SiGe T/R module

DSP, digital clock, temeperature
Digital/IF signals control p-processor, DC and data
ports on multi layer PCB

(B)

substrate which is a high-loss and thin material [6].
Waveguide aperture, patch, slot, Yagi-Uda, and Vivaldi
antenna types are widely sub-THz
(>100 GHz) on-chip antenna applications.

utilized in

2 | INTERCONNECTIONS FOR
MMWAVE RF FRONT-END

In this section, a development method for easy-to-fabri-
cate low-cost wideband 3D transitions on flexible organic
LCP is introduced for mmWave applications such as
broadband high-speed wireless LAN, automotive radar,
and imaging systems [7]. LCP has recently received
great attention as a potential high-performance microwave
medium with excellent dual functionality (substrate and
packaging) owing to its excellent electrical, mechanical,
and hermeticity properties. The reported dielectric con-
stant (er) and the loss tangent (tan &) values of LCP are
approximately 3.0 and 0.0035 at 77 GHz, respectively
[8]. The substrate thickness was 100 pm and a full-wave
3D finite element method software tool (Ansys HFSS)
was used in this work.

The recently reported micromachined 3D RF signal line
transition on a Si substrate features good performance up
to 50 GHz; however, it requires an expensive fabrication
process as a result of the necessary formation of cavities
[9]. Another reported broadband vertical transition has an
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operation frequency range from DC to 60 GHz with a
four-layer metal lamination [10]. Other reported research
efforts are bulky and limited in bandwidth because of their
waveguide-based structures [11, 12].

In this section, two simple wideband 3D transitions
are presented. The CPW-CPW-MSTRIP and CPW-CPW
transitions are printed on LCP. All dimensions of the
designed structures were chosen based on existing design
rules, including the use of mechanical drilling for via
holes.

2.1 | Coplanar waveguide to microstrip line
transition

The proposed design is shown in Figure 2A with all of
the detailed dimensions. It achieved good wideband RF
performance by utilizing a tapered ground plane and
placing ground vias at appropriate locations to suppress
parasitic modes and radiation losses. The via pads and
gaps were optimized to match the line impedance to
50 Q over a broadband frequency response up to
100 GHz. The proposed design consists of a single via
transition connecting the signal lines printed on both
sides of the LCP layer. The ground vias connect the top
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FIGURE 2 (A) Schematic for wideband vertical CPW-CPW-
MSTRIP transition and (B) its frequency responses

and bottom ground layers as well. The effect of the vias
is shown in Figure 2B. It shows that a tapered ground
of a certain angle () requires suppression of the edge
radiation. Figure 2B also shows the step-by-step design
process adopted to design the optimal results for the
transition. The number of vias should be minimized to
maintain low manufacturing costs. As illustrated in Fig-
ure 2B, four vias should be placed around the signal line
for better signal transition (better matching). Another four
vias at the edge of the tapered ground plane suppress
the radiation (open-end effects). This shows that the via
stitched tapered ground has suppressed unwanted radia-
tions effectively to approximately —15 dB.

The radius of the via was 75 pm, which is the smallest
feature size that can be mechanically drilled and metalized.
The angle (a) of the tapered ground plane was 27° (Fig-
ure 2A). The tapering angle of the ground plane was chosen
based on the reported research effort for an optimized transi-
tion between the CPW and the microstrip lines by matching
the impedance and field distributions [11, 13]. The pitch of
the vias was 620 pm. The vias suppress the possible reso-
nance and fringing fields of a given structure in the desired
frequency band by introducing additional current paths,
resulting in low transition loss.

Figure 3 shows pictures of the fabricated prototypes.
The fabricated design was fixed by a thick FR4 frame
to hold the prototype tightly during the measurement.
Figure 4 shows the simulated and measured S-parameter
results with good agreement. The insertion loss (IL) of
the entire structure (back-to-back configuration) for a
total length of 6.6 mm was 0.9 dB at 77 GHz. This
result corresponds to an IL of 0.45 dB per transition at

FIGURE 3 Fabricated 3D transitions on LCP with FR4 ring on
boundary for mechanical support during measurements
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FIGURE 4 S-parameters of CPW-CPW-MSTRIP transition

77 GHz and 1.18 dB at 100 GHz. It should be noted
that the IL per transition is less than 0.5 dB at 60 GHz
to 80 GHz, and 1.2 dB in the frequency range of 80-
100 GHz.

2.2 | Coplanar waveguide transitions

A similar design approach was taken for the wideband 3D
CPW-CPW transition design. This structure was chosen to
investigate the importance of optimal via spacing for the broad-
band ground plane of the CPW lines. It is important to mini-
mize the use of vias to achieve optimal performance while
minimizing cost. Prototypes were fabricated with via spacings
of 250, 500, and 1,000 pm to investigate the effect of via spac-
ing. It was found that maintaining a via spacing of 500 pm
yielded optimum results that satisfy both the performance and
optimal number of vias. The measured S-parameters were in
good agreement with the simulation results, and the reflection
coefficient (S77) values were lower than —20 dB in the 50 GHz
to 90 GHz frequency range, as shown in Figure 5.

The measured IL at 77 GHz was 0.5 dB for the back-to-
back configuration of the 5.6-mm long transition. This is
equivalent to an IL of 0.25 dB for a 2.8-mm long single transi-
tion. The optimal number of vias and via-to-via pitch selection
of the CPW line are the most important design parameters. It is
important to maintain a 600-um spacing (1g/4) of via-via pitch
at the center frequency (77 GHz) to suppress unwanted radia-
tion due to the parallel-plate CPW mode.

2.3 | 3D transitions and antenna array
integration

The integrated 3D transitions presented in the previous sec-
tion are useful techniques for broadband parasitic radiation/
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FIGURE 5 S-parameters of fabricated 3D CPW-CPW transition

crosstalk reduction between the antenna-feeding networks
and the multichannel/multicore RF front-end system. This
radiation reduction was achieved by avoiding any unde-
sired geometrical discontinuities such as sharp edges, sig-
nificantly long feeding lines, or mismatches between the
feeding lines and the loads.

As a proof of concept and without loss of generality, an
8 X 2 microstrip antenna array was designed and fabricated
at the center frequency of 77 GHz. This frequency band is
commonly used for UWB automotive short-range radars. A
schematic of the antenna is shown in Figure 6A in terms of
the top and bottom views of the structure. The power split-
ter (or combiner) is shown in Figure 6A,B. The fabricated
AUT is also shown in Figure 6B. The width (W), length
(L), and distance (D) between the antenna elements (center-
to-center) were 1.2 mm, 1.1 mm, and 2.1 mm, respectively.
A chamfered microstrip transmission line and curved taper-
ing of the CPW ground near the microstrip-to-CPW transi-
tion were utilized to further minimize the radiation loss. It
should be noted that a special step had to be taken to evalu-
ate the radiation performance of the antenna array properly.
This is because the receiver inside the mmWave antenna
chamber could not hold a probe station. Standard waveg-
uide connectors were required to measure the antenna array
in the anechoic chamber. A microstrip-to-waveguide transi-
tion was built for the purpose of the test. A WR-10 rectan-
gular waveguide was connected to feed the antenna under
test (AUT). A waveguide-to-microstrip transition was uti-
lized to feed the designed antenna array. Figures 7 and 8
shows the S;; and gain results, respectively. The discrep-
ancy between the measurement and simulation results has
no more than a 5% error range. It should be noted that Sy,
covers the design frequency band of 74 GHz to 81 GHz
with a center frequency of 77.5 GHz. The measured
antenna gain in the H-plane was 12.3 dBi. The ILs of the

microstrip-to-waveguide transition and waveguide-to-
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FIGURE 7 Measured S;; of 8 X 2 antenna array

waveguide connection were compensated because they are
not part of the antenna system. This section verifies the
ideas and concepts of the proposed low-loss broadband 3D
transitions for mmWave antenna arrays. The well-designed
CPW ground plane acts as an EM shielding, improving iso-
lation, and a heat sink for the TRx module mounted on the
backside of the module. This general idea can be expanded

FIGURE 6 (A) Schematic of 8 x 2
prototype array with 3D transition and (B)
fabricated AUT

= Simulation at 77 GHz
Measurement at 77 GHz

20 40 60 80 100 120 140 160 180
Angle (°)

FIGURE 8 Antenna gain of 8 X 2 antenna array

to large arrays, such as 8-, 16- and 32-channel configura-
tions.

3 | 16 x 16 ANTENNA ARRAY

This section details the design of a 16 X 16 antenna
array that integrates all of the mmWave transitions and
interconnection technologies discussed in this paper. The
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FIGURE 10 Measured and simulated S;; of 16 X 16 coupled-
fed antenna array

proposed design is shown in Figure 9. Each 16 X 1 indi-
vidual branch consisted of 16 proximity-coupled patch
antennas at a distance of 1 mm. The antennas were fed
by an underlying 50 Q microstrip line that was con-
nected to the TRx module through the CPW-MSTRIP
transition, as presented in the previous section. The pro-
posed antenna array utilized two 100-pm thick LCP lay-
ers to realize the proximity-coupled patch antenna
structure. The microstrip feeding line was sandwiched
between the top and bottom layers, and the 16 X 16
antenna array was built on the top layer, as shown in
Figure 9. The bottom layer was the ground plane, and it
was the reserved space for the TRx IC chips. Each indi-
vidual microstrip patch element had a length of 1.0 mm
and a width of 0.8 mm. The center-to-center separation
between the elements was 1.4 mm. The width of the
embedded microstrip line was adjusted accordingly to
have a 50-Q impedance looking into the sub-array.
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FIGURE 11 A, Antenna measurement setup and B, block
diagram of measurement system

The measured S;; of the designed 16 X 16 antenna
array is shown in Figure 10. The small discrepancy
between the simulation and the measurements can be
explained by fabrication error and misalignments. For the
S11 measurement, an additional microstrip-to-waveguide
transition was required to feed the antenna, as depicted
in Figure 11 [14]. The total gain in the H-plane of the
16 X 16 antenna array is also shown in Figure 12. The
measurements were performed at 77 GHz, and the simu-
lation results correspond well with the measurement
results. The peak simulated gain was 23.6 dBi and the
measured gain was 21.16 dBi for the H-plane. The pro-
posed antenna has an approximately 5 dBi to 10 dBi
higher gain than reported designs [15, 16], and the
antenna array with comparable gain presented in [17] has
considerably more antenna elements (23 X 29). The per-
formance comparison is summarized in Table 1. The
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FIGURE 12 Realized antenna gain in H-plane

TABLE 1 Comparison table

Design
Size (mm) frequency (GHz) Gain (dBi)
[18] 78 x 77 77 20.0
[19] 50 x 50 77 25.0
This work 38 x 42 77 23.6

antenna-feeding network consisting of a waveguide-to-
microstrip transition and a rectangular waveguide (Fig-
ure 11B) had a loss of 2.44 dB. The angle of the main
lobe shown in Figure 12 varied depending on the opera-
tion frequency because the phase of the antenna array
elements was not aligned, resulting in a tilted beam with
a lower gain. A stable RF source is a critical part of a
series-fed array antenna since the antenna array is sensi-
tive to the phase of the input signal.

4 | CONCLUSION

This paper presents the design and integration of a novel
3D-broadband transition and enhanced-gain (more than
20 dBi) antenna array topology on a flexible organic
LCP substrate. It is suitable for low-cost, high-perfor-
mance mmWave modules. The proposed structures are
attractive for cost- and size-sensitive applications such as
compact automotive radar applications and beam-steering
wideband antenna arrays. The presented design also
demonstrates the feasibility of a highly integrated, low-
cost conformal 3D mmWave RF system-on-package
front-end module.
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