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ABSTRACT A 77 GHz gapwaveguide radar antenna system with launcher-in-package (LiP) technology
is presented in this paper for automotive imaging applications. Firstly, state-of-the-art LiP technology
integrated with radar transceivers is proposed. The transceivers are equipped with waveguide interfaces
for RF connection, enabling direct integration with waveguide antennas. Robust interconnects for coupling
transceivers to waveguide antennas with non-galvanic contacts are proposed using gapwaveguide packaging
technology. A simultaneous multi-mode imaging radar system using 4 cascaded aforementioned transceivers
is introduced. Designated antenna elements of the system are realized by slot arrays with center-fed ridge
gapwaveguides. Ultimately, the imaging radar antenna has a top radiating slot layer, a middle distribution
layer and a bottom interconnect layer capable of accommodating 4 LiP radar transceivers with considerable
assembly tolerance which is really one of the key aspects for commercial automotive radar applications.
Input matching and radiation patterns of the antenna are verified by measurement. The results indicate that
the proposed gapwaveguide imaging radar antenna in conjunction with the novel LiP packaging is able to
serve the radar system properly. To the best of the authors’ knowledge, the proposed gapwaveguide antenna
system is the first imaging radar antenna system ever developed for LiP components. This work provides
a compact, high-efficiency and cost-effective solution for the integration of complex radar systems with
waveguide antennas.

INDEX TERMS Imaging radar, automotive, launcher-in-package, transceiver, gapwaveguide, slot array.

I. INTRODUCTION

Fully autonomous vehicles are able to drive independently
by heavily relying on sensor data. This poses tremendous
challenges on the perception sensors in terms of target clas-
sification, environmental adaptability, etc. Widely used sen-
sors, such as radar, light detection and ranging (LIDAR),
ultrasonic, have their strengths and weaknesses under dif-
ferent scenarios [1], [2]. Radar sensors are able to measure
the instantaneous velocity and handle poorly lighted environ-
ments, but constrained by limited resolution in direction of
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arrival (DoA) estimation. The latest radar sensing systems,
commonly referred to as imaging radars (IMRs), are capable
of achieving high angular resolution in both azimuth and
elevation direction [3], [4]. IMRs typically utilize multi-input
and multi-output (MIMO) antenna systems which can pro-
vide a cost-effective approach to improve angular resolution
of the radar by multiplexing transmissions across a number
of antennas [5].

Previously, automotive radars operating at 77 GHz band
(76-77 GHz) were mainly for long-range radar (LRR)
applications such as adaptive cruise control (ACC). How-
ever, medium-range radar (MRR) and short-range radar
(SRR) applications are compatible with 77 GHz band as
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FIGURE 1. LiP transceiver equipped with 4 RXs and 3 TXs: (a) layout of
the top metal layer; (b) sectional view of the transceiver [17].

well [6], [7], [8]. Thus, it is of high interest to develop
multi-mode IMR systems at 77 GHz band. Previous work [9]
presents an imaging radar capable of operating in triple
modes simultaneously. In this work, advanced design of the
antenna system using gapwaveguide technology is proposed.
Gapwaveguide technology is widely used for multi-layer
antenna designs [10], [11], [12]. It features non-galvanic
contact between the layers, thereby ensuring higher reliability
of assembly and robustness of the design at millimeter wave
frequency band.

Nowadays, almost all radar sensing systems are based on
highly integrated system-in-package (SiP) components fea-
turing multiple transmitters (TX) and receivers (RX) with
functionalities from radio frequency (RF) front-end to inter-
mediate frequency (IF) signal processing. Embedded wafer
level ball grid array (eWLB) is one of the advanced packaging
technologies for such radar transceivers [13]. It can provide
components with flip-chip assembly which is favorable for
applications based on print circuit board (PCB). This leads
logically to PCB antenna being the most widely used antenna
connected to the transceiver. However, dielectric loss will
deteriorate the RF performance especially when complex
antenna systems are used [14], [15]. PCB antennas also lack
flexibility for routing of the feeding lines and placement of
the antenna elements. Therefore, waveguide antenna placed
on top of the transceivers becomes a better candidate to imple-
ment a complex antenna system operating at high frequency
for next generation automotive radar and sensing applica-
tions [12], [16].

In general, to connect the transceivers to waveguide anten-
nas, intermediate transitions on PCB are used [18], [19], [20].
Additional insertion loss and PCB board space consumption
of the transition result in a cumbersome design that wears
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down the potentials of waveguide antennas. Hence, SiP com-
ponents with waveguide interfaces that are able to con-
nect waveguide antennas directly have been investigated
lately [21]. As depicted in Fig. 1, such packaging technolo-
gies are referred to as launcher in package (LiP) [17]. The
waveguide transitions, here named as waveguide launchers,
are realized inside the SiP component by means of eWLB
process.

Certainly, LiP components demand compact and robust
interconnections to the waveguide antennas. In addition, the
interconnection should be friendly for assembly considering
the fragile LiP components. Gapwaveguide packaging tech-
nology utilizes periodic pins to realize a band gap covering
the frequency band of interest, ensuring high isolation along
with non-galvanic connections which is advantageous for
flexible mechanical assembly [22].

This paper presents a cutting-edge design of automotive
imaging radar system based on high-efficiency fully metallic
waveguide antennas. The main novelties of the presented
work are listed below:

1) A fully functional automotive imaging radar antenna
system based on gapwaveguide technology is devel-
oped in conjunction with the LiP based automotive
radar transceivers at 77 GHz. For the first time, the LiP
technology is proposed on system level by providing
a feasible solution for the integration of waveguide
antenna with active circuits. In addition, advantages
of LiP technology, in terms of performance (energy-
efficient due to the elimination of external waveguide
transitions) and cost (able to avoid using costly RF
substrate) are validated.

2) Highly integrated automotive radar transceiver
equipped with 4 RXs and 3 TXs is firstly presented
providing compact waveguide interfaces via the pro-
posed LiP technology, in contrast to previous publica-
tions only presenting passive validations on a solitary
transition [21], [23], [24], [25].

3) Gapwaveguide based contact-less waveguide intercon-
nect is firstly employed for the connection to LiP com-
ponents.

4) Novel rectangular waveguide (RW) to ridge gapwaveg-
uide (RGW) transition is proposed with compact peri-
odicity, able to address the challenges of fan-out of the
LiP component.

5) Despite the fact that waveguide antennas are of high
interest for industrial automotive radar applications
recently, there are limited examples or research publi-
cations on integrated waveguide-based antenna system
with elements at highly sparse locations over a large
aperture [26]. It is quite challenging for the assembly
of conventional waveguides which are normally fabri-
cated by E- or H-plane split blocks, considering certain
feeding lines of the proposed antenna elements are with
lengths up to 120 mm (approximately 30 wavelengths
at 77 GHz) [27]. The proposed gapwaveguide antenna
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system is proved to be a better low-cost candidate for
implementation of such large-aperture antenna systems
integrated with numbers of cascaded transceivers.

This paper is organized as follows. LiP components and
gapwaveguide interconnects are introduced in Section II.
Compact transitions to the antenna distribution layer are
described in Section III. Design of gapwaveguide antennas
is given in Section IV. Measurements of the interconnects
and the imaging radar antenna are presented in Section V
and Section VI, respectively. Finally, conclusions are given
in Section VII.

Il. DESIGN OF GAPWAVEGUIDE INTERCONNECT FOR LiP
The LiP integrated circuit preceding the antenna design in
this work is a transceiver with 3 TXs and 4 RXs, covering
76 to 81 GHz band and supporting SRR, MRR, LRR appli-
cations including high resolution IMRs [17], [28]. Layout
of the waveguide launchers is shown in Fig. 1. Compact
neighboring transitions based on loops that are fed by dif-
ferential lines are proposed [17], in contrast to the designs
in [21], [23], [24], and [25] that only present solitary tran-
sitions based on vias, tapered lines or ring slots. Thanks to
the multi-layer features of eWLB packaging with embedded
substrates, the waveguide launchers can present RF ports at
the top while the ball grid array at the bottom provides other
connections to the transceiver. The LiP component can realize
high-efficiency integration with waveguide antennas by elim-
inating the external waveguide transitions. Moreover, the LiP
component is able to avoid using high performance RF sub-
strates. This gives significant cost benefits in designing the
complex imaging radar modules with multiple transceivers
operating at 77 GHz.

Compact, robust and assembly-friendly waveguide inter-
connects between LiP components and antennas with RW
interfaces are proposed based on gapwaveguide packaging,
as shown in Fig. 2. The staggered pins above the top metal
ground with dielectric encapsulant (¢, = 3.65, [29]) will
create a stop band preventing the field from leaking through
the air gap. The stop band is determined by plotting the
dispersion diagram over the irreducible Brillouin zone (I"-X -
M -T") with periodic boundary conditions in x and y directions,
as shown in Fig. 3. The dispersion diagram of the unit cell is
shown in Fig. 4. The stop band is from 65 to 130 GHz with
an air gap of 100 um. As a result, the large stop band is able
to guarantee robustness of the interconnect.

The launcher is optimized together with the interconnect
for a better performance. By replacing the die with matched
loads, reflection coefficients and isolation of the RW ports are
simulated. Manufacturing tolerances of the launcher regard-
ing the loop length (/;50p) and substrate thickness (%, ), which
are considered as the most critical parameters, are inves-
tigated by examining the variation of matching, as shown
in Fig5. Assembly tolerance in terms of air gap varia-
tion and misalignment in x and y directions are tested as
well. As shown in Fig. 6, the interconnects have reflection
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FIGURE 5. Manufacturing tolerances of the launcher regarding (a) the
loop length (/j50p) and (b) substrate thickness (hr).
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coefficients better than —20 dB and isolation larger than
30 dB between the adjacent RW ports, while featuring robust
performance over 74 to 83 GHz. The proposed gapwaveguide
interconnect features non-galvanic contact, as well as high
isolation when the transitions are placed in close proximity.

Ill. DESIGN OF COMPACT TRANSITIONS FOR ANTENNA
FEEDING NETWORKS

RGW is employed for the feeding networks of the
antenna, due to its compact and broadband properties. Thus,
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FIGURE 7. Compact transitions from the interconnects to the distribution
layer: (a) 3D view, (b) top view.

the challenge becomes implementing compact transitions
from RW to RGW after the interconnect. Considering the
placement of RW ports, transitions from the broadside of RW
have been utilized for the lateral ports, as depicted in Fig. 7.
For the ports in the middle, more compact longitudinal slots
based transitions have been used. The longitudinal slots are
placed approximately quarter guided wavelength away from
the short end of RGW, and shaped like a conventional ridge
waveguide which helps to achieve good impedance matching
and wide bandwidth. Considering the resemblance between
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FIGURE 9. Antenna system of the simultaneous multi-mode automotive
IMR with 12 TXs and 16 RXs [9].

RX and TX transitions, simulated results of the RX transitions
are discussed here exclusively. The reflection coefficients
are better than —25 dB for the lateral transitions and less
than —20 dB for the middle transitions from 75 to 78 GHz,
as shown in Fig. 8a. Side-by-side isolation between the neigh-
boring RW ports and forward isolation between the adjacent
RW and RGW are larger than 25 dB as shown in Fig. 8b.

IV. SYSTEM SPECIFICATION AND ANTENNA
IMPLEMENTATION

A. SYSTEM TARGET SPECIFICATIONS

A simultaneous multi-mode automotive IMR with 12 TXs
and 16 RXs has been proposed in the previous work [9]. The
specifications of the IMR are shown in Table. 2. Most com-
monly used multiplexing technique in automotive radar appli-
cations is time division multiplexing (TDM) as a result of
its simple and cost-effective implementation [30]. However,
as the pulse repetition interval (PRI) of the same transmitter
increases with TDM, the maximum unambiguous velocity
is decreased by a factor of number of transmitting anten-
nas. This is particularly challenging for IMRs with tens of
transmitters. Compared with TDM, doppler division multi-
plexing (DDM) where transmitted signals are orthogonally
separated with frequency offsets in the Doppler dimension,
are able to maintain the maximum unambiguous velocity with
increasing transmitters [31], [32]. However, the simultane-
ous transmission of DDM will consume more power, thus
pose challenges on the heat dissipation and reliability of the
system. Previous work [9] based on a combination of TDM
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TABLE 1. Dimensions of the design.

TABLE 2. Specifications of the IMR.

Parameters Dimension Parameter Dimension Parameters SRR MRR LRR
(mm) (mm) Distance Maxmu.lm 75 m 150 m 250 m
Launcher Design [17] Resolution 0.3 m 0.6 m 1.2 m
—L 2 n 2 Velocity 12/[ in{NtI'a ; 0.16 -2800/0280 km/}; 08
PL 297 esolution .16 m/s .08 m/s .08 m/s
Interconnect Design AZ HPBW 1.6
d 152 q 1 DoA AZ FoV +60° +30° +15°
* . Y EL HPBW +2.8° +2.25° +1.8°
hp 0.8 I’p 0.25 EL FoV 6°
hg 0.1 Note: Azimuth (AZ), Elevation (EL), Half Power Beam Width
Transition Design (HPBW), Field of View (FoV).
hyy, 0.82 Iin 1.42
Wih 0.50 hms 0.51 TABLE 3. Specifications of the IMR Antenna.
Wms1 0.89 lms1 1.72
Wins2 0.54 Linso 0.75 Antenna Freq. BW Gain HPBW HPBW
ms . ms .
GH GH dBi AZ (d EL (d
Antenna Design (GHz) (GHz) (dBi) (deg) (deg)
RX 76.5 >1 15 60 10
Lst 225 Dst 2.63 TX SRR 765 >1 10 60 16
Ha, 0.93 Lay 2 TX MRR  76.5 >1 16 36 16
War1 0.47 Wars 0.86 TX LRR 76.5 > 1 19 18 16
Wyrs 1.76 IsT 2.29
dgT 2.99 hpr 0.72
Ibr 1.78 WDR1 0.54 sy flar2
WDR2 0.83 WDR3 1.67 top view
W1 0.83 w2 0.5
w3 0.81 W4 0.5
w5 0.5 dq 2.5

MIMO and DDM MIMO has shown a trade-off between
maximum unambiguous velocity and power consumption.
The layout of the antenna system is shown in Fig. 9. It con-
sists of 16 identical RX antennas separated by 2 free space
wavelength ()\) at center frequency. The TX arrays assign
4 elements to each mode with unique FoV in azimuth direc-
tion. Utilizing 4 radar transceivers, each equipped with 3 TXs
and 4 RXs, the IMR can implement high angular resolution
in both AZ and EL directions.

B. DESIGN OF GAPWAVEGUIDE SLOT ARRAYS

Based on the system target performances, specifications of
the antenna elements are determined, as listed in Table. 3.
Gapwaveguide slot arrays are utilized for the antenna imple-
mentation. Antenna element of the RXs is realized by a
linear array with 8 equally displaced longitudinal slots as
shown in Fig. 10. Center-fed RGW line with a double-ridge
section brings about a compact (capable of half-wavelength
spacing placement) and broadband design. Considering the
slot arrays will be implemented on a metal plate with num-
bers of neighboring elements, periodic slits are deployed
on the lateral direction of the slots in order to reduce the
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FIGURE 10. RX slot array using gapwaveguide with top view and bottom
view.

25
20
15
10
5 ~ L)
o |
S & { A
-0/ ’ .

-15 : :
200 B Ay 4
25 Vil

Realized Gain (dBi)
Realized Gain (dBi)
- = ow N oW
S o3 G 3s

w

its)

30 - 0
-80 -60 -40 20 0 20 40 60 80 73 74 75 76 77 78 79 80
Theta (deg) Freq (GHz)

(a) (b)

FIGURE 11. Simulated results of the RX antenna: (a) radiation pattern at
76.5 GHz, (b) realized gain at boresight direction over frequency.

finite ground plane edge diffraction, and also provide gain
enhancement. Simulated E-plane (electric field polarization)
and H-plane (magnetic field polarization) pattern of the RX
antenna at 76.5 GHz are shown in Fig. 11a. Without the slits,
the truncated ground plane will induce noticeable ripples in
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FIGURE 12. SRR slot array using gapwaveguide with top view and bottom
view.
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FIGURE 13. MRR (a) and LRR (b) slot array using gapwaveguide with
equal power dividers.
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301
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Theta (deg)

the E-plane pattern which would affect the consistency over
RX elements. Realized gain of the RX element is larger than
16 dB at boresight direction, as shown in Fig. 11b.

TX antennas are realized by multiple columns of a lin-
ear array with 4 equally displaced longitudinal slots as
depicted in Fig. 12. The SRR antenna has the simplest
implementation, while the MRR antenna with two columns
and LRR antenna with four columns demand feeding net-
works with equal power dividers, as shown in Fig. 13a and
Fig. 13b. The imaging radar system demands specific cross-
ing points among the E-plane patterns of SRR, MRR and
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FIGURE 16. Automotive imaging radar aiming for LiP technology.

LRR antennas, as shown in Fig. 14 [9]. Simulated realized
gains of the TX antennas at boresight direction are shown
in Fig. 15.

The complete IMR antenna system with dimensions of
160 mm x 160 mm x 7 mm is shown in Fig. 16. The design
consists of three layers: bottom interconnect layer, middle
distribution layer and top radiating layer. Fig. 17 shows the
detailed views of the IMR antenna. Two dummy elements
are placed on the lateral sides of the RX array in order to
mitigate the degradation of the edge elements performance.
TX antennas are connected to particular transmitters with the
shortest possible feeding lines. Due to the sparse locations of
TX elements, lengths of the feeding lines are up to 30 wave-
lengths at 77 GHz. This demands gapwaveguide lines with
low-loss characteristics. Simulated insertion loss of the RGW
feeding line is approximately 0.186 dB/cm which agrees
well with the measurement. Large aperture of the antenna
system is able to benefit advanced designs with better perfor-
mance, however escalate the challenges on the assembly of
multi-layer waveguide antennas. Gapwaveguide technology
has been proved to be a better candidate for implementation of
such antenna systems with large aperture. The antenna system
has been validated by measurement and will be discussed in
the next section.
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FIGURE 18. Testing structure for the interconnect and launcher:
(a) configuration of RXs and TXs; (b) sectional view.

V. INTERCONNECT MEASUREMENT

To validate the launcher together with the interconnect, it has
been chosen to tape-out the chips with launchers terminated
by short or open loads, as shown in Fig. 18. Then, reflection
coefficients are measured from the interconnect end. Such
testing structures are capable of estimating the losses of the
launcher together with interconnect, as well as the isolation
under extreme scenarios of standing wave. A total of four
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FIGURE 21. Measured isolations of the testing components.

transceiver units with the same configuration as indicated in
Fig. 18a are measured. An adapter has been used during the
measurement and eventually calibrated out from the results as
shown in Fig. 19. Part of results are presented in Fig. 20 and
Fig. 21. It has been shown that the dielectric and conductor
loss of the testing structure is around 1 dB under standing
wave operations. A similar insertion loss is obtained for the
differential line to waveguide transition. According to the
length of the differential line of each channel, additional
dielectric losses need to be added, which lead to insertion
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FIGURE 22. S-parameter measurement setup: (a) the IMR antenna
prototype connected to a VNA, (b) distribution layer top view of the
prototype, (c) distribution layer bottom view of the prototype.
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FIGURE 23. Reflection coefficients of RX slot arrays.

loss performance comparable to the ones reported in [21].
The good agreement between the simulated and measured
results is able to confirm the expected performance discussed
in Section II, even though the measurement setup is for a
strong reflection. The isolations between contiguous ports are
larger than 30 dB even for a standing wave scenario.

VI. ANTENNA MEASUREMENT

The IMR antenna design discussed in Section IV has been
fabricated by computer numerical control (CNC) milling in
Aluminum as shown in Fig. 22. Layers of the antenna are
assembled by screws with the assistance of alignment pins.
Due to the compact and irregular gapwaveguide interfaces,
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FIGURE 25. Measured radiation patterns of RX slot arrays at 76.5 GHz
with all 16 elements plotted together: (a) E-plane, (b) H-plane.

a similar waveguide adapter is utilized for the antenna mea-
surement and eventually calibrated out as well. Fig. 23
shows that the reflection coefficients are better than —10 dB
from 75 to 80 GHz for the RX antennas. Input impedance
matching of the TX antennas are shown in Fig. 24. Under
all the three operating modes, the measured reflection coeffi-
cients are better than —10 dB from 75 to 78 GHz.

Radiation patterns are measured in an anechoic chamber
in far-field setup. E- and H-plane patterns of the 16 RXs
at 76.5 GHz are plotted together, as shown in Fig. 25a and
Fig. 25b. Realized gain of the RXs at boresight direction
over frequencies are presented in Fig. 27a. It has been shown
that the RX antennas have realized gain around 16 dBi with
HPBW larger than 60° in AZ and 10° in EL. In addition,
thanks to the slits on the sides of the slots, the patterns have
shown excellent similarities among the 16 elements, which
is one of the key aspect of such IMR application. Radiation
patterns of the TX antennas are shown in Fig. 26. The patterns
are able to fulfill the specifications of the IMR as listed in
Table. 3. Realized gain of the TXs at boresight direction
over frequencies are shown in Fig. 27b - 27d. The measured
radiation pattern and realized gain agree well the simulation.
Due to the loss of feeding lines with length differences up
to tens wavelengths, there are variations of the realized gain
for the TX antennas. However, one can always compensate
such variations of the TXs operating under the same mode by
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signal processing and calibration process. This is considered
to be not critical for the overall performance of the IMR
system.

Compared to [9] in which the same MIMO configuration
was implemented by conventional waveguides, the gap-
waveguide antenna system based on LiP technology has sig-
nificant improvements in terms of:

1) Reduction of the ripples on azimuth pattern.
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2) Assembly of multi-layer waveguides.
3) Integration with active circuits.

VIi. CONCLUSION

An automotive IMR antenna using gapwaveguide technol-
ogy is presented in this paper. A highly integrated radar
transceiver utilizing LiP technology equipped with 4 RXs
and 3 TXs is introduced. The transceiver is able to provide RF
ports with waveguide interfaces, enabling direct integration
with waveguide antennas. Robust interconnects for connect-
ing transceivers to waveguide antennas with non-galvanic
contact are proposed using gapwaveguide packaging tech-
nology. Compact transitions between RW and RGW are
proposed to fan-out the feeding line. Designated antenna
elements of the system are realized by slot arrays with
center-fed ridge gapwaveguides. Ultimately, the imaging
radar antenna has a top radiating slot layer, a middle dis-
tribution layer and a bottom interconnect layer capable of
accommodating 4 LiP components with considerable assem-
bly tolerance. The interconnects are verified with launchers
terminated by short or open loads. Good agreement between
the simulation and measurement confirms the expected trans-
mission properties of the interconnects. Input matching and
radiation pattern of the antenna are also verified by measure-
ment. The results indicate that the proposed antenna is able
to serve the radar system properly.
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