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Abstract—Concept, design, and measurement results of a
frequency-modulated continuous-wave radar sensor in low-tem-
perature co-fired ceramics (LTCC) technology is presented in
this paper. The sensor operates in the frequency band between
77–81 GHz. As a key component of the system, wideband mi-
crostrip grid array antennas with a broadside beam are presented
and discussed. The combination with a highly integrated feeding
network and a four-channel transceiver chip based on SiGe
technology results in a very compact LTCC RF frontend (23 mm
23 mm). To verify the feasibility of the concept, first radar

measurement results are presented.

Index Terms—Frequencymodulated continuous wave (FMCW),
laminated waveguide (LWG), low-temperature co-fired ceramic
(LTCC), microstrip antenna arrays, millimeter-wave radar.

I. INTRODUCTION

D URING THE last years, millimeter-wave radar has seen
a large increase in applications [1]. With respect to

automotive radar, the frequency band between 77–81 GHz
has been allocated for future medium-range radar (MRR)
and short-range radar (SRR) applications, such as collision
warning, blind spot detection, and pre-crash vehicle prepa-
ration [2], [3]. The rapid development of highly integrated
multi-channel transceiver chips in SiGe technology [4], [5]
enables the realization of compact and low-cost systems, which
are a prerequisite for mass-market applications. A radar sensor
based on low-temperature co-fired ceramics (LTCC) has, com-
pared to traditional soft substrate materials, better mechanical
stability and the advantage of higher thermal conductivity.
Due to the high permittivity and excellent applicability for
multi-layer designs, LTCC-based systems are perfectly suited
for highly integrated designs. The high permittivity, however,
also reduces the bandwidth and efficiency of radiating elements
and makes the planar antenna design more challenging.
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Fig. 1. Photograph of the front and rear sides of the frontend.

In this paper, we focus on the design of microstrip grid array
antennas and use these to build a radar frontend in LTCC (see
Fig. 1). The proposed antennas are operated in a traveling-wave
mode with matched terminating elements. The traveling-wave
excitation assures a wideband matching of the antenna and can
be used to adjust an amplitude tapering. The inevitable beam
tilt over frequency of a series-fed array can be encountered by
using two sub-arrays with oppositely directed excitation.
In previous study [6], a 79-GHz radar frontend with patch

antennas was designed and fabricated in LTCC technology. To
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Fig. 2. SGA antenna with LWG feeding network.

overcome the fabrication tolerances caused by the shrinkage of
the previously used benchmark (BM) LTCC system ( ,

) nonshrinkage loss optimized TDK LTCC [7]
is used in this work. For high accuracy on the outer metal-
lization layers, this material additionally offers the possibility
of a high-precision fine-line photo-imaging process; however,
its dielectric loss ( , ) is significantly
higher compared to the BM material. Therefore, optimizations
are necessary to improve the radar performance focused on an-
tennas, wire-bondmatching structure, and system configuration.
To combine the advantages of both materials, a TDK high-fre-
quency (HF) LTCC material ( , ) is cur-
rently under development and shall replace the used standard
material in future designs.
A total of four grid antennas are used with an SiGe transceiver

chip [5] offering four TRX channels. Using a laminated wave-
guide (LWG)-based feeding network, the antennas and trans-
ceiver chip can be placed on opposite sides, thus reducing spu-
rious radiation and total dimensions of the sensor. Using mul-
tiple-input multiple-output (MIMO) techniques in the digital
domain, the angular resolution can be improved.
This paper is organized as follows. First, a single grid array

antenna and its feeding network is investigated. In Section III, a
butterfly bond matching structure is described. Section IV dis-
cusses the system configuration and demonstrates first experi-
mental results of the radar sensor.

II. GRID ANTENNA WITH FEEDING NETWORK

A key component of the presented sensor is the microstrip
grid array antenna. The concept was originally presented by
Kraus in 1964 [8], and a first microstrip version was proposed
by Conti et al. in 1981 [9]. Within the last years, the concept
found its way into various fields of applications, such as 60-GHz
radio [10] and 79-GHz automotive radar antennas [11], [12].
Grid array antennas can, in general, be subdivided into two
main categories: resonant and traveling-wave implementations.
Resonant grid array antennas have a perpendicular radiation,
but usually have a narrow impedance bandwidth. An amplitude
tapering is normally achieved by the line widths of the short
sides of the antenna [9]. Traveling-wave grid antennas with a
phase progression along the radiating elements as presented in

[13] generate a tilted beam, but have a wide impedance band-
width. Broadside beam operation of series-fed traveling-wave
antennas is often avoided since a bad matching is obtained if
element spacing equals a multiple of half wavelengths. Further-
more, traveling-wave antennas require a matched load at the
end.

A. Antenna Design

For multichannel radar applications with digital beam-
forming (DBF), a narrow beam of a single antenna is only de-
sirable in the elevation plane, whereas the azimuth beamwidth
defines the overall field of view.
The antenna array in this work is based on an LWG-fed trav-

eling-wave grid antenna in which the necessary matched loads
are provided by matched radiating end-elements. A complete
single-row antenna including its corresponding feeding network
is shown in Fig. 2. The antenna consists of two symmetric sub-
arrays on two layers of TDK loss optimized standard LTCC (sin-
tered layer thickness m) both being fed by via probes
reaching into an LWG. In a first design step, the antenna sub-ar-
rays are considered separately from the feeding network and are
assumed to be fed by a coaxial port from below. Since the via
diameter is fixed at a value of mm due to the LTCC
manufacturing process, the impedance of the coaxial port is lim-
ited to a range of up to 27 in order to keep the outer diameter
of the coaxial port below a quarter-wavelength. The coaxial port
feeds twomicrostrip lines (MSLs) in parallel whose impedances
were therefore chosen to 54 corresponding to a line width
of 0.18 mm. The principal function of the antenna can be ex-
plained considering a fundamental element within a sub-array,
as shown in Fig. 3(a). The rectangular loops have a length of

and a width with being the
guided wavelength on the MSL. The arrows indicate the instan-
taneous currents in the loop. The currents flowing in the -di-
rection combine constructively, whereas the currents flowing in
the -direction have destructive interference. Hence, linear po-
larized radiation in the -direction occurs. The cell width is
set to a half-wavelength and the cell length is adjusted for
a phase difference of 180 between A and A [see Fig. 3(a)].
For a broadside radiation, the phase difference between points
B and B has to be 0 , which is controlled by the lengths of the
connecting lines. Since the antenna is coaxially fed from below,
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Fig. 3. Sub-array with chain and matched end-elements. (a) Current flow on
fundamental element. (b) Simplified equivalent circuit representation.

each sub-array requires two matched loads realized by radiating
elements. Fig. 3(b) shows a simplified equivalent-circuit repre-
sentation of the sub-array. The input power is split into two
equal parts, one half being radiated by a matched element on
the left side. The other part passes the chain elements
and is decreased by 60% per element due to radiation of the
identical chain elements. The values in Fig. 3(b) show the ra-
diated power per element with corresponding to the residual
power after the th element. The last matched element radiates
the residual power of 3.2% of the input power. The amount of
radiated power within each chain element is mainly dependent
on the chosen substrate height, but also on the width of theMSL.
In contrast to many weakly radiating elements, usually used in
traveling-wave designs, strong radiation of each chain element
is necessary in order to obtain a rapidly decreasing amplitude
distribution along the array within the limited area of the sensor.
Chain elements designed for strong radiation, however, cannot
be perfectly matched at the same time. Hence, a full-wave anal-
ysis of the whole sub-array is indispensable. The simulated re-
flection coefficient of a sub-array is depicted in Fig. 4 and shows
a wideband impedance matching. After mirror-symmetrical ex-
tension with a second sub-array, one obtains the amplitude dis-
tribution in elevation shown in Fig. 5. The amplitude distribu-
tion was obtained from the sampled -field in the -direction
along the intersecting lines also shown in Fig. 5 and results in a
simulated 3-dB beamwidth of 14.5 with 20-dB sidelobe level
(SLL) in the -plane and 58 in the -plane. Mirroring the an-
tenna along the -axis and adjusting the feed position leads to
a double-row grid array (DGA) antenna (see legend of Fig. 13).
The double-row grid antenna has more gain, but also a reduced
3-dB beamwidth in the -plane of 40 . Both antennas require a
180 phase shift and equal power at the feeding vias in order to
obtain a symmetric phase and amplitude distribution. This can
be achieved with an LWG feeding network below the antenna.

B. LWG Feeding Network

The LWG power divider shown in Fig. 6 consists of two
stacked LWGs using a total of ten layers. The lower LWG is
terminated by a via-wall placed away from
the center of the coupling aperture, which provides an inherent

Fig. 4. Simulated reflection coefficient of coaxial fed sub-array.

Fig. 5. Amplitude distribution on the SGA antenna at 79 GHz.

Fig. 6. Layer stack and top view of the LWG-power divider. Parameters:
mm, mm, mm, mm,
mm, mm, mm, mm, and
mm.

phase shift of 180 for the two signals in the upper LWG. The
local reduction of the upper LWG height above the aperture
helps to improve the bandwidth of the transition. The simulated
-parameters (port numeration according to Fig. 6) given in
Fig. 7 show a symmetric splitting with 180 phase shift and
a return loss greater than 15 dB between 76–82 GHz. The
feeding network completely realized below the antenna has the
advantage that no restrictions with respect to antenna positions
are present. Furthermore, the amount of spurious radiation due
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Fig. 7. Simulated -parameters of the LWG power divider.

Fig. 8. Top and cross-section view of broadband WR-12 to LWG transition.
Design parameters: mm, mm, mm,

mm, mm, mm, mm, mm,
mm, and mm.

to the differential bond interconnects between the monolithic
microwave integrated circuit (MMIC) and the differential
microstrip lines (DMSLs) is reduced to a minimum with the
TRX chip placed on the rear side of the LTCC frontend.

C. Antenna Measurements

For antenna characterization, a wideband transition from
WR-12 waveguide to LWG based on [14] has been designed
(Fig. 8). An LTCC cavity comprising three layers with thick-
ness of m is used to connect a vertically orientated
air-filled waveguide to the LWG. The desired LWG height of
five layers is achieved using a staircase structure. The transi-
tion dimensions are optimized for operation in the 76–81-GHz
range. The measurement results of a back-to-back configuration
are shown in Fig. 9. The transition has a bandwidth of more
than 10 GHz with respect to 10-dB return loss.
The measurement of the antenna reflection coefficient in-

cluding the measurement transition is shown in Fig. 10. The
poor matching is caused by an increased LTCC layer thickness
of m, which was observed after sintering of the

Fig. 9. -parameters (back-to-back) of broadband WR-12 to LWG transition
used for antenna characterization.

Fig. 10. Return loss of SGA antenna including measurement transition.

Fig. 11. Return loss of SGA antenna, de-embedded, time-gate 200 ps.

antenna panel. The cavity depth of the transition comprising
three LTCC layers is increased by 51 m, which significantly
degrades the performance of the transition. The performance
of the antenna itself is hardly affected. In order to estimate
the antenna matching without the influence of the transition,
time gating with a width of 200 ps is applied to the measured
-parameters. Since the time gating is not applied to a struc-
ture with a sufficiently long homogeneous transmission line
between transition and antenna, it should be clear that this
method can only give a rough estimate of the antenna matching
without the transition. However, comparing the de-embedded
measurement with the simulated antenna reflection coefficient
without transition at a layer thickness of m shows
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Fig. 12. Measured and simulated radiation diagrams of SGA antenna. (a) 77.5 GHz. (b) 79 GHz. (c) 80.5 GHz.

Fig. 13. Measured and simulated radiation diagrams of DGA antenna. (a) 77.5 GHz. (b) 79 GHz. (c) 80.5 GHz.

reasonable good agreement and reveals a slight frequency
shift toward lower frequencies (Fig. 11). The reason for the
increased layer thickness is still to be investigated.
The measured - and -plane radiation diagrams of a

single-row grid array (SGA) antenna are plotted in Fig. 12.
The 3-dB beamwidth at 79 GHz is 16 in elevation ( -plane)
and 58 in azimuth ( -plane). The measured SLL in elevation
amounts to approximately 16 dB. The results for a double
row are shown in Fig. 13 with a 3-dB beamwidth of 16.5
in elevation and 40 in azimuth at 79 GHz. The calibrated
measured gain taking into account the loss due to the feeding
line and transition is 12.4 dBi for the single-row antenna and
14 dBi for the double-row grid antenna (reference plane for
the gain, as depicted in Fig. 2). The simulated directivity of
both antennas is 15.2 and 17.4 dBi, respectively. The reduced
gain is partly caused by the bad matching of the transition,
but the main reason is the still relatively high dielectric loss
of the used TDK loss optimized standard LTCC material.
For both antenna types, no considerable deterioration of the
antenna pattern has been found in the frequency range from
77.5 to 80.5 GHz dB . Both antennas show a low
measured cross-polarization level being more than 20 dB below
the co-polarization level in the vicinity of boresight direction
and more than 15 dB within an angular range of 40 in the
azimuth plane.

III. WIRE-BOND MATCHING STRUCTURE

Besides the LWG-to-DMSL transition presented in [15],
bond wires are necessary to finally connect the antennas to the

MMIC. In [6], a high–low-impedance-line concept was used.
However, this has two essential drawbacks, which are: 1) two
stages of quarter-wavelength transformers increase the total
length of the matching structure and 2) this structure requires
careful die placement and is susceptible to die misalignment.
To this end, a so-called butterfly matching structure was de-
veloped. The idea of this bond matching structure shown in
Fig. 14 is to use the inductive behavior of short-circuited stubs
to cancel the inductance of the bond wires. At the given stub
lengths, the short-circuited stubs show inductive behavior.
Using a quarter-wavelength transmission line, the inductance
of the stubs is converted to a capacitance, and hence, the
bond wire inductance is canceled. To verify the assumption,
two 100- DMSL (100- m line/space) in the back-to-back
configuration connected with a differential gold bond (25- m
diameter, and 200- m height above the substrate) were simu-
lated; the distance between the two bond footprints is 200 m.
The simulation results with and without a butterfly matching
structure are shown in Fig. 15. It can be seen that the matching
structure significantly improves the reflection/transmission
performance in the operating frequency band.
After wire bonding, the reflection factor of the butterfly

matching structure with the MMIC [5] was measured and
transferred to mixed mode -parameters [16]. The test fixture
for the measurement is identical to that in [6]. Fig. 16 shows
the measured differential reflection factor .
The measurement of the insertion loss of the bond wire with

the matching structure is difficult since no test chip as in [17]
for a back-to-back measurement is available. Alternatively, the
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Fig. 14. 3-D model of the butterfly bond matching structure and functionality
by means of Smith chart.

Fig. 15. Simulated -parameters of differential bond wire with and without
butterfly bond matching structure.

Fig. 16. Measured differential reflection factor of the butterfly matching struc-
ture with the MMIC bonded.

MMIC was activated, the power on the MSL (including the
losses of the bond wires, the matching structure, and a balun)
was measured. After calculation, the insertion loss of the bond-
wire interconnects with the matching structure varies between
0.7–1.5 dB in the whole operating frequency band of the chip.

IV. 79-GHz LTCC RADAR SENSOR

With the components presented in the previous sections, a
short-range radar sensor is built using a four-channel fully dif-
ferential transceiver chip in SiGe technology [5], the charac-
teristics of which are summarized in Table I. The block dia-
gram of the sensor based on the frequency modulated contin-
uous wave (FMCW) principle is shown in Fig. 17: The on-chip
voltage-controlled oscillator (VCO) generates a signal in the
frequency band from 77 to 81 GHz. A part of the VCO signal

TABLE I
SUMMARY OF TRANSCEIVER CHIP MMIC CHARACTERISTICS

Fig. 17. Block diagram of the LTCC radar sensor.

is fed to the LO port of the mixer, the received signal from the
target arrives at the RF port. The frequency difference between
the transmitted and received signal is then directly generated
at the IF port. The IF signals of each channel are amplified
and converted to digital signals by the analog-to-digital con-
verters (ADCs). With an on-chip divider (with configurable di-
vider factor ), the VCO signal is down-scaled and connected
to an off-chip phase-locked loop for frequency ramp generation.
The total divider factor of the VCO signal is 1024 (on-chip di-
vider factor and off-chip divider factor of ).
A phase frequency detector (PFD) compares the divided VCO
signal (around 76 MHz) with the reference signal generated by
a direct digital synthesizer (DDS). A second-order passive loop
filter (LPF) converts the charge-pump output current of the PFD
to the tuning voltage . All these components are controlled by
a field programmable gate array (FPGA).
For the cross-range imaging, DBF is applied. The size of the

LTCC RF-frontend is 23 mm 23 mm. After excluding the
area for the second-level interconnects and the edge margins
(see Fig. 1), the usable area for the antenna is around 13 mm
20 mm. The 3-dB beamwidth of the grid array antenna in the

vertical elevation plane is determined by its physical length and
has been presented in Section II. In the azimuth, i.e., scanning
plane, the angular resolution can be improved by using a MIMO
concept combining a nonuniformly spaced array [18].
As stated above, the MMIC provides four channels (denoted

as from left to right). Each channel is capable to transmit
(Tx) and receive (Rx) signals simultaneously. Applying the
MIMO concept, each Tx path is switched on (from ),
while the Rx paths of all channels are kept active. By choosing
suitable antenna spacings mm and
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TABLE II
POSITIONS AND TYPE OF THE VIRTUAL ANTENNAS

Fig. 18. Measured responses of the radar sensor to a target at 40 , 30 ,
20 , 10 , and 0 .

weightings, which were obtained using convex optimization
[19], ten virtual antennas with different positions are synthe-
sized. Thereby, the virtual antenna aperture can be enlarged
to twice the physical size. Using a nonuniform array, the am-
biguity problem in the array factor can be mitigated. As array
elements both SGA antennas and DGA antennas (see Fig. 17)
are employed. DGAs and SGAs are used for channels
and , respectively. Since the DGA has approximately 2 dB
more gain than the SGA, the detecting range in the direction of
interest can be improved, however, at the cost of field of view.
Introducing nonidentical array elements, the synthesized ten

virtual antennas are now categorized into three types. Type 1:
SGA used for both Tx and Rx. Type 2: DGA used for Tx and
SGA for Rx (or vice versa). Type 3: DGA used for both Tx
and Rx. The relative virtual antenna positions and the types of
the virtual antennas are listed in Table II. Normalized to the
received signals of the type 1 virtual antenna, the magnitudes
of the received signals of the type 2 and 3 virtual antennas are
angle dependent, rising the SLL at different angles for the target
response during the DBF process. However, the sidelobe can be
suppressed by using optimized weighting factors. Details about
the choice of the antenna spacings and the optimization methods
are outside the focus of this paper. The fabricated LTCC radar
frontend using a total of 12 ceramic layers is shown in Fig. 1.

V. MEASUREMENT RESULTS

At 79 GHz, the measured effective isotropic radiated power
of channel A (DGA antenna, 14-dBi gain) is 13.1 dBm. Using
the on-chip temperature sensor, the measured operating temper-
ature of the radar sensor is 94 . Assuming the output power of

Fig. 19. Field measurement results of the LTCC radar sensor.

the power amplifier is reduced from 10 dBm (at 25 ) to 7 dBm
at 94 , the total passive power loss within the radar amounts to
approximately 8 dB (see Fig. 17). Using TDKHFmaterial in fu-
ture designs, this loss could be reduced by 2.7 dB (0.7-dB LWG
feed network, 2-dB more antenna gain). The noise figure of the
radar RF frontend is around 20 dB, which is mainly determined
by the loss of the passive elements (8 dB) and the noise figure of
the mixer of the MMIC (12 dB). For the distance measurement,
the frequency is swept from 77.5 to 80.5 GHz within 1 ms. The
minimal angular resolution in the azimuth plane is 9 . The
angular measurements were conducted in an anechoic chamber.
As targets corner reflectors were used. The measured responses
of the radar sensor to a target at different angles are shown in
Fig. 18. The realized field of view of the radar is 80 . The mea-
surement results of an arrangement of three reflectors are shown
in Fig. 19. The center corner reflector has a radar cross section
of 11 dB square meters (dBsm) at 79 GHz.

VI. CONCLUSION

In this paper, 79-GHz microstrip grid array antennas applied
to a 79-GHz FMCW radar sensor in LTCC technology have
been presented. Using an LWG feeding network, a very com-
pact and highly integrated sensor design could be achieved. De-
spite the encountered manufacturing problems concerning the
layer thickness, the presented antennas on LTCC show a wide
impedance bandwidth and an adequate radiation performance.
With the future availability of improved low-loss LTCC mate-
rial systems, the presented sensor concept offers a promising
solution for automotive radar applications in the 79-GHz SRR
band.
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