
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Kohlberger C, Hüttner R,
Wagner C, Stelzer A (2023). Metamaterial
lenses for monostatic and bistatic 77 GHz
radar systems. International Journal of
Microwave and Wireless Technologies , 
1021–1026. https://doi.org/10.1017/
S1759078722001337

Received: 14 August 2022
Revised: 1 November 2022
Accepted: 2 November 2022

Keywords:
Automotive radar; FMCW radar; frequency
selective surface; Fresnel lens; lens antenna;
metamaterial

Author for correspondence:
Christoph Kohlberger,
E-mail: christophkohlberger@gmail.com

© The Author(s), 2023. Published by
Cambridge University Press in association with
the European Microwave Association. This is
an Open Access article, distributed under the
terms of the Creative Commons Attribution
licence (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

Metamaterial lenses for monostatic and bistatic
77 GHz radar systems

Christoph Kohlberger1 , Richard Hüttner2, Christoph Wagner3

and Andreas Stelzer2

1Silicon Austria Labs GmbH, Linz, Austria; 2Institute for Communication Engineering and RF-Systems, Johannes
Kepler University Linz, Linz, Austria and 3Infineon Technologies Linz GmbH & Co KG, Linz, Austria

Abstract

Metamaterial lenses are appealing thin alternatives to conventional dielectric lenses. In this
contribution we describe their design and application in two exemplary 77 GHz automotive
radar sensors operating in monostatic and bistatic modes. The frontends are built around
commercially available MMICs and small feed antennas are used in coordination with the
six-layer printed circuit board-based realizations of metamaterial lenses. The design follows
the principles of dielectric lenses, while the required local phase shift is obtained from a set
of metasurface bandpasses. Their design uses a novel interpolation procedure to extract layout
parameters for a given phase shift. Despite the small structural sizes due to the high frequency,
the fabricated frequency-selective surfaces show very good performance in the required fre-
quency range. Verification measurements were conducted on single bandpasses as well as
on metamaterial lenses mounted on the radar frontend. The results agree very well with
the simulation and confirm the applicability of thin lenses operating at mm-wave frequencies
for automotive radar applications.

Introduction

Today it is impossible to imagine vehicles without radar sensors, especially since they are
required by the European new car assessment program (Euro NCAP) to achieve high star
rankings. Radar sensors demonstrate their advantages particularly under difficult environmen-
tal conditions, e.g. heavy rain or fog, where other sensors, such as optical or lidar systems, suf-
fer from limited penetration depth and robustness. In the early days, now more than a decade
ago, automotive radar started with comfort functions on motorways, as e.g. adaptive cruise
control. Nowadays, radar also plays an important role in active safety solutions as e.g. emer-
gency braking or assistance systems operating down to stop and go. In future it will become
an important sensor for highly automated and autonomous driving [1, 2].

Front-looking radars differ in their purpose and operation range. They are distinguished
aslong-range radars (LRR), medium-range radars (MRR), and short-range radars (SRR).
Especially LRRs require high-gain antenna systems, while modern MRRs typically apply digital
beam forming and utilize an extended antenna array to achieve the required gain. Both, LRR
and MRR systems operate at high frequencies and require significantly large apertures to detect
at long range and a wide field of view.

In contrast, the ongoing integration brought up tiny antennas, either as antenna-in-package
[3, 4] or even as antenna-on-chip solution [5] which limited aperture size and consequently
gain. A straightforward solution is the combination of small feed antennas with dielectric
lenses, e.g. at Bosch’s LRR [1, 6]. Compared to similar sized patch arrays the lens antenna cir-
cumvents feed losses occurring in a large network. However, the thickness and weight of such
lenses imply a design drawback and expensive fabrication as e.g. mechanical milling, extrusion
or injection molding.

Recent works [7–9] suggest the application of metamaterial lenses based on their promising
advantages over conventional dielectric ones, which are low profile, light weight, simple fab-
rication, and low losses. These are important w.r.t. mass market production for automotive
applications. Phase shifting metasurfaces can be built out of standard PCB material through
etching and lamination [10].

To show the applicability of thin metamaterial lenses, a four-channel monostatic LRR and
an eight receive channel MRR, inspired by the FCC reports [6] and [11], were built. Both sen-
sors operate around 77 GHz and were equipped with an appropriate thin lens. At the LRR, the
spatial separation of the feeding patch antennas together with the focal length of the lens
defines the resulting field of view. The MRR uses digital beamforming in azimuth direction,
focussing the beam only in elevation direction via a cylindrical metamaterial lens.

This paper is an extension to the work presented at the European Microwave Conference
2021, published in [12].
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Radar systems

Monostatic LRR

The LRR frontend features four transceiver channels based on the
Infineon MMIC RXN7743, which is supplied by the LO signal
from the transmitter Infineon RTN7735. The downconverted IF
signal is sampled by the Texas Instruments AFE5801. All units,
including the clock, were controlled by the Radar Companion
Chip (Infineon RCC1010).

Figure 1 depicts the radar and the operation principle of the
transceivers connected to the antennas in combination with the
lens. In the transceiver, the LO signal is amplified by a power amp-
lifier and passed through a hybrid-ring coupler to one of the four
patch antennas. Here, the signal is emitted toward the lens, which
further collimates the radiation. Depending on the radial offset
between antenna and lens center, the originating high gain beam
is directed off the symmetric axis. The received RF signal from
reflections at a target is amplified by a low noise amplifier and
down-converted at a mixer. In combination with the frequency
modulation pattern, the resulting IF signal contains information
about the target distance and its relative velocity to the radar sen-
sor. A commercially available baseband (Radarbook 2) serves as an
interface between radar frontend and PC.

Bistatic MRR

In contrast to the LRR, the transmit and receive channels are
separated at the MRR. An image of the created radar frontend

and a corresponding function schematic are shown in Fig. 2.
Here, one can see that two differential channels of the
RTN7735 are used as transmitters, whereas the third channel
serves as LO for the two receiver chips RRN7745.

As above, the received RF signals are amplified at an LNA
and get downconverted. The resulting IF signals are sampled
at the A/D converter and digitally processed to detect the
direction of a reflecting target. Obviously, phase manipulation
across the receive antennas would obstruct radiation coherence
and therewith disable beamforming. Hence, a cylindrical
lens, which does not affect the transmission phase shift in
the azimuth direction, is used at the MRR. In elevation, the meta-
material lens increases the gain of the series fed double-patch
antennas.

Metamaterial lens

The metamaterial lens design followed the gradient optimization
procedure described in [10]. Here, discrete bandpass elements,
exhibiting a variation of transmission phase shift over radius,
enable constructive interference of an incident wave at the focus
plane, as indicated in Fig. 3. To collimate radiation from a focal
length fL, arising phase differences Δw at radial distances r are

Fig. 2. Image (a) and schematic (b) of 77-GHz bistatic frontend with cylindrical lens.
The radar transmits power via two differentially fed antennas and receives through
eight double-patch antennas.

Fig. 1. Image (a) and schematic (b) of 77 GHz monostatic FMCW frontend with con-
centric metamaterial lens. Four antennas, connected to the transceiver, are located
at the focal plane of the lens. The lateral offset of the single antennas results in a
defined radiation direction.
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corrected by the metasurface with

Dw = Dp
l0

· 360◦ =
��������
r2 + f 2L

√
− fL

l0
· 360◦ (1)

The scattering behavior of single bandpass designs was found
through continuous variation of grid widths and patch gaps on
a six-layer PCB. As indicated in Fig. 1 in [10], layers one, three,
and five correspond to inductive grids which are defined by the
widths w1, w3, and w5. Layers two and four consist of patches,
with gaps widths w2 and w4. Again, the dimensions wi were con-
tinuously optimized through full-wave simulations in HFSS
applying Master–Slave boundaries and Floquet–Port excitation.

The ideal frequency responses of the bandpass elements follow
a third-order Chebyshev filter with 0.1 dB ripple. A procedure,
presented in [13], relates defined bandpasses to actual PCB
designs, which serve then as starting point for the subsequent
optimization. The PCB material was chosen to be RO4350B
(1a = 3.66) with prepreg consisting of RO4450F (1b = 3.35).
Corresponding thicknesses read ta = 100 μm and tb = 80 μm.
The metal layer periodicity was set to D = 1.05 mm. Six different
filter designs were optimized with a bandwidth of 20 GHz at cen-
ter frequencies fC from 65to 90 GHz.

Figure 4 depicts the simulated frequency responses of the opti-
mized bandpass designs. At 77 GHz, the phase variation over the
six designs is >360◦. However, the first and last bandpasses exhibit
little transmission magnitude at the desired operation frequency,
which corrupts the performance of a lens. To find more bandpass
designs, showing an overall satisfactory phase shift variation at
maximized transmission, the grid and patch array parameters
were interpolated.

The roughly linear relation between the structure parameters
wi and transmission phase shift is shown in Fig. 5. Here one
sees significant offset of some designs to the fit, which arises
from the ambiguity of the optimization solutions. This means
that different combinations of grid and patch widths can result
in comparable frequency responses. Hence, to further improve
the interpolation procedure, the six parameter sets (BP 1 to BP
6) were additionally weighted if desired. The 13 resulting design
sets, presented in Table 1 in [12], exhibited sufficiently distributed
phase shift at acceptable transmission. Additionally, none of the
structure parameters exceed 0.95 mm nor fell below 0.1 mm,
implying a minimum track width or gap clearance of at least
100 μm and therefore good manufacturability.

To determine the frequency responses of the actual created
metamaterial bandpasses, PCB samples with single multilayer
design structures were fabricated and measured. Thereby, poten-
tial deviations between simulated and measured bandpass

behavior, originating from fabrication uncertainties, could be dis-
covered. Especially, the thickness of the single PCB substrate
layers has strong impact on the final frequency responses and is
usually difficult to control.

For the finally fabricated metamaterial lenses, the bandpass
designs of Table 1 in [12] were arranged as suggested in Fig. 3
and Eqn (1). In total, three sets of thin lenses were fabricated,
where the first one helped to estimate the performance of the col-
limating structures. These reference lenses exhibited a diameter of

Fig. 3. Principle of metamaterial lens design. Incident rays at radii r exhibit different
optical path lengths when interfering at the focal plane.

Fig. 4. Magnitude and phase of S21 of the six simulation optimized filter designs (BP 1
to BP 6). The pass bands of the frequency responses around 77 GHz cover the desired
phase variation of 360°.

Fig. 5. Interpolated design parameters wi over transmission phase shift at 77 GHz.
The marked grid widths and patch gaps at a certain phase shift correspond to the
bandpass designs shown in Fig. 4. The parameters are related to BP 1 to BP 6
respectively from left to right.
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dL = 100 mm and focal lengths from 45 to 75 mm. The second
set of lenses was created for the LRR and consisted of a mix of
focal lengths fL = 30, 45, and 60 mm with diameters dLRR = 60
and 100 mm. Here, the grids and patches are tilted by 45◦ to
match the polarization of the four antennas of the monostatic
frontend. Finally, three rectangular cylindrical lenses with focal
lengths from again fL = 30 to 60 mm and a size of 120 × 60
mm2 were fabricated for the MRR. These do not affect the trans-
mission phase shift along the large side of the metasurface to pre-
serve the beamforming capability of the bistatic radar. Therefore,
the focussing diameter of the MRR lens corresponds to the broad
side of the metasurface, namely dMRR = 60 mm.

Measurement and verification

Single bandpass structures and lenses

The verification of single bandpass structures was firstly presented
in [12]. As described, the frequency responses of the single design
samples were verified on a quasi optical bench (see [14]) with the
network analyzer ZVT20 from Rohde & Schwarz and W-band
frequency extenders plus horn antennas. The measurement
setup and corresponding results are depicted in Fig. 6, where
the resulting S-parameters of three samples are compared to cor-
responding simulations. One sees that the frequency responses of
the fabricated structures were shifted by approximately 2 GHz to
lower frequencies, which implied limited transmission magnitude
at bandpass designs exhibiting arg(S21) , −250◦. Moreover, there
was an offset between simulated and measured phases, which
should not affect wave focussing, though.

To verify the function of the lenses, the transmitted power of a
20 dBi W-band Flann horn antenna, an open-ended WR12 wave-
guide, and the waveguide–lens combinations were measured in
azimuth angle-dependent direction. The distance between the
open-ended waveguide and the lenses was equal to the corre-
sponding focal length. All transmitters were fed by a signal generator
connected to a 6×-frequency multiplier. In a distance of 2.8 m
another W-band horn antenna received the incident waves, which
were down-converted and provided to a spectrum analyzer.

Figure 7 depicts the measured beam patterns, where the power
levels of the different gain curves were adjusted to 20 dBi of the
horn antenna. One can see that the three lenses focus well, result-
ing in maximum gains between 29.8 and 30.9 dBi. The gain vari-
ation came from the different amount of collected energy at
distinct focal lengths (see leaking power at large angles ±w).
As the lenses need to operate under frequency modulation of the
radars, frequency-dependent gain measurements were performed.
A variation of the frequency multiplier power levels was eliminated
by reference measurements with the horn antenna. In Fig. 8, one
can see that the lenses operate best at around 75 GHz, which is
caused by the bandpass shift shown in Fig. 6b.

Lenses on radar systems

Finally, the radar frontends were tested with the different fabricated
lenses. Thereby, a turntable rotated the radar systems, which were
located 3m apart from a 10 dBsm corner cube reflector. The fre-
quency was modulated in the form of a sawtooth chirp from 76
to 78 GHz over 256 μs at around 1 dBm transmission power.

At the LRR measurements, only a single channel transmitted,
while the received power was read at all four antennas. Figure 9
depicts the normalized receive power of the monostatic radar
frontend behind two different metamaterial lenses, where the

Fig. 7. Beam pattern of reference horn (dash-dotted), open waveguide (dashed), and
waveguide–lens combination.

Fig. 6. (a) Image of quasi optical bench setup with horn antennas, dielectric lenses,
and bandpass sample in the center. (b) Measured transmission magnitude and phase
of three interpolated metamaterial bandpass examples compared to full-wave simu-
lations. The measurement results were time gated to suppress ripples from mis-
matches within the setup. (b) Mid range radar.
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dynamic of all four antennas was larger than 30 dB. The black
curves in Fig. 9a represent the LRR system with dielectric lens
shown in [1], which exhibits significantly larger side lobes than
the metasurface solution. As expected, the angular lobe separation
and the beam width depend on the focal length of the lens used.
The measured dynamic of all different radar–lens combinations
lies between 25 and 35 dB and is limited by the side lobe levels,
which originate from off-center excitation. These side lobes, as
well as the maximum receive power, increase with the lens diam-
eter and off-focus excitation.

The bistatic MRR operated only with a single transmit channel
(Tx 2) close to the center of the frontend, whereas all eight receive
signals were read and processed. The resulting two-way beam pat-
terns at a single channel (Rx 4) for azimuth and elevation are
shown in Fig. 10a. Here, one sees the effect of the cylindrical lens
on the MRR system gain. As expected, the half-power beam
width in elevation is similar to those of the LRR TRx channels
with dLRR = 60mm lens. Moreover, there are increasing side lobes
at the left side of the pattern, which come from focussed radiation
onto the transmission lines of the frontend. Combining the received

Fig. 8. Maximum gain of different waveguide–lens combinations plotted over frequency.

Fig. 9. Two-way beam patterns of the four-channel LRR frontend with two different
lenses. A shorter focal length fL increases the angle separation of the beams, whereas
a larger lens diameter dL leads to narrower beams with higher maximum power.
(a) fL = 45 mm, dLLR = 60 mm, (b) fL = 60 mm, dLLR = 100 mm.

Fig. 10. Two-way beam patterns of the bistatic MRR frontend. (a) Azimuth and eleva-
tion angle-dependent receive power at channel 4 (from right to left) with three dif-
ferent lenses. (b) Coherently added receive power from the single receive channels
with three different lenses. (c) Lobe separation through digital beamforming with
the fL = 45 mm lens.
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signals coherently results in the beam patterns in Fig. 10b, which are
roughly equal for all three focal lengths. It needs to be mentioned
that the MRR has to be calibrated after changing the metamaterial
lens and adjusting its distance to the antennas accordingly. By apply-
ing phase factors to the complex receive signals, digital beam forming
allows to sweep the receiver lobe over the azimuth angle. Resulting
beam patterns at different target angles are depicted in Fig. 10c.

Conclusion

The presented work shows a successful implementation of thin
metamaterial lenses in an automotive-inspired LRR and MRR
operating at 77 GHz. An efficient metasurface design method, veri-
fication of the design frequency responses, and straight forward
fabrication suggest the application of such lenses also in other
areas, as communication and sensing. Remarkable radar beam pat-
terns at the LRR inspire for applications beyond the automotive
sector. The bright advantage of universal design freedom at thin
metamaterial lenses is shown in the form of a cylindrical lens
which was applied to an MRR utilizing digital beam forming.
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