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ABSTRACT Future driver assistance and autonomous driving systems require high-resolution 4D imaging
radars that provide detailed and robust information about the vehicle’s surroundings, even in poor weather or
lighting conditions. In this work, a novel high-resolution radar system with 1728 virtual channels is presented,
exceeding the state-of-the-art channel count for automotive radar sensors by a factor of 9. To realize the
system, a new mixed feedthrough and distribution network topology is employed for the distribution of the
ramp oscillator signal. A multilayer printed circuit board is designed and fabricated with all components
assembled on the back side, while the radio frequency signal distribution is on a buried layer and only the
antennas are on the front side. The array is optimized to enable both multipleinput multiple-output operation
and transmit beamforming. A sparse array with both transmit and receive antennas close to the transceivers is
realized to form a 2D array with a large unambiguous region of 130◦ × 75◦ with a maximal sidelobe level of
−15 dB. The array features a 3 dB beamwidth of 0.78◦ × 3.6◦ in azimuth and elevation, respectively. Radar
measurements in an anechoic chamber show that even the individual peaks of the absorber in the chamber
can be detected and separated in the range-angle cut of the 4D radar image. The performance is validated by
measurements of a parking lot, where cars, a pedestrian, a fence, and a street lamp can be detected, separated,
and estimated correctly in size and position.

INDEX TERMS Advanced driver assistance systems (ADAS), automotive radar, chirp sequence modulation,
direction-of-arrival (DoA) estimation, frequency modulated continuous wave (FMCW), imaging radar, local
oscillator (LO) feedthrough, mm-wave, multiple-input multiple-output (MIMO), time delay correction.

I. INTRODUCTION
Radar sensors are used in various areas of application as they
are able to provide accurate information on range, velocity,
and the direction-of-arrival (DoA) of surrounding objects,
even under harsh environmental conditions [1]–[5]. By dis-
tributing the antennas in two dimensions, DoA estimation in
both azimuth and elevation is enabled, yielding a 4D imaging
system [6], [7]. This information depth is required for the de-
velopment of autonomous driving and future advanced driver
assistance systems (ADAS) in the automotive 77 / 79 GHz
band [8]–[10]. However, especially in 4D imaging, a large
number of channels is required to obtain an accurate DoA
estimation with low sidelobes. A widely used approach

requiring a reduced number of physical hardware channels
is the multiple-input multiple-output (MIMO) principle
[11]–[13].

The trend towards an ever increasing number of virtual
(Vx) channels NVx and 2D DoA estimation can be observed
when comparing older systems [14] with a more current
one [15] with 128 virtual channels, see the overview given
in Table 1. To realize larger systems with typically 192 virtual
channels [16], four monolithic microwave integrated circuits
(MMICs) with three transmit (Tx) and four receive (Rx) chan-
nels [17] are combined. Based on this topology, different
systems with the majority of the channels distributed in the
azimuth (az.) plane are realized. This leads either to a wide
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TABLE 1. Overview of State-of-the-Art Automotive Radar Systems

a : The FMCW signal is distributed: (D) with a passive distribution network or
(F) within a feedthrough topology.

beamwidth [18] or a large sparsity [19] in the elevation (el.)
plane. A different concept is to split the available channels
into a small unambiguous array and a large array with narrow
beamwidths and to resolve the ambiguities of the latter in the
post-processing [20]. In [21], the 192 channels of a system
with similar MMICs are divided into three radar subsystems
with different field of views (FoVs) to cover different use
cases and to resolve the ambiguities of each individual array.

In all these systems, a computationally intensive post-
processing is required to resolve ambiguities, which is error-
prone under poor conditions such as low signal-to-noise ratio
(SNR) or in complex multi-target cases. For unambiguous,
yet very sparse arrays as in [22], a complex reconstruction
as shown in [8] is required to reduce the sidelobe level (SLL)
in the DoA estimation, having the same limitations as above.
To reduce the sparsity and thus effort in the post-processing, a
higher channel count is required. In [23], four coherent groups
with individual signal syntheses are combined to realize a
system with 256 virtual channels with a reduced complexity in
the distribution of the frequency modulated continuous wave
(FMCW) signal. To further reduce the effort in terms of design
time and hardware complexity, a feedthrough topology can be
used, as already shown for small 3D [24] and 4D [25] radar
systems. So far, the time delays in the signal distribution were
a limiting factor in the design of such systems.

In this contribution, a novel 4D radar imaging system is
presented. To overcome the limitations of previous systems,
a large 2D antenna array with only minor sparsity is realized.
This results in narrow beamwidths in both the azimuth
and elevation plane and a low SLL enabling a robust DoA
estimation. Furthermore, the very high channel count of
1728 results in a high processing gain and thus a superior
detection capability. A combined system topology is realized,
employing both length matched distribution networks and
feedthrough lines to reduce the hardware effort. Through this
combination, multiple Tx channels from different MMICs can
be used for coherent Tx beamforming, while the time delay
among all channels is easily corrected in the range-Doppler
spectrum [26].

This paper is organized as follows: In Section II, the system
concept is introduced and analyzed. The realized sensor is

FIGURE 1. Schematic diagram of the high-resolution 4D imaging radar
system. It is composed of 12 transceiver MMICs, each one incorporating
3 Tx ( ) and 4 Rx ( ) channels. Each 6 transmitters form a group, in which
beamforming can be performed. The FMCW signal ( ) is distributed with
a combination of passive distribution and a feedthrough topology.

presented in Section III. In Section IV, the performance of the
system is verified and finally shown in a realistic automotive
scenario in Section V.

II. SYSTEM CONCEPT
The proposed radar system as visualized by the system con-
cept shown in Fig. 1 is composed of 12 transceiver MMICs
resulting in a virtual array with 1728 channels. The MMICs
are distributed in a 6 × 2 array to realize a very large aperture
in azimuth and a large one in the elevation direction to meet
the requirements of complex automotive radar scenarios. Each
6 Tx antennas are arranged as a 2 × 3 uniform rectangular
array (URA) and thus form a group enabling Tx beamforming.

A. COMBINED FMCW SIGNAL DISTRIBUTION CONCEPT
The FMCW signal is generated in the ramp oscillator (RO) of
one single MMIC at a quarter of the transmit frequency. This
MMIC functions as master. Typically, two length matched
1-to-2 passive distribution networks are employed on the RO
outputs of the master MMIC to feed all 4 MMICs of the 192
channel systems [16], [18]. In each MMIC, the RO signal is
upconverted with a frequency multiplier [17], [27].

To enable Tx beamforming, both MMICs of one group
require a phase synchronous RO signal. This can be achieved
by using a length matched distribution network, which comes
at the cost of a large space requirement on the PCB and
the need of additional amplifiers when utilizing more than
4 MMICs. In the proposed system concept, each group is
fed via length matched lines from one MMIC of the previous
group, see ( ) in Fig. 1, realizing a mixed feedthrough
and distribution topology. This way, only 12 length matched
transmission lines and no amplifiers, power dividers, or large
distribution networks are required. The lengths of the lines are
chosen in such a way that they fulfill the power requirements
of the RO inputs and allow an easy correction of the range
offset as stated in the following.

In the general case, the length Li of an individual transmis-
sion line in the distribution of the RO signal leads to a range
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offset [26]

�R = Li

√
εr,eff

2
, (1)

where εr,eff denotes the effective relative permittivity
for the transmission line. Using the range resolution
δR = c0/(2B) [4], the offset in range cells caused by the
feedthrough topology is

�iR, FTT = �R

δR
= Li

√
εr,eff · B

c0
, (2)

with the speed of light c0 and the bandwidth B of the FMCW
signal. This leads to a shift of the range cell iR, Rx at which a
peak is visible in the range spectrum. In the proposed topology
with matched lengths L, iR, Rx is given as

iR, Rx = R

δR
+ �iR, FTT

(
IGroup, Tx − IGroup, Rx

)
,

with
{
IGroup ∈ N|1 ≤ IGroup ≤ NGroup

}
, (3)

where R denotes the actual range, IGroup the group index of
the transmitting or receiving MMIC, and NGroup the number of
MMIC groups. If the delay occurs in the feed of the receiving
MMIC, the radar target appears to be closer; if it occurs in the
feed of the transmitter, it appears to be farther away. By choos-
ing the length L such that �iR, FTT is an integer, the offset
can easily be corrected by shifting the range spectra (obtained
after the range-Doppler processing [28]) by the corresponding
number of range bins [26]:

iR, corr = ∣∣iR, Rx
∣∣− �iR, FTT

(
IGroup, Tx − IGroup, Rx

)
, (4)

where the subtrahend is the required range cell shift. This
correction leads to errors if the target response is shifted to
negative range cells, see (3) for IGroup, Tx < IGroup, Rx. Due to
the image frequency problem in case of real sampling [29],
the target responses are detected at positive range cells, as
indicated by the magnitude operator |.| in (4). Thus, the
correction is performed in the wrong direction. As this oc-
curs only for targets closer than the maximum range offset
((NGroup − 1) �iR, FTT), typically only the Tx to Rx leakage
signal is affected.

B. PCB TECHNOLOGY
A printed circuit board (PCB) layer stack as shown in Fig. 2
is used for the design of the proposed system. To prevent un-
wanted radiation, all radio frequency (RF) signals are routed
on a buried stripline and the MMICs are placed on the back
side of the PCB. This allows efficient cooling with large heat
spreaders without affecting the antenna characteristics. There-
fore, the top layer of the PCB is reserved exclusively for the
antennas and no components are mounted on it.

By using an low-loss vertical transition through FR4 [30],
the PCB can be fabricated in a cost effective high-density
interconnect process. The losses of 2 dB from the MMICs
into the stripline are comparable to a conventional MMIC to
microstrip line transition.

FIGURE 2. Sketch of the cross section of the multilayer PCB with antennas
on top and the SMD assembly exclusively on the back side.

C. MIMO ANTENNA ARRAY
To reduce the RF line losses, the 3 Tx and 4 Rx antennas
are located close to the individual MMICs. The antennas are
placed on a grid with 2 mm spacing in azimuth, which is only
slightly larger than the half-wavelength λ/2. In elevation, the
grid is enlarged to 2.25 mm to increase the aperture size with
a tolerable influence on the ambiguity-free region.

As each MMIC with its related surface mount device
(SMD) parts occupies an area of about 30 × 50 mm2 , the Tx
antenna groups are placed on a 30 mm grid, as shown in the
optimized antenna array in Fig. 3. With the receivers located
close to the MMICs, an interleaved sparse array with a hard-
ware aperture size of 184 × 40.5 mm2 is designed. Utilizing
the genetic optimization from [6], the Rx antenna positions
are optimized to adhere the design restrictions and to form
an unambiguous array. The optimized Rx array performance
is analyzed and shown in Fig. 4. An unambiguous Rx array
enables an unambiguous 2D DoA estimation independent of
number and positions of the transmitters. This is required for
the arbitrary application of Tx beamforming. With the Rx
array, i.e. the hardware aperture size, a narrow beam width of
0.9◦ in the azimuth and 4◦ in the elevation plane is realized,
see Fig. 4(a). Since there is a gap between the Rx antennas in
the middle of the aperture in the elevation direction, two main
sidelobes with an SLL of −2.9 dB at ±8◦ disturb the angular
spectrum. These are also clearly visible in the 2D angular
spectrum of a target in broadside direction shown in (b). In (c),
the the maximal SLL matrix S is shown on a logarithmic
scale. Due to the two main sidelobes in elevation, the average
maximal SLL is −2.9 dB. The receive array is unambiguous
over a large angular area of 130◦ × 75◦.

The maximal SLL matrix S is derived from the 4D am-
biguity function of 2D antenna arrays to easily asses the
ambiguity-free region and the SLL of 2D antenna arrays. The
4D ambiguity function is given as [31]

χ
(
αr

i , ε
r
j, α

e
k, ε

e
l

)
=

υ†
(
αr

i , ε
r
j

)
· υ
(
αe

k, ε
e
l

)
∥∥∥υ†

(
αr

i , ε
r
j

)∥∥∥ ∥∥∥υ (αe
k, ε

e
l

) ∥∥∥ , (5)
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FIGURE 3. Diagram of the proposed and optimized antenna array with 48 Rx and 36 Tx channels from 12 radar transceivers.

FIGURE 4. Evaluation of the optimized receive array ((a)–(c)) and the resulting virtual MIMO array ((d)–(f)): (a) and (d) show the azimuth and elevation
beam pattern, (b) and (e) the 2D angle estimation for a target at broadside direction, and (c) and (f) the maximal SLL for all 2D angle estimations with the
ambiguity-free region highlighted ( ).

with the 2D steering vector

υ (α, ε) =

⎛
⎜⎜⎝

e
−j 2π

λ0
(xVx,1 sin α cos ε+zVx,1 sin ε)

...

e
−j 2π

λ0
(xVx,NVx sin α cos ε+zVx,NVx sin ε)

⎞
⎟⎟⎠ , (6)

where xVx and zVx are the respective x- and z-positions of the
virtual elements. The superscripts r and e indicate the real
incident and estimated angle, λ0 is the free-space wavelength
at the start frequency of the FMCW ramp, and † and ‖.‖ de-
note the transpose complex conjugate and the vector norm,
respectively. It is calculated for the azimuth angles

αi = α0 + (i − 1)�α or αk = α0 + (k − 1)�α ,

with the step size �α and the integers i and k between 1 and
the number of azimuth angles N , and the elevation angles

ε j = ε0 + ( j − 1)�ε or εl = ε0 + (l − 1)�ε ,

with the step size �ε and the integers j and l between 1 and
the number of elevation angles M. For a given incident angle
pair αr

i and εr
j , the matrix

Xi j
(
αe

k, ε
e
l

) = χ
(
αr

i , ε
r
j

)
, with Xi j ∈ [0, 1]N×M , (7)

represents an individual 2D angle estimation. Instead of de-
termining the maximum sidelobe in each 2D angle estimation
and classifying the corresponding incident angle as ambigu-
ous or unambiguous (depending on the SLL maximum), the
maximal SLL matrix is proposed here. By iterating through
all incident angles in χ , first the main lobes are detected in
each sub-matrix Xi j (αe

k, ε
e
l ) and then set to zero:

Xi j
(
αe

k, ε
e
l

) = 0 , if αe
k, ε

e
l is part of the main lobe . (8)
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TABLE 2. Overview of the Radar Operation Modes

b: AF denotes the array factor for all radiating patches [32].

Next, all iterations are combined in the 4D sidelobe function
χSLL (αr

i , ε
r
j, α

e
k, ε

e
l ). Finally, the maximal SLL matrix

S
(
αr

i , ε
r
j

)
= max

αe
k

(
max

εe
l

(
χSLL

(
αr

i , ε
r
j, α

e
k, ε

e
l

)))
(9)

is obtained, which is shown in Fig. 4(c). Comparing S with a
fixed threshold leads to the ambiguity indicator matrix Q as
introduced in [6], but S gives a better visualization and insight
on the array performance.

Taking also the Tx channels into account, a narrow 3 dB
beamwidth of the virtual array of 0.78◦ in the azimuth plane
and 3.6◦ in elevation is achieved, as shown in Fig. 4(d). In the
virtual MIMO array, the gap in the elevation direction is filled,
and the two main sidelobes from (a) vanish. The overall SLL
is reduced to −15 dB and further decreases to the edges of the
FoV. Thus, no major sidelobes disturb the whole 2D angular
spectrum, see (e). As shown in Fig. 4(f), the virtual array has
the same ambiguity-free region as the receive array but with
a significantly lower maximal SLL resulting from the higher
virtual channel count.

Spanning a virtual aperture of 85.2 λ0 × 14.8 λ0 with a
URA of the same grid requires 4563 virtual channels. Hence,
the 1728 available virtual channels correspond to a fill factor
of 38 %, which is a high value for sparse 2D arrays, enabling
a robust DoA estimation.

D. TX BEAMFORMING CAPABILITY
With the high number of virtual channels and the proposed
system concept, Tx beamforming is enabled and at the same
time the virtual array is still sufficient to perform 4D imaging.
Therefore, the radar is designed to operate in five differ-
ent operation modes as listed in Table 2. Using 2 × 2
Tx elements, a sixth mode enabling 2D beamforming is
possible.

The 2 × 3 Tx URAs with an element spacing of �x=2 mm
and �z=9 mm is conceptualized to operate with
1 (az.) × 4 (el.) patch antennas as individual elements. These
achieve a moderate directivity while the full ambiguity-free
region is illuminated. As no length matching is applied
to the antenna feed lines to reduce the line losses, the
phase difference between the individual transmit channels
needs to be determined via a calibration measurement and
compensated afterwards. The compensation can be performed

by employing the integrated Tx phase shifters of the radar
MMICs at no extra costs.

To maintain a high virtual channel count and thus enable 4D
imaging, two elements are combined in azimuth or elevation
for the beamforming (BF) operating modes. In order to steer
the beam into a certain azimuth (αsteer) or elevation (εsteer)
direction, the corresponding Tx phase difference φ between
both two elements of

φα = −2π

λ0
�x sin (−αsteer) and (10)

φε = −2π

λ0
�z sin (−εsteer) , (11)

is determined from the group factor [32]

GF(ϕ) = 2 cos

(
0.5

(
2π

λ0
d sin (−ϕ) + φ

))
, (12)

with the element spacing d and the incidence angle ϕ. Due
to the factor of 2 in the GF, a directional gain of 3 dB arises
in the main beam direction. Additionally, the Tx power is
doubled as it is generated in two individual channels. Thus,
a gain of 6 dB results for both beamforming modes. In the
elevation direction, the steering range is limited to ±12.8◦,
due to the large element spacing. Nevertheless, this still
covers the 3 dB beamwidth and thus the FoV in this operating
mode, cf. Table 2. No grating lobes occur, since the Tx
antenna group is fully populated with radiating elements.

III. SYSTEM REALIZATION
The realized 1728 channel 4D imaging radar demonstrator
is shown in Fig. 5(a). The back side of the PCB, as shown
in (b), holds the 12 radar MMICs, their related SMD parts,
the power supply and the reference clock distribution. The
length of the RO lines in the feedthrough topology is chosen
to result in a shift of 4 δR. Therefore, the shifts can easily
be corrected, and a circulating linear frequency modulation
MIMO operation [33] is possible as well. As specified in
Section II.B, only the antennas are placed on the front side
of the PCB, see (c). The remaining space is filled with a low
radar cross section (RCS) structure as introduced in [34] to
balance the copper allocation on the top and bottom layer and
thus to ensure manufacturability.

In Fig. 6(a), a close up of a single antenna is shown. Each
antenna consists of four patches in the elevation direction to
illuminate the scenario with an antenna gain of 12.4 dBi. The
10 dB beamwidth is 130◦ in the azimuth and 36◦ in the ele-
vation plane, respectively, as shown by the antenna pattern in
Fig. 6(b). In the azimuth direction, parasitic patches are used
to enhance the bandwidth to fully cover the 76 GHz to 81 GHz
operating range. The four main patches are fed individually
with an H-shaped coupling aperture in L02 between patch and
serial feed in layer L03 (see Fig. 2). The patch distance of
2.15 mm is optimized for radiation into broadside direction.

A Xilinx Zynq MPSoC is used to control the system and
to collect the 48 receive data streams with a total data rate
of 28.8 Gbit/s. Via an integrated router, the radar sensor is
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FIGURE 5. Realized 4D imaging radar: (a) photograph of the demonstrator with a size of 262 mm × 272 mm × 85 mm, (b) back side of the assembled
PCB with a size of 250 mm × 195 mm, and (c) antenna frontend on the front side of the PCB with a hardware aperture of 184 mm × 40.5 mm.

FIGURE 6. Realized antenna element with feed in layer L03, an H-shaped
coupling aperture in layer L02 and 1 × 4 microstrip patch antennas with
parasitic elements on the top layer: (a) photograph and (b) antenna gain.

controlled with either a WiFi, LAN, or WAN connection.
All building blocks of the radar are supplied with the same
12-to-20 V line, enabling independent measurements with a
battery pack or on a vehicle. The radar parameters as used in
the measurements in this paper are summarized in Table 3.

TABLE 3. Overview of the Radar Parameters Used in This Paper

With this setting, a maximum range of 23 m and a range reso-
lution of 3 cm is achieved, as the radar MMIC’s full bandwidth
of 5 GHz is utilized. The radar parameters may be changed
according to [27].

The raw time data of all Rx channels is processed using
conventional range-Doppler processing [28]. Afterwards, the
range shift due to the feedthrough topology is corrected (see
Section II.A), the steering vectors of the range-Doppler cells
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FIGURE 7. Radar measurement into free space. The four peaks between
0.3 m and 1.2 m occur due to the applied range correction.

of interest are extracted [35], and 2D DoA estimations [6] are
performed to obtain the 4D information of the scene.

IV. VERIFICATION BY RADAR MEASUREMENTS
The performance of the radar sensor is validated by measure-
ments of known objects. To determine the noise power, the
standard deviation over all measured ramps is calculated [36].
In the range spectra, the non-coherent integration of the results
of the 1728 2D Fourier transforms (FTs) is shown as it is used
for the target extraction [35].

A. DETECTION PERFORMANCE
The detection performance is verified with a measurement
into free space as shown in Fig. 7. The thermal noise power
PN,th [37] of the utilized FMCW radar system is

PN,th = kB · T0

T
= kB · 290 K

34.4µs
= −129 dBm , (13)

with the Boltzmann constant kB, the standard noise tempera-
ture T0, and the ramp duration T . For the Rx gain of 48 dB, the
noise figure of the radar transceiver is 11 dB [27]. Eventually,
the noise power is −70 dBm in the intermediate frequency
(IF) spectrum, which is in perfect agreement with the mea-
surement shown in Fig. 7. As can be seen, the noise power is
reduced for small and large ranges. This is due to the influence
of the IF high-pass filter to suppress strong Tx-Rx leakage and
the anti-aliasing low-pass filter.

For ranges greater than 1.5 m, the range spectrum is com-
pletely free of spurious detections. The four peaks visible
after the Tx-Rx leakage occur due to the feedthrough topol-
ogy and the index correction of (4). With the main leakage
peak visible at the 4th range cell and �iR, FTT = 4, accord-
ing to (3) the worst case is a shift to iR, Rx = −16. Due
to the real sampling and the correction by +20 range cells,
the farthest Tx-Rx leakage peak is predicted to be visible at
iR, corr=36, corresponding to a range of 1.08 m. However, in
the measurement shown in Fig. 7, the last Tx-Rx leakage peak
is visible at 1.2 m. This mismatch is caused by additional
time delays within the MMICs. Thus, the actually measured
�iR, FTT equals 4.5. If the correction is performed without ze-
ropadding, a negligible power loss occurs due to the necessary
rounding [26].

To further verify the performance, a measurement setup as
shown in Fig. 8(a) is employed: A sphere with a diameter
of 24.8 cm and RCS of σ = −13 dBsm is measured in an
anechoic chamber at a distance of 4.89 m to the radar. The
corresponding range spectrum and range-Doppler image are
depicted in (b) and (c), respectively. The sphere is detected
with an SNR of 33 dB with respect to the noise floor of
the 2D FT at −80 dBm. Between ranges of 2 m to 5.5 m, the
sidewalls of the chamber are detected with an SNR of up to
20 dB, and the back wall at around 6 m is visible with up to
27 dB SNR. The rest of the range-Doppler spectrum is free
from any spurious or ghost targets.

The received power PRx can be estimated using the radar
equation [38]

PRx = PTxGTxGRx
λ2

0

(4π )3

1

R4
σ , (14)

with the transmit power PTx and the transmit and receive
gain GTx and GRx, respectively. For the sphere, this results
in a received power of −44.8 dBm, with PTx = 13 dBm [27],
antenna gains of 12.4 dBi each, and a receiver gain of 48 dB.
Additionally, 2 dB losses of each vertical transition and 2.5 dB
average loss in each antenna feed line are considered. This is
in good agreement with the measured value of −46.8 dBm, as
observable in Fig. 8(b).

B. DOA ESTIMATION PERFORMANCE
In the 2D DoA estimation shown in Fig. 8(d), six sidelobes are
visible with a slightly higher SLL as for the simulated array
shown Fig. 4(e). Considering the 2D DoA estimation result
shown in Fig. 8(e) for the detachable back wall element ( )
shows that both shape and size of this extended target can be
estimated well due to the low SLL. Moreover, with a measured
angular size of about 10◦ in both azimuth and elevation and a
distance of 5.9 m, the estimated size agrees well with its actual
size of 1 m by 1 m.

Finally, the high resolution imaging capability of the system
is verified with the range-azimuth cut of the measured scene
shown in Fig. 8(f). As the measured power level of the sphere
greatly exceeds the axis scaling in (f), the sidelobes with an
SLL of 30 dB are visible. Both width (4 m) and length (6.2 m)
of the chamber are clearly recognizable. Moreover, with the
high separation capabilities in range and angle, even all 28
rows of larger absorber tips on the sidewalls can be distin-
guished. Also, the detachable back wall can be recognized and
distinguished back wall.

C. ANGULAR SEPARABILITY
In Fig. 9(a) and (d), the angular spectra for a corner re-
flector with an RCS of −5 dBsm measured at a distance of
5 m are shown. These measurements verify the theoretical
beamwidths of 0.78◦ and 3.6◦ in the azimuth and elevation
plane, respectively. To show the angular separation capability,
measurements of two close targets separated only by about the
beamwidths in azimuth or elevation are depicted in Fig. 9(b)
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FIGURE 8. Radar measurements of a sphere ( ) with a diameter of 24.8 cm at a distance of 4.89 m in front of a detachable back wall element ( ) in an
anechoic chamber: (a) photograph of the scenario, (b) range spectrum, (c) range-Doppler plot, (d) 2D angle estimation for the sphere at broadside
direction, (e) 2D angle estimation for the detachable back wall element, and (f) azimuth cut of the processed 4D radar image.

FIGURE 9. Measured angular spectra for one or two targets in the same range-Doppler cell to verify the angular separability in the azimuth plane
((a)–(c)) and in the elevation plane ((d)–(f)): (a) and (d) show the beamwidth for the estimation of a single target, (b) and (e) the angular separability of
two targets, and (c) and (f) the corresponding 2D angle estimations.
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FIGURE 10. Measured two-way radiation pattern normalized to the maximum gain of the standard mode ( ): (a) in the azimuth, (b) the elevation plane,
and (c) with the beam steered in azimuth towards −30◦ ( ) and in elevation towards 7.5◦ ( ).

and (e), respectively. The results show that the two corner re-
flectors can be separated in the same range-Doppler cell with
a minimum notch in the angular spectrum. The corresponding
DoA estimation results are depicted in (c) and (f), respectively.

D. TX BEAMFORMING CAPABILITY
The basic Tx beamforming capability is first verified with
beams in broadside direction. Measurements are performed
with the measurement setup of Fig. 8(a) after a Tx phase
calibration to correct the Tx phase differences φ to zero. The
sphere is measured over a wide angular range, and the re-
ceived power is averaged over all virtual channels to obtain the
two-way antenna patterns as shown in Fig. 10(a) and (b) for
the azimuth and elevation plane, respectively. The expected
gain of 6 dB compared to the standard mode is achieved for
both the azimuth ( ) and elevation ( ) beamforming mode
in both planes. Furthermore, this gain applies for the entire
azimuth plane in the elevation beamforming mode and for
the entire elevation plane in the azimuth beamforming mode,
since in both cases the number of patches in the respective
plane is the same as that of the standard case. Likewise,
the beamwidth is reduced in the azimuth plane for the az-
imuth beamforming mode, while it is reduced in the elevation
plane for the elevation beamforming mode. In all modes, the
achieved gain depends on the total number of antenna ele-
ments, as listed in Table 2. The measured respective gains
for the mid- and long-range mode are 9.3 dB and 15.3 dB,
which differs only by 0.7 dB from the expected ones. For an
identical number of antenna elements in the corresponding
plane, the curve progressions and beamwidths are the same,
with the narrowest beam but highest gain in the long-range
case.

Additionally, the beamforming capability is verified with
two steered beams: towards αsteer = −30◦ with φα = π/2
in the azimuth beamforming case and εsteer = 7.5◦ with
φε = −0.59π in the elevation beamforming case. The mea-
sured beams are shown in Fig. 10(c), where the direc-
tional gain applies to the two-way pattern of the non-
beamforming case, e.g. at an angle of −30◦ in azimuth:
−2.2 dB ( in (a)) + 6 dB = 3.8 dB ( in (c)). Thus, the

measured maximum is visible at −17.5◦ with a magnitude of
5.1 dB. The same applies to the elevation beamforming case,
with the maximum visible at 4.5◦ with a magnitude of 4.5 dB.
This shift between theoretical and measured steering angle
must be considered when steering the beams, as it reduces the
steering range.

V. MEASUREMENT OF AN AUTOMOTIVE SCENARIO
Finally, radar measurements are conducted in a parking lot,
representing a typical automotive scenario. The observed sta-
tionary scenario is depicted in Fig. 11(a). Stationary scenarios
are more challenging for radars, representing a corner case for
the high resolution imaging radar.

Investigating the measurement results shown in Fig. 11(b)
and (c) validates that even typically weak radar targets like
a pedestrian or a wooden fence at the edge of the FoV can
be identified in the side view of the range-Doppler plot (b).
The azimuth cut as shown in (c) gives a detailed image of the
evaluated scene. For the three cars closest to the sensor, the
characteristic L-shape of cars is visible. Both length and width
of the cars can be estimated. Since the nearest car is visible at
a large azimuth angle, less scattering centers are detected at
the front of the car, due to the attenuation at the edges of the
two-way antenna pattern. However, due to the large number
of scattering centers detected at the rear of the car, its width
can be estimated with high precision. The most distant car is
obscured by a closer one, so that only the rear of this vehicle
can be detected.

Due to the vertically polarized antennas, the vertical posts
of the fence are detected with a larger SNR compared to
the horizontal rail. Thus, the fence can be identified as in-
dividual scatterers on a straight line in the range-azimuth
cut. Both the pedestrian and the street lamp are visible as
point targets with large SNR. Despite the sidelobes, the sen-
sor is capable of generating detailed, high-resolution images
from single snapshots of the observed scene without the
need for multiple measurements and complex post-processing
as for synthetic aperture radar or grid maps as shown
in [39].
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FIGURE 11. Measurement of a parking lot as an automotive scenario:
(a) photograph, (b) side view on the range-Doppler plot, and (c) azimuth
cut of the processed 4D radar image. Parked cars are highlighted as ( ),
the pedestrian as ( ), the street light as ( ), and the fence as ( ).

VI. CONCLUSION
In this paper, a novel high-resolution 4D imaging radar design
is presented. Based on a mixed feedthrough and distribution
network topology, a system with 12 MMICs is realized. In
this way, a system is realized with 36 Tx and 48 Rx channels,
resulting in 1728 virtual channels, which exceeds the state-of-
the-art channel count by a factor of 9. It is shown that with
the use of the 2D maximal SLL matrix, the 4D ambiguity
function and thus the ambiguity-free region and the SLL of
2D antenna arrays can be easily assessed, which simplifies the
array design.

A novel PCB concept is presented with all components
assembled on the back side, the RF signal distribution in a
buried layer and only antennas on the front side to minimize
parasitic radiation from MMICs or RF transmission lines and

to allow for an arbitrary placement of the antennas close to
the MMICs. The MIMO antenna array is designed to enable
Tx beamforming and to keep the RF transmission line lengths
short by realizing a sparse array with interleaved Tx and Rx
channels.

The radar’s virtual aperture covers 85.2 λ0 in the azimuth
and 14.8 λ0 in the elevation plane and has an ambiguity-free
region of 130◦ × 75◦ with a maximal SLL of −15 dB. Two
targets with an angular distance of 0.9◦ or 4◦ in azimuth or
elevation, respectively, can be separated due to the sensor’s
3 dB beamwidth of 0.78◦ × 3.6◦. With a fill factor of 38 % of
the sparse array, DoA estimations can be performed robustly
even at bad conditions as low SNR or multiple scattering
centers of an extended target. The outstanding sensitivity and
resolution in range and angle is exemplarily demonstrated
by showing that the individual absorber tips of an anechoic
chamber can be detected and separated in a range-azimuth
cut. Detailed high-resolution images can be obtained from
single shot radar measurements as it is shown for the auto-
motive parking lot scenario. The obtainable radar images of
the proposed system have a high level of detail and quality
comparable to grid maps or synthetic aperture radar images
and thus provide an unprecedented density of information
with only a single measurement.
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