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Abstract—One possible limitation for automotive collision
avoidance radar applications is unwanted antenna beam squinting over frequency. To circumvent this problem, this paper
studies a novel K-band automotive radar that improves transmitted power distribution over the horizontal plane using a
substrate-integrated waveguide (SIW) 4x4 Butler matrix (BM)
beamforming network. The 24 GHz system, which is scalable
to 77 GHz, uses frequency modulated continuous-wave (FMCW)
transmission and scans the horizontal plane by switching the
four input ports of the BM in time. The radar system has
been calibrated and measured in an anechoic chamber and
angular target position estimates have been completed using
digital beamforming. These tests are also compared to a more
conventional single-input multiple-output (SIMO) and multipleinput multiple-output (MIMO) FMCW radar conﬁgurations and
it is shown that the proposed BM radar offers improvements in
terms of higher return powers, improved signal-to-noise ratios,
and enhanced ﬁeld-of-view.
Index Terms—Automotive radar, Butler Matrix, multiple input multiple output (MIMO) radar, short-range radar (SRR),
substrate-integrated waveguide (SIW).

I. I NTRODUCTION
Since the year 2000, automotive radars have been the fastest
growing market in radar technology [1]. When implemented,
typical state-of-the art automotive radars transmit one signal
in the direction of the vehicle movement [1] (see Fig. 1a).
This can reduce the visibility of the radar at certain offbroadside angles due to the non-uniform transmitted power
distribution which is related to the antenna beam pattern of
the front-end radar hardware. On the other hand, mechanical
or electronically scanning radars can cover the required ﬁeldof-view (FOV) which can possibly make the system bulky and
expensive [1].
Radar operation over wider angles can alternatively be
achieved with phased array switching, beam switching or
by using frequency scanning antennas. While phased array
switching is an efﬁcient method of scanning, it can require
high costs and complex design ([1], [2]). Frequency scanning
antennas are moderate in complexity and cost while they easily
integrate with frequency-modulated continuous wave (FMCW)
systems, however the beam pattern for these antennas can be
non-uniform and dispersive. This makes the angular FOV and
range limited since the gain can often be reduced at larger
beam scanned positions ([3], [4]). Steering using a switching
beamforming network is a solution that can be considered a
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Fig. 1. Comparison between a more conventional radar front end with a wide
angle beampattern and our proposed RF beam steering approach using a BM
network.

compromise between cost and complexity while maintaining
close-to-ideal antenna beam patterns for the switching angles
[5].
This paper proposes a FMCW radar system employing
a single layer substrate-integrated waveguide (SIW) antenna
transmit array fed by a four-port Butler matrix (BM) beamforming network. The BM antenna array is able to steer in the
azimuth plane (see Fig. 1b), and as shown in the paper, can
achieve higher target return powers and signal-to-noise (SNR)
ratios in comparison to a conventional single input multiple
output (SIMO) and multiple input multiple output (MIMO)
radar conﬁguration. Also, for a fair comparison the proposed
BM radar uses the same number of channels as the SIMO radar
(1 transmit and 4 receive) but less RF channels when compared
to the MIMO (2 transmit and 4 receive) conﬁguration. As
further described in the paper, the response of the BM radar
is superior to both SIMO and MIMO architectures.
To the best knowledge of the authors, this is the ﬁrst paper
to report angular target detection trials showing such improved
results using the proposed BM radar and a comparison to
conventional systems. In addition, the difference between the
radars reported in the literature ([6]–[8]) and the presented
BM radar is the capability to detect targets for longer ranges
at difﬁcult angles given the employed SIW antenna arrays and
RF beamformer.
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Fig. 2. Block diagram of the FMCW BM radar transmitter and receiver.

This paper is organised as follows. Section II presents the
radar system with an emphasis on the FMCW electronics
and the design of the BM antenna array, while Section III
describes the radar performance when conﬁgured for angular
target detection trials and presents an analysis of the results
for the proposed BM radar. Comparisons are also made to
conventional SIMO and MIMO radar conﬁgurations. Section
IV concludes the ﬁndings presented in this paper.
II. B UTLER M ATRIX R ADAR SYSTEM
Radars with frequency scanning or beam steering antennas
are generally able to cover a wider FOV with improved angular
target detection as compared to non-scanning systems since
the targets scatter more electromagnetic waves if they are
illuminated at different positions. Hence beamsteering using
passive RF networks can be considered a low-cost solution
that can improve radar performance by switching the beam
of the antenna at pre-deﬁned angles. In our work, we employ
a BM network which uses several input ports to change the
phases fed to the antenna array in order to change the direction
of the transmitted beam radiated from the radar.
The block diagram of the proposed FMCW BM radar is
shown in Fig. 2. The FMCW wave generator connects to
the voltage controlled oscillator (VCO) to produce a 12 GHz
signal which is doubled, ampliﬁed, and fed to the transmitter
chain. More information about the FMCW radar receiver and
SIW receiver antenna employed can be found in [9].

Fig. 4. BM and transmit array for the proposed FMCW automotive radar.

A. Butler Matrix Beamforming Network
A passive BM structure, such as the one proposed in this
paper (see Fig. 3), has the role of taking an input signal
from one of the four ports, splitting, and shifting it to obtain
four output signals with a constant angular separation. The
radar proposed in this paper uses this 4x4 BM to realise
four distinct (and switched in time) transmit beams which
are positioned 30◦ apart in the far-ﬁeld. The BM is preceded
by a single pole four throw (SP4T) RF switch to change
the position of the transmission path between the four input
ports of the beamformer. In practice, time domain switching is
possible by including this RF switch (gallium-arsenide SP4T,
Hittite HMC1084LC4) before the BM. This device is able
to switch between two RF outputs within about 50 ns. By
selecting different input ports in the time domain, the output
of the BM will have signals with different relative phase
shifts and the radiated beam of the antenna array can be

(a)
Fig. 3. Passive BM beamformer at transmit. Input ports are P1 to P4 while
output ports connecting to the SIW antenna array (see Fig. 4) are P5 to P8.

(b)

(c)

Fig. 5. Setup of the BM FMCW radar: BM transmitter (a), 8-port SIW
receiver (only 4 ports used) (b), radar board (c) and target (d).
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Fig. 6. Measured angular target estimates of the BM, MIMO (2TX 4RX) and SIMO (1TX 4RX) radar conﬁgurations for the far-ﬁeld beam switching angles
of the BM radar: −45◦ , −15◦ , 15◦ and 45◦ at 24 GHz. For each plot, the target was positioned at the beam angle maximums for each of the four different
BM states.

steered to different angular directions in the far-ﬁeld. The RF
beamformer conﬁguration used in this work is also deﬁned by
four 90◦ hybrid couplers and two phase shifters as depicted
in Fig. 3.
B. Butler Matrix Design
The design of the BM has been carried using planar
substrate-integrated waveguide (SIW) technology since this
type of structure presents lower losses (e.g 1.6 dB at 77 GHz
[10]) and several BM designs have taken advantage of this
property [5], [11], [12]. Conventional automotive radars have
been reliant on microstrip patch antenna arrays to illuminate
the FOV due to their low cost and simple design, however their
performance is not always optimal since larger bandwidths
are harder to achieve and the beam squint with frequency
can require additional calibration. More information about the
advantages of using SIW antennas for automotive radars can
be found in [9].
The BM designed in this work uses a Rogers
RT/duroid®5880 substrate for an optimal response at
24 GHz. The sizes of the BM antenna array are presented
in Table I for both millimeter and guided wavelength
√ units.
In particular, the guided wavelength is λg = λ0 r and
λ0 is the wavelength at 24 GHz (12.5 mm) where r is the
relative permittivity of the substrate (2.2). A 77 GHz version
will be approximately three times smaller due to the size
reduction in wavelength. The fabricated BM antenna array is
illustrated in Fig. 4. The SIW BM beamforming network was
designed with pitch width (1 mm), via dimensions (0.5 mm)
and slot dimensions as described in [9] and by following
[13]. The realized beam steered angles of the BM and SIW
array are: −48◦ , −15◦ , 15◦ and 48◦ . Comparisons of the
BM characteristics for both the CST® simulations and the
measurements will be available at the time of the conference.
TABLE I
D IMENSIONS OF 24 GH Z B UTLER MATRIX ANTENNA ARRAY
Component name

Area (mm2 )

Area (λ2g )

BM beamforming network

59.8 x 32.9

7λg x 3.9λg

Antenna array

29 x 24.8

3.4λg x 2.9λg

Total Size

138 x 98

11.04λg x 7.84λg

III. R ADAR M EASUREMENT S ETUP AND T RIALS
The BM transmit antenna array together with the switch
have been attached to a radar testing platform and calibrated in
an anechoic chamber. Results are shown in Figs. 6 and 7. The
system as shown in Fig. 2, uses monolithic microwave integrated circuit (MMIC) components from Analog Devices containing the phase-lock loop and VCO (ADF4159), the transmitter chip (ADF5901), and a 4-port receiver chip (ADF5904).
Data sampling was performed using the ADAR7251, a 4channel continuous time analogue to digital converter (ADC)
with 16-bit resolution, capable of sampling intermediate frequency (IF) signals up to 1.2 MHz with a sampling rate
of 1.8 million samples per second (MSPS). This enabled
fast acquisition for the downconverter. Additionally, a set of
four low noise ampliﬁers (LNAs), Hittite HMC751LC4, were
added to reduce the overall noise ﬁgure of the system while
increasing the received signal power and the SNR.
The other SIMO and MIMO radar conﬁgurations were
tested using these same circuit components to appreciate the
proposed BM performance. These conﬁgurations were one
transmitter four receive (1TX 4RX) SIMO and two transmitter
four receiver (2TX 4RX) MIMO radars and also using SIW
antenna arrays as described further by some of the authors in
[9] and [14].
A. Radar Measurement Procedure
A metallic target has been placed at different positions in
azimuth plane to observe the returned power at the different
angles of interest. The angular measurement span ranges from
−50◦ to +50◦ . The transmitting radar module as described
previously has been set up with a 4-element SIW receiver
array, in order to acquire the scattering from the target. Digital
beamforming was then applied to the receiver data after the
signal has been downconverted to the IF band.
B. Signal Processing for Angular Target Estimations
To detect targets in the horizontal plane (this process is
also called angular target estimation [15]) it is necessary to
observe all angles at the receiver for the maximum reﬂected
power from the targets. This can be achieved at the receiver by
applying a narrowband beamforming algorithm such as delay
and sum [9]. The time domain signals are shifted digitally
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4x4 BM beamforming network integrated with a millimetrewave FMCW radar platform. The calibrated system showed
an improvement over single-input multiple-ouput (SIMO) and
multiple-input multiple-ouput (MIMO) conﬁgurations, thus
offering a new and alternative design approach for automotive
collision avoidance systems and other radar architectures.
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Fig. 7. Power envelope measurements of the BM, the SIMO and the MIMO
radars for target detection trials. In particular, where the target was positioned
between −50◦ to 50◦ in 5◦ steps in the horizontal plane.

with a delay associated with the spacing between each antenna
sensor, thus achieving the maximum returned power in the
direction of the steering vector.
C. Measurement Results and Analysis
The sum-and-delay method has been applied for the three
sets of measurements to compare the difference between a
conventional radar system (SIMO and MIMO) and the proposed BM radar. The angular target estimates are presented in
Fig. 6. It can be seen from the response of each trial that there
is on average a 3 dB receiver power increase at the switching
angles of the BM when compared to the SIMO and MIMO
radar setups. Also, the BM radar shows an improvement
in received power for all measured angular target estimates.
Furthermore, at angles off broadside, the BM is capable of
achieving better performance than either the SIMO or the
MIMO conﬁgurations.
D. Power Envelope Comparison
By taking the response of each of the trials for angles
between −50◦ to 50◦ , an envelope function can be formed.
This curve is depicted in Fig. 7 for the three radar cases. As
expected, the received power levels are higher at the angles at
which the BM is switching its beam. It takes approximately
200 ns to scan the horizontal plane since the switching time
of the RF switch is about 50 ns. The angular target estimation
is processed in the millisecond region, therefore it is safe to
assume that the target will be illuminated at all angles during
the acquisition period.
IV. C ONCLUSIONS
This paper presented a novel frequency modulated continuous wave (FMCW) 24 GHz radar system which uses
a substrate integrated waveguide (SIW) antenna array preceded by a 4x4 Butler matrix (BM) beamforming network
in order to switch the transmitted beam angles to: −45◦ ,
−15◦ , 15◦ and 45◦ . To the best knowledge of the authors,
this work is the ﬁrst to present measurement trials with a
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