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FMCW Radar with Enhanced Resolution and
Processing Time by Beam Switching

Pascual D. Hilario Re, Davide Comite, Senior Member IEEE, Symon K. Podilchak, Member IEEE,
Cristian A. Alistarh, Student Member IEEE, George Goussetis, Senior Member IEEE,

Mathini Sellathurai, Senior Member IEEE, John Thompson, Fellow IEEE, and Jaesup Lee

Abstract—We present the design of a novel K-band radar
architecture for short-range target detection. Applications include
direction finding systems and automotive radar. The developed
system is compact and low cost and employs substrate-integrated-
waveguide (SIW) antenna arrays and a 4×4 Butler matrix (BM)
beamformer. In particular, the proposed radar transmits a fre-
quency modulated continuous-wave (FMCW) signal at 24 GHz,
scanning the horizontal plane by switching the four input ports
of the BM in time. Also, in conjunction with a new processing
method for the received radar signals, the architecture is able to
provide enhanced resolution at reduced computational burden
and when compared to more standard single-input multiple-
output (SIMO) and multiple-input multiple-output (MIMO) sys-
tems. The radar performance has also been measured in an
anechoic chamber and results have been analyzed by illuminating
and identifying test targets which are 2◦ apart, while also making
comparisons to SIMO and MIMO FMCW radars. Moreover,
the proposed radar architecture, by appropriate design, can
also be scaled to operate at other microwave and millimeter-
wave frequencies, while also providing a computationally efficient
multi-channel radar signal processing platform.

Index Terms—Automotive radar, multiple-input multiple-
output (MIMO) radar, short-range radar (SRR), substrate-
integrated waveguide (SIW), Butler Matrix.

I. INTRODUCTION AND MOTIVATION

In the last decade, there has been an increasing demand
for low-cost and low-profile radar solutions for short-range
collision avoidance systems. Radar technology is becoming a
standard equipment for the current generation of city cars and
a key element for the design of next-generation self-driving
platforms. One major challenge in this field is the possibility of
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achieving high angular resolution while maintaining relatively
small processing times and reduced system complexity.

The use of multiple-input multiple-output (MIMO) tech-
niques to provide real-time collision-avoidance information by
means of millimeter-wave radars has also been under discus-
sion over many years (see, e.g., [1]–[8]) but, even if very high
resolution can be achieved by implementing well-established
signal processing techniques [9]–[13], the processing time can
become an important issue for automotive radar applications
and new self-driving systems [6], [7], [14]–[16].

Other high-resolution algorithms have also been studied to
complement these approaches. For example, in [17] a MIMO
system in conjunction with a multiple signal classification
(MUSIC) [18] approach was reported. Capon filtering [19] and
the estimation of signal parameters via rotational invariance
techniques (ESPRIT) [20], have also been used in MIMO
systems (more information can be found in [6] and [21]). On
the other hand, super-resolution algorithms [22]–[24] generally
perform better in terms of angular resolution since they search
sub-spaces for the strongest signal, however this requires
extensive time to process in the presence of multiple sources.
Hence, delay-and-sum beamforming is generally less complex
and computationally demanding to obtain the angular target
response, even if it provides reduced angular resolution [25].

This type of low-resolution algorithm can detect multiple
targets with reduced accuracy within the radar field-of-view
(FOV). This can be extremely dangerous in automotive sys-
tems and for moving vehicles. For example, when a pedestrian
is walking on the sidewalk in a narrow street or even when the
car is traveling within a tunnel, targets can be misidentified.
Multipaths can also represent an issue as they could generate
false targets; i.e. they should be removed from the target image
by performing additional processing (see, e.g., [26], and refs.
therein). Considering those advancements, it should be men-
tioned that multipath propagation effects are not considered
further herein as false targets are typically generated by low-
resolution systems and in the presence of reflections from very
long surfaces (guardrails for example). This means that the
position of the ghost targets are typically outside the trajectory
of the vehicle where the radar is mounted.

When considering broad FOV requirements, radars can
employ phased-array techniques, beam switching, or frequency
scanning antennas. Even if phased arrays are suitable for real-
time beam scanning they can also require high implementation
costs as well as cumbersome feeding networks, and can suffer
from high losses [27], [28]. Frequency scanning antennas,
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instead, are moderate in complexity and cost, and can be
easily integrated with frequency-modulated continuous wave
(FMCW) radar systems [29], [30]. Likewise, the beam pat-
tern of phased-array antennas, as well as frequency scanning
antennas, can also be non-uniform and dispersive. The gain
can also be reduced at larger scan angles, affecting the FOV
[31], [32]. In these cases, since the gain can be non-uniform,
a dependency on the power transmitted can be observed,
influencing the target detection as a function of both angle
and range. To compensate for such a non-constant gain profile,
more complex approaches can be adopted such that the gain
versus angle is more stable. Alternatively, techniques based
on switched beamforming networks can represent an attractive
solution [33]. They can be considered a compromise between
cost and complexity, while maintaining close-to-ideal antenna
beam patterns for the switching angles [33].

To provide short processing times at reduced cost and
complexity, this paper presents the design and test of an
FMCW radar for automotive applications, proposing beam
switching at the transmitter (see Fig. 1) for enhanced FOV.
A preliminary investigation of our proposed radar architecture
has been reported in [34], [35], and [36]. The advanced system,
now detailed in this paper herein, provides faster processing
and enhanced resolution as well as higher antenna gains,
improving the possible radar range and detection capabilities
at the extremities of the FOV. Basically switched time-domain
beamforming at the transmitter is implemented, in conjunction
with pattern-multiplication and multi-channel processing at the
receiver, to achieve high resolution angular target detection.

The newly developed radar system also employs a Butler
matrix [37], i.e., a passive radio-frequency beamforming net-
work in transmission, as in [38], but now with sum-and-delay
processing at the receiver whilst being demonstrated with said
transmitter and radar electronics for a low-profile implemen-
tation. High angular resolution and broad FOV are achieved
with reduced processing time (< 40 ms), providing therefore,
and as will be shown in the paper, advanced performance
with respect to comparable SIMO and MIMO radar systems.
These features, in conjunction with the newly reported signal
processing methodology described in the following, makes the
proposed radar architecture particularly suitable for collision-
avoidance automotive systems as well as other real-time track-
ing scenarios which require enhanced resolution.

II. STATE OF THE ART AND THEORETICAL BACKGROUND

In [34], a radar system comprised of conventional substrate-
integrated-waveguide (SIW) transmit antennas based on a 2×4
MIMO system was proposed. That system suffered from gain
degradation for angles off broadside. Moreover, the process-
ing time required for MIMO operation was higher than our
proposed system (i.e., the proposed radar system is outlined
in Figs. 2 and 3). In [35] the same beamformer as the one
presented here, i.e., in Fig. 2, was briefly examined, but that
work only reported comparative studies of the transmit gain
with respect to other MIMO and SIMO radar arrangements. In
[36], also, four independent 2 × 4 MIMO sub-modules were
used and combined together with a multiplication technique

Fig. 1. Possible radar configuration for automotive systems; comparison
between a conventional radar front end (a) with the proposed RF beam steering
approach based on a BM network (b) showing a wider illumination angle when
considering all the transmitted beam patterns.

which was shown to improve the radar accuracy by reducing
the side-lobe level (SLL). However, the system required a
complicated hardware setup and involved signal processing.
This is because each of the four radar sub-modules needed
to process a 2 × 4 MIMO acquisition individually, which is
not needed in this paper, due to the developed radar signal
processing approach, defined as Power Plus (Pwr+). This
technique, Pwr+, will be further described shortly.

The use of lens antennas, on the other hand, can improve
the gain, FOV, and the angular resolution but at the cost of
increased size [39]–[42], making those solutions less practical
to be fitted onto a vehicle. This problem was partially mitigated
in [43] introducing a metasurface, whose thickness and weight
of the lens were significantly reduced compared with a more
conventional planoconvex dielectric lens antenna. However,
the total size of the lens antenna is still bigger with respect to
the system proposed in this work.

A. FMCW Radars, Pattern Multiplication & Angle Estimation

FMCW radars are based on the transmission of a CW
signal over a fixed period of time, introducing a frequency
modulation on the signal, which can periodically increase
or decrease over time [29], [44]. These radar systems can
calculate the range position of the illuminated target, with an
accuracy that is comparable with the wavelength of the probing
signal. In contrast with a conventional pulsed radar system,
FMCW radars do not require the use of high peak power and
can simplify the realization of the required processing circuits
[29], [44].
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Fig. 2. Schematic representation of the proposed BM radar system. Each
of the 4 states of the switch are individually processed (see the Power Plus,
Pwr+, module), providing parallel computation as shown in Figs. 3 and 5(c).

In order to retrieve the angular position of the scattering
objects with respect to the radar location, at least two receiving
antennas are needed. A system not in mechanical rotation,
formed by 1 transmitter and 2 receivers (placed at a distance
d), constitutes a basic single-input multi-output (SIMO) radar.
By assuming that one of the two antennas collects a signal
from a direction over the horizontal plane given by θ, an
additional distance equal to d sin θ should be considered
to reach the second antenna. This corresponds to a phase
difference of β = (2π/λ)d sin θ between the received signals.
On this basis, it is possible to determine the angular position
of the target through the following simple expression:

θ = arcsin

(
βλ

2πd

)
(1)

For classic beamforming algorithms, such as the Barlett
beamformer, the raw data at the sensor nodes are adjusted
in order to account for the delay caused by the travelling
wavefront [45]. Some of the outputs are weighted to account
for the antenna configuration. This means that the signals
are constructively interfering in order to detect the direction
of maximum energy. The resulting pattern can be perhaps
associated with the shape of a sinc function, or in other
words, to a function that has a Gaussian pattern with the point
of maximum return occurring at the peak of the target. This
approach can also be used as a basis for a more refined signal
processing method to combine the RF channels or views (see
Figs. 2 and 3) as employed in this work. Also, as investigated
in [36], a more accurate radar response of the targets occurs
when multiple images of the same target are convolved in the
time domain. Basically, this operation has a smoothing effect
which better identifies target peaks in the angular spectrum
estimate.

This underlying principle can be applied also for the pro-
posed BM radar system and its Pwr+ signal processing of
the multiple RF channels (as illustrated in Figs. 2 and 3). Let

us define E(f) as a sinc-shaped function in the frequency
domain:

E(f) = sinc(2πf T ) (2)

where T is the period of the function, f is the frequency of
the signal. And a smoothing function with the same shape:

W (f) = sinc(2πf T ) (3)

Their convolution in the time domain will result in a
multiplication in the frequency domain. This will be defined
as:

E′(f) = E(f) ·W (f) = sinc2(2πf T ) (4)

So if the processing of the four states of the BM radar
system can be used in conjunction with multiplication of
the angular spatial spectrum (see Fig. 3), this will result
in a smoothing process as illustrated in Fig. 4. Basically
this defines a sharper peak for the target estimate. More
information about this smoothing process, pattern sharpness,
and the supporting mathematics can be found in [46]. As
will be further examined in the paper, this technique which
employes these mathematical concepts (defined as the Pwr+

radar signal processing approach) can improve radar accuracy
and image sharpness, due to the noted pattern multiplication
operation.

A SIMO system can only provide a coarse angular reso-
lution, defined by the half-power beamwidth, Θ3dB , of the
receiving array. A way to increase the angular resolution
consists in increasing the number of receivers and/or the
distance between them. The latter strategy, however, introduces
grating lobes, thus limiting the angular range (i.e., the FOV)
of the radar, derived from (1) considering the maximum phase
difference (i..e, π and −π), as θFOV = ± arcsin

(
λ
2d

)
.

The angular resolution is set by the IEEE Standard for
Radar Definitions [47]: “The ability to distinguish between
two targets solely by the observation of their angle, usually
expressed in terms of the minimum angle separation by which
two targets at a given range can be distinguished.” It is often
assumed that the two targets to be identified have the same
received power level (usually the half-power point), and min-
imum angular separation, which thus constitutes the angular
resolution. An estimation of this parameter is dependent on
the size of the antenna aperture [48]: sin(θRES) ≈ λ/D, D
being the size of the receiver. This approach, unfortunately,
unavoidably increases the number of RF chains based on the
number of receiver elements.

B. MIMO Radar

To reduce the number of receiving chains needed to support
the use of more antennas, MIMO systems have been proposed
(see, e.g., [1], [49]). They require the use of more transmitters
to provide higher resolution at reduced costs with respect to
a SIMO system. By increasing the number of transmitters,
indeed, the number of virtual receivers is given by NTx×NRx.
Therefore, when element spacing is appropriate, a 2×4 MIMO
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Fig. 3. General operation of the proposed Pwr+ radar signal processing algorithm for the four channels. Two targets located at θ1 and θ2 are considered.
Each channel for the different angular views is multiplied n times and then combined. The resulting angle target estimate plot is shown in red for the four
combined channels.

Fig. 4. Results of spectral multiplication for Gaussian functions in the
frequency domain as a pre-requisite for the adopted Pwr+ radar signal
processing approach for the combination of multiple channels (see Fig. 3).

radar would provide the same angular resolution as a 1 × 8
SIMO radar.

Typically the transmitters are activated sequentially in time,
so that, when the first radiates, the target reflects back a signal
with a phase distribution at each receiver element given by
0, β, 2β, and 3β. Once the received signal has been stored,
the second transmitter is activated and a phase offset of 4β
is observed with respect to the first transmitted signal. This
offset will contribute to the second half of the virtual receiving
array (with phases 4β, 5β, 6β, and 7β, respectively). Once
the returned signals for both halves of the array have been
collected, considering λ/2 spacing for the effective virtual
array, the returned signal is processed as a single eight-
element receiver array. It should be mentioned that having
transmitters and receivers co-located in space can make the
physical dimensions of the MIMO radar significantly smaller.
This would reduce the hardware costs while maintaining high
resolution, at the expense however of the processing time.

III. BUTLER MATRIX FMCW RADAR

To achieve the same performance of a MIMO system or
better, but with reduced computational complexity, we propose
here a radar system connected to a 4 × 4 BM, providing
four possible phasing configurations at the transmitting point.
The system architecture is shown in Fig. 2. The BM is

connected to a single transmitter array, which is associated
with one transmission channel and four receiving channels.
This transmitter generates four different beams in time (see
Fig. 3) depending on the port excited. The complete transmitter
antenna system, therefore, is constituted by a single-element
antenna array, time-domain switch, and BM beamformer.

The four different angular views (i.e., the beams) divide
the observed space in four sections, which are combined in
post-processing through a technique further defined here as
Pwr+ (i.e., Power Plus, which refers to the power and addition
operations made in the processing as further described in the
next sub-section). After, the delay-and-sum beamforming is
applied for each of the BM switching angles, the data is
taken and a multiplication technique is applied to combine
the individual angular target responses similar to [36]. As
discussed in the following, this provides improved angular
resolution along with competitive processing time.

A. Signal Processing using Pwr+ and Butler Matrices

The Pwr+ procedure is illustrated in Fig. 3, and it can be
summarized as follows when considering the BM transmitter:

1) Both switches in Fig. 2 are synchronized to be at the
same position (i.e., from 1 to 4). Then, the BM is excited
through the first port, the scattered signals are collected
by the 4 receivers and stored. Therefore, both switches
are set on the subsequent position, and the signal is
processed as a conventional 1 × 4 SIMO radar. It is
noted that the Pwr+ block includes four independent
processors, thus defining a parallel processing algorithm
to avoid inefficient queues that would increase the total
delay (see Fig. 5(c)). The process is repeated four times
in sequence to collect the signal through all beams.

2) When the four datasets have been processed, the fol-
lowing combination algorithm is implemented (see Fig.
3):

vPwr+ = vn1 (θ) + vn2 (θ) + vn3 (θ) + vn4 (θ) (5)

where vi represents one of the four views, and n corre-
sponds to a positive integer greater than 1, introduced to
provide a sharper pattern for the single beam (see Fig.
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Fig. 5. Timing sequence diagram for the proposed radar when compared to more conventional approaches: (a) 1× 4 SIMO, (b) 4× 4 MIMO, and (c) the
proposed Pwr+ approach. (d) Processing time estimation for each of the three cases based on MATLAB calculations. In particular, the horizontal axis is the
iteration number defining the number of times the radar measurements were completed automatically and then individually processed in MATLAB. This was
required in order to estimate the mean processing time for each individual radar setup providing a comparison for the different radar systems.

4). This approach can obviously increase when more
voltage channels are considered (set equal to four here
for proof of concept).

The proposed processing makes the compound signal (i.e.,
vPwr+ ) sharper and more defined, improving the accuracy over
more conventional radars. This Pwr+ approach is original
and has not been applied before in other works, to the best
knowledge of the authors. We should make it clear that
improved resolution is not achieved by the n multiplication
of the individual radar signals alone, vni , but it is the combi-
nation (vPwr+ ) of these four voltage channels which can offer
improved resolution. This is because the individual returned
signals offer different view or perspectives of the targets,
similar to [4], within the FOV of the radar. As discussed
next, shorter processing-time performances with respect to a
comparable MIMO system can also be achieved.

B. Performance Analysis

To understand the temporal performance of the BM radar
with respect to a conventional 4 × 4 MIMO system, we
developed a numerical study to analyze the time delay of
the processing. Three different configurations have been con-
sidered: a 1 × 4 SIMO radar, a 4 × 4 MIMO system, and
the proposed BM radar. As mentioned, the latter could be
considered as a 1×4 SIMO enhanced by the presence of four
different beams, but without introducing additional RF chains.
To operate the four channels, as shown in Fig. 2, every time a
signal is detected, the transmitter is switched to the subsequent
port of the BM.

Timing diagrams for the signal processing shown in Fig.
5(a, b and c) gives an estimation of the total delay. It starts
accumulating when the transmitter sends the signal and it
finishes when the information of the target position is acquired.
In such diagrams, there are 4 different timing blocks:

1) T: time that starts when the transmitter begins sending
the pilot signal in air. The signal hits the target and
the time stops with the reception of the raw data at
the receivers. It depends on the target distance (i.e., Rt)
and on the time the receiver block takes to record and
store the collected raw data (i.e., tstorage). Therefore, we
consider

T =
2Rt

c
+ tstorage

Note that, since tstorage � 2Rt
c , the term related to the

target can be neglected.
2) 1 × 4 SIMO: time needed by the system to process the

raw data and to obtain the information of the target
position. The average value is equal to about 36 ms
when developing the processing in MATLAB (version
R2017b), as shown in Fig. 5(d) (black curve).

3) 4 × 4 MIMO: time needed by the system to process
the raw data by following [6], [50]; once the four
different signals have been collected by the four beams
the average processing time was about 125 ms (see Fig.
5(d), red curve).

4) Pwr+: time needed to apply the Pwr+ algorithm right
after the four views have been acquired by the system
based on the BM, which perform four SIMO iterations.
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Basically, the average value about 0.3 ms in Fig. 5(d)
(blue curve) is needed for the multiplication.

The time estimations for each case were obtained running
1000 iterations on a code that performs the relevant radar
processing. The machine is equipped with an Intel Core i7-
4790 CPU (3.60 GHz, 4 cores, and 8 logical processors), and
16 GB of RAM.

The total time required for each case is given in the
following:

∆tSIMO = t′2 − t′1 = T + t1×4 ≈ T + 36 ms

∆tMIMO = t′′2 − t′′1 = 4T + t4×4 ≈ 4T + 125 ms

∆tBMPwr+ = t2 − t1 = 4T + t1×4 + tPwr+ ≈ 4T + 36 ms

Taking only into account the processing time term, compu-
tation times and angular resolutions are also compared in Table
I. As it can be observed in Fig. 2, the proposed BM radar is
composed of 4 receiver elements, which therefore, will define
an angular resolution of 30 degrees on their own. However,
this resolution is based on a single view (1 out of 4), and when
all the 4 views are processed using the Pwr+ algorithm (by
Eq. (5)), a more refined angular resolution is made possible by
the proper selection of n and the combination of the multiple
channels by pattern multiplication.

TABLE I
RADAR COMPUTATION TIMES AND ANGULAR RESOLUTIONS

Radar
Type

Computation
Time (ms)

Number of Effective
Receiver Elements (N)

Angular
Resolution (deg.)

1x4 SIMO 36 4 30
4x4 MIMO 125 16 7.2
BM Radar 36.3 4 <9.4*

* Considering a multiplication or power factor (n) of 20, see Eq.
(5), or higher by the Pwr+ algorithm.

Taking into account the three different scenarios under
comparison (classic 1 × 4 SIMO, classic 4 × 4 MIMO and
the proposed BM architecture), it can be observed that the
BM system (i.e., ∆tBMPwr+ ) is significantly faster than classic
4×4 MIMO (i.e., ∆tMIMO) whilst offering enhanced angular
resolution and with simpler radar hardware implementation.

IV. BUTLER MATRIX AND ARRAY DESIGN

Both high angular resolution and broad FOV are important
requirements for automotive applications. To scan the space in
front of the radar a beamforming technique should be included.
Typically, antenna arrays work on a finite number of discrete
states, which are determined by the phase distribution applied
to each element. We propose here the design of an SIW
antenna array and feeding network based on the BM concept.
Alternative approaches for the beamformer, such as the Blass
matrix [51], the Wullenweber array [52], and lens antennas
could also be adapted to this system.

A. Butler Matrix

The BM provides uniform amplitude distribution and con-
stant phase difference at its output ports [37]. It consists of N
input and N output ports, with N = 2m and m = 2, 3, ...). A
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Fig. 6. Schematic circuit representation of the proposed 4 × 4 BM, repre-
senting the radar antenna beamformer for the transmitter.

TABLE II
NUMBER OF HYBRIDS AND DELAY LINES REQUIRED FOR AN N ×N BM

Component Rows Columns Total

Hybrid coupler N/2 n n · N/2
Delay line N/2 n− 1 (n− 1) · N/2

4 × 4 BM is depicted in Fig. 6, which shows the three basic
components: delay lines, crossovers, and 90° hybrid couplers.
Typically, it is also possible to use 180° hybrids couplers,
which would involve fewer delay lines, even if its positions
and magnitudes would follow a more complicated pattern [53].
Once the network is sized, the number of delay lines and
couplers can be easily obtained as outlined in Table II.

Depending on the excited port, the resulting weights applied
to the array controls the pointing direction for the transmitted
signal. The output phase differences between consecutive ports
and the corresponding direction of the induced main beams for
a 4× 4 BM are shown in Table III. The delay lines connected
on top and bottom and between the hybrids require a specific
phase delay, which is related to N as follows [54]:

φdl = 90° − 1

N
180° = 45°.

More details on advanced BM designs can be found in [54].

B. Antenna Design in SIW Technology

We describe here the design procedure of a planar waveg-
uide slot array antennas [55], [56] to be connected with the
four outputs of the BM. A standing-wave design [38], depicted
in Fig. 7, has been selected and optimized by means of CST
Microwave Studio. To achieve a broadside and symmetric
beams the spacing between slots is set to λg/2 [57], whereas
the distance between the last slot and the traversal vias is ap-
proximately 3λg/4. A 3×1 series-fed sub-array is considered
as trade-off between the needed antenna gain over the plane
parallel to the SIW structure (i.e., normal to the z axis in Fig.
7) and the encumbrance of the system.

The displacement for each slot from the axial center of the
SIW along the x axis, the slot widths and the lengths (lslot),
have been finely tuned to cancel higher-order mode coupling,
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TABLE III
PHASE OUTPUTS ON A BUTLER MATRIX

Excited Port 1Output Phase (β) 2Beam Direction (θ0)
1 +45 14.5°
2 -135 −48.6°
3 +135 48.6°
4 -45 −14.5°

1 Phase difference between consecutive output ports (i.e.
5-6, 6-7 and 7-8).

2 Beam direction in the far-field; the relation between β
and θ0 is given by Eq. 1 with array spacing d = 0.5λ,
with f = 24 GHz.

b

c

d

e

a

x

y

z

θ 

φ 

Fig. 7. Simulation model of the SIW slot antenna array, defined by four 3×1
sub-arrays (a = 9.28; b = 4.89; c = 6.10; d = 0.54; e = 0.28 [mm]) for
operation at 24 GHz. This SIW structure is representative of the radar antenna
transmitter and receiver (albeit no beamforming network).
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4× 3 antenna array; (b) simulated radiation and total efficiencies considering
uniform excitation of all the ports (see Fig. 7) for broadside radiation.

Fig. 9. Simulated output phase difference for the 90◦ SIW hybrid coupler
employed within the BM. A top view of the SIW coupler is shown in the
inset where the ports are defined.

starting from an initial value given by lslot = λ0/
√

2 (εr + 1)
[58]. Four sub-arrays are needed for the final design, leading
to a 4 × 3 array, as shown in Fig. 7. The antenna dimensions
determined by the optimization process are reported in the
caption.

The simulated reflection coefficients at each port of the
proposed SIW array, reported in Fig. 8(a), exhibit a −10
dB operational bandwidth of 7.3% (1.75 GHz). The simulated
radiation and total efficiencies are also reported in Fig. 8(b),
showing 85% over the operating band, reaching values over
90% around 24.75 GHz. A realized gain versus the frequency
(not reported here) above 15 dBi has been achieved over the
entire 1.75 GHz operating band.

The main lobe direction of the SIW series-fed slot array
is a critical aspect for the considered radar application, since
the phasing at each slot presents different values versus the
frequency. The simulated main lobe direction (not reported
here for brevity) over the frequency, in both the principal
planes, showed very minor deviation with respect to broadside
(about 0.7° in the YZ plane; i.e.φ = 90°). The level of the first
sidelobe was found to be around −13 dB within the XZ plane,
and −23 dB for the YZ plane. The simulated radiation patterns
over the E and H planes (not reported here for brevity), at
three different frequencies (the two extremes of the frequency
of operation and the center), show consistent results, which
is a key aspect for a proper operation of the FMCW radar.
Cross-polarization levels in excess of -25 dB are also achieved
when compared to the main beam maximum. This confirms
the suitability of the array performance for the proposed radar
system.

C. Beamformer Design in SIW Technology

We consider here a hybrid coupler based on the waveguide
design proposed in [59]. Properly selecting the length L in Fig.
9, the power split through the output ports 2 and 3 experiences
a phase difference of 90°. To provide good matching and
to balance the power splitting [60], the value of wm has
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(a)

(b)

(c)

(d)

Fig. 10. Additional passive circuit components for the SIW BM: (a) top view
of the crossover conformed by 2 riblet short 90◦ hybrids (one highlighted by
a red dashed line), (b) top view of the required SIW delay line, (c) SIW
transmission line bends for improved connector matching, (d) exponentially
tapered microstrip-to-SIW transition.

been tuned. Simulation results (not reported here) exhibit
low insertion losses within the operating bandwidth (around
0.2 dB) and a very high isolation (below 30 dB). A very good
output phase difference within the simulated bandwidth has
been achieved, with maximum deviation in the order of 0.1°,
as reported in Fig. 9.

For the design of the crossover, two cascaded couplers are
used as in Fig. 10(a). This is possible given the split and
combining characteristics of the 90° hybrid coupler: when
port 1 is excited, at the two outputs of the first hybrid (red
dashed square) a 90° phase difference is obtained. Therefore,
at the second hybrid two ports are excited simultaneously,
performing as a combiner and outputting all the signal through
port 3. In other words, in the second stage, the hybrid works in
reverse with respect to the first. Simulated results (not reported
here for brevity) testify an excellent matching, high isolation,
and insertion losses of about 0.2 dB. With respect to the
required delay lines, 90° bends have been used including vias
on each of the corners for matching purposes [61]. Moreover,
phase-delay adjustments for this component are made by
tuning ldelay, which is depicted in Fig. 10(b).

Since the SIW width is narrower than the actual connector
width, a transition was designed. Figure 10(c) shows the input
SIW paths followed by each individual port. In this case,
unlike the SIW delay lines, 90° curvatures [61] were chosen
instead of 90° bends to optimize the matching performance.
This is likely related to the proximity of the input ports of
the BM, which makes this area more sensitive to the input
impedance. It should be noted that these different paths had
to be properly adjusted to avoid unwanted phase offsets at the
sub-arrays. The transition from microstrip to SIW has been
designed following an exponential tapering (see Fig. 10(d)),
as proposed in [62].

A picture of the manufactured BM is shown in Fig. 11.
Simulations and measurements of the amplitude balance for
each of the four states are reported in Fig. 12. The output phase
differences are shown in Fig. 13. A very good matching can be
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Fig. 11. Photograph of the prototyped BM prior to integration with the
antenna and radar. Ports from 1 to 4, i.e., P1−4, corresponds to the input
and 5 to 8, i.e., P5−8, to the outputs.

observed between simulations and measurements (below 5°),
for each of the different beam switching states.

D. Beamformer and Antenna Array Integration

The manufactured beamforming system and the planar array
have been integrated as reported in Fig. 14. Radiating slots
were etched in the top ground plane to avoid unwanted
coupling coming from the microstrip sections at each port.
The simulated and measured reflection coefficients within
the relevant bandwidth are reported in Fig. 15(a), showing
values below −10 dB. The four normalized radiation patterns,
achieved by switching the driven ports, are reported in Fig.
15(b). A very good agreement between the simulated and
measured steered patterns is observed. Due to constraints
enforced by the NSI near-field scanner used to collect antenna
measurements, results only cover an angular range from −60°
to 60° over the ZX plane in Fig. 7.

V. RADAR SYSTEM TESTING AND RANGE ESTIMATION

In order to test the capabilities of the proposed radar system,
a set of measurements have been performed in a calibrated
anechoic chamber at Heriot-Watt University. Fig. 16(a) shows
the proposed butler matrix array (BMA), which acts as trans-
mitting system for the radar. Results have been collected man-
ually by switching the ports of the BMA and terminating the
others with 50-Ω loads. Also, to ensure low-cost demonstration
and implementation of the supporting radar materials (i.e.,
dielectric laminates, radio-frequency beamforming networks,
and the supporting electronics), the FMCW system operated
at 24 GHz with a 250 MHz bandwidth. The radar transmitter
and receiver PCBs could also be scaled downwards in size to
operate at 77 GHz (following the standard tolerancing avail-
able from PCB manufactures) while different radar electronics
could be properly selected as well. This 77 GHz operational
frequency range represents another standard carrier frequency
for automotive applications.

The SIW 4 × 3 array shown at the bottom of Fig. 16(a)
constitutes the receiving antenna. In this case, only the four
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Fig. 14. Picture of the manufactured SIW BM and antenna array defining
the radar transmitter.

central elements of the antenna array have been used, realizing
the architecture described in Fig. 2. The employed radar
system electronics used connectorized monolithic microwave
integrated circuit (MMIC) components from Analog Devices
containing the phase-lock loop and voltage-controlled oscil-
lator (ADF4159), the transmitter chip (ADF5901), and a 4-
port receiver chip (ADF5904). Data sampling was performed
using the ADAR7251, a 4-channel continuous time analogue
to digital converter (ADC) with 16-bit resolution. This enabled
fast acquisition for the downconverter at receive. Also, each of
the receiver antenna ports were connected to an HMC751LC4
low noise amplifier (LNA) also from Analog Devices to reduce
system noise (see Fig. 2 as in [35] for a representative circuit
schematic). Raw datasets collected at the receivers were then
post-processed in MATLAB. The measurements were made at
a range equal to about 2 meters using metallic targets; i.e. the
two vertical metallic posts shown in Fig. 16(b) which could
be made to have different angular separations.

The measurement procedure and results are described in the
following. It should be highlighted that two targets were se-
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TABLE IV
COMPARISON OF A 4× 4 MIMO RADAR WITH THE PROPOSED BM RADAR

4× 4 PWR+ PWR+ PWR+ PWR+

MIMO (n = 20) (n = 50) (n = 100) (n = 1000)

3dB Beamwidth (deg.) 7.18 9.4 5.91 4.18 1.42

Delay (ms) 4R + 125 4R + 36.0933 4R + 36.099 4R + 36.1011 4R + 36.1112

1∆t (ms) 0 −88.9067 −88.901 −88.8989 −88.8888

1 ∆t refers to the total delay (t2− t1, see Fig. 5(c)), with respect a 4× 4 MIMO case. Negative values mean a shorter
processing time than the referenced 4× 4 case.

(a)

(b)

Fig. 15. Simulated and measured reflection coefficients (a) and the steered
beam patterns (b) for the radar antenna transmitter (see Fig. 14) normalized to
the observed maximum. Dashed lines correspond to simulations while solid
lines relate to measurements.

lected and appropriately spaced to ensure an angular resolution
beyond the capability of the four-element SIW receiver. This
θRES can be calculated to be 30◦ considering the employed
λ
/

2-spaced receiver; i.e. four sub-arrays defined by a 3 × 1
series-fed slot array in SIW technology (see Fig. 7). As
described previously, a similar radar system was reported in
[35] where additional measurements were also compared to
more conventional (and equivalent) SIMO and MIMO radar
configurations [34]. It was shown in [35] that the proposed BM
radar architecture can offer improvements in terms of higher
returned signal powers, improved signal-to-noise ratios, and
enhanced FOV (see Figs. 6 and 7 in [35]).

During the measurements for this paper each port of the

(a) (b)

Fig. 16. a) Radar transmitter defined by the SIW BM and antenna array (top)
and the SIW receiver (bottom); b) Metallic posts employed as targets during
the measurements.

BMA was individually driven and returned signals were
sampled at the radar module, as discussed in Sec. III-B.
These results were then processed as an individual SIMO
radar because the transmitted beam was steered to a particular
direction as defined in Table III. Once the four beams were
transmitted and the four received signals obtained, the Pwr+

algorithm described in Sec. III was applied to the four receiver
channels. However, since each individual view shows an
angular resolution above the angle between the two targets;
i.e. θRES = 30◦, the resulting view will only show one peak
(see gray lines in Fig. 17). More views can be anyway added
considering space constraints, implementation costs, and a
more advanced beamformer.

Angular target detection results which employed the Pwr+

algorithm are reported in Fig. 17, where the two targets,
with an angular separation equal to 10◦, 6◦, 4◦, and 2◦

degrees, respectively, are considered. The gray lines show
the independent SIMO views corresponding to an angular
resolution of 30°, whereas the colored lines represent the
resulting angular target response after applying Pwr+ for
different values of n. It should be noted that the resolution
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improves for increased n, as outlined in Table IV, and larger
n marginally increases the total processing time, however,
this is negligible as described in Sec. III-B (see also Table
IV). This makes the proposed algorithm and beamformer a
very convenient approach to decrease the total processing
time while also offering enhanced angular resolution beyond
comparable, and more classic, SIMO and MIMO radars with
a similar number of RF chains, transmitters, and receivers.

Apart from an improvement in the detection of very close
targets, the proposed radar system would also be able to cover
a wider angular range due to the beamforming capabilities in
comparison to the conventional SIMO and MIMO approaches.
As is well known, the maximum detectable range over angle
is given by [63]:

Rmax(θ) = 4

√
Pt · g(θ)2 · λ2 · σ
Pmin · (4π)3

[m] (6)

where Pt is the transmitted power in watts (1 W, as a
reference), g(θ) relates to the realized gain over angle in linear
units, λ corresponds to the free-space wavelength (24.125
GHz), σ is the RCS of the target (in our case we take
100m2, which is the average value for a car), Pmin relates to
the minimum detectable power in watts needed for detection
which is −82.8 dBm (whilst considering a signal-to-noise ratio
of 5 dB) [29].

From this expression the realized gains and the maximum
detectable range for the three relevant cases are shown in
Fig. 18. These results include the radar transmitter patterns
for the developed BMA as well as for comparably sized
SIMO and MIMO radar transmitter antennas (see Fig. 18(a)
and [35]). The black line corresponds to the proposed butler
matrix transmitter (the envelope pattern), the red line relates
to the same number of antennas, although equiphased by a
corporate feeding network, and, the blue line corresponds
to only one antenna at the transmitter. Clearly, the longest
range over the widest possible angular range is exhibited
by the BM radar. Although there are nulls at broadside and
about ±30◦, the maximum detectable range would still be
over 100 meters (see Fig. 18(b)) which is more than enough
time to compute the target and safely avoid it considering
a car driving at its maximum (typically allowed) speed on
a highway (120 kph). This demonstrates that by using the
proposed BM matrix radar, an important improvement in the
FOV and maximum detectable range is achieved if compared
to other arrangements; i.e. conventional SIMO and MIMO as
reported herein.
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Fig. 18. (a): Maximum realized gain versus angle for comparably sized
radar transmitter antennas (representing SIMO and MIMO radars) and the
BMA (representing the BM radar). (b): An estimation of the maximum
detectable range versus angle by Eq. (6) whilst considering the different radar
transmitters as in (a). Note: legend in (a) also applies to (b).

VI. CONCLUSION

We have presented the design of a planar beamformer based
on the use of an SIW-based Butler matrix associated with a
processing technique defined as Power Plus (i.e. Pwr+), to
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decrease the computational costs for FMCW radars. The pas-
sive Butler matrix beamformer at transmit has been integrated
to achieve four independent beams and improves the angular
resolution of the effective SIMO system without increasing the
hardware complexity, the number of RF channels, the required
radar signal processing as well as the encumbrance and cost
of the developed structures.

The design of both the SIW Butler matrix and the cor-
responding radar antenna have been described and experi-
mentally validated. Also, measurements within an anechoic
chamber have been reported to describe the performance of
the proposed radar. A good agreement between simulations
and measurements has been observed. When compared to
more conventional SIMO and MIMO FMCW radars, the
proposed radar system also offers improvements in terms
of higher signal-to-noise ratios, enhanced field-of-view, and
higher returned signal powers which can increase the range of
the radar.

The angular resolution and the total delay processing time of
the proposed BM radar system, equipped with four receivers,
defines a new type of 1 × 4 switched-beam FMCW radar
architecture. This system has also been directly compared to a
4×4 MIMO radar. In particular, measurement results show that
targets placed at an angular distance of up to 2◦ can be suc-
cessfully detected using the proposed BM radar transmitter and
the four-element receiver (which alone would have an angular
resolution of 30◦) while also providing shorter processing
times when compared to more conventional radars. To achieve
similar angular resolution, an alternative MIMO system would
require a 7 × 8 radar configuration. This would significantly
increase system complexity, processing and implementation
costs. More importantly, it would unavoidably deteriorate the
detection time, which is a key aspect for collision-avoidance
applications and more real-time radars.

REFERENCES

[1] D. W. Bliss and K. W. Forsythe, “Multiple-input multiple-output
(MIMO) radar and imaging: degrees of freedom and resolution,” in Proc.
37th Asilomar Conf. Signals, Systems Comp., vol. 1, Nov 2003, pp. 54–
59.

[2] E. Fishler, A. Haimovich, R. Blum, D. Chizhik, L. Cimini, and R. Valen-
zuela, “MIMO radar: an idea whose time has come,” in Proc. IEEE
Radar Conf., April 2004, pp. 71–78.

[3] I. Bekkerman and J. Tabrikian, “Target detection and localization using
MIMO radars and sonars,” IEEE Trans. Signal Process., vol. 54, no. 10,
pp. 3873–3883, Oct 2006.

[4] A. M. Haimovich, R. S. Blum, and L. J. Cimini, “MIMO radar with
widely separated antennas,” IEEE Signal Process. Mag., vol. 25, no. 1,
pp. 116–129, 2008.

[5] E. Moldovan, S.-O. Tatu, T. Gaman, K. Wu, and R. G. Bosisio, “A new
94-GHz six-port collision-avoidance radar sensor,” IEEE Trans. Microw.
Theory Tech., vol. 52, no. 3, pp. 751–759, Mar. 2004.

[6] S. M. Patole, M. Torlak, D. Wang, and M. Ali, “Automotive radars:
A review of signal processing techniques,” IEEE Signal Process. Mag.,
vol. 34, no. 2, pp. 22–35, 2017.

[7] I. Bilik, O. Longman, S. Villeval, and J. Tabrikian, “The rise of radar
for autonomous vehicles: Signal processing solutions and future research
directions,” IEEE Signal Process. Mag., vol. 36, no. 5, pp. 20–31, 2019.

[8] C. Pfeffer, R. Feger, C. Wagner, and A. Stelzer, “FMCW MIMO radar
system for frequency-division multiple TX-beamforming,” IEEE Trans.
Microw. Theory Tech., vol. 61, no. 12, pp. 4262–4274, 2013.

[9] N. H. Lehmann, A. M. Haimovich, R. S. Blum, and L. Cimini, “High
resolution capabilities of MIMO radar,” in Proc. 40th Asilomar Conf.
Signals, Systems Comp., Oct 2006, pp. 25–30.

[10] L. Anitori, A. Maleki, M. Otten, R. G. Baraniuk, and P. Hoogeboom,
“Design and analysis of compressed sensing radar detectors,” IEEE
Trans. Signal Process., vol. 61, no. 4, pp. 813–827, 2012.

[11] P. Van Dorp, R. Ebeling, and A. G. Huizing, “High resolution radar
imaging using coherent multiband processing techniques,” in IEEE
Radar Conference, 2010, pp. 981–986.

[12] E. M. Childers, “Method and system for obtaining high resolution 3-D
images of moving objects by use of sensor fusion,” Mar. 2 2010, US
Patent 7,672,504.

[13] M. A. Herman and T. Strohmer, “High-resolution radar via compressed
sensing,” IEEE Trans. Signal Process., vol. 57, no. 6, pp. 2275–2284,
2009.

[14] J.-J. Lin, Y.-P. Li, W.-C. Hsu, and T.-S. Lee, “Design of an FMCW
radar baseband signal processing system for automotive application,”
SpringerPlus, vol. 5, no. 1, p. 42, 2016.

[15] F. Meinl, E. Schubert, M. Kunert, and H. Blume, “Real-time data
preprocessing for high-resolution MIMO radar sensors,” Towards a
Common Software/Hardware Methodology for Future Advanced Driver
Assistance Systems, p. 133, 2017.

[16] S. Saponara, “Radar real-time image processing for machine perception,”
in Real-Time Image Processing and Deep Learning 2019, vol. 10996.
International Society for Optics and Photonics, 2019, p. 109960N.

[17] K. Ogawa and A. Kajiwara, “2D high resolution of stepped-FM radar
based on MUSIC scheme,” in Proc. IEEE Topical Conf. Wireless Sensors
Sensor Networks, Jan 2018, pp. 51–54.

[18] P. Stoica and A. Nehorai, “MUSIC, maximum likelihood, and cramer-rao
bound: further results and comparisons,” IEEE Trans. Acoust., Speech,
Signal Process., vol. 38, no. 12, pp. 2140–2150, Dec 1990.

[19] J. Capon, “High-resolution frequency-wavenumber spectrum analysis,”
Proceedings of the IEEE, vol. 57, no. 8, pp. 1408–1418, Aug 1969.

[20] S. Kim, D. Oh, and J. Lee, “Joint DFT-ESPRIT estimation for TOA and
DOA in vehicle FMCW radars,” IEEE Antennas Wireless Propag. Lett.,
vol. 14, pp. 1710–1713, 2015.

[21] S. Kim, B.-S. Kim, Y. Jin, and J. Lee, “Extrapolation-RELAX estimator
based on spectrum partitioning for DOA estimation of FMCW radar,”
IEEE Access, vol. 7, pp. 98 771–98 780, 2019.

[22] W. F. Gabriel, “Spectral analysis and adaptive array superresolution
techniques,” Proceedings of the IEEE, vol. 68, no. 6, pp. 654–666, 1980.

[23] P. J. Gething, Radio direction finding and superresolution. IET, 1991,
no. 33.

[24] S. Haykin, J. Litva, T. J. Shepherd et al., Radar array processing.
Springer, 1993.

[25] R. Mucci, “A comparison of efficient beamforming algorithms,” IEEE
Trans. Acoust., Speech, Signal Process., vol. 32, no. 3, pp. 548–558, Jun
1984.

[26] C. Liu, S. Liu, C. Zhang, Y. Huang, and H. Wang, “Multipath propaga-
tion analysis and ghost target removal for FMCW automotive radar,” in
IET Int. Radar Conf., Chongqing, China, November 4–6, 2020.

[27] W. Wiesbeck and L. Sit, “Radar 2020: The future of radar systems,” in
Radar Conference (Radar), 2014 International. IEEE, 2014, pp. 1–6.

[28] B.-H. Ku, P. Schmalenberg, O. Inac, O. D. Gurbuz, J. S. Lee, K. Sh-
iozaki, and G. M. Rebeiz, “A 77-81 GHz 16-element phased-array
receiver with ±50◦ beam scanning for advanced automotive radars,”
IEEE Trans. Microw. Theory Tech., vol. 62, no. 11, pp. 2823–2832,
2014.

[29] M. I. Skolnik, “Introduction to radar systems,” McGrawHill, vol. 7,
no. 10, 2001.

[30] A. G. Stove, “Linear FMCW radar techniques,” in IEE Proceedings
Radar, Signal Proc.), vol. 139, no. 5. IET, 1992, pp. 343–350.
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