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Introduction
Radar is a method of utilizing reflected electromagnetic waves to determine the posi-
tion, distance, orientation, and speed of an object or target [1]. Its original purpose was 
to aid air defense against German aircraft during the Second World War. Since then, 
its scope has broadened significantly to encompass various civil and commercial appli-
cations such as managing traffic, predicting weather, and observing Earth [2]. More 
recently, it has become popular in the automotive and industrial sectors for collision 
avoidance, cruise control, traffic monitoring, and motion detection. Radar systems can 
be categorized according to the waveform of the transmitted signals into two types: 
continuous-wave (CW) radar and pulse radar [3, 4]. Pulse radar uses pulse signals with 
shorter pulse widths to achieve better distance resolution but requires high power and 
wide frequency bandwidth, limiting its use mainly to military applications. In contrast, 
CW radar encompasses different types such as single-tone CW, frequency shift keying 
(FSK), and frequency-modulated CW (FMCW).
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Detecting the velocity of an object through CW radar involves utilizing the frequency 
change caused by the Doppler effect when the object reflects the electromagnetic wave 
[5]. Nevertheless, this radar type lacks the ability to determine the distance of an object 
or the velocity of a stationary object. In contrast, FSK radar can gauge the distance and 
speed of a moving object by transmitting diverse discrete frequencies but falls short in 
determining the distance to a stationary object [6]. FMCW radar, employing a voltage-
controlled oscillator (VCO), can compute the frequency shift between received and 
transmitted frequencies through a linearly modulated transmitted frequency. Conse-
quently, FMCW radar excels at measuring the speed and distance of a moving object 
and determining the distance to a stationary object [7]. These advantages position 
FMCW radar as the most precise and widely adopted method. Furthermore, FMCW 
radar offers several advantages over pulsed radar for automotive applications. It provides 
higher range resolution and better velocity measurement accuracy, thanks to continuous 
frequency variation, which allows for precise detection of multiple targets. Addition-
ally, FMCW radar consumes less power and is less susceptible to interference, making it 
more suitable for the demanding environment of automotive radar systems.

In the field of automotive millimeter-wave radar, there are three primary frequency 
bands that are used: 24, 77, and 79 GHz [8]. The 24 GHz band is employed for short-
range functions that cover distances of up to 300 m, such as detecting blind spots, alert-
ing about rear cross-traffic, and avoiding collisions. The 77 GHz band, on the other 
hand, is utilized for longer-range purposes that extend up to 250 m, which includes 
adaptive cruise control and warning systems for forward collisions. The 79 GHz band is 
specifically designated for short-range applications that require high-resolution detec-
tion. Additionally, it is expected that in the near future, the higher millimeter-wave band 
(100–300 GHz) or the sub-terahertz band (100–1000 GHz) will be used for radar appli-
cations that require even greater resolution.

The microstrip antenna is suitable for automotive radar systems because it is cost-
effective, easily fabricated and integrated, and has a low profile. However, it also has 
some disadvantages, such as low gain and narrow bandwidth. To overcome these limi-
tations, various techniques have been developed to enhance the gain of microstrip 
antennas, including the use of shorting pins [9, 10], parasitic elements [11], dielectric 
superstrates [12, 13], frequency-selective surfaces [14], artificial magnetic conductors 
[15], and metamaterials [16], as well as loading split-ring resonators [17, 18]. While 
these approaches can significantly increase the realized gain, they often require complex 
structures and high accuracy, which can increase the cost and size of the antenna.

An alternative method to achieve higher gain is by forming an array. Previous studies 
have presented two transmit array structures that have shown a realized gain increase of 
at least 7 dB compared to a directional antenna source, as well as achieving a relatively 
narrow beamwidth [19, 20]. The types of array antennas commonly used for 24 GHz 
FMCW automotive radar include patch antennas [21, 22], slot antennas [23, 24], and 
grid antennas [25]. The SAA is a potential option for scanning frequencies in the higher 
microwave and millimeter-wave ranges [26]. Furthermore, the SIW technique facilitates 
the straightforward fabrication of various rectangular waveguide structures. Moreover, 
studies have demonstrated the efficient radiation capabilities of SIW slot array antennas 
in the higher microwave and millimeter-wave frequency ranges [27–30]. The discussed 
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configuration is capable of addressing both near and far ranges. While the previously 
mentioned papers explored various antenna configurations, they either overlooked the 
antenna SLL or encountered challenges with low antenna gain.

In this paper, a broad-spectrum microstrip SAA activated by a coaxial-fed probe 
employing a grid-feeding network at 24 GHz is specifically designed for automotive 
radar applications. Our design innovation lies primarily in the novel feeding method, 
which employs a grid configuration combined with a SIW cavity backing. The slot 
antenna elements are arranged symmetrically along the x and y axes, with optimized 
inter-element spacing of λ/2 to achieve low side lobe levels (SLL). The SIW cavity back-
ing plays a crucial role in minimizing surface wave currents, thereby significantly reduc-
ing the SLL to values below − 23 dB in both the XZ and YZ planes. The proposed design 
features a straightforward center feed, a radiation pattern oriented toward the broad-
side, and a limited number of optimization parameters. The measured results confirm 
the accuracy of the simulated model and further validate the performance of the SAA. 
This information is crucial for applications that require high gain and low reflection 
within the specified frequency range, such as wireless communication systems or radar 
systems operating in the 23.15–24.75 GHz frequency band. The remainder of the paper 
is organized as follows: The MIMO radar and its significance in relation to traditional 
radar systems are discussed in Section “MIMO radar.” Section “Antenna design” pre-
sents the recommended antenna, along with its design geometry and feeding network. 
A comparison of the simulated and measured findings is presented in Section “Experi-
mental results of the SAA.” The suggested MIMO radar, MIMO antenna configuration, 
and radar image reconstruction were covered in Section “Proposed MIMO radar.” The 
conclusion is finally presented in Section “Conclusion.”

MIMO radar
In the field of automotive radar, the incorporation of MIMO radar technology, especially 
operating in the K-band frequency, signifies a notable advancement toward improving 
detection and sensing capabilities. A MIMO radar stands out from conventional radar 
systems in that it employs numerous antennas for both transmission and reception, 
allowing for the simultaneous transmission of multiple waveforms.

Constructing an antenna array with a low SLL typically requires element spacing of 
less than half a wavelength, which is often impractical in real-world scenarios. However, 
the use of a virtual antenna array approach offers a solution to this challenge. The virtual 
array concept refers to how signals in MIMO systems are affected by the multiplication 
of the radiation patterns when transmitted from one antenna and received by another. 
By carefully arranging the MIMO elements so that each transmit/receive radiation pat-
tern null is aligned with the receive/transmit peak, the SLL can be significantly reduced. 
This concept will be further elaborated upon later in the discussion. The convolution of 
the respective excitation distributions results in the superposition of observations, effec-
tively creating a synthetic antenna array. This configuration leads to a notable reduction 
in the SLL of the virtual array, offering improved resilience against unwanted clutter [31].

For a better understanding, assume n and m transmit and receive antennas, respec-
tively, are used to construct a MIMO radar system. To determine the area covered by 
the antenna, we analyzed a hypothetical antenna with a central wavelength of λ. The 
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location of the transmit (Tx) antennas is noted as xm , while the receive (Rx) antennas 
are positioned at yn . Assuming that there is an object at a distance r from the automo-
tive radar, the virtual MIMO array factor  (AFMIMO) is obtained by multiplying the Tx 
array factor ( AFTx ) by the beam factor ( AFRx ), as mentioned in Eq. (1), [8].

The antenna half-power points (− 3 dB) of the radiation pattern are used to define 
the angular resolution. If there is a distance between two identical targets at the same 
distance that is higher than the − 3 dB beamwidth, the objects can be discriminated 
by angle. If, in the driving scenario shown in Fig. 1, two identical cars are positioned 
at a slant range R from the sensor and are separated by a distance, d, the necessary 
angular resolution can be ascertained by applying the following expression:

This parameter holds significant importance in scenarios where a vehicle must 
determine if the lane between two cars is occupied. Achieving this task poses a chal-
lenge for currently deployed automotive radars, which typically attain only a few 
degrees of angular resolution while sacrificing a wide field of view (FOV) and facing 
ambiguity in angles (permitting targets from multiple angles to overlap). Fortunately, 
this issue can be addressed with a coherent MIMO radar system.

This article introduces an alternative MIMO antenna setup using the SAA geom-
etry instead of the conventional patch antenna commonly used in K-band commercial 
systems. The suggested antenna provides numerous advantages, including reliability, 
exceptional radiation patterns, easy portability, cost effectiveness, and compliance 
with the radiation pattern standards for automotive radar antennas discussed earlier 
in the introduction.
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Fig. 1 The angular resolution of a radar determined by − 3 dB beamwidth of the main lobe
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Antenna design
This section focuses on the design of the microstrip SAA with a SIW cavity backing. 
Enhancements in the antenna characteristics are examined by investigating the integra-
tion of a grid configuration feeding network in conjunction with the SAA. To fulfill the 
requirements of the radiation pattern for automotive radar applications, a total of 25 
antenna elements have been chosen.

Design configuration

Figure  2a and b illustrates the suggested antenna configuration, comprising two Rog-
ers 5880 substrates with a thickness of 1.578 mm and a permittivity of 2.2. Twenty-five 
radiating slots are positioned on the top layer of the first substrate to meet the radiation 
pattern requirements specified for automotive radar applications.

The radiating slots have a symmetrical arrangement along both the x and y axes, with 
symmetrical excitation of phase and amplitude around the origin. To achieve a low SLL, 
the inter-element spacing is optimized to λ/2 between the SAA elements. These ele-
ments are positioned to realize optimal performance. The upper layer of the bottom sub-
strate introduces a new configuration for the feeding network. The unique grid-feeding 
configuration with center excitation contributes to high gain and a low profile design.

The SIW cavity backing is employed to minimize surface wave currents, resulting in 
SLL values in both the XZ plane and YZ plane of less than − 23 dB. The dimensions of 
the conductive vias and their periodicity in the SIW are designed to match the desired 
frequency band of the radiating slots, following the equations outlined in [32]. The opti-
mized via dimensions are as follows: via width (d) = 1 mm, via period (p) = 2.7 mm, and 
via height (h) = 6.25 mm.

To validate the optimized interspacing between the SAA elements, the electric field 
distribution of the radiating slots is depicted in Fig. 3. It is evident that the slots exhibit 
an in-phase current, which is augmented in the broadside direction, resulting in high 
gain. However, surface waves remain a concern, contributing to a high SLL, as shown 
in Fig. 4a. Conversely, when using an SIW, the array slots are embedded in a dielectric 
substrate, confining the electric field within itself and creating a guided mode, as illus-
trated in Fig. 4b. The use of SIW enhances the efficiency and directivity of the SAA while 

Fig. 2 The proposed planar slot antenna array (SAA) a Antenna configuration top, b side view
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reducing leakage and increasing the antenna gain. The optimized dimensions of the pro-
posed antenna are detailed in Table 1.

Design procedures

The design procedure of the SAA under consideration is characterized by a comprehen-
sive approach aimed at optimizing its performance for automotive radar applications. 
The subsequent subsections will detail the sequential steps we followed to arrive at the 
final design, unraveling the intricacies of our methodology and decision-making process.

Design of slot element

The central element of the proposed linear antenna array is the radiating slot, character-
ized by its length “ ls ” and spacing “ Sp .” It is essential that the length “ ls ” and the spac-
ing “ Sp ” are chosen to be approximately �g/2 and �0/2 , where �0 and λg represent the 
free space and guided wavelengths, respectively. The offset of each slot from the center 
line is denoted by “ x0 .” The width “ ws ” of the slots should be chosen as a small fraction 
of the wavelength, typically �0/10 , considering each radiating slot as a magnetic dipole. 

Fig. 3 The current distribution of the proposed planar slot antenna array (SAA)

Fig. 4 The electric field of the proposed planar SAA a Without SIW. b With SIW

Table 1 The proposed antenna dimensions in Mm

L W Ls Ws Lg Wg Sp P d

108.5 18 6.25 0.75 5.13 2.4 8.2 1.5 1.2
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Proper adjustment of the slots width and thickness is essential as it can influence imped-
ance matching. To illustrate the operating principle of the slot element, three elements 
are initially designed and excited using a straightforward grid array feeding network, as 
depicted in Fig. 5. It is essential to emphasize that the optimal spacing between slots in 
an SAA depends on a number of factors, including the intended radiation characteris-
tics, operating frequency, and specific antenna design objectives. In closely spaced SAA, 
electromagnetic coupling can occur between adjacent slots, resulting in cross talk that 
can affect the radiation pattern and overall array performance. Additionally, the spac-
ing between slots plays a significant role in influencing the presence and magnitude of 
side lobes in the radiation pattern. A judicious choice of spacing can effectively minimize 
SLL, mitigating undesired radiation in certain directions. Figure 5 presents the reflec-
tion coefficients and radiation patterns at 24 GHz for different slot spacings. In Fig. 6a, 
the reflection coefficients for various slot offsets from the center line “x0” are shown, 
highlighting the significant impact of slot offset on impedance matching. Additionally, 
Fig. 6b illustrates a satisfactory match below − 10 dB within the desired frequency range 
for different slot spacings. On the other hand, Fig. 6c and d depicts the radiation pat-
terns in the E-plane and H-plane, respectively. The results indicate that as the distance 

Fig. 5 The simulated VSWR versus frequency
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between the slots increases, the radiation pattern becomes narrower and more focused, 
with minimal SLL. This configuration results in increased gain and concentrated cover-
age in a specific direction.

Feeding network

The proposed SAA introduces the use of the grid configuration as a means of providing 
excitation to the SAA elements, rather than using it solely for radiation purposes [31]. 
Traditionally, the grid array is fed near its center for optimal performance. Grid feeding 
is particularly suitable due to the uniform phase degradation of electromagnetic waves 
as they propagate from the feeding point toward the outer edges of the radiating array. 
In this configuration, the grid elements also carry in-phase current to facilitate effective 
excitation. Figure 7 depicts the structure of the grid feed network and the distribution of 
its electric field. Notably, the electric field reaches its maximum intensity at the feeding 
point and gradually decreases as one moves away from it.

Determining the effective number of elements

The effect of increasing the number of elements on the antenna performance was 
investigated until reaching the final design. Figure  8a shows the reflection coefficients 
of configurations with nine, seventeen, and twenty-five elements are presented. All 
three configurations exhibit good matching (below − 10 dB) within the required band. 
Additionally, their radiation patterns in both the E-plane and H-plane are illustrated in 
Fig. 8b and c. The radiation pattern of the 25-element configuration indicates a HPBW 
of 12.1° in the E-plane and 69.1° in the H-plane, with an SLL of − 23 dB in the E-plane. 
Furthermore, it was observed that the gain increases with the number of elements until 
it reaches a maximum of 14 dB at 24 GHz (25 elements), all within a compact size of 
108.5 × 18  mm2.

Experimental results of the SAA
In order to verify the accuracy of the simulated outcomes, we constructed and exam-
ined a prototype of the suggested SAA antenna, as displayed in Fig. 9. The compari-
son between the simulated and measured outcomes of the fabricated antennas can 
be seen in Fig. 10. A vector network analyzer (VNA) was employed to measure the 
input reflection coefficient for the proposed SAA array antenna. The simulated fre-
quency band with a VSWR less than two ranged from 23.805 to 24.429 GHz (2.59%), 
while the measured frequency band in the same condition spanned from 23.851 to 
24.840 GHz (4.06%). The simulated and measured results show a small variation 
in bandwidth. This difference is mainly due to the soldering of the connectors and 
errors in the manufacture of the PCB. These issues can lead to frequency changes 

Fig. 7 Electric field distribution
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Fig. 9 Fabricated prototypes of proposed SAA antenna
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and signal loss, particularly at mm-wave frequencies [33, 34]. To assess the radiation 
pattern, a proposed antenna was employed as the receiving component and a conven-
tional mm-wave horn antenna served as the transmitting component. The transmit-
ting and receiving antennas were positioned at least one wavelength apart. In order 
to accurately estimate the gain, both antennas had to be exposed to a uniform plane 
wave, i.e., any reflections or transmissions had to be minimized. In order to avoid any 
unwanted interference, mm-wave absorbers were placed around the measurement 
equipment. The radiation characteristics of the antenna were assessed using the gain 
transfer technique, and the results can be seen in Fig. 11 [34]. A clear correlation can 
be observed between the simulations and the measurements. However, slight vari-
ations were observed in the measured results due to manufacturing tolerances, the 
presence of the VNA, and the metallic antenna holders inside the chamber.

Table 2 in this paper compares the features of the proposed antenna with previous 
works. It is observed that the SLL achieved in this paper is about 9 dB lower com-
pared to those achieved in [35] and [38]. However, the SLL obtained in [39] is consid-
erably high, the gain is slightly lower than that of the proposed work. In [36], the gain 
and SLL are satisfactory but the impedance bandwidth is relatively low. This paper 
presents a good characteristic with a low SLL. It is evident that the combination of 
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Fig. 11 Measured and simulated radiation pattern at 24 GHz for the proposed SAA

Table 2 Comparison with the state‑of‑art work

References Frequency SLL (dB) Features Size Impedance 
B.W (%)

Peak gain 
(dBi)

Elements no.

[35] 24 GHz − 14 E‑shaped N/A 4.17 25.2 64

[36] 24 GHz − 20 Series‑fed 
array

N/A 1.03 14.5 N/A

[37] 24 GHz − 15 Patch N/A 8.3 12.5 8

[38] 24 GHz N/A Waveguide 
parasitic

18 
mm × 19.6 
mm

1.31 10.3 9

[39] 28 GHz − 2.6 Vivaldi array 33.31 
mm × 54.96 
mm

17.47 11 8

[40] 15 GHz − 23 Slot array N/A 3.5 20 40

Our work 24 GHz − 23 Slot array 108 mm × 18 
mm

5.49 14 25
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very low SLL, stable broadside radiation, and high gain makes the proposed structure 
appealing for radar applications.

Proposed MIMO radar
MIMO antenna configuration

The 20 elements of the proposed radar system—7 transmitters and 13 receivers—are 
arranged to synthesize 91 densely virtual units. Figure 12a shows this configuration. 
The number of antenna elements has been chosen to ensure that at a minimum height 
of 5 m, the radar sensor design avoids any reflections from roadside traffic signs or 
bridges in the vertical direction. A fairly large beamwidth of around 70° in the azi-
muth direction is required to detect neighboring pathways. To attain a low SLL for 
a certain MIMO design arrangement, it is recommended that the Tx array factor 
has nulls at each grating lobe of Rx, and vice versa, based on Eq. 1. For this reason, 
the spacing between the Tx elements is set to 1.5 �o and 6 �o for Rx, as shown in 
Fig. 12a. Figure 12b shows the array factor of the suggested configuration. The virtual 
array’s SLL is less than − 15 dB within the effective angle of monitoring (− 40° to 40°), 
where the  AFTX nulls cancel out the  AFRX grating lobe, when this suggested MIMO 
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configuration is used. Figure 13 examines and displays the coupling between the clos-
est Tx-Rx antennas, demonstrating exceptional isolation of more than 40 dB.

Radar image reconstruction

To validate the proposed MIMO configuration in a radar application, the antenna is sim-
ulated as part of a MIMO radar system. The following is a summary of the steps involved 
in designing a linear uniform array. First, find the bandwidth of the SFCW B using 
δr = c/2B , considering the range resolution requirement δr . Second, get the array length 
using L = �R0δa , where � = c/fH is the wavelength and fH is the maximum frequency, 
and the required azimuth resolution δa for the given range R0 . Thirteen RX and seven 
TX antennas make up the planned radar. With a central frequency of 24 GHz (K-band), 
the SFCW radars will transmit 2048 frequencies within a 500 MHz spread. The azimuth 
angular resolution of the radar is 0.2°, and its maximum range ambiguity is 613 m. In 
[31], the specifics of the used signal processing methodology are explained. The simu-
lated radar image acquired using the characteristics of a MIMO automotive radar system 
is displayed in Fig. 14. The position of the nine targets is in meters and they are located 
at (x, y) positions of (0, 4), (0, 4.5), (0, 5), (0, 5.5), (0, 6), (1, 5), (0.5, 5), (− 0.5, 5), and (− 1, 
5) from the radar system. The proposed system that has been suggested has exceptional 
resolution in both azimuth and range directions, confirming that the suggested configu-
ration is suitable for MIMO radar systems.

Conclusion
This paper introduces a new design for a 24 GHz wideband for radar applications. The 
design features a unique 50 Ω center excitation grid feed configuration for the SAA. 
Unlike conventional microstrip patch antennas, the proposed array antenna utilizes a 
slot-loaded technique to enhance the bandwidth, resulting in a wider bandwidth. The 
working principle of the grid array for feeding the SAA is then demonstrated. In addi-
tion, this paper presents the use of the SIW technique to achieve low sidelobe level and 
high gain. The proposed antenna has a peak gain of 14.2 dBi and a low SLL of − 23 dB, as 
well as a fanbeam radiation pattern with specific angles of θE = 12.1° and θH = 69.1°, and 
an impedance bandwidth of 5.49% at 24 GHz. Overall, the designed and realized SAA is 
specifically tailored to meet the requirements of radar applications.
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Abbreviations
SAA  Slot antenna array
SLL  Side lobe level
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