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ABSTRACT A new reconfigurable slotted antenna is presented in this manuscript. The proposed antenna

is realized on a half-mode substrate integrated waveguide (HMSIW). The beam-steering is achieved using

embedded varactor diodes in circular cells. Sweeping the bias voltage causes variations of the phase constant,

which leads to the fixed frequency beam-scanning. Each reconfigurable cell includes a circular slot at the

top plate and varactor switch, DC block, and RF block at the backside of the structure. The operating

frequency is chosen as 28.5 GHz in the support of the upcoming 5G mm-wave communications systems.

The proposed antenna beam scans 29◦ of space by switching among different states at 28.5 GHz. The length,

width, and height of the antenna are 67 mm, 48 mm, and 0.32 mm, respectively. The proposed antenna’s

main novelties are compactness and electronic beam-scanning capability using a single switch per cell. The

measured peak realized gain and sidelobe level (SLL) at 28.5 GHz are 8.2 ± 0.6 dBi and 5 dB, respectively.

While the impedance bandwidth of the proposed antenna is 1.5 GHz. A good agreement between measured

and simulated results is observed. The discrepancies are investigated through a sensitivity analysis. Fixed

frequency beam-scanning capability, compactness, simplicity of the assembly, backward radiation, and slight

gain variation of the proposed antenna make it a suitable candidate for blind-spot monitoring and 5G vehicle

to everything (V2X) communications.

INDEX TERMS Antenna, beam-scanning, compact, leaky-wave, varactor diode.

I. INTRODUCTION

Antennas are critical parts of communications systems.

Hence, they need to be designed to operate optimally in the

face of variable operational and environmental conditions.

Achieving a low-profile, low loss, medium gain, and a beam-

scanning antenna is crucial to overcome the path loss and

mitigate the negative impact of a dynamic propagation envi-

ronment. 5G technology is a promising standard for wireless

communications [1]–[8]. Deployment in a dense environment

demands dynamic coverage. Hence using a fixed frequency

beam-scanning antenna in 5G communication networks is

beneficial.

The associate editor coordinating the review of this manuscript and

approving it for publication was Diego Masotti .

Reconfigurable antenna scans space electroni-

cally [9]–[37], which is a more practical method compared

to the frequency beam-scanning [38]–[56]. Furthermore,

implementing a reconfigurable antenna can compensate for

the unwanted beam-squint due to the variable operational

and environmental conditions. Electronic beam-scanning

is achieved using semiconductor switches, MEMs, or PiN

diodes. GaAs varactor diodes were selected to function as

switches in the proposed structure because of their small

footprint, high switching speed, and robustness.

A leaky-wave antenna (LWA) is a traveling wave

antenna in which the wave leaks into space through

the discontinuities in the structure [9]–[32], [38]–[56].

LWAs are suitable candidates for the 5G networks

due to their compactness and beam-steering capability.

To achieve a compact structure, novel designs can be
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realized based on a half-mode substrate integrated waveg-

uide (HMSIW) [47]–[50], [57]–[59]. HMSIW is a com-

pact microstrip structure in which half of the structure was

removed. Furthermore, the side via fence of HMSIW con-

fines the electromagnetic field and acts as a waveguide

sidewall [57]–[59]. Noting the low profile, low cost, ease

of fabrication, and beam-scanning capability of HMSIW

LWA [9]–[16], it is a suitable candidate for 5G applications

such as the internet of things (IoT) and vehicle to everything

(V2X) communications [1], [2]. The authors first exploited

the proposed idea in [15]. However, in this manuscript,

electronic components were located at the back of the antenna

to minimize their undesired effects on the radiation pattern

due to their footprint. A detailed analysis of the experimental

validations is also carried out in this paper. The key novelties

of the proposed antenna can be categorized as the following:

slight gain variation, operation in the mm-wave frequency

band, compactness, backward beam-scanning with adequate

scanning range, ease of fabrication, and low cost. These

features make the proposed antenna a suitable candidate for

5G blind-spot monitoring and V2X communications.

The organization of this paper is as follows; the design

method is explained in section II. The structure of the antenna

is presented in section III. Measurements and the simulated

results are investigated in section IV.

II. DESIGN METHOD

The primary conditions for radiating in LWA is

−k0 < β < k0 (1)

where β and k0 are the phase constant and free-space

wavenumber, respectively [40], [41]. The proposed antenna

is an electronic beam-scanning LWA based on HMSIW. The

dispersion diagram of the proposed antenna for one switching

state was obtained through full-wave simulations along with

physical intuition, as presented in Fig. 1. According to Fig. 1,

β satisfies (1) that confirms the antenna’s leaky-wave nature.

Moreover, the main-lobe is pointed toward backward due to

the negative value of β. This indicates that our proposed LWA

is suitable for backward beam-scanning.

The proposed antenna is a reconfigurable LWA based on

HMSIW, as shown in Figs. 2 and 3. In LWA, β is related to

the main-lobe pointing angle (θ0) by [40], [41]

cos (θ0) =
β

k0
(2)

S-parameters of a single cell of the structure and β are

related by

cosh ((α + jβ)L) =
S12S21 + (1 + S11)(1 − S22)

2S21
(3)

where α and L are the attenuation constant and length of the

cell, respectively [60]. According to (2) and (3), changing

the cell impedance leads to the variation of S-parameters, β,

and θ0. In other words, switching leads to beam-scanning at

a fixed frequency. It should be noted that (3) only provides a

FIGURE 1. Dispersion diagram of the proposed reconfigurable HMSIW
LWA.

FIGURE 2. Fabricated electronic beam-scanning LWA. (a) Top view,
(b) Bottom view.

general guideline on the beam-scanning mechanism since the

proposed antenna is a quasi-periodic structure.

The total length of the antenna depends on the size of the

radiation and the feed sections. The feed length is adjusted

to optimize the return loss of the antenna, while the radiation

length is calculated by

1θ =
λ0

Lr sin θ0
(4)

where 1θ , Lr , and λ0 are half-power beamwidth, radiation

length, and free space wavelength, respectively [40], [41].

The θ0 and 1θ at the center frequency (i.e., 28.5 GHz) were
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FIGURE 3. Schematic of the proposed reconfigurable leaky-wave
antenna. (a) Top view, (b) Side view (not scaled), (c) Bottom view.

TABLE 1. Important geometrical parameters of the proposed
reconfigurable HMSIW-based antenna.

chosen as 130◦ and 20◦, respectively that led to Lr = 39 mm

(3.7λ0). It should be noticed that forward and backward end-

fire directions are at θ = 0◦ and 180◦, respectively. Therefore,

θ0 was chosen as 130
◦ to achieve backward radiation. Due to

the antenna’s beam-scanning nature, 1θ and θ0 change by

sweeping the bias voltage or the frequency.

III. STRUCTURE OF THE ANTENNA

The proposed reconfigurable antenna was implemented on

a four-layer Rogers RT/Duroid 5880 substrate with rela-

tive permittivity of 2.2, loss tangent of 0.0009, and 0.5 Oz

copper cladding. This substrate was selected due to its

low dielectric loss and relative permittivity to reduce the

loss and the frequency beam-squint. The length, width, and

height of the antenna are 67 mm, 48 mm, and 0.32 mm,

respectively. The fabricated HMSIW LWA and schematic

of the optimized antenna are presented in Figs. 2 and 3,

respectively. It should be noted that the proposed structure

contains four copper claddings, where the second and the

third copper claddings were connected to create the ground

plane, as shown in Fig. 3(b).

A tapered via fence in addition to tapered microstrip transi-

tion was implemented to minimize the return loss. Each end

of the structure was terminated to a k-connector while one

of them was terminated to a 50�-matched load to absorb the

residual non-radiated power since at least 10% of input power

in LWA remains in the guided structure [40], [41]. Placing

the cells in a V-shape configuration improves the impedance

matching as well. Some of the important geometrical param-

eters are listed in Table 1.

The proposed antenna contains thirty-five circular cells

in a V-shape configuration. Each reconfigurable cell is in

the shape of a circle with a diameter of 3.4 mm. The

minimum size of the reconfigurable cell was dictated by

the fabrication design rules, which required specific line

width and spacing between components to accommodate the

practical implementation. The circular shape cell leads to

a more unfirm surface current distribution than the rectan-

gular slot due to removing the sharp corners of the latter.

It should be noticed that in the proposed LWA, radiation

occurs from the side aperture and circular slots. The locations,

the number, and the spacing of the reconfigurable cells were

determined through full-wave simulation in conjunction with

physical intuition to achieve the optimum beam-scanning

range along with small gain variation and proper return

loss. These parameters dictated the width of the HMSIW

in order to achieve a desired beam-scanning range along

with the adequate gain and SLL, while keeping the antenna
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compact, five V-shape rows contain thirty-five cells were

implemented. This resulted in a 35 mm width. The electric

field distributions of HMSIW with and without slots and

components are presented in Fig. 4. Because of the large

width of HMSIW and feeding through surface-mounted con-

nectors and microstrip transitions, the field distribution is

different than the fundamental mode and higher-order waveg-

uide mode is excited, as shown in Fig. 4(a). The presence of

multiple nodes in the field distribution confirms the excitation

of the higher-order mode. Whereas in a narrow HMSIW

supporting only the fundamental mode, the maximums of the

E-field are solely at the open side aperture [48]. The circular

cells are placed at the locations of the maximum electric

field to perturb the field and change the modal configuration

more effectively, as shown in Fig. 4(b). By implementing

a V-shape configuration, transverse and longitudinal com-

ponents of β and the surface currents are disturbed by

switching, leading to a relatively wide beam-scanning

range.

The GaAs varactor diode MAVR-011020-14110P was

used as the switch. According to the diode datasheet [61],

sweeping the bias voltage in the range of 1-20V leads to

capacitance variations of 0.15−0.035pF at room temperature.

The Q factor of the MAVR-011020-14110P varactor diode is

3000 at 4V and 50 MHz [61]. A GRM0335C1H4R7CA01D

chip capacitor and ERA-1AEB102C chip resistor were used

as DC and RF blocks in each cell, respectively. The anode is

connected to the top plate through a via, while the cathode is

terminated to the bias circuitry through the RF block. To keep

the structure compact, the bias circuitry is placed underneath

the antenna’s ground plane, as shown in Figs. 2 and 3. The RF

components are placed at the backside of the antenna to min-

imize their footprints’ effect on the radiated field. Moreover,

the coupling between RF components and the top cladding

is reduced by placing them at the backside. Shrinking the

reconfigurable cell size results in a more compact structure.

However, doing so increases the mutual coupling among the

cells. The minimum cell size and period are also dictated by

the fabrication technology limitations. The varactor diodes,

DC blocks, and RF blocks were assembled on the pads using

the ball grid array (BGA) method to minimize the inductance

and resistance due to the assembly process. DC pads are

connected to the DC source through sets of thin, flexible, and

strong wires.

IV. SIMULATED AND MEASURED RESULTS

The full-wave simulation results were obtained usingANSYS

HFSS v19.2. The center operating frequency was chosen as

28.5 GHz. S-parameters were measured using a Rohde &

Schwarz ZVA-67 VNA. The gain radiation patterns were

measured at an anechoic chamber. The MI-12A-26 standard

gain horn antenna with the average peak gain of 23.6 dBi

over the frequency bands of 27−30 GHz was used as the

reference gain antenna. The measurement setups are shown

in Figs. 5 and 6.

FIGURE 4. Electric field distribution. (a) 3D view of the HMSIW without
slots and components, (b) Top view of the HMSIW without slots and
components, (c) 3D view of the HMSIW with circular slots and
components in V-shape configurations, (d) Top view of the HMSIW with
circular slots and components in V-shape configurations.
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FIGURE 5. S-parameters measurement setup.

FIGURE 6. Gain radiation pattern measurement setup. (a) AUT,
(b) Anechoic chamber.

Sweeping the varactor diodes bias voltage results in

the variation of the series capacitance of the structure,

which changes the series resonance frequency and the input

impedance. This leads to variations of β and θ0. All switches

in a V-shape row were biased similarly to simplify the bias

circuitry. Four switching states are reported as follows to

validate the fixed frequency beam-scanning capability; (1) all

switches are biased at 0V (i.e., open circuit), (2) the first

two rows (i.e., closest ones to the open side aperture) are

biased at 4V and the rests are biased at 0V, (3) the first two

rows are biased at 15V and the rests are at 0V, and (4) all

rows are biased at 1V. Unfortunately, due to the error in the

antenna’s fabrication, few switches in the last V-shape row

(i.e., closest to the via fence) were short-circuited. Hence,

the last row was not connected to the DC voltage to protect

the power source. This results in deviations from the pre-

dicted and initial simulated results. It should be noted that

in the presented simulated results, we considered the last

row to be defective in order to capture the actual physical

condition.

The measured and simulated S-parameters for different

switching states are presented in Fig. 7, exhibiting return

loss better than 10 dB over the frequency range from 28 to

29.5 GHz in all switching states. Since the implemented

varactor diodes have constant return loss [60], there is lit-

tle or no variation in the return loss (S11) by sweeping the bias

voltage. This is beneficial since the impedance matching is

not changing severely by switching. The measured insertion

loss ranges from 12 to 20 dB for different switching states

over the frequency band of 27−30 GHz, which is due to the

FIGURE 7. S-parameters of the proposed reconfigurable antenna at
different switching states. (a) Return loss at states 1 and 2, (b) Return loss
at states 3 and 4, (c) Insertion loss at states 1 and 2, and (d) Insertion loss
at states 3 and 4.

radiation from slots, feed transition loss, and losses of the

varactor diodes and resistors (i.e., RF blocks). The proposed

LWA was realized on a thin substrate to achieve a compact

structure. This resulted in a high conducting loss, low gain,

and high insertion loss as well. The discrepancies between

simulated and measured results will be investigated through

a complete sensitivity analysis after presenting the results.

The measured and simulated radiation patterns for four dif-

ferent switching states at 28, 28.5, and 29 GHz are presented

in Figs. 8−10 confirming fixed frequency beam-scanning

capability of the proposed LWA. It should be noted that

E-plane is at ϕ = 90◦ (i.e., YZ-plane). In contrast, the H-plane

is at different θ planes because themain-lobe shifts by switch-

ing. Unfortunately, measuring the H-plane was out of our

measurement system’s capability since tilting the antenna

under test was impossible. Hence, we only reported the

E-plane (YZ-plane) radiation pattern. Fig. 9 indicates that the

main-lobe of the antenna scans 29◦ by switching at 28.5 GHz.

As observed in Figs. 8−10, the main-lobe angle is pointed

toward backward (i.e., 90◦ < θ < 180◦). This is due to the

propagation of higher-order waveguidemode and theV-shape

topology of the cells. Backward beam-scanning can be used

for monitoring the blind-spot of the vehicle. One of the

advantages of the selected four switching states is the almost

constant sidelobe level (SLL) at a fixed frequency, as shown

in Figs. 8−10. It should be noted that the reported radiation

pattern is the realized gain that accounted for return and inser-

tion losses. Hence, the discrepancies in the S-parameters lead

to further deviations between the measured and simulated

radiation patterns. The discrepancies between the simulated

and measured results will be investigated through parametric

study shortly.

Although the proposed antenna is designed for fixed fre-

quency beam-scanning applications, the main-lobe pointing
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FIGURE 8. Radiation patterns of the proposed electronic beam-scanning
LWA for different states in E-plane (YZ-plane) and at 28 GHz. (1) all
switches are biased at 0V (i.e., open circuit), (2) the first two rows (i.e.,
closest ones to the open aperture) are biased at 4V and the rests are
biased at 0V, (3) the first two rows are biased at 15V and the rests are
biased at 0V, and (4) all rows are biased at 1V. (a) State 1, (b) State 2,
(c) State 3, and (d) State 4.

FIGURE 9. Radiation patterns of the proposed fixed frequency
beam-scanning LWA for different states at 28.5 GHz. (a) State 1,
(b) State 2, (c) State 3, and (d) State 4.

angel changes by sweeping the frequency due to the antenna’s

leaky-wave nature. The measured and the simulated fre-

quency beam-squint in the frequency band of 27−30 GHz

are 18◦ and 22◦, respectively. As stated before, the undesired

frequency beam-squint can be compensated by using the

varactor diodes.

The peak realized gain for different switching states in

the frequency band of 27−30 GHz are reported in Fig. 11,

indicating that switching results in 1.2 dBi gain variation at

28.5 GHz. Hence, the proposed structure scans space with

FIGURE 10. Radiation patterns of the proposed reconfigurable HMSIW
LWA for different states at 29 GHz. (a) State 1, (b) State 2, (c) State 3, and
(d) State 4.

FIGURE 11. Peak realized gain of the proposed reconfigurable antenna.
(a) States 1 and 2, (b) States 3 and 4.

almost constant gain at the desired frequency that is bene-

ficial. According to Fig. 11, the measured peak realized gain

varies from−2.5 to 10.6 dBi by switching over the frequency

band of 27−30 GHz.

The cross-polarization radiation patterns of the proposed

antenna at 28.5 GHz for four different switching states are

presented in Fig. 12.

It should be noticed that the high SLL is due to the small

thickness of the board and undesired reflection from the

aperture [44]. Although the SLL of our proposed antenna

is not optimum, it is better than the reported ones in [3],

[44], and [58]. The SLL can be reduced by tapering the

side via fence [46], [47] or the open side aperture [48],

[49], which is the subject of ongoing research. Realizing the

proposed design on a thicker substrate can improve the gain

by reducing the conductor loss and improving the impedance

matching. However, this is achieved at the expense of com-

promising the compact nature of the antenna. The gain can

also be increased by increasing the number of cells at the

expense of the cost and size of the antenna. Biasing the

switches non-uniformly provides more switching states and

results in more variations in the phase constant. Hence,

achieving a wider beam-scanning range will be possible at
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FIGURE 12. Cross-polarization radiation patterns of the proposed LWA for
different switching states at 28.5 GHz. (a) State 1, (b) State 2, (c) State 3,
(d) State 4.

the expense of increasing the feed network’s complexity

and cost. Increasing the variable capacitance range of the

switches also increases the beam-scanning range. However,

achieving a high speed and low loss switch with a wide

variable capacitance range at the mm-wave band is a practical

challenge.

A sensitivity analysis was performed to investigate the

discrepancies between simulated and measured results more

thoroughly. Therefore, several parameters such as height

(h), vias size (d and d2), extension width of the waveguide

section (Wv), and pad sizes (Lpc and Wpc) were changed.

S-parameters and radiation patterns for different combina-

tions are demonstrated in Figs. 13 and 14. The reported

radiation pattern in Fig. 14 is at 28.5 GHz. According

to the sensitivity analysis, h and Wv contribute the most

to the discrepancies between measurements and simula-

tions. In other words, the unwanted variations in h and

Wv (because of the possible fabrication errors) can degrade

the optimized antenna’s performance, which can lead to

large discrepancies between the measured and the simulated

results. As reported in [44], increasing h in a conventional

HMSIW, supporting the fundamental mode, leads to the SLL

improvement. While this trend was not observed in our case,

which can be attributed to the excitation of the higher-order

mode.

The proposed antenna may bend under physical pressure

because of the relatively small thickness of the substrate.

Moreover, mounting the connectors may bend the ends of

the antenna. This is a real concern and a possible reason for

the discrepancies between the measured and the simulated

results, which need to be investigated. Therefore, the antenna

was gradually bent such the vertical distance from the horizon

changed up to hb = 5.6 mm by moving toward the two ends,

as shown in Fig. 15. The S-parameters, normalized radiation

patterns, and peak realized gain of the bent reconfigurable

FIGURE 13. S-parameters for different geometrical parameters at state 2.
(a) S11 for different values of d , d2, Wpc , and Lpc , (b) S21 for different
values of d , d2, Wpc , and Lpc , (c) S11 for optimized structure along with
different values of h and Wv , (d) S21 for optimized structure along with
different values of h and Wv .

FIGURE 14. Radiation patterns at state 2 for different geometrical
configurations along with the optimized structure at 28.5 GHz.
(a) Different values of h, d , and Wv , (b) Different values of d2, Wpc ,
and Lpc .

FIGURE 15. Schematic view of the bent reconfigurable HMSIW LWA.
(a) 3D view, (b) Side view.

HMSIW LWA are demonstrated in Figs. 16−18 confirming

the large degradations in the antenna performance in terms of

return loss, peak realized gain, and radiation pattern. Over-

all, the possible bending of the antenna and the error in

placing the via fence lead to relatively large discrepancies

between the simulated and the measured S-parameters, θ0,

1θ , SLL, and peak realized gain.

A comparison with similar fixed frequency beam-scanning

antennas in [9]–[14] is shown in Table 2. The reported operat-

ing frequency bands of [10]–[14] are lower than our proposed

antenna operating in 5G mm-wave frequency band. This is

one of the key differences between our proposed antenna
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FIGURE 16. S-parameters of the bent fixed frequency beam-scanning
antenna at state 2.

FIGURE 17. Normalized radiation patterns of the bent fixed frequency
beam-scanning LWA at state 2 for different frequencies.

FIGURE 18. Peak realized gain of the bent reconfigurable MHSIW LWA at
state 2.

and the reported ones in [10]–[14]. Considering the recent

5G developments, operating at mm-wave is an indispensable

requirement for the antennas.Moreover, operating at high fre-

quency bands leads to smaller device implementation, which

is beneficial since more elements can be integrated into a

given allocated area. It should be noted that by increasing

the frequency, the loss and the parasitic effects of the elec-

tronic components increases. Therefore, the performance of

the antennas reported in [10]–[14] may degrade if the same

designs are scaled for operating at the mm-wave frequency

band.

Our proposed antenna’s beam-scanning range is broader

than the reported ones in [9]–[11] and comparable to [12].

The wider beam-scanning range of [13] and [14] are due

to the different methods that were applied to achieve the

TABLE 2. Comparison among our proposed antenna and the similar
reported fixed frequency beam-scanning antennas in [9]–[14].

electronic beam-scanning. The reconfigurable cells of our

proposed design are integrated into HMSIW, while cells are

added as extra stubs to the HMSIW in [9]–[14]. Moreover,

the beam-scanning in [14] was achieved using two sets of

series and parallel switches, while we only use one switch

per cell in our approach.

The beam-scanning range should be considered in light

of the gain variation. The most stringent gain variation (i.e.,

±0.6 dBi) was chosen as the baseline to define the beam-

scanning range in our proposed work. Overall, the gain

variation of our proposed reconfigurable antenna is smaller

than the ones in [9]–[11] and [14], and comparable to [12]

and [13]. This is beneficial because the gain variation in the

beam-scanning applications should be minimized. It should

be noted that a more generous allowance of the gain varia-

tion would lead to an over-optimistic estimate of the beam-

scanning range.

The radiating length of our proposed antenna is smaller

than the reported ones in [9]–[12]. This is advantageous since

the size is a premium in beam-scanning applications. The

higher peak gain of the presented antennas in [9]–[12] are due
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to the longer electric length of the reported structures. The

smaller thickness of our structure leads to higher conductor

loss and smaller gain than [13] and [14], which have a smaller

electric length than ours. This is the price of achieving a low-

profile antenna.

As stated before, the electronic components were located

at the backside of our proposed antenna. This is another

distinction of our work compared to [9]–[14]. This led to the

ease of the fabrication and assembly because of the larger

available space at the backside. Moreover, the main-beam of

our proposed antenna is pointed backward, which is useful

for monitoring the blind-spot in the autonomous vehicle.

Overall, small gain variations, operating in the mm-wave

frequency band, compactness, ease of fabrication, and back-

ward electronic beam-scanning make the proposed HMSIW

LWA a suitable candidate for 5G V2X communications and

blind-spot monitoring.

V. CONCLUSION

In this paper, a novel fixed frequency beam-scanning antenna

was introduced. The proposed antenna is an HMSIW LWA

with embedded electronic components. Sweeping the bias

voltage of the varactor diodes changes the impedance of the

cells leading to the beam-scanning. One of the key novelties

of the proposed design is the integration of the reconfig-

urable cells at the backside of the radiating section. Therefore,

the undesired effects of the footprints of the electronic com-

ponents on the antenna radiation pattern wereminimized. The

proposed antenna scanned 29◦ of space with the peak realized

gain of 8.2± 0.6 dBi at 28.5 GHz. The impedance bandwidth

was 1.5 GHz. Implementing more cells and biasing them

non-uniformly increase the scanning range and the gain at

the expense of increasing the size, the complexity of bias

circuitry, and the fabrication cost. The low-profile, backward

radiation, slight gain variation, low cost of fabrication, and

fixed frequency beam-scanning capability are among the fea-

tures of the proposed reconfigurable LWA, which make it a

suitable candidate for 5G mm-wave V2X communications,

radar systems, and blind-spot monitoring.
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