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ABSTRACT The present paper introduces a designmethodology to extend the operation of amicrostrip patch
antenna to operate efficiently at multiple higher-order resonances. This method depends on the geometrical
modification of the antenna structure by adding well-designed inductively-loaded and capacitively-coupled
elements to the primary patch so that it can efficiently radiate at the desired higher frequency bands. It is
explained quantitatively how to use the geometrical parameters of the inductively and capacitively coupled
elements for accurate tuning of the multiple resonant frequencies of the antenna. The proposed method is
applied to modify a primary hexagonal patch antenna (designed to principally radiate at 28 GHz as its first-
order resonance) so as to operate at additional higher frequency bands around 43, 52, and 57 GHz. Also,
an alternative design is provided for a quad-band printed antenna of composite patch structure that operates
in the same millimetric-wave (mm-wave) bands, 28, 43, 52, and 57 GHz with high radiation efficiency,
excellent impedance matching, and satisfactory values of the antenna gain. The corresponding frequency
bands are, respectively, (27.7-28.3 GHz), (42.7-43.3 GHz), (51.2-53.0 GHz), and (55.7-57.5 GHz). The
dimensions of the area occupied by the primary patch and the parasitic elements are 5.2×3.3 mm2. The two
antennas are fabricated for experimental assessment of their performance including the impedance matching
and radiation patterns. It is shown that the experimental measurements come in agreement with the simulation
results over all the four operational mm-wave frequency bands. One of the advantages of the proposed
method is that it can be applied to patch antennas of arbitrary shapes and is not restricted to hexagonal patch
antennas. Furthermore, this method is not restricted by extending the operation of the antenna to radiate at
four frequency bands. It is capable of adding any desired number of frequency bands so that the antenna can
operate at five or, even, more bands.

INDEX TERMS MIMO, multi-band antenna, patch antenna, 5G mobile communications.

I. INTRODUCTION
One of the essential demands for the future generations of
mobile communications is the capability of the mobile hand-
sets to transfer data with very high speed. A mobile handset
antenna should have compact profile and simple structure
[1], [2]. To meet the standards of long-term-evolution (LTE)
and fifth generation (5G) of mobile communications [3]
an antenna of handheld device should provide broadband
operation, high data rate and low power consumption. This
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recommends that a mobile handset antenna should be able
to operate in the range of mm-wave of the electromagnetic
spectrum to support the required data rates for the future
applications. Moreover, due to size limitations, it is recom-
mended that a mobile handset antenna is able to operate
efficiently at multiple frequency bands in the mm-wave spec-
trum to support the applications of the forthcoming mobile
generations [4], [5].

The antenna structure may be complicated as those having
three-dimensional shape to operate efficiently in a single
frequency band and to perform some function in special
applications [6], [7] and may include layers with high
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electromagnetic absorbance [8] to produce radiation patterns
of desired shape. However, for mobile handsets, due to size
and weight limitations, it is preferable to have planar antenna
of simple-structure, multi-band operation and omnidirec-
tional radiation patterns.

Single-element antennas as well as MIMO antenna sys-
tems for 5G mobile handsets, recently, have been designed
in a lot of research articles. The work of [9] introduces a
dual-band mm-wave circular microstrip patch antenna with
an elliptical slot. A dual-band (38/54GHz) microstrip antenna
designed for 5G mobile communications is presented in [10].
EBG reflector is integrated into the MIMO antenna system
to operate at Ka-band is introduced in [11]. The work of [12]
presents a patch antenna with parasitic elements in the same
layer to improve its bandwidth. Also, dual-band 28/38 GHz
high-gain antennas are presented in [13], and [14]. In [15],
a quad-band (28/45/51/56 GHz) antenna is proposed for the
5G mobile communication system.

Several techniques have been proposed to modify a single-
band patch antenna to have multiband operation. For exam-
ple, in [16], a coplanar waveguide (CPW) feed technique
is introduced where two coupled radiating elements com-
posed of rectangular ring microstrip and a folded meandered
are fed by 50� CPW to design a four-band patch antenna.
A fractal technique is proposed in [17] to design a five band
microstrip-line-fed modified star triangular patch antenna.
In [18], multiband microstrip patch antenna is designed
using nature-inspired optimization method with three slits for
some frequency bands of cellular communication networks.
Another technique based on themechanism of proximity cou-
pled feeding is introduced in [19] where a corner-truncated
rectangular patch with a rectangular slot on a defected ground
plane is fed through a meandered microstrip line. Another
technique employing inverted-L- and T-shaped parasitic ele-
ments placed at both the radiating apertures of a microstrip
patch antenna with three operational frequency bands is pro-
posed in [20].

The present work introduces a novel method to extend the
operation of a microstrip patch antenna that is designed to
principally radiate at 28 GHz as its first-order resonance so
that it can efficiently operate at additional multiple higher fre-
quency bands around 43, 52.5, and 57 GHz. In spite of being
applied to modify the design of a hexagonal patch antenna,
the method proposed in the present work can be applied to
patch antennas of various shapes. This method depends on the
geometrical modification of the antenna structure by adding
some inductively and capacitively coupled elements to the
primary hexagonal patch so that it can efficiently radiate at
some desired higher frequency bands. The present work pro-
vides quantitative explanation of how the geometrical param-
eters of the inductively and capacitively coupled elements
can be used for accurate tuning of the multiple higher-order
resonant frequencies of the antenna.

The present paper is organized as follows. Section II pro-
vides a description of a hexagonal patch antenna that is
designed to principally radiate at 28 GHz. Section III gives

FIGURE 1. Hexagonal patch designed to principally radiate at 28 GHz.

detailed explanation of the multiband design methodology
that depends on the geometrical modification of the antenna
structure by adding some inductively and capacitively cou-
pled elements to the primary patch so that it can radiate at the
desired higher frequency bands. Section IV provides another
example of quad-band antenna that operates at 28, 43, 52,
and 57 GHz. Section V provides numerical simulation and
experimental assessment of the of the quad-band antennas
performance. Section VI gives a summary of the most impor-
tant conclusions of the present work.

II. DESIGN OF HEXAGONAL PATCH ANTENNA TO
PRINCIPALLY RADIATE AT 28 GHZ
The Rogers RO3003 substrate of εr = 3.0 and height, h =
0.25 mm is used for the proposed hexagonal patch antenna.
Using such a substrate on a solid ground structure (without
any defects), a hexagonal patch antenna with inset feed as that
shown in Fig. 1 can be designed by setting its dimensional
parameters to operate at the desired frequency.

Like a circular patch antenna, the radius of the hexagonal
patch, Rp, determines the frequency at which the first order
mode is excited in the cavity below the patch. It can be
approximated as follows [21], [22],

RP = F
{
1+

2h
πεrF

[
ln
(
πF
2h

)
+1.7726

]}−1/2
,

F =
8.791×107

f0
√
εr

(1)

The width of the feeding microstrip line is set to realize
characteristic impedance Zo = 50� using the rules supplied
in [22] for this purpose. The inset length is determined so as to
match the patch impedance to the 50� microstrip line feeder
using the following formula [21].

Li = 10−4RP
7∑

n=0

a0εnr (2)

It is required to set the dimensional parameters to the
proper values so as to get the hexagonal patch antenna prin-
cipally operational at 28 GHz. These dimensional parameters
are the side length, L, of the hexagonal patch (equivalently,
the patch radius RP), the inset length, Li, and the width of the
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TABLE 1. Dimensional parameters of the antenna structure shown in
Fig. 1.

slots, Wi, which are cut on the sides of the feeding line for
inset feed. It should be noted that the expressions (1) and (2)
are just used to give initial estimates for the patch radius
RP, and inset length, Li, however, the selection of the best
values for these parameters is to be performed through exten-
sive parametric study as explained in the next subsection.
The mechanism of radiation of the hexagonal patch antenna
presented in Fig. 1 depends on the excitation of the first
order cavity mode at the desired operational frequency of the
antenna. In a manner similar to the circular patch antenna,
the hexagonal patch is fed to excite the TM11 mode in the
cavity below the patch. The patch radiates through the slots
surrounding the cavity between the patch and the ground
plane. The optimum values of the dimensional parameters of
the antenna presented in Fig. 1 are listed in table 1. These
optimum values of the dimensional parameters are obtained
through an extensive parametric study explained in the fol-
lowing subsections.

The hexagonal patch is selected as a primary patch for the
proposed antenna owing to its first four resonant frequen-
cies 28, 45, 50, and 55 GHz that are distributed over the
mm-wave range 28-55 GHz as shown later in the present
work. Simple modification of such patch geometry can be
made to slightly change the locations of the resonant fre-
quencies so as to get them close to the desired operational
frequencies.

An equivalent circuit model of the hexagonal patch antenna
can be deduced using the transmission line model in a way
similar to that followed in [23], and [24]. The patch circuit
model is shown in Fig. 2. The cavity subtended between the
hexagonal patch and the ground plane can be modeled using
the three elements Ra, La, Ca as shown in Fig. 2. The patch
resonance is calculated as follows.

f0 =
1

2π
√
LaCa

(3)

At this frequency, the reactance of La cancels that of Ca.
The series inductance Ls is added to the circuit model to
account for the non-zero thickness of the patch. Thus, at
resonance, the input impedance of the patch can be expressed
as follows.

Zin = Ra+j2π f0Ls (4)

In the equivalent circuit model, the conductances, G1 and
G2 account for the power loss due to radiation from the first
and second radiating slots, respectively. The susceptances B1
and B2 account for the reactive power storage in the cavity
surrounded by the radiating slots.

FIGURE 2. Equivalent circuit of the inset-fed hexagonal patch presented
in Fig. 1.

FIGURE 3. Frequency dependece of (a) the reactive part of the antenna
input impedance and (b) the corresponding reflection coeficient,

∣∣S11
∣∣,

over a wide frequency range around 28 GHz for different values of the
patch radius, RP .

A. PARAMETRIC STUDY OF THE HEXAGONAL PATCH
ANTENNA FOR OPTIMUM PERFORMANCE AT 28 GHZ
For optimum design of the hexagonal patch antenna at
28 GHz, the effects of the dimensional parameters RP, Li, and
Wi, are numerically studied. The patch radius, RP, is mainly
responsible for identifying the resonant frequency of the
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FIGURE 4. Frequency dependence of the reflection coefficient,
∣∣S11

∣∣, over
a wide frequency range around 28 GHz for different values of (a) the inset
length, Li , and (b) the inset slot width Wi .

patch. As shown in Fig. 3a, the resonant frequency (at
which the imaginary part of the patch impedance vanishes)
is inversely proportional to RP. Also, it is shown in Fig. 3b
that the best impedance matching at 28 GHz is obtained when
RP = 1.99 mm. The minimum value of |S11| is obtained
when the inset length Li = 1.18 mm as shown in Fig. 4a.
On the other hand, the effect of the width of the slots, Wi,
which are cut on the sides of the feed line, on the reflection
coefficient |S11| is presented in Fig. 4b. It is shown that setting
Wi = 0.3 mm gives the minimum value of |S11| exactly at
28 GHz.

B. FINAL DESIGN OF THE HEXAGONAL PATCH AT 28 GHz
The frequency dependence of the real and imaginary parts
of the antenna input impedance over a frequency range
around 28 GHz is presented in Fig. 5a. It is shown

FIGURE 5. Frequency dependece of (a) the antenna input impedance and
(b) the corresponding reflection coeficient,

∣∣S11
∣∣, showing a resonance

with excellent impedance matching at 28 GHz.

that the patch has a resonance at 28 GHz. At this fre-
quency, the imaginary part of the antenna impedance is
very close to zero (−2.4�) whereas the real part is about
44.2�. Therefore, when the antenna is fed by a line of
50� characteristic impedance, the frequency dependence of
the reflection coefficient, |S11|, shows excellent impedance
matching at 28 GHz as shown in Fig. 5b. The width of
the microstrip line used for feeding the antenna is set as
WF = 0.63 mm to get its characteristic impedance equal
to 50�.

The radiation patterns produced at 28 GHz by such a
hexagonal patch antenna with the dimensional parameters,
L = 1.99 mm, Li = 1.18 mm, and Wi = 0.3 mm, in the
elevation planes φ = 0◦ and φ = 90◦, are presented in
Fig. 6a. It is shown that the radiation patterns in the two
orthogonal elevation planes are almost identical, which indi-
cates circularly-symmetric radiation pattern in the azimuth
planes as shown in Fig. 6b. The maximum gain of the antenna
is about 7 dBi in the direction θ = 0 (z-direction).
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FIGURE 6. Radiation patterns of a hexagonal patch antenna at 28 GHz
(a) in the elevation planes φ = 0◦, and φ = 90◦, and (b) in the azimuth
planes θ = 45◦, and θ = 90◦.

III. MODIFICATION OF THE HEXAGONAL PATCH
ANTENNA TO EFFICIENTLY RADIATE AT HIGHER
FREQUENCIES
A novel method is introduced in the present work to improve
the performance of the primary patch antenna, introduced in
Section II, so as to properly operate at the desired higher order
resonances. This method depends on modifying the antenna
input impedance so as to get it resonant, i.e. to eliminate the
imaginary part of its input impedance at the desired frequency
and to get the real part of the impedance as close as possible
to the 50�.

The hexagonal patch antenna whose design is presented
in Fig. 1 has the frequency dependence of the reflection
coefficient |S11| shown in Fig. 7 over the frequency range
20-60 GHz. It is clear that this patch has its first four res-
onances at the frequencies 28, 45, 50, and 55 GHz. It is
shown that value of |S11| at some resonances is not below
−20 dB. In the present section, a method is described to
control the locations of the higher-order resonant frequen-
cies and to improve the corresponding impedance matching
(assuming 50� source). The method proposed in the present

FIGURE 7. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at the
feeding port of the hexagonal patch antenna shown in Fig. 1.

FIGURE 8. Examples of various types of secondary patch elements that
can be added to the antenna structure as inductive or capacitive loads.

work depends on the addition of secondary patch elements to
the original hexagonal patch.

To get the hexagonal patch antenna efficiently operational
at multiple higher-order frequencies, reactive loads can be
added to the basic hexagonal patch antenna. It is suggested
to modify the geometry of the hexagonal patch by adding
metallic parts to the patch as shown in Fig. 8, where the
suggested additional parts are presented in green color. Two
types of such loads can be used to control the locations of the
resonant frequencies and to improve the impedance matching
at these frequencies: inductively-loaded and capacitively-
loaded elements. The equivalent circuit model of the mod-
ified patch antenna is presented in Fig. 9. The rectangular
patches overlapped with the hexagonal patch can be seen
as inductively-coupled (short-circuited) to the main patch.
The inductively-loaded elements can be represented by shunt
coil and resistance (conductance Gc) as shown in the circuit
model. On the other hand, the inverted C-shaped parasitic
patch can be seen as capacitively coupled (open-circuited) to
the main patch. Such capacitively-loaded element can be rep-
resented by shunt capacitance (suseptance Bp) and resistance
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FIGURE 9. Equivalent circuit of the inset-fed hexagonal patch when
loaded by inductively and capacitively coupled elements as presented in
Fig. 8.

FIGURE 10. Patch antenna after welding the inductively loaded
(short-circuited) secondary elements to the original hexagonal patch.

TABLE 2. Dimensional parameters of the antenna structure shown in
Fig. 10.

(conductance Gp) as shown in the circuit model. Both types
of loads can be used for tuning the resonant frequencies and,
in the meantime, to control the antenna impedance at these
resonances.

A. LOADING THE MAIN PATCH BY
INDUCTIVELY-COUPLED ELEMENTS
Merging the inductively loaded (short-circuited) secondary
elements to the original hexagonal patch, results in the mod-
ified patch shown in Fig. 10. The modified patch has the
frequency dependence of its input impedance as shown in
Fig. 11. It is clear that the antenna has five resonances at
which the imaginary part of its impedance vanishes whereas
the real part is close to 50� and, hence, the modified antenna
can be considered of good impedance matching at the four
frequencies 28, 42.88, 52.12, and 56.68 GHz. This can be
shown in Fig. 12 where the magnitudes of the reflection coef-
ficient are very low at the four frequencies. The dimensional
parameters of the antenna structure shown in Fig. 10 are listed
in table 2.

When compared to the frequency response of the reflec-
tion coefficient shown in Fig. 7, the frequency response of
the modified patch, presented in Fig. 10 shows significant

FIGURE 11. Frequency dependence of the input impedance of the
modified patch antenna (shown in Fig. 8) in the frequency ranges
(a) 20-40 GHz, and (b) 40-60 GHz.

improvement of the antenna performance at the desired res-
onant frequencies. The inductively coupled elements cause
the imaginary part of the antenna impedance to vanish at the
desired frequencies whereas the corresponding real part is
very close to 50� at these frequencies.

B. LOADING THE MAIN PATCH BY
CAPACITIVELY-COUPLED SECONDARY ELEMENTS
For further improvement of the antenna performance and to
get the final antenna structure operational at the multiple
bands around 28, 43, 52.5, and 57 GHz, capacitively-coupled
secondary patch elements can be added to the primary
patch shown in Fig. 10. The geometrical shape, dimen-
sions, and position of the parasitic element relative to the
primary patch can be set to control the resonant frequen-
cies of the multiple operational bands of the final antenna
structure.

The secondary patch should be coupled to the primary
patch through a well-designed gap i.e. of suitable shape,
width and length. For example, an arc or inverted-C shaped
parasitic patch can be capacitively loaded (edge coupled) to
the primary patch as shown in Fig. 13. It should be noted
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FIGURE 12. Dependence of the reflection coefficient
∣∣S11

∣∣ of the
modified patch antenna (presented in Fig. 10) on the frequency.

FIGURE 13. Proposed quad-band patch loaded by a secondary parasitic
patch through capacitive edge coupling.

that the reactive coupling between the primary patch and the
inverted-C shaped parasitic patch is strongly dependent on
the gap dimensions between the two patches. The coupling
gap width is given as WG, whereas the coupling length LG
is equal to the length of the path abcd indicated in Fig. 13.
The dimensional parameters of the antenna structure shown
in Fig. 13 are listed in table 3. The frequency dependence of
the reflection coefficient of the capacitively loaded patch is
shown in Fig. 14.

It may be worthwhile to mention that the antenna presented
in Fig. 13 has already been included in [25] with little dif-
ferences. However, the design methodology (the core subject
of the present work) is not presented in [25]. As mentioned
earlier in the present paper, the main objective of the present
work is to present the novel design methodology to realize the
multiband operation of printed antennas for the forthcoming
generation of mobile applications. Also, the present work
involves elaborate presentations of theoretical and experi-
mental assessment of the proposed methodology using more
than one antenna design example including that presented
in [25].

TABLE 3. Dimensional parameters of the antenna structure shown in
Fig. 13.

FIGURE 14. Dependence of the reflection coefficient
∣∣S11

∣∣ of the
modified patch antenna (presented in Fig. 11) on the frequency.

1) ROLE OF THE PARASITIC ELEMENTS
Definitely, the reactive load caused by the coupling between
the primary and parasitic patches is strongly dependent on the
geometry of the secondary patch and, also, on the width and
length of the coupling gap. Consequently, some of the dimen-
sional parameters can be set to get the antenna properly oper-
ating at some frequency bands whereas other dimensional
parameters can be set to enhance the antenna performance at
the other frequency bands. In the following, some examples
are presented to explain how to get the antenna appropriate to
operate at the multiple desired frequency bands. For example,
the second frequency band, the antenna input impedance
and, hence, the reflection coefficient relative to 50� source
impedance is sensitive to the gap width, WG, as shown in
Fig. 15a. It is noticed that the other three operational bands
(first, third, and fourth bands) seem to be insensitive to
(almost unaffected by) the variations of WG. Thus, for fine
tuning of the central frequency of the second band without
affecting the other operational bands, it is recommended
to vary the gap width, WG, within the range indicated in
Fig. 15b. In this way, the center of this frequency band can
be finely tuned.

Over the third operational frequency band (around
52 GHz), the antenna input impedance and, hence, the reflec-
tion coefficient are sensitive to the gap length, LG when is
varied from 2.06 mm to 2.22 mm, as shown in Fig. 16a. The
other three operational bands (first, second, and fourth bands)
seem to be almost unaffected by the variations of LG within
this range (2.06 − 2.22 mm). Thus, for fine tuning of the
central frequency of the third band without affecting the other
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FIGURE 15. Dependence of the reflection coefficient
∣∣S11

∣∣ on the
frequency for different values of the gap width, WG, (a) over the
frequency range 20− 60 GHz, (b) over the frequency range around the
second operational band 42− 47 GHz.

operational bands, it is recommended to vary the gap length
within the range indicated in Fig. 16b. In this way, the central
frequency of this band can be finely tuned.

The fourth operational frequency band is desired to be cen-
tered at 57 GHz, the antenna input impedance and, hence, the
reflection coefficient is sensitive to the gap length, LG, when
varied in the range 1.90 mm to 2.06 mm, as shown in Fig. 17a.
The other three operational bands (first, second, and third
bands) seem to be insensitive to (almost unaffected by) the
variations of LG within this range (1.90− 2.06 mm). Thus,
for fine tuning of the central frequency of the fourth band
without affecting the other operational bands, it is recom-
mended to vary the gap length, LG, within the range indicated
in Fig. 17b. In this way, the fourth operational frequency
band can be adjusted at 57 GHz as desired. Thus, setting the
dimensional parameters LG = 2.06 mm, satisfies the desired
operational frequencies for the second and third frequency
bands.

2) FABRICATION AND MEASUREMENTS
In this section, the simulation and experimental results
obtained for the quad-band antenna shown in Fig. 13 with the

FIGURE 16. Dependence of the reflection coefficient
∣∣S11

∣∣ on the
frequency for different values of the gap length, LG, (a) over the
frequency range 20− 60 GHz, (b) over the frequency range around the
second operational band 50− 55 GHz.

dimensional parameters listed in Table 3 are presented and
compared to each other to confirm the accuracy of the results
concerned with the evaluation of the antenna performance
assessment over the four operational frequency bands. The
fabricated prototype is shown in Fig. 18a where it is con-
nected to the coaxial end launcher.

The experimental setup for the measuring S11 using the
VNAmodel ZVA67 is illustrated in Fig. 18b. The variation of
|S11| with the frequency is shown in Fig. 19. It is shown that
both the measured and simulated responses of |S11| with the
frequency agree with each other to ensure that the proposed
mm-wave patch perfect impedance matching at 28, 43, 52,
and 57 GHz.

IV. ANOTHER DESIGN OF THE PRINTED ANTENNA FOR
QUAD-BAND OPERATION
The same methodology described in the present work to con-
struct multiple-band antenna structure starting with a hexag-
onal patch antenna (that is designed to principally radiate
at 28 GHz) is applied, in the present section, to arrive at
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FIGURE 17. Dependence of the reflection coefficient
∣∣S11

∣∣ on the
frequency for different values of the gap length, LG, (a) over the
frequency range 20− 60 GHz, (b) over the frequency range around the
second operational band 54− 59 GHz.

FIGURE 18. (a) Fabricated prototype of the quad-band patch antenna of
the design presented in Fig. 13 connected to the end launcher
(b) Experimental assessment of

∣∣S11
∣∣ over the frequency range

20− 60 GHz using the VNA.

the design of the quad-band printed antenna structure shown
in Fig. 20. In addition to the inductively- and capacitively-
coupled secondary elements that are added to the primary

FIGURE 19. Comparison between the simulated and measured reflection
coefficient

∣∣S11
∣∣ over the frequency range (20-60) GHz for the quad-band

patch antenna presented in Fig. 13.

FIGURE 20. Geometry of quad-band composite patch antenna.

patch structure to improve the antenna performance, a rectan-
gular cut is made in the primary patch at the location shown
in Fig. 20 where the surface current on the patch is very
weak and can be negligible. The values of the dimensional
parameters of the new printed antenna design are listed in
Table 4. For practical assessment of the quad-band antenna
through experimental measurements, the antenna is fabri-
cated on Rogers RO3003 substrate of dimensions W × L =
10 × 18 mm2, thickness h = 0.25 mm, dielectric constant
εr = 3, and loss tangent tan δ = 0.001. The dimensions
of the feeding microstrip transmission line are Wf×Lf =
0.63× 10.03 mm2. An inset feed is used tomatch the antenna
impedance to 50� source whereWi× Li = 0.3× 1.23 mm2.
The fabricated antenna is shown in Fig. 21 where its size is
compared to the size of a standard one-inch metallic coin.
This antenna operates efficiently over the four bands centered
at 28, 43, 52, and 57 GHz.

V. NUMERICAL SIMULATION AND EXPERIMENTAL
ASSESSMENT OF THE QUAD-BAND PATCH ANTENNA
In this section, the simulation and experimental results
obtained for the proposed quad-band antenna are presented
and compared to each other to confirm the accuracy of the
results concerned with the evaluation of the antenna per-
formance. The quad-band printed antenna whose design is
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TABLE 4. Dimensional parameters of the antenna structure shown in
Fig. 20.

FIGURE 21. Fabricated prototype of the proposed quad-band patch
antenna with its size compared to a metal coin of standard size.

TABLE 5. List of the devices used for experimental measurements of the
antenna input impedance and radiation characteristics.

shown in Fig. 20 with the dimensional parameters listed in
Table 4 and whose fabricated prototype is shown in Fig. 21 is
subjected to experimental assessment over the four opera-
tional frequency bands.

A. EXPERIMENTAL ASSESSMENT OF THE ANTENNA
PERFORMANCE
The experimental assessment involves the evaluation of the
antenna input impedance and the radiation patterns in the
elevation planes. The equipment listed in Table 5 are used for
this purpose. The 1.85 mm end-launch connector is used to
connect the antenna prototype to the test equipment as shown
in Fig. 22a.

The VNA is used to measure the antenna input impedance
and, hence, the reflection coefficient S11 over the frequency
range 20 – 60 GHz. The VSG-E8267D and VSA-N9010A
are used to measure the radiation patterns at 28 GHz using

FIGURE 22. Measurement of the reflection coefficient
∣∣S11

∣∣ of the
proposed quad-band patch antenna: (a) The fabricated prototype is
connected to the end launcher, (b) The antenna is connected to the VNA
of Rhode and Schwartz model ZVA67.

FIGURE 23. Dependence of the reflection coefficient
∣∣S11

∣∣ on the
frequency for the patch antenna presented in Fig. 15.

the reference horn antenna A-Info LB018400 and at 43 GHz
using the reference horn antenna A-Info LB-12-10-A.
The radiation patterns at 52 and 57 GHz are measured
using the VNA-ZA67 and the reference horn antenna
A-Info LB-12-10-A.

1) MEASUREMENT OF THE ANTENNA IMPEDANCE AND
RETURN LOSS
As shown in Fig. 22b, the VNA-ZA67 is used for measuring
the frequency response of the reflection coefficient magni-
tude S11. The frequency dependence of |S11| is presented
in Fig. 23. It is shown that the experimental measurements
come in good agreement with the simulation results. It is clear
that the antenna has good impedance matching at the four
frequencies 28, 43, 52, and 57 GHz.

2) MEASUREMENT OF THE ANTENNA RADIATION PATTERNS
One of the experimental setups that are constructed for mea-
suring the radiation patterns of the proposed antenna is shown
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FIGURE 24. Experimental setup for measuring the radiation pattern and
gain of the quad-band antenna.

FIGURE 25. Radiation patterns of the proposed quad-band patch antenna
at 28 GHz in the elevation planes (a) φ = 0◦ and (b) φ = 90◦.

in Fig. 24. This setup is employed to measure the elevation
radiation patterns at 28 and 43 GHz using the VSG-E8267D
and the VSA-N9010A with the A-Info reference-gain horn
antennas models LB-018400 for 28 GHz and LB-12-10-A
for 43 GHz. A similar experimental setup is constructed to
measure the radiation patterns at 52 and 57 GHz using the
VNA-ZVA67 with the A-Info reference-gain horn antenna
model LB-12-10-A.

The elevation radiation patterns in the planes φ = 0◦ and
φ = 90◦ at the four frequencies 28, 43, 52, and 57 GHz
are presented in Fig. 25, 26, 27, and 28, respectively. The
experimental measurements show good agreement with the
simulation results at all the operational frequencies of the pro-
posed antenna.

3) VERTICALLY AND HORIZONTALLY POLARIZED FIELDS
The vertically and horizontally polarized far field patterns
produced by the proposed antenna are presented in Fig. 29.
The experimental measurements come in good agreement
with the simulation results. As the radiated electric field is
mainly parallel to the xz-plane, the radiation in the plane
φ = 0◦ is dominated by vertical polarization while in the φ =
90◦ the radiated fields have both vertically and horizontally
polarized components.

FIGURE 26. Radiation patterns of the proposed quad-band patch antenna
at 43 GHz in the elevation planes (a) φ = 0◦ and (b) φ = 90◦.

FIGURE 27. Radiation patterns of the proposed quad-band patch antenna
at 52 GHz in the elevation planes (a) φ = 0◦ and (b) φ = 90◦.

FIGURE 28. Radiation patterns of the proposed quad-band patch antenna
at 57 GHz in the elevation planes (a) φ = 0◦ and (b) φ = 90◦.

4) MEASUREMENT OF THE GAIN AND RADIATION
EFFICIENCY
The dependencies of the gain and radiation efficiency of the
proposed antenna, presented in Fig. 20, on the frequency are
shown in Figs. 30 – 33 over the four operational frequency
bands. The experimental results show good agreement with
the simulation results for both the maximum gain and radia-
tion efficiency over all the operational frequency bands. It is
shown that the maximum gain ranges from 7 to 8 dBi whereas
the radiation efficiency ranges from 86% to 90%.
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FIGURE 29. Co- and cross-polarized fields at the four operating
frequencies.

B. SUMMARY OF THE PROPOSED ANTENNA
PERFORMANCE
This section is concerned with providing a summary of the
most important performance metrics for the quad-band patch
antenna proposed in the present work whose design is pre-
sented in Fig. 20. Table 6 gives a summary of the pro-
posed quad-band antenna performance at the four operational
frequencies. Table 7 gives comparative performance among

FIGURE 30. Variation of (a) maximum gain and (b) radiation efficiency
with the frequency over the first operational frequency band
(27.7− 28.3 GHz).

FIGURE 31. Variation of (a) maximum gain and (b) radiation efficiency
with the frequency over the second operational frequency band
(42.7− 43.3 GHz).

FIGURE 32. Variation of (a) maximum gain and (b) radiation efficiency
with the frequency over the third operational frequency band
(51.2− 53.0 GHz).

some mm-wave patch antennas available in some recent lit-
erature and the antenna proposed in the present work.
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FIGURE 33. Variation of (a) maximum gain and (b) radiation efficiency
with the frequency over the fourth operational frequency band
(55.7− 57.5 GHz).

TABLE 6. Achieved frequency bands (obtained experimentally) by the
proposed quad-band antenna and the corresponding gain and radiation
efficiency.

TABLE 7. Comparison with other published designs.

VI. CONCLUSION
A novel method has been introduced to extend the operation
of a microstrip patch antenna that principally radiates at its
first-order resonance so as to efficiently radiate over mul-
tiple higher-order frequency bands in the mm-wave range.

The proposed method relies on modifying the antenna struc-
ture by adding some inductively- and capacitively-coupled
elements to the primary patch so that it can efficiently
radiate at the desired higher frequency bands. It has been
explained quantitatively how to use the geometrical param-
eters of the inductively and capacitively coupled elements
for accurate tuning of the multiple resonant frequencies of
the antenna. This method has been applied to extend the
operation of a primary hexagonal patch antenna (that radi-
ates at 28 GHz as its first-order resonance) so as to operate
at additional higher frequency bands around 43, 52, and
57 GHz. Furthermore, and alternative design has been pro-
vided for a quad-band printed antenna of composite patch
structure that operates efficiently at the mm-wave frequencies
28, 43, 52, and 57 GHz. The corresponding frequency bands
are, respectively, (27.7 − 28.3 GHz), (42.7 − 43.3 GHz),
(50.2− 53.0 GHz), and (55.7− 57.5 GHz). The dimensions
of the area occupied by the primary patch and the parasitic
elements are 5.2 × 3.3 mm2. The achieved antenna gains at
each resonant frequency are 7.3, 7.0, 7.2, and 8.0, respec-
tively. It has been shown that the proposed antennas have
excellent impedance matching, acceptable radiation patterns,
and satisfactory values of the antenna gain. Prototypes have
been fabricated for experimental assessment of the proposed
antennas including the impedance matching and radiation
patterns. The experimental measurements have been shown to
agree with the simulation results over all the four operational
mm-wave frequency bands.
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