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Abstract  This article presents the design of a compact dual
wide-band microstrip antenna. It also describes the simulation of
its operation and provides the results of electrical parameter and
radiation characteristics measurements. The designed antenna
is intended to operate in two ranges. The first covers frequencies
from 3.8 to 8 GHz and all the U-NII antenna ranges (U-NII-1,
U-NI-2A, U-NII-2B, U-NII-2C, U-NII-3, U-NII-4, U-NII-5, U-
NII-6, U-NII-7, U-NII-8) defined in the IEEE-802.11a standard
(5.150 to 7.125 GHz). The other covers frequencies from 11.34
to 20.64 GHz and the Ku band (from 11.7 to 12.7 GHz). The
performance of the antenna, developed using CST Microwave
Studio and Matlab software, was verified through simulation.
Then, a prototype was manufactured and was subjected to
measurements in an anechoic chamber. Results of the simulation
and the measurement campaign were compared against six
other dual-band antenna designs available in the literature.
Comparison of the parameters of the proposed design and
characteristics of other antennas with a similar profile, selected
from the literature, shows that the operating bandwidth of the
proposed solution with respect to the S11 parameter is the largest,
reaching 88.13% for the lower operating band and 59.93% for
the upper operating band.
Keywords  dual band, FDTD method, microstrip antenna, wide
band

1. Introduction
In the modern technology landscape, where communication is
no longer an option and has long become a key functionality of
devices, antennas – including those of the microstrip variety
– play a particularly important role. Their compact size, low
weight, and ability to be integrated with other electronic
devices make them useful in a wide range of applications,
including 5G networks [1], [2].
Decisions regarding the allocation of the 4400 – 4800 MHz,
7125 – 7250 MHz, 7750 – 8400 MHz, and 14.8 – 15.35 GHz
bands for terrestrial IMT systems are expected to be made
soon. The sub-6 GHz operating frequency band includes the
n79 (4400 – 5000 MHz) range. Furthermore, Wi-Fi standards
typically cover the 5 GHz band (5150 – 5830 MHz). The
latest WLAN communication standard divides the 6 GHz
band (5925 – 7125 MHz) into Wi-Fi 6E/7 ranges. Therefore,
a dual-band antenna covering both the Sub-6 GHz and Wi-Fi
6E/7 frequency ranges may be a promising solution for future
communication devices.
Recently, several studies have been published on broadband
antennas for 5G sub-6 GHz networks with an operating
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Fig. 1. Microstrip antenna.

bandwidth of 11%, e.g. [3]–[8]. To the best of the authors’
knowledge, no dual-band antenna designs with a significantly
wider operating band have been reported in the literature.
This paper presents a developed model of a dual-band mi-
crostrip antenna, implemented in CST Microwave Studio
software. The main assumption is that the new solution will
be operating in the band covering frequencies from 3.8 to
8 GHz, and a second band covering frequencies from 11.34
to 20.64 GHz, thus fully covering the Ku band (from 11.7
to 12.7 GHz). Another important assumption for the anten-
na model is its compact size with dimensions no larger than
20 × 25 mm, which is important for its potential application
in mobile devices.

2. Design and Modeling of
a Dual-band Antenna

Microstrip designs are currently one of the most innovative
fields in antenna technology. Microstrip antennas offer nu-
merous interesting features, such as small size, low volume,
and flat design making them easy to integrate with end-user
applications. Low production costs and high repeatability
of specifications, combined with a wide operating frequen-
cy range, ensure numerous application opportunities. Low
weight allows such antennas to be used on fast flying objects,
without exerting any negative impact on their aerodynamic
properties.
However, the dielectric substrate used favors the excitation of
surface waves which, propagating along the dielectric plane,
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interfere with the normal operation of the antenna [9]. Oth-
er disadvantages of microstrip antennas include a relatively
narrow bandwidth and limited power capabilities. This caus-
es mutual coupling, which changes the field distributions
on aperture antennas and the current distributions in lin-
ear antennas. This phenomenon, in turn, changes the spatial
characteristics of antenna radiation and input impedance.
A microstrip antenna consists of a metal radiator (patch) and
a ground plane, with both elements separated by a dielectric
layer (Fig. 1). The relative permittivity of substrate εr varies
from 2.2 to 12. Specification of the substrate also controls
radiation efficiency, bandwidth, and antenna size. In most
cases, microstrip antennas have a rectangular shape, with
their crucial parameters determined by patch widthW , length
L, and thickness of the dielectric layer h characterized by
relative dielectric permittivity εr [10], [11].
During the modeling process, in the first approximation,
the dimensions of the antenna, i.e. length and width, were
determined using the transmission line model, defined as
follows:

L =
c

2fr
√
εre
− 2∆L , (1)

W =
c

2f0
√
εr+1
2

, (2)

where εre is the effective dielectric constant such as:

εre =
εr + 1
2
+
εr − 1
2

(
1 + 12

h

W

)−1/2
. (3)

The width of the radiator determines operating bandwidth
and input impedance. An increase in the width of the patch
improves radiation efficiency. On the other hand, the antenna’s
resonant frequency depends on the length of the radiator.
After calculations performed in Matlab using Eqs. (1), (2),
the width-to-length ratio was determined to beW/L ≈ 1.31.
This value results from Eqs. (1) and (2) for the assumed
substrate parameters and operating frequency range.
Radiator extension value ∆L, depending on the effective
dielectric constant, laminate height, radiator length and width,
is another parameter of the antenna. ∆L is related to the
scattering fields occurring at the ends of the radiator. It is
determined by the following formula:

∆L = 0.412h
(εre + 0.300) (W/h+ 0.264)
(εre − 0.258) (W/h+ 0.813)

. (4)

The antenna’s input impedance Z, i.e. 50 Ω, depends on the
distance from the antenna’s edge to the radiator’s edge. The
value increases as this distance decreases. The radiator’s input
resistance was then determined as:

Rin =
1
G10
, (5)

where G10 is conductance representing radiation, dielectric,
and patch/shield losses.
To speed up the calculation of antenna parameters according
to Eqs. (1) – (4), a program was created in the Matlab environ-
ment, which resulted in determining approximate dimensions
of the antenna:W = 13 mm and L = 10 mm.

Fig. 2. Steps of iterative antenna design process.

The antenna operates in TM10 and TM01 wave modes [12],
[13]. The location of the feed line is determined by the desired
wave mode. For TM01 and higher modes, the feed line should
be placed on theW side, and if the antenna is to operate in
TE10 and higher modes, on the L side. In the case of waves in
TM01 and higher modes, theW edges radiate, and in the case
of TE10 and higher modes, the L edges radiate. Comparison
of both wave modes shows that when the element operates
in TM01 and higher wave modes, the quality factor of the
system is lower, resulting in a wider operating band.
The method of moments is used most frequently for analyzing
microstrip antennas, as it allows to model the current distri-
bution. It is based on the concept of reactions between the
base segments and the test functions. The Green function is
used for integral equations of the electric field, satisfying the
boundary conditions for a metal radiator. Integral equations
are discretized into linear equations using the method of mo-
ments to obtain a matrix equation [14]. Solving the matrix
equations yields the current distribution on the radiator. This
distribution, along with the Green function, allows to deter-
mine the antenna’s radiation pattern in both the near and far
fields.
The antenna’s substrate may be made of a homogeneous or
mixed dielectric (εr ̸= 1) materials. For a non-homogeneous
dielectric, Green’s function can only be determined in the
spectral domain. For the x axis of the current Jx at the
air-dielectric interface and while z = h, the electric field
components in the spectral domain are [15] as follows.

−→
E x(kx, ky, h) =

−j
ω ε0

[
k2xk1k2 sin(k1h)
β2TM

+
k2yk

2
0 sin(k1h)
β2TE

]
Jx ,

(6)

−→
E y(kx, ky, h) =

−j
ω ε0

[
kxkyk1k2 sin(k1h)

β2TM

+
kxkyk

2
0 sin(k1h)
β2TE

]
Jx ,

(7)

−→
E z(kx, ky, h) =

−j
ω ε0

(
k1kx sin(k1h)
TM

)
Jx , (8)

TM = εrk2 cos(k1h) + jk1 sin(k1h) , (9)

TE = k1 cos(k1h) + jk2 sin(k1h) , (10)
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k21 = k
2
z = εrk

2
0 − β2

for 0 < z < h (layer 1) Im(k1) < 0 ,
(11)

k22 = k
2
z = k

2
0 − β2

for z > h (layer 2) Im(k2) < 0 ,
(12)

β2 = k2x + k
2
y , (13)

where: kx, ky , k1, k2, k0, are components of the electromag-
netic field, layer 1 is free space and layer 2 is dielectric.
According to [16], [17], a rectangular antenna has a relative-
ly narrow operating bandwidth, not exceeding 10%. A viable
way to expand the operating bandwidth is to use a multilayer
dielectric structure. However, such solutions complicate the
antenna’s design and increase its dimensions. Another solu-
tion is to introduce slots in the plane of the radiating element.
In this case, their dimensions and position are chosen to dis-
rupt the first two modes of the slit’s side edge so that their
resonant frequencies approach each other, creating a wide
operating bandwidth.
Various slot shapes can be found in [18]– [22], including:
comb-shaped, double-bend, cross-shaped, U-shaped. The pa-
rameters that influence the bandwidth of a microstrip antenna
are the slot length and width, as well as its position in the an-
tenna plane. It should be noted that the slot width should be
small relative to its length, because the higher resonant mode
is sensitive to changes in the horizontal slot length, while the
lower resonant mode strongly depends on the slot circum-
ference [23]–[27]. Using Eqs. (6) – (12), both the higher and
lower modes, i.e., the slot length and width, were selected to
obtain the required antenna bandwidth.
Changes in the slot length and width did not significantly
affect the antenna’s output impedance. Specific mathematical
formulas, even empirical ones, which would determine the
exact geometry of the structure and slot position to ensure
the antenna achieves a predetermined bandwidth, are not yet
available [28], [29].
The tool used to design the microstrip antenna is CST Mi-
crowave Studio. This advanced electromagnetic field simu-
lation software allows to design, analyze, and optimize sys-
tems and their components in a three-dimensional environ-
ment. The program utilizes the finite-difference time-domain
(FDTD) method, which allows for accurate broadband simu-
lations. This method is suitable for analyzing both stationary
and transient electromagnetic wave behaviors in complex
structures. Table 1 summarizes CST output of the designed
structure’s dimensions and parameters.
The designed antenna has three slots, as shown in Fig. 2.
The position and dimensions of these slots were determined
through iterative evaluation. The microstrip antenna’s radiator
is made of 35 µm thick copper, while the dielectric substrate
is Rogers FR4 – a material characterized by good electrical
properties, a dielectric constant of εr = 4.3, a dielectric loss
angle of tg δ = 10−3, and a thickness of dielectric layer
b = 1.6 mm. The antenna is fed by a 3-millimeter microstrip

Tab. 1. Simulation parameters used to analyze the proposed system.

Description Name Value
[mm]

Distance of the top slot from the left edge W1 1.7
Slot width at the top edge W2 0.6

Distance of the right edge of the top slot from the
right edge W3 10.7

Distance of the center slot from the left edge W4 4.0
Length of the center slot W5 5.0

Distance of the feed line from the left edge W6 5.0
Width of the feed line W7 3.0

Distance of the bottom slot from the feed line W8 3.5
Width of the slot at the bottom edge W9 0.6

Distance of the left edge of the slot from the
right edge W10 0.9

Ground plane width W11 20.0
Length of the feed line L1 9.5

Antenna length L2 10.0
Length of the top slot L3 3.9

Distance of the top edge of the center slot from
the top edge L4 4.5

Distance of the bottom edge of the center slot
from the bottom edge L5 4.5

Length of the bottom slot L6 3.9
Ground plane height L7 9.0

line. This width results from the antenna being designed for
standard 50 Ω impedance.
The basis for selecting the type of slots as well as their dimen-
sions and position was the determination of the s parameter
matrix (describing scattering between the device’s ports). S11
indicates the amount of power reflected from the antenna and
is referred to as the reflection coefficient. We assume that the
antenna operates correctly for S11 < −10 dB.
To check the impact of the slots on the antenna’s operating
bandwidth, a series of simulations was performed using CST.
The results for four scenarios: antenna without slots (1), with
a horizontal slot (2), with a slot at the top edge (3), and with
a slot at the bottom edge (4), are presented in Fig. 2. For
each scenario, S11 parameters were obtained for the following
operating bands (Fig. 3):
1) 16.25 to 20.85 GHz,
2) 3.75 to 8.05 GHz and 10.2 to 21 GHz,

4 6 8 10 12 14 16 18 20

Frequency  [GHz]

S
  [

dB
]

11

–2

–6

–10

–14

Fig. 3. S11 versus frequency for the considered scenarios.
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Fig. 4. Front and back side view of optimized antenna.

3) 3.75 to 8.05 GHz and 10.2 to 21 GHz,
4) 3.75 to 8.15 GHz and 11.2 to 21 GHz.
Figure 3 shows that none of the developed cases met the re-
quired operating bandwidth. When analyzing the obtained
results, one may conclude that the slot located in the lower
right corner has the greatest impact on the operating band-
width. This may be the case as this slot contributes most to
the excitation of higher TM modes. Therefore, in the next
step, an antenna design including all the slots shown in Fig. 2
to form a comb-like structure was analyzed.
The designed slots allowed for the excitation of higher-order
modes according to Eqs. (6) – (13). This iterative design
process results from the fact that at this stage, the only method
described in the literature for determining the location of slots
is the trial-and-error method, which requires extensive design
experience. Such an antenna design is presented in Fig. 4,
while detailed dimensions of the structure are provided in
Tab. 1.
The next step in the analysis was to determine the current
distribution. For frequency ranges where the condition S11 <
−10 dB is met, the electric field strength values are roughly
similar – see the upper row in Fig. 5. In a scenario where only
one frequency band meets the requirements of S11 < −10 dB,
we can conclude that for the selected frequency of 12 GHz,
there is a multi-fold increase in the electric field strength
value, as shown in bottom row of Fig. 5.

Fig. 5. Current distribution for the frequency of 3.9 GHz (upper
row) and 12 GHz (bottom row).

4 GHz

17 GHz

5 GHz

20 GHz

Fig. 6. 3D plot of antenna energy gain.

The radiation pattern describes the spatial distribution of
the intensity of the electromagnetic field generated by the
antenna. The energy gain, on the other hand, is a measure of
the antenna’s ability to direct RF energy in each direction.
Results of the simulation focusing on the antenna’s properties
in 3D are presented in Fig. 6.
One may notice there that in the bottom frequency range
of 3.9 to 8.11 GHz, the energy gain is significantly lower
than in the case of the upper working band of 11.34 to 20.64
GHz. At 4 GHz, the energy gain is 1.8 dBi, and for 20 GHz,
it reaches 3.97 dBi. Therefore, it can be concluded that at
higher frequencies, the antenna does not provide the expected
omnidirectionality.

3. Fabrication and Measurements

To achieve dual-band operation with wide bandwidth, the final
antenna utilizes all slots from the design iterations presented
in Fig. 2. The final concept was simulated using CST to verify
its assumptions and then, after corrections to the shape, size,
and radiator size, a prototype of the antenna was manufactured
(Fig. 7).
The measurements were conducted under far-field conditions
in an anechoic chamber. To eliminate potential interference
from the connector, the pins were covered with an RF ab-

Fig. 7. Fabricated antenna prototype: front and bottom view (right).
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Tab. 2. Comparison of packet delivery ratios based on the transmitting node.

Ref. Footprint area λ20 Profile λ0 Bandwidth

[3] 1.1 × 1.1 0.06 25%
[4] 1.1 × 1.1 0.06 25%
[5] 0.75 × 0.75 0.045 21.3%
[6] 0.88 × 0.78 0.11 24.8%
[7] 1.17 × 0.5 0.039 10%
[8] 0.58 × 0.39 0.048 14%

Proposed
Lower band Upper band Lower band Upper band Lower band Upper band

0.396 × 0.496 1.831 × 2.1289 0.0317 0.146 88.13% 59.93%
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Fig. 8. S11 for the proposed antenna a), input impedance b), and
admittance c).

sorber. the measurements were performed in accordance with
ANSI/IEEE Std 149:1979.
Reflection coefficient S11 is defined as the voltage ratio of the
reflected wave to the wave that encounters the antenna. A high
value of this coefficient indicates that a significant amount
of energy is not absorbed by the antenna but is reflected
instead, which is unfavorable and can result in lower antenna
efficiency. As previously mentioned, for antennas, we assume
that the S11 parameter should be below –10 dB.
The lowest S11 reflection coefficient for the lower band is
–12.07 dB at 6.5 GHz and –15.2 dB at 17.23 GHz for the up-
per band, according to Fig. 8a. Such values indicate good
matching of the antenna to the transmission line, minimizing

power losses while maintaining acceptable system perfor-
mance. This matching is crucial to ensuring optimal antenna
performance in its operating environment.
The input impedance is a key parameter of any antenna, as it
determines the quality of matching with the RF power source,
which directly affects performance, bandwidth, and radiation
efficiency. As can be seen in Fig. 8b, the input impedance
for the lower band at its cutoff frequencies is 57 and 40 Ω,
respectively. The expected 50 Ω value was obtained at 6.72
GHz. For the upper frequency band, the input impedance for
the cutoff frequencies reached amounts to 62 and 32 Ω. The
50 Ω threshold was obtained for frequencies of 12.14, 14.01,
and 17.93 GHz.
The antenna input admittance Y11 is the reciprocal of input
impedance Z11. This is an important parameter in analyzing
any antenna, as it describes how easily current flows into the
antenna from an external source. Admittance is a complex
quantity and consists of a real part and an imaginary part.
Admittance for a microstrip antenna should approach a con-
ductance value of 0.02 S and a susception value of 0, with an
assumed input impedance of 50 Ω, ensuring optimal operating
conditions and antenna performance (Fig. 8c).
Directivity describes how an antenna radiates or receives
RF energy in different directions. It can be expressed using
a radiation pattern, which is a graphical representation of the
field intensity as a function of azimuth and elevation angles.
The obtained azimuthal radiation patterns, both theoretical
and measured, show that the proposed antenna radiates energy
in a directionally dependent manner, meaning it is not omnidi-
rectional. The antenna is designed to have a radiation pattern
that is close to omnidirectional. These patterns represent a nor-
malized power density distribution. Figure 9 represents the
antenna’s radiation patterns for selected frequencies. One may
notice the measurement curves are identical to the calculated
patterns.

4. Comparison with Other Designs

Table 2 presents a comparison of the parameters of the pro-
posed design with other selected wide-band antennas from the
literature in terms of impedance matching, profile (thickness),
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Fig. 9. Normalized directional characteristics in the azimuth plane.

and bandwidth. The operating bandwidth of the proposed
antenna with respect to the S11 parameter is the highest com-
pared to [3]–[8]. The calculated and measured values of the
S11 parameter also show a high degree of convergence.
Based on the comparison of the electrical parameters of the
proposed antenna with other designs, it was shown that the
proposed broadband antenna exhibits comparable parameters
in terms of matching impedance in all cases, especially in the
case of stringent matching conditions [30].

5. Conclusions

The presented antenna is designed to operate in two frequen-
cy bands. Simulation results and measurements performed in
an anechoic chamber (input impedance, reflection coefficient,
and standing wave ratio) confirm its suitability for intended
applications in radio communication systems. The wide oper-
ating bandwidth was achieved by using slots. Unfortunately,
their size and location were determined through successive
trials as part of an iterative design process. In further work,
the authors plan to develop algorithms for automatic slot
location planning according to the specified parameters.
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