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Abstract — This paper presents the design of a
microstrip-fed, planar-printed, slot antenna using
defected ground structures (DGSs) for multiband
applications. The antenna structure consists of two
groups of five straight slot elements. The slot elements
in each group are of the same width but different lengths
on the ground plane and separated by a small strip and a
slot cut on both sides of the strip to interconnect the
group of slots with each other. The microstrip line is
designed on the front side of the PCB with a right angle
for all the slots to make it easy to mount the slots and the
microstrip with a monolithic microwave integrated
circuit (MMIC). The proposed antenna is designed and
simulated using an electromagnetic simulator based on
the method of moment (MoM). For the validation the
antenna was fabricated on a double-sided substrate
material that was 0.79 mm thick with an area of 45 x
40 mm?. The simulation and measurement results show
that the antenna has good input-impedance bandwidths
of S;1 < —10 dB at the five operating frequencies of 3.5,
4.1, 5, 6.4, and 6.8 GHz and that extends in the range 2
to 7.5 GHz. The measurements were found to be in good
agreement with the simulation results for S1; and provide
a stable radiation pattern.

Index Terms — Defected ground structure (DGS),
microstrip line, multiband applications, printed slot
antenna.

I. INTRODUCTION

The rapid growth in wireless communications means
everything around us is being upgraded to wireless and
the need for planar printed antennas has increased in
recent years. The printed-slot antenna is one type of
printed antenna that has been investigated extensively
for several decades because of its attractive features,
light weight, low profile, compactness and because it
easy to integrate with other circuits. Its multiband
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characteristics make it the most suitable choice for
modern wireless-communication systems.

The interests of researchers in studying planar,
printed-slot antennas with a microstrip line can be seen
in the literature for dual-band applications [1-4]. The
design of a dual-frequency band using different stub
configurations has increased the whole area of the
antenna and controlled the frequency bands [5]. Many
researchers have been concerned about the design of
printed antennas in the area of tri-band [6-8] and quad-
band [9-11] applications. A defected ground structure
(DGS) is realized by etching the slots or defects on the
ground plane under the microstrip line. DGSs with broad
cell shapes have been studied with respect to designing
microwave circuits such as filters and antennas [12, 13].
In [9], a microstrip-fed right-angle slot antenna with
different lengths for quad-band applications with an end
offset feed is presented. In [10], a four-band microstrip
fed slot antenna is proposed based on the rectangular slot
in the ground plane and by adding T- and E-shaped stubs
to produce four frequency bands. In the work reported in
[11], a microstrip line with a right-angle-fed, rectangular,
wide-slot antenna is developed for quad-band applications.

In this paper the study of a planar-printed slot
antenna with a microstrip line feeder for multiband
applications is presented. The proposed antenna is
designed and fabricated based on a Taconic (TLT-9)
substrate of 45 mm x 40 mm. Five slots with a narrow
rectangular shape are etched on the ground plane as the
DGS cells. The centers of all the slots are filled with a
0.5-mm strip divided into two groups of slots: right and
left. The left group of slots is longer than the right group
by 0.5 mm, having a cut of two slots with a 1-mm width
around the strip to connect each group of slots together.
The proposed printed-slot antenna is simulated and
designed using an electromagnetic simulator program
based on MoM to visualize the simulation results,
which show the five bandwidths around the operating
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frequencies of 3.5, 4.1, 5, 6.4, and 6.8 GHz. By adjusting
the length of the left group of the DGS slots to be smaller
than the right group by 0.5 mm, another group of
operating frequencies with the bandwidths is created
with 3.6, 4.2, 5.2, 6.8, and 7.3 GHz. On the other hand,
by moving the strips between the two groups of slots far
from the central strip and the microstrip line the wide
bandwidth is obtained around the operating frequency
of 5.5 GHz with a 1.666-GHz bandwidth. The proposed
antenna design is based on DGS rectangular cells
(narrow slots) and a microstrip line, without the need for
other stubs [9, 10] or modifying the microstrip line
structure with an L shape [8, 11], and not based on large
aperture slots [10, 11]. The proposed antenna and the
antenna with the left group of slots smaller than the right
group by 0.5 mm are suitable for the long-term evolution
(LTE) band 42 (3.4-3.6 GHz), band 43 (3.6-3.8 GHz),
band 48 (3.55-3.7 GHz), while intelligent transportation
systems (ITSs) is the technology that can provide the
variety of service in the future and the C-band applications.

I1. ANTENNA DESIGN

The geometry of the proposed planar printed-slot
antenna is shown in Fig. 1. The slot antenna is printed on
adouble-sided Taconic (TLT-9) substrate with a dielectric
constant g = 2.55, a loss tangent tan (3) = 0.0018 and
substrate height h = 0.79 mm with a copper cladding of
thickness t = 0.035 mm on bhoth sides of the PCB. All the
antenna dimensions are designed on a total surface area
of 45 x 40 mm?. On the front side of the substrate, a
microstrip line feeder with 50 Q and fixed width (Wf =
2.2 mm) and feeding length (Lf = 31 mm) are designed.

The ground plane of the proposed antenna consists
of two groups of five straight slots extended horizontally
with different lengths. The two groups of slots are
separated by a 0.5 x 8.25 mm? strip with a right angle
for all the slots and fills the slot area parallel to the
microstrip line in a symmetrical position around the
origin of the x-axis. The left group of the slots are shifted
by 0.5 mm to the left due to the microstrip line view of
the antenna. On both sides around this strip, there is a cut
spaced with a slot width (S = 1 mm) and all the slots are
connected together for each group of slots.

The two groups of five slots are positioned around
the strip. The right and left designed groups of slots on
the ground plane are created with the following lengths
for the right group, Ls1r, Ls2r, Ls3r, Ls4r, and Ls5r, and
for the left group with lengths Ls1l, Ls2I, Ls3l, Ls4l, and
Ls5l, and a fixed width (S =1 mm) for all the slots. The
separation between the slots controls the impedance
bandwidth of the antenna, the separation between slots
is fixed with (S1 = S2 = S4 = 0.75 mm) and the only
different separation is (S3 = 1 mm) between Ls3 and Ls2
for both groups, left and right (as shown in Fig. 1 (b)),
and with the length (Lm = 0.75 mm) between the open
end of the microstrip line and the smallest slots (Ls1r and
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Ls1l) for adjusting the impedance (as shown in Fig. 1

(@)

i (b)

Fig. 1. Geometrical layout of the proposed planar printed
slot antenna: (a) top layer and (b) bottom layer.

All the parameters for the proposed antenna are
shown in Table 1.

Table 1: Dimensions of all the elements of the proposed
antenna

Para- | Size | Para- | Size | Para- | Size
meter | (mm) | meter | (mm) | meter | (mm)
Wg 45 Lslr 7.25 Lsil 7.75

Lg 40 Ls2r 9.75 Ls2l | 10.25
WF 2.2 Ls3r | 12.25 | Ls3l | 12.75
Lf 31 Ls4l | 1525 | Ls4r | 14.75
Lm 0.75 Ls5l | 17.75 | Ls5r | 17.25
S 1 Sl 0.75 S2 0.75
S3 1 S4 0.75 strip 0.5

In order to achieve multiband operation for the
printed-slot antenna, the slot length of each radiating
element must be around Ag/2 [14]. The slot antenna
length is referred to the guide wavelength Ag, which is
given by:



(o

= @)
where &e is the effective dielectric constant:
o~ (er+1) , @

2

The slots (Ls5r + Ls4r + S1) and (Ls5I + Ls4l + S1)
produce the bandwidth around the operating frequency
for 3.5 GHz, (Ls4r + Ls3r + S2) and (Ls4l + Ls3I + S2)
produce the bandwidth around the operating frequency
for 4.1 GHz, (Ls3r + Ls2r + S3) and (Ls3I + Ls2l + S3)
produce the bandwidth around the operating frequency
for 5 GHz, (Ls2l + Ls1l + S4) produce the operating
frequency for 6.4 GHz and finally (Ls2r + Lslr + S4)
produce the operating frequency for 6.8 GHz. All the
radiating elements are shaped like an unequal U-slot as
the DGS cell. The shortest slots are the active radiators
and the longest slots are to improve the impedance
matching for the first three operating frequencies (3.5,
4.1, and 5 GHz). Table 2 shows all the operating
frequencies with the radiating slot length.

Table 2: Radiating slot length for all the operating
frequencies
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leading to Ls5r = 0.46 Ag. Figure 4 shows S;; for all the
antenna configurations.

Table 3: Three antennas based on different lengths of left
slots for the proposed antenna (PA)

Antenna Left Slots (mm)
Name Lsil | Ls2l | Ls3l | Ls4l | Ls5l
PA 7.75 | 10.25 | 12.75 | 15.25 | 17.75
Antennal | 7.25 | 9.75 | 12.25 | 14.75 | 17.25
Antenna2 | 6.75 | 9.25 | 11.75 | 14.25 | 16.75
Antenna3 | 8.25 | 10.75 | 13.25 | 15.75 | 18.25

Freq./ Length of the Length of the
Ag(mm) Radiating Slot Radiating Slot
Right Group Left Group
3.5GHz/ | Lsbr+ Ls4r+S1= | Ls5l + Ls4l +S1=
59.04 | 32.75 mm=0.55Ag | 33.75mm = 0.57)g
4.1GHz/ | Ls4r+Ls3r+S2= | Ls4l+ Ls3l + S2=
50.4 27.75 mm = 0.55)g | 28.75 mm = 0.57Ag
5GHz/4 | Ls3r+ Ls2r+S3= | Ls3l+Ls2l+S3=
1.33 23 mm = 0.556\g 24 mm = 0.58)g
6.4GHz/ Ls2l + Lsll + S4 =
32.29 18.75 mm = 0.58)g
6.8GHz/ | Ls2r + Lslr+S4 =
30.39 | 17.75 mm = 0.58Ag

By changing the slot lengths of the left group of the
proposed antenna without changing the slot lengths of
the right group, shown in Table 3, a comparison is made
between the proposed antenna and other three different
antennas (antenna 1, antenna 2, and antenna 3) for the
simulated return loss shown in Fig. 4.

All the left group of slots in antenna 1 equal the right
one, and for antenna 2 all the left slots are shorter than
the same group in the proposed antenna by 1 mm and the
other five operating frequencies with their bandwidths
are obtained. For antenna 3 all the left slots are longer
than the same group in the proposed antenna by 0.5 mm,
and the other eight operating frequencies with their
bandwidths are created. By shifting the strips between
the slots in the proposed antenna on both sides of the
central strip, the wideband slot antenna is obtained with
an operating frequency at 5.5 GHz with a radiating
length Ls51 = 17.75 mm, with Ag = 37.57 mm leading to
Ls51 =0.47 Ag. Itis also calculated for Ls5r = 17.25 mm,

I11. RESULTS AND DISCUSSION

The proposed planar-printed slot antennas were
designed and simulated using the IE3D electromagnetic
simulator software based on the method of moments
(MoM). The simulated results, including the current
distribution, return losses, gains, efficiency, and radiation
patterns are numerically derived using the IE3D
commercial software. In the IE3D software the larger the
number of cells per wavelength, the better the accuracy
of the simulation. However, increasing the number of
cells increases the total simulation time and the memory
required for simulating the structure. In many simulations,
using 20 to 30 cells per wavelength should provide enough
accuracy. All the parameters that affect the antenna’s
performance were simulated based on the method of
moments. The simulated proposed antenna was printed
and fabricated on double-sided metallic layersona TLT-
9 substrate.

To verify the obtained results from the
electromagnetic simulator program, the structure is
fabricated using the laser-based PCB prototyping LPKF
protoLaser S4 and the fabricated antenna’s important
parameters are measured. To validate the predicted
performance of this proposed slot antenna, a prototype
antenna was then fabricated and measured. Figure 2
shows the photographs of the top and bottom sides of the
fabricated antenna.

@ (b)

Fig. 2. Fabricated prototype of the proposed planar
printed slot antenna: (a) top side and (b) bottom side.

Measurements on the fabricated antenna were carried
out using a Rohde & Schwarz ZVA67 Vector Network
Analyzer for measuring the return loss (Si1) and an
anechoic chamber for the radiation-pattern measurements.
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The detailed results are provided in the following for a
comparative study.

The current distributions of the proposed antenna for
the five resonant frequencies and the wideband antenna
for the resonant frequency of 5.5 GHz are shown in Fig.
3.

Figure 3 shows how the current distribution affects
the different parts of the proposed printed-slot antenna,
depending on the frequency level (max. E-current =
26.59 (A/m)). When it reaches 3.5 GHz, the current
distribution is concentrated in between the largest slots
(Ls5l, Ls4l) and (Ls5r, Ls4r) with a straight shape. At a
frequency of 6.4 GHz the current distribution concentrated
in between the slots (Ls2l, Ls1l), and when the frequency
reaches 6.8 GHz, the current distribution concentrated in
the smallest slots (Ls2r, Ls1r). By moving the horizontal
strips between the slots a wideband antenna is obtained
with a bandwidth around 5.5 GHz (max. E-current =
22.972 (A/m)).

Fig. 3. Current distribution of the proposed antenna and
the wideband antenna at the operating frequencies.

The return loss for all the antenna configurations is
shown in Fig. 4. The simulated and measured return loss
(S11) of the proposed designed antenna is depicted in Fig.
4 (a). The results show good agreement with each other
for all the operating bands in the range 2—7.5 GHz. The
measured impedance bandwidths achieved are 3.295-
3.542 GHz with a bandwidth of 0.247 GHz (7.23%),
3.893-4.156 GHz with bandwidth of 0.263 GHz (6.53%),
4.708-5.052 GHz with a bandwidth of 0.344 GHz
(7.05%), and two integrated bandwidths around 6.656
GHz with (S11= -15.2 dB) in the range of 5.789-6.656
GHz with a bandwidth of 0.867 GHz (13.93%), 6.656—
7.035 GHz with a bandwidth of 0.379 GHz (5.54%),
and the last two bands are considered as a wideband
of 5.789-7.035 GHz with a bandwidth of 1.246 GHz
(19.43%) for |S11| <—10 dB. A comparison of the S;; data
for all the operating frequencies is shown in Table 4.

The simulation results for the return loss of the
proposed antenna (45 mm x 40 mm) in comparison with
the large ground plane antenna (50 mm x 45 mm) and
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the wideband antenna that is obtained from the proposed
antenna by moving the strip between the slots are shown
in Fig. 4 (b). The simulated S; for antenna 1, antenna 3,
and the proposed antenna are plotted in Fig. 4 (c). Figure
4 (d) shows the simulated Si1 for antenna 2 and the
proposed antenna, and is shown in Fig. 4 (e) for the
proposed antenna that consists of two groups of five slots
plotted in comparison with two-, three-, and four-groups
of slots, right and left.

Table 4: Simulated and measured S-parameters for the
proposed slot antenna

Resonant Freq. S11 (dB) at Freqg. Range
(GH2) Resonant Freq. (GH2)
Sim. | Meas. | Sim. | Meas. | Sim. | Meas.

3.317- | 3.295-
3.5 3.456 | -21.72 | -21.17 3571 | 3542
3.933- | 3.893-
4.1 4.028 | -29.15 | -37.39 4193 | 4.156
4.851- | 4.708-
5 4,952 | -24.13 | -26.14 5008 | 5052
5.889- | 5.789-
6.4 6.516 | -33.74 | -36.02 6.6 6.656
6.6- | 6.656 -
6.8 6.884 | -29.48 | -45.17 6.996 | 7.035

As presented in Fig. 4 (a) and in Table 2, we can
conclude that we have a good agreement between the
simulation and measurement results. It is clear that in
Fig. 4 (b) the proposed antenna has a good return loss
performance in comparison to the other antenna by
changing the ground plane to 50 x 45 mm?, with no
impact on the operating frequency by increasing the
ground plane. On the other hand, by shifting the
horizontal strips between the slots and leaving 2.5 mm
for all four slots ((Ls1r, Ls2r, Ls3r, Ls4r, and Ls1l, Ls2I,
Ls3l, Ls4l), the right and left are the same and the largest
slot (Ls5r, and Ls51) with 5 mm remains from the
original configuration of the proposed antenna and the
wide bandwidth is obtained around the operating
frequency of 5.5 GHz with its band (4.796-6.462 GHz)
having a 1.666 GHz bandwidth (29.6%).

Figure 4 (c) shows the comparison for the three
antenna configurations between antenna 1, proposed
antenna, and antenna 3. For antenna 1 and the proposed
antenna we see the effect of increasing the left group of
slots more than the right group by 0.5 mm and good
impedance matching is verified for all the operating
frequencies. For antenna 3 by increasing the left slots
more than the proposed antenna by 0.5 mm eight
operating frequencies are created (3.3, 3.5, 3.9, 4.1, 4.7,
5, 6.1, and 6.8 GHz) and its S11 at -14.6, -21, -18.9, -17,
-12, -12.1, -24.8, and -26.5 dB, respectively, and the
radiating slots are 34.75, 32.75, 29.75, 27.75, 25, 23,
19.75, and 17.75 mm.
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Fig. 4. Return loss of different antenna configurations.

The most useful comparison is shown in Fig. 4 (d),
which shows that the proposed antenna with five
operating frequencies at 3.5, 4.1, 5, 6.4, and 6.8 GHz and
antenna 2 operates at frequencies 3.6, 4.2, 5.2, 6.8, and

7.3 GHz with its Sy; at -19.8, -19.38, -19.95, -28.9, and
-27.35 dB, respectively.

Figure 4 (e) shows the sequence of the proposed
design for two groups of two-, three-, and four-slots for
right and left in comparison with the proposed antenna.

The simulated peak gains of the proposed planar
printed-slot antenna fed by a microstrip line are plotted
in Fig. 5. The simulated results of the gain show the
values 4.316, 4.334, 4.42, and 5.529 dBi at 3.5, 4.1, 5,
and 6.4 GHz, respectively. For a higher frequency of
6.8 GHz (over the bandwidth) the gain was found to have
a value of 5.38 dBi.

1
Max. Total Field Gain (dBi) — =
8 (dBI) cazs53  ©55.38
G2=4. 324 G3=4.42 4 5

6 r ¢ 6

4 G1=4. 316,,.‘ .

2 \/ \VA}

0 o

-2 2
a4

6

-8

Frequency (GHz)

2 25 3 35 4 45 5 55 6 65 7 7.5
Fig. 5. Simulated gains of the proposed antenna.

The simulated efficiency versus frequency of the
proposed planar printed slot antenna is plotted in Fig. 6.
The simulated antenna efficiency at the operating
frequencies is given by 94.8% at 3.5 GHz, 86.74% at
4.1 GHz, 84.92% at 5 GHz, 91.9% at 6.4 GHz, and
finally 90.08% at 6.8 GHz.

100 o1=04.8 o Te e3m0a92 e4 5107 5 e5=00.09
90 %
80
Antenna Efficiencyf(%)]
70 Yi(%) .
60| 0
50| 0
40 o
30 o
20 20
10 Frequency (GHz) °
D o
6 6.5 7 7.5

Fig. 6. Simulated efficiency of the proposed antenna.

The maximum directivity measured with the
radiation-pattern measurements and the values at the
operating frequency in the E-plane (DE) and H-plane
(DH) is given in Table 5.

For making a rough estimation about the measured
gain, the simulated efficiency is used to calculate the
gain based on the measured directivity that is obtained
from the radiation-pattern measurements, and it is shown
in Table 5.

The radiation-pattern measurements are obtained
by using a HP 8650B sweep oscillator (2-26.5 GHz) as
a signal generator connected with a standard horn
antenna at the corresponding operating frequencies. The
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proposed antenna is held on a rotary for covering all the
angles of the pattern and the whole system is built inside
three covered walls with microwave absorbers. The
antenna is connected with a homemade, high-frequency
detector and a lock-in amplifier [15], which is interfaced
to a personal computer. Therefore, the data can be stored.
The simulated and measured far-field radiation patterns
(Etor) for the five resonant frequencies (3.5, 4.1, 5, 6.4,
and 6.8 GHz) are shown in Fig. 7.

Table 5: The measured directivity (DE, DH) and gain
Freg. (GHz) 3.5 4.1 5 6.4 6.8

DE (dBi) 38 | 462 | 531 | 6.13 | 5.8
DH (dBi) 38 | 568 | 6.63 | 6.23 | 6.13
D (dBi) 38 |5.182] 6.02 | 6.18 | 5.97

Gain (dBi) | 3.6 |4.495| 511 | 5.68 | 5.379

The radiation patterns of the proposed antenna are
measured in the anechoic chamber for a verification
of the simulated radiation patterns in the E-plane (Y-Z
plane) and the H-plane (X-Z plane). It is clear that the
radiation patterns in the E-plane for all frequencies under
test have a bidirectional pattern; however, the radiation
patterns for the H-plane are found to be approximately
omnidirectional.
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90 49
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- - - Weasured
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240

2m 150 240 300
80
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0
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= == = Measurad

300
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240

180 270
5GHz @Phi=0 5 GHz @theta=0
0 U
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120
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300

o0

120

210 150 240 300
180 270

(@) E-plane at 3.5, 4.1, 5, (b) H-plane at 3.5, 4.1, 5,
6.4, and 6.8 GHz 6.4, and 6.8 GHz.

Fig. 7. Simulated and measured radiation patterns of the
proposed multiband printed slot antenna.

1V. CONCLUSION

A novel planar-printed slot antenna with slot defects
on the ground plane that operates at five bands has been
successfully designed and simulated using the IE3D
electromagnetic simulator and fabricated using LPKF
technology based on a TLT-9 substrate to validate the
simulation results. The measured results show good
agreement with the simulation results for the return loss
and provide a stable radiation pattern for the operating
frequencies. The proposed antenna is designed and
fabricated on a double-sided PCB, and the obtained
results show that the printed-slot antenna can operate
effectively at five frequencies with a useful radiation
pattern. The impedance bandwidth contains three
narrowbands around the operating frequencies (3.5 GHz
with (7.23%), 4.1 GHz with (6.53%), and at 5 GHz with
(7.05%)) and for the other two integrated in wideband
and divided around (6.4 GHz with (13.93%), and 6.8
GHz with (5.54%). The gain varied from 4.316 to 5.529
dBi at the operating frequencies. The design process
aimed at the best return losses and fine quality radiation
characteristics over all the penta-bands. This makes the
antenna design suitable for multiband applications.
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