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A Low-Profile Wideband Circularly Polarized Metasurface Antenna Based on
Characteristic Mode Theory

Shuangbing Liu1,2, Lixia Yang2, and Xianliang Wu2

1School of Electronic Engineering
Chaohu University, Hefei 238024, China

2School of Electronic Information Engineering
Anhui University, Hefei 230601, China

liushb@chu.edu.cn, lixiayang@yeah.net, xlwu@ahu.edu.cn

Abstract – A novel low-profile wideband circularly
polarized metasurface (MTS) antenna is proposed. The
characteristic mode analysis is used to investigate the
operating mechanism of the MTS antenna. Then, the
desired modes are chosen and excited by the annular ring
slot combined with an L-shaped microstrip line. Sim-
ulation studies revealed that this type of feeding struc-
ture effectively excites the desired modes to accomplish
wideband circular polarization and high-gain radiation.
Experimental results show that the antenna has both
the wide impedance bandwidth (IBW) and axial ratio
bandwidth (ARBW), with a maximum radiation gain of
9.3 dBi and a −10 dB relative IBW and 3 dB relative
ARBW of 39.8% and 30%, respectively.

Index Terms – characteristic mode analysis, circularly
polarized slot antenna, metasurface, low-profile, wide-
band.

I. INTRODUCTION

Due to its advantages of generating and receiving at
arbitrary polarization angles and anti-multipath interfer-
ence, circularly polarized antennas are employed in wire-
less systems. Printed antennas are receiving considerable
attention because of their compact size, low profile, sim-
ple design, uncomplicated design and fabrication, and
low production cost [1]. However, these types of anten-
nae suffer from narrow impedance bandwidth (IBW) and
axial ratio bandwidth (ARBW). For example, Li et al.
proposed a microstrip-fed slot antenna that stimulates
circularly polarized radiation by loading capacitive or
inductive loads in the annular slot, with 3 dB ARBWs
of 5.5 percent and 6.7 %, respectively and radiation gain
of 3 dBic [2]. The U-slot carved on the metal patch in
the annular slot was used to obtain circular polarization
in the annular-slot antenna [3]. The ARBW was 5.15%
and the peak gain was 7.6 dBic. For L-shaped microstrip,
a series feed approach was considered. Row developed
a circularly polarized square ring slot antenna that was

fed in series by an L-shaped microstrip and has shown
a 3 dB ARBW of roughly 6% and a maximum radia-
tion gain of 3.3 dBic [4]. A circularly polarized antenna
with an ARBW of 8.9% and a maximum radiation gain
of 6.5 dBic has been proposed in [5], which was fed by
an annular ring slot with an L-shaped microstrip line.

Recently, metasurface (MTS) has been widely used
in high-performance antennas, polarization modulation,
and other applications. MTSs act as a reflector [6],
polarization converters [7], or radiators [8–12]. The 3dB
ARBW of the antenna increased to 23.4%, and the radia-
tion gain of 7.0-7.6 dBic has been reported [8]. Cao et al.
have developed a circularly polarized MTS antenna that
was fed by an L-shaped slot and showed a 23.6% ARBW
and a 7.3-8.1 dBic radiation gain [9]. Liu et al. reported
a square array MTS antenna with four crossed slots for
feeding [10]. The antenna showed a 14.5% ARBW and
a 7 dBic radiation gain. In these antennas the MTS cov-
ers the dielectric layer of the feeding slot, resulting in a
low profile and wide circularly polarized bandwidth, but
insufficient radiation gain. An air layer [13] or a foam
substrate [14] has been added between the MTS and the
feeding structure of some antennas to improve the radi-
ation gain. But this strategy has increased the antenna’s
profile as well as structural complexity.

II. STRUCTURE OF THE PROPOSED
ANTENNA

The antenna structure and geometrical dimensions
are shown in Fig. 1 and Table 1. The designed antenna
consists of two layers of dielectric substrates. The rela-
tive dielectric constant of the upper layer is 3.5, with a
thickness of h2 = 2 mm. The MTS is formed by printing
5 × 5 square metal patch arrays on its upper surface, as
shown in Fig. 1 (a). Each metal patch has dimensions of
p × p. The edge-to-edge width of the patches is g. The
lower substrate has a relative dielectric constant of 4.4,
with a thickness of h1 = 0.8 mm, whose upper surface
is a metal ground contact etched with an annular slot as
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shown in Fig. 1 (b). The inner radius r1 and outer radius
r2 of the annular ring slot are initially calculated by:

f ≈ c
π(r1 + r2)

√εe f f
, (1)

where f is the designed center operating frequency, c is
the speed of light in free space and εe f f is the effective
relative permittivity considering the presence of differ-
ent dielectric media on the two sides of the ring slot.
A 50 Ω L-shaped microstrip feedline (width w1) with
a quarter-wavelength impedance transformer is designed
on the bottom surface of the lower substrate as shown
in Fig. 1 (c). The impedance transformer is a microstrip-
line section of length l2 and width w2, which transforms
the impedance seen at the outer slot boundary to the 50 Ω
microstrip feedline.

To accomplish the low-profile characteristic, the
ground contact is directly made with the two layers of
dielectric substrates from the side as shown in Fig. 1 (d).
Through the annular slot, the L-shaped microstrip feeder
is couple-fed to the MTS in both x and y directions, with
a phase difference of 90◦ between the two positions to
produce circularly polarized radiation.

Fig. 1. Schematic diagram of the antenna structure. (a)
MTS of 5 × 5 square patch arrays. (b) Ground contact
with the annular slot. (c) L-shaped microstrip feed struc-
ture. (d) Side view of the antenna.

Table 1: Relevant parameters of wideband circularly
polarized MTS antenna
Parameters a g p r1 r2 l1
Unit (mm) 50 0.5 7.3 3.3 5.3 12.9
Parameters l2 l3 l4 w1 w2
Unit (mm) 6.8 6.05 9.29 1.5 0.5

III. WORKING MECHANISM OF
CIRCULAR POLARIZATION

A. Characteristic mode analysis of the MTS

In recent years, characteristic mode analysis has
been widely used in antenna design [16–19], which
provides insight into the physical understanding of the
antenna. The resonant frequency and potential contribu-
tion to the radiation of a mode are measured by the modal
significance:

MS =

∣∣∣∣ 1
1+ jλn

∣∣∣∣ , (2)

where λn are the eigenvalues. The range of MS is 0 to 1.
If MS≥ 0.707, the associated modes are significant. Oth-
erwise, the associated modes are non-significant. When
MS = 1, the mode resonates and radiates the most effi-
ciently.

The modal properties of the MTS are explored to
understand the functioning mechanism of circular polar-
ization. The MTS with an infinite substrate and ground
plate is simulated based on characteristic mode analy-
sis. The MS of the four significant characteristic modes
of the MTS is shown in Fig. 2. As can be seen, J1 and
J2 are a pair of modes resonating at the same frequency
of 7.2 GHz with the same MS. J3 and J4 exhibited the
same resonant frequency, as well as a similar trend with
frequency.

Fig. 2. MS of the four significant modes of the MTS.

Figure 3 shows the mode currents for the four modes
at 7.2 GHz, with black arrows indicating the current
direction. J1 is in phase over the entire MTS and polar-
ized in the y-direction. J2 is identical to J1, yet the polar-
ization direction was rotated by 90◦ over the MTS plane.
As a result of the symmetry of the MTS, J1 and J2
are a pair of orthogonal modes. As all of the currents
are in phase, they both generate broadside radiation pat-
terns, as shown in Figs. 4 (a) and (b). J3 and J4 were
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self-symmetric in both the x and y directions. Due to the
out-of-phase of the currents, a radiation null appears in
the boresight, as shown in Figs. 4 (c) and (d). The modal
radiation patterns are consistent with the results of modal
current distributions. It can be concluded that J1 and
J2 are the ideal unidirectional radiation modes, exciting
either of which will form a linearly polarized antenna.
Due to the orthogonality of the two modes themselves,
the circularly polarized antenna will be formed in the

Fig. 3. Current distributions of the four characteristic
modes at 7.2 GHz.

Fig. 4. Radiation patterns of the four characteristic
modes at 7.2 GHz.

scenario of simultaneous excitation of the two modes
with a phase difference of 90◦.

To acquire a circularly polarized broadside radiation
pattern, the appropriate modes should be excited. There-
fore, J1 and J2 are selected to generate the desired radia-
tion pattern, while J3 and J4 are the unwanted modes.

B. Antenna feed network

The feeding structure is critical to exciting the
desired mode. As shown in Fig. 3, it is easy to find that
the maximum current distribution of J1 and J2 is at the
center of the MTS, where the modes can be excited effi-
ciently. But, the minimum current distribution of J3 and
J4 is at the center of the MTS. The feeding structure
should be positioned directly beneath the MTS’s cen-
ter patch. Furthermore, it is clear from Fig. 3 that the
current densities of J1 and J2 on the middle patch are
mostly dispersed near the patch’s edge. Hence, the mag-
netic current coupled by feeding the annular-ring slot
should be located where the maximum magnetic field of
the desired mode J1 and J2 presents for maximum effi-
cient coupling. In this way, the desired modes J1 and
J2 can be most effectively excited by the feeding slot
while the unwanted mode J3 and J4 will be suppressed.
To obtain circularly polarized radiation, the feeding net-
work has to excite both J1 and J2 at the same time and
establish a 90◦ phase difference. Therefore, a single-feed
network combining an annular-ring slot and an L-shaped
microstrip line is adopted to excite the antenna, as shown
in Figs. 1 (b) and (c).

Following this, simulations are performed on sur-
face current distributions on the MTS at various phase
excitations to explore the feed network’s operating
mechanism in greater depth. Figure 5 shows the sur-
face current distributions on the MTS at two minimum
frequencies of the antenna axial ratio (5.4 GHz and
6.7 GHz). The surface current is found to flow in the -
x direction at 5.4 GHz with a phase angle of 0◦ and in
the +y direction at a phase angle of 90◦, as shown in
Fig. 5 (a). As shown in Fig. 5 (b), the surface current
is found to flow mainly in the +x direction at a frequency
of 6.7 GHz and a phase angle of 0◦, and in the –y direc-
tion at a phase angle of 90◦. The results indicate that
at each minimum of axial ratio, two orthogonal modes
with a phase difference of 90◦ were excited, resulting in
the acquisition of left-hand circularly polarized (LHCP)
radiation in the broadside direction. Surprisingly, the dis-
tribution of surface currents flowing down the x-axis on
the MTS’s center patch is almost equal to that of J2’s
characteristic mode current or is in an anti-phase state.
Similarly, the distribution of surface currents flowing
along the y-direction is nearly identical to that of the
characteristic mode current or is in its anti-phase state.
Maximum currents are predominantly centered on a few
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patches at the center of the MTS at 5.4 GHz, but they
are essentially spread over all patches over the MTS
at 6.7 GHz, which may be found in the comparison of
Figs. 5 (a) and (b). In other words, the axial ratio min-
imum at 5.4 GHz mainly resulted from the annular slot
of the L-shaped microstrip feed, while that at 6.7 GHz is
mainly attributed to the MTS.

Fig. 5. Surface current distribution on the MTS at differ-
ent excitation phases.

IV. PARAMETRIC STUDY

The parametric study is conducted to investigate the
effects of key MTS parameters on the impedance band-
width and ARBW of the broadband circularly polarized
MTS antenna. The key parameters include the length of
the square patch and the number of cells.

A. Effect of the length of the square patch (p)

Figure 6 shows the S11 and AR values of the circu-
larly polarized MTS antenna for different lengths of the
square patch. As shown in Fig. 6 (a), the variation in the
length of the square patch has little effect on the reflec-
tion coefficient of the antenna. As the length increases,
the impedance matching at the high frequencies deterio-
rates. It may be caused by the decrease of the resonant
frequency of the characteristic modes J1 and J2 due to
the increase of the length p. As shown in Fig. 6 (b), all
lengths of the square patch yield two minimum points in
their AR profiles. The frequencies of the two AR min-
imum points decrease with the increase of the length.

AR is greater than 3 dB between 5.6–6.1 GHz for p =
8.1 mm. The optimal ARBW is obtained for p = 7.8 mm.

(a) 

(b) 
Fig. 6. Simulated (a) S11 and (b) AR values for different
lengths of square patch.

B. Effect of the number of the cells

The S11 and AR values of the proposed MTS
antenna are calculated for different cells of the MTS,
including 3 × 3, 4 × 4, 5 × 5, and 6 × 6 cells, and are
presented in Fig. 7. As shown in Fig. 7 (a), all configura-
tions of the MTS antenna yield more than two resonant
frequencies in their S11 profiles. Besides that, the number
of MTS array elements has little influence on the IBW of
the antenna, and the relative IBW of the antenna can be
more than 30%. As shown in Fig. 7 (b), all configurations
of the proposed antenna yield several minimum points in
their AR profiles. One minimum point for 3 × 3 cells,
two minimum points for 4 × 4 cells, and three minimum
points for 6× 6 cells. However, the 5× 5 cell configura-
tion yields an optimized result in terms of broad ARBW.
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Fig. 7. Simulated (a) S11 and (b) AR values for different
numbers of unit cells.

V. FABRICATION AND MEASUREMENT

The antenna is fabricated and measurements are
performed to show the design effectiveness of the low
profile wideband circularly polarized antenna. Figure 8
depicts the antenna’s physical maps, with the front view
on the left and the back view on the right. Agilent
E5071C vector network analyzer is used to test the
reflection coefficients of the antenna, and the results
show −10 dB relative IBW of the antenna is 39.8%
(4.82-7.22 GHz) as shown in Fig. 9. The test findings dif-
fer slightly from the simulation results, but they show a
similar frequency variation trend. Furthermore, the oper-
ational bandwidths are essentially the same.

The antenna attains a 3 dB ARBW of 30% (5.1-
6.9 GHz), which is slightly broader than the simulated
results, as shown in Fig. 10. At 5.4 GHz and 6.7 GHz,
the antenna axial ratios are 0.15 dB and 0.65 dB, respec-
tively, indicating that circular polarization performed
well. In the circularly polarized bandwidth, the gain

Fig. 8. Antenna physical map.

Fig. 9. Reflection coefficient of the antenna.

Fig. 10. Axial ratio and gain of the antenna.
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in the boresight radiation direction of the antenna is
higher than 6.3 dBic, and the peak gain reaches 9.3 dBic
at 6.65 GHz, which means that the gain in the circu-
larly polarized bandwidth is fluctuating within the range
of 3 dB. As shown in Fig. 11, the simulated and the
measured radiation efficiency are both higher than 88%
throughout the 3 dB ARBW.

Fig. 11. Simulated and measured radiation efficiency.

Figure 12 shows the designed antenna’s normal-
ized far-field radiation pattern diagram, with (a) and
(b) representing the radiation directly on the xoz and
yoz planes at 5.4 GHz. Figures 12 (c) and (d) repre-
sent the radiation directly on the xoz and yoz planes
at 6.7 GHz. The measured and predicted far-field radi-
ation directional diagrams are almost identical, imply-
ing that the antenna produces steady and symmetric uni-
directional axial radiation with clear LHCP radiation
at both frequencies. The radiation gain is 7.0 dBic at
5.4 GHz, with a front-to-back ratio of 21.2 dB and a half-
power beamwidth of 68◦. The radiation gain is 9.3 dBic
6.7 GHz, with a front-to-back ratio of 24.8 dB and a half-
power beamwidth of 46◦. Additionally, the good symme-
try in the radiation directional diagram suggests that the
designed feed structure can effectively excite the J1 and
J2 eigenmodes of the MTS in the characteristic mode
analysis.

Performance comparisons between the designed
antenna and the circularly polarized MTS antenna
obtained from the literature are shown in Table 2. The
developed antenna is found to have the widest 3 dB
ARBW and higher radiation gain while preserving low-
profile features. Overall, an antenna has been designed to
have a low-profile, high gain, and wide bandwidth per-
formance.

xoz

yoz

xoz

yoz

Fig. 12. Normalized far-field radiation pattern diagram
of the designed antenna.
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Table 2: Performance comparisons between the designed antenna and the antenna in the literature
Ref Size (λ 3) Frequency

(GHz)

S11 AR Pink Gain

(dBic)

[8] 0.58*0.58*0.0056 5.5 45.6% 23.4% 7.6
[9] 0.93*0.93*0.054 6.35 55.4% 23.6% 8.1

[10] 0.93*0.93*0.024 1.51 17.0% 14.5% 9.0
[11] 1.4*1.4*0.072 5.6 38.8% 14.3% 9.4
[12] 1.0*1.0*0.07 5.5 28.2% 20.9% 9.7

Proposed 1.0*1.0*0.056 6.0 39.8% 30.0% 9.3

VI. CONCLUSION

A wideband circularly polarized MTS antenna is
proposed. The characteristic mode analysis is utilized to
design the presented antenna. For the creation of cir-
cularly polarized radiation, a feed network consisting
of an L-shaped microstrip and an annular slot etched
on the ground contact is used to simultaneously excite
the desired orthogonal modes and produce a phase dif-
ference of 90◦. The experimental results and simula-
tions show that the antenna has a low profile, high gain,
and wide bandwidth, which is promising for modern
wireless communication applications, such as satellites
and radar, where high gain and wide bandwidth are
crucial.
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Abstract – In this paper, a narrowband and compact
antenna resonating at 6.1 GHz with a peak realized gain
of 3.3 dBi is proposed to monitor the glucose concentra-
tion in the blood without taking invasive blood samples.
The proposed antenna is fabricated using a low-cost FR-
4 substrate with compact dimensions of 30 mm× 30 mm
× 1.6 mm. The impedance bandwidth of this antenna
ranges from 5.2 to 7.1 GHz. For measuring blood glu-
cose levels, a human finger phantom model with dimen-
sions of 15 mm × 12 mm × 10 mm is constructed
using the EM simulation (HFSS) environment. The fin-
ger phantom consists of different layers such as skin, fat,
muscle, blood, and bone modeled at 6.1 GHz using var-
ious dielectric materials for various glucose concentra-
tions. The finger phantom model is placed at different
locations around the antenna to measure the frequency
shift for monitoring glucose concentration in blood sam-
ples. The proposed finger phantom model is validated
by conducting an experimental study by placing a real
human finger around the fabricated antenna and measur-
ing the frequency shift. This study shows a very good
agreement with the results obtained by the simulated
phantom model. The advantages and outperformance of
the proposed sensor are highlighted in terms of the sensi-
tivity obtained and compared with other techniques given
in the literature.

Index Terms – glucose levels, directional antenna, non-
invasive, narrow band antenna.

I. INTRODUCTION

In most cases, diabetes is caused by very high levels
of glucose in the blood over a prolonged period, which
is the primary feature of diabetes [1–2]. According to the
World Health Organization (WHO) and the International
Diabetes Federation (IDF), there are 463 million indi-
viduals worldwide who have diabetes, with more than
60 percent of the population living in the “risk zone.” It
is recommended that this identification be performed at
frequent intervals to improve the accuracy of the results.
The detection of diabetics may be accomplished with
the use of finger prick tests and glucose meters [3–4],

although this approach is considered intrusive. It is occa-
sionally necessary to sandwich the liquid under investi-
gation between two microstrip resonators. On the other
hand, invasive procedures hurt the patient because blood
samples must be taken often.

As reported in [5], a band-stop filter with a defective
ground structure (DGS) was employed to monitor glu-
cose levels intravenously. Furthermore, the sensitivity to
changes in glucose levels in blood samples as well as the
depth of penetration is lower than previously reported.
However, when it comes to testing blood sugar levels,
various options are discussed [6–12]. Furthermore, sev-
eral innovative microwave sensors were presented by
Lukas in [13], and another pressure sensor was pro-
posed by Satish in [14]. A technique for determining
glucose levels was developed by Deshmukh, and Ghon-
gade, who used a ring resonator to calculate the dielec-
tric properties and estimate the glucose levels [15]. The
authors of [16] addressed the measurement of glucose
in the presence of animal tissues by utilizing mm-wave
methods in the presence of animal tissues. In addition, in
[17–23], numerous innovative approaches for more accu-
rately calculating glucose concentration in blood sam-
ples were reported.

Microwave filters or antennas are employed for
monitoring glucose levels in the blood [24–25]. This
is a non-invasive technology that has been developed.
Their great sensitivity to minor fluctuations in glucose
levels, as well as their simplicity of deployment, make
antenna systems the most common of all non-invasive
glucose monitoring technologies. [26–28]. Furthermore,
since they do not ionize, they penetrate deeply, are resis-
tant to noise, temperature, and other disturbances, and
are widely used in the medical area as well as other
fields. The authors of [26] developed an artificial hand
with a finger phantom and used it to compute glu-
cose concentrations in blood samples by simulating S-
parameters and evaluating the dependence of frequency
shift on dielectric parameters. The antenna that has been
created functions at frequencies ranging from 1 to 6
GHz. However, because of the omnidirectional radiation
pattern produced by this antenna, it is not recommended
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for practical use. Ref [27] describes the construction of
a patch antenna that can operate at 2.4 and 5.8 GHz
and is filled with deionized water and glucose for use in
medical applications. The antenna match was altered in
response to changes in glucose levels. Ref. [28] describes
the development of phantom-loaded patch components
for use in an antenna operating at a frequency of 4.75
GHz. A range of liquid phantoms, including pig blood
and physiological solutions, were evaluated, with glu-
cose levels ranging from 150 mg/dL to 550 mg/dL in
the samples analyzed. The solution induced a linear
change in frequency of 5 MHz, which was observed.
Even though the temperature and volume of the test
samples varied, there was no link between the read-
ings. Meta-materials can also be utilized to detect glu-
cose, as described in [29]. Recent review papers explain
in detail the current state of research on glucose level
monitoring sensors and the need to build more sensitive
sensors [30–38].

To monitor glucose levels, a microstrip antenna is
used as a microwave sensor operating at 6.1 GHz. Fur-
thermore, a human finger phantom is designed with a
length of 15 mm, a height of 10 mm, and a width of 12
mm, with layers of skin, fat, muscle, blood, and bone.
However, the key innovation of this study is that the pro-
posed antenna produces a significant frequency change
when a finger phantom is placed on it to measure glu-
cose levels.

The remainder of the paper’s structure is as follows:
In Section 2, the microstrip antenna structure, design
method, and parametric study are described. Section 3
presents results and discussion, including the modeling
of a finger phantom and an associated study on frequency
shifts for different positions of the finger phantom and
varying glucose levels. In Section 4, the paper is con-
cluded.

II. ANTENNA STRUCTURE

The proposed antenna is designed and optimized
using the ANSOFT HFSS electromagnetic simulator.
Figure 1 illustrates the evolution of the antenna design
until we reach the final proposed antenna (Antenna
3). As is customary in antenna design, Antenna 1 is
designed by doing an initial theoretical calculation
to determine the dimensions of the initial antenna,
as seen in Fig. 1. The first antenna has a half-elliptic
shaped and is fed by a 50-ohm feedline with a partial
ground plane on the substrate’s back side. The current
distribution of antenna 1 is depicted in Fig. 2, where
the current distribution is minimal in the patch’s central
half. As a result, this portion can be removed, and then a
rectangular and half-elliptic slot is etched in the middle,
as shown in Fig. 1 (b) and Fig. 1 (c). This rectangular
and half-elliptic slot is responsible for shifting the

resonant frequency, as explained below. In the next step,
to obtain one resonant frequency, a rectangular cut-out
in the upper center of the ground is constructed for all
designs, as illustrated in Fig. 1 (d). From the reflection
coefficient values plotted for all the three antennas
given in Fig. 3, it is observed that antenna 3 gives
the desired resonant band from 5.2 to 7.1 GHz with a
resonant frequency of 6.1 GHz, which is the required
frequency for glucose monitoring in blood samples.
Hence, antenna 3 is considered the proposed antenna to
meet the target application (glucose monitoring).

Fig. 1. Evolution of the proposed antenna. (a-c) Top
views of Antennas 1, 2, and 3. (d) Bottom view.

Fig. 2. Current distribution of Antenna 1 at 6 GHz.
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Fig. 3. Simulated reflection coefficient of Antenna 1,
Antenna 2, and Antenna 3.

A. Design procedure of the proposed antenna

Figure 4 depicts the schematic view of the proposed
antenna. The antenna is made from an FR4 substrate
with a relative permittivity of 4.4, a thickness of 1.6 mm,
and a loss tangent of 0.02. To achieve a 50-Ohm input
impedance match, a rectangular and trapezoidal-shaped
feed is employed to feed the antenna. The antenna con-
sists of a rectangular ground plane with a rectangular cut-
out in the top center of the ground, as seen in Fig. 4 (b),
and a half-ellipse with a major radius W2 and minor
radius L1, as shown in Fig. 4 (a).

The antenna is a planar patch antenna with a U-
shaped patch. The optimized element dimensions are
listed in Table 1, and the antenna is optimized to oper-
ate at 6.1 GHz. The U-shaped design has a critical
role to play in achieving desired radiation properties
with enhanced gain, which is the primary characteris-
tic required for estimating the glucose level. The half-
elliptic slot is etched away from the radiating area, and
this is used for shifting the band characteristics for mon-
itoring glucose levels.

Fig. 4. (Continued).

Fig. 4. Geometry of proposed antenna, (a) Top view. (b)
Back view.

B. Parametric study

Figure 5 depicts the finalized antenna structure’s
surface current distributions. At 6.1 GHz, it is seen
that a significant number of current flows through the
patch, indicating that this antenna is a good radiator at
the selected frequency. A parametric study on various
dimensions of the antenna is performed to characterize
the antenna’s radiating behavior.

Fig. 5. Current distribution of proposed antenna at 6.1
GHz.

The parametric analysis is performed concerning the
parameters W2, W5, and L2 of half-elliptic slots, as
shown in Figs. 6, 7 and 8 respectively. From Fig. 6, it
is observed that better reflection coefficient values are
obtained for W2 = 18 mm. Similarly, from Fig. 7, it is
observed that W5 = 2.4 mm yields good reflection coef-
ficient values. Similarly, from Fig. 8, it is observed that
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good reflection coefficient values in the desired band are
obtained for L2 = 8.5 mm. The final results of the optimal
parameters are listed in Table 1.

Fig. 6. Parametric analysis w.r.t. W2.

Fig. 7. Parametric analysis w.r.t. W5.

Table 1: Dimensions of the Proposed Antenna
Parameters Dimension (mm)

L 30
W 30
Lg 11
Wg 30
W1 23.24
W2 18
W3 3.12
W4 3
W5 2.4
W6 3
W7 17
W8 6
L1 11.88
L2 8.5
L3 12
L4 3.12
L5 15
L6 4

Fig. 8. Parametric analysis w.r.t. L2.

III. RESULTS AND DISCUSSION

The proposed antenna is manufactured and tested
to evaluate the performance of the optimized antenna.
The prototype of the fabricated antenna is given in
Fig. 9. The reflection coefficient and radiation patterns
of the proposed antenna are measured using the Vector

Fig. 9. Fabricated Prototype of the proposed antenna (a)
Top view. (b) Bottom view.
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Fig. 10. Simulated and measured S11 parameters of the
proposed antenna.

Network Analyzer (VNA) N5225A. Figure 10 shows the
simulated and measured S-parameters of the proposed
antenna, showing the antenna resonating at 6.1 GHz. The
simulated results are found to be in good agreement with
the measured results. The slight variation between the
results is due to the fabrication tolerances at the feed
location.

Figure 11 illustrates the simulated and measured E-
plane and H-plane radiation patterns at 6.1 GHz, respec-
tively. From the resulting radiation patterns, it can be
observed that the antenna is oriented towards 90 degrees
on the E-plane, as shown in Fig. 11 (a), and that the radi-
ation is almost omnidirectional on the H-plane, as shown
in Fig. 11 (b). The three-dimensional radiation pattern
created by the antenna is seen in Fig. 12. The antenna
has strong directional qualities at 6.1 GHz with a real-
ized gain of 3.3 dBi, which is good enough to attribute to
employing this antenna for monitoring the concentration
of glucose in the finger phantoms.

A. Modeling of finger phantom & evaluation of glu-
cose concentration

In particular, the current research effort is focused
on the development of an antenna that is capable of mon-
itoring glucose concentration fluctuations in blood from
the fingertips. To do this, a finger phantom model is cre-
ated in an HFSS environment to mimic the real human
finger as given in Fig. 13. For the simulation of various
layers of the finger such as skin, fat, muscle, blood, and
bone, dielectric materials with variable dielectric con-
stants and conductivities are utilized. The central layer
to consider is the finger’s bone region, which is seen in
white color in Fig. 13. The blood in the finger is shown as
a red color next to the bone. The muscle is next to blood
and is represented by a yellow color. Following muscle
is the fat layer, which is represented by a pink color, and
the last layer is the skin, which is represented by a light
yellow color. The thicknesses of the different layers of
the finger phantom are shown in Fig. 13 as well as their
dielectric constants, which are listed in Table 2 [31–38].

Fig. 11. Simulated and measured radiation patterns on
(a) E-plane and (b) H-plane. At 6.1 GHz.

Fig. 12. 3D radiation pattern at 6.1 GHz with maximum
realized gain 3.3 dBi.
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Fig. 13. Finger phantom model. (a) Top view. (b) Isomet-
ric view.

Table 2: Dielectric constant, conductivity, loss tangent,
and thickness of Finger Phantom at 6.1 GHz

Phantom
Parameters

εr σ (S/m) Loss
Tangent

Skin 34.9 3.9 0.3336
Fat 4.9 0.3 0.1871

Muscle 48.1 0.3 0.3263
Blood 52 6.9 0.3933
Bone 9.54 1.2 0.3788

As shown in Fig. 14, the resonant frequencies and
reflection coefficients of the phantom placed at the top
of the radiation element are simulated for various thick-
nesses of muscle and fat, and the results are compared
with the resonant frequencies and reflection coefficients
of a real human finger placed at the top of the radiation
element, as seen in Fig. 18 (a), to determine the thick-

ness that is closest to the real thicknesses of muscle and
fat for the human finger. The selected thickness is the one
reported in [31–38] and given in Fig. 13 (a). Moreover,
these selections are validated by placing a real human
finger at the top of the antenna. The obtained results
with the given dimensions of the phantom showed to a
far extent that this phantom resembles the real human
finger.

Fig. 14. The resonant frequencies and reflection coeffi-
cients for different thicknesses of muscle and fat.

For the most part, a phantom finger is placed at var-
ious positions on the antenna, such as the top of the radi-
ating element and the middle of the radiating element, as
shown in Figs. 8 and 19, with their reflection coefficients,
respectively.

The frequency shifts of the finger phantom, which is
placed on top of the radiating element, are used to detect
changes in glucose concentration. When the finger phan-
tom is placed on the radiating element, a similar shift
in the magnitude of the reflection coefficient is shown
to have occurred. Placing the finger phantom at the top
of the radiating element is the most effective method of
obtaining glucose concentration in this configuration, as
this case gives a good amount of frequency shift. Table 3
shows the different frequency shifts obtained for various
finger phantom positions on the antenna.

Table 3: The resonant frequencies and reflection coeffi-
cients for different places of finger phantoms

Position of the
Phantom

Resonant
Frequency

(GHz)

S11 (dB)

Without phantom 6.1 -30
Phantom at the top of
the radiating element.

6.1 -30

Phantom at the center
of the radiating

element.

6.3 -31

The phantom is placed above the top of the radiating
element by adjusting the glucose concentration from 0 to
500 mg/dL throughout a range of time. As the glucose
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content in the finger phantom increases, the resonant
frequency increases, as seen in Fig. 15. Antenna reso-
nance occurs at 5.71 GHz when the glucose level is 75
mg/dL and the S11 is -29.9 dB. There is a resonance at
5.97 GHz for an amount of 175 mg/dL glucose concen-
tration with a -32.5 dB reflection coefficient value, and
there is another resonance at 6.18 GHz for 225 mg/dL
glucose concentration with a -34.6 dB reflection coeffi-
cient value. The antenna has a distinct frequency shift in
response to variations in glucose concentrations, making
it an excellent candidate for determining glucose concen-
trations in the bloodstream. Table 4 describes the rela-
tionship between the dielectric constant and glucose lev-
els. Figure 16 shows the relationship between the dielec-
tric constant and glucose levels at 5.5, 6.0, and 6.5 GHz.
As seen from this figure, the dielectric constant decreases
as the glucose concentration increases. Moreover, as the
frequency increases, the dielectric constant decreases.

Fig. 15. illustrates the variations of S11-Parameters ver-
sus the frequency at different glucose concentrations
mg/dl when the finger phantom model is placed on the
top of the radiating element.

Table 4: Dielectric Constant values for different Glucose
concentrations

Glucose Concentration
(mg/dL)

εr

0 64.5
125 64.25
250 64
375 63.75
500 63.5
625 63.25
750 63
875 62.75

1000 62.5

At 5.5, 6.0, and 6 GHz, it is evident from Fig. 16
that the dielectric constant drops by a consistent amount
while the glucose concentration rises. This demonstrates

Fig. 16. Dielectric Constant values for different Glucose
concentrations at 5.5, 6, and 6.5 GHz.

that the proposed antenna sensor is an excellent option
for measuring glucose levels in the blood.

B. Measurement of reflection coefficient for various
real finger and phantom model positions

The main idea of the presented work is to design and
develop an antenna sensor that can measure the glucose
concentration in blood samples from diabetic patients.
The sensor works on the principle of frequency shift vari-
ations w.r.t the variations of glucose in patients’ blood
samples. This change in glucose concentration is mod-
eled using various dielectric constants of different finger
layers like skin, fat, muscle, blood, and bone as given
in Table 2. Also, the variations of the dielectric con-
stant w.r.t glucose concentration are given in Table 4 and
Fig. 16. The proposed antenna sensor is unique and can
be used for any diabetic patient having different levels of
glucose changes. These glucose changes are mapped to
the resonant frequency shifts, and the sugar levels in the
patient can be easily estimated.

To validate the performance of the proposed antenna
for measuring glucose concentration, the finger of a nor-
mal, healthy individual is inserted in various positions
around the antenna, and frequency changes are mea-
sured. It should be mentioned that the purpose of this
experiment is to demonstrate the frequency shift and the
reflection coefficients when a real finger is placed at dif-
ferent positions of the radiating element of the antenna.
Similarly, we put the designed phantom model in the
same positions to figure out how this phantom model
resembles the real human finger. The reflection coeffi-
cient and the resonant frequency for both the real finger
and the phantom model are shown in Figs. 18 and 19.

Starting with Fig. 17, where there is no real finger
or phantom placed near the antenna, the measured return
loss is -46 dB and the resonant frequency is 6.1 GHz.
When the finger is placed on top of the radiating ele-
ment, the resonance frequency is moved to 6.15 GHz
and the reflection coefficient is -39.1 dB for the finger
(red line) and -30 dB for the designed phantom (black
line), as seen in Fig. 18 (a)-(c). Putting the finger at the
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Fig. 17. (a) Measured and simulated reflection coefficient
for the fabricated antenna with no finger or phantom
around the antenna. (b) Setup and the reflection coeffi-
cient.

center of the radiating element, the resonance frequency
is 6.3 GHz and the reflection coefficient is -42 dB for the
real finger and -31 dB for the phantom model, as shown
in Figs. 19 (a)-(c). These results reflect how close the
results obtained by the proposed phantom model are to
those obtained by the human real finger. After perform-
ing many simulations, it was found that the best place to
put the phantom model was at the top of the radiating
part of the antenna. With this in mind, we varied the glu-
cose concentration from 0 to 500 mg/dL and measured
the frequency shift, and the results are listed in Table 5.
From these results, it is observed that the frequency shift
can be utilized to detect the glucose level in the blood.
As seen from this table, when the glucose concentration
is varied from 0 to 75 mg/dL, a frequency shift of 210
MHz is observed. When the concentration is varied from

Fig. 18. (a) Measurement and simulation of the reflection
coefficient by placing the finger and the phantom on top
of radiating element as in (b and c).

75 mg/dL to 125 mg/dL, a frequency shift of 130 MHz,
is observed. Similarly, the variation of glucose concen-
tration from 125 to 175 mg/dL gives a frequency shift
of 130 MHz, and so on. The frequency shift is dropped
to 60 and 50 MHz when the concentration is varied



MEGDAD, ALDHAHERI, SOBAHI: A NONINVASIVE METHOD FOR MEASURING THE BLOOD GLUCOSE LEVEL USING A NARROW 1126

Table 5: Summary of resonant frequencies obtained for
different Glucose Concentrations
Glucose
Concen-
tration

(mg/dL)

Resonant
Fre-

quency
(GHz)

Bandwidth
(GHz)

Frequency
Shift

(MHz)

Sensitivity
(MHz/

(mg/ dL))

S11 (dB)

0 5.50 1.6966 —- – 29.8574
75 5.71 1.6954 210 2.8 29.9353
125 5.84 1.6950 130 1.04 31.9547
175 5.97 1.6949 130 0.74 32.5241
225 6.18 1.6944 210 0.93 34.6241
275 6.28 1.6940 100 0.36 34.9246
325 6.37 16936 90 0.28 35.0783
375 6.45 1.6932 80 0.21 35.5462
425 6.51 1.6931 60 0.14 35.6481
475 6.57 1.6927 60 0.13 35.7201
500 6.62 1.6922 50 0.1 35.9675

from 425 to 475 mg/dL and from 475 to 500 mg/dL,
respectively.

A linear curve fitting using the least squares criterion
is applied to the glucose concentration from 75 to 425
mg/dL, and the results are plotted in Fig. 20. As noticed,
the linear curve best fits the reading data in Table 5 over
the glucose range of 75 to 425 mg/dL. The slope of the
linear curve in Fig. 20 is equal to the average frequency
shift resulting from the glucose concentration variation.
This could be used as a measure of how sensitive the
proposed sensor is to glucose concentration. The slope
we obtained is about 2.4 MHz/(mg/dL), which is better
than what is reported in [39], where the slope was 1.34
MHz/(mg/dl). In Table 6, a comparison of the sensitiv-
ity of our work with the work published in the literature
is presented, as seen in the work of [39]. A CPW pla-
nar antenna is designed to work at a resonant frequency
of 1.8 GHz and the glucose concentration is varying
from 0 to 16000 mg/dL. However, the test is conducted
at only 98 to 188 mg/dL to calculate the sensitivity of
the given design. The corresponding frequency shift is
only 31.2 MHz. Ref. [31] proposed a new dielectric res-
onator antenna for measuring glucose concentrations at a
center frequency of 4.7 GHz, and the measuring sample
of the glucose concentration varies from 0 mg/dL up to
16000 mg/dL. The frequency shift is 2.81 kHz, and the
sensitivity is only 2 kHz per mg/dL. At a frequency of
5.41 GHz, a microfluidic biosensor is described in [40]
to monitor glucose levels from 0 to 8000 mg/dL. The
sensitivity obtained in this study is only 0.1 MHz per
mg/dL. Ref. [41] describes a unique split ring resonator
for monitoring glucose concentration. In this work, the
frequency shift is 5 kHz, and the sensitivity is 3.287
kHz per mmol/L over the tested sample in the range of
4.4–7.6 mmol/L. The sensitivity is only 3.287 kHz per
mmol/L. In [42] a novel split ring resonator for measur-
ing glucose concentration is presented. The tested range

Fig. 19. (a) Measurement and simulation of the reflec-
tion coefficient by placing the real human finger and
the phantom on the center of radiating element as in
(b and c).

was from 2.7 to 22.2 mmol/L. Now, if we compare all
these results with our proposed antenna sensor, we find
that the maximum frequency shift we obtained is 800
MHz and the sensitivity is 2.4 MHz/mg/dL. This makes
the proposed antenna sensor outperforms the others in
detecting the changes in glucose concentration levels.
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Table 6: Performance comparison of proposed antenna with literature
Reference Technology Operating

Frequency
(GHz)

Frequency
Shift

Sensitivity Measuring Sample

[39] Non-Invasive
Planar resonator

1.8 31.2 MHz 1.34
MHz/mg/dL

(Tested
sample 98 –
188 mg/dL)

0 – 16000 (mg/dL)

[31] Non-invasive
finger placed on

Dielectric
Resonator

4.7 2.81 KHz 0.002
MHz/ mg/dL

0 – 16000 (mg/dL) (glucose
variation in blood sample)

[40] Invasive method
by extracting

fluids

5.41 62.5 KHz 0.1
MHz/mg/dL

0-8000 (mg/dL) (glucose
variation in microfluidic

sample)
[41] Non-invasive

double split ring
resonator

1.4 5 KHz 3.287 kHz
per mmol/L

4.4 – 7.6 mmol /L (glucose
variation in microfluidic

sample)
[42] Split ring

biosensor
2-5 - 82

MHz/mg/mL
Glucose concentration in
blood from 2.7 to 22.2

mmol/L within the range
from 2.85 to 3.95 GHz

This work Microstrip
antenna sensor

6.1 800 MHz 2.4
MHz/mg/dL

(Tested
sample 75 –
425 mg/dL)

Glucose concentration in
blood from 0-500 mg/dL

Fig. 20. Resonance frequencies Vs. Blood glucose con-
centration (Red circles); Fitted curve obtained by Least-
square method (Blue line).

IV. CONCLUSION

A planar microstrip patch antenna that operates at
6.1 GHz and exhibits a directional radiation pattern with
a peak realized gain of 3.3 dBi is designed to measure
the glucose concentration in the blood. A finger phan-
tom model of five layers: skin, fat, muscle, blood, and
bone, with different dielectric constants and thicknesses,
is constructed using the EM simulation (HFSS) environ-
ment. The dielectric constant of the blood is as varied as
the sugar in the blood. This phantom model is placed at
various locations of the radiating element of the antenna,

and the frequency shifts are measured as a result of the
phantom position and the variations in the glucose con-
centration from 0 to 500 mg/dL. The simulated results
show that the best frequency shifts are obtained when
the finger phantom is placed at the top of the radiating
element of the antenna. The experiment was conducted
on a real human finger using the designed and fabricated
antenna prototype, which also presents a good agree-
ment with the simulation results of the proposed phan-
tom model. This shows that the proposed phantom model
resembles the real human finger to a great extent, and the
proposed antenna sensor is a good choice for monitoring
the glucose concentrations in the blood due to its com-
pactness, good sensitivity, and affordable cost.
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Abstract – In this article, an Ultra-Wide Band (UWB)
antenna for the pipeline crack detection process is pro-
posed. A UWB antenna has been designed with the
dimension of 32 x 32 mm2 and it resonates from 3 GHz
to 10.8 GHz. The designed antenna produces a peak gain
of 4.36 dB. A pair of UWB antennas are employed in
various pipeline scenarios and the received pulse from
antenna 1 to antenna 2 is used for further processing
and detection of pipeline cracks. Through the suitable
machine learning data classifier algorithm the dimen-
sion of the crack has been detected. The various fea-
tures such as mean, standard deviation (σ ), mean aver-
age deviation (mad), skewness, and kurtosis have been
extracted from the received pulse. Then the three differ-
ent machine learning algorithms namely Support Vector
Machine (SVM), k-Nearest Neighbor (kNN), and Naı̈ve
Bayse (NB) were trained and tested using extracted fea-
tures, and the dimension of the void has been identified.
Out of these three machine learning algorithms, kNN
provides better accuracy and precision. It predicts the
small cracks with 100% accuracy having a dimension as
small as 1 mm width.

Index Terms – crack detection, machine learning, pulse
characteristics, UWB antenna.

I. INTRODUCTION

For most infrastructure projects metallic structure
plays an important role. Excessive loading and rough
environmental conditions may lead to the formation
of cracks. Crack sensing is an important process in
structural health monitoring that may cause mechani-
cal failure. In the United States, water, petroleum, and
natural gas are carried by buried pipelines that run
approximately 11 million miles. It is accepted that there
is a significant increase in the rate of failure over the
40 years. For the next 25 years, 40 trillion dollars are
required to improve the road and water facilities. A
report submitted by Battelle Memorial Institute esti-
mates that 4.5 billion dollars are needed for water supply
rehabilitation projects with an annual growth rate of 8-

10% [1]. Triple band microstrip patch antenna has been
proposed for crack detection. The resonant frequency of
each band is shifted due to variations in the impedance
of the antenna when the crack is present in the ground
plane [2].

A compact Antipodal Vivaldi antenna designed to
operate at 1 to 3 GHz is used for non-destructive
testing and assessment of construction materials such
as concrete and dielectric composite materials[3]. In
microwave imaging, the target is subjected to an elec-
tromagnetic wave and the reflected signal is processed to
reconstruct the image of the object. To detect the flaws in
construction material, it is necessary to have an antenna
with a high depth of penetration and high resolution.
High depth of penetration is possible at relatively low
frequency (1-3 GHz) and resolution is achieved using
larger bandwidth [4].

The circular-shaped RFID antenna is reported for
structural health monitoring. The shift in the resonant
frequency is used as an important feature to detect and
characterize the crack on the metallic surface. In the pro-
cess of structural health monitoring, early detection of
cracks is an important and challenging task. Some of
the existing techniques are using of strain gauges, fiber
optic sensors, and ultrasonic sensors. The disadvantage
of these methods is the need for a data acquisition sys-
tem, more skilled technicians, high material cost, and dif-
ficulty to deploy. These difficulties can be overcome by
using sensor-based tag antennas operating in ultrahigh-
frequency (UHF) regions. The formation of cracks or
deformation in the structure is detected by continuously
monitoring the resonant frequency of the antenna sen-
sor [5]. An open-ended waveguide is used for surface
crack detection. When the waveguide is probed over the
metal surface, it acts as a short circuit in the absence of
a crack. If a crack exists then the reflection characteris-
tics of the waveguide are altered which in turn will bring
the changes in the standing wave characteristics of the
wave that can be probed with the aid of a diode detector.
The sensitivity of this technique is relatively low and can
be improved by increasing the operating frequency this
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may lead to highly increased complexity and cost of the
measuring setup [6].

The cracks in the metal surface are detected with the
help of dual characteristics resonator filters in the near
field region. It will produce a 50 MHz shift in the reso-
nant Frequency for 200 μm. This method has low reso-
lution and a need to analyze the transmission coefficient
(S21) for a wide range of frequencies which increases the
difficulty in measurement [7]. A microstrip line excited
complementary split ring resonator is used for crack
detection in metallic surfaces. This method has relatively
high sensitivity and can detect surface cracks as small
as 100 μm in length with a shift of approximately 240
MHz [8]. A microwave ring resonator that operates at 2.5
GHz is utilized for the detection of breaches in pipeline
coatings. Any defect in the pipeline coating may cause
a variation in the resonant frequency and bandwidth of
the sensor. Failure in the detection of these defects or
breaches in the early stage may lead to the spreading
of cracks [9]. High sensitivity complementary split ring
resonator-based sensor has been presented. This tech-
nique has advantages like spatial resolution, high sensi-
tivity, and scalability. It can able to detect surface cracks
of length 10μm with a shift of 200MHz. The behav-
ior of materials to EM waves is based on three parame-
ters conductivity (σ ), permittivity (εr), and permeability
(μr). The interaction between EM waves and materials
has been investigated for the detection and characteriza-
tion of cracks [10]. Time domain computation has been
proved as a useful tool for characterizing the electrical
properties of various materials over a wide range of fre-
quencies [11]. Ultra-wideband technology produces very
narrow pulses in the order of nanoseconds [12, 13]. Due
to its shorter duration high resolution and precision can
be achieved in the crack detection process. This high res-
olution is possible even through the lossy media such as
soil, foliage, wall, and floor of buildings [14].

This method examines the theoretical importance
[15] of ultra-wideband signals for surface crack detec-
tion as a non-destructive testing (NDT) technique in
the frequency domain (FD). The conventional frequency
domain analysis of UWB signals involves the investi-
gation of individual frequency components to cover a
wide range of frequencies. This makes the NDT tech-
nique a complex and time-consuming process. An alter-
nate approach to solve this problem is the Time Domain
(TD) method in which field distribution is assumed as a
general function of time [16]. The notable advantage of
the TD method is its applicability to a wide range of fre-
quencies and the ability to detect the small defects in the
specimen by observing the changes in the received sig-
nals. UWB non-destructive testing is widely used to esti-
mate the dielectric constant of the material, in the indus-
try to detect the surface crack and to detect abnormali-

ties in the human body in biomedicine. In the NDT tech-
nique, the metal surface is exposed to an electromagnetic
field and the reflected signal is analyzed with the help of
a vector network analyzer. If the crack is present on the
surface of the metal, then the scattering behavior of the
EM field will change in nature and this property is uti-
lized for surface crack detection [17]. A non-symmetric
circular patch antenna operating at 2.45 GHz is used to
identify human ethnicity. The extracted features from the
return loss are used to find the ethnicity of the human
with the aid of a machine learning algorithm [18].

Ultra-Wide Band technology has some unique char-
acteristics such as being capable to generate short pulses
having nanoseconds duration, broad frequency range,
and high fidelity. This makes UWB antennas a suitable
candidate for various real-time applications such as med-
ical diagnosis, ground penetration radar (GPR), detection
of unexploded land mines, intrusion/suspicious detec-
tion, and identification of cracks in buildings, highway
lanes, and bridges [19]. A UWB antenna has been used
as the sensor to detect the discharges from the high-
voltage machinery. In industries, it is necessary to mon-
itor the partial discharge (PD) from the high voltage
equipment for smooth operation. A UWB antenna oper-
ates from 1.1 to 4.5 GHz and has been used to detect PD
efficiently [20].

This research article is divided into five sections.
Section 1 describes Introduction of the work, antenna
design is discussed in Section 2, testing procedure is
explained in Section 3, detection process is elaborated
in Section 4 and conclusion is given in the 5th section.

II. ANTENNA DESIGN

The final design of a UWB antenna has been
obtained after three stages of evolution as shown in
Fig. 1. In the first stage (Fig. 2 (a)), a planar antenna has
been constructed on an FR4 substrate with a rectangular-
shaped radiator and partial ground plane. This design
does not produce any resonance in the required fre-
quency band. In the next stage (Fig. 2 (b)), two square
slits are made on the bottom edges of the rectangular
radiator. In this stage, the antenna resonates from 3.2
GHz to 10.7 GHz. In the final stage (Fig. 2 (c)), two trian-
gular portions are etched out from the ground plane and
a slit of dimension 1 x1 mm2 has been introduced in the
center of the ground plane, thereby capacitance between
the ground plane and radiator has been decreased; the
antenna resonates from 3 GHz to 10.8 GHz [21].

The reflection coefficient characteristics for various
stages of evolution are depicted in Fig. 3. In stage 3 the
antenna reflection coefficient characteristics are less than
−10dB for the entire band from 3 to 10.8 GHz.

Figure 4 shows the simulated and measured reflec-
tion coefficient characteristics of the proposed UWB
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l = 30mm, w= 30mm, l f =12mm, ln = 4mm, wn =6mm,
lp = 14mm, wp = 24mm, lg1 =4mm, lg2 = 7mm

Fig. 1. Schematic diagram of UWB antenna. (a) Front
view. (b) Rear view.

Fig. 2. Evolution stages of UWB Antenna. (a) Stage 1.
(b) Stage 2. (c) Stage 3.

Fig. 3. Reflection coefficient (S11) characteristics of var-
ious Stages of evolution.

antenna. From the figure, it is clear that the measured
result well agrees with the simulated values.

The real and imaginary impedance characteristics
of the antenna are plotted in Fig. 5. In the operating

Fig. 4. Simulated and Measured Reflection Coefficient
(S11) Characteristics.

Fig. 5. Real and imaginary impedance characteristics.

frequency band (3-10.8 GHz), the real impedance
slightly oscillates around 50 ohms and the imaginary
impedance varies around zero ohms.

Fig. 6. Radiation pattern measurement in anechoic cham-
ber.

Fig. 7. Measured radiation pattern of the UWB Antenna.
(a) E-field pattern, ϕ = 90◦. (b) Ant1 H-field pattern,
ϕ = 0◦.

The radiation pattern of the fabricated antenna is
measured in an anechoic chamber as shown in Fig. 6.
Fig. 7 depicts the E-plane and H-plane, radiation charac-
teristics of an antenna at 4 and 8 GHz.

III. TESTING PROCEUDRE

The pipeline structure has been constructed [22]
using a dielectric (Taconic) material which is having per-
mittivity (εr=4) almost equal to the permittivity of Poly
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Vinyl Chloride (PVC). The pipe has been loaded with
distilled water. Then the pair of UWB antennas have
been used in a face-to-face configuration for collecting
the time domain pulses from antenna 1 to antenna 2.
The amplitude variation and distribution of the collected
pulses have been utilized for the detection of cracks in
the pipe [23]. The various key metrics such as mean,
standard deviation, mean average deviation, skewness
and kurtosis have been calculated for the obtained pulses
for the identification and characterization of the cracks.
Then the three different machine learning algorithms,
such as the Support Vector Machine (SVM), k-Nearest
Neighbours (kNN), and Naı̈ve Bayes (NB) algorithms,
have been used as data classification algorithms for
detecting the presence of the cracks and predicting the
width of the crack.

A. Feature extraction

The various key features such as the mean, standard
deviation, mean average deviation, skewness, and kur-
tosis have been extracted from the short-duration time
domain pulses and it has been used for testing and train-
ing the machine learning algorithms. These features pos-
sess information about the shape and amplitude of the
pulse. The amplitude and shape of the pulse are a pure
function of the permittivity of the medium through which
it propagates. Because the permittivity of the medium
only decides the group delay (τ) and amount of signal
absorption.

The Mean Absolute Deviation represents the distri-
bution of the data set around the mean value. The lower
value of MAD indicates that the data points are close to
the mean value. It gives information about the volatility
in a dataset:

MAD =
∑ |xi− x|

n
, (1)

where xiis the ith data point, x is the mean of all data
point, and n is the total number of data point.

Skewness is a measure of the symmetry of data dis-
tribution. Negative skewness indicates, the data distribu-
tion is longer on the left side than on the right:

μ3 =
∑n

i=1(xi− x)3

(N−1)σ3 , (2)

where, μ3 is the Skewness, N is the total number of data
points in the distribution, xiis the ith data point, and x is
the mean of all data point.

Kurtosis is a statistical estimation of how data is dis-
tributed in the tail of the curve. If the kurtosis value is
positive, means that data is distributed heavily on the tail
side.

B. Machine learning algorithm

SVM is a supervised data classifier algorithm that
can able to solve linear and non-linear data sets, and

predicts the class of particular data. Another super-
vised machine learning algorithm called kNN is a non-
parametric and lazy learning algorithm, which predicts
the class of data points by looking at the neighboring
data points. The Naı̈ve Bayes algorithm is a probabilistic
machine learning data classifier that works on the prin-
ciple of Bayes probability theory. The short-time dura-
tion pulses for different pipeline environments have been
collected by placing a pair of UWB antennas at certain
distances with specific separation between the antennas.

The received pulse characteristics for various
pipeline environments have been categorized into two
groups. One set of data is used for training the data clas-
sifier algorithm and another set of data is used for testing
and validation.

Fig. 8. Proposed pipeline crack detection machine learn-
ing system model.

IV. DETECTION PROCESS

The distance between the pipeline and the Antenna
is referred to as “d” and the separation between the
antennas is referred to as “l” as shown in Fig. 9. The
distance (d) is set as 30mm and 60mm, two sets of pulse
characteristics are taken. The separation (l) is varied as
40mm, 60mm, and 80mm, and three sets of received
pulse characteristics are simulated. So, a total of six sets
of readings are taken for one type of configuration (No
crack, 1 mm, 2 mm, 5 mm, and 10mm cracks).

Fig. 9. Face-to-face configuration of UWB antenna in the
pipeline environment without crack.

While generating the time domain pulse character-
istics the length of the crack is fixed as 10mm and the
width is varied as 1mm, 2mm, 5mm, and 10mm as illus-
trated in Fig. 10. The time domain pulses are generated
for different distances (d), separations (l) and various
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crack lengths have been classified into two groups of
data. One set of data is used for training the classifier
(SVM, kNN, Naı̈ve Bayes) and the other set of data is
used for testing and validating the correctness of the pre-
diction.

Fig. 10. Face-to-face configuration of UWB antenna in
the pipeline environment without crack.

Fig. 11. Received pulse characteristics of a pipeline with
no crack and with a 5 mm crack.

The high spatial resolution property of the UWB sig-
nal is utilized for identifying the presence of the crack
and classification of the crack width. A pair of UWB
antennas are operated in various pipeline environments
such as pipe without void and pipe with various void
dimensions. Two antennas are placed on either side of
the crack and the change in the pulse characteristics has
been analyzed. The shape and amplitude of the pulse
are highly dependent on the permittivity of the medium
through which it propagates. If the void is present in the
pipeline then the characteristics of the EM wave travel-
ing path change, which in turn influences the shape and
amplitude of the UWB pulse. The level of variation in
the signal amplitude is a function of the dimension of the
void as shown in Fig. 11.

�= Z−Zo
Z +Zo

=

√( μr
εr

) −1√( μr
εr

)
+1

, (3)

where Z= exp (-jω √ (μrεr) d).
The time domain pulse amplitudes are labeled with

unique numbers for reference. No crack, 1mm, 2mm,
5mm, and 10mm crack group pulses are labeled as
numerical from 1 to 5 respectively. The data classifier
algorithms (SVM, kNN, Naı̈ve Bayes) are trained with
training data sets for various crack dimensions. Then the
trained data classifier algorithms are tested with the help
of a separate set of time domain pulse characteristics.
The correctness of the prediction for various machine
learning algorithms is compared.

Table 1: Comparison between various machine learning
algorithms
Crack
Width
(mm)

Numerical
Label

Prediction

SVM k-NN Naı̈ve
Bayse

No
Crack

1 1 1 2

1 mm 2 1 2 2
2 mm 3 1 3 2
5 mm 4 4 4 4
10 mm 5 5 5 5

Fig. 12. Received pulse characteristics of a pipeline with
no crack and with a 5 mm crack.

The proposed research finding is compared with the
already presented works in Table 2 and the key merits of
this work are summarized as follows:

• Pair of planar monopole UWB antennae works at
3 to 10.8 GHz and is used for crack detection in
pipelines. It has a simple design, easy to fabricate,
and low cost.
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Table 2: Comparison of the recently reported works with the proposed technique
Ref Antenna Type Operating

Frequency
(GHz)

Dimensions
(mm ×

mm), (λ 0 ×
λ 0)

Parameter
used for
Crack

Detection

Sensitivity Requirement
of Additional

Processing
Unit

Use of
Machine
Learning

Algorithm
[2] Triple Band

Antenna
2.687,4.997,

9.518
40x50,

0.36x0.45
Shift in

resonance
frequency,
Impedance
Variation

Low No X

[3] Antipodal
Vivaldi
Antenna

1to 30 96x100,
0.32x0.33

Image
Construction

Moderate Yes

[4] RFID Antenna 1.285 35x35,
0.15x0.15

Shift in
resonance
frequency

low No X

[5] Wave Guide 24 — Changes in
Standing

Wave Pattern

High Yes

[6] Resonator Filter 8.08 to
13.557

25.4x25.4,
0.69x0.69

Shift in
resonance
frequency

High No X

[7] Complementary
Split Ring
Resonator

5GHz 3x3,
0.05x0.05

Shift in
resonance
frequency

High No X

[8] Ring Resonator 2.5 — Shift in
resonance
frequency,
Change in

quality factor

High No X

[9] Complementary
Split Ring
Resonator

9.8GHz 3x3, 0.1x0.1 Shift in
resonance
frequency

Very High No X

Proposed UWB Antenna 3-10.8 32x32,
0.32x0.32

Variation in
Pulse

Receiving
Characteris-

tics

Moderate No �

• The crack is detected by investigating the received
UWB time domain pulses.

• The various key of the received pulses has been
extracted, which has been used to train and test the
different machine learning algorithms.

• This method does not require any additional pro-
cessing unit for analyzing the data.

• The presence of crack has been detected in a
non-destructive manner with the hybrid combina-
tion of UWB Antenna with a machine learning
algorithm.

V. CONCLUSION

An ultra-wideband antenna that operates from 3 to
10.8 GHz has been used for pipeline crack detection.
A pair of UWB antennas are used in various pipeline
scenarios. One antenna is used as a transmitter and
another one is used as a receiver. The time domain
pulses received by the receiving antenna have been uti-
lized for the detection and characterization of the cracks
in the pipe. The shape and the amplitude of the received
pulse will vary depending on the medium (permittivity
εr) through which it propagates. For the received pulse
various features such as mean, standard deviation,
skewness, and kurtosis have been calculated. The three
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different supervised machine learning algorithms such
as SVM, kNN, and NB are used for the prediction of
crack dimension. These Machine learning algorithms
are trained with one set of pulse features and tested with
different data set. All three algorithms can predict and
differentiate cracks having a width of 5 mm. However,
the kNN algorithm provides better prediction with 100%
accuracy and can differentiate small cracks having a
width as small as 1 mm.
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[7] J. Kerouedan, P. Quéffélec, P. Talbot, C. Quendo,
S. De Blasi, and A. Le Brun, “Detection of
micro-cracks on metal surfaces using near-field
microwave dual-behavior resonator filters,” Mea-
surement Science and Technology, vol. 19, no. 10,
2008.

[8] A. M. Albishi, M. S. Boybay, and O. M. Ramahi,
“Complementary split-ring resonator for crack
detection in metallic surfaces,” IEEE Microwave

and Wireless Components Letters, vol. 22, no. 6,
pp. 330-332, 2012.

[9] M. H. Zarifi, S. Deif, M. Abdolrazzaghi, B. Chen,
D. Ramsawak, M. Amyotte, N. Vahabisani, Z.
Hashisho, W. Chen, and M. Daneshmand, “A
microwave ring resonator sensor for early detection
of breaches in pipeline coatings,” IEEE Transac-
tions on Industrial Electronics, vol. 65, no. 2, pp.
1626-1635, 2018.

[10] A. M. Albishi and O. M. Ramahi, “Surface
crack detection in metallic materials using sensi-
tive microwave-based sensors,” IEEE 17th Annual
Wireless and Microwave Technology Conference
(WAMICON), pp. 1-3, 2016.

[11] C. L. Bennett and G. F. Ross, “Time-domain elec-
tromagnetics and its applications,” Proceedings of
the IEEE, vol. 66, no. 3, pp. 299-318, 1978, doi:
10.1109/PROC.1978.10902.

[12] S. Mohandoss, S. K. Palaniswamy, R. R. Thippa-
raju, M. Kanagasabai, B. R. B. Naga, and S. Kumar,
“On the bending and time domain analysis of com-
pact wideband flexible monopole antennas,” Inter-
national Journal of Electronics and Communica-
tions, vol. 101, pp. 168-181, 2019.

[13] S. R. Zahran, M. A. Abdalla, and A. Gaafar, “Time
domain analysis for foldable thin UWB monopole
antenna,” International Journal of Electronics and
Communications, vol. 83, pp. 253-262, 2018.

[14] Y. Rahayu, T. A. Rahman, R. Ngah, and P. S. Hall,
“Ultrawide band technology and its applications,”
International Conference on Wireless and Opti-
cal Communications Network, Surbaya, pp. 1-5,
2008.

[15] M. Bozorgi and A. Tavakoli, “Polarimetric scatter-
ing from a 3-D rectangular crack in a PEC covered
by a dielectric layer,” American Computation Elec-
tromagnetics Society (ACES) Journal, vol. 26, no.
6, pp. 502-511, 2022.

[16] X. Han, H. Li, Y. Zhou, L. Wang, S. Liang, and
F. Javaid “An elliptically polarized wave injec-
tion technique via TF/SF boundary in subdomain
level DGTD method,” Progress in Electromagnet-
ics Research, vol. 175, pp. 13-27, 2022.

[17] A. Mirala and R. Sarraf Shiraz, “Detection of sur-
face cracks in metals using time domain microwave
non-destructive testing,” IET Microwaves, Anten-
nas & Propagation, vol. 11, pp. 564-569, 2017.

[18] W. Saadat, S. A. Raurale, G. A. Conway, and J.
McAllister, “Wearable antennas for human identifi-
cation at 2.45 GHz,” IEEE Transactions on Anten-
nas and Propagation, vol. 70, no. 1, pp. 17-26,
2022.

[19] X. He and T. Jiang, “Target identification in
foliage environment using UWB radar with



ANANDA VENKATESAN, KALIMUTHU: NON-DESTRUCTIVE DETECTION OF PIPE LINE CRACKS USING ULTRA WIDE 1138

hybrid wavelet-ICA and SVM Method,” Physical
Communication, vol. 1, pp. 197-204, 2014.

[20] J. P. Uwiringiyimana, U. Khayam, Suwarno, and
G. C. Montanari, “Design and implementation
of ultra-wide band antenna for partial discharge
detection in high voltage power equipment,” IEEE
Access, vol. 10, pp. 10983-10994, 2022.

[21] E. Zhou, Y. Cheng, F. Chen, H. Luo, and X. Li,
“Low-profile high-gain wideband multi-resonance
microstrip-fed slot antenna with anisotropic meta
surface,” Progress in Electromagnetics Research,
vol. 175, pp. 91-104, 2022.

[22] F. Jiang, S. Liu, and L. Tao, “Quantitative research
on cracks in pipe based on magnetic field response
method of eddy current testing,” American Com-
putation Electromagnetics Society (ACES) Journal,
vol. 36, no. 1, pp. 99-107, 2021.

[23] F. Deek and M. E. Shenawee, “Microwave detec-
tion of cracks in buried pipes using the complex fre-
quency technique,” American Computation Elec-
tromagnetics Society (ACES) Journal, vol. 25, no.
10, pp. 894-902, 2010.

B. Ananda Venkatesan is currently
working towards a Ph.D. degree
at SRMIST, Chennai. His research
interests include planar antennas,
machine learning, and signal pro-
cessing.

K. Kalimuthu was born in india.
He has completed his Ph.D. degree
in Cognitive Radio from the ECE
Department of SRMIST Chennai.
Currently, he is working as an Asso-
ciate professor in the Department
of ECE, SRMIST, Chennai. His
research interests include wireless

communication, antennas, signal processing, and cogni-
tive radio networks.



1139 ACES JOURNAL, Vol. 37, No. 11, November 2022

Single-band Series Absorptive Common-mode Noise Filter

Ding-Bin Lin1, Erfansyah Ali1,2, Tjahjo Adiprabowo1, and Cheng-Yi Zhuang1

1Department of Electronic and Computer Engineering
National Taiwan University of Science and Technology, Taipei, Taiwan

dblin@mail.ntust.edu.tw, d10902801@mail.ntust.edu.tw, d10602804@mail.ntust.edu.tw,
d10902010@mail.ntust.edu.tw

2Department of Telecommunication Engineering
Telkom University, Bandung, Indonesia

erfansyahali@telkomuniversity.ac.id

Abstract – A Single-band Series Absorptive Common
Mode Noise Filter (ACMF) is proposed. The ACMF is
embedded in a four-layer printed circuit board (PCB)
and consists of three parts: a Reflective Common Mode
Noise Filter (RCMF), a matching circuit, and an ab-
sorber. The RCMF is designed using mushroom-type
resonators. The matching circuit is designed using mean-
der lines to reduce the size of the filter dimensions. The
absorber of the Common Mode noise (CM) is a series
resistor. The designed operating frequency is 2.45 GHz.
The simulation results are as follows: the insertion loss of
CM (Scc21) is −22.49 dB at the frequency of 2.61 GHz,
the return loss of CM (Scc11) is −18.62 dB at the fre-
quency of 2.5 GHz, while the integrity of the Differen-
tial Mode signals (DM) can be maintained with a very
small insertion loss (Sdd21) of −1 dB at the frequency
range of 0-8 GHz, and the achieved Absorption Effi-
ciency (AE) is 93% at the frequency of 2.54 GHz. The
proposed ACMF dimension is 10.3 x4.6 mm. The frac-
tional bandwidth is 19%. The measurement results of the
fabricated ACMF do not deviate significantly the simu-
lation results. They are as follows: Scc21 is −17.87 dB
at the frequency of 2.31 GHz, Scc11 is −20.87 dB at the
frequency of 2.38 GHz, Sdd21 is−2.8 dB at the frequency
range of 0–8 GHz, the Absorption Efficiency is 97% at
the frequency of 2.32 GHz, and the fractional bandwidth
is 17%. Therefore, the results of the ACMF design car-
ried out by simulation can be implemented into a fab-
ricated ACMF with measurement results similar to the
calculation results in the design.

Index Terms – absorptive common-mode filter
(ACMF), absorption efficiency (AE), common-mode
filter (CMF).

I. INTRODUCTION

Today, high-speed data transmission is used in
many electronic systems, including Universal Serial

Bus (USB) and High Definition Multimedia Interface
(HDMI). The signals used are Differential Mode (DM)
signals because of their high immunity to noise. How-
ever, some of these DM signals can turn into Common
Mode (CM) signals as a result of the time skew and
asymmetrical circuit structure. The CM signals will de-
grade the performance of electronic devices surround-
ing it, as they can cause the problem of radiated Elec-
tromagnetic Interference (EMI) noises [1, 2]. Therefore,
the CM signals are considered as noise which is com-
monly referred to as CM noise [3–5]. To overcome this,
a Common Mode noise Filter (CMF) is needed which is
expected to reduce the CM noise at a certain frequency
needed while maintaining the integrity of the DM sig-
nals.

In the past, many types of CMFs were proposed to
overcome CM noise [6–8]. One of them is the use of a
ferrite core with winding lines. This results in a large
input impedance for CM noise [9], while the DM sig-
nals can still pass without significant attenuation. The
disadvantage is that its bandwidth at high frequencies is
limited due to decreased permeability. The next type of
CMF proposed is the use of mushroom-like resonators in
multilayer PCBs [10]. Next, RCMFs are made of Pattern
Ground Structure (PGS). This structure provides a res-
onator in the reference ground plane to block the flow of
CM noise [11]. The above-mentioned CMFs can prevent
the transmission of CM noise to the next stage, because
the CM noise is reflected to the front-end circuit by the
filter. As a result, interference by CM noise is still sensed
by the front-end and surrounding circuits. To overcome
this problem, a filter type that can absorb CM noise en-
ergy is proposed.

There are two types of CMFs, namely: Reflective
Common Mode Noise Filter (RCMF) and Absorptive
Common Mode Noise Filter (ACMF). RCMF reflects
CM noise to circuits in the previous stage. ACMF
absorbs or dampens CM noise at certain frequencies so
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it does not continue to transmit to the next stages of the
circuits and also does not bounce back to the previous
stages of the circuits. The reflective CM noise will de-
grade the performance of the previous stages of the elec-
tronic circuits. Therefore, ACMF is better than RCMF.
An ACMF can be made by adding absorber circuits in
the form of resistive materials to an RCMF to absorb the
reflected CM noise [12].

In this paper, a series ACMF is proposed. The
ACMF consists of three stages. The first stage is the
RCMF, the second stage is the matching circuit, and the
third stage is the absorber in the form of a series resistive
material. The RCMF type that is designed is a mushroom
type. The matching circuit function is to bring a short
circuit in the middle of the RCMF to the absorber which
is located on the front port. Therefore the length of the
matching circuit is half wavelength (λ /2) of the resonant
frequency so that the short circuit condition reaches the
absorber. The matching circuit is designed using mean-
der lines to make the filter dimensions as small as possi-
ble. The absorber that is used is a Surface Mounted De-
vice (SMD) resistor. The advantage of a series ACMF
over another type of filter is its simpler implementation.
The other type of ACMF filter is parallel ACMF. A se-
ries ACMF is implemented on a four-layer Printed Cir-
cuit Board (PCB).

An ACMF is said to be useful only if it is able to ab-
sorb as much CM noise as possible. This occurs when the
insertion loss of CM (Scc21) is minimum and the return
loss of CM (Scc11) is also minimum. This is expressed
in terms of Absorption Efficiency (AE) as shown in (1)
[13]. Therefore, the larger the AE the better the ACMF.

AE(%) = 100× (
1−|Scc21|2−|scc11|2

)
. (1)

II. PROPOSED STRUCTURE

The structure of the proposed ACMF is shown in
Fig. 1. This series ACMF uses four Layers PCB with de-
tail dimensions and materials can be seen in Fig. 2. Layer
1 is used for differential mode signal traces. Layer 2 is
used for the mushroom pad and reference ground of the
matching circuit. While Layer 3 is used for local ground.
Layer 4 is used for system ground and the location where
the serial Surface Mounted Device (SMD) Resistor is at-
tached.

The series ACMF is shown in Fig. 3. The RCMF
that we use in stage 1 is a mushroom-type RCMF. There-
fore, the mushroom pad acts as an auxiliary ground for
DM signals on stage 1. The mushroom pad is connected
to the local ground at Layer 3 through a via and mean-
dering path as shown in Fig. 1. This meandering path
serves as an inductor that determines the resonant fre-
quency. This is the frequency when transmission zero
occurs for CM noise. The resonant frequency that we

Fig. 1. The structure of proposed ACMF, trimetric view.

Layer 1

Layer 2

Layer 3

Layer 4

Via Via

1.4 mil
4.22 mil
1.25 mil

18 mil

Thickness

1.25 mil
32.32 mil

1.4 mil

Cu

FR4 Ɛr = 4.24

FR4 Ɛr = 4

Fig. 2. PCB layers of proposed ACMF.

use is 2.45 GHz. This frequency was deliberately cho-
sen according to the Wi-Fi frequency standard [14], so
that our proposed ACMF can be used to secure the
Wi-Fi transceiver module from the interference of CM
noise.

Transmission Zero or short circuit load occurs in the
middle of the mushroom pad. The matching circuit in
stage 2 has a function as a short circuit load shifter from
the middle of the mushroom pad to the resistor absorber
on stage 3. This is achieved by adjusting the length of
the matching circuit to λ /2, where λ is the wavelength
of the resonant frequency. To reduce the physical dimen-
sions of the filter, this matching circuit is made in mean-
der form. This results in the proposed ACMF dimensions
of 10.3x4.6 mm. Thus, at stage 3, the CM noise will go
through a short circuit and an absorbent resistor that is
mounted serially towards the ground. This is a new con-
cept of our research, which is to use an absorbent resistor
in series rather than parallel. The advantage of this con-
cept is its simplicity in implementation. The absorbent
resistor is drawn in red as shown in Fig. 1 and Fig. 3.
This is how the CM noise is dissipated into heat by an
absorbent resistor that has a resistance of 25 Ω.

A. Reflective common mode noise filter (RCMF)

The first stage of our proposed ACMF is an RCMF.
Its structure is shown in Fig. 4. It is a mushroom-type
RCMF. Its working frequency is 2.45 GHz. The trans-
mission zero of the mushroom-type RCMF happens in
the middle of the structure. The simulation results of the
mushroom type RCMF is shown in Fig. 5. The dimen-
sion of this RCMF is 3x2.5 mm.
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Fig. 3. The structure of proposed ACMF.

Fig. 4. The structure of proposed RCMF.

Fig. 5. The simulation results of RCMF.

It is seen in Fig. 5 that Sdd21 only decreased slightly
(less than −1 dB) for the frequency range of 0–8 GHz.
This shows that the integrity of the differential signals
is well maintained. We also see that the insertion loss
of CM Scc21 reached its lowest value of around −20 dB
at 2.45 GHz. Meanwhile, the return loss of CM Scc11
reached its highest value (less than−1 dB) at a frequency

of 2.45 GHz. This means that at a frequency of 2.45 GHz
the common mode noise is not transmitted to the next
device but is reflected back to the previous device. This
proves that this filter is an RCMF.

B. Matching circuit

The function of the Matching Circuit is to bring the
short circuit impedance from the center of the RCMF to
the input port of the series-type absorber. The goal is that
as much of the reflected common mode noise energy that
occurs in the center of the RCMF is channeled to the ab-
sorber to be dissipated into heat so that it does not flow
to the device located at the ACMF input. This match-
ing circuit is implemented using a transmission line with
a length of λ /2, where λ is the electromagnetic wave-
length with a frequency of 2.45 GHz, which is the ACMF
working frequency. To reduce the dimensions, the match-
ing circuit transmission line is made in the form of a
meander.

C. Series-type absorber

The absorber is used to absorb the CM noise energy
reflected by the RCMF by passing it through a resistor
so that the energy turns into heat. By dissipating the CM
noise energy into heat, the CM noise energy no longer
interferes with RF (Radio Frequency) devices around it.
This absorber is implemented using a 0805 SMD resistor
and is installed in serial position with the system ground
through which common mode energy passes. Techni-
cally, we cut the system ground plane immediately after
the input port of the ACMF so that there is a gap in the
system ground. Into this gap an SMD resistor is serially
installed in such a way that the SMD resistor connects
the two planes of the cut off system ground. This SMD
resistor is safe and suitable for use in ACMF because the
maximum power that can be applied to this SMD resistor
is 0.5 W and its size is 2.00×1.25×0.50 mm [13]. The re-
sistance used for this SMD resistor is 25 Ω. This absorber
resistance is chosen according to the input impedance of
the CM noise so that the transfer of CM noise energy to
the absorber is maximum.

III. SIMULATED AND FABRICATED ACMF

This section presents measurement results both in
simulation and fabricated of designed ACMF. The sim-
ulation was made by using HFSS software from Ansys
and the real ACMF was made at the factory based on
this simulation. We named it the fabricated ACMF and
it is shown in Fig. 6 and Fig. 7, which are the fabricated
ACMF top view and bottom view, respectively.

The measurement results of the simulated ACMF
are shown in Figs. 8-11 in green line, meanwhile the
measurement results of the fabricated ACMF are shown
in red line. The comparison between them is shown in
Table1.
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Fig. 6. Fabricated ACMF, top view.

Fig. 7. Fabricated ACMF, bottom view.

Fig. 8. The comparison between the Sdd21 of the simu-
lated and fabricated ACMF.

Fig. 9. The comparison between the Scc11 of the simu-
lated and fabricated ACMF.

Fig. 10. The comparison between the Scc21 of the simu-
lated and fabricated ACMF.

Table 1: Comparison between Simulation and
Fabrication

Simulation Fabrication
Scc21 −22.49 dB 2.61 GHz −17.87 dB 2.31 GHz
Scc11 −18.62 dB 2.5 GHz −20.87 dB 2.38 GHz
Sdd21 <−1 dB 8 GHz <−2.8 dB 8 GHz
AE 92.8% 2.54 GHz 97% 2.32 GHz
Fract. BW 19% 17%

IV. DISCUSSIONS

S parameter is used to analyze the characteristics
of common mode filters. The ones that are often used
are Sdd21, Scc21, and Scc11 [6, 8,15–17]. Sdd21 is the in-
sertion loss of DM which is ideally 0 dB. Scc21 is the
insertion loss of CM which is ideally−∞ dB. Scc11 is the
return loss of CM which is ideally −∞ dB for ACMF.
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Table 2: Comparison between Series and Parallel ACMF
Parameter [Unit] This Paper Paper [18] Paper [19] Paper [20]

Absorption freq. [GHz] 2.32 2.25 3.55 2.45
Absorption efficiency [%] 97 96 97 97
Dimensions [mm] 10.3 x4.6 8.65x2.5 28.6x13.5 16x3.5

Fig. 11. The comparison between the Absorption Effi-
ciency of the simulated and fabricated ACMF.

From simulation results, Fig. 8 shown that Sdd21 is
−0.4 dB at frequency 2.45 GHz. Therefore, the inser-
tion loss of DM signal in our simulation is very small,
i.e. integrity of the DM signal that is passed in the pro-
posed ACMF is well maintained. Figure 9 shown that
Scc11 for the frequency of 2.45 GHz is about –19 dB. his
means that the reflected CM noise in our simulation has
been reduced quite significantly. Figure 10 shown that
the minimum for Scc21 with a level of –23 dB occurs at a
frequency slightly above 2.45 GHz. This means that the
CM attenuation in our simulation is very large and oc-
curs slightly above the expected frequency. In Figure 11,
it can be seen that the maximum absorption efficiency
of about 93% occurs at a frequency of around 2.5 GHz.
As a result, at a frequency of around 2.5 GHz, our sim-
ulation succeeded in reducing and absorbing 93% of the
CM noise that passes through it.

The real ACMF was fabricated at the factory based
on this simulation as shown in Figs. 6 and 7. The compar-
ison between the measurement results and the simulation
results are shown in Figs. 8–11 in which we can clearly
see that the S parameter measurements are slightly dif-
ferent from the measurement results in the simulation.
These differences are caused by the addition of transmis-
sion lines, which are used to connect ACMF ports with
measurement terminals as we can see in Fig. 6. How-
ever, these differences can be tolerated because they are

small and the overall results of these measurements show
the same pattern and close similarity.

In addition, the absorption efficiency obtained from
fabricated ACMF is also greater than that obtained from
simulated ACMF. This AE, which is generated by a se-
ries ACMF, is also compared with the AE generated by
a parallel ACMF and made by other researchers [18] as
shown by Table 2.

Table 2 is a comparison of the data between the
ACMF that we made and several ACMFs produced
by other researchers as written in the papers [18–20].
Frequency absorption occurs at adjacent frequencies,
namely: 2.32 GHz, 2.25 GHz, 3.55 GHz, and 2.45 GHz,
so this comparison is valid because the ACMF works at
adjacent frequencies. Although our ACMF dimension is
larger than the ACMF dimension reported by the paper
[18], the Absorption efficiency generated by our ACMF
is greater than the ACMF absorption efficiency reported
by the paper [18]. Papers [19, 20] reported absorption
efficiencies similar to absorption efficiency produced by
our ACMF, but our ACMF dimension is smaller than
those reported in the same papers.

In addition, the fabricated series ACMF can main-
tain the integrity of differential signal well. As we can
see in Fig. 8, it can be seen that at a frequency of around
2.5 GHz the DM insertion loss value of Sdd21 is less than
−1 dB. Thus, we can conclude that the simulation of the
series ACMF that we have designed has been successful
and can be implemented on the PCB with good S param-
eter measurement results.

V. CONCLUSIONS

The motivation of this research is to identify a tech-
nique to reduce CM noise at a frequency of 2.45 GHz
so as not to interfere with RF devices operating in the
vicinity of this frequency, such as Wi-Fi transceiver mod-
ule. Our experiment solved this problem with the success
of our simulated ACMF and fabricated ACMF to reduce
CM noise at the frequency of near the 2.45 GHz. We
use an SMD resistor in our ACMF to absorb CM noise.
The absorption efficiency that we managed to achieve
in the simulation was 93%, while our fabricated ACMF
managed to achieve an absorption efficiency of 97%.
In addition, our simulated ACMF and fabricated ACMF
also managed to maintain the integrity of the DM sig-
nal that passes through it with a DM insertion loss of
less than – 0.5 dB and less than –1 dB respectively at
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frequencies of around 2.45 GHz. The next thing, the di-
mension of our proposed ACMF is also small. For fu-
ture development, the method used in our experiment can
be further developed to achieve better characteristics and
smaller dimensions.
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Abstract – In this paper, a band-pass filter (BPF) based
on split-ring resonator (SRR) using a 3-D printing tech-
nique for C-band applications is introduced. The pro-
posed filter is designed to operate at a frequency of
3.9 GHz. An innovative technique for printing the sub-
strate with a size of 24 × 24 × 1.1 mm3 using PLA di-
electric material is implemented. The copper sheet with
a thickness of 0.1 mm is printed on the upper and lower
faces of the substrate. First, the SRR band stop filter
(BSF) is introduced then two L-Stubs are inserted to im-
plement an additional band stop region, and this rejoin
is adjusted to obtain a band-pass region between the two
stopbands. The BPF is operated at a 3-dB bandwidth ex-
tended from 3.5 GHz to 4.3 GHz with an S21 level of
−0.2 dB for the simulated results while it achieves a 3-
dB bandwidth within 3.6 GHz to 4.2 GHz (15.3 %) with
an S21 level of −1.8 dB for the measured results.

Index Terms – 3-D printing, bandpass filter, C-band ap-
plications, PLA.

I. INTRODUCTION

Filters play a very important role in many RF mi-
crowave applications. They are commonly utilized in
transceiver circuits to isolate or merge various frequen-
cies. A band-pass filter allows components to pass in a
specific frequency band, known as the passband while
blocking other components of frequencies that are higher
than or lower than this band [1, 2]. Bandpass filters
are commonly used in wireless transmission and recep-
tion. The main purpose of the filter is to pass an out-
put signal with a certain range of frequencies allocated
for transmission to avoid interference with the neigh-

boring [3, 4]. Several studies are conducted to achieve
a bandpass behavior that fulfills modern technological
market needs such as compact size, sharp roll-off rate,
wide stopband, and low passband insertion loss [5–9].
Various techniques are carried out to achieve the re-
quired bandpass behavior as in [10–17]. In [10], the de-
fected ground structure is used to obtain a wide band stop
behavior while passing all frequencies in the range of
2.4-14.3 GHz. The stepped impedance resonator (SIR)
is one of the most commonly used techniques to pro-
vide a bandpass behavior and it succeeded to achieve
a triple band (1.85 GHz, 2.575 GHz, and 3.05 GHz)
with skew-symmetric (0-degree) tapped-feed structure
as in [11]. The open-loop resonator (OLR) technique
was carried out in [12] for dual passbands (WLAN and
WiMAX). Another technique substrate integrated wave
(SIW) was used in [13] to achieve a band-pass response
(15.6–32.1 GHz) in the RF and millimetric wave fre-
quency range with an enhanced insertion loss in the pass-
band (> −0.8 dB). To obtain a millimeter band-pass re-
sponse, a split ring resonator (SRR) was used [14], and
the achieved performance was quite enough to make the
suggested filter a good candidate for 5G networks.

Nowadays, 3-D printing, or additive manufacturing
(AM), is the building block of a three-dimensional object
from a digital 3-D model. The entire 3D printing tech-
nology can be divided into 3 steps 1st 3D design, 2nd

slicing, 3rd 3D printing [15]. 3D printing techniques are
used recently in designing microwave components such
as filters and antennas. It can be used to construct an-
tenna models for multiband applications as in [16–19].
Additionally, there are various designs of microwave fil-
ters based on 3D printing in the RF frequency range
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[20–21], and the implemented BPF in [22] was operated
in the E-band (60-90 GHz) of the millimetric wave fre-
quency range, but with inconsistent simulation and ex-
perimental results due to fabrication tolerance.

II. SRR BSF

The 2-D structure of the SRR BSF is illustrated in
Fig. 1. The BSF has a λ /2 open-loop transmission line
and the SRR is fed by a 50Ω microstrip line connected
with SMA connectors. The PLA substrate material with
a dielectric constant of 3.1, loss tangent of 0.001, and
height of 1.1 mm is utilized. The detailed dimensions of
the filter parameter are depicted in Fig. 1 (a) and listed
in the figure caption. The simulated (CST & HFSS) out-
comes of the BSF are illustrated in Fig. 2. The suggested
BSF is operating at 5 GHz with 2.7 GHz 3-dB bandwidth
from 3.7 GHz to 6.4 GHz) and the achieved return loss
over the entire stopband is approximately 0.2 dB. To ver-
ify the achieved results in Fig. 2 the electric field dis-
tribution is simulated at different frequencies outside (3
and 7 GHz) and inside the stopband (5 GHz) as shown in
Fig. 3. It is clear that at 3 GHz, the electric field is con-
ducted to port 2 through the open-ended loop as shown in
Fig. 3 (a) and the same behavior is noticed when the filter
is excited at 7 GHz but the major concentration of field
was through the aligned arm of the resonator with the
two feedlines as shown in Fig. 3 (c). However, at 5 GHz
as shown in Fig. 3 (b), the electric field couldn’t pass
to port 2 and is concentrated on port 1 and the left part
of SRR confirming the capability of the suggested fil-
ter to behave as a BSF in the desired band. Furthermore,
the current distribution of the suggested filter is demon-
strated in Fig. 4 and the current distribution is carried
out at the same three frequencies which were used in the
field distribution confirming the ability of the suggested
filter to pass all frequencies except the desired band from
3.7 to 6.4 GHz.

Fig. 1. The configuration of SRR BSF. (a) 2-D configura-
tion with W = L = 24 mm, W1 = 9 mm, W f = 1.95 mm,
d = 1.5 mm, S = 1mm, W2 = 4 mm, L1 = 6.3 mm, L2 =
9 mm, W3 = 4 mm, and W4 = 1.5 mm. (b) 3-D configu-
ration.

Fig. 2. The simulated SRR BSF S-parameters results.

Fig. 3. The simulated distributions of electric field results
of SRR BSF at z=0.6 mm (inside substrate).

Fig. 4. The current distribution’s simulated results of
SRR BSF.
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III. PROPOSED SRR BPF/BSF

To produce the dual-band operation of the SRR-
BSF, an additional resonator is introduced in Fig. 5 with
dimensions LS and WS. It is worth noting that the di-
mensions of the additional resonator are larger than the
fundamental one, so the achieved rejection band will be
in the lower frequency range. Consequently, it is evident
from Fig. 6 of the achieved simulated results of insertion
and return loss using HFSS and CST programs that the
suggested filter has two operating stopbands, the first one
covers the range from 2.1 to 3.4 GHz with a deeper inser-
tion loss of 47 dB at 3 GHz, and the second band covers
the old frequency range with a reduction of 0.4 GHz (4.4
– 6.4 GHz) and this is due to the coupling with the addi-
tional SRR. Furthermore, a new BPF behavior is accom-
plished in the frequency range (3.5 – 4.3 GHz) with an
insertion loss of level 0.2 dB confirming the readability
of the suggested BPF to be embedded in different ap-
plications that cover the achieved frequency band. There
is a discrepancy between HFSS and CST results, espe-
cially at the extremely lower and higher frequencies of
the achieved rejection bands and this may be due to the
different meshing operations of both programs.

Fig. 5. The configuration of the proposed SRR BPF/BSF
(a) 2-D configuration with W= L=24 mm, W1= 9 mm,
W f = 1.95 mm, d= 1.5 mm, S1=1 mm, S2= 1 mm, Ls=
13 mm, Ws = 10 mm (b) 3-D configuration.

The parametric study is carried out to illustrate the
effect of the SRR length (Ls), its width (W1), and the
spacing between inner and outer SRRs (S1) on the filter
performance. The effect of changing the length of Ls on
the behavior of the proposed filter is presented in Fig. 7
and it is obvious that the length change has a significant
effect on the lower band since the operating frequency
is translated to the lower range by increasing Ls, also
it has a minor effect on the achieved upper-frequency
band. Another parameter is changed to investigate its ef-
fectiveness which is the width “W1”. It can be observed
from Fig. 8 that both stopbands are translated to a lower
range by increasing W1 and the level of translation in the
higher band is greater than that of the lower band since
the shift in the upper band is about 0.8 GHz and the lower
band 0.4 GHz when increasing W1 to 10 mm. Addition-

Fig. 6. S-parameters simulated results of SRR BPF/BSF.

Fig. 7. The S21 simulated results of SRR BPF/BSF at
different values (Ls).

ally, when increasing W1 to 11 mm, the upper band is
shifted down by 0.6 GHz and the lower band by 0.1 GHz.
Consequently, the parameter W1 has a great influence,
especially for the upper stopband and it also deteriorates
the insertion loss performance when it is increased. It is
very obvious in the passband since it is not only decreas-
ing the insertion loss level but also the achieved band-
width as demonstrated in Fig. 8. The parametric study of
the last investigated parameter “S1” is clarified in Fig. 9.
The spacing between the SRR and the L-stubs has a sig-
nificant effect on the lower rejection band since the fre-
quency is shifted down by about 0.2 GHz per increase of
1 mm for S1. Hence, the achieved passband is translated
to a lower frequency range with an increased passband
bandwidth but with the degraded performance of inser-
tion loss.
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Fig. 8. The S21 simulated results of SRR BPF/BSF at
different values (W1) of the SRR cell.

Fig. 9. The S21 simulated results of SRR BPF/BSF for
different values of S1.

The surface current distribution of the suggested fil-
ter is investigated to verify the BPF performance at three
resonance frequencies (3, 4, and 5 GHz). As can be ob-
served in Fig. 10, the current is uniformly distributed
from port 1 to port 2 at 4 GHz, while it is blocked at
the left side of the L-stubs when it is simulated at 3 GHz
and the left side of the primary SRR when it is simulated
at 5 GHz.

The same performance is achieved when the electric
field is investigated as in Fig. 11 confirming the ability
of the suggested BPF to transfer all signals in the desired
frequency band (3.5-4.3 GHz) only while rejecting all
other frequencies.

Fig. 10. The current distribution’s simulated results of
SRR BPF/BSF.

Fig. 11. The electric field distribution’s simulated results
of SRR BPF/BSF at z=0.6 mm.

IV. EXPERIMENTAL OUTCOMES

The proposed SRR-based BPF/BSF is fabricated us-
ing copper tape of the thickness of 0.1 mm and then im-
plemented on a layer of 3-D printed PLA substrate with
3.1 dielectric constant and 2 mm thickness. Two 50-ohm
SMA connectors are connected to the suggested filter
through 50-ohm transmission lines as depicted in Fig. 12.
The proposed filter is tested to verify its behavior us-
ing R&S ZVB 20 vector network analyzer (VNA). The
simulated and measured results of return and insertion

Fig. 12. The fabricated photo of the proposed SRR
BPF/BSF.
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Fig. 13. The S-parameters simulated and measured re-
sults of SRR BPF/BSF.

Table 1: Comparison between proposed work and re-
ported filters

Ref. Response

f o
(GHz) S21(dB) Size (λ g) εr/h (mm)FBW

(%)
[8] Single-

BPF
5.3

1.5
0.58 ×

0.65
3.38/0.813

8.68
[9] Triple-

BPF
6.5/7.35

/8.15
1.74/1.82

/1.96
2.2 ×
0.61

2.2/0.787

2.31/2.04
/2.45

[10] UWB-
BPF

8.35
1.5

1.28 ×
0.36

4.4/1.6

143
[23] Triple-

BPF
2.5/3.4

/4.9 -
0.49 ×

0.37
2.2/0.787

12/21/25
[24] Triple-

BPF
1.75/2.55

/3.55
0.55/1.36

/1.37
0.32 ×

0.12
2.2/1.575

21.2/4.7
/8.4

This
work

Single-
BPF

3.9
1.8

0.55 ×
0.55

3.1/1.1

15.3

losses are presented in Fig. 13. The BPF is operated at 3-
dB bandwidth extended from 3.5 GHz to 4.3 GHz with
an S21 level of −0.2 dB for the simulated results, while
it achieves 3-dB bandwidth within 3.6 GHz to 4.2 GHz
(15.3 %) with an S21 level of −1.8 dB for the measured
results. Good consistency between the simulated and the
measured results can be noticed with a slight reduction
of the achieved band and this may be due to the non-

conformal stacking of the copper tape on the PLA sur-
face and the misalignments of copper tape sections. A
comparison with the recently reported work is illustrated
in Table 1.

V. CONCLUSION

A compact 3-D printing BPF has been proposed.
The filter has been printed on a PLA substrate. The entire
size of the final filter substrate was 24 × 24 × 1.1 mm3.
The BPF has been operated at a 3-dB bandwidth ex-
tended from 3.4 GHz to 4.3 GHz with an S21 level of
−0.2 dB for the simulated results while it achieves a
3-dB bandwidth within 3.6 GHz to 4.2 GHz (15.3 %)
with an S21 level of −1.8 dB for the measured results.
These outcomes enable the filter can be used in C-band
applications.
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Abstract – In this paper, a filtering antenna based on
a metasurface is designed using slot-coupled feeding,
and the metasurface unit is a fractal pattern. Replacing
the rectangular patch on the metasurface with a fractal
patch can introduce a radiation zero point on the upper
sideband of the antenna, thereby enhancing the sideband
selectivity. In addition, the current is reversed by load-
ing shorting pin, and a radiation zero point is also intro-
duced in the lower sideband. After measurement, the -
10 dB impedance bandwidth of the filtering antenna is
23.6% (3.22-4.08 GHz), and the average antenna gain in
the passband is 8.1 dBi. The filtering antenna does not
involve an additional filter circuit, has a simple structure,
and a small size, and ideally eliminates insertion loss. To
verify, the real object was made and tested and found that
the reflection coefficient, pattern, gain, etc. were in good
agreement with the simulation results, it can be applied
to the 5G communication frequency band.

Index Terms – 5G communication, filtering antenna,
fractal structure, low profile, metasurface.

I. INTRODUCTION

In recent years, with the gradual development of
portable mobile communication equipment, the minia-
turization and integration of radio frequency front-
end devices have become a research focus. The high-
efficiency integrated design of the filter and the antenna
can obtain a filtering antenna with good out-of-band sup-
pression and high gain [1]. It integrates filtering and
radiation functions and reduces the in-band loss caused
by the mismatch between the filter and the antenna
[2]. Therefore, the design of high-performance filtering
antennas has very important practical significance for the
further development of microwave circuit systems.

For example, in [3], the dual-mode rectangular SIW
cavity is used as a high-Q common resonant cavity for
the two bands, and then the filtering antenna is designed
by using the orthogonally polarized SL cavity as the radi-
ating element. However, this type of method requires
multiple resonators to achieve filtering, which will

occupy a large area and cause additional loss, thereby
reducing antenna efficiency [4–6]. In [7], the transition
structure from the micro-strip to the suture is used as
the feed network of the antenna, and the planar dipole
is used as the radiator. The filtering response is obtained
by adding non-radiating elements to the feed network.
Although these methods of adding parasitic bands on the
feed network and adjusting the shape of the coupling
hole to obtain the filtering effect avoid additional cir-
cuits, they still bring additional losses to a certain extent
[8–11]. In addition, adding appropriate structures (such
as etching grooves or adding short pins, parasitic bands,
parasitic patches, etc.) to the antenna to insert the edge
radiation zeros point can also achieve filtering charac-
teristics [12–15]. Nowadays, metamaterials are widely
used in some antenna designs due to their unique elec-
tromagnetic properties. Among them, compared with
three-dimensional structural materials, metasurface has
a smaller volume and lower loss and can be used in the
design of high-performance antennas [16–18]. In [19],
a series of non-uniform metal patches are used as the
upper metasurface of the antenna, and the current mis-
phase on the inner and outer sheets will produce a radi-
ation zero point near the edge of the upper band. In
[20], the researchers etched U-shaped gaps on the meta-
surface of the unit and loaded defective ground struc-
tures (DGS) on the ground to generate low-frequency
radiation zeros. Therefore, a well-designed metasurface
antenna can generate radiation zero points near the side-
bands, thereby obtaining a low-profile, wide-band, and
high-gain filtering antenna. Fractal geometry is intro-
duced to design compact or multi-band electromag-
netic structures due to the interesting features of space-
filling and self-similarity [21]. Reasonable use of frac-
tal structure can effectively improve the performance of
microwave equipment, such as designing selective and
compact antennas [22, 23].

To realize a better filtering response, in this paper,
modifications are introduced both in the design of the
metasurface and feeding circuit. Replacing the rectan-
gular patch on the metasurface with a fractal patch can
introduce a radiation zero point in the upper sideband of
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the antenna. In addition, by loading a short PIN near the
center of the ground to reverse the current on the surface
of the patch, a radiation zero point can also be introduced
in the lower sideband. To make the antenna exhibit good
stop-band characteristics near high frequencies, it is also
necessary to suppress its high-order modes, which can be
achieved by adding stub micro-strip feeders and separa-
tion slots.

II. ANTENNA DESIGN AND ANALYSIS

Figure 1 is a schematic diagram of the three-dimen-
sional structure of the designed filtering antenna. The fil-
tering antenna is composed of a fractal metasurface and
a feed network. The metasurface is set on the upper sur-
face of the first layer of medium, the upper surface of the
second layer of medium is a grounding plate with a rect-
angular gap, and the lower surface is a micro-strip feeder.
Fig. 2 shows the configuration of the proposed filtering
antenna. The optimized parameters of the antenna are
shown in Table 1. Based on the slot-coupled micro-strip
antenna, it adds stubs on the micro-strip feeder and sepa-
rates the slots to suppress unwanted resonance modes in
the antenna, thereby achieving a filtering effect. The sim-
ulation and analysis for the proposed filtering antenna are
performed using the electromagnetic simulator ANSYS
HFSS.

Fig. 1. The three-dimensional structure diagram of the
proposed filtering antenna.

Table 1: Design parameters of the filtering antenna
Parameters L1 L2 L3 r
Values (mm) 18.85 10.7 8.525 0.2
Parameters W1 W2 W3 d
Values (mm) 2.5 1.95 1.8 0.2
Parameters a g L S
Values (mm) 6.5 0.8 70 0.8
Parameters h1 h2 εr1 εr2
Values (mm) 2.6 0.813 2.2 3.38

To properly display the design concept of this filter-
ing antenna, the following will analyze the mechanism

of the antenna filtering response through five antenna
structures.

Fig. 2. Configurations of the proposed filtering antenna.
(a) Metasurface. (b) Ground plate. (c) Feeder. (d) Side
view.

The five structures are as follows: (I) The upper layer
is a metasurface of the uniform rectangular patch and
adopts linear micro-strip coupling feed. (II) Change the
rectangular metasurface patches into fractal patches, and
the feed structure remains unchanged. (III) The meta-
surface is made of fractal patches and two branches are
added to the feeder. (IV) Separate the groove in the mid-
dle of structure III, and the metasurface structure remains
unchanged. (V) A metal via is added in the middle of
the groove separated in structure IV, and the other parts
remain unchanged. Figure 3 lists several structures such
as improved metasurfaces and feed networks. Among
them, combining (a) and (b) with (c) respectively can get
antennas (I) and (II), and combining (b) with (d), (e) and
(f) in turn will get antennas (III), (IV) and (V). Simu-
late their reflection coefficient and gain curve in the elec-
tromagnetic simulation software in turn, and analyze the
influence of each structural improvement on the antenna
performance step by step.

To investigate the properties of the metasurface unit
cell, the calculated reflection and transmission coeffi-
cients of the metasurface unit cell are shown in Fig. 4.
The reflection coefficient magnitude is less than −10 dB
in the whole simulation frequency range. On the other
hand, the reflection coefficient phase varies from 0◦ to
180◦, and it is close to stability at the working band
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Fig. 3. Several antenna configurations. (a) The rectangu-
lar metasurface of Antenna I. (b) Fractal metasurfaces of
antennas II, III, IV, and V. (c) Initial feeding circuit of
antennas I and II. (d) Two additional arms are added to
the linear micro-strip feeder of Antenna III. (e) Antenna
IV is fed with two separate slots. (f) Antenna V has an
additional shorting via.

Fig. 4. Simulated reflection and transmission coefficient
of the metasurface unit cell.

(3.22-4.08 GHz). It is indicated that the surface wave can
propagate along the proposed metasurface.

Figures 5 (a) and (b) are respectively the |S11| and
gain simulation curves of the antenna structure I-V. It
can be found that with the improvement of the struc-
ture, Antenna V finally has a passband between 3.31-
4.23 GHz. Compared with Antenna I, Antenna II is
only modified from a rectangular metasurface to a fractal
structure metasurface; however, the feed structure is the
same. Its |S11| curve and gain curve have no change in
the low-frequency part, but a weak radiation zero point
appears at the frequency of 4.85 GHz. Antenna III has an
improved feed structure based on Antenna II. It is found
from Fig. 5 (a) that there is only one mode near 4.1 GHz.
This shows that adding stubs to the linear feed structure
can well suppress the high-frequency resonance mode of

the antenna. Next, by adjusting the coupling gap to two
separate grooves, the resonance condition of the gap can
be destroyed, thereby suppressing the partial resonance
near the low-frequency 2 GHz. In the end, the |S11| curve
of the Antenna IV becomes smoother at low frequencies,
but the sidebands of the curve are not very steep, result-
ing in poor roll-off characteristics. Try to add a radiation
zero point similar to the upper sideband in the lower side-
band to enhance its roll-off characteristics to achieve a
good filtering effect. Therefore, add a shorting via in the
middle of the two slots of Antenna IV to obtain Antenna
V. The simulation results showed that it produces three
resonance frequency points, and a radiation zero point
appears at 3.18 GHz in Fig. 5 (b). Antenna V is the fil-
tering antenna proposed in this paper. The average gain
in the passband of the antenna is about 8dBi, there is no
other resonance mode outside the band, which meets the
design requirements of the filtering antenna.

Fig. 5. The reflection coefficient |S11| and gain curves of
the proposed five antennas are simulated. (a) |S11|. (b)
Gain.

To further analyze the generation principle of the
antenna filtering response, the current distribution on
the metasurface and ground plane of the five antenna
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structures is given below. Figures 6 (a) and (b) show
the current distribution of the metasurface of Antenna I
and Antenna II at 4.85 GHz. Comparing them, the cur-
rent direction on the rectangular metasurface is approx-
imately the same. The direction of current on the outer-
most left and right rows of patches on the fractal meta-
surface is opposite to the direction of current on the two
rows of patches in the middle. The radiation of the two
can cancel each other, so a radiation zero point will be
generated in the upper sideband. Figures 6 (c) and (d) are
the current distribution of the ground plate of Antenna II
and Antenna III at 4.7 GHz. The current of the Antenna
II ground plate is not only concentrated on the micro-
strip line but also distributed around the gap. The current
of the Antenna III ground plate is only concentrated on

Fig. 6. Surface current distribution of the metasurface
/ground plane of the filtering antenna. (a) Metasurface
of Antenna I at 4.85 GHz. (b) Metasurface of Antenna II
at 4.85 GHz. (c) Ground plane of Antenna II at 4.7 GHz.
(d) Ground plane of Antenna III at 4.7 GHz. (e) Meta-
surface of Antenna IV at 3.18 GHz. (f) Metasurface of
Antenna V at 3.18 GHz.

the micro-strip line, and there is almost no energy around
the gap. Therefore, the analysis shows that after adding
the branch, the high-order mode of the antenna is sup-
pressed, so that the rejection of the high-frequency range
of the stop band is improved, and a good filtering effect
is achieved. Figures 6 (e) and (f) are the current distri-
butions of the metasurfaces of Antenna IV and Antenna
V at 3.18 GHz. The current direction at the center of
the metasurface of Antenna IV is uniformly downward,
and when a shorting via is added at the center position,
the current direction of Antenna V at this position is
reversed, so a radiation zero point is also generated in
the lower sideband.

In the above content, the design principle of the fil-
tering antenna is discussed, and then we will analyze the
effect of the structural parameters on the performance
of the filtering antenna. Figures 7 (a) and (b) show the
reflection coefficient and gain of the filtering antenna
under different slot lengths. As L1 increases, the second
resonant frequency point of the filtering antenna grad-
ually moves to the low-frequency direction, and finally
merges with the first frequency point. With the reduc-
tion of the slot length L1, the out-of-band suppression of
the antenna is improved to a certain extent, but the band-
width is also relatively narrow. Therefore, the length of
the gap on the ground plane should be moderate.

Fig. 7. (a) Simulated reflection coefficient of the filtering
antenna for different slot lengths L1. (b) Simulated gain
of the filtering antenna for different slot lengths L1.

Figures 8 (a) and (b) are simulation curves of the
reflection coefficient and gain of the filtering antenna

Fig. 8. (a) Simulated reflection coefficient of the filtering
antenna for different arm lengths L3. (b) Simulated gain
of the filtering antenna for different slot lengths L3.
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under different arm lengths L3. When L3 is smaller,
the third resonance mode at the high-frequency shifts
to higher frequencies, and when it is larger, the work-
ing frequency band of the filtering antenna becomes nar-
rower and partly above -10 dB. Therefore, an appropriate
length of the short arm should be selected in the design
process to ensure that the high-order mode of the antenna
can be suppressed without affecting its bandwidth.

Fig. 9. (a) Simulated reflection coefficient of the filtering
antenna for different short via positions. (b) Simulated
gain of the filtering antenna for different short via posi-
tions.

To introduce a radiation zero point in the lower
sideband of the antenna, a short via is set in the mid-
dle of the antenna separation slot. The location of the
via also has a certain impact on the performance of the
filtering antenna. Figures 9 (a) and (b) show the sim-
ulation curves of the reflection coefficient and gain of
the filtering antenna when the distance d between the
short via and the horizontal center line of the substrate
changes. As the distance d increases, it can be seen that
the bandwidth of the antenna and the resonance depth
of the mode will slightly change, while the gain curve is
almost unchanged. Therefore, to ensure processing accu-
racy and antenna bandwidth, the distance between the
short via and the center line should be carefully selected.

III. MEASUREMENT VERIFICATION

To verify the performance of the designed filtering
antenna, it was manufactured and tested. As shown in
Fig. 10 , the upper metasurface is fabricated on an F4B
dielectric substrate with a dielectric constant of 2.2 and a
loss tangent of 0.003 (thickness 2.6 mm), and the lower
layer uses Rogers 4003C with a dielectric constant of
3.38 and a loss tangent of 0.0027 as the dielectric sub-
strate (thickness 0.813 mm).

The measurement of the proposed filtering antenna
is shown in Fig. 11. The return loss was measured
by using an Agilent E5071C vector network analyzer.
Figure 12 shows the comparison curve between the mea-
sured value of the filtering antenna reflection coefficient
and the simulated value. It can be seen that the measured
curve is slightly shifted to the low frequency compared to
the simulated curve. This may be because there is a gap
between the two substrates during the physical process-
ing and cannot fit together ideally. In addition, errors may

Fig. 10. Photographs of the fabricated filtering antenna.
(a) Top view. (b) Bottom view.

Fig. 11. The measurement of the proposed filtering
antenna.

Fig. 12. Simulated and measured reflection coefficients
of the filtering antenna.

be introduced during the measurement process, which
may also cause deviations between the simulation results
and the actual measurement results. The sidebands of
the simulated curve and the measured curve are rela-
tively steep, and both show good filtering characteristics.
Among them, the measured -10dB impedance bandwidth
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Fig. 13. Simulated and measured the gain of the filtering
antenna and efficiency simulation values.

is 23.6% (3.22-4.08 GHz), and the simulated -10 dB
impedance bandwidth is 24.4% (3.31-4.23 GHz), and
there is not much difference between them. In Fig. 12,
the comparison curve between the measured gain value
and the simulated value of the proposed filtering antenna
and the antenna efficiency is given. It can be seen that
although the measured gain curve has a slight jitter com-
pared to the simulated gain curve, the overall consistency
is better. In addition, it can be seen that the antenna has
a radiation zero point at 3.18 GHz and 5.05 GHz. These
two radiation zero points enhance the sideband roll-off
of the antenna and bring good edge selectivity. In the
range of 3.31-4.23 GHz, the average gain of the filtering
antenna reached 8.1 dBi, while the gain dropped rapidly
outside the sideband. In the lower stopband range of 2.0-
3.18 GHz, the antenna achieves an out-of-band rejection
of nearly 17 dB. In the higher stopband range of 5.05-
6 GHz, an out-of-band rejection of more than 20 dB is
achieved. In addition, the average in-band efficiency of
the antenna exceeds 90%, reaching 98.5% at the highest
point.

Figure 14 depicts the normalized radiation pattern
of the filtering antenna at the three resonance points of
3.35 GHz, 3.60 GHz, and 4.20 GHz. The simulation
results are in good agreement with the measured results.

Table 2: Comparison between the proposed filtering antenna and some previous works
References Center

Frequency

(GHz)

Profile (λ 0) FBW(%) Average

Gain (dBi)

Suppression

Level (dB)

Size (λg*λg)

[8] 4.22 0.078 61.4 8.7 23 0.84*0.84
[12] 4.5 0.098 22.6 7.4 23 0.66*0.66
[15] 2.4 0.032 20.1 9.5 14.5 1.2*1.2
[19] 5 0.06 28.4 8.2 20 1.3*1.3
[20] 7 0.04 17.6 8 17 0.77*0.77

This work 3.35 0.038 23.6 8.1 17 0.78*0.78

Fig. 14. Simulated and measured normalized radiation
patterns of the filtering antenna. (a) The normalized pat-
tern of the filtering antenna at 3.35 GHz. (b) The normal-
ized pattern of the filtering antenna at 3.60 GHz. (c) The
normalized pattern of the filtering antenna at 4.20 GHz.

In addition, it can be seen from Fig. 14 that the main
polarization of the measured H plane (xz plane) and
E plane (yz plane) is approximately 25 dB greater
than the cross-polarization. It should be noted that the
cross-polarization obtained by simulation is less than -40
dB. The performance comparison between the filtering
antenna proposed in this article and other reported
filtering antennas is given in Table 2. In contrast, our
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proposed filtering antenna based on the fractal meta-
surface unit achieves a broadband filter response under
the condition of low profile (0.038λ 0). In addition, the
antenna has a relatively high gain in the passband and a
satisfactory suppression level in the stopband.

IV. CONCLUSION

In this paper, a filtering antenna based on a metasur-
face is designed by using a slot-coupled feeding mode.
The working principle of the antenna is analyzed through
the surface current, and the function of each structure
of the antenna is explained. The antenna has a good
filtering effect. To verify the performance of the filter-
ing antenna, the actual antenna was fabricated and mea-
sured. The -10 dB impedance bandwidth measured by
the filtering antenna is 23.6% (3.22-4.08 GHz), its struc-
ture is compact, and the profile is low. The average gain
in the antenna passband is 8.1 dBi and the efficiency
exceeds 90%, which can meet the needs of 5G communi-
cation. Regardless, future research should be devoted to
the development of filtering properties by well-designed
fractal metasurface and compacting its structure further.
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Abstract – This research constructs a 26 GHz waveg-
uide slot antenna with decent gain. The application of
millimeter-wave requires high bandwidth and gain to
increase the traffic and users for millimeter-wave and 5G
technology. The application of millimeter waves requires
a high gain and bandwidth to achieve the requirements
of traffic and users increasing for 5G technology and
existing millimeter-wave. High-gain and power handling
are provided by waveguide slot antennas. Three waveg-
uide structures which are two waveguide antennae and
a waveguide horn have been simulated by using CST
and fabricated by a 3D printer. The tilt technique has
been used with a waveguide to increase the bandwidth
and gain of an antenna. A waveguide with broad wall tilt
slots has one diction beam while a waveguide with broad
and narrow wall tilt slots has two direction beams, each
length of the wall enough to distribute six symmetric tilt
slots. The gain of 14.3 dB and 1.9 GHz bandwidth are
recorded for an antenna with broad wall tilt slots with
one beam. While the waveguide with broad and narrow
wall tilt slots achieved a gain of 13.9dB and a bandwidth
of 1.9 GHz. The proposed antenna is a decent candidate
for use with millimeter waves.

Index Terms – 3D printing, add electromagnetic model-
ing and simulation, multi-beams, slots antenna, waveg-
uide.

I. INTRODUCTION

Millimeter-wave beam-forming networks have
become an important part of the Fifth Generation (5G)
cellular network, both now and in the future, because

they make it easier to pick up signals and can handle
more traffic. In this way, a beam-forming network is
made up of the beam former, like a common Butler
matrix [1], Nolen matrix [2], or Blass matrix [3], and
the antenna array that is connected to the beam former
[4]. Hence, the antenna is an important device that
should provide high gain, wider bandwidth, and high
efficiency. In addition, the antenna in a millimeter-wave
band requires to provide a low loss, profile, and cost
production [5]. Several planar and non-planar antennas
have been introduced for millimeter-wave applications
to provide high-performance and low profile state of art
devices [6–14]. For instance, microstrip antennas for
higher frequencies have been presented with different
techniques to increase the gain and the bandwidth [6–
10]. However, microstrip antennas have the weakness of
high losses in terms of merging the antenna module at
millimeter-wave frequency. Additionally, the complexity
of integration to an antenna array requires a power
divider which increases the size and losses accordingly
[8]. Hence, researchers shifted to another alternative that
can overcome these problems; introducing traditional
waveguide antenna structures [10].

The waveguide slot antenna is considered the most
common type of waveguide antenna due to, its achiev-
ing high gain and low loss properties. At millimeter-
wave, waveguide slotted antenna is preferred regarding
their size due to the small wavelength at these particu-
lar frequencies [11–12]. Commonly, the slots are cut in
the broad wall of the waveguide in such a way it affects
the electrical fields and the current surface which leads
to radiating from the slot cutting [11]. Some studies used
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slot cutting in the narrow wall of the waveguide to oper-
ate the antenna. However, a narrow bandwidth resulted
[11]. Recently, a slot cutting in both broad and nar-
row walls with longitude slots distribution is presented
in [13, 14]. This technique produces multiple beams
with a good gain capability. Nevertheless, the bandwidth
obtained is less than 1 GHz, which is not satisfied the
millimeter-wave requirements of greater bandwidth than
1 GHz.

Therefore, this paper constructs a high gain and
wide bandwidth waveguide slots antenna using tilted
slots at both narrow and broad walls of the waveg-
uide structures. The advantage of using a tilted slot is
to increase the bandwidth of the antenna. Six slots are
selected to be applied on both walls with tilted of 10◦ to
produce dual-beam in the vertical and horizontal direc-
tion and increase the impedance bandwidth to more than
1 GHz. The objective of this antenna design is to operate
at a center frequency of 26 GHz and provides a high gain
≥ 10 dB and bandwidth ≥ 1 GHz.

II. WAVEGUIDE SLOT ANTENNA DESIGN

Shunt elements in transmission lines are commonly
used to represent slots. Figure 1 shows the circuit for the
slot. G stands for the slot’s conductance, and B stands
for the slot’s susceptance. The waveguide structure’s
longitude direction is employed to cut the slot used in
this study. L and W are the length and breadth of each
slot, respectively. As shown in Fig. 2, d is the distance
between two centered slots, and x is the offset from
the center line. The d between the slots is calculated to
be half the guided wavelength. As a result, the radiat-
ing slots would have a 180-degree phase shift [16, 17].
The normalized conductance Gn equations, as shown in
Equation (1), are used to calculate the offset x. (1, 2).

Fig. 1. Slot circuit representations [15].

Gn =
N

∑
n=1

gn = 1, (1)

gn =

[
2.09

λg
λ0

.
a
b
. cos2 πλ0

2λg

]
sin2 πx

a
. (2)

Variables a and b are the inner dimensions of the
waveguide (as depicted in Fig. 3), and the free space
wavelength is represented by λ0 and the guided wave-
length is g, while the number of slots is represented by
N. The slotted waveguide antenna’s physical dimensions,
as well as its gain and beamwidth, are determined using
the formulae below [17]:

λ g =
λ0√

1−
(

λ0
2a

) , (3)

Gain = 10×log
(

N.d
λ0

)
dB, (4)

Beamwidth = 50.7× λ0
N
2 . d

degree, (5)

d = λ g/2, (6)

L = 0.98λ 0/2, (7)

W = λ g/20. (8)
Slot width and length are denoted by W and L,

respectively, while the distance between slots is repre-
sented by d. Equation (3) shows how to derive the slot
parameters from the operating frequency and wavelength
of the guided center. Furthermore, two critical parame-
ters, the number of slots and wavelength influence the
gain and beam width. These values are also affected
by the distance between slots (d). The gain is increased
when the number of slots (N) increases [17]. However,
as the guided wavelength (λg) is raised, the distance
between slots and the waveguide size is also increased
[17]. As a result, the chosen slots are utilized on wave-
guide walls to retain an optimal gain and a reasonable
size. The structure of the waveguide is typically broad-
cast in TE10 mode, with both the H and E field posi-
tioned within the waveguide’s broad and narrow walls,
as shown in Fig. 2. An incision will be created over H-
field lines at maximum flow to enable the slot radiation
[17]. This will result in one beam being generated at one
of the walls. The slots on each wall side of the waveguide
are carved to enable numerous beams (two or more). If
the slot cutting is done on the waveguide’s narrow and
broad walls, for example, a dual beam will be formed
in the direction of the cutting slots. Figure 3 depicted
the distribution of slots concerning the dimensions of the
waveguide structure.

Two rectangular waveguides WR34 antennas are
selected to distribute slots. As shown in Fig. 4, the slot
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Fig. 2. H and E fields distributed lines in the rectangular
hollow waveguide [17].

Fig. 3. The standard structure of the waveguide slots
antenna [11].

Fig. 4. Proposed waveguide slots tilted antenna. (a)
Broad and narrow wall slots. (b) Broad wall slots. (c)
Depth and angle. (d) Horn antenna.

is spread on a broad and narrow wall with a tilt angle
(θ ) that is spun around the slot’s center. The slots are
cut symmetrically into the broad and narrow walls of the
waveguide by the transverse current when the mode is
TE10. As seen in Fig. 4, the horn antenna is based on
the WR34 waveguide technology standard. As a result,
Table 1 summarizes the intended antenna size in lambda.

Table 1: A dimensions of the proposed antenna
Parameters Describe Value

a Broad wall 0.75 λ
b Narrow wall 0.35 λ

LW Length of waveguide 5.2 λ
L Length of slot 0.46 λ
d distance between

slots
0.63 λ

W Width of slot 0.052 λ
La Length of aperture 2.17 λ
Wa Width of aperture 1.52 λ
de depth 0.086 λ
θ Angle of slots ±10 degree

III. DISCUSSION BASED ON PARAMETRIC
STUDY

The performance of the reflection coefficient was
investigated using the CST program. The design of this
proposed antenna used waveguide standard technology
which is WR34. The reflection coefficient of the pro-
posed design depended on an angle(θ ) and depth of slots,
Fig. 5 depicted the responses of the reflection coefficient,
it can be determined when the angle (θ ) is changing from
0◦ to 15◦, the bandwidth increases and the frequency is
adjusted at 26 GHz at the optimum slot angle of 10◦.
The bandwidth stays the same when the slot depth of the
narrow wall alterations from 0 to 1 mm, however, the
frequency is increasing and the frequency is shifted as in
Fig. 6.

Based on these findings, the ideal scenario for
achieving satisfactory outcomes is to employ a slot angle
and depth of 10◦ and 1 mm, respectively.

Fig. 5. Titled slot versus reflection coefficient.

In the fabrication process, the designed antenna is
metal-produced using 3D printer material. The ALSi9
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Fig. 6. Slot depth versus reflection coefficient (θ =10
degrees).

material has a high casting ability, is tailored for high
electrical conductivity, and has outstanding weather
resistance. Figure 7 shows a prototype 3D printed off
two waveguide antennas, one with title slots on both
the broad and narrow walls, and the other with title
slots exclusively on the broad wall, in addition to a horn
antenna that was also designed using a 3D printer. Using
the R&S�ZNB40 VNA, the performance of the sug-
gested antennas is measured in terms of S-parameters
(dB) and radiation pattern. A horn antenna was utilized
as a reference in the radiation patterns measurement
setup, which was placed in both the E-plane and H-plane
directions of the tested antenna.

Fig. 7. Fabrication of proposed design. (a) Broad wall
slots. (b) Broad and narrow wall slots. (c) Horn antenna.

IV. SIMULATION AND TESTING

Figure 8 shows the comparison results of the reflec-
tion coefficient between the simulation and measure-

ment of two waveguide antennas, the measured reflec-
tion coefficient of the waveguide antenna with tilt slot on
broad is shifted to a higher frequency which is 28.4 GHz
while the measured reflection coefficient of waveguide
antenna with tilt slot on the broad and narrow wall has
Hugh bandwidth started from 22 GHz to 30 GHz which
coverage the certain frequency 26 GHz. As can be seen in
Fig. 9, the measured reflection coefficient of the waveg-
uide horn antenna is still less than -10 dB with a wider
bandwidth.

Fig. 8. Comparison reflection coefficient of two waveg-
uide antennae.

Fig. 9. Comparison reflection coefficient of waveguide
horn.

The front-end module’s efficiency and gain perfor-
mance are then shown in Fig. 10. When the line is a
curve-fitting result, the measured gains of the front-end
module have frequency dependencies ranging from -180
to 180 degrees. Waveguide antennas achieved higher
gains of more than 13 dB for each antenna, and the ide-
alization of efficiency for each antenna achieved higher
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efficiency of 99 percent at 26 GHz, according to the fit-
ting curve.

Fig. 10. Gain and efficiency performance.

Figure 11 depicts the designed antenna’s radia-
tion pattern in both implemented walls. The compari-
son of directivity between measurement and simulation
at 26GHz in a broad wall at 0◦ also explains the direc-
tivity of a narrow wall as measurement and simulation
of design at 26 GHz, this enables the beam to radiate at
a 90◦ angle. The slide lobes levels concerning the back
lobe levels are less than -5dB, designed with a broad and
narrow wall tilt slot that has dual-beam perpendicular
to each other with phase spacing between two beams of
90◦. Figure 12 (a) shows the 2D radiation pattern of the
antenna with a broad tilt slot only as measurement and
simulation radiate at 26 GHz at a 0◦ angle. Figure 12 (b)
shows the 2D radiation pattern of the horn as measure-
ment and simulation has a very directive beam at 26
GHz at a 0◦ angle. Figure 13 refers to the measurement
antenna in the champter room.

Fig. 11. 2D radiation pattern of an antenna with broad
and narrow wall tilt slot, (a) broad wall, (b) narrow wall.

Normally, the antenna’s 3D radiation pattern is
formed by the edges of the patch, but in the case of
waveguides, the majority of the radiation pattern is
formed by the slots of the main structure, as shown in

Fig. 12. Depicts the 2D radiation pattern of the antenna
concerning the broad wall tilt slot and horn. (a) Broad
wall only and horn. (b) Horn.

Fig. 13. Measurement antenna in champter room.

the simulated 3D radiation pattern in Fig. 14 below. The
3D radiation pattern of the design with broad and narrow

Fig. 14. 3D radiation. (a) Broad and narrow tilt slots. (b)
Broad tilt slots. (c) Horn.
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wall tilt slots and an antenna with only broad tilt slots in
addition to the horn structure.

Figure 15 illustrates the surface current of three
designs, it shows clearly the radiation of waveguide
antenna with broad and narrow comes from tilt slots on
a broad and narrow wall, in addition, the radiation of the
second design which is a waveguide with board tilt slots
only come from slots, slots consider as a source for radi-
ation. The third design which is horn radiation comes
from its aperture. Table 2 shows a comparison of the pro-
posed design with existing work on dual-frequency band
millimeter-wave antennas.

Fig. 15. Surface current, (a) broad and narrow tilt slots,
(b) broad tilt slots, (c) horn.

Table 2: Proposed design versus previous works
No. Ref Freq No. Beam BW Gain No.

Slot

19 30 2 1.5 13.3 8
20 28 2 0.75 14.4 8

This
work

26 2 1.9 13.9 6

V. CONCLUSION

This paper presents a wideband and high gain
waveguide slotted tilt antenna at 26 GHz. Both narrow
and broad walls are tilted by 10◦ and the depth used
with the narrow wall is 1 mm. This constructed model
increases the bandwidths’ impedance. The length of each
structure has six symmetric tilt slots. The reflection coef-
ficient of the waveguide with tilt slots on the broad wall
resonates as simulation at 26 GHz of -28 dB and as mea-
surement shifted to 28.3 GHz of -15 dB. The reflection
coefficient of the waveguide with tilt slots on broad and
narrow walls resonates as simulation at 26 GHz of -38
dB and measurement at 26 GHz of -18 dB and produces
dual beams. A waveguide with tilt slots on a broad wall

achieved a gain of 14.3 dB and a bandwidth of 1.9 GHz
an additional efficiency of 99% while a waveguide with
tilt slots on broad and narrow walls achieved a gain of
13.9 dB and a bandwidth of 1.9 GHz with an efficiency of
99%. The proposed antenna is a decent candidate for use
with millimeter waves in 5G applications. In the future,
we will change the slot to a zigzag slot to increase the
gain.
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Abstract – In this paper, a millimeter-wave (mmW)
wideband high-isolation wide-angle scanning antenna
is presented. The end-fire magnetoelectric (ME) dipole
with wideband impedance characteristic and wide
beamwidth is selected. Based on the ME dipole, a 1×4
subarray with a stripline feed network is constructed to
get higher antenna efficiency. Then, four 1×4 subarrays
are adopted to form a 4×4 array to realize the wide-
angle scanning performance. Furthermore, to get better
isolation between the subarrays, the beam is tilted on the
non-scanning plane; in addition, the resonant split rings
are added on the background of the subarrays. With these
two measures, the isolation between the subarrays can be
effectively reduced, with more than 20 dB over the entire
bandwidth. Owing to the wide beamwidth of ME dipole
and high isolation between the subarrays, the 4×4 array
can obtain the wide-angle scanning characteristic. The
final antenna covers an operating bandwidth of 19.5%
(24.25-29.5 GHz) with return loss more than 10 dB,
which can meet the band in the 5G standard. The beam
can scan approximately±55◦ with a realized gain reduc-
tion under 3 dB within the wide operating bandwidth.
Also, the simulated radiation efficiency of the array is
more than 77% over almost the entire band. The antenna
will be a potential candidate to be applied in 5G applica-
tions.

Index Terms – fifth generation (5G), high-isolation,
magnetoelectric (ME) dipole, wide-angle scanning, wide
bandwidth.

I. INTRODUCTION

Nowadays, with the rapid development of wireless
communication, millimeter-wave (mmW) antenna sys-
tems have played an important role and been widely used
in mobile communication, driverless cars technology,
internet of things and other fields because of its high data
rate, low response time and wide operating bandwidth.
Promoting the development of the fifth-generation (5G)
wireless communication, mmW wideband, high isola-
tion and wide-angle scanning phased array antennas are
urgently required, especially those that work in 5G band.

During the past few years, many kinds of wide-
band mmW antenna arrays based on different structures
have been designed, such as tapered slot antenna [1],
meta-surface antenna [3–4, microstrip patch antenna [5],
quasi-Yagi antenna [6], and horn antenna [7]. However,
few of them have wide-angle scanning characteristic and
high isolation between the elements at the same time.
The literature [8–12] show the excellent scanning per-
formance, such as transmitarrays [8], reflectarrays [9],
dielectric resonators [10], and lenses [11]. However, the
size of these antennas is not suitable to integrate with
other devices. In literature [13–17], the wide-angle scan-
ning performance can be obtained, while the port iso-
lation between the elements is not so desirable with
only more than 15 dB, even some methods have been
employed to reduce the mutual coupling. Thus, design-
ing an antenna possessing wideband, high isolation and
wide-angle scanning is still a challenging task. As for
the element, magnetoelectric (ME) dipoles show great
advantages of wide bandwidth, wide beamwidth, and
superior radiation performance by combining comple-
mentary electric dipole and magnetic dipole in mmW
band [18, 19].

II. ANALYSIS OF THE ANTENNA
ELEMENT AND ARRAY

A. ME dipole element

The array antenna element is designed based on the
ME dipole in [20]. It is an end-fire ME dipole with wide
bandwidth and wide beamwidth, which is a good can-
didate for the wide-scanning array element. However,
it is printed on a single-layer dielectric substrate with
the thickness of 0.254 mm, which is too thin to hold
the larger array. Moreover, the microstrip feed network
would suffer higher transmission loss in mmW band.
Thus, two dielectric substrates are employed to get a
stripline structure as the feeding network can be seen in
Fig. 1, which can meet the requirements of hard structure
and low loss.

In Fig. 1 (a), the upper part in the red dashed frame
is electric dipole, and the lower part in the blue dashed
frame is a single loop antenna, playing the role of mag-
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Fig. 1. Configuration of the element. (a) Perspective
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Fig. 2. Simulated results of the proposed antenna ele-
ment: (a) reflection coefficient, (b) radiation patterns at
27 GHz, (c) radiation gain.

netic dipole. The two antennas are combined together
and are excited by a phase inverter, providing 180◦
phase shift over a broadband range. The electric dipole
and magnetic dipole have different resonant frequen-
cies, which broaden the operating frequency of the total
antenna. Both of the two substrates used here are Rogers
Duroid5880 substrate with thickness of 0.254 mm. On
the backside of layer2, a rectangular conductor acts as
the stripline’s ground. The horizontal copper plate plays
the role of reflecting beam and fixing antenna substrate.
From the side view of Fig. 1 (b), a bonding film (Rogers
4450F, εr=3.5, tanδ=0.004) with a thickness of 0.2 mm
is used to align the two substrates together. All the
dimensions of the ME dipole are marked in Fig. 1 (b).
After the mass simulation analysis and optimization, the
element exhibits outstanding performance as shown in
Fig. 2, over the frequency range of 24-30 GHz, the simu-
lated return loss is larger than 15 dB. The realized gain is
more than 4 dBi and the maximum realized gain is up to
5.9 dBi over the band 24.25-29.5 GHz. The simulated

realized gain radiation pattern at the center frequency
27 GHz in Fig. 2 (b) shows that the cross polarization
in the E-plane and H-plane is higher than 25 dB in the
broadside direction. The 3 dB beamwidth is 154◦ at
27 GHz in H-plane, which is advantageous for wide-
angle scanning. That is to say, the two layers substrate
ME dipole also can be a good element candidate for the
phase array application because of the wide impedance
bandwidth and wide beamwidth in H-plane. The dimen-
sions of the element are shown in Table 1.

Table 1: The optimum value of the parameter for the dou-
ble substrates ME dipole (unit: mm)

Parameter w1 l2 w2 l3 l4 l5
Value 0.7 2.1 0.8 3 1.3 2.4

Parameter l8 gap gap2 gap3 W l6
Value 2 1 0.12 0.2 7.5 1

Parameter L l1 l7 w5 w6
Value 9.5 2.1 6.2 0.4 0.34

In Fig. 2, the parametric study of the ME element
has been conducted, we can conclude that the param-
eters L3 and gap affect the reflection coefficient obvi-
ously. And L3 affects the resonating frequency more than
gap. The current distribution on the patch also has been
given in Fig. 4, it can be seen that the current densi-
ties on the dipole attain their maximum strength when
t=0. After a quarter of a period, the current densities
on the loop attain their maximum, which means that
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          t=0                              t=T/4 

Fig. 4. The current distribution of the antenna element.

the electric dipole and the magnetic dipole are strongly
excited.

B. 1×4 array design

Based on the proposed ME dipole, a 1×4 linear
array is designed. As shown in Fig. 5, the element dis-
tance is set as 7.5mm in E-plane, which is 0.64λ 0 of the
center frequency 27 GHz. With this element distance,
the mutual coupling between the elements is weak and
has little effect on the array performance. In such a com-
pact layout, it is impossible to place the power division
network on the ground and feed the antenna through the
floor with a probe as the conventional feeding network.
Therefore, the power division network and 1×4 linear
array are designed on the same dielectric substrate as
seen in Fig. 5. The four elements are excited by a 1-to-4
stripline power divider, which has higher efficiency than
a microstrip power divider with a single-layer dielectric
substrate in the mmW band. In Fig. 6 (a), the impedance
bandwidth for |S11|<-20 dB is 24-30 GHz. The high-
est realized gain is 11 dBi, and the radiation patterns
at 27 GHz are given in Fig. 6 (b). We can see that the
array exhibits a stable radiation pattern and wide H-plane
beamwidth over the operating band.

Power division 
networkPhase 

inverter
Bonding film

ME-dipole

x
z

y

Fig. 5. The geometry of the 1×4 linear array.
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Fig. 6. The simulation results of the 1×4 linear array.
(a) reflection coefficient and realized gain, (b) radiation
patterns at 27 GHz.

C. 4×4 array with beam-tilt in E-plane

Based on the above 1×4 subarray, four 1×4 subar-
rays are employed to obtain a 4×4 array. Considering the
requirements of isolation and radiation pattern scanning
performance, the 4×4 array needs a compact physical
structure, so the subarray spacing is 4.8 mm (0.44λ 0 at
27GHz in the free space) as can be seen in Fig. 7.

x

z

y GND

Subarray 1
Subarray 2

Subarray 3
Subarray 4

4.8mm

Fig. 7. The structure of the 4×4 array.
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As depicted in Fig. 8, the return loss for the four
outputs is larger than 12.5 dB over the whole frequency
band. However, the isolation between the linear arrays is
not so good, especially at lower frequencies. The worst
value is about 11 dB, which would deteriorate the scan-
ning performance for the 4×4 array.
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Fig. 8. The S-parameters of the 4×4 array. (a) Return loss
of four outputs. (b) Isolation between the four outputs.

In general, in the wireless communication system,
beam tilt is used to expand the covered area and improve
the antenna element isolation at the orthogonal plane.
Here, this method is adopted to achieve better isolation
between the subarrays. The decoupling principle of the
beam-tilt design is shown as in Fig. 9, suppose an array
composed of 8 elements denoted as A1-A8 can, it can
be divided into 2 channels. A1-A4 are the four antennas
in channel 1, A5-A8 are the four antennas in channel 2.
If the feeding currents on antennas in channel 1 can be
denoted as i1=e0, i2= e−i f , i3= e−i2ϕ and i4= e−i3ϕ ,
where the amplitude of the current is 1, the phase delay
is –ϕ to obtain the scanning characteristic. The phase
delay -ϕ’ is caused by the free space coupling path, if
other factors can be ignored, then the current at antenna
5 through the coupling from antenna 1 is e−i f ′ the so
the received signal at the input port in channel 2 can be
obtained as:

ireceive= e−iϕ ′(1+e−i2ϕ+e−i4ϕ+e−i6ϕ) . (1)

According to the Euler formula, it can be written
as:

ireceive = e−iϕ ‘ 1+cos2ϕ+cos4ϕ +cos6ϕ −
i(sin 2ϕ+sin4ϕ +sin6ϕ )

. (2)

Then the modulus value is:

|ireceive|=
√

4+6cos2ϕ +4cos4ϕ +2cos6ϕ . (3)

Set phase difference ϕ=nπ , as long as n is not an
integer, the modulus of the received signal in channel 2
is less than 4. If ϕ=0, then i

′
receive= 4e−iϕ ′ ,

∣∣∣i′receive

∣∣∣= 4.
When the beam deflects and ϕ is not equal to the integral
multiple of π , that is |ireceive|<

∣∣∣i′receive

∣∣∣, it can reduce the
coupling between channels.

A1 A2 A3 A4

A5 A6 A7 A8
0 -φ -2φ

0 -φ -2φ

i1 = e0 i2 = e-iφ i3 = e-i2φ i4 = e-i3φ

i5 = e-iφ' i6 = e-i(φ+φ') i7 = e-i(2φ+φ') i8 = e-i(3φ+φ')

-φ'

iradiate = 4

ireceive = e-iφ' · 1 + e-i2φ + e-i4φ + e-i6φ

-3φ

-3φ

Fig. 9. The decoupling principle of beam-tilt design.

According to the calculation and analysis, the opti-
mum beam down-tile angle should be 8◦, which can meet
the requirements of the channel isolation in H-plane and
the directional gain in E-plane. Therefore, the phase dif-
ference between the output ports of the power divider
should be 35◦.

lab lde 
lbc lcd

lfg lijlgh lhi

First stage

Second stage

Port1

Port2 Port3 Port4 Port5

Fig. 10. The diagram of the unequal phase power divider.

The diagram of the unequal phase power divider
is shown in Fig. 10. It consists of two stages of power
divider. In the first stage, the electrical length of lab is
more than lde by 70◦ (the physical length is 1.53 mm
at 27 GHz) and the electrical length of lbc and lcd is set
as a quarter of the wavelength at 27 GHz, the charac-
teristic impedance is 70.7 ohm to determine the width
of the strip line. In the second stage, the length of l f g is
0.76 mm longer than li j, corresponding to a phase dif-
ference of 35◦. After fine-tuning, the dimensions of the
unequal phase power divider are obtained as shown in
Table 2.

Table 2: The optimum value for the unequal phase power
divider (unit: mm)

Parameter lab lbc lcd lde
Value 6.06 2 2 4.52

Parameter l f g lgh lhi li j
Value 2 1.9 1.78 1.39
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In Fig. 11 (a), the return loss is larger than 20 dB
over the whole band. And the transmission coefficients
are better than -6.56 dB, which mean the biggest inser-
tion loss is 0.56 dB. The amplitude unbalance is ±0.3dB
or so, while the phase unbalance is just ±5◦.

With the above unequal phase feeding network,
the isolation can be improved obviously. As given in
Fig. 2, the coupling between the subarrays has been
decreased by 5dB in average. Especially at high frequen-
cies, the isolation even reaches 35dB, compared with
Fig. 8 (b).

Additionally, the simulated radiation efficiency has
been given in Fig. 13, across the entire band, it is more
than 76%.

D. 4×4 array with resonant split rings

For the need of scanning, the 4 × 4 array is placed
on a copper ground with a size of 40mm×30mm×2mm.

As shown in Fig. 14, fix the four 1×4 subarrays and
connector, the copper ground is slotted. The 1×4 arrays
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Fig. 11. The simulated results of the unequal phase
power divider. (a) Return loss, (b) transmission coeffi-
cients, and (c) transmission phase difference.

 
24 25 26 27 28 29 30

-60

-50

-40

-30

-20

-10

 |S12|
 |S23|
 |S34|S-

pa
ra

m
et

er
 (d

B
)

Frequency (GHz)

Fig. 12. The isolation between the subarrays with beam-
tilt.

24 26 28 30
0.6

0.7

0.8

0.9

R
ad

ia
tio

n 
E

ff
ic

ie
nc

y

Frequency (GHz)

Fig. 13. The simulated radiation efficiency of the array.

are divided into two groups and placed symmetrically for
better cross-polarization [21].

x
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y

GND

Subarray 1
Subarray 2

Subarray 3
Subarray 4

SMP Connector

resonant split ring

Fig. 14. The final diagram of the 4 × 4 array for fabrica-
tion.

The isolation between 2 and 3 channels at approxi-
mately 25 GHz is less than 20 dB. To achieve high isola-
tion at lower frequencies, resonant split rings are added
to the 4×4 array. Firstly, resonant split rings resonating
at 25 GHz are added on the back side of subarray2 and
subarray3 to absorb electromagnetic energy. Then the
resonant split rings are grounded to transmit energy to
the ground through a long thin line. After loading the
open resonant ring, the isolation between the subarrays
has been improved more than 20dB as given in Fig. 15.

24 25 26 27 28 29 30
-45
-40
-35
-30
-25
-20
-15
-10

 |S12|
 |S23|
 |S34|

S-
pa

ra
m

et
er

 (d
B

)

Frequency (GHz)

Fig. 15. The isolation between the subarrays with reso-
nant split rings.
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E. The wide-angle scanning performance

To verify the beam scanning performance, active
simulation cooperated with full-wave solver ANSYS
HFSS is implemented. The four 1×4 subarrays are
fed by excitations with same amplitudes and different
phases. Figures 16 (a)-(b) depicts the simulated active
reflection coefficients at the broadside direction and the
scan angle of 55◦. It can be seen that the active reflection
coefficients for four subarrays is less than -10 dB even
at the scan angle of 55◦, owing to the excellent isolation
between the subarrays. The main beam can scan to 55◦
with scan losses lower than 3.0 dB/2.5 dB and sidelobes
lower than -8.5 dB/-4.7 dB at 24.25 GHz/29.5 GHz as
shown in Figs. 16 (c)-(d).
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Fig. 16. The Active S-parameters when the beam scan to
(a) 0◦, (b) 55◦, and the wide-angle scanning performance
at (c) 24.25 GHz, and (d) 29.5 GHz.

III. MEASURED RESULTS AND
DISSCUSION

For verification, a prototype of the 4×4 array loaded
with open resonant ring, as shown in Fig. 17, was fabri-
cated and measured. The S-parameters of the array were
measured by Agilent E8363B vector network analyzer,
and the results are shown in Fig. 18. It can be seen that
the return loss is almost higher than 10 dB from 25 GHz
to 30 GHz, some points are less than 10 dB owing to the
fabrication error, and the isolation between the channels
is lower than -20 dB from 24 GHz to 30 GHz.

The radiation pattern of the array is measured by
an in-house far-field mmW antenna measurement sys-
tem, and the gains were measured by comparing with
the standard gain horn antenna. Figure 19 gives the mea-
sured radiation pattern in H-plane with the one-to-four
equal powder divider, we can see the radiation patterns
at different frequencies meet with the simulated ones.

 
(a)                                          (b)  

Fig. 17. The photo of the fabricated 4×4 array. (a) the
disassembled antenna. (b) the assembled antenna.
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Fig. 18. The simulated and measured S-parameters of the
4×4 array. (a) Return loss. (b) Isolation.

From the E-plane radiation patterns, the beam points to
the maximum at about 8◦. Unfortunately, there is no suit-
able beamforming network to verify the scanning perfor-
mance of the final fabricated array, but it is believed that
the scanning performance will be fine as expected, like
the above E-plane and H-plane radiation patterns. The
simulated and measured gain are compared in Fig. 20,
the measured gain is up to 15.0 dBi with a variation
of 1.0 dB over the operating band of the array. The
deviation between measured and simulated gain results
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Table 3: Comparisons with other antenna arrays
Ref f0 (GHz) Bandwidth

(%)

Dimension Isolation (dB) Scan Range

(◦)
Size Gain

Loss

(dB)

[1] 27 47 1×4 N.A. ±35 1.1 λ 0 × 2 λ 0 3
[14] 27 17.7 1×8 < -15 ±62 0.5 λ 0 × 4 λ 0 3
[16] 6.2 11.5 1×4 < -15 ±70 0.46 λ 0 × 1.2

λ 0

3

[17] 3.5 28.6 1×8 < -13 ±60 0.28 λ 0 ×
2.33 λ 0

2.5

This work 27 19.5 4×4 < -20 ±55 1.29 λ 0 × 2.5
λ 0

3
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Fig. 19. The measured radiation patterns for the pro-
posed antenna array (Left: E plane Right: H plane) at:
(a) 24.25 GHz, (b) 27 GHz, and (c) 29.5 GHz.

is mainly caused by fabrication error and the uncertain
influence of the measurement setup close to the antenna
under test. The degradation of the impedance matching at
the lower band of the frequency range would also affect
the measured gain.

In Table 3, the comparison between our work and
other antenna arrays is presented. The suggested antenna
array has a broader operating bandwidth and higher
isolation than the designs in [14] and [16] because of
the wide band characteristic of the proposed antenna ele-
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Fig. 20. Measured and simulated peak gain of the pro-
posed antenna array.

ment and the isolation improvement measures for the
array. The bandwidth of antenna in [1] is much wider
than the proposed antenna, while our work has better
performance in beam scanning. The array in [17] has
wide-angle scanning and wideband characteristic; how-
ever, the isolation between the subarrays is not as good
as our work.

IV. CONCLUSION

A mmW wideband high-isolation wide-angle scan-
ning phased array based on end-fire magnetoelectric
(ME) dipole is presented. A 1×4 double dielectric sub-
strate planar ME dipole linear array with a strip line
feed network is designed to get higher antenna effi-
ciency. Then, four 1×4 subarrays is used to form a 4×4
array to realize the wide-angle scanning performance.
Furthermore, to achieve better isolation, both beam
down-tilt and resonant split rings are employed. Owing
to the wide beamwidth of ME dipole and high isola-
tion between the subarrays, the 4×4 array can obtain the
wide-angle scan characteristic. The final antenna covers
an operating bandwidth of 19.5% (24.25-29.5 GHz) with
return loss more than 10dB, which can meet the band in
the 5G standard. The mutual coupling between the subar-
rays can be effectively reduced less than -20dB over the
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entire bandwidth. The beam can scan of approximately
±55◦ with a realized gain reduction under 3 dB in the
wide operating bandwidth. Additionally, the simulated
radiation efficiency of the array is more than 77% over
almost the whole band. The antenna will be a potential
candidate to be applied in 5G applications.
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Abstract – A broadband Circularly Polarized (CP) cross-
dipole antenna with the merit of stable gain is proposed.
The designed antenna consists of crossed dipoles, para-
sitic patches, reflectors, and vertical parasitic plates. By
adding parasitic patches and parasitic plates, the circular
polarization performance of the antenna is significantly
improved. Furthermore, the gain value becomes stable
in the entire operating frequency band by modifying the
structure of the parasitic plates. The final dimension of
the presented antenna is 0.76λ0×0.76λ0×0.28λ0 (λ0 is
the wavelength at the center frequency point in the circu-
larly polarized working frequency band). The measured
results depict that the Impedance Bandwidth (IBW) is
80.8% (2.03GHz∼4.78GHz) and the Axial Ratio Band-
width(ARBW) is 68.5% (2.35GHz∼4.8GHz). Stable
gain values, ranging from 6dBic to 7.5dBic, are obtained
in the working frequency band, and the average gain can
reach 7dBic.

Index Terms – broadband, circularly polarized, cross-
dipole, parasitic patches, stable gain.

I. INTRODUCTION

Because of better reception performance, circularly
polarized antennas have been found in many applica-
tions in Global Navigation Satellite Positioning Sys-
tems (GNSS), satellite communication systems, radio
frequency identification, etc.

Microstrip patch antennas have become one of the
most popular antennas due to their good characteris-
tics, such as low profile, small size, and easy processing.
Common techniques to generate CP performance are to
produce a perturbation by cutting corners on the diago-
nal of a square patch or etching a cross slit in the ground
plane. The above methods have been studied theoreti-
cally by Sharma [1] as early as 1983. The single-fed cir-
cularly polarized antenna with the perturbation method
has the advantage of a simple structure. However, the
bandwidth is generally narrow. In order to obtain wide
circular polarization bandwidth, antennas with comple-

mentary structures, in which typically one is the crossed
dipole antenna, are adopted to generate CP performance
nowadays.

Due to their superior CP performance, crossed
dipole antenna is one of the most popular antennas
to achieve broadband and CP characteristics. In recent
years, various structures of crossed-dipole antennas have
been proposed to broaden the CP bandwidth. In [2], Baik
proposed a crossed dipole circularly polarized antenna
using a single port feed, which achieved a final ARBW
of 15.6%. In [3], Baik added square opening rings to in-
crease the ARBW of the antenna to 28.6%. By loading
the butterfly-crossed dipole antenna with four parasitic
triangular patches, the ARBW of the antenna in [4] can
reach 42.3%. By adding circularly polarized patches, the
antenna in [5] can obtain an ARBW of 66%. In [6], four
grounded metal posts are inserted in the proposed an-
tenna to achieve an ARBW of 78%. In addition, the cav-
ity structure can also be utilized to broaden bandwidth. In
[7], a surrounding non-closed cavity is formed by adding
four parasitic plates, which brings about an ARBW of
63.4%. By loading a closed cavity all around, the antenna
in [8] can obtain an ARBW of 58.6%. In [9], by adding
folded cavity to the vertical, the ARBW of the antenna to
52.4%. In [10], in addition to the introduction of the cav-
ity, an annular reflection ring is added between the cavity
and the antenna to achieve an ARBW of 85.5%.

Although circularly polarized crossed dipole anten-
nas own broadband property, the fluctuation of their gain
values is large. The wider the bandwidth, the worse the
gain flatness, as shown in Table 1. The gain flatness of
the antenna is the fluctuation of gain curves in a certain
band, which is an important indicator to measure the dy-
namic characteristics of the antenna. And the flatter the
gain curve, the better the receiving characteristic of an-
tennas. Therefore, an important parameter ΔG=Gainmax-
Gainmin [12] is defined to describe the variation of gain
values. To achieve stable gain, an ultra-wideband CP
crossed-dipole antenna was designed in [13].

To obtain wider bandwidth and better gain
flatness simultaneously, a broadband stable-gain
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Table 1: Comparison of the proposed CP antenna and
references
References Overall

Size
(λ0)

IBW ARBW Variety
range

of
Gain

(dBic)

ΔG
(dB)

[5] 1.04*
1.04*
0.26

77.6%
(1.11GHz

-2.52
GHz)

66%
(1.25GHz-
2.48GHz)

7-2 5

[6] 1.17*
1.17*
0.29

95.0%
(1.16GHz-
3.26GHz)

85.5%
(1.24GHz-
3.09GHz)

1.12-
6.67

5.55

[7] 0.46*
0.46*

0.1

78.3%
(0.91GHz-
2.08GHz)

63.4%
(0.97GHz-
1.87GHz)

4.5-2.5 2

[8] 0.79*
0.79*
0.27

68.9%
(1.9GHz-
3.9GHz)

58.6%
(2.05GHz-
3.75GHz)

7.4-9.4 2

[9] 0.79*
0.79*
0.27

63.2%
(1.04GHz-

2GHz)

52.4%
(1.1GHz-
1.88GHz)

2-4 2

[10] 1.1*
1.1*
0.37

98.2%
(1.73GHz-
5.07GHz)

85.5%
(1.94GHz-
4.84GHz)

6.4-10 3.6

[11] 0.6*
0.6*
0.25

44%
(1.95GHz-
3.05GHz)

31%
(2.2GHz-

3GHz)

5.8-6.5 0.7

Proposed 0.76*
0.76*
0.28

80.8%

(2.03GHz-

4.78GHz)

68.5%

(2.35GHz-

4.8GHz)

6-7.5 1.5

circularly polarized cross-dipole antenna is proposed
in this paper. Compared with reference [13], a mod-
ified cavity is utilized in this design. The measured
results show that the IBW of the proposed antenna is
80.8%(2.03GHz∼4.78GHz) and the ARBW is 68.5%
(2.35GHz∼4.8GHz). And the gain flatness can keep
well in the range from 6dBic to 7.5dBic.

II. ANTENNA DESIGN AND ANALYSIS
A. Antenna configuration

The physical structure of the proposed antenna
is illustrated in Fig. 1. As seen from the figure, the
proposed antenna is composed of three layers. In the
top layer, dipole arms are printed on both sides of the
F4B (εr=2.65, tanδ=0.001) dielectric substrate with a
thickness of h, 0.8mm. Furthermore, by adding parasitic
rectangular patches on both sides of the dipole arms,
broad bandwidth performance can be obtained. The
rectangular dipole arms are connected by a phase delay
loop to achieve a 90◦ phase difference. The delay rings
on both sides of the dielectric substrate are connected
by the outer and inner conductors of a 50-ohm coaxial

Fig. 1. The configuration of the proposed antenna.

cable. The bottom layer is mainly a metal reflector,
which can further increase the gain of the antenna.
Between the bottom and top layers, stepped-shaped
metal walls on the vertical space are used to further
broaden the bandwidth. Finally, the metal wall is
modified to make the gain values stable in the entire
operating band. The detailed parameter dimensions
of the antenna are as follows: wg=65mm, w=50mm,
r=3.2mm, w1=0.3mm, w2=2.2mm, d=1mm, ls=18mm,
ws=5.4mm, g=1mm, w3=6mm, l1=17.5mm, h=0.8mm,
h1=23mm, h2=22mm, h3=10mm, l3=12.8mm,
l4=27.8mm, h5=5mm.

B. Design process

The proposed antenna is a crossed dipole antenna
that can achieve circular polarization. The principle
of the circularly polarized crossed dipole is demon-
strated as follows. According to transmission line theory:
θ = 2πL/λ , the length of λ/4 phase delay loop is intro-
duced in a dipole antenna. To broaden the bandwidth,
parasites are added in the proposed antenna, which can
produce new equivalent capacitance or inductance, thus
generating different resonance points according to the
resonant formula: f = 1/(2π

√
LC).

To illustrate the design process of the proposed an-
tenna clearly, the design procedures of the proposed an-
tenna are shown in Fig. 2. A simple crossed dipole cir-
cularly polarized antenna is designed as Ant. 1, which is
evolved from the most basic crossed dipole antenna, and
the bandwidth is increased by widening the dipole arm.

By adding a parasitic rectangular patch on Ant. 1,
Ant. 2 is obtained, and the bandwidth is further widened
caused by the generation of new resonance. Ant. 3 was
generated by loading four metal walls on the vertical
space between the metal plate and Ant. 2, which can
bring better bandwidth performance. The vertical par-
asitic plate is coupled with the dipole arm, which in-
troduces an equivalence capacitor in the low-frequency
band. According to the resonance formula, the operation
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Fig. 2. Antenna evolution (a) Ant. 1, (b) Ant. 2, (c) Ant.
3, (d) Ant. 4, and (e) the proposed antenna.

band will be expanded in low-frequency band. To further
increase the bandwidth, a triangular tapering process is
used between dipole arms and the phase delay loop in
Ant. 3, which is present in Ant. 4. By digging rectangu-
lar notches out on the cavity structure of Ant. 4, the Ant.
5 (the proposed antenna) is obtained, the gain variation
of which is slight.

C. Working mechanism

This section will illustrate the principles of wide
bandwidth and gain flatness, and demonstrate the current
distribution of the proposed antenna.

The simulated |S11|, AR and gain results of the
above antennas are shown in Fig. 3. It can be seen
from Fig. 3 that, compared with Ant. 1, Ant. 2 (load-
ing by parasitic patches on Ant. 1) has a wider IBW
of 38.6% (3.26GHz∼4.82GHz), and a wider ARBW of
81% (2.29GHz∼5.41GHz) which is because the appli-
cation of the parasitic patch generates multiple resonant
points. As shown in Figs. 3 (a) and (b), Ant. 2 generates
a resonance point at the high frequency, and the band-
width of |S11| and AR are widened. Then, it can also
be demonstrated that the axial ratio bandwidth of Ant.
3 is broadened in both low and high-frequency band.
And the ARBW can reach 81% (2.29GHz∼5.41GHz),
which is because the coupling between vertical parasitic
plates and dipole arms extends the current path and im-
proves the AR in the middle and high frequencies. From
Figs. 3 (a) and (b), it can be seen that the IBW of Ant. 4
is 99.3% (1.83GHz∼5.44GHz) and the ARBW of Ant. 4
is 91.4%(2.02GHz∼5.42GHz). The bandwidth is further

Fig. 3. Simulated results of the five antennas: (a) |S11|,
(b) AR, (c) gain.

broadened due to the improved matching by the taper-
ing structure. Finally, in compromise of the bandwidth
and gain flatness, the cavity of Ant. 5 (the proposed an-
tenna) is designed as a stepped shape by digging out
the rectangular block from the side cavity formed by the
rectangular patches. Although the IBW and ARBW be-
come narrow, the gain curves become more smooth com-
pared with Ant. 3 and Ant. 4 as shown in Fig. 3(c). The
proposed antenna exhibits an ARBW of up to 70.9%
(2.26GHz∼4.71GHz) and an IBW of 82.7%. And the
gain values range from 6dBic to 7.5dBic.

To clarify the cause of flatness of gain, it can be
seen from the evolution from Ant. 2 to Ant. 3. Ant. 3
is constructed by adding vertical metal plates on Ant. 2,
which broadens the bandwidth largely. The addition of a
vertical metal plate to extend the current path by adding
coupling, which moves the operation frequency band of
the proposed antenna to a lower frequency band and thus
broadens the bandwidth, as shown in simulation results
of Ant. 2 and Ant. 3 in Fig. 3 (b) in the paper. Further-
more, the addition of a vertical metal plate mainly affects
the bandwidth of antennas in the low-frequency band.
While the introduction of a vertical metal plate generates
coupling which makes the energy transfer to the metal
plate, causing a decrease in the gain of the antenna in
the high band, as can be seen from Fig. 3 (c). Addition-
ally, the higher the frequency band, the more significant
the decrease in gain. Therefore, the lower coupling is re-
quired in the high-frequency band by changing the struc-
ture of the vertical metal plate.

When the vertical metal plates are modified to
stepped shapes, the coupling between the antenna and
the vertical metal plate in the high-frequency band can be
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decreased, which decreases the energy consumption in
the high-frequency band. Therefore, the gain value in the
high-frequency band becomes close to that in the low-
frequency band, generating a more smooth curve of gain
values.

The simulated vector surface current distribution of
the proposed antenna at 2.5 GHz, 3.5 GHz, and 4.5 GHz
(corresponding to the low to mid-high frequencies of the
CP band) is shown in Fig. 4. It can be obtained that ex-
ternal parasitic components can cause resonance in the
low-frequency band. As can be seen in Fig. 4 (a), the cur-
rent directions at 0◦ and 90◦ are orthogonal. Therefore,
the CP wave is generated. From Fig. 4 (c), the crossed-
dipoles generate high-frequency resonances . As shown
in Fig. 4 (b), although all antenna elements excite cur-
rents in different directions simultaneously, the overall
current directions are determined in 0◦ and 90◦ direc-
tions in an orthogonal way, which brings in CP wave
in the mid-frequency. Moreover, Fig. 4 also shows that
the radiation at 2.5 GHz, 3.5 GHz, and 4.5 GHz is right-
hand circularly polarized wave (RHCP) because the sur-
face current flows in a counterclockwise direction at two
phases.

D. Parametric analysis

Among all the parameters, the width of the vertical
metal plate gap (l3) and the height of the vertical metal
plate (h2) have an important effect on the performance of
the presented antenna. And Fig. 5 depicts the Simulated
Axial Ratio and Gain Effect of the proposed antenna with
different values of l3 and h2. The parameter l3 mainly af-
fects the gain values in the high-frequency band. When
l3 increases, the coupling between the dipole arm and the
metal plate reduces, which thus increases the gain values
in the high-frequency band, as can be seen in Fig. 5 (a).
The parameter h2 mainly affects the AR values in the
low-frequency band. When h2 increases, the current path
is extended, which generates a new resonance point and
broadens the AR bandwidth in the low-frequency band,
as can be seen in Fig. 5 (b).

III. SIMULATED AND MEASURED
RESULTS

As shown in Fig. 6, the physical object of the pro-
posed antenna is fabricated and measured, and Fig. 6 (c)
depicts the test environment.

Shown in Fig. 7 (a) is the simulated and mea-
sured |S11| and the simulated efficiency of the proposed
antenna. It can be seen that, the simulated and mea-
sured IBW (S11<-10dB) is 82.7% (1.95GHz∼4.7GHz)
and 80.8% (2.03GHz∼4.78GHz), respectively, between
which there is a deviation of 3.2% due to machining
errors and losses. In addition, the measured |S11| re-
sults show a relatively large fluctuation, which is because
the processing precision is insufficient, the surround-

Fig. 4. The simulated surface current distribution of the
proposed antenna: (a) 2.5 GHz, (b) 3.5 GHz, and (c) 4.5
GHz.

 

(a)                                        (b) 

Fig. 5. Simulated Axial Ratio and Gain Effect of the pro-
posed antenna with different values of the main parame-
ters including (a) l3 and (b) h2.

ing cavity is consist of hand-folded copper pieces, and
the coaxial welding is uneven. It can also be seen from
Fig. 7 (a) that the efficiency of the antenna is 94% on
average (the gray area in the simulated figure expresses
the frequency band that the proposed antenna operates in
circular polarization). Also, the efficiency of the antenna
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Fig. 6. (a) Photograph of the antenna. (b) The test envi-
ronment.

Fig. 7. Simulated and measured of (a) |S11| and effi-
ciency (b) AR and gain.

is higher than 92% across the entire operating frequency
band.

In Fig. 7 (b), the AR and gain results of the pro-
posed antenna are depicted. The simulated and mea-
sured ARBW is 70.9% (2.26GHz∼4.71GHz) and 68.5%
(2.35GHz∼4.8GHz), respectively. The simulated gain
results range from 6 to 7.45dBic, and the measured gain
results range from 6dBic to 8dBic, which can be seen
that the average gain reaches 7dBic in the entire oper-
ating band and the gain values changes in a very small
range.

The normalized radiation patterns of the proposed
antenna at 2.5GHz, 3.5GHz, and 4.5 GHz (ϕ=0◦ and
ϕ=90◦) are shown in Fig. 8, from which it can be ob-
tained that the measured radiation patterns agree well
with the simulation ones, and the antenna exhibits RHCP
performance in the entire CP operating band. And the
measured results show that the cross-polarization of the
proposed antenna is less than −15.2 dB, and the front-
to-back ratio is more than 19.8 dB.

Fig. 8. Simulated and measured radiation patterns at (a)
2.5GHz, (b) 3.5GHz, and (c) 4.5 GHz.

Finally, the proposed antenna is compared with
other broadband CP crossed dipole antennas in Table 1
(λ0 is the center wavelength at the CP operating fre-
quency in free space). Compared with antennas in [5,
7-9], the IBW and ARBW of the proposed antenna of
are wider, and the gain values of the proposed antenna
change slightly as seen from the minimum ΔG value of
the proposed antenna. Although the IBW and ARBW of
the antenna in [6] are wider than those of the proposed
antenna, its overall size is larger and the variation of gain
is very significant as seen from the maximum ΔG. Both
the IBW and ARBW of the antenna [10] are wider than
those of the proposed antenna. However, the dimension
of the antenna in [10] is larger and the structure is fur-
ther complicated by the addition of a circular structure
between the antenna and the reflector plate, and the gain
flatness is worse than that in the proposed paper. Com-
pared with [11], the bandwidth of the proposed antenna
is wider. In summary, the proposed antenna can obtain
wide bandwidth and good gain flatness simultaneously.

IV. CONCLUSION

In this paper, a broadband CP crossed-dipole an-
tenna with stable gain values is proposed. The measured
results show that IBW is 80.8% (2.03GHz∼4.78GHz),
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and ARBW is 68.5% (2.35GHz∼4.8GHz). By adding
four improved parasitic plates, a flat gain curve of the
proposed antenna is achieved in the whole frequency
band, and the average gain is 7dBic. Due to the wide
bandwidth and little fluctuant gain performances, the de-
signed antenna is valuable in wireless communication
systems such as indoor antennas in the frequency band
of 2.4G WiFi, which requires excellent receiving charac-
teristics. Moreover, the operation band of the proposed
antenna covers parts of the 4G and 5G communication
bands, which can make the designed antenna be also uti-
lized in indoor base station communication.
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