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Abstract – In this article, the passband, and stopband of
quarter wavelength stubs-based Band Pass Filter (BPF)
are controlled by a straightforward and new method. This
method depends on inserting an attenuation pole and
tuning the passband by a Circular Slot Ring Resonator
(CSRR) and rectangular slot beneath the BPF’s stubs.
Hence, controlling the passband width without any fur-
ther area usage is achieved. The stop-band rejection level
and bandwidth are controlled by inserting Band Stop Fil-
ter (BSF) after the BPF such that the used rectangular
slots beneath the stubs control the stop-band bandwidth.
For verification, third-order Chebyshev BPF and Butter-
worth BSF filters are used. The proposed filter passband
is chosen to cover the sub-6 GHz different 5G bands.
The proposed BPF has an ultra-wide 3 dB passband of
2.97 GHz (2.35 GHz - 5.32 GHz) and a 20 dB stopband
of 4.59 GHz (6.18-10.77 GHz). The proposed BPF fil-
ter is fabricated, measured, and the results are in good
agreement with their simulated counterparts.

Index Terms – 5G, attenuation poles, Butterworth BSF,
Chebyshev BPF, UWB.

I. INTRODUCTION

In many wireless communication systems, conven-
tional microstrip Band Pass Filters (BPFs) are used due
to their planar structure and ease of fabrication. For ultra-
wideband applications, a Short-circuited stub Band Pass
Filter (SBPF) may be a good candidate filter. Control of
attenuation pole frequency of a BPF near the cutoff fre-
quency results in a sharp rate of cutoff. The closer the
attenuation poles to the cut-off frequency, the sharper
the filter skirt, and the higher the selectivity. A lot of
research had been done to control the passband width
and achieve a sharp cutoff rate. In [1], two open stubs
were proposed to control the attenuation pole frequency
of a dual-mode circular microstrip ring resonator band-
pass filter, keeping the bandwidth almost constant. In

[2], a modified Chebyshev BPF with attenuation poles
in the stopband was proposed. The insertion of attenu-
ation poles was accomplished by connecting a lumped
inductor or capacitor in series with a shunt-type coaxial
transmission-line resonator. In [3], a fifth-order combline
filter with two attenuation poles (transmission zeros) was
proposed. The attenuation poles were controlled by ded-
icated resonators, which were coupled to non-resonating
nodes.

In [4], UWB bandpass using ring filter was intro-
duced. The ring filter was made to control the attenua-
tion pole frequency by adjusting both the ring and the
stub impedance.

In [5], a wideband BPF was constructed of two
sections of three coupled lines separated by a nonuni-
form line resonator. One transmission zero was intro-
duced at each edge of the desired passband, and one of
the outer coupled lines of each section was shorted to the
ground. The nonuniform resonator was constructed by
attaching pair of capacitive open-ended stubs at its cen-
tral location. Insertion of attenuation poles in all afore-
mentioned BPFs needs more area and their development
is somewhat difficult.

Also, an unwanted harmonic passband is observed
at approximately three times the passband mid-band
frequency, which is unsuitable for wireless receiver
circuitry, and hence, suppression of spurious signals
of the upper stopband is essential to be wide as
possible [6].

To meet this requirement, various methods have
been proposed [7–14]. In [7], stepped-impedance open
stubs were added to the resonator ports to add another
transmission zero to suppress the second harmonic fre-
quency. Although, it had the advantages of size reduc-
tion, simplicity, and low cost. But it suffers from extra
insertion loss and a 5.2 dB rejection level. In [8], an ultra-
wideband microstrip BPF was obtained using two par-
allel coupled lines resonators centered by a T-inverted
shape. This filter suffers from critical dimensions of
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0.2 mm which will limit the power handling capabil-
ity of the proposed filter. In [9], a metamaterial-based
resonator was used to obtain a BPF. This filter had the
advantages of size reduction and low cost, but it suf-
fers from extra insertion loss and a 13 dB rejection level.
In [10], suppression of spurious signals was done by a
crown Band Stop Filter (BSF). This filter had good har-
monic suppression, but its fractional bandwidth should
be further increased. In [11], an ultra-wideband (UWB)
microstrip band-pass filter was proposed by using the
multi-mode resonator technique. The proposed structure
was realized by three and two open and short stubs,
respectively. This filter had good harmonic suppression,
but its insertion loss should be decreased and suffers
from critical dimensions of 0.1 mm which will lower
its power capability. A dual Behaviour Resonator (DBR)
filter was reported in [12]. BSF basic topology is used
by interrupting the uniform transmission line with mul-
tiple unequal lengths of shunt stubs to enforce the emer-
gence of dual passbands relying on multiple transmission
zeros. This solution increases component count, circuit
size, and power consumption. Also, it suffers from nar-
row fractional bandwidth.

In [13], to insert transmission zeros in the broad-
band filter, the coupling line was connected to a cer-
tain position on the resonator. Then the coupling strength
was adjusted by the connecting position. This filter had
good fractional bandwidth, but it suffered from extra
insertion loss and a reduced rejection level of 5 dB. In
[14], a cross-coupled line structure was used to obtain
a broadband band-pass filter. Cross-coupled line struc-
ture was composed of parallel-coupled lines and an open
stub. This filter had good insertion loss, but its fractional
bandwidth should be further enhanced. In [15], an H-
type sandwich slotline structure was employed to obtain
the UWB passband filter. This filter had good fractional
bandwidth, but its insertion loss and stopband rejection
level should be further enhanced.

In this paper, any quarter-wavelength shorted stubs-
based BPFs with any odd order could be used. The
proposed method doesn’t need any lumped elements
or parasitic elements to control the performance. Also,
it is simple and promising since no additional area
usage is required. It is mainly depending on Defected
Ground Structure (DGS) structure. The insertion of
an attenuation pole at the lower passband edge is
achieved by adding CSRR at the middle short stub
of the BPF. The attenuation pole frequency is con-
trolled by the ring radius. The whole passband width
is controlled by adding a rectangular slot beneath the
shorted stubs. For verification, a third-order Cheby-
shev BPF is used. The upper stopband rejection level
is achieved by cascading the proposed third-order BPF
with third-order Butterworth open stubs BSF. The stop-

band width of the BSF is controlled by adding two
rectangular slots beneath the connecting lines of the
BSF. Finally, the proposed BPF filter is fabricated, mea-
sured, and the results are compared with their simulated
counterparts.

II. DESIGN PROCEDURE OF THE
PROPOSED HARMONIC SUPPRESSED BPF

In this section, the proposed BPF is obtained firstly,
by designing, analyzing, and optimizing a third-order
Chebyshev bandpass filter BPF. Then the middle stub
is loaded by Circular Slot Ring Resonator CSRR for
realizing the attenuation pole at the lower stopband and
close to the lower cutoff frequency. Then, a rectangu-
lar slot is added to control the passband width of the
proposed BPF. Secondly, a third-order Butterworth BSF
is designed, analyzed, and optimized at the upper stop-
band of the proposed BPF. Hence, an upper stopband
with at least a 20 dB rejection level is achieved. Finally,
both BPF and BSF are cascaded, BSF stopband width
is controlled by adding two stubs below its connecting
lines, and the resultant filter performance is investigated.
For the proposed BPF, different frequency bands of sub-
6 GHz 5G are chosen to be covered by the passband of
the proposed BPF. From the latest published version of
the 3GPP technical standard (TS 38.101), the sub-6 GHz
bands for the 5G communications are classified into new
radio bands such as n53 (2.483 – 2.495), n77 (3.3 GHz–
4.2 GHz), n78 (3.3 GHz–3.8 GHz), and n79 (4.4 GHz–
5 GHz) [16–17].

θ =
π
2

(
1− FBW

2

)
,

d = 2,

J1,2

Y0
= g0

√
dg1

g2
,

Jn−1,n

Y0
= g0

√
dg1gn+1

g0gn−1
,

Ji,i+1

Y0
=

d g0g1√ gi gi+1
f or i = 2 to n − 2,

Ni,i+1 =

√(
Ji,i+1

Y0

)2

+

(
d g0g1tan θ

2

)2

,

f or i = 1 to n − 1.
(1)

A. Proposed BPF

Third-order Chebyshev BPF is designed based on
three shunt short-circuited stubs that are λg/4 long with
connecting lines that are also λg/4 long, where λg is
the guided wavelength at the mid-band frequency. CST
Microwave Studio software is used for the simulation
of different stages of the proposed filter. In this paper,
the sub 6 GHz 5G frequency bands should be covered
(2.4 GHz to 5 GHz). As a start, a three-pole Chebyshev
short-circuited BPF centered at fmid = 4.25 GHz with
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Table 1: The prototype parameters of the BPF
g0 g1 g2 g3 g4
1 0.85154 1.10315 0.85154 1

Table 2: The prototype layout dimensions
i Zi (Ω) Wi (mm) λgi/4 (mm)
1 25.3228 8.077 9.322
2 38.2373 4.544 8.914
3 25.3228 8.077 9.322

Zi,i+1 (Ω) Wi,i+1 (mm) λgi,i+1/4 (mm)
1 60.5 2.106 5.016
2 60.5 2.106 5.016

58.8% fractional bandwidth (FBW), (3 GHz - 5.5GHz),
has been designed. This passband is chosen 600 MHz
shifted forward and it will be shifted back through the
fine-tuning process. For all the simulations FR-4 dielec-
tric substrate is used, having a dielectric constant of 4.4,
a thickness of 1.6 mm, and a loss tangent of 0.019. The
design equations of short-circuited BPF, Fig. 1, can be
found in equation 1 [18] as:

The characteristic admittance of the shunt stub:

Y1 = g0Y0

(
1− d

2

)
g1 tan θ +Y0

(
N1,2− J1,2

Y0

)
f or i = 1,

Yi = Y0

(
Ni−1,i +Ni,i+1− Ji−1,i

Y0
− Ji,i+1

Y0

)
f or i = 2 to n−1,

Yn = Y0

(
gn gn+1− g0 g1

d
2

)
tan θ

+Y0

(
Nn−1,n− Jn−1,n

Y0

)
f or i = n.

The characteristic admittance of the connecting lines is
calculated as:

Yi,i+1 = Y0

(
Ji,i+1

Y0

)
f or i = 1 to n−1,

where gi is the element value of a ladder-type Cheby-
shev lowpass prototype filter given for a normalized cut-
off and d is a dimensionless constant, which is assigned
to a value that gives a convenient admittance level. For
third-order BPF, Fig. 2 (a) shows the layout of the
short-circuited BPF. For a passband ripple of 0.04321,
the prototype parameters of the filter and the computed
design widths and lengths are listed in Tables 1 and
2, respectively.

The width of the 50 ohms microstrip line is
2.752 mm. The conventional BPF layout, 3D geometry,
and S-parameters are shown in Fig. 2 (b). The dimen-
sions of the BPF that are given in Table 2 are sim-
ulated by CST and the obtained matching level and

Table 3: Optimized dimensions of the BPF prototype
i Zi (Ω) Wi (mm) λgi/4 (mm)
1 55.4889 2.472 9.322
2 39.5408 4.32 8.914
3 55.4889 2.472 9.322

Zi,i+1 (Ω) Wi,i+1 (mm) λgi,i+1/4 (mm)
1 49.4884 3.018 5.016
2 49.4884 3.018 5.016

insertion loss are −4.2 dB and −2.6 dB, respectively
at 3.6 GHz which indeed needs a geometry optimiza-
tion process. Table 3 shows the optimized dimensions
and Fig. 3 (b) shows the S-parameters of the optimized
BPF. From Fig. 3 (b), the−10 dB passband extends from
2.65 GHz to 5.5 GHz with an insertion loss of 0.5 dB at
the mid of the passband. The upper stopband rejection
level degrades much at 7.7 GHz and further frequencies.
Also, the n53 frequency band isn’t covered and the lower
stopband rejection level is at 5 dB at 2 GHz. To solve
these problems, firstly, an attenuation pole at 2.4 GHz
should be inserted.

B. Insertion of an attenuation pole at 2.4 GHz

The Circular Slot Ring Resonator CSRR when
placed and centered at the edge of the middle-shorted
stub of the BPF will act as a stopband filter at the desir-
able frequency that is related to its dimensions. The
CSRR BSF performance is investigated in Fig. 3 (a)
where the same BPF dimensions are used. The effect
of changing CSRR inner radius R is investigated, keep-
ing the slot width at 0.6 mm. Figure 3 (a) shows that
increasing the inner CSRR radius from 3 mm to 6 mm
will decrease the stopband frequency from 3.36 GHz to
1.85 GHz. This wide range of frequencies will add a
new freedom degree to the designing process. Empirical
equation 2 describes the relationship between the inner
radius R in mm and the stopband frequency fs in GHz as
3 ≤ R ≤ 6 as:

fs ≈ 4.65−0.73R+0.04R2. (2)
Based on Fig. 3 (a), inner and outer radii of 4 mm

and 4.6 mm, respectively are chosen for 2.4 GHz
CSRR BSF. Hence, an attenuation pole frequency of
2.4 GHz and rejection level of 50 dB is presented.
Figure 3 (b) shows the S-parameters of the proposed
BPF which is loaded with the CSRR. The passband
extends from 3.23 GHz to 5.57 GHz with a lower rejec-
tion level of 50 dB at 2.4 GHz and a lower cutoff fre-
quency of 2.89 GHz which gives a sharp filter skirt,
and good selectivity at the lower passband edge. The
loaded BPF still suffers from a low rejection level at
the upper stopband starting from 8 GHz and further
frequencies. Also, the n53 band is not covered yet by
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Fig. 1. Transmission line BPF with quarter-wavelength
short-circuited stubs.
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Fig. 2. Conventional short-circuited BPF (a) layout and
(b) simulated S-parameters.

the −10 dB passband. Adding a rectangular slot just
below the three shorted stubs of the proposed BPF
will control the passband width since it will directly
affect the electrical length of the three shorted stubs
[19–20].

C. Controlling the passband width of the BPF

The rectangular slot’s length effect on the −3 dB
passband is investigated in Fig. 4 (a) where the slot
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Fig. 3. (a) CSRR BSF frequency versus inner radius. (b)
Proposed BPF loaded with CSRR S-parameters.

width is kept at 1 mm and centered at 6.43 mm from
the shorted middle stub edge of the proposed BPF. As
predicted by Fig. 4 (a), the lower cutoff frequency is
decreased as the slot length is increased. The empirical
equations 3 and 4 describe the upper 3 dB frequency fu
in GHz and the lower 3 dB frequency in GHz fl as slot
length l ranges from 8 mm to 20 mm as:

fl ≈ 3.1−0.03l−0.001l2, (3)

fu ≈ 5.7−0.24e−2( l−15.5
1.7 )

2
. (4)

A slot length of 20 mm is the best choice to obtain a
−3 dB passband range which extends from 2.22 GHz to
5.71 GHz as shown in Fig. 4 (a). It can be noticed that the
n53 band is covered by the proposed BPF by the−10 dB
passband, Fig. 4 (b). From Fig. 4 (b), the spurious−3 dB
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Fig. 4. Proposed BPF loaded with CSRR (a) rectangular
slot length effect and (b) S-parameters.

passband is observed at 8.5 GHz to 11GHz and fur-
ther. The spurious response should be eliminated to avoid
passband interference. Hence, in the next section, a third-
order bandstop Butterworth filter will be designed and
then the proposed BPF is cascaded with it. This com-
bination achieves a wide stopband, high rejection level,
and low insertion loss.

D. BSF design and analysis

Butterworth BSF was chosen to reject the har-
monics in the frequency band that extends from
6 GHz to 12 GHz with a mid-stopband frequency
of 9 GHz. The BSF was developed using three
shunt quarter-wavelength open stubs with two pairs
of symmetrical connecting microstrip lines that are
quarter-wavelength long at the mid-stopband frequency.
The design procedure started with a chosen ladder-

Table 4: Third-order Butterworth lowpass filter parame-
ters with 3dB attenuation
g0 g1 g2 g3 g4
1 1 2 1 1

(a) 

(b) 
Fig. 5. Third-order optimized Butterworth Open-
circuited BSF (a) layout and (b) S-parameters.

type Butterworth lowpass prototype of order three,
Table 4.

The design equations for the third-order filter can
be found in [13]. The BSF layout is shown in Fig. 5 (a).
Table 5 shows the layout dimensions of the BSF. A rejec-
tion of −4.5 dB is obtained at the lower edge of the
stopband (6 GHz). An optimization process was needed
to enhance the lower stopband edge rejection. Table 6
shows the optimized dimensions of the BSF. Figure 5 (b)
shows the optimized S-parameters results where the
lower bandstop edge (6 GHz) reaches −6 dB instead of
−4.5 dB which was obtained by the BSF prototype.
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Fig. 6. Proposed BPF simulated S-parameters.

Table 5: Third-order Butterworth BSF dimensions
i Zi (Ω) Wi (mm) λgi/4 (mm)
1 135.709 0.214 3.981
2 43.4559 3.732 4.446
3 135.709 0.214 3.981

Zi,i+1 (Ω) Wi,i+1 (mm) λgi,i+1/4 (mm)
1 78.304 1.224 2.852
2 78.304 1.224 2.852

E. Cascading the proposed BPF with BSF

To eliminate the spurious response, the modified
short-circuited BPF is cascaded with the open-circuited
BSF. Hence, the spurious response can be significantly
suppressed. Figure 6 shows that a 20 dB rejection level
is obtained at the upper stopband which extends from
6.26 GHz to 10.56 GHz. For further extension of the
stopband of 20 dB rejection level, two rectangular slots
are added and centered beneath the connecting lines of
the BSF as shown in Fig. 7 (a), (same as sub-section c).
The slot dimensions are 5 mm in length and 2 mm in
width. From Fig. 7 (b), the upper stopband has extended
from 6.18 GHz to 10.76 GHz with a 20 dB rejection
level.

Table 6: Optimized dimensions of Butterworth BSF
i Zi (Ω) Wi (mm) λgi/4 (mm)
1 113.346 0.43 3.981
2 48.7056 3.1 4.446
3 113.346 0.43 3.981

Zi,i+1 (Ω) Wi,i+1 (mm) λ(gi,i+1)/4 (mm)

1 86.1602 0.969 2.852
2 86.1602 0.969 2.852

 
(a) 

(b) 

   

  

 

 

 
 

 

Table 3 

T a b l

S.C 
O.C 

Fig. 7. Proposed extended upper stopband BPF (a) geom-
etry and (b) simulated S-parameters.

(a) 

(b) 

Fig. 8. Fabricated prototype of the proposed BPF (a) top
view and (b) bottom view.

III. FABRICATION AND MEASUREMENT

For verification purposes, the proposed BPF filter
is fabricated on an FR-4 substrate. The total electrical
size of the filter is 0.74λg × 0.46λg. Figure 8 (a) and
(b) show the fabricated BPF prototype, top, and bottom
views. S- parameters of the proposed filter is measured
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Fig. 9. Proposed BPF measured S-parameters.
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Fig. 10. Proposed BPF measured and simulated S-
parameters.

by using the Rohde & Schwarz ZVB20 vector network
analyzer (VNA). Figures 7 (b), 9, and 10 show the simu-
lated and measured S-parameters of the proposed BPF.

It can be noticed that the simulated and measured
upper stopband are better than 20 dB up to 2.9 f mid
and better than 20 dB up to 3 f mid , respectively. The
simulated and measured 3-dB fractional bandwidth are
86.8 % and 81.3 %, respectively. The simulated and
measured values of insertion loss at the center fre-
quency of the passband are 0.77 dB and 1.3 dB,
respectively. The proposed BPF is compared in Table
7 with previous designs’ performance considering; the
substrate dielectric constant εr, substrate thickness h,
passband center frequency fmid , insertion loss (IL), 3-
dB fractional bandwidth (FBW), and upper stopband
response at Minimum Rejection Level (MRL). One can

Table 7: Comparisons’ results for previous BPFs
Filter
Shape

εr h
(mm)

fmid
(GHz)

IL
(dB)

3dB FBW
(%)

Upper
Stopband
@ MRL
(dB)

Ref. [7] 4.3 1.5 1.42 1.5 18.6 2.8 f mid @
5.2

Ref. [8] 4.4 1.58 3.5 0.3 58 2.7 f mid @
22

Ref. [9] 4.4 1.6 4.19 1.31 68 3.1 f mid @
13

Ref. [10] 4.4 1.6 2 0.4 49.7 3.5 f mid @
20

Ref. [11] 3.550.508 7.35 1.1 88.4 2.5 f mid @
20

Ref. [13] 6.150.635 1.18 2 68 3.4 f mid @
5

Ref. [14] 2.2 0.508 4.5 0.7 42 1.5 f mid @
18

Ref. [15] - - 5.12 2.5 132 1.9 f mid @
17

This
work [S]

4.4 1.6 3.8 0.77 86.8 2.9 f mid @
20

This
work
[M]

4.4 1.6 3.9 1.3 81.3 3 f mid @
20

notice that the proposed BPF has simultaneously, simu-
lated a wide upper stopband, high suppression level, and
low insertion loss. Also, the low-cost advantage is kept
by using the FR4 substrate.

IV. CONCLUSION

A simple and new method of controlling the pass-
band and stopband of any quarter wavelength short-stub-
based BPF had been introduced. For verification, a third-
order Chebyshev BPF and 5G different bands are cho-
sen. The conventional short-circuited BPF was modified
by inserting an attenuation pole near its lower cutoff
frequency and then controlling the passband by adding
a rectangular slot. The modified BPF is cascaded with
open-circuited BSF. Third-order for both bandpass and
BSFs was chosen for miniaturization purposes. In the
proposed BPF, the combination of the short-circuited
BPF, open-circuited BSF, CSRR, and rectangular slots
had been used to suppress spurious responses. The wide
upper stopband with 20 dB harmonic suppression, low
insertion loss, compactness along with its low cost makes
it suitable for 5G sub 6 GHz applications as well as other
wireless communication systems such as navigation and
radar applications.
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Abstract – The expected value of the maximum value of
the rectangular E-field is important in radiated suscepti-
bility testing in a reverberation chamber. In this paper,
different forms of equations for the maximum-to-mean
ratio of the rectangular E-field are reviewed. Important
derivations are summarized and detailed. It is interest-
ing to note that some series which could be difficult to
deal with from mathematics could be solved efficiently
from physical point of view. The relationship between
the independent sample number N and the parameters in
generalized extreme value distribution is also given.

Index Terms – maximum-to-mean ratio, reverberation
chamber, statistical electromagnetics.

I. INTRODUCTION

Reverberation Chambers (RCs) have been widely
used in electromagnetic compatibility (EMC) testing [1].
Compared with an anechoic chamber, no radio absorber
is used on the walls, thus a rich multipath environment
can be created in an RC. By rotating the mechanical stir-
rers in an RC, statistically uniform and isotropic electro-
magnetic fields can be created. A typical measurement
setup is illustrated in Fig. 1. For the radiated susceptibil-
ity testing in an RC, the maximum E-field is of interest
[1], [2] as the device under test (DUT) could be malfunc-
tioned by the maximum E-field.

In an RC, statistical electromagnetics are used to
characterize the field properties. The probability density
function (PDF) and the cumulative distribution function
(CDF) of the maximum rectangular E-field have been
given in [2]–[5]. Approximate analytical equations have
also been given in [4], [5] for large independent sample
number N. Different forms of equations exist, and the
similarities and equivalencies among them have not been
summarized.

In this paper, we review the analytical equations
for the expected value and the standard deviation of the

Fig. 1. A schematic plot of radiated susceptibility in an
RC.

maximum E-fields in literatures. Numerical results are
calculated and compared with different forms of analyti-
cal equations.

II. THEORY

The mean rectangular E-field strength in an RC is
easy to estimate. However, the maximum rectangular
E-field strength is of interest in many scenarios for EMC
testing. The maximum-to-mean ratio of the rectangular
E-field in an RC has been well studied in [2]–[5]. The
PDF and the CDF of the maximum rectangular E-field in
an RC are [2]–[5]:

p(x) =
Nx
σ2

[
1− exp

(−x2

2σ2

)]N−1

exp
(−x2

2σ2

)
, (1)

and:

F (x) =
[

1− exp
(−x2

2σ2

)]N

, (2)

where N is the independent sample number, x repre-
sents the maximum value of the rectangular E-field
x = �|Ex|�N , and �·�N represents the maximum value
from N samples. The PDF of the normalized �|Ex|�N can
be obtained by setting σ =

√
2/π , as the mean value

of |Ex| is σ
√

π/2. For different N, the PDF plots are
illustrated in Fig. 2. It can be observed that when N
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increases, the expected value of the maximum E-field
increases. The confidence interval of maximum E-field
can be calculated from CDF in (2) [1], [5].

Fig. 2. PDF plots of the normalized maximum E-field
(normalized to the mean value 〈|Ex|〉) for different inde-
pendent sample number N.

The expected value of the maximum-to-mean ratio
of the rectangular E-field be expressed as [2], [5]:

α (N) =
〈�|Ex|�N〉
〈|Ex|〉

=

∫ ∞
0 Nx2

[
1− exp

(
−x2

2

)]N−1
exp

(
−x2

2

)
dx√

π/2
.

(3)
However, numerical integration is required to evalu-

ate (3) using a computer, an approximate equation could
be necessary to have a quick estimation for a given N. By
applying the binomial theorem:

α (N)

=

∫ ∞
0 Nx2 ∑N−1

k=0
(N−1

k
) [−exp

(
−x2

2

)]k
exp

(
−x2

2

)
dx√

π/2

=
∑N−1

k=0 N
(N−1

k
)
(−1)k ∫ ∞

0 x2
[
exp

(
−x2

2

)]k+1
dx√

π/2

=
∑N−1

k=0 N
(N−1

k
) (−1)k√π
(k+1)

√
2k+2√

π/2

=
N−1

∑
k=0

N!(−1)k

(N− k−1)!(k+1)!
√

k+1

=
N−1

∑
k=0

s(k) . (4)

Although (3) is converted to the summation of a fi-
nite series, (4) is still not easy to evaluate. Symbolic cal-
culation is required to maintain high precision, as the
magnitude of s(k) resonant drastically. A plot of |s(k)|
is illustrated in Fig. 3, as can be seen, when N is large,
the magnitude of the series varies from 100 to 1030. If

there is no special treatment for s(k), numerical calcu-
lation is easy to diverge for large N and wrong results
could be obtained.

Fig. 3. Plots of s(k) for different N, symbolic calculation
is used to keep precision.

It seems we cannot go further from (4). Instead,
we can approach it physically. Suppose an E-field probe
(the Rx antenna) is placed inside a well-stirred RC,
it can be found that the maximum received power
(max(PrRC) = �PrRC�N) can be expressed as [2]:√

max(PrRC)≈ max(|Ex|) λ
√

ηRx

8π
√

5
, (5)

where |Ex| represents the tangential component of the
E-field in an RC (〈|Ex|2〉 = 4〈|Ex|〉2/π , max(|Ex|) =
�|Ex|�N), λ is the wavelength, and ηRx is the efficiency
(including mismatch loss) of the Rx antenna respectively.
It is interesting to compare it with received power in an
anechoic chamber (AC):√

PrAC =
EACλ

√
ηRx

8π
√

5

√
2D/3, (6)

where EAC is the magnitude of the incident E-field and
D is the directivity of the Rx antenna in the direction of
the incident wave. Not surprisingly, D plays an impor-
tant role in an AC. it can be found that when D = 3/2,
(5) and (6) give the same results. This means that if the
E-field probe is calibrated in an AC, only when the direc-
tivity of the E-field probe is 3/2 (electrically small dipole
antenna), the measured E-field in an RC is statistically
accurate. When the frequency is high, the E-field probe
is no longer an electrically small antenna; the measured
mean E-field in an RC using the free space antenna fac-
tor is no longer accurate and ηRx is actually the key pa-
rameter. This effect is well known in standards related to
RC measurements [1]. At high frequencies, an antenna
is normally used to monitor the E-fields inside an RC in-
stead of using an E-field probe.

From statistical analysis in [2]:

max(PrRC)

〈PrRC〉 ≈
N

∑
k=1

1
k
. (7)
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Note that [2], [7]:

〈PrRC〉= 1
2

E2
0

η
λ 2

4π
ηRx =

3
2
〈|Ex|2〉

η
λ 2

4π
ηRx

=
6〈|Ex|〉2

πη
λ 2

4π
ηRx. (8)

From (5), (7) and (8) we have:

max(|Ex|) ≈ 8π
√

5
λ
√

ηRx

√
6〈|Ex|〉2

πη
λ 2

4π
ηRx

N

∑
k=1

1
k
. (9)

Thus for large N:

α (N)≈ max(|Ex|)
〈|Ex|〉 ≈

√
4
π

N

∑
k=1

1
k
. (10)

The problem is now converted to the partial sum of
the harmonic series. The following equation can be used
[8]:

N

∑
k=1

1
k
= γ +ψ0 (N +1) , (11)

where γ ≈0.5772 is the Euler-Mascheroni constant,
ψ0 (x) is the digamma function:

ψ0 (N +1)≈ lnN +
1

2N
−

∞

∑
n=1

B2n

2nN2n

= lnN +
1

2N
− 1

12N2 +
1

120N4 −
1

252N6 + . . . ,

and B2n is the Bernoulli number x
(ex−1) = ∑∞

n=0
Bnxn

n! .
Thus we have:

α (N)≈
√

4
π

(
γ + lnN +

1
2N
− 1

12N2 +
1

120N4 −
1

252N6 + . . .

)
.

(12)
Now we have obtained an analytical approximation

for (3). In [4], the CDF value of 0.5 is used to calculate
the expected value:

α (N)≈
√√√√ 4

π
ln

1[
1−0.5

1
N

] . (13)

In [1] and [5], a similar expression is given

with α (N) ≈
√

4
π

[
0.5772+ ln(N +1) − 1

2(N+1)

]
with

slightly different parameters. Another approximation is
given in [8] for the partial sum of harmonic series

N

∑
k=1

1
k
≈ (2N +1) tan−1

(
1

2N +1

)
+

1
2

ln
(

2N2 +2N +1
2

)

+
56N6 +168N5 +140N4−42N2−14N−1

2520(2N2 +2N +1)7

− 6N2 +6N +1

180(2N2 +2N +1)3 + γ−1. (14)

A comparison of α (N) is given in Fig. 4 (a) using
(12)-(14), (12) is truncated with 3 terms, while the exact
value is calculated using symbolic calculation in (4). The
difference between (12)-(14) and the exact values (the
error plots) are illustrated in Fig. 4 (b), respectively. As
can be seen, (12) and (14) give smaller errors than (13).
However, they all give good approximations when N is
large.

For the approximate value of the relative standard
deviation of �|Ex|�N , we can start from the definition

stdrel (�|Ex|�N) =

√∫ ∞
0 x2 p(x)dx− π

2 α (N)2

α (N)
√ π

2

=

√
∑N−1

k=0 N
(N−1

K

)
(−1)k ∫ ∞

0 x3
[
exp

(
−x2

2

)]k+1
dx−α (N)2

α (N)
√ π

2

=

√
∑N−1

k=0
N!(−1)k2

(N−k−1)!(k+1)!(k+1) − π
2 α (N)2

α (N)
√ π

2

=

√
2∑N

k=1
1
k − π

2 α (N)2

α (N)
√ π

2

=

√
4
π

∑N
k=1

1
k

α (N)2 −1. (15)

It seems we cannot go further from (15). To obtain
the approximate value of (15), a different approach can
be used [5]. We start from the relative standard deviation

Fig. 4. (a) Plots of (4), (12)-(14) for different N, (b) error
plot of (12)-(14), units are in linear.



845 ACES JOURNAL, Vol. 37, No. 8, August 2022

of �|Ex|2�N . From [2], we have:

stdrel(�|Ex|2�N) =
std(�|Ex|2�N)

〈�|Ex|2�N〉

=

√
∑N

k=1
1
k2

∑N
k=1

1
k

, (16)

and we know that the uncertainty of power is 2 times the
uncertainty of E-field (from P ∝ |Ex|2we have dP/P ≈
2d |Ex|/ |Ex|) [5], thus the relative standard deviation of
�|Ex|�N can be approximated as:

stdrel (�|Ex|�N)≈
1
2

stdrel

(
�|Ex|2�N

)
≈ 1

2

√
π2

6 − 1
N

γ +ψ0 (N +1)

=
1
2

√
π2

6 − 1
N

γ + lnN + 1
2N − 1

12N2 + . . .
, (17)

≈ π
2
√

6
1

γ + lnN
. (18)

In [5], a similar expression is given with

1
2

√
π2
6 − N+1

N(N+2)

0.5772+ln(N+1) − 1
2(N+1)

.

The plot of (15),(17) and (18) are illustrated in
Fig. 5 (a), (15) is used as the reference values (the exact
values), and the difference between (17), (18) and (15)
are presented in Fig. 5 (b), respectively. It is interesting
to note that the convergence speed of (18) is different
from the mean value (by using the central limit theorem)
which is 1√

N
[5].

We can also link the parameters to the generalized
extreme value distribution (GEV) [10]–[18] when N →
∞. By applying [10]:

s =

√
6

π
std =

√
6

π
stdrel (�|Ex|�N)α (N) , (19)

m = α (N)− γs. (20)
The approximated GEV CDF is:

GGEV(x) = exp
[
−exp

(
−x−m

s

)]
, (21)

the PDF is:

pGEV(x) =
1
s

exp
[

m− x− s exp(− x−m
s )

s

]
(22)

When N → ∞, (19) and (20) can be approximated
as:

s =

√
6

π
std≈ 1

√
π
√

γ + lnN + 1
2N

, (23)

m≈
√

4
π

(
γ + lnN +

1
2N

)
− γ
√

π
√

γ + lnN + 1
2N

.

(24)
The plot for the exact PDFs (1) and GEV PDFs

(22) of the normalized maximum rectangular E-field are

Fig. 5. (a) Plots of the approximated relative standard de-
viation in dB units (20log10(1+ stdrel)), (b) error plot of
(17), (18), units are in dB.

Fig. 6. Comparison plots of exact PDFs and GEV PDFs
for different N.

given in Fig. 6. As expected, when N→∞, two PDFs are
close to each other.

For the PDF of the maximum-to-mean ratio of the
received power �|Ex|2�N , we have the same pGEV(x)
when N → ∞. The only difference is: the standard de-
viation and the expected value (α (N)) in (19) and (20)

are replaced by the values of
√

∑N
k=1 k−2 and ∑N

k=1 k−1,
respectively.
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Table 1: A summary of maximum-to-mean ratio expressions

Form Expected value  Relative  
standard deviation where 

Integral    

Series    

[4]    

[5]    

This 
paper   

0.5772,  is the digamma 
function 

III. CONCLUSIONS

We have reviewed different analytical equations for
the expected value and the standard deviation of the nor-
malized maximum rectangular E-field in a well-stirred
RC. Useful derivations are revisited and similar results
are obtained. Numerical results show that: for small in-
dependent sample number N, we can calculate the results
using the finite series directly; when N > 5, very good
approximations can be obtained for both the expected
value and the standard deviation. Table 1 summarizes the
expressions in different forms. The approximated analyt-
ical expressions are also linked to the parameters of the
GEV parameters when N → ∞.
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Abstract – In this paper, a broadband tri-polarization
reconfigurable antenna applied to polarization diver-
sity is proposed. A partially reflective surface (PRS)
is designed to form an air-filled resonator cavity. The
reflection phase of the PRS has a positive phase gradi-
ent in order to achieve the characteristics of the proposed
antenna gain enhancement in the wideband. A metal
patch of a four-arm meander structure is used as the
radiation structure and the feeding is realized through a
four-channel rotating feeding network with equal ampli-
tude and 90◦ phase difference. The feeding network is
connected to the radiation structure through four met-
allized vias. In order to realize the polarization recon-
figurability, the PIN diodes and the corresponding DC
bias circuit are integrated in the rotating feeding network.
The characteristics of horizontal polarization (HP), verti-
cal polarization (VP) and right-hand circular polarization
(RHCP) are realized by changing the ON/OFF states of
PIN diodes integrated in the feeding network. In order
to verify the performance of the proposed antenna, fab-
rication and testing were carried out. The measurement
results show that the −10 dB impedance bandwidths of
HP, VP, RHCP are 11% (12.5-14 GHz), 6.4% (13.7-
14.6 GHz) and 20% (12.2-14.9 GHz), and the peak real-
ized gains are 9.1, 9.2 and 11.5 dBi, respectively. For
RHCP mode, the 3-dB axial ratio bandwidth reaches
about 17% (12.35-13.4 GHz and 13.6-14.9 GHz).

Index Terms – partially reflective surface (PRS),
polarization diversity, rotating feeding network, tri-
polarization reconfigurable, wideband antenna.

I. INTRODUCTION

Antenna with high gain and reconfigurable polariza-
tion plays an increasingly important role in some spe-
cial scenarios such as mobile communication, and has
been studied more and more deeply in recent years.
An antenna that can be applied to polarization diver-
sity can reduce the complexity of the system to a cer-
tain extent. For example, by controlling DC signal, the
polarization states of the antenna can be flexibly and

conveniently adjusted, which greatly reduces the atten-
uation loss, enhances the communication capacity of
the system, and improves the rate of channel multiplex-
ing [1–6]. At present, there are several mature methods
of polarization reconfigurable antenna design, and the
reconfigurable feeding network is one of the effective
ways. In [7], a low-frequency quad-polarization recon-
figurable antenna based on the feeding network is pro-
posed. The mode is switched by controlling the state
of the PIN diode. Since the feeding network does not
have the characteristics of broadband, the bandwidth of
the antenna is relatively narrow, which is not suitable for
scenarios that require wide band. Polarization reconfig-
uration can also be achieved by loading the polarization
conversion surface. For example, in [8], a reconfigurable
polarization converter is proposed to realize the linear-
circular polarization conversion, but the gain of the unit
cell is relatively low.

For the high gain characteristics of antenna, it is gen-
erally realized by combining elements to form an array.
However, for the array, on the one hand, the size of the
array is usually large and cannot be realized in some
small spaces. On the other hand, for most reconfigurable
antennas, the array introduces a large amount of DC bias
circuits. Although the gain can be improved, the sys-
tem becomes very complex. In order to avoid the use of
arrays to increase gain, Fabry-Perot (FP) resonant cav-
ity antenna can be used, and high gain performance can
be achieved by designing a reasonable feed source and
PRS [9–13]. In [14], a FP antenna that uses linear polar-
ization sources and PRS layer to achieve circular polar-
ization is proposed. The improved PRS layer achieves
gain increase and RCS reduction at the same time. Lin-
early polarized waves are converted into circularly polar-
ized waves after passing through the PRS layer, but the
reconfiguration of polarization is not realized. At present,
most polarized reconfigurable antennas operate in low
frequency bands, and there are few broadband and linear-
circular polarization reconfigurable antennas that oper-
ate in high frequency bands, such as Ku-band. In [15],
a linear polarization reconfigurable antenna based on the
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reconfigurable feeding network is proposed. It adopts a
double feed and a positive phase gradient PRS to achieve
high gain performance. Compared with a single feed,
double-feed can indeed further improve the antenna gain.

In this paper, a wideband tri-polarization reconfig-
urable FP resonator antenna operating in Ku-band is pro-
posed. The feeding antenna is composed of a meandering
bend line structure and a rotating feeding network [16].
Four PIN diodes and DC bias circuit are integrated in the
feeding network for switching HP, VP and RHCP states.
The PRS layer is located above the feeding antenna and
forms the resonant cavity. The PRS layer can improve the
antenna gain only when the reflection phase is positive
gradient (reflection phase increase with frequency) and
the reflection coefficient is relatively high. The PRS pro-
posed in this paper can satisfy the above two conditions
well in the whole operating frequency range. Simulation
and measurement results show that the proposed antenna
has high-gain wideband and polarization reconfigurable
characteristics.

This paper is organized as follows: Section II mainly
introduces the operation mechanism of the proposed
PRS’s unit cell, rotating feeding network and feed
antenna. Section III gives the simulation and measure-
ment results of the proposed antenna, and has been ana-
lyzed and discussed. The last section is a brief summary.

II. POLARIZATION RECONFIGURABLE FP
ANTENNA

Figure 1 shows the overall structure of the proposed
tri-polarization reconfigurable antenna with broadband
and gain enhancement. The proposed antenna consists
of the following parts: feeding network, metal ground,
radiation patch and PRS layer. The distance H between
the PRS layer and the metal ground of the antenna is
about 10mm. A PRS array is composed of 11×12 peri-
odic units as the PRS layer to increase the antenna gain.
The PRS layer and the feeding antenna are connected by
four M2 nylon bolts, so the overall size of the proposed
antenna is 45mm×50mm×10mm (2.1λ×2.3λ×0.46λ at

Fig. 1. Structure of tri-polarization reconfigurable
antenna.

14 GHz). The radiation part is composed of a four-arm
meandering line structure. Its four arms are connected to
a rotating feeding network at the bottom. The PIN diodes
are integrated on the rotating feeding network, and the
radiation mode can be changed by controlling the state
of the PIN diodes.

A. Design of PRS

The PRS has high reflection characteristics and
can be regarded as a reflective surface, which can be
loaded on top of the antenna as a cladding to form
a Fabry-Perot resonant cavity, and the antenna ground
serves as the lower reflective surface. In the resonant
state, the electromagnetic wave generated by the feed
is reflected in the cavity for many times, and the same
phase is superimposed on the PRS, thereby realizing
the characteristics of high-gain unidirectional radiation.
However, the PRS needs to meet the following condi-
tions to achieve broadband gain improvement:

ϕPRS +ϕ− 4π
λ

H = 2nπ,n = 0,1,2..., (1)

where ϕPRS and ϕ represent the reflection phase of PRS
and metal floor respectively. H is the distance between
them, and λ is the operating wavelength of the antenna.
It can be seen from (1) that the reflective phase of the
PRS needs to be positively correlated with the frequency.
That is to say, in order to realize the high-gain FP antenna
operating in broadband, the reflective phase of the PRS
should increase linearly with the increase of frequency
while maintaining the high reflective coefficient of the
PRS.

The PRS designed in this paper can well satisfy the
resonant condition. The proposed PRS is composed of
metal patches with etched square ring and cross groove
as shown in Fig. 2 (a). The structure is printed on
F4B dielectric material with a thickness of 0.933mm,
dielectric constant of 3.0, and loss tangent (tan δ) of
0.001. The dimensions of the proposed PRS unit oper-
ating in the Ku-band as follows: P =3.14mm, a=1.7mm,
w = 0.63mm, d = 0.66mm. In order to better explain
the proposed PRS based on positive phase gradient,
the single-sided cross groove and single-sided square
ring structures are simulated respectively. It can be seen
from Fig. 2 (b) that the reflection coefficient of the
square ring structure decreases with the increase of fre-
quency, that is, it reflects low frequency electromag-
netic waves and transmits high frequency electromag-
netic waves. On the contrary, the reflection coefficient
of the single-sided cross groove structure increases with
the increase of frequency, so it reflects high frequency
electromagnetic waves and transmits low frequency elec-
tromagnetic waves. Therefore, the combination of the
single-sided square ring structure and cross groove struc-
ture can achieve partial reflection characteristics. The
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(a) 
 

 
(b) 

Fig. 2. (a) Structure of the proposed PRS unit. (b) Reflec-
tion amplitude and phase comparison of the proposed
PRS unit and the single-sided structure.

reflection phase is positively correlated with frequency
while achieving the high reflection coefficient.

In order to further understand the reflection char-
acteristics of the unit, the effects of parameters w and
d on the unit are investigated, as shown in Fig. 3. The
center frequency of unit resonance shifts to high fre-
quency with the increase of parameter d, which can be
attributed to the decrease of capacitance between metal
patches. In addition, with the increase of w, the reflec-
tion amplitude of PRS unit decreases and the reflection
phase slope increases. Therefore, the resonant frequency
can be adjusted without changing the structural period by
adjusting parameter d, and the ideal wideband reflection
phase curve positively correlated with frequency can be
obtained by adjusting parameter w.

B. Feeding Network and Radiation Structure

Figure 4 show the structure of the tri-polarization
reconfigurable feeding antenna. Figure 4 (a) shows the
meandering curve structure etched on the front of F4BM
with a thickness of 2.44mm, dielectric constant of 2.2,
and loss tangent (tan δ) of 0.0015. The metal ground
is printed on the back of the F4BM. In order to realize

(a) 

(b) 

Fig. 3. Influence of unit size (a) parameter d, (b) param-
eter w on reflection characteristics.

the circular polarization of the antenna, it is necessary
to design a four-channel output rotating feeding net-
work with equal amplitude and 90◦ phase difference.
Figure 4 (b) shows that the feeding network is printed
on Rogers 3003 dielectric material with thickness of
0.508mm, dielectric constant of 3.0 and loss tangent
(tan δ) of 0.001. The rotating feeding network is mainly
designed based on the idea of cascading power dividers
and phase shifters. By designing power divider, inverter
and 90◦ phase shifter, the four output ports can achieve
the characteristics of equal signal amplitude and 90◦
phase difference.

Figure 4 (b) shows the detailed parameters of the
feeding network. Since the proposed antenna needs to
operate in broadband, it is necessary to design a broad-
band feeding network. There are two main reasons why
the feeding network can operate in broadband. First, the
two-stage Wilkinson power divider is different from the
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(a) 

 
(b) 

Fig. 4. Structure of the proposed antenna. (a) Radi-
ation structure of meandering curves. (b) Configura-
tions of the feeding network and equivalent circuit of
the PIN diode. The dimensions of the feeding net-
work are given as follows (unit: mm): a1=3.35, a2=3.8,
a3=3.8, a4=2.5, a5=3, b=3.8, l1=3.53, l2=3.53, l3=2.39,
l4=2.87, l5=5.26, l6=3.56, l7=2.4, l8=2.65, w1=1.28,
w2=1, w3=0.58, w4=0.4, w5=0.94, w6=0.36, w7=0.41,
S1=2, g=0.12.

traditional Wilkinson power divider. The power divider
in this paper belongs to the dual-band coupled-line
divider and there are two resonant points to achieve
the broadband. Second, the 90◦ and 180◦ phase shifters
consist of weak coupled line and short-circuited line,
which can also operate in broadband. The working mech-
anism of Wilkinson power divider and phase shifter
can be explained by the odd- and even- mode theory
[17–18].

Table 1: Polarization by different states of PIN diodes
Polarization PIN1 PIN2 PIN3 PIN4
HP ON OFF ON OFF
VP OFF ON OFF ON
RHCP ON ON ON ON

In order to obtain the reconfigurable polarization of
the antenna, some lumped elements are integrated on the
feeding network, and the polarization state of radiation
wave can be changed by controlling the ON/OFF states
of four PIN diodes (MACOM MADP-000907-14020).
The forward bias state of PIN diode can be equivalent
to the series of resistor and inductor, and the reverse
bias state can be equivalent to the series of capacitor and
inductor, as shown in Fig. 4 (b). Through changing the
states of PIN diodes, it is possible to control whether the
four-arms of the antenna operate or not. When PIN1 and
PIN3 are forward biased and PIN2 and PIN4 are reverse
biased, the proposed antenna works in horizontal polar-
ization state. When PIN1 and PIN3 are reverse biased
and PIN2 and PIN4 are forward biased, the proposed
antenna operates in vertical polarization state. If all PIN
diodes are forward biased, the proposed antenna operates
in a circularly polarized state.

The ON/OFF states of PIN diodes need to be con-
trolled by a DC voltage, so the DC bias circuit is
designed in the feeding network. The DC bias line
and the microstrip feed-line are connected by the high-
frequency inductance, which not only realizes the con-
trol of the PIN diodes, but also achieves the purpose of
isolating the RF signal and the DC signal. The DC sig-
nal forms a loop through the ground via in the center
of the radiating structure. The function of the capaci-
tors is mainly to avoid the influence of DC voltage on
the RF signal and to enhance the isolation of AC/DC.
The absorption resistances used on the Wilkinson power
divider are 91Ω and 300Ω, respectively.

Since the performance of the proposed antenna
depends on the performance of the feeding network,
a full-wave electromagnetic simulation analysis of
the rotating feeding network is performed separately.
Figure 5 shows the S-parameters and phase difference
curves of each port of the proposed rotating feeding net-
work. It can be observed that the amplitudes of the four
output ports are roughly equal and the phase difference
is about 90◦. The simulation results show that the perfor-
mance of the feeding network can meet the requirements
of the circular polarization antenna.

III. SIMULATION AND MEASUREMENT
PERFORMANCE

In order to verify whether the simulation results
of the tri-polarization reconfigurable FP antenna are
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Fig. 5. Simulated results of rotating feeding network.

consistent with the actual measurement results, a the
PRS layer and feeding antenna are fabricated based on
the above structural parameters. Figure 6 shows the pro-
duced antenna prototype and the test environment in an
anechoic chamber. The S-parameter, realized gain and
axial ratio of the prototype antenna were measured in the
anechoic chamber.

Fig. 6. Photograph of the proposed antenna and test envi-
ronment.

The reflection coefficient, axial ratio, realized gain
and radiation pattern of the proposed antenna were mea-
sured [19]. Figure 7 shows the simulated and measured
S-parameter, realized gain and axial ratio of the RHCP
for the proposed antenna. Figure 7 (a) shows that the
simulated and measured -10 dB impedance bandwidth
is about 11% (12.5-14 GHz) and the peak realized gain
is about 9.1 dBi for HP state. The measured S-parameter
and realized gain of VP are depicted in Fig. 7 (b). It is
observed that the measured impedance BW of S11<-
10 dBf is about 6.4% (13.7-14.6 GHz) and the peak real-
ized gain is about 9.2 dBi. The reflection coefficient and
realized gain of RHCP state are presented in Fig. 7 (c),
and it can be observed that the measured impedance
BW of S11< -10 dB is about 20% (12.2-14.9 GHz) and
the peak realized gain is about 11.5 dBic. Figure 7 (d)
describes the AR performance of the RHCP state. It

can be found that the 3dB AR bandwidth is about 17%
(12.35-13.4 GHz and 13.6-14.9 GHz).

The results show that the measured reflection coef-
ficient of the proposed antenna is basically consistent
with the simulation results. The gain and AR perfor-
mance of measurement and simulation are different to
some extent. The main reason for this difference may be
that the equivalent circuit of the PIN diode is different
from the actual parameters, which causes more loss. In
addition, errors generated during antenna fabricating and
testing are also included.

Simulated and measured normalized radiation pat-
terns are compared at 12.7, 14 and 14.4 GHz for the
HP, VP and RHCP modes shown in Figs. 8, 9 and 10,
respectively. It is observed from Figs. 8 and 9 that for lin-
early polarized waves, similar pencil-beam patterns can
be obtained on both sides. Due to the meandering curve
structure, the instability of lumped elements integrated in
the feeding network and the coupling between microstrip
lines, the cross-polarization performance under HP and
VP is worse than that of the RHCP. Overall, the radia-
tion patterns of the proposed antenna remain relatively
stable in the operating frequency band.

Due to the limitation of the measurement system,
the 3D far-field radiation pattern of the antenna proto-
type cannot be obtained to calculate its directivity. Here,
the measured efficiency is obtained by the ratio of the
measured gain to the simulated directivity [20], as shown
in Fig. 11. The efficiency of the antenna is more than
60% in the three polarization states. The loss of antenna
is mainly due to DC bias circuit, PIN diodes and poor
match. The loss is studied by replacing the PIN diode
with metal strip and removing the DC bias circuit. Inves-
tigation shows that the loss of DC bias circuit is about
1.5 dB and the loss of the PIN diodes is about 0.3 dB.
Other losses are due to poor match. Therefore, the effi-
ciency of the antenna can be further improved by opti-
mizing the DC bias circuit.

Table 2 presents a comparison among the proposed
antenna and the reported reconfigurable antenna. It can
be noted that the proposed antenna shows the advantages
in high gain and wide BW.

IV. CONCLUSION

In this paper, gain enhancement for wideband tri-
polarization reconfigurable FP antenna is realized by
loading a metallic PRS layer. The designed single-layer
PRS achieves a good performance with a positive gra-
dient of the reflection phase in broadband, and can well
improve the gain of the proposed antenna. Three polar-
ization states, including HP, VP and RHCP states, have
been realized using four PIN diodes integrated into the
feeding network. The measured results have confirmed
that the antenna is able to achieve −10 dB bandwidth
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                    (a)                                              (b)                                            (c)                                          (d) 

Fig. 7. Simulated and measured performance of the proposed antenna. (a) Reflection coefficients and gain under HP.
(b) Reflection coefficients and gain under VP. (c) Reflection coefficients and gain under RHCP. (d) AR under RHCP.

(a)                                     (b) 

Fig. 8. Simulated and measured normalized radiation
patterns of HP at 12.7 GHz. (a) H-plane. (b) E-plane.

(a) (b) 

Fig. 9. Simulated and measured normalized radiation
patterns of VP at 14 GHz. (a) H-plane. (b) E-plane.

(a) (b) 

Fig. 10. Simulated and measured normalized radiation
patterns of RHCP at 14.4 GHz. (a) H-plane. (b) E-plane.

of 11%, 6.4% and 20% for HP, VP and RHCP, and the
peak realized gain achieved 9.1, 9.2 and 11.5 dBi, respec-
tively. For RHCP mode, the 3 dB axial ratio bandwidth of
about 17% is achieved. The simulation and measurement
results show that the radiation patterns of E-plane and

Fig. 11. Measured efficiency of the proposed antenna.

Table 2: Performance comparison with previously
reported polarization reconfigurable antennas
Ref. [4] [6] [13] This

work
Freq.
(GHz)

2.4 5 7.4 14

Size (λ) - 1.8×1.8
×0.5

2×2×0.6 2.1×2.3
×0.46

Polarization 3 3 3 3
Feeding
network

No Yes Yes Yes

AR
BW(%)

7.9 13.1 4 17

No. of
switches

4 8 2 4

Gain(dBi) ∼9 11.2 15.1 11.5

H-plane in the tri-polarization states of the antenna are
similar and symmetrical, with good directivity. In addi-
tion, the DC bias circuit that controls the state of the PIN
diodes can be easily integrated into the rotating feeding
network. The proposed antenna is suitable for polariza-
tion diversity applications.
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Abstract – Bayesian Optimization (BO) is an efficient
global optimization algorithm, which is widely used in
the field of engineering design. The probabilistic sur-
rogate model and acquisition function are the two keys
to the algorithm. Building an efficient probabilistic sur-
rogate model and designing a collection function with
excellent exploring capabilities can improve the perfor-
mance of BO algorithm, allowing it to find the opti-
mal value of the objective function with fewer itera-
tions. Due to the characteristics of small samples and
non-parametric derivation of the Gaussian Process (GP),
traditional BO algorithms usually use the GP as a sur-
rogate model. Compared with the GP, the Student’s T
Process (STP) retains the excellent properties of GP,
and has more flexible posterior variance and stronger
robustness. In this paper, STP is used as the surro-
gate model in BO algorithm, the hyperparameters of the
model are optimized by STP, and the estimation strat-
egy function (EST) is improved based on the posterior
output of the optimized STP, thus realizing the improved
BO algorithm based on the STP. To verify the perfor-
mance of the proposed algorithm, numerical experiments
are designed to compare the performances of the tra-
ditional BO algorithm, which includes the lower con-
fidence bound function (LCB) and EST as acquisition
function respectively and GP as the surrogate model, and
the proposed BO algorithm with STP as the surrogate
model and LCB, expected improvement function (EI),
expected regret minimization function (ERM) as acquisi-

tion function respectively. The results show that the pro-
posed algorithm in this paper performs well when finding
the global minimum of multimodal functions. Based on
the developed algorithm in this paper, the resonant fre-
quency of printed dipole antenna and E-shaped antenna
is modeled and optimized, which further confirms the
good design ability and design accuracy of the BO algo-
rithm proposed in this paper.

Index Terms – acquisition function; antenna optimiza-
tion; Bayesian optimization; Gaussian process; Student’s
T process

I. INTRODUCTION

Constructing efficient global optimization algo-
rithms has always been the focus of research topic. As
an advanced and efficient global optimization algorithm,
the Bayesian optimization (BO) algorithm has received
extensive attention and research [1]. The BO algorithm is
a kind of acquisition function and surrogate model as its
cores to fit the objective function, collecting new sample
observations to achieve fast iteration and find the maxi-
mum or minimum value of the objective function [2].

In recent years, the research on the BO algorithm
is inseparable from three aspects: the establishment of a
new surrogate model [3], the optimization of the surro-
gate model [4], and the design of the acquisition function
[5]. The performance of BO algorithms can be improved
by constructing efficient surrogate models, such as ran-
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dom forests surrogate models [6], making multiple deci-
sion trees to improve computational efficiency and accu-
racy, and deep neural network surrogate models [7] to
improve the model’s ability to handle large-scale data.
In recent years, the optimization of surrogate models
in BO algorithms has also become a research hotspot.
Chowdhury [8] proposed a scheme to dynamically adjust
the domain boundary of the surrogate model to solve
the complex problem of high-dimensional data analy-
sis. Yenicelik [4]designed an algorithm named BORING
to deal with the dimensionality reduction of data. The
acquisition function in parallel BO can collect multiple
sample points simultaneously to improve its efficiency.
Ginsburg et al. [9] studied Monte Carlo to simulate the
acquisition function to generate multiple sample points
at a time. Some scholars [10] also use the multimodal
method to solve multiple candidate sample points, reduc-
ing the time-consuming problem of the simulation.

As a classical surrogate model in BO, Gaussian Pro-
cess (GP) has a rigorous mathematical theoretical foun-
dation and can deal with complex problems [11, 12].
However, GP has two apparent shortcomings. Its poste-
rior variance depends on the observed sample points, and
its outliers are based on a prior assumption, which makes
GP not very good at rejecting outlier ability. Student’s T
Process (STP) is a generalization of the GP, which obeys
the Student’s T distribution rather than the Gaussian dis-
tribution [13]. The study of STP makes up for the lack
of robustness of GP, and it has a more flexible poste-
rior variance. Shah [14] proposed to perform the inverse
Wishart process on the kernel function of the GP to real-
ize the STP and use it to deal with outliers in the data.
This is because the kurtosis of the Student’s T distri-
bution is higher than that of the Gaussian distribution,
which means it can contain outliers. More likely.

Särkkä [15] uses an STP instead of a GP and incor-
porates the noise term into the kernel function to sim-
plify the computation. Tang et al. [16] proposed that
when the input has noise that depends on the Stu-
dent’s T distribution, if the kernel function does not have
the β property, the STP has a better ability to handle
abnormal data. Chen et al. [17] proposed a multi-output
GP and a multi-output STP, which solved the multi-
output problem under the matrix variable of the STP.
An effective way of improving the prediction accuracy
and enhancing the performance of the model is to opti-
mize the model’s hyperparameters. For example, the gra-
dient descent method [18], particle swarm optimization
algorithm [19], and ant colony algorithm [20] are used
to optimize the super parameters of the nonparametric
model, so as to improve the performance of the model.

Scholars have also studied the combination of
STP and BO algorithm. In 2013, Shah [21] imple-
mented the Bayesian algorithm using STP and the

expected improvement function, and compared it with
the Bayesian algorithm using the GP as a surrogate
model for the function optimization problem. In 2018,
Tracey [22] implemented the Bayesian algorithm com-
bining the STP and the expected improvement function,
and applied it to the design of aerodynamic structures.
In 2020, Clare [23] used the improved expected regret
minimization function and confidence bound minimiza-
tion function, respectively, to combine with STP to form
a new Bayesian algorithm, enhancing the ability of BO.

As we all know, the optimization of electromagnetic
devices through full-wave electromagnetic simulation
software requires enormous computing resources, which
is very time-consuming. Therefore, exploiting optimiz-
ing algorithms to design electromagnetic devices quickly
is a good solution [24]. Gao [25] proposed a semi-
supervised algorithm for antenna design, but this algo-
rithm requires an additional round of antenna size. Torun
[26] designed a two-stage BO algorithm and applied it
to the minimization optimization of integrated circuits,
and the surrogate model used in this algorithm is the GP
model.

In this paper, a BO algorithm is proposed, which
uses the combination of an improved maximum eval-
uation policy function [27] and a hyperparameter-
optimized STP. Moreover, it is applied to optimize mul-
timodal functions, printed dipole antenna, and E-shaped
antenna. The results show that the proposed BO algo-
rithm has better exploration and global optimization abil-
ities than the traditional BO algorithm.

The rest of the paper is organized as follows. The
second part briefly reviews the derivation of GP and
STP. The third part cover the proposed BO algorithm,
including the hyperparameters for the STP, optimiza-
tion and improvement of the maximum evaluation policy
function. The fourth part is the numerical experiment,
which verifies the performance of the proposed algo-
rithm. The fifth part is the application of the proposed
algorithm to two microstrip antennas, including printed
dipole antenna and E-shaped antenna. The subsequent
parts is the summary and outlook.

II. BACKGROUND
A. Gaussian process

Gaussian Process (GP), as a non-parametric model
being suitable for small sample, has strict mathematical
theoretical derivation. Generally, we use (1) to describe
the GP [28, 29]:

f (x)∼ GP(μ(x),k(x,x)), (1)

where the μ(x) is the mean function and the
k (x,x′) is the covariance function. If D1:n =
{{x1,y1} ,{x2,y2} , . . . ,{xn,yn}} represents the observed
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set, then the covariance matrix K is recorded as:

K =

⎡⎢⎣ k(x1,x1) · · · k(x1,xn)
...

. . .
...

k(xn,x1) · · · k(xn,xn)

⎤⎥⎦ . (2)

For each input new observation xn+1, assuming that
the mean of the GP is zero, the joint Gaussian distribu-
tion of the outputs y1:n and yn+1 can be expressed as:[

y1:n
yn+1

]
∼N

(
0,
[

K(X ,X) K (X ,Xn+1)
K (Xn+1,X) K (Xn+1,Xn+1)

])
. (3)

Where, K (X ,Xn+1) is the covariance matrix of the order
n× (n+1) between the observation value and the train-
ing input samples, and is the covariance matrix of the
observation value itself.

The posterior probability is obtained by calculating
formula (4):

p(yn+1 | D1:n,xn+1) = N
(
μ (xn+1) ,σ2 (xn+1)

)
, (4)

Here:
μ (xn+1) = kT K−1y1:n, (5)

σ2 (xn+1) = k (xn+1,xn+1)− kT K−1k. (6)
The GP can fit the corresponding test output value

by calculating the above Process. It can be seen from
equation (6) that the posterior variance of the GP
depends on the test sample points. In BO, the acquisition
function can use the information of the predicted mean
and predicted variance of the GP to mine the next obser-
vation with high reliability. The acquisition function is
introduced in Section 3.1.

B. Student’s T process

Student’s T Process (STP) is a generalization of GP,
which refers to a functional distribution of an infinite set
of random variables that obeys the joint Student’s T dis-
tribution. For the Student’s T distribution, we describe it
as [18]:

T(μ,Σ,v) =
Γ((v+d)/2)

Γ(v/2)vd/2πd/2|Σ|1/2

·
(

1+
1
v
(y−μ)T Σ−1(y−μ)

)−(v+d)/2

,

(7)

where d is the size of the T distribution, μ is the posi-
tion parameter of the T distribution, Σ is the symmetric
positive definite scattering matrix parameter of the T dis-
tribution, and v > 2 is the degree of freedom.

E
[
(y−μ)T (y−μ)

]
=

v
v−2 ∑ . (8)

STP is parameterized by the mean function m(x) and
the covariance function k (x,x′); however, it has an addi-
tional parameter, the degrees of freedom v. The proper-
ties of STP can be determined jointly by m(x), k (x,x′)
and v, x,x′ ∈ Rd is an arbitrary random variable. There-
fore, STP can be expressed as:

f (x)∼ ST P
(
m(x),k

(
x,x′

)
,v
)
. (9)

With increasing degrees of freedom, the multivari-
ate Student’s T distribution converges to a multivariate

Gaussian distribution with the same mean, and the scat-
tering parameter matrix approaches infinity.

In STP, m(x) defines the prior expected value of each
location, the kernel function represents the covariance
of the objective function between the values of any two
locations x and x0, the joint distribution probability of a
finite subset of locations is:

p(y | x) = T (μ,Σ,v)(y) = T
(

μ,
v−2

v
K,v

)
(y), (10)

Where μ is the mean vector, μi = m(xi), Ki, j = k (xi,x j)
is the kernel matrix.

Given a set of samples D = [(x1,y1) , · · · ,(xn,yn)],
the posterior of STP is given by (11), (12), (13), (14).

p(y | x,D) = T
(

μ,
v−2

v
K,v

)
(y), (11)

μ̂ = Kx,xK−1
x̃,x̃ ỹ, (12)

K̂ =

(
v+ ỹT K−1

x̃,x̃ ỹ−2
)
· (Kx,x−Kx,x̃Kx̃,x̃

−1Kx̃,x
)

v+ |D|−2
, (13)

v̂ = v+ |D|. (14)
In general, the square exponential kernel is selected

[30]:

KSEard
(
x,x′

)
= σ2

f exp

(
− (x− x′)T (x− x′)

2�2

)
, (15)

where σ2
f is the signal variance,which also is the output

scale amplitude, and the parameter � is the input (length
or time) scale.

Combining equation (13) with the kernel function,
we can see that the posterior covariance of the STP
depends on not only the test observations, but also the
training observations [31]. Therefore, using a STP as a
surrogate model for a BO will have a more flexible pos-
terior variance than a GP. The hyperparameter optimiza-
tion of the STP is obtained by maximizing the likelihood
function, whose negative log-likelihood function has the
form:

L(θ) =− log p(y | x,θ)
=

N
2

log((v−2)π)+
1
2

log |Kθ |

− logΓ
(

v+N
2

)
+ logΓ

( v
2

)
+

v+N
2

log
(

1+
β

v−2

)
.

(16)

III. THE PROPOSED BAYESIAN
OPTIMIZATION ALGORITHM

As a supervised learning method, BO can effectively
seek the global optimal solution of the black-box objec-
tive function within the design space. By updating the
prior knowledge of the objective function, we can obtain
the corresponding observation value to update the pos-
terior distribution closer, and find the optimal solution
quickly [32].
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The BO algorithm consists of two modules, the sur-
rogate model module for fitting the objective function
and the acquisition function module for acquiring new
observations. The framework is shown in Fig. 1. The
study of Bayesian architecture is inseparable from three
directions: the construction of the surrogate model, the
optimization of the surrogate model, and the design of
the acquisition function.

Fig. 1. Bayesian optimization framework.

In this paper, the STP is used as the surrogate model
of BO, and the kernel function (17) without the β prop-
erty is selected. The hyperparameters of the STP, includ-
ing the degrees of freedom, noise variance, and hyperpa-
rameters of the kernel function, are globally optimized
using the pattern search algorithm toolbox [33]. The opti-
mization flowchart is shown in Fig. 2.

KSEisoU = exp
(
− 1

2�2 (x− z)T (x− z)
)
. (17)

The pattern search algorithm uses the negative log-
likelihood of STP as the objective function to perform
global optimization, obtain the final hyperparameters,
and then determine the STP model. The model can out-
put the corresponding prediction function value when
given a new observation.

In the BO framework, the acqisition function use the
information outputted by the surrogate model to explore
the next observation. Common acquisition functions
include confidence UCB/LCB [34, 35], EI [36], prob-
ability improvement (PI) function [26], entropy search
(ES) function [37], EST [38] and ERM [39].

Martı́n presented a detailed derivation of GP
upper/lower-confidence bound functions [36]:

αUCB(x) = μt−1(x)+
√

βtσt−1(x), (18)

Fig. 2. Pattern search toolbox to optimize STP hyperpa-
rameters.

αLCB(x) = μt−1(x)−
√

βtσt−1(x). (19)
Where βt is the assumed given learning rate, which

are different from the LCB function under the GP. In this
paper, the μ(x),σ(x) in LCB are changed to the predic-
tion mean and prediction variance of STP.

Shah proposes a closed-form solution to the EI func-
tion for the STP [21]:

αEI (x;(xn,yn) ,θ) = γσΦv +N(γ(x))

+σ
(

1+
γ(x)2−1
v+N−1

)
φv,

(20)

where
γ(x) = σ((xn,yn) ,θ)−1 [ f (xbest −μ ((xn,yn) ,θ))] .

(21)
μ ((xn,yn) ,θ) and σ ((xn,yn) ,θ) are represent the

predicted mean and variance of STP, respectively, φ ,Φ
represent the probability density function and distribu-
tion function of T distribution, and θ define the set of
hyperparameters of STP.

The estimation strategy function selects the maxi-
mum posterior value m in each iteration, which can be
expressed as argmaxx∈χ Pr(Mx|m,Dt), Mx is the event
when the point reaches the maximum value. The EST
function can be defined explicitly as:

αEST (x) =
m̂−μt−1(x)

σt−1(x)
. (22)

Obtained by approximation, in this paper, the EST
method mentioned in the literature [27] is used to obtain
approximately m̂. Unlike wang [27], we replace the pre-
dicted mean and predicted standard deviation of STP in
the function μ(x),σ(x) respectively.

As a result, the pseudocode of the proposed BO
algorithm, called BO-STP-EST in the paper, is presented
in Algorithm 1.

IV. NUMERICAL EXPERIMENT

In order to verify the generalization performance
and global optimization effect of the proposed BO-
STP-EST algorithm, numerical experiment is carried out
based on the multimodal function (23), where the inde-
pendent variable interval is [−512, 512]. So we finally
obtained the training data X ∈ 50×1,Y ∈ 50×1 through
the program. The experimental goal is to find the global
minimum of this function, and the total number of itera-
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Algorithm 1 BO-STP-EST.
Require:

Sample set,D1:n = ((x̃1, ỹ1) , · · · ,(x̃n, ỹn));
Initial point,x0 = [x1,x2, · · · ,xm]

T ;
The number of iterations,iters;
Lower bound and upper bound of the design space;

1: for each i ∈ [1, iters] do

2: D1:n→ Optimize Hyperparameters for STP using
pattern search algorithm, and then train STP;

3: x0 →Obtain the posterior prediction mean μi−1
and posterior variance σi−1

2 of x0 by the trained
STP;

4: argmin m̂−μi−1(x)
σi−1(x)

→ xopt
i , Get the new sample

points by the acquisition function;
5: xi

opt → ST P→ fi
opt , Use the trained STP to pre-

dict the objective function value corresponding to
the input sample point;

6: fbest take the current minimum value, xbest ake the
corresponding sample value;

7: end for

tions is set to 50. To verify the performance of the algo-
rithm, we compare it with the BO-GP-LCB [1], BO-
GP-EST [27], BO-STP-ERM [23], BO-STP-EI [21], and
BO-STP-LCB. For the STP in the models of BO-STP-
ERM, BO-STP-LCB, and BO-STP-EI, global optimiza-
tion is not implemented. The experimental results are
shown in Figs. 3 and 4.

y =− (x+47)× sin(
√
|x+47|)

−512× sin(
√

465− x). (23)
It can be seen intuitively from Fig. 3 that only the

Fig. 3. The found minimum value by different models.

Fig. 4. Function value vs. iteration numbers of different
models.

BO-STP-EST proposed in this paper finds the global
minimum of the multimodal function. Models such as
BO-GP-LCB and BO-GP-EST are trapped in the local
minimum of the function, and other BO algorithms are
close to the global minimum of the function, which
shows that the proposed BO algorithm has a strong
global optimization ability. As can be seen from Fig.
4, since we set the first iteration to be the new sample
point explored by the model corresponding to the objec-
tive function value, the starting points in the figure are
inconsistent, which also just shows that the ability of dif-
ferent models to explore sample points is different.

Although the objective function value obtained by
BO-GP-LCB for the first time is the smallest, it never
explores a function value smaller than the current value
after 4th time. Compared with the same acquisition func-
tion with EST, the exploration ability of the BO algo-
rithm with the GP as the surrogate model is much lower
than that of the BO algorithm with the STP as the sur-
rogate model. Compared with the same surrogate model
algorithm, the prediction accuracy of the proposed BO-
STP-EST algorithm after hyperparameter optimization is
significantly higher than that of other models.

V. OPTIMAL DESIGN OF MICROSTRIP
ANTENNAS

A. Printed dipole antenna

The printed dipole antenna comes from the litera-
ture [40] and its structure is shown in Fig. 5. The whole
antenna can be divided into five parts, which are the
dielectric layer, the dipole antenna arm, the microstrip
balun line, the microstrip transmission line, and the
antenna feeding surface, The dimensional parameters of



861 ACES JOURNAL, Vol. 37, No. 8, August 2022

Table 1: Antenna size parameters
Variable Value/mm
L1 21.5
L2 21.5
L3 9.8
W1 3
W2 3
W3 3.5
εr 4.4
h 1.6

the antenna are shown in Table 1. The working frequency
of the antenna is 2.25 GHz-2.72 GHz, and the design
index include that its working frequency is 2.45 GHz,
and the return loss S11 is less than −15 dB.

As shown in Fig. 5, the antenna has many variables
that affect its performance. We select five size variables
that have more significant impact as input, as shown in
Table 2, including the transmission line length L1, one
dipole arm the length L2, the side length L3 of the balun
triangle, the right angle length L4 of the base of the balun
triangle, and the width W3 of the balun rectangle.

Therefore, the input is X = [L1,L2,L3,L4,W3], the
output is the resonant frequency, while other parame-
ters are fixed. The HFSS-MATLAB-API [41] program
is used for the co-simulation of the antenna using the
orthogonal experiment method. The frequency sweep
range is 2 GHz through 3 GHz, and the step size is
0.01 GHz. So, each group of antenna size variables cor-
responds to 100 resonance frequency points. The training
sample size is X ∈ 50×5,Y ∈ 50×1.

According to the design index of the antenna, the
design objective function is (24), where fresonant =
2.45 GHz, fprediction is the predicted resonant frequency.

fobjective =
∣∣2.45− fprediction

∣∣2 & fresonant <−15 dB.
(24)

Fig. 5. The found minimum value by different models.

Table 2: Design range and initial design value of the
printed dipole antenna
Variable Min/mm Max/mm Initial

value/mm
L1 21 23 21.5
L2 20 22.5 21.5
L3 9 10.5 9.8
L4 11.5 13 12.6
W3 3 5 3.5

In order to verify the effectiveness of the
BO-STP-EST algorithm proposed in this paper, the BO-
GP-LCB, BO-GP-EST, BO-STP-LCB, BO-STP-EI, BO-
STP-ERM, and the BO-STP-EST are compared. The
iterative performance of the objective function under dif-
ferent models, the optimization results of the antenna
size and the actual simulation results of the optimized
antenna size are verified by experiments. The design
space and initial sample points are shown in Table 2, and
the total number of iterations is 50 times. The experi-
mental environment is Inter(R)Corte(TM)i5-7500 CPU
@ 3.40 GHz 16GB RAM, MATLAB2019b.

From Fig. 6 and Table 3, we can see that the pro-
posed BO-STP-EST exhibits a good generalization abil-
ity, and it can find the minimum in a few iterations. Com-
pared with the BO algorithm with GP as the surrogate
model, BO-GP-LCB find a smaller value in the 41st time,
but this minimum value is very different from other mod-
els. For the same acquisition function, BO-GP-EST takes
more time to find the minimum at the 8th iteration, and
the proposed BO-STP-EST performs much better than
BO-GP-EST, where it finds the minimum value at the 3rd

Fig. 6. The found minimum value by different models.
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Table 3: Optimization results of different models of the printed dipole antenna
Model L1 L2 L3 L4 W3 Iteration fob jective time
BO-GP-LCB 23 20.1999 9.0208 12.6053 3 41 1.53e-02 106.8259
BO-GP-EST 22.4373 20.7785 9 12.9988 3.2000 8 8.03e-04 105.4107
BO-STP-LCB 23 22.5000 10.6000 11.5000 3 20 1.55e-02 60.3916
BO-STP-EI 22.8226 21.2913 9.6366 12.1941 3.8591 5 2.65e-04 115.4727
BO-STP-ERM 22.4044 20.0226 9.9722 11.5997 4.5191 19 8.60e-05 137.3362
BO-STP-EST 23 21.0537 10.5999 11.5000 3 3 2.88e-05 93.5832

Fig. 7. The found minimum value by different models.

iteration. Compared with other models with STP, BO-
STP-EI and BO-STP-ERM are not as good as BO-STP-
EST in terms of the objective function and time con-
sumption because the optimized STP has fitting higher-
degree posterior outputs which makes the EST collection
function have stronger exploration ability.

The antenna optimization results in Fig. 7 verified
by HFSS illustrate that, for the design index of the
resonant frequency of the antenna, only the proposed
BO-STP-EST achieves the design targets with the res-
onant frequency 2.45 GHz and where S11<−15 dB.
The resonant frequency points predicted by other models
have certain errors, which are also in line with the predic-
tion results of the objective function in Table 3 and Table
4. It can be concluded from the above tables and figures
that the proposed BO-STP-EST has greater advantages
in convergent speed and accuracy than other models.

B. E-shaped antenna

The E-shaped antenna is evolved from the rectangu-
lar patch antenna, and two identical parallel slot antennas
are formed by using the slot-loading method [42]. For
the E-shaped antenna, it is easy to obtain good perfor-

Table 4: The actual resonant frequencies optimized by
different models of the printed dipole antenna
Model Resonant

frequency/GHz
Return loss/dB

BO-GP-LCB 2.53 −26.0488
BO-GP-EST 2.49 −27.2250
BO-STP-LCB 2.32 −25.9310
BO-STP-EI 2.42 −26.9227
BO-STP-ERM 2.56 −25.6303
BO-STP-EST 2.45 −24.1248

Table 5: Design range and initial design value of the E-
shape antenna
Variable Min/mm Max/mm Initial

value/mm
L 25 35 26
W 20 28 29
ls 2 8 4
ws 4 18 7
h 1.57 3.57 1.6

mance by adjusting the shape of the slot, which is very
suitable for use in portable communication and miniatur-
ized equipment. The E-shaped antenna is shown in Fig.
8, which consists of a radiation patch, a ground plate, a
dielectric plate, and a feeding point.

The design index is the working frequency
3.50 GHz, where the return loss S11 is less than−10 dB.
According to the structure of the antenna, several param-
eters that greatly affect the performance of the antenna,
including L,W, ls,ws,h, are selected as the training input
of the model, and the rests are unchanged, including the
dielectric material εr = 2.33, as shown in Table 5.

Therefore, the input is X = [L,W, ls,ws,h], and the
output is fresonant . The frequency sweep range is 2 GHz-
5 GHz, the step size is 0.01 GHz. So, each group of
antenna size variables corresponds to 100 resonance fre-
quency points, and the training data X ∈ 41×4,Y ∈ 41×1 is
finally obtained.

To verify the generalization and optimization per-
formance of the proposed BO-STP-EST, we compare
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Table 6: Results obtained by different models for the E-shape antenna
Model L W ls ws h Iteration fob jective time
BO-GP-
LCB

35 28 2 4.84 3.57 6 0.105 106.83

BO-GP-
EST

30.09 24.12 5 14.5 2.57 12 1.616e-05 115.19

BO-STP-
LCB

25 28 2 18 1.64 28 0.0424 165.4

BO-STP-EI 30.89 20.30 2.50 16.05 2.77 41 0.0372 198.42
BO-STP-
ERM

26.20 27.71 8 16.10 2.62 42 7.626e-05 220

BO-STP-
EST

35 28 8 4.95 3.57 7 5.313e-05 197.03

Fig. 8. E-shaped antenna structure diagram.

the performances of the BO-GP-LCB, BO-GP-EST, BO-
STP-LCB, BO-STP-EI, and BO-STP-ERM. The design
objective function is (25), where fresonant = 3.50 GHz,
fprediction is the predicted resonant frequency.

fopt =
∣∣3.50− fprediction

∣∣2 & fresonant <−10 dB. (25)

The experiment compares the differences in the
number of iterations, the minimum value, and the dura-
tion of the six models. The results are shown in Table 6.
The return loss of the antenna obtained by the final opti-
mization of each model is also compared, and the results
are shown in Fig. 9 and Table 6.

As can be seen from Fig. 9, since the sample points
recorded in the first setting of the model program are
ones collected by the acquisition function, we can see the
ability of different models to explore the sample points
in the sample space. Compared with the same acquisition
function EST, although the value of the objective func-
tion corresponding to the sample points first explored
by the proposed BO-STP-EST algorithm is greater than
BO-GP-EST, it is much stronger than BO-GP-EST in the
subsequent exploration ability. It finds the global min-
imum value in the 7th iteration and is better than that
found by BO-GP-EST in the 12th iteration.

Fig. 9. Objective functions vs. iteration of different
model for the E-shape antenna.

Compared with other models by STP, BO-STP-EST
can find the minimum value of objective function which
is much smaller than BO-STP-LCB and BO-STP-EI. As
we can see from table 6,7, although the final objective
function value found by BO-STP-ERM is close to BO-
STP-EST, it takes more time. Therefore, BO-STP-EST
is still the most competitive among several models in
terms of minimum value and time-consuming of objec-
tive function.

In the experiment of this part, we deliberately reduce
the number of training samples, so as to verify that the
hyperparametric optimization of the model can improve
the prediction ability of the algorithm proposed in this
paper when the training samples are reduced. The simu-
lation results (Fig. 10) verified by HFSS show that when
the training samples are reduced (Table 7), the predic-
tion accuracy of the different models mentioned in the
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Table 7: The actual resonant frequencies optimized by
different models of the printed dipole antenna
Model Resonant

frequency/GHz
Return loss/dB

BO-GP-LCB 3.49 −13.460
BO-GP-EST 3.69 −33.945
BO-STP-LCB 3.30 −17.399
BO-STP-EI 4.27 −20.067
BO-STP-ERM 3.19 −28.231
BO-STP-EST 3.50 −12.837

Fig. 10. Simulation results obtained by different models
for the E-shape antenna.

paper begins to decline, however, the accuracy of the
BO-STP-EST is much higher than that of the algorithm
without global hyperparametric optimization. Taking the
STP as surrogate model, the algorithm still maintains
good prediction accuracy under the condition of reduc-
ing the number of training samples. At the same time,
the proposed BO-STP-EST realizes the design index of
S11 < − 10 dB at the resonant frequency at 3.5 GHz.
It shows that the hyper-parameter optimization of surro-
gate model can improve the accuracy and optimization
performance of Bayesian optimization algorithm.

VI. CONCLUSION

This paper proposes a BO algorithm that combines
an improved maximum evaluation policy function with a
hyperparameter-optimized STP. Numerical experimental
verification of finding the minimum value through mul-
timodal functions shows that the proposed BO algorithm
with the STP as the surrogate model has better predic-
tion accuracy than these with the GP as the surrogate
model. At the same time, the acquisition function EST
can improve the exploration ability of the BO algorithm.

The proposed algorithm in this paper is applied to the
antenna modeling problems, and the design index can
be well completed. The simulation results of electromag-
netic simulation software also verify the effectiveness of
the algorithm.

Although the proposed algorithm is only applied to
the optimization problem of single-band antennas in this
paper, following, we will study the multi-band antenna
optimization by the proposed algorithm.

ACKNOWLEDGMENT

This work was supported by the special projects in
key fields of Guangdong Universities of China under
No. 2022ZDZX1020, the scientific research capacity
improvement project of key developing disciplines in
Guangdong Province of China under No. 2021ZDJS057,
and the university scientific research project of Bureau
of Education of Guangzhou Municipality of China under
No. 202234598.

REFERENCES

[1] L. Acerbi and W. J. Ma, “Practical Bayesian opti-
mization for model fitting with Bayesian adap-
tive direct search,” Advances in Neural Information
Processing Systems, vol. 30, 2017.

[2] V. Nguyen, S. Schulze, and M. Osborne, “Bayesian
optimization for iterative learning,” Advances in
Neural Information Processing Systems, vol. 33,
pp. 9361-9371, 2020.

[3] M. Wistuba and J. Grabocka, “Few-shot bayesian
optimization with deep kernel surrogates,” arXiv
preprint arXiv:2101.07667, 2021.

[4] D. Yenicelik, “Parameter Optimization using
high-dimensional Bayesian Optimization,” arXiv
preprint arXiv:2010.03955, 2020.

[5] J. Mockus, V. Tiesis, and A. Zilinskas, “The
application of Bayesian methods for seeking the
extremum,” Towards Global Optimization, vol. 2,
no. 117-129, p. 2, 1978.

[6] L. Breiman, “Random forests,” Machine Learning,
vol. 45, no. 1, pp. 5-32, 2001.

[7] J. Snoek, O. Rippel, K. Swersky, R. Kiros,
N. Satish, N. Sundaram, M. Patwary, M. Prab-
hat, and R. Adams, “Scalable bayesian optimiza-
tion using deep neural networks,” International
Conference on Machine Learning, pp. 2171-2180,
2015.

[8] S. R. Chowdhury and A. Gopalan, “No-regret algo-
rithms for multi-task bayesian optimization,” Inter-
national Conference on Artificial Intelligence and
Statistics, pp. 1873-1881, 2021.

[9] D. Ginsbourger, R. L. Riche, and L. Carraro, “Krig-
ing is well-suited to parallelize optimization,” Com-
putational Intelligence in Expensive Optimization
Problems, pp. 131-162, 2010.



865 ACES JOURNAL, Vol. 37, No. 8, August 2022

[10] Z. Feng, Q. Zhang, Q. Zhang, Q. Tang, T. Yang,
and Y. Ma, “A multiobjective optimization based
framework to balance the global exploration and
local exploitation in expensive optimization,” Jour-
nal of Global Optimization, vol. 61, no. 4, pp. 677-
694, 2015.

[11] S. Han, Y. Tian, W. Ding, and P. Li, “Resonant
frequency modeling of microstrip antenna based
on deep kernel learning,” IEEE Access, vol. 9, pp.
39067-39076, 2021.

[12] T. Zhang, Y. Tian, X. Chen, and J. Gao, “Antenna
Resonant Frequency Modeling based on AdaBoost
Gaussian Process Ensemble,” Applied Computa-
tional Electromagnetics Society (ACES) Journal,
pp. 1485-1492, 2020.

[13] A. O’Hagan, “On outlier rejection phenomena in
Bayes inference,” Journal of the Royal Statistical
Society: Series B (Methodological), vol. 41, no. 3,
pp. 358-367, 1979.

[14] A. Shah, A. Wilson, and Z. Ghahramani, “Student-
T processes as alternatives to Gaussian processes,”
Artificial Intelligence and Statistics, pp. 877-885,
2014.

[15] A. Solin and S. Särkkä, “State space methods for
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Abstract – In this letter, an 8×8 multiple-input-multiple-
output (MIMO) antenna that operates in the sub-6 GHz
(4.7-5.1 GHz) spectrum for 5G MIMO smartphone ap-
plications is presented. The design consists of a fully
grounded plane with closely orthogonal antenna pairs
placed symmetrically on the corners of the smart-
phone and each antenna element consists of an F-type
monopole with dimensions of 18×7.5 mm2. Firstly, the
diversity characteristics of orthogonally placed antennas
are used to reduce the coupling between antennas. On the
other hand, diagonal antennas are connected by a neutral
line (NL) to further improve isolation and etched slots
on the ground to reduce the coupling between antenna
pairs. A good frequency bandwidth (S11 < −10 dB) of
4.7-5.1 GHz has been obtained for the MIMO antenna,
and the isolation is lower than 16 dB. In addition, total
efficiency (TE) is greater than 77.5%, and the envelope
correlation coefficient (ECC) is lower than 0.025. The
fabricated antenna prototype is tested and offers good
performance.

Index Terms – high efficiency, high isolation, MIMO,
smartphone antenna.

I. INTRODUCTION

With the rapid development of communication tech-
nology, people’s demand for the throughput of mobile
communication system is increasing, which has become
the main factor for the fifth generation (5G) mobile com-
munication. In the 5G era, it is compatible with 2G /
3G / 4G, WiFi, Bluetooth, satellite navigation and other
systems and standards. The number of antennas in the
system increases sharply, and the MIMO antenna is re-
garded as an appropriate choice for 5G mobile applica-
tions. One of the main challenges in MIMO antenna de-
sign is the isolation enhancement and low ECC within a
compact size. Several techniques exist that can improve
the isolation between antenna elements for mobile com-
munication when they are closely spaced together.

Distance optimization and selection of different el-
ements are easy methods without employing any other

structure to suppress coupling between antennas [1, 4].
An ultra-wideband (3.3-6 GHz) eight-antenna MIMO
array was better than 11 dB by selecting an appropri-
ate distance between neighboring elements [4]. Since
space is limited, the improvement of isolation is lim-
ited by adjusting only the distance between elements.
However, adjusting the distance between elements to ob-
tain acceptable isolation may result in a large size of the
MIMO system, which cannot meet the requirements of
small space.

Adding external decoupling structure is an efficient
method to further improve the isolation, such as the (NL)
technique, defected ground structure (DGS) technique,
and grounded branch. The NL technique is firstly pre-
sented by Diallo in 2006 [5]. The principle of this tech-
nology is that the NL connects the antenna radiation ele-
ment, and the current generated in the NL is the same
amplitude and opposite phase as the excited antenna,
which cancels out the coupling current, thereby reduc-
ing the coupling between the antenna elements; this tech-
nique has been demonstrated successfully in [6, 8]. How-
ever, when the NL structure is connected to the antenna
elements, the improper selection of the connection posi-
tion will make it resonate with the radiator. The DGS is
a slot structure etched on the ground. The slot structure
can be equivalent to a filter, which limits the ground cur-
rent from ant 1 to ant 2 to suppress the coupling caused
by the current on the ground surface. High isolation can
be realized by loading the DGS to block coupling cur-
rent [9, 11]. In general, when using the DGS to improve
the isolation of the MIMO antenna, the etched structure
needs to satisfy that its length is greater than a quarter
wavelength. The disadvantage of the DGS is that when
the antenna works at a high frequency, the overall size of
the antenna cannot be guaranteed to meet the long wave-
length due to the limitation of antenna miniaturization.
The principle of enhancing the isolation of the MIMO
antenna by loading the grounded branch is that by in-
creasing the coupling path, the current generated by the
excited antenna element is more coupled to the grounded
branch, and only a small amount of current is coupled
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to another antenna element [12, 13]. Ref [12] presented
a compact dual-band MIMO antenna operating at 3.3 -
3.6 GHz, and the isolation between inner antenna ele-
ments was improved from 10 dB to 15.1 dB by introduc-
ing a grounded branch. The disadvantage of the method
is that the coupling of the grounded branch would affect
the impedance matching of the antenna and reduce the
radiation efficiency of the antenna.

In addition to the above-mentioned partial decou-
pling techniques, there are other decoupling techniques.
In [14], a very compact building block composed of
two asymmetrically mirrored loop antennas was pro-
posed to implement a multi-antenna MIMO array (op-
erating at 3.4-3.6 GHz). Acceptable isolation was at-
tained by asymmetrically arranging the two mirrored
loop antennas. To reduce coupling, self-isolated anten-
nas have been investigated [15–17]. In [17], the compact
design structure was composed of inverted U-shaped and
two circular-ring structures embedded across two verti-
cal stubs, and the antenna achieved good isolation be-
tween the four-antenna elements without using any ad-
ditional decoupling techniques at 3.5 GHz. In [18] and
[19], a mode cancellation method is also proposed to de-
sign shared-radiator antenna pairs across a wide band-
width operating at sub-6 GHz. In [20, 21], high isola-
tion without additional decoupling structures is achieved
under the shared radiation patch by equivalent transmis-
sion theory or mode orthogonality. In [22], a wideband
planar inverted-F antenna (PIFA) covering n77/n78/n79
and LTE band 46 was designed by using multimode
technology. By combining two PIFAs, the design of
high isolation and advanced MIMO antenna is real-
ized. In [23], two orthogonally polarized antennas (3.4-
3.6 GHz) were excited by the odd-even mode of coplanar
waveguide feed, and the isolation performance is better
than 20 dB.

For the proposed eight-port diagonal MIMO smart-
phone antenna proposed in this paper, the layout between
the antenna elements is orthogonal, and the low mu-
tual coupling is realized by spatial diversity technology.
The antenna structure is simple, and high isolation can
be achieved without additional decoupling structure and
complex operation. Then, the proposed antenna achieved
a compact, high isolation, and high efficiency assisted by
other techniques. Finally, the overall ground space occu-
pied by the antenna is very small, leaving a lot of space
for other types of antennas.

II. ANTENNA PAIR
A. Structure of the antenna pair

For the proposed eight-port MIMO antenna, the
study designed an antenna pair firstly as shown in Fig. 1.
The proposed antenna pair was simulated using the full-
wave simulation software HFSS version 2020, and it was

Fig. 1. Geometry of the realized antenna pair.

Table 1: Parameters dimension of the design
Parameters Value,

mm
Parameters Value,

mm
L1 16 L7 8
L2 4.4 L8 2
L3 13 T1 1
L4 5.7 T2 0.8
L5 1.7 T3 2
L6 7 T4 1

simulated based on the high precision solution of auto-
matic mesh generation technology.The optimal dimen-
sions for each single antenna element are summarized
in Table 1. The size of the system ground plane was
0.8× 75 ×150 mm3, typical for the dimension of a 5.3-
inch handset, and four dielectric substrates (dielectric
constant is 4.4, loss tangent is 0.02) are placed verti-
cally around the system ground as borders, and the thick-
ness of all dielectric substrates was 0.8 mm. As shown in
Fig. 1, a pair of F-type monopole structures (red) was
etched outside the dielectric substrate, and the feeder
(orange) was etched inside. The antenna pair was placed
orthogonally on the corner of the border, and the length
of the longer side above was 16 mm, and the length of
the shorter side below was 13 mm. The F-type monopole
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was fed by the microstrip feed line (while connecting to
50 Ω SMA connectors when measuring.) to make the an-
tenna work at 4.9 GHz.

Configurations and S-parameter (S11 and S21) results
of the F-type antenna pair without the NL and the final
design are illustrated and compared in Figs. 2 (a)-(b),
respectively. We can see that the resonant frequency of
the antenna pair at 4.9 GHz (S11 <−10dB) from the re-
sults obtained shown in Fig. 2 (a), and the isolation is
14 dB. From what we know, the above performance can
meet the general requirement of smartphone MIMO an-
tennas. Based on the above structure, we made a further
attempt, that is, a NL was introduced between the two
antenna elements as shown in Fig. 2 (b). We can observe
that the resonant frequency and bandwidth of the antenna
pair did not change, but the isolation of the antenna is
17 dB, which is a reduction of 3 dBi. Therefore, we fi-
nally adopted the second structure.

 
                                       (a) 

                                       (b) 

Fig. 2. Different configurations and S-parameter for the
antenna design with (a) without the NL, (b) the proposed.

B. Parameter analysis

In the process of antenna design, the parameter scan
is usually performed to select the most suitable param-
eter. Here, two scanned parameters were set up to de-
termine the most suitable parameter by analyzing the S-
parameter in Figs. 3 (a)-(b).

Figure 3 (a) investigates the effects of the long side
( L1) of F-type monopoles on the operation band. We
can see from Fig. 3 (a), when its size changes from
13 to 19 mm. The resonant frequency of the design
varies from 5.5 to 4.5 GHz. When L1=16 mm, the res-
onant frequency is 4.9 GHz. It can be also affected by
changing the short side ( L3) of the F-type monopole.
As shown Fig. 3 (b), the resonant frequency tunes to

lower or upper frequencies with the change of L3. When
L3=13 mm, the resonant frequency is at 4.9 GHz. There-

fore, L1=16 mm and L3=13 mm are selected to the final
design.

Fig. 3. Simulated results of the proposed antenna for
different values. (a) S-parameter for different L1 (b) S-
parameter for different L3.

C. Performance of the antenna pair

The simulated results of the final proposed F-type
antenna pair are presented in Fig. 4 (a)-(c), respectively.
The S-parameter is shown in Fig. 4 (a). The reflection co-
efficients of both antennas are better than −10 dB across
the desired sub-6 GHz band (4.8-5 GHz). Owing to the
layout of the antenna elements being orthogonal to each
other, the antenna elements are orthogonally polarized
and can only sense the weak signal sent by each other.
Therefore, an excellent isolation level is achieved: better
than 17 dB across the operation band.

(a)                                  (b) 

 
(c) 

  

Fig. 4. Simulated performance of the dual antenna pair.
(a) S-parameters. (b) Total efficiency. (c) ECC. Inserts:
realized gain patterns at 4.9 GHz.

Figure 4 (b) shows the TE of the antenna pair.
Across the operation band, the efficiency ranges of Ant 1
and Ant 2 are both better than 88%, which achieved
greatly high.
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Figure 4 (c) shows the simulated ECC, which is the
dot product of the two antennas’ complex radiation pat-
terns. ECC is also a measurement of how tightly coupled
antenna elements are, and it is calculated by ANSYS
HFSS simulation software. The acceptable ECC criterion
for MIMO antenna is less than 0.5. The simulated ECC is
less than 0.01 across the operation band, indicating that
the proposed antenna pair is with excellent diversity per-
formance. Realized radiation patterns at 4.9 GHz of the
two antennas are shown in the insets. Benefiting from
orthogonal polarization, the main lobes of the two pat-
terns are nearly orthogonal: Ant 1’s main lobe points to
+x, −y-direction; while Ant 2’s main beam points to –x-
direction. Therefore, an extremely low ECC is achieved.

The resonance mechanism is derived from the one-
half wavelength working mode realized by the folding of
the monopole arm. Figure 5 (a) shows the current distri-
bution when port 1 is excited and port 2 terminal is ter-
minated to 50 Ω. The upper and lower arms of the F-type
monopole are used to generate resonance at 4.9 GHz, and
the electric length can be observed to be about one-half
wavelength. Other parts are used to complete impedance
matching. Figure 5 (b) shows the electric field distribu-
tion of the antenna pair. When port 1 is excited, little
current is registered on port 2, which is also the reason
for the high isolation between antennas.

 
(a) 

 
                                    (b) 

Fig. 5. Field distributions at 4.9 GHz. (a) Vector current
distribution, (b) Mag E-field distribution.

III. EIGHT-PORT ANTENNA
A. Eight-port antenna performance

The last part effectively verifies the feasibility of the
antenna pair. On the above basis, the 8× 8 MIMO an-
tenna system is constructed by placing four reciprocally

symmetric F-type monopole antenna pairs at four diago-
nal of the smartphone, and grounded slots on short sides
to improve isolation, as shown in Fig. 6 (a). An FR-4
substrate is employed as the main board of the smart-
phone. A metal ground plane is printed at the back side
of the FR-4 substrate. Four FR-4 substrates are vertically
placed around the ground plane to imitate the rim of the
smartphone. A prototype was fabricated to demonstrate
the feasibility of the proposed 8× 8, MIMO antenna in
the experiment, and its side, front and back photographs
are depicted in Fig. 6 (b). Each antenna element is fed by
a 50Ω microstrip feed line that is directly connected to a
50Ω Sub-Miniature-A (SMA) connector via the system
ground.

 
(a) 

 
(b) 

Fig. 6. (a) Simulated, (b) Prototyped photographs of 8×8
MIMO antenna.

Before forming the eight-port antenna, we made
some improvements when forming the four-port antenna.
As shown in Fig. 7, when there is no slot on the ground,
the isolation between the two antenna pairs on the short
side is low as shown in Fig. 7 (a). When we etched the
appropriate grounded slot on the short side of the ground,
the isolation dropped to 16 dB and showed better perfor-
mance.

In the eight-port MIMO antenna, as shown in Fig. 8,
it can also be seen from the three-dimensional (3-D) pat-
terns that there is a pattern diversity phenomenon when
port 1, port 2, port 3, and port 4 are excited respectively
(the radiation patterns of the remaining four antennas are
symmetrical with above ports due to symmetry). When
port 1 or port 3 is excited, the radiation direction is the−
x direction, and when port 2 or port 4 is excited, the radi-
ation direction is the +x and +z direction. The maximum
radiation direction of each antenna unit does not over-
lap. The radiation direction is different when the antenna
is excited separately, and this further illustrates the high
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(a) 

                            (b) 

Fig. 7. Isolation performance of the four-port antenna
structure (a) Without grounded slot, (b) With grounded
slot.

isolation performance. In addition, the two-dimensional
(2-D) radiation patterns of the four ports at 4.9 GHz are
also shown in Fig. 8, the maximum gains of the four ports
point in different directions, which also can explain the
good isolation and low ECC.

In this section, the performance of the proposed
eight-port MIMO antenna is also analyzed and the
measured results are compared to the simulated ones.
Figure 9 is the test procedure for the antenna prototype
using the Agilent E5071C vector network measurement
analyzer. Figure 10 shows the simulated and measured
results respectively.

As the structure is symmetrical in terms of place-
ment of the orthogonal pairs, only port 1, port 2, port 3,
and port 4 are discussed in this section. The results for
the S-parameter in relation to port 5–port 8 are omitted.
Figure 10 (a) shows the simulated and measured |Sii| for
port 1, port 2, port 3, and port 4. A resonant response
is achieved at 4.9 GHz. Although some slight discrepan-
cies can be observed due to minor production and weld-
ing errors, the measured results agree with the simulated
ones covering well the bands of interest. In Fig. 10 (b),
the measured

∣∣Si j
∣∣ is compared to the simulated one.

The worst
∣∣Si j

∣∣ is less than 16 dB by connecting the
orthogonal antennas with an NL and etching grounded
slots between antenna pairs. Since the matching degree
of test data in Fig. 10 (a) is worse than simulation data,

(a) 

(b) 

(c) 

(d) 

Fig. 8. 3-D and 2-D radiation patterns at 4.9 GHz from
(a) Port 1, 2-D pattern in xoz plane, (b) Port 2, 2-D pat-
tern in yoz plane, (c) Port 3, 2-D pattern in xoz plane, (d)
Port 4, 2-D pattern in yoz plane.

the test data is better than the simulation data for iso-
lation performance, which is at the expense of resonant
characteristics.
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(a)                              (b) 

Fig. 9. Photos of the test procedure. (a) Single-port. (b)
Dual-port.

(a) 

(b) 

Fig. 10. Simulated and measured results of the eight-
antenna MIMO array (a) reflection coefficient, (b) iso-
lation.

B. MIMO performance

This part gives the MIMO performance index of this
design from the TE and ECC.

The TE of port 1, port 2, port 3 and port 4 in eight-
port MIMO antenna are shown in Fig. 11 (a). The total
efficiency of antenna 2 and antenna 4 is the same: 80%
∼ 83%, and the total efficiency of antenna 1 and antenna
3 is the same: 77.5%∼ 79%. Overall, the total efficiency
achieved by port 1, port 2, port 3, and port 4 is high and
desirable.

Figure 11 (b) shows ECC curves between two pairs
of antenna pairs. It can be seen from the figure that ECC
between any two elements is less than 0.025, the smart-
phone antenna requires ECC of less than 0.5, so the pro-
posed antenna in this paper meets the requirement.

Table 2 exhibits the comparison of the proposed an-
tenna with the references. Compared to the references,
it can draw a conclusion that the designed antenna per-
forms better isolation (better than 16 dB), excellent ECC
(low than 0.025), and good total efficiency (high than

Table 2: Contrast of the referenced and proposed

Ref
Decoupling
Method

Working
Band
(GHz)

Isolation
(dB) TE

(%)
ECC Complexity

[1] Distance
optimization

3.4−3.8
(−6dB)

<-10 > 42 < 0.1 Simple

[2] LC tank 0.6 −
0.96 1.7−
2.69 3.3−
4.2 (–
6dB)

<-10 > 42 < 0.4 Complex

[4] Distance
optimization

3.3 − 6
(−6dB)

<−11 > 40 < 0.12 Simple

[6] Orthogonal
polarization

3.4 − 3.6
(−6dB)

<−17 > 49 < 0.06 Medium

[7] Orthogonal
Polarization &
NL

3.1 − 3.8
4.8-6
(−10dB)

<−10 > 60 < 0.06 Simple

[8] DGS & NL 3.3 − 3.6
(−6dB)

¡-15 > 45 < 0.15 Simple

[9] DGS 3.3 − 6
(−6dB)

<−18 > 40 < 0.05 Simple

[14] Asymmetrically
Mirrored

3.4 − 3.6
(−6dB)

<−12 > 40 < 0.1 Medium

[18] Self-decoupled 3.3 − 4.2
(−6dB)

<−10.5 > 63.1 < 0.2 Medium

[20] Self-decoupled 3.4 − 3.6
(−6dB)

<-16 >
38.75

<
0.042

Complex

[22] Shorting Stub 3.3 − 7.5
(−6dB)

<-16 > 50 < 0.05 Medium

Proposed Orthogonal
Polarization

4.7 − 5.1
(−10dB)

<−16 > 77.5 <
0.025

Simple

(a)                                             (b) 

Fig. 11. (a) Total efficiency, (b) ECC.

77.5%). In addition, due to print on the corner of the
smartphone border, the designed antenna leaves much
space for other types of antennas and is an eligible can-
didate for a 5G full-screen smartphone.

IV. CONCLUSION

In this letter, a new design of an eight-port diagonal
MIMO antenna with a compact size and simple structure
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is designed to operate in 4.8-5 GHz for 5G smartphone
applications. Isolation between the orthogonal antenna
elements better than −16 dB and it is improved due to
the addition of an NL and grounded slot. A good ECC of
less than 0.025 is obtained and total efficiency is better
than 77.5%.
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Abstract – Three types of quad-band millimetric-wave
two-port MIMO antenna systems are proposed for the
forthcoming generations of mobile handsets. A novel
printed antenna is introduced to be the single element
of the proposed MIMO antennas. It is shown that the
proposed MIMO antennas are capable of producing
both spatial and polarization diversities that enhance
the performance of mobile communications. Two con-
figurations of co-polarized two-port MIMO antennas
are proposed to provide spatial diversity, whereas a
cross-polarized two-port MIMO antenna is proposed
to produce polarization diversity. It is shown that all
the proposed MIMO antennas can operate efficiently
over the four frequency bands centered at 28, 43, 52,
and 57 GHz. Prototypes are fabricated for the pro-
posed MIMO antennas for the sake of experimental eval-
uation. The measurements agree with the simulation
results showing high performance of the proposed types
of MIMO antennas including the impedance match-
ing, radiation patterns, envelop correlation coefficient,
and diversity gain. Both the experimental and simula-
tion results show that the achieved bandwidths, at the
four operational frequency bands, are 0.6, 0.6, 1.8, and
1.5 GHz, respectively. Also, the radiation efficiencies
calculated at the four operational frequencies are 86.5%,
87.5%, 89.2%, and 90.0%, respectively. The dimensions
and the results concerning the performance of the pro-
posed MIMO antennas are compared to other designs
for MIMO antennas available in some recently published
work.

Index Terms – 5G, MIMO antennas, quad-band.

I. INTRODUCTION

One of the essential demands for future generations
of mobile communications is the capability of mobile
handsets to transfer data at very high speeds. A mobile
handset antenna should have a compact profile and sim-
ple structure [1, 2]. To meet the standards of long-term-
evolution (LTE) and fifth-generation (5G) mobile com-
munications [3] the handheld device’s antenna should
provide broadband operation, high data rate, and low

power consumption. This recommends that a mobile
handset antenna should be able to operate in the range
of mm-wave of the electromagnetic spectrum to support
the required data rates for future applications. Moreover,
due to size limitations, it is recommended that a mobile
handset antenna is able to operate efficiently at multi-
ple frequency bands in the mm-wave spectrum to sup-
port the applications of the forthcoming mobile genera-
tions [4, 5]. In various situations, the antenna structure
may be complicated as those having a three-dimensional
shape to operate efficiently in a single frequency band
and to perform some function in special applications
[6, 7] and may include layers with high electromag-
netic absorbance [8] to produce radiation patterns of the
desired shape. However, for mobile handsets, due to size
and weight limitations, it is preferable to have a planar
antenna of simple-structure, multi-band operation, and
omnidirectional radiation patterns.

The design of MIMO antenna systems for oper-
ation in mobile handsets for the next generations of
mobile communications faces many challenges. First of
all, the MIMO antenna on a handset should be minia-
turized due to space limitations. The second challenge is
to achieve high isolation between the antenna elements
in spite of the small area available for the antenna on the
mobile handset. The third challenge is to have the MIMO
antenna operational at multiple frequencies with enough
wideband at each frequency (multiple-band operation).
The fourth challenge is to produce the required shape
of the radiation patterns over the operational frequency
bands. Also, it may be required from a MIMO antenna
to provide many types of diversity such as spatial, polar-
ization, and pattern diversities.

Various types of MIMO antenna systems for 5G
mobile handsets, recently, have been designed in a lot
of research articles. For example, in [9], a compact
microstrip line fed dual-band printed two-port and four-
port MIMO antennas are proposed for wireless commu-
nications. In [10], a seven-port MIMO antenna system
is proposed as a candidate for future mobile communi-
cations to operate at 37.5 GHz. A cross-polarized four-
port dual-band MIMO antenna array is proposed in [11]
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to operate at 28 and 37.5 GHz for 5G communications.
The work of [12] proposes a dual-band two-port MIMO
antenna to operate at 28 and 38 GHz for 5G mobile
applications. In [13], a planar dual-band (27/39 GHz)
millimeter-wave two-port MIMO antenna is suggested
for 5G mobile communications. The work of [14] intro-
duces a compact four-port MIMO antenna with high iso-
lation and a single wideband for mm-Wave Applications.
In [15] and [16], quad-band (28/45/51/56 GHz) two-
port and four-port MIMO antenna systems are proposed
for 5G mobile communications. The work of [17] pro-
poses a dual-band (28/38 GHz) four-port MIMO antenna
system for 5G mobile communications for efficient Esti-
mation of the directional of arrival in noisy communica-
tion channels. In [18] and [19], dual-Band (28/38 GHz)
cross-polarized four-port MIMO antenna systems com-
posed of high-gain Yagi-Uda antenna with corrugated
radiators and enhanced reflectors are proposed to pro-
vide spatial, polarization, and pattern diversities for 5G
mobile communications.

In this work, compact-size quad-band two-port
MIMO antenna systems are proposed to operate in the
millimetric-wave bands (28/43/52/57 GHz) for the forth-
coming generations of mobile communications. The pro-
posed MIMO antennas provide various types of diver-
sity to enhance the performance of mobile communica-
tion systems. Two types of co-polarized two-port MIMO
antenna systems with high isolation among the antenna
elements are proposed to provide spatial polarization.
Also, a cross-polarized two-port MIMO antenna is pro-
posed to provide polarization diversity.

II. DESIGN OF THE QUAD-BAND
SINGLE-ELEMENT ANTENNA

The geometry of the patch antenna proposed to con-
struct the MIMO antenna systems is demonstrated in
Fig. 1. It is designed to be printed on Rogers RO3003
substrate with W × L = 8 × 18 mm2 and 0.25 mm
thickness, dielectric constant εr = 3, and loss tangent
tantan d = 0.001. The substrate has a solid ground
plane to reduce the back radiation from the antenna. The
printed antenna is fed through a 50Ω microstrip line of
length L f = 10 mm. The width of the microstrip line is set
to Wf = 0.63 mm to achieve its characteristic impedance
equal to 50Ω . An inset feed is used to match the antenna
impedance to 50Ω . The inset length is Li = 1.23 mm and
the width of each slot made on the sides of the feeding
line for the inset feed is Wi = 0.3 mm. The remaining
dimensions are listed in Table 1.

In the electromagnetic simulations, for a substrate
of size 8 mm×18 mm and height 0.25 mm, the sim-
ulation (execution) time for each of the studied cases
to reach the final design is approximately 10 min-

 
(a) 

 
(b) 

Fig. 1. The quad-band millimetric-wave antenna pro-
posed for MIMO antenna systems. (a) Geometry of
the printed antenna. (b) Fabricated antenna prototype
is connected to end launcher and coaxial cable for
measurements.

Table 1: Dimensions of the quad-band printed antenna
proposed for the MIMO antenna system
Dimension L1 L2 L3 wi w1 w2 d1 g1 WP WC
Value
(mm)

1.7 1.2 1 0.3 0.450.850.7 0.383.4 3.0

utes with accuracy −40 dB using the time domain
solver on a core I7-3.6 GHz processor, 16G RAM, and
64-bit operating system. Hexahedral meshing is used
to model the design with 15 cells/wavelength for all
simulations.

The millimetric-wave antenna with the geometry
shown in Fig. 1 and the dimensional parameters listed
in Table 1 is used to construct various configurations
of two-port MIMO antenna systems with various types
of diversity proposed for the handsets of the forthcom-
ing generations of mobile communications. Accordingly,
it is important to investigate the characteristics of this
antenna through electromagnetic simulation and labora-
tory measurements. Figure 2 presents the dependence
of the scattering parameter |S11| at the antenna port
as obtained by both simulation and experimental mea-
surements. It is shown that the antenna has four oper-
ational millimetric-wave frequency bands at which the
antenna is matched to 50Ω feeder and, hence, the return
loss is very low. The operational frequency bands are
28, 43, 52, and 57 GHz. Fortunately the four frequen-
cies are distributed over very important range of the
millimetric-wave which makes this antenna a promising
candidate for future mobile applications. Both the simu-
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Fig. 2. Dependence of |S11| on the frequency for the pro-
posed quad-band patch antenna.

lation results and the measurements come in good agree-
ment with each other.

The elevation radiation patterns in the planes φ = 0
◦

and φ = 90
◦

at the four frequencies 28, 43, 52, and
57 GHz are presented in Figs. 3, 4, 5, and 6, respectively.
The experimental measurements show good agreement
with the simulation results at all the operational frequen-
cies of the proposed antenna.

(a)                   (b)

Fig. 3. Radiation patterns of the proposed quad-band
patch antenna at 28 GHz in the planes (a) φ = 0

◦
and

(b) φ = 90
◦
.

(a)                   (b)

Fig. 4. Radiation patterns of the proposed quad-band
patch antenna at 43 GHz in planes (a) φ = 0

◦
and (b)

φ = 90
◦
.

(a)                   (b)

Fig. 5. Radiation patterns of the proposed quad-band
patch antenna at 53 GHz in planes (a) φ = 0

◦
and (b)

φ = 90
◦
.

(a) (b)

Fig. 6. Radiation patterns of the proposed quad-band
patch antenna at 56.5 GHz in planes (a) φ = 0

◦
and (b)

φ = 90
◦
.

III. TWO-PORT MIMO ANTENNAS FOR
QUAD-BAND OPERATION

Printed MIMO antennas are recommended for
future generations of mobile handsets to enhance the per-
formance of the mobile communication systems by pro-
viding various types of antenna diversity such as spa-
tial, polarization, and pattern diversity. Due to space and
power limitations in a mobile handset, two-port MIMO
antennas are appropriate and may be the most suitable
solution among the other MIMO antenna systems to pro-
vide the required types of diversity. The present section
provides various designs of two-element MIMO anten-
nas. The proposed MIMO antennas are fabricated and
subjected to experimental evaluation. The simulation and
experimental results are compared to each other for the
confirmation of the obtained results.

A. Co-polarized two-port MIMO antennas for spatial
diversity

Keeping large enough distance between two anten-
nas of the same polarization on the mobile handset pro-
vides spatial diversity that can mitigate fading problems
due to multipath propagation in wireless communication
channels.
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In the present section, three types of co-polarized
two-port MIMO antennas using the single-element
antenna shown in Fig. 1 are investigated theoretically
and experimentally. Each of the three types of the pro-
posed two-port MIMO antenna is described and its per-
formance is investigated in the following subsections. In
spite of being of almost equal performance, the three
types have different dimensions and are proposed to
provide a variety of solutions that can fit the avail-
able space on the electronic board of a specific mobile
handset.

A.1. Design and fabrication of co-polarized two-port
MIMO antennas

The patches of the first type of the proposed
two-port MIMO antennas were arranged as shown in
Fig. 7 (a). To reduce the mutual coupling, the two patch
antennas were horizontally shifted from each other such
that the space between their axes was 5 mm. How-
ever, the vertical separation between the two antennas
was only 2 mm. For a more compact MIMO antenna,
the patches of the second MIMO configuration were
arranged face-to-face as shown in Fig. 7 (b). The patches
of the third MIMO system were arranged side-by-side
as shown in Fig. 8 (a). A prototype was fabricated for
each type of the MIMO antenna systems as shown in
Figs. 7 (c) and 8 (b), respectively, and connected to a
coaxial feeder using coaxial end launchers for experi-
mental assessment. It should be noted that the patch of
all the proposed types of MIMO antennas were well-
matched to the 50Ω feeder and, on the other hand, the
feeding microstrip line was well-designed to have its
characteristic impedance equal to 50Ω . Consequently,

   
(a) (b) (c) 

Fig. 7. Two types of two-port MIMO antenna system
constructed as two elements of the quad-band patch ele-
ment. (a) Model with shifted antennas. (b) Model with
face-to-face arrangement. (c) Fabricated prototype con-
nected to end launchers and coaxial cables for measure-
ments.

the length of the feeding microstrip lines could be vari-
able without affecting antenna performance. For this rea-
son, the length of the feeding line was not considered as a
part of the antenna structure and, hence, the lengths of all
the feeding lines are excluded from the antenna dimen-
sions.

A.2. Mutual coupling between the antenna elements
and the diversity gain

The self and mutual S-parameters of the co-
polarized two-port MIMO antenna systems whose
designs are presented in Figs. 7 and 8 have their fre-
quency dependencies as shown in Figs. 9 (a) and 9 (b),
respectively. The results were obtained by electromag-
netic simulation using the commercially available CST�

simulator. When comparing the frequency dependencies
of the self S-parameters of the two-port MIMO anten-
nas to those presented in Fig. 2, for the single-element
antenna, it is clear that the locations of the resonant
frequencies (anti-peaks of |S11| and |S22| with the fre-
quency) for the two configurations of MIMO anten-
nas were almost identical to those of the single-element
antenna. This indicates that the mutual coupling between
the two antennas is very weak for the face-to-face as well
as the side-by-side MIMO configurations. This is empha-
sized by the low magnitude of the mutual S-parameter,
S21 over the entire frequency range (20–60 GHz) as
shown in Fig. 9 for both two-port MIMO configurations.
Microwave measurements are used to confirm the low
mutual coupling between the antenna ports. The VNA of
Rhode and Schwartz model ZVA67 is used to evaluate
the reflection coefficients, S11 and S22, and the mutual S-
parameters, S21 and S12, for the fabricated prototypes of
the proposed MIMO antennas. The dependence of |S21|
on the frequency over the range (20–60 GHz) obtained
by the CST� simulator is compared to that obtained by
experimental measurements as shown in Fig. 9. Both

 

 

(a) (b) 

Fig. 8. Two-port MIMO antenna system constructed as
two elements of the quad-band patch arranged side-by-
side. (a) Antenna model for simulation. (b) Fabricated
prototype connected to end launchers and coaxial cables
for measurements.
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come in good agreement and confirm low mutual cou-
pling between the antenna ports.

 
(a) 

 
(b) 

Fig. 9. Frequency dependence of the self and mutual S-
parameters of the co-polarized two-port MIMO antenna
systems. (b) Face-to-face configuration shown in Fig. 7.
(a) Side-by-side configuration shown in Fig. 8.

A.3. Envelope correlation coefficient and diversity
gain of the co-polarized two-port MIMO antenna

As a consequence of low mutual coupling and
the distance between the two-ports of the co-polarized
MIMO antennas, the ECC is very low over the entire
frequency range (20-60 GHz) and is almost zero over
the operational frequency bands (28, 43, 52, 57 GHz) as
shown in Fig. 10 (a). The corresponding DG is almost 10
as shown in Fig. 10 (b).

A.4. Radiation patterns of co-polarized two-port
MIMO antenna system

The radiation patterns of the co-polarized two-port
MIMO antenna in the elevation planes φ = 0◦ and
φ = 90◦ at the operational frequencies (28, 43, 52,
57 GHz) are presented in Figs. 11, 12, 13, and 14, respec-
tively, for face-to-face configuration, and Figs. 15, 16,
17, and 18, respectively, for the side-by-side configura-
tion, as obtained by simulation when the MIMO antenna
is fed through each port alone. The corresponding val-
ues of the maximum gain are 7.1, 8.1, 7.7, and 8.6 dBi,
respectively, for the face-to-face configuration, and 6.89,
7.9, 7.6, and 8.3 dBi, respectively, for the side-by-side
configuration. The radiation patterns and the achieved
gain values at the four operational frequencies seem to
be appropriate for various wireless communications and
mobile applications.

B. Two-port MIMO antennas for polarization diver-
sity

The simplest form of cross-polarized MIMO
antenna can be realized by combining pairs of antennas

(a) 
 

(b) 

Fig. 10. Frequency dependence of the ECC and DG of
the co-polarized two-port MIMO antenna systems with
the two arrangements presented in Figs. 7 and 8.

 
(a) 

 
(b) 

Fig. 11. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 28 GHz when excited at (a) port 1, (b)
port 2.

with orthogonal polarizations (i.e. horizontal/vertical,
± slant 45◦, left-hand/Right-hand circular polarization,
etc.). Such cross-polarized MIMO antenna systems are-
able to provide polarization diversity that enhances
mobile communication performance.
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(a) 
 

(b) 

Fig. 12. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 43 GHz when excited at (a) port 1, (b)
port 2.

(a) (b) 

Fig. 13. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 52 GHz when excited at (a) port 1, (b)
port 2.

(a) (b) 

Fig. 14. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 57 GHz when excited at (a) port 1, (b)
port 2.

B.1. Design and fabrication of cross-polarized two-
port MIMO antenna

A cross-polarized two-port MIMO antenna that pro-
duces two orthogonal polarizations when fed at port 1

(a) (b) 

Fig. 15. Radiation patterns in the elevation planes for
the co-polarized side-by-side two-port MIMO antenna
system at 28 GHz when excited at (a) port, (b)
port 2.

(a) 
 

(b) 

Fig. 16. Radiation patterns in the elevation planes for
the co-polarized side-by-side two-port MIMO antenna
system at 43 GHz when excited at (a) port, (b)
port 2.

(a) (b) 

Fig. 17. Radiation patterns in the elevation planes for the
co-polarized side-by-side two-port MIMO antenna sys-
tem at 52 GHz when excited at (a) port, (b) port 2.

and port 2 can be constructed as shown in Fig. 19. (a)
using the single-Element antenna introduced in Section
II. When this MIMO antenna is excited at port 1, the
electric field in the far zone is x-oriented whereas the
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(a) (b) 

Fig. 18. Radiation patterns in the elevation planes for the
co-polarized side-by-side two-port MIMO antenna sys-
tem at 57 GHz when excited at (a) port, (b) port 2.

excitation at port 2 produces y-oriented electric field in
the far zone.

B.2. Mutual coupling between the antenna elements

The self and mutual S-parameters of the cross-
polarized two-port MIMO antenna system (presented
in Fig. 19. (a)) have their frequency dependencies as
shown in Fig. 19. (b). As obtained by simulation, the fre-
quency dependence of |S11| of the cross-polarized two-
port MIMO antenna is identical to that of |S22|. It is
clear that the minima of |S11| and |S22| with the fre-
quency occur at almost the same resonant frequencies of
the single-element antenna (See Fig. 5). This indicates
that the mutual coupling between the two elements of

 

 

(a) (b) 

 
(c) 

Fig. 19. (a). Cross-polarized two-port MIMO antenna
system constructed as two orthogonally oriented ele-
ments of the quad-band patch. (a) Antenna model for
simulation. (b) Fabricated prototype connected to end
launchers and coaxial cables for measurements.

Fig. 19. (b). Frequency dependence of the self and
mutual scattering parameters of the cross-polarized two-
port MIMO antenna system presented in Fig. 15 (a).

the cross-polarized MIMO antenna is very weak. Also,
the magnitude of the mutual scattering coefficient S21 is
very low over the entire frequency range (20 - 60 GHz)
as shown in Fig. 19. (a). The simulation results for the
dependence of |S21| on the frequency over the range (20
- 60 GHz) are compared to those obtained by experimen-
tal measurements and showing good agreement, which
emphasizes the low mutual coupling.

B.3. Envelope correlation coefficient and diversity
gain of the cross-polarized two-port MIMO antenna

The dependencies of the ECC and the DG of the
cross-polarized two-port MIMO antenna over the fre-
quency range (20–60 GHz) are shown in Fig. 19. (b).
Due to the orthogonal polarizations produced by the two
antennas in addition to the separation between them, the
ECC and, hence, the DG of the cross-polarized two-port
MIMO antenna is better than those presented in Fig. 10
for the co-polarized two-port MIMO antennas of the two
configurations described in Figs. 7 and 8.

B.4. Radiation patterns of cross-polarized two-port
MIMO antenna system

The radiation patterns of the total radiated field at
the frequencies 28, 43, 52, and 57 GHz are presented
in Figs. 20, 21, 22, and 23, respectively in the orthogo-
nal planes φ = 0

◦
and φ = 90

◦
when the cross-polarized

two-port MIMO antenna is excited at each port individ-
ually. From the radiation patterns in the two orthogo-
nal planes, it can be shown that the cross-polarized two-
port MIMO antenna has omnidirectional radiation in the
azimuth plane. This makes the antenna a promising can-
didate for mobile handset applications intended for the
forthcoming generation of mobile communications.

For quantitative demonstration of the polarization
diversity that can be provided by the cross-polarized two-
port MIMO antenna proposed in the present work, the
radiation patterns for the x-oriented and y-oriented com-
ponents of the far electric field Ex and Ey, respectively, at
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(a)

(b)

Fig. 20. Frequency dependence of the ECC and DG of
the cross-polarized two-port MIMO antenna system pre-
sented in Fig. 19. (a).

 

 
(a) 

 
(b) 

Fig. 21. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
28GHz when excited at (a) port and (b) port 2.

 
(a) 

 
(b) 

Fig. 22. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
43 GHz when excited at (a) port 1 and (b) port 2.

 
(a) 

 
(b) 

Fig. 23. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
52 GHz when excited at (a) port and (b) port 2.

28 GHz are plotted as shown in Fig. 24 when the MIMO
antenna is excited at each port alone. It is shown that
the electric field in the far zone is dominated by vertical
(y-oriented) component when MIMO antenna is excited
at port 1 and is dominated by horizontal (x-oriented)
component when the MIMO antenna is excited at port
2. Thus, the proposed cross-polarized two-port MIMO
antenna provides the polarization diversity required for
enhancing the communication system performance.

( ) p ( ) p

 
(a) 

 
(b) 

Fig. 24. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
57 GHz when excited at (a) port 1 and (b) port 2.
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(a)  port1 

 
(b)  port 1 

(c) port2 (d)  port2 

Fig. 25. The radiation patterns of the horizontally polar-
ized (x-oriented) and vertically polarized (y-oriented)
electric field radiated from the cross-polarized two-port
MIMO antenna system at 28 GHz when the MIMO
antenna is excited at each port alone.

IV. SUMMARY OF THE PROPOSED MIMO
ANTENNA PERFORMANCE

A. Performance of the single-element antenna

A summary of some important performance mea-
sures of the proposed single-element antenna used to
construct the proposed MIMO antenna systems at the
four operational frequencies, is listed in Table 3.

B. Performance of the MIMO antennas

A comparative performance among some
millimetric-wave MIMO antennas designed for mobile
handsets that are available in some recent literature
and the MIMO antennas proposed in the present work
can be achieved by demonstrating the most important
performance as listed in Table 2.

Table 2: Achieved frequency bands (obtained experimen-
tally) by the proposed quad-band patch antenna and the
corresponding gain and radiation efficiency
Center
Fre-
quency
(GHz)

Start
Fre-
quency
(GHz)

End
Fre-
quency
(GHz)

Bandwidth
(GHz)

Gain
(dBi)

Radiation
Effi-
ciency

28 27.70 28.30 0.60 7.30 86.5%
45 44.50 46.50 2.00 7.03 87.5%
51 50.20 52.00 1.80 7.20 89.2%
56 55.70 57.00 1.30 8.03 90.0%

Table 3: Comparison among some millimetric-wave
MIMO antennas available in some recent literature and
the MIMO antennas proposed in the present work
Work: [A01] [A02] [A03] [A04] [A05] Present
Number of ports 7 4 2 2 4 4
Polarization Co-

polarized

√ √ √ √ √ √

Cross-
polarized

× √ × √ × √

Minimum port
isolation (dB)

−22 −23 −27 −23 −45 −20

Dimensions
(mm2)

60 ×
25

44 ×
44

55 ×
110

75 ×
40

47 ×
33

20 ×
20

Maximum ECC 0.01 0.0001NA 0.0001 0.001 0.01
Minimum DG 9.955 9.9999NA 9.9999 9.995 9.95
Operational
frequencies
(GHz)

Band 1 37.5 28 28 28 38 28

Band 2 × 37.5 38 39 × 43
Band 3 × × × × × 52
Band 4 × × × × × 57

Bandwidth
(GHz) at
each fre-
quency

Band 1 1.11 1.2 1.1 3.5 3.2 0.60

Band 2 × 2.0 1.0 4.0 × 0.60
Band 3 × × × × × 1.80
Band 4 × × × × × 1.50

Gain (dBi)
at each
frequency

Band 1 7.7 8.0 7.0 5.0 6.5 7.30

Band 2 × 13.6 8.0 5.7 × 7.03
Band 3 × × × × × 7.20
Band 4 × × × × × 8.03

Antenna
efficiency
at each
frequency

Band 1 NA 97% 91.2%99.5% 80% 86.5%

Band 2 × 98% 89.6%98.6% × 87.5%
Band 3 × × × × × 89.2%
Band 4 × × × × × 90.0%

V. CONCLUSION

Novel designs for compact-size quad-band two-port
MIMO antenna systems are introduced for the forth-
coming generations of handsets for mobile communi-
cations over four frequency bands centered at 28, 43,
52, and 57 GHz. It is shown that the proposed MIMO
antennas are well designed to produce appropriate radia-
tion patterns and good impedance matching in the four
frequency bands of operation. Some of the proposed
two-port MIMO antennas provide spatial diversity while
the other type is cross-polarized and provides polar-
ization diversity. The performance of both the quad-
band patch antenna and the MIMO antenna systems are
assessed including the return loss at each antenna port
and the coupling coefficients between the different ports.
It is shown that the simulation results agree with the
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experimental measurements and both show good perfor-
mance of all the proposed types of MIMO antennas. The
bandwidths achieved at approximately 28, 43, 52, and
57 GHz are 0.6, 0.6, 1.8, and 1.5 GHz, respectively. Also,
the radiation efficiencies calculated at the four opera-
tional frequencies are 86.5%, 87.5%, 89.2%, and 90.0%,
respectively. It is shown that the ECC and the DG are
perfect over the four operational frequency bands for all
the proposed types of two-port MIMO antenna systems.
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Abstract – This paper presents a design of high gain
wideband antenna with metasurface for sub-6 GHz appli-
cations. The antennas at sub-6 GHz have a narrow
bandwidth and low gain with a narrower axial ratio
(AR). Hence, antennas combined with metamaterials
are proposed to overcome these issues. The proposed
metasurface antenna is designed with the implementa-
tion of W-shape transmission lines within the vias. The
proposed antenna with metasurface is simulated using
CST software and then fabricated on the FR4 substrate
with (εr = 4.4 and h = 1.6 mm). The antenna perfor-
mance achieved a wide bandwidth of 85% and operates
at 2 GHz to 5 GHz. A compact size of 45% is achieved
with a high gain of 7.12 dB. The proposed antenna is
suitable to be used in future sub-6 GHz applications.

Index Terms – antenna, compact size, sub-6 GHz wide-
band.

I. INTRODUCTION

Antenna systems in sub-6 GHz have been demanded
to produce a high gain and wideband performance with
compact size for cellular and wireless applications. It has
been required for such antennas to provide compact size,
directive beams, high radiation efficiency, and larger
bandwidth [1–3]. Therefore, various types of antennas
based on planar and non-planar technology have been
introduced [4, 5]. However, such designed antennas have
a narrow bandwidth and low gain with a narrow axial
ratio [6]. In addition at sub-6 GHz, the antenna size using
microstrip technology and waveguide-based structures
are quite inflexible and big. Additionally, the antenna
transmitter and receiver should be aligned to avoid losses
by polarization mismatch. This generally occurred with
linearly polarized antenna (LPA). Hence, the antenna
with a circularly-polarized antenna (CPA) is proposed
due to alignment avoidance.

Basically, a CP antenna requires two electric field
components locaated orthogonally to each other with the
same amplitude [6]. As a result, a narrow bandwidth is

expected. In addition, the axial ratio of the CP antenna
determines the polarization purity of the antenna [7].
Research has presented to enhance the axial ratio as well
as the bandwidth in [8–13]. The method of inserting radi-
ating elements within the integrated antenna is used in
[9]. This method enhanced the impedance bandwidth by
up to 15%. Another method is proposed in [10] with mul-
tiple feedlines inserted to radiate the element using of an
external circuit to provide different phase shifts at each
feed. Using this method provides a wideband of 30%.
However, the size of the antenna is quite big and the per-
formance of the antenna is limited by the phase shifter
response. Cross antennas with dipoles are presented for
wideband and axial ratio enhancement in [11]. In addi-
tion, another popular way to improve the bandwidth of
microstrip antennas is proposed in [12, 13], by apply-
ing a stacked patch. However, all these designs still have
limited bandwidth and AR enhancement of up to 30% in
addition to the size and complexity issues.

Therefore, this paper presents a compact high gain
wideband antenna using a vias structure and W-shape
with square ring resonator (SRR) metasurface at sub-
6 GHz. The proposed antenna is designed to achieve
a wideband, axial ratio, and high gain. The antenna is
designed to achieve an impedance bandwidth and an
axial ratio of more than 1 GHz. The gain value aims to
be higher than 5 dB. The proposed antenna is printed on
a low-cost FR-4 substrate with εr = 4.4 and h = 1.6 mm.
The measured results agreed well with simulated results
and the antenna can be used in future sub-6 GHz appli-
cations.

II. DESIGN OF ANTENNA WITH
METASURFACE

A. Design of W-shape antenna with vias structure

The vias-based structure with two air-filled vias
rows is implemented in the substrate parallel to the W-
patch. Vias operating principle includes making an arti-
ficial path within the substrate for guiding the wave.
This could be accomplished by making holes or vias
within the substrate. This leads to vias acting as a wall
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replacement for the waveguide sidewalls. The rational
selection of the vias in this work is to decrease the struc-
ture loading effect in the dielectric substrate. This helps
in suppressing the structure standing waves and propa-
gating the waves in the free space. The vias diameter
(Vvia) and the distance between each vias (p) are cal-
culated using the following [13]:

Dvia <
λg

5
(1)

p≤ 2Dvia. (2)
To calculate the width of vias (Wwsiw) between any

two parallel vias, the following formula is applied [13].

We f f =Wsiw−1.08
D2

via
p

+0.1
D2

via
Wsiw

. (3)

To achieve a wideband property, a self-similarity
antenna is implemented with W-shape. The self-
similarity or W-shape antennas have a constant elec-
tric patch over the frequency bandwidth. Whereas, the
constant electric patch has been implemented in the
dimension of the wavelength. Hence, the antenna is
implemented with three transmission lines with a W-
shape between the width of the vias as shown in Fig. 1.
Each line is combined with two parallel vias to enable a
bandwidth expanding more than 60%.

Fig. 1. The proposed W-shape vias antenna.

A parametric study in terms of the reflection
coefficient (S11) is performed on the proposed antenna
with and without vias besides T-shape modified ground
with respect to the diameter of vias as in Fig. 2 (a).
Figure 2 shows the reflection coefficient responses with
different values of vias diameter. It has been found
that the optimal case for a wideband reflection coeffi-
cient is when the length of slot, width of slot, and vias
diameter values are 17 mm, 3 mm, and 4 mm respec-
tively. Hence, the antenna dimensions (in mm) are L1 =
23.5,L2 = 22.5,L f = 15,Wf = 1.25, f 1 t t pg1s1Wf 1 =
15,Lt = 14,Wt = 3,Lpg1 = 40,Ls1 = 5

B. Metasurface design and integration with antenna

Metasurface is characterized by its resonant fre-
quency (f ). The resonant frequency is calculated with the

Fig. 2. (a) Reflection coefficient with and without vias,
(b) Reflection coefficient at several vias dimeter values.

considerations of the capacitance (C) and inductance (L)
properties of the transmission line. By altering the values
of capacitance and inductance, the frequency is shifted
to the higher or lower frequency or toward desired fre-
quency. The resonant frequency can be found by [14]:

f =
1

2π
√

LC
. (4)

Therefore, the elements’ conductivity are filtered
using a lattice etched on a dielectric substrate. This forms
a full metasurface consisting of multiple unit cells. This
also allows the metasurface to pass or reject certain sig-
nal at specific frequency. Therefore, a metasurface is
implemented using square split ring resonator (SSRR)
to increase the gain of the antenna. Similarly, the meta-
surface is fabricated by low-cost FR4 substrate with
same height and permittivity as antenna. The unit cell
is designed with four SSRR cells as shown in Fig. 3. The
frequency of the four SSRR is found by [14]:

f0 =
1

2π
√

L
[(

2l− g
2

)
C+ ε0wh

2g

] . (5)
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Where, the length of unit cell is (L), the width of the
cell is (WW), the gap between each cell is (S), the cut in
each SSR is (g), and the width of last resonator is (SS).
The capacitance and the inductance can be obtained as
[14]:

C =

√
εe

c0z0
(6)

L = 0.00508l
(

2.303
4l
w
−θ

)
(7)

l =
λ
N

N= 4, 10, 20, . . . ., N-1. (8)

Hence, the values of the unit cell is as follows: L =
7 mm, ww = 0.5 mm, S = 0.4 mm,
g = 0.5 mm, and SS = 1 mm.

Fig. 3. SSRR unit cell design.

Figure 4 shows the performance of the SSRR unit
cell in terms of S-parameters, permittivity (ε), and per-
meability (μ). The reflection coefficient (S11) is shifted
below 3.5 GHz as one SSRR is added to the shape
as shown in Fig. 4 (a). The transmission coefficient is
lagged the reflection coefficient in lower frequency when
it compares with higher frequency more than 3.5 GHz
as shown in Fig. 1 (b). The method used to extract the
metamaterial properties is based on detecting the discon-
tinuity points. This method is simple and works effec-
tively by extracting the discontinuity points from the real
part of the refractive index. The permittivity is negative
from the range of 3 GHz to 4 GHz as the permeability
is positive at sub-6 GHz. Hence, the proposed unit cell
behaves as an epsilon-negative metamaterial (ENG) as
seen in Fig. 4 (c) and Fig. 4 (d) respectively.

As a result, the SSRR unit cell is integrated to form
a 5 × 5 metasurface structure as seen in Fig. 5. The pro-
posed metasurface is symmetric, which gives the same

Fig. 4. The performance of the SSRR unit cell. (a)
Reflection coefficient. (b) Transmission. (c) Permittivity.
(d) Permeability.

cross-polarization and co-polarization under the normal
x-polarized EM wave. The co-polarization at a range of
4.2 GHz to 4.45 GHz is less than−10 dB. At a frequency
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Fig. 5. The proposed 5 × 5 metasurface configuration.

range above 6 GHz, the co-polarization remains less than
−10 dB as seen in Fig. 6 (a). The cross-polarization value
is within 1− dB in the range of mid-band (at 3.5 GHz).

Fig. 6. Simulated response of 5 × 5 metasurface (a)
reflection and transmission coefficients. (b) PCR.

At 3.5 GHz and 5.8 GHz, the PCR achieved a value
higher than 90 % as seen in Fig. 6 (b). Therefore, the
metasurface validates the increasing of current surface
toward increases the gain. The proposed 5 × 5 metasur-
face is placed above a proposed antenna to validate the
high gain property as presented in Fig. 7. The proposed
structure consists of antenna layer at bottom and meta-
surface layer with unit cells are faced the antenna from
above with a separation distance (air) between the lay-
ers (d). Figure 8 presents the comparison of simulated
results in terms of the reflection coefficient, gain, axial
ratio, and radiation pattern of the antenna with respect to
metasurface at d = 15 mm. At 3.5 GHz, it has been found
that the reflection coefficient is −23.5 dB with fractional
bandwidth of 3 GHz for both antenna and metasurface
antenna as in Fig. 8 (a). The gain is increased to 7.33 dBi
when the SSRR metasurface is applied compared to the
gain of antenna of 2.33 dBi as in Fig. 8 (b). Both axial
ratios in the two cases sill same over the bandwidth with
less than 3 dB as in Fig. 8 (c). Circularly polarized radi-
ation pattern of 2.3 dB can be seen without metasurface
applied compared to directive radiation pattern of 8 dB
when metasurface is applied as shown in Fig. 8 (d). As
a result, the simulated performance of the antenna with
metasurface showed a great impedance bandwidth, high
gain, and wide axial ratio.

Fig. 7. The proposed metasurface placed above the
antenna.

III. RESULTS AND DISCUSSION

Figure 9 shows the printed antenna with metasur-
face with total dimensions of 50 mm × 50 mm that
highlighted the compact size of the whole system. The
measured results in terms of S-parameters are performed
using Keysight (Agilent Technologies) N9925A vector
network analyser (VNA). The performance of printed
antenna with metasurface in terms of reflection coeffi-
cient, radiation pattern, gain, and AR are compared with
simulated results in Fig. 10.

The measured performance of the reflection
coefficient is plotted in Fig. 10 (a). The measured
(S11) is −23.58 dB compared to the simulated one of
−30.2 dB at 4 GHz. The measured fractional bandwidth
is 2.99 GHz with a loss of 100 MHz of simulated band-
width (3 GHz). The measured radiation pattern agreed
well with the simulated one with an error tilt of 3 degrees
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Fig. 8. Comparison of proposed antenna with and with-
out Metasurface. (a) Return loss. (b) Gain. (c) Axial
ratio. (d) Radiation pattern.

Fig. 9. The printed metasurface with antenna.

Fig. 10. The measured performance of the printed fractal
antenna. (a) Reflection coefficient. (b) Radiation pattern.
(c) Gain. (d) AR.
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as seen in Fig. 10 (b). Figure 10 (c) shows the measured
gain response compared to the simulated one. The mea-
sured gain is 7.2 dBi with 0.8 dBi loss compared to the
simulated 8 dBi gain. This is due to the interference com-
ing from the unwanted sources from the radiation pattern
chamber. The AR performance is compared in Fig. 10.
Over the operating frequencies, the AR value is above
82%. For example, at 4 GHz the measured and simulated
AR has a small gap of 0.5 dB difference. Table 1 sum-
marizes the antenna with metasurface performance and
compares it with other related works. Overall, the printed
antenna with metasurface exploited a great performance
in terms of bandwidth, AR, and gain.

Table 1: Comparison between measured and simulated
antenna with metasurface at 4 GHz with related existing
works

Parameters/Coupler Simulated Measured
Return loss (S11) (dB) −30.2 −23.58

Bandwidth (GHz) 3 2.90
Gain (dBi) 8 7.2
AR (dB) 2.2 2.5

Comparison with related works
Ref Gain BW (GHz) Size % AR (BW)
[9] 2.56 2.19 GH − 50% 3.39 GHz −

dBi 3.7 GHz 3.55 GHz
[10] 3.2 2.43 GHz − 65% 2.43 GHz −

dBi 2.47 GHz 2.47 GHz
[11] 2.5 12.2 GHz − − 12.2 GHz −

dBi 12.7 GHz 12.7 GHz
[12] 1.89 1.57 GHz − 20% 1.57 GHz −

dBi 1.62 GHz 1.62 GHz
This 7.12 2 GHz − 45.2% 2.5 GHz −
work dBi 5 GHz 5 GHz

IV. CONCLUSION

A designed compact high gain wideband with a
metasurface antenna is presented in this paper at the sub-
6 GHz band. The antenna is designed based on a W-
shaped transmission line within the structure. The perfor-
mance of the proposed metasurface antenna agreed well
with the simulated results. Excellent S-parameters, band-
width, gain, and AR performance at 4 GHz are achieved
for the designed antenna. The antenna operates in the fre-
quency band of 2 GHz to 5 GHz with a high fractional
bandwidth of 85%. The antenna achieved a good profile
of compact size by 45%. The proposed antenna is suit-
able to be used later in sub-6 GHz applications.
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Abstract – A ±45◦ dual-polarization wideband antenna
for 5G base station application is proposed using cross
dipoles, bow-tie-like parasitic elements and baluns. The
antenna is modeled, simulated, and optimized for an
optimal size of 115 mm × 115 mm × 27.8 mm.
A −10dB bandwidth is obtained to cover 2.24GHz-
3.75GHz, which has a fractional bandwidth of 50.4%. In
the design, bent Γ-shaped microstrip lines are to achieve
higher isolation that is better than 25dB. The proposed
antenna is fabricated and measured to get a result that
it has a wide bandwidth, good directional radiation pat-
terns, and a high peak gain of 8.1±1.1dBi, making it suit-
able for 5G base station applications.

Index Terms – 5G application, ±45◦ dual-polarized
antenna, cross dipole antenna, wideband antenna.

I. INTRODUCTION

With the continuous improvement of communica-
tion technology, the requirements of BS antenna are
also significantly elevated. Especially, in the 5G era,
for the sake of achieving a higher data transmission
rate, the operation bandwidth of the BS antenna must
be improved [1]–[2]. For enhancing the operating band-
width of the BS antenna, pattern distortion, cross-
polarization deterioration, and decreasing the front-to-
back ratio (FBR) are always found in the previous
designs. Therefore, the wideband base station antenna
research is a hot topic for 5G applications [3]. For 5G
applications, a dual-polarized antenna is widely used
in BS antennas, which can provide diversity gain and
reduce the impact of the multipath effect on the sys-
tem [4]. Till now, dual-polarized antennas can be divided
into ±45◦ polarization or horizontal and vertical polar-
ization on the base of polarization direction. In addition,

the dual-polarized antenna can also be divided into cross
dipole type [5]–[6], microstrip type [7], and slot type
[8]. Among the three types of dual-polarized antennas,
the cross dipole has been studied widely because of its
high port isolation and directional radiation characteris-
tics [9]-[11].

In the past decades, many dual-polarized BS anten-
nas have been proposed [12]-[14]. A miniaturized cross
dipole antenna is proposed in [15]. The antenna is
installed in a dielectric resonant cavity to get an FBR
of 22dB in the operating frequency band, with a band-
width of 3.2GHz-3.7GHz. In [16], a broadband cross
dipole antenna is proposed to get a −15dB impedance
bandwidth range from 1.7GHz to 2.7GHz, and the frac-
tional bandwidth reaches 48%. But the isolation of the
dual-polarized port of the antenna is only 22dB. A folded
dipole antenna with a metal reflector is proposed in
the literature [17]. The antenna increases the resonance
points and greatly improves the antenna impedance
bandwidth by bending the dipole and adding via, which
might deteriorate the radiating. In [18], a broadband and
high isolation dual-polarized antenna is presented. Com-
pared with the traditional dual-polarized antenna, the
antenna employs a resonance ring and a square plate to
expand bandwidth and improve directionality. However,
its height is increased.

In this work, a wideband dual-polarized antenna
consisting of a pair of T-shaped dipoles, bow-tie-like par-
asitic elements, microstrip baluns, and a box-like reflec-
tor is proposed, analyzed, fabricated, and measured.
The cross dipoles are used as the main radiator, and
the bow-tie-like parasitic elements are surrounded the
cross dipoles to expand the bandwidth of the proposed
antenna. The orthogonal microstrip baluns not only feed
the upper radiator patches through coupling but also
support the entire structure of the antenna, making the
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antenna easier to assemble and more stable. Also, Γ-
shaped microstrip lines are used to enhance the isolation
of the antenna. In the operating frequency band, the gain
is 8.1±1.1dBi, and the −3dB beam width is 63◦±5◦. In
addition, due to the existence of a box-like metal reflec-
tor, the FBR of the antenna is higher than 17dB. Thus,
the wideband BS antenna is suitable for 5G BS applica-
tion.

II. ANTENNA DESIGN AND ANALYSIS
A. Antenna design

Figure 1 shows the configuration of the proposed
dual-polarized antenna that is composed of cross dipoles,
bow-tie-like parasitic elements, baluns, and a box-like
metal reflector. A pair of balun is placed orthogonally
to feed the radiation structure and support the antenna.
All the baluns, dipoles, and parasitic elements are created
on FR4 with relative permittivity = 4.4 and loss tangent
=0.02, whose thickness is 0.8 mm thick as the FR4. The
box-like reflector is welded by a 115 mm×115 mm cop-
per base plate and four 115 mm× 16 mm copper coam-
ings. The thickness of all copper plates is 0.8 mm. The
box-like metal reflector enables the cross dipole antenna
to radiate directionally in the +Z axis direction.

Fig. 1. Configuration of proposed antenna.

The detailed configuration of the radiation structure
is shown in Fig. 2 (a). Four T-shaped patches form pairs
of cross dipoles, which are surrounded by bow-tie-like
parasitic elements. In Fig. 2 (b), two circular holes are
drilled to connect with the 50-Ω coaxial line. The inner
conductor of the 50-Ω coaxial line will be connected
with a Γ-shaped microstrip line through a circular hole,
and the outer conductor will be connected with the box-
like reflector. Four rectangular slots are used to fix the
antenna.

Figures 3 (a) and (b) present the feeding baluns
for implementing the dual polarization. The Γ-shaped
microstrip lines are printed on one side of FR4, while two
thin rectangular copper sheets are printed on the other
side of the FR4. Two complementary slots are etched in
the middle of the balun sheets to provide a convenient

Fig. 2. (a) Configuration of the radiation structure. (b)
Configuration of the reflector base plate.

Fig. 3. Configuration of the baluns, (a) balun A and (b)
balun B.

installation for the constructed antenna. In addition, four
corners of the FR4 of baluns have bumps which are con-
nected with the rectangular slots on the FR4 of radiating
layer and a box-like metal reflector to give stable support
for the constructed antenna.

The antenna is created in the HFSS, and it is opti-
mized to achieve a good performance. The details of
the geometric dimensions of the proposed antenna are
shown in Table 1. The overall size of the antenna is
115 mm×115 mm× 27.8 mm.
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Table 1: Optimized parameters for the geometric param-
eters of the antenna
Parameters H W G R S W1 W2
Value(mm) 16 100 115 1.84 24 3 1.5
Parameters W3 W4 L1 L2 L3 D1 D2
Value(mm) 2 16 18 15 5 6 34
Parameters D3 WS LS Wa1 Wa2 Wa3 Wa4
Value(mm) 8 52 26 1.5 0.8 0.5 0.7
Parameters Wb1 Wb2 Wb3 Wb4 La1 La2 La3
Value(mm) 1.5 1 0.5 0.7 2 11.5 5.5
Parameters La4 La5 La6 La7 Lb1 Lb2 Lb3
Value(mm) 2 5 3.7 11 2 11.5 5.5
Parameters Lb4 Lb5 Lb6 Lb7
Value(mm) 2 5 3.7 11

B. Antenna analysis

To better illustrate the implementation principle of
the wideband BS antenna, the radiation structure design
procedure of the antenna is presented in Fig. 4. ANTA 1
only consists of four T-shaped patches to form a pair of
cross dipoles to achieve±45◦ polarization. Then, rectan-
gle parasitic elements are used to form ANTA 2. At last,
the rectangle parasitic elements are modeled to be bow-
tie-like parasitic elements for the proposed antenna with
a name of ANTA 3.

Fig. 4. Evolution of the antenna radiation structure.

Then, the principle of the antenna is discussed based
on the current distribution in Fig. 5 and Fig. 6. We
can see that ANTA 1 has a resonance point at approx-
imately 3.5GHz owing to the current distributions on the
T-shaped dipoles. When we use the rectangle parasitic
elements for ANTA 2, the current path are expanded to
the parasitic elements, and hence the bandwidth of the
antenna is increased. In the same method, bow-tie-like
parasitic elements are adopted in ANTA 3 to enhance the
bandwidth of the proposed antenna.

On the basis of ANTA 2, ANTA 3 modifies the par-
asitic element to bow-tie-like shape. The S-parameter for
the antenna at different design procedures are shown in
Fig. 7. It is found that the ANTA 1 has only one res-
onant mode, and with a bandwidth of approximately
400MHz. For the ANTA 2, it has a new resonant mode
to expand the bandwidth to around 600MHz. Finally,
ANTA 3 employs bow-tie-like parasitic elements to

Fig. 5. Surface current distribution, (a) 3.2GHz,
ANTA 1, (b) 3.5GHz, ANTA 1.

Fig. 6. Surface current distribution in 3.5GHz. (a) The
ANTA 2 with only port 1 excitation. (b) The ANTA 2
with only port 2 excitation. (c) The proposed antenna
with only port 1 excitation. (d) The proposed antenna
with only port 2 excitation.

Fig. 7. Simulated S-parameters of ANTA 1, ANTA 2,
and ANTA 3.

further expand the bandwidth via providing another
new resonant mode at lower frequency. As a result, a
wider −10dB impedance bandwidth for the ANTA 3 is
achieved, which operates from 2.24Ghz to 3.75GHz with
a bandwidth of 1.51GHz.
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Although the introduction of parasitic elements is
beneficial to expand the operating bandwidth of the
BS antenna, it will affect the radiation performance. In
Figs. 6 (a) and (b), ANTA 2 with rectangular parasitic
elements maintains the current distribution in the same
direction as the T-shaped dipoles, while the other two
parasitic elements have coupling currents in the oppo-
site direction with respect to the current of dipoles. There
is no doubt that reverse coupling current will affect the
radiation performance of the antenna and reduce the pat-
tern stability. As for proposed antenna, it uses bow-tie-
like parasitic elements to give stable current distribution
presented in Figs. 6 (c) and (d).

III. RESULT AND DISCUSSION
A. Antenna numerical simulation

For the sake of obtaining larger antenna bandwidth,
it is necessary to analyze quantitatively the antenna
parameters. Since the balun is the key element to real-
izing impedance matching, the balun parameters are
mainly analyzed quantitatively.

L1 is a parameter that determines the length of the
T-shaped dipole. The S-parameters of the antenna with
different L1 are shown in Fig. 8. When L1 increases, the
lowest frequency moves to the lower frequency, getting a
larger bandwidth, and vice visa. The distance between T-
shaped dipole and bow-tie parasitic element also affects
the impedance matching of the antenna, which is demon-
strated in Fig. 9 with varying D2. When D2 increases,
the impedance bandwidth will be expanded slightly. The
effect for different LS is presented and shown in Fig. 10,
where we can see that the antenna has the best bandwidth
for LS = 26 mm.

Fig. 8. Simulated S-parameters of the proposed antenna
with different L1.

Fig. 9. Simulated S-parameters of the proposed antenna
with different D2.

Fig. 10. Simulated S-parameters of the proposed antenna
with different LS.

B. Performance for the fabricated antenna

To verify the simulation results of the antenna,
a prototype of the proposed antenna is manufactured
and tested. Figure 11 shows and sets up the proto-
type antenna. The S-parameters of the prototype antenna
are tested using the vector network analyzer-Agilent
N5244A and compared with the simulation results in
Fig. 13. The−10dB impedance bandwidth of simulation
and measurement has a little difference that is caused by
fabrications. In addition, within the operating bandwidth,
the simulated isolation and measured isolation between
the two ports is better than 25dB.

Figure 13 shows the simulated and measured peak
gain and the radiation efficiency of the proposed antenna.
In the operating frequency band, the simulated peak gain
range is 8.1±1.1dBi and the 3dB beam-width of the
antenna is 63◦±5◦. The measured peak gain is slightly
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Fig. 11. Photograph of prototype antenna. (a) Antenna on
test for S-parameters. (b) Antenna radiating performance
on test.

Fig. 12. Simulated and measured S-parameters of the
base station antenna.

lower than the simulation result, which is caused by the
insertion loss caused by the fabrication of the prototype
antenna. On the other hand, it can be seen in Fig. 13 that
the radiation efficiency of the antenna in the operating
bandwidth is higher than 90%. In Fig. 14, only the radi-
ation patterns of port 1 at 2.4GHz, 3.0GHz, and 3.6GHz
are given, since the antenna is symmetry between port 1
and port 2. It can be seen that the radiation patterns of
the antenna have a high coincidence between the sim-
ulated result and the measured result. In addition, the
cross-polarization discrimination (XPD) of the designed
BS antenna is over 30 dB in the boresight direction. The
achieved front-to-back-ratio (FBR) is better than 17dB,

Fig. 13. The peak gain and radiation efficiency of the BS
antenna.

Fig. 14. Simulated and measured radiation patterns at
2.4 GHz, 3.0 GHz and 3.6 GHz.

meaning that the back radiation of the proposed antenna
is suppressed well. Table 2 shows the performance com-
parison between the proposed antenna and the existing
dual-polarized antenna (λ is the wavelength correspond-
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Table 2: Comparison of the proposed antenna with exist-
ing dual-polarized antennas
Ref. Operation

band
(GHz)

XPD
(dB)

Isolation
(dB)

Gain
(dBi)

FBR
(dB)

Profile
height

[15] 3.25-3.75
(11.4%)

>25 >30 ∼7 18 0.21λ

[16] 1.6-2.9
(48%)

>25 >22 8.2 ∼20 0.24λ

[17] 1.15-4.07
(107%)

>20 NS >8.2 11.5 0.38λ

[18] 1.71-2.69
(44.5%)

>25 >22 ∼8 18 ∼0.39λ

[19] 1.68-2.75
(48%)

>20 >37 8.9±0.7 15.5 0.18λ

[20] 3.28-3.71,
4.8-5.18
(12.3,7.6)

>20 >37 8.7±1.8 ∼13 0.13λ

This
work

2.24-3.75
(50.4%)

>30 >25 8.1±1.1 >17 ∼0.28λ

ing to the central frequency). It is to say that the proposed
antenna is a wideband BS antenna with high gain, high
isolation and low cross-polarization. In the future, the
antenna can be used for MIMO radar and sparse arrays
applications [21-22].

IV. CONCLUSION

A wideband ±45◦ dual-polarized cross dipole
antenna is proposed in this paper and its impedance
bandwidth is extended by parasitic elements and baluns.
The proposed antenna adopts bow-tie parasitic elements,
which improves the operating bandwidth of the antenna
and solves the problem of parasitic elements affect-
ing the radiation performance. The reflector improves
the peak gain of the antenna and increases the stabil-
ity of the antenna radiation pattern. The antenna has
an impedance bandwidth of 50.4%, which can be oper-
ated at 2.24 GHz-3.75 GHz. Furthermore, the proposed
antenna has a port isolation of more than 25dB and a
high cross polar discrimination of better than 30 dB in
the operating bandwidth. Furthermore, the antenna has a
high gain, good directional radiation patterns, and front-
to-back-ratio, making it promising for 5G base station
applications.

REFERENCES

[1] F. Jia, S. Liao, and Q. Xue, “A dual-band dual-
polarized antenna array arrangement and its appli-
cation for base station antennas,” in IEEE Antennas
and Wireless Propagation Letters, vol. 19, no. 6,
pp. 972-976, Jun. 2020.

[2] Y. Zhu, Y. Chen, and S. Yang, “Decoupling and
low-profile design of dual-band dual-polarized base
station antennas using frequency-selective surface,”
in IEEE Transactions on Antennas and Propaga-
tion, vol. 67, no. 8, pp. 5272-5281, Aug. 2019.

[3] Z. Li, J. Han, Y. Mu, X. Gao, and L. Li, “Dual-
band dual-polarized base station antenna with a
notch band for 2/3/4/5G communication systems,”
in IEEE Antennas and Wireless Propagation Let-
ters, vol. 19, no. 12, pp. 2462-2466, Dec. 2020.

[4] B. Lindmark and M. Nilsson, “On the available
diversity gain from different dual-polarized anten-
nas,” in IEEE Journal on Selected Areas in Commu-
nications, vol. 19, no. 2, pp. 287-294, Feb. 2001.

[5] Y. Cheng and Y. Dong, “Dual-broadband dual-
polarized shared-aperture magnetoelectric dipole
antenna for 5G applications,” in IEEE Transactions
on Antennas and Propagation, vol. 69, no. 11, pp.
7918-7923, Nov. 2021.

[6] Y. Li and Q.-X. Chu, “Coplanar dual-band base sta-
tion antenna array using concept of cavity-backed
antennas,” in IEEE Transactions on Antennas and
Propagation, vol. 69, no. 11, pp. 7343-7354, Nov.
2021.

[7] Y. He, Y. Li, W. Sun, and Z. Zhang, “Dual-
polarized, high-gain, and low-profile magnetic cur-
rent Array antenna,” in IEEE Transactions on
Antennas and Propagation, vol. 67, no. 2, pp. 1312-
1317, Feb. 2019.

[8] J. Lu, Z. Kuai, X. Zhu, and N. Zhang, “A
high-isolation dual-polarization microstrip patch
antenna with quasi-cross-shaped coupling slot,”
in IEEE Transactions on Antennas and Propaga-
tion, vol. 59, no. 7, pp. 2713-2717, Jul. 2011.

[9] C. Ding and K.-M. Luk, “Low-profile magneto-
electric dipole antenna,” in IEEE Antennas and
Wireless Propagation Letters, vol. 15, pp. 1642-
1644, 2016.

[10] Q. Zhang and Y. Gao, “A compact broadband dual-
polarized antenna array for base stations,” in IEEE
Antennas and Wireless Propagation Letters, vol.
17, no. 6, pp. 1073-1076, Jun. 2018.

[11] Alieldin, Y. Huang, S. J. Boyes, M. Stanley, S.
D. Joseph, and B. Al-Juboori, “A dual-broadband
dual-polarized fylfot-shaped antenna for mobile
base stations using mimo over-lapped antenna sub-
arrays,” in IEEE Access, vol. 6, pp. 50260-50271,
2018.

[12] Y. Cui, R. Li, and P. Wang, “A novel broadband pla-
nar antenna for 2G/3G/LTE base stations,” in IEEE
Transactions on Antennas and Propagation, vol.
61, no. 5, pp. 2767-2774, May 2013.

[13] Y. Gou, S. Yang, J. Li, and Z. Nie, “A com-
pact dual-polarized printed dipole antenna with



899 ACES JOURNAL, Vol. 37, No. 8, August 2022

high isolation for wideband base station appli-
cations,” in IEEE Transactions on Antennas and
Propagation, vol. 62, no. 8, pp. 4392-4395,
Aug. 2014.

[14] J. Lee, K. Lee, and P. Song, “The design of a dual-
polarized small base station antenna with high iso-
lation having a metallic cube,” in IEEE Transac-
tions on Antennas and Propagation, vol. 63, no. 2,
pp. 791-795, Feb. 2015.

[15] Z.-Y. Zhang and K.-L. Wu, “A wideband dual-
polarized dielectric magnetoelectric dipole
antenna,” in IEEE Transactions on Antennas and
Propagation, vol. 66, no. 10, pp. 5590-5595, Oct.
2018.

[16] H. Huang, Y. Liu, and S. Gong, “A broad-
band dual-polarized base station antenna with
sturdy construction,” in IEEE Antennas and Wire-
less Propagation Letters, vol. 16, pp. 665-668,
2017.

[17] Z. Wang, J. Wu, Y. Yin, and X. Liu, “A
broadband dual-element folded dipole antenna
with a reflector,” in IEEE Antennas and Wire-
less Propagation Letters, vol. 13, pp. 750-753,
2014.

[18] Y. Liu, H. Yi, F.-W. Wang, and S.-X. Gong,
“A novel miniaturized broadband dual-polarized
dipole antenna for base station,” in IEEE Anten-
nas and Wireless Propagation Letters, vol. 12, pp.
1335-1338, 2013.

[19] Z. Zhou, Z. Wei, Z. Tang, and Y. Yin, “Design and
analysis of a wideband multiple-microstrip dipole
antenna with high isolation,” in IEEE Antennas and
Wireless Propagation Letters, vol. 18, no. 4, pp.
722-726, April 2019.

[20] Y. Li, Z. Zhao, Z. Tang, and Y. Yin, “Differentially
Fed, dual-band dual-polarized filtering antenna
with high selectivity for 5G sub-6 GHz base sta-
tion applications,” in IEEE Transactions on Anten-
nas and Propagation, vol. 68, no. 4, pp. 3231-3236,
Apr. 2020.

[21] W. Shi and Y. Li, “Improved uniform linear array
fitting scheme with increased lower bound on uni-
form degrees of freedom for DOA estimation,”
IEEE Transactions on Instrumentation and Mea-
surement, vol. 71, 2022.

[22] W. Shi, X. Liu, and Y. Li, “ULA fitting for MIMO
radar,” IEEE Communications Letters, vol. 26, no.
9, pp. 2190-2194, 2022.

Junwei Qi received a B.S. degree
in electrical information science in
2003, and M.S. and Ph.D. degrees
in Communication And Informa-
tion Systems from Harbin Engi-
neering University (HEU), China,
in 2008 and 2012, respectively. He
is currently an Associate Professor

with the Department of Information and Communica-
tion Engineering, Harbin Engineering University. His
research interests include microwave antennas, wireless
communication, and machine learning.

Jiakang Pan was born in Guang-
dong, China. He received a B.S.
degree in Communication Engineer-
ing from the Changsha University
of Science and Technology, Hunan,
China, in 2020. He is currently pur-
suing an M.S. degree in Information
And Communication Engineering at

the Harbin Engineering University, China. His current
research interest is base station antenna applications.

Yingsong Li received a B.S. degree
in Electrical And Information Engi-
neering, and an M.S. degree in Elec-
tromagnetic Field and Microwave
Technology from Harbin Engineer-
ing University, 2006 and 2011,
respectively. He received his Ph.D
degree from both Kochi University

of Technology (KUT), Japan and Harbin Engineering
University (HEU), China in 2014. He is currently a Full
Professor with the School of Electronic and Information
Engineering of Anhui University from March 2022. He
was a Full Professor in Habirn Engineering University
from 2014 to 2022 and a Visiting Scholar of University
of California, Davis from March 2016 to March 2017,
a Visiting Professor of University of York, UK in 2018,
and a Visiting Professor of Far Eastern Federal Univer-
sity (FEFU) and KUT. Now, he holds the Visiting Pro-
fessor position of School of Information of KUT from
2018.



QI, PAN, LI, HUANG: A WIDEBAND BASE STATION ANTENNA LOADED WITH BOW-TIE-LIKE PARASITIC ELEMENTS 900

He is a Postdoc of Key Laboratory of Microwave Remote
Sensing, Chinese Academy of Sciences from 2016 to
2021. Now, he is a Fellow of Applied computational
Electromagnetics Society (ACES Fellow), and also a
senior member of Chinese Institute of Electronics (CIE)
and IEEE. He has authored and coauthored about 300
journal and conference papers in various areas of Elec-
trical And Information Engineering. His current research
interests include signal processing, adaptive filters, meta-
surface designs and microwave antennas. Li serves as
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Abstract – A compact DNB-MIMO antenna design and
analysis for IoT application was proposed. The antenna
radiator consists of 2 L-shaaped quarter-wavelengths and
inverted 7-shaped radiators with a microstrip feed line,
and partial ground plane with a size of 32 × 15 mm2.
This antenna achieves a higher quality factor (Q > 10)
and narrow band impedance matching at the central
frequencies of 1.8 GHz and 2.4 GHz bands with approxi-
mately 8.2% and 6.2% bandwidth respectively. The suit-
ability of the designed antenna for IoT applications is
verified through the hosting device model. The proposed
4-port MIMO antenna has an overall size of 60 × 60 ×
1.6 mm3, and it is printed on an FR4 substrate. The diver-
sity add comma such as ECC, DG, TARC, MEG, and
CCL, are calculated and there values are < 0.19, 9.85 dB,
< -25 dB, < -6 dB, < 0.19 bits/Hz/s, respectively, within
the limits. The proposed antenna is integrated with the
Zigbee module (lowercase) to analyze the performance
for IoT applications at 2.4 GHz.

Index Terms – DNB, DNB-MIMO, EEC, IoT, TARC,
Zigbee module.

I. INTRODUCTION

The Internet of Things (IoT) is a global network
of billions of physical objects that gather and send
data without requiring human-to-human or human-to-
computer communication. IoT implementation is found
in many fields, such as smart homes, medical health-
care facilities, transportation, smart buildings, man-
ufacturing, smart agriculture, and automation, which
allows for quick decision-making based on real-time
data analysis [1]. As reported in a Cisco study, between
2003 and 2020, the number of physical devices con-
nected to the Internet increased significantly, ranging
from 500 million to 50 billion [2]. Because the IoT
device specifies a low data transmission rate, band-
width needs are reduced, resulting in ultra-narrow band
(UNB) modulations. Considering the above constraint,
the antennas for IoT applications should be smaller
and have reduced bandwidth (approximately 1MHz is

also supportable for many applications), which is main
challenge when designing antennas [3, 4]. It has been
found that the IoT applications based on various multi-
band antennas [5–6], and multiband MIMO antenna
designs have been investigated [7–17]. A complemen-
tary S-shape meander line has been integrated with a
slotted rectangular box and capacitive load for WLAN
application, showing a gain 1.347 dBi and a radi-
ation efficiency of 79% [5]. Triangular-shaped slot-
ted monopole antenna, E-shape monopole antenna, and
two slotted patches connected to the main rectangu-
lar patch are used to achieve GSM/Bluetooth/WLAN
bands [18–19]. Planar spiral loops with 4-turns for
near field communication (NFC) and meander line radi-
ator for ultra-high frequency (UHF) bands are used
for IoT-based RFID reader applications [20]. Coplanar
wave guide (CPW)-fed multiband patch antennas with
two crossed C-shaped slots integrated into the patch
and two E-shaped slots integrated into the grounded,
CPW-fed slot with asymmetric T-shaped radiators are
used for WLAN/WiMAX applications [21–23]. Multi-
branch strips a and asymmetric CPW feed with split-ring
resonator are used for LTE/WWAN/WiMAX/WLAN
bands [6, 24]. In [5–6], multiband antennas where
implemented for GSM/Bluetooth/LTE/WLAN/WiMAX
applications. However, most of the reported multiband
designs have a relatively large antenna size, less gain and
lower efficiency which is not suitable for IoT applica-
tions.

Furthermore, the rapid development of a multi-
band MIMO antenna that utilizes multiple antennas for
both the transmitter and receiver will improve chan-
nel capacity, reliable radio links, and high data rates
of the wireless communication system. In [7], a circu-
larly polarized 4-port path antenna implemented with-
out decoupling structure is used in WLAN applications.
In [8], a 4-port two identical planar inverted F-antenna
implemented without decoupling network was used for
WLAN/LTE/4G applications. In [9], a dual mode four
elements MIMO antenna design with slits placed at the
four edges of the substrate were implemented with a
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decoupling network for WLAN applications. In [10], a 4-
port shorted patch antenna was integrated with a square-
ring structure for mobile device applications. A 4-port
dual-band antenna consisting of two symmetrical twist-
ing inverted-F antenna [11]. Tunable, triangular- and C-
shaped MIMO antennas with a meander line-shaped are
used for LTE/ISM-2.4 GHz/5G/WiMAX bands [12–14].
For a rectangular patch antenna connected to a comple-
mentary split-ring resonator (CSRR) in the ground plane,
the antenna ports are created by inserting T–shaped
structure, and modified U-shaped resonator were used
to reduce mutual coupling between the ports [15–17].
The literature review on multiband MIMO antennas
show that the most essential frequency bands, such as
LTE/GSM/WLAN/4G/WiMAXA applications, are cov-
ered. However, the most widely reported multiband
MIMO designs have a relatively large antenna size, and
mutual coupling between the ports are used several tech-
niques, such as parasitic elements, metamaterials, elec-
tromagnetic band gap structure (EBG) [8, 9, 15–17].

In this article, a simple, compact, and DNB-MIMO
antenna for IoT applications is presented. The designed
antenna front side two radiators and backside two radia-
tors are placed in the FR4 substrate without decoupling
structure. The antenna element has a Quarter wavelength
of L-shaped, and inverted 7-shaped stubs are loaded with
microstrip line to achieves the dual narrow band (DNB).
The designed antenna has a size of 60 × 60 × 1.6 mm3.

II. DESIGN CONFIGURATION AND
ANALYSIS OF DNB ANTENNA

In this section, we have discussed the unit element
design, equivalent circuit model, surface current distri-
bution at operating bands, hosting effect, and MIMO
antenna design.

A. Design of unit element

The dimension of the proposed DNB antenna is
depicted in Fig. 1. The front of the substrate is com-
posed of an L-shaped and inverted 7-shaped radiators
integrated with 50-ω feed line. The back side of the sub-
strate optimized partial ground plane. The unit element is
designed on a FR4 substrate with a thickness of 1.6 mm,
εr = 4.4, tan δ = 0.02 and a conductor (copper) thick-
ness = 0.035 mm. The overall size of the proposed unit
element is 32 × 15 mm2, and the optimized dimensions
are listed in Table 1. Figures 2 (a)-(b) describes the devel-
opment stages of the DNB antenna. The DNB antenna
is accomplished due to L-shaped and inverted 7-shaped
radiators, and it can be determined by following Equa-
tion (1). The fo1 and fo2 are operating frequency due to
L-shaped and inverted 7-shaped radiator respectively.

foi =
C

4Lsi
√εe f f

; i = 1,2, (1)

Fig. 1. Proposed DNB unit element.

Fig. 2. Development stages of DNB antenna (a) Antenna-
1, (b) Antenna-2.

where
εe f f =

εr+1

2
,

where ’C’ is speed of light, εe f f is effective dielectric
constant, εr is dielectric constant of substrate, and Lsi is
total length of stub radiator which is responsible for oper-
ating mode.

1. Antenna-1

A quarter wavelength of L-shaped radiator-1 and an
optimized partial ground plane of Lg × W is designed
with a 3 mm wide microstrip feed line as shown in the
Fig. 2 (a).

Table 1: Dimension of proposed unit element
Parameters Values (mm) Parameters Values (mm)

L 32 L4 9.5
L f 11 L5 6
L1 5.5 W 15
L2 19 W f 3
L3 20 W1 1.5
Lg 8 G1 0.5
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Ls1 = L1 +L2 +W1 =
λg

4
≈ 30 mm, (2)

where L1, L2 are length of Ls1, W1 is the width of
Ls1 and λg is guided wavelength. The length of the L-
shaped stub (Ls1) is calculated using length and width
of the Ls1 as mentioned in Equation (2) and it is 30 mm
approximately. The antenna-1 operating frequency fo1 is
theoretically calculated at 2.4 GHz and while the sim-
ulated operating frequency is 2.5 GHz as illustrated in
Fig. 3, which is very close to theoretical value.

Fig. 3. Reflection coefficient (S11) of designed unit
element.

2. Antenna- 2:

A quarter wavelength of the inverted 7-shaped
radiator-2 connected with antenna-1. Antenna-2 consists
of L-shaped, inverted 7-shaped radiator connected with a
feed line and an optimized partial ground plane, as shown
in Fig. 2 (b).

Ls2 = L3 +L4 +L5 +W1 =
λg

4
≈ 40 mm, (3)

where Ls2 is the length of the inverted 7-shaped radiator-
2. L3, L4 and L5 are the length of Ls2, and W1 is the
width of Ls2. The length of the inverted 7-shaped stub
(Ls2) is calculated using the length and width of the Ls2
as mentioned in Equation (3) and it is 40 mm approx-
imately. The radiator-2 operating frequency fo2 is theo-
retically calculated at 1.8 GHz and while the simulated
operating frequency is 1.85 GHz as depicted in Fig. 3,
which is very close to the theoretical value. It was found
that antenna-2 operates dual-mode at 1.85 GHz and 2.45
GHz due to the inverted 7-shaped and L-shaped radia-
tors. The reflection coefficient of the proposed antenna-2
is < -10 dB at the operating bands. Further, the proposed

unit element covers the GSM (1.75-1.9 GHz) and WLAN
(2.34-2.55 GHz) bands.

B. Equivalent circuit of designed element

The antenna’s physical mechanism is investigated
using the equivalent circuit. The equivalent circuit is cal-
culated by using proposed the antenna impedance char-
acteristic as shown in Fig. 4. It can be seen that the
impedance curve at resonance frequency real part is
around 50 ω and imaginary part nearly equivalent to 0
ω . Further, the impedance curve at resonance frequency
goes from high (positive) to low (negative), so a parallel
RLC resonant circuit is drawn [25, 26] . The dual-band
antenna consist of 7-shaped and L-shaped stub, hence the
two parallel RLC circuits used to generate a dual-band
through lumped equivalent circuit model are depicted in
Fig. 5. The S-Parameters of the lumped equivalent cir-
cuit model is illustrated in Fig. 6. It can be observed that
S-Parameters of EM model and equivalent circuit model
provide identical performance.

Fig. 4. Impedance characteristic of designed antenna.

Fig. 5. Equivalent circuit model of designed antenna.
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Fig. 6. Comparison of the reflection coefficient of the cir-
cuit model and the EM model.

C. Surface current distribution of DNB antenna

The surface current distribution of the proposed
unit element has been investigated and illustrated in the
Fig. 7. Figure 7 (a) represent the current distribution
at 1.85 GHz, and the maximum current density avail-
able in radiator-2. A current density value of approxi-
mately 0.3926 A/mm is observed in radiator-2. Figure 7
(b) represent the current distribution at 2.45 GHz, and
the maximum current density available in radiator-1. A
current density value of approximately 0.5436 A/mm is
observed in radiator-1. Hence, the surface current dis-
tribution shows that the fundamental resonance of two
radiators is seen to be independent of the change in radi-
ator length and mutual coupling between two radiators is
adjusted.

Fig. 7. Surface current distribution of the proposed unit
element.

D. Hosting effect

The performance of the designed antenna is verified
considering it as a host device in IoT applications. The
antenna is mounted below a copper sheet size of 32 ×
15 mm2 at a distance h of 10 to 30 mm to investigate
the hosting effect [27–29]. The proposed antenna reflec-
tion coefficients are investigated after being mounted in
the host device, as shown in Fig. 8. It is found that the
antenna can operate in dual-band whenever substrate-
sized ground plane is mounted in the far near-field
region. Thus, the copper sheet has less impact on the
antenna performance, indicating that it will work reliably
in IoT devices.

E. Design of 4-port MIMO antenna

The designed unit element is used in a MIMO
system that utilizes multiple ports as transmitters and
receivers to enhance the channel capacity for IoT appli-
cations. The designed has a size of 60 × 60 × 1.6
mm3, as shown in the Fig. 9. The designed antenna
was printed identically on double-sided FR4 substrate

Fig. 8. Reflection coefficient of the dual band antenna
with a copper plate at the distance ‘h’.

Fig. 9. Schematic diagram of designed MIMO antenna.
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and each side contains two elements with an optimized
partial ground plane that are connected to two other
elements printed on the other side. MIMO elements
are placed in an orthogonal arrangement on both sides
to reduce mutual coupling between ports. The simu-
lated reflection coefficients of the MIMO antenna are
depicted in Fig. 10. It is perceived that the designed
antenna achieves narrow bandwidth at center frequency
of 1.8 GHz and 2.4 GHz with reflection coefficient of
< -10 dB.

Fig. 10. S-parameters of designed antenna at Port 1
(Simulated).

The designed MIMO antenna uses double-sided
placement techniques such as radiators and ground
planes on both sides because it has less mutual coupling
between the ports (S12, S13, S14) as shown in the Fig. 10.
It has been observed that the mutual coupling between
the two ports is < -15 dB over the entire operating band.
In addition, the surface current distribution results of
the proposed antenna used to validate the mutual cou-
pling between the ports is depicted in Fig. 11. In this 4-
port MIMO antenna design, when every port is excited
and remain ports are connected to 50-ω matched the
loaded, a negligible amount of current flows to other
ports. Hence, the need for a decoupling structure was
eliminated.

III. RESULTS AND DISCUSSIONS OF
PROPOSED 4-PORT MIMO ANTENNA

The designed MIMO antenna fabricated on FR4
substrate is depicted in Fig. 12. The simulation results are
experimentally verified for the antenna reflection coef-
ficients, farfield radiation pattern, gain, and efficiency
measured using the N9926A vector network analyzer
and anechoic chamber.

Fig. 11. Surface current distribution of designed 4-port
MIMO antenna at 2.4 GHz with excitation applied at (a)
Port 1, (b) Port 2, (c) Port 3, and (d) Port 4.

Fig. 12. Prototype of designed antenna.

A. Reflection coefficients

The proposed antenna simulated and measured
reflection coefficients are illustrated in Fig. 13. The
antenna is resonating dual-band center frequencies of 1.8
and 2.4 GHz and covers two different narrow bandwidth
of 130 MHz (1.7–1.83 GHz) and 190 MHz (2.33–2.52
GHz) at < -10 dB, which covers GSM and WLAN
bands. The mutual coupling between port 1 to port 2,
port 1 to port 3, and port 1 to port 4 are < -20 dB at the
operating bands, which shows the simulated and mea-
sured results are in good agreement.

B. Radiation pattern

The antenna radiation pattern, gain, and efficiency
are measured using an anechoic chamber at port 1 and
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Fig. 13. S-parameters of designed antenna at Port 1
(Simulated and Measured).

Fig. 14. Radiation pattern measurements of designed
antenna in anechoic chamber.

the measurement environment is shown in Fig. 14. The
coplanar and cross polarization of electric and magnetic
field distribution of the designed antenna excited in port
1 is depicted in Figs. 15 (a)-(b) for 1.8 GHz and 2.4 GHz
respectively.The designed antenna exhibits an omnidi-
rectional radiation pattern in a simulation study as well as
in experimental measurement. It shows good agreement
among the measured values.

C. Gain and efficiency

The measured gain and total efficiency of the pro-
posed 4-port MIMO antenna at port 1 from the far-field
distance

[
> 2D2

λ

]
is depicted in Fig. 16. It is perceived

that the peak gain of 3.2 dBi and 4 dBi is attained in
1.8 GHz and 2.4 GHz respectively. The total efficiency
measured at 1.8 GHz is 85% and at 2.4 GHz is 93.57%.
Hence, the designed antenna achieves an overall peak

Fig. 15. Radiation patterns of designed antenna (a) X-
Z plane at 1.8 GHz, (b) X-Z Plane at 2.4 GHz, (c) Y-Z
plane at 1.8 GHz, (d) Y-Z Plane at 2.4 GHz.

gain > 3 dbi and total efficiency > 78% in the operat-
ing bands and is illustrated in Fig. 16.

D. MIMO parametric analysis of proposed antenna

The essential diversity metrics of the proposed
MIMO antenna are discussed in this section using cal-
culated and measured values of reflection coefficient,
mutual coupling and radiation pattern.

Fig. 16. Gain and total efficiency of the designed 4-port
MIMO antenna is measured at Port 1.
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1. ECC

Envelope correlation coefficient (ECC) is an essen-
tial metric for the MIMO antenna. It determines the cor-
relation between the antenna radiating elements. The
ECC can be computed using far-field patterns as given
in Equation (4), where Sa and Sb are the electric fields
radiated, and θ , ϕ , and dΩ are the elevation, azimuthal,
and beam area, respectively. The real-time best value of
ECC should be < 0.5 in all operating bands [30, 31].

ECC =

∣∣∣∫∫ [−→S a(θ ,φ).
−→
S b(θ ,φ)] dΩ

∣∣∣2∫∫ ∣∣∣[−→S a(θ ,φ)]
∣∣∣2 dΩ

∫∫ ∣∣∣−→S b(θ ,φ)]
∣∣∣2dΩ

(4)

Fig. 17. ECC of designed antenna (Measured).

2. DG

The diversity gain (DG) is calculated by using
farfield ECC value as given in Equation (5) [32]:

DG = 10
√

1−ECC2 (5)

3. TARC

The total active reflection coefficient (TARC) is a
mathematical expression that relates to the total incident
power with the total radiated power of a MIMO antenna.
TARC is calculated between two-port MIMO antennas
by using Equation (6). The most suitable value of TARC
is expected to be < 0 to have good diverse performance
for MIMO system [33].

TARC =

√(
S11 +S12e jθ)2

+
(
S21 +S22e jθ)2

2
, (6)

Where, θ is lies from 0 to 360◦

4. CCL

The channel capacity loss (CCL) is a significant
metric in MIMO performance since it grows linearly

Fig. 18. DG of designed antenna (Measured).

Fig. 19. TARC of designed antenna (Measured).

with the number of antenna elements employed under
a given assumption, without affecting the transmitted
power or bandwidth. MIMO channel systems suffer from
capacity loss as a result of the elements’ correlation. The
CCL parameter is determined by the Equation (7).

CCL =− log2 det
[
ψR

]
, (7)

where ψR is correlation of the receiving antenna. The
allowable limit for CCL is typically < 0.4 bps/Hz [34].
The designed MIMO antenna measured CCL is plotted
in Fig. 20 and the value of CCL is < 0.19 bits/Hz/s at the
resonating bands.

5. MEG

In multi-path fading situations, the mean effective
gain (MEG) is defined as the ratio of the received mean
power of the diversity antenna to the received mean
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Fig. 20. CLL of designed antenna (Measured).

power of the isotropic antenna and as given in Equa-
tion (8) is used to determine S-parameters of individual
ports.

MEGi = 0.5
(

1−∑N
j=1

∣∣Si j
∣∣2) , (8)

where N is number ports and i is the active port.
The computed MEG-1, MEG-2, MEG-3, MEG-4

values are given in Table 2, which is lies standard range
of -3 ≤ MEG(dB) < -12 [35, 36]. Further, the ratio
of MEG1/MEG2 and MEG3/MEG4 are closed to one,
which complies with the multi-path fading standard.

Table 2: Measured MEG of designed antenna
Frequency (GHz) MEG-1 MEG-2 MEG-3 MEG-4 MEG-1/MEG-2 MEG-3/MEG-4

1.8 -8.44 -8.53 -8.42 -8.51 0.989 0.989
2.4 -6.76 -6.93 -6.86 -6.84 1.002 1.002

Table 3: Comparison between proposed work and existing work

Ref.No Size (mm2) M N BW (GHz) MC (dB) ECC TARC App
[15] 96 × 96 FR4 2 2.4-2.485 <-25 <0.4 - WLAN
[16] 50 × 100 FR4 2 2.0-3.6 <-17 <0.3 - IoT
[17] 46 × 20 FR4 4 2.4-2.5, 4.9-5.7 <-12 <0.3 - WLAN
[18] 66 × 66 FR4 4 2.4-2.484, 5.7-5.8 <-12 <0.1 - WLAN
[19] 52 × 77 FR4 2 2.4-2.48, 5.15 -5.82 <-15 <0.3 - WLAN
[20] 80 × 54 FR4 2 1.06-1.24, 1.52-2.13, 2.19-2.63 <-14 <0.5 - Radio/LTE/ISM
[21] 60 × 20 FR4 2 2.4-2.48, 3.4-3.6, 5.3-5.9 <-20 <0.08 - WLAN/WiMAX
[22] 150 × 75 FR4 4 3.4-3.6 <-17.5 <0.09 <-8.6 5G
[23] 106 × 95 FR4 4 2.29-2.49,2.85-3.04, 5.61-5.80 <-17 <0.01 <-20 WLAN
PS 60 × 60 FR4 4 1.7-1.83,2.33-2.52 <-21 <0.19 <-21 IoT

M-Material, N-refers to number of radiators, BW-Bandwidth, MC-Mutual Coupling, App-Application

6. Performance comparison

The designed antenna parameters are compared with
previously reported works of MIMO antenna and it is
given in Table 3.

• The designed antenna structure is compact when
compared to previously reported works [7, 8, 10–
12, 14, 15].

• The mutual coupling of the designed antenna are
better than those of [8–15] without a decoupling
structure.

• This work also concentrated on the ECC and TARC
of the MIMO design. The proposed antenna has
a lower ECC than [7–9, 11, 12] because of the
low mutual coupling characteristics. TARC was not
reported in [7–13], and a lower TARC value is
exhibited when compared with [14, 15] .

• The proposed MIMO antenna has been validated for
real-time IoT applications.

7. Implementation of designed MIMO antenna for
smart home application

Real-time implementation is carried out for IoT-
based home automation applications in which the sensor
modules are embedded with designed antenna operating
at 2.4 GHz. The experimental setup depicted in Fig. 21
(a) consists of IoT 2040 gateway, three Zigbee modules
(CC2538 kit) embedded with a designed 4-port MIMO
antenna integrated with temperature, light, humidity sen-
sors respectively.
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Fig. 21. Experimental setup of IoT based smart home
application by using proposed antenna.

In this 4-port MIMO antenna, Port 1, Port 2, and
Port 3 are connected sensor modules and Port 4 is
connected to the coordinating sensor module.The Winx
serial port monitor is used to display the status of the
sensor data acting as a host computing device and it
is shown in Fig. 21 (b). This sensor data can be used
remotely using a cloud platform (ThinkSpeak) and is
shown in Fig. 21 (c). The smart home application is
implemented in a closed room environment. Each sensor
module trasmits sensor data at a rate of 64 kbps through
IoT 2040 gateway to the host computing device, which
is connected to the IoT cloud . This data can be accessed
from any device remotely.

IV. CONCLUSION

A multi-stub-based 4-port dual narrow band MIMO
antenna is designed and fabricated and the character-
istics are analyzed experimentally for IoT applications.
The designed antenna exhibits dual narrow bandwidth of
1.8 GHz (1.7–1.83 GHz) and 2.4 GHz (2.33-2.52 GHz)
which covers the GSM/WLAN frequency band. In the
operating bands, the antenna’s important metrics, such
as reflection coefficient of < -10 dB, mutual coupling
of < -21 dB between the ports, peak gain of > 3 dbi,
nearly omnidirectional radiation pattern, and total effi-
ciency of > 78%, are obtained experimentally. The host-
ing effect of proposed antenna is examined. The diver-
sity metrics, such as ECC, DG, TARC, CCL, and MEG,
are experimentally analyzed and found to be within the
limits. The designed MIMO antenna performance com-
pared with previous work shows better results. We have
also demonstrated the implementation of the designed
antenna in a real-time application. This proposed antenna
can also be used to integrate sensor modules in a larger
IoT network.
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Abstract – This paper proposes a fractal monopole an-
tenna based on a sectoral-shaped patch. To improve the
gain of the proposed antenna over a larger bandwidth,
the matching was enhanced by attaching two rectangular
stubs to the feeding line. The antenna, which is built on
an FR4 epoxy substrate with εr =4.3 and a loss tangent
of 0.018 has a compact size of 28 mm×31 mm×1.6 mm.
The antenna covers the UWB range and extends to about
the 22 GHz frequency, as well as offers omnidirectional
radiation patterns. The optimized configuration was fab-
ricated and tested. The impedance bandwidth of the pro-
posed antenna is about 155% with a reflection coefficient
better than −10 dB and has a maximum gain of nearly
4 dBi with a relatively stable omnidirectional radiation
pattern.

Index Terms – bandwidth extension, fractal antennas,
monopole antennas, stubs, UWB.

I. INTRODUCTION

Since the FCC has designated the frequency band
(3.1–10.6 GHz) for unlicensed commercial UWB com-
munications in the United States [1], extensive research
has gone into the development of UWB antennas. With
the development of many communication systems, larger
bandwidths are still needed. The microstrip printed an-
tenna can provide such desired features if the problem
of the narrow bandwidth is solved. Traditional geometri-
cal shapes such as triangular, circular, and elliptical disc
monopoles were used in many proposed designs of the
UWB-printed antennas [2–5]. The aim was to use dif-
ferent shapes to obtain enough bandwidth that may be
able to go above and beyond the UWB requirement. The
dipole type of antenna has also been proposed and in-
vestigated aiming to provide UWB properties, where cir-
cular, square, triangular, and other shapes for the two

arms have been employed [6, 7]. Most of the presented
design methods were based on choosing a certain shape
followed by some sort of trial and error procedures to
obtain enhanced performance. Initial designs are then
developed by customizing corners, slots, slits, or para-
sitic parts to obtain the desired features. One example
was a circular disk monopole that was developed by cut-
ting a small sector to form what was called a packman-
shaped antenna [8]. Another example was the use of
a circular patch with a sawtooth-like circumference for
the extension of the bandwidth and size reduction [9].
A rectangular monopole antenna was developed by cut-
ting rectangles and adding strips to improve the band-
width [10]. The deployment of advanced simulation soft-
ware packages like CST and HFSS has aided the above
search for the desired antenna characteristics. The in-
fluence of many of the antenna parameters on the an-
tenna characteristics is explored aiming to achieve an
optimized design. However, there exist some more ef-
ficient approaches for designing UWB antennas such as
the self-complementary geometries [11, 12].

A large impedance bandwidth can be achieved by
exploiting the concept of fractal geometry to obtain a
multiband performance covering a wider band [13, 14].
Fractal geometry is a type of geometry that uses rules
to repeat and scale a specific shape. The repeated shapes
produce a multi-resonance operation in which the reso-
nance frequencies are inversely proportional to the sizes
[15]. A tree-shaped monopole, created by arranging sev-
eral squares or triangles, was proposed in [16] for the en-
hancement of the antenna bandwidth. The concept was
further developed in [17] by proposing the flower frac-
tal geometry, which is inspired by the geometry of flow-
ers where the shape of the petal is scaled, rotated, and
repeated a few times. The antenna achieved bandwidth
exceeding the UWB range. The shape repetition results
in a multi resonance that leads to a wide bandwidth as
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compared to the single monopole antennas or the dipole
antenna [11, 12]. In [14, 16] the scaling factor can be
chosen by the designer to achieve the desired perfor-
mance. Thus, giving more flexibility as compared to the
conventional fractals where the scale factor is fixed as in
Sierpinski fractals [13] and Koch fractals [18]. There-
fore, the multi-resonance frequencies manifest them-
selves individually instead of forming a unified band.

This paper proposes a fractal monopole antenna
based on a sectoral-shaped patch that is scaled down,
rotated then repeated to form a fractal geometry. Two
or three iterations can be employed to achieve the re-
quired bandwidth. To provide proper matching for higher
frequencies, two stubs are attached to each side of the
feeding line. Thus, the proposed fractal antenna cov-
ered the UWB range and further to the 22 GHz fre-
quency. In section II, the proposed fractal is presented,
while section III describes the antenna configuration.
In section IV, the parametric investigations are used
to improve the matching and expand the bandwidth.
Section V explains how to improve matching in the up-
per half of the operating band. In section VI, the an-
tenna’s fabricated prototype is tested, and in section
VII, the achieved antenna characteristics are compared
to those of other antennas. The conclusions are listed in
section VIII.

II. THE PROPOSED FRACTAL GEOMETRY

The proposed fractal employs the shape of a circu-
lar sector, which is iterated by scaling down and repeti-
tions many times as required. The first iteration is rep-
resented by two adjacent sectors that are symmetrically
placed with respect to the axis of symmetry, as shown in
Fig 1. Each of the two sectors is defined by three points;

Fig. 1. Coordinates of the various corners of the circular
sectors for generating the proposed fractal.

the center of the circle, which is placed at the origin, and
two corners points (x0,y0), (x1,y1), which are given by:

x0 = 0, (1.a)
y0 = R0, (1.b)
x1 = R0 sin(θ0), (2.a)
y1 = R0 cos(θ0). (2.b)

where R0 is the radius of the sector and θ0 is the sub-
tended angle, which is measured from the axis of sym-
metry (Y-axis). The 1st iteration comprises a scaling of
the radius and the angle by a factor S, resulting in a new
radius of R1= SR0, and subtended angle of θ1 = Sθ0.
The generated sector is placed adjacent to either of the
former ones, with their center at the origin. The corners
of the new sector on the right side are given by:

x2 = S R0 sin(θ0) , (3.a)
y2 = S R0 cos(θ0) , (3.b)
x3 = S R0 sin(θ0 +S θ0) , (4.a)
y3 = S R0 cos(θ0 +S θ0) . (4.b)

Thus, at the nth iteration, the parameters of the sec-
tor can be described by:

Rn = R0Sn n = 1,2,3 (5.a)

θn = θ0(1+Σn
i=1 Si) n = 1,2,3. (5.b)

The fractal geometries for the first three iterations
were plotted by a MATLAB program, and are shown in
Fig. 2.

 
(a) (b) 

 

(c) (d) 

Fig. 2. The geometries of the proposed fractal for the it-
erations; 0, 1, 2, and 3, corresponding to one, two, three,
and four sectors.
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III. ANTENNA DESIGN

Figure 3 depicts the general configuration of the pro-
posed fractal monopole UWB antenna. The design is
based on the 2nd iteration of the fractal geometry that
is described in section II and shown in Fig. 2 (c). In this
design, the scaling factor S is chosen to be smaller than
unity, and the total angle θ 2 is less than 90o so that the
radiating patch (monopole) does not overlap the ground
plane. The prototype antenna is built on a 28 × 31 mm2

 

(a) 

(b) 
Fig. 3. The configuration of Antenna I; (a) Front view,
(b) back view.

FR4 substrate with εr = 4.3, loss tangent of 0.018, and
1.6 mm thickness. A microstrip feeding line is used to
excite the antenna assembly. The length and width of
the microstrip lines were determined using the empiri-
cal formulas in [19], resulting in a length of 15.5 mm
and 3.1 mm width to insure a 50 Ω line impedance.

The Computer Simulation Technology (CST) ver-
sion 2018, which focuses on a finite integration tech-
nique (FIT), is used to study the effect of various pa-
rameters on the antenna characteristics, thus optimizing
the structure of the proposed fractal monopole form an-
tenna (Antenna-I). We need to describe the surfaces in
the CST simulations using equations in terms of R, S,
and θ 0 so that changing the shape in the parametric anal-
ysis is much simpler.

The conducting ground plane on the other side of the
substrate has a length of Lg=15.2 mm, and thus it cov-
ers only a portion of the microstrip feed line. The same
metallic material (copper) was used to model the fractal-
shaped patch and the ground plane.

IV. SIMULATION AND PARAMETRIC
ANALYSIS

The impact of various parameters on the response of
the proposed Antenna-I is discussed in this section. The
following parameters must be optimized:

• The radius R0 of the sector,
• The angle l0 (in radians),
• The scale factor S.

On the other hand, the other parameters of Antenna-
I are kept constant. The antenna performance is initially
characterized in terms of the reflection coefficient as
shown in Figs. 4–6. The following paragraphs address
the effects of the sector radius Ro, scale factor S, and an-
gle θ 0 on the reflection coefficient response.

Figure 4 shows the variation of the reflection coeffi-
cient with frequency for various patch radii, R0, with S=
0.64 and θ 0 = 0.78 radians. The radius R0 has a moderate
impact on the lower and upper frequencies, as well as on
matching, as shown in Fig. 4. It was found that the best
patch radius is R0 =13.9 mm.

Figure 5 depicts the fluctuation of the reflection co-
efficient (S11) with frequency for different values of the
scale factor S with R0 = 13.9 mm and θ 0 = 0.78 radians.
The scale factor S has a small effect on the lower fre-
quencies, but it has a significant impact on the reflection
coefficient at the upper frequencies. With better match-
ing at lower values of S, the upper limit of frequency de-
creased as S increased. The best scale factor was found
to be S = 0.65, which results in a larger bandwidth.

Figure 6 displays the simulated reflection coefficient
as a function of frequency for various values of the initial
angle θ 0. The angle θ 0 has a minor impact on the lower
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Fig. 4. Simulated Antenna-I reflection coefficient as a
function of frequency for various patch radii Ro.

Fig. 5. Simulated Antenna-I reflection coefficient as a
function of frequency for different scale factors S.

Fig. 6. Simulated Antenna-I reflection coefficient as a
function of frequency for various angles θ 0.

and upper frequencies, but it improves matching as the
angle θ increases. In terms of reflection coefficient and
bandwidth, it was found that the case θ 0 = 0.8 radians
provides a better response. The scale factor was set to
0.65 and radius R0 was held at 13.9 mm.

Table 1 shows the optimized parameters for
Antenna-I. Figure 7 (a) depicts the optimized Antenna-
I simulated reflection coefficient as a function of
frequency. This figure shows that Antenna-I has a re-
flection coefficient ≤ −10 dB at 4.09 GHz, 8.7 GHz,
12.9 GHz, 17.6 GHz and 20.9 GHz of −20.3 dB,
−36.7 dB, −28.8 dB, −12.7 dB and −12.5 dB respec-
tively. Figure 7 (b) displays the optimized antenna real-
ized gain versus frequency. A maximum gain of 4.62 dBi

Fig. 7. (a). Simulated reflection coefficient for optimized
Antenna-I.

Fig. 7. (b). Simulated realized gain for optimized
Antenna-I.

Table 1: Optimized parameters of the Antenna-I
Parameter Value

(mm)
Parameter Value

(mm)
W 28 Lg 15.2
L 31 R 13.9
t 1.6 S 0.65
Lf 15.5 θ 0.8 ra-

dian
Wf 3

was achieved in the direction of theta =90o across the
band of interest. However, the gain drops at both sides of
the operation band.

V. IMPROVED PERFORMANCE

A double-stub matching network was added on each
side of the feed line of Antenna-I to produce the devel-
oped design Antenna-II, as shown in Fig. 8, aiming to
achieve better performance in terms of matching, gain,
and impedance bandwidth. The CST program is also
used to evaluate and refine the Antenna-II structure to ob-
tain better dimensions of the double-stub matching net-
work, which resulted in improved performance for the
Antenna-II.

Figure 9 demonstrates the variation of Antenna-II
simulated reflection coefficient versus frequency for var-
ious left stub lengths (x). According to practical experi-
ence, the stub length should be close to 1/4 the effective
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Fig. 8. The configuration of the proposed fractal patch
monopole antenna (Antenna-II) with the added double-
stub network.

Fig. 9. Antenna-II simulated reflection coefficient versus
frequency curves with various x.

wavelength [19], and the optimization of the stub length
should begin from there.

The variation of the Antenna-II simulated reflection
coefficient with frequency for various stub lengths of the
right stub (x1) is shown in Fig. 10. In terms of matching
and impedance bandwidth, it is obvious from this figure
that x1=2.0 mm provides the best performance.

Figure 11 presents the variation of the Antenna-II
simulated reflection coefficient versus frequency for var-
ious separations of the left stub from the feeding line up-
per end (y1). It can be seen from this figure that increas-
ing y1 has no impact on the lower edge of the frequency
band but it causes an improvement in the reflection coef-
ficient with the increase in frequency.

Fig. 10. Antenna-II simulated reflection coefficient ver-
sus frequency curves for various values of x1.

Fig. 11. Antenna-II simulated reflection coefficient ver-
sus frequency curves for various values of y1.

Fig. 12. Antenna-II simulated reflection coefficient ver-
sus frequency curves with various y3.

The effect of different separations of the right stub
(y3) from the feeding line upper end of Antenna-II on
the reflection coefficient is shown in Fig. 12. It is clear
that increasing y3 has no impact on the frequency band
lower edge but it causes an improvement in the reflection
coefficient for frequencies greater than 8.5 GHz.
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VI. ANTENNA FABRICATION AND
RESULTS

Table 2 lists the optimum parameters for the double
stub matching network (x, x1, y1, and y3) of Antenna-
II, while the other parameters of Antenna-II are left un-
changed as they are in Antenna-I. The low-cost antenna
is small and simple to fabricate using traditional PCB
techniques. The proposed Antenna-II was fabricated as
shown in Fig. 13. The antenna was tested by a vector
network analyzer (Rode and Schwarz ZVL13) operat-
ing up to 13.6 GHz. Figure 14 shows the measured re-
flection coefficient, compared to the simulation results,
where the −10 dB band extends from 3.3 GHz to the
upper frequency measurable by the VNA. As a higher
frequency analyzer was not available to the authors, the
fullly achieved bandwidth cannot be confirmed. It can
be seen that the antenna bandwidth extends beyond the
UWB, but the simulated results of 20 GHz were not con-
firmed. Three regions of very low reflection coefficient
can be seen around the frequencies; 4.3 GHz, 6.5 GHz,
and 10 GHz. These frequencies are proportional to the
numbers 0.43: 0.65: 1. These figures are in proportion to
S2: S:1, i.e., to the fractal scale factor of 0.64 which was
used in the design of the antenna (see Table 1). There-
fore, the designer can control the multi-resonance fre-
quencies by choosing a proper value for the scale factor.

Figure 15 shows a comparison between Antenna-
I and Antenna-II simulated gain versus frequency. It is
noted from the figure that the addition of the double
stubs improves the gain for frequencies above 16 GHz.
The gain response becomes with fewer fluctuations.
However, the gain drops from its former values in the
frequency range of 10.2 GHz to 15.8 GHz. The use of
the two stubs has resulted in reducing the ripples in the
gain response.

Figure 16 shows the simulated 3-dimensional far-
field radiation patterns for Antenna-I and Antenna-II for
various frequencies. The two antennas show almost uni-
form radiation in the horizontal plane, (the plane perpen-
dicular to the antenna), but antenna-II shows better cov-
erage at frequencies above 8.6 GHz. The radiation from
Antenna-I exhibits splitting when the frequency is above
9 GHz, but the pattern of Antenna-II keeps its unifor-
mity at frequencies higher than 9 GHz. Thus antenna-II
shows better radiation pattern stability with frequency as
compared to Antenna-I.

Table 2: Optimized parameters for x, x1, y1, and y3 of the
Antenna-II
Parameter Value

(mm)
Parameter Value

(mm)
x 1.25 x1 2
y1 6.7 y3 3.47

 
Fig. 13. Photographs of the fabricated Antenna-II.

Fig. 14. Comparison between Antenna-II simulated ( )
and measured (—-) reflection coefficient as a function of
frequency.

Fig. 15. Comparison of Antenna-I and Antenna-II simu-
lated gain as a function of frequency.

Figure 17 shows a comparison between simulated
and measured 1-D radiation patterns of Antenna-II for
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4.4 GHz

8.6 GHZ

12.8 GHz

15.6 GHz

17 GHz

20 GHz

21GHz
(a) (b)

Fig. 16. comparison of 3-D far-field radiation patterns of
(a) Antenna-I (without double stubs) and (b) Antenna-II
(with stubs) for various frequencies.

4.4 GHz

8.6 GHz

12.8 GHz

Fig. 17. Simulated and measured far-field radiation pat-
terns of the proposed Antenna-II at XZ-plane; simula-
tion (red), Measured (blue) at 4.4 GHz, 8.6 GHz, and
12.8 GHz.
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three frequencies (4.4 GHz, 8.6 GHz, and 12.8 GHz).
The patterns were calculated and measured in the plane
perpendicular to the antenna. The patterns show the om-
nidirectional property of the monopole antenna.

VII. COMPARISON WITH PREVIOUS
WORKS

Table 3 compares the parameters and characteris-
tics of the optimized antenna reported in this paper to
those of several UWB antennas disclosed in recent pub-
lications. The table shows that the proposed antenna-II
achieved the 2nd largest bandwidth after that in [11] but
at 36% of the size of the antenna in [11]. As regards the
size, the proposed antenna has a smaller size than those
in [7–9, 11] and [18]. The proposed antenna has gain val-
ues that are comparable to other antennas. The proposed
antenna offers a competitive performance of gain, band-
width, and size.

Table 3: Comparison between recently published UWB
antennas and the proposed antenna in this work
[Ref] Dimensions

[mm]
Frequency
range
[GHz]

BW
[%]

Gain
[dB]

[4] 17×7.6×1.0 4-10.0 85.7 N/A
[5] 25×30×1.6 3.6-14.7 121.6 4
[6] 40×10×0.8 2.8-10.9 118 2.4-6.2
[7] 36×36×1.27 3.1-11 121 N/A
[8] 25×38×1.6 2.9-13 127 3 − 9
[9] 40×32.4×1.5 3-11 114 0 − 5
[10] 16×20×1.6 4.8 – 13.7 96.22 2 − 4
[11] 52×46×1.6 1.8 up to

17.7
162 N/A

[15] 14×22 ×1.6 3.05-13.57 125 N/A
[18] 36.2×41×1.52 3.05-10.95 113 1.4-5.7
This
work

28×31× 1.6 3.34 up to
22

155 0.5-
4.0

VIII. CONCLUSION

A compact fractal patch monopole antenna with
wide bandwidth and good omnidirectional radiation pat-
tern covering a frequency range beyond the UWB is pro-
posed. A sectoral patch was scaled down and added to
the initial one to form the proposed sectoral-shaped frac-
tal. In this way, a design rule has been presented and
demonstrated. To improve the proposed antenna gain,
two rectangular stubs were attached to the feeding line.
The proposed antennas were designed, analyzed, and
the optimized design was fabricated. The antenna was
able to cover a frequency range of 3.34 GHz up to
22 GHz. The proposed antenna is ideal for UWB ap-
plications because of its small size and high impedance
bandwidth.
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