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ABSTRACT: A compact dual-element microstrip antenna, employing a parasitic artificial magnetic conductor (AMC), is proposed for
facilitating 4G and 5G wireless communications. The antenna design entails microstrip dipoles fed by a T-shaped feedline. Notably,
the antenna achieves a measured bandwidth of 5.35–6.7GHz (with S11 ≤ −10 dB). To enhance performance, a proposed parasitic
AMC reflector is integrated into the antenna structure. Incorporating a 3 × 3 AMC array, the antenna extends its −10 dB measured
bandwidth from 4.57 to 6.80GHz, catering to both 4G and 5G communication standards. Comparative analysis with an antenna lacking
AMC reveals a reduced size of 34%, alongside a notable gain of 8 dBi and unidirectional radiation patterns. Additionally, a low-profile
wideband two-element array, coupled with a 3 × 4 AMC reflector, demonstrates a broad bandwidth spanning from 4.55 to 6.8GHz
within the C-band. This configuration results in increased gains for the two antenna elements and ensures acceptable isolation exceeding
30 dB, crucial for multiple-input multiple-output (MIMO) systems. The efficiency and gain of all elements are obtained, almost 90% and
8 dBi, respectively. Moreover, an AMC unit cell, well founded on a parasitic patch, resonates at 6.12GHz with a bandwidth extending
from 5.25 to 7.15GHz. Furthermore, the offered equivalent transmission line model of the antenna with the AMC is demonstrated,
yielding desirable results. This model accurately predicts the input impedance of the 1 × 2 array with AMC across a broad frequency
band ranging from 4.63 to 6.73GHz. This comprehensive coverage demonstrates the effectiveness and versatility of the offered model
in characterizing the electrical behavior of the antenna system across a wide frequency band, thus facilitating its design and optimization
for various applications.

1. INTRODUCTION

In recent studies, electromagnetic band gap structures have
found application across various wireless networks and high-

frequency devices [1–4]. AMC structures, employing peri-
odic boundary conditions across the operating band, have been
adopted for cost-effective patch antennas, low-profile antennas,
andmode suppression [5–10]. In a recent work [9], a broadband
patch array featuring EBG-AMCs was introduced to enhance
the wireless transmission rate for 5G communication. The peri-
odic AMC surfaces without vias have been explored in [11–18].
In [16], an EBG mushroom reflector with a two-layer configu-
ration was utilized, resulting in a 60% size reduction. However,
achieving a broad AMC bandwidth remains a significant chal-
lenge [19], prompting numerous efforts [20–22]. In [22], an
AMC unit cell at a resonance of 6.2GHz with a bandwidth of
4.4% was reported, exhibiting acceptable angular stability.
The MIMO method has emerged as a crucial technology in

recent wireless systems due to its ability to transmit high data
rates with minimal latency [23, 24]. Achieving high port isola-
tion has been a focus of various methods [25–28]. Several stud-
ies have proposed MIMO antennas utilizing orthogonal modes,
mirrored elements, and propagation modes.
Numerous techniques have been proposed to integrate broad

AMC surfaces with microstrip antennas [29, 30]. For instance,
a low-profile circular polarized microstrip antenna incorporat-
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ing AMC was presented in [30] to boost gain and bandwidth.
Additionally, the development of two-layer boards has been
prevalent in achieving improved radiation properties in most
literature. The electromagnetic properties and applications of
AMCs have led to a diverse range of studies aimed at enhanc-
ing antenna performance and miniaturization [31–35].
This study specifically concentrates on a proposed 2-element

antenna array utilizing AMC for MIMO applications. Initially,
a low-profile wideband microstrip antenna configured with two
printed dipoles fed by a T-shaped feedline is designed to enlarge
the impedance bandwidth. Subsequently, a parasitic AMC is
demonstrated to intensify at 6.12GHz (5.25–7.15GHz). The
printed antenna with a 3× 3 parasitic AMC reflector exhibits a
measured−10 dB bandwidth of 4.57–6.80GHz, suitable for 5G
andMIMO applications. Furthermore, a periodic AMC surface
is integrated into the antenna by arranging a two-element array
to enhance radiation properties for MIMO systems. In this re-
gard, the printed antenna with various polarized orientations is
presented, achieving an isolation of more than 30 dB between
the elements for the 1× 2MIMO array.

2. PRINTED MICROSTRIP ANTENNAS WITH BROAD-
BAND AMC
Figure 1 illustrates the overall schematic of the printed an-
tenna, which consists of two elements featuring folded dipoles
mounted on a Taconic TLT substrate (98.4mm×98.4mm, with
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FIGURE 1. Structure of the suggested antenna by AMC reflector. (a) 3D view. (b) Top view. (c) One-element.

TABLE 1. Sizes of suggested structure.

Parameters Values (mm)
L1 16
L2 3.8
L3 4
W1 8.9
W2 5.2
W3 2.6
T1 10.6
P1 3.13
P2 2.1
h1 0.8
h2 3
h3 3
m 3
n 6
k 0.4
l 1.1
p 1.5
L 8.2

a thickness of h1 = 0.8mm, dielectric constant of εr = 2.55,
and loss tangent of 0.0006). Positioned beneath the antenna is a
periodic parasitic AMC surface, separated by an air gap (Styro-

foam layer) from the antenna to facilitate broadband operation.
The optimal air gap distance, denoted as h2, is determined to
be 3mm. The antenna comprises two microstrip dipoles with
bent configurations on the upper layout and a T-shaped feed-
line on the lower layout. Each section of the antenna measures
16mm×8.9mm in width and length, respectively, mounted on
the substrate with dimensions of 24.6mm×24.6mm. The radi-
ating elements are excited by a coaxial feed. The specifications
of the introduced design are provided in Table 1.
Figure 2 draws the schematic of a proposed unit cell for the

AMC. This unit cell is constructed using an FR4 substrate with
a relative permittivity (εr) of 4.4 and a thickness (h) of 3mm. It
is optimized with a ground plane measuring 8.2mm× 8.2mm.
The mushroom-type electromagnetic band gap (EBG) surface
is modeled using an LC resonator, whose calculation can be
expressed as outlined in [11]:

C =
Webgε0(1 + εr)

π
cosh−1

(
2Webg + g

g

)
(1)

L = µ0h (2)

BW =
1

η

√
L

C
(3)

The offered equivalent transmission line model for the
printed array with an AMC structure aims to capture the
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FIGURE 2. (a) AMC design and (b) periodic boundary in HFSS.

electrical characteristics of the antenna system. This model
typically consists of lumped elements and transmission line
segments to represent various components and their interac-
tions. Here is an outline of the key components in the proposed
model [20]:

C1 =
εeε0LeW

2h
cos−2

(πy0
L

)
(4)

L1 =
1

(2πfr)2C1
(5)

R1 =
Q

ωC1
(6)
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c
√
εe

4frh
(7)

Cc =
−(C1+C2)+

√(
(C1+C2)2−4C1C2(1−1/C2

p)
)

2
(8)

Cp =
1√
Q1Q2

(9)

C2 = C1∆C/(C1 +∆C) (10)

The proposed model in Figure 3 incorporates various param-
eters to accurately represent the behavior of the printed array

FIGURE 3. Proposed equivalent transmission line model.

with the AMC. Here are the key components and their signifi-
cance. This model for the proposed printed antenna (PDA) in-
volves two RLC resonators because of the symmetric patches.
The two symmetric folded strips are represented as L1C1 and
L2C2 elements according to Figure 3. Additionally, the air gap
height between the antenna and AMC is modeled by the trans-
mission lineM2. Furthermore, an LC resonator is regarded for
the periodic surface.
The element values of the model are determined using the

Agilent Advanced Design System (ADS) simulator, employ-
ing the method of moments (MOM). The optimized values of
the lumped elements which are applied in the model are as fol-
lows: R1 = 50Ω, C1 = 2.58 pF, L1 = 0.251 nH, R2 = 50Ω,
C2 = 2.73 pF, L1 = 0.267 nH, R = 71Ω, C = 0.54 pF,
L = 0.03 nH,M1 = 313mm andM2 = 3.8mm.

3. EXPERIMENTAL AND SIMULATION RESULTS

Figure 4 shows the reflection magnitude and phase characteris-
tics of the proposed artificial magnetic conductor (AMC) at an
incident angle (θ) of 0◦. The simulated results exhibit a ±90◦

reflection phase within the frequency range of 5.25–7.15GHz,
with a resonance occurring at 6.12GHz.
Compared to previous research [11, 20–22], the suggested

AMC exhibits highly acceptable characteristics. It features a
symmetric unit cell design that provides identical responses for
both TE and TM waves. Additionally, it offers a significantly
broader bandwidth of approximately 2GHz, maintaining ac-
ceptable stability over the AMC bandwidth. These features
make it well suited for broadband applications in the C-band.
Figure 5 illustrates the S-parameters of the antenna design

with and without the AMC. The antenna lacking AMC ex-
hibits a measurement band from 5.35 to 6.7GHz (22.4%) for
S11 < −10 dB. Conversely, the antenna equipped with the
AMC demonstrates a −10 dB measured bandwidth spanning
from 4.57 to 6.8GHz, representing a bandwidth improvement
of more than double.
The dimensions of the antenna without the AMC are as fol-

lows: width × length × height = 0.439λL, 0.439λL, and
0.014λL, respectively. In comparison, the dimensions of the
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FIGURE 4. Reflection magnitude and phase of AMC for normal incident waves.

(a)

(b) (c)

FIGURE 5. Obtained results of S-parameters. (a) HFSS, (b) proposed model, (c) input impedance.

FIGURE 6. S-parameters for different lengths of the m and n parame-
ters.

antenna with the AMC are 0.368λL, 0.368λL, and 0.101λL,
respectively, leading to a size reduction of 34%.
Figure 5(b) illustrates the results of the proposed equivalent

model, implemented using ADS software. The simulation re-
sults cover 4.63–6.73GHz, showcasing a good agreement with
the measured results. This indicates that the equivalent model
accurately captures the electrical behavior of the printed array
with the AMC, providing valuable insights for the design and
optimization of the antenna system.
Simulated S-parameters of the antenna with AMC for vari-

ous lengths of the parametersm and n are depicted in Figure 6.
Figure 7 illustrates the variations in the height of the air gap, h2,
between the antenna and the AMC. The maximum gain of the
proposed antenna with the parasitic AMC across the bandwidth
reaches 8 dBi, as observed in Figure 8.
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FIGURE 7. Simulated S-parameters for different h2. FIGURE 8. Gains of the design.

(a)

(b)

FIGURE 9. Radiation patterns for (a) gain inXZ and Y Z-planes, (b) co and cross-pol inXZ and Y Z-planes.

Figure 9 displays the radiation patterns in theXZ-plane and
Y Z-plane for the antenna design. Additionally, Figure 10 il-
lustrates the current density distribution on the microstrip an-
tenna and artificial magnetic conductor (AMC) at various reso-
nances. At the lower resonance frequency of 5.1GHz, the cur-
rent distribution concentrates on the feed point, as depicted in
Figure 10(a). Conversely, at the higher resonance frequency of
6.4GHz, the current focuses on the longer section of the mi-
crostrip antenna, as shown in Figure 10(b). Table 2 lists the

performance of the design with respect to its prominent prop-
erties.

4. TWO-ELEMENT MIMO ARRAY
Figure 11 depicts a two-element array designed for MIMO ap-
plications. The array features a 3 × 4 parasitic AMC surface
measuring 24.6mm × 57.4mm. The distance between two
printed dipoles is set to d = 15.8mm. The measured and sim-
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FIGURE 10. Surface current density on the patch at (a) 5.1 and (b) 6.4GHz.

TABLE 2. Comparison study.

Proposed design
Impedance bandwidth

S11 ≤ −10 dB
Width× Length× Height

Maximum Gain
and Efficiency

My work 4.57–6.80GHz (46.2%)
24.6× 24.6× 6.8mm3

0.368λL × 0.368λL × 0.10λL

8 dBi
90%

[19] 3–4.1GHz (31%)
75× 75× 12.7mm3

0.75λL × 0.75λL × 0.127λL

7.1 dBi
88%

[20]
3.3–3.42GHz (3.6%)
5.88–6.1GHz (3.7%)

64× 64× 1.6mm3

0.71λL × 0.71λL × 0.017λL

6.29 dBi
86%

[24] 3.33–3.67GHz (9.7%)
70× 140× 0.8mm3

0.77λL × 1.55λL × 0.009λL

6 dBi
78%

[29] 2.37–2.50GHz (5.34%)
100× 125× 7.5mm3

1.02λL × 0.82λL × 0.63λL

10.3 dBi
88%

[33] 1.64–1.94GHz (16.8%)
50× 70× 25mm3

0.27λL × 0.38λL × 0.137λL

6.5 dBi
85%

[34] 6.9–7.9GHz (13.5%)
76× 76× 7mm3

1.75λL × 1.75λL × 0.160λL

13 dBi
90%

[35] 2.2–2.72GHz (18%)
67.5× 67.5× 4.5mm3

0.5λL × 0.5λL × 0.032λL

5 dBi
87%

ulated S-parameters of the 1 × 2 array with the AMC are pre-
sented in Figure 12. Specifically, the measured range of S11
for element 1 spans from 4.51 to 6.95GHz, while the measured
S22 for element 2 covers 4.60 to 6.93GHz. Moreover, the mea-
sured S12 parameter indicates isolation exceeding 30 dB across
the operational band, reaching a maximum of 43 dB.
Figure 13 presents three configurations of the antenna in or-

thogonal and horizontal orientations with the artificial magnetic
conductor (AMC). These configurations are denoted as cases

(a), (b), and (c). Additionally, Figure 14 plots the simulated
S21 of the proposed designs with distinct polarized orientations.
For cases (a), (b), and (c), the isolations are measured at 30 dB,
20 dB, and 19.5 dB, respectively.
In Figure 15(a), the measured gains of the two elements (1

and 2) for the proposed structure are demonstrated. Meanwhile,
Figure 15(b) illustrates the measured efficiencies of the MIMO
design, showing nearly identical behavior for both elements.
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FIGURE 11. Geometry of the 1× 2 array with 3× 4 AMC. FIGURE 12. S-parameters of the 1× 2 array.

(a) (b)

(c)

FIGURE 13. Various cases of antenna; (a) horizontal and orthogonal
polarized orientations, (b) horizontal polarized orientations and (c) or-
thogonal polarized orientations.

FIGURE 14. Isolations (S21) of the designs in Fig. 11.

(a) (b)

FIGURE 15. (a) Gains, (b) efficiencies of MIMO array.

Figure 16 depicts the calculated envelope correlation coef-
ficient (ECC). The ECC level is observed to be less than 0.01
due to the proper isolation between the elements and high ef-
ficiencies. Furthermore, the measured ECC based on the S-
parameters and efficiencies is provided in Figure 12. The mea-
sured ECC is calculated using the formula outlined in [36]:

ρeij=

∣∣S∗
iiSij+S

∗
jiSjj

∣∣2(
1−|Sii|2−|Sji|2

)(
1−|Sjj |2−|Sij |2

)
ηradiηradj

(11)

The total active reflection coefficient (TARC) is defined
as [37]:

Γt
a =

√√√√ N∑
i=1

|bi|2
/√√√√ N∑

i=1

|ai|2 (12)

where ai is the incident wave, and bi is the reflected wave.
The measurement of TARC for 1 × 2 array is sketched in

Figure 17.
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FIGURE 16. Calculated ECC 1× 2 array. FIGURE 17. Measured TARC.

FIGURE 18. The channel capacity loss for 1× 2 array.

FIGURE 19. Images of fabricated cases.

In the scenario of high signal-to-noise ratio, the capacity loss
is accounted for as follows:

CCL = − log2 det(ψ
R) (13)

where ψR represents the receiving antenna correlation ma-
trix [37]:

ψR =

 ρ1,1 ... ρ1,N

... ... ...

ρN,1 ... ρN,N

 (14)

which:

ρii = 1−
(
|Sii|2 + |Sij |2

)
(15)

ρij = −
(
S∗
iiSij + S∗

jiSjj

)
(16)

The calculated capacity loss (CCL) for the 2-element MIMO
array is depicted in Figure 18. Additionally, Figure 19 presents
photos of the manufactured antennas.
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The proposed antennas are fed by a 50-Ohm probe, and
they consist of two layers with four supporter pins as air gap.
The far-field performance monitoring measurement setup for
assessing the radiation performance of the proposed antennas
in the anechoic chamber is depicted in Figure 19. A well-
calibrated standard gain horn antenna serves as the transmitting
(TX) antenna, while the prototype antenna is measured as the
receiving (RX) antenna. The horn antenna is positioned at a far-
field distance from the proposed antenna, where D represents
the total dimension of the antenna, and λ is the wavelength.
To ensure stable power reception, amplifiers are employed.

During testing, the antenna is rotated to measure the radiation
intensity at various orientations. The S-parameters are mea-
sured using an Agilent 8720C network analyzer. To determine
the gain of the proposed antenna in dBi, the gain of the refer-
ence horn antenna (Gref) is first measured. Subsequently, the
gain of the proposed antenna relative to the reference antenna
(GRelative) is measured. The final gain of the proposed antenna
is then calculated as the sum of Gref and GRelative for each fre-
quency point.

5. CONCLUSION
The introduced artificial magnetic conductor (AMC) design,
exhibiting broadband properties within the C-band, employs a
parasitic patch to cover the frequency range of 5.25–7.15GHz.
The proposed antenna, featuring folded strips using by the
AMC reflector, presents a low-profile broadband solution for
wireless systems. By integrating a 3× 3 AMC surface into the
antenna, an impressive−10 dB impedance bandwidth of 4.57–
6.80GHz (43.2%) is achieved, accompanied by unidirectional
radiation patterns and higher gains up to 8 dBi. Measurement
results confirm acceptable efficiency, leading to the conclusion
that the suggested design is suitable for broadband wireless sys-
tems. Moreover, the performance of a two-element array of the
antenna is investigated using a 3 × 4 AMC reflector. In sum-
mary, the realized study underscores the potential of the com-
pactMIMO antenna array, boasting high gains of 8 dBi and effi-
ciencies, for applications in WLAN,WiMAX, and 5G systems.
Overall, the proposed equivalent transmission line model aims
to provide a simplified yet accurate representation of the printed
array with the AMC, allowing for efficient analysis and design
optimization of the antenna system.
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