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ABSTRACT: A novel artificial magnetic conductor (AMC) structure as a reflector is presented to enhance the gain of a fractal ultra-
wideband (UWB) multi-input multi-output (MIMO) antenna. Unit cell of proposed AMC structure is achieved through 4 iterations to
obtain better characteristics as reflector. An in-phase reflection from 2–16GHz is achieved by the unit cell. The proposed AMC structure
6× 6 array and 6× 12 array are examined with single element and 2 element fractal MIMO antennas, respectively. The fractal MIMO
antenna backed with an AMC structure achieved an operating band from 2.2 to 15.8GHz, and the isolation between the elements is greater
than 23 dB. The proposed AMC structure is fabricated, and experimental results are analysed in comparison with simulation ones. An
average gain improvement of 6.1 dB is observed by the proposed AMC structure in the operating band. Surface current distributions, EM
fields, and radiation patterns are investigated at various frequencies. MIMO performance parameters such as diversity gain, total active
reflection coefficient, envelope correlation coefficient, and channel capacity loss characteristics are analyzed in this paper. The fractal
MIMO antenna backed with an AMC structure exhibits good diversity performance characteristics with improved radiation properties
for UWB applications.

1. INTRODUCTION

AMC is explored in various fields such as radar systems,
telecommunications, internet of things (IoT) devices, and

satellite communications in enhancing the gain of fractal anten-
nas. It also provides more reliable wireless communication sys-
tems thereby enabling advancements in autonomous vehicles,
medical monitoring, and remote sensing. Inclusion of AMCs
also reduces surface wave propagation and backward radiation.
Therefore, radiation efficiency of fractal antennas can be en-
hanced for good signal reception and transmission, particularly
in environments with high attenuation or interference. Many
researchers have worked on the design of various AMC struc-
tures for different applications and enhanced various properties
of microstrip patch antennas. This section presents a brief re-
view [1–29] of works done by various researchers in develop-
ing AMC structures. Novel broadband hexagon-shaped AMC
and miniatured AMC are proposed for gain enhancement in
[1, 2]. Various AMC structure designs and their applications
on antennas have been presented for gain enhancement like
polarization-insensitive AMC structure, stub-loaded artificial
magnetic conductor, curved coupled microstrip line resonators
based wideband uniplanar AMCs, and varactor-loaded AMC
ground in [3–14]. AMC reflector for radio frequency identi-
fication (RFID) readers, AMC surface for vehicular wireless
communications, AMC reflection phase characteristics, ultra-
thin AMC, optically invisible AMC subarrays, RCS based on
polarization-dependent AMC metasurface, compact tetracyclic
nested AMC, etc. are proposed and analyzed in [15–29] for the
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gain enhancement of various microstrip patch antennas. From
the literature review, most of the AMCs are proposed for nar-
rowband applications. More research is required to develop
wide band AMCs which can improve the radiation properties
of fractal MIMO antennas over a wide frequency range.
This paper proposes a novel miniatured AMC to enhance the

gain of UWB antennas. The proposed AMC is placed with a
UWB fractal antenna and MIMO fractal antenna [30] to ex-
amine the behaviour with AMC and radiation properties like
gain enhancement and radiation patterns. Section 2 describes
AMC unit cell design and analysis with reflection and transmis-
sion coefficient characteristics. Section 3 presents the gain en-
hancement of a UWB fractal antenna using proposed AMC. Re-
sults are discussed in Section 4. The analysis of MIMO fractal
antenna backed with AMC structure and MIMO performance
metrics are illustrated in Sections 5 and 6. Section 7 concludes
the proposed work with major findings.

2. AMC UNIT CELL AND ANALYSIS
UWB AMC structure as a reflector is proposed for enhancing
the gain characteristics of UWB fractal antenna. The design of
proposed AMC unit cell is carried out in four iterations as pre-
sented in Figure 1. Iteration-1 consists of the design of an AMC
unit cell with square loop on a thin grounded dielectric substrate
of dimensions 10 × 10 × 0.8mm3. It is designed on an FR-4
substrate with dielectric constant 4.4 and loss tangent 0.02 us-
ing ANSYS HFSS simulation tool. A three-hexagon element
with side s1 is integrated within the square loop in iteration-
2, and a circle with diameter d1 is etched from the center of
hexagonal element in iteration-3. Parametric analysis is per-
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Iteration-1 Iteration-2 Iteration-3 Iteration-4

(a) (b) (c) (d)

(e)

Proposed AMC design using Floquet port theory on top face

FIGURE 1. Iterations of AMC unit cell design.

formed on d1 to further optimize the AMC unit cell design. For
d1 = 4mm, AMC unit cell exhibits better S-parameter charac-
teristics. Iteration-4 is the final proposed AMC unit cell with
a UWB reflector. Geometrical specifications of the proposed
AMC unit cell are tabulated in Table 1. Figure 1(e) illustrates
the proposed AMC unit cell design and simulation model. Pe-
riodic boundary conditions (PBCs) are applied on the sides of
unit cell to simulate an infinite array. Floquet port theory is used
to analyze the unit cell reflection characteristics. In analyzing
the AMC structure, the transmission coefficient (S21) is omit-
ted because the metallic ground plane inherent to the structure
blocks any transmission. As depicted in Figure 1(e), adding
a second Floquet port is impractical due to this ground plane.
Consequently, only one Floquet port is used, positioned on the
top surface of the AMC structure, to measure the reflection co-
efficient (S11) and phase characteristics.

TABLE 1. Design parameters of proposed AMC unit cell.

Parameter Lu W u W 1 t1 s1 d1
Dimensions in mm 10 10 8 0.5 1.41 2

The resonant frequency of the AMC is identified at
4.85GHz. Reflection phase measurements were conducted at a
distance of λ/4 = 8.8mm (for center frequency 8.5GHz) from
the AMC surface using this single Floquet port configuration.
The analysis presented in Section 2.1 centers on the reflection
coefficient and phase characteristics, specifically for the TE
mode.

2.1. Reflection and Transmission Coefficient Characteristics
S-parameter characteristics of the proposed AMC unit cell for
iterations 1, 2, 3, and 4 are represented in Figure 2(a). From

iteration-1 to iteration-4, reflection coefficient characteristics
are improved to make the proposed AMC unit cell as a UWB
reflector. Parametric analysis of iteration-3 with respect to the
radius of etched circle ‘r’ (d1/2) is depicted in Figure 2(b). ‘r’
is varied from 1 to 2.5mm with a step size of 0.5mm. For
‘r’ = 2mm, the proposed AMC unit cell achieved better re-
flector characteristics in UWB frequency range. Figure 2(c)
presents reflection phase characteristics of the proposed AMC
unit cell. The reflection phase of the AMC structure was ex-
amined over a wide frequency range (2–16GHz). The analysis
revealed that the reflection phase transitions from−90 degrees
to−180 degrees within 5 to 5.8GHz band, signifying an out-of-
phase reflection in this specific frequency range, and it achieved
in-phase reflection band in the remaining frequency band that is
most suitable to enhance radiation properties of UWB antennas.

3. ANTENNA GAIN ENHANCEMENT WITH PRO-
POSED AMC
To validate the performance of proposed AMC structure in gain
enhancement, it is placed beneath a fractal UWB antenna [30],
and the results obtained are analyzed. Figure 3 presents the
placement of proposed AMC structure of 6 × 6 array simula-
tion model and fabricated model. The simulation model top
view of the fractal antenna placed over 6 × 6 array AMC is
illustrated in Figure 3(a). The distance of separation between
antenna and AMC is ‘h’ and can be observed in Figure 3(b).
The proposed AMC is fabricated and examined experimentally
as illustrated in Figure 3(c). Optimized separation between an-
tenna and AMC is achieved through parametric analysis with
respect to ‘h’. Gain characteristics of the antenna with AMC
for various values of ‘h’ = 12, 13, 14, and 15mm are illustrated
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For various iterations of AMC unit cell Parametric analysis w.r.t `r'

Reflection phase characteristics of iteration-4

FIGURE 2. S-parameter characteristics of proposed AMC unit cell.

in Figure 4. For h = 14mm, it obtained better gain characteris-
tics with a peak gain of 8.9 dB at 9.5GHz. Gain values for var-
ious ‘h’ values at different resonant frequencies are presented
in Table 2.

TABLE 2. Peak gain (dB) values at different frequencies for various
‘h’ values.

Frequency
(GHz)

h = 12mm h = 13mm h = 14mm h = 15mm

2.7 3.99 4.45 5.75 4.94
4.2 6.30 6.75 8.05 7.25
5.4 5.16 5.62 6.92 6.12
5.9 5.22 5.67 6.97 6.17
7.3 5.15 5.60 6.90 6.10
8.6 6.39 6.84 8.14 7.34
10.5 6.34 6.79 8.11 7.29
12.6 4.46 4.91 6.22 5.41

4. RESULTS AND DISCUSSION

4.1. S11 Characteristics
Figure 5 depicts measured and simulated S11 characteristics
of the antenna backed with and without AMC. It operates for

UWB from 2.25GHz to 15.46GHz with an impedance band-
width (S11 <= −10 dB) of 13.21GHz. Measured values us-
ing VNA slightly deviate from simulated values by maintaining
UWB. S11 values at different frequencies are tabulated in Ta-
ble 3.

TABLE 3. S11 values at different frequencies.

Frequency
(GHz)

Simulated
without AMC

Simulated
with AMC

Measured
with AMC

4.2 −14.51 −11.21 −12.78

5.9 −14.38 −21.01 −20.03

7.3 −10.69 −10.34 −13.74

8.6 −52.59 −26.92 −20.01

10.5 −24.11 −22.31 −18.52

12.6 −19.00 −33.30 −24.93

4.2. Surface Current Distribution
Surface current distribution and EM fields of the proposed
AMC placed with a fractal antenna are represented in Figure
6 at two key frequencies 5.9GHz, 7.3GHz. It is observed that
AMC acts as a good reflector as no radiation is being trans-
mitted through AMC. However, at 5.9GHz minor radiation is
coupled to AMC which can be observed in S-parameter char-
acteristics of the proposed AMC unit cell in Figure 2(a).
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Top view of antenna placed over AMC

 

Side view of antenna and AMC Fabricated antenna and AMC for testing
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FIGURE 3. Placement of antenna on proposed AMC for gain enhancement.

FIGURE 4. Gain characteristics for variations in ‘h’.
FIGURE 5. S11 characteristics.

Surface current at 5.9 GHz Surface current at 7.3 GHz E-fieldat 5.9 GHz E-fieldat 7.3 GHz

H-fieldat 5.9 GHz H-fieldat 7.3 GHz

(a) (b) (c) (d)

(e) (f)

FIGURE 6. Surface current distribution and EM fields of antenna with AMC.
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FIGURE 7. 3D gain plots of antenna with AMC.
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FIGURE 8. Radiation patterns at different frequencies with and without AMC.

4.3. Far-Field Radiation Characteristics

Figure 7 illustrates polar gain plots of the fractal antenna with
AMC at 5.9 and 7.3GHz. As AMC acts as a reflector, most of
the back radiation is reflected towards forward direction, and
therefore, gain of the fractal antenna is enhanced. AMCs ex-
hibit a high surface impedance around their resonant frequency
and result in constructive interference of the reflected waves.
Therefore, the gain of antenna increases due to enhanced radia-
tion in the desired direction. AMCs improve the gain of antenna
by their unique properties like high surface impedance, surface
wave suppression, and reduced back radiation.

Radiation patterns of the fractal antenna with and with-
out AMC at various frequencies 2.4, 3.8, 4.2, 5.9, 7.3, and
10.5GHz for Phi = 90◦ and Phi = 0◦ planes are plotted in Fig-
ures 8(a), (b), (c), (d), (e), (f), (g), (h), (i), (j), (k), and (l), re-
spectively. From these patterns it can be observed how back
radiation is reduced, and gain is enhanced in forward direction
adding to major lobe with AMC. Figure 9 illustrates peak gain
characteristics of the fractal antenna with and without AMC.
At 5.9GHz, the gain of fractal antenna without AMC is 0.2 dB,
and with AMC the gain has improved to 6.3 dB. The reflection
phase of the AMC structure indicates an out-of-phase reflec-
tion in 5–5.8GHz frequency range. Despite this, gain enhance-
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FIGURE 9. Simulated and measured gain characteristics with and with-
out AMC.

ment is continuously observed from 2 to 16GHz. Peak gain
values of the fractal antenna with and without proposed AMC
and improvement in gain are tabulated in Table 4 for some key
frequencies.

TABLE 4. Peak gain values of fractal antenna.

Frequency
(GHz)

Peak Gain
(dB) without

AMC

Peak Gain
(dB) with
AMC

Improvement
in Gain (dB)

4.2 0.18 8.07 7.89
5.9 0.25 6.98 6.73
7.3 1.45 6.94 5.49
10 3.92 8.53 4.61
12 1.68 6.62 4.94

5. MIMO ANTENNA WITH AMC
Further, fractal MIMO antenna [30] is investigated for gain en-
hancement through the proposed AMC structure. Simulated
model and fabricated prototype are presented in Figures 10(a)
and (b). For fractal MIMO antenna, a 6 × 12 array AMC is
implemented.
S-parameter characteristics of the MIMO antenna with and

without AMC are presented in Figures 11(a) and (b). From
reflection coefficient characteristics, it achieved an operating
band from 2.2GHz to 15.8GHz with an impedance bandwidth
of 13.6GHz. The isolation between MIMO elements is greater
than 23 dBwithAMC as represented in transmission coefficient
characteristics. Table 5 depicts the isolation betweenMIMO el-
ements with AMC for different frequencies.

TABLE 5. Isolation between MIMO elements.

Frequency (GHz) 4.2 5.9 7.3 10 12
Isolation (dB) 27.5 25.4 30.7 42.2 32.1

Peak gain characteristics of fractal MIMO antenna with and
without proposed AMC are presented in Figure 12(a). At

10GHz frequency, gain is improved from 2.62 dB to 9.24 dB
due to AMC. Peak gain values at various frequencies are tab-
ulated in Table 6 with respective improvements in gain. Fig-
ure 12(b) illustrates the radiation efficiency characteristics of
MIMO antenna across a frequency range of 2–16GHz. The
graph compares the simulated and measured radiation efficien-
cies for the antenna with and without AMC. Noticeable dip can
be observed in out-of phase band due to the resonant effects of
AMC. Radiation efficiency decreases at higher frequencies due
to increased losses.

TABLE 6. Peak gain values of fractal MIMO antenna.

Frequency
(GHz)

Peak Gain
(dB) without

AMC

Peak Gain
(dB) with
AMC

Improvement
in Gain (dB)

4.2 1.06 7.27 6.21
5.9 1.40 6.48 5.08
7.3 1.72 8.20 6.48
10 2.62 9.24 6.62
12 2.73 7.52 4.79

6. MIMO PERFORMANCE METRICS
Major performance metrics of MIMO antenna are: total active
reflection coefficient (TARC), envelope correlation coefficient
(ECC), channel capacity loss (CCL), and diversity gain (DG).
ECC can be obtained using Equation (1) [31], and ECC char-
acteristics of MIMO antenna backed with AMC are illustrated
in Figure 13. ECC values are less than 0.01 through operating
band. Equation (2) [31] gives relation between DG and ECC
values. From Figure 13, DG of MIMO antenna with AMC is
very close to 10.

ECC =

∣∣∣∫ 2π

0

∫ π

0

(
XPREθ1E

∗
θ2Pθ + Eφ1E

∗
φ2Pφ

)
dΩ

∣∣∣2∫ 2π

0

∫ π

0

(
XPREθ1E

∗
θ1Pθ + Eφ1E

∗
φ1Pφ

)
dΩ

×
∫ 2π

0

∫ π

0

(
XPREθ2E

∗
θ2Pθ + Eφ2E

∗
φ2Pφ

)
dΩ

(1)
where XPR is cross-polar discrimination, defined as time-
averaged vertical-to-horizontal power ratio. Eθ1, Eθ2 are θ
(vertical) polarized complex radiation patterns of antenna-1 and
antenna-2 of the system, and Eφ1, Eφ2 are φ (horizontal) po-
larized complex radiation patterns of antenna-1 and antenna-2
of the system.

DG = 10
√
1− ρ2 (2)

where ρ is the complex cross correlation coefficient with |ρ|2 ≈
ECC.
TARC can be obtained fromS-parameters using Equation (3)

(for 2-port network), and it gives the effective operating band
of MIMO antenna. TARC characteristics are illustrated in Fig-
ure 14.

Γt
a =

√√√√((
|s11 + S12ejθ|2

)
+

(
|s21 + S22ejθ|2

))
2

(3)
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Fabricated MIMO antenna and AMCSimulation top view

(a)
(b)

FIGURE 10. MIMO antenna over 6× 12 array AMC.

(a) (b)

FIGURE 11. (a) S-parameter characteristics of MIMO antenna with and without AMC. (b) S-parameter characteristics of MIMO antenna with and
without AMC.

(a) (b)

 

FIGURE 12. (a) Gain characteristics of MIMO antenna. (b) Radiation efficiency characteristics of MIMO antenna.

TABLE 7. Peak gain values of fractal antenna with and without AMC.

Frequency (GHz) ECC DG CCL (bits/s/Hz)
4.2 0.0050 9.99987 0.37
5.9 0.0006 10 0.11
7.3 0.0005 10 0.31
10 0.0002 10 0.02
12 0.0007 10 0.06

where θ is the input feeding phase.
CCL defines the maximum limit for lossless transmission,

and for CCL< 0.4 bits/s/Hz, lossless transmission is supported
by MIMO antenna. CCL can be derived from S-parameters us-
ing Equations (4)–(9) for 2-port. Figure 14 illustrates that CCL
values of the proposed fractal MIMO antenna backed with and
CCL values are less than 0.4 bits/s/Hz in the operating band.
ECC, DG, and CCL values for some key frequencies are tabu-
lated in Table 7.

CCL = − log2(det(ψ
R)) (4)
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FIGURE 13. ECC and DG characteristics of MIMO antenna with AMC. FIGURE 14. TARC and CCL characteristics of MIMO antenna with
AMC.

TABLE 8. Comparison of proposed work with existing works.

Reference MIMO elements Operating Band (GHz) Gain (dB) Isolation (dB) ECC CCL (bits/sec/Hz)
[9] 2 3.0–4.1 7 > 25 < 0.01 -
[22] - 4.77–7.12 9.9 - - -
[26] - 3.2–11 7.2 - - -
[27] 4 3.3–6.02 8.4 > 30 - -

Proposed work 2 2.2–15.8 8.5 > 23 < 0.01 < 0.4

where,

ψR =

[
ρ11 ρ12
ρ21 ρ22

]
(5)

ρ11 = 1−
(
|S11|2 + |S12|2

)
(6)

ρ22 = 1−
(
|S22|2 + |S21|2

)
(7)

ρ12 = − (S∗
11S12 + S∗

21S22) (8)
ρ21 = − (S∗

22S21 + S∗
12S11) (9)

The performance of the proposed AMC with fractal MIMO
antenna is comparedwith existing literature reviewwith respect
to number of MIMO elements, operating band, gain, isolation,
ECC, and CCL in Table 8.

7. CONCLUSION
A novel AMC structure is proposed to enhance the gain of frac-
tal MIMO antenna for UWB applications. The proposed AMC
structure is used as a reflector, and fractal single element an-
tenna and MIMO antennas are examined for their performance.
The fractal MIMO antenna bagged with AMC structure op-
erates from 2.2 to 15.8GHz, and gain has been improved to
8.5 dB. It also achieved good diversity performance. ECC is not
greater than 0.01, and diversity gain is very close to 10. CCL
is less than 0.4 bits/s/Hz, and the effective bandwidth obtained
from total active reflection coefficient characteristics is also sat-
isfactory for UWB applications. Therefore, the fractal MIMO

antenna with proposed AMC structure exhibits enhanced ra-
diation properties and good diversity performance suitable for
UWB applications.
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