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Abstract

In this work, a low profile ultra-wideband (UWB) antenna is designed and investigated using
a novel loop-based wideband artificial magnetic conductor (WB-AMC) for gain enhance-
ment. Initially, a compact loop antenna is designed using stub loading and further optimized
for the UWB range by applying curve ground methodology. The average gain of the proposed
antenna without WB-AMC is 2.7 dBi. To enhance the gain of the entire UWB range, loop-
based WB-AMC in [2 × 2] forms is integrated. WB-AMC is used as a ground plane beneath
the antenna. To validate the performance, the UWB antenna and WB-AMC are fabricated
and tested. The measured results confirm the entire UWB range. Proposed antenna provides
a peak gain of 9.4 dBi and an average gain of 5.8 dBi. Vertical profile reduction of 50% is
achieved compared to perfect electric conductor ground. The proposed UWB antenna is a
potential candidate for UWB wireless applications due to its attractive features such as low
profile, wide bandwidth coverage, omnidirectional pattern, constant high gain, and group
delay.

Introduction

Today’s microscale regime demands low profile wideband antenna with high gain and better
efficiency in communication industries such as microwave image processing, radar communi-
cation, satellite, and wireless personal communication. Different wideband approaches have
been stated to fulfill the aforementioned required characteristics from a single antenna.
Bandwidth enhancement was achieved using slot and stub loading technique [1, 2]. Further
to achieve ultra-wideband (UWB) range, different geometries such as circular ring, annular
ring, and hexagonal shapes have been investigated and proposed [3, 4]. Fractal structures
were well explored to achieve dual-band, wideband, and UWB antennas [5–7]. On the con-
trary, low gain and unstable radiation patterns of these techniques confine its applicability.
A compact Vivaldi antenna was reported for UWB application with a stable radiation pattern
[8], but the complex design and large dimension was the limitation. Electromagnetic band-gap
(EBG) structure is also examined for the high gain solution in wideband antenna [9–11]. The
design complexity of metallic via and large ground limits EBG usage for low profile applica-
tion. Low complexity corporate-feed structure is also proposed for gain enhancement [12];
however, this solution suffers from complex geometry. Fractional bandwidth of 30% was
achieved and occupies a large area to provide feed network. Later different types of frequency-
selective surfaces (FSS), the combination of FSS with PBG and the combination of metama-
terial and FSS structure, were presented for the improvement of gain and radiation property
[13, 14]. Gain improvement achieved was 32% (2 dBi) using FSS and PBG technique compared
to a simple form of patch antenna [13]. Radiation property was improved in 3:1 ratio for
dipole array [14]. Equivalent circuit was reported for FSS-based metamaterial absorber in
[15]. The effect of slot on patch and filter insertion near feed is studied and reported for
the improvement of realized gain in [16]. Meta-material loaded structures were also reported
for gain enhancement of planar antennas [17, 18]. On the contrary, these techniques require
large ground area, low bandwidth, and demand a solution of low profile structure. A detailed
analysis of the UWB high gain antenna with radiation pattern stability is seldom discussed.
Recent research shows that the gain of a conventional antenna can be enhanced using artificial
magnetic conductor (AMC) ground but it is only applicable for dual-band, multiband, and
wideband applications [19–23]. Dual-band rejection using CSRR is also reported in UWB
application [24]. Cross-slot AMC is recently proposed and gain bandwidth enhancement of
48% is reported [25]. AMC was studied and implemented for 5G application in [26]. It was
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established that loop-based AMC provides better angular stability
and compact structure as shown in [22], and triple-band absorber
was proposed and polarization independency concept with
equivalent circuit was reported in [27]. It was established that a
wideband AMC design is required to cover the entire UWB
region. It should also provide high gain with low profile structure
for desired application.

In this research work, an effort is made to design an UWB low
profile high gain antenna. A novel low profile high gain antenna is
proposed using wideband artificial magnetic conductor
(WB-AMC). The design of UWB antenna and evolution stages
using stub loading with a curved ground plane approach is elabo-
rated in “UWB antenna design” section. The proposed UWB
antenna has a compact volumetric size of (0.4λ0 × 0.4λ0 ×
0.13λ0) mm3. Here (λ0) is the lowest free space wavelength at
3.1 GHz. Further low profile WB-AMC design and optimization
are discussed using loop-based WB-AMC in “WB-AMC” section
for gain enhancement. “Result and discussion” section elaborates
the results and discussion by validating the simulated and mea-
sured data. Time domain analysis is also carried out for a
face-to-face configuration and presented briefly. Finally, the con-
clusion of the proposed work is discussed in “Conclusion” sec-
tion. The novelty of the proposed antenna is the improvement
in gain without deteriorating the antenna performance. Profile
reduction of 50% is achieved compared to perfect electric con-
ductor (PEC) profile. Moreover, the qualitative comparison of
the reported antennas with the proposed antenna is presented.
It is clearly seen that the proposed UWB antenna has better per-
formance in all aspects and outperforms the art of work for UWB
application.

UWB antenna design

The proposed UWB antenna has an annular ring radiating struc-
ture loaded with a T- and crescent-shaped stub. It is fed with a

50Ω CPW line with gap/signal/gap (0.3/2.5/0.3) mm. The sug-
gested antenna is fabricated on an FR-4 substrate of εr = 4.4 and
a thickness of 1.6 mm. Primary design equation to calculate the fun-
damental resonance frequency and annular ring dimension is calcu-
lated using [1, 2] and it is presented in equations (1) and (2).

fr = c× k
2p ����

1eff
√ (1)

k = 2n
r3+ r4

(2)

Here “n” is chosen as 1 for exciting fundamental mode.
Effective permittivity of the medium is denoted as εeff. Effective
design parameters of the proposed antenna (L1, L2, T1, T2, r1,
r2, r3, and r4) are vertical length, horizontal length, thickness
of the T-shaped stub, thickness of annular ring, and all four
radii of the crescent shape and annular structure, respectively.
Other design parameters (GW, GL, fw, Wf, and g) are ground
width and length of side, feed width, gap combined with feed,
and gap between ground and patch, respectively. The presented
antenna has an overall size of (0.29λ0 × 0.27λ0 × 0.016λ0) mm3.
The proposed antenna with a crescent- and T-shaped open-ended
stub for UWB application is shown in Fig. 1 and the optimized
dimensions of the proposed antenna are given in Table 1.

Evolution stage of UWB antenna

An important parameter of UWB antenna is the inclusion of stub
to create extra resonance by preserving the compactness. The
structure of the fundamental antenna is depicted in Fig. 2(a)
and it resonates at 5 GHz covering the frequency band from 3.2
to 5.8 GHz with 57% fractional bandwidth. The wideband
antenna is optimized for maximum impedance bandwidth and

Fig. 1. (a) Proposed UWB antenna. (b) Fabricated UWB antenna.

International Journal of Microwave and Wireless Technologies 503

https://doi.org/10.1017/S175907872200037X Published online by Cambridge University Press

https://doi.org/10.1017/S175907872200037X


better radiation patterns simultaneously. To mitigate the mis-
match and achieve UWB, the curved ground approach is followed
and optimized further to provide better impedance matching for
the entire band of interest. The step by step modified design flow
for the proposed CPW fed UWB annular ring antenna is pre-
sented in Figs 2(a)–2(e). To achieve wide operational bandwidth,
the T- and crescent-shaped open-ended stub is loaded inside the
ring radiator. As a result of this modification, dual-band reson-
ance occurred at 7 and 8.2 GHz, respectively. Dimensions of the
T-shaped stub (L1, L2, and T1) have been optimized further to
cover the lower band of UWB while keeping all other structural
parameters constant. It is observed that increasing the length of
the stub L1 and simultaneously decreasing its width T1 shifts
the resonance to the lower side with improved return loss. The
fractional bandwidth is increased from 57 to 76% in this case.
Antenna evolutions can be seen after the incorporation of stubs
as indicated in Figs 2(b)–2(d).

Further to cover the UWB range, the ground plane is tailored
into a curve shape (both side of the corner) as depicted in Fig. 2(e).
It can be observed that return loss performance improved near
6.8 GHz (Antenna-D) due to stub insertion inside the annular
ring antenna. This in turns deteriorated the return loss near 3.5
GHz. Knowing the fact that curve transition provides gradual
shift in impedance and smooth surface current flow near the
bends instead of sharp bend, we have optimized the curved
ground such that it offers better surface current flow and gradual
impedance transformation near the lower band of UWB. We have
performed the parametric analysis to see the effect of curved
ground plane while keeping other parameters constant. It was
observed that altering the corner of ground plane affects the
return loss near the lower band of UWB due to smooth transition
at the corners. Further optimizing the CPW ground plane and
increasing the curve length Cg improves the return loss near the
lower band of UWB. Finally, fractional bandwidth of 97.18%
from 3.7 to 10.6 GHz is attained with center frequency at
7.1 GHz. Improvement was also observed near 3.5 GHz frequency

Table 1. Dimension of the proposed UWB antenna

Parameter Dimension (mm) Parameter Dimension (mm) Parameter Dimension (mm)

W 26.5 r1 2.6 Cg 1.7

L 28 r2 4.6 g 0.3

GL 10.7 r3 6.2 T1 1.2

GW 12 r4 7.8 T2 1.6

fw 1.9 Wf 2.5 L1 6.28

L2 1.4 T 0.035 H 1.6

Fig. 2. Evolution stage of CPW fed UWB antenna.

Fig. 3. Return loss variation for antenna evolution stage.

Fig. 4. Comparison of profile reduction of proposed antenna using WB-AMC ground.
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due to curved ground approach. The return loss variations for the
evolution stages are depicted in Fig. 3 for different evolution
stages of the suggested antenna.

WB-AMC

This section explains the design and analysis of fundamental
square unit-cell AMC for bandwidth enhancement. The AMC
is designed to reflect the incident wave that is in phase with the
direct wave radiated by the antenna with half of the distance of
PEC ground as shown in Fig. 4. The frequency deviation for

the resonances, stable bandwidth, and gap effect for different pos-
sible structures is also verified through extensive simulation. The
optimized values of the loops for the highest bandwidth are con-
sidered because once the substrate material and the shape of the
unit cell are fixed, wide reflection phase bandwidth can be
obtained by varying loop width of unit cells [27].

WB-AMC design

Initially, a square patch of 18 × 18 mm2 is taken with a PEC of
20 × 20 mm2 on the back side to provide resonance at 7.0 GHz.
The WB-AMC investigated in this work contains multi-loop
structure (two outer square loops and one circular loop). To pro-
vide maximum reflection, the reflection coefficient magnitude
and phase should be 0.9 < Г and +90° < θ <−90°, respectively. It
is proven through the research that AMC designed using loop-
based structures required compact area as compared to the con-
ventional patch [22]. Knowing the fact that reducing the overall
capacitance and increasing the inductance of the structure leads
to the bandwidth enhancement [18]; initially geometry of the
conventional square patch was designed and further modified
into square loop to maximize the offered inductance. The reson-
ance angular frequency of AMC, and magnitude and phase of the

Fig. 5. (a) Proposed WB-AMC structure. (b) Simulation set up in HFSS tool.

Table 2. Design parameters of WB-AMC with their dimension

Parameters Value (mm) Parameters Value (mm)

S1 1 b 18

S2 1.5 L =W 20

r2 3 c 13

r1 1.5 g 1

g1 2 g2 1.5

Fig. 6. Equivalent circuit of proposed loop-based WB-AMC.
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AMC ground plane are calculated using equations (3)–(5), from
[19]. When the denominator in equation (4) is set to zero, the
surface offers nearly infinite impedance and works as a perfect
reflector.

v0 = 1����
LC

√ (3)

ZHIS = jvL
1− v2LC

(4)

u = Img ln
ZHIS − n
ZHIS + n

( )[ ]
. (5)

AMC demonstrates in phase characteristics like perfect mag-
netic conductor for certain bandwidth, as proven in [14].
Bandwidth for AMC is taken from −90° (lower frequency) to
+90° (upper frequency) with 0° phase shift at resonance frequency
( fc), here the resonance frequency of AMC is 7.0 GHz. The values
of effective wavelength (λeff) and effective permittivity (εreff) are

calculated from the resonance frequency. The initial patch size
is Lp and it is calculated from equation (6).

Lp = leff
2

(6)

C = 1reff

2
(1− 0.636 ln (koH)) (7)

L = moH. (8)

L and C are total inductance and capacitance offered by
WB-AMC and H is denoted as the thickness of the substrate.
Equations (6)–(8) are used to calculate the parameter and are
rewritten from [22].

Evolution stage of WB-AMC

The proposed WB-AMC is presented in Fig. 5(a) and the simula-
tion set up in HFSS tool is presented in Fig. 5(b). Design para-
meters of the proposed WB-AMC are presented in Table 2.

Equivalent circuit of the proposed WB-AMC is shown in
Fig. 6. The WB-AMC design parameters L1, C1, L2, C2, L3,
and C3 are the corresponding inductance and capacitance for
the outer square loop1 of width S1, square loop 2 of width S2,
and circular loop of width (r2–r1), respectively. CMA, CMB, and
CMC are the mutual capacitance between the respective loops.
Cm is the capacitance between loops and ground plane.
Calculated values of the parameters are presented in Table 3.

Table 3. WB-AMC parameter calculated values using formula

Parameter Value (nH) Parameter Value (pF)

L1 1.38 C1 0.92

L2 0.96 C2 0.68

L3 0.45 C3 0.51

Fig. 7. (a) Evolution stage of loop-based WB-AMC. (b) Reflection phase comparison for loop-based WB-AMC. (c) Reflection phase variation of proposed WB-AMC and
square loops (1, 2, and 3).
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Evolution stage of the proposed WB-AMC is presented in
Fig. 7(a). It is noticed from Fig. 7(b) that the reflection phase
bandwidth of the multi-loop AMC has increased proportionally
for the dual-loop and triple-loop combination. Optimization
has been carried out further to achieve the desired wideband char-
acteristics (+90° to −90°) in terms of reflection phase bandwidth.
Reflection phase response was poor at higher frequency band for
three square loops AMC. Further, inner square loop was modified
into circular loop and it was observed from Fig. 7(c) that the pro-
posed square and circular loop WB-AMC structure provided
bandwidth from 3.8 to 10.8 GHz and selected for further analysis
to enhance the gain of the proposed UWB antenna.

The WB-AMC ground is formed by [2 × 2] unit cells. This
dimension is picked to provide optimal performance with low
profile, compact structure, and high gain. WB-AMC is spaced
(λc/8) at 7 GHz underneath the UWB antenna. This spacing has
been selected for achieving an optimal −10 dB reflection coeffi-
cient and high gain performance by undertaking the analysis on
the spacing between the UWB antenna and the WB-AMC.
Additional verification of the electric field intensity for the
WB-AMC structure at varying space is also observed and it was
seen that for (λc/4 = 10.5 mm) spacing, it produces a maximum
electric field with constructive interference. This WB-AMC con-
figuration reduces the distance between the antenna and ground
plane of about 50% compared to the PEC ground plane and pro-
vides a low profile high gain solution.

Result and discussion

Detailed result analysis of the proposed high gain UWB antenna
is presented in this section based on return loss variation, radi-
ation pattern and gain, efficiency, and group delay performance.
Fabricated WB-AMC and low profile UWB antenna is presented
in Figs 8(a)–8(c). The subsequent subsection reveals the results
based on significant parameter discussions such as return loss,
gain, and group delay.

Return loss analysis

Return loss is defined as the logarithmic value of reflection coef-
ficient (S11). It was tuned and optimized through stub and curved

Fig. 8. (a) Fabricated WB-AMC. (b) Simulation profile. (c) Fabricated UWB antenna.

Fig. 9. (a) Return loss variation for stub width (T1). (b) Return loss variation for
curved ground (Cg).

Fig. 10. Simulated and measured return loss comparison for proposed high gain
UWB antenna.
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ground to get the desired output. Figures 9(a) and 9(b) show the
effect of stub parameter (T1) and curved ground parameter (Cg).
It was observed that return loss was improved while increasing the
stub width from 1.0 to 1.2 and started reducing the bandwidth
after 1.2 mm. In the same manner, bandwidth was improved for
curved ground (Cg) from 1.3 to 1.7 mm and after that bandwidth
starts deteriorating.

Proposed antenna parameters were measured using
Agilent Vector Network Analyzer. The simulated and measured
return loss comparison of the final prototype is shown in
Fig. 10. It is observed that measured results are in good agree-
ment with simulated results. Moderate differences are observed
because of the fabrication tolerances, SMA connector, and
reflection environment in the anechoic chamber. Anechoic

chamber has two air conditions and the ground floor has
wooden base which in turns adds certain reflection during
measurement.

It is significant that the proposed UWB high gain antenna
offers a bandwidth of about 97.18% from 3.7 to 10.6 GHz (return
loss ⩽10 dB) with center frequency (7.0 GHz). Moreover, consid-
ering the curved ground approach with slight deviation near 3.5
GHz, the antenna almost covers the entire UWB band from 3.1 to
10.6 GHz.

Radiation pattern and gain analysis

Figures 11(a)–11(f) illustrate the simulated and measured radi-
ation pattern of the proposed high gain UWB antenna with

Fig. 11. (a–f) Simulated and measured radiation pattern for proposed low profile UWB antenna.
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WB-AMC. Omnidirectional radiation characteristics are observed
in XY-plane (E-plane) and YZ-plane (H-plane) for all the three
frequencies. Radiation pattern at 4 GHz is shown in Figs 11(a)
and 11(b), at 6 GHz in Figs 11(c) and 11(d), and at 8.5 GHz
Figs 11(e) and 11(f), respectively. E-co and H-co simulated pat-
tern is shown in green color and E-co and H-co measured pattern
is shown in black color. E and H-cross simulated pattern is shown
in red color and measured pattern is shown in blue color. It was
observed that cross-polarization level is well below 15 dB for the
entire UWB frequency range.

Measured and simulated radiation pattern is in good agree-
ment for the proposed antenna. It is concluded from the radiation
pattern that half power beam width coverage is wide (50° ± 5°).
Simulated gain comparison among UWB antenna, UWB antenna
with PEC, and UWB antenna with WB-AMC is depicted in
Fig. 12. Gain enhancement was obtained for more than 6.0 GHz
bandwidth from 4.0 to 10.0 GHz.

The gain of the proposed antenna is measured using a stand-
ard horn antenna set up and microwave source inside the
anechoic chamber and shown in Fig. 13. It is also proven that a
significant boost in the realized gain of the proposed antenna is
achieved after the integration of WB-AMC except for Wi-Max
(3.5 GHz) band.

It is observed that the gain increased from 3.2 to 9.4 dBi.
Peak gain of 9.4 dBi at 8.5 GHz and an average gain enhance-
ment of 5.8 dBi were achieved. It was further identified that at
higher frequency after 9.6 GHz, the peak gain value is low
after WB-AMC integration because the antenna itself has low
gain from 8 to 10.6 GHz. PEC ground plane provides 180°
reflection phase at resonance frequency because this signal
gets destructive interference and a sudden drop of gain
occurred. Moreover, antenna has better efficiency for the entire

UWB band. The gain measurement formula is expressed in
equation (9) from [28]. Gt and Gr are the transmitting and
receiving antenna gain, respectively. Pt and Pr are the transmit-
ting and receiving end power.

Gr = Gt = 1
2

20log10
4pr
l

( )
+ 10log10

Pr
Pt

( )[ ]
. (9)

Proposed antenna efficiency

The proposed antenna efficiency comparison among UWB
antenna, antenna with PEC, and antenna with WB-AMC is stud-
ied and shown in Fig. 14. It was seen that efficiency was well above
80% for the entire UWB range for the proposed high gain UWB
antenna. The total antenna efficiency is calculated using simu-
lated radiation efficiency and reflection losses, respectively. It is
shown that efficiency for the UWB antenna is greater than 96%
for the entire UWB range and after integration of PEC efficiency
decreases to 80% in mid band range near 7.5 GHz due to imper-
fect reflection (180° out of phase) and losses associated with
metallic sheets.

Group delay and transmission coefficient analysis

The time domain performance of UWB antenna is similarly
noteworthy as in the frequency domain. The antenna should
have negligible dispersion characteristics in transmitting and
receiving both the modes. The group delay simulation set up
in HFSS is shown in Fig. 15(a). To validate the non-dispersive
nature, the simulated and measured result of group delay
(∼2 ns) is compared and shown in Fig. 15(b). It was observed
that group delay was almost constant for the entire UWB range.
Apart from this, (S21) transmission coefficient is also simulated
and seen that it is well below −26 dB for the entire UWB range.
Furthermore, the novelty of the proposed UWB antenna is that
it covers the entire UWB application with high gain without
modifying the physical geometry of the proposed device.
However, the insertion of stub helped into miniaturization of
the antenna and WB-AMC integration provides high gain with
less complexity.

Moreover, the qualitative comparison of the reference anten-
nas with the proposed antenna is presented in Table 4 in terms
of overall antenna size, bandwidth, group delay, technique used,
and gain of the antenna.

Fig. 13. Simulated and measured gain comparison for proposed UWB antenna.

Fig. 12. Simulated gain comparison among UWB antenna, UWB antenna with PEC,
and with WB-AMC.

Fig. 14. Efficiency comparison among UWB antenna, PEC, and with WB-AMC.
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Conclusion

A novel method of constant gain enhancement using WB-AMC
integration is studied and proposed. Open-ended stubs (crescent-
shaped for mid band and T-shaped stub for upper band of UWB)
are loaded to make the antenna wideband. Curved ground
approach is used to achieve UWB without affecting antenna per-
formance. Finally, WB-AMC is integrated with the antenna to
enhance the gain up to 9.4 dBi at 7.0 GHz with a 50% profile
reduction. The design of WB-AMC with equivalent circuit is pre-
sented. The important attributes of the acclaimed antenna are low
profile, UWB range, omni-directional radiation pattern, and high
gain. Better correlation between simulation and measured results
established that the proposed antenna is a potential option for
wireless and UWB application with low cost.
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