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Abstract—A new compact ultrawideband (UWB) patch antenna
based on the resonance mechanism of a composite right/left-handed
(CRLH) transmission line (TL) is proposed. The radiating element
of the antenna is made from three left-handed (LH) metamaterial
(MTM) unit cells placed along one axis, where each unit cell combines a
modified split-ring resonator (SRR) structure with capacitively loaded
strips (CLS). An analysis of the eigenfrequencies of these unit cells
yields one- and two-dimensional dispersion diagrams, which correspond
to a one-unit cell antenna and the three unit cell antenna, respectively.
A trident feed and a slotted-partial ground plane are used to match the
right- and left-handed (RH and LH) modes of the antenna, respectively.
In addition, an analysis of the surface current distribution of the
antenna shows that slots on the metallic area reduce the Q-factor.
This reduction in the Q-factor results in a wide bandwidth of 189%
at 3.7 GHz, which spans the UWB frequency range between 2.9–
9.9GHz. The total footprint of the antenna at the lowest frequency is
0.2λ0×0.2λ0×0.015λ0, where λ0 is the free space wavelength. The gain
of the antenna ranges between −1 to 5 dB throughout the frequency
band.

1. INTRODUCTION

The Ultrawideband (UWB) communication technology poses a new
challenge in antenna design due to the many design constraints
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imposed by the technology. Furthermore, with UWB terminals
becoming more prominent in consumer electronics, which require short-
range and high data-rate connections, additional requirements must be
considered. Key requirements of a UWB antenna include impedance
matching for the frequency range between 3.1–10.6 GHz, a consistent
gain over the matched frequency range, and a compact and inexpensive
overall structure [1–4]. Although many frequency-independent antenna
designs meet these requirements, the current literature suggests that
a printed, low profile antenna design may be best, due to its ease of
fabrication and its robust overall structure [5–9].

The recent discovery of left-handed metamaterials (LHMs) allows
antennas to be designed with novel electromagnetic properties such
as negative permittivity and permeability. When both permittivity
and permeability are negative, backward wave propagation, where
group velocity opposes phase velocity is possible. Many microwave
devices such as broadband couplers, phase shifters and filters have
been designed using LHMs to exploit their unique characteristics [10–
16]. LHMs have also contributed to reductions in antenna size, as they
display mode-dependent rather than size dependent resonance [17, 18].
Because LHMs do not exist in nature, they must be engineered to have
these novel properties. Approaches for the creation of an LHM fall
into two main categories: resonant and non-resonant [19]. Resonant
approaches create an LHM by inducing the electric and magnetic
dipole moments to achieve negative permittivity and permeability,
respectively. However, structures designed using this approach suffer
from narrow operating bandwidths due to the inherently high Q-factor
of resonant structures [20]. An alternative approach creates an LHM
by reactively loading a conventional transmission line (TL). An LHM
TL can form a non-resonant structure that is generally described by
the composite right/left-handed (CRLH) TL model, which takes into
account the parasitic elements that arises from wave propagation in a
conventional TL [21].

This paper presents a UWB metamaterial antenna. The antenna
consists of three unit cells printed in a planar configuration. The
behavior of the unit cells is analyzed using a resonant approach, while
the behavior of the entire antenna structure is analyzed using a non-
resonant TL approach. The antenna is then matched to a trident
feed and a slotted partial ground plane. Finally, by analyzing the
surface current distribution of the antenna, slots are introduced on the
top layer to reduce the Q-factor and increase the bandwidth of the
antenna. Section 2 presents the dispersion and resonance condition
analyses of the unit cell. Section 3 presents one- and three-element
antennas that meet the analytical characterization of the unit cells.
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The advantage of a trident feed is also discussed. Section 4 presents
the broadbanding method is used in the three-element trident-feed
antenna. This section also presents the return loss and radiation profile
of a fabricated prototype of the final antenna structure.

2. THE LHM UNIT CELL

The design of the UWB antenna begins with a study of the LHM
unit cell. The objective is to obtain a unit cell design with resonance
characteristics within the UWB frequency range of 3.1–10.6GHz. The
dispersion diagram, which is a plot of the phase velocity, β, versus
the eigenfrequency of the structure, f , is used to determine whether
this objective is satisfied. The dispersion diagram also indicates
whethere the structure displays left-handed (LH) or right-handed (RH)
characteristics by a negative or positive slope, respectively [21]. To
meet the design objective, the frequencies in the dispersion relation
that correspond to the resonance indices, m, should occur within the
UWB frequency range. The resonance profile can then be obtained by
sampling the dispersion diagram, as follows [21]:

βmp = mπ/2 (1)

where
m = resonance index, 0, ±1, ±2, . . . ± ∝ and
p = physical length of the unit cell.
A full-wave analysis of the unit cell, using appropriate boundary

conditions can be used to obtain the dispersion diagram. The
simulation-based analysis treats the unit cells as individual resonators,
which can be extended into an infinite structure or medium using
the periodic boundary conditions. By parametrically changing the
phase shifts between the periodic boundary (placed on the periphery
of the unit cells and in the direction of wave propagation), a plot
of eigenfrequencies versus phase shifts (which is phase velocity, β
multiplied by p) can be obtained. This plot represents the dispersion
diagram. In general, 1D and 2D dispersion diagrams are plotted for
unit cells that are replicated in one and two directions, respectively [17].
In this paper, the initial unit cell is based on a split-ring resonator
(SRR) structure. The SRR consists of two loops: a smaller loop
within a bigger one, with slots incorporated onto each loop at opposite
ends [22]. The SRR is a magnetically resonant structure that responds
to a perpendicular magnetic field which can be used to create negative
permeability. Gaps (or splits) added to the ring, introduce capacitance,
which allows for the control of the resonant characteristic of the
structure. The first unit cell is actually the modified rectangular
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SRR shown in Figure 1. The modification is the closing of the
loop on the outer ring, which reduces the series capacitance of the
SRR. Furthermore, closing the outer ring enhances the coupling
between the outer and inner ring, which enables a wide backward-wave
passband [23]. The unit cell is built on top of an FR4 substrate with a
dielectric constant, εr, of 4.6 and height, h, of 1.6mm. The dimensions
of the unit cell shown in Figure 1 are as follows: L = 3.2mm, WSRR
= 4mm, W1 = 0.4mm, W2 = 1.6mm and W3 = 0.8mm. The
dispersion diagram of the structure is plotted in red in Figure 2.
The first resonant mode, shown in Figure 2(a), has a negative slope,
is therefore an LH mode, and ranges 15.24 GHz to 11.91 GHz. The
second resonant mode, shown in Figure 2(b), has a positive slope and
is therefore RH and ranges from 15.24 GHz to 15.55 GHz. Both the
LH and RH modes are operating above the UWB frequency range.
Therefore, further modifications are required to lower the resonance
profile of the proposed unit cell design.

Capacitance-loaded strips (CLS) were added to the modified SRR
unit cell to bring the resonance profile within the UWB frequency
range. CLS which act as electric dipoles are I-shaped striplines that
mimic long metallic wires [24]. The combined structure (modified
SRR and CLS) allows for simultaneous electric and magnetic resonance
because the SRR resonates through a perpendicular magnetic field and
the CLS (which is in essence an electric dipole) resonates through a
parallel electric field [25]. The two resonance mechanism enables a
lower resonance for the entire structure through the combined induced
current [26]. The unit cell of the modified SRR with the additional

Figure 1. The modified SRR unit cell.
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(b)

(a)

Figure 2. Comparison between the 2D dispersion diagrams of
modified SRR unit cells (plotted in red) and modified SRR unit cells
with CLS (plotted in blue), for the (a) left-handed (LH) and (b) right-
handed (RH) modes.

CLS structure is shown in Figure 3. The SRR/CLS unit cell retains
the dimensions of the SRR only structure described in Figure 1, except
for the dimensions due to the addition of the CLS: WCLS = 5 mm,
W4 = 0.5m and W5 = 3 mm.

The dispersion diagrams of the modified SRR/CLS structure are
plotted in blue in Figure 2. The resonance profile of the unit cell is
lower for both the LH and RH modes. The first resonant mode is an
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Figure 3. Front view of the modified SRR/CLS unit cell.

Figure 4. 1D dispersion diagram of the SRR/CLS unit cell.

LH mode, and ranges from 12.01 GHz to 9.01GHz while the second
resonant mode, is an RH and ranges from 15.14 GHz to 15.35 GHz.
The resonance profile of the LH mode of the SRR/CLS structure is
now within the UWB frequency range. The addition of the CLS to
the modified SRR unit cell also decreases the amount of dispersion in
the LH mode. This result can be seen in Figure 2(a), in which the
gradient of the modified SRR/CLS curve is less than the gradient of
the modified SRR curve.

A 1D dispersion diagram analysis was performed to determine
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the effect of mode coupling in the SRR/ CLS unit cell structure.
Figure 4 shows the comparison between the LH mode of this structure
1) without coupling (plotted in blue) and 2) with coupling (plotted in
red). The coupling of the modes clearly lowers the resonance profile
of the unit cell. Although because the 2D curve has a higher gradient
than the 1D curve, the dispersion also increases.

3. THE MTM ANTENNA

The unit cells are themselves radiation sources due to the surface
current that forms on them. The surface current is related to
the magnetic and electric dipole moments of the SRR and CLS,
respectively, by the following relationships [27]:

−→pm =
µ0

2

∫

s

−→r ×−→Je

(
r′

)
ds′ (2)

−→pe =
j

ω

∫

s

−→∇ · −→Je

(
r′

)
ds′ (3)

where r is the displacement vector directed from the surface current
element to the pm/pe calculation points, r′ the current element
position, and ds′ the differential current carrying surface element.

The unit cell can be an efficient source of radiation when
excited by its eigencurrents [27]. Therefore, the ability to excite the
eigenfrequencies of a unit cell will enable its use as an effective radiating
source. The design of the MTM antenna thus begins with the use of
one unit cell as the radiating element, as shown in Figure 5(a). The
footprint of the antenna is 11.5× 13mm. A quarter wave transformer
was used to match the 120 Ω line that directly feeds the unit cell (width
= 0.4mm), with a 50 Ω line (width = 3mm) that interfaces with the
port. The dimensions of the feedline are as follows: L1 = 2.5mm,
L2 = 2 mm and L3 = 3 mm. The number of expected resonance points
is one, which corresponds to the resonance index m = 0. This number
is obtained from the following equation, where N is the number of unit
cells [21]:

Number of resonance points = 2N − 1 (4)

The resonance frequency of the antenna can be obtained by sampling
the 1D dispersion diagram in Figure 4 at β0p = 0◦, as determined by
Equation (1). The use of the 1D dispersion diagram is appropriate
because the antenna is excited in only one direction from the feedline
and does not experience any other excitation. The return loss, S11,
of the one-element antenna is shown in Figure 6. Although the loss is
high, the antenna shows a resonance profile that is in good agreement
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with the resonance predicted by the 1D dispersion diagram. The
resonance of the antenna is at 13.71GHz (−7.8 dB), while the 1D
dispersion diagram (blue line in Figure 4) predicted a resonance at
14.48GHz for m = 0.

Next, the same unit cell is used to construct a three element
antenna, shown in Figure 5(b), where the three unit cells in the y-
direction. Increasing the number of unit cells in the antenna results
in more resonant points that can be sampled from the dispersion
diagram and matched to form a wideband From Equation (5), the
number of expected resonance points when using three unit cells is
five, which corresponds to the resonance indices m = 0, ±1 and ±2.
By using Equation (1), the 2D dispersion diagram will be sampled
as follows: 1) m = 0 at β0p = 0◦, 2) the two first-order modes
(m = −1 and m = +1) at β−1p = −90◦ and β+1p = +90◦ respectively
and 3) the two second-order modes, (m = −2 and m = +2) at
β−2p = −180◦ and β+2p = +180◦ respectively. The antenna structure
directly interfaces the three unit cells to a trident-shaped feed, which
effectively promotes an even field distribution [28] and the excitation of
the unit cells. The space between the unit cells, d, and the trident feed
width, W6, was optimized to match the resonance frequencies predicted
by the dispersion diagram. The total footprint of the antenna is
22mm×21mm, and other dimensions of the antenna structure labeled
in Figure 5(b) are as follows: d = 1.9mm, W6 = 1 mm, W7 = 2 mm,
W8 = 3.5mm, W9 = 11mm, W10 = 10.5mm and W11 = 3 mm.

 
(b)(a)

Figure 5. (a) One element MTM antenna and (b) three-element MTM
antenna.
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Figure 6. The return loss, S11, of the one element MTM antenna.

Figure 7. The return loss, S11, of the three element MTM antenna.

The antenna structure was analyzed using the commercial EM
solver Computer Simulation Technology (CST) and the return loss of
the antenna and the pertinent resonance indices are shown in Figure 7.
Table 1 lists and summarizes the resonance frequencies obtained from
sampling the 2D dispersion diagrams in Figure 2, and from the full-
wave simulation of the three-element antenna structure. The return
loss analysis shows that the antenna is better matched at the higher
resonance frequencies, which correspond to the zeroth order mode
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Table 1. Resonance frequencies obtained from sampling the 2D
dispersion diagram and from the full-wave simulation of the antenna
structure.
XXXXXXXXXX

m = 0
m = ±1 m = ±2

m f , GHz/dB m f , GHz/dB
2D Dispersion

Diagra
12

+1 15.18 +2 15.36
−1 10.8 −2 9.02

Full Wave
Simulation
of Antenn

11.76
(−33)

+1
13.47
(−34)

+2
14.09
(−17)

−1
7.82
(−1)

−2
4.12
(−3)

Figure 8. The bottom layer of the antenna structure.

m = 0 and the RH (positive) modes m = +1 and +2, with return losses
below −10 dB. These resonance frequencies are also in good agreement
with the eigenmode analysis of the unit cells at the corresponding
modes indicating that the trident feed is effective in exciting the RH
modes of the unit cells.

4. THE ULTRAWIDEBAND MTM ANTENNA

The bandwidth of an antenna is inversely related to the quality factor,
Q [29, 30], which is a factor that characterizes the ratio between stored
energy and radiated energy. Structures with a higher stored energy
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Figure 9. The effect of the size of the ground plane, WGP, on the
return loss of the antenna.

Figure 10. Comparisons between the return losses of (a) partial
ground plane, WGP = 7.5mm, (b) slotted partial ground plane, and
(c) etched-out antenna on top of the slotted partial ground plane.

have a higher Q factor and therefore a narrower bandwidth. In an
effort to improve the matching of the LH modes and increase the
bandwidth of the antenna, a ground plane was used as an additional
degree of freedom. A smaller ground plane reduces Q-factors [31] and
the introduction of shapes onto the ground plane can improve the
matching of antennas [32, 33].

The bottom layer of the antenna structure is shown in Figure 8.
The initial size of the ground-plane, WGP, is 21×22mm, which covers
the entire bottom layer of the antenna. Reducing the size of the
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(a) (b)

Figure 11. (a) The surface current distribution of the antenna, and
(b) the etched-out area that corresponds to area of low surface current
distribution.

Figure 12. The fabricated antenna.

2 3 4 5 6 7 8 9 10 11 12

x 10
9

-30

-25

-20

-15

-10

-5

0

 

 

Frequency, GHz

R
e
tu

rn
 L

o
s
s
, 
d
B

Measured
Simulated

Figure 13. Comparisons between the measured and simulated return
loss of the final (etched-out) antenna.
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Figure 14. The measured radiation patterns in the xy-plane (blue
line) and the yz-plane (red line), at (a) 3 GHz, (b) 6.5 GHz, and
(c) 10 GHz.

ground plane in the positive x-direction, beginning from the radiating
edge of the antenna, creates a partial ground plane. The result of
a parametric study on the size of the partial ground plane is shown
in Figure 9. A partial ground plane improves the matching of the
LH modes m = −1 (at 7.82 GHz) and m = −2 (at 4.12GHz). A
partial ground plane with, WGP = 7.5mm, matches the LH modes
with losses below −10 dB each. The bandwidth at each resonating
frequency increases, suggesting that a wide bandwidth can be achieved
by proper matching throughout the band. A rectangular slot of length
LS and width WS was therefore introduced to the center of the partial
ground plane, as shown in Figure 8. Optimization of LS and WS yields
wideband matching as shown in Figure 10(b). The bandwidth ratio
(below −10 dB), taken at the lowest point of return loss (4.6 GHz,
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−35 dB) is 133%.
To further reduce the stored energy, which contributes to the Q-

factor, selected metallic areas were removed from the antenna. These
removals reduce the surface area of the metallic plate, which in turn
reduces the energy stored in the form of an electric field [34]. Metal
removal was guided by an analysis of the surface current density on
the antenna.

Areas with lower surface current density are etched out to reduce
the total stored energy. The surface current distribution on the
antenna is shown in Figure 11(a), where the color yellow indicates
low magnitude surface current. The etched-out areas are the middle
of the trident feed and its two corners, as shown in Figure 11(b). The
relevant dimensions of the etched-out areas are as follows: W1 = 7mm,
L1 = 1.5mm, W2 = 1.5mm and L2 = 1.5mm. The new, etched-out
structure was analyzed, and the return loss is shown in Figure 10(c).
The bandwidth ratio (below −10 dB), taken at the lowest point of
return loss (3.7GHz, −24 dB) is 189%. The −10 dB point of the
antenna spans between 2.9–9.9GHz, which makes it well suited to
UWB applications.

To verify the wideband result, the antenna was fabricated and
measured using the Agilent Technologies N5230A PNA-L Network
Analyzer. The fabricated antenna is shown in Figure 12. Figure 13
shows a verification of the wideband result. The discrepancies between
the measured and simulated antenna can be attributed to the
fabrication and soldering accuracy. The measured radiation patterns
of the antenna in the xy and yz-plane are shown in Figure 14 for three
frequencies within the resonance range of the antenna. The gain of
the antenna increases linearly between −1 dB to 5 dB throughout the
frequency band, which can be attributed directly to the decreasing
wavelength and the difference in field response on the aperture of the
antenna throughout the band [35].

5. CONCLUSIONS

A compact MTM UWB antenna is proposed. The antenna exhibits a
wide bandwidth of 189% at the resonance point of 3.7 GHz, spanning
from 2.9–9.9 GHz (below −10 dB), making it suitable for use in the
FUWB band defined by the Federal Communication Commission
(FCC). The antenna consists of three LHM unit cells that combine
a modified SRR structure with CLS. The left-handedness of the unit
cells is demonstrated by the 1D and 2D dispersion diagrams. The
eigencurrents corresponding to the resonating modes are excited using
the proper matching techniques. More specifically, the RH and LH
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resonant modes are properly matched by a trident feed and a slotted-
partial ground plane, respectively. Parts of the structure are removed,
guided by an analysis of the surface current distribution of the antenna
in an effort to reduce the antenna’s Q-factor. This modification leads
to the wide bandwidth of the antenna.
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