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ABSTRACT In this paper, a small omnidirectional microstrip
antenna (MSA) is proposed based on a compact double nega-
tive (DNG) metamaterial, which is constructed by modified split
ring resonators (MSRRs) and metal strips. First, the backward
wave property of the DNG slab is investigated and illustrated by
full-wave simulations. It is shown that the slab can exhibit dou-
ble negative parameters and support backward wave in a broad-
band of 8.45 GHz ∼ 11.05 GHz, so the existence of the DNG
band is proven. Then the DNG unit cells are stacked and em-
bedded into a host substrate to construct a phase-compensating
substrate for the small MSA. By using the modified transmis-
sion line model (MTLM) and 3D full-wave simulation, a small
MSA is modeled and characterized. Results show that the pres-
ence of the DNG fillings can indeed greatly reduce the physical
dimensions from 0.5λ to 0.17λ, while its farfield pattern is
significantly different from that of a conventional half-wave-
length MSA. Lastly, the E-field distributions of the small MSA
and a conventional half-wave-length MSA are contrasted and
discussed to explain the functional mechanism of the small
omnidirectional SMA.
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1 Introduction

Double negative (DNG) metamaterial, represents
a new kind of artificially engineered electromagnetic materi-
als by properly inserting periodic inclusions with dimensions
smaller than the guided wavelength into a host material. Be-
cause DNG can exhibit negative refractive index characteris-
tics resulted from simultaneous negative permittivity and per-
meability, it has been also referred to as several other names,
such as negative refraction index medium (NRI), left-handed
material (LHM), and backward wave material (BWM). The
basic concept of DNG was introduced by V.G. Veselago in
1968 [1], who concluded that a theoretical medium with sim-
ultaneous negative permittivity and permeability could sup-
port unusual phenomena when electromagnetic wave passed
though it. Experimentally, the first effective DNG was synthe-
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sized by Smith et al. in microwave regime [2]. Since then, con-
siderable attention has been arisen, and remarkable progress
has been achieved [4–8], which leads to the development
of potential applications in mobile communications, medical
imaging, and optoelectronics [9–16].

Fundamentally, Enghata has shown that a pair of double
positive medium (DPS) and DNG blocks could be used to
build small resonators [16], and it has been verified by re-
cent experiments [17]. Here, the hybrid materials could be
utilized to support forward and backward waves; thus, the
phase shift gained by waves propagating in the DPS block
could be compensated by waves in the DNG block. Another
important application of the DPS–DNG phase compensator is
the miniaturization of microstrip antennas (MSAs). By the-
oretical analysis, several groups have found that the MSAs’
sizes can be reduced by multi-pair dielectric blocks and the
dimensions of MSAs would no longer be proportional to the
working wavelength but approximately to the ratio of the di-
mensions of the dielectric blocks [18–21].

FIGURE 1 Illustration of the configurations of the DNG unit cell
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Although the theoretical results could be promising for the
miniaturization of MSAs, further works are greatly necessary,
considering the inherent severe dispersion of the practical
DNG structures, which is different from that set in the theor-
etical models. Furthermore, the functional mechanism of the
miniaturized MSA should be characterized more clearly and
directly to determine that the miniaturization is indeed real-
ized by the backward wave property. Additionally, the unique
merits of the MSA with DNG fillings can be evaluated for
further experimental investigations based on the contrast of
performances between the miniaturized MSA and conven-
tional ones.

2 DNG unit cell and the backward wave property

The configuration of the DNG unit cell is shown
in Fig. 1 [22]. It consists of two modified split ring res-
onators (MSRRs) and one strip embedded in the dielectric
host medium with εr = 2.2. The MSRR includes two square
rings parallel to each other, and each ring has two gaps at

FIGURE 2 Illustration of the back-
ward wave property supported by the
DNG slab (a) the simulation configu-
ration of the DNG slab (b) the back-
ward waves in the DNG slab

opposite sides. The two rings have the same physical sizes,
and the back ring (in light gray color) is obtained by rotat-
ing the front ring (in dark gray color) 90◦. The strip and the
front ring (in dark gray color) of the MSRR are on one plane.
The related dimensions in Fig. 1 are: a1 = a2 = 1.78 mm,
b1 = b2 = 0.254 mm, c = e = 0.17 mm and d = 0.048 mm.
The length of the strip is 2.286 mm. The sizes of the unit cell
are 2.286 mm×2.286 mm×0.51 mm. The metal used here is
copper, and the thickness is 0.018 mm.

To prove the presence of the DNG frequency band, the
backward wave characteristics will be demonstrated by the
MSRRs and strips slab shown in Fig. 2. The simulation con-
figuration consists of a two-port waveguide, formed by a pair
of both perfect electric conductor (PEC) and perfect mag-
netic conductor (PMC) walls, shown as Fig. 2a. Six DNG
units are centered in the left waveguide (only four units are
depicted for convenience), and the incident wave is guided
from left to right side with magnetic field in the z-direction
(perpendicular to the MSRR plane) and electric field in the
y-direction (along the wire). The right part of the waveguide
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is the same dielectric medium as the host medium of the DNG,
depicted in Fig. 2b. When the incident wave propagates from
the left DNG slab to right normal dielectric medium along
+x-direction, we obtain the distribution of electric field in the
waveguide at 8.45 GHz ∼ 11.05 GHz. The simulated E-field
magnitude of the 6-cell DNG slab at 10 GHz is illustrated by
the snapshots of the contour representation in Fig. 2b.

The phase of the excitation source at 10.0 GHz is stepped
through 0, 45, 90, and 135◦. The wave front propagates along
+x-direction in the right normal dielectric medium of the
waveguide, but the wave front in the left DNG slab propa-
gates toward the source, which verifies that the wave appears
to move in the opposite direction as energy flow in DNG
slab. Additionally, the contour of the E-field magnitude at
10.5 GHz is also depicted in Fig. 2b for comparison. It is quite
evident that the distance between the neighboring nulls of the
half-wavelength E-field becomes larger when the frequency
is increased (D1 < D2). With the field distributions in the
DNG, it is found that the phase and group velocities are an-
tiparallel, and the wavelength is proportional to the operating
frequency.

3 Modeling and design of the miniaturized
microstrip antennas (MSAs)

There is a dilemma, widely concerned, with the tra-
ditional design methodology of the MSAs. For conventional
materials, to choose a lower dielectric constant substrate may
result in a bulky patch with a broader bandwidth; while to
choose a higher dielectric constant substrate will reduce the
dimensions of the patch, but narrow the bandwidth. After the
verification of the backward waves, a novel stage is arisen to
break the fundamental dilemma, because it can be promis-
ing to reduce the physical dimensions of the patch by the
unusual performance of the DNG fillings, as a phase com-
pensator [23]. Due to the mechanism, in this study, we will
first construct a composite substrate by combining the DPS
and DNG fillings. Nevertheless, when the DNG fillings, em-
bedded into the substrate, are closed to the two radiative ends
of the patch, the radiation conductance will be greatly influ-
enced. To reduce the interference, the DNG fillings will be
put at the center of patch, leaving the two ends free. Since
the DNG fillings are centered and the other two ends are host
medium, we name this composite substrate as “DPS-DNG-
DPS” substrate. Under the situation, influence of the DNG
fillings on the radiation conductance can be neglected, and the
patch can be modeled by the modified transmission line model
(MTLM).

The discussed MSA, loaded by the DPS-DNG-DPS sub-
strate, is illustrated in Fig. 3. The dimensions of the patch
are W1 in x-direction and W2 in z-direction. The length of
the microstrip feedline is Lf and the width is Wf. The dimen-
sions of the substrate are (D1 + W1 + Df) in x-direction and
(2D2 + W2) in z-direction, and the high of the substrate is H .
For the embedded DNG fillings, 5 unit cells are used along
the z-direction and 1 unit cell is used along the x-direction.
The 5 ×1 DNG cells are just put under the patch to leave the
two equal ends of the patch free, so we can treat the two ends
the same as traditional MSAs. LR represents the length of the
patch loaded by DPS in each end, while LL represents the

FIGURE 3 Illustration of the geometric configuration of the small mi-
crostrip antenna (MSA) loaded by the DPS-DNG-DPS substrate

length of patch loaded by DNG fillings, and they sum to be
the patch length L. The DPS is normal dielectric material with
a relative permittivity of 2.2, which is the same as the host
dielectric material of the DNG fillings.

To derive the analytical expressions of the MSA loaded
by DPS-DNG-DPS substrate, the MTLM employed here is
shown in Fig. 4. In the MTLM, the G denotes the radiation
admittance of the microstrip edges, and C means the edge
capacitance to model the microstrip end-effect extension. YR

and YL, respectively, represent the characteristic admittance of
the equivalent right-handed transmission line and left-handed
transmission line loaded by the DPS and DNG fillings, respec-
tively. Consequently, the input admittance Yin can be stated as
following expressions by transmission line theory [24]:

Yin = Yr +YR
Yin0 + jYR tan βRLR

YR + jYin0 tan βRLR
, (1)

Yin0 = YL
Yin1 + jYL tan βLLL

YL + jYin1 tan βLLL
, (2)

Yin1 = YR
Yr + jYR tan βRLR

YR + jYr tan βRLR
, (3)

Yr = G + jωC , (4)

where

YR = W

h

√
εDPS√
µDPS

, (5)

YL = W

h

√
εDNG√
µDNG

, (6)

βR = ω
√

εDPS
√

µDPS , (7)

βL = ω
√

εDNG
√

µDNG , (8)

G = 1

90

W2

λ
, (9)

C = 2π∆LYR

λω
, (10)

∆L = 0.5H . (11)

In the MTLM, the εDNG and µDNG are effective parameters
used to characterize the macroscopical effects of the DNG
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FIGURE 4 Illustration of the modified transmission line model (MTLM)
for the small microstrip antenna

unit cell based on effective medium theory. To obtain them,
the CST MWS is firstly used to calculate the scattering param-
eters of the DNG unit cell. Then we can extract the effective
permittivity εDNG and permeability µDNG from scattering pa-
rameters by the approach presented in [25]. The variations
of the effective permittivity εDNG and permeability µDNG are
demonstrated in Fig. 5. In Fig. 5, the solid gray line marked
with circles illustrates the real part of the effective εDNG, the
solid black line illustrates the imaginary part of the effective
εDNG, the solid gray line marked with squares illustrates the
real part of the effective µDNG, and the solid black dash line
illustrates the imaginary part of the effective µDNG. It shows
that the negative rang of εDNG is at 7.50 ∼ 11.05 GHz, and
the negative bands of µDNG is located at 8.45 ∼ 11.75 GHz.
Hence, the unit cell can exhibit DNG properties over 8.45 ∼
11.05 GHz according to the retrieve approach.

Because the DNG band is located at 8.45 ∼ 11.05 GHz,
we choose the 9 GHz as the working frequency. The geometry
parameters are as follows: D1 = 1.52 mm, D2 = 1.34 mm,
W1 = 3.81 mm, W2 = 2.92 mm, H = 2.29 mm, Lf = 0.76
mm, Df = 1.78 mm, LR = 0.89 mm, LL = 2.03 mm. The ge-
ometric length of the patch is 3.81 mm, about 0.17λ. Here,
λ represents the working wavelength of 9 GHz in the host
medium with εr = 2.2), which is evidently smaller than the
0.5λ limitation.

Calculating the input admittance and the reflection coef-
ficient for the MSA with DNG fillings, we can observe the
effects of the phase compensation on the antenna dimensions

FIGURE 5 Illustration of the effective parameters of the DNG embedded in
the substrate

FIGURE 6 Illustration of the reflection coefficient obtained from MTLM
prediction and CST MWS full-wave simulation

and performance. The feed of the antenna is assumed to match
the antenna at 9 GHz. By embedded the effective parameters
into the MTLM, the reflection coefficient got from MTLM
prediction is illustrated in Fig. 6, represented by the solid line.
The reflection coefficient abruptly drops to below −20 dB
at 8.50 GHz and tardily goes back at about 10.08 GHz. Al-
though the coefficient fluctuates in the band, it shows that
the small MSA can radiate well with good input admittance.
The relative bandwidth of −20 dB is about 17.56%. Addition-
ally, the prediction suggests that the bandwidth of the MSA,
partially loaded by DNG fillings, is mainly determined by
the material resonant response and not by the antenna size,
which is significantly different from traditional cases. To ver-
ify the predictions, the full-wave simulation is also conducted
to the small MSA with DNG fillings by CST microwave stu-
dio (CST MWS). Under above situation, the reflection coef-
ficient got from simulation is illustrated in Fig. 6 too, repre-
sented by the dash line. Based on the comparison and contrast,
good agreement is demonstrated between the theoretical re-
sult and the full-wave simulation. Results also indicate that
the coefficient at 10.40 ∼ 11.05 GHz is not as good as that
at 8.50 ∼ 10.08 GHz, although the DNG fillings still support
backward waves at 10.40 ∼ 11.05 GHz. One factor is that the
backward wave wavelengths become larger when the operat-
ing frequency increases, which has been demonstrated in the
first section.

4 Farfield pattern and E-field distribution
of the small MSA

Besides the reflection coefficient, the farfield pat-
tern is another important issue we concerned. The patterns,
produced by both conventional half-wave-length MSAs and
the small MSA with DNG fillings, are respectively demon-
strated in Fig. 7. Figure 7a illustrates the bird’s-eye view
of the farfield pattern of the conventional half-wave-length
patch working at 9 GHz loaded by normal dielectric medium
with εr = 2.2. In the pattern, the most intense distribu-
tion is along 0◦ direction, which is the main lobe, while
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FIGURE 7 Comparison of the far-
field patterns between the conven-
tional half-wave-length MSA and the
miniaturized MSA with DNG fillings
(a) the pattern of the conventional
MSA (b) the pattern of the small path
with DNG fillings

it is very weak close to 90◦. So the conventional MSA
is a directive antenna with a main lobe perpendicular to
the antenna patch. Figure 7b illustrates the bird’s-eye view
of the farfield pattern of the small MSA with DNG fill-
ings at 9 GHz. In the pattern, the most intensive distribu-
tions are near 90◦, while the pattern along 0◦ directions
is very weak. Hence the small MSA with DNG fillings is
omnidirectional.

To explain the truth of the difference of the farfield pat-
terns, we had to look into the E-field distributions of the
conventional MSAs and the small MSA with DNG fillings.
Figure 8 illustrates the E-field distribution of the conven-
tional half-wave-length MSA working at 9 GHz. It shows
that the fringing fields distributed at the two edges are al-
most anti-phase in the substrate, because the patch is electrical
half-wave-length, gaining 180◦, when waves propagate along
it. Furthermore, the E-field distribution located in the sub-
strate determines that the farfield E-field is horizontal, just
as the upper arrowhead annotated in Fig. 8. Figure 9 illus-
trates the E-field distribution of the small MSA with DNG
fillings. It shows that the fringing fields distributed at the
two edges are almost inphase in the substrate, which means
the E-fields located at the two edges reach the wave crest
or trough at the same time. Furthermore, the farfield E-field

FIGURE 8 Illustration of the E-Field distribution of the conventional half-
wave-length MSA without DNG fillings

FIGURE 9 Illustration of the E-Field distribution of the small MSA with
DNG fillings

is vertical as the upper arrowhead annotated in Fig. 9, deter-
mined by the E-field distribution located in the substrate. The
difference is the root that leads to the definitely difference
between the farfield patterns of small SMA and traditional
ones.

5 Conclusion

In this investigation, DNG fillings are embedded in
the substrate to composite a DPS-DNG-DPS substrate. Since
they can support backward waves within 8.45 ∼ 11.05 GHz,
the DNG fillings perform as a phase compensator to reduce
the physical dimensions of the MSAs. According to the ap-
proach, a small MSA is modeled and verified by using the
modified transmission line model (MTLM) and full-wave
simulation. Results show that the length of the MSA has been
significantly reduced to 0.17λ, and the bandwidth is enhanced
to 17.56% compared to conventional half-wave-length MSAs.
Furthermore, one of the most interesting results is that the
farfield pattern is omnidirectional, considering conventional
MSAs are directive. The unique performance is resulted from
the in-phase fringing fields, distributed at the two radiative
edges of the small MSA with DNG fillings, while they are
always anti-phase in conventional half-wave-length MSAs.
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