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Abstract 

 
In this paper, a compact Double Negative (DNG) 
metamaterial unit cell, combined with Modified Split Ring 
Resonators (MSRRs) and metal strips is proposed. The 
Backward Wave property of the DNG slab is investigated and 
illustrated by full-wave simulations. It is shown that the DNG 
can exhibit double negative parameters and support 
backward wave in a broadband of 8.45 GHz~11.05 GHz 
range, so the existence of the DNG band is proven. Then the 
MSRRs and strips are stacked and embedded into a host 
substrate to construct a DNG substrate for the microstrip 
antenna (MSA) miniaturization. Results show that the 
presence of the DNG fillings can indeed greatly reduce the 
physical dimensions to 0.17  and enhance the bandwidth of 
the MSA, while its farfield pattern is omnidirective, which is 
significantly different from that of a conventional half-wave-
length MSA.  
 

1. INTRODUCTION 
 
Double negative medium (DNG), represents a new kind of 
artificially engineered electromagnetic materials by properly 
inserting periodic inclusions with dimensions smaller than the 
guided wavelength into a host material. Because DNG can 
exhibit negative refractive index characteristics resulted from 
simultaneous negative permittivity and permeability, it has 
been also referred to as several other names such as negative 
refraction index medium (NRI), left-handed material (LHM), 
metamaterials, and backward wave material (BWM). The 
basic concept of DNG was introduced by Veselago in 1968 
[1], who concluded that a theoretical medium with 
simultaneous negative permittivity and permeability could 
support unusual phenomena when electromagnetic wave 
passed though it, including the anomalous refraction and 
reversal of both the Doppler effect and Cerenkov radiation. 
Experimentally the first effective DNG was synthesized by 
Smith et al. in microwave regime [2]. Since then, 
considerable attentions have been attracted to them, and 
remarkable progress has been achieved [3]-[8], which leads to 
the development of potential applications in mobile 
communications, medical imaging, and optoelectronics [9]–
[15]. 
Recently, 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 experimentally verified [17]. 
Because the hybrid materials were utilized to support forward 
and backward waves, the phase shift gained by waves 
propagating in double positive medium could be compensated 
by waves in double negative medium. Another potential 
application of the above DPS-DNG phase compensator is 
microstrip antenna miniaturization. By theoretical analysis, 
several groups have found that the size of microstrip antennas 
can be significantly reduced by multi-pair dielectric substrates, 
and the dimensions of microstrip antennas could be no longer 
proportional to the working wavelength but approximately to 
the ratio of the dimensions of the dielectric blocks [18]-[20]. 
Although the theoretical results can be promising for 
microstrip antennas miniaturization, more details of research 
works are still necessary, especially for the practical DNG 
with inherent dispersion [20]-[22]. Furthermore, what is the 
functional mechanism of the miniaturized microstrip antenna 
should be more observable. 
In this investigation, a compact DNG, constructed by the 
Modified Split Ring Resonators (MSRRs) and metal strips, is 
designed. It can exhibit double negative parameters and 
support backward waves at 8.45 GHz~11.05 GHz. Then a 
substrate embedded with MSRRs and strips are constructed to 
load a small microstrip antenna. Lastly, the small antenna is 
characterized and compared with conventional half-wave-
length microstrip antennas to evaluate the strategy. 
 

2. THE DNG UNIT AND THE EFFECTIVE PARAMETERS 
 
The configuration of the DNG unit cell is shown in Fig. 1. It 
consists of two Modified Split Ring Resonators (MSRRs) and 
one strip embedded in the dielectric host medium with r=2.2. 
The MSRR includes two square rings parallel to each other, 
and each ring has two gaps at opposite sides. The two rings 
have the same physical sizes, and the back ring (in light grey 
colour) is obtained by rotating the front ring (in dark grey 
colour) 90 degrees.  The strip and the front ring (in dark grey 
colour) 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 2.286×2.286×0.51 
mm3. The metal used here is copper. 
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To determine that the combination of the MSRRs and strips is 
indeed DNG at some frequency bands, the convenient method 
firstly measures the transmitted power through a sample of 
MSRRs alone, to identify the frequency range of the stop-
band with µ<0; then measures the power transmitted through 
a strips alone, to identify the frequency range of the stop-band 
with <0; and finally measures the power transmitted through 
the composite structures [23]. If the overlapped frequency 
band of the two stop-bands becomes a pass-band, then it 
means that the combination of the MSRRs and strips is DNG 
at the overlapped band. Thus the microwave scattering 
simulation is demonstrated on the slabs with MSRRs only, 
strips only and both MSRRs and strips using CST MWS, 
respectively.  

 
 

Fig. 1 Illustration of the configurations of the DNG unit cell. 
 

 
 

Fig. 2 Illustration of the DNG slab with 5 unit cells. 
 
As shown in Fig. 2, the simulation configuration consists of a 
two-port waveguide, formed by a pair of both perfect electric 
conductor (PEC) and perfect magnetic conductor (PMC) 
walls. Five DNG units are centered in the waveguide. The 
incident wave is guided between the two metal plates with 
magnetic field in the z-direction (perpendicular to the MSRR 
plane) and electric field in the y-direction (along the wire). 
The TEM wave is transmitted from port 1 to port 2. The S21 
magnitudes of the slabs with MSRRs only, strip only, and 
both the MSRRs and strips are shown in Fig. 3.  
The line marked with circles represents the magnitude of S21 
for the slab with MSRRs only, the line marked with triangles 
represents the magnitude of S21 for the slab with strips only, 
and the line marked with dark points represents the magnitude 

of S21 for the slab with both MSRRs and strips. It is shown 
that the electromagnetic wave is attenuated within 8.45 
GHz~11.05 GHz for the slabs with either MSRRs only or 
strips only. But when it comes to the slab with both MSRRs 
and strips, the overlapped frequency band becomes a pass-
band within about 8.45 GHz~11.05 GHz.  

 
 
Fig. 3 Illustration of the S21 magnitudes of the slabs with MSRRs only, strips 

only, and both the MSRRs and strips. 

 
 

Fig. 4 Illustration of the retrieved effective parameters of the DNG 
 
However, the pass-band is not a conclusive evidence of the 
existence of a DNG, so that the effective parameters DNG and 
µDNG are extracted to confirm the presence from scattering 
parameters by the approach presented in [24] based on 
effective medium theory. The variations of the effective 
permittivity DNG and permeability µDNG are demonstrated in 
Fig. 4. In Fig. 4, the solid gray line marked with circles 
illustrates the real part of the effective DNG, the solid black 
line illustrates the imaginary part of the effective DNG, 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 DNG is at 7.5-11.05 GHz, and the negative 
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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. 
 
3. THE BACKWARD WAVE PROPERTY OF THE DNG SLAB 

 
One of the most interesting unusual behaviors of the DNG is 
the backward wave characteristic, but it is difficult to obtain 
and observe, especially for the practical DNG unit cell. In this 
part we will investigate and demonstrate the ability of the 
DNG slab of supporting backward waves. The simulation 
configuration of the DNG slab is shown in Fig. 5. 6 DNG unit 
cells are centered in the left part of the waveguide, and the 
right part of the waveguide is the same dielectric medium as 
the host medium of the DNG. The two-port waveguide is 
formed by a pair of both perfect electric conductor (PEC) and 
perfect magnetic conductor (PMC) walls too, which are 
described in Fig. 2. When the incident wave propagates from 
left DNG slab to right normal dielectric medium along +x-
direction, with magnetic field perpendicular to the MSRR 
plane and electric field along the wire, 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. 5. 
 

 
 

Fig. 5 Illustration of the backward wave property of the DNG slab 
 

The phase of the excitation source at 10.0 GHz is stepped 
through 0, 45, 90, and 135 degrees. The field is launched in 
the +x-direction, and 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 

propagates 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. 5 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. With the field distributions in the 
DNG, it is found that the phase and group velocities are 
antiparallel, and the wavelength is proportional to the 
operating frequency.  
 

4. THE MINIATURIZED MICROSTRIP ANTENNA 
 
The microstrip antenna loaded by the substrate embedded 
with MSRRs and strips is illustrated in Fig. 6. 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 dimensions of the substrate are (D1+W1+Wf) 
in x-direction and (2D2+W2) in z-direction, and the high of the 
substrate is H. For the filling DNG, 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 microstrip antennas. LR represents the 
length of the patch loaded by DPS in each end, while LL 
represents the length of patch loaded by DNG slabs, and they 
sum to be the patch length L. The DPS is normal dielectric 
material with relative permittivity of 2.2, which is the same 
with the host dielectric material of the DNG slabs. 
 

 
 

Fig. 6 Illustration of the configuration of the small microstrip antenna 
 
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 geometric 
length of the patch is 3.81 mm, about 0.17  (  means the 
working wavelength of 9GHz in the host medium with r=2.2), 
which is greatly smaller than the 0.5  limitation.  
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Calculating the input admittance and the reflection coefficient 
for the microstrip antenna with DNG fillings, we can study 
the effects of the phase compensation for the waves under the 
patch on the antenna dimensions and performance. We can 
model the small patch partially loaded by DNG fillings by the 
Modified Transmission Line Model (MTLM), proposed in 
[20]. The feed of the antenna is assumed to match the antenna 
at 9 GHz here. By embedded the effective parameters into the 
MTLM, the reflection coefficient got from MTLM prediction 
is illustrated in Fig. 7 represented by the solid line. The 
reflection coefficient abruptly drops to below -20 dB at 8.50 
GHz and tardily goes up at about 10.08 GHz. Although the 
coefficient fluctuates in the band, it shows that the small 
microstrip antenna can radiate well with good input 
admittance. The relative bandwidth is about 17.56%. 
For verification, the full-wave simulation is also conducted to 
the small antenna with DNG fillings by CST MWS. Under 
above situation, the reflection coefficient got from simulation 
is illustrated in Fig. 7 too, represented by the dash line. Good 
agreement is demonstrated between the theoretical result and 
the full-wave simulation. So conclusions can be obtain that 
the DNG fillings has significantly reduced the patch length to 
0.17 , while the bandwidth has been improved to 17.56%, 
considering that the bandwidth of the conventional patch is 
about 5%. From the simulation, we note that the coefficient at 
10.40-11.05 GHz is not as good as that at 8.50-10.40 GHz, 
although the DNG fillings still support backward waves. One 
factor is that the backward wave wavelengths become larger 
when the operating frequency increases, which has been 
demonstrated in the Backward Wave Property Section, so the 
DNG fillings shift fewer phases. 

 
Fig. 7 Illustration of the reflection coefficient obtained from TL model and 

3D full-wave simulation. 
 

5. THE NEARFIELD AND FARFIELD OF THE SMALL 
MICROSTRIP ANTENNA 

 
Furthermore, to explore the functional mechanism of the 
DNG fillings, the E-field distributions of the small microstrip 
antennas with/without DNG slabs are illustrated in Fig. 8 for 
comparison. It shows that when the fields on the feedline 

encounter the abrupt change in width at the feedline to the 
patch, they spread out (only electric fields are shown in the 
figure). This creates fringing fields at the edge, as indicated in 
the figure. After this transition, the patch looks like another 
microstrip line. The fields propagate down this transmission 
line until the other edge is reached. Here the abrupt ending of 
the line again creates fringing fields for the open-end 
discontinuity. The fringing fields store energy and the edges 
function as capacitors to ground. Because the patch is much 
wider than the microstrip feedline, the fringing fields also 
radiate, which is represented by a conductance in shunt with 
the edge capacitance [25]. 

 
 

Fig. 8 Comparison of the E-field distributions between the two small 
microstrip antennas (a) the small path with DNG substrate absence (b) the 

small path with DNG substrate presence. 
 
However, there is indeed some significant difference of the E-
field fringing fields between the antennas with/without DNG 
slabs. For the antenna without DNG slabs shown in Fig. 8(a), 
the fringing fields are very intensive at the first edge, but very 
weak at the second edge of the patch. The reason is that the 
wave crest located at the first edge will come down when it 
reach the second edge because of the phase shift gained by 
waves propagating along the patch. So the fringing fields are 
very weak and have little radiation. When it comes to the 
antenna with DNG slabs shown in Fig. 8(b), the fringing 
fields are very intensive at both edges. Because the phase 
shift gained by waves propagating along the patch is 
compensated by the DNG slabs, which makes the fields peak 
value at both edges. Hence, the small antenna with DNG slabs 
has good radiation at both edges. 
We also Note that the fringing fields distributed at the two 
radioactive edges are always anti-phase in conventional half-
wave-length microstrip antennas, but they are almost in-phase 
for the patch with DNG fillings. The difference is very 
important, and leads to a totally different farfield pattern from 
traditional cases. The farfield patterns of a conventional half-
wave-length patch and the patch with DNG slabs are 
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demonstrated in Fig. 9. Fig. 9(a) illustrates the farfield pattern 
of the conventional half-wave-length patch without DNG 
slabs working at 9 GHz loaded by normal dielectric medium 
with r=2.2. In the pattern, 00 is broadside and near 900 is very 
weak. Fig. 9(b) illustrates the farfield pattern of the 
miniaturized microstrip antenna with DNG slabs at 9 GHz. In 
the pattern, near 900 is the broadside and 00 is very weak. 
From the comparison, it indicates that the conventional half-
wave-length microstrip antenna is directive with the main 
lobe perpendicular to the patch, but the miniaturized 
microstrip antenna with DNG fillings is omnidirective. 
 

 
 

Fig. 9 Comparison of the farfield patterns between the conventional half-
wave-length MSA and the miniaturized MSA with DNG presence (a) the 

pattern of the conventional MSA (b) the pattern of the small path with DNG 
substrate presence. 

 
6. CONCLUSION 

 
In this paper, a compact DNG, which is constructed by the 
Modified Split Ring Resonators (MSRRs) and metal strips, is 
designed with CST Microwave Studio (MWS) simulation 
tools. The transmission data (S21) are given for the scattering 
of the normally incident plane wave from the DNG with 
MSRRs only, strips only, and both MSRRs and strips, 
respectively. It is shown that there is a pass-band only for the 
DNG with both MSRRs and strips within 8.45 GHz~11.05 
GHz. Then the backward wave property of a DNG slab with 
periodic DNG unit cells is investigated. The full-wave 
simulation results show that the DNG can exhibit the 
backward wave phenomenon within 8.45 GHz~11.05 GHz. 
So the existence of the DNG is proven. Furthermore, it is 
quite evident that the effective wavelength of the backward 
wave propagating in the DNG slab becomes larger when the 
frequency is increased. Finally, a substrate combined by 1 
DNG and two DPS blocks is designed to miniaturize the 
microstrip antennas (MSAs). The DNG block is filled with 
stacked DNG units, while the DPS blocks are normal 
dielectric. Later, a MSA loaded by the DNG-DPS substrate is 
modeled and characterized. Results show that the dimensions 
of the MSA have been significantly reduced to 0.17 , and the 
bandwidth is enhanced to 17.56% compared to the 
conventional half-wave-length MSA. One of the most 
interesting results is that the farfield pattern is definitely 

different from that of conventional MSAs, i.e. the MSA with 
DNG substrate is omnidirective, while conventional MSAs 
are directive. To study the mechanism, the E-field 
distributions are illustrated, compared and discussed. 
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