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Expanding the bandwidth of planar MNG materials

with co-directional split-ring resonators∗
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An effective approach to expand the bandwidth of negative permeability of small-sized planar materials is proposed.

Based on qualitative analysis of equivalent circuit models, the fractional bandwidth of an µ-negative (MNG) material

is expanded from 3.53% up to 12.87% by adding split-ring resonators (SRRs) and arranging them by proposed steps.

Moreover, the experimental results validate the effectiveness of bandwidth-expanding methods, which is promising for

the extensive application of metamaterials in the microwave field.
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1. Introduction

Metamaterials are artificial materials that show
negative permittivity and/or negative permeability
over a limited frequency bandwidth.[1−8] Since neg-
ative permittivity occurs naturally in metals, as de-
scribed by the Drude electron model in metals,[9] ε-
negative (ENG) materials are easy to realize. How-
ever, the acquisition of negative permeability is
a real challenge since there are no free magnetic
charges in nature.[1,10] Even so, resonator struc-
tures such as split-ring resonators (SRRs),[10] spi-
ral resonators (SRs),[11] S-shaped resonators,[12] Ω-
shaped resonators,[13] U-shaped resonators,[14] single
loop resonators,[15] and micro-split SRRs[16] have been
proven to have negative permeability in certain fre-
quency ranges. Unfortunately, one main obstacle for
the practical application of these MNG materials lies
in the limitation that the bandwidth they demon-
strated is quite narrow. In order to overcome the
bandwidth limit, two methods have been presented.
One method managed to fabricate all-dielectric MNG
material[17] with an array of high dielectric constant
cylinders. In the other effective method, Rudolph
and Gribic recently reported a volumetric negative-
refractive-index material consisting of a periodic cage
of backward-wave transmission lines.[18,19] However,
the above approaches have some deficiencies: in the

all-dielectric metamaterial method, the permittivity
and the loss of the photonic crystal are too high;
and in the fabrication of volumetric metamaterial,
the difficulty of the method makes it very expensive.
As an alternative approach, a novel method of ex-
panding the bands of MNG materials is proposed.
In this paper, several planar evolved co-directional
SRRs are overlappingly placed to compound a broad-
band MNG material. Interestingly, without resort-
ing to high dielectric constant cylinders[17] or a three-
dimensional transmission-line “cage”,[18,19] the pla-
nar co-directional SRR structure is quite compati-
ble with standard printed-circuit-board (PCB) fabri-
cation techniques, which avoids additional high loss
from ceramics with high permittivity, dramatically re-
duces the complexity of manufacturing process and
reasonably accomplishes the mechanical stability of
the MNG material’s structure.

2. Planar evolved SRR fabrica-

tion

In 1999, Pendry et al.[10] first proposed a dou-
ble split ring resonator (SRR) medium to design a
material with negative permeability.[10] Since then,
Zharov et al.[20] introduced a typically simple single
SRR geometry, which has magnetic resonance per-
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formance qualitatively similar to the double SRR in
Ref. [10]. Here, we add two parallel arms to the sin-
gle SRR to construct a single-sided planar-evolved
SRR, as shown in Fig. 1(a). Here, we take sim-
ulations of the single-sided planar SRR with com-
mercially available numerical electromagnetic solver
HFSS[21] as follows. In the simulations, the scatter-
ing properties of the MNG material (including the
reflection coefficient and transmission coefficient) are
studied with a plane wave at normal incidence on
the xy plane. The proper boundary conditions[22,23]

are set to coincide with the electromagnetic envi-
ronment in Fig. 1(a), i.e., perfectly electric con-
ducting (PEC) and perfectly magnetic conducting
(PMC) boundary conditions are imposed in x and
y directions respectively and input/output ports are

Fig. 1. Proposed single-sided planar evolved SRR. (a)

Configuration of single-sided planar evolved SRR in a

specific electromagnetic environment; g = 2.6 mm, L =

0.6 mm, W = 0.2 mm, R = 3.1 mm, the FR4 substrate

thickness d = 1.6 mm with loss tangent 0.02 and the cu-

bic length a = 10 mm. (b) Its qualitative equivalent cir-

cuit: Ls represents the total equivalent inductance, C0 is

the total equivalent capacitance of the proposed SRR in

Fig. 1(a) without the parallel arms (they also represent

the total equivalent inductance and capacitance for the

SRR in Ref. [10], respectively), and the L′s and C′0 (in the

dotted areas) imply the additional equivalent inductance

and capacitance of the double parallel arms, respectively.

imposed in the z direction. In this case, a time-
alternating magnetic field directed along the y axis
will generate a magnetic response with circulating cur-
rents being induced in the ring, also schematically
shown in Fig. 1(a). Thus, the proposed SRR can
predominantly give a magnetic resonant response to
the propagating electromagnetic field.[22] According
to Refs. [20], [24], and [25], it behaves as an L–C res-
onator that can be excited by an external magnetic
flux. We present its qualitative equivalent circuit in
Fig. 1(b). It is seen that its magnetic resonance fre-
quency can be adjusted by changing the L–C reso-
nance circuit. It is interesting to note that we can
easily adjust the lengths of the double parallel arms L

(i.e., the equivalent capacitance C ′0 and inductance) in
order to obtain the required resonance frequency with-
out changing other physical dimensions or destroying
the overall size. Moreover, verified by our simulation,
the additional arm has a negligible effect on the MNG
bandwidth of SRR in Fig. 1. Owing to that particu-
lar characteristic, the proposed evolved SRR is quite
suitable for broadband MNG material design (which
will be studied in Section 3).

Figure 2 shows the effect of the length L of the
double parallel arms on the resonance frequency. It
demonstrates that when the length L changes from
0.2 mm to 1.8 mm, the resonance dip drops from
5.04 GHz to 4.14 GHz accordingly, while the resonance
strength and bandwidth remain almost unchanged.
As for its equivalent circuit model in Fig. 1(b), the
L′s and C ′0 increase simultaneously due to the increase
of the arm’s length L, thus its magnetic resonance
frequency decreases, in agreement with the simula-
tion results in Fig. 2. Then, in order to discuss its
magnetic response characteristic, the corresponding
effective permittivity and permeability are retrieved
based on the magnitudes and phases of the scattering
property,[26] shown in Figs. 3(a) and 3(b), respectively.
It is seen that the permittivity remains positive in
Fig. 3(a), while the permeability exhibits a negative
value (with a narrow fractional bandwidth of about
3.53%) in Fig. 3(b) within each resonance frequency
region in Fig. 2. Meanwhile, we notice some ripples in
the curve of the effective electromagnetism parameters
within the resonance frequency region. The reason is
that the resonant behaviour of the effective perme-
ability is accompanied by an antiresonant behaviour
of the effective permittivity, which has been analysed
in detail in Ref. [27].
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Fig. 2. Effect of the arm lengths L on transmission char-

acteristics.

Fig. 3. The retrieved electromagnetism parameters. (a)

Effective permittivity; (b) Effective permeability.

3. Expanding the MNG band-

width by multiple co-

directional SRRs

In order to improve the resonance strength and
expand the resonance frequency bandwidth, we pro-
pose one effective evolution approach, which can be
divided into the following three key steps. In the first
step, another single SRR with the same gap-directions
(along the −x axis) and dimensions as the evolved
SRR in Fig. 1(a) is mounted at the other side of the

substrate to compound a pair-SRR. Figure 4 shows
that the resonance strength is distinctly improved (in
Fig. 4(a))[16,28] and the frequency bandwidth of neg-
ative permeability is also broadened[28] to 6.45% (in
Fig. 4(b)) accordingly. The other two pair-SRRs are
then added to make a triple-SRR structure. In this de-
sign, the triple pair-SRRs are superpositionally placed
at a co-centre with co-directions. As mentioned in the
first step, the SRRs in the middle pair have the same
dimensions as the evolved SRR in Fig. 1(a). In this
step, the pairs in the other two pairs take different
sizes, as shown in Fig. 5(a).

Fig. 4. Magnetic response of different type SRRs. (a)

Transmission characteristic; (b) Real parts of effective per-

meability.

The aim of adding two pair-SRRs is to combine
multiple adjacent resonance frequency regions into a
wider MNG bandwidth. As in Fig. 1(a), the magnetic
response is excited when the circulating currents are
induced by an external magnetic field. Similarly, when
a time-alternating external magnetic field is imposed,
these three pair-SRRs can exhibit simultaneous mag-
netic responses, thus generating three adjacent res-
onance frequency regions. Since the current distri-
bution in each SRR and the layout of the SRRs are
similar, the mutual coupling between adjacent rings
is much lower than the multi-split ring resonators in
Refs. [23] and [29] or the SRRs with rotated inner rings
in Ref. [30]. The reason for this has been analysed in
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detail in Ref. [30] with the aid of an equivalent circuit
for a double SRR with a rotated inner ring. Therefore,
these three adjacent resonance frequency regions can
be combined into a wider MNG bandwidth. The re-
sults in Fig. 4 validate that this approach can broaden
the resonance frequency region (with MNG bandwidth
10.30%).

However, the resonances for the two upper fre-
quencies are not strong enough to achieve nega-
tive permeability, labeled with the dotted circles in
Fig. 4(b). Thus, in the third step, the strengths of two
upper resonances should be improved to uniformize
the resonance strength as a whole. In our numerical
study of this type of SRR, it is found that the shorter
distance between the gap of the inner ring and that
of the outer ring in x axis is (i.e., the relative dis-
tances OO′′ and OO′, respectively), the stronger res-
onance the inner ring exhibits. Hence, by adjusting
the distance between the gaps of the outer and inner
SRRs (i.e., the relative positions of each centre along
the x axis) in the x axis and the lengths of double
parallel arms (the reason for this will be analysed in
the next paragraph), the strengths can be uniformized
well, and the design is shown in Fig. 5(a). Results from
the third step are also given in Fig. 4 for comparison.
It is seen that the strengths of the triple resonance
frequencies are optimized to uniform successfully and
the MNG bandwidth is broadened to 12.87%. It is
worthwhile mentioning that if the number of SRRs
is enlarged according to the evolution method based
on the above analysis, the MNG bandwidth can be
expected show further improvement.

The reason for adjusting the lengths of the paral-
lel arms in the third step is also discussed, as follows.
Figure 5(b) presents the equivalent circuit of triple
pair-SRRs in Fig. 5(a). It is worthwhile mentioning
that the mutual coupling (M1, M2, and M3) can im-
pact the resonance frequency of each ring slightly, even
though it is very low in this design. Therefore, it is
necessary to amend the resonance frequency based on
the analysis in Fig. 5(b). As is mentioned in Fig. 2, the
adjustment of lengths of the parallel arms of the inner
and middle pair-SRRs (L and L′) can alter each res-
onance frequency easily. Hence, we accommodate the
lengths of double parallel arms (i.e., altering the addi-
tional inductances (L′1 and L′0) and capacitances (C ′1
and C ′0), respectively) to offset the effect of M1, M2,
and M3, ensuring that the three resonance frequencies
are close enough to each other to form a wider MNG

bandwidth.

Fig. 5. Double-sided planar evolved co-directional SRRs.

(a) The geometry: g′ = 0.5 mm, L′ = 0.98 mm, R′ =

2.6 mm, OO′ = 0.25 mm, g′′ = 4.8 mm, R′′ = 3.75 mm,

OO′′ = 0.45 mm. (b) Its qualitatively equivalent circuit

(L1, L0 andL2 indicate the equivalent inductances of the

inner, middle and outer pair-SRRs, respectively. C1, C0,

and C2 represent the equivalent capacitances of the in-

ner, middle and outer pair-SRRs, respectively, without the

parallel arms; C′1 and C′0 imply the additional equivalent

capacitance of the double parallel arms in the inner and

middle pair-SRRs, respectively. L′1 and L′0 imply the ad-

ditional equivalent inductances of the double parallel arms

in the inner and middle pair-SRRs, respectively. M1, M2,

and M3 indicate the mutual inductance couplings between

the inner and middle, middle and outer, inner and outer

pair-SRRs, respectively).

Furthermore, its low mutual coupling character-
istic is numerically discussed. Firstly, it is seen from
Fig. 6(a) that when the gap of outer pair-SRR gap
(g′′) increases, its magnetic resonance frequency de-
creases, while the higher resonance frequencies, as well
as their resonance strengths, for the other two pair-
SRRs remain fixed on the whole especially for the
inner pair-SRR exhibiting low mutual coupling.[30,31]

When the length of the inner ring’s arm pair (L′)
changes from zero to 0.58 mm, the corresponding mag-
netic resonance frequency decreases in Fig. 6(b), and
the lower resonance frequencies as well as the reso-
nance strengths, for the other two pair-SRRs, also re-
main fixed on the whole. It is noted that when the up-
per resonance frequency (for the inner pair-SRR) gets
closer to the other resonance frequencies (i.e., its arm’s
length L′ is larger than 0.58 mm here), the mutual
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coupling effect becomes more significant and cannot
be neglected. Therefore, we come to the conclusion
that when the resonance frequencies between the inner
and outer rings are not that close to each other, their
mutual coupling is negligible. However, when their
resonance frequencies are very closer to each other,
the mutual coupling becomes more significant (M1,
M2, and M3). Since the resonance frequencies be-
tween the inner and outer pair-SRRs is further away
than the other (i.e., the resonance frequencies between
inner and middle, and outer and middle), the mutual
coupling M3 is smaller than M1 and M2. In order to
fabricate a wideband MNG material unit, we compen-
sate the mutual coupling by simply adjusting the two
arms L and L′ (i.e., altering the additional inductance
and capacitance for each ring, respectively).

Fig. 6. The simulated transmission characteristic for

Fig. 5(a). (a) The gap of the outer pair-SRR (g′′) is

changed when the dimensions of the other pair-SRRs are

fixed. (b) The arm length of inner pair-SRR (L′) is

changed when the dimensions of the other pair-SRRs are

fixed.

Additionally, the stability of negative permeabil-
ity for the proposed SRRs in Fig. 5(a) has been dis-
cussed. Figure 7 shows that the dielectric loss tangent
of the substrate, which supports the metallic SRRs,
has great influence on the vibration of negative per-
meability. When the loss tangent of the substrate is
zero, the variation of its electromagnetic parameters
is very sharp and the MNG bandwidth for each SRR

is too narrow to combine the three MNG frequency
bands to design a wideband MNG material. However,
if a substrate with a higher loss tangent is selected,
the negative permeability vibration drops and keeps
a higher stability without discontinuity, especially
when the loss tangent is equal to 0.03. Therefore,
a substrate of a little higher loss tangent, which has
less variation in electromagnetic parameters, is more
suitable for designing a wideband MNG material.
On the other hand, the additional dialectic loss from
the substrate of ahigh loss tangent must be taken into

Fig. 7. Effect of the dielectric loss tangent on (a) trans-

mission characteristics and the retrieved electromagnetic

parameters; (b) effective permittivity, (c) effective perme-

ability.

consideration, because it is of little use in the applica-
tion when the dielectric loss is too high. Considering
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the above two factors, a substrate with a moderate
dielectric loss tangent should be selected as a compro-
mise on the basis of the engineering requirements in
its practical application.

The resonant response of the above MNG mate-
rial is measured using two coaxial probes connected
to an AV3618 network analyser and a similar ex-
perimental program was been adopted in Refs. [23],
[29], and [32]. First, we measure the transmission
spectra in the free space, i.e., without the MNG ma-
terial. The data are recorded for calibration and then
the measurement with the above MNG materials in-
serted (Fig. 8) is repeated. The distance between the

Fig. 8. Measured transmission data as a function of the

frequency for different types of SRRs (the measured sam-

ple is in the middle of the two probes).

receiver and transmitter probes is kept fixed during
the experiment. The measured results are also shown
in Fig. 8, in which the positive transmission values
are caused by the calibration technique and the lens-
ing effect of the structures.[23] Verifying the effective-
ness of the proposed evolution approach in Fig. 4, the
measurement results lead to the conclusion that when
the SRRs are added and arranged, this MNG material
structure can achieve resonance frequency bandwidth
expansion step by step within the tolerable experimen-
tal error.

4. Conclusion

In summary, an effective approach to expand the
bandwidth of a planar MNG material is proposed.
The fractional bandwidth of the MNG material is ex-
panded from 3.53% to 12.87% by adding SRRs and
changing the relative positions step by step, accord-
ing to the analysis of equivalent circuit models. The
experiment verifies the effectiveness of the bandwidth-
expanding methods at each step. For further investi-
gation, we point out the possibility of further broaden-
inf the MNG bandwidth by employing more SRRs us-
ing this evolution method. It is also worthwhile men-
tioning that when more SRRs are added step by step
to expand the MNG bandwidth, the length of the arm
and the relative position of all these SRRs (including
original SRRs and additional SRRs) needs to be ac-
commodated, increasing the complexity of the design.
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