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Abstract—We propose an effective way to realize the ultra-low loss in
a split ring resonator (SRR) by suppressing the electric dipole moment
approach. To tremendously reduce the loss, the loss mechanism of
the SRR is theoretically analyzed in detail. The nonuniform current
distribution on the SRR loop results in the residual electric dipole
moment and thus brings the high radiation losses. Three different SRR
configurations that the lumped capacitor, the distributed capacitor and
the dielectric medium are incorporated into the SRR metamaterial are
conceived, by which the uniform current distribution can be observed.
This leads to in a finite bandwidth deviated from the resonance
frequency where the SRR’s loss performance dramatically improves
owing to suppression of the residual electric dipole moment. The
proposed the loss reduction mechanism has potential applications in
negative and zero index metamaterials, especially at THz frequencies
and in the optical regime.
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1. INTRODUCTION

Negative index metamaterials (NIMs) have attracted great attention
due to their fascinating electromagnetic (EM) properties such as
perfect lens, near-field imagings, cloakings, reversal of the Doppler
effects, and so on [1–15]. A well-established route of constructing NIM
structures is based on the Veselago’s theory of left-handed materials
(LHM), simultaneous negative permittivity and permeability [16].
However, the negative permittivity and permeability produced by
electromagnetic resonance can bring about a very high loss [17, 18].
Reducing the losses is critical for many applications expected from the
NIM technology, including perfect lenses, electromagnetic cloaks, and
so on.

Therefore, a number of diverse strategies have been proposed
toward overcoming the issue of high losses in metamaterials. Achieving
such reduction of losses by geometric tailoring of the metamaterial
designs appears to be out of reach [19–21]. Optimizing low loss
NIMs by using intelligent algorithms has also been proposed [22, 23].
Although these NIMs show the low loss property, this method
is not universal and systematic. Another promising and generic
approach is to incorporate gain materials into metamaterial designs
for compensating their overall losses [24–26]. This approach is very
promising and has been theoretically predicted that it can achieve zero-
loss metamaterials, even over a broad bandwidth. However, it may not
always be possible to find a suitable material to provide the necessary
gain at a desired frequency regime. So far, the electromagnetically
induced transparency (EIT) effects have been introduced to the
metamaterial designs for suppressing the radiation losses [27–36].
Although the losses of the EIT-like metamaterials are very low,
they do not maintain the negativity in the real part of constitutive
parameters [27, 29, 33, 35]. Tsakmakidis et al. have achieved the low
loss and negative permeability metamaterial using the EIT-like effect,
but its bandwidth is extremely narrow and this EIT-like structure
is not convenient for fabrication due to involving to two different
metals [37].

The split ring resonator (SRR) used by Ref. [37] is a very
common design to achieve the negative permeability when the H
field is normal to the SRR plane [16, 17]. Taking this SRR as an
example, this paper proposes an effective approach to obtain the ultra-
low loss magnetic metamaterial. The loss mechanism of the SRR is
theoretically analyzed in detail. Analytical results indicate that the
nonuniform current distribution on the SRR loop results in the residual
electric dipole moment and thus brings the high radiation losses. In
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order to reduce these losses, the residual electric dipole moment should
be greatly suppressed, by which the uniform current distribution
can be observed. Therefore, three different SRR configurations that
the lumped capacitor, the distributed capacitor and the dielectric
medium are incorporated into the existing SRR’s cell are proposed,
and we study their validity in loss reduction in numerical simulation.
Simulation results show that, owing to suppression of the residual
electric dipole moment, the SRRs with lumped capacitor, distributed
capacitor and dielectric medium exhibit the low loss property.

2. LOSS MECHANISMS FOR THE SRR

We start our analysis by considering a periodic arrangement of a single
SRR [37], as shown in Fig. 1(a). The SRRs in Figs. 1(a)–(c) are
constructed on the FR4 substrate with a dielectric constant of 4.4, a
loss tangent of 0.005 and a thickness of 1 mm, and the material of the
metallic SRR is copper with a electric conductivity of 5.96 × 107 S/m
and the thickness of 0.018 mm. The incident wave propagates along
the z axis paralleling to the SRR plane. E-fields polarized along the
y axis and H-fields polarized along the x axis are employed. The
exact geometry parameters of the unit cell for the SRR as revealed in
Figs. 1(a)–(c) are a1 = 5 mm, b1 = 5 mm, l1 = 4.4 mm, l2 = 2mm,
l3 = 0.27mm, s1 = 1 mm, s2 = 0.3mm, s3 = 0.03mm, w1 = 0.3mm
and w2 = 0.03mm, respectively. Fig. 1(d) displays the unit cell of
theTHz SRR with dielectric medium. The geometric parameters of the
SRR at THz frequencies are given in the caption of Fig. 1. Along the
unit cell boundaries in x and y directions, periodic boundary conditions
are enforced to simulate the infinite periodic structure. All numerical
simulations are based on the CST MICROWAVE STUDIO.

When the size of the SRR unit cell is much smaller than the
wavelength of the incident wave (l/λ ≈ 0.055), the SRR metamaterials
can be treated as a homogenous medium according to the effective
medium theory. Consequently, the effective permeability of the SRR
can be retrieved by employing the method proposed by Ref. [38].
Worth noting that the extraction method of effective parameters
proposed by Ref. [38] is available only for the dominant wave mode.
Higher order mode interaction of neighbored unit-cells is not taken
into account. The effective permeability of the SRR as a function of
the normalized frequency (f − f0)/f0 (f0 is the magnetic resonance
frequency) is plotted in Fig. 2(a). One can see that the negative
permeability effect appears near the resonance frequency and the
imaginary part of the permeability is very large, which means that
the losses of the SRR are very high. It needs to specially point
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(b)(a)
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Figure 1. (a) One unit cell of the SRR. (b) One unit cell of the
SRR with lumped capacitor. (c) One unit cell of the SRR with
interdigital capacitors. The dimensions are a1 = 5 mm, b1 = 5 mm,
l1 = 4.4 mm, l2 = 2 mm, l3 = 0.27mm, s1 = 1mm, s2 = 0.3mm,
s3 = 0.03mm, w1 = 0.3mm, and w2 = 0.03mm. (d) One unit cell
of the SRR with dielectric medium. The geometric parameters of the
SRR at THz frequencies are a1 = 60µm, b1 = 60µm, l1 = 50µm,
l2 = 22µm, s1 = 10µm, s2 = 6 µm, and w1 = 3µm. The thicknesses
of the substrate glass (εr of 4.84 and a loss tangent of 0.0054) and the
metal copper are 10µm and 8µm, respectively. The εr of the dielectric
medium (magenta) is 11.
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Figure 2. (a) The retrieved results for the real and imaginary parts
of the effective permeability of the SRR. (b) The FOMs of the SRR.
(c) The absorption losses of the SRR. In panels (a)–(c), the 0.005 (0.01)
indicate that the SRR is constructed on the FR4 substrate with a loss
tangent of 0.005 (0.01). (d) The surface current distribution for the
SRR at the magnetic resonance frequency, the maximal scaling is used.
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out that there is a curvature in the real part µeff near 0.18 on the
abscissa, which may result from that the transmission data are very
small in magnitude in the resonance band, similar to the results in
Refs. [19, 21, 25]. To investigate the influence of the FR4’s losses on
the SRR, the effective permeability of the SRR constructed on the FR4
substrate with the higher loss tangent of 0.01 is also extracted from
the scattering parameters, as shown in Fig. 2(a). From Fig. 2(a), it
can be seen that, as the FR4’s losses increase, the absolute value of
the Re(µeff ) becomes smaller, and the Im(µeff ) slightly changes. The
figure of merits (FOMs) and the absorption spectra of the SRRs with
different FR4’s losses are also calculated by using the formulas (1) [37]
and (2) [35], and displayed in Figs. 2(b) and (c), respectively.

FOM =
∣∣∣∣
Re(µeff )
Im(µeff )

∣∣∣∣ (1)

A = 1− |S11|2 − |S21|2 (2)

From these figures, one can see that the FOM is hardly affected by the
losses of the FR4 near the resonance frequency ((f − f0)/f0 < 0.18),
but in a finite bandwidth deviated from the resonance frequency
(0.18 < (f − f0)/f0 < 0.3), the FOM obviously decreases as the
FR4’loss tangent increases from 0.005 to 0.01. Meanwhile, the overall
absorption loss of the SRR metamaterial enhances.

In order to investigate the generation mechanism of the losses in
the SRR, the surface current distribution of the SRR at the magnetic
resonance frequency is simulated and shown in Fig. 2(d). It can be
seen that the induced current flows annularly along the SRR’s arms,
which produces the magnetic dipole moment and leads to the negative
permeability effect of the SRR. However, we note that the induced
current distribution is not uniform. To be specific, the current intensity
on the left arm of the SRR is much larger than that on the right
arm for the SRR. In this case, accompanying the excitation of the
magnetic dipole moment, the electric dipole moment is also excited,
which causes large radiation losses. It needs to specially point out that
although the magnetic dipole has radiation losses, the radiation losses
of the magnetic dipole are much lower than those of the corresponding
electric dipole, which is consistent with the view proposed by Ref. [34].
As a result, the magnetic dipole (SRR) with the uniformly distributed
current is expected to exhibit the low loss property. Therefore, in order
to obtain the low loss SRR, the residual electric dipole moment should
be effectively suppressed.
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3. REALIZATIONS OF THE ULTRA-LOW LOSS SRR

To suppress the residual electric dipole moment in the unit cell of
the SRR, the circular current on the SRR is expected to exhibit
the uniform distribution. We demonstrate that such a dramatically
decreased the metamaterial loss is achieved by incorporating the
lumped and distributed capacitors and the dielectric medium into
the existing SRR. Such three arrangements that, as is shown in the
following, induce the redistribution of the surface current of the SRR
loop and thus suppress the residual electric dipole moment associated
with the existing SRR. For simplifying the description of SRRs in the
paper, we use throughout the manuscript the abbreviations “SRR-
LC” for the SRR with lumped capacitor as shown in Fig. 1(b), the
abbreviations “SRR-IDCs” for the SRR with interdigital capacitors
(IDCs) as shown in Fig. 1(c), and the abbreviations “SRR-die” for the
SRR with dielectric medium as shown in Fig. 1(d).

3.1. SRR-LC

Now, let us consider this arrangement that the lumped capacitor is
added to the SRR structure, as shown in Fig. 1(b). The dimensions
for the SRR-LC are kept the same as dimensions of the SRR
shown in Fig. 1(a). The lumped capacitor value is 1 pF. When the
lumped capacitors are incorporated into the SRR structure, the SRR’s
resonance frequency decreases from 4.63 GHz to 1.74 GHz because of
the increase of the totally equivalent capacitor of the SRR, and thus
the miniaturization of the SRR is achieved [39, 40]. To demonstrate
the validity of the loss reduction of the SRR structure, the effective
permeabilities of the SRR and SRR-LC, as functions of the normalized
frequency (f − f0)/f0 (f0 is the magnetic resonance frequency), are
retrieved as shown in Fig. 3(a). It is seen that the imaginary part
of the permeability of the SRR-LC approaches 0 faster than the real
part of its permeability, and the effective permeability µeff becomes
much stronger and narrower compared to the case without lumped
capacitor. These significant features are widely considered as typical
signs of the low loss, as pointed out by Refs. [21, 25]. The absorption
losses for the SRR and SRR-LC are also calculated. The calculated
results are displayed in Fig. 3(b). From Fig. 3(b), we observe that the
absorption losses for the SRR-LC are greatly reduced. Moreover, near
the resonance frequency, we note that the imaginary part value of the
permeability of the SRR-LC is much smaller than the case without
lumped capacitor, but the negative permeability effect of the former
is far larger than the latter’s effect (see the highlight areas shown in
Fig. 3(a)). Accordingly, the FOM of the SRR-LC becomes very large,
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Figure 3. (a) The retrieved results for the real and imaginary parts
of the effective permeabilities for the SRR and SRR-LC. (b) The
absorption losses of the SRR and SRR-LC. (c) The FOMs of the SRR
and SRR-LC. (d) The surface current distribution at the frequency
of the magnetic resonance (1.74GHz) for the SRR-LC, the maximal
scaling is used.

approaching values of 140 (see Fig. 3(c)).
To understand the physical mechanism of the loss reduction of

the SRR, the surface current distribution at the magnetic resonance
frequency (1.74 GHz) is displayed in Fig. 3(d). Noting that the induced
current on the SRR loop exhibits the anti-symmetric distribution and
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Figure 4. (a) The real and imaginary parts of effective permeabilities
for the SRR and SRR-IDCs. (b) The absorption losses of the SRR
and SRR-IDCs. (c) The FOMs of the SRR and SRR-IDCs. (d) The
surface current distribution at the frequency of the magnetic resonance
(2.34GHz) for the SRR-IDCs, the maximal scaling is used.

the current intensity on left-right arms of the SRR is comparative,
which means that there is almost not residual electric dipole moment
in the SRR’s cell. As a consequence, the radiation loss of the SRR is
greatly reduced and the low loss SRR is achieved.
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3.2. SRR-IDCs

As discussed above, the lumped capacitor can be incorporated into
the SRR structure to suppress the residual electric dipole moment
and thus achieve the low loss magnetic metamaterial. However,
lumped elements are not available at higher radio frequencies such
as millimeter waves because of their distributed parameters. As the
counterpart of the lumped capacitor, IDCs have been widely used
to design left-handed metamaterials [41, 42] at microwave frequencies.
Moreover, IDCs have been used as quasi-lumped elements at higher
frequency [43]. In the following, we start to analyze the loss property
of the SRR-IDCs (see Fig. 1(c)). The geometric dimensions of
the SRR-IDCs are the same as dimensions of the SRR shown in
Fig. 1(a). When the IDCs are integrated with the SRR structure,
the SRR’s resonance frequency decreases from 4.63 GHz to 2.34 GHz
because of the increased equivalent capacitor of the SRR, and thus the
miniaturization of the SRR structure is achieved [39, 40]. The effective
permeability, absorption loss and FOM of the SRR-IDCs as functions
of the normalized frequency are displayed in Figs. 4(a)–(c). For the
purpose of comparison, the effective permeability, the absorption loss
and the FOM of the independent SRR are also included. Similar
to the simulated results for the SRR-LC, the weak and broad µeff

becomes stronger and narrower after the introduction of IDCs for the
SRR metamaterial. Accordingly, the FOM of the SRR-IDCs increases,
approaching values of 40. Meanwhile, we note that although the IDCs
introduce additional losses for the SRR near the magnetic resonance
frequency, the losses for the SRR are reduced in a finite bandwidth
deviated from the resonance frequency (see the highlight areas shown
in Fig. 4(b)). The surface current distribution of the SRR-IDCs at the
magnetic resonance frequency (2.34GHz) is also displayed to further
demonstrate the suppressing degree of the radiation loss (see Fig. 4(d)).
It is obviously seen that the uniform current distributes on the SRR
loop and there is almost not residual electric dipole moment in the
SRR’s unit cell contributing to radiation losses. Thus, the low loss
magnetic metamaterial is achieved by using the SRR-IDCs.

3.3. SRR-die

It needs to specially point out that our proposed method is also
valid atTHz frequencies and in the optical regime. As shown in
following, the validity of losses reduction of the SRR-die (see Fig. 1(d))
is examined. In this case, the role of the dielectric medium in
the SRR metamaterial is comparative to the role of the lumped
capacitor and IDCs in the microwave regime. When the dielectric
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Figure 5. (a) The real and imaginary parts of effective permeabilities
for the SRR and SRR-die. (b) The absorption losses of the SRR and
SRR-die. (c) The FOMs of the SRR and SRR-die. (d) The surface
current distribution at 0.34THz for the SRR-die, the maximal scaling
is used.

mediums are added to the SRR structure, the SRR’s resonance
frequency decreases from 0.52 THz to 0.34 THz because of the increased
equivalent capacitor of the SRR, and thus the miniaturization of
the SRR structure is achieved [39, 40]. Similar to the microwave
frequencies, the negative permeability effect becomes stronger and
narrower after the introduction of the dielectric medium for the SRR
metamaterial, as revealed in Fig. 5(a). Accordingly, the FOM increases
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from 0.2 to 16 and the absorption losses are reduced in a finite
bandwidth deviated from the resonance frequency (see Figs. 5(b)–
(c)). The surface current distribution at the magnetic resonance
frequency (0.34 THz) is plotted in Fig. 5(d). From Fig. 5(d), we can
see that the uniform current flows around the SRR loop, which further
demonstrates that the residual electric dipole moment in the SRR’s
cell is effectively suppressed and the radiation losses of the SRR are
greatly reduced. Thus, the SRR-die exhibits the low loss property at
THz frequencies. The results of our study provide useful guidelines for
the design and engineering of negative index metamaterials with low
loss at THz frequencies.

4. CONCLUSION

In this paper, we propose an effective way to tremendously reduce the
losses of the SRR by suppressing the residual electric dipole moment.
We start to discuss on the analysis of the loss mechanism of the SRR.
Note that the residual electric dipole moment on the SRR loop leads
to the high radiation losses. In order to obtain the ultra-low loss SRR
metamaterial, three different schemes are applied in the numerical
simulations and the validities of their corresponding loss reductions
are studied by calculating the effective permeability, absorption loss,
FOM and surface current. Simulation results indicate that the SRRs
integrated with the lumped capacitor, IDCs and dielectric medium
show the low loss property in a finite bandwidth deviated from the
resonance frequency owing to suppression of the residual electric dipole
moment. Furthermore, their FOMs are greatly increased compared to
the case of the independent SRR and the uniformly distributed currents
on the SRR loop can be observed, which further verifies the ultra-
low loss property of the SRR metamaterial. The result of our study
proposes another way to realize the negative permeability metamaterial
with low loss at microwave and THz frequencies, and it opens up new
prospects for studies of the unique electromagnetic effects associated
with negative and zero index materials such as superlens, reversed
Doppler effects, and electromagnetic cloaks.
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