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Double Negative Metamaterial Sensor Based on
Microring Resonator

Jing Jing Yang, Ming Huang, and Jun Sun

Abstract—Metamaterials are artificial media structured on a
size scale smaller than the wavelength of external stimuli, and
may provide novel tools to significantly enhance the sensitivity
and resolution of the sensors. In this paper, we derive the dis-
persion relation of cylindrical dielectric waveguide loaded on
double negative metamaterial (DNM) layer, and compute the
resonant frequencies and electric field distribution of the corre-
sponding Whispering-Gallery-Modes (WGM). Theoretical results
of resonant frequency and electric field distribution are in good
agreement with the simulation results. We show that the DNM
sensor based on microring resonator possesses higher sensitivity
than the traditional microring sensor since the amplification of
evanescent wave, and with the increase of metamaterial layer
thickness, the sensitivity will be increased greatly. It might open
an avenue for designing perfect sensors.

Index Terms—Evanescent wave, metamaterials, microring,
sensor.

1. INTRODUCTION

F PARTICULAR interest, artificially engineered meta-

materials are composed of electrically small inclusions
that may tailor the material’s effective permittivity and perme-
ability with positive, near zero, or negative values. The peculiar
properties and often counterintuitive behavior of metamate-
rials opens possibilities to form various structures with novel
functionalities such as perfect lens, cloak, directive antenna,
transparent devices, etc. [1]-[5]. Recently, great interest has
been devoted to sensing applications of metamaterials. For
example, JakS$i¢ et al. [6] investigated some peculiarities of
electromagnetic metamaterials convenient for plasmon-based
chemical sensing with enhanced sensitivity, and they envi-
sioned the practical applications of metamaterial-based sensors
in biosensing, chemical sensing, environmental sensing, home-
land security, etc. He et al. [7], studied the resonant modes of a
2D subwavelength open resonator, and showed it was suitable
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for biosensing. Cubukcu et al. [8] reported a surface enhanced
molecular detection technique with zeptomole sensitivity that
relies on the resonant electromagnetic coupling between a
split ring resonator and the infrared vibrational modes of
molecules. Melik ef al. [9] demonstrated the implementation of
metamaterials in wireless RF-MEMS strain sensors, and highly
desirable properties were obtained. Alu et al. [10] proposed a
method of dielectric sensing using ¢ near-zero narrow wave-
guide channels. Shreiber [11] developed a novel microwave
nondestructive evaluation sensor using metamaterial lens for
detection of material defects small relative to a wavelength.
Zheludev [12] analyzed the road ahead for metamaterials, and
pointed out that sensor applications are another growth area
in metamaterials research. Our team [13]-[15] studied the
performance of metamaterial sensor, and show that the sensi-
tivity and resolution of the sensors can be greatly enhanced by
metamaterials.

WGM is a morphology-dependent resonance. It occurs when
light within a dielectric microsphere resonator, which has a
higher refractive index than its surrounding. After repeated total
internal reflections at the curved boundary, the electromagnetic
field can close on itself and give rise to resonances [16]. The
WGM resonance phenomenon has attracted increasing atten-
tion due to their high potential for the realization of microcavity
lasers [17], quantum computers [18], sensing applications
[19]-[27], etc. Examples of the applications of WGM sensors
include biosensing [22], nanoparticle detection [23], single-
molecule detection [24], temperature measurement [25], am-
monia detection [26], and TNT detection [27]. However, to the
best of our knowledge, there is no report about the DNM sensor
based on microring resonator operating in WGM.

The purpose of this paper is to investigate the performance
of the DNM sensor and to illustrate how it is different from the
traditional microring resonator sensor. First, we derive the dis-
persion relation of the cylindrical dielectric waveguide loaded
on DNM layer, and compute the resonant frequencies and elec-
tric field distributions of the corresponding WGMs. Then, we
make full wave simulation on the performance of the DNM
sensor, and compared with the theoretical results. Finally, we
show that the DNM sensor possesses much higher sensitivity
than traditional microring resonator sensor, and the mechanism
behind these phenomena is verified by theoretical analysis and
simulation.

II. THEORETICAL ANALYSIS

The geometry of cylindrical dielectric waveguide loaded with
a layer of metamaterials is shown in Fig. 1. The inner side of
the cylindrical dielectric waveguide (e3, 13) is loaded with a
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Fig. 1. (Color online) (a) Schematic illustration of the cylindrical dielectric
waveguide loaded with a metamaterial layer colored in red. (b) Cross section of
the waveguide. (1 = ft3 = ft4 = po, €2 = —&o, ft2 = —lig.

layer of metamaterials (2, 12 ). Material parameters of the inner
region and the outer region is denoted as €1, pi1, €4, and 4. The
axial fields in regions 1, 2, 3, and 4 for TM mode [28] are

1

EM(r,0) = Ay Jon (prr)e™ ™ (1a)
EX(r,0) = ( Jm(p2r) + By, Yy (par)) eX™? (1b)
Ei‘”’)(ne):(cm m(p37) + Ch Yo (p3r))eX™ (1)
EW(r,0) = Dy Ko (qr)eti™? (1d)

where A, Bm, Cm, Dp,, B, and C! are chosen here to
weight the field but they are interdependent. .J,,, Y,,, and
K,, are, respectively, the Bessel functions of the first kind,
of the second kind, and the modified Bessel function of the
second kind. p1 = Jw?2e1u1 — B2, p2 = Vwieaus — 32,
ps = Vw?esusz — B2, ¢ = /% — w3eqpuq. B is the prop-
agation constant, and m is the angular order. For an infinite
cylindrical dielectric waveguide with negligible absorption and
no axial component of the propagation constant (8 = 0), TM
mode degenerates to WGM [29], (1) becomes

EM (r,0) = Ay, T (prr)e™m? (2a)
EX)(r,0) = ( Tm(p2r) + Bl Yo (por)) ™% (2b)
E®(r,0) = (ConJun (par) + Cp Yo (par)) €970 (20)
EX®(r,0) = D! H® (pyr)etim? 2d)

where p1 = w\/E111, p2 = w\/Eall2, P3 = W\/E3[13, P4 =
V=& = wyEp D = (i/2)e™™ /2D, HY is the
Hankel function of the first kind. The relation between H, r(,} ) and
Ko is Ky (—iz) = (i /2)e™ /2 HSY (2). For TM mode in the
cylindrical dielectric waveguide, transverse magnetic fields can
be obtained as

_ 1 (jwe OE.(r,0)

Hy(r,6) = <—T e ) (3a)
1 . OE.(r,0

Hy(r,0) :Iﬁ <—jwa%> . (3b)

The field matching equations at the boundary surface, r = rq,
r = 19, and 7 = 73 are expressed as
= HgZ)(Tl, 9)’
= H£3)(7”27 0)7
= H{" (ry,9).

ED(ry,0) = E@(r,,0), HD (r1,6)
E(ry,0) = E®) (r,,0), H® (r2,6)
E®(r3,0) = ED(ry,0), H (r4, )
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Fig. 2. (Color online) Simulation model.
(b) Surface sensing.

(a) Homogeneous sensing.

Satisfying these conditions gives
[M)[Aun. Bun B}, O O DY) =0 (@)

where equations (5)—(10) are shown at the bottom of the next
page.

The dispersion equation can be obtained by setting |M| = 0.
Coefficients B,,, B.,, Cn,, C’,, and D! can be expressed in
terms of the arbltrary coefﬁment A,,,, which can be determined

from the exc1tat10n condltlon and B,, fm A,,, B’
DA, Co = fm A, C f,f)A D’ f,;SnA
The coefficients fn , (2) f?n , (4) , and f may be found

from (4).

III. RESULTS AND DISCUSSIONS

A. Simulation Model

Simulation models of the DNM sensor are shown in Fig. 2.
A layer of metamaterials with thickness ¢ is located in the inner
side of the microring. Permittivity and permeability of the meta-
materials are e = —eg, g = —pg. Width of the microring and
the waveguide is w = 0.3 pm. The outer diameter of the mi-
croring is d = 5 pm. The distance from outer microring to the
waveguide is ¢ = 0.232 pm. The permittivity of the microring
and the waveguide is €3 = 10.24¢(. Fig. 2(a) is the simula-
tion model for homogeneous sensing. The dielectric core with
permittivity 1 = €,.€p is colored in gray. Fig. 2(b) is the simu-
lation model for surface sensing. The dielectric substance with
thickness ¢ and permittivity €; = €,.€ is attached to the meta-
material layer.

B. Results and Discussions

Frequency spectrum of the DNM sensor for homogeneous
sensing is simulated by the commercial software COMSOL
multiphysics, as shown in Fig. 3. It is obtained by frequency
sweep. The sinusoidal excitation with amplitude of 1 V/m is set
at port A of the waveguide. A probe is located at the point that
possesses maximum electric filed at resonant state to record
variation of |F,| with frequency. From left to right, the spectral
lines represent mode 25, 26, 27, 28, and 29 of the DNM sensor.
The inset shows the amplification in the frequency range of
198.68-198.72 THz. A comparison of the analytical and sim-
ulated resonant frequency for the microring resonator sensor
and the DNM sensor is shown in Table I. It is seen that the
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30 . - .
1 = TABLE I
COMPARISON OF THE THEORETICAL RESONANT FREQUENCY ( f; THz)
25F 1 AND SIMULATED RESONANT FREQUENCY (f; THz) FOR THE
N MICRORING RESONATOR SENSOR AND THE DNM SENSOR
20} \ .
198.68 198,69 198.7 198.71 198.72 Mo‘{é(m) 25 26 27 28 29
Jr(t=0) 186.145 192.199 198.251 204.300 210.347
15 g J5(t=0) 186.156 192.208 198.257 204.304 210.351
Jr(t=0.12pm ) 186.564 192.630 198.693 204.754 210.815
J{(t=0.12pm) 186.577 192.640 198.701 204.761 210.821
10t
sk 1 Taking mode 27 as an example, electric field distribution of
J JL the microring sensor and the DNM senor is simulated and com-
0 . . JL e pared with that of the analytical results, as shown in Fig. 4.
185 190 195 200 205 210

The theoretical electric field distribution is obtained by substi-
tuting (6)—(10) in to (2). The simulating results agree quite well

Frequency (THz)

Fig. 3. Frequency spectrum of the DNM sensor. Thickness of the metamaterial ~ with the analytical results. From Fig. 4(a) and (b), we can ob-

layer is + = 0.12 pm. Permittivity of the dielectric core is ¢, = 1.

serve that the maximum electric field is distributed inside the
ring for the microring resonator sensor without the metama-

theoretical results are in good agreement with the simulation terial layer. For the DNM sensor, maximum electric field per-

results. meates into the surface of the metamaterial layer, as shown in
[ Jm(p171) —Jm(par1) =Y (par1) 0 0 0 i
_E1J,’np(1]117‘1) 821;;)(527“1) Y, p(QPzrl) 0 0 0
0 o (p2r2) Yim(par2)  —Jm(psra)  —Ym(psrz) 0
[M] = 0 _eadl(par2)  e2Yy (par2) e3J,, (para) e3Y, (para) 0 (@)
P2 P2 p3 p3
0 0 0 Jm(png) Ym(pgrg) —H,(,})(p4r3)
0 0 0 _esdy(pars)  _eaVy(pars)  eaH D (pars)
p3 p3 P4 -
£ = (pzelJl (p171)Ym(par1) — preadm(p1r1) Yo, (par1)) ©6)
(preadt, (par1)Yum (por1) — preadm (par) Y, (p2r1))
£ = —(p2e1J7,(p171) I (P271) — preadm(p1r1)Jy, (P271)) o
" (p1€2J7'n(p2T1)Ym(p2T1) - p1€2Jm(p27"1)Y£1(p27"1))
(p2e3Y 0, (p3r2) (Jm (p2r2) (pre2Jm (p171) Y, (p2r1) — p2e1Jy, (P171) Y (p2r1)) + Yo (para) (p2e15, (p171) T (p271)
—p1e2Jm (p171) I, (p271))) + P3e2Yim(par2) (I, (p2r2) (p2e1dy, (P171) - Yin (p2r1) — preadim(pir1) Yy, (p2r1))
£8) = +Y (p2r2) - (pre2Jm(p171) Jy, (par1) — p2e1 Sy, (p171) I (p2r1))))
" (p1p2e2es(J), (p2r1)Ym (p2r1) — Jm(p2r1) Y (p271) ) () (p372) - Y (p372) — Jim (p372) Y (0372)))
(8
(paes ), (p3r2)(Jm (p2r2) (P2e1 0, (0171) Yin (P271) — Pr€2Tm (P171) Y0 (P271)) + Yo (D212) (D162 T (P171) T, (D271)
—p2e1 ), (p171) Im(p2r1))) + P32 Jm(p3r2)(J), (P2r2) (Preadm(pir1) - Yo, (p2r1) — p2er ), (p171) Y (par1))
£ Z +Y o (p2r2) - (p2e15, (P171) I (p211) — P12 Jm(prr1)Jy, (p2r1))))
" (p1p2e2es(J], (p2r1)Ym(p2r1) — Jm(p2r1) Yy, (p271)) (T, (p372) - Yin (p372) — Jm (p3r2) Y, (par2)))
)
c1(Ym(pars)(p2esd), (par2) (Jm(p2r2)(P2e1Jy, (p171) Yo (p271) — p1e2m (P171) Yo (P271))
+Y (p2r2) (p 1€2/m (p171) I3 (p2r1) — P21y, (P171) I (p271)))
+p3eadm (p37"2)( (pﬂz)( 1€2J (p17"1)Y7;(p27“1) —p281J7In(p1T1)Ym(p27“1))
+Y,, (p2r2)(p2erd), (p171) - Jm(p2r1) — preadm(prry) ), (p2r1))))
+Jim (p3rs) (paesY,, (psra)(J (p2T2)(P1€2J (p1r1)Y, (p2r1)
—p2e1dp, (p171)Yin(p271)) + Yin (p2r2) (P221 T, (P171) T (P271)
—p1€2Jm(p171) S5, (P2r1))) + P3eaYm (par2)(Jy, (p2r2) (P2e1d5, (p171) Yin (P271)
—pre2Jm(prre) - Yy, (p2r1)) + Yo, (p2r2) (pre2Jm (p171) J;, (P2r1)
1O = —p2e1J5,(P171) I (P271))))) . (10)

(prp2e2es HS (pars) (T (92r1) Yo (p211) — T (p2r1) - Vi (271)) (T (372) Yo (p372) — T (p372) Y (p372)))
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Fig. 4. (Color online) Electric field distribution of the microring sensor op-
erating at mode 27. (a) Theoretical result of the microring resonator sensor.
(b) Simulating result of the microring resonator sensor. (c) Theoretical result
of the DNM sensor. (d) Simulation result of the DNM sensor. Thickness of the
metamaterial layer is ¢ = 0.12 pn.

Fig. 4(c) and (d). Therefore, this area will be quite sensitive in
dielectric environment.

Fig. 5 shows the simulating results for homogeneous sensing.
Permittivity (e, ) of the dielectric core varies form 1 to 1.1 with
an interval of 0.02. The spectra are red shifted with the in-
crease of (e,.). From Fig. 5(a) and (b), we can obtain that the av-
erage frequency shift for the microring resonator sensor is about
7.562 GHz; for the DNM sensor, the average frequency shift is
about 116.137 GHz. Therefore, sensitivity of the DNM sensor
is 15.358 times that of the traditional microring resonator sensor
for homogeneous sensing.

Resonant frequency in Fig. 5 is calculated and compared with
the theoretical method, as shown in Fig. 6. Blue and green lines
denote the results for the DNM sensor, obtained by theoretical
method and numerical simulation, respectively. Red and cyan
lines denote the results for the microring resonator sensor. From
Fig. 6, we can observe that the simulation results agree well with
the theoretical results. With an increase of 0.02 in core medium
permittivity, the average frequency shift of the microring sensor
is quite small. When a layer of metamaterials is attached to the
inner side of the microring resonator, the average frequency shift
of the DNM sensor will be greatly increased. As a consequence,
the DNM sensor possesses much higher sensitivity than the tra-
ditional microring resonator sensor.

To reveal the mechanism behind these phenomena, we plot
the electric field distribution along x axis from —3 to —1.5 ym
for mode 27, as shown in Fig. 7. Permittivity of the core medium
is set to be e, = 1. It is seen that the electric field intensity in-
creases with metamaterial layer thickness (¢). The inset shows
the electric filed distribution of the DNM sensor. From Fig. 7,
we can clearly observe that the stronger electric field of evanes-
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Fig. 5. (Color online) Resonant frequency spectrum of mode 27 with respect
to the change of core medium permittivity €,.. From left to right, the curves
correspond to ¢, = 1, 1.02, 1.04, 1.06, 1.08, and 1.1, respectively. (a) The
microring resonator sensor. (b) The DNM sensor. Thickness of the metamaterial
layerist = 0.12 pn.

198.7 T T T T
—— with metamaterial (t)
—— with metamaterial (s)

198.61 —— without metarnaterial (t) |
g " without metamaterial (s)
el 1985 .
Q
=]
S
o
3 19841 -
i
L
g
§ 1983+ b
v
oM N,

198.2} \

1981 ; 4 ; p

1 1.02 1.04 1.06 1.08 1.1

€
T

Fig. 6. (Color online) Relation between ¢,. and resonant frequency.

cent wave penetrates into the detecting region when the thick-
ness of metamaterial layer increases. Therefore, the essence for
the enhancement of sensitivity is the evanescent wave amplified
by metamaterials.

Fig. 8 shows the relation between core medium permittivity
and resonant frequency for different metamaterial layer thick-
ness. Permittivity of the core medium increases from 1 to 1.1
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Fig. 7. (Color online) Electric field distribution along x axis from —3 to
—1.5 pm for the DNM sensor operating in mode 27. The inset shows the
electric field distribution of the DNM sensor, of which the metamaterial layer
thickness is * = 0.12 pm.
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Fig. 8. (Color online) Homogeneous sensing. Relation between ¢, and reso-
nant frequency for a variation of metamaterial layer thickness.

with an interval of 0.02. Resonant frequency shift varies linearly
with the permittivity of substance. For the microring resonator
sensor, average frequency shift with response to an increase of
0.02 in core medium permittivity is only 7.562 GHz. For the
DNM sensor, average frequency shift increases with metama-
terial layer thickness. When the thickness of the metamaterial
layer is increased to 0.06, 0.09, 0.12, 0.15, and 0.18 pm, the
corresponding average frequency shift will be 29.001, 57.744,
116.137, 235.972, and 483.071 GHz, respectively.

Surface sensing of the DNM sensor can also be analyzed ac-
cording to the above procedures, and it is not shown here for
brevity. Fig. 9 portrays the simulation results of surface sensing.
Thickness of the adsorbed substance is 0.075 pm. Similarly,
average frequency shift increases with metamaterial thickness.
When metamaterial layer thickness increases from 0.06 to 0.18
pm with an interval of 0.03 pm, the average frequency shift
of the DNM sensor with response to an increase of 0.02 in
surface medium permittivity is about 24.525, 49.454, 99.984,
204.167, and 419.610 GHz, respectively. Therefore, sensitivity
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Fig. 9. (Color online) Surface sensing. Relation between ¢, and resonant fre-
quency for a variation of metamaterial layer thickness.

of the DNM sensor can be greatly improved by increasing the
thickness of the metamaterial layer attached to its inner side.

IV. CONCLUSION

WGMs of dielectric waveguide with a layer of metamaterials
is theoretically analyzed, and the dispersion relation is derived.
Analytical results of the resonant frequency shift and electric
field distribution of the sensor is in good agreement with the
simulation results. We show that the DNM sensor possesses
a higher sensitivity than the traditional microring resonator
sensor, since the amplification of evanescent wave. Moreover,
the sensitivity will be further improved by increasing the thick-
ness of the metamaterial layer. It opens an avenue for design
novel sensors with specified sensitivity.
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