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Abstract

We propose a new sensing device using a modified add-drop filter known as a PANDA ring resonator type, in which
the sensing unit is consisted of an optical add/drop filter and two nanoring resonators, where one ring is placed as a
sensing device, the other ring is set as a reference. In operation, the external force is assumed to exert on the sensing
ring resonator, which can form the measurement. The finite difference time domain (FDTD) method called Opti-
wave is used to manipulate the sensing behaviors of the proposed system. The obtained results have shown that the
change in wavelength due to the change in sensing ring radii is seen, in which the wavelength shift of 1 nm resolution
is achieved. The recovery and the reciprocal signals can also be formed, which can be used to approach to many
advantages of measurements, including the possibility of standardizing measurement accuracy. The behavior of light
within a PANDA ring resonator is also analyzed and reviewed.

© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [-.SEEC2011
Open access under CC BY-NC-ND license.
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1. Introduction

In the recent years, optical sensors have been implemented and widely used in various applications, for
instance, in medicine, microbiology, communication, particle physics, automotive, environmental safety
and defense [1-3]. Particularly, the integrated nonlinear optical device using a microring resonator has
been widely investigated in both theory and experiment [4-6]. It can be used as sensors to measure force,
strain, temperature, pressure and other quantities by modifying an optical device so that the quantity to be
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measured modulates the intensity, phase, polarization and wavelength or transit time of light in the
waveguide. One of the interesting results is the use of a specific model of a modified add-drop filter
known as a PANDA ring resonator [7], which can be a good candidate for force sensing device.
Especially it have a numerous advantageous features such as small size, ruggedness, potential for
realizing various optical functions on a single chip (integration with other optical components), multi-
channel sensing, etc. The use of force measurement with more efficiency systems has been reported by
several research groups [8, 9]. Recently, the use of a new form of a PANDA ring resonator has shown the
interesting aspect of applications [10, 11], where the authors have shown that such a proposed form of a
ring resonator can establish the new concept of dark-bright soliton conversion, whereas the use of random
encoding, optical vortices (tweezers) and optical/quantum gate can be generated.

In this paper, we present the use of a PANDA ring resonator, which can be employed as a force
sensing application, in which the resolution in the range of nN (nano Newton) can be achieved by
measuring the wavelength shift, moreover, the low power consumption due to the low intensity source is
the other advantage. The sensing system is functioned by mean of the change of a ring radius due to a
load cell or other physical parameters, in which the change in optical path length of light is caused by the
same way of an interferometer [12, 13], while the other ring radius remain constant(reference signal). The
sensing and the reference signals are analyzed, simulated and compared to form the measurement.
Simulation results obtained have shown that the system can be employed to be a force sensing at
nanoscale. However, the measurement limitation due to wavelength meter resolution and material
elongation limit is occurred, in which the measurement resolution of 1 nm is noted in this work and the
interesting results are the self-calibration sensor base on ring resonator is discussed in details.

2. Modified Add-Drop filter

To form the simulation sensing performance, the microring material used is /[nGaAsP/InP, with the
refractive index is 7,= 3.34 [14-16]. The schematic diagram of a sensing system using a PANDA ring
resonator is as shown in Fig. 1. The system is consisted of three microring resonators, where the first ring
is placed as a reference ring, with radius R, = 1.550 zm. The second ring R, is the sensing ring, the ring
radii are varied from 1.550 — 1.558, and the third ring is used to form the interference signal between
reference and sensing rings, with the radius R, is 3.10 zm. In operation, the change in sensing ring radius

is caused by the change in the shift of signals circulated in the interferometer ring (R;), in which the

interference signal is seen. The change in optical path length which is related to the change of the external
parameters is compared and measured.

Two identical beams of monochromatic optical field ( £,, ) of Gaussian pulse with the center

wavelength at 1.550 pwm are launched into in the system at the input and the add ports, respectively, which
is given by

E, (t) =k, exp[— aL + jé, (t)] )
Here E,is constant light source amplitude, L = 27R is a propagation distance (waveguide length),

« is an attenuation coefficient and ¢o is the phase constant. When light propagates within the nonlinear

material (medium), by considering the Kerr nonlinear effect within the ring devices, the refractive index
(n) of light within the medium is given by
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n
n=n,+nl=n+—"—P
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Here n, and 7, are the linear and nonlinear refractive indices, respectively. / and P are the optical

intensity and optical power, respectively. The effective mode core area of the device is given by Aeﬁr
The resonance output is formed, thus, the normalized output of the light field is the ratio between the
output ant input fields [Eom (l‘ ) and £, (l‘ )] in each round trip, which is given by [4, 7]

£ g (1-0-7) ) 5
E, (t) (1 - xﬂm)z + 4xﬂﬂsin2(§j

The optical output of ring resonator add/drop filter for the through and drop port can be given by
equations (4) and (5), respectively [7]

-21-x 1/1—1(2 cos (k,L)+(1-x,)e ™ @
g (1—K1 M= ke — 2T fT=mye * - coslk L)

2 -,
E,| B KK,.e? (3)
E. | —a

(=i =K, Je ™ =241 -k, [l - Kye 2 Lcos(knL)

Here E,and £E, ,represent the optical fields of the through and drop ports, respectively.
X = exp(_ 05%) is a round trip loss coefficient, k, = 2% is the wave propagation number in

vacuum, 71, is an effective refractive index, ¢ = kneﬁL is the phase constant, ) is the fractional
coupler intensity loss, &K is the coupling coefficient, and [ is a complex coefficient, The signals of both

rings R; and R, are observed at the point Ref.1 (E Rl) and Sen.1 (E Sl)respectively as shown in Fig. 1,

and the mathematical forms of those signals are also analyzed, which can be expressed as

2 2
Ea| — (1= )x AN (2 )KC(1+Z§ﬂ1,/(1—yC)(1—KC ) ©
E, 1_22(1_75)(1_Ks) | 1_Z34ﬂ1,32(1_7c)(1_’(c)
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hz_ _(1_7/R)KR j'Z3\/(1_}/C}KC(1+Z32ﬂ2\/(1_}/CjZ1_KC)) 2 (7)
E, - I_Zl(l_j/R)(l_KR)' 1_Zz4ﬂ1ﬂ2(1_7c)(1_’(c)

Here E, and E, represent the sensing and reference signal respectively, 7 and y, are the

fractional coupler intensity loss in sensing and reference unit, K and k' are the coupling coefficient in
sensing and reference unit,
- -alL L
Z = exp(gaLzl—jk" Lzlj v Z,= exp(——z—jkn ?Zj and 7, = exp[

coefficients, and £ is a complex coefficient, which they are described by

_——3—jk L are loss
8 4 "4

—al,

JO —x)+(=p)e * "
- M=K -7 )e
ﬂl — 3 3 73 (8)

1_\/(1_73)(1_’(3)-6 a

ﬂ_'kan
B, = (1_7/0 l—KO)+(l—)/07).€ ¢ )

al, .
T () (R P

The power output P at sensing port E, is expressed by

2
P=|Eg| (10)
The power output P at reference port £, is expressed by
2
P=|Eg| (11)

To compare the reference and sensing signals, we set ¥, =7, , kK, =k; so 3, = [, and then
set ¥y = ¥, where finally £ and E,, are both identical if L, = L,. Then E, is varied while L, is

changed by means of varying R, with respect to £, , in which R, remains constant. By using the finite

difference time domain method (FDTD), the system is analyzed by using the computer programming
called Opti-wave, whereas all parameters are simulated based on the practical parameters. The simulation
steps are 40,000 iterations and the peak spectrum at point Ref.1 and Sen.1 are set as reference and sensing
signals respectively, as shown in Fig. 2 and 3. The change in optical path length between sensing and
reference signals is compared, in which the induced change by the external parameters is measured.

This measurement is formed by the comparison of the shift in wavelength (optical path length), i.e.
wavelength shift (AL) is given by
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AL =2, -2, (12)

Here A, and A, are the peak wavelengths of Ref.1 and Sen.1, respectively. The relationships between
intensity and wavelength-shift are plots as shown in Fig. 3.

—‘ Inputl port Throughput port

Gaussian Pulse  Ey,

nsing Unit

E
! Se

Input? port

Drop port Eiaz Gaussian Pulse
Fig. 1. Schematic diagram of a nano-scale sensing transducer using PANDA ring resonator

3. Force Sensing Operation

In simulation, the sensing ring radius R, is varied from 1.550 to 1.558 um, in which the optical path

length is also changed, and an interferometer system is formed [12, 13]. Both signals, sensing and
reference signals are observed and compared, and the measurement is formed [8, 9]. We assume that the

load cell or other sensing parameters can exert on the second ring R, , whereas stress and strain are

introduced on the sensing device by means of the elastic modulus of the materials, which is caused the
difference in peak spectrum of both signals and described by equation (13)

F
Y, = A _ Stress 13

- A]/ ~ Strain
L
The relationship between force and the change in sensing device length is described by

F:(M}M 9

0

Where F is the applied force, Y is the Young modulus, 4, is the initial cross-section area, L is the

initial length and AL is the change in length. According to the property of InGaAsP/InP material [14-16],
the relationship between force and wavelength shift is plotted as shown in Fig. 4.

By using equation (14) and the simulation results in Figs. 2 and 3, the relationship between Force and
Wavelength-shift of the reference and sensing signals is as shown in Fig. 4. In this case, the nano forces
are ranged between 0.0 and 16.0 nV, which are caused by the coupling effects between the sensing device
and the surrounded environment, for instance, molecule, DNA or atom. We found that a sensing range in

terms of wavelength-shift (AA ) within the resolution of 1 nm is achieved. Fig. 3 shows the relationship
between the varying ring radius R, and the wavelength-shift (AA ) by comparing the sensing and

reference signals, where the self-calibration is formed. By using the least square curve fitting, the linearity
relationship between the applied force and wavelength shift with R” = 0.9823 is formed, which is shown
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in good linearity for sensing application. In addition, when force is applied on the sensing ring, where the
change in resonance frequency i.e., the free spectral range (FSR) is introduced, in which the ring radii

R, are varied from 1.550 to 1.558 m. However, when the applied force is larger than 16.0 nN the

measurement limitation is occurred due to the elastic limit of the sensing material, where the plot of the
relationship between force and wavelength shift is no more linear.
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Fig. 2. Shows the relationship between intensity and wavelength of sensing ( E 1) and reference signals ( E g1 )> with the radius R,
(black line) and R, (gray line) = 1.550 pm
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Fig. 3. Shows the relationship between intensity and wavelength of sensing (E g1 ) and reference signals (E g1 )»> With the radius R,

(blue line) = 1.550 um and R; (red line) is varying form 1.552-1.558 um, (a) R, = 1.552 um, (b) R,= 1.554 um, (c) R, = 1.556
pm, and (d) R,= 1.558 um
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Fig. 4. Graph of the linear relationship between Force and the Wavelength
4. Conclusion

We have proposed the system of a force sensing system using PANDA ring resonator to make the
benefit of the accuracy of measurements in nano-scale measurement range and the measurement
resolution of 1 nm is obtained. The calibration is allowed by using the change in wavelength between
sensing and reference signals, which is existed within the system. The self-calibration of the measurement

297



298

K. Kulrod et al. / Procedia Engineering 32 (2012) 291 — 298

between sensing and reference signals can be compared without any additional optical part or other
addition unit. The other advantage of the proposed system is the remote measurement, which is also
available due to the use of the integrated optic device.
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