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Abstract: A novel temperature sensor using multiple fiber optic ring resonator is presented in the
present article. The sensor operates by means of monitoring the changes in the transmission spectrum
of a high finesse fiber optic ring resonator. Delay line signal processing technique, developed by a few
previous researchers is used to develop the signal flow graph of fiber optic ring resonator and Mason’s
rule is implemented to determine its overall transmittance in discrete domain. Simulations in
MATLAB environment were carried out to obtain the sensor design and the transfer characteristics of
the ring resonator based temperature sensor. The simulated frequency response of the single ring
resonator is compared with those of previously published results by Heebner et al. [1], which are in
very close agreement. Sensitivity of the resonator can be improved by introducing double ring
resonator. A simple design methodology to improve the performances of the sensor is also introduced
in the article. Copyright © 2007 IFSA.

Keywords: Mason’s rule, Ring resonator, Temperature sensor, Free spectral range

1. Introduction

Fiber optic ring resonators has many applications in optical switching[2], photonic biosensor[3], laser
resonators[4], add-drop filters[5], Brillouin ring laser gyroscopes[6], optical spectrum analyzers[7] and
filters with tailored response[8]. The objective of this paper is to describe a novel temperature sensor
using fiber optic ring resonators. Delay line signal processing technique is being used for analysis of
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ring resonator temperature sensor performance in the present analysis, which was first developed by
Moslehi et. al [9-10]. In delay line signal processing technique the optical path length is typically
integral multiple of smallest path length, known as unit delay length. The frequency response of ring
resonators is generally periodic in nature and one period is defined as free spectral range (FSR). The
mathematical relation between FSR and unit delay is given by [11]

FSR= —= , (1)

where L, is the smallest path length and termed as unit delay length, n is refractive index and c is
velocity of light, T is unit delay time.

Z-transform method has been so far used to determine the performance of single ring resonators and its
cascaded architectures only. For multiple ring resonators transfer matrix and chain matrix formulation
are currently being used. The method involves matrix manipulations and become laborious for
complex photonic circuits. A novel attempt is made to introduce a different mathematical tool for
convenient and easy analysis of multiple ring resonator temperature sensor.

2. Theory

Simple fiber optic ring resonator using one directional tapered fused fiber coupler is shown in Fig. 1.

Fig. 1. Fiber optic ring resonator.

The Z transform schematics of the simple ring resonator is represented in Fig. 2.

X —e o T

n

Fig. 2. Z-transform schematics of fiber optic single ring resonator.

Power coupling ratio k is generally associated with optical directional coupler. When two optical
waveguides are coupled with each other the relationship between input and output can be expressed as
a 2x2 transfer matrix [11]

1432
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Ef_{c —js} = ,
e s c e @

Here E'y, E', represent coupler input, E%, E° represent coupler output, q is amplitude transmission
coefficient of the coupler, « is power coupling ratio of the optical directional coupler. The through port
transmission is represented by C=+1-x and the cross port transmission is designated by
- js =—jx .

In the transfer matrix of equation (2) it has been assumed that the coupling ratio should be wave length
independent. Through out the analysis it has been assumed that the effective group index is constant
and doesn’t vary from its nominal value.

A discrete signal is generally obtained by sampling a continuous signal at t=kz where k is the sample
number and 7 is the sampling interval. For digital signal processing technique z is generally
considered as unit delay associated with the discrete impulse response. Total delay then can be
expressed as an integral multiple of the unit delay and the impulse response of an optical circuit can
now be described as discrete sequence. Transfer function of simple fiber optic single ring resonator in
Z-domain may be expressed as [11]

Y(@Z) C-yz*
X(Z) 1-,cz2

(3)

The round trip loss of the ring is denoted by y =exp(—al) where « is average ring loss per unit

length and L is the ring perimeter. The quality of resonance is governed by finesse which is basically
a function of loss and coupling coefficient of the fused tapered coupler within the resonator and may
be defined as F~ 7 /(1-»C) [1]. z* is generally known as unit delay in Z-domain and the entire ring

perimeter represents unit delay length for single ring resonator.

Mason’s Rule [12, 13] is used to determine overall transmittance of the double ring resonator. The
overall transmittance (transfer function) T, of any signal flow graph (SFG) as per the rule is given by

T - 2l @

where T, is the transmittance of nth forward path and A is the determinant of the graph given by

A=1-3 L +Y L,-D L+ (5)

in which

3L, is the sum of the transmittance of all individual closed paths (loops) of the graph;

3L, is the sum of the products of transmittance of all possible combinations of two non touching
closed paths;

y'L, Is the sum of the products of transmittance of all possible combinations of three non touching

loops and so on, and A, is the value of A for that part of the graph which doesn’t touch the nth
forward path.

1433
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Schematics of double ring resonator and its signal flow graph (SFG) of is shown in Fig. 3 (a) and (b).

X (z) is considered as input node signal and Y (z) is considered as output node signal.

(@) (b)

Fig. 3. (a) Schematics of a double ring resonator using three directional fused fiber coupler;

(b) Z transform schematics (SFG) of the double ring resonator.

Forward path transmittance of the graph is given by

T2=(— ISV (Cis V2 (= iSy) = eV

where

Ja
=
Je.

Individual loop transmittance of the graph is given by

=1

S,
S,
S,

L= ClCZZ_N
L>=C,C,z7"

where

O NO 0O
H
,\5

(6)

(7)

(8)

©9)

(10)
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and
L2 =C Nz (-jS,Wz2C,Nz 2 (-jS,)Nz "t =-C,C,S,°z° (11)

Transmittance for all possible combinations of two non touching loops are given by

12,=C,C,C,°z"°. (12)
Since all the loops touch the forward path, the value of A; =1,
The overall transmittance of the DRR is given by

j1/I('1K2K3\/F

T.,(2)= ,
P@= (CC,z*+C,C,z2-CC,5%2 %) +CCCz®

By using the relations S5 +C> =1, T, (z) simplifies to

To(2) = i Ve (13)

1-CC,z*'-C,C,z*+CC,z*

Considering the ring loss the overall transmittance will be modified as

N7 KKKy z” (14)

T Z)= ]
r2(2) 1_C1C271271_C2C372272+01037172273

where }jand Y, are the ring losses of the smaller and the larger ring respectively.

3. Principle of Operation of the Temperature Sensor

When the optical fiber of length L undergoes a temperature change of Az the unit delay length will
vary and may be represented as [14]

+NnALJAT (15)

Strain

o(nL) =[L%+ LAN
dr

An represents the strain induced change in the refractive index of the core given by the expression

Strain

n3
AN =[P + P )v = P ] T (16)

p,, and p,, are photo elastic constants of silica and v is poison’s ratio and. o and E are respectively
the axial stress and Young’s modulus of each fiber layer. Equation (15) may be rewritten as
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B(NL) <[+ ANy + DAL XA, (16)
T

where g = A—LL

considering % =1.1x10"°/°C, p, =0.121, p,,=0.27, n=1.46, 3 =0.24 [15]

S(nL) =0.44x10™* x L xAT. @an

When the unit delay will vary due to temperature change Z " of equation (3) will be replaced by
e ¥z where y =277z5(nL) [2].

0.44x107* x Lx A7
C

Hence the unit delay of the fiber will be modulated with temperature as 7' =z +

For the purpose of sensing temperature, modulation applications of ring resonator are implemented in
the article. It can be possible to obtain a large modulation in transmitted optical power by small
variation of the unit delay length. This nature of modulation is useful if the resonance wavelength shift
remains within the bandwidth of the resonator. Such shifts can be achieved due to change in optical
path length, which is a function of resonator physical length subjected to temperature variation and
effective refractive index as described by equation (15). Fig. 4 shows the transmission spectrum of a
fiber optic single ring resonator, and the modulation concept. When the ring resonator is designed with
high finesse, the modulation is dramatic due to sharp fall of the transmission dip.

-

Transmittance
o o o o o o o o
[ %] (5] E=4 o m = o w

o
-

1] H 1 H
2.2 2.25 23 235
Frequency(Hz) < 10°

Fig. 4. Sensor concept based on a ring resonator. Optical power modulation takes place as the position of the
resonance dip shifts due to temperature variation of the ring fiber.
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4. Sensor Design and Results
A ring resonator could have high finesse when design to work at the critical coupling regime. To
determine performance of ring resonator as temperature sensor, a fiber ring resonator of circumference

31cm is considered in the present analysis, which was used by Heebner et. al [1].

Transmission spectrum single ring with circumference of 31cm and finesse 30 is shown in Fig. 5. The
transmission spectrum is of very close agreement with the published results of Heebner et. al.
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Fig. 5. Transmission spectrum of the ring resonator with circumference of 31cm.

The current of the detector is proportional to the light falling on it.

.

i e a7

where 7 is the quantum efficiency of the photo detector, 1, is the detected optical power, v is optical
frequency of the light and h is plank constant.

Therefore

, (18)

where |, is the incident optical power.

Therefore the detected power depends on the transmission characteristics of the fiber optic ring
resonator.

Output optical intensity variation due to variation of ring length temperature is shown in Fig. 6. The
variation is almost linear between temperature range of (0-90)° C.
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Fig. 6. Output optical intensity variation of the detector due to variation of temperature
of the ring length in single ring resonator.

The sensitivity obtained in the single ring resonator can be improved greatly by introducing double
ring resonator mainly due to improvement of finesse. The smaller ring length is considered as 31 cm
and larger ring length of 62 cm. Coupling coefficients of the double ring resonator for unitary
transmission can be estimated from equation (13). Condition of unitary transmission can be
determined from equation (13) by imposing T, =1. A choice of x, =« is considered in the present

study. The equation (13) can be expressed in frequency domain using relation z =e!*™", where vis
the optical frequency. The equation (13) can be further simplified by approximating the exponential
series up to 1st order and since the imaginary part will vanish in resonance condition the value of «,

for which T,, =1 is given by the condition

2 (19)

in which «, is the critical coupling coefficient which minimizes the resonant loss [16].

The transmission spectrum of double ring resonator with, smaller ring length 31cm, larger ring length
62cm, x,=x,=0.37, x,=0.073, refractive index 1.46 and ring loss 0.01 dB/cm [16] and g=1 is

presented in Fig. 7.
Output optical intensity variation due to variation of ring length temperature is shown in Fig. 8.

Although the sensitivity is improved to a great extent the range of the sensor for a particular tuned
resonant frequency is very small.
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Fig. 7. Transmission spectrum of double ring resonator with ring circumference 31cm-62cm.
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Fig. 8. Output optical intensity variation of the detector due to variation of temperature of the ring length in

double ring resonator with ring circumference 31cm-62cm.

The range of the sensor can be increased by suitable design of the ring circumference. The finesse can
be expressed by the relation [16, 17]

FSR
F=0C,
~ (19)
C
FSR=—, 20
" (20)

where F is the finesse, FSR stands for free spectral range, c is velocity of light, n is refractive index,
Lis ring length, Af is half maximum width of transmission spectrum at resonance. From equation

(19) and (20) if appears that Af is inversely proportional to the ring length since all other parameters
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are assumed to be constant. In order to increase the operating range of the proposed sensor by 5 times
in comparison with the presented double ring resonator the ring length is required to be reduced by
5 times.

The transmission spectrum of double ring resonator with, smaller ring length 6¢cm, larger ring length
12 cm, keeping all other parameters same as before, is presented in Fig. 9. Output optical intensity
variation due to variation of ring length temperature is shown in Fig. 10. From Fig. 10 it is evident that
the sensor range has also increased approximately 5 times.
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Fig. 9. Transmission characteristic of double ring resonator (ring circumference 6cm-12 cm).

08 == T T T T T

]
o
]
I
|
|
1
o
1
1
I
|
1
I
:
o
j
1
I
|
1
,
]
|
I
|
|
I
1
4
!
|
|
I
|
|
|
]
h
|
1
I
|
1
o
\
1
I
|
1
:
K
\
|
|
I
|
|
1

=
i

______________________________________________________________

u
o
)

]

|

i

|

|

i
J

1

i

|

i

i

|

i
A

|

i

i

|

i

i

|

]

|

d

|

|

i
g

|

i

|

|

i

|

|

]

|

i

i

|

i

i
M

|

i

|

i

i

|

i
i

|

i

|

|

i

|

1

]

i
]
I
|
|
1
.
h
1
I
|
1
I
|
-
i
|
1
I
|
1
.
h
|
I
|
|
I
}
1
|
|
I
|
|
.
h
|
|
1
I
|
1
..
h
1
I
|
1
I
:
|
|
|
I
|
|
1

——————————————————————————————————————————————————————————————

=
=

Optical Intensity(a.u)

=
25

=
[

..............................................................

=
j—

=

] 1 2 3 4 5 G 7 g
Tarmperature (°C)

Fig. 10. Output optical intensity variation of the detector due to variation of temperature of the ring length in
double ring resonator with ring circumference 6cm-12 cm.

The performance of the proposed sensor is limited by the noise of the system. The laser intensity
variation can be one source of noise, which can be eliminated by introducing a reference photo
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detector and using differential amplification, and the output intensity can be normalized. In this
process a tunable laser source is required to produce high intensity and wavelength stability [18].

Another two fundamental noises namely shot noise and thermal noise is generally exists in all optical
detection process. In the optical power detection process photons fall randomly on the photo detector
and the time average of the received power fluctuates due to this randomness.

The signal to noise ratio can be expressed by the well known equation

e
SNR= ‘/2e_B , (21)

where e is the electron charge and B is the bandwidth. The SNR increases with the received power. A
typical value of shot noise currentis  6x10° A, for 100 zW optical power.

Another source of noise in detection electronics is thermal noise. Random thermal motion of the
electrons produces a fluctuating current given by the well known relation

. [4kTB
|th = T , (22)

where k is the Boltzmann constant, T is the temperature and R is the resistance. A typical value of
thermal noise is 4x10° A.

The total noise is the sum of all individual noise. Out of the all noise the dominant is the shot noise.
The SNR can be increased by increasing the optical power.

5. Conclusion

In the present article, a novel multiple fiber optic ring resonator based temperature sensor is proposed.
The principle of operation of the sensor based on the elasto optic effect is discussed. The performance
of the sensor was analyzed using unit delay formulation technique. The overall transmittance of the
ring resonator was determined using Mason’s rule. The transmission spectrum is compared with the
previously published results [1] and the results are in very close agreement. A novel design
methodology is proposed to improve range and sensitivity of the sensor. The sensor will be useful for
detection of small variation of temperature at elevated temperature.

References

[1]. J E Heebner et al, Optical transmission characteristics of fiber ring resonators, IEEE J. Quantum
Electronics, Vol. 40, no. 6, 2004, pp.726-729.

[2]. V. Vat, T. A. lbrahim, K. Ritter, P. P. Absil, F. G. Johnson, R. Grover, J. Goldhar, P. T. Ho, All-optical
Nonlinear Switching in GaAs-Al-GaAs Microring Resonators, IEEE Photon. Techonol. Letter, Vol 14,
March 2002, pp. 331-333.

[3]. R. W. Boyd and J. H. Heebner, Sensitive Disk-Resonator Photonic Biosensor, Appl. Opt., Vol 40, 2001,
pp 5742-5747.

[4]. S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, R. A. Logan, Whispering-Gallery Mode Micro
Disk Lasers, Appl. Phys. Lett., Vol 60, 1992, pp. 289-291.

1441



Sensors & Transducers Journal, Vol.82, Issue 8, August 2007, pp. 1431-1442

[5]. B. E. Little, S. T. Chu. H. A. Haus. J. Foresi, J. P. Laine, Microring Resonator Channel Dropping Filters,
IEEE J. of Lightwave technology, Vol 15, April 1997, pp. 998-1005.

[6]. D. Garus, R. Hereth, F. Schliep, Design Considerations for Brillouin-Ringlaser Gyroscopes, in Conference
proceedings of Symp. on Gyro Techno.(DGON), Stuttgart, 1994, pp 2.0-2.17.

[7]. K. Kalli, D. A Jackson, Ring Resonator Optical Spectrum Analyzer With 20 kHz Resolution, Opt. Letter,
vol. 17, no. 15, 1992, pp 1090-1092.

[8]. B. E. Little, S. T. Chu, J. V. Hryniewicz, P. P. Absil, Filter Synthesis for Periodically Couples Microring
Resonators Opt. Letter, Vol 25, 2000, pp 344-346.

[9]. B. Moslehi, J. Goodman, M. Tur and H. Shaw, Fiber Optic Lattice Signal Processing Proc. IEEE Vol.72
no. 7, 1984, pp. 909-930.

[10].K. Jackson, S. Newton, B. Moslehi, M. Tur, C. Cutler, J. Goodman and H. Shaw, Optical Fiber Delay Line
Signal Processing, IEEE Trans. Microwave Theory Techniques., Vol. 33, no. 3, 1985, pp. 193-209.

[11].Christo K. Madsen, Jian H. Zhao, Optical Filter Design And Analysis , A signal Processing Approach,
John Wiley & Sons, New York, 1999.

[12].Mason, S. J, Feedback Properties of Signal Flow Graphs, Proc. IRE, Vol. 44, no. 7, July 1956,
pp. 920-926.

[13].Jhon J. D’azzo, Constantine H. Houpis, Linear Control System Analysis and Design, Mcgraw-Hill
International Editions, Fourth Edition, 1995.

[14].T. Yoshino, K. Kurosawa, K. Itoh, T. Ose, Fiber-Optic Fabry-Perot interferometer and its sensor
applications, IEEE J. of Quantum Electronics, vol QE-18, no 10,0ctober 1982.

[15].J. M. Vaughan, The Fabry-Perot interferometer, history, theory, practice and applications, Adam Hilger,
IOP publishing Ltd., Bristol and Philadelphia, 1989.

[16].S. Suzuki et al, Integrated optic double ring resonators with a wide free spectral range of 100 GHz, IEEE J.
of Lightwave technology, Vol 13, no 8, 1995, pp. 1766-1771.

[17].F. Schliep, D. Garus, R. Hereth, Improved Method for Automatic Evaluation of The Parameters of Single
Mode Fiber Optic Ring Resonators. IEEE Photon. Technology Letter, Vol. 8, 1996, pp. 107-109.

[18].K. P. Jackson et al, Optical fiber delay line signal processing, IEEE Transactions on Microwave Theory
and Techniques, Vol. MTT-33, No. 3, March 1985.

2007 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://lwww.sensorsportal.com)

Sensors & Transducers Journal 2006

- on CD

ENSORS

BANSDUCER

ISEMN 1726-5479

11 Issues, 64-74 Volumes

Order online:
http://www.sensorsportal.com/HTML/DIGEST/Journal_CD_2006.htm

1442



Sensors & Transducers Journal /“

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726- 5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because it is an open access, peer
review international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per annual by International Frequency Association
(IFSA). In additional, some special sponsored and conference issues published annually.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

Physical, chemical and biosensors;

Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and transducers;
Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 6-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal’'s webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media Kkit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit_2007.PDF



SMARISES

A five-day engineering course et LA LR

2-9 November 2007, Barcelona (Spain)

WWW.SEHSOfSpOFtE'.COM




