
Sensitivity analysis of a fiber ring resonator based on an air-core
photonic-bandgap fiber

Diqing Ying *, M.S. Demokan, Xinlu Zhang, Wei Jin
Department of Electrical Engineering, The Hong Kong Polytechnic University, Hunghom, Kowloon, Hong Kong

a r t i c l e i n f o

Article history:
Received 31 October 2009
Available online 23 May 2010

Keywords:
R-FOG
Air-core photonic-bandgap fiber
Sensitivity

a b s t r a c t

The fiber ring resonator (FRR) is the core sensing element in a resonator fiber optic gyroscope (R-FOG),
and its sensitivity determines the performance of the R-FOG. This paper presents an in-depth analysis
of the sensitivity of the FRR which is made of an air-core photonic-bandgap fiber (PBF), in which the char-
acteristics of the FRR using PBF are compared with that of an FRR using a conventional single mode fiber.
When using PBF instead of conventional fiber, it is found that the resonance curve is changed, and the
sensitivity of the FRR is decreased a little when a narrow spectral linewidth laser is used. However,
the degree of the decrease in sensitivity is not big enough to deny the advantages of PBF in improving
the performance of the R-FOG considering that PBF is much better than conventional fiber in reducing
the drift. Also, the optimal parameters of the directional coupler for sensitivity are discussed. It is found
that the optimal intensity coupling coefficient when using PBF is nearly two times larger than that when
using conventional fiber, and the optimal coupler intensity loss when using PBF is smaller than that when
using conventional fiber.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Using the Sagnac effect [1], a resonator fiber optic gyro (R-FOG)
has potential as a high accuracy inertial rotation sensor [2]. How-
ever, the Rayleigh backscattering [3,4], the Kerr [5,6], Faraday
[7,8] and thermal effects [9,10] generally limit the accuracy of
the R-FOG. Air-core photonic-bandgap fiber (PBF) is a new kind
of fiber [11,12]. Since the optical mode is mostly confined to the
air-core when the light travels in the air-core PBF, the four effects
in an air-core PBF would be smaller than that in a conventional
fiber [11,13]. Therefore, in order to improve the performance of
the interference fiber optic gyro (I-FOG), Kim et al. have proposed
an I-FOG based on an air-core PBF [13]. The air-core PBF could be
used in the R-FOG to improve its performance also; therefore, it
is meaningful to study the R-FOG based on an air-core PBF [14,15].

The fiber ring resonator (FRR) is the core sensing element in the
R-FOG [16]. The sensitivity of the FRR plays a large role in deter-
mining the performance of the R-FOG [17,18]. The analysis of the
sensitivity has been done for a FRR using a conventional single
mode fiber [17]; however, an in-depth analysis of an FRR based
on an air-core PBF has not been done. The characteristic parame-
ters (such as the refractive index and the attenuation loss of the fi-
ber) of the air-core PBF and the conventional fiber are very
different, and this would lead to the resonance characteristics of
the FRR with different fibers to be different, which would finally

give rise to the difference in the sensitivities [1,17]. This paper dis-
cusses the sensitivity of a FRR based on an air-core PBF, and a com-
parison of the sensitivities which occur upon the use of an air-core
PBF and conventional fiber are presented. Finally, the optimal
parameters of the directional coupler to achieve optimal sensitivity
are compared when using PBF and conventional fiber.

2. Theory

Fig. 1 illustrates the configuration of the FRR based on an air-
core PBF of length L [16]. The input electric field Ein is divided into
two parts: one part named EFRR is coupled into the FRR through the
directional coupler, and is output from the FRR after circulating in
the FRR; and the other part named Ethrough is transmitted through
the directional coupler directly. Finally, the interference between
Ethrough and EFRR happens at the output port of the directional cou-
pler. In this paper, when we analyze the FRR using PBF, the direc-
tional coupler is assumed to be made of air-core PBF also; and
when we analyze the FRR using conventional fiber, the directional
coupler is assumed to be made of conventional single mode fiber
also. Therefore, the large fusion-splice loss between PBF and con-
ventional fiber does not have to be considered. The input electric
field Ein can be written as [5,17]:

EinðtÞ ¼ E0 expfi½2pf0t þuðtÞ�g ð1Þ

where E0 is the amplitude of the electric field of the laser light, and
f0 is the center frequency of the laser. The phase fluctuation u(t)
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represents the important parameter of optical source coherence [5],
and it satisfies [17,19]:

hexpðiuðtÞÞ expð�iuðt � sÞÞi ¼ expð�pdfsÞ; s > 0 ð2Þ

where df is the spectral linewidth of the laser, and s is the time de-
lay. The output intensity of the FRR normalized by the input inten-
sity can be derived as [17,20]:

TFRR ¼ ð1� aCÞ 1� q
ð1� QÞ2

ð1� QÞ2 þ 4Q sin2ðp � Dfs0Þ

" #
ð3Þ

where aC is the intensity loss of the directional coupler; Df = f0 � fR

is the resonance frequency deviation, fR is the resonance frequency
of the FRR; s0 = nrL/c is the transit time in the FRR, nr is the refrac-
tive index of the fiber and c is the light velocity in vacuum; and
other parameters can be written as [20,21]:

q ¼ 1� 1
1� aC

� T2 � 2TR
1� Q

þ ðR0Þ2

1� ðQ 0Þ2
� 1þ Q
1� Q

" #
ð4aÞ

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� kC

p
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� aC

p
ð4bÞ

R0 ¼ kC � ð1� aCÞ � expð�aLL=2Þ; R ¼ R0 expð�pdfs0Þ ð4cÞ

Q 0 ¼ expð�aLL=2Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� kC

p
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� aC

p
;

Q ¼ Q 0 expð�pdfs0Þ ð4dÞ

where kC is the intensity coupling coefficient of the directional cou-
pler, and aL is the fiber attenuation loss in the FRR.

From Eq. (3), the characteristic parameters of the resonance
curve can be obtained. The linewidth of the resonance curve can
be derived as [17]:

C ¼
cos�1 2TRQ ½1�ðQ 0 Þ2 ��2ðR0 Þ2Q2

ðTRQ2þTRÞ�½1�ðQ 0Þ2 ��ðR0 Þ2Qð1þQ2Þ

n o
s0p

ð5Þ

And the maximum and minimum of the resonance curve can be
derived as [17]:

TFRR max ¼ T2 þ 2TR
1þ Q

þ ðR0Þ2

1� ðQ 0Þ2
� 1� Q
1þ Q

ð6Þ

TFRR min ¼ T2 � 2TR
1� Q

þ ðR0Þ2

1� ðQ 0Þ2
� 1þ Q
1� Q

ð7Þ

According to Eqs. (5)–(7), the linewidth, maximum and mini-
mum of the resonance curve are dependent on the characteristic
parameters of the fiber. Since the refractive index nr and fiber
attenuation loss aL of the PBF and conventional fiber are different,
the resonance characteristics of the FRR when using air-core PBF
and conventional fiber would also be different.

The sensitivity of the FRR is an important parameter of the R-
FOG, which can be written as [1,10,17]:

dX � kP
4A

ffiffiffi
2
p

C
SNR

ð8Þ

where k is the wavelength of the laser, P is the perimeter of the FRR,
A is the area enclosed by the FRR, and SNR is the signal-to-noise ra-
tio of the system. The shot noise limited SNR can be written as [17]:

SNR ¼

ffiffiffiffiffiffiffiffiffiffiffi
gt0I0

2hf0

s
TFRR max � TFRR minffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TFRR max
p ð9Þ

where g is the photo-detector quantum efficiency, t0 is the integra-
tion time, I0 ¼ E2

0 is the intensity of the laser at input of the coupler,
and h is Planck’s constant. Since the sensitivity is a function of the
resonance characteristic parameters, and the resonance characteris-
tics are dependent on the type of fiber employed, the sensitivities
corresponding to PBF and conventional fiber would be different
[1,17]. Also, the sensitivity depends on the parameters of the direc-
tional coupler kC and aC, therefore, the relationship between the
sensitivity, the fiber and the directional coupler parameters will
now be looked at closely in order to optimize the characteristics
of the FRR.

3. Simulation and discussion

Fig. 2 illustrates the resonance curve when using air-core PBF or
conventional fiber. The parameters are assumed to be as follows:
the intensity I0 at the input of the FRR is 1mW, the wavelength
of the laser k is 1550 nm, the spectral linewidth of the laser df is
60 kHz, the diameter D of the FRR is 0.1 m, the fiber length L of
the FRR is 20 m, the effective refractive index nr is 0.99 for PBF
and 1.45 for conventional fiber, the intensity coupling coefficient
kC is 5%, the coupler intensity loss aC is 6.67%, and the fiber atten-
uation loss aL is 20 dB/km for PBF and 0.2 dB/km for conventional
fiber [2,14,22]. Comparing the resonance curve when using air-
core PBF with that when using conventional fiber, it is obvious that
some characteristics of the two resonance curves are different:
firstly, the minimum of the resonance curve using air-core PBF is
slightly larger than that using conventional fiber; secondly, the
linewidth of the resonance curve using air-core PBF is slightly lar-
ger than that using conventional fiber.

Fig. 3 illustrates the relationship between the sensitivity dX and
the spectral linewidth of the laser df when using air-core PBF or
conventional fiber. The parameters are as follows: the photo-detec-
tor quantum efficiency g is 0.8, the integration time t0 is 1s [5], and
other parameters are the same as aforementioned. It is shown in
Fig. 3 that the FRR becomes less sensitive as the spectral linewidth
of the laser increases. Especially, it is found that the sensitivity
using air-core PBF is better than that using conventional fiber only
if the linewidth is above a certain value, which is about 600 kHz in
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Fig. 1. Configuration of the FRR based on an air-core PBF.
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