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LP01 and LP11 mode interferences in high-birefringence (Hi-Bi) panda fibers are theoretically and exper-
imentally presented. The propagation characteristics of both the fundamental and second-order modes
in Hi-Bi panda fibers are investigated, and the interference output intensity distribution of the LP01 and
LP11 modes in panda fibers are thoroughly examined. An experiment is conducted to verify the feasibility
of modal interference sensors. The results show that the two-lobe interference pattern of panda fibers
generates energy exchanges when external strain is applied on the fiber. Moreover, Hi-Bi panda fibers can
be used to design voltage sensors.
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Fiber-optic sensors based on the intermodal interference
technology of polarization-maintaining optical fibers
have been successfully demonstrated in the past few
years[1−3]. Based on this technology, a number of phys-
ical quantities, such as strain, temperature, voltage, liq-
uid, hydrocarbon, etc., can be measured[4−7]. However,
published reports on intermodal interference technology
usually concentrate on elliptical-core fibers and photonic
crystal fibers[8−11]. Recently, we have adopted the in-
termodal interference in panda fibers in sensing applica-
tions. In previous reports, the intermodal interference
characteristics of panda fibers have not been thoroughly
analyzed, and the analysis of panda fibers are mainly
concerned on the influence of stress region area and po-
sition on stress-induced birefringence[12].

In this letter, the intermodal interference of LP01 and
LP11 modes in panda fibers is investigated and adopted
to the design of fiber-optic sensors. The mode prop-
agation characteristics are calculated, and the interfer-
ence output intensity patterns in the panda fibers are
illustrated. Furthermore, an experiment is conducted
to demonstrate the intermodal interference. The theo-
retical and experimental results are useful in designing
fiber-optic sensors composed of panda fibers based on
intermodal interference.

As in previous works, the difference in the propaga-
tion constants of individual modes causes intermodal
interference[13]. For panda fibers, the propagation con-
stants of modes can be expressed as[14]
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where βmn is the propagation constant of the LPmn

mode, k0 = 2π/λ, λ is the wavelength in the vacuum,
and n1 and n2 are the refractive indexes of the core and
cladding, respectively. Moreover, V is the normalized fre-
quency defined by V = k0a
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2, whereas a is the

semi-diameter of the fiber core.
The transverse vectors of the electric (E) and magnetic

(H) fields of an optical fiber can be expressed as the sum

of modes
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where aj is the amplitude of the jth mode, ej and hj

are the functions that describe the jth mode field dis-
tribution, ω is the angular frequency, t is the time, z is
the coordinate along which the modes propagate, x and
y are the coordinates perpendicular to z, and βj denotes
the propagation constants of the jth mode.

For a linearly birefringent weakly guiding optical fiber,
the LP01 and LP11 modes’ electric field can be consid-
ered as a superposition of the electric fields E01 and E11

of each mode[15]

E(r, ϕ, z) = ξ0E01(r, ϕ, z) + ξ1E11(r, ϕ, z), (3)

where ξ0 and ξ1 are the mode excitation coefficients
confined by the function ξ2

0 + ξ2
1 = 1. Assuming that

no external perturbations lead to power coupling between
the LP01 and LP11 modes, the electric field of each mode
can be expressed as

E01(r, z) = A1(z)f01(r)x + A2(z)f01(r)y, (4)

E11(r, ϕ, z) =B1(z)f e
11(r, ϕ)x + B2(z)fo

11(r, ϕ)x
+ B3(z)f e

11(r, ϕ)y + B4(z)fo
11(r, ϕ)y, (5)

where f01(r), f e
11(r, ϕ), and fo

11(r, ϕ) are the spatial dis-
tribution functions of the LP01, LPe

11, and LPo
11 modes

(“e” for even and “o” for odd), respectively, Ai(z) and
Bi(z) are the amplitude coefficients of the correspond-
ing polarization modes, and x and y are the unit vectors
along the fiber section. Assuming that only the LPy

01 and
LPy,e

11 modes can be excited and sustained in the panda
fiber, the electric field can be simplified as

E(r, ϕ, z) = ξ′0ELP01(r, ϕ, z)y + ξ′1ELPe
11

(r, ϕ, z)y. (6)
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The y-oriented interference output light intensity of the
LPy

01 and LPy,e
11 modes can be expressed as

I(r, ϕ, z) = |E(r, ϕ, z)|2

= |ELP01(r, ϕ, z)y + ELPe
11

(r, ϕ, z)y|2 (7)

= ELP01(r, ϕ, z)2y + ELPe
11

(r, ϕ, z)2y

+ 2ELP01(r, ϕ, z)ELPe
11

(r, ϕ, z) cos(∆φ)y,

where ∆φ = ∆β∆l is the phase difference between the
LPy

01 and LPy,e
11 modes. Equation (7) indicates that

the output light intensity varied considerably with ∆φ.
Figure 1 illustrates the intensity patterns for ∆φ chang-
ing from 0 to 2π.

The simulation results show that the interference out-
put light intensity distribution has an oscillatory two-lobe
pattern. As the phase difference ∆φ changes from 0 to
π
2 , the interference energy will transfer from the left to
the right lobe. Once the phase difference reaches π

2 ,
the energy will be equally distributed in the two lobes.
When the phase difference continues to change from π

2
to π, the energy will transfer totally from the left to the
right lobe. Thus, the output interference light intensity
realizes energy exchange from the left to the right lobe
when the phase difference shifts from 0 to π. Moreover,
the two-lobe oscillation pattern is still manifested when
the phase difference shifts from π to 2π.

In this case, if the intensity of one or two lobes is
monitored, the phase difference can be obtained and the
phase difference shift caused by external disturbance can
be measured.

The propagation character and wavelength for the
dual-mode operation in panda fibers are determined by
adapting the finite-element analysis in the simulation.
An ideal panda fiber with no geometrical imperfections
in its cladding and no perturbations is considered in this
study, and its cross section is illustrated in Fig. 2.

The core and cladding refractive indexes are n1 = 1.464
and n2 = 1.45, respectively. The cladding material is

Fig. 1. Distributions of output interference light intensity at
the phase position of 0—2π in a panda fiber.

Fig. 2. Cross-sectional structure of the panda fiber.

pure SiO2. The core is Ge-doped, whereas the stress re-
gion is Bo-doped. The photoelastic coefficients are c1 =
0.7572448×10−12 m2/N and c2 = 4.18775×10−12 m2/N.
The fiber’s Young’s modulus ratio is E = 78×109 m2/N,
and the Poisson’s ratio is ν = 0.186. The thermal ex-
pansions of the core, cladding, and stress regions are
α1 = 22.15 × 10−7 /◦C, α2 = 5.4 × 10−7 /◦C, and
α3 = 14.5× 10−7 /◦C, respectively. The geometrical pa-
rameters of the panda fiber are a = 2 µm, b = 62.5 µm,
and r = 7.5 µm, and the stress applying radius is
l = 16.5 µm.

The operation wavelength should be carefully chosen in
adapting the modular interference theory in fiber-optic
sensors. Thus, the relationship between the normalized
frequency V and the effective index β/k0 of each mode
was determined to investigate the suitable operation
wavelength, and the result is shown in Fig. 3. The curve
indicates that more modes are propagated in the panda
fiber as the normalized frequency increases. However,
when the normalized frequency V = 2πa

λ

√
n2

1 − n2
2 is

between 2.73 and 4.02, only the LP01 and LP11 modes
can be propagated in the fiber. It indicates that the
practicable wavelength is between 929.7 and 629.8 nm.
Here, the LPy,o

11 and LPy,e
11 modes seem to be excited at

the same time in Fig. 3. However, the real situation
is that, when a plant-wave is focused in the fiber core,
the amplitude coefficient of all odd modes are zero[13].
Thus, only the LP01 and high-order even modes can be
excited in the panda fiber. Furthermore, although the
panda fiber cannot separate the even and odd modes
spontaneously with the asymmetric fiber structure as in
an elliptical-core fiber[3], the same dual-mode transmis-
sion can be achieved.

In eliminating the modes in the x orientation, a po-
larizer is needed to select the y orientation polarization
modes (LPy

01 and LPy,e
11 ).

The intermodal interference beat length is an impor-
tant parameter for designing intermodal interference
sensors as it decides the range of external disturbance
that can be measured. The intermodal interference beat
length can be defined as LM = k0

∆β = k0
βLP01−βLP11

. Then,
the relationship between LM and normalized frequency
can be calculated, and the results are shown in Fig. 4.
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Fig. 3. Relationships between several modes and the normal-
ized frequency V .

Fig. 4. Relationship between LM and the normalized fre-
quency V .

Figure 4 indicates that LM will increase according to
the normalized frequency increase. In particular, when
the normalized frequency is 3.9, the wavelength is 650
nm, and LM is 138.59 µm.

An experiment was conducted to verify the feasibility
of modular interference sensors based on panda fibers
(Fig. 5).

In Fig. 5, the light from the 650-nm laser source is
polarized using a fiber polarizer and then led into a
piece of panda fiber. The panda fiber is wrapped with a
PbZrTiO3 (PZT) tube, whose driver voltage can be ad-
justed manually. The output end of the panda fiber is
fixed on a three dimensional (3D) adjustable fiber holder.
Then, the modular phase difference can be adjusted by
the voltage applied on the PZT. The two output lobes
from the panda fiber is picked up with two pin holes
on a screen and is then aimed on two positive–intrinsic–
negative photodiodes, as shown in Fig. 5. Moreover, the
output current from the two photodiodes is amplified
and processed in the signal process unit, where we real-
ize “difference divided by sum” (that is, Uo = K I1−I2

I1+I2
,

where Uo is the output voltage of the experimental sys-
tem, K is a coefficient, and I1 and I2 denote the two
output lobes’ intensities, respectively.)

If we replace the pin-hole screen with a screen with-
out holes, the output lobe oscillation can be observed as
shown in Fig. 6 when the direct current (DC) voltage of
the PZT is adjusted.

Figure 6(a) shows that the left lobe’s intensity is larger

than that of the right lobe, whereas Fig. 6(b) shows that
the left and right lobes have equal intensities. Figure 6(c)
indicates that the left lobe’s intensity is smaller than that
of the right lobe.

For the experiment shown in Fig. 5, the parameters
of the PZT tube are as follows: the outer diameter
r = 40 mm, the thickness d = 3.2 mm, the piezoelec-
tric coefficient dz = 200 × 10−12 m/V, and the panda
fiber wrapped on the PZT has N = 70 turns. According
to the converse piezoelectric effect, the elongation of the
panda fiber caused by the applied voltage on PZT can
be expressed as

∆L = πrdz
∆UPZT

d
N, (8)

where ∆UPZT is the variable voltage applied on the
PZT. From Eq. (8), the intermodal interference beat
length can be calculated when the two output lobes
complete a periodic energy exchange. In the experiment,
when the DC voltage is adjusted from 35 to 145 V,
the two output lobes’ intensities will change from one
equal status to another, which is a half period. Thus,
when the ∆UPZT = 110 V is substituted into Eq. (8),
1
2∆L ∼= 60.5 µm can be obtained, and the beat length
is about 121 µm. The comparison between the experi-
mental and theoretical results shows that although they
do not coincide very well, the modular interference beat
length is still more than 100 µm. The possible reasons
causing this error are the asymmetrical wrapping strain
and radial stress of the panda fiber.

Furthermore, a 50-Hz sinusoidal alternating current
(AC) voltage is applied on the PZT to demonstrate the
feasibility of the sensors designed using the panda fiber
modular interference method. However, it must be men-
tioned that, to achieve novel response characteristics,
the DC voltage must be carefully adjusted to ensure that
the two output lobes’ intensities are as equal as possible
before the AC voltage is applied. Figure 7 shows the
oscillograph result of the experimental system’s output.

Figure 7 shows that when the two lobes’ intensities
are equal before the AC voltage is applied on the PZT,

Fig. 5. Experimental setup for investigating the feasibility of
modular interference sensors.

Fig. 6. Two-lobe oscillation results of the intermodal inter-
ference in a panda fiber. The left lobe’s intensities are (a)
larger, (b) equal, and (c) smaller than those of the right lobe.
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Fig. 7. Oscillograph result after the AC voltage is applied
to the PZT. The two lobes’ intensities are (a) equal and (b)
unequal before the AC voltage is applied.

the sensor system shown in Fig. 6 can reflect the AC
voltage very well as in Fig. 7(a). Meanwhile, Fig. 7(b)
shows that when the two lobes’ intensities are not equal
after the DC voltage adjustment, the oscillograph result
becomes distorted. Thus, an appropriate quiescent point
must be set to guarantee that the modular interference
sensors are working well.

In conclusion, the intermodal interference character-
istics of the high-birefringence (Hi-Bi) panda fiber are
thoroughly analyzed, and an experiment demonstrates
the feasibility of designing optical-fiber sensors based on
the modular interference in panda fibers. The theoret-
ical calculation and experimental results indicate that
the two modular interference output lobes’ intensities
exchange energy when external strain is applied on the
panda fiber. Afterward, a sensor system for measur-
ing AC voltage is established. The results show that
intermodal interference in panda fibers is a novel tech-

nique for fabricating fiber-optic sensors. Furthermore,
other interesting applications, such as the measurement
of strain, temperature, high voltage, pressure, etc., can
be actualized using the panda fiber’s modular interfer-
ence.
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ral Science Foundation of China (No. 60907033)
and Hebei Natural Science Foundation of China (No.
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