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Abstract

The fiber Sagnac interferometer of low birefringence and twist is analyzed numerically in the
linear region. A novel method for measurement of the birefringence of the fiber and the angle
of rotation of the axes inside the fiber loop of the interferometer is also presented. © 2002
Elsevier Science Ltd. All rights reserved.

Keywords: Optical fiber; Birefringence

1. Introduction

Since the invention of the Sagnac interferometer of optical fiber by Vali et al. [1] in
1976, many applications of it have been reported. Some of the most recent of them
have utilized it as a multiplexer [2], a non-linear mirror [3], or as an optical fiber
sensor [4,5]. However, most of these studies have utilized high birefringent fibers and
only a few of them have utilized low-birefringent fibers.

In this study, we analyze numerically the linear region of a Sagnac interferometer
with twisted low-birefringent fiber. Fiber birefringence is of great importance in
many aspects of optical communications and device technology. Birefringence
results in degradation of a signal through polarization mode dispersion, which is a
key limitation for high-speed optical communications.
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2. Systems configuration and theoretical study

Fig. 1 shows a fiber interferometer consisting of a directional fiber coupler with its
output ports 3 and 4 connected to a birefringent fiber loop by means of two
connectors (C; and C;). This coupler has an amplitude ratio . Both connectors can
be rotated in any direction in order to twist the fiber on the loop. One of them can be
fixed and the other one can be turned up in order to twist the fiber gradually to a
certain number of turns. The beam is coupled to an input port 1 and, when it arrives
at the coupler, it is split into two beams towards ports 3 and 4. These beams travel in
opposite directions inside the fiber of the loop and come back to the coupler where
the interference is produced. Then, at input port 1 we have a reflected beam having
an electric field £, and at port 2 we have a transmitted beam having an electric field
E;.

The general relationship describing the output electric fields of the interferometer
has been taken from [3]. Let E; be the electric field of the input beam. The electric
field of the transmitted beam is given by

E, — E2x o (206 - I)Jn (1 - O‘)ny + O‘Jyx Elx (1)
By ) g - (=20, E, )

where J represents the Jones matrix of the loop. This matrix is equal to the product
of the elements involved in the loop and is given by

J=B-C-Fp-Cy- By, 2
where B is a matrix which characterizes the section of the fiber of one arm of the

coupler, that is joined to the low-birefringent fiber loop by means of a connector.
This matrix is given by

Py 0]
By = s 3
1 (Ql P;‘> ®

Ci
Connector

E1

Coupler
o

E2

B2

Connector
C2

Fig. 1. Sagnac interferometer proposed.
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Py = cosng, —j(618,/2) sin Np, /’78]9 (3a)
0= (5C1 /2) sin Np, /’73] s (3b)
Mg, = \/@up, /2 + (e, /20, (3¢)

where 015, = (2n/A)L|An represents the linear delay, L, represents the length of the
fiber of an arm, /A represents the wavelength, An = n; — n, represents the linear
birefringence, L, = 4/4n represents the repetition length and J.,/2 = (1 — g/2)¢;.
For silica-glass fibers g~ 0.16 [6] and ¢, represents the twist of arm Bj in rad/m.

C) represents the orientation of the principal axes of the fiber of the coupler of
port 3 with respect to the laboratory axes at the input of the loop (connector C)). It is
given by

cosf —sinf
G =1 . : )
sinf  cosf
The matrix Fp characterizes the low-birefringent fiber loop in which one of its
terminals is twisted by means of a rotating connector. It is given by

Fi = (g i ) (5)
P = cosn — j(rLy,) sinn/n, (52)
0 = (oLu+ /2 sinn/n, (sb)
1= \@L) + oLy +0./2) (50)

where L, represents the ratio between loop length and repetition length,
represents the orientation of the axes of the fiber and 6./2 = (1 — ¢g/2) - ¢, where ¢
represents the twist of the fiber loop in radians per unit length.

C, represents the orientation of the axes of the fiber of the coupler of port 4 with
respect to the fiber loop. It is given by

B (Cos(lpoLn +1) —sin(YoL, + z))

. (6)
sin(WoL, + 1) cos(YoL, + 1)

where ¥, represents the angle of rotation of the principal axes of the fiber, ¢
represents the twist in radians per unit length and L, represents the ratio between
loop length and repetition length.

The matrix B, characterizes the section of the fiber of the arm of the coupler at
port 4, which is joined to the low-birefringent fiber loop by means of a connector. It
is given by

P 0]
B, — , 7
() .
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Py = cosng, — j(418,/2) sinng, /1p,, (7a)
02 = (0¢,/2)sinng, /np,, (7b)
s, = \/ 01/ + (Ocs /27 (7c)

The sequence of elements for the Jones matrix is shown in Eq. (2). This corresponds
to the Jones matrix for the loop of our interferometer with uniformly twisted fiber.
The transmitted intensity is given by Iy, = K |E0ut|2, where K is a constant which
depends on the units that we are using. The transmittance 7 is given by

Iout

T = I )
Eqgs. (3)—(7) were substituted in Eq. (2), which in turn was substituted in Eq. (8).
These equations were simulated numerically for different parameters (Fig. 2-7). In
these calculations, the length of the arms as well as their twists were equal. What we

have varied are the length of the fiber and the twist of the loop (F1).
Fig. 2 shows the output transmittance as a function of the twist for different values
of the length of the fiber (L). The length of the fiber is equivalent to one and a half of
the repetition length. We can see in this figure that for zero twist, the transmittance is

——L=05
—L=15
] -~ L=155

Transmitance

fiber twist (rad)

Fig. 2. Dependency of the transmittance versus twist ratio, for fiber length equal to L/L, ratio with
integer values plus 1/2.
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Fig. 3. Dependency of the transmittance versus twist ratio, for fiber length equal to L/L, ratio with
integer values.

0.6 |
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Transmitance
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0.0

T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fiber length per beat length ratio

Fig. 4. Dependency of the first output transmittance maximum versus the fiber length and the repetition
length ratio, for L/L ratios from 0 to 1.

equal to zero. As we turn the fiber in both directions for a twist >1rad, we can
always obtain a maximum near | for lengths of the fiber with ratios L/Ly =
1.5,2.5,...,15.5,16.5, N 4+ 1/2. We can also see in this figure that the two central
peaks are obtained with a small twist in the fiber loop and correspond to the highest
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Fig. 5. Theory dependency of the transmittance versus fiber twist degree, considering different axis

rotation degrees with L, = 0.5.
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Fig. 6. Average dependency of the first two maximums versus the fiber’s main axis rotation.

transmittance. The remaining peaks correspond to lower transmittances and a
greater twist in the fiber loop of the interferometer.

Fig. 3 shows the transmittance as a function of the twist for lengths of the fiber
equal to multiples of the repetition length. This figure also shows that in order to
obtain a high transmittance, the twist must be greater than one radian in contrast
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Fig. 7. Dependency of the two main maximums sum versus the fiber’s main axis rotation of the
interferometer’s loop.

with the previous figure. We can also see that the peaks at the center of the figure are
lower than those of the extremities and as the length of the fiber increases, the twist
must be greater in order to obtain high transmittances.

From Figs. 2 and 3, we have shown that it is important to know the repetition
length (birefringence) of our fiber in order to obtain the desired results for the
transmittance or the reflectance of our interferometer.

Fig. 4 shows the value of the first peak of the output transmittance as a function of
the ratio between the length of the fiber L and the repetition length Ly for values in
the interval [0,1]. We can see in this figure that we can obtain different values of the
transmittance by varying the repetition length. From this figure, we can find the
birefringence of our optical fiber. That is, we can find experimentally the maximum
transmittance by using the Sagnac interferometer for a fiber length L. Knowing this,
we can find the value of the ratio L/L;, with the help of that figure. Then, as we know
the length of the fiber, we can calculate Ly, and therefore we can know the value of
Ay

If we consider a change in the rotation of the principal axis of the fiber loop, by
keeping constant the loop-length/repetition-length (L,) ratio, as well as the
birefringence of the arms, we can find the transmittance as a function of the twist
of the fiber. By considering the rotation of the axes when we have a fiber-length/
repetition-length ratio =0.5 as shown in Fig. 5, we can realize that there is an
asymmetry between the two main peaks, one of the peaks is higher than the other
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one. As the rotation angle of the axes increases, the asymmetry increases. This figure
shows that for ¥y = 1/4n,1/2n,3/4n the axes are somewhat rotated as shown in
Fig. 4, where we have shown the transmittance as a function of the twist of the fiber
for different angles of rotation of the axes.

Fig. 6 shows the average value of the two first peaks of the transmittance (Fig. 5
shows the two principal asymmetric peaks) as a function of the rotation rate of the
axes. We can see that the sum of the transmittances corresponding to the first two
peaks is constant as the angle of rotation of the principal axes of the fiber varies. As a
result, we can say that it does not matter if the peaks are asymmetric because their
average stays constant for every value of the length of the fiber.

We have developed this practical method for measuring the angle of rotation of
the axes of the fiber loop. It consists in varying the angle of rotation of the axes of the
fiber and then calculating the ratio between the difference and the sum of the two
principal peaks as shown by the following equation: S=(MAXI] —
MAX2)/(MAX1 + MAX?2). This simulation has been made for the following
fiber-length/repetition-length ratios: 0.1, 0.5 and 0.7. From this simulation, we have
obtained the plot shown in Fig. 7. In order to measure the angle of rotation of the
axes, we measure the two principal peaks and with the help of this plot we can obtain
the angle of rotation of the axes.

Fig. 8 shows the experimental results for the transmittance as a function of twist
when the arms of the interferometer are adjusted (their lengths and twist value are
approximately the same, length=1m). As we can see, the curve presents two main
peaks. So, we have calculated the average value of these two peaks. Then, with the
help of Fig. 4, we have obtained a repetition length =12.98m. This value is
approximately the same for other fibers of different length.

L_Fiber=1m
0.0454 | Fiber/L_beat=12.98 m

0.040

0.035—-
0.030—- b
0.025—- \
0.020—- "
0.015—- \
0.010—- \

/

0.005-: N \_

0.000

Transmitance

T T T T T T T T T T T T T
-6 -4 -2 0 2 4 6

Fiber twist (rad)

Fig. 8. Experimental dependence of transmittance and the fiber twist ratio; fiber length, 1.0 m.
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3. Conclusions

We have analyzed numerically the Sagnac interferometer and proved that for
lengths of the fiber loop equal to one and a half of the repetition length of the fiber,
we can obtain high transmittances (& 1). For a twist slightly > 1rad and for lengths
of the fiber loop equal to the repetition length plus one, we can obtain low
transmittances. With the same twist as for the other lengths, we must have a greater
twist in order to obtain high transmittances.

We have presented a very simple technique for low-birefringence measurements
based on the dependence of the Sagnac interferometer’s transmission on twist. We
have also presented a method for measuring the angle of rotation of the principal
axes of the fiber.
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