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A dual-loop Sagnac interferometer”
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A new type of all-fibre Sagnac interferometer composed of two loops is proposed and analysed in detail. It can be

used with a very long transmission line while maintaining excellent performance characteristics due to the automatic

compensation of any birefringence effects in the trunk fibre. Preliminary experiments at 1310 nm wavelength with a

70 km long trunk fibre demonstrated an interference visibility as high as 98%, indicating that this scheme has promising

potential applications.
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Among the various kinds of optical interferome-
ters the Sagnac interferometer is not so well known
and is not even mentioned in many standard optics
texts. It was first proposed in 1913 by Sagnac as a
ring resonator to search for the ‘ether drift’ relative to
a rotating frame.[!! In recent years, however, it has at-
tracted much attention on account of its application in
gyroscopes and in other special fields of research. Its
characteristic properties include exceptional stability,
easy maintenance, and relatively simple construction
and production. As an optical sensor it has reached
a high degree of maturity and has been widely used,
especially with fibre optics, for example in the high-
voltage environment of the electric power industry.!?
Other applications include gain flattening of erbium-
doped fibre amplifiers,3! fibre Bragg grating sensors, 4!
measurement of the chromatic dispersion of an op-
tical fibre,5) and multiwavelength and wavelength-
switched fibre lasers.[>”) At the same time, various
modified Sagnac interferometers have been proposed
which reveal good prospects for application.!®9 The fi-
bre Sagnac interferometer may also play an important
role in the newly emerging field of quantum informa-
tion science for quantum key distribution%-11] and for
generating polarization-entangled photon pairs.['2:13]
However, it is necessary to correct for polarization
scrambling due to environmentally dependent bire-
fringence that is a source of noise and signal fading
in fibre-optic gyros. We describe here a new type of

all-fibre Sagnac interferometer composed of two loops
which can automatically compensate for any birefrin-
gence effects in a trunk fibre between the loops, and
thus has excellent performance characteristics.

The paper is structured as follows. First, a brief
overview is given of a simple Sagnac interferometer
based on a 3 dB power splitting 2x2 fibre coupler.
The principle of the dual-loop all-fibre Sagnac interfer-
ometer is then described in detail by the Jones matrix
analysis approach. Finally, the results of experiments
to demonstrate the scheme are reported.

The basic form of a fibre Sagnac interferometer is
shown in Fig.1.
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Fig.1. Schematic of a fibre Sagnac interferometer. 1, 2,
3 and 4: input and output ports; CW: clockwise; CCW:
counterclockwise.

In the ideal case, light entering input port 1 is
split by the 3 dB power splitting 2x2 fibre coupler
into two counter-propagating waves of equal ampli-
tude, with one part traveling clockwise (CW) through
the loop and the other part counterclockwise (CCW).
Consequently, when the two parts arrive at the coupler

*Project supported by the National Natural Science Foundation of China (Grant Nos 60578029, 10674174 and 10805006) and the
National Program for Basic Research in China (Grant No 2006CB921100).

TE-mail: wula@aphy.iphy.ac.cn

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



2802

Ma Hai-Qiang et al

Vol. 18

again they have both traveled the same optical path
distance so their relative phase difference can be sta-
bly maintained, and constructive interference occurs
at the output port 1.4 In general, this type of loop
Sagnac interferometer is equivalent to an all-reflective
mirror. The structure is very simple, but the loop fibre
cannot be made very long as otherwise the delay be-
tween the times that two counter-propagating waves
of the same polarization traverse a given point on the
loop may be too long, and the change between the
times of the fibre environment too great, leading to
phase instabilities and degradation of the interference
visibility. An improvement to this configuration, first
implemented in a quantum key distribution system,™®!
is to replace the fibre ring with a Faraday mirror, by
means of which the birefringence effects can be auto-
matically compensated for.

Figure 2 is a schematic of a dual-loop version
of the fibre Sagnac interferometer based on two re-
versible polarizing beamsplitters. Its principle can be
described as follows. A light wave of arbitrary po-
larization is injected through the circulator and then
split at the 50/50% polarization-independent 2x2 cou-
pler C to enter the first fibre loop. Two polarization
controllers PC1 and PC2 are used to change the po-
larization directions of the output beams such that
beam 1 in the upper arm is directed into the p po-
larization port of the 1x2 reversible polarizing beam-

splitter PBS1, and beam 2 in the lower arm into the s
polarization port. Both waves then travel through the
trunk fibre and reach the second fibre loop which con-
sists of another reversible 1x2 polarizing beamsplitter
PBS2 and a A/2 wave plate P. The polarization con-
troller PC3 is used to correct the birefringence effects
introduced by the trunk channel.'®) The s and p po-
larized incident waves are directed through the corre-
sponding polarization output ports of PBS2, then P
rotates the polarizations by 90° so that the incident
light waves have exchanged their polarization states
when they arrive at PBS2 for the second time. On
traveling back through the trunk fibre and arriving
once more at PBS1, the beam that originally passed
through the upper arm will now take the lower arm
since it has become s polarized, and vice versa for the
other beam. After passage through PC1 and PC2 the
polarizations of both arms revert to the same original
state, so the two beams are able to interfere at the
polarization-independent coupler C. Constructive in-
terference will thus be registered at detector Dg or Dy,
depending on the relative phase changes encountered
in the two loops. In essence, the interferometer can be
thought of as a single extended Sagnac interferometer
with its two counter-propagating waves going clock-
wise and anticlockwise through both first and second
loops with the trunk line included.
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Fig.2. A dual-loop type Sagnac interferometer setup. LD: laser diode; CIR: circulator; Do, D1: power
meters; C: 2x2 coupler; PC1, PC2, PC3: polarization controllers; P: A\/2 wave plate; PBS1, PBS2:
reversible 1x2 polarizing beamsplitters with output polarization directions p and s.

We now present a Jones matrix analysis of the dual-loop Sagnac interferometer. We assume that an input

light wave, which is split and coupled into the two pigtails of the polarization-independent 2x2 coupler C is
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initially in the linear polarization state:

V=112 =

EO

= 5 s (1)

where 11 and 1, indicate the light waves entering the upper and lower arms, and x, y are the initial polarization

directions of the electric field relative to the forward propagation direction 4z, respectively.

A polarization controller consists of two bat wing plates and is equivalent to a A/4 and \/2 waveplate in

tandem. Their Jones transform matrices are, respectively,

Ty =
i sin (Z) sin(2)

and

T2 =

isin <72T> sin(27)

where (8 and « are the angles between the fast axes in
the A/4 and A/2 plates and the z axis, respectively,
with the +z axis as the direction of light propagation,
and the reference system is right-handed.

Beam 1) is rotated by PCI1 in the upper arm to
the p polarized state 1] before entering the input port
of PBS1:

1P/1=?Pc1'1/}1=§(1—i) (1) : (4)
Similarly, 1o passes through PC2 in the lower arm
and becomes the s polarized state ¢} (here the vector
relation z = p X s is used, where p and s are the two
input polarization directions of PBS1):

V2

~ 1
1/)/2:TP02'¢2:7(1*1) ol (5)

For convenience we adjust 8 and ~ such that

Tpc1 = Tpciay2 - Tpcinga

V2 P b V2L
2 i1

2 ' 1 ©)

and

Trce = Trcary2 - Tpcanya

V2 | -1 -1 Q 13

1
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cos (Z) +isin (D cos(20)

cos (g) +isin (g) cos(27)

i sin (Z) sin(28) o

cos (D — isin (D cos(20)

i sin (g) sin(27) N

cos <g> — isin (g) cos(29) |

are the forward transmission matrices for the polariza-
tion controllers PC1 and PC2, respectively. The two
orthogonally polarized beams )] and ¢4 pass through
PBS1 and after propagating through the trunk fibre
are directed through the corresponding polarization
output ports of PBS2 by adjusting PC3. Then the
half-wave plate P rotates the polarizations by 90° so
that waves 1] and 9} have exchanged their polariza-
tion states when they arrive at PBS2 for the second
time. The forward and backward Jones transform ma-
trices for P can be written, respectively, as follows:

. 01

Tp =i , (8)
10

~ 0 —1

p=i . (9)
~10

After passing through PC3, ¢; and vy become, re-
spectively:

=5 i1-1) (10)
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and

0 - -@(1—1) ! :7@1(171) (1) . (11)
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They then re-enter PBS2 to propagate back along the trunk fibre and re-enter PBS1. Now the wave ] takes
the lower arm, while v} takes the upper arm. The reverse Jones transform matrices Tpco and Tpey in the lower

and upper arms, respectively, are given by

Trc1 = Tpcirja - Trcinz =

V2l o—if Ve
2

V2|1 —i| v2 |11
2

A (12)

i1 11

i . (13)

il 1 -1

When the two waves arrive back at the coupler C, they are transformed to the states

and
Trc2 = Trcarya - Ipcans = —
— i —1—i 1—1
V" = Tpea -] = 5
i+1 —i+1
and
i 1—1 141

m o5 "o
Yy =Tpc1 Py = =

21 —i+1 —i-1

V2o ] v
'71(1—1) 0 :_7 1 (14)

._\/i 0 V2 | -1

5 il - 1) =7 . (15)

We thus see from equations (14) and (15) that the fields 47" and ¢4’ have the same polarization and the same

phase so that there is constructive interference registered at detector D;.

Another advantage of this dual Sagnac loop is the automatic compensation of any trunk fibre birefringence

effects. The forward and backward Jones transform matrices for any birefringent trunk fibre can be expressed,

respectively, as follows:

— cosf —sinf exp(if, 0 cosf siné

Ttrunk = . ( ) . ) (16)
sinf cosd exp(ife) —sinf cosf

— cosf sinf exp(if, 0 cosf —siné

Ttrunk = . ( ) 3 ) (17)
—sin# cosf exp(ife) sinf cos6

where exp(if,) and exp(ife) describe the phase and
amplitude changes for propagation of the ordinary and
extraordinary modes, @ is the rotation angle between
the reference basis and the eigenmode basis of the fi-
bre, and absorptive losses have been ignored.

When the clockwise propagating wave ] has
completed a round trip and re-enters PBS1, the over-
all Jones matrix is:

T = Ttrunk . TP . Ttrunk - eXp{i(Ho + 96)}TP' (18)

A similar expression is obtained for the anticlockwise
propagating wave, from which we see that there is no
change in polarization, only a constant phase shift, re-

gardless of the trunk fibre birefringence effects. Thus
if a phase-sensitive sensor is placed in the second loop,
with appropriate choice of arm lengths in the two
loops, phase changes in the sensor may be detected
at the detector outputs.

In order to quantify the performance of this dual-
loop Sagnac interferometer, experiments were per-
formed using the setup shown schematically in Fig.2.
Linearly polarized light from a homemade 1.31 pm
distributed feedback laser passes through the circula-
tor, the first loop, a trunk line of single-mode SMF-28
optical fibre of different lengths, the second loop, and
then back through the first loop to detectors Dy and
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D; which are optical power meters. The laser output
power was about 1.1 mW and the losses in each loop
about 2dB. The visibility of the interferometer output
is given by the expression

P - P
P+ P’
where Py and P; are the powers measured at Dg and

V= (19)

D1, respectively. Table 1 shows the results obtained

for different lengths of the trunk fibre after accounting
for scattered light introduced by Rayleigh backscatter-
ing in the fibre and back reflection from the connectors
(10.3 nW). We see that the interference fringe visibil-
ity is greater than 98% for distances up to 70 km.
This was maintained throughout two hours of obser-
vation time, showing the excellent capabilities of this
dual-loop interferometer.

Table 1. Interference visibility measurements for the dual-loop Sagnac interferometer.

* Indicates the reading was taken on the nW setting of the power meter.

length/km 2.5 5 25 30 35 48 70
Py /pW 483.38 330.57 15.82 7.399* 3.461* 0.479* 0.0169*
Py /nW 510.50 500.00 80.00 20.30 15.10 4.01 0.16

visibility /% 99.6 99.6 99.6 99.4 99.1 98.1 98.1

In summary, we have designed a new dual-loop, all-fibre type of Sagnac interferometer and provided a

detailed analysis of the optical field transformations. An excellent interference visibility of over 98% for trunk

fibre lengths up to 70 km has been obtained in preliminary experiments, indicating promising applications for

scientific research and industry, such as quantum cryptography, long-distance measurement, and environmental

monitoring.
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