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Abstract.  An all-spun-fibre linear reflective interferometer with 
two linked Faraday fibre coils is studied. It is found experimentally 
that there is mutual influence of Faraday fibre coils in this interfer-
ometer. It manifests itself as an additional phase shift of the inter-
ferometer response, which depends on the circular birefringence 
induced by the Faraday effect in both coils. In addition, the inter-
ferometer contrast and magneto-optical sensitivity of one of the 
coils change. A probable physical mechanism of the discovered 
effect is the distributed coupling of orthogonal polarised waves in 
the fibre medium, which is caused by fibre bend in the coil.
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1. Introduction 

We investigated an effect in a fibre-optic current sensor based 
on the Faraday effect and having two sensing elements in a 
highly birefringent spun-fibre linear reflective interferometer 
[1]. The Faraday effect is the occurrence of circular birefrin-
gence in an optical fibre placed in a longitudinal magnetic 
field. As a result, orthogonal circularly polarised light waves 
propagate in this fibre with different velocities, and a phase 
difference jF (Faraday phase shift), proportional to the mag-
netic field (current), is accumulated between them. An optical 
interferometer used to measure a phase shift contains gener-
ally two elements: a phase-shifting device (modulator) and a 
sensitive coil [2]. An interferometer scheme was proposed in 
[1], where both elements were made of magnetosensitive 
(spun) fibre and linked by the same fibre. It was suggested 
that mutual influence of these two fibre Faraday elements of 
the interferometer may occur in the aforementioned scheme. 
This suggestion was confirmed experimentally. The effect dis-
covered may manifest itself as a nonlinearity of the output 
current sensor characteristic. The purpose of our study was to 
investigate experimentally this effect.

2. Experimental setup 

To analyse experimentally the mutual influence of Faraday 
elements, we developed a linear reflective interferometer, a 

schematic of which is presented in Fig. 1. Reflected light was 
recorded at the output of coupler ( 2 ) by photodiode ( 9 ). The 
voltage at the photodiode output was measured by a digital 
voltmeter.

A specific feature of this interferometer is that it is made 
entirely of magnetosensitive spun fibre and contains Faraday 
fibre elements (Faraday rotators) in a common fibre channel. 
The first element implements a dynamic or static phase shift, 
and the second is a sensitive coil (in a current sensor). For 
brevity, we will refer to them as the first and second Faraday 
rotators, respectively. The interferometer contains also a 
polariser and a mirror. Two orthogonal polarised light waves 
propagate in the interferometer; generally, their polarisation 
states (PSs) are elliptical [3 – 6]. In the absence of a magnetic 
field in rotators, the interferometer has a zero path difference 
for the circular components of orthogonal wave polarisations 
(i.e., it is a mutual device), because, when reflecting from the 
mirror, circularly polarised wave components change to 
orthogonal: the right-handed polarisation becomes a left-
handed one and vice versa; as a result, both waves will have 
identical phase delays after a round trip. Due to the Faraday 
effect, a magnetic field introduces an uncompensated phase 
shift jF between the waves; hence, the radiation at the inter-
ferometer output will be linearly polarised with rotation of 
the plane of polarisation by jF /2. An analysis of the light 
intensity at the photodiode input allows one to calculate the 
desired phase shift jF, which is proportional to the magnetic 
field (and, correspondingly, current).

The light source was an erbium-doped fibre emitter with a 
wavelength of 1.55 mm, output power of 30 mW, and radia-
tion spectrum 25 nm wide.

The interferometer elements (fibre coils and link) were 
made of conventional spun fibre with a beat length of built-in 
linear birefringence Lb = 8 mm and a spin pitch of birefrin-
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Figure 1.  Schematic of the experimental setup: ( 1 ) radiation source; 
( 2 ) directed coupler; ( 3 ) polariser; ( 4 ) modulator coil (first rotator); 
( 5, 7 ) solenoids; ( 6 ) sensitive coil (second rotator); ( 8 ) mirror; ( 9 ) pho-
todiode; I01 and I02 are currents.
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gence axes Ltw = 3 mm. The spun fibre of rotators was wound 
on quartz tubes with a diameter D = 20 mm and length 100 
mm. A longitudinal magnetic field in a fibre rotator was 
formed by a toroidal copper wire solenoid, the turns of which 
passed through the internal hole of a quartz tube and covered 
it outside. The first rotator contained N11 = 9000 fibre turns 
and N12 = 50 copper wire turns; the corresponding parame-
ters of the second rotator were N21 = 4484 turns and N22 = 
60 turns.

3. Experimental

The dc voltage component U0 at the photodiode output can 
be presented as a function of currents in rotator solenoids by 
the relation

U0 = U00 [1 + Kn cos(jF1 + jF2 + Djn)], n = 1, 2,	 (1)

jF1 = a1I01 = 4VS1N11N12 I01,	 (1a)

jF2 = a2I02 = 4VS2N21N22 I02.	 (1b)

Here U00 is the average voltage at the photodiode output; Kn 
is the interferometer contrast (visibility); jF1 and jF2 are the 
phase shifts in the first and second rotators, respectively; I01 
and I02 are the currents in the solenoids of the first and the 
second rotator; V » 7 × 10–7 rad А–1 is the Verdet constant for 
quartz fibre; and S1 and S2 are the relative magneto-optical 
sensitivities of spun-fibre in the first and second rotators with 
respect to an ideal fibre. The Djn value is a constant phase 
additive, which was revealed in this study. Relation (1) is the 
output characteristic (response) of a linear reflective interfer-
ometer with two rotators. The subscripts n = 1 or 2 corre-
spond to the output characteristic when the independent vari-
able is the current in the first or second rotator, respectively.

Relation (1) was used to estimate the distortion of the 
interferometer characteristic caused by the mutual influence 
of rotators. This characteristic is determined below by the 
parameters U00, Kn, S1, S2 and Djn.

We measured the output characteristics U0(I01) at I02 = 
const and U0(I02) at I01 = const. Figure 2 shows the depen-
dences U0(I01) for the first rotator, measured at two values of 
dc current I02 in the second rotator. The processing of mea-
sured data implied determination of the parameters using 
neighbouring extrema in the characteristic and fitting by the 
least-squares method. For example, one can measure accu-
rately currents I01max and I01min in the extrema of the charac-
teristic U0(I01) at I02 = const, i.e., for cos( jF1 + jF2 + Dj1) = 1 
and cos( jF1 + jF2 + Dj1) = –1, respectively (see Fig. 2). Then, 
using the relation

jF1 + jF2 + Dj1 = 0,	 (2) 

one can determine the additive

Dj1 = – (jF1 + jF2) = – (a1I01max + a2I02).	 (3)

The same measurements yield
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where U01max and U01min are the values of the characteristic in 
extrema. These parameters were determined more exactly by 
fitting relation (1) to experimental points of the entire mea-
sured characteristic using the least-squares method.

The solid curves in Fig. 2 is the result of a calculation 
based on relation (1). The parameters U00, K1, S1 and S2 for 
these curves were determined using the aforementioned tech-
nique; note that S1 = 1.109 and S2 = 1.164 for I02 = – 2 A and 
S1 = 1.112 for I02 = 0. Two values are indicated for Dj1: the 
dashed line is the result of calculation for a current I02 = – 2 A 
at Dj1 = 0, and the solid line is the result of calculation at 
Dj1 = – 0.195 rad. It follows from Fig. 2 that, at I02 = – 2 A, 
the experimental data correspond to the values calculated at 
Dj1 = – 0.195 rad. In addition, Fig. 2 demonstrates that the 
interferometer contrast significantly increases in the presence 
of current in the second rotator.

A similar procedure was performed when measuring the 
characteristic of the second rotator: U0(I02) at I01 = const.

4. Results and discussion

Figure 3 shows the dependences of the phase additive Dj1  
and contrast K1 of the first rotator on the current I02 in the 
second rotator, and Fig. 4 presents the dependences of the 
phase additive Dj2  and contrast K2 of the second rotator on 
the current I01 in the first rotator. 

Figure 5 shows the dependences of the relative magneto-
optical sensitivity S of one rotator on the phase shift jF in the 
other rotator.

The experimental data indicate the existence of a new 
physical effect – mutual influence of coils – in an interferom-
eter with two Faraday fibre coils. We should note that the 
observed regularities are not caused by technical imperfec-
tions of the experimental setup, in particular, stray magnetic 
fields of the solenoids, heating of coils by currents through 
these solenoids, etc. Experiments were performed with differ-
ently arranged (spaced by a distance from 10 cm to 2 m) and 
oriented coils. Generally, the temperature of coil spun fibre 
affects the magneto-optical sensitivity; however, this influ-
ence was insignificant because of weak heating (few kelvins).
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Figure 2.  Interferometer output characteristics measured with a change 
in the current in the first rotator; the current in the second rotator is 
I02 = ( ) 0 and ( ) –2 A.
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An analysis of the above-mentioned factors did not reveal 
their contribution to our experimental results. The latter can 
be formulated as follows. First, this is the occurrence of a 
phase additive to the interferometer current characteristic, 
measured in one rotator, in the presence of a dc magnetic field 
(current) in the other rotator. The additive sign depends on 
the current direction, and its value is a function of the current. 
The second result is the change in the contrast interferometer 
(visibility). In addition, there is a small change in the mag-
neto-optical sensitivity of one of the fibre rotators (specifi-
cally, the first one) of the interferometer.

Thus, the characteristic of one of the rotators [for exam-
ple, the first one, U0(jF1)] shifts along the abscissa axis not 
only by the value of the Faraday shift jF2 in the second 
rotator but also undergoes an additional phase shift Dj1 (see 
Fig. 2). A similar phase shift, Dj2, but of opposite sign is 
observed in the characteristic U0(jF2) at a constant shift jF1 
in the first rotator. It should be emphasised that a necessary 
condition for the occurrence of a phase additive is the pres-
ence of circular birefringence due to the Faraday effect in 
both rotators.

The phase additive is calculated by fitting the calculation 
parameters of relation (1) and the interferometer characteris-
tic, which is measured experimentally. It is important to know 
the exact values of magneto-optical sensitivity of the rotators 
in the entire range of currents. The dependences S1(jF2) and 
S2(jF1) presented in Fig. 5 were calculated from relation (4) 
based on the spacing between the neighbouring extrema in the 
measured characteristic. It can be seen that mean sensitivities 
of the first and second rotators in the range of operating cur-

rents (Faraday phase shifts) differ: áS1ñ = 1.119 and áS2ñ = 
1.168; this difference slightly exceeds the measurement error 
(1 % – 2 %). We did not analyse the nature of this discrepancy. 
Figure 5 shows also that the S2 value is independent (within 
the measurement error) of the circular birefringence in the 
first rotator. The mean S2 value almost coincides with the 
value at zero current (S2 = 1.164). At the same time, S1 slightly 
decreases with an increase in the modulus of jF2. We relate 
the existence of the dependence S1(jF2) to the mutual influ-
ence of rotators.
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Figure 3.  Dependences of the (a) phase additive and (b) contrast of the 
first-rotator characteristic on the current in the second rotator.
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Figure 4.  Dependences of the (a) phase additive and (b) contrast of the 
second-rotator characteristic on the current in the first rotator.
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Note that good agreement between the calculation and 
experiment can also be obtained at a zero phase additive by 
fitting the S2 value in the calculation; the latter, generally 
speaking, may change because of the mutual influence of the 
rotators. However, the dependence S2fit(jF1) obtained by this 
fitting (Fig. 5) yields a significantly overestimated sensitivity, 
especially at small jF1 values. For example, at small currents, 
S2fit » 1.3, a value inconsistent with S2 = 1.164, measured at a 
zero current in the first rotator. Therefore, we consider unre-
alistic the absence of the phase additive. We should emphasise 
that, according to our experiments, the S2 value can be 
assumed constant.

Note that the S1 and S2 values turned out to be larger than 
unity in our measurements. We explain this fact by the differ-
ence between the Verdet constant in spun fibre in use from the 
value of this constant for pure quartz, which was applied in 
the calculations.

The phase additive in one of the rotators depends periodi-
cally on the circular birefringence in the other rotator. The 
approximated dependences Dj1 = 0.18sin(jF2) – 0.04sin(2jF2) 
and Dj2 = – 0.17sin(jF1) – 0.01sin(2jF1) in Figs 3a and 4a are 
in satisfactory agreement with the experiment.

The dependence of the interferometer contrast on the cir-
cular birefringence in one of the rotators is also periodic; it 
can adequately be approximated by a cosine function of the 
Faraday phase shift (Figs 3b, 4b): K1 = 0.47[1 – 0.28cos(jF2)] 
and K2 = 0.48[(1 + 0.25cos(jF1)].

Thus, mutual influence of fibre Faraday coils (rotators) in 
the common channel of the spun-fibre interferometer was 
experimentally revealed. A mathematical model of this effect 
has not yet been developed. It can be explained as follows. 
The rotators in the scheme under consideration operate under 
different conditions. In the second rotator, the forward and 
backward light waves do not pass through the medium of the 
first rotator when interacting with ‘their’ magnetic field. At 
the same time, in the first rotator, the forward wave passes 
through the medium of the second rotator after the interac-
tion with its magnetic field, while the backward wave passes 
through it before the beginning of this interaction. Circular 
birefringence is induced in the medium of the second rotator 
due to the nonreciprocal Faraday effect. We believe that the 
phase additive is due to the fibre bend in the coil winding. 
Each wave in a bent fibre is a superposition of orthogonally 
polarised coupled waves. This coupling, being distributed 
over fibre, may change the initially accumulated phase of 
each wave passing through the medium with ‘nonreciprocal’ 
circular birefringence, i.e., induce a phase additive in the first 
rotator. Since birefringence is due to the nonreciprocal 
Faraday effect, the additionally accumulated wave phase is 
not compensated for during the round trip in the interferom-
eter. Note that the wave coupling caused by bending should 
depend on the degree of anisotropy of spun fibre, which is 
characterised by the parameter s = Ltw /2Lb [6].

Concerning the formation of a phase additive in the sec-
ond rotator, it may be due to the occurrence of a phase addi-
tive in the first rotator, induced, as was said above, by the 
presence of birefringence in the second rotator.

We also suggest that the aforementioned coupling of 
orthogonally polarised waves, induced by bending, leads to 
redistribution of the initial wave power into the ‘coherent’ 
and ‘incoherent’ channels (optical paths) of the interferome-
ter [7] and thus changes the contrast.

To confirm the above hypothesis, we measured the rela-
tive additives g = Dj1/jF1(I01max) for three interferometer 
designs. The results are listed in Table 1. It can be seen that a 
decrease in the fibre bend radius D2 leads to an increase in the 
phase additive Dj1 (or g). In addition, a rise in the built-in 
birefringence (decrease in Lb, increase in s) increases the spun 
fibre resistance to bending [8, 9] and, as a consequence, 
reduces the phase additive Dj1, which is confirmed by the 
reduction of the relative phase additive g.

The effect discovered may cause nonlinearity of the out-
put characteristic of a current sensor based on the interferom-
eter under consideration.

5. Conclusions

It was found experimentally that an all-fibre linear reflective 
interferometer containing two Faraday fibre coils and a link 
in-between, made of spun fibre, exhibits mutual influence of 
coils: there is an additional phase shift (phase additive) of the 
output characteristic (response) of the interferometer, which 
depends on the circular birefringence in both coils. The inter-
ferometer contrast and the magneto-optical sensitivity of one 
of the coils change as well. The phase additive decreases with 
increasing built-in linear birefringence of spun fibre and/or 
with increasing coil winding radius. The discovered effect can 
be caused by the distributed coupling of orthogonal polarised 
waves in the fibre medium, which is caused by fibre bending. 
This effect may lead to nonlinearity of the output characteris-
tic of a current sensor based on the above-considered interfer-
ometer. To minimise the consequences of this effect in a cur-
rent sensor with a small sensitive coil, one should apply spun 
fibre with high built-in birefringence, e.g., microstructured 
spun fibre.
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