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All-Fiber Faraday Rotator Made by a Multiturn
Figure-of-Eight Coil with Matched Birefringence

V. Annovazzi-Lodi, Member, IEEE, S. Donati, Member, IEEE, S. Merlo, and A. Leona

Abstract— With a figure-of-eight winding of monomode fiber,
we have been able to build multitarn (>>100) ceils which can be
easily trimmed to match the condition of exactly one wavelength-
per-turn birefringence. As an example, we report a 45° Faraday
rotator intended for an all-fiber optical isolator at A = 1300 nm.

I. INTRODUCTION

HE FARADAY rotator is a well-known building block

for the realization of several passive components used in
optical communications and sensing, such as optical isolators,
circulators, Faraday mirrors, and current/magnetic field sensors
{1]-[9]. Though the microoptics rotator built around a YIG
crystal is well developed and has good performances, consid-
erable interest is attracted by the all-fiber version because of
low insertion loss, easier assembly, and not last, feasibility in
those spectral ranges where magneto-optical crystals are not
available or have excessive transmission loss.

A challenge for the all-fiber version comes from the low
value of the Verdet constant V in silica fibers (e.g., V =
1 prad/A at A = 1300 nm as opposed to 2 mrad/A for YIG ).
Since the Faraday rotation @ is given by

@:V/H-dl (N
L

it turns out that a considerable length L of fiber (several
meters) must be used to get a large rotation (e.g., ® = 45° to
build an isolator), at reasonable values of H (a few thousands
of gauss).

A way to fit the required fiber sample in a small magnet gap,
and to build a compact device, is obviously that of winding
several turns IV on a small (e.g., R = 1 cm) coil, but in this
case the line integral of (1) would give ® = 0.

Fortunately, as the fiber is bent in the winding, a linear
birefringence is superposed to the Faraday rotation, and there
exists a matching condition [1]-[4] under which the rotation
® no longer vanishes. Specifically, if the linear birefringence
By is equal to 1/R (a condition also called wavelength-per-
turn matching), then the coil behaves as a pure non reciprocal
rotator. The rotation angle ® is just halved with respect to
the value expected for a straight fiber of the same length
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L = 2rRN [2], [3] and amounts to

o= VHE _yony o

A practical limitation [4], [6], [7] for large NN is set by the
cumulative effect of the small residual error e = §; — 1/R in
the matching of each tum. As N is increased, the tolerable
error ¢ is decreased and the required tight mechanical and
optical tolerances are increasingly difficult to meet.

Another issue is about the unusuaily small value of the
matching radius that can follow from the condition R =
1/(,. For many fibers, and in particular for the standard
telecommunication (SM or SMR) fibers, R is less than 3 mm
for A = 1250-1550 nm. Thus, a matched coil would not be
feasible at those wavelengths because of excessive curvature
loss and increased failure rate by bending.

To circumvent these difficulties, we have devised the figure-
of-cight geometry presented in this paper. This design allows
us to double the matching radius, thus avoiding curvature
losses and fiber breakage, however, it is compact enough to
build a rotator based on permanent magnets, and its sensitivity
is not much different from the round coil geometry. As an
example of application, we report on an isolator we have
developed for optical communication in the second window
(A = 1300 nm).

II. THE FARADAY ROTATOR

The proposed geometry has been schematized in Fig. 1(2)
and (b), where two different options for the input/output fiber
have been considered. The bend radius is selected so that
each half turn of the figure-of-eight is a half-wave retarder;
this allows Faraday contributions of opposite sign, arising on
opposite sides of the coil, to be cumulated, much as in the
basic round coil geometry {2], [3], [7].

In order to get a rotator, we have found two possible
arrangements of the coil with respect to the magnetic field:
1) the figure-of-eight can be laid along the direction of the
magnetic field [Fig. 1(c)] and then we need a uniform field
and the input/output fibers must be placed in the middle as
in Fig. 1(a); or 2) the figure-of-eight can be laid orthogonal
to the magnetic field [Fig. 1(d)], and then two magnets with
opposite polarities are required and the input/output fibers must
be placed on one side as in Fig. 1(b).

To analyze the rotation under a magnetic field, we have
used the Jones formalism following the method presented in
[6]. Under the small perturbation approximation VH < 1/,
the differential equation for the evolution of the Jones vector
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Fig. 1. Figure-of-eight matched coil in a uniform magnetic field H with two input/output schemes (a), (b). Eaéh half turn is a half wave retarder so that
Faraday rotation is cumulated on a complete turn. Experimental arrangements for building an all-fiber Faraday rotator are shown in (c), (d).

E}(¢) along the coil has been solved, looking for a solution in
terms of superposition of the bending birefringence effect and
of a small contribution &, due to the Faraday effect, i.e.,

su-[2]

ei(ﬂl £/2) 0 - o .
= { 0 e—i(ﬂzw‘fﬂ)} Ei+é, ©)
where E; = E (0) is the Jones vector of the input field. Letting
B = 1/2R, we obtain two linear differential equations for the
components of €, which are integrated in polar coordinates
[6]; with the proper initial conditions, we find the following
expressions for the output field components at £ = 47 R, i.e.,
after one full turn of the figure-of-eight coil of Fig. 1(a):

eia e—ia

E, =Eiu+2HVE; | & — % (4a)
2R 2R

E, =E;y — 2HV E,, 63: _e” (4b)
2R 2R

where « is the angle between the magnetic field and the minor
axis of the coil. From (4a) and (4b), a condition must be
satisfied to obtain a pure nonreciprocal rotation: for a linear
input polarization at an arbitrary angle, both terms in brackets
in (4a) and (4b) must be real, hence, we have o= 7/2, i.e.,
the magnetic field and the wavevector at the input have to be
orthogonal as in the layout of Fig. 1(c).

For a coil of N complete turns the rotation is then found

to be:
P = (%) NHVR

and comparing (5) to (2) we can see that there is only a minor
decrease (a factor 0.83) with respect to the round coil geometry
of the same length. .
Instead, for the geometry of Fig. 1(b), a pure rotation is
obtained by taking o = 0, provided that H has opposite
direction on odd and even half-turns of the figure-of-eight
[Fig. 1(d)]. With this assumption the rotation is calculated. as

o= (3 )wava

If the magnetic field is applied only on the top and bottom
quarters [i.e., arcs AB, CD in Fig. 1(b)] of the coil, we get a
somewhat higher rotation, i.e.,

® = <§g/—§>NHVR.

This configuration is interesting for a Faraday rotator be-
cause the magnet gap is halved, i.e., H is increased or the
magnet size can be reduced; however, it is not suitable for a
sensor of (uniform) magnetic field. .

The above analysis has been derived under: the assumption
of small perturbations; however, we have found numerically
that (5)~(7) are a good approximation even when the reciprocal
birefringence and the Faraday effect are comparable.

6))

(6)

9
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Fig. 2. Normalized rotation angle (full line) and ellipticity (dotted line) at
the output of a figure-of-eight coil for & = 7/2 and N = 20 turns as a
function of half-turn retardation error .

III. TRIMMING ERRORS

Let us now evaluate the effect of trimming errors around the
birefringence matching condition 5; = 1/2R, of importance
especially for the long coils (N > 100). First, let us assume
a constant birefringence mismatch ¢ = 3; — 1/2R (per turn)
on all the turns, due for example to a systematic error on the
former or on the fiber outer radius.

Taking € < 1/2R, and carrying out the analysis as in [6]
for & = w/2 [Fig. 1(a) and (c)], we find for the rotation ®:

® = ({)NHV Rsinc (2N p) ®)
where 1 = 27 Re is the phase error on each half turn and the
term sinc (2N ) gives the decrease of the Faraday rotation
due to mismatch. Also, for € # 0 it is found that the output
field is not linearly polarized and its ellipticity depends on .
These results are shown in Fig. 2 for N = 20.

Because of the cumulative effect of trimming errors, there
is a maximum number of turns N = 1/2u which is usable
without incurring into a substantial decrease of rotation. This
impacts on the precision of R; for example, to have a decrease
<10% in a coil with N = 75 turns, the geometrical tolerances
of the former and of fiber coating diameter must be within 1
pm, a value next to that found for the round coil geometry [6].

A suitable trimming method must therefore be envisaged.
In a previous paper, a piezoelectric former [2] was used
for the round coil to apply [10], [12] tension birefringence
through small variations of R, but an electrical actuation is
objectionable in sensing applications as well as in isolators
for optical communications.

We have found that with the figure-of-eight geometry the
systematic error is easily zeroed by trimming the distance of
the two cylindrical formers. This method has two main effects
[10]-[12]: 1) change in the strain-induced birefringence due
to mechanical tension, and 2) change in the length of fiber
laying on the former and subjected to bending birefringence.
(A third effect, i.e., the change in bend radius due to coating
compression has been evaluated as negligible.)

With reference to Fig. 3, let 2D be the former distance when
the coil is wound while 2(D+d) is the distance after trimming.
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Fig. 3. Trimming diagram of a figure-of-eight coil (R = 5 mm) showing the
phase correction per turn A¢p obtained by increasing the gap from D = 1 mm
to D+d. A typical single-turn error (due to a radius mismatch AR = 10 ym)
is also shown. The phase correction for a cylindric coil (dotted line) is reported
for comparison.

The fiber length of a single turn laying on the former is

‘ T . R
S =4AB = 4R [§+arcsm <R+D)] 9

for d = 0, and varies as the tangential point B moves when
distance is increased. The total length of a single turn (d = 0)
is thus:

L= S+4(D?+2DR)*/2, (10
From (10), we can now calculate the fiber strain AL/L =
[L(D) = L(D + d)]/L(D) and get the phase correction Ap
from the well-known expressions [11]. In Fig. 3 we plot Ay
as a function of d ranging from 1-100 pgm for D = 1 mm,
along with the typical single turn phase error calculated for a
radius mismatch AR = 10 ym.

From these data it would appear that the strong effect of
tension on A calls for a very fine resolution on d; however,
an effective buffering action between the fiber and the former
is supplied by the primary coating. Since the Young modulus
of silica is about 20-100 times larger than that of most plastic
polymers [13], there is a substantial reduction of fiber stress
at a given d. In practice, the correction of a typical one-turn
error (0.01 rad) is obtained experimentally by varying d in the
range 1-10 pm.

The length variation AS(d) due to a change of the former
distance d is found from (9), and from this result one can
calculate the single turn phase correction A which is also
reported in Fig. 3 (bending), just a minor effect with respect
to tension.

The above results assume a coil with the fiber ends blocked.
However, if the fiber is allowed to slide, trimming can be
performed mainly by bending birefringence and the resolution
on d is significantly relaxed. Usually, in a coil with large
N, friction prevents the fiber from sliding onto the former.
Nevertheless, a substantial change of the initial birefringence
can be obtained simply by loosening the coil and restarting
with a different D. In this way, the tension of the figure-of-
eight can be always kept low.
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Fig. 4. Normalized rotation angle for a figure-of-eight coil as a function of
the orientation of the magnetic field.

Mechanical trimming can be implemented also with the
round coil geometry, by cutting in halves the former and
introducing an actuator between them. Fig. 3 shows that for
R = 5 mm the correction A, due to tension, for the round
coil is comparable to that of the figure-of-eight. Nevertheless,
in the first case trimming can be achieved only by tension, and
if too large a value is reached, one should remake the former
with a different radius.

After systematic errors have been removed, a small random
error &; is left on each tumn, due to localized birefringence
fluctuations. By numerical analysis we have found that if &;
is small on the single turn (4mwe; < 1/R), is statistically
uniform on the coil and has zero average, then the total rotation
reduction does not exceed that due to the worst turn, ie.,
sinc [4m R max (g;)]. A similar result has been reported for
the cylindrical coil [7]. A

Therefore, the diagram of Fig. 2, which was derived for a
20 turn figure-of-eight coil, can still be used entering yu =
47 R max (e;)/20 on the abscissa to adjust the scale factor.

As a function of wavelength, the matching condition is met
in an interval becoming narrower as N is increasing. This
effect can also be used to make a filter, but we will not
discuss this topic here. When the coil is trimmed at a given
wavelength A, the error & at A = A+ A is easily calculated as
€ = AX/2w AR, since f3; is proportional to 1/R\. Therefore,
the decrease of rotation is still described by Fig. 2, by using
= 2mRe = AM/X on the z-axis. The allowable optical
bandwidth A, for a maximum rotation reduction of 10% in
a coil of N = 80 turns, is of about 1.2 nm at A = 1300 nm.

We have also investigated the effect of a small circular
birefringence in the coil, which can arise from unintentional
torsion of the fiber during winding. It is well known that a
constant circular birefringence (3, is quenched if the condition
Be < B holds [14]. Moreover, re-writing (3) to include
circular birefringence, it can be shown that on a trimmed coil
the effect of 5. vanishes on any integer number of turns.

IV. THE ALL-FIBER ISOLATOR

The Faraday rotator based on the figure-of-eight matched
coil has been employed to make an all-fiber isolator for the
second window (A = 1300 nm). The geometry of Fig. 1(c)
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Fig. 5. Normalized rotation angle (full line) and ellipticity (dotted line) at .
the output of a figure-of-eight coil for N = 20 turns for o = 0 as a function
of the half-turn retardation error.

was preferred because it has the maximum specific rotation
and needs a single magnet.

We used commercially available Nd-Fe-B magnets yielding
H = 6 KG in a 2 cm gap. The fiber was the “oligomodal”
Ensign 2300, which has a cutoff wavelength A\, = 1700 nm
and allows single mode low loss propagation in the second
window at the matching radius B = 5 mm. From (5), the
desired 45° rotation at A = 1300 nm requires about 62 turns
of fiber. We used N = 70 — 80 full figure-of-eight turns and
performed functional trimming in two steps. First, by moving
the two cylinders away from each other we got a linearly
polarized output with a rotation slightly in excess of 45°, A
compact mechanical stage with differential micrometer screws
was employed to ensure adequate resolution.

Then, the desired 45° rotation was obtained by tilting
the coil in the magnet gap. This method allows us to trim
rotation without introducing ellipticity, since the matched coil
is sensitive only to the magnetic field component parallel to
its vertical axis, while the other component affects neither
rotation nor ellipticity. This result, which represents a specific
advantage of the figure-of-eight, is illustrated in Fig. 4 where
the angular semsitivity of the coil has been calculated as a
function of the deviation from o = /2. Even if ¢ # 0
(unmatched coil), the sensitivity to the orthogonal component
of H (o = 0) is small, as shown in Fig. 5, and this fact relaxes
the requirement on the field uniformity.

All-fiber polarizers were finally spliced at-each end of
the rotator -to build the isolator. Performances of the device,
measured with standard laboratory equipment are as follows.

* Isolation loss better than 38 dB at A = 1320 nm and

better than 30 dB in the range 1318 to 1322 nm as shown
in Fig. 6. The isolation at the peak wavelength is limited
by the extinction of the polarizers.

* Insertion loss less than 2 dB, mainly due to splices

between the rotator and the polarizers (the loss of the
rotator alone is less than 0.17 dB). }

V. CONCLUSIONS

In conclusion, we have demonstrated that the figure-of-
eight geometry is a viable approach for wavelength-per-turn
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Isolation loss of the all-fiber optical isolator as a function of wave-

matched birefringence Faraday rotators. We have also reported
on an all-fiber isolator for A = 1300 nm which performs
a good isolation and is completely passive as it uses a
permanent magnet. The proposed geometry can be useful also
for implementing other components such as Faraday mirrors
and magnetic field sensors for all-fiber systems, particularly at
those wavelengths where magneto-optical crystals like YIG’s
and related garnets are not available.
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