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A wavelength selective bidirectional optical isolator is proposed. Being different from conventional
isolators, a well-designed wave plate is employed and works together with the Faraday rotator. Different
wavelengths thus experience different phase retardation so that wavelength-dependent polarization
states are obtained for bidirectional beams. As an example, a (1.49 um, 1.31 pm) wavelength selective
isolator is proposed, which means only 1.49 pm light can propagate along one-direction while the oppo-
site wave is just for 1.31 pm light. Over 60 dB optical isolation is obtained by selecting suitable wave
plate thickness and orientation. This interesting isolator may have promising applications in access opti-

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Breaking the reciprocity of light can lead to an important class of
optical devices such as isolators, which are widely used to protect
the semiconductor laser devices from the unwanted reflected light.
Isolators are indispensable for the development of optical devices,
especially in optical communication system, for example, in Passive
Optical Networks (PONs) [1-4]. PON is probably the first Fiber to
the x (FTTx) technology, in which unidirection plays an important
role [5]. So, there are many works about isolators. Although some
new nonlinear optics based isolators have been proposed, the mag-
neto-optical (MO) isolator is still the only one being practically used
[6,7]. Generally, conventional MO isolators only work at a single-
wavelength. However, with the expansion of information, multi-
wavelengths are employed in the optical signals [8]. For example,
the G.983.3 standard specifies wavelength division duplex on a
single fiber with the 1.31 pm wavelength window for upstream
transmission and the 1.49 pum wavelength window for down-
stream. The recent IEEE802.3av standard regulates more compli-
cated wavelength allocation for upstream and downstream lights.
In order to protect the network well, a bidirectional wavelength
selective in-line isolator would be attractive to define the wave-
length-dependent propagations, which means only the light with
specific wavelength and preset direction could travel in the net-
work. We believe this is important in access PONs and also might
be wuseful for other fiber-optic communication or sensing
applications.
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In this work, we proposed the design principle of a wavelength
selective bidirectional isolator for dual-wavelength. Being different
from the commercially available MO isolator, an extra wave plate
is employed with well-designed phase retardation and orientation.
A (1.49 pm, 1.31 pum) bidirectional isolator is thus obtained with
promising applications in PONs. Although a bidirectional isolator
has been reported before in DWDM network [9], the discrete and
far-separated working wavelengths in PONs result in more diffi-
culty in realizing bidirectional isolation. It is necessary to study
the design and optimization of such an isolator in fast growing
access networks.

2. Bidirectional isolator

Fig. 1 depicts the schematic diagram of a bidirectional isolator.
It is still similar to the conventional MO isolator with a Faraday
rotator. Differently, an additional specially-designed wave plate
is sandwiched between the Faraday rotator and the polarizer
[10-12]. Normally the wave plate is a fixed birefringent crystal,
but it also could be a homogeneous alignment liquid crystal (LC)
cell with tunable capability [13]. Due to the wavelength depen-
dency, it can act as a full wave plate for one wavelength (/,) while
be a half wave plate for another wavelength (/,). Hence, compared
with a commercially used MO isolator, the polarization of 4, light is
unaffected. If the polarizer and analyzer have a 45° angle separa-
tion and the Faraday rotator changes the light polarization for
the same angle, 4, light thus may propagate from left to right freely
as shown in Fig. 1. When it bounces back, the A; light passes
through the Faraday rotator with its polarization orthogonal to
the left polarizer because of the MO non-reciprocity. In this case,
the light is blocked at the left polarizer just like a normal isolator.
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Fig. 1. Schematic of a bidirectional isolator with wavelength selective function.

However, for 2, light, the combination of left polarizer and the half
wave plate is just like a 90° rotated “polarizer” if the wave plate’s
optical axis is 45°-orientated. In this situation, the 2, light is iso-
lated from left to right, while the opposite propagation is allowed
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for /, light with low loss. A wavelength selective isolator is thus
obtained.

Although the principle of a bidirectional isolator looks clear, the
detailed design is still not so straightforward because the polariza-
tion rotation of the Faraday rotator varies with different wave-
lengths. Therefore the optical axis and thickness of the wave
plate should be carefully designed as well as the angle between
the polarizer and analyzer to optimize the transmittances and
isolations.

Fig. 2 shows the polarization evolution of /; and 4, lights for
both forward and backward propagation respectively. With no loss
of generality, we define that z-axis is the propagation direction and
x is the transmission axis of left polarizer. o describes the wave
plate’s optical axis orientation angle with respect to x-axis. The an-
gle between polarizer and analyzer is ¢. g, and g, are the Faraday
rotation angles for 4; and 4, respectively. Fig. 2a and b denotes the
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Fig. 2. Polarization evolution of the bidirectional isolator. A polarizer is placed along x-axis while the analyzer forms a ¢ angle with respect to the polarizer. o represents the
wave plate’s orientation angle. g; and g», are the Faraday rotation angles for /; and 4, that are marked in the figure. 6;, 0, and 05 correspond to the angles between x-axis and
the light polarization direction, E;, E; and Es, respectively. (a) and (b) are for the forward lights, while (c) and (d) represent the backward lights. The corresponding

wavelengths are marked in the figure.
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forward propagation condition. E;, E; and Es represent the light
polarization direction changes after passing through the polarizer,
wave plate and Faraday rotator respectively. 04, 0, and 05 corre-
spond to the angles between E; , 3 and x-axis. Then, 40 is the angle
between the output signal polarization direction and the transmis-
sion axis of analyzer. Thus, cos?(60) can express the transmittance.
As the wavelength dependence of wave plate, it can act as a full
wave plate for 1; light. Therefore, its polarization is unaffected.
As shown in Fig. 2a, 6; = 65, that is to say, E; and E; have the same
polarization directions. However, in Fig. 2b, it is a half wave plate
for J, light, leading to different polarization directions of E; and
E,. Therefore, 60 will be different for A; and A,. Scilicet, the trans-
missions are different for 4; and Z,. When 60 = /2, namely the out-
put light polarization is orthogonal to the analyzer, it is isolated as
shown in Fig. 2b. Otherwise, light can propagate as shown in
Fig. 2a. For the backward propagated light, E;, E, and Es represent
the light fields after passing through the analyzer, Faraday rotator
and wave plate respectively as shown in Fig. 2c and d. Similarly, 04,
0, and 05 correspond to their polarization directions. 60 is the angle
between the output signal polarization direction and the transmis-
sion axis of polarizer. The status is reversed, /; light is blocked and
the 7, signal travels with low loss, corresponding to Fig. 2c and d
respectively.

As analyzed above, for a wavelength selective bidirectional iso-
lator, the 4, light is blocked in the forward direction, so that,

200+ 8, —¢p="1/2. (1)
And the 2, light is blocked in the backward direction,

¢+8 =7/2. )
The phase retardation of wave plate is defined by,

I'y =2mAnl/ 2, (3)

where /1 is the wavelength, An is birefringence and [ is the wave
plate thickness. Assume the lights incidence vertically to the isola-
tor, the Jones Matrix method could be used to analyze the light
transmission properties [14]. Without consideration of the Fresnel
reflection in each surface, the transmittances of the output optical
signals are,

— ¢) cos*(I'y /2) + cos(g, — ¢ — 2a) sin®(T'y /2),

Tj(’;r)ward = COSZ (gl (
— ¢) cos?(I'2/2) + cos?(g, — ¢ — 2) sin” (I /2),
2

2 2
Tj(’ogward = cos (gZ

(1)

e eward = COS2 (81 + ¢) cos?(T'1/2) + cos?(g + ¢ + 2a) sin*(T'1/2),
T g = COS (85 + ¢) c0s? (T'2/2) + cos?(g, + ¢ + 201) sin* (I2/2).

(4)

The superscripts (1) and (2) represent A, and A, respectively. I';
and I', are the phase retardation of the wave plate for /; and /,. For
full wave plate, I'=2mm, and for half wave plate, I'=(2n + 1)x.
Both m and n are integers.

Usually the dielectric permittivity tensor of the Faraday rotator
can be written as,

¢ 0 0
e=|0 ¢ g |. (5)
0 —-ig ¢

The off-diagonal element ¢, which originates from a first-order
magneto-optic effect, is related to the Faraday rotation ©r by,

& =2n6¢/k. (6)
Here, n = /¢ is the refractive index of the material, and kg is the

wave-number in vacuum. That is to say, the rotation angle g of
the Faraday rotator is inversely proportion to wavelength,

812 < C/l1a. (7)

Cis a constant of the Faraday rotator [15]. In our design, the target
wavelengths of the optical signals are (11, 42) = (1.49 pum, 1.31 um),
which are typical wavelengths in access optical networks. At an
optimized condition, namely the forward and backward lights have
the same transmittance for 4; and /5, i.e.,

I — 81l = 20— ¢ — &,|. (8)

As a consequence, the isolator parameters could be solved from
Egs. (1), (2), (7), and (8) obtained above.

The constant C = 40.48° for A= 1.55 pum, that is to say, the Fara-
day rotation angles are g, = 42.11° for 4; = 1.49 pum and g, = 47.89°
for /1, =1.31 um, respectively. Place the wave plate’s optical axis
o =45°, and the angle between polarizer and analyzer is set as ¢
=47.89°. Then 60 =5.78° is obtained for both A; in the forward
direction and /, in the backward as shown in Fig. 2a and d, respec-
tively. The transmittances of the output optical signals can be
simplified,

Tiohara = COS2(00) cos?(I'y /2) + sin® (80) sin’(I'; /2),
T]E;)ward = COSZ(FZ/Z)
2

TI(J]a)ckward = sin (F] /2)

T =sin®(50) cos?(I'y/2) + cos?(60) sin®(I'y/2).

backward —

From Eq. (9), when I'y =2mm (m is an integer),

Tiomwara = €052(30)
M) ' (10)
T =0

backward

Similarly, when I'; = (2n + 1) (n is an integer),

2)
T)(‘orward 0

” : (11)
T vard = COS2(80)

backwar

That is to say, if the wave plate is full wave for A, while it is half
wave for A, a bidirectional isolator will be achieved. Meanwhile,
the related transmittances are determined by §0. If the parameters
are set inappropriate, 56 will be much larger, leading to remarkable
insertion loss.

Assume that the wave plate is made of Quartz crystal with bire-
fringence index An=0.00846, the crystal thickness thus should
satisfy,

Iy =20 = 2mn -
=28 2n+ 1)1 (12)

Here both m and n are integers. If the material index of wave
plate depends on wavelength, An is no longer a constant. Eq.
(12) will be instead of,

I—v — ZnAnl —2mn

13
FZ 27IA1121 (2” + 1) ( )

Any and An, are the birefringence index of wave plate for /; and
), separately, which are normally different. The obtained wave
plate thickness changes accordingly. The corresponding working
wavelengths thus have a slight offset as well, which could be
solved by system calibration. To totally overcome this problem,
two wave plates with opposite temperature coefficients could be
employed and bonded together so that the net effect of wave plate
becomes wavelength insensitive. However, normally this require-
ment (Eq. (12)) is too strict to be satisfied. The isolation for one-
direction could be very high while the performances along the
opposite way may be much worse. Therefore, we have to optimize
the wave plate thickness to obtain large optical isolations for 2,
and A, at the same time. Fig. 3 shows the isolator’s transmittances
at different Quartz thicknesses. In the forward direction, the solid
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Fig. 3. Forward and backward transmittances as a function of the wave plate
thicknesses. High transmissions and great isolations for both (/;) and (4,) lights are
be obtained simultaneously at the wave plate thickness of 1.936 mm.

and dotted lines represent the i, and /4, light respectively. In the
backward direction, the dashed and dash-dotted lines represent
the Z; and 4, light respectively. To meet the working wavelengths
(1.49 um, 1.31 um), the optimized Quartz crystal thickness is
1.936 mm (with m =11, n=12) as shown in Fig. 3. It is clear that
the selected wave plate thickness gives rise to both high transmit-
tances and large isolations over 60 dB for /4; and 1, lights simulta-
neously, which is much higher than the typical ~20-30dB
isolation of commercial products.

When an [=1.936 mm-thick Quartz crystal is employed, the
transmission spectra of this bidirectional isolator are shown in
Fig. 4. The solid line denotes the forward direction while the
dashed line is for the backward direction. In the forward, the light
(21 = 1.49 um) may pass with low loss while (/; = 1.31 pum) light is
isolated. In the backward, the status is reversed, /; light is blocked
and the /, signal travels freely. From the figure, the corresponding
insertion loss is around 0.044 dB without consideration of the Fres-
nel reflection. This is actually the extra loss to realize the bidirec-
tional isolation function. To our knowledge, the loss of a practical
isolator mainly consists of propagation loss and coupling loss,
which might be much larger than the obtained 0.044 dB. It means
our design is feasible. The final loss should be still around the same
level as that of traditional isolators.

If the light signal deviate from working wavelength, the optical
isolation will drop rapidly. Therefore, it is hard to achieve the high-
est isolation. The wavelength bandwidth is a more valuable param-
eter based on tolerance analysis. According to Eq. (4), the
transmittances of any wavelength are,
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Fig. 4. Output spectra of a bidirectional isolator. The solid line denotes the forward
direction, and the dashed line is for the backward direction.

Thorward = €OS?(g — ¢) €08?(I'/2) + c0s?(g — ¢ — 2a) sin’(I'/2),
Thackwara = COS*(g + ¢) €0s2(I'/2) + c0s2(g + ¢ + 201) sin*(I'/2).
(14)

In the forward direction, if the signal wavelength has a small
deviation (64) from A, scilicet /= A, + 6/, the transmittance near
Ao is,

Tporwara ~ (62)°(I'3 /4 + &3)/ /3. (15)

The situation in the opposite direction is similar. If the wave-
length has a slight deviation (52) from /,, the transmittance near
;q iS,

Thackward ~ (94)°(I'} /4 +&3) /3. (16)

From Eqgs. (14) and (15), the drop of optical isolation is propor-
tional to the square of deviated wavelength (54). The tolerance
coefficient # thus could be obtained as,

n=(I"/4+g")/7. (17)

Smaller # results in more slightly transmittance change, corre-
sponding to wider bandwidth. Because the phase retardation I is
proportional to wave plate thickness, thinner wave plate is more
desired for a bidirectional isolator. For our current design, the ob-
tained bandwidths at 20 dB and 30 dB isolation are 7 nm and 2 nm,
respectively, for both Z; and 2, lights.

In our design above, the wave plate is a fixed Quartz crystal so
that its thickness should be well-selected. To overcome this diffi-
culty, it could be replaced by a homogeneous alignment LC cell
with tunable phase-retardation. We can adjust the LC driving volt-
age to critically tune the operation wavelength. An extreme case
would be swapping the isolation directions for (/1) and (Z,) signals,
i.e., it is tuned to be a full wave plate of (4,) and half wave plate
of (41). This tunable isolator may have some more unique
applications. In above, we only studied the dual-wavelength
(1.49 pm, 1.31 um) case, which is relatively simple. If more wave-
lengths are induced or wider bandwidth is required, maybe multi-
ple wave plate stacking will be used. Moreover, our proposed
design is still relatively bulky. To obtain a more miniature device,
a higher birefringent wave plate could be used. Based on our
design principle, a more compact micro-optical isolator might be
expected.

3. Conclusions

In summary, we proposed a bidirectional optical isolator with
wavelength selective function. Being different from traditional iso-
lators, an additional specially-designed wave plate is sandwiched
by a polarizer and a Faraday rotator. As an example, a
(1.49 pm, 1.31 um) isolator was designed by using direct analysis
and Jones Matrix method. The insertion loss, maximum isolation
and wavelength bandwidth all meet the current telecom require-
ments. Some approaches to improve isolator performances are also
discussed. We believe this device should be useful in the new gen-
eration of optical communications or sensing systems.
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