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1
OPTICAL CIRCULATOR

'FIELD OF THE INVENTION

The present invention relates to an optical circulator
and, more specifically, to an optical circulator which is
suited for optical-fiber communications.

BACKGROUND OF THE INVENTION

A circulator has generally been employed in micro-
wave communications systems, and it has been desired
to employ an optical circulator also in communications
systems using optical fibers. In communications systems
using optical fibers, however, the plane of polarization
is disturbed when the light propagates through the opti-
cal fibers, making it difficult to maintain a predeter-
mined plane of polarization. The microwave circulator
has been based upon a prerequisite that the plane of
polarization of the electromagnetic waves be main-
tained constant. The optical circulator, however, can-
not be formed with a construction sxmxlar to that of the
microwave circulator.

OBJECTS AND SUMMARY OF THE
INVENTION

The object of the present invention is to provide an
optical circulator which is suited for communications
systems using optical fibers, and which is not affected
by the state of incident polarization.

According to the present invention, there is provided
an optical circulator comprising a first optical path and
a second optical path formed between a first polarizer
element and a second polarizer element, Faraday rota-
tors interposed in the first and second optical paths (the
polarizing direction of the Faraday rotators being ro-
tated by an angle of 45° by a magnetic field and the
direction of polarizing rotation being reversed with

5

10

15

20

25

30

35

respect to the propagation direction of light which -

passes therethrough,) and polarizing direction rotators
interposed in the first and second optical paths (the
polarizing direction of the polarizing direction rotators
being rotated by an angle of 45° by the magnetic field,
and the direction of polarizing rotation not being re-
versed with respect to the propagation direction of light
which passes therethrough.)

Further features and advantages of the present inven-
tion will become apparent from the ensuing description
with reference to the accompanying drawings to which,
however, the scope of the invention is in no way lim-
ited.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, and 1C are diagrams illustrating a
construction of an optical circulator according to the
present invention;

FIGS. 2A and 2B, and 2C are diagrams illustrating
same variations in the embodiment of the optical circu-
lator of FIG. 1A;

FIG. 3 illustrates a polarizer prism which is used for
the optical circulator of FIG. 1A;

FIG. 4 iliustrates the operation of a Faraday rotator
which is used for the optical circulator of FIG. 1A;

FIG. § illustrates the operation of an optically active
substance which is used for the optical circulator of
FIG. 1A;

FIG. 6 illustrates the operation of a mirror whlch is
used‘for the optical circulator of FIG. 1A;
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FIGS. 7A, 7B, and 71C illustrate the operatxon of the
optical circulator of FIG. 1A;

FIG. 8 illustrates an optical circulator according to
another embodiment of the present invention;
" FIGS. 9A and 9B illustrate a representative example
of the optical prism employed in the optical circulator
of FIG. §;

FIG. 10 illustrates the principle of the polarizer prism
of FIG. 9A;

FIGS. 11A and 11B illustrate some applications of
the optical circulator of the present invention;

FIG. 12 illustrates another application of the optical
circulator of the present invention; and

FIG. 13 illustrates an optical circulator of the present
invention connected as a 3 port circulator.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1A illustrates an optical circulator according to
an embodiment of the present invention. The optical
circulator according to the invention consists of: a first
polarizer prism Py; a first Faraday rotator FR] and a
first optically active substance OA;, which are inter-
posed in a first optical path of light produced from a
first outlet port of the first polarizer prism P;; a first
mirror M, for reflecting the light travelling through the
first optical path by an angle of 90°; a second mirror M2
interposed in a second optical path of light produced
from a second outlet port of the first polarizer prism; a
second Faraday rotator FR; and a second optically
active substance OAj, which receive the light reflected
by the second mirror M3; and a polarizer prism Py,
which receives the light reflected by the first mirror
M, and the light transmitted through the second Fara-
day rotator FR and the second optically active sub- -
stance OA3. A port A is formed on an extension of the
first optical path of the first polarizer prism, a port Cis
formed on an extension of the second optical path of the
first polarizer prism, a port D is formed on an extension
of the optical path which is reflected by the first mirror
and which passes through the second polarizer prism,
and a port B is formed on an extension of the optical axis
of light which passes through the second optically ac-
tive substance OA; and the second polarizer prism. The
incident light input from the port A is transmitted to the
port B, the incident light input from the port B is trans-
mitted to the port C, the incident light input from the
port C is transmitted to the port D, and the incident
light input from the port D is transmitted to the port A.

FIG. 1B illustrates the relation of inputs and outputs
among the four ports of the optical circulator of FIG.
1A, and FIG. 1C illustrates the case when the optical
circulator is used as an isolator by non-reflectively ter-
minating the ports C and D of the optical circulator.
Namely, the light is transmitted from the port A to the
port B, but is not transmitted from the port B to the port
A.

The foregoing description has dealt with the case in
which Faraday rotators FR; and FR;, optically active
substances OA; and OA2, and mirrors M; and M3 are
arranged between the polarizer prisms Py and P in the
order of FR1-OA|-M) and M2-FR2-OA3. Fhe order of
arrangement, however, is not restricted to the above-
mentioned order.

For example, as shown in FIGS. 2A, 2B, and 2C, the
Faraday rotators and the optically active substances
may be arranged in the incident side or the emit side of
the mirrors, the order of the Faraday rotator and the
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optically active substance may be changed, and further
the Faraday rotator and the opticaily active substance
may be arranged separately in the incident side and the
emit side of the mirrors.

In FIG. 2A the order of the Faraday rotator and the
optically active substance in FIG. 1A is changed, in
FIG. 2B the Faraday rotator and the optically active
substance are arranged separately, and in FIG. 2C the
position of the Faraday rotator and the optically active
substance are shifted at right angles with respect to the
position in FIG. 1A,

FIG. 3 illustrates the operation of the polarizer prisms
P; and P,. The polarizer prisms produce different out-
puts depending upon the direction of polarization.
When the wave 1 is polarized in a vertical direction, as
shown in the diagram (a), the polarizer prism transmits
the light in the direction of the axis of incident light;
when the wave 2 is polarized in a horizontal direction,
as shown in the diagram (b), the polarizer prism trans-
mits the light in a direction at right angles to the axis of
incident light; and; when the light 3 is randomly polar-
ized as shown in the dlagram (c), the polarizer pnsm
transmits the light partly in the direction of the axis of
incident hght and partly in the direction at right angles
to the axis of incident light.

FIG. 4 illustrates the operatlons of the Faraday rota-
tors FR; and FR;. The Faraday rotator is an element
which is composed, for example, of yttrium-iron-garnet
Y3FesO12, and turns its polarizing direction by an angle
of 45° depending upon the magnetic field. As shown in
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the diagrams (a) and (b) of FIG. 4, the rotating direction

of polarization of the Faraday rotator changes when the
travelling direction z of light is reversed. Thus, the light
which has travelled in a round trip is polarized in a
direction at right angles to the initial direction of polar-
ization, as shown in the diagrams (a) and (b) of FIG. 4.

FIG. § illustrates the operation of the optically active
substance OA. A crystal is usually used as the optically
active substance. The crystal has a polarizing surface
which rotates. As will be obvious from the diagrams (a)
and (b) of FIG. §, the rotating direction of polarization
is non-reversed with the reversal in the travelling direc-
tion of light. Thus, the light which has travelled in a
round trip returns to the initial direction of polarization.

FIG. 6 illustrates the operation of mirrors M; and M3.
Diagrams (a) and (b) of FIG. 6 show total reflection
mirrors M, which are capable of changing the direction
of optical path while mamtammg the direction of polar-
ization.

Operation of the optical circulator of the present
invention is described below with reference to FIGS.
7A, 7B, and 7C. For the purpose of convenient illustra-
tion in FIG. 7A, the two optical paths are denoted by a
and B, and portions of the optical paths are denoted by
1, 2, 3, and 4. Directions of polarization are denoted by
6 and V) as inclinations with respect to the axes x, y, and
z. In FIG. 7B, symbol @ denotes an inclination in a plane
x-y, and in FIG. 7C, symbol y denotes an inclination in
a plane x-z.

(A) First, the light incident through the port A is
taken into consideration, and it is presumed that the
light which has passed through optical fibers and is
polarized in a random fashion is received.

With reference to the light incident upon the port A,
the component (8 =0°, Yy=0°) which is polarized in the
direction x is transmitted toward the optical path a by
the polarizing prism P; and the component (6=90",
Yy=0°) which is polarized in the direction y is reflected
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toward optical path 8. The polarized states at the indi-
vidual points in each of the optical paths are shown in
Table 1a and Table 1b.

TABLE la
Component x (6 = 0°, & = 0°
Polarized state
Points 6(") ¥()
a-1 0 0
a-2 45 0
a-3 90 0
a4 90 0
TABLE 1b
Component y (8 = 90°, ¢ = 0°)
Polarized state
Points 0 ¥
B-1 90 0
‘B2 90 0
B-3 135 0
B4 180(= 0) 0

The light at the point a-4 of Table 1a is reflected to
the port B via the polarizer prism P, and the light at the
point 8-4 of Table 1b is transmitted to the port B via the -
polarizer prism P;. Therefore, the light incident
through the port A is divided into optical paths a and 8
depending upon the polarized components, synthesized
together by the polarizer prism P;, and is emitted
through the port B.

(B) Similarly, the light introduced through the port B
is divided into a component x and a component y by the
polarizer prism P;. The polarizer states at the individual
points in each of the optical paths are shown in Tables

2a and 2b.
TABLE 2a
Component x (0 = 0",y = 0°)
Polarized state
Points ]
B4 0 0
8-3 —45 0
B-2 0 0
B-1 90 90
TABLE 2b
Component y (0 = 90°, ¥ = 0°
) Polarized state
Points (] ]
a-4 90 0
a-3 90 0
a-2 45 0
a-1 90 0

The light at point 8-1 of Table 2a is transmitted to the
port C through the polarizer prism P}, and the light at
point a-1 of Table 2b is reflected to the port C through
the polarizer prism p;. Therefore, the light introduced
through the port B is divided into optical paths a and 8
depending upon the polarized components, synthesized
together through the polarizer prism P}, and is emitted
to the port C.

(C) Similarly, the light introduced through the port C
is divided into a component y and a component z by the
polarizer prism P;. The polarized states at the individual
points in each of the optical paths are shown in Tables
3a and 3b.
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TABLE 3a
Component y (6 = 90°, Y = 0°)
Polarized state
Points ) v
a-1 90 0
a-2 135 o]
a-3 180(= 0) 0
a-4 180(= 0) 90
TABLE 3b
Component z (§ = 0°, y = 90°)
Polarized state
Points (2 Yy
B8-1 0 9%
B-2 0 0
B-3 4s 0
B4 9% 0

The light at point a-4 of Table 3a is transmitted to the
port D through the polarizer prism P, and the light at
point 84 of Table 3b is reflected to the port D through
the polarizer prism P,. Therefore, the light introduced
through the port C is divided into optical paths a and 8
depending upon the polarized components, synthesized
together by the polarizer prism P3, and is emitted to the
port D.

(D) Similarly, the light introduced through the port
D is divided into a component y and a component z by
the polarizer prism P,. The polarized states at the indi-
vidual points in each of the optical paths are as shown in
Tables 4a and 4b.

TABLE 4a
Component y (6 = 90°, y = 0°
Polarized state
Points e ¥
B-4 90 0
B-3 45 0
B-2 90 0
B-1 90 0
TABLE 4b
Component'z (6 = 0°, y = 90%)
Polarized state
Points ] ¥
a-4 0 90
a-3 0 0
a-2 —45 0
a-1 0 "0

The light at point 8-1 of Table 4a is reflected to the
port A via the polarizer prism Py, and the light at point
a-1 of Table 4b is transmitted to the port A via the
polarizer prism Pj;. Therefore, the light introduced
through the port D is divided into optical paths @ and 8
depending upon the polarized components, synthesized
together through the polarizer prism P, and is emitted
to the port A.

According to the present invention, as mentioned
above, a circulator having four ports, i.e., A—B, B—C,
C—D, D—A, can be constituted. Furthermore, the
incident light through each of the ports need not be
linearly polarized waves. In other words, the circulator
of the invention can be used even for light which has
~ passed through the optical fibers in which the polarized
state is disturbed. ' :
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The circulator according to the present invention can
be used as an isolator. For example, if the ports Cand D
are composed of anti-reflection terminals, the light can
be transmitted between the neighbouring two ports, i.e.,
from the port A to the port B and not from the port B
to the port A. Further, if the port B is a total reflection
terminal and the port D is an anti-reflection terminal, an
isolator can be constituted with the ports A and C. Even
when the optical circulator is used as an isolator, it is
not affected by the state of incident polarization.

When it is desired to use the circulator of the present
invention as a three-port circulator, the port D, for
instance, should be replaced with a total reflection ter-
minal. Therefore, the three-port circulator which has
light travelling directions of A—B, B—»C, C—D—A
can be obtained.

. FIG. 8 illustrates an optical circulator according to
another embodiment of the present invention. The em-
bodiment of FIG. 8 relates to the optical circulator
which is based upon the principle of the optical circula-
tor of FIG. 1A, but which is constructed in a more
compact size requiring fewer parts. The circulator of
FIG. 8 consists of a YIG (Y3FesO12) crystal which
serves as a Faraday rotator FR3, a crystal plate OA3
used as a half-wave plate, and two polarizers P3 and Py
made up of two prisms. The incident light beam is di-
vided into two parallel beams by the polarizer. The
parallel beams have polarized planes that are at right
angles to each other. The two parallel beams pass
through the Faraday rotator FR3 and the half-wave
plate OAj, and are emitted through another polarizer.
Each comporient is coated with an anti-reflection coat-
ing. , :
The polarizer prisms P3 and P4 are described below in
detail with reference to FIGS. 9A and 9B.

In FIG. 9A, reference numerals 10 and 20 denote a
prism having a triangular cross-section and a prism
having a quadrangular cross-section, which are com-
posed of titanium dioxide. The optical axes of these
prisms 10 and 20 are perpendicular to the surface of the
paper. Symbol C denotes a region in which the prisms
10 and 20 are facing each other. An air layer of a thick-
ness as small as, for example, about 10 microns is present
in the region C. Reference numerals 10A and 10B de-
note a plane of the prism 10 for introducing and emit-
ting the light, and a plane for totally reflecting the light,
and reference numerals 20A and 20B denote a plane of
the prism 20 for introducing and emitting the light, and
a plane for totally reflecting the light. ‘

The polarizer prism has a shape as described below.
First, with the plane C as a reference, the plane 10A is
so formed as to cross the plane C maintaining a Brew-
ster’s angle @ which is determined by an ordinary ray
heading from the interior of the prism toward the exter-
nal side, and the plane 20A is also so formed as to cross
the plane C maintaining the same angle 6. In this case,
the titanium dioxide exhibits a refractive index n,of 2.46
for an ordinary ray (light beam for which the optical
axis and the polarized plane cross at right angles) at a
wavelength of 1.3 microns, and exhibits a refractive
index n. of 2.72 for an extraordinary ray (light beam for
which the optical aixs and the polarized plane are in
parallel) at a wavelength of 1.3 microns. From the re-
fractive index n, by the ordinary ray, the Brewster’s
angle 6 can be found according to the following rela-
tion. :

6 arccot ny=22.1°
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The reason the planes 10A and 20A are formed main-
taining the above-mentioned angle @ is because, when
the non-polarized light 1 (natural light, or linearly polar-
ized light having a polarized plane which is titled, or
elliptically polarized light) containing both the ordinary
ray components 17 and the extraordinary ray compo-
nents lg is permitted to be perpendicularly incident
upon the planes 10A and 20A and is allowed to reach
the plane C along a single path, the incident angle with
respect to the plane C defines the Brewster’s angle.

On the other hand, the planes 10B and 20B are in
parallel with each other, and they meet at right angles
with light rays 17 and 1g, which are emitted from the
interior of the prism to the exterior. In the case of FIG.
9A, the planes 10B and 20B are so defined as to have an
angle 30=66.3° with the plane C.

With the above-mentioned construction, non-pola-
rized light1 which falls on the prism 20 perpendicularly
to the plane 20A (the same holds true with the plane
10A) is allowed to be incident upon the plane C at the
Brewster’s angle. Therefore, the ordinary ray Ir con-
tained in the non-polarized light ray | completely passes
through the plane C. However, the extraordinary ray
1z which satisfies the requirement of total reflection, i.e.,
ne sin @~1.02>1, contained in the non-polarized ray |,
is completely reflected.

In effect, light components are completely polarized
and separated from the natural light 1. In the case of a
prism composed of a calcite, part of the polarized light
that should have been reflected is permitted to pass
through. The prism composed of titanium dioxide, how-
ever, does not present such an inconvenience.

If there is any substance which statisifes the require-
ments set forth below, it may be used in place of the
titanium dioxide. Namely, the following relations
should be satisfied with regard to refractive index n, for
the ordinary ray, refractive index n, for the extraordi-
nary ray, and the Brewster’s angle 6 for the ordinary
ray.

)
)
ay

nesin 8>1
cot O=n,
From (1), np2>cosec? 6

From (2), n2=cot? 8 @y

From (1)) —(2)', n—n2>1 )

From the above mentioned relations, it will be recog-
nized that thee square difference in the index or double
refraction must be greater than 1.

In the case of titanium dioxide, the difference will be
ne2—n,2=1.35 at a wavelength of 1.3 microns.

The polarized and separated ordinary ray lr then
proceeds into another prism 10 through the thin gap

pores present in the plane C, and is eventually oriented

in the same direction as the incident light 1. More specif-
ically, the ray is refracted and polarized once through
the boundary between the prism 20 and the thin gap, as
shown in FIG. 10, and is refracted and polarized again
through the boundary between the thin gap, and the
prism 10. The Brewster’s angle is maintained even by
the second refraction. Polarization by the second re-
fraction causes the direction of the light ray to bend in
the opposite direction. Consequently, the incident light
1 and the ordinary ray 17 proceed in paraliel. When the
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thickness of thin gap is denoted by t, the distance x
between the two rays is given by x=t-sin (90°—20)/sin
6 (wherein 6 represents the Brewster’s angle 22.1°%).
Therefore, when t=10 microns, x is 19 microns, which
in practice is negligibly small.

Referring again to FIG. 9A, the thus separated ordi-
nary ray lrand extraordinary ray 1g, which proceed
through the prisms 10 and 20, are totally reflected in
each of the prisms. The direction of the ordinary ray i1
after it is reflected by the plane 10A and the plane C, is
in agreement and is in parallel with the direction of the
extraordinary ray lg which is reflected by the plane
20A. This can be easily understood if it is considered
that the ordinary ray lrand the extraordinary ray g are
separated toward directions which are symmetrical
with respect to a line in the plane C, and are totally
relected by the planes 10A and 20A which are arrayed
defining symmetrical angles.

In other words, the ordinary ray irand the extraordi-
nary ray lr after being reflected the same number of
times (one time each), are so oriented as to define sym-
metrical angles with respect to the plane C. Further-
more, the ordinary ray lris reoriented by the second
reflection symmetrically with respect to the plane C.
Consequently, the extraordinary ray Iz which is re-
flected once and the ordinary ray I which is reflected -
twice become parallel with each other. The ordinary
ray lrand the extraordinary ray Ig, which are parallel,
are allowed to perpendicularly pass through the planes
10B and 20B, and are emitted to the exterior of the
prisms 10 and 20.

Thus, the polarizer prism illustrated in FIG. 9A per-
mits the ordinary ray lTand the extraordinary ray 1z to
be emitted in parallel. By using such a polarizer prism,
therefore, it is possible to provide an optical circulator

. which is constructed in a compact size requiring fewer

parts. .

For éasy understanding of the prism which is con-
structed in a compact size, FIG. 9B illustrates paths of
rays in the prism as well as widths of the paths. Angles
in the prism are: :

$1=66.29°; $2=22.10"; p3=91.61"

$4=112.10°; ps=113.71% s=44.19°

&7=90°

As can be seen FIG. 9B, the space in the prism is
effectively used with respect to the width of light flux.
It will further be recognized that the two parallel light
rays can be brought close to each other. For example, a
crystal FR;3 grown by the flux method is polished so as
to provide 45° Faraday rotation at a wavelength of 1.3
microns. The thickness of the YIG crystal FR3 is about
2.1 mm. Transmissivity of the antireflection coated
crystal is about 90% at 1.3 microns. In order to saturate
the YIG crystal FR3, a magnetic field is applied by a
ring shaped samarium-cobalt(Sm-Co) magnet. The half- -
wave plate QA3 is used to obtain 45° polarization rota-
tion. The principal axis of the quartz is arranged at 22.5°
to the incident polarization. The transmissivity of the
half-wave plate is over 99%.

The light travelling to the right undergoes 45° rota-
tion by the YIG crystal and —45° rotation by the quartz
plate, cancelling polarization rotation. The light travel-
ling to the left, on the other hand, undergoes 90° rota-
tion by the YIG crystal and the quartz plate. The size of
the optical circulator shown in FIG. 9A is about 1.7
cmX 1.5 cmX 1.5 cm, and this size is determined mainly
by the magnet. For convenience in actual use; each port
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is arranged in a flat configuration with ample space to
attach a lens or fiber connector.
One example of measured transmission loss (dB) of
the circulator is summarized in Table 5.

TABLE 5

OuUT
IN 1 2 3 4

1.1 18 2
- 0.9 17
18 - 11
16

17
23
0.9

N

17

A few examples of applications of the circulator of
the present invention are mentioned below.

FIGS. 11A and 11B illustrate the cases in which the
circulator of the present invention is employed for bilat-
eral communications systems of the same wavelengths.
In these cases, the functions of the existing fibers can be
doubled. FIG. 11A shows the case in which the light is
transmitted between the transmitting end and the re-
ceiving end of a fiber 30, and in which reference numer-
als 31¢ and 31b denote circulators according to the
present invention, and 32a and 32b denote anti-reflec-
tion terminals. Optical information from a laser 33a
travels through optical circulator 31g, fiber 30 and opti-
cal circulator 315, and is received by an avalanche pho-
todiode (APD) 344, Optical information from a laser
33b travels through optical circulator 315, fiber 30, and
optical circulator 31g, and is received by an avalanche
photodiode (APD) 34a. FIG. 11B shows the case when
the optical circulators are used as bilateral repeaters.
The light propagating from the left toward the right is
admitted through a first port of the optical circulator
31q, is amplified through the optical circulator 315,
avalanche photodiode (APD) 36b, amplifier 375 and
laser diode (D) 35b, and is emitted through another
port of the optical circulator 315. The light propagating
from the right toward the left is admitted through a first
port of the optical circulator 315, is amplified through
the optical circulator 31a, avalanche diode (APD) 36q,
amplifier 37a and laser diode (LD) 35q, and is emitted
through another port of the optical circulator 31a.

FIG. 12 illustrates the case in which the circulator of
the present invention is used for a unilateral optical
amplification system, in order to give directivity to an
optical amplifier which is based upon a semiconductor
laser or the like. Namely, the light transmitted from the
left toward the right passes through an optical circula-
tor 41, whereby an optical amplifier 42 exhibits a gain.

The light travelling in the reverse direction, passes-

through the circulator 41 while suffering insertion loss.
As illustrated in detail in the foregoing, the present
invention provides an optical circulator which is not
affected by the polarized state of the incident light, and
which permits distinctive effects when it is applied to
communication systems using optical fibers.
What is claimed is:
1. An optical circulator unaffected by the polariza-
tion state of input light comprising:
first and second polarizer elements;
means for forming a first optical path and a second
optical path between said first polarizer element
and said second polarizer element;
means for applying a magnetic field to said optical
paths;
Faraday rotators interposed in said first and second
optical paths within said magnetic field, and having
a polarizing direction rotated by an angle of 45° by
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said magnetic field, whereby the direction of polar-
izing rotation is reversed selectively with respect
to the propagation direction of light whlch passes
therethrough; and
polarizing direction rotators interposed in said first
and second optical paths and having a polarizing
direction rotated by an angle of 45°, whereby the
direction of polarizing rotation is not reversed
selectively with respect to the propagation direc-
tion of light which passes therethrough.
2. An optical circulator according to claim 1, wherein
said polarizing direction rotators comprise an optically

" active substance.

3. An optical circulator according to claim 1, wherein
said polarizing direction rotators comprise half-wave
plates.

4. An optlcal circulator unaffected by the polariza-
tion state of input light comprising:

a first polarizer element and a second pola.nzer ele-
ment having inlet ports and outlet. ports which
change depending upon the polarization direction
of light incident upon said inlet ports;

a first mirror and a second mirror for forming a first
optical path and a second optical path between said
first polarizer element and said second polarizer
element;

means for applying a magnetic field to said optical
paths; -

first and second Faraday rotators which are inter-
posed respectively in said first and second optical
paths, and which cause the ‘direction of polariza-
tion to be rotated by an angle of 45° under said
magnetic field, whereby the rotation of the direc-
tion of polarization is reversed when the propaga-
tion direction of light is reversed; and

first and second optically active substances which are:
interposed respectively in said first and second
optical paths, and which cause the polarizing direc-
tion to be rotated, whereby the rotation of the
direction of polarization is not reversed when the
propagation direction of light is reversed.

5. The device of claim 4, further comprising:

a reflector operatively connected to one of said ports
of said circulator, so that said circulator functions
as a three-port circulator.

6. The device of claim 4 operatlvely connected to
isolate a transmitting and receiving means which are
simultaneously operatively connected to a single optical
fiber termination, further comprising:

operatively adjacent ports; and

a non-reflective terminating element operatively con-
nected to one of said ports of said circulator.

7. A system compnsmg two devices according to
clalm 6, and further comprising: .
an optical fiber operatively connected to the one port
in each of the two systems which is not operatively
adjacent to said nonreflective terminating element.

8. The device of claim 4, further comprising:

two non-reflective terminating elements operatively
connected to a first port of said optical circulator

_ and to a second port which is operatively adjacent
to said first port, so that said circulator functions as
an isolator.

9. The device of claim 4, further comprises:

operatively adjacent ports; and

an optical amplifier operatively connected between
adjacent first and second ports of said circulator, so
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that signals received at a third port of said circula-
- tor are passively transmitted through a fourth port
thereof and signals received at said fourth port are
transmitted with amplification through said third
port thereof.
10. The device of claim 4, further comprising:
operatively adjacent ports;
means, optically operatively connected to a first port
of said circulator, for receiving optical signals;

5

means for amplifying, operatively connected to the 1o

output of said receiving means; and

means, operatively connected to the output of said
amplifying means and optically operatively con-
nected to a second port of said circulator which is
adjacent to said first port, for transmitting optical
signals to said circulator, so that the system func-
tions as a directionally selective optical repeater.

11. An optical circulator unaffected by the polariza-

tion state of input light, comprising:

first and second means, each having first and second
outputs and first and second inputs, for selectively
transmitting light received at one of said first and
second inputs to at least one of said first and second
outputs in accordance with the polarization state of
the light received, and for selectively transmitting
light received at one of said first and second out-
puts to at least one of said first and second inputs in
accordance with the polarization state of the light
received; said first and second means being ori-
ented so that a first bidirectional optical path is
formed between said first output of said first means
and said second output of said second means, and a
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second bidirectional optical path is formed be-

tween said first output of said second means and
said second output of said first means;
third and fourth means, interposed respectively in
said first and second optical paths, for rotating the
direction of polarization of light passing through
said third or said fourth means by 45°, said rotation
being applied in a direction which (viewed with
respect to the propagation direction of said light
passing therethrough) is selectively reversed with
respect to opposite propagation directions of said
light;
fifth and sixth means, interposed respectively in said
first and second optical paths, for rotating the di-
rection of light passing through said fifth or sixth
means by 45°, said rotation being applied in a direc-
tion which (viewed with respect to the propagation
direction of said light passing therethrough) is con-
stant with respect to opposite propagation direc-
tions of light, whereby the optical circulator, unaf-
fected by the polarization state of the input light, is
formed.
12. The device of claim 11, wherein said first and
second means each comprise:
a polarizer prism. ’
13. The device of claim 12, wherein said fifth and
_sixth means each comprise:
a plate comprising an optically active substance.
14. The device of claim 13, wherein said third and
fourth means each comprise: :
a Faraday rotator.
15. The device of claim 14, wherein said plate is a
half-wave plate.
16. The device of claim 15, wherein said plate com-
prises quartz.
17. The device of claim 14, wherein said plate com-
prises quartz.
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18. The device of claim 14, wherein said Faraday
rotator comprises YIG (Yttrium Iron Garnet).

19. The device of claim 18, wherein said Faraday
rotator further comprises 2 magnet.

20. The device of claim 19, wherein said magnet
comprises a ring magnet. ‘ :

21. The device of claim 20, wherein said magnet
comprises Samarium Cobalt.

22. The optical circulator of claim 1, 4, or 11, wherein
said first optical path and said second optical path are
bidirectional. -

23. The optical circulator of claim 1, 11, 14, or 18,
having 4 ports, in combination with:

a reflector operatively connected to one of said ports

of said circulator,

so that said circulator functions as a three-port circu-

lator. »

24. The optical circulator of claim 1, 11, 14, or 18,
having 4 ports, for mutual isolation of transmitting
means and receiving means which are simultaneously
operatively connected to a single end of a single optical
fiber, in combination with:

a non-reflective terminating element operatively con-

nected to one of said ports of said circulator.

25. The optical circulator of claim 1, 11, 14, or 18,
having 4 ports, in combination with:

two non-reflective terminating elements operatively

connected to a first port of said optical circulator
and to a second port which is operatively adjacent
to said first port,
so that said circulator functions as an isolator.
26. The optical circulator of claim 1, 11, 14, or 18,
having 4 ports, in combination with:
an optical amplifier operatively connected between
adjacent first and second ports of said circulator,

so that signals received at a third port of said circula-
tor are passively transmitted through a fourth port
thereof and signals received at said fourth port are
transmitted with amplification through said third
port thereof.

27. The optical circulator of claim 1, 11, 14, or 18,
having 4 ports, in combination with: ;

means, optically operatively connected to a first port

of said circulator, for receiving optical signals;
means for amplifying, operatively connected to the
output of said receiving means; and

means, operatively connected to the output of said

amplifying means and optically operatively con-
nected to a second port of said circulator which is
adjacent to said first port, for transmitting optical
signals to said circulator,

so that the system functions as a directionally selec-

tive optical repeater. '

28. First and second optical circulators, both accord-
ing to claim 1, 11, 14, or 18, each circulator having 4
ports, in combination with:

first and second reflectors operatively connected to a

first port of said four ports of said first circulator
and to a first port of said four ports of said second
circulator respectively; and

an optical fiber having first and second ends;

said first end being operatively connected to a second

port of said four ports of said first circulator which
is not operatively adjacent to said first port of said
first circulator, and

said second end being operatively connected to a

second port of said four ports of said second circu-
lator which is not operatively adjacent to said first

port of said second circulator.
* % * * =
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