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[57] ABSTRACT 

There is provided an optical circulator (16) for bidirec
tional communication on a fiber optic communication 
transmission system. A reflection rhomb (17) includes a 
polarizing thin film (26) and an inclined, internally re
flecting end surface (22). A first birefringent crystal (28) 
is disposed against the reflection rhomb (17). A quartz 
rotator (34) is disposed against the opposite side of the 
first birefringent crystal (28). A Faraday rotator (40) is 
disposed against the opposite side of the quartz rotator 
(34). A second birefringent crystal (46) is disposed 
against the opposite side of the Faraday rotator (40). 
. The components of optical circulator (16) cooperate 
such that light transmitted into port 1 exits from port 2, 
and light transmitted into port 2 exits from port 3. 
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POLARIZATION INDEPENDENT LOW 
CROSS-TALK OPTICAL CIRCULATOR 

2 
generating much higher power levels than the near end 
receiver would normally see from the far end transmit
ter. If cross-talk is too high, the coupling of power from 
transmitter 1 into receiver 1 in FIG. 2 will overpower 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to optical circulators, 
and more particularly to a polarization independent 
optical circulator having low cross-talk and low inser
tion loss for permitting bidirectional communication on 
a fiber optic communication transmission system. 

S the signal from distant transmitter 2 and make the opti
cal circulator useless for telecommunications purposes. 

BACKGROUND OF THE INVENTION 

The primary cause of cross-talk in optical circulators 
is back-reflection from the various optical elements in 
the device. Since the optical circulator 'steers' the light 

10 rays depending on the direction of the rays, light origi
nally from the near end transmitter but back-reflected 
from certain surfaces in the device and fiber are treated 

A practical way to double the bit carrying capacity of exactly as if these rays originally came from the far end 
an existing unidirectional fiber optic communication transmitter. 
link is by the use of optical circulators. An optical circu- 15 Prior art optical circulators are described in U.S. Pat. 
lator is a passive, nonreciprocal device which permits No. 4,650,289, issued to Kuwahara; U.S. Pat. No. 
full duplex communication on a single fiber optic link. 4 464 022 · d t E k d · u s p t N . . . . . , , , issue o m ey; an m . . a . o. 
Thus, a typical fiber optic commumcat1on lmk operat- 4 859 014 issued to Schmitt etal However insertion 
ing on two fib~r~ call: be qui~kly and economical~y c~m-

20 
l~ss ~ndior cross-talk in optical· circulator; made as 

"'.erted ~o a ~idirectio~al, si!1gle fiber commumcation described in these references are unacceptably high for 
:!n~ by mstalhng an optical circulator at each end of the many communications applications. Therefore, a need 
m · exists for an optical circulator having lower insertion FIG. 1 illustrates in block diagram form the operation 

of an optical circulator. From a block diagram point of loss and cross-talk than that found in present optical 
view, the optical circulator can be viewed as a three- 25 circulators. 
port device, having ports 1, 2, and 3. Light that enters SUMMARY OF THE INVENTION 
port 1 exits the optical circulator at port 2. However, 
light that enters the optical circulator at port 2 exits at 
port 3. The fact that an optical circulator treats light 
moving in different directions differently makes it a 30 
non-reciprocal device. Though various designs are pos
sible, the most commonly used component which gives 
a bulk optics circulator its non-reciprocity is a Faraday 
rotator. 

FIG. 2 illustrates, in block diagram form, how a pair 35 
of optical circulators can be used to provide simulta
neous, bidirectional communication on a single fiber 
optic link. Optical circulators 10 and 12, each having 
ports 1, 2, and 3, are installed at opposite ends of fiber 
optic link 14. For each optical circulator 10 and 12, a 40 
communication transmitter is located at port 1, the fiber 
is connected to port 2, and a communication receiver is 
located at port 3. In this manner, light emitted from 
each transmitter is launched onto fiber link 14 from 
opposite ends in opposite directions. At the end of each 45 
respective path, optical circulators 10 and 12 separate 
incoming signals from outgoing signals, so that the 
transmitters and receivers do not interfere with each 
other. 

One of the major advantages of optical circulators SO 
over more traditional 3 dB couplers is that the loss 
penalty is much.lower. Using a 3 Db coupler at each 
end of a fiber link, there is a guaranteed insertion loss of 
at least 6 dB. For connections which operate near their 
detection limits, this additional 6 dB loss could make ss 
bidirectional communication unworkable. 

In a real optical circulator, two important consider
ations are insertion loss and cross-talk. Insertion loss is 
the difference in power between light launched into the 
optical circulator and the power that exits the device. 60 
Insertion loss is primarily due to absorption of light and 
to imperfect polarization separation. 

Cross-talk in an optical circulator refers to the 
amount of power emitted at port 3 (to the receiver) 
from light entering at port 1 (from the transmitter). 65 
Cross-talk is represented in FIG. 1 by the dashed line 
from port 1 to port 3. Due to fiber losses, the near end 
transmitter of a fiber optic communication system is 

The optical circulator of the present invention com
prises a reciprocal polarization element, a non-recipro
cal polarization element, first and second birefringent 
crystals, and a reflecting means. 

The reciprocal polarization element has first and 
second side surfaces. The first side of the non-reciprocal 
polarization element is disposed against the second side 
surface of the reciprocal polarization element. The first 
birefringent crystal has first and second side surfaces, 
the second side surface being disposed against the first 
side surface of the reciprocal polarization element. The 
second birefringent crystal has first and second side 
surfaces, the first side surface being disposed against the 
second side surface of the non-reciprocal polarization 
element. The reflecting means is disposed adjacent to 
one of the first and second birefringent crystals. 

Light incident upon a first point on the reflecting 
means is transmitted to a point on the birefringent crys
tal not adjacent to the reflecting means, whereby light 
incident upon the point on the birefringent crystal not 
adjacent the reflecting means is transmitted to a second 
point on the reflecting means. 

Two factors contribute to lower insertion loss and 
cross-talk in the optical circulator of the present inven
tion than in prior optical circulators. First, the use of 
birefringent crystals instead of traditional polarization 
spitting cubes results in much more complete polariza
tion of incident, randomly polarized light. Second, the 
components of the optical circulator of the present 
invention are in optical contact with one another, 
thereby reducing back reflections. 

BRIEF DESCRIPTION OF THE ORA WINGS 

For a more complete understanding of the present 
invention and the advantages thereof, reference is now 
made to the following detailed description taken in 
conjunction with the accompanying drawings, in 
which: 

FIG. 1 is a simplified illustration of the operation of 
an optical circulator; 
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FIG. 2 is a block diagram representation of a bidirec
tional communication system utilizing an optical circu
lator at each end of a single fiber optic link; and 

4 
Immediately adjacent to side surface 44 of Faraday 

rotator 40 is second birefringent crystal 46, the final 
component of optical circulator 16. Birefringent crystal 
46 has first side surface 48 in optical contact with side FIG. 3 is a cross-sectional view of the optical circula

tor of the present invention, showing the paths of light 
rays from a transmitter to the fiber, and from the fiber to 
a receiver. 

5 surface 44 of Faraday rotator 40, and second side sur
face SO opposite thereto. Birefringent crystal 46 prefera
bly comprises futile or calcite. 

Optical circulator 16 operates in the following man
ner when used in a bidirectional fiber optic communica-

FIG. 4 is a cross-sectional view of an optical circula
tor according to an alternative embodiment of the pres
ent invention, showing the paths of light rays from port 
3 to port 4, and from port 4 to port 1. 

FIG. 5 is a block diagram representation of a bidirec
tional communication system utilizing an optical circu
lator of the present invention to provide amplification. 

10 tion system: A fiber optic communication transmitter 
emits a beam of randomly polarized light into reflection 
rhomb 17 at port 1, as indicated in FIG. 3. The emitted 
light beam passes unaffected through reflection rhomb 
17 to point 52, where it enters birefringent crystal 28. 

DETAILED DESCRIPTION OF THE 
INVENTION 

15 Birefringent crystal 28 divides the randomly polarized 
beam into two diverging beams, one for each of two 
orthogonal, linearly polarized states of light. For pur
poses of this description, the first linearly polarized The preferred embodiment of the present invention 

and its advantages are best understood by referring to 
20 the drawings, like numerals being used for like and 

corresponding parts of the various drawings. 
Referring to FIG. 3, there is shown a cross-sectional 

view of an optical circulator, generally designated 16, 
of the present invention. As seen, optical circulator 16 

25 comprises several layers of components in· optical 
contact. The leftmost component, as seen in FIG. 3, is 
reflection rhomb 17. Reflection rhomb 17 is a light 
transmitting member having first side surface 18 and 
second side surface 20. Side surfaces 18 and 20 are con- 30 
nected by first end surface 22 and second end surface 
24. First end surface 22 is inclined with respect to side 
surfaces 18 and 20. A flat, polarizing thin film 26 is 
embedded within reflection rhomb 17 near end surface 
24, and is inclined with respect to end surface 24. Re- 35 
flection rhomb 17 preferably comprises quartz or glass. 
Polarizing thin film 26 preferably comprises layers of 
dielectric material. 

Immediately adjacent to side surface 20 of reflection 
rhomb 17 is first birefringent crystal 28. Birefringent 40 
crystal 28 has first side surface 30 in optical contact with 
surface 20 of reflection rhomb 17, and second side sur
face 32 opposite thereto. Birefringent crystal 28 prefera
bly comprises futile or calcite. 

Immediately adjacent to side surface 32 of birefrin- 45 
gent crystal 28 is quartz rotator or lambda half plate 34, 
which serves as a reciprocal polarization element in 
optical circulator i6. Although described with refer
ence to a quartz rotator, it is to be understood that the 
optical circulator of the present invention will work 50 
equally well with other reciprocal polarization elements 
substituted therefor. Quartz rotator 34 has first side 
surface 36 in optical contact with side surface 32 of 
birefringent crystal 28, and second side surface 38 oppo
site thereto. Quartz rotator 34 preferably comprises 55 
quartz. 

Immediately adjacent to side surface. 38 of quartz 
rotator 34 is Faraday rotator 40, which serves as a non
reciprocal polarization element in optical circulator 16. 
Although described with reference to a Faraday rota- 60 
tor, it is to be understood that the optical circulator of 
the present invention will work equally well with other 
non-reciprocal polarization elements substituted there
for. Faraday rotator 40 has first side surface 42 in opti
cal contact with side surface 38 of quartz rotator 34, and 65 
second side surface 44 opposite thereto. Faraday rotator 
40 preferably comprises yttrium-iron garnet crystal 
(YIG). 

state, denoted p-polarized light, is assumed to be polar
ized in the plane of FIG. 3. The second, orthogonal 
linearly polarized state, denoted s-polarized light, is 
assumed to be polarized perpendicular to the plane of 
FIG. 3. Assume further that birefringent crystal 28 is 
oriented such that the path of s-polarized light is unaf
fected by birefringent crystal 28. The s-polarized light 
thus continues in a straight line through birefringent 
crystal 28 to point 54. The p-polarized light, on the 
other hand, is deflected by birefringent crystal 28, and 
proceeds to point 56 on surface 32 of birefringent crys
tal 28. The p-polarized light exits birefringent crystal 28 
traveling in a path parallel to, but displaced laterally 
from, the path of the s-polarized light. 

As the s- and p-polarized light beams pass through 
quartz rotator 34 to points 58 and 60, respectively, their 
polarization states are rotated by 45 degrees. For pur
poses of this description, it is assumed that the polariza-
tion rotation imparted to the s-polarized beam and to 
the p-polarized beam is in a clockwise direction. For 
purposes of this description, the direction of polariza
tion rotation is measured with respect to the direction of 
propagation of the light. As the partially rotated light 
beams pass through Faraday rotator 40 to points 62 and 
64, respectively, their polarization states are rotated an 
additional 45 degrees clockwise. Thus, when the previ
ously s-polarized light exits Faraday rotator 40 at point 
62, its polarization has been rotated a full 90 degrees 
clockwise, converting it top-polarized light. Similarly, 
when the previously p-polarized light exits Faraday 
rotator 40 at point 64, its polarization has also been 
rotated 90 degrees clockwise, converting it to s-pola
rized light. The divided light bee thus enter birefringent 
crystal 46 with their polarizations reversed. 

Birefringent crystal 46 is oriented like birefringent 
crystal 28, so that the now s-polarized light beam con
tinues in a straight line from point 64 to port 2 of optical 
circulator 16. The now p-polarized light beam, on the 
other hand, is deflected as it passes through birefringent 
crystal 46. At port 2, the two divided beams are recom
bined. The recombined beams exit optical circulator 16 
and enter. fiber optic link 66 as a single beam of ran
domly polarized light. 

FIG. 3 also illustrates the path of a beam of randomly 
polarized light entering port 2 of optical circulator 16 
from fiber optic link 66. Birefringent crystal 46 divides 
the beam into separate beanie of s-polarized and p-pola
rized light. The path of the s-polarized light beam is 
unaffected by birefringent crystal 46. The s-polarized 
light thus continues in a straight line through birefrin-
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gent crystal 46 to point 64. The p-polarized light beam, 
on the other hand, is deflected by birefringent crystal 
46, and proceeds to point 62. The p-polarized beam exits 
birefringent crystal 46 at point 62 traveling in a path 
parallel to, but displaced laterally from, the path of the 5 
s-polarized beam. 

Being a non-reciprocal polarization element, Faraday 
rotator 40 rotates the polarization of light passing 
through it from right to left in the opposite direction 
from that of light passing from left to right. Thus, the 10 
p-polarized and s-polarized beams have their polariza
tions rotated 45 degrees counter-clockwise as they pass 
through Faraday rotator 40 from point 62 to point 58, 
and from point 64 to point 60, respectively. Being a 
reciprocal polarization element, quartz rotator 34 ro- 15 
tates the polarization of the light passing from right to 
left in the same direction as it rotates the polarization of 
light passing from left to right. Thus, the polarization 
states of the p-polarized and s-polarized beams are both 
rotated 45 degrees clockwise as they pass through the 20 
quartz rotator from point 58 to point 54, and from point 
60 to point 56, respectively. The 45 degree clockwise 
polarization rotation in the quartz rotator cancels the 45 
degree counter-clockwise rotation in the Faraday rota
tor, and the net result is zero polarization rotation for 25 
both beams. Hence, the p-polarized beam remains p
polarized as it exits quartz rotator 34 at point 54, and the 
s-polarized beam remains s-polarized as it exits at point 
56. 

The s-polarized beam continues undeflected through 30 
birefringent crystal 28 to point 68 on surface 30. The 
p-polarized beam, on the other hand, is deflected as it 
passes through birefringent crystal 28, and proceeds to 
point 70 on surface 30. The p-polarized beam exits bire
fringent crystal 28 traveling in a path parallel to that of 35 
the s-polarized beam. 

Due to totai internal reflection, the inclined end sur
face 22 of reflection rhomb 17 reflects the p-polarized 
beam to point 72 on polarizing thin film 26. Polarizing 
thin film 26 recombines the s-polarized and p-polarized 40 
beams into a single beam of randomly polarized light. 
The recombined beam exits optical circulator 16 at port 
3 where it enters a fiber optic communication receiver. 

As described above, the divided light bee passing 
through optical circulator 16 from the transmitter to 45 
fiber optic length 66 undergo a net 90° polarization 
rotation. Similarly, the divided light bee passing 
through optical circulator 16 from fiber optic length 66 
to the receiver undergo a net 0° polarization rotation. It 
is to be observed, however, that optical circulator 16 50 
will function as described above so Jong as the net po
larization rotation imparted to the divided light beams 
passing through optical circulator 16 from left to right is 
90° plus any positive or negative multiple of 180°, or 
90°±nl80°, where n~0. Further, the net polarization 55 
rotation imparted to the divided beams passing through 
optical circulator 16 from right to left can be 0° plus any 
positive or negative multiple of 180°, or 0°±nl80°. The 
all-fiber optical circulator of the present invention is 
therefore not limited to the specific embodiment de- 60 
scribed above. 

It should be observed that optical circulator 16 can 
alternatively be used as an optical isolator. An optical 
isolator can be viewed as a 2-port device. Light which 
enters port 1 of the optical isolator exits at port 2, as in 65 
an optical circulator. However, light which enters port 
2 is absorbed by a light absorbing material, and goes 
nowhere. Simply replacing the communication receiver 

at port 3 with a light absorbing material will convert 
optical circulator 16 into an optical isolator. 

Two factors contribute to lower insertion Joss and 
lower cross-talk in optical circulator 16 of the present 
invention than in prior optical circulators. First, the use 
of birefringent crystals instead of traditional polariza
tion splitting cubes results in much more nearly com
plete polarization of incident light. More nearly com
plete polarization reduces cross-talk because back
reflection from the transmitter will occur at fewer com
ponent surfaces when complete polarization separation 
is achieved. This can be seen from the path of the p
polarized light beam from the transmitter to fiber optic 
link 66 in FIG. 3. Assuming complete separation of 
p-polarized from s-polarized light in birefringent crystal 
28, back-reflection cannot occur until the p-polarized 
beam reaches point 64, at which point it is converted to 
s-polarized light. The now s-polarized light that is back
reflected from surfaces 44, 48 and 50 will be indistin
guishable from the s-polarized light from fiber 66, and 
will follow its path to the receiver. Thus only three 
surfaces, 44, 48 and SO can produce harmful back-reflec
tion if complete polarization separation is achieved. 

However, if incomplete separation of p-polarized 
from s-polarized light occurs, then some s-polarized 
light will follow the path of p-polarized light from point 
52 to point 64. In that case, back-reflection of s-pola
rized light will occur not only at surfaces 44, 48 and 50, 
but also at surfaces 32, 36, 38 and 42. Therefore it is 
essential that the polarization oflight in an optical circu
lator be as complete as possible if cross-talk is to be 
minimized. Because the birefringent crystals of the pres
ent invention separate polarizations nearly completely, 
back-reflection from surfaces 32, 36, 38 and 42 is negli
gible. The more complete polarization separation 
achieved by the use of birefringent crystals also reduces 
insertion loss in the optical circulator of the present 
invention. 

It should be noted that back-reflection from the 
above-mentioned surfaces to the receiver can be re
duced or eliminated by transmitting the incoming light 
beam at an angle offset slightly from perpendicular to 
the back-reflecting surfaces. In this manner, back reflec
tions would not be coupled directly back to the re
ceiver, but would exit the optical circulator at a point' 
away from the receiver. A 2 to 3 degree offset of the 
emitted beam from perpendicular to surfaces 44, 48 and 
50 would be sufficient to avoid most back-reflections to 
the receiver. This offset can be achieved by inclining 
the back-reflecting surfaces 2 to 3 degrees with respect 
to surface 18 of reflection rhomb 17. 

The second factor which reduces cross-talk in the 
optical circulator of the present invention is the fact that 
the components are in optical contact with one another. 
Back reflection is higher in optical circulators having 
discrete, physically separated optical components. 

Referring now to FIG. 40 there is shown an optical 
circulator 74 according to an alternative embodiment of 
the present invention. Optical circulator 74, like optical 
circulator 16, comprises reflection rhomb 17, first bire
fringement crystal 28, quartz rotator 34, Faraday rota
tor 40, and second birefringement crystal 46. However, 
unlike optical circulator 16, optical circulator 74 in
cludes second reflection rhomb 76 immediately adja
cent to side surface SO of second birefringement crystal 
46. Reflection rhomb 76 is a light transmitting member 
having first side surface 78 and second side surface 80. 
Side surfaces 78 and 80 are connected by first end sur-
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face 82 and second end surface 84. Second end surface 
84 is inclined with respect to side surfaces 78 and 80. A 
flat, polarizing thin film 86 is embedded within reflec
tion rhomb 76, and is inclined with respect to end sur
face 82. Reflection rhomb 76, like reflection rhomb 17, 5 
preferably comprises quartz or glass. Polarizing thin 
film 86 preferably comprises layers of dielectric mate
rial. 

Unlike optical circulator 16, optical circulator 74 is a 
four-port device. As with optical circulator 16, ports 1 10 
and 3 are located on side surface 18 and.end surface 24 
ofreflection rhomb 17, respectively. Port 2 is located on 
side surface 80 of reflections rhomb 76, and port 4 is 
located on end surface 82 of reflection rhomb 76. As 
described above with respect to optical circulator 16, 15 
light that enters port 1 exits optical circulator 74 at port 
2, and light that enters port 2 exits at port 3. As will be 
shown below, light that enters port 3 of optical circula
tor 74 will exit at port 4, and light that enters port 4 will 
exit at port 1. 20 

Assume that a beam of randomly polarized light is 
emitted into reflection rhomb 17 of optical circulator 74 
at port 3, as indicated in FIG. 4. The emitted beam 
passes unaffected through reflection rhomb 17 to point 
72 on polarizing thin film 26. Polarizing thin film 26 25 
reflects s-polarized light, but transmits p-polarized light. 
The s-polarized beam is thus reflected to point 68, 
where it enters birefringement crystal 28. As explained 
above with reference to optical circulator the s-pola
rized beam continues in a straight path through bire- 30 
fringement crystal 28 to point 56. The p-polarized beam, 
which is transmitted by polarizing thin film 26, contin
ues in a straight path to point 88 on end surface 22 of 
reflection rhomb 17. Due to total internal reflection, 
inclined end surface 22 reflects the p-polarized beam to 35 
point 70, where it enters birefringement crystal 28. As 
explained above with reference to optical circulator 16, 
the p-polarized beam is deflected-by birefringement 
crystal 28, and proceeds to point 54 on surface 32 of 
birefringement crystal 28. The p-polarized light beam 40 
thus exits birefringent crystal 28 traveling in a path 
parallel to, but displaced laterally from, the path of the 
s-polarized beam. 

As described above with reference to optical circula
tor 16, the divided light beams passing through quartz 45 
rotator 34 and Faraday rotator 40 from left to right 
undergo a net 90° polarization rotation. The s-polarized 
light beam is thus converted to a p-polarized beam exit
ing Faraday rotator 40 at point 64, and the p-polarized 
light beam is converted to an s-polarized beam exiting 50 
Faraday rotator 40 at point 62. 

The now s-polarized beam continues undeflected 
through birefringent crystal 46 and reflection rhomb 76 
to point 89 on polarizing thin film 86. The now p-pola
rized beam, on the other hand, is deflected as it passes 55 
through birefringent crystal 46, and proceeds to point 
90 on surface 50. The p-polarized beam is again de
flected as it exits birefringent crystal 46 and enters re
flection rhomb 76 at point 90. Due to total internal 
reflection, inclined end surface 84 of reflection rhomb 60 
76 reflects the p-polarized beam to point 89 on polariz
ing thin film 86. The s- and p-polarized beams recom
bine at polarizing thin film 86 into a single beam of 
randomly polarized light. The recombined beam exits 
optical circulator 74 at port 4. 65 

FIG. 4 also illustrates the path of a beam of randomly 
polarized light entering port 4 of optical circulator 74. 
The emitted beam passes through reflection rhomb 76 

to point 89 on polarizing thin film 86. Like polarizing 
thin film 26, polarizing thin film 86 reflects s-polarized 
light but transmits p-polarized light. The s-polarized 
beam is thus reflected to point 94, where it enters bire
fringent crystal 46. The s-polarized beam continues in a 
straight path through birefringent crystal 46 to point 62. 
The p-polarized beam, which is transmitted by reflec
tion rhomb 76, continues in a straight path to point 95 
on end surface 84 of reflection rhomb 76. Due to total 
internal reflection, inclined end surface 84 reflects the 
p-polarized beam to point 90, where it enters birefrin
gent crystal 46. The p-polarized beam is deflected by 
birefringent crystal 46, and proceeds to point 64 on 
surface 48 of birefringent crystal 46. 

As described above with reference to optical circula
tor 16, the divided light beams passing through Faraday 
rotator 40 and quartz rotator 34 from right to left un
dergo a net 0° polarization rotation. Hence, the p-pola
rized beam remains p-polarized as it exits quartz rotator 
34 at point 56, and the s-polarized beam remains s-pola
rized as it exits at point 54. 

The s-polarized beam continues in a straight path 
through birefringent crystal 28 to point 52. The p-pola
rized beam, on the other hand, is deflected by birefrin
gent crystal 28 to point 52. The s- and p-polarized beams 
recombine at point 52 into a single beam of randomly 
polarized light. The recombined beam proceeds 
through reflection rhomb 17 and exits optical circulator 
74 at port 1. 

Shown in dashed lines on FIG. 4 are the paths oflight 
beams to and from port 2 of optical circulator 74, which 
paths were discussed above with reference to optical 
circulator 16 and FIG. 3. 

FIG. 5 illustrates an alternative application in which 
all four ports of optical circulator 74 are used to provide 
amplification in a bidirectional fiber optic communica
tion link. Adjacent ends of fiber optic link 96 are fusion 
spliced to ports 2 and 4 of optical circulator 74. Optical 
amplifiers 98 and 100 are located at ports 1 and 3, re
spectively. Light passing from left to right along fiber 
optic link 96 enters port 4 of optical circulator 74, and 
exits at port 1, where it enters optical amplifier 98. The 
amplified light reenters optical circulator 74 at port 1, 
and exits at port 2, where it again proceeds along fiber 
optic link 96 from left to right. Light passing from right 
to left along fiber optic link 96 enters port 2 of optical 
circulator 74, and exits at port 3, where it enters optical 
amplifier 100. The amplified light reenters optical circu
lator 74 at port 3, and exits at port 4, where it again 
proceeds along fiber optic link 96 from right to left. 

The present invention, and many of its intended ad
vantages, will be understood from the foregoing de
scription and it will be apparent that, although the in
vention and its advantages have been described in de
tail, various changes, substitutions and alterations may 
be made in the manner, procedure, and details thereof 
without departing from the spirit and scope of the in
vention, as defined by the appended claims, or sacrific
ing all of its material advantages, the forth hereinbefore 
described being merely a preferred or exemplary em
bodiment thereof. 

What is claimed is: 
1. An optical circulator, comprising: 
a reciprocal polarization element having first and 

second side surfaces; 
a non-reciprocal polarization element having first and 

second side surfaces, the first side surface being 
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10 
disposed against the second side surface of the 10. The optical circulator of claim 9, wherein a light-
reciprocal polarization element; transmissive fiber located adjacent to the second side 

a first birefringent crystal having first and second side surface of the second birefringent crystal receives the 
surfaces, the second side surface being disposed light transmitted by the fiber optic communication 
against the first side surface of the reciprocal polar- 5 transmitter and through the optical circulator. 
ization element; 11. The optical circulator of claim 7, further includ-

a second birefringent crystal having first and second ing a light-transmissive fiber having an end adjacent to 
side surfaces, the first side surface being disposed the second side surface of the second birefringent crys-
against the second side surface of the non-recipro- tal, and wherein the second birefringent crystal receives 
cal polarization element; and 10 and transmits light from the light-transmissive fiber. 

reflecting means disposed adjacent to one of the first 12. The optical circulator of claim 11, further includ-
and second birefringent crystals, whereby light ing a fiber optic communication receiver located adja-
incident upon a first point on the reflecting means is cent to the second end surface of the reflection rhomb, 
transmitted to a point on the birefringent crystal and wherein the fiber optic communication receiver 
not adjacent to the reflecting means, and whereby 15 receives the light transmitted from the light-transmis-
light incident upon the point on the birefringent sive fiber and through the optical circulator. 
crystal not adjacent to the reflecting means is trans- . 13. !he optical circ~l~tor ~f cl~m _7, first and second 
mitted to a second point on the reflecting means. b1refnngent crystals d1v1de hght ~c1dent upon one or 

2. The optical circulator of claim 1, wherein the re- ~ore of the first and the ~econd side s°:rfaces the~eof 
flectin means is a light transmitting member having 20 ~to separate ~at?s depen~mg upon the hnear polanza-

g . &: &: • t1on charactensttc of the hght. first and second side sur,aces and an end sur,ace m-
14 

Th . 
1 

• 
1 

f 
1 

· 
13 

h · th 
· · h h fi d 'd &: • e opt1ca crrcu ator o c aim , w erem e clined wit respect tot e trSt an second s1 e sur,aces. fi d d b' f • t tal d fl t r ht f 
3. The optical circulator of claim 2, wherein the in- trSt ~ secon . i~e nngen crys. s e ec ig . 0 a 

l. d d rt: fth b fl t r ht t 't first lmear polanzat1on and transmit undeflected hght of 
c 1dneh en hsu hace O be mem er re ec s ig ransmi • 25 a second, orthogonally perpendicular linear polariza-
te t roug t e mem er. t' 

4. Th~ ?Ptica~ circulator of_claim 2,. furt~er includ~ng 
10:s. The optical circulator of claim 7, wherein the 

a polanzmg thi? _film. associate? -:v1th t e reflecting reciprocal polarization element imparts a rotation to the 
means_ for_ combmmg hght rays mc1dent thereon from linear polarization of light incident thereon, the polar-
opposite sid~s the~eof . . 30 ization rotation imparted to light incident on the first 

s_. The optical. c1r~ulator of claim 1, -:vherem _the 1?on- side surface being equal to the polarization rotation 
reciprocal polanzat1on element compnses yttnum-1ron imparted to light incident on the second side surface 
garnet crystal (YIG). thereof . 

. 6. The opti~al ~irculator of claim _l, wherein the re- 16. The optical circulator of claim 15, wherein the 
c1proca:l pol~nzat!on element co~p_nses quartz. 35 reciprocal polarization element imparts a 45 degree 

7. An OJ?t1cal c1rculato_r, compnsmg: . polarization rotation to light incident thereon. 
a re~e~tton _rhomb havmg fir~t and s~co?d hght trans- 17. The optical circulator of claim 7, wherein the 

m1ss1ve side sur~aces, havmg an mclmed ~rst end non-reciprocal polarization element imparts a polariza-
surface c~nnectmg the first and secon~ side sur- tion rotation to light incident on the first side surface 
faces, havmg a secon~ end surfac~ ?ppos1_te the first 40 thereof and a different polarization rotation to light 
end surface, and havmg a polanzmg thm film lo- incident on the second side surface. 
cated_ bet~een the first and_ second end surface~; 18. The optical circulator of claim 17, wherein the 

a first b1refnngent crys~~l havmg first an_d seco_nd side polarization rotation imparted to light incident on the 
surfaces, the first side surface bemg disposed first side surface of the non-reciprocal polarization ele-
against the second side surface of the reflection 45 ment differs by 90 degrees from the polarization rota-
rhomb; tion imparted to light incident on the second side sur-

a reciprocal polarization element having first and face thereof. 
second side surfaces, the first side surface being 19. The optical circulator of claim 7, wherein the 
disposed against the second side surface of the first reciprocal polarization element and the non-reciprocal 
birefringent crystal; 50 polarization element cooperate to reverse the linear 

a non-reciprocal polarization element having first and polarization of light passing therethrough from the first 
second side surfaces, the first side surface being side surface of the reciprocal polarization element to the 
disposed against the second side surface of the second side surface of the non-reciprocal polarization 
reciprocal polarization element; and element, and to leave unchanged the linear polarization 

a second birefringent crystal having first and second 55 of light passing therethrough from the second side sur-
side surfaces, the first side surface being disposed face of the non-reciprocal polarization element to the 
against the second side surface of the non-recipro- first side surface of the reciprocal polarization element. 
cal polarization element. 20. The optical circulator of claim 7, further includ-

8. The optical circulator of claim 7, wherein the po- ing a single, light-transmissive fiber link for fiber optic 
larizing thin film of the reflection rhomb combines sepa- 60 communication, wherein the reflection rhomb, the first 
rate light rays incident thereon from opposite sides and second birefringent crystals, the reciprocal polar-
thereof. ization element, and the non-reciprocal polarization 

9. The optical circulator of claim 7, further including element cooperate to transmit light incident upon a 
a fiber optic communication transmitter located adja- point on the first side surface of the reflection rhomb to 
cent to the first side surface of the reflection rhomb, and 65 a point on the second side surface of the second birefrin-
wherein the first surface of the reflection rhomb re- gent crystal, and further cooperate to transmit light 
ceives and transmits light from the fiber optic communi- incident upon the point on the second side surface of the 
cation transmitter. second birefringent crystal to a point on the second end 
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surface of the reflection rhomb, whereby the optical 
circulator permits bi-directional fiber optic communica
tion on the single fiber link. 

21. The optical circulator of claim 7, wherein the 
5 reciprocal polarization element comprises quartz. 

22. The optical circulator of claim 7, wherein the 
non-reciprocal polarization element comprises yttrium
iron garnet crystal (YIG). 

23. The optical circulator claim 7, wherein the first 10 
and second birefringent crystals comprise crystallite 
material selected from the group consisting of rutile and 
calcite. 

24. The optical circulator of claim 7, further includ
ing a second reflection rhomb having first and second 15 

light transmissive side surfaces, having an inclined first 
end surface connecting the first and second side sur
faces, having a second end surface opposite the first end 
surface, and having a polarizing thin film located be- 20 
tween the first and second end surfaces, the first side 
surface being disposed against the second side surface of 
the second birefringent crystal. 

25. The optical circulator of claim 24, wherein the 
polarizing thin film of the second reflection rhomb com- 25 

bines separate light rays incident thereon from opposite 
sides thereof. 

26. The optical circulator of claim 25, wherein the 
polarizing thin films of the first and second reflection 30 
rhombs transmit light of a first linear polarization and 
reflect light of a second, orthogonally perpendicular 
linear polarization. 

27. The optical circulator of claim 26, wherein the 
first and second reflection rhombs, the first and second 35 
birefringent crystals, the reciprocal polarization ele
ment, and the non-reciprocal polarization element co
operate to transmit light incident upon a point on the 
first side surface of the first reflection rhomb to a point 

40 
on the second side surface of the second reflection 
rhomb, and further cooperate to transmit light incident 
upon the point on the second side surface of the second 
reflection rhomb to a point on the second end surface of 
the first reflection rhomb, and further cooperate to 45 
transmit light incident upon the point on the second end 
surface of the first reflection rhomb to a point on the 
second end surface of the second reflection rhomb, and 
further cooperate to transmit light incident upon the 
point on the second end surface of the second reflection 50 

rhomb to the point on the first side surface of the first 
reflection rhomb. 

28. A method for providing bidirectional communi
cation to and from a single light-transmissive fiber optic 55 
link, which comprises the steps of: 

emitting an outgoing beam of randomly polarized 
light from a fiber optic communication transmitter; 

60 

65 

dividing the outgoing beam in a first birefringent 
crystal into two outgoing beams, one for each of 
two orthogonal, linearly polarized states of light; 

passing each divided outgoing beam through a recip
rocal polarization element and a non-reciprocal 
polarization element to reverse the polarization of 
the light in each outgoing beam; 

recombining the divided outgoing beams in a second 
birefringent crystal into a single outgoing beam of 
randomly polarized light; 

transmitting the recombined outgoing beam into the 
fiber optic link; 

emitting an incoming beam of randomly polarized 
light from the fiber optic link; 

dividing the incoming beam in the second birefrin
gent crystal into two incoming beams, one for each 
of two orthogonal, linearly polarized states oflight; 

passing each divided incoming beam through the 
non-reciprocal polarization element and the recip
rocal polarization element in a direction opposite 
that of the divided outgoing beams, such that the 
polarization of light in each divided outgoing beam 
remains unchanged; 

recombining the divided incoming beams in a reflect
ing device into a single incoming beam of ran
domly polarized light; and 

transmitting the recombined incoming beam into a 
fiber optic communication receiver. 

29. The method of claim 28, wherein the step of re
combining the divided incoming beams further com-
prises: · 

reflecting one of the divided incoming beams from a 
surface of the reflecting device. 

30. The method of claim 29, wherein the step of re
combining the divided incoming beams further com
prises: 

transmitting the divided incoming beams to a polariz
ing thin film, each divided incoming beam being 
transmitted from an opposite side of the polarizing 
thin film. 

31. The method of claim 28, wherein the reciprocal 
polarization element imparts an identical rotation to the 
polarization of both the divided outgoing beams and the 
divided incoming beams. 

32. The method of claim 31, wherein the polarization 
rotation imparted by the reciprocal polarization ele
ment to the divided outgoing beams and to the divided 
incoming beams is 45 degrees in magnitude. 

33. The method of claim 28, wherein the non-recipro
cal polarization element imparts an equal in magnitude, 
but oppositely directed polarization rotation to the di
vided outgoing beams as compared to the divided in
coming beams. 

34. The method of claim 33, wherein the magnitude 
of the polarization rotation imparted by the non-recip
rocal polarization element to the divided outgoing 
beams and to the divided incoming beams is 45 degrees. 

* * * * * 
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