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1571 ABSTRACT 
An optical gyroscope is described of the type which 
passes light beams in opposite directions through a sin- 
gle mode fiber optic wave guide that extends in a circle 
or coil, and which enables measurement of rotation rate 
of the coil by measuring the relative phase shifts of the 
beams by interferometric techniques, wherein simplifi- 
cation and enhanced accuracy are obtained. Beam split- 
ting and phase shifting of the light is facilitated by utiliz- 
ing brief pulses of light and by using light-controlling 
devices which are operated for a brief time only when 
the light pulse passes in one direction through the de- 
vice but not at a different time when the pulse is passing 
in the opposite direction through the device. High accu- 
racy in rotation measurement is achieved at both very 
slow and very fast rotation rates, by alternately operat- 
ing the system so that at zero rotation the interfering 
waves are alternately 90” out of phase and in phase. 
Linear polarization of the light beams is maintained by 
coiling the full length of the optic fiber in a single plane 
so that bending stresses induce a birefringence in the 
waveguide, thus altering the propagation constants of 
the two polarized modes and decoupling them. 

7 Claims, 10 Drawing Figures 
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SUMMARY OF THE INVENTION 
In accordance with one embodiment of the present 

invention, a gyroscope utilizing optical or other electro- 
The invention described herein was made in the per- 5 magnetic waves is provided, which can produce accu- 

rate and definite rotation rate and relative angular posi- 
tion indications throughout a wide range of rotation 
rates, utilizing a relatively compact, reliable, and low 
cost construction. The gyroscope utilizes brief pulses of 

10 light, which are split into two beam portions to travel in 
opposite directions through an optical loop such as a 
multiturn single mode optical fiber. A 90" phase shift is 

OPTICAL GYROSCOPE SYSTEM 

ORIGIN OF THE INVENTION 

formance of under a NASA contract and is sub- 
ject to the prov~sions of Section 305 of the National 
Aeronautics Space Act of 1958, public Law 85.568 (72 
Stat. 435; 42 USC 2457). 

CROSS REFERENCE TO RELATED 
APPLICATION 

imparted to one beam portion but not the other, by 
21, 1977 for 15 utilizing a phase shifting device which may be bi-direc- 

tional, but which is operated only during the passage of 
one of the beam portions and not during the passage in 

This is a continuation-in-part of our earlier patent 
application Ser. No. 853,349 filed 
OPTICAL GYROSCOPE. 

- -  
BACKGROUND OF THE INVENTION the opposite direction of the other beam portion.-The 

same time-dependent operation of a bi-directional de- 
vice can be utilized to split the initial beam so that, 
unlike a conventional beam splitter which loses one half 
of the beam, substantially all of the beam is passed 
through the splitter. 

In order to provide an accurate and definite measure 
of high rotation rates, as well as high sensitivity to low 

Optical interferometer gyroscopes can sense rotation 
by measuring the difference in time it takes for light or 20 
other eletromagnetic waves to pass in opposite direc- 
tions through a common path loop whose rotation is to 
be measured. The light beam moving in the direction of 
rotation will arrive at the detectors later than the light 
beam moving Opposite to the direction Of rotation 25 rotation rates, the system is operated in two modes at 
around the loop, and therefore the two light beams one different times. In a first mode described be out of phase. If the two beams are only slightly out of beam portion is shifted relative to the other one phase, then the light intensity at the detector will not which travels in the opposite direction through the 
vary significantly for small changes in phase difference loop, to provide a 90" offset of the interfering beam 
between the two beams, because the light intensity vs. 30 portions, which produces the highest sensitivity at low 
phase difference curve will be at a location of substan- rotation rates or rates for which the rotation-induced 
tially zero slope* As described in Our patent phase offset approaches in integer multiple of 180". In a 
application, however, sensitivity can be greatly in- second mode of operation, the 90" phase shifting device 
creased by shifting the phase ofone of the beams by 9 0 " ~  is not operated, so that the beam portions are out of 
so that the detector is operating at a point On the light 35 phase by only the angle resulting from rotation of the 
intensity vs. phase difference curve, which is of maxi- loop. The second mode provides the most accurate and 
mum slope, and therefore small variations in Phase dif- definite measurements of rotation rates which produce a 
ference will result in large variations in light intensity. phase difference between the beam portions of nearly an 

Many Practical difficdties hamper the development odd multiple of 90". Information from the two modes of 
Of a practical optical interferometer gy~oscope system. operation can be combined to provide a continuous 
one  difficulty is in the generation Of a 90" phase shaft read-out having high accuracy and definiteness Over a 
between waves travelling in opposite directions. Such a wide range of rotation rates. 
shift can be achieved by the use of a nonreciprocal The establishment and maintenance of linear polar- 
device such as a Faraday cell, which utilizes a magnetic 45 ization ofthe light beam about a particular plane, can be 
field to advance the phase of light travelling in one achieved by inducing stress birefringence with a fixed 
direction and delay the phase of light travelling in the orientation into an optical fiber, thus altering the propa- 
opposite direction, but such devices have been found to gation constants and decoupling the polarized modes. 
be cumbersome and difficult to embody in single mode This can be accomplished by winding the optical fiber 
waveguide form. Another difficulty is that identical smoothly about a coil form having a relatively small 
non-circular polarization states must be maintained radius of curvature, taking care that the fiber curvature 
throughout the length of the waveguide in order to remains entirely in the plane of the coil. The free ends of 
obtain stable outputs. Otherwise, minor fluctuations in the fiber which couple to the rest of the optical system 
temperature, acceleration, stress, electric or magnetic must be similarly stressed. 
field gradients, or even long term fiber relaxation will 55 The novel features of the invention are set forth with 
introduce large random phase changes at the outputs. particularity in the appended claims. The invention will 
Still another difficulty is that, while a 90" offset pro- be best understood from the following description when 
vides high sensitivity for small rotation rates or rates for read in conjunction with the accompanying drawings. 
which the rotation induced phase offset approaches an 
integer multiple of 180", it is not desirable at rates where 60 OF THE 
the rotation-adds a phase difference close to an odd 
multiple of 90", because the system then becomes insen- 
sitive and the readings become ambiguous. An optical 
interferometer gyroscope system which could be con- 
structed compactly and which could provide high accu- 65 
racy and definiteness throughout a wide range of rota- 
tion rates, would facilitate the construction of practical 
gyroscope systems. 

FIG. 1 is a simplified representational view of an 
optical gyroscope system constructed in accordance 
with the present invention, showing one mode of opera- 
tion thereof. 

FIG. 2 is a more detailed block diagram view of the 
gyroscope system of FIG. 1. 

FIG. 3 is a simplified view of the gyroscope system of 
FIG. 1, showing another mode of operation thereof. 
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FIG. 4 is a graph showing the variation in light inten- 
sity on the detectors of the gyroscope of FIG. 2, as the 
phase difference varies. 

FIG. 5 is a timing diagram representation showing 
the sequence of operation of the system of FIG. 2. 

FIG. 4 is a plan view of the bias cell of FIG. 2. 
FIG. 7 is a view taken on the line 7-7 of FIG. 4. 
FIG. 8 is a perspective view of a portion of the sys- 

tem of FIG. 2, showing a manner of construction 
thereof. 

FIG. 9 is a partial enlarged view of the loop portion 
of the system of FIG. 2. 

FIG. BO is a plan view of a test setup, which utilizes 
the loop portion of FIG. 9. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 illustrates an optical gyroscope 10 which can 
indicate rotation thereof about an axis 12. The gyro- 
scope includes a laser 14 whose output is a single beam 
16 which passes through a beam splitter 18 that divides 
it into two beams labelled 20,22. The two beams 20,22 
pass in opposite directions through an optical fiber loop 
24 formed by an optical fiber wound into numerous 
turns. One of the beams 20 which passes in the direction 
of rotation W of the loop emerges as a beam 23 delayed 
in phase by 8/2. The other beam 22 emerges from the 
loop as a beam 26 which is advanced in phase by 8/2. 
The beam 23 passes through a bias cell 28 that delays 
the beam 90" to produce a beam 30. Portions of the two 
returning beams 26, 30 are combined by way of the 
beam splitter 18 onto a detector 32 which detects the 
intensity of light formed by the interference pattern of 
the two beams 26,30. The other portions of the beams 
26,30 reach another splitter 34 which directs them onto 
another detector 35. It may be noted that the beam 30 
under goes 180" phase shifts when reflected from the 
beam splitter 18, so that one of the beams 36 reaching 
the detector 35 is delayed in phase with respect to the 
beam 30 from which it is derived. 

The outputs of the two detectors 32, 35 vary consid- 
erably with small variations in 8/2 (which represents 
rotation of the loop 24). This is because the pair of 
beams falling on each detector are close to 90" out of 
phase when 8 is small. FIG. 4 shows how the light 
intensity of the interference pattern varies with the 
difference in phase between the two beams falling on a 
detector. When the two beams are at a zero phase dif- 
ference, such as at point 40, the slope of the curve is 
zero, and therefore small variations in the phase differ- 
snce (caused by changes in 8) produce a negligible 
change in light intensity. However, when the two 
beams operate near the point 42 where they are 90" out 
of phase, any slight change in their phase relationship 
from the initial 90" difference results in a substantial 
change in the light intensity sensed by the detector. 
Thus, high sensitivity in detecting small rotation rates of 
the fiber optic loop, can be achieved by causing the two 
beams reaching each detector to be 90" out of Dhase at 

4 
by a precisely controlled amount such as 90", can t s  
difficult to construct and operate. One type of device 
which could be utilized is a Faraday cell which includes 
a coil disposed about a wave guide for establishing a 

5 magnetic field that retards circularly polarized waves 
moving in one direction and advances waves moving in 
the opposite direction. However it is found in practice 
that such a device is bulky and difficult to embody in 
single mode waveguide form. 

In accordance with the present invention, a phase 
difference between light beams moving in opposite 
directions, such as 90" at zero loop rotation, is estab- 
lished not by utilizing a continuously operated nonre- 
ciprocal device such as a Faraday cell, but by utilizing 

15 a device in a time controlled manner. That is, a train of 
brief pulses of laser light is utilized whose beam-split 
components will pass in opposite directions through the 
bias cell 28 at different times, in combination with a 
circuit which turns on the bias cell 28 while one compo- 

20 nent is moving in a first direction therethrough and 
which turns off the bias cell at a different time when the 
beam component moving in the opposite direction 
passes through the cell. This permits a bias cell device 
to be utilized which operates reciprocally, to affect 

25 waves moving in opposite directions in a nonreciprocal 
manner, although nonreciprocal devices could also be 
utilized in a time controlled manner. 

In one example of time controlled operation, the laser 
14 can be operated to generate a pulse of one microsec- 

30 ond duration, which is split at the beam splitter 18 into 
two pulse portions 20, 22 of one microsecond length. 
The pulse 22 immediately passes through the bias cell 
28, which is then in a first state at which it does not 
delay (by more than a predetermined amount) the phase 

35 of any wave passing therethrough. The other pulse 20 
passes through the loop 24, which may include a long 
optic fiber of three kilometers length and having an 
index of refraction of about 1.5. It requires about 15 
microseconds for the pulse to pass through such a loop 

40 24. Immediately prior to the pulse 23 emerging from the 
loop, the bias cell 28 is operated to a second state to 
delay the phase of any light beam passing therethrough 
(in either direction) by 90" more than any phase shift 
occuring in the first state of the cell). Thus, at the time 

45 when the returning pulse 23 passes through the bias cell 
28, the pulse 23 will undergo a 90" phase shift, to pro- 
duce the wave 30. By thus time controlling the bias cell, 
in conjunction with time control of the light beam, it is 
possible to use a bias cell 28 of compact design, which 

50 requires small operating voltage and which operates 
reliably and with great linearity. It should be under- 
stood that time control can be accomplished not only by 
generating a brief pulse from the laser 14, but also can 
be controlled by the use of shutters placed along the 

55 path of the light beams to allow only controlled por- 
tions of the laser output to reach the light detector. 

FIG. 2 is a block diagram that shows more details of 

10 

the optical gyroscope io. The bias cell 28 is energized 
by a bias voltage generator 40 whose output passes 

zero rotation "rate of the loop. Such a 90" 'shift is 60 through a pair of gates 42, 44 to the bias cell 28 to ener- 
achieved in the apparatus of FIG. 1, by means of the gize it so as to phase delay light passing in any direction 
bias cell 28, which shifts the wave 23 passing in one therethrough, with the output of the generator 40 con- 
direction therethrough by 90", while causing no shift in trolled to increase the phase shift by 90" when it 
the phase of a beam 22 passing in the opposite direction supplies the current. The timing of the circuit is con- 
therethrough. 65 trollled by a master oscillator 44 which controls a first 

A bias cell 28 which can phase shift a beam travelling timing circuit $8. The output of the first timing circuit 
in one direction by a different amount than a beam 48 is delivered to the laser 14 to cause the immediate 
travelling in the opposite direction along the same path, generation of a brief laser pulse. The same timer circuit 
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output is delivered through a delay device 50 which mined which is happening. One way of avoiding such 
produces a 10 microsecond delay, and then opens the inaccuracy and ambiguity, is to utilize a null seeking 
gate 42. Thus, after 10 microseconds, current from the system which always maintains the phase offset angle 
bias generator 40 can pass through the gate 42 to reach between the two beams reaching a detector, at 90'. A 
the bias cell 28. During the first 10 microseconds after 5 somewhat simpler system can be constructed which is 
the laser pulse is generated, the bias cell 28 is not e m -  non null seeking, by specifically enabling the system to 
gized and the beam split Pulse 22 can Pass through the accurately sense large rotation rates which produce a 
bias Cell 28 without excess retardation. However, by the phase shift 8 through the loop 24 which is close to an 
time the returning wave 23 has passed through the 3 odd multiple of 90". 
kilometer loop 24 to reach the bias cell 28, 15 microsec- 10 FIG. 3 illustrates the system of FIG, 1, but with the 
onds will have elapsed, arid by that time the bias cell 28 system operated in a different mode than that indicated 
will already be energized. Accordingly, when the re- in FIG. 1. In FIG. 3, the bias cell 28 is always main- 

23 will undergo a 90" phase shift. travelling in one direction therethrough to undergo a 

be utilized to operate the initial splitter 34 which allows direction (i.e., light passing therethrough undergoes the 
light from the laser 14 to reach the beam splitter 18, but Same phase shift regardless of the direction of travel 
which the returning light beams 26, 36 to be therethrough). As a result of this mode of operation, the 
diverted towards the detector 35. This is accomplished two beams such as 26', 36' reaching the detector 35 will by utilizing a bi-directional splitter switch 34 which can 20 be in phase at 
be operated in a first state wherein it permits light to out of phase. Similarly, the beams 26', 30, reaching 

wherein it diverts the light. In the first state of the split- rotation, instead of out of phase. As a result, when ter switch 34, it allows light from the laser 14 to pass the loop 24 is rotating rapidly enough for to be close therethrough to reach the beam splitter 18, and if it 25 to go", then the phase difference of beams reaching each continued to operate in the first state it would allow the of the detectors will be close to and therefore dur- returning beams 26, 36 to return therethrough to reach ing such rapid loop rotation the system will operate the laser 14. However, the system is operated so that 
after the laser pulse passes through the splitter close to the point 42 in FIG. 4. A system which utilized 

switch 34, the switch is operated in a second state, 3o the mode of operation indicated in FIG. 1 for small 
wherein it will dived the beams 26, 36 towards the angular rotations of substantially less than 90" (e.g., for 

the time, and by utilizing brief pulses from indicated in FIG. 3 for rapid rotation rates that pro- 
the laser 14, an effective beam splitter can be obtained duced a the Optical 
by utilizing a bi-directional device. The advantage of a 35 gYroscoPe to accurately and unambiguously measure 
splitter switch 34 Over a non-bi- rotation rates within a wide range. It may be noted that 
directional beam splitter, is that the splitter switch 34 the first mode of operation shown in FIG. 1, wherein 
permits the entire forward pulse from the laser 14 to there is a 90" offset angle at zero loop rotation, is largely 
pass therethrough, instead of passing only one half of linear and sensitive (the intensity vs. offset angle has a 
the laser pulse intensity. Also, by preventing the return- 40 considerable slope) within about 45" of the center (90" 
ing pulses 26,36 from reaching the laser 14, the splitter offset) Point, Or in other words7 where 6 is between 
switch eliminates interactions between the returning about -45" and +45" as indicated for the range R in 
pulse and the laser. FIG. 4. It is also largely linear at higher rotation rates of 

As discussed above, the use of a bias cell 28 assures a multiple (0,1,2 etc.) of 180" (i.e. o", 360"~ etC.1 and 
that the two light beams reaching each detector 32, 35 45 within 45" Of  such multiples Of 180". Similarly, the sec- 
are 90" out of phase at a zero rotation rate of the fiber ond mode of operation shown in FIG. 3, wherein there 
optic loop 24. As shown in FIG. 4, this assures that the is a 8" total offset Wde at zero loop rotation is largely 
system operates at the point 42 in FIG. 4, wherein any linear and sensitive at a 8 Of greater than f45" ,  or in 
slight change in phase difference between tlie two other words, where 8 is between f (45"  and 135"). The 
beams of a pair, results in a substantial change in the 50 second mode is also useful for a 8 equal to an odd multi- 
intensity of light falling on a detector. The operation of ple of *go" (i.e. *goo, +270", f450", etc.1 and within 
a system at the point 42, enables the accurate measure- 45" of such odd multiples of 90". 
ment of small rotation rates of the loop or rates for The system shown in FIG. 2 enables operation in 
which the phase induced rotation approaches an integer both of the modes shown in FIGS. 1 and 3, to produce 
multiple of 180". However, where there are high rota- 55 high accuracy and definiteness of rotation sensing for a 
tion rates, which would cause a phase shift 8 due to loop wide range of angular rates of rotation. The modes of 
rotation which approached 90" or an odd multiple of operation of the system of FIG. 2 can be best under- 
go", then the operating point of the system might be stood by considering it in conjunction with the timing 
near point 40 or point 41 wherein there is no measurable diagram of FIG. 5, which shows the operation of vari- 
change in light intensity for small additional changes in 60 ous elements of the system at different times. The graph 
phase offset between the two beams. Operation near 60 of FIG. 5 shows that a pulse is released from the laser 
point 40 or 41 is unacceptable not only because of poor at zero time, and one beam-split portion of the pulse 
accuracy, but also because it then cannot be determined completes passage through the three kilometer wave 
whether any change in light intensity represents a de- guide loop 15 microseconds later. Graph 62 shows that 
crease or increase of the phase offset angle from the 65 between 10 and 20 microseconds, the bias cell 28 is 
point 40 or 41. That is, if the light intensity decreases operated, so that only the pulse 23 of FIG. 2 is retarded 
from the peak at 40, this could be due to the rotation by 90" in passing through the bias cell. Graph 64 shows 
rate increasing or decreasing, and it cannot be deter- that the splitter switch 34 is operated between 10 and 20 

turning pulse 23 passes through the bias cell, the pulse tained in a constant state, so that it does not cause light 

The Same time-dependent control of a laser pulse can 15 different phase shift than light travelling in the opposite 

rotation of the loop %, instead of 
pass and in a second state the detector 32 will be 180" out of phase at loop 

detector 35. Thus, by operating the splitter switch 34 at to f450)9 and which the mode of operation 

of f450  to t13509 
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microseconds, to divert the returning pulse towards the 
detector 35 of FIG. 2. 

FIG. 5 shows that at 30 microseconds, a second pulse 
(#2) is released from the laser, and it is acted upon in a 
similar fashion as the number one pulse, so that at the 45 
microsecond time when the second pulse completes the 
three kilometer loop, the bias cell has already been 
operated to a state to produce a 90" phase shift and the 
splitter switch 34 in a state to divert the returning 
beams. At 60 microseconds, a third pulse (#3) is re- 
leased from the laser. However, at 75 microseconds, 
when the third pulse has returned from passing the 
three kilometer loop, the bias cell is not operated to 
produce any phase shift. Thus, this system then operates 
in the second mode indicated in FIG. 3. However, at 
the 75 microsecond time, the splitter switch 34 will be in 
a state to divert the returning beams to the detector 35. 
The same mode of operation continues for the number 
four pulses which is released at 90 microseconds and 
which returns at 105 microseconds. It may be noted that 
FIG. 5 includes a graph 66 indicating the operation of a 
modulator designated as 70 in FIG. 2. The modulator 70 
can operate on every other pulse emitted from the laser, 
so that alternate pulse portions 20, 22 move in different 
directions through the loop 24. As described in detail in 
our earlier patent application, of which this is a continu- 
ation in part, such modulation produces an alternating 
current signal output from the detectors, which avoids 
errors due to drift. 

FIG. 2 shows a timer circuit 80 whose output is  deliv- 
ered to a gate 44 in series with a conductor 82 leading to 
the bias cell 28. During operation of the gyroscope in 
the first mode of FIG. 1, the gate 44 can be left open so 
that the bias cell is operated between 10 and 20 micro- 
seconds, and between 40 and 50 microseconds, as 
shown for graph 60 in FIG. 5. However, the timing 
circuit 80 then closes the gate 44 for a period such as 60 
microseconds, so that the bias cell is no longer activated 
and therefore the gyroscope can operate in the second 
mode indicated in FIG. 3. 

The processing of the outputs of the detectors 32,35 
of FIG. 2 can be controlled to automatically generate 
an accurate indication of loop rotation for a wide range 
of rotation rates. When the system is operated in the 
first mode which utilizes bias cell 28, the output of the 
detector 35 is a light intensity X which equals A2(1 -sin 
e), where A is the peak amplitude of each of the beams 
26, 36 falling on the detector 35 and 8 is the difference 
in phase caused by rotation of the loop. In a similar 
manner, the output of the detector 32 is B2(l +sin e), 
where B is the peak amplitude of each of the beams 26, 
30 incident on the detector 32. The outputs of the detec- 
tors 32, 35 are delivered through analog-to-digital con- 
verters 90, 92 whose outputs are delivered to a normal- 
ized signal calculating circuit 94. It may be noted that 
the output of one of the converters 90 is passed through 
an adjusting circuit 96 which multiplies the detector 
output Y by a constant c, where c equals A2/B2. That is, 
where the peak intensity of the beams reaching the two 
detectors 32, 35 are identical, A2 and B2 will be equal 
and c will equal one, and where there is a slight differ- 
ence as due to some absorption of light between the 
splitters 34 and 18, this difference is adjusted for by the 
circuit 96. In the case where A2 equals B2, (so that c = 1) 
then the output S of circuit 94 is: 

Thus, the circuit 94 produces an output proportional to 
sin 8 and which is independent of moderate changes in 
the intensity of the light beams falling on the detectors. 

Where the optical gyroscope operates in the second 
mode wherein the bias cell 28 is not operated, then the 

lo outputs of the detectors 32,35 are different. In that case, 
the output of detector 32 equals B2 (1 -cos 8') while the 
output of detector 35 is A2 (1 +cos 8'). (The term 8' is 
utilized here to indicate that the measured offset phase 

15 angle due to loop rotation may be slightly different in a 
mode one measurement, as compared to the level in a 
later mode two measurement.) After these signals are 
fed through the converters 90, 92 to the circuit 94, an 
output on line 98 of the circuit 94 is obtained which is 

20 proportional to -sin 8 or +cos 8'. Thus, when the 
system operates in the first mode, the output on line 98 
is proportional to -sin 8, and when the system operates 
in the second mode, the output on line 98 is proportional 

When the system operates in the first mode so the 
output on line 98 is -sin 8, then the signal passes 
through a switch 100 to an arc sine-calculating circuit 
102, whose output on line 104 is proportional to the 
angle 8 representing the rotation rate of the loop. On 

30 the other hand, when the system operates in the second 
mode so that the output on line 98 is proportional to cos 
e', that output is passed through the switch 100 to an- 
other calculating circuit 106 which calculates the arc 
cosine of the signal, so that the output on line 108 is 

35 proportional to 8'. The signals on lines 104 and 108 pass 
through demodulator circuits 110, 112 that operate in 
synchronism with the modulator 70 to cancel the effect 
of the modulation. Thus, the signal on line 114 repre- 
sents a 8 calculated during operation of the system in 

40 the fust mode wherein the generated 8 is accurate and 
definite for small angular rotations (or where 8 is near a 
multiple of 180"), while the signal on line 116 represents 
the 8' derived during operation of the system in the 
second mode wherein 8' is accurately calculated for 

In order to calculate a 8 which will be accurate and 
definite throughout a wide range of 8 values, a 
weighted adder circuit 118 is provided. The weighted 
adder circuit 118 calculates the following value: 

tol +COS e'. 
25 

45 values close to 90" (or any odd multiple of 90"). 

50 
e =sin% x 8'+cos*8' x e, 

where the values 8 and 8' are the outputs on lines 114 
and 116. Sin2 8 is the output from switch 100 which has 

55 been demodulated by a demodulator 120 and squared by 
a squaring circuit 122. Cos2 8' is the output from switch 
100 in the second mode, after demodulating by another 
demodulator 124 and squaring by a squaring circuit 126. 
Thus, the output on line 130 from the weighted adder 

60 118 is 8 which represents the rate of angular rotation of 
the loop 24. For small rates of angular rotation wherein 
8 is much less than 90", the major component of 8 is the 
term cos28'x8. When 8 approaches +90", the major 
component of 8 is sin28 x W, and the cos28' component 

65 approaches zero. Thus, the output of the weighted 
adder 118 automatically increases the weighting of the 
8"s derived during the different modes of operation, so 
that the mode which generates the most accurate value 
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of 8 at any given time is more heavily weighted, and 
with the degree of weighting varying with the accu- 
racy. 

It should be noted that the output on line 130 from the 
weighted adder does not increase past t90”. Accord- 
ingly, it is also necessary to utilize a fringe counter 132 
to count the number of times the angle has passed an 
odd multiple of a +90” point (the point of maximum 
signal difference at the detector), and to add that to the 
output of the weighted adder on line 130. This is accom- 
plished by a second addei 134, whose output i s  equal to 
180” times the number of fringes counted by the fringe 
counter 132, plus the angle delivered over line 130. The 
output 136 from the adder represents the angular rate of 
rotation of the loop 24, that is the angular rate of rota- 
tion times a constant dependent on the turns of the optic 
fiber coil. This output is also passed through an integra- 
tor 138 whose output on line 1 9  represents the angular 
position of the loop with respect to its angular position 
at an initial starting point. 

FIGS. 6 and 7 illustrate one form of a splitter switch 
34 which can be utilized to pass a forward beam from 
the laser 14 to the beam splitter 18, and yet to divert the 
returning beams 26, 36 towards the detector 35. The 
splitter switch or diverter 34 includes a pair of wave 
guides 1150, I52 which can be formed of titanium dif- 
fused into a substrate 154 of lithium niobate or.lithium 
tantalate. A grounding electrode 156 lies between the 
wave guides 150, 192 while another pair of electrodes 
158,160 lies on the sides of the wave guides opposite the 
grounding electrode. The two electrodes 158, 160 are 
connected together and to a voltage source 162. When 
a voltage (such as 5 volts) is applied by the voltage 
source 162, a returning beam 164 is diverted from the 
wave guide 150 to the other wave guide 152, to a path 
166, by a “waveguide coupling” effect. However, when 
the voltage is removed from the electrodes 158, 160, 
such diversion of the beam does not occur, and the 
returning beam 164 continues straight through the wave 
guide I50 to exit as a beam at 168. This diverter device, 
which has been known, has been previously utilized for 
switching information-carrying light beams, and other 
electrode configurations are possible to accomplish the 
same purpose. 

The device 34 is a bi-directional device, in that when 

IO 
158, depends on the particular material of the wave 
guide 150 and its crystallographic orientation. 

The system of FIG. 2 can be constructed in three 
major parts, including an integrated optics chip having 

5 a construction shown in FIG. 8, a microprocessor and 
associated circuitry, and a multiturn fiber optic device 
that provides the loop 24. FIG. 8 illustrates one con- 
struction of an integrated optics chip 170, which in- 
cludes a lithium niobate substrate 172 and various optic 

10 control elements formed thereon. The beam splitter 
switch 34 and bias cell 29 can be formed on the sub- 
strate, in the manner shown for the device of FIGS. 6 
and 7. The modulator 70 and the beam splitter can have 
the same construction as the device of FIGS. 6 and 7. 

15 The laser 14 can be applied by hybrid techniques to the 
same substrate 172. The detectors 32,35 can be similarly 
applied to the substrate. A pair of wave guide termina- 
tions 174, 176 are provided along one edge of the chip 
to connect to a multi-turn fiber optic wave guide. A 

20 group of electrical terminals (not shown) can also be 
provided to enable connection to a microprocessor and 
other circuitry to activate all the elements, read out the 
signals, and make the calculations indicated for the 
circuitry of FIG. 2 that connects to the light detectors. 

It is important that the two light beam portions that 
pass in opposite directions through the loop 24, have 
identical polarization states throughout the length of 
the fiber optic wave guide. Otherwise, the effective 
path lengths of the two beam portions may vary by 

30 many wave lengths and the difference will be a sensitive 
function of temperature, stress, and vibration of the 
device. Since the system is designed to measure small 
changes in relative phase of the two light beam por- 
tions, the effect of such difference in polarization would 

35 make the optical gyroscope system useless. The light 
beam emerging from the laser could be linearly polar- 
ized by passing it through a polarization plate, but such 
polarization state can deviate along the long length of 
the multi-turn loop. This is because a fiber wave guide, 

40 like any other optical glass component, has numerous 
regions of birefringence and optical activity which tend 
to alter the polarization state of light passing there- 
through. Furthermore, the core of the fiber wave guide 
has a cross section that departs from a circle due to 

45 defects introduced during the drawing process used in 
forming the wave guide. In addition, there are other 

25 

the voltage supply 162 is energized, beams entering 
either of the wave guides 150, 152 will be diverted to phenomena which can affect circularly or elliptically 
the other wave guides, and when the voltage source 162 polarized light. A magnetic field extending along a 
is at zero such diversion does not occur. Howekr,  the length of a fiber wave guide will retard circularly or 
diverter device 34 can operate essentially as a direc- 50 elliptically polarized light moving in one direction more 
tional device, by applying no voltage 162 when the than light moving in the opposite direction, this phe- 
pulse 16 is initially emitted from the laser, to pass the nomenon commonly being referred to as the Faraday 
pulse therethrough, and by then applying the voltage effect. 
from the source 162 so that when the light beam compo- In accordance with one aspect of the present inven- 
nents have returned after a tine such as 15 microsec- 55 tion, linearly polarized light is utilized to avoid the 
onds required to traverse the 3 kilometer-long optic effects of magnetic fields, and uncontrolled rotation of 
fiber loop, the returning beams along the path 164 will the plane of polarization is avoided by physical stressing 
then be diverted to the path 166 to reach the detector of the fiber optic wave guide. The fiber optic wave 
39. guide 200 of FIG. 9 is formed so that one side 202 is 

The same basic device 34 can be utilized as the bias 60 maintained in compression and the opposite side 204 is 
cell 28 of FIG. 2, by constructing half of it; that is, by maintained in tension. It has been found that this results 
constructing only one of the wave guides 150, and the in linearly polarized light maintaining its plane of polar- 
pair of electrodes 156, 158. In that case, the application ization along a plane 206 extending through the neutral 
of a voltage between the electrcrdes 156, 158 changes axis 206 of stress of the wave guide. It has been found 
the index of refraction of the wave guide 150, to change 65 that such stressing of the wave guide 200 can be accom- 
the time required for a light beam to pass therethrough. plished by winding a nominally circular cross-section 
Whether the index of refraction increases or decreases fiber wave guide about a small diameter coil form, with 
when a voltage is applied between the electrodes 156, care being taken that no significant bends occur out of 



4,2 80,7 616 
411 82 

the plane of the coil, so that the coil is substantially free thlerefrom, which are maintained in tight coils along 
of bending about any axis angled by more than a few most of their length, in order to stress the fiber so as to 
degrees from the axis of the coil. That is, that there is no control the plane of polarization so it does not deviate at 
sudden change in the neutral axis of stress along the any location. It may be noted that the ends are wound 
wave guide. It is found that as a result Of such winding, 5 into ]OOPS at 2 1 0 ~  and 2 1 2 ~  and 212b which are wound 
linearly polarized light with the electric vector extend- in directions opposite to the winding ofthe loop 24. The 
ing along the neutral axis of Stress 206 Will be Propa- direction of winding does not affect the plane of neutral 
gated throughout the length Of the wave guide without stress in the bent fiber, and therefore this different direc- 
unpredictable or random changes of polarization that tion of winding can be utilized. Although winding of an 

vary the effect Of path length Of light beams trav- 10 optical fiber so that there is no suddent change in the 
neutral axis of stress, can be utilized where a loop of elling in opposite directions through the wave guide, in 

spite of regions of moderate defect tending to change fiber is required, it is possible to stress the optic fiber in the plane of polarization. other ways such as by prestressing during formation of As shown in FIG. 9, the index of refraction of the wave guide varies from the nominal value at the midline 15 the optic fiber, so that buiId-in stresses are provided 
point along the line 206, and increases towards the even when the fiber is not maintained in a coil. It also 
pressed region 202 of the fiber and decreases towards may be noted that forming the 'Ore Of the fiber in a 
the region 206 under tension. It has been found that noncircular shape can aid in maintaining the polariza- 
linearly polarized light having an electric vector ex- tion Plane along the longest axis of the core. Thus, 
tending along the line 206 which is parallel to the axis of forming the fiber core 214 into an oval 2 1 4 ~  can help in 
the coil, remains polarized in that plane, while linearly 
polarized light with the electric vector in any other 
plane is at least partially converted over a short distance 
of perhaps several inches of wave guide into the pre- 
ferred orientation. Stabilization of the polarization es- 
tablishes stable fringe patterns at the light sensors, 
which are independent of temperature, vibration, and 
magnetic fields. 

The difference in index of refraction for the two 
polarization planes at any location within the fiber core, 
assuming no axial tension, is given by the formula 

An=[EAx (Cl-Cz)/R] 

where E equals Youngs modulus which is about 
7.2 X 103 kg/mm2 for fused silica glass, C1 and C2 are the 
stress optic coefficients for the two polarizations which 
are -6.08X 10-6 mm*/kg and -4.15XlO-5 mm2/kg 
respectively, R is the fiber bend radius in mm and Ax is 
the location relative to the neutral plane 206 in FIG. 9. 
As an example, if we use a fused silica fiber with a core 
radius of 2.25 microns wound on a coil form with a 
radius of 100 mm, then the maximum stress induced 
birefringence in the fiber core is 5.7X 10-6 while the 
residual birefringence found in good quality fiber is 
typically one fourth wavelength in 50 cm, or about 
5X 10-7. Thus, randomly occuring birefringence is 
typically much smaller than the stress-induced birefrin- 
gence for planar-wound fiber optic coils of 200 mm or 
less diameter. 

It is found experimentally that when wound on coils 
between a few inches and 12 inches diameter, the fiber 
coil is effective in establishing and maintaining the plane 
of linearly polarized light parallel to the axis of the loop. 
When wound onto a coil of one meter diameter, it was 
found that the coil did not maintain linearly polarized 
light in a constant plane. It appears that when the 85 
micron diameter fiber is wound onto a radius of 0.5 
meter, as in the foregoing example, there is insufficient 
variation in stress across the diameter of the fiber to rely 
upon this variation in stress to establish or maintain the 
plane of polarization. 

It is found that in laboratory experiments wherein the 
fiber optic wave guide was provided with long ends 
beyond the multi-turn loou, to provide excess fiber to 

maintaining polarization along the plane 206. 
Thus, the invention provides an optical gyroscope 

system which can be constructed compactly and oper- 
ate reliably to measure rotation rates within a wide 
range with definiteness and accuracy. Control of light 

25 beams is enhanced by utilizing brief pulses of light, each 
of a duration less than the time required for a pulse to 
pass through the loop which extends along the major 
portion of the light path length. It may be noted that 

3o electromagnetic waves of a range of wavelengths can 
be utilized outside the visible range, all of which can be 
referred to as light. The phase delay of one light beam 
component travelling in one direction relative to an- 
other component traveling in the opposite direction 

35 along the same path, can be accomplished by placing a 
bias cell in a delaying mode (or advancing mode) only 
during the brief time when one of the beam components 
is passing therethrough but not when the oppositely 
travelling beam component passes therethrough. A 

40 bidirectional bias cell can be used. In a similar manner, 
a switcher device which allows light to pass from the 
laser towards a beam splitter, but which diverts a re- 
turning pair of light beams against a detector instead of 
into the laser, can include a bidirectional device whose 

45 state is changed after the initial laser pulse passes by, so 
that the returning pulse is diverted. The system can 
pr'ovide definite and accurate measurements of rotation 
rates over a wide range of rotation rates, by operating it 
in a first mode wherein waves travelling in opposite 

50 directions are placed 90" out of phase at zero loop rota- 
tion, and then operating the system so that waves trav- 
elling in opposite directions are not altered in relative 
phase at zero loop rotation. The first mode permits 
operation of the interference beam detector at a location 

55 of maximum sensitivity near a zero loop rotation rate or  
rates for which the rotation-induced phase difference 
approaches an integer multiple of 180", while the sec- 
ond mode causes operation at highest sensitivity when 
the rotation rate causes a phase offset close to an odd 

60 multiple of 90". The signals representing offset angles 
during the two different modes of operation can be 
combined in a manner that generates an angular rotation 
rate indication that is weighted towards one mode or 
the other depending upon the angular offset, so that an 

LU 

work with to reach other devices and to permit cutting 65 aocurate angular indication is continuously generated. 
off, that polarization can be maintained by maintaining A fringe counter can be utilized in addition to the calcu- 
long lengths of fiber in relatively tight loops. FIG. IO lating circuitry to indicate the angular rotation over a 
shows the loop 24 with long ends 210, 212, extending very wide range. 
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Although particular embodiments of the invention 
have been described and illustrated herein, it is recog- 
nized that modifications and variations may readily 
occur to those skilled in the art and consequently, it is 
intended that the claims be interpreted to cover such 5 
modifications and equivalents. 

The embodiments of the invention in which an exclu- 
sive property or privilege is claimed are defined as 

I. In an interferometer gyroscope which includes 
means defining a wave path that includes a portion 
extending in a loop, means for directing electromag- 
netic waves in opposite directions along said wave path, 
and means responsive to the phase difference of the 15 
waves passing in opposite directions along said wave 
path for indicating rotation Of the loop, the improve- 
ment comprising: 

in response to said mode control means operating 
in said first and second modes. 

5. The improvement described in claim 3 including: 
signal Processing n ~ a n S  responsive to the operation 

of said mode control means and said detector, for 
generating a signal representing 8' x sin28 + 8- 

, X C O S ~ ~ ' ,  where 8 is an odd multiple of 90" plus the 
rotation induced difference in phase of a pair of 
light beams incident on said detectors during oper- 
ation of said mode control means in said first mode 
when the phase difference produced by said bias 
means is an odd multiple of 90n, and 8 is the rota- 
tion induced difference in phase of a pair of light 
beams incident on said detectors during operation 
of said mode control 

6. In an optical gyroscope which includes a light 
conduit with a portion which extends in a loop, a light 
source, and means for directing light from the source in 

phase shift means disposed along said wave path and opposite directions through the loop portion and onto a 
controllable to shift the relative phase of the waves 20 pair of detectors, the improvement of bias cell apparatus 
travelling in opposite directions by an odd multiple for selectively shifting the phase of light comprising: 
of 90" at zero rotation of the loop; and phase shift means energizable to change the amount 

mode control means for controlling said phase shift of phase shift of light passing therethrough; 
means so that it alternately operates in a first mode rapidly operable means for energizing said phase shift 
wherein it shifts the relative phase of waves di- 25 means while a first portion of a light beam passing 
rected to travel in opposite directions at substan- in a first direction through said loop and to said 
tially the same time through said loop, andthen in detectors is passing through said phase shift means, 

but not while a second portion of the light beam a second mode wherein it does not shift the relative 
which passes in a second direction through said phase of waves travelling in opposite directions at 
loop and to said detector is passing through said substantially the same time through said loop. phase shift means; and 2. The improvement described in claim 1 wherein: mode control means for operating said rapidly opera- 
ble means, so that when said mode control means is said means for indicating rotation of the loop includes 
in a first mode and light passes in opposite direc- signal processing means responsive to interference 

directions through the loop at substantially the said phase shift means is operated so light passing in 
same time, for alternately generating signals repre- a first direction is phase shifted by a different 
senting substantially the arc-sine and the arc-cosine amount than light passing in a second direction, 
of a function of the intensity of the interference and later when said mode control means is in a 
patterns. 40 second mode and light passes in opposite directions 

3. In an optical gyroscope which includes a light through said loop and phase shift means, said phase 
conduit with a portion which extends in a loop, a light shift means is not operated so light passing in differ- 
source, and means for directing light from the source in ent directions is not phase shifted by different 
opposite directions through the loop portion and onto at amount, whereby to generate signals at the detec- 
least one detector, the improvement comprising: tors which are functions, first of the sine of the 

an energizable bias means controllable to delay or not angular rate of rotation, and then of the cosine of 
delay the phase of light moving in one direction the angular rate of rotation. 

than light moving in the other direction; and 

bias means in a first mode to phase delay light 
moving in different directions by a different 
amount, and then in a second mode to avoid phase 

different amounts. 

fOllOVJS: 
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in said second mode. 

30 

patterns of which have travelled in opposite 35 tions through said loop and said phase shift means, 

45 

through the loop portion by a different ?mount 7. A method for operating an Optical gyroscope to 
provide high sensitivity at low rotation rates, compris- 

mode control means for aiternately controlling said 50 ing: 
generating a light beam; 
splitting the light beam into two light components; 
passing the two light components in opposite direc- 

tions along a path that includes a portion that ex- 

and 
directing the two light components onto two detec- 

tors after the beams have traversed said path; 
said step of passing the light components including 

alternately phase shifting components of the same 
beam which pass in opposite directions along said 
path by an odd multiple of 90" relative to one an- 
other, and then not phase shifting components of 
the same beam which pass in opposite directions 
along said path. 

light moving in different by 55 tends in a loop whose rotation is to be measured; 

4. The improvement described in claim 3 including: 
signal processing means responsive to the output of 

said detector and operated in synchronism with 
said mode control means, for generating signals on 60 
first and second switch outputs respectively repre- 
senting the output of said detector at different con- 
trolled states of said bias means; 

said signal processing means being constructed to 
generate a signal representing the arc-sine and then 65 
the arc-cosine of a function of the detector output, * * * e *  


