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Abstract-We describe recent theoretical and experimental studies 
of polarization and spatial information recovery by modal dispersal 
and phase conjugation. We discuss the fidelity of this phase-conjuga- 

tion process as a function of input-beam launching conditions. We also 

describe several new applications of the scheme which involve correc- 

tion of nonreciprocal polarization distortions, correction of lossy am- 
plitude distortions, phase-conjugate multimode fiber-optic interfer- 
ometers and gyros, temporal data channeling between beams, and all- 

optical beam thresholding. 

I. INTRODUCTION 

PTICAL phase conjugation has been investigated ex- 0 tensively in many areas of nonlinear optics [ l ] .  In 
particular it is well known that it can be used to correct 
phase distortions because of the wavefront-reversal prop- 
erties of an incoming optical wave. For this reason the 
main emphasis has been on the study of the properties of 
ordinary phase-conjugate mirrors (PCM’s) that reflect 
waves of a particular polarization (usually a linear polar- 
ization). In spite of the usefulness of the ordinary PCM’s, 
however, they cannot be applied to the cases where the 
distortions include optical anisotropies by which incident 
waves suffer from polarization scrambling as well as phase 
distortions. This is caused, for example, by the induced 
birefringence in high power (e.g., Nd-doped glass) opti- 
cal amplifier stages, and by the strong intermodal cou- 
pling in multimode fibers. These call for phase conjuga- 
tion of both polarization components of the beam. 
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In the late 1970’s researchers in the Soviet Union stud- 
ied both theoretically and experimentally the possibilities 
of complete polarization and spatial wavefront reversal in 
stimulated Brillouin scattering (SBS) [2]-[5], degenerate 
four-wave mixing (DFWM) [6], and stimulated scattering 
of the Rayleigh line wing [7], for correcting wavefront 
and polarization distortions caused in high power optical 
amplifier stages. They found that the complete reversal of 
an arbitrary polarized wave can be achieved by means of 
the tensorial property of the phase-conjugation process via 
DFWM, whereas the usefulness of the above stimulated 
scattering processes is limited to the reversal of depolar- 
ized pump waves [8]. Subsequently the experimental 
demonstrations of complete reversal were conducted using 
DFWM in liquid CS2 [9], zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 101, Nd-doped glass [ 113, so- 
dium vapor [ 121, and biochrome films [ 131. Phase con- 
jugation using self-pumped photorefractive PCM’s [ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA141, 
[15] was also used for the complete reversal of an arbi- 
trary polarized wave [16]. In this method, which is sim- 
ilar to Basov’s scheme [5], an arbitrary polarized incident 
wave is decomposed into two orthogonally linear polar- 
ized components. The polarization of one of the two is 
rotated by 90” and the two components, now similarly 
polarized, are then reflected by a single self-pumped pho- 
torefractive PCM [ 171, and their phase-conjugated waves 
are coherently recombined into one wave. Consequently 
this method results in the complete reversal (i.e., scalar 
phase conjugation [ 1 SI), provided that the phase-conju- 
gate reflectivities of these two components are exactly 
equal both in amplitude and phase. 

A new and fundamentally different scheme for scalar 
phase conjugation was reported by Kyuma et al. [ 191. This 
scheme, which consists simply of a tandem combination 
of a multimode fiber and a self-pumped photorefractive 
PCM (see also Fig. l ) ,  uses the inherent strong inter- 
modal coupling (i.e., modal dispersal) in the fiber com- 
bined with phase conjugation of one polarization com- 
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Fig. 1. Schematic diagram of the fiber-coupled PCM for polarization and 

spatial information recovery. The (polarization and modal-scrambling) 
multimode fiber is assumed to be linear with negligible loss. 

where N is the total number of the fiber-guided modes in 
one polarization, e,, is the nth transverse fiber-guided 
mode which is predominantly x-polarized, e,,,, is the nth 
y-polarized mode, and A:') and Ai," are column vectors of 
rank N whose elements are the complex amplitudes a::) 
and a::', respectively. Note that the coupling into the other 
possible fiber modes (e.g., leaky and radiation modes) is 
neglected for simplicity of the analysis. The propagation 
left to right through the fiber, including the intermodal 
coupling, can be represented by the following matrix 
form: 

where M is the scattering matrix of the fiber in the forward 
direction and is given by 

in which M V ( i ,  j = x, y )  are N X N submatrices. The 
field E ( 2 )  is then passed through the polarizer and phase 
conjugated by the PCM, so the field E ( 3 )  can be written 
as 

~ ( 3 )  = rCM*(E('))* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) 

where r is the PCM amplitude reflectivity and the matrix 
C,  representing the removal of the y polarization by the 
polarizer, is given by 

reciprocal and/or amplitude distortions prior to the PCM 
are taken into account. 

The output field E'4' is expressed as 

~ ( 4 '  = rM'CM*("'')* (6)  

where M' is the scattering matrix for the reverse propa- 
gation in the fiber. Note that a mode-independent (scalar) 
reflectivity r of the PCM is assumed in (6). If a mode- 
dependent reflectivity is taken into account, r should be 
replaced by a 2N X 2N diagonal matrix. This effect will 
be considered later in this section. 

In what follows the properties of the scattering matrices 
are examined and the fields E ' 2 )  and E'4' are expressed 
in terms of the scattering matrix elements. First, because 
of the conservation of the energy in a lossless linear fiber 
the following unitarity condition is required: 

MtM = (: :) (7) 

where denotes the Hermite transpose operation. 
Second, consider the ideal case of scalar phase conju- 

gation by the PCM with the polarizer removed (i.e., the 
case where the field E ( 2 )  is completely phase conju- 
gated). In this case, viewing the fiber as some arbitrary 
lossless linear dielectric medium, the time-reversal sym- 
metry of any fields applies and we must recover the orig- 
inal field E(4) = r ( E ( ' ) ) * .  This happens when 

I O  
M'M* = (o ,). 

From (7) and (8) it is found that 

M '  = M' (9) 

where t denotes the transpose operation. Here we note 
that the elements of the scattering matrices are interre- 
lated by the constraint stated by (7) and (9). These con- 
straints can be translated into the sum rules [26] which 
are used to find the results shown further on. 

B. Spatial and Polarization Properties zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the Field E'2' 

With the relation E ' 2 )  = ME"' the correlations be- 
tween the 2N modes of the field E ' 2 )  can be expressed by 
means of the following 2N x 2N Hermitian coherency 
matrix: 

) L'2' ( E ( 2 ) E W  

where ( * ) denotes the time average and Ly' ( i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj = 
x, y)  are N x N matrices. We note that the effect of pos- 
sible decrease of the temporal coherence of the light 
source at the output, which is due to the modal dispersion 
in the fiber [34], is not taken into account in the present zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  

where I is an N x N unit matrix. A more general form of 
the matrix C will be considered in Section IV where non- 
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analysis. This implies the assumption of a coherence time 
of the light source that is long enough to neglect the above 
effect. 

The following “modified” 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 2 coherency matrix is 
now introduced: 

Since the partition of the total power among the x and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy 
polarization components in the field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE‘2’ is of interest, 
each element JI;“ ( i ,  j = x ,  y )  in (1 1) is defined as 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

= (const) x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ( L ? ) ) ~ ~  
k =  I 

= (const) x Tr (I,?)). (12) 

In (12) Tr denotes a trace of a matrix and the orthogonal- 
ity of the fiber modes [35] is used, i.e., eime$ dr dy = 
(const) X a,,, ( i , j  = x ,  y ;  m, n = 1, , N) ,  where 
U denotes the whole fiber cross section and a circular fiber 
is assumed. It is seen from (12) that the off-diagonal ele- 
ments of L z ) ,  LG), and Lg)  do not contribute to upon 
the detection of the field E ( 2 )  over U. We note that, unlike 
the usual definition of the coherency matrix [36], the ele- 
ments of J ( 2 )  have the dimensionality of power (hereafter, 
however, we omit the constant in (12) for brevity). 

For the sake of simplicity the x-polarized input is con- 
sidered here. Then the diagonal elements of the subma- 
trices Lf) in (10) can be written as follows: 

where ( L g ) ) d  = ( (  E ( ’ ) E ( ’ ) +  ),U)u denotes the correla- 
tions between the N modes of the x-polarized input field, 
and henceforth summation over repeated indexes [but not 
over i in (13)] is understood. At this point because of the 
strong intermodal coupling in the fiber the amplitudes of 
the matrix elements Mu,  i.e., coupling strength between 
modes, are assumed to be essentially the same (or sym- 
metrically and widely distributed with respect to the di- 
agonal elements M i i ) ,  while their relative phases are dis- 
tributed essentially uniformly over the - T - + T interval 
(henceforth we refer this to the random coupling approx- 

imation; see Appendix A). We see from (13) that the in- 
put power initially coupled into any one fiber-guided mode 
is redistributed during propagation among all the other fi- 
ber-guided modes including those of the orthogonal y po- 
larization. Consequently the out-coupled different spatial 
modes possessing random phases interfere with one an- 
other at any point, resulting in the speckled spatial struc- 
tures in the free space. 

The polarization state of the field E‘2 ’  can be obtained 
using The following parameters are introduced: 

‘kk’ = ( M . X X ) i k ( M I X ) ; ,  ( 1 4 4  

bkk’ e ( M , U ) i k ( M J % ) ; ,  (14b) 

d = c ( L g ) ) k k  (15) 

N 

k =  I 

2 a k k ’ ( L g ’ )  kk’ 

(16a) 
( k  # k ’ )  4’ 

d 

and 

By substituting these parameters into (1 1)-( 13) together 
with the sum rules from (7) and (9), it is found that 

= (1  - 14) d - U , ( L ~ ’ ) ,  (17b) 

Here we note that the terms a k k ’ ( k  + k j )  and bkkl in (17) are 
much smaller than a k k  due to the modal averaging (see 
Appendix A), and that d is the total input power to the 
fiber. The Stokes parameters (,so, s l ,  s2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs3) and the degree 
of polarization ( P ‘ 2 ) )  of the field E ( 2 ’  [36] are then given 
by 

so E J E )  + .I:;) = d 

S I  E 32’ - 5‘2’ yy  = 2 a k k ( L g ) ) k k  - ( l  - 4 )  

s2 = .I::) + J $ )  = [Re ( U ) ]  d 

s3 = i ( J ( 2 )  Y X  - J $ ) )  = [Im ( U ) ]  d 

(18a) 

(18b) 

(18c) 

( 1 8 4  

By using the random coupling approximation so that a k k  

= 0.5 for any k ,  P ( 2 )  is reduced to 
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and the power emitted from the fiber at each polarization 
is given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J Z )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 2(1 + 9 ) d  (21a) 

and 

= i ( l  - 4) d .  (21b) 

We see that the residual polarization of the field E ( 2 )  is 
due to the parameters q and U ,  and is in general much 
smaller than unity in the strong intermodal coupling re- 
gime. For the complete modal scrambling (i.e., q, U = 
0) the output power is equally divided between both or- 
thogonal polarizations, i.e., J g )  = = d/2 ,  so that 
the field E ( 2 )  is completely depolarized, i.e., P ( 2 )  = 0. 
As will be seen from the experimental results in the next 
section, the field E ( 2 )  exhibits spatial distortions and 
nearly-complete depolarization due to the strong inter- 
modal coupling in the fiber, thus verifying the random 
coupling approximation and the modal averaging assump- 
tion. However the parameters q and U will play a role in 
the fidelity, of the reconstruction of the original informa- 
tion, as discussed in the next subsection. 

C. Spatial and Polarization Properties of the Field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE'4' 

In this subsection it will be shown that the spatially dis- 
torted and depolarized field E'2' can be corrected, under 
certain conditions, even when only one polarization com- 
ponent of the field E ( 2 )  is phase conjugated. 

First, rewrite (6) as 

~ ( 4 )  = rS (E( ' ) ) *  (22) 

where the scattering matrix S in the round-trip propaga- 
tion is given by S = M'CM*.  Here the random coupling 
approximation is again used so that E?= 1 I (M,)ik 1 2 ,  
Cy=, 1 (Mxy ) i k  1' = 0.5. Then S = Si + S2,  where 

I O  
si = i (  O I  ) 

and 

D Q  
s2 ( Q ?  D I )  

in which D, D ' ,  and Q are N X N submatrices given by 

The field E ( 4 )  given by (22) becomes 

E(4) = $@I))*  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv 

where V = rS2 (E( ' ) ) * .  We note that the decomposition 
of S given in (22) leads to the first term in (25), which 
corresponds to a true phase-conjugate replica of E' ' ), and 
the second term in (25), which corresponds to noise pos- 
sessing random phases. 

Fig. 2 shows a diagrammatic explanation of the for- 
mation of the field E(4). The x-polarized ith mode excited 
initially at the input plane of the fiber is coupled into all 
the fiber-guided modes at the output in the forward direc- 
tion. After the elimination of the y-polarized component 
and phase conjugation of the x-polarized component each 
mode at the output plane is, again, coupled into all of the 
fiber-guided modes at the input plane in the backward di- 
rection. In Fig. 2(a) the (time-reversed) paths in the back- 
ward direction are exactly the same as those in the for- 
ward direction, resulting in a constructive coherent 
superposition of the scattered fields at each mode at the 
input plane. This constructive interference is expressed 
by the scattering matrix SI, and the resulting true phase- 
conjugate field, corresponding to the term r ( E ( ' ) ) *  /2 in 
(25), has almost one-half of the total reflected power. On 
the other hand, in Fig. 2(b) the remainder of the paths in 
the backward direction are random and different from 
those in the forward direction. This random interference 
at each mode at the input plane is expressed by the scat- 
tering matrix S2,  and the resulting field forms the noise V 
given in (25). The total power of this noise is nearly the 
same as that of the true phase-conjugate field, but, as we 
will see later, it is distributed essentially uniformly among 
all of the fiber-guided modes independently of the input- 
beam numerical aperture (NA). Therefore the noise power 
per mode can be much smaller than that of the true phase- 
conjugate field, provided that the input field initially ex- 
cites only a small fraction, sayf, of the fiber-guided modes 
(i.e., that a small input-beam NA is used) and that the 
detection is made within such a small input NA. In this 
case we can, to the order off, neglect such noise contri- 
butions V in (25), and the detected part of the field E(4)  
can be the true phase-conjugate replica of the input field 
E ( ' )  [21]-[23], [25], [26]. (Also see Appendix B for the 
qualitative proof of (25).) It is interesting to note that the 
above round-trip (time-reversed) scattering process is 
reminiscent of localization and coherent backscattering of 
photons in disordered media [37], which has recently at- 
tracted a great deal of attention mainly in connection with 
analogous phenomena on Anderson localization of elec- 
trons [38]. 

The correlations between the 2N modes of the field E(4' 
can also be expressed by means of the following 2N x 
2N Hermitian coherency matrix: 

L(4' E (E(4)@4)+) 

= I r(ZsL(i)*St 
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input plane output plane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 
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Fig. 2.  Diagrammatic description of the formation of the field E‘4’: (a) 
deterministic phase-conjugate paths which result in true phase conjuga- 
tion of the input field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE‘ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA’ ); (b) randomly scattered phase-conjugate paths 
which result in the noise. 

On the right-hand side of the above equation the first term 
corresponds to a time-reversed polarization state of the 
input field E“’, while the rest of the terms correspond to 
the noise. It is again sufficient to consider the case of the 
x-polarized incidence. In this case the noise terms in (26)  
can be expressed in terms of the submatrices D and Q 
given in (23b). Then it can be shown [26]  that the noise 
consists of the following two contributions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) “the de- 
polarized noise” which comes from the second term of 
the right-hand side of (26 ) .  The ratio of this noise power 
to the true phase-conjugate beam power per mode is of 
the order of M o / N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( M O  is the number of the fiber-guided 
modes that are excited initially), independently of the 
mode number. This noise contribution has also been re- 
ported by Wabnitz [ 25 ] ;  2 )  “the polarized noise” which 
comes from the third term in (26)  and its ratio to the true 
phase-conjugate beam power is of the order of I q I .  Al- 
though this noise is x-polarized and resides within the 
mode number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMO, its spatial structure is distorted due to 
the random phases. These two noise contributions can be, 
however, negligibly small when M o / N  << 1 and ( q (  
<< 1, that is, when a small input NA is used and the field 
E‘2’ is nearly-completely depolarized (i.e., in the strong 
intermodal coupling regime). 

The polarization recovery of the field E‘” can now be 
evaluated quantitatively. Suppose that the whole power of 
the field E(4) is detected. Then the polarization state of 
the field E‘4’ is expressed by means of the following 2 x 
2 modified coherency matrix of the field E‘4’: 

in which the total power of the x-polarized input d is given 
by (15) and L‘4) by (26 ) .  After some lengthy calculations 
using (26)-(28) together with the sum rules from ( 7 )  and 
(9), the total noise power PN is given by 

PN Tr (J;:he) = $lr l  2 d (  1 + 2 q )  ( 2 9 )  

where q ( 1 q I << 1 ) is given by (16a). It is seen from 
(27)-(29) that almost one-half of the reflected power is 
from the noise and the rest is from the true phase-conju- 
gate beam. From the explicit expression of (26) it can be 
shown [26] that it is appropriate to assume that the de- 
polarized noise power in the field E‘4’ is distributed 
among all the fiber-guided modes and the total noise 
power of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx polarization is nearly the same as that of 
the y polarization. Consequently the 2 x 2 coherency ma- 
trix of the noise can be written as 

where X = I rI2 d / 8 ,  v = 2 Q , i ( L g ’ ) l i / d (  I vl << l ) ,  
and the terms which are of smaller orders of magnitude 
due to the complete phase mismatching are neglected. 
From (27)-(30) the degree of polarization of the total in- 
tegrated intensity of the field E(4) is given by 

and the reflectivity R, defined as a ratio of the x-polarized 
reflected power to the input beam power for the x-polar- 
ized input, is given by 

J g )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR E -  
d 

1 

8 
= - l rJ2(3  + 4 q )  

where the definition of the degree of polarization is given 
by (19) and the second-order terms in q and v are ne- 
glected. It is seen from (31) that P ( 4 )  and R depend on the 
residual polarization of the field E‘2 ’ ,  i.e., nonzero values 
of q. Furthermore the degree of polarization recovery 
p [ 19 ] ,  which is defined as p E ( J S ’  - J ‘ 4 ’ ) / ( J 2 ’  YY + 
J g ’ ) ,  i.e., the recovery of the linearly x-polarized com- 
ponent, is found to be equal to P(4)  to the first order in q 
and U .  Likewise if a linearly y-polarized light is used as 
an input, the same results with q E 2Di; (L : ; ) )  / d  can be 
obtained. Finally if the field E ‘ 2 )  is completely depolar- 
ized (i.e., q = v = 0), it is found that 
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so that the noise field in the field E‘4’ is also completely 
depolarized and one-half of the reflected power is equally 
distributed among all the fiber modes of both polariza- 
tions. In this case the degree of polarization P(4’ and the 
reflectivity R of the total integrated intensity of the field 
E ( 4 )  becomes 0.5 and 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI r I 2 / 8 ,  respectively. This 
asymptotic result was observed experimentally and ex- 
plained theoretically by two groups [22], [23]. 

In practice, however, the input field E”’ excites only 
a fraction of all the fiber-guided modes (i.e., the input- 
beam NA is smaller than the fiber’s NA), as was the case 
in the first experimental observation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 191. In this case the 
detection is usually made only within the same (input- 
beam) NA. Therefore the total noise power within the de- 
tection area is smaller than the total noise power discussed 
above. To see the effect of the input-beam NA on the de- 
gree of polarization P(4) ,  the following modal partition 
functions for the true phase-conjugate field and the noise 
field are introduced, respectively [22], [26]: 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M 

Ai zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE E&. (36b 1 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAei 
i =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

It is seen that P(4)  is again equal to the degree of polar- 
ization recovery p ,  and P(4’ and R are reduced to (31) as 
M -+ N .  

So far r has been treated as a scalar value, i.e., r is 
independent of the spatial structure of the field EL2’. Since 
the field E‘2’ emitted from the fiber has a large field-of- 
view, the fidelity of phase-conjugate field E‘3’ reflected 
by the PCM may be degraded due to the spatial frequency 
dependence of a phase-conjugate reflectivity of the PCM. 
To take this possible degradation into account, a scalar 
quantity r should be replaced by a 2N x 2N diagonal ma- 
trix. Then by using the same argument as before and in- 

true phase-conjugate power in the ith mode 
2x 

ei = 

polarized noise power in the ith mode 
Ai 

4qx 

depolarized noise power in the ith mode of each polarization 
x Ai 

By using these partition functions and the maximum mode 
number M upon the detection and then by diagonalizing 
J‘4’, the polarized power Ppol and the depolarized noise 
power PM can be expressed as 

i =  I i =  I 

troducing “the efficiency” r ]  (0 < r ]  I 1 ) that denotes a 
fractional power of the true phase-conjugate field in 
the total power of the field E ( 3 ’  reflected by the PCM, the 
following general formulas for P ( 4 ’  and R can be obtained 
[26] : 

where the contributions of the off-diagonal elements in 
and of the second order terms in q and ZI are ne- 

and 

l M  glected. Then the degree of polarization P(4’ and the re- R = - lr12 e i ( 2  + 4qp, 8~ i = ~  flectivity R upon the detection are given by 

+ [ I  + 2 ( €  - 1)(1 + q ) ] P 2 ]  (37b) 

where E = q - ’ ,  and it is assumed that the field E‘3’ con- 
tains the possible “wrong” phase-conjugate field E‘,) so 
that the field E‘,’ causes the additional depolarized field 
E:) which has the same partition function as Ai .  

Consider now two specific forms of the modal partition 
functions. A uniform distribution of the depolarized noise 

(35a) 

(35b) field gives 

p(4’ 

ppol + PM 

M 
i = l  ” 

M 

C A ; = -  

(36a) In the case of a Gaussian distribution the discrete modal 
intensity is replaced by a continuous one for a large N ,  
that is, 
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Id zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo exp (-$) (39) 

where Id is the “average” depolarized noise intensity in 
each polarization in the detection plane (which is usually 
a far-field plane of the fiber end), II. is an effective diam- 
eter of the depolarized noise intensity distribution in the 
detection plane, and Io = I r l 2  d / $ 2 n  so that j j Y m  Id zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdr 
dy = I r l 2  d / 8 .  It is then found that 

M 

i =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Ai = 1 - exp [ -2(4/40?/(II./40?] (40) 

where 

c$o = the input-beam diameter corresponding 

and 

4 = the input-beam diameter corresponding 

to N 

to M 

so that the parameter (4 /+o)2 is equal to M / N  and to 
(input-beam NA/fiber’s NA)2 [39]. 

Fig. 3 shows the theoretical curves of (a) R / R o  (Ro = 
I r l 2  d (  1 + 2 q ) / 4 ~ )  and (b) P(4) as a function of ( 4/40)2 
(i.e., input-beam NA) for a uniform and a Gaussian 
($/4, = 0.5) distribution, where, according to the ex- 
perimental situation, M = MO is used so that €Ii = 
1 and Dl = 1, i.e., the detection aperture is the same as 
the input-beam NA. Three values of q’s ( q  = 0, f0 .035)  
are used to see the effect of the residual polarization of 
the field E(2). These values correspond to P(2) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0,0.05,  
respectively, when I q I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2: 1 U I is assumed [see (20)]. Here 
r] = 1 ( e  = 1) is used, i.e., the PCM faithfully phase 
conjugates the field E:2). It is seen that P(4)  decreases as 
(q5/40)2 increases. Note, however, that when the input- 
beam NA is much smaller than the fiber’s NA (i.e., 
(+ /40)2 << l ) ,  then P(4)  is close to unity, i.e., almost 
complete polarization recovery is possible. This is be- 
cause the noise power is distributed among all the fiber- 
guided modes so that for a small input-beam NA the noise 
power contained within such a small fraction of all the 
fiber-guided modes can be negligible compared to that of 
the true phase-conjugate beam. We see that the behavior 
of P(4) and R is sensitive to the forms of the noise distri- 
bution and the values of 4’s.  When q is negative, the val- 
ues of R and P(4) are higher than those for q 1 0. This 
is because the residual x-polarized power is increased in- 
dependent1 of q and Ro( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq,o > Rol q<o.  We also see that 

while P(4) decreases down to 0.5 for q = 0. As mentioned 
above, this asymptotic behavior was previously pointed 
out in [22] and [23]. 

as (4/40) Y approaches unity, R / R o  increases up to 1.5 

D. SNR of the Reconstructed Spatial Information 

In this subsection the SNR of the reconstructed spatial 
information in the present phase-conjugation process is 
considered. As mentioned at the beginning of this section, 
the statistical treatment is employed here. Goodman [40] 
has analyzed the SNR which is defined as the ratio of the 

1.8 
r q  = -0.035 

1.6 Gaussian Distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 /-:0.035 I 
1.4 

1.2 

i n  

7 Uniform Distribution I 

, .- 
0 0.2 0.4 0.6 0.8 1 .o 
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(b) 

Fig. 3. Theoretical curves as a function of (+/+o)* for a uniform and a 
Gaussian noise distribution ($/$o = 0 . 5 ) .  The values q = 0, k0.035 
and 7 = 1 are used. (a) The normalized reflectivity R / & .  (b) The degree 
of polarization P4). 

deterministic image intensity Is to the rms value of ut of 
the total image intensity at the same point, in a recon- 
structed image by a hologram. In the present case, we 
note the following features of the field E(4) (for the sake 
of simplicity the case of q = 0 and r] = 1 is considered 
in the following calculation ). 

1) The true phase-conjugate field acts as a coherent 
background intensity I, in the x-polarized intensity. 

2) The speckle noise field is completely depolarized so 
that there is no correlation between two orthogonal x- and 
y-polarized components, and that such speckle intensities 
in both polarizations are equal at one point in the detec- 
tion plane. 

3) Each polarized component of the speckle noise field 
is fully developed and therefore its intensity statistics 
obeys a negative exponential distribution. 

It is then found [26] that the total characteristic function 
[41] for the field E(4) is given by 
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where jnoise is the ensemble averaged speckle noise inten- 
sity of one polarization at one point in the detection plane. 
The rms noise intensity is then given by 

Consequently the SNR can be written as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I, 

(SNR)xy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
‘TI 

I 

(43) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = Is/2InOise is the “beam ratio” parameter [41]. 
If an analyzer (set to the x polarization direction) is used 
to measure only the x-polarized component of the field 
E‘4’, then the SNR can be found straightforwardly to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 4  
U) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa I\ I - (SNR)XY 

I \ Uniform Distribution I 

0.2 0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.6 0.8 1 .o 

Fig. 4. Theoretical curves of the two SNR’s, (SNR) and (SNR), at the 
center of the signal beam, as a function of (+/+,,)’%or a uniform and a 
Gaussian noise distribution ($/+,, = 0 .5 ) .  The values q = 0 and q = 
1 are used. 

(4) 

To illustrate the dependence of these SNR ’S on the in- 
put-beam NA, we identify 1, = I , I 2  d / ( n + 2 )  [i.e., the 
input is assumed to be a two-dimensionally uniform beam 
with the diameter 6 so that the total Dower of the true 

tion, the improvement of the SNR is very small [42]. 
Finally it should be noted that the qualitative dependence 
of the SNR on the input-beam NA is the same as that of 
the degree of polarization shown in Fig. 3(b), although 
the SNR in a linear scale seems to be more sensitive to 
the input-beam NA. 

27 
(SNR)x = 

phase-conjugate beam is I rI2 d/4.  See also (27)] and 
Inoise is given by I r l 2  d/( 2n&) for a uniform distribution 
and by Id [see (39)] for a Gaussian distribution. Then the 
beam ratio parameter y at the center of the signal beam is 
given by 

Fig. 4 shows the dependence of the two SNR’s, as 
given by (43) and (44), on ( +/+o)2 at the center of the 
true phase-conjugate beam for a uniform ‘and a Gaussian 
( $/+o = 0.5) distribution. It is seen that for the Gaussian 
distribution the two SNR ’s decrease rapidly when 
( +/+o)2  exceeds about 0.01, i.e., the input-beam NA ex- 
ceeds about 10 percent of the fiber NA, while for the uni- 
form distribution the changes of the SNR’s are slower. 
This is because given a deterministically constant value 
of the phase-conjugate reflective power (i.e., I r I2d/4), 
the intensity I, at the center of the phase-conjugate beam 
decreases as the input-beam NA increases, while the noise 
intensity Inoise is almost constant independently of the in- 
put-beam NA, resulting in decrease of y. It is also seen 
that the (SNR ) x y  and the (SNR are almost the same 
over an entire range of the input-beam NA’s. This indi- 
cates that although an analyzer is inserted in order to elim- 
inate unwanted speckle noise of the orthogonal polariza- 

111. EXPERIMENTS 

In this section the experimental observation of polar- 
ization and spatial information recovery by modal disper- 
sal and phase conjugation [19] is described. Then the ex- 
perimental results of the fidelity of the phase conjugation 
process [22] are shown and compared with the theory de- 
scribed in the previous section. 

A. Polarization and Spatial Information Recovery for 
Small NA Inputs 

The experimental arrangement is shown in Fig. 5 [19]. 
The input-beam NA was about 0.01, which was much 
smaller than the fiber’s NA. If E(4) is the true phase-con- 
jugate replica of E“’ (including the polarization state), 
then the output light E‘” having retraversed the wave 
plate must return to the complex conjugate of the initial 
x-polarized state E‘’’. Thus the degree of polarization re- 
coveryp = ( P I  - P 2 ) / ( P I  + P 2 )  defined in the previous 
section can be a measure of the polarization recovery, 
where P I  and P2 are, respectively, the power of the two 
orthogonal polarization components of E ( 5 ) .  In Fig. 5(b), 
the y-polarized, rather than the x-polarized, component of 
E ‘ 2 )  was used to generate the phase-conjugate field. Since 
the crystal reflects preferentially the x-polarized field, the 
polarization direction was rotated by 90” by the X/2 plate 
prior to incidence of the crystal. 

Fig. 6 shows the experimentally observed dependence 
of p as a function of the direction of polarization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( c p )  of 
the linearly polarized light entering the fiber. This direc- 
tion was controlled by the angular position of the X/2 
plate. The quantity p is seen to be very nearly unity over 
the whole range, indicating a very good (better than 96 
percent) restoration of the original linear polarization. 
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Also plotted in Fig. 6 is the reflectivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARI  of the phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 
conjugator defined by RI  = P l / P o  (Po = input beam 
power at the crystal ) . When arbitrary elliptically-polar- 
ized light was used as the input E" ' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp was also close to 

three different polarization states at the input: linearly po- 
larized, circularly polarized, and elliptically polarized. 

inputs of several polarization states, indicating the com- 
plete reversal of an arbitrary polarized input beam whose 

$ O I L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 8 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 unity. Fig. 7 shows p and RI  as a function of Po for the 

The quantity p is seen to be also close to unity for the 
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Fig. 5 .  Experimental arrangement for polarization and spatial information 
recovery. In (a), the x-polarized component EtZ'  in the depolarized light 
E'" is used to generate the phase-conjugate beam. In (b), they-polarized 
component E:" is used. 
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B. Fidelity of Phase Conjugation 

Several experiments were also performed in order to 
determine the fidelity of the phase-conjugation process as 
a function of the input-beam NA [22]. The experimental 
arrangement is shown in Fig. 8 .  The x-polarized input 
beam E' from the multilongitudinal-mode argon-ion 
laser beam ( A  = 514.5 nm) was focused into the multi- 
mode (0.29 NA, 5 m long) graded-index fiber through a 
lens (Ll). The input-beam diameter 4 (and therefore the 
input-beam NA which we will also designate by $) was 
controlled by an aperture (AP1). The phase-conjugate 
beam E ( 4 )  from the input end of the fiber is reflected by 
the nonpolarizing beam splitter (BS 1). An aperture (AP2) 
with a diameter CP was placed in front of the X/4 plate to 
limit the detecting area for E'4'. 

- 2  f 

6? 

+ 
U W 
- 
L 

I 

n X O  

I , I I I 
0. I I 10 

Input Power Po(rnW) 

Fig. 7 .  Degree of polarization recovery p and reflectivity R I  of the fiber- 
coupled PCM are plotted as a function of the input power Po for the three 
different input polarization states: linearly polarized (U ) ,  circularly po- 
larized ( o ) ,  and 45" elliptically polarized (x) .  
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Ar' L a s e r  BE 

( A =  514 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 nm) 

X 

Y 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 
Fig. 8. Experimental arrangement. BE: beam expander; PI,  P2: polarizers 

to guarantee the x-polarized input to the fiber and the crystal, respec- 
tively; DI ,  D2, D3: detectors for measuring the power of the beams zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E") ,  E121 and E") , respectively 

The measured polarization states of the field E'2' for 
the different values of the input-beam NA's are shown in 
Table I [26]. It is seen that sI, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs2, and s3 are much smaller 
than so, so the degree of polarization is much smaller than 
unity, i.e., the beam E'2' is almost completely depolar- 
ized, independently of the input-beam NA. These data 
clarify the validity of the random coupling approximation 
and the modal averaging assumption (i.e., the assumption 
that due to random phases of Mu's the cross terms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a k k ' ( k  k ' )  and bkk, given by (14) and also q and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU given by 
(16) are much smaller than unity). 

Fig. 9 shows the experimental results of R ( =  
I E r ' / E ( * '  1 2 )  [Fig. 9(a)] and P(4)  and p [Fig. 9(b)], as 
a function of (4/40)2 for the linearly x-polarized input 
(p, Pc')  > 0.99). The theoretical plots of R and P(4' from 
(37) are also shown using the Gaussian distribution of the 
noise intensity ( r C . / &  = O S ) ,  and (4, v )  = (0, l ) ,  
(0.035, l ) ,  (0, 0.8) and (0.035, 0.8) [26]. According to 
the data shown in Table I, a positive value of q ( = 0.035) 
was used in the theoretical calculation. (Note that s1 > 0 
corresponds to q > 0. See (18b) with a k k  = 0.5.) Since 
the experimental data of R included unwanted losses due 
to reflection and absorption by optical components, the 
proportionality factors in the theoretical curves of R were 
determined by the least squares fit with the experimental 
data. The diameter + of AP2 was set to be = 4 for all 
4's. All the data were obtained within uncertainties of 
k 10 percent. It is shown that for very small 4 (i.e., when 
the input-beam NA is very small compared to the fiber's 
NA), p is almost unity, i.e., true phase conjugation of the 
input beam E"' is possible, whereas R is low. On the 
other hand, p decreases appreciably by an increase of 4, 
accompanied with the increase in R. It is also seen that p 
= P(4) for all 4's, indicating that the polarized part of 
the phase-conjugate beam is almost x-polarized add that 
the rest of the phase-conjugate beam is completely depo- 
larized. Thus the power in the depolarized component of 
the reflected beam increases with the increase of 4, mak- 
ing the total R increase but p and P(4) decrease. Note that 
the theoretical curves are in good agreement with the ex- 
perimental data when the Gaussian distribution of the 
noise intensity, the residual polarization of the field E ( 2 ) ,  
and the fidelity of the PCM are taken into account (i.e., 

TABLE I 
EXPERIMENTAL DATA OF THE STOKES PARAMETERS AND THE DEGREE OF 

POLARIZATION OF THE FIELD E'" 

pC2, 

0.02 0.003 0.008 -0.016 0.018 
0.11 0.033 0.023 -0.028 0.049 

0.25 0.004 0.041 -0.021 0.046 

Input-Beam NA 31 /sn $,/so s,/sn 

0.015 
I I I 

0 0.2 0.4 0.6 

0 0.8 

- 0.035 0.8 

0.2 1 
0.2 0.4 0.6 

O P  . pl41 

Fig. 9. (a) Experimental data of the reflectivity R versus ( I $ / ~ # J ~ ) ' .  The 
solid lines are theoretical curves using a Gaussian noise distribution 
($ /& = 0.5) and (q .  11) = ( 0 ,  I ) ,  ( 0 ,  O B ) ,  (0 .035,  l ) ,  and (0.035,  
0.8) .  The proportional factor of R in the theoretical calculation is deter- 
mined by the least squares fit with the experimental data shown here. (b) 
Experimental data of the degree of polarization recovery p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0) and the 
degree of polarization P(4) (0 ) .  The solid lines are theoretical curves 

whose parameters are the same as those in (a). 
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(a) (b) 

Fig. IO .  Photographs of the x-polarized phase-conjugate images of the let- 
ter H for (a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4/$,))' = 0.015 and (b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4/4(,) ' = 0.74. 

when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( q ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11) = (0.035, 0.8) and (0.035, 0.8) . )  The mea- 
surements o f p  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP'4)  were also performed as a function 
of +/$ for (4/Q,o)2 = 0.005 and (+/&)* = 0.69. It 
was found that for the small NA they start decreasing 
when +/+ exceeds unity, while for the large NA they are 
nearly constant regardless of @/4.  These results were also 
obtained with the single-longitudinal-mode operation of 
the argon-ion laser, indicating that the phase conjugation 
process of interest was less sensitive to the source tem- 
poral coherence. 

The results shown above support the theoretical models 
given in [22], [23], [25], and [26], according to which 
nearly SO percent of the reflected power which is not the 
power of the true phase-conjugate component but that of 
the depolarized component is distributed essentially uni- 
formly over all the fiber modes, thus occupying 40 inde- 
pendently of 4. If the input beam occupies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ, << c$o the 
full recovery of the true phase-conjugate signal is accom- 
plished with an acceptance-beam diameter @ = 4, result- 
ing in a rejection of most of the noise power since only a 
small fraction [ ( Q , / C $ ~ ) ?  << 1 1 of the noise power is con- 
tained within the NA occupied by the signal. This leads 
to high values ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.95) of p and P ( 4 )  with + / Q ,  5 1 .  It 
also follows that under the above conditions as @ / 4  ex- 
ceeds unity all the additional power reaching D4 is due to 
the noise power, leading to decreases of p and P ( 4 ) .  If, 
on the other hand, the input-beam NA is increased until 
4 = 4,, so that the input signal excites almost all of the 
fiber modes, the signal power per mode is reduced, while 
that of the noise remains the same, thus leading to a large 
R as well as to low constant values of p and P'4' that is 
almost independent of 4. 

Fig. I O  shows photographs of the x-polarized phase 
conjugate images of the letter H when = 0.015 
[Fig. 10(a)] and (4/40)2 = 0.74 [Fig. 10(b)] [26]. As 
was discussed in the previous section, the degradation of 
the SNR is apparent from these two distinct photographs. 
Such degradation for large NA inputs was previously re- 
ported by Beckwith ef  al. [24]. 

IV.  APPLICATIONS 

The image transmission and recovery in multimode fi- 
bers using phase conjugation, proposed by Yariv [43]- 
[4S], may be the first application of a combination of mul- 

timode fibers and the PCM. In this case multimode fibers, 
in general, act not only as thick modal distorters but also 
as polarization scramblers. The experimental demonstra- 
tions of image recovery based on a round-trip propagation 
via phase conjugation were reported by employing non- 
polarization-preserving PCM's (NPPPCM's) (which cor- 
respond to the present scheme) in the past 1461-(491. The 
quality of image recovery was also discussed and com- 
pared to the case of the polarization-preserving PCM 
(PPPCM) [24]. It was found that for large NA inputs the 
resolution of the restored image is limited by the finite 
number of the fiber-guided modes independently of 
whether the PCM preserves polarization, and. as dis- 
cussed in Section 11, that the contrast is restored only when 
the PPPCM is used. The fiber-PCM combination has also 
been applied to fiber-optic interferometersisensors [49)- 
[Sl] and gyros [31], [S2]-[55]. Since these applications 
do not, in general, require large NA inputs, high-quality 
returned signals can be obtained with the NPPPCM's. 
Other applications of a combination of multimode fibers 
and the PCM reported so far are photorefractive oscilla- 
tion with multimode fibers [S3], [56] and optical inter- 
connections [S7]. The polarization-preserving property of 
the present scheme is also applicable to real-time image 
processing using wave polarization and phase conjugation 

In this section we describe six applications: 1) correc- 
tion of nonreciprocal polarization distortions [27]. 2) cor- 
rection of lossy amplitude distortions 1281, 3) phase-con- 
jugate multimode fiber-optic interferometers [49], [ S O ] ,  
4) phase-conjugate multimode fiber-optic gyros [3 11, 5 )  
temporal data channeling between beams [29], and 6) all- 
optical beam thresholding [30]. 

A .  Correction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Nonreciprocal Polarizutiori Distortions 

The basic property of time reversal and distortion cor- 
rection by phase conjugation breaks down if the propa- 
gation path includes nonreciprocal media such as mag- 
netic (or gyrotropic) components. This follows 
mathematically from the fact that the presence of imagi- 
nary elements in the expressions for the magnetic suscep- 
tibility tensor spoils the invariance of Maxwell equations 
under complex conjugation for the reflected wave. To i l -  
lustrate the effect, consider the case shown in Fig. l l (a), 
where a plane wave initially with complex transverse 
components ( E , ,  , E y ,  ) propagates through an element A .  
is phase conjugated; and returns to the initial plane after 
passing A in reverse. If the element A is a Faraday rotator 
with a Faraday angle 8, the round-trip is described by 

~581. 

cos 28 -sin 28) (z:) 
= (sin 28 cos 28 I 

' (45) 

The vector E'4' is thus not the complex conjugate of E' ' '. 
(This can be compared to the case where the element A 
is dielectric (reciprocal), say, a retardation plate. Then 
the effect of the (reciprocal) retardation plate is canceled 
after a round-trip. ) 
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Fig. 11. (a) Schematic diagram of a wave that propagates through an ele- 
ment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  is phase conjugated, and returns to the initial plane. (b) A method 
to undo the nonreciprocal effect. P: polarizer; F: Faraday rotator. 

In this subsection we describe a method [27] to undo 
the nonreciprocal effect on polarization by modal disper- 
sal and phase conjugation [see Fig. ll(b)]. Assume a 
multimode fiber with a circular cross section. Adopting 
the same notations and procedure as those used in Section 
I1 but using a rotating coordinate (i.e., a circular polar- 
ization) representation, the phase-conjugate beam E(4' can 
be written as 

~ ( 4 )  = r~ 'F f p  t p * ~ * ~  * ( E (  1 )* (46) 

where M and M' are the 2N-rank scattering matrices of 
the fiber for the forward and the backward directions, P 
and P' are the matrices for the linear polarizer for the 
forward and the backward directions, and F and F' are the 
2N-rank Faraday rotation matrices for traveling along and 
opposite the magnetic field, respectively. For F and F' it 
is assumed that all of the fiber-guided modes 2N (N  is the 
total number of the fiber-guided modes in one circular po- 
larization) suffer the same amount of Faraday rotation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. 
By using (46) together with the random coupling approx- 
imation used in Section 11, it is found that 

E ( ~ )  = i r  COS 2 e ( ~ ( I ) ) *  + U (47) 

where U, like V in (25), denotes the depolarized noise 
field. We note that (47) has the same form as (25) except 
for the factor cos 28. 

From the same arguments as those described in obtain- 
ing (34) the polarized power P,, and the depolarized noise 
power PM can be expressed as 

M 

P,, = 2~ cos2 28 C ei 
i =  1 

M 

pM = 2x(2 - cos2 28) C (48b) 
i =  1 

where X is again given by 1 r l 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd / 8  and the effects of the 
residual polarization and of the quality of phase conju- 
gation by the PCM are neglected (i.e., q = 0 and 11 = 

1). From (48) the degree of polarization P ( 4 )  and the re- 
flectivity R for the field E(4) can be written as 

cos2 28 
( 1  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp2)  cos2 28 + 2p2 

p(4) = 

= P  ( 4 9 4  

Faraday Rotation Angle, 0 

Fig. 12. Experimental results of the degree of polarization recovery p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0) 
and the normalized reflectivity R ( O ) / R ( O )  (0). The solid lines are the- 
oretical curves using a Gaussian noise distribution ($/& = 0 .5 )  and 

(4. 7 )  = (0. 1) .  

M 
1 
8 , = I  

R ( e )  = - lrI2 C 0 , [ ( 2  - p2) cos2 28 + 2p2] (49b) 

where p2 is defined by (36b). From (47) and (49) we no- 
tice that the polarization and spatial information of the 
field E ( ' )  can be recovered, provided that the input-beam 
NA is small (i.e., p2 << 1 ) and that the Faraday rotation 
8 gives nonnegligible values of cos2 28 compared to 02 in 
(49) * 

The experiment was performed using the x-polarized 
input beam with the NA of 0.01. A variable Faraday ro- 
tator was used as the nonreciprocal media. The degree of 
the polarization recovery p and the x-polarized phase-con- 
jugate power P I  were measured. The experimental results 
are shown in Fig. 12, together with the theoretical curves 
of P ( 4 )  and R ( O ) / R ( O )  calculated from (49). In 
the theoretical curves C f"= 0, = 1 and the Gaussian dis- 
tribution of the noise intensity given by (39) with ( C $ / C $ O ) ~  
= 0.001 and $/C$ = 0.5 are used. It is seen that the nor- 
malized reflectivity R ( 8) / R  (0) varies almost as cos2 28, 
while p is almost unity except in the vicinity of 8 = 45 O . 
These theoretical curves are in good agreement with the 
experiment. 

The above properties are applicable to a magnetic field 
sensor. In such a case a tandem combination of the Far- 
aday medium F and the PCM act as the sensor part [59]. 
The magnetic field along the medium F induces Faraday 
rotations in the medium and can be detected by measuring 
the reflectivity R given by (49b). Because the detected 
signal is from the phase-conjugate wave of the input sig- 
nal, self-aligned and stable operations can be expected. 

To simulate distributed Faraday rotation in a fiber bet- 
ter, the theory was generalized to a sequence of N Faraday 
rotators separated by sections of fibers. The result, which 
was also proved experimentally with N = 2, simply re- 
places cos2 28 in (49) by IIy= cos2 (28;). An experiment 
in which the magnetic field was directly applied along a 
fraction of the multimode fiber (about a 3 m part of the 
20 m long fiber) was also conducted. It was observed that 
the degree of polarization recovery p is nearly unity in the 
range of 0 to 2 KG of the magnetic field, while the reflec- 
tivity R decreases monotonically with the increase of the 
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Fig. 13. Schematic diagram of a proposed current sensor. A beam from 
the laser propagates through a linear polarizer P and a multimode fiber. 
It is then reflected by,the PCM and retraces its path. 

magnetic field. It was found that (49b) replaced cos2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 
by 28 with 8 = VHL/N ( V is the Verdet constant 
of the fiber material, H the magnetic field, L the fiber 
length under the magnetic field) fit well with the experi- 
mental data when N = 100 was used. Although the reason 
for good agreement with N = 100 has not yet been clear 
and it should be the subject of the future study, the insen- 
sitivity of the polarization recovery to the magnetic field 
in this situation is an important factor for fiber-optic gyro 
applications [60]. The effect may also be used as a current 
sensor. In this case the current to be measured is enclosed 

In the present paper the lossy distortion occurs between 
the fiber and the PCM in Fig. 1. Therefore the matrix C 
in (6), which accounts for the modal loss and mixing of 
the incoming field by the distortion, has the form of 

where Cxx is an N X N submatrix which accounts for the 
elimination of the y-polarized field and the modal loss and 
mixing of the x-polarized field in the distorting medium. 
The form of the matrix C also implies that the loss does 
not scramble the polarizations. In particular we have 
( Cxx)ij = 6 ,  when only a polarizer (oriented to the x di- 
rection) acts as the distorting medium [see ( 5 ) ] .  From (3) 
and (50) it is found that 

In the case of a large number of nonvanishing elements 
( Cxx) , and using the random coupling approximation, 
each element in (51) can be approximated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

f .  N 

by the multimode fiber coil (see Fig. 13). The current will 
be measured through the dependence of the reflectivity R 
on the magnetic field induced by the current. This pro- 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 1 / K N  exp ( i4,) is used, (see the Appendix 
B). It is therefore found that 

posed scheme is free from the problem of modal coupling 
that arises when a single-mode nonpolarization-preserv- 
ing fiber is used for this purpose [61]. 

B. Correction of Lossy Amplitude Distortions 

Most of the distortion correction schemes which are 
based on phase-conjugate optics involve phase distorting 
media [ 11. This is due to the fact that distortion correc- 
tions cannot be achieved in cases involving inhomoge- 
neous losses since part of the spatial information is lost 
and is not available for a reconstruction. 

In this subsection we describe a method [28] of recover- 
ing an original image, including its polarization state, that 
has propagated through a lossy distorter by employing 
modal dispersal in a multimode fiber and a photorefractive 
PCM. In this method, before its incidence upon the lossy 
distorting medium, the image-bearing laser beam is inten- 
tionally mode dispersed by propagating through a 
(multi) mode- and polarization-scrambling fiber so that the 
field exiting the fiber has the original pictorial and polar- 
ization information spread among a large number of 
modes; this robustness enables it, within certain limits, to 
reconstruct the original field including the polarization. 
As mentioned earlier in this section, unlike the past stud- 
ies of image transmission through multimode fibers [24], 
[43]-[49], the multimode fiber is used as a way to achieve 
mode and polarization scrambling of the input informa- 
tion in this study. 

where W is a 2N rank vector whose elements depend on 
the elements of E ( ' )  and Cxx as well as N .  We note that 
the first term on the right-hand side of (52) corresponds 
to the true phase-conjugate replica of the field E''' in- 
cluding its polarization state. The second term W corre- 
sponds to the (depolarized) noise. And as shown in Sec- 
tion 11, in the absence of the lossy distorter (i.e., ( Crx)  ,J 

= 6,) this noise contribution can be negligible in the limit 
where the input beam E"' excites, at the input, only a 
small fraction of the total number of modes 2N in the fi- 
ber, and the detection aperture is close to the input aper- 
ture so that only a small fraction of the noise power is 
included in the input aperture. In the present case it is 
seen from (52) that the true phase conjugation is possible, 
within the above limits, even when a large number of 
modes are lost by the distorting medium as long as the 
near equipartition of modal energy in the fiber is satisfied 
so that the input information is distributed equally among 
all of the modes. 

In the experiment [28], a knife-edge F was used as the 
simulated amplitude distorter (or medium) in order to 
eliminate some portions of the input information. The in- 
put-beam NA was chosen to be about 0.036 that was much 
smaller than the fiber's NA of 0.29 so that the degradation 
of the phase conjugate signal due to the noise [corre- 
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Fig. 14. The degree of polarization recovery zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp (  ) and the degree of po- 
larization p' ' '  ( 0 )  of the output field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE"' as a function of the transmis- 
sion lo\s due to F for the linearly .r-polarized input beam. 

sponding to W in (52)] was negligible. The experimental 
setup was similar to Fig. 8 except that the out-coupled 
beam E"' was either imaged onto F or quasi-collimated 
onto F ,  where a part of the beam was eliminated. 

The degree of polarization recovery p and the degree of 
polarization P ( 4 '  of the field E'4 '  were first measured as 
a function of various transmission losses due to F ,  which 
is shown in Fig. 14. It is seen that p and P c 4 )  are almost 
equal for all losses and both decrease as the loss in- 
creases. This shows that the original polarization recov- 
ery deteriorates gradually by the relative increase of the 
depolarized noise as the loss increases. This may indicate, 
as noted before, that the equipartition of the input infor- 
mation among all the modes in the fiber used is incom- 
plete. Nonetheless the polarization recovery was still 
about 0.66, even in the case of the largest loss of 67 per- 
cent. Fig. 15 shows the results when the knife-edge F was 
placed at the image plane of the out-coupled field E'". It 
is seen from Fig. 15(b) and (c) that the phase-conjugate 
image with F removed preserves its original polarization 
and spatial structure. It is also clear from Fig. 15(d)-(f) 
that although the intensities of the phase-conjugate im- 
ages decrease as the transmission loss due to F increases, 
the phase-conjugate replica of the input image can be re- 
constructed. However, we see the apparent degradation 
of the spatial structure of the phase-conjugate image 
shown in Fig. 15(f). This may also be attributed, as men- 
tioned above, to the incomplete equipartition of the input 
information among all the modes in the fiber. Therefore 
above a certain limit of the loss by F the reconstructed 
image bears less information than the original image, re- 
sulting in the apparent degradation. This effect may be 
analogous to the case of image reconstruction in holog- 
raphy with a diffused signal [62], when the resolution in 
the reconstructed image decreases as the fragment of ho- 
logram becomes smaller. In the present scheme the deg- 
radation depends strongly on the modal-scrambling nature 
in the fiber. The same results were also obtained when the 
knife edge F was placed at the quasi-collimated section of 
the field E" ) .  This fact indicates that, even if the mode 
scrambling of the input information in the fiber used is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(C) ( f )  

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15. (a) The .r-polarized input image. (b )  Phav-conjugate image of the 
.r polarization without F (12 times the intensity-attenuated image). ( c )  
Phase-conjugate image of the \ polarization without F .  (d)-(f) Phase- 
conjugate images of the .r polarization with various transinksion l o s s e h  
due to F; (d) loss 23 percent (12 times the inten5ity-attenuated image). 
(e) loss 53 percent (2 time5 the intensity-attenuated image). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( f )  loss 68.S 
percent. 

not complete, the input information is redistributed among 
a sufficiently large number of modes (viz., spatial fre- 
quencies) of the out-coupled field from the fiber and 
therefore the method is almost insensitive to the position 
of the distorter between the fiber and the PCM [63]. 

C. Phuse-Conjugate Multimode Fiber-optic 
Interferometers 

Fiber-optic interferometers for sensing various physical 
purturbations (such as magnetic, acoustic. temperature, 
rotation) offer orders of magnitude increased sensitivity 
over existing technologies with remote-sensing capabili- 
ties and flexible interconnections within instruments [64]. 
In order to obtain stable operations, single-mode fibers 
have been used in the Mach-Zehnder-, Michelson-, and 
Fabry-Perot-type arrangements. On the other hand, mul- 
timode fibers have usually been employed as amplitude 
sensors, rather than as phase (interferometric) sensors, 
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with less sensitivities [64]. This is because coherent light 
suffers polarization scrambling and speckling during 
propagation in multimode fibers, as shown in Section 11. 
However, because of several advantages over single-mode 
fibers such as ease of use, low cost and multichannel car- 
rying capability, multimode fiber-optic interferometers for 
sensor applications are still favored and suggested [65], 
[661. 

The use of the PCM's for multimode fiber-optic inter- 
ferometers can suppress polarization-scrambling and 
speckling noise problems. In particular a self-pumped 
PCM with multimode fibers has been employed so far 
[49]-[51]. In a self-pumped PCM the pump beams El  and 
E2 carry the same uniform phase as the input probe beam 
E 3 ,  since they are self-generated in a self-pumped PCM 
[14], [15]. Suppose a uniform phase change exp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( i d )  of 
the input beam E3.  According to the four-wave mixing 
process, the reflected conjugate beam E4 is proportional 
to E , E 2 E ;  and the phase change of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE4 is exp ( i d )  exp 
( i d )  exp ( - i d )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= exp ( i d ) ,  which is exactly the same 
as that of E3.  Feinberg [67] experimentally demonstrated 
this property and also showed the correction capability of 
nonuniform phase distortions in the Michelson interfer- 
ometer with a self-pumped PCM using internal reflection 
in one arm. The excellent linearity of this phase change 
as a function of the input uniform phase change a6d its 
instantaneous response property have also been confirmed 
recently by means of quantitative phase measurements 
[68]. Fischer and Sternklar [49] applied Feinberg's 
scheme to phase-conjugate interferometry with multi- 
mode fibers using a semilinear self-pumped PCM [15]. 
They obtained the interference-fringe pattern with high 
contrast. This scheme is shown in Fig. 16(a), where po- 
larization scrambling and speckling of the field emitted 
from the fiber can be corrected in a double pass; yet the 
uniform phase change caused by some external perturba- 
tions to the fiber can be detected by the movement of the 
interference fringe. The problem of a frequency shift ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
a few Hz) of the conjugate beam relative to the input beam 
in a self-pumped PCM [69], [70] may be eliminated by 
introducing a frequency shift in the reference beam. This 
intentional frequency shift also enables us the heterodyne 
detection system used in usual fiber-optic interferometers 
[64]. Sternklar et al. [50] demonstrated the Mach-Zehn- 
der interferometer with multimode fibers using the double 
phase-conjugate mirror (DPCM) [7 11. This scheme is 
shown in Fig. 16(b). Because of the property of the 
DPCM a uniform phase change impressed on the beam 
propagating in the fiber is transferred to the other conju- 
gate beam without any wavefront aberration [58], and the 
phase change can be detected by the fringe movement. 
Recently Kwong [51] has applied the scheme shown in 
Fig. 16(a) to a fiber-optic temperature sensor and obtained 
good correspondence between the temperature change at 
a small portion of the fiber and the fringe movement. 
These interferometers using multimode fibers and the self- 
pumped PCM and/or the DPCM give not only many ad- 

Perturbation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU M  
Frequency $' [I1 Shifter 
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Fig. 16. Two configurations of phase-conjugate multimode fiber-optic in- 
terferometers: (a) Michelson interferometer; (b) Mach-Zehnder inter- 
ferometer. Input beams are linearly polarized for both (a) and (b). Uni- 
form phase changes of the input beams propagating in the fibers are 
impressed by some external perturbations such as temperature changes. 
Note that the frequency shifters illustrated in (a) and (b) are not essential, 
but are used for compensating the frequency shift of the conjugate beams 
relative to the input beams and/or for the heterodyne detection of the 
phase changes. P: polarizer; M: mirror; BS: beam splitter. 

vantages of multimode fibers over single-mode fibers but 
also high sensitivity and stability of the system. 

D. Phase-Conjugate Multimode Fiber-optic Gyros 

A fiber-optic gyro [60], [64] is one of the most impor- 
tant applications in fiber-optic sensor systems. Sagnac in- 
terferometers have usually been employed for this pur- 
pose because they are inherently insensitive to reciprocal 
phase shifts but are sensitive to nonreciprocal phase shifts 
[60], [64]. Multimode fiber-optic gyros have also been 
proposed [72], [73], but their sensitivity is limited by the 
modal scrambling in the fiber. For obtaining better sen- 
sitivity over some unwanted perturbations such as modal 
scrambling and Faraday effects, single-mode polariza- 
tion-preserving fibers and couplers have been used [74]. 

Because time-reversed waves by phase conjugation can 
automatically correct reciprocal phase shifts but retain 
nonreciprocal ones during a round-trip propagation, the 
fiber-PCM combination can also be applied to a fiber-op- 
tic gyro. Moreover, by taking advantage of the polariza- 
tion-preserving property of the present scheme for small 
NA inputs, multimode fibers may be employed. Fig. 17 
shows a basic configuration of a phase-conjugate multi- 
mode fiber-optic gyro [31]. A linearly polarized beam is 
divided into two orthogonally polarized beams by PBS . 
The two beams are then launched into a multimode fiber 
coil and propagate clockwise and counterclockwise, re- 
spectively. After being emitted from the fiber coil ends, 
the two beams are phase conjugated by either the PPPCM 
(or the NPPPCM with a polarizer, not shown in the fig- 
ure) and then propagate in the backward direction. In this 
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Fig. 17. Configuration of phase-conjugate multimode fiber-optic gyro. In- 
put beam is linearly polarized at 45" to the plane of the figure. PBS: 
polarizing beam splitter; PCM: phase-conjugate mirror (PPPCM or 
NPPPCM). 

case the phase difference 4 between the recombining 
beams on the detection is given by [55] 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR and L are the radius and length of the fiber coil, 
respectively, and 0 is the rotation rate, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX is the wave- 
length, and c is the speed of light. We note that, because 
of the round-trip propagation nature of phase conjugation, 
for given R and L the phase difference 4 is 2 times larger 
than that in a conventional fiber-optic loop interferometer 
[60]. This new type of gyro using the multimode fiber- 
PCM configuration also has an advantage in that inexpen- 
sive and easy-to-use multimode fiber and couplers can be 
used, and that self-aligned coupling to the fiber can be 
obtained by phase conjugation. 

The experimental proof-of-principle demonstrations of 
rotation sensing with phase-conjugate fiber-optic gyros 
were performed for the first time by using a Michelson 
interferometer with the externally pumped NPPPCM [54] 
and a Sagnac interferometer with the self-pumped PPPCM 
[ S I .  In both cases, however, single-mode polarization- 
preserving fibers were used. It should be noted that even 
for the latter case (i.e., the use of the self-pumped PCM) 
the nonreciprocal phase shift between two counter-prop- 
agating beams in the fiber can be detected since the rela- 
tive phase change between the two input beams is truly 
reversed in a self-pumped PCM [ S I ,  [68]. Later, the 
multimode fiber and the self-pumped NPPPCM were em- 
ployed for a Sagnac interferometer, and rotation sensing 
of 6" /s  (which corresponds to the phase shift of 0.09 rad 
in that experiment) was demonstrated [31]. A different 
type of multimode fiber-optic gyro [53], using a photo- 
refractive ring passive PCM [15] in which the ring con- 
sists of a multimode fiber, was previously reported. 

In these phase-conjugate fiber-optic gyros the dynamic 
correction of reciprocal phase shifts is limited by the finite 
response time of phase conjugators [55], and changes in 
the phase-conjugate reflectivity of phase conjugators may 

be responsible for drift of output signals on a larger time 
scale [31]. In addition the depolarized fields in the re- 
flected fields are one of the noise sources when a multi- 
mode fiber and the NPPPCM are employed [31]. There- 
fore the improvement of the system performance should 
be the subject of future studies. 

E. Temporal Data Channeling Between Beams 

Because of growing interest in photonic switching and 
interconnections [75], applications of nonlinear optical 
phase conjugation to signal processing in the temporal do- 
main are also considerable. The functions proposed so far 
are: pulse envelope shaping, optical gating, time delay 
control, logic gating, convolution and correlation, enve- 
lope reversal, and space-to-time modulation-demodula- 
tion [ 13. Recently, retromodulation-conjugation using a 
self-pumped PCM has also been reported [76]. 

In this subsection we describe a series of experiments 
[29] in which the input to the fiber-PCM combination 
consists of two separate optical beams, each with its own 
temporal modulation. It is found that, upon phase conju- 
gation and reverse propagation through the fiber, almost- 
perfect recovery of the spatial and polarization properties 
of the beams is achieved with an exchange of temporal 
information between them. 

The experimental setup is shown in Fig. 18. The input- 
beam NA of each beam was about 0.01, and the relative 
angle of incidence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOi of the two beams on the fiber was 
ranged between 5 and 15". The main results of the differ- 
ent experiments are summarized below. 

1)  Spatial Crosstalk: The two input beams were simi- 
larly polarized and run in the CW mode. If there is a con- 
siderable crosstalk between the two channels, it should 
manifest itself as a strong dependence of the reflectivity 
of each beam on the other beam's input power. Such a 
dependence was not found up to an input power ratio 
P z / P I  = 10. It should be emphasized that the spatial re- 
covery was achieved in spite of the fact that only half of 
the incident modes (the horizontally polarized modes) 
were phase conjugated. 

2) Polarization Recovery and Crosstalk: The degree of 
polarization recovery p ,  

(54) 

when Cii and Cij are the optical power of the two orthog- 
onal polarization components reflected in the channel ( i  ), 
was measured both when one beam is present and when 
two beams are coupled to the fiber, with different polar- 
izations of the input beams. In all cases, it was found that 
in addition to the spatial recovery, there is no apparent 
crosstalk of polarization between the beams and a nearly 
complete polarization recovery is achieved. 

3) Coupling of Temporal Structure: The temporal cou- 
pling of the two beams was investigated by a square wave 
modulating beam 2 at frequency fz while beam 1 was 
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Fig. 18. Experimental arrangement for the two-beam coupling through the 
multimode fiber to the PCM. 

(a) (b )  

Fig. 19. Picture of the input power (lower) and output poucr (uppcr)  i n  

case 7: (a)  beam 2: ( b )  bcam 1 

either constant (CW) (case 1)  or modulated at a different 
frequencyf, (case 2). The crystal parameters were such 
that the phase conjugation beam was a true replica of the 
input beam [77] without any phase difference of distortion 
when the modulation frequency ranged between SO Hz to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 kHz. Moreover, the reflectivity and rise time were also 
independent off'? in this range and were identical to those 
of a CW beam of the same average intensity. 

In the first generic experiment designed to investigate 
temporal coupling beam 2 was modulated atf? while beam 
1 was unmodulated. It was observed that the modulation 
format of beam 2 was grafted onto beam 1 and thereby 
both output beams were equally modulated. (See also Fig. 
19.) 

In a second experiment both beam 1 ( f l  ) and beam 2 
( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2 )  were modulated. The respective input and output 
beams are shown in Fig. 19. We notice that an exchange 
of the temporal information has taken place and, further- 
more, that both output beams have similar envelopes. In 
addition, it was found that 

1) the output beam's intensity ratio follows approxi- 
mately the input ratio PI / P z ,  

2) full polarization and spatial recovery is achieved, 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 )  the modulation index of each of the output beams is 
greater than that of the superposition of the input beams. 

The last point is demonstrated by the graph in Fig. 20. 
It is seen that when P , / P ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 3. both output beams are 
almost completely modulated by f ,  . 

In what follows i t  is shown that a simple extension of 
the theoretical model presented in Section I1 t o  include 
temporal dependence of modes can be used to explain the 
qualitative nature of the observations mentioned above. 
The combined two-beam input field to the fiber can be 
expressed as 

E : , [ )  + ~ b " g ( r )  ( 5 5 )  E"'  ~ 

where i t  is assumed that only beam b has a time-depen- 
dent factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg( r ) .  At the output of the fiber 

(56) El?' = M E " ) ,  

Since only the .u-polarized component of the field E'" is 
launched into the PCM (see Fig. 17). the field E : ? )  is ex- 
pressed as 
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Fig. 20. A plot of the output modulation index of each of the beams in 
case 1 as a function of the combined beams input modulation index. 

(57) 

For the phase-conjugation process in the crystal the 
model is simplified by considering one interaction region 
of the self-pumped PCM. The analogy between four-wave 
mixing and real-time holography [ l ]  is invoked and it is 
assumed that each of the modes, say zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU,, is reflected effi- 
ciently only by a grating which is created by two “writ- 
ing” beams of the same mode. A “reference” beam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu t )  
and a “signal” beam U:’ create a “grating” U:’*&!). A 
“reference” beam ui3) a U!,,”*( t) is scattered off the grat- 
ing leading to phase-conjugated output beam: 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< u ~ ’ * u ~ ’ > u ! , , “ * ( r )  (58) 

where ( ) denotes time average. Since the response 
time of the photorefractive medium is too large to follow 
the field modulation g ( t )  [15], the grating term u ~ ’ * u ~ ’ ’  
is time-independent. The time dependence of U:’ is then 
dictated by that of the incident field u t ) *  only. 

Using the relation by (58) and keeping only the phase- 
matched terms in the scattering process by the grating, the 
phase-conjugate field E‘3’  is found to be 

N 

E‘3)  = I =  C I [ A i ( t ) &  + B, ( t )u$ ]  

~ i ( t )  = pal I uai 1 
Bi( t )  = P ~ I  1 uai 1’ + ~ b 2  1 ubi 12g(t) + pb31 ubi J2g(t) 

(59) 

where 
2 2 2 

+ pa2 1 ubi 1 + pa3 I ubi 1 g ( t )  

in which p denotes the PCM modal reflectivity. From (56) 
and (57) we see that terms uai and ubi contain the factors 
mu exp ic#Jii of the scattering matrix elements. Therefore 
due to the random coupling approximation the main con- 
tributions of the terms 1 uai 1 2 ,  I ubi l2 and p in A i ( t )  and 
B i ( t )  are independent of the mode ( i  ). Thus it is found 
that 

E‘3’ = A(t ) (EL2)) :  + B( r ) (E i2 ’ )T .  (60) 

Using (56) and the same argument as those shown in Ap- 
pendix B, the phase-conjugate field E‘4) after the fiber is 
given by 

E‘4’ = A ( t ) ( E b l ) ) *  + B ( t ) ( E i ” ) *  + X. (61) 

In the above equation X denotes the noise field that can 
be neglected for small NA inputs, thus proving the point 
of interest. 

The temporal coupling phenomena shown above can be 
used to make, for example, a 1 to N optically intercon- 
nected switch, when (N  + 1 ) beams are interconnected 
together and one of them is carrying temporal information 
to be transferred to the others. Other applications, like 
optical time domain filters and signal processing, can also 
be considered. 

F. All-Optical Beam Thresholding 

The recent development of optical implementation of 
various data processing procedures has created a demand 
for a sensitive all-optical thresholding device [78], [79]. 
Several thresholding configurations using photorefractive 
crystals have been reported in the past [go]-[84]. In this 
subsection a possible mechanism for such a device zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[30] is 
presented, based on the coupling of mutually incoherent 
light beams by means of the fiber-coupled PCM. 

In the experiment up to three mutually incoherent beams 
were converged into a multimode fiber with an incidence 
angle in the range of 0-10”. The rest of the experimental 
system was similar to that described in Section IV-E. It 
should be noted that, by launching all the input beams into 
one multimode fiber, the interaction between them in the 
crystal is maximized since the strong intermodal coupling 
in the multimode fiber makes the out-coupled beams al- 
most independent of the initial characteristics of the input 
beams (i.e., angles of incidence, polarizations, and spa- 
tial structures) which are now distributed over all of the 
fiber-guided modes for each of the incident beams. 

In the first set of experiments the phase-conjugate beams 
of two mutually-incoherent input beams were investi- 
gated. The steady-state phase-conjugate beam of each of 
the two beams (hereafter: PCr0’ and PC$”> was first mea- 
sured separately, and then the power of the steady-state 
phase-conjugate beam of each of the two beams (here- 
after: PCI and PC2) was measured while the two beams 
were coupled simultaneously to the fiber. It was found 
that only the stronger beam was phase conjugated, 
whereas the phase-conjugate light of the weaker beam was 
suppressed to zero. 

In Fig. 21 the results of a measurement of PCI are 
shown as a function of the input-power difference A = PI 
- P 2 .  It is seen that PCI depends on the input-power dif- 
ference A, and not on PI alone. In Fig. 22 the another 
experimental result is shown, where instead of the self- 
pumped PCM with internal reflection [14] a ring passive 
PCM r151 was used. The resonator loss M in this PCM 
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was 0.65. Here the reflectivity of the signal beam is shown 
as a function of the normalized erasure beam power P, /Po  
( P I  = Po,  P2 = P , ) .  Again we see the almost linear be- 
havior of the reflectivity. We note, however, that the 
threshold power PJP0 I threshold depends on the signal 
power. This behavior can be explained by a simple phe- 
nomenological model [30], which is valid for signal input 
intensity less than 2mW/mm2. In this model the ring pas- 
sive PCM under the incoherently erasing illumination 
upon the crystal is considered. The effective photorefrac- 
tive coupling constant y [30] is then given by , 

Y O  

1 + - + -  
y =  

pt- 

Po u p  

where is the dark conductivity, up the photoconductiv- 
ity in the absence of P,,  and yo the photorefractive cou- 
pling constant when Po >> P,  and up >> ad. Using (62) 
in the derivation of the phase-conjugate reflectivity of the 
ring passive PCM [15], it is found [30] that the experi- 
mental results shown in Fig. 22 can be explained quali- 
tatively by the simple model. The calculated results are 
shown in Fig. 23, where yoZ = 2.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1  is the interaction 
length in the crystal), M = 0.65 and @ d / u p  = 0.5 at PO 
= 1.0 mW are used. We see the same linear behavior of 
the reflectivity as that in Fig. 22 when Po takes the smaller 
values. This is because with the unsaturated gain yo for 
the smaller value of Po the corresponding reflectivities are 
not saturated and small changes in yl cause nearly linear 
changes in the reflectivities. The reason for the normal- 
ized threshold power dependence on the signal power is 
that in the specific power the dark conductivity (Td is still 
important and there is an implicit dependence of y on Po 
through up. As Po increases further, however, the theo- 
retical curves tend to differ from the experimental results 
shown in Fig. 22 since the effects of multigratings be- 
come significant and the experimentally observed thresh- 
old values become greater than those predicted by the 
simple model. 

. 
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Fig. 22. Measured phase-conjugate reflectivity of the signal beam as a 
function of the normalized erasure beam power P , / P ,  for several values 
of signal beam power Po.  
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Fig. 23. Theoretical curves of the phase-conjugate reflectivity of the sig- 
nal beam as a function of the normalized erasure beam power P, /Po  for 
several values of signal beam power Po.  

In the third set of experiments three mutually-incoher- 
ent beams were launched into the fiber-coupled PCM. 
Here the inputs of beams 2 and 3 were held fixed (with 
P2 > P 3 )  and P I  was varied. It was found here that as 
long as P I  > P2 + P3,  only beam 1 was phase conju- 
gated. Moreover, in the intermediate range where none of 
the input beams were stronger than the sum of the two 
others, no phase-conjugate beam was emitted. 

In all the above results, the phase-conjugate beams 
(above threshold) always show a good recovery of the 
original input information without crosstalk from the eras- 
ing beam, in accordance with the explanation given in the 
previous subsection. It should be noted that the threshold- 
ing is due to the input power ratio (not the intensity), and 
that each of the input beams can be regarded as either 
signal or erasure beams, making it possible to use the phe- 
nomena as all-optical beam thresholding and switching 
devices. 

V. CONCLUSION 

In this paper we have described the theoretical and ex- 
perimental investigations of polarization and spatial in- 
formation recovery by modal dispersal and phase conju- 
gation. In the theoretical model two vital aspects have 
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been used: the modal dispersal of information and the 
modal averaging via phase conjugation. Because of these 
physical processes the initial information which is redis- 
tributed among all of the fiber modes can be recovered in 
spite of (partial) phase conjugation of only one field com- 
ponent of the mode-scrambled field emitted from the fi- 
ber. The depolarized noise associated with a reconstruc- 
tion of the original information contains nearly the same 
amount of the total power as that of the reconstructed true 
phase-conjugate beam and is distributed among all of the 
fiber modes, independently of the mode distribution of the 
original input beam. Therefore the noise power per mode 
can be negligibly small compared to that of the true phase- 
conjugate beam when the input-beam NA is much smaller 
than the fiber's NA. This enables the complete recovery 
of polarization and spatial information. On the other hand, 
the fidelity of this true phase conjugation tends to degrade 
as the input-beam NA increases since the noise tends to 
intermingle with the reconstructed true phase-conjugate 
beam. Likewise, the SNR in a reconstructed image shows 
the similar effect of the depolarized noise on the SNR. 
The theory described in this paper has been found to be 
in good agreement with the experimental results. The 
concept of modal dispersal and phase conjugation has been 
applied to several novel applications: correction of non- 
reciprocal distortions, correction of lossy amplitude dis- 
tortions, phase-conjugate multimode fiber-optic interfer- 
ometers and gyros, temporal data channeling between 
beams, and all-optical beam thresholding. There is no 
doubt that, although the present scheme may be somewhat 
limited as far as pictorial information processing is con- 
cerned (Le., when large NA inputs are required), it per- 
mits new signal processing applications involving sen- 
sors, gyroscopes, multichannel switching, and optical 
interconnections. 

APPENDIX A 
THE RANDOM COUPLING APPROXIMATION 

Each element of the scattering matrix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM is expressed as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MIj = m y  exp (i6.J). ( A 0  

The elements are interrelated by the unitarity condition 
given by (8) and (9). For the case of strong intermodal 
coupling in the fiber, the initially-excited fiber-guided 
modes at the input are redistributed among all of the fiber- 
guided modes during propagation. Then it is appropriate 
to assume that the amplitudes m, are either nearly the same 
or symmetrically and widely distributed with respect to 
the diagonal elements m,, , while the phases &, are distrib- 
uted essentially uniformly over the -7r - +7r interval 
under the constraint of the unitarity condition. In this case 
the following random coupling approximation [26]  may 
be adequate from (8) and (9): 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 = x ,  y and i, j = 1 ,  * , N .  In addition, due 
to the modal averaging over phase mismatched terms, all 
of the other cross terms are much smaller than unity for 
large N [ 2 1 ] ,  [25 ] .  

APPENDIX B 
THE QUALITATIVE PROOF OF POLARIZATION AND 

SPATIAL INFORMATION RECOVERY 

In what follows, the qualitative proof [ 2 1 ] ,  [25]  of po- 
larization and spatial information recovery is given by 
means of the random coupling approximation. As the sim- 
plest form of the scattering matrix M it is written as 

Then the scattering matrix S in the round-trip propagation 
given by (22)  can be expressed as 

S = M'CM* 

where summation over repeated indexes is made and (12) 
' is used. The N - ' l 2  in (B3) is due to the random-walk na- 
ture represented by the summation of the phasors exp - 
{ i [ ( q5xx)ki - ( & . x ) k j ]  } , independently of the fiber-guided 
modes that are excited initially [ 2 1 ] ,  [ 2 5 ] .  

In a similar fashion it is found that 

(Mp4:y ) i j  = O( l / f i )  

(M;xM;)U = O( l / f i ) .  

Then it is found that 

s = s, + s, 
and 

where SI and S2 correspond to (23) ,  and V denotes the 
phase-mismatched noise field. We note that (B5) is equiv- 
alent to (25) .  



336 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25. NO. 3, MARCH 1989 

REFERENCES 

[ l ]  For reviews, see A. Yariv, “Phase conjugate optics and real-time 
holography,” zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIEEE J .  Quantum Electron., vol. QE-14, pp. 650-660, 
1978; also, Optical Phase Conjugation, R. A. Fisher, Ed. New 
York: Academic, 1983, and references therein. 

[2] B. Ya. Zel’dovich and V. V. Shkunov, “Reversal of the wave front 
of light in the case of depolarized pumping,” Sov. Phys.-JETP, vol. 
48, pp. 214-219, 1978. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN: Blashchuk, B. Ya. Zel’dovich, V. N. Krasheninnikov, N. A. 
Mel’nikov, N. F.  Pilipetsky, V. V. Ragulsky, and V. V. Shkunov, 
“Stimulated scattering of depolarized radiation,” Sov. Phys. -Dokl., 

V. N. Blashchuk, V. N. Krasheninnikov, N. A. Mel’nikov, N. F. 
Pilipetsky, V. V. Ragulsky, V. V. Shkunov, and B. Ya. Zel’dovich, 
“SBS wave front reversal for the depolarized light-Theory and ex- 
periment,” Opt. Commun., vol. 27, pp. 137-141, 1978. 
N. G. Basov, V. F. Efimkov, I. G. Zubarev, A. V. Kotov, S. I. 
Mikhailov, and M. G. Smirnov, “Inversion of wavefront in SMBS 
of a depolarized pump,” Sov. Phys.-JETP Lef t . ,  vol. 28, pp. 197- 
201, 1978. 
B. Ya. Zel’dovich and V. V. Shkunov, “Spatial-polarization wave- 
front reversal in four-photon interaction,” Sov. J. Quantum Elec- 
tron., vol. 9 ,  pp. 379-381, 1979. 
B. Ya. Zel’dovich and T. V. Yakovleva, “Spatial-polarization wave- 
front reversal in stimulated scattering of the Rayleigh line wing,” 
Sov. J. Quantum Electron., vol. 10, pp. 501-505, 1980. 
In the past, spatial wavefront reversal of each of the two orthogonal 
polarizations having its own amplitude and phase (thereby incomplete 
spatial-po1arizatio.n wavefront reversal) was found for depolarized 
pump waves in SBS [2]-[5]. An improved scheme which incorporates 
a two-plate tapered light guide prior to the SBS phase conjugator was 
recently reported for the complete reversal of depolarized pump waves. 
See I.D. Carr and D.  C. Hanna, “Correction of polarization distor- 
tions using phase conjugation via stimulated Brillouin scattering,” 
Opt. Commun., vol. 52, pp. 396-402, 1987. 
V. N. Blashchuk, B. Ya. Zel’dovich, A. V. Mamaev, N. T. Pilipet- 
sky, and V. V. Shkunov, “Complete wavefront reversal of depolar- 
ized radiation under degenerate four-photon interaction conditions 
(theory and experiment),” Sov. J. Quantum Electron., vol. IO,  pp. 

G. Martin, L. K. Lam, and R. W. Hellwarth, “Generation of time- 
reversed replica of a nonuniformly polarized image-bearing optical 
beam,” Opt. Lett., vol. 5, pp. 185-187, 1980. 
J .  Feinberg and R. W. Hellwarth, “cw Phase conjugation of a non- 
uniformly polarized optical beam,” J. Opt. Soc. Amer., vol. 70, p. 
602, 1980. 
S .  Saikan and M. Kiguchi, “Generation of phase-conjugated vector 
wave fronts in atomic vapors,” Opt. Lett., vol. 7, pp. 555-557, 1982. 
E. Ya. Korchemskaya, M. S .  Soskin, and V. B. Taranenko, “Spatial 
polarization wavefront reversal under conditions of four-wave mixing 
in biochrome films,” Sov. J .  Quantum Electron., vol. 17, pp. 450- 
454, 1987. 
J .  Feinberg, “Self-pumped, continuous-wave phase conjugator using 
internal reflection,” Opt. Lett., vol. 7, pp. 486-488, 1982. 
M. Cronin-Golomb, B. Fischer, J .  0. White, and A. Yariv, “Theory 
and applications of four-wave mixing in photorefractive media,” IEEE 
J .  Quantum Electron., vol. PE-20, pp. 12-30, 1984. 
I. McMichael and M. Khoshnevisan, “Scalar phase conjugation using 
barium titanate crystal,’’ in Tech. Dig. Conj Lasers and Electro-Opt. 
Washington, DC: Opt. Soc. Amer., 1985, paper THN1. p. 220; 
I .  McMichael, M. Khoshnevisan, and P. Yeh, “Polarization-preserv- 
ing phase conjugator,” Opt. Lett., vol. 11, pp. 525-527, 1986. 
J .  Feinberg, “Continuous-wave self-pumped phase conjugator with 
wide field of view,” Opt. Lett., vol. 8, pp. 480-482, 1983. 
P. Yeh, “Scalar phase conjugator for polarization correction,” Opt. 
Commun., vol. 51, pp. 195-197, 1984. 
K. Kyuma, A. Yariv, and S-K. Kwong, “Polarization recovery in 
phase conjugation by modal dispersal,” Appl. Phys. Lef t . ,  vol. 49, 

Y. Zhang, Y. Sun, X. Wang, and Z. Li, “Effect of optical phase 
conjugation on the polarization of the transmitted image field in a 
multimode fiber,” in Tech. Dig. Annu. Meet. Opt. Soc. Amer. 
Washington, DC: Opt. Soc. Amer., 1986, paper FW8, p. 142. 
A. Yariv, Y. Tomita, and K. Kyuma, “Theoretical model for modal 
dispersal of polarization information and its recovery by phase con- 
jugations,” Opt. Lett., vol. 11,  pp. 809-811, 1986. 

vol. 23, pp. 588-590, 1978. 

356-358, 1980. 

pp. 617-619, 1986. 

R. Yahalom, Y. Tomita, and A. Yariv, “Effect of modal dispersal 
on the polarization and spatial information recovery in a fiber-coupled 
phase conjugate mirror,” in Postdeadline Papers of Conj Lasers and 
Electro-Opt. Washington, DC: Opt. Soc. Amer., 1987, paper THT6, 
p. 237; Y. Tomita, R. Yahalom, and A. Yariv, “Fidelity of polar- 
ization and spatial information recovery using a fiber-coupled phase 
conjugate mirror,” Opt. Lett. ,  vol. 12, pp. 1017-1019, 1987. 
I. McMichael, P. Yeh, and P. Beckwith, “Correction of polarization 
and modal scrambling in multimode fibers by phase conjugation,” 
Opt. Lett., vol. 12, pp. 507-509, 1987. 
P. H. Beckwith, I. McMichael, and P. Yeh, “Image distortion in 
multimode fibers and restoration by polarization-preserving phase 
conjugation,” Opt. Lett., vol. 12, pp. 510-512, 1987. 
S. Wabnitz, “On the scattering matrix of multimode fibers for polar- 
ization recovery by phase conjugation,” J. Mod. Opt.,  vol. 34, pp. 

Y. Tomita, R. Yahalom, and A. Yariv, “Theory of polarization and 
spatial information recovely by modal dispersal and phase conjuga- 
t ion,”J.  Opt. Soc. Amer. B ,  vol. 5, pp. 690-700, 1988. 
S-K. Kwong, R. Yahalom, K. Kyuma, and A. Yariv, “Optical phase- 
conjugate correction for propagation distortion in nonreciprocal me- 
dia,” Opt. Lett., vol. 12, pp. 337-339, 1987. 
Y. Tomita, K. Kyuma, R. Yahalom, and A. Yariv, “Demonstration 
of correction of amplitude distortion by modal dispersal and phase 
conjugation,” Opt. Lett., vol. 12, pp. 1020-1022, 1987. 
R. Yahalom, K. Kyuma, and A. Yariv, “Phase conjugation of mode 
scrambled optical beams: Application to spatial recovery and inter- 
beam temporal information exchange,” Appl. Phys. Lett. ,  vol. 50, 

R. Yahalom, A. Agranat, and A. Yariv, “Optical threshold mecha- 
nism using fiber coupled phase conjugate mirror,’’ in Tech. Dig. Top. 
Meet. Photonic Switching, Lake Tahoe, Mar. 1987. Washington, 
DC: Opt. Soc. Amer., 1987, paper FB3; and also R. Yahalom and 
A. Yariv, “Optical thresholding using a fiber-coupled passive ring 
phase-conjugate mirror,” Opt. Lett., vol. 13, pp. 889-891, 1988. 
I. McMichael, P. Beckwith, and P. Yeh, “Phase-conjugate multi- 
mode fiber gyro,” Opt. Lett., vol. 12, pp. 1023-1025, 1987. 
K. Kim, L. Mandel, and E. Wolf, “Relationship between Jones and 
Mueller matrices for random media,” J .  Opt. Soc. Amer. A,  vol. 4 ,  

A. Yariv, Quantum Electronics, 2nd ed. New York: Wiley, 1975, 

S. Solimeno, B. Crosignani, and P. DiPorto, Guiding, Difraction, 
and Confinement of Optical Radiation. New York: Academic, 1986, 
pp. 569-573. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. W. Snyder and J. D. Love, Optical Waveguide Theory. London, 
England: Chapman and Hall, 1983, p. 292. 
M. Born and E. Wolf, Principles of Optics, 5th ed. Elmsford, NY: 
Pergamon, 1975, pp. 544-555. 
See, for example, M. J .  Stephen and G. Cwilich, “Rayleigh scat- 
tering and weak localization: Effects of polarization,” Phys. Rev. 
B ,  vol. 34, pp. 7564-7572, 1986; K. A. O’Donnell and E. R. Men- 
dez, “Experimental study of scattering from characterized random 
surfaces,” J. Opt. Soc. Amer. A ,  vol. 4, pp. 1194-1205, 1987; 
M. B. Van der Mark, M. P. van Albada, and A. Lagendijk, “Light 
scattering in strongly scattering media: Multiple scattering and weak 
localization,” Phys. Rev. B ,  vol. 37, pp. 3575-3592, 1988. 
For reviews, see Y. Nagaoka, Ed., “Anderson localization,” Prog. 
Theor. Phys. Suppl., vol. 84, 1985; S .  Chakravarty and A. Schmid, 
“Weak localization: The quasi-classical theory of electrons in a ran- 
dom potential,” Phys. Rep., vol. 140, pp. 193-236, 1986. 
Since the input-beam NA = $/2  f ( f  is a focal length of a lens) and 
M/N,, , , ,  = (input-beam NA/fiber’s NA)*/2 ( M  = number of modes 
corresponding to + for one polarization; N,,,,, = 2N) ,  we obtain 
MINI, , , ,  = (1$/$~)*/2. In addition, since +* is proportional to the 
solid angle Q subtended by the beam launched into the fiber, then it 
also gives (+/$o)*  = Q / Q , .  
J .  W. Goodman, “Film-grain noise in wavefront-reconstruction im- 
aging,” J. Opt. Soc. Amer., vol. 57, pp. 493-502, 1967. 
- , “Statistical properties of laser speckle patterns,” in Laser 
Speckle and Related Phenomena, 2nd ed. J .  C. Dainty, Ed. Berlin, 
West Germany: Springer-Verlag, 1984, pp. 9-75. 
In practice, however, the use of the analyzer may improve the SNR 
better than that in the calculation because of the rejection of un- 
wanted noise due to the back reflection from optical components. 

1021-1024, 1987. 

pp. 792-794, 1987. 

pp.433-437, 1987. 

p. 357. 

I 

I 

[43] A. Yariv, “Three-dimensional pictorial transmission in optical f i -  
bers,” Appl. Phys. Lett., vol. 28, pp. 88-89, 1976. 



TOMITA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l . :  POLARIZATION AND SPATIAL INFORMATION RECOVERY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA337 

A. Yariv, “On transmission and recovery of three-dimensional im- 
age information in optical fibers,” J. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOpt. Soc. Amer., vol. 66, pp. 

A. Gover. C. P. Lee, and A. Yariv, “Direct transmission of picto- 
rial information in multimode optical fibers,” J. Opt. Soc. Amer., 

V. V. Ivakhnik, V. M. Petnikova, M. S.  Solomatin, and V. V. Shu- 
valov, “Compensation of wavefront distortions in a thick inhomo- 
geneous medium,” Sov. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  Quantum Electron., vol. 10, pp. 373- 
375, 1980. 
G. J. Dunning and R. C. Lind, “Demonstration of image transmis- 
sion through fibers by optical phase conjugation,” Opt. Lett., vol. 
7, pp. 558-560, 1982. 
B. Fischer and D. Peri, “Real-time three-dimensional imaging 
through fiber bundles by four-wave mixing,” Opt. Lett., vol. 10, 

B. Fischer and S. Sternklar, “Image transmission and interferometry 
with multimode fibers using self-pumped phase conjugation,” Appl. 
Phys. Lett., vol. 46, pp. 113-114, 1985. 
S. Sternklar, S. Weiss, M. Segev, and B. Fischer, “Mach-Zehnder 
interferometer with multimode fibers using the double phase-conju- 
gate mirror,” Appl. Opt., vol. 25, pp. 4518-4520, 1986. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N. S.-K. Kwong, “A novel scheme for fiber optic sensors using a 
tandem combination of a multimode fiber and a self-pumped phase 
conjugator,” in Postdeadline Papers Conf. Optical Fiber Sensors. 
Washington, DC: Opt. Soc. Amer., 1988. 
C. J. Bode, “Phase conjugate optics and applications to interfer- 
ometry and to laser gyros,” in Experimental Gravitation and Mea- 
mrement Theory, P. Meystre and M. 0. Scully, Eds. New York: 
Plenum, 1983, pp. 269-291. 
B. Fischer and S .  Sternklar, “New optical gyroscope based on the 
ring passive phase conjugator,” Appl. Phys. Lett., vol. 47, pp. 1- 
3, 1985. 
P. Yeh, I. McMichael, and M. Khoshnevisan, “Phase-conjugate fi- 
ber-optic gyro,” Appl. Opt., vol. 25, pp. 1029-1030, 1986. 
I. McMichael and P. Yeh, “Self-pumped phase-conjugate fiber-op- 
tic gyro,” Opt. Left. ,  vol. 11, pp. 686-688, 1986. 
B. Fischer, S.  Sternklar, and S. Weiss, “Photorefractive oscillation 
with intracavity image and multimode fiber,” Appl. Phys. Lett., vol. 

H. J. Caulfield, J. Shamir, and Q. He, “Flexible two-way optical 
interconnections in layered computers,” Appl. Opt., vol. 26, pp. 

Y. Tomita, R. Yahalom, and A. Yariv, “Real-time image subtrac- 
tion using wave polarization and phase conjugation,” Appl. Phys. 
Lett., vol. 52, pp. 425-427, 1988. 
A magnetic field sensor using a single-mode polarization-preserving 
fiber and a normal mirror has also been proposed by A. Enokihara, 
M. Izutsu, and T. Sueta, “Optical fiber sensors using the method of 
polarization-rotated reflection,” J. Lightwave Technol., vol. LT-5, 

R. A. Bergh, H. C. Lefevre, and H. J. Shaw, “An overview of fiber- 
optic gyroscopes,” J .  Lightwave Technol., vol. LT-2, pp. 91-107, 
1984. 
A. Yariv, “Operator algebra for propagation problems involving 
phase conjugation and nonreciprocal elements,” Appl. Opt. ,  vol. 

R. J. Collier, C. B. Burckhardt, and L. H. Lin, Optical Holography. 
New York: Academic, 1971, p. 197. 
It should be noted that since the experiment is made for the distorter 
placed on both the image plane and the far-field plane of the fiber 
end, the phase-conjugate images obtained here are not a conse- 
quence of simple Fourier filtering of the input image. 
T. G. Giallorenzi, J. A. Bucaro, A. Dandridge, G. H. Sigel, Jr., 
J .  H. Cole, S. C. Rashleigh, and R. G. Priest, “Optical fiber sensor 
technology,” IEEE J. Quantum Electron., vol. QE-18, pp. 626- 
665, 1982. 
M. R. Layton and J. A. Bucaro, “Optical fiber acoustic sensor uti- 
lizing mode-mode interference,” Appl. Opt., vol. 18, pp. 666-670, 
1979. 
M. Imai, T. Ohashi, and Y. Ohtsuka, “Multimode-optical-fiber 
Michelson interferometer,” J. Lightwave Technol., vol. LT-1, pp. 

J.  Feinberg, “Interferometer with a self-pumped phase-conjugating 
mirror,” Opt. Lett., vol. 8 ,  pp. 569-571, 1983. 
Y. Tomita, R. Yahalom, and A. Yariv, “On phase shift of a self- 
pumped phase-conjugate mirror,” in Tech. Dig. Annu. Meet. Opt. 

301-306, 1976. 

vol. 66, pp. 306-311, 1976. 

pp. 182-183, 1985. 

48, pp. 1567-1569, 1986. 

2291-2292, 1987. 

pp. 1584-1590, 1987. 

26, pp. 4538-4540, 1987. 

75-81, 1983. 

Soc. Amer. Washington, DC: Opt. Soc. Amer., 1988, paper FB8, 
p. 161; and also submitted for publication. 

[69] W. B. Whitten and J. M. Ramsey, “Self-scanning of a dye laser due 
to feedback from a BaTiO, phase-conjugate reflector,” Opt. Lett., 

[70] J .  Feinberg and G. D. Bacher, “Self-scanning of a continuous-wave 
dye laser having a phase-conjugating resonator cavity,” Opt. Lett., 

[71] S. Weiss, S. Sternklar, and B. Fischer, “Double phase-conjugate 
mirror: Analysis, demonstration and application,” Op?. Left., vol. 

[72] G. A. Pavlath and H. J. Shaw, “Multimode fiber gyroscopes,” in 
Fiber-optic Rotation Sensors, S.  Ezekial and H. Arditty, Eds. Ber- 
lin, West Germany: Springer-Verlag, 1982, pp. 11 1-1 14. 

[73] S. V. Bessonova, A. A. Borodkin, A. G. Dobrolynbova, E. V. Po- 
lyakov, V. P. Sarantev, A. T. Semenov, and V. A. Simakov, “Fi- 
ber-optic ring interferometer with a multimode waveguide,” Sov. J .  
Quantum Electron., vol. 13, pp. 1403-1405, 1983. 

[74] W. K. Bums, R. P. Moeller, C. A. Villarnel, and M. Abebe, “All- 
fiber gyroscope with polarization-holding fiber,” Opt. Lett., vol. 9 ,  

1751 For example, IEEE Trans. Commun., Special Issue on Photonic 
Switching, vol. COM-25, Mar. 1987; A. A. Sawchuk, B. K. Jen- 
kins, C. S.  Raghavendra, and V. Varma, “Optical crossbar net- 
works,” IEEE Trans. Comput., vol. C-36, pp. 50-60, June 1987. 

[76] D. M. Pepper, “Hybrid phase conjugator/modulators using self- 
pumped 0’-cut and 45”-cut BaTiO, crystals,” Appl. Phys. Lett., 
vol. 49, pp. 1001-1003, 1986. 

[77] B. R. Suydam and R. A. Fisher, “Transient response of Kerr-like 
phase conjugators: A review,” Opt. Eng., vol. 21, pp. 184-189, 
1982. 

[78] A. Yariv, S.-K. Kwong, and K. Kyuma, “Demonstration of an all- 
optical associative holographic memory,” Appl. Phys. Lett., vol. 

1791 B. H. Soffer, G. J. Dunning, Y. Owechko, and E. Marom, “Asso- 
ciative holographic memory with feedback using phase-conjugate 
mirrors,” Opt. Lett., vol. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, pp. 118-120, 1986. 

[80] M. B. Klein, G. J. Dunning, G. C. Valley, R. C. Lind, and T. R. 
O’Meara, “Imaging threshold detector using a phase-conjugate res- 
onator in BaTiO,,” Opt. Lett., vol. 11, pp. 575-577, 1986. 

[81] S.-K. Kwong, M. Cronin-Golomb, and A. Yariv, “Optical bista- 
bility and hysteresis with a photorefractive self-pumped phase-con- 
jugate mirror,” Appl. Phys. Lett., vol. 45, pp. 1016-1018, 1984. 

[82] S.-K. Kwong and A. Yariv, “Bistable oscillations with a self- 
pumped phase-conjugate mirror,” Opt. Lett., vol. 11, pp. 377-379, 
1986. 

1831 M. Cronin-Golomb and A. Yariv, “Semi-self-pumped phase-con- 
jugate mirrors,” Opt. Lett., vol. 12, pp. 714-716, 1987. 

[84] S. Sternklar, S. Weiss, and B. Fischer, “Optical information pro- 
cessing with the double phase-conjugate mirror,” Opt. Eng., vol. 

vol. 9, pp. 44-46, 1984. 

vol. 9, pp. 420-422, 1984. 

12, pp. 114-1 16, 1987. 

pp. 570-572, 1984. 

48, pp. 11 14-1 116, 1986. 

26, pp. 423-427, 1987. 

Yasuo Tomita (S’88-M’89) was born in Sap- 
poro, Japan, on September 28, 1955. He received 
the B.E. and M.E. degrees, both in electronic en- 
gineering, from Hokkaido University, Sapporo, 
Japan, in 1978 and 1980, respectively, and the 
M.S. degree in electrical engineering from the 
California Institute of Technology, Pasadena, in 
1985. During his graduate study at the Research 
Institute of Applied Electricity, Hokkaido Uni- 
versity, he investigated the statistical properties of 
white light and polychromatic speckles. 

In 1980 he joined the Canon Research Center, Tokyo, Japan, where he 
worked on magnetooptics and its applications to erasable optical memories. 
In 1982-1983 he was a Visiting Associate at the Institute of Industrial Sci- 
ence, University of Tokyo, Tokyo. Since 1984 he has been with Caltech 
on leave from the Canon Research Center. He is now a Ph.D. candidate in 
electrical engineering at Caltech. His current research interests include 
propagation characteristics of conjugate waves in strongly scattering media 
and their applications, photorefractive nonlinear optics, nonlinear optical 
phenomena in passive and active waveguides, and optical computing. He 
has published many papers in the areas of speckles, magnetooptics, and 
phase conjugation. 

Mr. Tomita is a member of the Japan Society of Applied Physics, the 
Optical Society of America, and the American Physical Society. 



338 IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 25, NO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. MARCH 1989 

Ram Yahalom was born in Israel in 1952. He re- 
ceived the B.Sc. and Ph.D. degrees in physics 
from the Technion-Israel Institute of Technol- 
ogy, Haifa, in 1974 and 1984, respectively. 

From 1974 to 1979 he served in the Israeli De- 
fence Forces and was also involved in the research 
and development of electrooptic systems. After 
receiving the Ph.D. degree he spent one year as a 
research associate at the Stanford University, 
Stanford, CA, when he was awarded the Roths- 
child Fellowship. Since 1986 he has been a re- 

search fellow at the California Institute of Technology. His research inter- 
ests include nonlinear optics and phase conjugation. 

Kazuo Kyuma (M’87) was born in Tokyo, Japan. 
on October 22. 1949 He received the B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, M S , 
and Ph D degrees, all in electronic engineering, 
from the Tokyo Institute of Technology, Tokyo, 
Japan, in 1972, 1974, and 1977, respectively At 
the Tokyo Institute of Technology, his studies 
were primarily in the field of the fabrication tech- 
niques of ZnO-sputtered films and their applica- 
tions to the surface acoustic wave devices with 
semiconductor substrates 

In 1977, he joined the Central Research Lab- 
oratory. Mitsubishi Electric Corporation, Hyogo Prefecture, Japan After 
that, he extended his speciality to optical devices His recent research in- 
terests cover fiber-optic senqors including optical gyroscopes, integrated 
semiconductor lasers, optical switching devices, optical phase conjugation, 
and optical neural computers From 1985 to 1986, he was a Visiting As- 
sociate at California Institute of Technology, Pasadena. CA, in the labo- 
ratory of Dr A Yariv He has been the Manager of Photonics Group zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ,  
Department of Advanced Device Technology, \ince 1987 

Dr Kyuma is a member of the International Neural Network Society, 
the Institute of Electronics and Communication Engineers of Japan, the 
Japan Society of Applied Physics. and the Society of In?trument and Con- 
trol Engineers 

Amnon Yariv (S’56-M’59-F’70), a native of Is- 
rael, obtained the B S , M S . ,  and Ph D degrees 
in electrical engineering from the University of 
California, Berkeley, in  1954, 1956, and 1958, 
respectively. 

He joined Bell Telephone Laboratories, Mur- 
ray Hill, NJ, in 1959, at the early stages of the 
laser effort He came to the California Institute of 
Technology, Pasadena, in 1964 as an Associate 
Professor of Electrical Engineering, becoming a 
Professor in 1966 In 1980 he became the Thomas 

G Myers Professor of Electrical Engineering and Applied Physics On the 
technical side, he took part (with various co-workers) in the discovery of 
a number of early solid-state laser systems, in proposing and demonstrating 
semiconductor based integrated optics technology, and in pioneering the 
field of phase conjugate optics. His present research efforts are in  the areas 
of nonlinear optics, semiconductor lasers, and integrated optics He has 
published widely in the laser and optics fields some 300 papers and has 
written a number of basic texts in quantum electronics, optics, and quantum 
mechanics He is also a founder and chairman-of-the-board of the Ortel 
Corp , Alhambra, CA. 

Dr Yariv is a member of the American Physical Society, Phi Beta 
Kappa, the American Academy of Arts and Sciences, and the National 
Academy of Engineering, and a Fellow of the Optical Society of America 
He received the 1980 Quantum Electronics Award of the IEEE, the 1985 
University of Pennsylvania Pender Award, and the 1986 Optical Society 
of America Ives Medal 

Norman Sze-Keung Kwong (M’87) was born in 
Hong Kong on August zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  1958. He received the 
B.Sc. degree in physics from the University of 
Hong Kong in 1980, the M.S. degree in physics 
from the University of Southern California, Los 
Angeles, in 1981, and the Ph.D. degree in physics 
from the California Institute of Technology, Pas- 
adena, in 1986. As an undergraduate, he con- 
ducted experiments on measuring cosmic ray 
muon intensity. His doctoral work at Caltech con- 
cerned two-wave and four-wave mixing. uhase - .  

conjugation. image processing, associative memories, and bistabilities with 
photorefractive materials. 

Since 1986. he has been a Staff Scientist at the Ortel Corp., Alhambra, 
CA, where he continues his research on image processing and optical fiber 
sensors using photorefractive materials. He also manages a program to de- 
velop high-power GaAlAs and InGaAsP superluminescent diodes, 


