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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-conjugation process as a function of input-beam launching conditions. We also
describe several new applications of the scheme which involve correction of nonreciprocal polarization distortions, correction of lossy amplitude distortions, phase-conjugate multimode fiber-optic interferometers and gyros, temporal data channeling between beams, and alloptical beam thresholding.

I. INTRODUCTION
PTICAL phase conjugation has been investigated extensively 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 properties 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 polarization). 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) optical amplifier stages, and by the strong intermodal coupling in multimode fibers. These call for phase conjugation of both polarization components of the beam.
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In the late 1970’s researchers in the Soviet Union studied 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 depolarized pump waves [8]. Subsequently the experimental
demonstrations of complete reversal were conducted using
DFWM in liquid CS2 [9], [ 101, Nd-doped glass [ 113, sodium vapor [ 121, and biochrome films [ 131. Phase conjugation using self-pumped photorefractive PCM’s [ 141,
[15] was also used for the complete reversal of an arbitrary polarized wave [16]. In this method, which is similar to Basov’s scheme [5], an arbitrary polarized incident
wave is decomposed into two orthogonally linear polarized 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 photorefractive 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 [ 1SI), provided that the phase-conjugate 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 intermodal coupling (i.e., modal dispersal) in the fiber combined with phase conjugation of one polarization com-
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reciprocal and/or amplitude distortions prior to the PCM
are taken into account.
The output field E'4' is expressed as

Multimode Fiber

n

Y

Polarizer PCM

~ ( 4 =
'

L

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.

rM'CM*("'')*

where M' is the scattering matrix for the reverse propagation in the fiber. Note that a mode-independent (scalar)
reflectivity r of the PCM is assumed in (6). If a modedependent 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 =

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

(6)

:)

(:

(7)

where denotes the Hermite transpose operation.
Second, consider the ideal case of scalar phase conjugation by the PCM with the polarizer removed (i.e., the
case where the field E ( 2 ) is completely phase conjugated). In this case, viewing the fiber as some arbitrary
lossless linear dielectric medium, the time-reversal symmetry of any fields applies and we must recover the orig.
happens when
inal field E(4)= r ( E ( ' ) ) * This

M'M* =

,).

I O

(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 interrelated by the constraint stated by (7) and (9). These constraints can be translated into the sum rules [26] which
are used to find the results shown further on.

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

With the relation E ' 2 ) = ME"' the correlations between 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)EW
~ ( 3 =
) rCM*(E('))*
(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
where (

*

)

denotes the time average and Ly' ( i , j

=

(5)

x, y ) are N x N matrices. We note that the effect of pos-

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-

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
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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 X 2 coherency matrix is
now introduced:

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

imation; see Appendix A). We see from (13) that the input power initially coupled into any one fiber-guided mode
is redistributed during propagation among all the other fiber-guided modes including those of the orthogonal y polarization. Consequently the out-coupled different spatial
modes possessing random phases interfere with one another at any point, resulting in the speckled spatial structures in the free space.
The polarization state of the field E‘2’ can be obtained
The following parameters are introduced:
using
‘kk’

=

(M.XX)ik(MIX);,

(144

bkk’

e (M,U)ik(MJ%);,

(14b)

N

U

N

= (const)

x

C

k= I

d

=

(L?))~~

c (Lg))kk

k= I

2akk’(Lg’)

=

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

(12)

In (12) Tr denotes a trace of a matrix and the orthogonality 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 eleupon
ments of L z ) , LG), and L g ) do not contribute to
the detection of the field E ( 2 )over U. We note that, unlike
the usual definition of the coherency matrix [36], the elements 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 considered here. Then the diagonal elements of the submatrices Lf)in (10) can be written as follows:

4’

kk’
(k# k’)

d

(15)

(16a)

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 bkklin (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, s3) and the degree
of polarization ( P ‘ 2 ) )of the field E ( 2 ’[36] are then given
by
so E

J E ) + .I:;
=)
d

SI E

32’ - 5‘2’
yy = 2a k k ( L g ) ) k k

+

s2 = .I::)
J $ ) = [Re
where ( L g ) ) d= ( ( E ( ’ ) E ( ’ )),U)u
+ denotes the correlations 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 M u , i.e., coupling strength between
modes, are assumed to be essentially the same (or symmetrically and widely distributed with respect to the diagonal elements M i i ) , while their relative phases are distributed essentially uniformly over the - T - + T interval
(henceforth we refer this to the random coupling approx-

(18a)

(U)]

s3 = i ( J Y(X2 )- J $ ) ) = [Im

- (l - 4 )

d

(U)]

(18b)
(18c)

d

(184

By using the random coupling approximation so that
= 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

J Z ) = 12(1 + 9 ) d

(21a)

and
=

(21b)

i ( l - 4) d .

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 regime. For the complete modal scrambling (i.e., q, U =
0) the output power is equally divided between both or= d / 2 , so that
thogonal polarizations, i.e., J g ) =
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 intermodal coupling in the fiber, thus verifying the random
coupling approximation and the modal averaging assumption. However the parameters q and U will play a role in
the fidelity, of the reconstruction of the original information, as discussed in the next subsection.

C. Spatial and Polarization Properties of the Field E'4'
In this subsection it will be shown that the spatially distorted and depolarized field E'2' can be corrected, under
certain conditions, even when only one polarization component of the field E ( 2 )is phase conjugated.
First, rewrite (6) as

rS(E('))*
(22)
where the scattering matrix S in the round-trip propagation is given by S = M ' C M * . Here the random coupling
approximation is again used so that E?= 1 I (M,)ik 12,
Cy=, 1 ( M x y ) i k1' = 0.5. Then S = Si + S2, where
~ ( 4 =
)

si

I O
I

= i (O

)

and

D
s2

Q
DI)

(Q?

in which D, D ' , and Q are N

X

N submatrices given by

where V = r S 2 ( 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 possessing random phases.
Fig. 2 shows a diagrammatic explanation of the formation 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 direction. 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 direction. In Fig. 2(a) the (time-reversed) paths in the backward direction are exactly the same as those in the forward 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 phaseconjugate 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 scattering 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 inputbeam numerical aperture (NA). Therefore the noise power
per mode can be much smaller than that of the true phaseconjugate field, provided that the input field initially excites 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 contributions 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 attracted a great deal of attention mainly in connection with
analogous phenomena on Anderson localization of electrons [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

The field E ( 4 )given by (22) becomes
E(4) = $@I))*

+

v
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input plane

output plane

and

x-polarized
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y-polarized
modes

in which the total power of the x-polarized input d is given
by (15) and L‘4) by ( 2 6 ) . After some lengthy calculations
using (26)-(28) together with the sum rules from ( 7 ) and
(9), the total noise power P N is given by

PN

(b)

Fig. 2 . Diagrammatic description of the formation of the field E‘4’:(a)
deterministic phase-conjugate paths which result in true phase conjugation of the input field E‘ ); (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 ( 2 6 )
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: 1) “the depolarized noise” which comes from the second term of
the right-hand side of ( 2 6 ) . The ratio of this noise power
to the true phase-conjugate beam power per mode is of
the order of M o / N ( M Ois the number of the fiber-guided
modes that are excited initially), independently of the
mode number. This noise contribution has also been reported by Wabnitz [ 2 5 ] ;2 ) “the polarized noise” which
comes from the third term in ( 2 6 ) and its ratio to the true
phase-conjugate beam power is of the order of I q I. Although this noise is x-polarized and resides within the
mode number MO,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’:

Tr (J;:he)

=

$lrl 2 d ( 1

+ 2q)

(29)

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-conjugate beam. From the explicit expression of (26) it can be
shown [26] that it is appropriate to assume that the depolarized noise power in the field E‘4’ is distributed
among all the fiber-guided modes and the total noise
power of the x polarization is nearly the same as that of
the y polarization. Consequently the 2 x 2 coherency matrix 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 integrated 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-polarized input, is given by

R E -J g )
d

1

+ 4q)

= - lrJ2(3

8

where the definition of the degree of polarization is given
by (19) and the second-order terms in q and v are neglected. 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 [ 1 9 ] , which is defined as p E ( J S ’ - J ‘YY4 ’ ) / ( J 2 ’ +
J g ’ ) , i.e., the recovery of the linearly x-polarized component, 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 depolarized (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 polarizations. 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 r I 2 / 8 , respectively. This
asymptotic result was observed experimentally and explained 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 inputbeam NA is smaller than the fiber’s NA), as was the case
in the first experimental observation [ 191. In this case the
detection is usually made only within the same (inputbeam) NA. Therefore the total noise power within the detection area is smaller than the total noise power discussed
above. To see the effect of the input-beam NA on the degree 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
M

Ai

p2 E E
&
.

C

I

i= 1

ei

(36b 1

It is seen that P ( 4 )is again equal to the degree of polarization 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-ofview, 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 matrix. Then by using the same argument as before and in-+

ei = true phase-conjugate power in the ith mode
2x

Ai

polarized noise power in the ith mode
4qx

Ai

depolarized noise power in the ith mode of each polarization

x

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

i= I

where the contributions of the off-diagonal elements in
and of the second order terms in q and ZI are neglected. Then the degree of polarization P(4’and the reflectivity R upon the detection are given by
p(4’
ppol

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] :

+ PM
(35a)

(35b)

and

l
M
R = - lr12
ei(2
8~
i = ~

+ 4qp,

+ [ I + 2(€ - 1)(1 + q ) ] P 2 ]
(37b)
where E = q - ’ , and it is assumed that the field E‘3’ contains 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 A i .
Consider now two specific forms of the modal partition
functions. A uniform distribution of the depolarized noise
field gives
M

M

C A ; =”
i=l
(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 =

loexp

(-$)

(39)
1.8
r

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 diameter of the depolarized noise intensity distribution in the
detection plane, and Io = I r l2 d / $ 2 n so that j j Y m Id dr
dy = I r l2 d / 8 . It is then found that

1

Gaussian Distribution

1.6

q = -0.035

5
3
0
.
0
:
/

I

1.4

7

1.2

Uniform Distribution

I

M
i= 1

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

.-

i, n

(40)

0.2

0

0.4

0.6

0.8

1.o

where
c$o

= the input-beam diameter corresponding to N

(a)
I

1.0 p\

and

4 = the input-beam diameter corresponding 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 l2 d ( 1 2 q ) / 4 ~ )and (b) P(4)as a function of ( 4 / 4 0 ) 2
(i.e., input-beam NA) for a uniform and a Gaussian
($/4, = 0.5) distribution, where, according to the experimental 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, f 0 . 0 3 5 )
are used to see the effect of the residual polarization of
the field E(2).These values correspond to P(2)= 0 , 0 . 0 5 ,
respectively, when I q I 2: 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 inputbeam NA is much smaller than the fiber’s NA (i.e.,
( + / 4 0 ) 2 << l ) , then P ( 4 )is close to unity, i.e., almost
complete polarization recovery is possible. This is because the noise power is distributed among all the fiberguided 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 distribution and the values of 4’s. When q is negative, the values of R and P(4)are higher than those for q 1 0. This
is because the residual x-polarized power is increased independent1 of q and Ro(q,o > Rol q < o . We also see that
as (4/40) approaches unity, R / R o increases up to 1.5

0.8

\

h

0.6

<

+

Y

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].

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

0.4

-

t
t

o.2
01

\‘;*00.035
-0.035

’

I

0.2

’

I

0.4

I

’

0.6

’

”

0.8

I

1.0

(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, k 0 . 0 3 5
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 reconstructed 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 detection 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 intensity of one polarization at one point in the detection plane.
The rms noise intensity is then given by
2

Consequently the SNR can be written as

a

U)

4

I\
I

I,
(SNR)xy E -

-(SNR)XY

\

I
I

Uniform Distribution

‘TI
I

(43)
where y = 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

(SNR)x =

27

0.2

0.6

0.4

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)tion, the improvement of the SNR is very small [42].

To illustrate the dependence of these SNR ’S on the input-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
phase-conjugate beam is I rI2 d/4. See also (27)] and
Inoise
is given by I r l2 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 exceeds about 10 percent of the fiber NA, while for the uniform 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 input-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 indicates that although an analyzer is inserted in order to eliminate unwanted speckle noise of the orthogonal polariza-

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.
111. EXPERIMENTS
In this section the experimental observation of polarization and spatial information recovery by modal dispersal and phase conjugation [19] is described. Then the experimental results of the fidelity of the phase conjugation
process [22] are shown and compared with the theory described 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-conjugate 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 recoveryp = ( 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
. Fig. 5(b),
orthogonal polarization components of E ( 5 ) In
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 ( c p ) of
the linearly polarized light entering the fiber. This direction 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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E ( 3 ) IO
~ Objective

(b)
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.

Also plotted in Fig. 6 is the reflectivity R I of the phase
conjugator defined by R I = P l / P o ( P o = input beam
power at the crystal ) . When arbitrary elliptically-polarized light was used as the input E " ' , p was also close to
unity. Fig. 7 shows p and R I as a function of Po for the
three different polarization states at the input: linearly polarized, circularly polarized, and elliptically polarized.
The quantity p is seen to be also close to unity for the
inputs of several polarization states, indicating the complete reversal of an arbitrary polarized input beam whose
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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 multimode (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'.

I

$ O I L

I

B. Fidelity of Phase Conjugation

I

6?
I

XO

I
0.I

,

I

I

I

I

10

Input Power Po(rnW)
Fig. 7 . Degree of polarization recovery p and reflectivity R I of the fibercoupled PCM are plotted as a function of the input power Po for the three
different input polarization states: linearly polarized ( U ) , circularly polarized ( o ) , and 45" elliptically polarized ( x ) .
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Fiber ( 5 m1

P1 AP1 A P 2
Ar'

Laser

BE

( A = 514 5 nm)

X

Y

L
2

Fig. 8. Experimental arrangement. BE: beam expander; PI, P2: polarizers
to guarantee the x-polarized input to the fiber and the crystal, respectively; D I , D2, D3: detectors for measuring the power of the beams
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,s2, 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 depolarized, 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
a k k ' ( k k ' ) and bkk,given by (14) and also q and U given by
(16) are much smaller than unity).
Fig. 9 shows the experimental results of R ( =
I E r ' / E ( * '12) [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
= O S ) , and (4,v ) = (0, l ) ,
noise intensity (rC./&
(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 depolarized. Thus the power in the depolarized component of
the reflected beam increases with the increase of 4, making the total R increase but p and P(4)decrease. Note that
the theoretical curves are in good agreement with the experimental 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
DATAOF THE STOKES PARAMETERS AND THE DEGREE
OF
POLARIZATION OF THE FIELDE'"
Input-Beam NA

31 /sn

$,/so

0.02
0.11
0.25

0.003
0.033

0.008
0.023

0.004

0.041

-0.016
-0.028
-0.021

0.015
0

pC2,

s,/sn

I

I

0.2

0.4

+

0.018
0.049
0.046

I
0.6

0

-0.035

0.2

1

.

O

0.2

0.4

0.8
0.8

P

pl41

0.6

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 determined by the least squares fit with the experimental data shown here. (b)
Experimental data of the degree of polarization recovery p (0)
and the
.
solid lines are theoretical curves
degree of polarization P ( 4 ) ( 0 ) The
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= 0.015 and (b) (4/4(,)' = 0.74.
ter H for (a) (4/$,))'

when ( q , 11) = (0.035, 0 . 8 ) and (0.035, 0 . 8 ) . ) The measurements o f p and P ' 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 temporal 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 uniformly over all the fiber modes, thus occupying 40 independently of 4. If the input beam occupies Q, << c$o the
full recovery of the true phase-conjugate signal is accomplished with an acceptance-beam diameter @ = 4, resulting in a rejection of most of the noise power since only a
small fraction [ ( Q , / C $ ~ ) ?<< 1 1 of the noise power is contained within the NA occupied by the signal. This leads
to high values ( 2 0.95) of p and P ( 4 )with + / Q , 5 1 . It
also follows that under the above conditions as @ / 4 exceeds 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
= 0.015
conjugate images of the letter H when
[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 reported by Beckwith e f al. [24].
IV. APPLICATIONS
The image transmission and recovery in multimode fibers using phase conjugation, proposed by Yariv [43][4S], may be the first application of a combination of mul-

25 NO

MARCH i Y 8 Y

3

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 demonstrations of image recovery based on a round-trip propagation
via phase conjugation were reported by employing nonpolarization-preserving PCM's (NPPPCM's) (which correspond to the present scheme) in the past 1461-(491. The
quality of image recovery was also discussed and compared 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 discussed 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 oscillation with multimode fibers [S3], [56] and optical interconnections [S7]. The polarization-preserving property of
the present scheme is also applicable to real-time image
processing using wave polarization and phase conjugation
~581.
In this section we describe six applications: 1) correction of nonreciprocal polarization distortions [27]. 2) correction of lossy amplitude distortions 1281, 3) phase-conjugate 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) alloptical beam thresholding [30].
A . Correction of Nonreciprocal Polarizutiori Distortions
The basic property of time reversal and distortion correction by phase conjugation breaks down if the propagation path includes nonreciprocal media such as magnetic (or gyrotropic) components. This follows
mathematically from the fact that the presence of imaginary elements in the expressions for the magnetic susceptibility tensor spoils the invariance of Maxwell equations
under complex conjugation for the reflected wave. To illustrate 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

cos 28
= (sin 28

-sin 28)
cos 28

(z:)

'

(45)

I

' '.

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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v
E4
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Muhimode
Fiber

,

(b)
Fig. 11. (a) Schematic diagram of a wave that propagates through an element A , 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 dispersal 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 polarization) representation, the phase-conjugate beam E(4' can
be written as
~ ( 4=
)

r~ 'F f pt 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 polarization) suffer the same amount of Faraday rotation 8.
By using (46) together with the random coupling approximation 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 obtaining (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

p M = 2 x ( 2 - cos2 28)

C
i= 1

(48b)

where X is again given by 1 r l2 d / 8 and the effects of the
residual polarization and of the quality of phase conjugation by the PCM are neglected (i.e., q = 0 and 11 =
1). From (48) the degree of polarization P ( 4 )and the reflectivity R for the field E(4)can be written as
cos2 28

p(4) =

(1 -

= P

p2) cos2 28

+ 2p2
(494

Faraday Rotation Angle, 0

Fig. 12. Experimental results of the degree of polarization recovery p (0)
and the normalized reflectivity R ( O ) / R ( O ) ( 0 ) .The solid lines are theoretical curves using a Gaussian noise distribution ( $ / & = 0 . 5 ) and
(4.7 ) = (0.1).

1

M

R ( e ) = - lrI2 C 0 , [ ( 2
8
,=I

-

p2) cos2 28

+ 2p2]

(49b)

where p2 is defined by (36b). From (47) and (49) we notice 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 rotator was used as the nonreciprocal media. The degree of
the polarization recovery p and the x-polarized phase-conjugate 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 distribution of the noise intensity given by (39) with ( C $ / C $ O ) ~
= 0.001 and $/C$ = 0.5 are used. It is seen that the normalized reflectivity R ( 8) / R (0) varies almost as cos2 28,
while p is almost unity except in the vicinity of 8 = 45 .
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 Faraday 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 signal, self-aligned and stable operations can be expected.
To simulate distributed Faraday rotation in a fiber better, 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 replaces 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 reflectivity R decreases monotonically with the increase of the
O
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1 (current to be measured)
~n
1
,A,?
v v v v

0

Multimode
Fiber

I

+

I

-I

I

Laser

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 28
by
28 with 8 = V H L / 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 experimental 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 insensitivity 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
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 proposed scheme is free from the problem of modal coupling
that arises when a single-mode nonpolarization-preserving 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 corrections cannot be achieved in cases involving inhomogeneous 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 recovering 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 intentionally mode dispersed by propagating through a
(multi)mode- and polarization-scrambling fiber so that the
field exiting the fiber has the original pictorial and polarization 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 studies 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 information in this study.

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 Cxxis 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 direction) 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

,

f .

N

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

where W is a 2 N rank vector whose elements depend on
the elements of E ( ' )and Cxxas 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''' including its polarization state. The second term W corresponds to the (depolarized) noise. And as shown in Section 11, in the absence of the lossy distorter (i.e., ( C r x )
= 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 2 N in the fiber, and the detection aperture is close to the input aperture 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 input-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,J
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Fig. 14. The degree of polarization recovery p ( ) and the degree of polarization p''' ( 0 )of the output field E"' as a function of the transmission 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 increases. This shows that the original polarization recovery 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 information among all the modes in the fiber used is incomplete. Nonetheless the polarization recovery was still
about 0.66, even in the case of the largest loss of 67 percent. 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 images decrease as the transmission loss due to F increases,
the phase-conjugate replica of the input image can be reconstructed. 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 mentioned 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, resulting in the apparent degradation. This effect may be
analogous to the case of image reconstruction in holography with a diffused signal [62], when the resolution in
the reconstructed image decreases as the fragment of hologram becomes smaller. In the present scheme the degradation 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

(C)

(f)

Fig. 15. (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) Phaseconjugate 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). ( f ) loss 68.S
percent.

not complete, the input information is redistributed among
a sufficiently large number of modes (viz., spatial frequencies) 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 capabilities 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, multimode 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 carrying 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 interferometers 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 E l and
E 2 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 ( i d ) of
the input beam E 3 . According to the four-wave mixing
process, the reflected conjugate beam E4 is proportional
to E , E 2 E ; and the phase change of E4 is exp ( i d ) exp
( i d ) exp ( - i d ) = exp ( i d ) , which is exactly the same
as that of E 3 . Feinberg [67] experimentally demonstrated
this property and also showed the correction capability of
nonuniform phase distortions in the Michelson interferometer 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 multimode 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 polarization 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 perturbations to the fiber can be detected by the movement of the
interference fringe. The problem of a frequency shift ( I
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-Zehnder 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 conjugate 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 selfpumped PCM and/or the DPCM give not only many ad-
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Fig. 16. Two configurations of phase-conjugate multimode fiber-optic interferometers: (a) Michelson interferometer; (b) Mach-Zehnder interferometer. Input beams are linearly polarized for both (a) and (b). Uniform 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 important applications in fiber-optic sensor systems. Sagnac interferometers have usually been employed for this purpose 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 sensitivity over some unwanted perturbations such as modal
scrambling and Faraday effects, single-mode polarization-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-optic gyro. Moreover, by taking advantage of the polarization-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 multimode 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, respectively. 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 figure) and then propagate in the backward direction. In this
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be responsible for drift of output signals on a larger time
scale [31]. In addition the depolarized fields in the reflected fields are one of the noise sources when a multimode fiber and the NPPPCM are employed [31]. Therefore the improvement of the system performance should
be the subject of future studies.

E. Temporal Data Channeling Between Beams
t

Fig. 17. Configuration of phase-conjugate multimode fiber-optic gyro. Input 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 R and L are the radius and length of the fiber coil,
respectively, and 0 is the rotation rate, X is the wavelength, 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 fiberPCM configuration also has an advantage in that inexpensive 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 polarizationpreserving 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-propagating beams in the fiber can be detected since the relative 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 employed 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 photorefractive ring passive PCM [15] in which the ring consists 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

Because of growing interest in photonic switching and
interconnections [75], applications of nonlinear optical
phase conjugation to signal processing in the temporal domain are also considerable. The functions proposed so far
are: pulse envelope shaping, optical gating, time delay
control, logic gating, convolution and correlation, envelope reversal, and space-to-time modulation-demodulation [ 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 conjugation and reverse propagation through the fiber, almostperfect 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 inputbeam NA of each beam was about 0.01, and the relative
angle of incidence Oi of the two beams on the fiber was
ranged between 5 and 15". The main results of the different experiments are summarized below.
1) Spatial Crosstalk: The two input beams were similarly polarized and run in the CW mode. If there is a considerable 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 recovery 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 orthogonal 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 polarizations 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 coupling of the two beams was investigated by a square wave
modulating beam 2 at frequency fz while beam 1 was
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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
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
( f 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, furthermore, that both output beams have similar envelopes. In
addition, it was found that
1) the output beam's intensity ratio follows approximately the input ratio PI/ P z ,

in

2) full polarization and spatial recovery is achieved,
and
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 , 2 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"'
E : , [ )+ ~ b " g ( r )
(55)
~

where it is assumed that only beam b has a time-dependent factor g( r ) . At the output of the fiber
El?' = M E " ) ,
(56)
Since only the .u-polarized component of the field E'" is
launched into the PCM (see Fig. 17). the field E : ? )is expressed as

~
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+

I

E‘3’ = A ( t ) ( E L 2 ) ) :+ B ( r ) ( E i 2 ’ ) T .

1

(60)

Using (56) and the same argument as those shown in Appendix 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 intercon1 ) beams are interconnected
nected switch, when ( N
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.

+

Input Modu lot ion I n d e x
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.

F. All-Optical Beam Thresholding
(57)

The recent development of optical implementation of
various data processing procedures has created a demand
for a sensitive all-optical thresholding device [78], [79].
For the phase-conjugation process in the crystal the Several thresholding configurations using photorefractive
crystals have been reported in the past [go]-[84]. In this
model is simplified by considering one interaction region
subsection a possible mechanism for such a device [30]is
of the self-pumped PCM. The analogy between four-wave
presented, based on the coupling of mutually incoherent
mixing and real-time holography [ l ] is invoked and it is
light beams by means of the fiber-coupled PCM.
assumed that each of the modes, say U,, is reflected effiIn the experiment up to three mutually incoherent beams
ciently only by a grating which is created by two “writwere converged into a multimode fiber with an incidence
ing” beams of the same mode. A “reference” beam u t )
angle in the range of 0-10”. The rest of the experimental
and a “signal” beam U:’ create a “grating” U:’*&!).
A
system was similar to that described in Section IV-E. It
“reference” beam ui3) a U!,,”*( t) is scattered off the gratshould be noted that, by launching all the input beams into
ing leading to phase-conjugated output beam:
one multimode fiber, the interaction between them in the
crystal is maximized since the strong intermodal coupling
a <u~’*u~’>u!,,“*(r)
(58)
in the multimode fiber makes the out-coupled beams alwhere (
) denotes time average. Since the response
most independent of the initial characteristics of the input
time of the photorefractive medium is too large to follow beams (i.e., angles of incidence, polarizations, and spathe field modulation g ( t ) [15], the grating term u ~ ’ * u ~ ’ tial
’ structures) which are now distributed over all of the
is time-independent. The time dependence of U:’ is then fiber-guided modes for each of the incident beams.
dictated by that of the incident field u t ) * only.
In the first set of experiments the phase-conjugate beams
Using the relation by (58) and keeping only the phase- of two mutually-incoherent input beams were investimatched terms in the scattering process by the grating, the gated. The steady-state phase-conjugate beam of each of
phase-conjugate field E‘3’ is found to be
the two beams (hereafter: PCr0’ and PC$”> was first meaN
sured separately, and then the power of the steady-state
E‘3) = I C
= I [Ai(t)& + B,(t)u$]
(59) phase-conjugate beam of each of the two beams (hereafter: PCI and PC2) was measured while the two beams
where
were coupled simultaneously to the fiber. It was found
2
2
2
~ i ( t =) pal uai + pa2 ubi + pa3 ubi g ( t )
that only the stronger beam was phase conjugated,
whereas the phase-conjugate light of the weaker beam was
B i ( t ) = P ~ I uai + ~ b 2ubi 12g(t) + pb31 ubi J2g(t)
suppressed to zero.
in which p denotes the PCM modal reflectivity. From (56)
In Fig. 21 the results of a measurement of PCI are
and (57) we see that terms uai and ubi contain the factors shown as a function of the input-power difference A = PI
mu exp ic#Jiiof the scattering matrix elements. Therefore - P 2 . It is seen that PCI depends on the input-power difdue to the random coupling approximation the main con- ference A, and not on PI alone. In Fig. 22 the another
tributions of the terms 1 uai12, I ubi l2 and p in A i ( t ) and experimental result is shown, where instead of the selfB i ( t ) are independent of the mode ( i ). Thus it is found pumped PCM with internal reflection [14] a ring passive
that
PCM r151 was used. The resonator loss M in this PCM

I 1
1 1’

1 1
1

I 1
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Fig. 22. Measured phase-conjugate reflectivity of the signal beam as a
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of signal beam power Po.
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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 , / P o
( P I = P o , P2 = P , ) . Again we see the almost linear behavior of the reflectivity. We note, however, that the
threshold power P J P 0 I threshold depends on the signal
power. This behavior can be explained by a simple phenomenological model [30], which is valid for signal input
intensity less than 2mW/mm2. In this model the ring passive PCM under the incoherently erasing illumination
upon the crystal is considered. The effective photorefractive coupling constant y [30] is then given by
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1 + - pt-+ Po u p
where is the dark conductivity, up the photoconductivity in the absence of P,, and yo the photorefractive coupling 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 experimental results shown in Fig. 22 can be explained qualitatively by the simple model. The calculated results are
shown in Fig. 23, where yoZ = 2.4 ( 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 normalized 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 theoretical curves tend to differ from the experimental results
shown in Fig. 22 since the effects of multigratings become significant and the experimentally observed threshold values become greater than those predicted by the
simple model.

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

In the third set of experiments three mutually-incoherent 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 + P 3 , only beam 1 was phase conjugated. 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 erasing beam, in accordance with the explanation given in the
previous subsection. It should be noted that the thresholding 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 phenomena as all-optical beam thresholding and switching
devices.
V. CONCLUSION
In this paper we have described the theoretical and experimental investigations of polarization and spatial information recovery by modal dispersal and phase conjugation. 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 redistributed among all of the fiber modes can be recovered in
spite of (partial) phase conjugation of only one field component of the mode-scrambled field emitted from the fiber. The depolarized noise associated with a reconstruction 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 phaseconjugate 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 nonreciprocal distortions, correction of lossy amplitude distortions, phase-conjugate multimode fiber-optic interferometers 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 concerned (Le., when large NA inputs are required), it permits new signal processing applications involving sensors, gyroscopes, multichannel switching, and optical
interconnections.
APPENDIX
A
THE RANDOMCOUPLING
APPROXIMATION
Each element of the scattering matrix M is expressed as

MIj = m y exp (i6.J).
(A0
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 fiberguided 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 distributed 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 k, 1 = 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 ] , [ 2 5 ] .
APPENDIX
B
THE QUALITATIVE
PROOFOF POLARIZATION
AND
SPATIALINFORMATION
RECOVERY
In what follows, the qualitative proof [ 2 1 ] , [25] of polarization and spatial information recovery is given by
means of the random coupling approximation. As the simplest form of the scattering matrix M it is written as

Then the scattering matrix S in the round-trip propagation
given by ( 2 2 ) 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 nature 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

-

( M p 4 : 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 ( 2 3 ) , and V denotes the
phase-mismatched noise field. We note that (B5) is equivalent to ( 2 5 ) .
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