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A b strac t— Interferometric methods for signal processing, which make it possible to obtain a better noise 
protection of information laser and optoelectronic systems during detection and processing of optical fields 
under conditions for external additive noise, are proposed based on the results of analysis of the specific 
features of field formation in passive and active optical interferometers. The possibility of reducing the 
effect of external factors on the efficiency of additive-noise suppression by supplementing an interferometer 
with a stimulated-Brillouin-scattering fiber mirror is investigated. The technical feasibility of the methods 
proposed is shown and their efficiency is experimentally confirmed.
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1. IN T R O D U C T IO N

The rapid progress of laser and optoelectronic 
technologies in all fields of fundamental and applied 
research gave a new impetus to the development 
of optical interferometry and made it possible to 
expand significantly its application range. Currently, 
interferometric methods are an actively developing 
line of research in physical and applied optics, which 
uses the latest achievements of laser technique, opto­
electronics, and fiber optics and is applied in various 
fields. Currently, double-beam interferometers (such 
as M ach —Zehnder interferometer and its various 
modifications) are widely used in designing highly 
sensitive precise optical sensors and gyroscopes and 
in other important fields of science and technology, 
including astrophysical systems for observing dis­
tant objects and systems for diagnostics of various 
physical processes (see, for example, [1—8]). The 
constant interest in the transformation of optical 
fields by interferometric methods is related to the 
possibility of implementing direct optical processing 
of optical fields and controlling their spatial and 
temporal structure. At the same time, an analysis 
of the modern state of the problems related to the de­
velopment and application of interferometric methods 
shows that their unique potential for various applied 
problems has not been realized and implemented in
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full measure. Thus, there is a wide area of activity 
for researchers and experts in this field. Here, 
we consider one of applications of interferometric 
methods aimed at improving the noise protection of 
laser and optoelectronic information systems applied 
in detection and processing of optical fields under 
conditions of external additive noise.

2. SPA TIA L AND T E M P O R A L  
S E L E C T IO N  O F  N O ISE  

IN A P A SS IV E  IN T E R F E R O M E T E R
2.1. Formation of Fields in a Passive Interferometer

Let us consider some specific features of field for­
mation at outputs of a passive optical interferometer. 
Generally, interferometer arms are characterized by 
some relative temporal and spatial m ismatch, which 
is caused by various factors. The spatial wave m is­
m atch (Аж) in the interferometer arms characterizes 
their angular m ismatch, while the temporal mismatch 
A t is characteristic of the optical lengths of different 
interferometer arms. We assum e that a plane coher­
ent monochromatic wave E  (an additive mixture of 
signal and noise) arrives at the interferometer input. 
In this case, the amplitude \ E\ is related to the arrival 
rate of signal and noise photons. Note that the re­
sults obtained in this study for monochromatic waves 
can be expanded to optical fields of complex spectral 
composition [9] and that the term “coherent” does 
not necessarily imply limited consideration of only 
laser sources, because partially coherent light can be 
formed by sources of other types, emitting in a wide 
spectral range.
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The complex wave amplitudes in the first and second interferometer arms can be found from the relation 
[ 10]

\Ег\ =  \E2\ =  \E\/V2. (1 )

M ixing of waves with the amplitudes

\En \ =  | E\21 =  |s2 i| =  1^221 =  E / V 2 (2 )

occurs at the interferometer outputs.
The total light intensity at the first output of the interferometer is found from the relation

lp x =  l^ E n (x ,t)  +  E 2\(x +  A x ,t  +  A t)] [E h (x ,t )  +  E 2\(x +  Ax, t +  A t ) f

=  (EnE*n ) +  (E 21E*21) +  2R e (^Ец{х, t) E*2l{x +  A x ,t  +  A t)) , (3 )

in which the first two terms describe the energy of the interacting beams Е ц  and E 2\ and the third term is the 
result of their interference in the form of spatial and temporal correlation function, which can be written for a 
stationary field in the following form:

(^En (x ,t) E 2 1  {x +  A x ,t  +  A t))  =  B i2(Ax, At). (4 )

The light transm ission through the interferometer is analyzed using the normalized spatial and temporal 
correlation function

0  ,л  (E n ( x ,t ) E 21(x +  A x ,t  +  A t))

а д д - дг) =  в  ' ,5)

Having transformed expression (5), we obtain
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Ipi =  hi(Pi) +  I21 (-Pi) +  2ReQi2(Aa;, At)\Jhi(Pi) hi(Pi), (6)
where / 1 1 ( ^ 1 ) and I 2i(P i)  are the intensities of the Е ц  and E 2\ beams at the P\ point (at the first output of 
interferometer).

Similarly, for the second output of interferometer (point P2), we have

Ip2 =  -̂ 2 2 ( ^ 2) +  -̂ 1 2 ( ^ 2) +  2 R e Q i2 (Aa;, A t)\ /I22(P2) / 1 2 ( ^ 2 )- (7 )

Based on relations (5 )—(7 ) and the energy conservation law, one can write

2 R e Q i2 (Aa;, A t ) д /In(P\) I 2i(P i)  +  2 R e Q i2 (Aa;, A t)\ /l22{P2) / 1 2 ( ^ 2) =  0 . ( 8 )

Having analyzed expression ( 8 ), one can conclude 
that, when a plane monochromatic wave passes 
through a passive interferometer, fields with an 
inverse spatial and temporal intensity distribution 
are formed at its outputs. W hen a signal+noise 
additive mixture arrives at the interferometer input, 
the result of interaction of these fields is determined 
by their spatial and temporal coherent properties and 
the relative spatial and temporal m ism atches (Аж, 
Ay, and A t) of interferometer arms. Depending on 
the combination of the aforementioned factors, one 
can process interferometric signals to solve different 
problems related to selection of desired signal against 
the background of additive noise. W hen the inter­
ferometer arms are characterized by zero mismatch 
(Аж =  0, Ay =  0, A t =  0), its optical schem e can

be described in terms of equivalent plane-parallel 
plate. An analysis of this equivalent schem e leads 
to the following important conclusion: there is a 
potential possibility of concentrating the entire light 
energy at only one of the interferometer outputs. 
The situations differing from that described above 
have some specific features, which are presented 
in Figs. 1—3. These figures show dependences il­
lustrating the qualitative changes in the normal­
ized spatial and temporal correlation functions of 
the signal+noise additive mixture, Qi2(Ax, At) and 
Q21 (Аж, A t ) , as well as their components related to 
the signal (QSl2(Ax, At), QS21(A x , A t)) and noise 
(Г2щ2 (Д ж) At), Qm i(Ax, A t))  for different situations:
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F ig . 1. (a ) Norm alized spatial and tem poral correlation functions of radiation at the interferom eter outputs and their 
com ponents determined by (b ) a signal from a point ob ject with low tem poral coherence and (c )  radiation from uniformly 
spatially distributed noise with low tem poral coherence.

Q 12(A x, At), Q 2)(A x, A /) Q Cp(A x, A /), Q c ,,(A x , A /) Q <Ilp(A x, А /), О ф ^ А х , At)

Офр(Л х, At)

О ф, (Л х, At)

(C)

A /

F ig . 2 . (a ) Norm alized spatial and tem poral correlation functions of radiation at the interferom eter outputs and their 
com ponents determined by (b ) a signal from  a point ob ject with low tem poral coherence and (c )  spatially m atched point noise 
w ith high tem poral coherence.

(i) observation of a signal from a point object with 
a low temporal coherence against the background of 
noise with uniform spatial distribution and low tem ­
poral coherence (Fig . 1);

(ii) observation of a signal from a point object with 
a low temporal coherence against the background of 
point noise (spatially aligned with this object) with 
high temporal coherence ( Fig. 2 );
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Fig. 3. (a ) Norm alized spatial and tem poral correlation functions of radiation at the interferom eter outputs and their 
com ponents determined by (b  ) a signal from  a point ob ject w ith low tem poral coherence and ( с ) a signal against the background 
of spatially m ism atched point noise w ith low tem poral coherence.

(iii) observation of signal from a point object with 
low temporal coherence against the background of 
spatially mismatched point noise with low temporal 
coherence (F ig . 3).

An analysis of the dependences presented in Fig. 1 
shows the following. W hen a signal from a point ob­
ject with low temporal coherence is observed against 
the background of uniformly spatially distributed 
noise with low temporal coherence, introduction of 
spatial mismatch of interfering beams by a value 
exceeding the spatial coherence length of the back­
ground but smaller than the spatial coherence length 
of the signal, directs the entire energy of useful signal 
into one of the interferometer arms and distributes the 
external background energy between the arms. When 
observing a signal from a point object with low tem ­
poral coherence against the background of spatially 
matched point noise with high temporal coherence 
( see Fig. 2), the introduction of temporal mismatch of 
beams by a value exceeding the temporal coherence 
length of the signal but smaller than the temporal 
coherence length of the noise makes it possible to 
direct the noise energy into only one interferometer 
arm and distribute the signal energy between the 
arms. An analysis of the dependences shown in 
Fig. 3 indicates the following. W hen a signal from a 
point object with low temporal coherence is observed 
against the background of spatially mismatched point 
noise with low temporal coherence, an interference 
signal of only noise and the non-interfering signal

component can be formed at the interferometer out­
put. In this case, the useful signal is proportionally 
distributed between the interferometer arms. This 
result is obtained by tuning the interferometer optical 
axis to the point noise and introducing a spatial 
m ismatch of interfering beams by a value exceeding 
the spatial coherence length of the signal.

2.2. Experimental Study 
of Additive-Noise Suppression

The possibility of suppressing noise radiation by 
interferometric methods was experimentally verified 
by physical modeling under laboratory conditions. 
A schem atic of the experimental setup is shown in 
Fig. 4.

In this experiment, we investigated the possibil­
ity of selecting radiation from a point signal source 
against the intense background formed by a point 
noise source. To this end, a signal and a noise 
from two independent sources were applied at the 
interferometer input. The interferometer optical axis 
was aligned with the direction to the noise source, 
and an interference pattern of light from this source, 
with a period determined by the interferometer base, 
was observed at the interferometer output. The inter­
ferometer arms were spatially mismatched by intro­
ducing a Dove prism into one of them (to rotate the 
corresponding beam by 180° [ 1 1 ]) and compensate 
for the arising interferometer mismatch by inserting 
an optical delay line (equivalent plane-parallel plate)
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Fig. 4. B lo ck  diagram  of the experim ental setup: lasers (7, 2), condensers (3, 4), m irror (5), interferom eter elem ents (6—10), 
filter (transp arency ) (11),  lens (12),  ro tating  plate (13),  slit (14),  photoelectron m ultiplier (75 ), integrator (76), and oscilloscope
u n

into the other arm. The useful signal was selected 
by screening the interference pattern from the noise 
source with a controlled transparency forming ab­
sorption regions with a period corresponding to the 
interference pattern period. The useful signal was also 
attenuated in this case. The attenuation coefficient 
of the useful signal is determined by the ratio of the 
total transm ission and absorption areas of the optical 
transparency within the signal beam.

The results demonstrating the possibilities of 
suppressing intense point noise and selecting a useful 
signal as a result of interferometric processing are 
shown in Fig. 5 in the form of diagrams of photode­
tector output voltage on oscilloscope screen, which 
correspond to the spatial distribution of signal and 
noise intensities in the initial state (F ig .5 (a ))  and 
after passing through the controlled transparency 
(F ig .5 (b ))  [12]. The experiment demonstrated that 
a signal can be selected against a noise background

Signal

N oise

^ S ig n a l 

N oise I_5L _
(b)

Fig. 5. R esu lts  of experim ental study: signal and noise at 
the (a ) input and (b ) output of interferom etric p rocessin g  
device.

when signal and noise sources cannot be resolved 
according to the Rayleigh criterion and that noise can 
be significantly suppressed (by one and a half to two 
orders of magnitude).

3. SU B T R A C T IO N  O F  A D D IT IV E  N O ISE  
IN A C TIV E IN T E R F E R O M E T E R

3.1. Adaptive Filtering of Signals 
in an Active Interferometer

In contrast to passive optical systems, an active 
interferometer allows one to use a channel of probe 
signal formation to process optical signals. Let us 
consider the specific features of processing (using 
active interferometric methods) signals scattered by 
some object. To this end, we will use the classical 
concept of electrom agnetic fields [13], which, in con ­
trast to the quantum -m echanical approach, makes it 
possible to present descriptively the results obtained. 
Due to this, one can reveal the procedures that must 
be performed with optical fields to obtain the desired 
result.

Let us assum e that a distant object is exposed 
to a probe signal E ps(r,t)  with a complex spatial 
structure. Then the distribution of the field Ei(r, t) in 
the image plane is a superposition of the field E ps(r, t) 
( signal) scattered by the object and the additive noise 
n(r,t):

E i(r ,t) =  E ps( r ,t )a (r )  + n ( r ,t ) , (9)
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where <r(r) is the complex reflectance of the object 
surface.

For an object exposed to probe signals E ps(r,t), 
we have

E i(r ,ti) =  E ps(r ,t i)a (r )  + n ( r ,t i ) ,  i =  1 ,2 . (10)

Let the interval A t =  t2 — h  be much narrower 
than the interval of additive-noise temporal coher­
ence; under these conditions, one can assum e the 
following condition to be satisfied:

n (r ,t i)  t t n ( r , t 2). ( 1 1 )

In this case,

E i{r ,t i)  -  E i(r ,t2) =  [Eps{r ,t i)  -  E ps(r ,t2)]a {r).
( 12)

According to this relation, when fields with dif­
ferent spatial structures are successively formed in 
the image plane near the object, there is a potential 
possibility of implementing one of the ways of spatial 
filtering, specifically, to subtract additive noise.

Let us analyze the procedure of subtracting re­
ceived additive noise in an active tw o-arm  interfer­
ometer (F ig .6 ). Our purpose is to obtain an ex­
pression describing the complex amplitude field at 
the input of photodetector 7. To this end, we will 
introduce the following designations: r c3 and r c4 are 
the reflectances of beam splitters 2 and 3 for the 
signals arriving at their first inputs; tc3 and t'c4 are 
the transm ittances of beam splitters 2 and 3 for the 
signals arriving at their first and second inputs; E 0ь(г)

Fig. 6. B lo ck  diagram  of a tw o -arm  interferom eter: laser 
( / ) ,  beam  splitters (2,3),  delay line (4), m irrors (5, 6), and 
photodetector (7).

is the complex amplitude of the field scattered by the 
object at the input of beam splitter 2; E n(r) is the 
complex amplitude of additive noise at the input of 
beam splitter 2; and A i(r )  and A2(r) are functions 
describing the amplitude modulation of the first and 
second probe pulses, respectively, performed by an 
array of amplitude modulators.

We also assum e that the reflectances of mirrors 5 
and 6 are identical and equal to r 3. The optical signal 
E \ ( y), reflected from beam splitter 2  and mirror 6, 
delayed in optical delay line 4 , and reflected from beam 
splitter 3, can be described by the expression

E A r) =  ^ г сз г3гс4 [A i(r) E ob(r) +  £ n(r)] • (13)

The signal E 2(y), transmitted by beam splitter 2, 
reflected from mirror 5, and transmitted through beam 
splitter 3, can be written in the form

E 2(y) =  ~?'з^сз с̂4 [^^2(г) _Е/0ь(г) + £ n(r)]. (14)

The complex amplitude E ^ ( r) at the photodetec­
tor input is described by the expression

E z (  r) =  E i(r) +  E 2( r)

=  ~ ? ' з  [ tc 3 t c 4 A 2 ( r )  +  r C3 r C4 A i ( r ) ] E ob( r )

+  ^ r 3(tc3tc4 +  Г с З Г с 4 ) Е п ( г ) .  (15)

Let us choose the parameters tc3 , tc4 , r c3 , and r c4 
of beam splitters 2  and 3 so as to satisfy the condition

tc3tc4 +  ГсзГс4 =  0 . (16)

In this case, the additive noise is subtracted and 
expression (15 ) can be rewritten in the form

E ^(  r) =  ^ гз[и я и л А 2(г) +  rC3 rcAA i(r)]E ob(r).

(17 )
For example, in the particular case at t C3 =  ^c4 =  

1 / 2  and r c3 =  r c4 =  ( 1 / 2 ) ехрО'тг/2 ) (?'з ф ехрО'тг/2 ) ), 
the following relation holds true:

# s ( r )  =  ^ r 3 [A2 ( r ) - A i ( r ) ] £ ob(r). (18)

According to (18), a signal without additive noise 
arrives from the interferometer output to the photode­
tector input. Thus, if the condition A2(r) — A i(r )  =  
const Ф 0 is satisfied, one can form an object image 
that is undistorted by additive noise and atmospheric 
inhomogeneity.

The above-considered operation mode of two-arm  
interferometer can be applied when there is a pos­
sibility of forming a spatial and temporal structure 
of probe signal in the image plane near the object,
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Fig. 7. B lo ck  diagram  of an experim ental breadboard of self-a lig n ing  p h ase-co n ju g ate  interferom eter: laser ( / ) ,  diaphragm  (2), 
laser amplifiers (3), collim ator (4), second -harm on ic generator based on K D P  crystal (5), S Z S - 2 1  optical filter (6 ), cylindrical 
lens, /  =  50  cm  (7), b eam -sp littin g  cubes (8), m irror (9), atten uator (10),  half-w ave m odulator based on K D P  crystal (11), 
F resn el rhom b (12),  spherical lens, / =  100 cm  (13),  spherical lens, / =  10 cm  (14),  cell filled with benzene (15), ad ju sting  
m irror for ch eck in g  system  in the collim ation mode (16), polarization analyzer (17),  neutral light filter (18),  and photoelectron 
m ultiplier F E U - 3 6  (19).

which changes from pulse to pulse according to a 
specified law. Interferometric compensation for ad­
ditive noise may also occur with an increase in the 
number of pairs of probe-signal pulses with different 
spatial and temporal structures. If signals scattered 
by an object exposed to different pairs of probe pulses 
with corresponding spatial structures are applied at 
the input of a tw o-arm  interferometer ( see Fig. 6 ), the 
signal at the difference output of the interferometer is 
a composition averaged over realizations.

It is rather difficult to apply the above-described 
processing methods in practice because of the sig ­
nificant spatial instability of the addition and sub­
traction regions at the corresponding interferometer 
outputs, which is due to various destabilizing factors 
of external and internal origin. These negative factors 
can be eliminated using interferometers possessing 
a ray path difference in the interferometer arms and 
a rather high quality of interferometer elements. An 
efficient way to eliminate these instabilities is to de­
sign self-aligning interferometers equipped with an 
element responsible for phase m atching of extremely 
weak optical signals. A possibility of using a sim u­
lated Brillouin scattering ( S B S )  mirror as a phase- 
conjugate element was demonstrated in [14].

3.2. Experimental Study 
o f  Additive-Noise Suppression

To carry out experiments on additive-noise sup­
pression in a self-aligning interferometer, we de­
signed an experimental setup, which is schematically

shown in Fig. 7. This setup includes a M ach —Zehn- 
der interferometer, a S B S  phase-conjugate mirror, 
and a system of nonreciprocal optical elements. 
These elements allow one to make the optical path 
nonreciprocal in the forward and backward directions 
in one of the interferometer arms. Here, nonreciprocal 
elements are Fresnel rhomb 12 and half-wave mod­
ulator 11 based on a potassium dihydrophosphate 
(K D P ) crystal.

W hen carrying out the experiment, we verified the 
fundamental possibility of implementing stable com ­
pensation for spatially smooth noise signals with a 
finite coherence length L coh- The phase shift Ay?i in 
the first interferometer arm was controlled by chang­
ing the voltage U across modulator 11 from 0 to 
U\. S ince a light beam that is matched with the 
beam propagating in the forward direction propa­
gates in the backward direction in the second in­
terferometer arm, all phase distortions in the second 
arm are automatically compensated for. In view of 
this, the light beams with a phase shift At/?i propa­
gating in the backward direction in the interferom­
eter arrive at the beam -splitting surface of element
8. A phase shift Aipi equal to ir was implemented 
by fitting a certain value of voltage U applied to 
modulator 11, as a result of which light fields were 
subtracted at the second output of the first beam - 
splitting cube 8 (F ig . 8 (a), central part), whereas at 
the second output of the first cube 8 the fields were 
added (F ig . 8 (b), central part). It was also experi­
mentally demonstrated that the use of an S B S  mirror 
in the interferometer significantly lowers the require­
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Fig. 8. R esu lts of (a ) su btracting  and (b  ) adding signals at the outputs of interferom etric processin g  device.

m ents to the ray path difference in the interferometer 
arms and to the quality of interferometer elements; 
it also allows one to weaken to a great extent the 
effect of random malfunctions of the interfering-beam 
phase (caused by various interfering factors) on the 
subtraction (addition) result. The degree of noise 
suppression can be controlled by changing the S B S  
threshold for the useful signal [14]; this can be done 
by choosing an acousto-optic medium with a corre­
sponding spontaneous scattering linewidth and using 
known methods to reduce the S B S  threshold (see, for 
example, [15]).

We also experimentally estimated the effect of 
external-field amplitude noise on the output charac­
teristics of active interferometer. It was found that, at 
a variance of input signal amplitude afn =  1 .10748 x 
10- 3 (W m - 2 ) 2 and a mean intensity providing sta ­
tionary operation of S B S  mirror, the variance of the 
output signal in the difference channel was <r2ut =  
1,0 2 7 6 9 x  10- 3 (W m - 2 )2. Based on this finding, 
we concluded that fluctuations of the output-signal 
amplitude are basically determined by input-signal 
fluctuations; this correlation is in good agreement 
with the results of [ 16], where a quantum -m echanical 
approach to active interferometers was developed.

4. C O N C L U S IO N S

We proposed some interferometric methods for 
suppressing additive noise in passive and active in­
terferometers. The technical feasibility of these m eth­
ods was demonstrated and their efficiency was ex­
perimentally confirmed. The results obtained can be 
applied to solve various problems implying the use of 
interferometric methods, as well as measurement and 
monitoring tools.
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