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. . pseudorandom (PN) ~reference code. Third, the informational signal may or
: may not be error correction coded and hence requires an appropriate

( decoding process.

sie 7 Fie
In this study-we investigate;the utilization of a white-light or incoherent
s optical correlator for the signal decoding.: There are several reasons for
4 selecting the optical technique rather than electronic or digital counter-
part, because the optical technique rather than electronic or digital
counterpart, because the optical technique offers the following capabiliti+s:
1. It is capable of handling very long code words; 2. It has a very
large space-bandwidth product; 3. It has the ability of performing
parallel processing; and 4. The compatibility with optical storage. The
advantages of using white-light processing technique are: 1. It eliminates
E the coherent noise; 2. The incoherent system is economical and easy to
(“ maintain; 3. It is suitable for color signal decoding.

The coherence requirement of the white-light optical correlator for the
spread spectrum decoding is analyzed. We have shown that the temporal
coherence requirement is strongly dependent on the spatial frequency and
the extension of the target (i.e., code word). The spatial coherence
requirement however depends only on the extension of the code word.

The effect on noise performance of an incoherent optical correlator is
also discussed. The output signal-to-noise (SNR) is evaluated by partial
coherence theory. The sources of noise considered are the grain-noise and
the phase-noise at the input and Fourier planes. Except for the grain-
noise at the input plane, we have shown that the output SNR can be improve
considerably by using a broadband light source. The overall SNR increases
rapidly as the number of spectral band filters increases. This increase
in SNR confirms this validity of noise-~suppression under a white-light
illumination.

We have also reported a polychromatic correlation detection technique.
This technique offers true color correlation detection which is a step
closer to actual human observation. The polychromatic correlation may
also apply to decode wideband color coded pseudorandom signal.

- Several experimental demonstrations of the incoherent optical correlator
as applied to character recognition, pseudorandom code are provided.

Comparison with the results obtained by the coherent system are also given}
. We note that the results obtained with the incoherent source provide a
= higher SNR. Several demonstrations for polychromatic correlation detectiop
' are also included.

Finally, the net effect of this study is to emphasize the truth of our
assumption that the incoherent or white-light optical correlator can be an
essential decoder for the application of spread spectrum signal decoding.
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1. Introduction

1.1 Air Force Goals and Needs

1.

4.

1.

The U.S. Air Force needs to improve the space communication tech-

nique not only by increasing the bandwidth (e.g., spread spectrum or
- frequency hopping) of the transmitted signal but also needs to improve

the security such that the transmitted signal is capable of against
jamming, fading, doppler shifts, channel noise, multipath effects, etc.

The basic communication technique that we would like to investigate
may center in the spread spectrum communication technique; particularly
in the application of white-light optical signal processing to detect
a wideband pseudo random code, which was originally transmitted with
spread spectrum communication method.

There are several reasons for selecting the optical signal processing
technique rather than theilr electronic or digital counterpart, because

the optical technique has the following capabilities:

It is capable of handling ve?y long code words;

It has a very large space-bandwidth product;

It has the capability of performing parallel information
processing, and

The compatibility with optical storage techniques.

We would, however, use the white-light processing technique rather

than the coherent optical counterpart, because of the following advantages:

It eliminates the coherent artifact rnoise that generally
plagues the coherent optical system;

The white-light processing system i{s generally economical
to operate and easy to maintain.

The white-light technique is very versatile and simpler

to handle.
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We emphasize again, the basic objective of this research is to
improve the decoding (i.e., detection) capability in such a way

that high signal-to-noise ratio of the correlation can be obtained.

1.2 Spread Spectrum Communication

‘fj: Literally, spread spectrum communication is one in which the

% transmitted signal is spread over a wide frequency band. Usually

%.‘ the bandwidth is much larger than the base bandwidth of the informatio
- signal. The most familiar example of spread spectrum modulation is
the frequency or phase modulation. The bandwidth requirement of the
transmitted signal is generally much higher than bandwidth of the
information signal. Following are three general types of spread

Zf spectrum modulat ions?:

1. Direct Sequence - modulation of a carriet by a digital
code sequence ({.e., PN code) whose bit rate is much
higher than the bandwidth of the informational signal.

2. Frequency hoppings - carrier frequency shifting in

é; discrete manner followed by a code sequence.

2y 3. Chirp Modulation - the carrier frequency is swept over

a wide band during a given pulse interval followed

by a code sequence.

s Nevertheless, a spread spectrum communication system must have

e transmitted bandwidth much greater than the information bandwidth.

The art of spreading the transmitted bandwidth is to allow the com-

- munication system to deliver error-free information through a noisy

environment with a proper decoding process.

" One type of the spread spectrum communication that the U.S. Air

o Force is particularly interested in is the hybrid forms of frequency

- hopping and direct sequence modulation. The form of spread spectrum




signal usually required is a large space-bandwidth PN code to encode

and to decode the transmitted signal. It is this reason that we believed
the optical processing technique would be most applicable for a large
space-bandwidth signal. In the optical signal processing technique,

we shall deal with an incoherent optical correlator that is capable

of performing the task of correlating the PN code for the spread

spectrum signal decoding.

1.3 Report Outline

We deal primarily on an incoherent optical correlator as applied
to PN code correlation for spread spectrum signal decoding. Since
the optical correlation operation rely on complex amplitude operatiom,
the partial coherence requirement of the correlator should be
evaluated. The system noise performance is also a criti-al issue
for the incoherent optical signal correlator as applied to the
proposed research problem. We shall report in the fnllowing the analysis
of the white-light optical correlator, and the applications to complex
signal detection, pseudorandom code (i.e., PN code) correlation, poly-
chromatic signal detection and noise performances. Experimental

demonstrations are also provided.

II. Complex Signal Detection by Spectrally Broadband Source

2.1 System Analysis

We shall now describe a technique of complex spatial filtering to be
carried out by a spectrally incoherent light source, for example, a white

light sourcez-a. We place a diffraction grating behind an input-signal

."ﬁ’Y

transparency, s(x,y), at the input plane P1 of a white light optical pro-

St .
» .
P .

cessor, as shown in Fig. 1. The resultant complex amplitude transmitta.ce

of the input plane is then

s(x,y) T(x) = K s(x,y) [1 + COS(pox)]. ¢9)
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vhere T(x) represents the diffraction grating, K is a proportionality
constant, p is the angular spatial frequency of the diffraction grating,
il and (x,y) is the spatial coordinate system. We note that, to obtain a "

bigh diffraction efficiency, a phase grating may be used.4 Since the ]

:Q input plane is illuminated by collimated white light, the complex light
i' . distribution for a given wavelength A at the back focal plane P, of the
Ef( achromatic transform lens may be written

E(p,q;A) = Cff s(x,y) [1 + cos(p x)] exp[-i(px + qy)] dxdy, (2)
where the integral is over the spatial domain and spectral bandwidth of
the light source, (p,q) denotes the angular spatial frequency coordinate
system, and C is a complex comstant. For simplicity of analysis, we
dropped the proportionality constant and Eq. (2) is therefore

E(p,q;A) = S(p,q) + S(p-p,,q) + S(p*p,,q), (3)

[ 4

vhere s(p,q) is the Fourier spectrum of s(x,y), p = x%a and q = ig y (a,B)
is the linear spatial coordinate system of (p,q) and f is the focal length
of the achromatic transform lens. In terms of the spatial coordinates «
and B, Eq. (3) can be written,

E(a,B3M) = C1S(a,B) + CoS(a - 35 p ,B) + CasCa + 2 p_, B). (4)

From the above equation, we see that two first-order signal spectral bands

(i.e., second and third terms) are dispersed into rainbow color Fourier

{ﬁ spectrums along the a axis, and each spectrum is centerd at a = t(Af/Zn)po. %
E- In the analysis, we assume that a sequence of complex spatial filters i
i{ of various A are available, i.e., F
u B
:' H(pn’q.n) =K, +K; + K 'S(anqn)l Cos[Boqn + Q(Pn,qn)], ’
;ﬁ n=1,2,...,N, (5)

Fi where = gl-t—a = ZE_B @ is the spatial frequency in the q direction

H Pp =Xt Y Anf ' Yo n ’

; K's are the appropriate constants, and S(pn,qn) is the complex signal

}{ spectrum of s(x,y). We note that these complex spatial filters can be

r.. 7z

E computer generatedf
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If we place these complex spatial filters in the spatial frequency
plane, each centered at a = (Anf/ZR)po, as shown in Fig. 2, then the com-

plex light field behind the spatial-frequency plane is

N
E(p,q;A) = S(p-p,,q) 21 H(p,-P,»q,)s (6)
a-

The corresponding complex light distribution at the output plane Pj3

of the processor is therefore,

N
g(x,y) = nzl JIIs(p-p,»q) H(p -p_,q ) expli(p x+q y)ldp dq dA, (7)
where the integration is over the spatial domain and the wavelength spread
of the filters. We assume that the signal spectrum is spatial frequency
limited and the bandwidth of H(pn,qn) is extended to this limit, i.e.,
H(p,,q,), @15asa;
H(p,,q,) = { . (8)
0, otherwise
where a; = (Anf/2n)(p° + Ap), and ap = ()\nf/2n)(p° - Ap) are the upper
and the lower spatial limits of H(pn,qn), and Ap is the bandwidth of the
input signal. The limiting wavelengths of the dispersed spectrums at the

upper and the lower edges of the filters are

. P, *op P,-dp

A n po_Ap ’ and A.h = An p_——°+Ap, (9)

2

and the corresponding wavelength spread over the filters is therefore,

AN = A l’poAp (10)
n n pg-(Apiz’

If the spatial frequency P, of the grating is high, then the wavelength

spreads over the filters can be approximated,

~éﬂ
AAn ? An, P, >> Ap. (11)

. - . P T U |
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1 Since the complex spatial filterings take place in discrete Fourier spec- .#

v

tral bands of the light source, the filtered signals are mutually incoher-

ent, therefore the output complex light distribution is

N ipox ip x ipox ipox
g(x,y)~ 2 Mn{sn(x.y)e + s (x,y)e * s (x,y)e * s*(x,y)e
n=1 :
ipox ipox ipox ipox
+ s (x,y)e * sn(x,y+Bo)e + sn(x,y)e * sg(-x,-Y*Bo)e !,
(12)

where * denotes the convolution operation and the superscript * denotes
the complex conjugate. For simplicity, the proportionality constants K
were dropped from the above equation. From Eq. (12) we see that the first
and second terms represent the zero order terms, which are diffracted in
the neighborhood at (0,0) in the output plane, and the third and fourth
terms are the convolution and correlation terms, which are diffracted in
the neighborhood of (0,-80) and (O,So) respectively, as shown in Fig. 3.
Furthermore, we note that the diffracted output signal is formed by inco-
herent addition of the discrete spectral bands, therefore the annoying
coherent artifact noise can be avoided.

Let us now discuss the correlation term of Eq. (12), i.e.,

N Af Anf -iBoy 2n
R(x,y) = X [ff S(a - iﬁpo’ﬁ)s:(a- —Eﬁpo,ﬂ)e exp[ix—g(ax+ﬂy)]dadﬂdk.
n=1 n

(13)
' From this equation, we see that there is a mismatch in location and in

scaling of the incoming signal spectrum with respect to the filter func-
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tion. In other words, if the spatial carrier frequency P, of the diffrac-

tion grating is high, a narrower spread in the x direction of the correla- ]
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tion peak can be obtained. Thus the accuracy of the complex filtering in \
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the x direction is somewhat lower than that in the y direction. In other
words this white light processing technique is effective only in one di-
rection, and for some two-dimensional processing, this technique may pose

some drawbacks. However, this technique offers no coherent artifact noise

and it can be applied to various problems in optical information processing.

We shall emphasize that, although the technique uses a temporal incoherent
source, the signal spectrum is displayed in partial coherence mode so
that the signal can be processed in complex amplitude.

We would note that, the white-light or incoherent optical processing
scheme is to apply in the detection of the pseudo random PN code in the
spread spectrum communication system. A general matched filter as pro-
posed by Caulfield6 may be employed for this signal decoding. We shall
also note that, besides this for the application to decode the pseudo
random code for spread spectrum communication, there are several other
areas of intense interest to the U.S. Govermment relying heavily on com-
plex signal detection and hence stands to benefit from our proposed work.

Those areas are radar, sonar, target recognition, etc.

III. Coherence Reguirement

3.1 Basic Formulation

Recent investigations of Morris and George7 have led to a relation-
ship between the correlation intensity and the wavelength spread of the
light source. Prior to their work, Watrasiewieze had evaluated the
effect of spatial coherence on the correlation intensity with a rectangular
function., Here, we shall quantitatively evaluate the temporal and spatial
coherence requirement of a partially coherent correlation detector, that

we proposed in previous sections.
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The partially coherent optical signal processor of Fig. 4 employs

A

. an extended broadband light source. For such an optical processor, let ,
'z the source intensity distribution, which can be modulated by a source i
‘ encoding maskg, at source plane Po be Y(xo,yo). In complex signal detec- :
tion, an input signal transparency of complex amplitude distribution ) N

.- t(u,v) is inserted at the input plane P, of the optical processor. A

1
matched spatial filter having an amplitude transmittance H(x,y) = T*(x,y)

is inserted at the spatial frequency plane P2’ where T(x,y) is the

corresponding Fourier transform of the input signal t(u,v) and * denotes
10,11

the complex conjugate from the theory of partial coherence , the output

correlation intensity can be written as

I',v') = [[ v(x,y)) [ s() e) ‘ [/ 1/2%% 1(x + X0 ¥+ ¥ 5)
AS A -

. 2n ' " 2
H(x,y,ko)exp[i F (xu' + yv')] dxdy' dxodyodl, (14)

where AS is the source size, AA is the spectral bandwidth of the light
source, S(1) is the relative spectral intensity of the source, C(}) is
the relative spectral response sensitivity of the detector or recording
material, Ao is the central wavelength of the light source, and

H(x,y;Ao) is the complex spatial filter at A = Ao.

3.2 Temporal Coherence Requirement

We shall now discuss the temporal coherence requirement of the
light source. Let us assume we have a point source with a broad spectrum

i.e., y(xo,yo) = G(xo,yo). For simplicity we let S(A) and C{()) be constant.

The output intensity distribution of Eq. (14) becomes
A, + ax/2

I'v) = | A, v';0) |2 an, (15)
A, 0 8A/2

. - . ,
..‘_.“AAARLAIA“A@" - a

N -




DALSMAC I Pa DY B - PAaReearRe R b g

*x0ss3d0ad Tedyido juazayod Arrerlaed v % 9an8t1gy

= Sl
N
I<T——>

_ A 27 A
”“ A (K'X)H K (A'n)y A
;

W Vg W

PO

P e A aan s

e
»




DAt TRt Al Tt “._‘.ﬁ{“ - M el Y MaCy M AN i e it - e i O T a -_711
4
j
|
12
where j
A(u',v';)) = {£ T(f,.£)) T (f;,f;) exp[12m(f u' + fyv')] df df , g
A -
=2t ,v") *t (u',v"), (16) ~
A o .]
- ’
where fx = x/Af, fy = y/Af, f; = x/Aof, f; = y/lof, f is the focal length f
of the achromatic transform lens and * denotes the correlation operation. g
As a special example to illustrate the temporal coherence require- J
ment, let us consider a one-dimensional spatially Gaussian target, i.e., P’
-azuz
t(u) = e ’ a7n
where a is an arbitrary constant. The corresponding Fourier spectrum at

the spatial frequency plane is
Ll 2 ‘
T(£) =V v/a exp[-(] £)71, (18)

where fx = x/Af, and A 1s the wavelength of the broadband source and
f is the focal length of the transform lens. We now insert a matched

filter for A = Ao at the spatial frequency plane,
*
H(f;) =T (f;) =/ n/a exp[-(n/a f;)Z]. (19)

The output intensity distribution of Eq. (2) becomes,

A+ bA/2 2 2
2 o Ao 2 Ao 2
I(u') = 2n/a J ) exp[-2a (T——z-)(u') 1dX. (20)
Ao AT+ Ao AT+ ko

From this equation, we see that the output intensity has again a

Gaussian-like distribution. The correlation peak occurs at u = 0, i.e.,

)
g
J

1(0) = 21 [tan (1 + 84/21 ) - tan - (D)]. (21)
N Since the spatially Gaussian target essentially has low spatial

frequency content, the normalized correlation peak (i.e., I(0)/AX) is

relatively independent of the spectral bandwidth, as shown in Fig. 5.

Y
O SN PO

To investigate the effect of spatial frequency on the temporal

coherence requirement, we shall now assume that a one-dimensional
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sinusoidal function as the input object, i.e.,

t(u) = rect(;) [1 + cos(2mqu)], (22)

where q is the spatial frequency of the input sinusoid, and
1, |ul < W/2,
0, otherwise,

rect (—;') 4 (23)

L] .
o S

where W is the spatial extension of the target. By substituting Eq. (22)

into Eq. (16), we have

A(u';r) = AO/A [ rect q%) {1 + coa(2nqE)] rect CQ%EL) {1+

- [e]

cos[ano(E - u')]ldEe , (24)

where WB = WX/AO, and q = qA/Ao. Thus at u' = 0, Eq. (24) becomes

sin (‘ano) s in (nWq)

A(W,q,A) = AO/A W+ Ta q

sin["W(q-q )] sin[vw(q+qo)l
2m(q-q,) + 2n(q+a) b

(25)

The normalized correlation peak can be determined by the following

equation:
Ao+ Ax/2
o L [P 2, .
A AN A" (w,q;)2)dA (26)
A, - ax/2

Figure 6 shows the variation of the normalized correlation peak

as a function of the spectral bandwidth of the light source, for different

-2t s

gpatial frequencies of target (i.e., input object) signal. From this

figure we see that the normalized correlation peak monotonically

PN e

decreases as the spectral bandwidth of light source increases. We also
see that the normalized correlation peak drops rather rapidly as the spatial

frequency of target increases.

tasasadl iosn
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On the other hand, Figure 7 shows the variation of the normalized .j
correlation peak as a function of the spatial bandwidth A)X, for various .}
4
]

P target extension W. Again we see that the nnrmalized correlation peak

3 decreases monotonically as A\ increases. And the normalized peak decreases g

very rapidly as the target extension W increases. Thus from Figs. 6 and 7, - ;j

we see that the normalized correlation peak strongly depends on the »;

spatial frequency and the extension of the target. »é

Using the half power point (i.e., 50%) as a criterion of the ;‘

z normalized correlation peak, we can determine the gpectral width ]
; A\ requirement (i.e., temporal coherence requirement). The results

are shown in Tables 1 and 2. ;‘

From these tables, we see that for relatively small and lower

- spatial frequency target, a relatively broader spatial bandwidth

of the light source can be used. In other words the higher the spaﬁial
frequency of the target or the larger the extension of the detecting
signal is, the higher the temporal coherence requirement (i.e., narrower
spectral bandwidth) of the light source is needed.

Furthermore, from Tables 1 and 2, a plot of the space bandwidth product
(i.e., Wq) as a function of the required spectral bandwidth of the light
source 1s shown in Fig. 8. From this figure, we see that the space
bandwidth product exponentially decreases as the spatial bandwidth of
the light source increases. Thus, for a large space bandwidth product,

an extremely high temporal coherent light source is required.

3.3 Spatial Coherence Requirement

We shall now discuss the spatial coherence requirement of the light
source for the correlation detection. For simplicity, we assume that the

light source y(xo,yo) is one~dimensional extended monochromatic source,

i.e.,
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Y(xo,yo) = rect (Z%) f(yo) 22N

where |
X 1, |x | < as/2,
rect (D) £ ° (28)
0, ohterwise,

and A is the size of the extended source. Similarly, the output plane

intensity distribution can be shown as

AS/2 x AS/2
I(u') = rect () Az(u';xo)dxo -2 J Az(u';xo)dxo, (29)
-AS/2 0
where o
*
Au'sx ) = J t (&) t(E—u')eXPIiZTrfx gldg, (30)
[o]
xO
and fx = EC
o o

We shall again consider a spatially Gaussian target of Eq. (17),

where we obtain

2 a2 2
£ ) ] expl-35 (u") ] (31)
av 2 % 2

L

A'x) =3 7 expl-(—T

The corresponding output intensity distribution can be shown as
48/2
I(u') = % exp[-a® (u")?] exp[-(= £ )z]d (32)
3 exp xp(-(3 x