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ABSTRACT

An optoelectronic processor was built at DREO for the
detection and ©processing, of spread spectrum radar and
communication signals in presence of noise and interfering signals.
The design and performance of the processor, a Time-Integrating
Correlator (TIC), are presented. A general description of the TIC,
of its operation, components and subsystems is included. The
signal processing and the data collection procedure are also
described. The digital controller, the packaging of the system and
the effects of the temperature changes on the stability of the TIC
are presented.

Experimental measurements of the performance of the TIC were
performed with binary phase shift keyed input signals with chip
rates up to 20 MHz and the results are included. The TIC has a 30
MHz bandwidth and can detect reliably correlation peaks on a time
difference of arrival window of 90 us. The dynamic range of the
prototype is 60 dB and it can produce detectable correlation peaks
in additive white Gaussian noise for input signals having a signal
to noise ratio of -35 dB while using a processing gain of 40 dB.
The performance of the TIC, for that particular set of parameters,
is thus within 5 dB from the theoretical limit.

RESUME

Un systéme optoélectronique fut construit au CRDO: pour la
détection et le traitement, de signaux ad spectre étalé de radar et

de communication en présence de bruit et d'interférences. On
présente la conception et les performances du corrélateur a
integration temporelle (CIT) ainsi que sa description générale, son
mode d'opération, ses composantes et sous- systénmes. Les

techniques de traitement des signaux et d'acquisition des données,
le contréleur numérique, le montage, et les effets des changements
de température sont aussi décrits.

Des mesures expérimentales furent effectuées en utilisant des
signaux & modulation par déplacement binaire de phase dont le taux
variait jusqu' a 20 MHZ. Le CIT a une bande passante de 30 MHZ et
il peut détecter de fagon fiable des corrélations sur une fenétre

de 90us. La plage dynamigque du prototype est de 60 dB et il peut
produire, avec un gain de 40 dB, des corrélations détectables avec
un rapport signal sur bruit du signal d'entrée de -35 dB dans du
bruit blanc gaussien additif. Ce résultat se situe & 5 dB de la
limite théorique.
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EXECUTIVE SUMMARY

An optoelectronic processor was built at DREO for the
detection and processing, of spread spectrum radar and
communications signals in presence of noise and interfering
signals. This processor, a Time-Integrating Correlator (TIC), is
an analog optical computer designed to correlate two large
bandwidth data streams of long duration. TICs can be used to
compare signals in civilian applications such as DNA analysis and
search of large unstructured data base of various kind.

Military applications of TICs are related to the processing of
large bandwidth radar and communication spread spectrum signals for
Electronic Intelligence (ELINT) and Electronic Support Measures
(ESM) . TICs can be applied to the real-time, large bandwidth
implementation of new advanced signal processing algorithms such as
the cyclic crosscorrelation. This algorithm has the capability to
separate spread spectrum signals sharing the same bandwidth, the
same carrier frequency and the same time difference of arrival at
negative signal to noise ratios. Because of these attributes, the
cyclic crosscorrelation implemented with a TIC has a dgreat
potential for the development of ELINT and ESM receivers for low
probability of intercept radar and communication spread spectrum
radar.

This report describes the design and performance of a TIC
built at DREO for the processing of spread spectrum signals. A
General Description of the TIC, of its operation, components and
subsystems 1is presented. The signal processing and the data
collection procedure are also described. The digital controller,
the packaging of the system and the effects of the temperature
changes on the stability of the TIC are summarized.

Experimental measurements of the performance of the TIC are
included. The TIC has a 30 MHz bandwidth and can detect reliably
correlation peaks on a time difference of arrival window of 90 us.
The dynamic range of the prototype is 60 dB and it can produce
detectable correlation peaks in additive white Gaussian noise for
input signals having a signal to noise ration of -35 dB while using
a processing gain of 40 dB. The performances of the TIC are thus
within 5 dB from the theoretical limit. The inputs to the TIC were
binary phase shift keyed signals with Chip rates up to 20 MHz.
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1.0 INTRODUCTION

An optoelectronic processor was built at the Defence
Research Establishment Ottawa (DREO) for the detection and
processing, of spread spectrum radar and communication signals in
presence of noise and interfering signals. The processor, a Time-
Integrating Correlator (TIC), 1is an analog optical computer
designed to correlate two large bandwidth data streams of long
duration. The two Radio Frequency (RF) input waveforms are
introduced in the optical system via acousto-optic interaction in
Bragg cells. The correlation of the waveforms is produced when the
images of the two light distributions generated by the data streams
in the Bragg cells are coherently added and time-integrated by a
detector array.

1.1 Potential Applications of TICs

Two military applications of the real-time processing of
spread spectrum signals have been demonstrated at DREO with a 30
MHz bandwidth TIC. 1In the first experiments, a TIC was used to
perform signal compression for low probability of intercept signals

using a BPSK modulation [1]. In the second experiment, a TIC was
used for the real-time implementation of the cyclic
crosscorrrelation [2]. This algorithm has the capability to

separate spread spectrum signals sharing the same bandwidth, the
same carrier frequency and the same difference of time of arrival
at negative signal to noise ratios. Because of these attributes,
the cyclic crosscorrelation has great potential for the development
of ELINT and ESM receivers for spread spectrum signals.

Searches of large unstructured data bases of various kind
are also an interesting field of applications for TICs. A proof-
of-concept experiment was performed at DREO [3-4] to demonstrate
the potential of TIC to perform very fast human DNA analysis. The
decision on the identity or similarity of the signals representing
DNA sequences was based on the amplitude of the correlation peaks
produced by the TICs.

Other important military applications of TICs are related
to the processing of large bandwidth radar and communication spread
spectrum signals for Electronic Intelligence (ELINT) and Electronic
Support Measures (ESM) [5]. The development of some TIC based
military processors is stimulated by the Transition of Optical
Processors into Systems (TOPS) program sponsored by the Defence
Advanced Research Project Agency (DARPA) [6]. Among the processors
that are developed by the TOPS program are wideband processors for
carrier frequency and envelope modulation analysis [7]. Other
processors are designed to implement adaptive jamming [8]. Also
under development is a .system to perform range and Doppler
processing on the spread spectrum MICOM radar of the US [9].



1.2 content of the Report

This report describes the design and performances of a TIC
built at DREO for the detection and processing of spread spectrum
signals. It is the system that was used for the DREO proof-of-
concept experiments mentioned in Section 1.1. Section 2 contains
a general description of the TIC and of its operation. Sections 3
to 6 contain a description of the sub-systems and components
developed to build the TIC. Sections 7 and 8 respectively describe
the signal processing associated with the pedestal removal and the
data collection with the detector array. Section 9 analyses the
effects of temperature changes on the stability of the TIC and
Section 10 describes the mounting and packaging of the system. The
TIC is an optoelectronic hybrid system requiring an optical
correlator and a Digital Controller (DC). Section 11 describes the
DC associated with the TIC. The performances of the system are
presented in Section 12. The testing of the TIC was performed with
Binary Shift Keyed (BPSK) signals with a chip rate of up to 20 MHz.
Experimental measurements have demonstrated the capability of the
TIC to detect reliably correlation peaks- for a Time Difference of
Arrival (TDOA) window of 90 us. The dynamic range of the prototype
is 60 dB. It can produce detectable correlation peaks, while using
a processing gain of 40 dB, when additive white Gau551an noise is
added to one of the lnput s1gnals giving a signal to noise ration
of -35 dB. This result is within 5 dB from the theoretical limit.
Section 13 presents the conclusion and suggestion for future work.

2.0 DESCRIPTION OF THE DREOC TIME-INTEGRATING CORRELATOR

The first operation performed by a TIC is the
transformation of the RF signals a(t) and b(t) to be correlated,
into light modulated beams (Figure 1). Each RF signals is applied
to a light modulator called Bragg cell. A Bragg cell consists of
a piezoelectric transducer attached to a. crystal in which acoustic
waves are generated. When a RF signal is applled to the
transducer, acoustic waves are generated and propagate in the Bragg
cell crystal. A moving gratlng of changing indices of refraction
is thus formed. The gratings in the Bragg cells are illuminated by
two expanded laser beams originating from the same laser and each
beam interacts with the acoustic waves of only one Bragg cell.
Some of the incident 1light is diffracted by .the gratings and
therefore, the information contained in the RF signals is
simultaneously transferred to the diffracted laser beans. The
system is layed out in such a way that the signals propagate in
opposite direction in each Bragg cell, a condition needed for the
correlation. The gratings are then 1maged with lenses, onto a
detector array where they remain counter propagating. The 5000-
element detector array performs a time 1ntegratlon of the coherent
addition of the two - images of the signals.
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FIGURE 1: SCHEMATIC OF THE TIME-INTEGRATING CORRELATOR.



If the variable z is the distance along the Bragg cells and
if the origin z=0 is defined to be at the center of the Bragg cells
and, correspondingly at the centre of their images on the detector
array, the optical signals diffracted by the Bragg cells are
a(t+z/v) and b(t-z/v), where v is the velocity of propagation of
the signals in the Bragg cells. The electrical signal produced by
the detector array, s((t,z), is proportional to the square of the
light distribution.

sttz) =l a(teziv) + btz/v) 12 (1

= a2(t+z/v) + bA(t-z/v) + 2 a(t+z/V) b™(t-z/V) (2)

This response is then integrated for a duration T and the resulting
signal S(T,z) is

T
s(T,2) = J [ a2(t+2z/v) + b2(t-2/v) + a(t+z/v) b (t-z/v) Idt (3)
0
The response of all the individual elements of the detector
array is called a correlogram (Figure 2). The third term of

Equation 3 is the correlation of the input data a(t) and b(t).
This correlation term is observed as a peak on a pedestal generated
by the first and second term of the equation. The presence of the
peak indicates that the two input signals a(t) and b(t) are
identical conversely, the absence of the correlation peak indicates
that the two inputs are different. However, the presence of a
correlation peak with a reduced amplitude can indicate a partial
match between the signals [3-4]. Figure 2a illustrates a pedestal
and a correlation peak where the Gaussian shape of the pedestal is
noticeable. It is an expanded version of the Gaussian profile of
the illuminating laser bean. Flgure 2b illustrates a modulated
correlation peak. The modulation is produced by the selection of
the operatlng parameters for the TIC and can be adjusted at will.
This feature is discussed in Section 8 on optimal data collection.

A photograph of a TIC is presented in Figure 3. Some of
the advantages of this implementation are a relatively low volume
that can be packaged into 10 inch high of a 19 inch rack. The
power consumption is less than 500 watts. The Bragg cells have a
30 MHz bandwidth centered at 45 MHz and make this TIC well suited
for the processing of spread spectrum communication or radar
signals. The detector array has 5000 elements and the minimum
real-out time of the array is 200 us. The correlation is formed by
the detector array through an integration of duration T. At the
end of the integration time T, the correlation is already fully
formed by the detector array and is clocked out. The illumination
is provided by a 20 mw helium-neon laser operating on the red line
at 632.8 nm.




A) TUNMODULATED PEAK

B) MODULATED PEAK.

FIGURE 2: CORRELATION PEAK ON A GAUSSIAN PEDESTAL
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The TIC is a hybrid optoelectronic system including a 486
personal computer whose main functions are to send the input signal
to the Bragg cells, control the read-out of the detector array and
perform the removal of the pedestal to facilitate the detection of
the peak. The DC also contains statistical algorithms to further
analyse the result from the TIC. Various techniques have been
proposed and assessed at DREO [10] to perform pedestal removal and
a summary of the results can be found in Section 7.0.

3.0 ILLUMINATION FOR TIME-INTEGRATING CORRELATORS

One of the most critical requirements for a TIC is the
capability to produce correlation peaks of uniform height over the
whole width of its aperture. This requirement generates important
demands on the illumination system. Another desirable feature of
the DREO TIC is the capability to operate with integration times
that vary between 250 us and 50 ms. In order to avoid the
saturation of the detector array, the illumination has to be
adjusted as a function of the integration time.

The control of the phase error at the output of the TIC is
also an important issue. Phase error has multiple origins such as
imperfect optical components, misalignment of otherwise perfect
components, temperature changes [11] and atmospheric turbulence.
The effect of phase error have been described in detail [12] and a
data collection method that tolerates a moderate amount of phase
error has been proposed at DREO[12]. Nevertheless, phase errors
still have to be controlled and optical components of a sufficient
quality have to be used in the illumination system as in the other
parts of the system, although diffraction limited performance is
not required.

3.1 Design of the Illumination System

The illumination system selected for the TIC includes a He-
Ne laser producing a .68 mm diameter pencil beam with a Gaussian
intensity profile that passes through an attenuator. The
attenuator consists of a polarizing cube beam splitter that is
rotated to change the attenuation of the light. The Gaussian laser
beam is then expanded by an anamorphic beam-expander into a line of
light with a uniform intensity. The line of light is finally
separated into two identical beams propagating at an angle of 4.06
degrees. Each of these two beams interacts with only one of the
Bragg cells. The following sections contain details about the
design, construction and performance of these components of the
illumination system.

3.2 Selection of the Laser

A few important factors must be taken into account when
selecting the source of laser light for a TIC. Some of these
requirements are conflicting. Therefore, compromises must be made.
For example, a very small laser is easier to package, however, the
laser must produce enough power to operate the system, and small

7




lasers produce small power output. Another selection criterion is
the stability of the mode of the output of the laser. The laser
must operate in the fundamental mode, which is characterized by a
Caussian distribution of the output light. Other transversal modes
which produce light distributions having bright and dark spots are
unacceptable. The amount of heat dissipated by the laser is also
a concern because it could affect the thermal stability of the
whole TIC package and may even lead to cooling requirements.

The laser must also operate at a wavelength for which a
sensitive linear detector array is available to detect the 1light
distributions produced by the TIC. This limits the range of
wavelengths to the visible or the near infrared. The red end of
the spectra is preferred because the PIN photodiodes that are used
as detectors are most sensitive to red light. Reliability is also
important.

The two obvious choices meeting the above criteria are HeNe
lasers or laser diodes. Laser diodes operating at 850 nm were
seriously considered, but they were rejected because of the cost
and of the unacceptable delays that were associated with the
conversion of the laboratory operation from HeNe to near infrared.
The cost and delays were caused mainly by the need to replace the
anti-reflection coating of all the optical equipment and by the
procurement of new Bragg cells optimized for operating at 850 nm.
While this work was done, visible laser diodes operating around 630
nm with sufficient power and stability were under development, but
not yet available. So a 20 mw HeNe laser operating at 633 nm was
selected because it provide the fundamental mode operation, and the
power required at an acceptable wavelength.

3.3 Attenuation of the Light

The TIC is expected to operate with integration time
varying between 250 us-and 50 ms and the light attenuator has to
provide the capablllty to adjust the illumination level from 50% to
85% of the saturation level of the detector for this range of
integration times. The attenuator selected for the DREO TIC
consists of a polarizing beam-splitter cube set on a rotation
stage. A 45° rotation of the cube changes the intensity of the
transmitted beam from 0.4% to 99.0% of the incident beam as
illustrated in Figure 4. As the cube rotates, the polarization of
the transmitted beams also rotates. The resulting polarization
changes of the transmitted beam does not affect the performance of
the TIC because of the small angle between the beams interfering on
the detector array. The range of attenuation provided by the
attenuator is sufficient to allow the operation within the range of
specified integration times.
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3.4 Beam-Expansion

The purpose of the beam-expander is to produce a uniform
illumination of the Bragg  cells with minimum phase error and
minimum loss of light. The requirement for a uniform illumination
originates from equation 3. Inspection of equation 3 shows that
the height of the peak above the pedestal cannot exceed the height
of the pedestal. As the maximum .height of the peak above the
pedestal is set by the height of the pedestal, the pedestal has to
have a uniform .amplitude over the width of the TIC aperture to
ensure the formation of a peak with uniform height over the whole
aperture of the TIC. The requirement to achieve a low loss beam
expansion is met by matching the dimensions of the illumination
pattern to the dimensions of the active area (1 mm x 35 mm) of the
Bragg cells. Minimum phase error is achieved by selecting good
quality optical components, '

3.4.1 Description

The beam~expander designed and constructed at DREO is
illustrated in Figure 5. The Gaussian beam from the laser is
expanded, on the horizontal axis, into a diverging line of light by
a special anamorphic 1lens. The diverging 1line beam is then
collimated by a spherical lens of proper focal length. Expansion
of the beam with cylindrical lenses only was rejected because the
expanded beam still retains its original Gaussian profile.

3.4.2 The Powell Lens

The anamorphic lens used to perform the beam expansion was
designed at NRC by Dr. I. Powell [13] for the purpose of
transforming a parallel laser beam with a Gaussian intensity
distribution into a diverging uniform line of light. The Powell
lens has to be matched to the diameter and divergence of the
Gaussian beam to be expanded. They are available at low cost
($100) in a selection of diverging angles. The Powell lens has
power only on one axis and leave the light distribution from the
laser unchanged on the other axis.

3.4.3 The Collimating Lens

The purpose of the collimating lens is to transform the
diverging line of light produced by the Powell lens into a parallel
one. The focal length of the collimating lens and the divergence
of the Powell lens were chosen to produce a line of light of the
desired length. It is also required to keep the length of the beam
expander to a minimum to facility the construction of a compact
TIC. A spherical lens, with a focal length of 250 mm, designed to
collimate a spherical beam, was selected rather than a cylindrical
lens of the same quality and focal length because of its lower
cost. They both achieved the same results on the horizontal axis.
However, the spherical lens adds some focal power to the vertical
axis of the light distribution but it is not detrimental to the
operation of the TIC.

10




FIGURE 5: BEAM-EXPANDER.
A) POWELL LENS
B) COLLIMATING LENS
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3.4.4 Performances

The uniformity of the light distribution and the quality of
the phase distribution produced by the beam expander were measured.
Figure 6 illustrates the light distribution produced by the beam
expander as detected by a 5000-element detector array. The
horizontal axis is labelled in term of the elements of the detector
array called pixels. Each pixel is 7 um x 7 um. The middle
section (1 mm by 35 mm) of the line of light produced by the beam
expander contains 80% of the light.

The phase error was evaluated wusing a beam-shearing
interferometer and the resulting interferogram is illustrated on
Figure 7 (actual size). One can see that there is little phase
error on the horizontal axis because the fringes are almost
horizontal. The phase distribution exhibit some error at both
ends; as can be seen by the fringes curving upward at the right and
downward at the left, but the middle 30 mm is almost perfect. The
fringe pattern on the vertical axis is caused by the focal power
introduced on that axis by the spherical collimating lens of the
beam expander.

These results compare very favourably with the expansion of
a Gaussian beam performed by a commercial beam expander made of
spherical lenses. In that case the expanded beam still has a
Gaussian profile and only a small part of the middle section can be
used if a uniform (within certain criteria) beam is desired. The
performance of such system was measured for comparison purposes.
The laser beam was expanded into a 50 mm diameter circular bean.
An aperture of 1 mm x 35 mm located in the middle of the expanded
beam was transmitting only 1% of the laser power. The intensity
variations from the edge to the middle 35 mm segment of the bean
was 18%.

3.5 The Beam-Splitter

The function of the beam-splitter is to separate the line
of light produced by the beam expander into two beams propagating
at 4.06° from each other. This angle was calculated to produce the
fringe system required for the optimal detection techniques
described in [12]. Each of the two beams interacts with only one
of the Bragg cells. Ideally, the beam-splitter should produce only
the two desired beams, each containing 50% of the incident light.

3.5.1 Description

The beam-splitter used in the DREO TIC is a Dammann grating
designed and constructed with diffractive optics technology (14).
The particular Dammann grating considered here 1is computer
generated with a periodic binary phase modulation implemented in a
photo resistor layer. It is optimized for the wavelength of the
HeNe laser, 633 nm. The grating size is 35 mm x 35 mm.

13
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3.5.2 Efficiency

The diffraction efficiency in the various orders of the
beam-splitter was measured. The results are presented in Table 1.
One notices that 5% of the light is reflected and that 43.9% and
43.4% of the diffracted light is in the order +1 and -1 that are
used to illuminate the Bragg cells. 0.17% of the transmitted light
is undiffracted and has to be removed by filtering in the Fourier
plane by a small wire of appropriate size. The diffraction
efficiency was measured at many points on the 35 mm by 35 mnm
Dammann grating and was found to be uniform to within 1% which was
the precision of the measuring equipment. ’

TABLE 1: INTENSITY OF THE DIFFRACTION ORDERS
OF THE DAMMANN GRATING BEAM SPLITTER

DIFFRACTION ORDER DIFFRACTIOﬂ;EFFICIENCY
+4 0.18%
+3 4.6%
+2 0.1%
+1 43.9%
0 0.17%
-1 43.4%
-2 0.1%
-3 4.6%
-4 0.1%
reflected light 5.0%

3.5.3 Phase Error

The quality of the phase distribution produced by the
Dammann grating beam-splitter was evaluated with a beam shearing
interferometer. The interferogram of the incident illumination is
shown as a reference in Figure 8a (actual size). The beam shearing
interferograms of the +1 and -1 order are illustrated in Figure 8b
(actual size) and 8c (actual size) respectively. It is possible to
interpret these interferograms by remembering that a perfect,
aberration free wavefront would give perfectly parallel and
straight fringes. The distance between two fringes correspond to
one wavelength. The slight curvature observed in the three
interferograms indicate the presence of a very small amount of
aberration. It can also be noted that the Dammann grating add very
little aberration to the whole illuminating beam. The aberration
added by the Dammann on a rectangle of the size of the aperture of
the Bragg cells (1 mm x 30 mm) is negligible.
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FIGURE 8:

PHASE ERROR OF THE BEAM SPLITTER.
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3.6 Performances

The efficiency of the illumination system of a TIC is
defined as the percentage of light emitted by the laser that
reaches the Bragg cells at the Bragg angle. In the case considered
here the efficiency of the illumination system is the product of
the efficiency of the three sub-systems used to build the
illumination systen. The attenuator, at maximum transmission,
transmits 99% of the light it receives. The beam-expander produces
a line of light that contents 80% of the incident light and the
Dammann grating beam splitter diffracts 87% of the incident light
into the +1 and =1 order illuminating the Bragg cells. The
efficiency of the illumination system is thus 69%. Such good
efficiency allows to use a smaller laser that is easier to package
and that generates less heat to dissipate.

4.0 THE BRAGG CELLS

The key components of a TIC are the Bragg cells: they are
used to convert the RF signals to modulate the laser light for
eventual correlation. Bragg cells are made of a piezoelectric
transducer attached to a transparent crystal. The input RF signals
are applied to piezoelectric transducers attached to the Bragg cell
crystal and acoustic are generated. The acoustic wave propagates
through the Bragg cells at a velocity v and it takes a time Tt for
the waves to travel through the Bragg cells. 1 is called the time-
aperture of the Bragg cells. The signal propagating in the Bragg
cells have to be imaged with lenses on the detector array. This
task is made easier if the Bragg cells are short. Therefore,
optical material with a slow acoustic velocity of propagation (V)
are used to obtain large time-aperture and short physical length
for the Bragg cells. Low attenuation of the acoustic waves is also
required to maintain a signal level that is sufficient for the
diffraction of the laser light. Large time-aperture devices have
acousto optic crystal usually made of tellurium dioxide (TeO2) that
operate in the slow-shear mode. In this case the velocity of
acoustic waves in TeO2 is 617 m/s. Hence, a device with a 100 us
interaction time is 62 mm long. Devices with time-apertures as
large as 100 us are available commercially. The dynamic range,
polarization and frequency response of Bragg cells have been
extensively studied and are well documented [15-18]. A 50 us
window (31 mm) aperture was selected for the prototype to allow
the implementation of the imaging system with relatively
inexpensive commercially available lenses.

5.0 THE IMAGING SYSTEM

The light diffracted by the Bragg cells was imaged on the
detector array by two Cooke triplets with a focal length of 100 mnm
and an entrance pupil of 35.7 mm set back-to-back. The two lenses
operate close to optimal conditions: the parallel light that enters
the first lens is focussed in the Fourier plan where filtering of
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high diffraction orders take place. The light then diverges and is
focussed onto the detector array by the second lens. This compact
configuration was adjusted to produce a magnification of 1.17.
Because the Fourier plane is easily accessible, it can ke used to
perform bandpass filtering, remove the undiffracted 1light, or
possibly, perform interference excision.

6.0 THE DETECTOR ARRAY

A 5000-element Kodak detector array was selected for the
TIC. The element are 7 um x 7 um. The odd and even elements of
the detector array are clocked out by two separate shift registers
operating at a clock rate up to 10 MHz. The combination of the
output of the two shift registers produces a resulting clock out
rate up to 20 MHz and the minimum integration time associated with
the maximum clock rate is 250 us. In practice, it was not possible
to use a read-out rate of more than 6.6 MHz and the integration
time had to be less than 820 us in order to avoid producing severe
distortion of the output signal. The dynamic range of the detector
array was specified by the manufacturer as 37 dB.

7.0 PEDESTAL REMOVAL

The typical video output of the detector array of a TIC is
characterized by the presence of a pedestal as illustrated in
Figure 2. When the input RF signals are identical, a correlation
peak appears on the pedestal. In order to confirm the presence of
a correlation peak by a simple thresholding operation, it is
convenient to remove the pedestal.

Pedestal removal techniques are based on digital post-
processing of the correlograms collected by the detector array.
Three possible methods have been compared at DREO [10], namely the
phase shift pedestal, the average pedestal and the generated
pedestal removal technique. All three methods have in common that
a subtraction is made between correlograms that were formed at
different times, by different segments of the input data. A brief
summary and a comparison of the three techniques follows.

7.1  Phase Shift Pedestal Removal

A pedestal removal method using phase shifts has been
described in the literature [19]. It relies on the subtraction of
a correlogram from the previous one after a polarity change of the
correlation peak produced by a 180° phase shift of the RF signal
applied to one of the Bragg cells. The phase of the other signal
is not changed. Figure 9a and Figure 9b illustrate the correlation
peak and part of the correlogram before and after the 180° phase
shift respectively. The subtraction of the signals of
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Figure 9a and 9b removes the pedestal and doubles the height of the
peak as can be seen in Figure 9c.

In order to ensure complete pedestal removal and maximum
enhancement of the height of the peak, it is important to have the
Bragg cell filled with signal before starting the integration with
the detector array. This allows the accumulation of energy in the
peak to start at the beginning of the integration time, whatever
the location of the peak in the time-window of the TIC.

In a typical situation, where the Bragg cells contain 50 us
of RF signal, a waiting period of 50 us after a phase shift is
required to fill the Bragg cells before starting the integration.
If the integration time is 250 us, two 50 us delays are required
while waiting for new signals to propagate through the Bragg cells.
Hence it takes 600 us to obtain a useful integration time of 500
us. The shorter the integration time, the more significant is the
loss associated with the f£filling time of the Bragg cells. A
substantial improvement in the processing speed is possible if the
pedestal removal is performed without interrupting the flow of data
with phase shifts that are followed by waiting periods.

The phase shift pedestal removal technique has another
feature that reduces the processing speed when short integration
times are required. The detector array read-out circuitry has a
minimum integration time T,;,. In the phase shift pedestal removal
method, the correlation peak is built up from two integration
periods of T;,. with a phase shift of 180° in between. The
resulting minimum integration time for the phase shift pedestal
removal technique is thus 2T,;,. This can lead to a substantial
reduction of the processing speed when integration times less then
2T, are required.

7.2 Averaged Pedestal Removal

The second pedestal removal method was proposed at DREO.
It consists of subtracting from the most recent correlogram the
weighted average of a few previous correlograms that did not
contain a correlation peak. The averaged pedestal reference is
built by adding a certain percentage of each new correlogram that
does not contain peak. The process of building the reference
pedestal can be described by the following equations:

where

i*" reference pedestal,

i peakless correlogram

weighting factors such that X+Y = 1.

X O W
<
g 0o
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This method leads to substantial time savings in the
operation of the TIC because it is unnecessary to wait for the
Bragg cells to fill up because the flow of data is not interrupted
by phase shifts. Also, because the production of a peak with a
averaged pedestal removal technlque involves the collection of a
single correlogram, the minimum integration time associated with
this technique is T,,, the minimum integration time of the detector
array. Results from this technique are illustrated in Figure 10.

7.3 Generated Pedestal Removal

A third pedestal removal method was proposed and studied at
DREO. It consists of subtracting from the last collected
correlogram, a stored reference correlogram that does not contain
a correlation peak. The pedestal is thus removed and the peak is
left intact (Figure 11). The reference is updated after a set
time. similarly to the averaged pedestal removal method, this
method does not involve any waiting time for the RF signal to £ill
the Bragg cell because the signal is not interrupted by phase
shifts. The speed of the TIC is the same as for the averaged
pedestal method and the minimum integration time is also Tpy..

7.4 Comparison of the Three Techniques

Theoretlcally, all three methods produce a peak with the
same 51gnal to noise ratio (S/N). When the total integration time
involved in the pedestal removal process is the same, the height of
the correlation peaks is the same.

In the phase shift method, the integration time is built up
from two integration perlods of duratlon T;,. with a phase shift of
180° in between. As it is necessary to wait for the signals to
propagate through the Bragg cells after every phase shift, the
duration of one cycle of operation is 2T, +21t, where T is the
propagation time in the Bragg cell.

In the average generated pedestal methods, a single
correlogram is subtracted from a stored pedestal and no waltlng
time is required. Thus, the cycle duration is T;,. If the minimum
integration time of the detector array is T,,, the minimum
integration times produced by the phase shift, the generated and
the averaged pedestal removal technique are respectlvely, 2T ins Trin
and T.,. Thus the generated and averaged pedestal removal
techniques have the advantage to give access to shorter integration
time than the phase shift pedestal removal technique.
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8.0 DATA COLLECTION

The study of the data collection process of a TIC is
particularly interesting because of the many different output
configurations possible. Some configurations have a potential for
large amplitude peaks if all parameters are precisely optimized.
However, small drifts in the values of the parameters can lead to
low amplitude peaks that are very difficult to detect.
Fortunately, it is possible to find configurations where the
degradation associated with small drifts in the parameters of
operation is acceptable. These results were obtained from a
computer simulation of the detection process of a TIC and are fully
documented in [12].

8.1 Detection Process

Let us first consider the origin of and the factors
affecting the shape of the triangular envelope. The input is
assumed to be a binary phase-shift keyed (BPSK) signal. The first
element affecting the shape of the output signal is the triangular
envelope formed by the autocorrelation of the rectangular chips
modulating the sequence. The width at the base is equal to the
length of the bit and is therefore equal to the velocity v of the
acoustic signal in the Bragg cell divided by the bit duration. The
apex of the triangular envelope is located at the meeting point of
the two input signals as they propagate in the Bragg cells and it
can be found anywhere within the time window of the TIC according
to the difference of time of arrival of the signals.

The second element contributing to the TIC output is the
modulation. In the absence of aberration or misalignment of the
optical system, the period of the modulation is inversely
proportional to the angle between the two beams diffracted by the
Bragg cells. The modulation period can vary from infinity, when
the two beams are colinear, to a very small value when the angle
between the two beams is large. The period and the phase of the
modulation can also be locally affected by the presence of optical
aberrations or misalignments of the optical system. The phase of
the modulation also depends on the phase difference of the signals
applied to the Bragg cells.

The third factor contributing to the output of a TIC is the
bias that is added to the product of the fringe pattern with the
triangular envelope. This simulates the pedestal on which the peak
appears.

8.2 Computer Simulation
A computer simulation was developed to study the amplitude
of the correlation peak as a function of the various parameters of

the output of a TIC. The light distribution produced ky the TIC
can be described by using the three following elements (Figure 12):
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1) a triangular envelope of variable width W and location C
2) a modulation of the triangular envelope with a period P,
3) a uniform bias.

All the parameters are defined in unit of number of pixels
where a pixel is one element of the detector array. They are
illustrated in Figure 12. The parameters are W, the width of the
triangular envelope at the base, P, the period of the modulation,
¢, the phase of the modulation at the apex of the triangular
envelope and C, the location of the detecting elements relative to
the apex of the triangular envelope.

The simulation is based on an idealized description of the
factors contributing to the detection process. The detection
process is modelled by a spatial integration of the energy incident
on each element of the detector where the incident energy is
weighted with the sensitivity response of the detecting elements.
The simulation also includes the capability to use different
sensitivity profiles for the detecting elements. The physical size
of the detecting elements and their sensitivity profile (that may
include a dead-space) and the location of the detecting elements of
the array relative to the features of the light distribution are
also key factors. The impact of these parameters on the detection
of a correlation peak have been studied [12] for the case of no
modulation and for perfect adjustment of the relative phase of the
input signals.

8.3 Optimal Detection Parameters

A thorough study of the detection process, including the
effect of the modulation period, of the detector sensitive profile
position and of the adjustment of the relative phase of the input
signals was performed at DREO and was presented in [12]. The next
sections contain a brief summary of the results of this work.

8.3.1 Blind Spots

Blind spots are areas of the TIC time window where the
amplitude of the peaks is too small to be detected. They occur
under certain combination of the parameters of the detection
process. The main object of the study presented in [12] was to
determine the conditions of operation that produce blind spots and
to find conditions of operation where they do not occur.

Ideally, the output of a TIC should be free of optical
phase error and the phase difference of the input signals should be
adjusted to produce a maximum amplitude. In this case, there is no
modulation of the peak. However, these conditions are quite
difficult to achieve and maintain. It requires the utilization of
diffraction limited optical components, the capability to achieve
and maintain near perfect alignment of the whole optical system and
the precise adjustment of the phase difference of the signals
applied to the Bragg cells. It has also been demonstrated [12]
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that the changes of acoustic velocity in the Bragg cells associated
with a temperature change as small as .09°C can cause the formation
of a modulation.

Let us assume that a modulation is produced by any or a
combination of the factors mentioned in the previous paragraph: a
blind spot may then appear. The situation is illustrated in Figure
13 where two extreme results of the detection process are
illustrated. Figure 13a corresponds to a combination of parameters
with ¢=0 that leads to the detection of a peak that has a large
amplitude of 1.95. Figure 13b differs only by the location of the
apex of the triangular envelope relative to the fringe pattern.
The amplitude of the peak as a function of the position of the apex
of the triangular envelope relative to the detecting element is
illustrated in Figure 13c. The energy in the peak is about 1.35
for the worst case, o¢o=n/2, and the amplitude of the peak produced
is, at best, difficult to detect and a blind spot in the field of
view of the correlator is generated. It is obviously an
unacceptable feature for a system that is expected to produce
reliable peak detection.

8.3.2 Simulation Results

Further studies of the detection process with the
simulation have established that it is possible to reach a
compromise where stable performance of a fair quality is traded off
against unpredictable performances that are either excellent or
very poor. Stability in the detection process is achieved by
purposefully producing at the output of the TIC a fringe pattern
whose period is calculated to produce peaks with an acceptable
amplitude variation for all positions of the detecting elements
relative to the fringe system and the triangular envelope. A large
range of values for the width W of the triangular envelope and for
the period P of the fringes was systematically explored. This
approach allowed to locate combination of parameters producing
correlation peaks whose amplitude was sufficiently high and
sufficiently constant for all positions of the peak across the
detecting elements.

Figures 14, 15 and 16 present the amplitude of the peak as
a function of the position of the apex of the triangular envelope
on the detecting element for the combinations of parameters W and
P giving the best results. In all cases the calculations have been
made for the values ¢=0 and ¢=n/2 of the fringe system at the apex
of the triangular envelope that correspond respectively to the
highest and 1lowest peak amplitude. The case of a uniform
background with no modulation and a perfect adjustment of the
relative phase of the two input signal is added for comparison
purposes because it produces the highest peak but is very sensitive
to variations of the relative phase of the input signal.
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A trend towards higher peak amplitude with increasing
values of the width W of the triangular envelope is observed from
the results illustrated in Figures 14, 15 and 16. A trend towards
better peak amplitude uniformity with increasing fringe period P
can also be observed. However, one has to remember that the width
W of the triangular envelope is inversely proportional to the chip
rate of the data being processed by the correlator, so large values
of W leads to small values of chip rate and thus to a severe
limitation of the processing speed of the correlator. A compromise
has to be reached between the processing speed of the correlator
and the amplitude and amplitude uniformity of the peak. The
particular choice of W will depend on the speed and peak detection
requirements of the system considered. Once an appropriate value
for W is selected, the best value of the fringe period P should be
chosen accordingly.

One particularly important feature of the detection process
illustrated in Figures 14 to 16 is the graceful deterioration of
the amplitude of the peak when the parameters W and P drift from
their optimal values. The parameter that is the most likely to
drift from its set value is the modulation period P. This is so
because the presence of phase error produced by aberration,
temperature change [11] or misalignment of the optical components
of the system cause alteration of the fringe period of the output.
The graceful deterioration is illustrated by the following example.
For W=10 (see Figure 16), the amplitude of the correlation peak is
1.59 for a fringe period of six or seven pixels. However, if the
value of P was to become 5 or 8, the minimum peak amplitude would
be 1.58 and 1.57 respectively. It was also demonstrated [11] that
the amplitude of the peak produced by the detection of an optimal
modulation is very resistant to temperature change. This is in
strong contrast with the case where there is no modulation and
where the amplitude of the peak is very sensitive to temperature
change [11]. ‘

It was also demonstrated [12] that the exact shape of the
sensitivity response of the element of the detector array is a
parameter of secondary importance in the evaluation of the
performance of the detection process.

8.4 Experimental Verification

Experimental verifications of the performances of the
detection process described in the previous sections were performed
with the correlator illustrated in Figure 1. An autocorrelation of
a 7-chip long pseudo random sequence was performed. The chip rate
was 10 MHz and a multitude of correlation peaks appeared in the
window (Figure 17). Once again, variations of the amplitude of the
peaks is observed, but all peaks are detectable, and no blind spot

appears.
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9.0 EFFECTS OF TEMPERATURE CHANGES ON THE OUTPUT

It has been demonstrated [20] that acousto-optic spectrum
analyzers are sensitive to temperature changes and require strict
temperature control to maintain the registration stability of their
output. These results suggest that the effect of temperature
changes on more complex interferometric systems such as TICs using
two Bragg cells could be significant and an investigation was
performed at DREO [11]. This section summarizes an analysis of the
effects of temperature changes on the output correlation peak of a
TIC presented in [11].

It is indeed possible to demonstrate that temperature
fluctuations cause changes of acoustic velocity in Bragg cells and
important alterations of the format of the output result. The
specific effect considered is peak amplitude changes resultlng from
alterations of the output format. Peak positioning errors in the
measurement of the time difference of arrival of the RF input
signals have also been analysed and found negligible, so they will
not be reviewed here.

In ideal condition, the output of a TIC is a modulated
triangular envelope. If the temperature fluctuates, the acoustic
velocity within the Bragg cell crystal changes thus modifying the
diffraction angles of the two wavefronts and the period of the
modulation.

It was demonstrated using the computer simulation described
in [12] that with the width W of the triangular envelope varying
between

8 < W < 12
and the period P of the modulation varying between
5 < P < 8,

the minimum amplitude of the detected peak varies between 1.50 and
1.54 for all positions C of the array of detectors relative to the
location of the modulation pattern produced by the TIC (Figure 12).
A minimum detectability of the correlation peak is thus ensured.

In order to assess the temperature sensitivity of the
multi~fringe detection process, we calculated the temperature
change required to transform a frlnge pattern with a five plxel
period into a fringe pattern with a six pixel perlod A pixel size
of 7 um is used. It corresponds to the size of the detecting
element of the Kodak array used for the construction of the TIC.

It can be calculated that an angle difference of .00163
rad. changes the fringe period from five to six pixels. The
acoustic velocity change associated with that angle change is
43.58m/s. Therefore, given a temperature coefficient of the
acoustic ve1001ty of 180.6 ppm/°C, a temperature change of 387°C is
necessary to increase the period from five pixels to six pixels.
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As the temperature changes expected in a laboratory environment
are, at the most of 20°C, this indicate that the detection of an
optimally modulated peak is not sensitive to <changes in
temperature.

10.0 PACKAGING

One of the most important goals in the development of a
prototype such as the TIC is the demonstratlon of reliable
operation for extended period of time in a working environment.
The successful 1ntegratlon of the TIC to the Digital Controller
(DC) is also a key issue.

Reliable operation of the TIC was made possible by the
careful packaging of the system using the machine shop resources
available at DREO. First, the final configuration with all its
components was selected, demonstrated and tested on an optical
bench. This bench system was then packaged into the rack mountable
19-inch drawer illustrated in Figure 3. The packaging included an
aluminium base supported by shock absorbers installed on an
aluminium plate. This was necessary to isolate the TIC from the
vibrations generated by the other equlpment in the rack. The laser
and its power supply were installed in a small compartment on the
side of the drawer. Air coollng was not required. The other
optical components were mounted in the larger compartment and held
rigidly. Most of the holders were custom designed for this
application. The drawer was installed in a rack and the
performance of the TIC were tested in a laboratory environment.
The results were essentially the same as the results from the bench
version.

A panel installed on the back of the drawer allows the
input data to reach the Bragg cells, to send control signals to the
detector array and to read-out the detector array. Special
attention was taken to ensure proper ground and to avoid feed
through of the signals.

11.0 DIGITAL CONTROLLER

The operation of the TIC is controlled by a Digital
Controller (DC). The DC controls the flow of signals to and from
the TIC and the associated hardware and software. The DC provides
the operator interface and allows parameters of operation to be
defined. The DC also contains the algorithms used for statistical
analysis of the results from the TIC. The DC is designed as a
research tool and is characterized by flexibility that is achieved
by software rather than hardware implement operation (two detector
array read-outs per second). However, this is an acceptable
feature for a research prototype whose main function is to test the
processing algorithms and the performance of the TIC.
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11.1 System Configuration

The system runs in the Microsoft Windows 2.1 operating
environment under MS-DOS operating system on a 486 computer [21].
Windows provides a graphic interface under which several tasks can
run concurrently. Standard mouse, keyboard screen and printer
interfaces are provided. The DC consists of several independent
tasks that run concurrently and communicate using the dynamic data
exchange protocol and a few special messages. The system is
implemented in the C computer language, and includes some Assembler
routines where necessary. The Microsoft C 5.1 compiler and
Microsoft Macro Assembler 5.1 were used. An IEEE-488 Controller is
the parallel interface between the computer and the other
components of the system. The DC hardware processes the output of
the TIC without the intervention from the host processor. This
includes pedestal removal and the detection of correlation peak
above a specified threshold. The operator can select to declare
the detection of a correlation peak as soon as the threshold has
been met M times out of N trials. It is also possible tc add many
TIC outputs, each of them collected with an integration time T, to
increase the effective integration time. The host processor
programs the hardware when new sequences of bits are sent to the
TIC from the pattern generator.

11.2 Signal Processing Algorithms

The DC contains two types of signal proce551ng algorithms.
The first type has already been described in Section 7.0 and
consists of pedestal removal algorithms. The other algorithms are
designed to calculate statistics on the output of the TICs and are
briefly described in the following section.

Three different programs have been included in the DC for
statistical analysis. The first program, Statistical Analysis
[22], allows the operator to request the calculation of the mean,
the variance and the standard deviation of the amplitude on two
segments of a correlogram specified by the operator.

With the second program, Detection Statistics [22],
repetitive tests can be defined and statistics on the detection of
a correlation peak and on the position and height of the peak can
be calculated. Probabilities of detection and false alarm are also
calculated.

The third program, Correlogram Probability Distribution
[22] is used to calculate probability distributions from the
histogram of the absolute value of the amplitude and selected
pixels. The probability-density function or the cumulative-
distribution function can then be calculated.
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12.0 EXPERIMENTAL RESULTS

The performances of the system described in the previous
sections were evaluated by a series of experimental measurements
and the results were compared, when possible, to theoretically
achievable results. The TIC has a bandwidth of 30 MHz and BPSK
signals with a chip rate of up to 20 MHz were used for testing.
The capability of the TIC to produce correlation peaks of uniform
height, without blind spots, over the whole time-window was
demonstrated. The capability of the TIC to detect small signals
was also tested experimentally and the dynamic range of the TIC was
found to be 50 dB. Finally the capability of the TIC to extract
correlation peaks from noisy signals was tested and it was found
that detectable peaks were produced with a SNR of -35 dB with a
processing gain of 40 dB. The TIC was thus performing very close
to the theoretical limit.

12.1 Test Signals and Processing Gain

It was decided to test the system using BPSK signals
generated with maximal-length direct sequences as spreading codes.
These signals are wideband signals which produce a nearly ideal
triangular auto-correlation peak of known width (Figure 18). Chip
rate of up to 20 MHz were used.

In order to be able to compare the actual performances of
the TIC against a theoretical benchmark it is necessary to
introduce the concept of processing gain as it applies to the
processing of noisy direct-sequence spread spectrum signals. The
despreading of a spread spectrum sequence 1is performed by a
correlation of the noisy signal with a clean replica of itself.
The processing gain is then defined as the number of integrated
chips and is equal to the product of the chip rate used to spread
the sequence by the integration time. For example, an integration
time of 1 ms with a chip rate of 10 MHz gives a processing gain of
10,000 or 40 dB. In that case, if the signal being despread had a
SNR of -30 dB, the correlation peak would have a SNR of 10 dB if it
was produced by a perfect correlator. It is the yardstick that
will be used here to assess the performances of the TIC developed
at DREO. Any further reduction in the SNR of the peak is
attributed to correlation losses caused by an imperfect correlator.

12.2 Uniformity Across the Time-Window

One of the most desirable features of a TIC is the
production of correlation peaks of uniform height over the whole
time-window of operation. This capability depends on the
successful production of a uniform pedestal and on the elimination
of blind spots by using an appropriate data collection technique.
The TIC developed at DREO was tested by auto correlating a short
direct sequence at a chip rate of 10 MHz. Multiple correlation
peaks are produced at every repeat of the sequence. If the TIC
illumination was perfectly uniform, the only fluctuation in peak
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amplitude would be caused by the location of the element of the
detector array relative to the features of the peaks. A typical
result for a 32-chip long sequence and a 10 MHz chip rate is
illustrated in Figure 19.

12.3 Weak Signal Detection

Another important aspect of the performance of a TIC is its
capability to detect weak signals. The ratio of the strongest
detectable signal to the weakest detectable signal is called
dynamic range and is usually expressed in dB. The dynamic range of
the TIC was measured by applying to one Bragg cell a direct
sequence with a power of 1W. The same sequence, at reduced level
was applied to the other Bragg cell. Figure 20 illustrate the
correlation produced when the weak signal is at 55 dB and 60 dB
below the strong one. An integration time of 2 ms and a chip rate
of 20 MHz were used. An easily detectable correlation peak is
produced in both cases.

12.4 Detection of Signals in Noise

A particularly remarkable feature of TICs is the ability to
detect the presence of signals having a very low SNR. The
confirmation of this capability was obtained by applying to one of
the Bragg cells a direct sequence with a power of .5w. Figure 21
illustrates the correlation peaks obtained with SNRs of =30 dB, ~-32
dB and -35 dB. The integration time was 1 ms, the chip rate was 10
MHz and the resulting processing gain was 40 dB. Figure 21 clearly
demonstrates the capabilities of the TIC to produce processing
gains that come very close to the theoretical limit and compare
well to the correlation losses of 2-3 dB that are typical of
digital correlators [23].

13.0 CONCLUSION

This report describes the design and performance of a TIC
built at DREO for the processing of spread spectrum signals. A
general description of the TIC, of its operation, components and
subsystems is presented. The signal processing and the data
collection procedure are also described. The digital controller,
the packaging of the system and the effects of the temperature
changes on the stability of the TIC are presented. The TIC has a
30 MHz bandwidth and BPSK signals with chip rate of up to 20 MHz
were used to test the system. Experimental measurements of the
performances of the TIC are included. The prototype has
demonstrated the capability to detect reliably correlation peaks
for a time difference of arrival window of 90 us. The dynamic
range of the TIC was measured to be 60 dB and it can produce
detectable correlation peaks in additive white Gaussian noise for
input signals having a signal to noise ratio of -35 dB while using
a processing gain of 40 dB. The performances of the TIC is then
within 5 dB from the theoretical limit.
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The TIC in its present condition, was used to perform two
proof-of-concept experiments for the processing of spread spectrum
signals [1,2]. In the first experiment, a TIC was used to perform
signal compression of low probability of intercept radar signals
using a BPSK modulation[l1]. In the second experiment, a TIC was
used for the real-time implementation of the cycelic
crosscorrelation [2]. This algorithm has the capability to
separate spread spectrum signals sharing the same bandwidth, the
same carrier frequency and the same difference of time of arrival
at negative signal to noise ratios. Because of these attributes,
the real-time implementation of the cyclic crosscorrelation has a
great potential for the development of ELINT and ESM receivers for
spread spectrum signals. The further development of this potential
could include the construction of a miniature version of a TIC
using diode laser and packaging that would allow the system to
operate in tactical military exercises.

The capability of the TIC to perform searches in large
unstructured databases was demonstrated by a proof-of-concept
experiment where human DNA sequences were analysed [3-4].

The optoelectronic system made of the TIC and the digital
controller (DC) could be improved by an upgrade of the read-out
electronic of the DC. The occasional production of a bad frame of
data could be the indication of timing problems. It would also be
a great improvement to fully take advantage of the processing power
of the TIC by reading and processing all the data generated by the
detector array. At this time only two frames per second are
processed on a possible total of 5000.
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