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ABSTRACT

Many hardware and software processiné operations
carried out on chemical data can be classified as -
correlation operations. These include such processes
as signal-to-noise ratio enhancement using lock-in
detection, autdcorrelation, digital filtering, trans-
versal filtering, differentiatiou, signal detection
using matched filtering, and pattern recognition.
Recent advances in solid-state electronics and in
computer technology have facilitated both the hardware
and software implementation of correlation data
processing operations. It is shown in this study that
such technological devefbpments allow the evolution
of powerful and inexpensive systens for the correlation
processing of chemical data. .

Lock -in ampllf’catlon, which 1nvolves the cross-
' correlétlon of a perlodlcally modulated 51gnal with a
‘reference waveform of the same frequency, is one of the
most common signal measurements used in the chemlcal
laboratory. 1In the first part of this study, it is
shown that the conventional design of a lock-in ampli-
fier can be enhanced and simplified with a single in-
tegrated circuit known as a phase locked loop.‘ Then
‘a new type of integrated circuit is described that is

uniquely suited to the development of autocorrelation
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'insprumen;ation. Autucorrelation is an effective sig-
nal processing technique for recovering both the
amplitude and frequency of a‘periodic signal buried

in noise. A noisy sihe wave\signal (S/N < 0.2) can
easily be recovered using ﬁhe autocorrelator.

A particularly effective way of detecting and,
quantifying a specific spectral pattern in a complex |
- spectral signal is to cross-correlate the signal with
the sought-for spectral patterﬁ. A hardware cross-
correlator based on a specially designed.transient
recorder was built and used iP conjunction with a
diode array spectrometer to m%asure the atomic emission
of several elements in an inductively coupled plasma.
The correlation épproach provides a unique lock-and-
‘key measurement éhat allows a highly autbmated and
selective analytical measurement.

A number of correlation signal proceséfag opera-
tions can be performed using software-based digital
filters. It‘is shown that a Fourier domain digifal
filter‘(applied to the Fourier transform of a signal)
based on a simble trapezoidal function forms a particu~
larly versatilevapproach that can approximate the.
processing capabilities of the popular.correlatién fil-
ters developed by Savitzky and Golay.. Finally, it is

shown that correlation filters such as thos®#/of Savitzky

and Golay can be implemented on signals in real time by



using a new and powerful ihtegrated éircuit known as a
tapped analog delay line, This device stores and
makes available in parallel form a short sampled seg-
ment of an input waveform. The characteristics and
applications of this device to the, correlation (trans-
versal).filtering of analog signals in real time are

discussed and illustrated in detail.
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CHAPTLR I

The technique of correlation hés long %Eén a
ubiquitous part of the acquisition and treatment of
scientific data;. An early worker ip the field of com—.
mcnicaticns was Lee (1), who later revicwed the topic
in detail (2) . In chemistry, there havé been several"
general treatments of correlation techn?ques (3-6) as
well as a large number of detailed applications. Cor-
relation, and the related technlqucs of convolution and,
Fourler transformation, can be 1mplemented by insc;uments
as conceptually simple &% the lock-in amplifier, Qr as,
complex and expensive as -the haranre correlators avail-~
able: from companies such as Hewlett- Packard It is
also possible to perform correlatlons on a digital com-
'puter. The use of correlation metﬁods has, howevér,'been
limited both by a lack of understanding.of the technique,
.and, because of the frequent requirement to store and
manipulate arrays of data, by the lack or pigh cost
of the équipment required. Lately, the remarkable
pProgress madealn 1ntegrated circuit technology has made
devices available that can enable correlations to be -
performed simply and inexpensively by hardware, while
the advent of the minicomputer and now the microcomputer
has greatly increased the{facility of software correla-

tions. Because of the tremendous power of correlation



techniques to perform a wide variety of operations, and
because of the:ﬁniversality of application of the re-
sulting instrumentation, the purpose of this work 1is

to simplify the use of correlation for the mgasurement
of..chemical data, both by the desigﬁ of olé instrumenta-
tion in new ways and by the desigh of new iﬁstrumentation
and techniques that can extract informationgin different
Jwéysr The=xesulting instrumentation canlbe used for
tasks that vary from siynal-to-noise ratio enhancement

dr réSOlution enhancément, to matched filteriﬁg and
pattern reCOgnitiOn.v Initially, however, a brief intro-
duction to the mathematics of co;relation,_conyolut;on,
‘and Fourier transformation will beAgiVen.' This discussion
will be based in part on_ﬁaferial presented elsewhere

(3, 6-8).

{

What is Corfelation? it

Correlation is a cdmputational technique for deter-
mining the coherence within a signal, or between two
signéls. Mathematically, it is generally expressed as

the correlation integral:

+t

_ 1lim 1 : ,
Cab(T) T faw 3¢ / a(t)b(t+ft)dt (1)
. -t .



where C_, (1) is the correlation function oflthe‘two
signals a(t) and b(t), whiie‘T is their relative dis-
placement; Evaluation of this integral requires either
a -hardwired processof that might be analpg or digital
or boﬁh, or a digital computer. The calculatiop thus
may be based either'dn'a continuous function over the
interval +t to -t, or on a sampled‘funétioﬁ; ‘In the
latter case, the correlation{integral‘%§ uéually ex-

pressed by a sum:

Cp(T) = 2 alt)b(tnat) | | (2)
v 't

where At is the sampling interval. This definition re-
guires that the displacement only occﬁr as an integral
multiple of the sampling interval.

TwO differen£ correlétion operations can be iden-
tified. If a{t) and b(t) are'identical (i.e. if a=b),
an autocorrelation function is obtained b; applic;£ion“

of Equation 1. Thus autocorrelation indicates whether

]
i

coherence exiSts.within a signal. 1In céntrast, a cross-

correlation function, produced if a(t) and b(t) ére.

different, shows the similarities betﬁeen two signals.
To illustrate the prbéess of correlation

. . - . | S, . .
consider the autocorrelation of a sine wave as shown 1n



£
(el

Figure la. 1In the first frame the sine wave is multi-

plied by itself in phase, i.e. 1=0°. The result as

4

lne2 wave. To complete the evalua-

illustrated- is ;
tion of the aﬁto orrelation iuﬁ;zion ét this relati§e
displacement the a e value of the gine2 wave must
be determined (see Equatibn 1). The dashed line indi-
cates this value. This first point of the autocorrela-
tion is plotted in the lower part of Figure la and
represents the mean square value of the original sine
wove,

In the successiqe frames of Figure ia the evalu-
~ation of the autocorrelation function at 1 vaiues of

90°, 180°, and 270° is illustrated. From the plot of

the autocorrelation function Caa in Figure la it should .

be apparent that the autocorrelation Operaéion.applied
to anyisinusoidal‘waQe of indeterminate phase converts
&t to a cosine wavé. Thus phase infbrmation contained
'in the original sine wave is lost. However, the ampli-
tude and fiequency (or period) of»the autocorrelation
function are unambiguously related‘to those of the
original sine wave. The period of the two are identi;
cal while the amplitude of thezautocorrelqtion function
is the mean,sqdare of the original siné_wave.

| The autocorrelation function of\any periodic

waveform will display similar characteristics since .any

such waveform, as can be shown by Fourier analysis, is



T:90° T:180° \ T:270°

%&v%ﬂv%ﬂv%ﬂvﬂv
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Figure 1. (a) Aﬁtocorrelation of a sine wave. (b) Autd-'

correlation of a square wave.



just a combination of a number of sine waves, eéch with‘
its own amplitude éﬁd phase characteristics. But, as
mentionedlaone, although frequency -and amplitudé in-
formation about the original waveform is carried in the
autocorrelafion function, the phase information in the
original signal is lost. This fact is emphasized by
the autocorrelation function of & sguare wave generated
as shown in Figure 1b. The triangle wave autocorrela-
tion functibn coﬂtains the same frequencies (i.e. sine
wave compénents) as the original square wave, however,
in the triangular wave all the sine wave components are
in phase at 1=0° and produqe a different summation wave
shape. | !
Autocorrelation of non—periddic or random (noise)
waveforms produces markedly different results from
thoSe obtained for periodic waves. To understand this,
we heed only recognize agaih ﬁhat any wave, whether
periodic or not, is éomposed of sine wave components.
Eaéh of these components, when autocorrelated, will pfo—
duce a cosine wave beginning at 1=0. When many such

components are present in a parent waveform, the re-

sulting autocorrelation will just »e the sum of the

autocorrelation functions of the ¢ -ments. Four such

autocorrelation images are shown irn .re 2a. A true
. I ‘

random waveform (white noise) contain. -_1 frequencics.

The cosine autocorrelation images of z1. 1ese “requen-



(a)

(b) l'

(c)

(d)

Figure 2. (a) Cosine autocorrelation images. (b)
: correlation function of ideal random n

. (c) Autocorrelation function
random noise.. (d)

@ noisy sine wave.

Oise.
of bandlimited
Autocorrelation function of

Auto-
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cies reinforce at =0 ?G"producé a value equal to the
mean square of the oriéinal random signal and at any
point beYona =0 they destructively interfere to pro-
duce a time averaged value of zero (see Figure 2b).

Ih order to obtain this ideal autocorrelation
function of random noise, the bandwidth. of £he’hoise
must be,infihite. Of course, no process in nature is
truly random. Real random waveforms are "band-limited"
and do not produce a single spike upon autocorrelation
but instead a shape such as portrayed in Figure 2c.

The functional form is a decaying exponential (for low
pass filtered randbm noise) whose width is inversely
proportional to the bandwidth of the noise waveform.

When the autocorrelation functions of-bahélimited
random noise (Figure 2c¢) and of periodic signals (Figgre
l).afe'compared it is clear how autocofrelation can be
a powerful technique er the extraction of periodic
signals from ﬁdise; Random noise.fontributes to the
autocorrelation function only at very sm;ll values of rt.
A periodic signal, in contrast, will continue to con-
tribute‘even7at very large values of 1. The auto-
correlation function of a hoisy sinusoid is shown in
Figure 2d. The amplitude gnd'frequency of ‘the periodic
signal buried in noise can be determined simply by
exémining thé autocorrelation function at a location

well removed from the central (1=0) peak. These points

s

.
»”



o

will be further discussed in Chapter III.

Y

Cross-Correlation .

-In contrast to autecorrelation, cross—-correlation
examines the coherence between two different sighals.
This coherence can only exist when the same frequencies
are present in both waveforms. For example, the cross-
correletion of a sine wave with a square weve of the
same frequeney produces an output sine-wave eince the *
vfungamental frequency of the square wave is the only one
that is ‘common to both. Furthermore, although an‘éhter_
correlation is symmetrical about =0 and shows a maxi-
mum at that poiﬁt, a cross-correlation is éenerally
asymmetrical and does not necesserily maximize at t=0:
in the example given of a sine wave and a square wave
the phase angle of the output sine wave depeﬂds on the
phase difference between the t&o inputs. The behizlour
of the cross-correlation functlon is also dlfferent if
the inputs contaln random n01ser— The cross—correlation
of two dlfferent random signals is itself random' and w1ll
therefore have a zero tlme average. Hence, it may not
" be necessary to dlsplace the two 1nputs to obtaln an
output to which noise does not contrlbute, as long as
the two input frequenc1es are in phase; i.e. scanning
may not be“neceseary.

A further advantage of cross-correlation over

R T
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autocorrelation is that the output amplitude is
dependent upon the amplitudes of two different signals,
and thus can be adjusted merely by adjusting the ampli-
tude of one of thcﬁinputs. If the amplitude of this
reference waveform is maintained constant, the ampli-

tude of the output signal will be linearly dependent on

.thé amplitude of the other sought-for input, in contrast

to autocorrelation where a squared dependence of output,

amplitude to .input must exist. Of course, it is now
' T

necessary to generate the reference waveform by some

means.

Further examples of cross-correlation will be

. -

given in Chapters II, IV, and VI.

Convolution

The points that have been'ihtfoduced are some-
times moré'well‘kﬁown under the heading of convéiution.\j
However, convolution, which occurs during any opera-
‘tion involving signal geﬁeration or measﬁrément, can be
consiaered as merely a special type of correlation.

The mathematical expression of ‘convolution is

|
i

-

Y

' +t
oo lim 1 f , _ :
Co§ab£T) = oty 2t./. a(t)b( trT)dt ... (3)

-t

10



il
Comparison of (3) and (1) shows that the only difference
between correlation and convolution is the appearance
of a minus sign before the t in the b function; i.e.
this function is inverted left-to-right before the
multiplication is performed.' An examp}e of this inver-
sion can be seen in Figure 3 (from Reference 3). If a
step function.is.applied to an instrument such as a
chart recorder which has a response fuﬁction that is an
exponential decay, the recorder output will be observed-
to be distorted by the instrument. " Application of the
correlation 1ntegra1 to the system yields an omtput step
function whose leadlng edge curves upward.v We know that
recorders do not respond in this way to step input
signals; rather, the leading edge must curve downwards.
Reversing the recorder response function, i.e. perform—
ing a convolution rether than a correlation, produees
the desired dutput form. Of course, if the instrument
response,funetﬁon was symmetrrcal{ correlation and con- .
voiutiOn would produce identieal results,

Fourier Transformation

\

A final topic 1nt1mate1y related to correlatlon
and convolutlon is Fourier transformation. The advent
of the digital;computer and the Fast Fourier Transform
(FFT) has allowed the ready implementation o% Fourier

transform approaches to data processing. It can be
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»

‘Figure 3.

Convolution and correlation of a Step waveform
with an exponential instrument response function.
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shown that the correlation of two functions a and b 1

4
equivalent to the multiplication of the Foarier trans-
° : »

. « 4 E -
forms of the functions and inverse transformation of
the result to give the correlogram. Schematically, this

can be represented as °

a(t) * b(t) = C_, (1) (4)
ab
: ‘ Inverse ¢
Fourier . .
. . . Fourier
l Transformation l T . : : .
Transformation
A(f) | X B(f) = Cup(f) 5) T

-

The aster?sk in Equation 4 is here used to représént*the
operation of cofrelation; Eguation 4 1s therefore simply
a éhorthand notation of ﬂéﬁation 1.

Since correlation and Fourier transformati&% are
sc intimately related, it is instrucpive to consider

the Fourier process in more detail. The basic equation

ds
. R
+ «
alt) = A(f)e’TitE g ‘ (6)
The 1inverse Fourier transform is
4+ w
A(f) = a(t)ye 2TitE 4 (7)

Functions a(t) and A(f) therefore constitute a Fourier



transform pair, and are equivalent representations-of
each other. If the function a(t) is a linegr function:
of time, as are many chemical signals (chart recorder.
ogggut, ctc.), then tﬁo Fourier tranéform A(f) will be
a liﬁear function of frequency, time_l, This particular
use of the term frequency should be distinguishéd from
that normally encountered in optical spectroscbéy; for
that reason, the function A(f) will generally be re-
ferred to here as the Fourier domain signal.
An-intercsting property of the FOugier trans—
formatlon is that functions of complex appearance in the
time 4oma1n often appear' remafkaply simple in the Fourler
domain, and vice-versa. For this reason, it is o?ten
useful to consider the Fourier domain representation of
a functioﬁ;\as\will be shown in Chaptérs vV and. VI.

Correlation Instrumentatfon

\.
block diagram of an instrument ‘that performs a

di Ly mentation of the Correlafibn\equation
(Equ 1) is shown in Figure 4. The inputs to the

correlation are a sigﬁal (function a of Equation 1Y and
a reference (functiéh b of Equation 1). Often, the

referénce‘must undergo some type of processing (such as
T variation) andg mlght even be stored in the reference
procesgor, which may‘be quite complex. The signal and

processed reference are multiplied and then integrated

14
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4

to give the output correlation function (¢ of Equation 1).
The integrator of the hardware co;relator may also have
to be quite complex. It may alsosbe necessary to have
a signal processor (dotted in Figure 4): This block
diagram may represent both a hardware carrelator, in
whicﬁ cése:the reference processor might be a phase
shifter and comparator (see Chapter II) and the signal
processor a tuned amplifier; or ;a software correlator,
in which case the reference and signal processors might
be A/D converters and a digital computer would perform
the shlftlng, multlpllcatlon, and integration opera-
tions. The functions a and.h)ndght be identical, in.

%

which case an\autocorrelation would be performed (see
Chapter III). .

In this‘thesis; we will examine several ways of
implementing Equation 1 by instruments that perform
the functions diagrammed in Figure 4. 1In Chapter II, a
versatile lock-in amplifier will be discuseed in which
the reali;ation of Figure 4 is very simple. 1In Chapfer
I171, an,autocorrelator»based on a Serial Analog Memery
(SAM) which acts as a temporary"storage device will be
discuesed, in which the implemeﬁtation of Figure 4 is
extremely complex. In Chapter_IV, a cross-correlator
based on a transient recorder that stores the reference

signal (function b of Equation 1) will be discussed, 1in

which the implementation of Figure 4 is also quite



complex. ‘Chapter V will discuss the Fourier transform
reallzatlon of Equation 1 by a dlgltal computer; and
Chapter‘VI will dlscugs the direct evaluatlon of Equation
1 by a Tapped Analog Delay Line (TAD), which allows the
‘implementation of Figure 4 in an extremely simple but
perrful way._iApplications to be discussed in this
thesis include signal-to-noise ratio enhancemen;;

matched filtering, and resolution enhancement 55 applied
to spectral signals.

J
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CHAPTER II

LOCK-IN AMPLIFICATION

Background

One of the simplest, yet most powerful instru-
ments based on the principle of correlatlon is the lock—
in ampllfler (9), which is one of the most common and
effective instruments used in the chemical laboratory
for the measurement of noisy signals (5, 10-14). A
' measurement’in which a lock-in ampiifier 1s utilized
involves three main operations: amplitude modulation
of a carrier wave with the desited signal information,
selective amplification and synchronous aM demodulatlon.
The amplltude modulatlon step is implemented at some
specific point in the experimental ,system and the lock~-
in amplifier carrles out only the last two steps. |

The key step in a lock-in amplifier measurement
and that step which gives the technique its name is
synchronous AM demodulatioh (10) . Synchronous demodula-
tionginvolves multiplication of the modulated carrier
wave by a reference signal of exactly the same frequency
- as the carrier wave and phase-locked to the carrier wave
at 0° phase shift. Demodulation is QOmpleted by
averaging the output of the,multiplicatien step, usually
with a low-pass filter. Lock-in amplification is thus

essentially a cross-correlation at =0, since it involves

18
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the operations of multiplication and integration.

A block diagram of a conventional lockiin‘amplifier
is shbwnfin Figure 5a. Two channels are normally pro-
'vided{ one to process the signal (amplitudelmodulated
carrier) and one to process the reference. In almost
all lock-in amplifier measurement systems; the phase
locked reference signal is generated at the amplitude
modulation step in the experimental system. For example,
in systems where modulation %s implementea by choéping.
a primary light beam with a ﬁechanical chopper, a ref-
erence signal can be obtaiﬁed by using an auxiliary
light source and detector. combination or from the signal

g :
ased to drive the chopper. The reference 'signal as
génerated at the;modulatiOn step 1is phase—locked»ﬁé the

H

carrier frequency but it is not, in general,’locked
at 0°. Thusoa phase shifter is required on_the reference
channel in ordexr that the relative phase oguthe ref-

. : 3%
erence can be adjusted with respect to the éarrier.
This phase shifter performs‘the T variation of the cross-
correlation process. The comparator.in the feference
channel coﬁverts the reference to a bipolar square wave

before it is applied to the four quadrant multiplier.

Selective or tuned amplifiers are also normally in-

cluded on each channel. - S o ' o

The conventional design of the lock-in amplifier

(Figure 5a) can be enhanced and simplified with a

19
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Figure 5. Block diagram of a lock-in amplifier, (a) conven-

tional approach,

(b) with a phase locked loop in

the reference Cchannel.
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versatile circuit known as a phase-locked loop (10, 15,
16). A block diagram of a phase-locked loop (PLL) is
shown in Figure 6. 1t consists of three main parts; a
pPhase comparator, a low pass filter, and a voltage con-
trolled oscillator (vco). a number of types of phase-
‘locked loops are available from several manufacturers.
Among these are the Signetics 561, 562, and 565 PLL's
and RCA's 654046 PLL, all of which are available in 16
or 14 lead dual in- line packages at very reasonable
costs (~$l0.00). |
In the basic PLL as shown'in Figure 6, the phase
comparator compares the phase and frequency of the in-
put frequency with the VCO output andwgenerates an
error voltage propqQrtional in sign and magnltude to the
-phase and frequency dlfference of the 1nput frequency
.and the vcCo output This error srgnal is applied
through a low pass filter to the VvCO control input and
drlves the vco output until the VCO output is exactly
'the Same frequency"as the input frequency; i.e. ‘the.VCO
output becomes locked to the input frequency The rela—-
tive phase difference between the input frequency and
the VCO output when the loop is locked depends on the
exact nature of the phase comparator and, in general, on
the value of the. input frequency with reSpect to the
ﬁ[ee runnlng VvCoO frequency In some commercial PLL' s ’

(RCA CD 4046) the circuit can be set up so that the phase

1
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- Fiqgure 6. Block diagram of a phase locked loop. -
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difference is a constant 0° in the ‘lock range(iindependent
of.the‘value bf tie input frequencyiu With most others,
the phase différénce varies anywhére\from 0° to 180°

over the lock range. ‘ o i

The common épplications of the PLL include FM de#
modulation, frequency multiplication and COnstructionvoi
tracking filters. In connfction with lock-in amplifiers,
the standatd PLL can be usefully incor orated’into’the
reférence channel. Aé shown in Figuré‘Sb) both the
selective amplifier and the comparator can be replaced
by a PLL. In addition‘to replacing these components,
the PLL provides automatic tracking of the carriér
‘freéuency. For this feature the PLL must be of the tfpe
that maintains lbck at 0° phase shift over.the lock
range. The phase shifter block is still necessary be-
cause the reference, as generated at the modulation
. step in the experiment, is éeidom exactly in phase with
the carrier wave. In addition, relative phase shifts[are
easily introdﬁced in the signal amplification channel
before the four quadrqnt multiplier.

Thev§ignetics 561 phase locked loop is a uniquely
versatiie circuit element for application to lock-in
amplifiér meaSuiéments. The 561 includes, in addition
to a PLL, a multiplier and é low pass fiiter which can
be usead fot synchronous AM demodulation appiicationsi

Thus this simple 16 Pin integrated circuit contains al-
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most all of the function blocks of a 1ock;in‘amp1ifier.

A block diagraﬁ of the 561 PLL is shown in Figure 7. 1In -
its simplest configuration the only additional circuit

bléck neeaed'to build a complete lock-in amplifier is a

phase shiftef in the reference channel.

The standard lock—in ampiifier as used in sqien—
tific measurements normally has separate signal and. |
feferencé channel inputs. However, the utiligzation of
a phase locked loop in the reference channel allows an
_interésting modification of this standard approach.
 The phase locked loop can be used’to gené;ate an appropri-
ate reference signal for.5ynchronous AM demodulation
frOm the amplitude modulated'cg;rier wave. This is
accomplished by connecting the#signal (amplitude modu%atea
. carrier) to both the signal and reference channels as
shown by the dashed line in figures.Sb and 7. The VCO
output of the PLL is a square wéve, phase lockéé to the
signal, and henée an épproériate reference for synchronous»
AM demodulation. This removes the need to generate e
a referencé signal at the modulatibn step and the’need
) fo transmit the reference from the experiment t6 the
lock-in amplifier. A fundamvental‘ limitation of this
approach is that a double sideband modulated carrier (1))«
cannot be accuiately demodulated as phase information | ey

will be lost in demodulating such a carrier with a ref-
|
]
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erence signal generated from itself. However, in the
vast majority of lock-in amplifier measurements, AM
modulation.is employed and no difficulties will be en-
countered using this ag%roach.

In tﬁe following sections the performance and
characteristics of lock-in amplifiers based on Figures
5b and 7 are ‘discussed and illustrated. The amplifiers
are tested both in the "referenceless" mode and with
sequate gignal and reference channel inputs.

3

Experimental

All circuits were wired on the Heath Analog-

Digital Designer (ADD). The operational amplifiers

used were the standard units provided with the ADD unit.

The lock—iﬁ amplifier based on the 565 PLL requires
an external four quadrant multiplier. An Analog Devices
426A four gquadrant multiplier was used for this purpose
($45.00) .

The input test signals were provided by a Heath
model EUW-27 sine-square wave dgenerator (SSWG) and a
General Raaio Type 1390-B Random Noise Génerator was
used as the source of the noise. The random noise had
a bandwidth extending. from 20 Hz‘to 20 kHz. Noisy
signals were simulated by summing the sine wave signal
from the SSWG ard the output of noise éenerator with

an operational amplifier. »
y

26



AC mnnsuremoﬁts Qf the 1input values were made
using a Hc tt Packard Model 400°L AC voltmeter, and
output dculevols from the lock-:n ~~plifier were measured
using a DANA Model 5400/015 DVM. The DANA is a succes-—
sive appfoximation type DVM with a sample and hold front

end. The aperture time of the sample and hold amplifier

is 50 nsec.

Results and Discussion

As mentioﬁed in the introduction, the Signetics
561 phase -locked loop integrated circuit incorparates
eséentially all of the functional blocks necessary - for
a lock-in ampiifier. The complete Circuit for a lock-
in amplifier constructed using .the Signetics NE 561 phase
locked looé 18 éhoﬁn in Figure 8. It consists of four
maiﬁ sectioné; a tur.:d input amplifier on the signal
channel (OAl), a phase sﬁifter on the reference channel
(OA2), the' 561 PLL, and a low pass filter on the output
(OA3) . The tuned amplifier on the signal chénnel (10)
has a nominal ceﬁter frequency of 1000 Hz, a Q of about
2.5, and unity gain. The phase shifter (17} on the
reference Channel.provides a varlable phase shift of up
to 180° with unity gain. |

Complete details on the operation of the 561 PLL
are available from Signetics.‘ Only those connections

pertinent to this application will be discussed. Also

27
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+

it will be useful to refer to Figure 8.duriné this dis-
cussion. The 0.5 uf capacitor between pins 2 and 3 sets
the VCO free running frequency. This value was chosen
to give a nominal free running freque vy of 1000 Hz.
Pin 13 is the ihpﬁt to the phase comparator and thus is
the reference channel input to the PLL. The 50 pf capa-
citor; and 47 Q resistors connected to éins 15 and 14
control the amount of low pass filtering in the phase
locked loop. The potentiometer conhecﬁed to pin 11 1is
an offset adjustment with which thé phase of ths vCoO
frequency can be.adjustéd relative to the input.refgrence
frequency. Both this offset control and the phase |
shifter (OA2) "were used to set the 0° phase shif£ condi-
tion between the signal and reference ehannels. The
capacitors connected to pins lg, 12, and 10 simply provide
ac grouﬂds and decouplingbat these terminals. '
The AM input to the multiplier on the chip is’
pPin 4 and thus this is the signal channel input. Pin 1
is the'démodulated AM outpuq. This output can be pas-
sivély low pass filtered by connecting a capacitor from
pin 1 to grpund. However, we choose to use an external
active iow pass filtqr with a 1 sec time constant (OA3).
The oulput dc level at pin 1 is:about +10.5 V when no inf -
but signal is applied at pin 4; thus some form.of\zero

adjustment on the output is desirable. This is pro-

vided by the potentiometer connected to OA3.



The input tuned amplifier and theroutput low pass
filter on the signal channel were both set for unity gain.
Tﬁus in this test circuit the only gain in the signal
channel is that pgovided by the PLL. The gain was about
25 calculated on the basis of the average dc level of
the%demodUIated AM output divided by the rms value of the
input sine wave. This limits the maximum inp&t signal
to about 80 mV before the multiplier on the 561 begins
to saturate. | |

Theilock—in amplifier shown in Figure 8 was first
tested with separate signal and reference channels. The
input signal was a sine wave obtained froﬁ the sine-
square wave generator. The square Wave‘output of the
SSWG was used asi the reference. Reliable locking could
easily be achieved with a reference signal as small as
1 mv p~p. The minimum input signal to the phase com—.

- parator for lock, as specified by the manufacturer, is
100 pv. |

The linearity and dynamic range of the lock—iﬁ
amplifier in this configuration:wefe evaluated by measur-
ing the slope of the log-log plot of éutput vs input. ~
‘The slopes of. these plots for different noise levels are
summarized in Table IA and all are Very close éo unity. |
For.a 4.36 mV rms sine wave input the AM demodulated out-

put was 111 + 8 mv when 160 mv_ms of random noise was

‘added to the sine wave and 112 + 18 mv when 500 mv was

30



‘ TABLE I

Lock-In Amplifier Linearity and Dynamic Range

(Separate Signal and Reference Channels)

¢

A. For the circuit shown in Figure 8

Input Signal  Order of Slope of Log-Log
Range - Magnitude  Noise Level Plot fort‘*COutput
(mv, rms) Change .'- (mV, rms) vs Input
©2.45 - 77.5 1.5 residual 1.01 * 0.0l
4.36 - 43.6 ' 1.0 v residual 1.013 £ 0.006
4.36 - 43.6 1.0 . - 160 1.016 * 0.008
4.36 - 43.6 1.0 | 500 ' 0.978 * 0.002

B. For the circuit shown in Figure 9

2.45 - 2450 - 3.0 residual 0.992

+ 0.003
2.45 - 2450 3.0 v 160 0.999 +* 0.002 -
2.45 - 2450 3.0 500 0.988 = 0.0043
24.5 - 2450 ! 2.0 ‘2400 0.998‘i 0.004



|
present. The standard deviations were calculated‘from

10,measurehenés of the »H>utput hade with the DANA DVM,

The time constant on'the low pass filter was 1 sec. These
data indicate that the circuit is quite effecrﬂvevin
enhancing the signai—to—noise ratio_of‘the ;nput signal.

The circuit for a lock-in amplifier based on the
block;diagram giQen in Figure 5B is shown in Figure 9.

The signal channel consists of a tuned amplifier (OAl),

a four quadrant multlpller, and a 1ow pass fllter (OA4)
Tpe reference channel consists of @ phase shlfter (0oA2 and
'0A3) and a conventional phase locked loop IC (Signetics
565) as depicted in Figure é. ¢The two stages of phase
shift simply provide a greater degree of fleﬁibility in
Asetrigg the pﬁase-as well as the capability of shifting
the relative phase over a total of about‘360°;

Again complete deﬁails on the 565 fLL can be
obtained from Signetics (16). The capacitor to ground
‘from pin 9 and the resistance to +15 V from pin 8 set
tﬁe‘free rpnhing fre%Pency.of theVCO which in this case
was 1000 Hz. The 0.5 uf capacitor from pin 7 to +15 'S
.controls rhe loop low'pass filtering and the 0.001;uf
capacitor between pihs 7 and 8 is for decqupiing. Pins
2.and 3 are the external inﬁuts.to the éhaSe comparator F
and, hence, the reference input. The voltage divider:

network is necessary -in order to bias pins 2 and 3 for

proper operation of the chip from a single poWer supply.
, |
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I 0
Pin 4 is the VCO output which is the phase locked reference

output to the four quadrant multiplier. It must also be
connectea to pin 5, whiéh is;the inpgrnél input Eq the
phase comparatof,_to close the iqop. :

The only gain in this particular circuit Qéguré at
the'multiplier. The VCO output is-a square_wave/wiﬁh an
amplitude of about 5 V. The multiplier oufputﬁis XY/10.
This gain of 1/10 is counteracdted by usihg an Active low
pass filter which.has a gain®of 10; thus, ﬁhe$overall
gain of the signalAchanﬁel is .5,

The linearity and dynamic range of this lockjiﬁ
amplifier was measured as described for the first circuit
and the data are Summarized in Table IB. It can be seen
from .the data that theilock—in amplifierﬂhgs excellent
linearity over a dynamic-rénge of 3 orde:s in mégnitude,
even in the .presence bf a considerable ;mount of noise.
The improved dynamic fange over the.previous circuit |
 occu;s primarily because the external four quadrant
multiplier has better dynahic range thaﬁ the on-chip
multiplier of éhe 561 PLL. The signal-to-noise ratio
imﬁrovement was also excellent. For a 7.7.mV rms sine
wave input bufied in 500 mV rms of random noise (20 Hz
to 20 kHz bandwidth) the output dc level was .3,7 £ 4 nv,
the‘stapdard'deviatiop aéain béing calculated from 10
measurements. |

Both of the lock-in amplifier circuits were also

J



!
tested in the "referenceless" mode discussed earlier.

In this case, the reference input was obtained from‘£Qe
signal channel as shown by'the dashed.linedin Figures
8 and 9. The ability of:the PLL's to lock on a low level
sighal is'an'importanﬁ asset for this application: The
linearity and dynamic rahgé data were measured as be-
fore and the results are shéwn in Fighre 10a for the lock-
in amplifier given in Figure 8 and in Figure 10b for the
amplifier in Figure‘9. In both cases (solid iiﬁe) the
"referenceless” coﬁfiguration works essentially as well
as thé conventional coﬁfiguration‘for the residual noise
case. The least squares slopes for the éolid lines in
Figures 10a and 10b are 1.01 * 0.01 and 1.02 * 0.01. .
At high noise levels, the linear dynamic range is
reduced!because the loop cannot lock as effectively on -
ﬁhe noisngeference. The phase adjustmenﬁ on a lock-in
amplifier is sét to maximize the AM demodulated output.
Any Jjitter bf the optimal phase position as caﬁsed by |
the noise will decrease the‘oquut signal as shown in
Figure 10. However, even‘though the linear dynamic
range of these "referenceless" configurations is reducea
at low signal—tOfnoisé ratios, the circui;s éan be: used
at moderate noise levels.' For example the amplifier
sﬁown in Figure 9 has a linear respoﬁse at signal levels '
greater than ~100 mV rms even in the'presence of 500 mV

rms random noise. In many practical measurement situations

35
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« given in Figure 8, (a) and Figure 9,

\

Log-log plots of output vs input for the
"referenceless" configurations of the circuits

(b) . The

solid line is the residual noise case, the dashed.
line for 160 mv rms random noise present on the
input signal and the dotted (short dash) line

for 500 mv rms.
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the noise levels are not this high and the "referenceless"
' »

mode of these lock-in émplifiers should be a viablé and
useful configuration.

Finally, it is clear that é lock-in amplifier need
not be considered an expensive COmponenﬁ'of a measure-
meﬁt system. As already mentioned, the PLL's used in
~ these circuits costs about $10. Depending on the qgality,
analog multiplier prices range from about 510 for 4% |
accuracy!/ to about $50 for 1% accufacy. Thus,‘including
the necessary OA's the circuits shown here can easily be

built for about $50 to $100 excluding the power supply.



CHAPTER III

AUTOCORRELATION: THE SERIAL ANALOG MEMORY

Background

In the previous chapter, we saw how lock-in
amplification is basically a single-poinf cross—-correla-
tion at 1=0. It.does, héwever, fequire that a reference
signal be available, or that the received signal be
sufficiently noise free that it itself can be used to
obtain the reference. Autocorrelation, on the other
hand, has the fundamental aavantage that a reference is
not required. However, in the process of autocorrelation
all phése information is lost, and the output is not a
linear function of the input.

Onévinteresting"applicétion of‘autocorrelation
has been in the measurement of the shdf,noise from a
photomultiplier tube (18-22). Shot noise arises from the
quantum nature of light, énd the‘amplitude of the noise
current is proportional to the squa;é root of the light
intensity. f :-ordingly, the mean square of the shot
noise current (shot noise power) should vyield a plot
that is directly proportional to lighf intensity. Shot
noise power can be obtained by squaring the shot noise
component of tnr AC coupled signal and low—pass—filtering
the ;éSult, i.e. an autocorrelation»at 7=0. Several

workers have used this technique successfully to measure

.
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photocurrents (18-22).
Construction of a scanning autocorrelation, on the
other hand, allows the extraction of more information

than that available at only 1=0. The field of photon

A
SN

correlat;on gpectroecopy involves the autocorrelation of
the intensity fluctuations of a Doppler broadfned Rayieigh
scattered laser line (23-25) . The autocorrelation
function of a signal is: the Fourier transform of its
power spectrum (23). Determination of an autocorrelogram
can aliow measurement of several flow-related parameters‘.
Representative papers have dealt with such measﬁ;ements
as'thap of the.diffusion coefficients and electreﬁhoretic
mobility of bovine serum albumin (26), a study of electro-
kinegic phenomena (27, 28), and the determination o: 1
macromolecular diffusion coefficients (29) . To achieve l
the speed required in these measurements (~20 MHz) the
autocorre1a£ion is often performed oe a "digital clipped;"
i.e. binary, input signal (30-31).
Another interesting use of autocorrelation in-
volves the measurement of chemical kinetic parameters by
the autocorrelation of the noise due to randem-concentra-
tion fluctuations of reactante ané products involved
.inchemica =guilibria. Concentration fluctuations can
>be measured by such techniqees as conductivity and ‘fluo-

rescence intensity (32, 33) and kinetic parameters then

deduced from the autocorrelogram. In the words of Feher

TN L



and Weissman (32), the result involves "the personal
satisfaction of using rather than fighting noise.”

Although autocorrelation teEhniques have been
employed in these and other fields with considerable
advantage and Success, their use has unfortunately beén
somewhat limited primgrily by a lack of effective methods
and instrumentation gzj the rapid, automatic evaluation
of ahtocorrelation functions. Present developments in
certain large‘scale integrated'cirCuits such as diode
arrays)‘charge coupled devices, and bucket brigade devices
are now beginning to provide very inexpensive devices
capable of sophisticated real time correlation operations
(34). These integrated circuits can be geherally clas—‘
sified as discrete time analog signal pProcessing devices.
One such device is a serial analog memory (35). wWhen
Operated as a variable analog delay 'line it allows real
time autocorrelation processing of noisy periodic
signalé, and the real time evalﬁat: - of autocorfelatién
functions such as thoée depicted in Figuies 1 ana 2. The
key circuit element is a serial analog memory that is

ope}ated as a varlable analog delay line.

Serial Analog Memories

A few years ago self-scanning linear photodiode
afrays became available in small integrated circuit pack-

ages. These devices have been widely used as electronic

Y
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image sensors in industrial and scientific applications

(36, 37). These sensors consist of-a linear array of
silicon.photodiodes. Each photodiode is connected to
oy

the output line by a FET switch. The FET switches are
controlled by a single bit that is shifted through a
shift registcf that 1s integrated on the same chip.
Functionally the self-scanning lincar array of
photodiodes can bé considered as an anaLog shiftrregister
with parallel optical inputs and a serial electrical out-
put. Diode array devices afe,now avallable with serial
electrical‘input and output. A wide variety of power-
ful real time analog data handling Mg processing
operations can be implemented with these devices‘k34)f
One type of device, available from Reticon Corp.,
910 Benicia Ave., Snnnyvéle, CA 94086, 1is called a
serial analog memory (SAM) (35); A block diagram of a
SAM-128V serial ﬁnalog memory 1s shown in.Figure 11. The
SAM consists of three basic subunits: a "dynamic" 128
point serial analog memory, a readin 128 bit digital shift
register, and an independen: ecadout 128 bit digital
shift register. The comélete éAM—lZBV comes 1n a singie
16 pin integrated circuit package. The maximum'éiocking
rate is specified at 5 MHz, S/N at 40 dB (1 part in 100),
&y
an¢ total harmonic distortion at 3.5%. i

With the SAM an analog input signal can be. sequen-

tially sampled and stored on a series of storage capacitors.

&
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Both aperture and acquisition times arexspecified at 25 -

nsec. The stored signal values can be read out in
Tl

Shmediately, or after some delay. The

sequencé eithh
readout rate cgq be the same as the readin rate or the =
signal can be read out with a new time‘bése and, hence,
either compressed or‘expénded. Each memory capacitor
(reversed biased PN juﬁction) has a FET buffer stage,
thus readout is_ﬁbn—destructiﬁe. ‘However, with this
device the retention ﬁime withoﬁt degradation (because
of leakage, i;er "darkh current) 1is 40 msec at room
temperatufe. Thus the memory is really a "dynamic"
memory requiring .periodic refreshing. A more recent
version of the SAM has a retention time of 5 sec. |
The serial analog m?mdry is potentially an ex-
tfémely powerful circuit‘élement for incorporation into
correlation instrumentation. For example, this- single
iﬁtegrated circuit, with appropriate clocking circ;itry,
can function as a transient recorder. vMany types of
hardware correlators utilize trénsient recorders, as

E -
will be shown in Chapter IV. In addition, this particular’

‘serial analog memof; possesseé some features that make

it uniquely applicable to binary sequence correlation.
Readout, as mentioned above, 'is controlled by the read-
out shift regiifev, I a bit,exi;ts in the nth stage,
the nth cell wi 1 | ~ex2d out. Thus if a Specific binary

o

sequence 1s clockc.t .nto the .:adc't shift register, the



output will be the summation of the products of the
binary sequence and the stored analog information. Thus,
this application amounts to the rapid cross—correiation
of a st&red analog signal with a moving sequence of
‘binafy pulses. Such correlations are applicable to
pattern detection. i |

Ik this chapter, Qe will diSCus§ the application of
the SAM to the design and,COnstruction\of an autocorrela-
“tor. A Block diagnam of the autocorrelator is sthn in
Figure 12. The input signal to be autocorrelated is
sent simultaneously to the serial analog memory, and to
one input qf an analog multiplier. The output of the
serial analog memory is conﬁected to the second input of
the analog'multipliér. The output of the analog multi-
plier is intégrated to complete the-autocorrelation.i

Thg sérial.analOg.memory ié oﬁerated functionally
as é variable analog delay line. ' The readin and readout
clock rates are identical but the readout cycle is
sequentially delayed, providing thé shifting operation
necessary in the evaluati of the autocorrelatiogdfunc-
tion. It is importanf to emphasingthat_with the archi-
tecture of the SAM it is possible t; have zero dela;?\\\~_
i.e. readout s}multaneous with readin, as well as any
other delay in uﬁits of clock period. Thus the‘serial
analog memory is not simply an analog shift register.

In a true shift register zero delay cannot be achieved,
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as‘the first sample must be clocked completely tﬁrough
the register beforevat can be reaaout. Conventional
transient recorders based on ADC's,‘digital‘shift regis-
ters, and DAC's, and another circuit manufactured by
Reticon called a serial analog delay (SAD) both have

this limitation and, hence} could not be used in this

autocorrelator design. :

Experimental

The complete block diagram of the autocorrelator
is s?OWntin Figure 13. It should be.noted that the
SAM—128V‘was mounted on an 5C-128V evaluation circuit
cérd avaiiable‘from Reticén. Theiinput and output lines
shown on the block diagram are those of this circuit
card. The card contains TTL to MOS interfaces anq gener-~
'ateé_the proper two phaé% clocks necessary for thé

readin and readog; shift registers.

To properly‘sample‘a repetitive analog éignal

with the SAM it was necessary to synchronize data aquisi-.

tion, i.e. clocking, with an external‘start pulse which
was, in general, jasynchronous to the SAM clock. The
master clock frequency was four times that of the readin

and readout clock; therefore the maximum jitter of the

SAM clock with respect to the signal start was one-quarter

of the clock period. - A

‘Réception,of the external start pulse started the

>
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" readin and readout clocks and caused a readin bit to-be
loaded into the sAaM, thereby initiating data acquisition.
The generatlon of the readout seguence was controlled
by the modulo 128 counter. At T1=0 (no delay) this counter
was set to l27 and thus the flrst clock pulse to this
counter loaded a readout bit, thereby clocking data‘out
of the SAM simultaneously with its acquisition.. After 128
clock pulses, the clock to the modulo 128 Counter was
shut off and a pulse applled to the scaler. After a total
‘of 260 clock pulSeS, the readin-readout clock was shut
down and another start pulse awalted

© Scanning was accomplished by‘the scaler and re-,‘
set control. After a selectable number -of scans as set
by the modulus of the scaler (1 to 1000), the scaler
triggers the reset control, which quickly resets the
counter to zero on the ¢ount of two, giving a count
sequence of 0, 1, (2) + o, l, 2, 3.... Thereéfore, when
the 128 clock pPulses to the modulo 128 counter were
termlnated the counter held a count of 125 1nstead of
the original 127. Thus, when the next data acquisition
sequence pegan, a readout blt was not loaded into the
SAM until two clock pulses after the readin bit, which
1ntroduces a delay of two clock pulses in the readout of
‘the data. In thls manner, an automatic scan of the delay
(t) from zero to 126 clock pulses in steps of two ‘was

accomplished, glv1ng a total of 64 different delays. At



the maximum‘possible delay a minimum of 259 clock.pulses
were required to clear all circuitry. For some reason,
‘.perhaps associated with the SAM or the circuit card, it
was not possible to successfully sequencﬁ the scannlng

action one clock pulse at a time and hence génerate a’

128 point autocorrelation function.

The delayéd/cutput was fed through a buffer.
ampliffer referenced to the 5 volt common of rhe SAMiand
then to a four gquadrant analog multiplier (Analog
Devices 426A) whose other input was the original undelayed
signal. When a readout sequence»was initiated integration
was stérted on a gated integretor} This iﬁtegration
conﬁinued fcr the appropriete. time interval, then the
value of the integral was transferred to'a sample—and—.
hold.amplifier and che integrator was reset. A low-pass
filter On.the outﬁut of the sample-and-hold amplifier
suppressed switching transients and allowed averaging of
~a large number of repetitive evaluations of the cor-
relation function at a given delay (i.e. the scaler set
at mcdulo—lOOO). This allowed plottihg of the ~uto-
correlation function on an ordinary strip chart recorder
For real time dlsplay of the autocorrelatlon function on
an Qscilloscope-the 3caler was set to modu%;—l. The

RC time constant of the low pass filter for/recorder

output was ~0.1 sec and for oscilloscope output ~0.1 msec.
' >

A Y

Integration of the multiplier output was terminated

1
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at the finish of eitheﬁ the reaain cycle or the.resdoﬁt
cycle, depending on whéther or not the signal was periodic.
For a sihe wave input the waveform arriving after the in-
put has been sampled:and stored has the same form as the
section that was sampled. Thus integration can be
initiated by the start readout pulse and terminated when
the readout cycle is coméleté; However, for a more
complex non-periodic wave form autocorrelation should only
be performed whefe the delayed and original waveforms.
 actua1ly overlap in time. For such waveforms integra-
tion is terminated by the completion of the readin cycle.
The circuit is designed to operate in either of these
modes . ‘Forfexample/ if a sine wave was autocorrelated
as a non—periodic‘waveform the autocorrelation function
had the form of a daﬁped cosine wave, its amplitude
decreasing to almost zero where.the signal and delayed
signal overlapped by only two clock puises.

A complete schematic of the aﬁt0correlator‘is
shown in figure 14. The master clock'gate is formed by
FFl, FF2, and FFB. Assumevthat Q of FF1 is 0O, 1i.e. |
FFl has been reéet; This sets FF2,:and résets FF's 3, 4, 5,
ahd thé first (upper) modulo 128 counter. The arrival
of a trigger pulse will then toggle FF1, this-ffeeing
FF's 2, 3, 4, 5 and the upper-quulo 128 counter. Furthér
start pulses cannot toggle FFl (K=0) until the circuit has

been rearmed. The first 1+0 transition of the master
i : .~\ o ) .
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" FF's 7 and 8 and G5. FF's 7fﬁnaf

Q128
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clock will toggle FF2 to 0,.thus toggling FF3 (¢) from

0 to 1. Once freed, FF2 and FF3 simply divide the master
clock frequency by four.' The input starF pulee generator
is formed by FF4. . The first 1-+0 of ¢ toégles FF4 to 1;
subseguent transitions are igﬁored_(KfO). Thus, Q of

FF4 is 0 for one and only one 0-+1 transition of ¢, and

therefore loads a §ingle start bit.

The output start pul554§ ;. Ee formed by

) N3

ﬁﬁf slift register

that transfers 6128 of the Sc{ '—ﬁimodulo_128

counter. Assume thequFig ; eﬁh_évaééi&nitiegiy’both
0, and that the lower modulo 128 ceunter bas been set to
127. The first 01 transition of ¢ will be inverted by
Gl (6fF5=1) and will therefore toggle Qléé‘eo 0, which
;ill be :-presented to K of FF7. The next 1-0 at ¢ will
toggle FF7 to l)lmaking.the output of G5 a 0. A further
10 at ¢ will now to?gfg FF8 to 1, making the output of
G5 a l. Therefore, the output of G5 is alse 0 for one
ana only one 0-+1 transition of ¢, and only one readout
bit is leaded. Note, however, that_if the lower counter
has been set to 127, the readout bit will be loaded
exactly one clock pulse later than the reedin bit; this
point will be referred to later. The 01 transition of
at the 64th 0~1 of ¢ will be reflected in 0's at
both FF7 and FF8 on the 65th 1-0.

The 128 pulse gate is formed by the upper - .
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modulo-128 counter, FFS5, anlel. The 128th 140 transi-
tion of ¢ koggles 0128 and thus FFS5, closing G%. It was
necessary to operate the two modulo 128 counters oﬁ
opposite clock phases to avoid timing problems associated
with this closure. Once togg}éd to 1, FF5 was locked
(K=0) but FF6 was freed (J=1). Assume that FF6 is

128 of the

upper modulo-128 counter for the second time, thus

originally 0. The 256th 1+0 of ¢ will toggle Q
. :

toggling FF6 to 1. The 260th clock pulse toggles Q4 of
the upper modulo-128 counter to 1; this causes the
output of G2 to be zero until FF6 is reset. fn the
AUTOMATIC mode, the momentary 0 from G2 willialsd resét
Frl through G3 and %4, thﬁs shutting off ¢ and restart-
ing th;‘opérating séquence. Therefore, the upper modulo-
128 counter, FF5, énd FF6 form the modulo-260 counter.
Scanning is controlled by the scaler, Sl;
FF9, and G7. Assume that FF9 is originally 0. The 1-+0
t;ansitions of 0128 of ;he lowef modulo-128 counter are
ﬁinverted and counted by the écaler; With Sl in the
position shown (:1), each 127+0 of the lower counter will
toggle FF9 to 1. Two clock pulses later, Qs Qill be a
1, causing the output of G7 to be éero until FF9 is reset.
This momentary zero resets the lower counter and causes
fhe coﬁnt'sequence already described. Connecting the

T~

input of G7 to Q ;athe; than Q, will cause the counter

L3

‘to scan one clock pulse at a time; howeve;, the SAM could



not be made to so scan;

The scanning action may be started with t=0 By
setting FF10. When FF1l is reset‘and a trigger pulse
. awaited, the output of G6 will be 0, thus setting the '
lower counter to 127Uand resetting the scaler The
toggllng of FFl by a trigger pulse will, then toggle FF190
to 0 thus maklng the output of G6 a 1 and freeing both
the lower counter and the scaler. FF10 willwthen re-
main in the 0 state (J=0) until-set again: |

-Integration of the product of the original and de-
layed signals is controlled ny Mono-1, Mono-2, and FF's
11, 12, and 13. Assume FFl2 is initially in the 1 State.
The initiation of the readOut sequence at the 0+l of
G5 is inverted and used to.toggle -Mono-1. This sets

5 v
FF's 11 and 13, thus closing Q1 and opening Q2. OA2 gthen
beéins to integrate the nﬁltiplier output. Assume the
circuit is in the PERIoDIC mode. The appearance of a MOS

1 level from ReadoUt End ong clock pulse before the ”
termlnatlon of readout 1s_g§nverted to a TTL zero and

presented to J of FFl2 The next 1+0 of $ 51gnals the
end of data readout and tOggles FF12 to 0. ThlS resets
FFll, opens Q1, and toggles Mono-2, thus connectlng

the 1ntegrator Output to the sample-and-hold (OA3)
through Q3. After a sample has been taken (~20 usec),
Mono-2. toggles FF13, thus closing Q2 and resetting the .

integratofi One clock pulse1aﬁgg§mfeadout is terminated,
. . v
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Readout End becomes a MOS 0. This is converted to a TTL 1
and causes FF12 to become 1 one clock tpulse later.

At several poipts jn this disc¢ussion, it has been
necessary to assume initial states for several flip-

* flops. Thé timing of the circuit is such that, after a
maximuﬁ cf 259 clock pulses from power on, the FF's
must be in the state assumed. The number 259 is the
total of 2 clock pulses to establish the state of FF's
7 and 8, 128 more to finish feadin,'a maximum'delay of
127 (for scanning one clock pulse at a time) andr2 more
clock pulses to lear FF12.

It was mentioned earlier that the output start
. . .

bit was loaded one clock pulse later than the inpuf

. Start bit. Nevertheless, it was possible to have read-

.4
i ‘%‘f%:— :
e .

out simultaneous with readin (»=0) under these circum-
«;stances, due eiﬁher'to some peculiarity of the SAM or
_/of tbe Sequenclnq c1rcu1try It was also mentioned that

scannihq was pOs§1b1G;0nly ik two clock pulse delays.

”gﬁ.clrcult would either scan in’
g
‘_?@;i., 126 or in sequence 1| 3, 5,
2ay g .
127, Once~ﬁ$¢ gbwer was on, the 5cann1ng mode (even
R R A d' v -
or odd)fWQszf'“fiﬂ' Attempts to obtaln a 128 p01nt auto-
- s s - 2 .

. . . . @)f . ‘(“‘,’“‘(; ' “oae

correla#xongfugctAOnﬁup tlmlng phasing varlatlons were-

=

scann'ng'modc, Yo} tﬁ’i a zero.delay was obtained. ‘ ‘
%; "}» . l' ~

P
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Results and Discussion

Examples of iseveral input and output gaveforms for
the autocorrelator are shown in‘Plate l.‘ The' input
waveform and delayed segment are shown in column I for
sine, triangular and square waves (all 8 kHz). .The cor- i
responding output autocorrelati' functions’(scaler set
to modulo-1) as they are displayed in real time on the
osc1lloscope are shown in column II.J: The time base for
the autocorrelation function photographs was 10 msec/
div. Thus these autocorrelation functlons are computed
in about 52 msec The break in each of the autocor-
relatlon function photographs ind%cates automatic . .-
start of the autocorrelator on apglication of anotier A
'start pulse. )
: P Y o

It'is clear .1om the photographs that the serial
anaiog memoryvis Lot distortion free. The delayed |
signal segments stored in the SAM sth‘SOme signifioant
amplitude distortions. In addition distortion can be
observed in the autocorrelation functions,lparticularly.
that for the square wave whlch sh0uld be a trlangular 7
wave. As the 51gnal delay‘was slowly scanned from zero ST
to 126;° three-dﬁfgzrent types of dlstortlon could be |
observeé i'fEESe have been labeled as fixed pattern
noise, step ggéﬁortrbn,~and breathlng. ‘

l. Ffﬁed pattern noise. As the delay is slowly

>

hscanned, a noise pattern is superimposed upon the de-

¢ . -

‘w .



Plate 1.

Autocorrelation of sine, trlangular and

square waves.




layed signal and scens with it; i.e. the noise pattern
is unaffected by the delay. The ma]ot probable cause
of this type of distortion is diode-to-diode non-
linearity. Such distortion has also be.n 0. served in
Reticon photodic i arrays (37). The t. - -es that
are clearly visible about halfway along the delayed dis-
nal in column Ib are an example of this type of dis-
tortion. i ’ |
2. Step distortion. As the delayfis slowly
scanned from zero to 126, a visible| step occurs in the
delayed waveform and moves along the delayed wave- |
form as a function Af the delay. This step is most
clearly visible in Column Ic. gme first (leftmost)
squere wave cycle is clearly lower than the two right- .
fmost.cycles. ,
3. Breathing. As the delay is slowly varied, the
amplituée of_the delnved signal changes such that}it j%%‘
is at a maximum wher the delayed signal is exactly 180°
out of phase with the undeleyedpgenerator output. There- T
fore, as the delay varies, the delayed waveferm."breathes"
;ﬁp ar.d do;n in amplitude. It is this distortion that is
probably the major cause of the asymmetry in the auto-
correlation functions. . | : . S
The 1nput output amplitude characterlstlcs of the

SAM and the autocorrelator are shown in Figure 15. For

an 8 kHz sine wave input with a p-p amplitude ranging -
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from 0.3V to 3.0V (one order of magnitude) the slope of
a log-log plot of SAM output vs SAM input is 0. 97 t 0.02
and for a log-log plot of autocorrelator output Vs SAM
1nput the slope is 2.05 + 0.05. The SAM was just he-
ginning to saturate with the 3V p-p input.

i ¢ In order to test the ablllty of the autocorrela—
tor in proce551ng a n01sy periodic signal, random noise
was added to alsine wave signal. A 1. lvfﬂ“p §1ne wave
with about 3V p-p added random noise. is shown in column I
of Plate 2a along with a delayed segment. _ The random .
noise was obtalned from a General Radio Type 1390-B
randomfn01se generator and had a bandwidth extending
from 5 Hz Eo 20 kHz. . It can cledrly be éeen,in Plate 2a
that the delayed noisy signal‘segment'originates from
the beginning of the'gpper trace although, as before,
some.distortion is euident.

The sine wave is somewhat difficult to viéually’
discern in the original signal trace. However, the
autocoxrelatlon function computed in one cycle of the .
autocorrelatot (52 msec) clearly reveals the perlod1c1ty
of the noisy input If the Sine wave amplltude is re-
duced to 0. SV.ﬁL the waveforms shown in Plate 2b result.
"By reducing the 1qput amplltude by about a factor of two,
the autocorrelat;on functlogfdmplltude drops by about
a factor of 4.- @ow 13 is even dlfflcult to see any

perlod1c1ty in the autocorrelator output although the

- : ) P
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Plate 2.

TN

Autocorrelation of noisy sine waves.
\ \ . _
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relatively‘iarge T=0 peak caused by the random noise is

visible.

!

" q - . // ‘ . . ) .
e As mentioned 1n the experimental section it is

possible to time average the autocorrelatio function by
i E. .
repeated evaluation and integration‘oﬁ the autocotrela—

tion function a' one specific 1 value. This also allows

Plotting of the autocorrelation function on a strip chart‘

recorder. The autocorrelation function obtained when
the scaler is set at modulo-1000 and the time constant
of the output low pass filter to 0.1 sec is shown in
Figure l6a. Now the ‘period ‘ahd amplitude of the auto-
correlation funct;gn can easily be measured. Rememger
the input signal is that shown in the upper trace of
Plate 2b, columh I. ’Fof:eomparison, the autecorrelator
’ output in this mode for a noise free sine wave 1nput ”
is shown in Figure l6éb. tThe total plotting time for
each of these wavgforms Qas 52 sec.

It should be noted that the autocorreiation
function provides a convenient means of determining the’
signal-to-noise ratio of the original'waveform (3).

The value of the autocorrelation function at 1= 0 is just
the mean square &f the original SWgnal plus n01se, while
the peak amplitude of the autocorrelation function at
values removed from =0 is_equal'to the mean square of

the si%nal alone. For an alternating waveform the mean

Square value is dirgctly proportional to the power of

62
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the alternating waveform. Thué the signal-to-noise .~
power ratio can be calculated from the mean square of
the signal divided by the difference between the 1=0 .
Qalue {S+N) and the.meén square of the signal. On

this basis thepsignal—to—noise power ratio in the
original noisy sine wave calculated from its auto-

correlation function (Figure l6a) is about 0.2.

/“\

This autocorrelator was not directly applied to

Conclusion '

a chemical signal. The primary aim of this study was

to pointiouf the availability and épplicability of"
devices such as the serial analog memory to correlation’
measurements. Hiegyje (7) has shown that correlation
techniqueé can be advantageously applied to measure-
ments where lock-in amplifiers’are tyﬁically eﬁployed;
Since lock—in,aMiiification is widely used ih analyti-
cal imstrumentation, the correlation approach has poten-

tial wide applicability as instrumentation becomes more

readily avallable to 1mplement correlatlon analy51s.

"DeVLbeS*such as ‘the SAM are sure to promote this develop—

ment. In addition, the autocorrelation approach to

processing a noisy periodic signal does not require a

v

reference signal as is necessary for lock-in detection.

It wou;d be possible, for example, to measure the ampli—h

tude of an input signal by adjusting the delay such that

» . i
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observations were recorded'at a local maximum (or miniﬁum)
well separated from the peak at 1=0 (see Figure 16).
This would provide data similar to that provided by a
lock-in amplifier, but without a reference.

Application of the SAM to chemical measurements
is by no ﬁeéné limited to autocorrelation. Both tfanéient
recorders and cross—corfelation/instruments ¢ould be
constructed using serial analog memdries. The consfruction
of a’tfansient recorder using a device related to the

. . \. -
SAM, a serial analog delay (SAD), has already been re-

. ported (38). Many addié&onal applications are ouﬁlined

in literature available from Reticon. Reticon'has alsow

announced the availability of a‘segond—generatioh de~

:vice) the SAM—128LR,-that ;llows retention of informa-

tion for up to § seconds at 25°C, and has a dynamic -3

range of 70 dB. This and further improvements in the

~construction of these devices can be expected to lbad

-

to both increased performance and lower cost.
L 4
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CHAPTER IV N '

\

CROSS-CORRELATION I: A HARDWARE CORRELATOR

Backgrouﬁd
Altﬁough,lock—in amplification is a cross-correla-
tion technique, only continuous signafs-may be handled by
the simple lock-in amplifier of Chapter II. ’The auto-
correlator of Chapter III mayibe applied to repetitive
signals that are not necessaraly continuous, but pro-
vides an output amplitude‘that is not‘linearly related
to input amplitude. If a reference eignal is readily

available, a linear'§elationship of output with input

may be provided by cross-correlation. In fact, depenginqg

!
i

upon the type of reference’pt vided, cross-correlation
allows seiective extraetion of'information'from a signal.
If the reference is a noise-free version of the Signal
the type of operation known as matched filtering is per-
formed, and results in optimization of thé signalzto-
noise ratie for peak'heigbt measurement‘(3p-43). Matched
filtering has been used by Miller-(39) by Cross- correla—
ting noisy decaying exponentials with a noise-free
reference. |
Cross-correlation may &lso be used to obtain a
criterion of identification.for signals consisting of
a series of peaks, since,a large value of the cross-
cortelation function.at 1=0 1s indicative of similatity

between signal and reference (3). This procedure is a
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type of pattern recognition (45), With binary Spectra,
the application of Equation 2 results in an AND-sum (46 47) .
An example of the application of cross- correlation
to emission spectra is shown in Figures 17 and 18 (from
Reference 8). Figure 17 shows emission Spectra of Co,
Ni, and Fe in the neglon of 3430 to 3500 A The spectra
were excited using an 02—H2 flame and recofded photo-
graphically. The plots of Figure 17 are the result
of digitizing: the output of a scannlng dens1tometer (8).
The Co spectrum was chosen as the sought-for

Spectral infOrmation. The Co, Ni, and Fe spectra were
.then Cross-correlated with the Co spectrum to provide
Athe patterns shown in Figure 18 (from Reference_B).
Flgere 18A shows the autovorrelation of the Co spectrun.
There is 4 large maximum at =g as expected, indicating
the simiiarity~ofvthe two epectra The remalnlng pattern
contains information about relatlve pPeak separations ang
is not easily interpretable. Also; since the pattern
is an autocorrelatioﬁ, it is symmetrical about 1=0,

) The resuit of cross- correlatlng the Co with the
Ni and Fe spectra is shown in Figures 18B and 18C. Here,
there is no distinct maximum at 1=Q indicating that the,
two Spectra in each;case ate dissimular. In addition,
the cross- correlatlon patterns are’ ‘quite complex and not

symmetrlcal

‘

The large maximum at T=0. of Figure 18A and the

67



(a)

3465 3479 3493 A
NICKEL -
\ - _
T ul l ‘ T ‘ T T T
13437 3451 3465 3479 3493 A
IRON .

Figure 17. Cobalt, nickel and iron spectra.
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1

ﬁ%b
small maximum of Flgures 18B 'and 18C sudgest that cross-

correlatlon nt =0 of a raw spectrum with a reference

spectrum of the SOught for element may be used to deter—

mfne the concentratlon of the reference' element 1n a

'

COmplex matrlx with a relatrvely'lbw“chance of inter-

ference Inuaddltlon, there should be a 51gn1f1cant .

1ncreaSe in signal-to- -noige ratio due to the matched

frlterlng operation (8). Beech has used cross- correla-
2

‘tlon for quantltatlve NMR analy51s with dlgltlzed NMR

Q}spectra (48) arid obtalned a signal- to—n01se ratdo

enhancement of about . tenfold

In order for the cross- correlatiom approach to
. ‘.

detection of spectral peaks to be useful rt iéunecessary

.)

%, ’ &g . 5
dlfferent wavelengths szmultaneously A& instrument that

readlly supplles such 1nformatlon lﬁ\ﬁgaylede array

spectrometer 3g) In this chapter,: crosgrcorrelatlon

At 1=0 of the output of a diode- arraﬂ?spectrometer with

a reference spectrum stored 'in a Spec1ally de51gned
tran51ent recorder (49) will be used to quantltatlvely
measure the atomic em1351on of elements 1n an 1nduct1vely—

coupled plasma (ICE) (50). Thls approach represents

a unique "lock-and-key" procedure to the measurement bf

. atomic emission, since only those elements hav1ng spectral

peaks at wavelengths ‘identical to those pof the reference
%Pectrum can contribute to the correlation integral:

.:')‘

70°
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o

Y
A bllock diagram of the hardware correlator is shown
in Flgu§e 19. The output of the q§ode array spectrometer

is COnnected both \QO the 1npu§\of the transient rec‘&rder

and also to one 1nput of twtwller/&ntegrator. The

Y

a te

output of the Egﬁnsient re r is connected to the other

Al

9 ) B :
input: of the multlpller/lntegrator. A reference spectrum -

\
is stored in the traﬁtlg‘ recorder by measuring(the'

emission of a concentrated solution of the element to be

determlned The raw array outpgﬁ and the stored f%ﬁerence

are then multlplled p01nt by pornt and lntegrated overﬁéhéilf'
+ o

» A

wavelength range coVered The. output voltage is thus: ”vé

A&

proportlonal to the mutual areas of the SIgnal QD& refer—'ﬁ

. 2 . ot -

ence, wrth cqntrlbgtlons from all peaks of the reference

L - et i
%J.n the wavelc “th reglon covered. . R S -
“‘. x -
' It 1s 1mportant to note that this 1nstrum
2 . & i - Q N a, k “.‘J;.
based on a, partlcular de51gn for a transient ;ec “

iy s i ;‘; i
o o 5
tgat 1tself perfg}ms some of the sequenc1ng requ red and

-

also allows bacﬁ@rOund subtractlon (49) The construc-
tion and operatlon of this tran51ent recorder will now be
o o o L A
discussed. o . . : o - ,

i , . | . i R ‘ AY o B

s

The Transient' Recorder . . >
! P ; ‘ -

Transient recorder has become the generic name

for:a simple dlgltal data aqulsltlon 1nstrument con-

e ' .

%fstlng of an analog-to dlgltal converter,‘a dlgltal

memory, and a digital-to-analog converter (49), (see

- N <

‘

v
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Flgure 20) although names such asgtlme domaln conver-

- ston system (51) and data logger (52) have also been .

~used. SQEh an instrument .s widely applicable to the

\ .
acqu151tlon and processi j of laboratory slgn’

~

frequently used to eit e obtain data at hlgh
read it out later at ¢ ow speed,,say on a laboratory'y
recorder, or to obtaln data at a low speed and\read it

out at hxgh Speed to an OSClllOSCOpe or to a computer.
-
Sbme -Basic de31gns have been presented 1n the litera-

ture (10 51, 52) and transient recorders are availa-
ble c0mmerc1ally from such manufacturers as Blomatlon,

W '
Prlnceton Applied Research Corporation and Nlcq;etsI&k
» -
strument Corporatlon. In recent years components for the

A

L N

‘ Qtems (ADC dlgltal memory, - and DAC have be-t

LS

;lahle at very reasonable costs. Wlth these

Fl

o
come a

L

components, a transpent recorder, can be built for at

least a factor of tén less cost tﬂan most c0mmer1cal =

\ . » °' - IM y

'syspems. , ‘
. J 1 \
i fThe tran51ent recordtr descrlbed hére can be
(
built for a component cost of about $300 This design ‘

|
uses aflOZﬁ”@ord (10~b1t) &fgltal ‘shift’ reglster memory

. '*Unlque control c1rch1try allows subdlvis1on of the O

. X o

memqry 1nto several unlts of variable and’arbltrary

length. \Very often 1t is necessary to subtract a back- .

.
* a

‘grOund from a laboratory signal, C1rcu1try is prov1ded

for synchronized feedback of prev1ously stored information .
! B

{

s



74

1
o

LT

1no
OOIVNY

1VNOIS _=01-1v1101Q

O0IVNV

1¥3ANOD

“. /HW

*I9pI10081 JUSTSURII JO WeIHBIP XOOTd

o * ’ 4

v

ﬂn ' 5
. & . —~
ﬁﬂ C ;.7 S i
@w ﬂ : .
. . -
; ONIDNINO3S
. aNv
N ONIWIL . =
v : .
. S

. AYOW3W
IVUOIa .

\F.% F-S 4

.\

‘02 mus‘mﬁ,m

- A1 ¥3193ANOD
V11913
| -01-4ownv

)

NI
——————

JVNOLS

) . ) .r-.. R

O0TVNY

<



;pretr1gger~del§y'(number og;p01nts

: of pne. o : . .

3

‘shown in Figure 21.

bits with a settllng t1me of 5 usec.

|
(i.e. a background scan) to an input difference ampli-

f;er whlch background subtracts an incoming signal.

-

This c1rcu1try is e;tendable to numerous other data:
, : o

processing operat%ons such as division (ratio), log
ratio,'multiplication, and addition.'ﬁginallyh the design
irfcluydes the sequenc1ng for a versatlle pretrigger system.
Bretrlgger refers to the ability of a transient recorder v‘,
to acquire data "before" the arrlval of an 1nstrumenta1 :

trigger«pulse In actuality tHe transxent recorder

is allowed to free run (contl uously acquire tha and,;

N i : N

the trlgger pulse then%munctlons as a §top pulse. ghe
de51gn presented here aliows preClse varlatlon of the

”alned before thez

‘arriyval of*a trlgger pulse) froﬁﬁt

. ' . ‘), . . w %\'
. R o ' . . . )" . 1 »

- o o .
Although‘the final design differs considerably

from that of Korte and Denton (51) and has several addi- -

tional festures, their circuit was a great ald in the

’ -
1n1t1al de51gn stages .
: v
) A schematlc drpgram of the tran51ent recorder is S

/

analog-to dlgltal convé!ter

(Model ADC-10Z) and dig tal-to- analog converter (model

DAC- lOZ 3) were’ bo th obtalned from Analog Dev1ces.- he -

" ADC-10Z 1is O—bIt,succe551ve approx1matlon AD@ w1th a

conversion tlme of”fO%hgecw The DAC- 102 3 1&@?1&0,10

i

A wide varlety of

-—

£
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thaner51on modules could be- used other than these de-
- v

pendlng on the desired specificatons of the transient

ﬁ{f.\recorder. | *-

o ‘The 10-bit by 1024 word digital shift register
\f%\emory'was bUllt up frOm ten Signetics 2533 1024- bltdi
statlc\ahlft registers. Theée reglsters are TTL com-
patible and can be clocked from dc to 1.5 MHz. Again a
widelrange of shift register integratedfcirchits could
be utilize&v for the r'nemo/ry section .of:;igghe transient re-
corder. for example hex 32-bit, dual‘128—bit quad 80~
bit and dual 256-bit are. some of the conflguratlgps
‘avallable for statlc Shlft reglsters ,otatic registers

/ - ¥
N " are recommended over dynamic regist

« <

nless high

the circuit

° . Speed (10 MHz) is required. The res
is the\timing‘and’sequencing block and fhé'key.SUb-

VSYStem 1s the modulo-i%24 prQSettable counrer. It con-
sists of three 74193 presettahle 47bit binary up-down

T . : .
c0unters;” , - coe N _ ‘ .

d -s N .

i " The transient recorder was breadboarded ugépg
‘a Heath EU-801 Analog- Dlgltal DES1gner The ADC qu DAC

..Q,

were each mounted on cards Whlch pPlugged dlrectly 1nto
the Heath unlt. The 10- bf% by 1024 word Shlft memor§
was also built on a 51ngle card that plugged into the
Héath unlt The standard’ Heath cards and modules were

used for the rest of . the circuitry.

The operation of the circuit will first be dig- S ;

v



"
cussed‘in its NORMAL mode for_the simple acquisition of
., 1024 data points after application of a trigger pulse.
Assume that FFl is in the 0 state (Q 0) and that FF2 is
ARMED (reset, Q=0). This puts the c1rcu1t in a READY
condition. In this condlt}on the preset»couut1’assume 0)
is automatically loaded (output of G7=0) and tHe a;rival
of a trigger pulse is awaited. Upon epp;ication of a
,trigger pulse either manually or'externelly from an
experiment FF2 is‘toggled to thehl state (Q=1) opening
gate Gl. Note that any subsequent trigger pulses are
_ 1gnored (i 0 of FF2) until the circuit ;é rearmed.
B When gate Gl isfopehed; the inputrclpck-fires

o E3 *. - - .
mono-1l (setwfor ebout 200 nsec) thereby initiatin analogzﬁ

4

to-dig%&a;¢génversion. The STATUS output of the ADC con-

&

trols tﬁe traekfand-hold amplifier and fites mono-2 (set

for about 400 nsec) at the end of a conversion, which

writes a w word into the memory. Pulses from Q of
9

moho—2 are Y
4

ble modulo 1024 counter. The overflow pulse occurrlng at

/

N the 01024 output toggles FFl to the l state (Q 1), thus

pplied to the count-up 1nput of. the presetta—

closing gate Gl and stopping ‘data acquisjtion. Note,

thatr upon completion.of»data acguisition EFi is locked -
. Ly ‘ _ '
in its 1 state by the connection to K from Q of FF2 and
. q" > N kY .
< * :

that FF2 is inhibited from undergoing a 0-+1 transitioh by

the connection. to J ‘rorm Q of FFl. The reasons fo:\these

-

‘1interconnections will be presented later.

N

/



£Two output modes are Qf@yld&d‘in the c1rcu1nh

' usFER rrhe CIRCULI\'I‘E mode is foﬁ

repetltlvey ”t (oscilloscope) and the: TRANSFER mode

(push button or external control) is. for non- repetitive
outp:t (reco:ﬁer) When data acquisition is terminated
the circuit may be in either mode. For°norma1 Operation
when acqulrlng data we set the output mode to CIRCULATE
and the outpuw;clock to a high frequency (50-100 kHz) .
With thls a:rangement the acquired waveform is auto-
matically dlsplayed on the oscilloscope ‘immediately

4

after data acqulsltlon is termlnated (i.e. when FF1 isg

toggled to the'1 state). 1In'the CIRCULATE mode (0), the

ayCutPut of G4 must be a 1 and this, w1th:§he 1 at QQ L

of FF1, opens gate G2 and puts the memoTad &

a i " .
1) in the rec1tculate mode . Note'that InMNHYs mode FF3

1s»iocked in the "0" _state by the J connection. The
output of the tenth blt of the counter (Q1024) is used
to trlgger the. QSClllOSCOpe for trace synchronlzatlon.

If, during the CIRCULATE mode, the TRANSFER mode
IQ :»O

(l) is eelected the next 1*0 tran51tlon from QiO
will toggle FF3 cau51ng the chtput Qf G4 to be a 0 and

c1051ng G? thus cea51ng data c1;culat10n. At this tlme
the memogy output w1ll contain the flrst word of storage

If the TRANSFER INJTIATE switch % then momentarily
b -
dep:essed or if a % ementary 0 is applied to the EXTERNAL

)

)TRANSFER llne,_FF3 w 11 be reset and the data Wlll

X R}
. S

Ty
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. ) ) . " v

. Ky A . 2

oA St | .,
circulate‘once,ﬂ *‘Eopplng w1th word number one at
‘the mqmg;y output. This mode is used for recorder out- *-
put (W1ﬁh a slow output clock) or for synchronlzlng . L
readout/of'the transient recorder w1th an experiment. | ‘

‘Now, let's assume that the transient recorder is

in uts CIRCULAﬂ&Pmode (oscilloscope) and.that‘we wanc to
take in so@e new data; The circuit can be put into the
READY‘condition by applying an ARM pulse. This resets
- FFe, ;:lOCking FFlefrOm'its 1 state so that the next’ 1+0 m
‘transition at 01024 toggles it to the 0 state, closing g?
'gate G2 and ceasing data clrculation. Note that until :

FFl toggles to the 0 state FF2 cannot accept a trlgger-ggygk“

pulse because of tHe connection to 3 from 'of FFL. Thusdg;::f

an’ ARM pulse puts the c1rcu1t in a READY”condltlon w1th

/ K
PR

2
the memory output, and hence ,DAC output, containing the \

-

flrsﬁﬁwbrd of the prevmousﬁ& acqulred data. This impor- ..
tant feature allows modlflcatlon of new data inputvto ’ | S
the tranSLent recorder by prev10usly acqulred data. - Foér d
example, the dxfference between a- new épgnal and a pre—

v1ously acqulred 519nal can be obtalned simply by it ﬁi} .
cfhdxng¥a difference ampllfler in a feedback loop between

)

‘the dhtput and the input (see Flgute 22) Thls arrange-

%r'AA

ment allows background %ybttactlon of signals aCQulrea o ) ‘
.1‘ N g( -~ . : . E .
from ar gbotodlode array spectrqmeter.
|

“It.is possxble, in the NORMAL mode, to acquxre

.

less ghan 1024 poxnts.inf the counter is preset to 512,,\

i .
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. memory f“h? twb segment!l If the counter is set to 768

82

then only 512 points are acquired. Upon terminainn‘of
data acquisition (in the CIRCULATE mode) the circuit still
diSplays_lo24 points as the LOAD function is only acti—:
vated in the READY condition. 1f, after geeubring and
dlsplaylng 512 points, -the circuit is put 1n the READY

condltlon by armlng it, ‘a second 512 p01nt.waveform can

be acqulred so that two 1nﬁependent 512 poxnt 81gnals

-,

4
can occupy the memory Thls amounts tood1v1d1ng the

Py

‘>(1024 256) thgn 256 poxnts wouldabe aoquired and four such

&

priate manlpulatlon of ‘the presettable COunter the memory &

v

» L
waveforms c'ﬁgld b'e stored in the memory. Thus.' ' by appro- ‘v v

can be subdxvxde_ to several unlts of varlable and

T4

arbltrary length , is very flex1ble memory subd1v151on

adds con31derab1y to the cbpablllty of g&e trans1ent . -
. . % o ] L. Tk
» . - . . 2

recorder - ; Y PR

— . - o .|
. oo

A

\ As mentioned earlier the tircuit can-also;be'u

a PRETRIGGER mode. Ih the PRETRIGGER mode the

e G8 issya l.so that data acqulsltlon’starts .

és sO» S Inyla‘ -

i

tfls condltlon the output of gate &7 is a 0 Whl‘h over=
rides the counting- functlon of the presettable counter.
The c1rcu1t stays in this free runnlng mode, dontlnuously
aoqulrlng data until a trlgger pulsé lS received Appll—‘
cation of a trlgger bulse frees the counter and allows 1t

to count up from 1ts preset condltron“to 1024 The.QiQ24'

v,



output terminates'data acquisition in the normal way.
Thus, if the counter is preset to 0 the shift register
memory #vill contain 1024 samples of the input?signal
occurring after the trigger (start) pulse; if preset
to 512, it will contain 512 samples acquired befor -
the trigger pulse and 512 samples acqu1red after the
trlgger Pulse. With this de51gn the Q;etrlgger delay
can easily be varied from zero to 1023 in units of one
using the preset 1nputs

The operation of the transient recorder.is shown
in Plate 3 and Figures 23 and 24. Memory subdivision
is illustratdd in Plate 3. A full 1024 point acquisition
is shown in Plate 3a, four 256 oint acquisitions in
Platé 3b and three acquisitiogs of 192, 320 and 512
_p01nts are shown in Plat? 3c. Memory subdivision and
bad\§gound subtraction are both illustrated in Flgure
23. The memory was subdivided into four 256 point seg-
ments. The first segment contains d; obtical spatial
pattern as measured with a 256 element photodiode-array
(37). This arfay has a strong sinusoidal fixed pattern
background noise. This can be subtracted out using the
system shown’in Figure 22Land the result is stored in
the second segmént of memory\(Figuré 23b). The array
background is stored in segment 3 (Figure 23c) and the

signal stored in segment 4 (Figure 23d) is the result of-

subtracting-two repetitions of the signal in 23a. The



Plate 3.

Oscilloscope photographs illustrating normal
and memory subdivision modes of the transient
recorder. (a) Full 1024 point acquisition.
(b) Four successive 256 point acqguisitions of
independent signals. (c) 192, 320 and 512
point acquisitions. o
/

s ,



Plate 3
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small "‘residual in the central part of Figure 23d indicates
that intensity drifted between the two measurements of
.the optical spatial pattern. The signal shown in Figure
24a is a spectrum of neon in\the region of 610 nm as
measured from a photédiode array spectrometer. It was
measured in the NORMAL mode and a total of 1024 pointé‘
being .obtained at a rate éf 45 Hz and then output to |
a char£ reéorder at 7 points/sec. This spectrum‘is
identical to that obtained from a minicomputer data
acquisition systeﬁ for a single scan wifhoﬁt backgréund
subtraction. The noi;y-base line is due to fixed pattern
noise and dark current (see reference 37). The PRE-
TRIGGER mode is illustrated iniFiéures 24b and 24c. In
these cases 256 and 512 boints were acquired before‘the
trigger pulée tiat initiates‘the scan of the photo-

" diode array. It should be ﬁoted that the transient
recorder cannot be simultaheously operated in Both the
béckground subtraction énd PRETRIGGER modes.

A transient recorder can add cohsiderable flexi-
bility to a variety of data acquisition tasks in the
laboratory. Typical applications range from the measure-
ment of transient at?mic absorption signals generated
by furnace and éarbén fod atomization systems to stopped-
flow meaéurements. For ﬁany minicomputer systems it can
provide a éimple off-line oscilloscope refreghgsystem

or it can be used to transfer plots to a recorder, freeing

~—
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the mlnlcomputer for more 1mportant data acqulsltlon or
proce551ng tasks In addition, the trans;ent recorder
is a fundamental bulldlng block for more sophlstlcated
1nstrumentatlon. Systems with dual memories or even two
transient recorders combined Wlth analog- components such’

as multipliers, dlviders, dlfference ampllflers, log

- modules, and IOg-rat1P modules can perform a large varlety

of data proce551ng tasks, as can the 51ngle memory system
Presented here with synchronized feedback. 1In fact, the
modification of this/transient recorder to perform hard-
ware Cross-correlations is exceedingly simple. Finally,
it 1s 1nterest1ng to note that the recent development of
analog Shlft registers in 1ntegrated circuit form 1s sure
to have an impact on- transient recorder 1nstrumentat1o5k
(34) . These dev1ces offer the potential of replac1ng the
major functional blocks of -the transient recorder (ADC,
digitel memory, and DAC) with a single 16 Pin 1ntegrated
circuit and in fact the construction of a high speed
tran51eht recorder: using a serial analog delay line

integrated circuit has already been reported (38).

Experimental

»

Inductively coupled plasma. A commercially avalla-

ble ICP (Plasma- Therm Inc., Rte. 73, Kresson, N.J. 08053)
was used‘aS a source of emission spectra. The torch

output was imaged with a Circular lens onto the entrance

'§

e et L
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slit of the photodiode array spectrometeér. The diode
array uséd contained 1024 elements and provided about 50
nm of wavelength coverage.ﬂ

Operating conditions for the ICP and spectrometer
are given in Table II, and are not necessarily optimum.
Chemicals. Stock solutions (1000 ppm) were made of
reagent grade metal salts Standard solutions were pre-~
pared as required by dilution and used immediately. ‘,

Instrumentation. The transient recorder/hardware cor-

relator was breadboarded using a Heath EU-801 Analeg—
Digital‘Designer. Standard Heath cards were used for the
correlator module -except for the sampie-and—hold ampli-
fier (model SHA4),which was'ebtained'froﬁ Analog Devices.
| A SChematlc of the correlator is shown in Flgure
25, Clrcult operatlon is based on the 1024- p01nt tran--
sient recorder (TR) with background subtraction capabil-
ity already described. The TR was used in the NORMAL
mode without memory subdivision, i.e. all 1024 points -
from the diode array were store - for the reference. The
array-clock'is used to control both data acquisition and
data recirculation so(that these two Processes will be
precisely synchronized. 1In order to load the reference,
'the most concentrated of the standards to be run was
aspirated into the plasma and the TR was ARMed. When a
spectrum had been acquired, a water blank was aspirated

and background subtraction was performed. Multiplication
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TABLE I I E i

Operating Conditions of ICP and Spectrometer

" RF frequency 27.125 MHz
‘RF.power " . | 1.9-2.0 kw
Coolant flow 14-15 ipm
Nebulizér preséure ' - 32 psi ca; 36 psi Cr
Observation height ' 22 mm Ca; 25 mm Cr )
(above top of coil) : '
Array center (nominal) '407'5 nm Ca; 420.b pm Cr

S1lit width ' : 100 ym S &
| N
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and integration were performed with a simplified version
of the circuitry used in Cnapter III.

In order for the correlation to proceed COrredtl;,
_ the TR must be operated in the TRANSFER mode. The ref-
erence speetrum will then be stored with the first point L
available at the TR output. -A sample or standard. is thenffﬂgng*

aspirated into the plasma and itsnemission detected.r%}y

N g
fG)

L 2 4

START pulse from the array toggles mono-1, beginning ré§§

‘circulation of the reference spectrum. The TR Outgut 3\3 2
is amplified and inverted by 0Al and clipped by diode D1

and resistor R3 to provide noise immunity. The multiplier

output is thus the product of the raw sample spectrum

and the cllpped( background-subtracted reference spectrum.
Simultaneously with the start of spectral multiplica-

tion, FFl is toggled, opening Ql and allowing integra-

tion of the multiplier outgut&by R4 and Cl. When ref-

erence rec1rculat10n is complete, the SYNC pulse from e QJ
the TR toggles mono-2, causing the sample and hold ampli-

fier to acquire the integrator output. The falling edge

of mono-2 toggles mono-3, which resets FF1, closing Q1

“-and resettihg the integratqr. The falling edge of mono-3

may also be used to trlgger a readout devxce such as a

dlgltal voltmeter Gates Gl, G2, and G3 ensure that the

TR cannot recirculate until all sequencing has'been

terminated.

Potentiometer Pl may be used either to ensure that
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'/ﬁntegratOr output is constant between peaks or to adjust

the sampled voltage to be zero when a blank is aspirated.

Readout System. Output voltages were measured with a digi-

tal voltmeter (DANA Model 5400) and sent by a SERDEX in-
ﬁerface (53) to a teletype for printing. Details of the
SERDEX interface are given in Appendix I. Addltlonal
c1rcu1try allowed prlntout of ten successive values on
command. . : _ - .

An alternatlve approach would be to, low-pass
fllter the SHA output to be measured on a chart recorder,
as was dphe with the SAM (35).

The linearity of the correlator was determined
with a sine wave generator with R2 = 100 kr, R4 = 100 kr,

and Dl and R3 not in circuit. The resulting data are
. N\ <
shown in Figure 26.

For a 10-V p-p reference at 45 Hz with a clock
rate of 45 KHz, a plot of output versus input for in-

puts of 0.5 to 15 volts p-p yielded a correlation co-

.

efficient of 0.999919 on a linear plot and a slope of -

0.9994 + 0.0041 on a log-log plot. Operated in this

manneyr the correlator acts essentially agwa lock-in
/ . .

amplifier. 1If, however, a large number of cycles of the
. . { )
reference waveform are stored in the TR, then the Q
&, .
of the circuit will be so high that output instability

will result unless either both the input frequency and the

94
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clcck frequency ere extremely steblc or they are synchron-
ized Ey eome meecs."in‘the\ccrrelatiOn of diodq\atray
spectra,.clock pulses are synchroq&zed with diode pOSltlon,
so "the: corrolator output’ is stable w1th respect to clock
f.drlft. If the correlator was to be used as a lock-in
,amplifler, stqbilizaticn cduld-be ensured by multiplying

the sine-wave frequency by a phase locked loop (10) . to

obtaln the clock Slgnal : . &

‘Results and Discussion.

Operation of the correlator is\illustgated'in
Plate 4 for calcium.- The raw (unfiltered) array output

for 10 ppm Ca iSﬂshown}in Plate 4a,. This is stored in

the TR and background subtracted as described o yield

~'ﬁ;he referedce spectrum( Plate 4b. Multiplier output is

Al

dshownuln Plate 4¢, and the integral in Plate 4d. Clearly,

Lo
contrlbutlon to the 1ntegr5? is made only by the three

Ca lines (42247, 396.8, 393.4 nm) and the output voltage
contains axcontributior frqm all the peaks. -Since the .
raw«e}rayfoutﬁut is. not backgrouhd subtracted, there
‘ffw1ll be a bligk.caqsed by array dark current and the
argon\COntlnuum, plus any overlapping lines. The value
of the blnnkawill depehd on array iftegration time and
efficiency of ccclinc, height oflobservatiod in the
plasme,‘wavelengths obServeé, plasﬁe operating conditions,
. "

and'elemegt under invegtigation, and can be qufte sig-

N .

st



Plate 4.

*
Oscilloscope photographs illustrating correlator
operation for calcium determination. (a) Raw
diode arrgy spectrum of 10 ppm calcium showing
lines at 422.7, 396.8 and 393.4 nm. (b) Back-~
ground subtracted reference. (c¢) Multiplier out-
put. (d) Integrator output.
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nificant (0.1+1 volt) with potentiometer Pl adjusted so
that integrator output is constant between_peaks, as in
Plate 44.

The usejof the correlator to determine caiibration
curves for standard solutions of calciumqis illustrated
in Figure 27. Figure 27a is a plot of net correlator
output in volts versus ppm Ca for solutions from 1-10 .
"ppm. Each point is the mean of 10 meaaurements. The
emission lines used were at 422.7, 396.8, and 393.4 nm
with an array integration time of 4.32‘sec. A least
Squares treatment of the‘data yielded a regressiOn line
with a slope of 0.1810 * 0.0057 ‘I/ppm, an intercept of )
-0.021 ¢ 0 033 V, and a correlation coeff1c1ent of
0.998000. The relative standard deviation of the 10
measurements of the 10 ppm solution was 3.2% and the
detection limit based on a 'S/N of é was 0.4 ppm. The
same solutions were run by T. fidmonds under the sane
operating conditions but utilizing a computer based
data acquisition system (37) and a software 1ntegration
to yield the data of Figure 27b. Hereh'each point is
the total of ten successive background—eubtracted array
scans. A least squares treatment yielded_a‘slope of
169.70 * 1.26 units/ppm, an intercept of -6.23 + 7.35
units, and a correlation coefficient of 0.999889.' This

software calculation is clearly of higher accuracy than

the analog treatment

99
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Calibration curves for chromium are illustrated
in Figures 28 and 29. The analysis lines esed were at
42970, 427.5, and 425.4 nm. For‘a concenfration range
of 10-100 ppm (Figure 28) an integration'tiﬁe of 2.16 sec

was used. A least squares treatment yielded a slope of

0.02994 + 0.00029 V/ppm, an intercept of -0.062 *+ 0.017 V,

and a correlation coefficient of 0.999817. The relative

standard deviation of the 100 ppm solution was 2.2%, and

the detection limit for a S/N of 2 was 4 ppm. The
detection limit can be lowered by utilizing A longer
-egration time. This effect is shown, in Figure 29,
“u which solutions of 1-10 ppm cr were méasured with an
integretion time .of 14.40 sec. A least squares treatment
.yielded a regreSSion line with a slope of 0.06317 i
+10.00078 V/ppm, an intercept of -0.008 + 0.005 V, and e
correlation coefficient of 0.999693. Tﬁe relative stangd-
ard deviation on ten readings of the 10 ppm solution was
1.8%, and the detection limit based on a S/N of 2 was 0.5
ppm. .The large decrease in ebserved output volfage in
Flgure 29 compared with Figure 28 is due to a/decreased
net signal 1ntens1ty from reducrion of array dynamlc
range by increased. dark-current pedestal (37). i
Actual array output spectra (&1thout background
supfrect;on) are shown 1n Figure 30 fdr 10 and 1 ppm Cr‘

with the same operating conditions as used in Figure 29.

The large pedestal is clearly-visible, as well as the -

L}
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fixed-pattern noise on the unfiltered array output (37).
- Discernment of the chromjium triplet on the 1 ppm solution‘
is difficult or impossible with the unaided eye.

The background noise level of the multiplier/
integrator was determined by grounding the X and Y inputs
of the multiplier and sequencing tHe correlator with the
.diode array and transient recorder in the normal way.
Measurements of the output‘voitage then gave a‘'standard
deviation of 8 mV on»tep readings. Sﬁandérd deviations
on the data shown in Figures 27a, 28, and 29 ranged from
66 mV (for 100 ppm Cr) to.ll mV (for 10 ppm Cr at an
integration time of l4,40lsec5; These data indicate
that the major sources of noise do not originate in the
?o;relator itself, but xéther‘ip the diode array and/or
in the plasma. | . ' -

Because this approach maximizes sensﬁtivity by -
determining the total area of all elemental lines in
the wavelength region coVered,'inV lings thét overlapi
with any of the lines of thelana;yte'willtcause an inter-
ference in the deﬁérmination. A method of eliminating
- this type of interference ié shown in Plate 5. The
upper trace (Plate 5a) showé the chrqQmium triplet
. located at 360.5, 359.3, and 357.9 nm. - The right-hand
line of thé triplet overlaps partially with the weak
irén_line at 358.1 nm. The iron interference can be

reduced or ‘eliminated by a stripping procedure illustrated
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Plate 5.

Oscilloscope photographs illustrating the use
0f a stripped reference. (a) Raw diode array
spectrum of 10 ppm chromium showing the lines
at 360.5, 359.4 and 357.9 nm. (b) Chromium
reference after subtraction of spectrum from
1000 ppm iron. (c) Reference spectrum at
multiplier input, after inversion and <clipping.
(d) Raw diode array spectrum of a mixture of
10 ppm chromium and 100 ppm iron. (e) Integra-
tor output for multiplier inputs of (c) and
(4).

EN
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(o)

(d)




in photographs b, ¢, d, and e. The raw chromium

spectrum is ioaded in the transient recorder in the
normal way, but instead of aspirating a water blank

for background subtraction a concentrated iron solution
(1000 ppm) is employed. When the background subtrac-
tion is performed, the’trace of Plate 5b results. The
higher concentration of iron causes most of the lines

to saturate the array and the overlapped (left-hand)
portion of the 357.9 nm (right~hand) 1line is stripped
from the reference. Other unoverlapped iron lines become
negative, since both the A/D and D/A convertors in the TR
are bipolar. This spectrum is then amplified and in—‘
verted by OAl and clipped by D1 and R3, Yielding the
trace of Plate 5c at the Y-inpﬁt‘of the multiplier. The
negative iron peaks have now been‘removed from the
‘reference. Correlation of this stripped reference with

»

the spectrum of a solution containing 10 ppm Cr and

100 ppm Fe{ in which the intensity df the overlapped
line is clearly out of proportion, yields thedintegra—
tor output shown in Figure 5e. AThe largest contribution
to the integral is now made by the uneverlapped 359.3

nm chromium line. A plot of correlator output versus
~iron concentration is shown in Figure 31 for soletioné
containing 10 ppm Cr and 0, 30, 100, and 250 ppm Fe.

Correlation with a normal (unstripped) Cr reference (tri-

angles) yielded a slope of 0.00106 + 0.00017 V/ppm Fe, an

108
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intercept of 1.486 + 0.023 V, and a correlation cocffi-
cient of 0.976. o h ‘. ‘

a stripped reference is also shown-f; figure 31 (sguares).
A least-squares trecatment yielded a slope of 0.000217 +
0.000341 V/pp& Fe, an intercept of 0.697 1+ 0.046 V, énd a
correlétion coefficient of 0.410. The iron dependence

was therefore reduced markedly by the stripping procedure,

although-at the cost of hélving the output signal. '

Conclusions

\ Hardware correlation provides a fast and highly
automdted way of reading out the diode array spectrometer.
The calculations are performed as quickly as,the‘data

can be read out, i.e. 23 msec for 1024 points at 45 kHz.
In general, this time period will be so much shorter than
the time between scans (integration time) that the data
can be regarded as being available instantaneouslyi
Although the instrument as describéd uses an analog

correlation, accuracy could be increased by converting’

the raw signal to digital form and using the transient

‘recorder output to gate a high-speed binary adder, there-
7 . . N

¥
by performing a digital correlation. With such an

. _ :
approach, the transient recorder need only store a logi-
cal one at each peak position to gate the binary adder.

Therefore, the amplitude resolution required of the

A similar trcatment of the same solutions but using

110
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transient recorder need not be as high, and a one-bit
analog-to-digital converter, i.e. a comparator, could
prévide sufficient resolution. This approagh would

élso réducc the numbe; of shift registers needed in the
TR méhory. Background_ subtraction could also be per-
formed digitally. While the instrument does not perform
T variation, this éould be accompliéhed either by the
Circuitry of Chapter ITI Oor, perhaps more simply by
scanning the monochrométor (44) .

The correlator has been so designed that é
reference can be loaded and results obtained simply by
pushing~é button; very little operator expertise is
required for use of the correlator itself. Although
a@ computer data acquisition and treatment routine could
‘be wriften that would allow similar ease of operatbr
" training, the speed of a software computatioh would be

much less and the cost, at least ,at present, much

-

greater. The self-aligning hatﬁre of the correlation
proce "urec s monochromator adjustment noncritical,
yieid i '+ ‘nnique for atgmic emission that is as
specificlas i1s the usc of a particular hollow;éathoﬁe
lamp for atomic absorption. 1In addition, correlation
provides the opportunity of performing sequential multi-
element analysis simply by changﬁng the reference spec-
trum. The use of hardware correlation for tﬁe readout

of emission spectra therefore pProvides a remarkable
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degree of flexibility in both design and operation, aggord-

ing to the specific requirements of each individual user.

—
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CHAPTER V

DIGITAL FILTERING

Background

The correlation operations discussed so far involve
the direct implementation of the correlation integral.
An alternative method that has becoﬁe popular in recent
yearé is the Fourier transform implementation of correla-

tion, i.e. multiplication of the Fourier transforms of

)

“the signal and correlation function and inverse Fourier

transformation of the result. (54-61). This procedure

is illustrated pictorially in\Figure 32 (from Reference

3). The original noisy spectrum (Figure 32a) is trans-

formed to yield the Fourier domain représentation-
(Figure. 324). ‘High fréqﬁeﬁcy noise in the Fourief séec-
trum is eliminated by boxcar truncation (Figure 32e) to
givé a modifiéd'FOurier domain represehtatiOn (Figure
32f). Inverse transformation of Figure 32f yields the
smoothed spectrum (Figure 32c). The same result could
be obtained by'éross-correlating the original épectrum

(Figure 32a) with the time domain representation of. the

-Fourier domain smoothing function, i.e. a sinc func-

tion (Figure 32b). Figure 31 is, therefore a pictorial
representatlon of Equatlons 4 "and 5

In Chapters II, II1, and Idi we have dis-
cussed the. direct application of the correlation in-

tegral (Equation 4). In this chapter, we will discuss

113
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the‘Fourier transform route of Equation 5. The first
bart of this chapter will‘deal wiih the applibation(of é
simple Fourier dohain digital filter that readily allows
vafious types of signal modification (54). 1In the'second:
part, the Fpurier domain ;epresentatiqn-of a popular
class of digital fil£ers.devbloped by Savitzky and Golay
(62{ will be presented. The calculations to be dis-

cussed were carried out on a PDP8/e computer using a pro-

gram (DIGFIL) given in Appehdix ITI.

A. \" The.Fourier Transform Route ‘ /

"In this study, the appiication of a very simple

but versatile Fourier domain digital filter is illus-

trated (54). The filter is based on a simple trapezoid
that, has been widely used as an apqdizingfonction in

Fourier transform spectroscopy (63, 64). When applied

lto'spectrai signals this filter is remarkably“vefsatile.

Through the manipulation of four numerical indices
. \ ! ,

.smoothing,” differentiation, r%polution enhancement or

deconvolution can easily be implemented on a signal.

EXperiméntaI

| éhe spectra used to demohsﬁréte'the appliéation
of the djigital filter were measured using a computer-
coupled photodiode array spectrometer (37). ASou#ceg

uéed included a.dc arc and a ‘Mg hollow cathode lamp.
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All calculations were carried out in' the PDP-8/e

¢omputer which is part of the data acquisition system

for the photodiode array spectrometer. Programs were

’wrltten in FOhTRAN and ,;run under the OS/8 operating

system.,

The digital filters were implemented ﬁsing the
Fourier t:ansform route as illustrated by Equagions 4
and 5. A Fast FOurier.Transform:(FFT) (65, 66) was
uséd'to{carry outstheltransformation of the spédtra
and the inverse transformation of the filtered Fourier
domain signél. The(oufput of the FFT subroutiné con—

sists of two series, X(J) and Y(J), which are the real

*and imaginary components of the transform. All

filtering opeqetions were carried out on the real part
) 4 \ '

of the traosform (X(J)). Thus X(J) corresponds .to A(f)
in Equation 5 and will be referred to as the Fourier
domain signal. o | . |

If the spectrum (a(i)) consisteé of N digiFal
spectral points, then N.valoes of both the X(Ji,and Y (J)
arrays were caloolated usiog zero filling (67). After

filfering (Eq. . (5)), the;N‘valués of the filtered

Fourier domain signal (C(f)) were transformed back,

‘<again using zero -filling,. to;N'values.of the real (X(J))

and imaginary (Y (J)) components of the transform. On °

this second transform, the N.values of the real array

are the desired filtered spectral components (c(x)) (56).

§
i
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Zero filling provides interpolation (68) as well as
~keeping all arrays at the same length, a major
convenience in Fourief_domain digital filtering opera-
tions. | N
The Fourier domain digital filter (B(f) in Equation
5) was a simple trapezoid characterized by four indices
(N1, N2, N3{ N4) that define the vertices of the trape-
zoid. Typical Fourier domain digitel filters that can

be obtained by manipelation of the integer values of the
four indices are shown in Figure 33. The vertical . S
dotted line 1nd1cates the position of the- flrst point

(0 Hz) of the Fourier domaln signal. Digital filtering
is implementedrsimply by multiﬁlying the. Fourier domain

's%gnal by the appropfiate filter function. Signal

points between Nl and N2, and N3 and N4 are-multiplied
~ by the "yi value of the slepe, which varies llnearly be-

tween 0 and 1. Slgnai points between N2 and N3 are
net altered,,and those less than N1 and greater than N4 -

are set equal to zero. 'To implement a partlcular fllter |

the operator. simply ters in the desired four indices,
Nl; N%;NB and Né.at tﬁe computer terminal. If N1 is

zero and N2 is equal to 1, a filter suchkas that shown

in Figure 33a fesuits; whereas setting N1 negative and
N2 positive (>1) results in the filter shown irn Figure

33e. The remaining figures indieate other possible

filters obtained by varying the values of the indices.

(



NI N2  N2,N3
i |
I I
RN N4 Y/ \N4
N1
(a) (b)
N2 N3 N2,N3

N2 N3 N2
N1 N1
(e) (f)

Figure 33. Fourier domain digital filters.

discussion.

See text for | -
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Additional Fourier domain digital filters can be
obtained by successive appiication of the filte;s shown
in Figure 33. Successive application of the filters
shown in Figures 33b and 33c results.in the filtgr shown
in Eigure 34a. Similarly, thé filter shown in Figure
34b results from two successive applications‘of the
.filter shown in Figure 33e, once with N2=N3 and tﬁe
second time with N3=N4. i ;

Several signal processing operations can be
carried out on spe?tra using ﬁhese digital'filters. The
filter shown in Figure.33a is used for general purpose‘
smoothing -and high f?equency noise elimination. Diagno-
51s oflhoise inférmgtion is often ;seful and can be
carried out using the filter shown in gigure 33f.
Differentiation can be accomplished ﬁsing the filtérs ‘ ‘ I
shown in‘Figures 33b) 33¢c, 33d and 34a and deconvolution
can be appr?ximated ﬁsing‘the filters shown in Figdres

33e and 34b. These operations are all discussed and

illustrated in the next section.

Results and Discussion

The distribution of signal and noise information
in the Féurier domain representdation of a‘hqisy signél
is such that signal information tends to bebconcentrated
in the first parﬂ of -the transformed hoisy signal aﬁd

noise information,'particularly if it has high frequency
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components that are separated from the signal.information,
tends to appear in the later part of the transformed
noisy signal (55)./,In such cases, digital filtering
can be quite effective in minimizing the noise on a
signal. A’ spectrum is shown in Figure 35a (Mg triplet
at 382, 2 nm) that contains hlgh frequency noise,
particularly on the peaks. This noise was causedAby a
faulty power sSupply in the measurement system; The
real part of the Fourier transform of this noisy sig-
anl (Flgure 35b) clearly reveals the presence of excess
hiegh frequency noise. The Fourier domain signal shown
in Flgure 35b 1s 256 points long. Application of

the filter shown in Figure 33a with N1=0, N2=I, N3=99
and N4=100 results in the retransformed Spectrum shown
in Figure 35c. Note that the majority of the high
frequency noise has been removed from the Spectrum.

From a diagnostic point of view it may be useful
to determine the dlstrlbutlon of the noise in the 51g—
nal domaln This can be accomplished by using a filter\‘
with indices equal to 99, ‘100, 255, 256 (see Figure 33f) .
The reSult of applying sueh a filter 'is shown .in Figure

35d, which indicates that the noise was concentrated in

the region of the Spectral peaks. ,

Further examples of the. effectlveness of Fourier i — oo

domaln digital fllterlng 1n remov1ng high frequency

|
noise components are shown in Figure 36. The spectrum
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shown in F'© re 36a. contains an intense fixed frequency
noise cbmpoui..ont. Its transform ! qurec 36b) indicates
that the noise is concentrated .- wout the 125th word.

A filter with indices equal to 0, 1, 99, lOO»easiéx\
reﬁoves this na:row—band high-frequency noise component
(see Figure 36c). AlSo, if desired, a software notch
filter cogld be set up for noise of EPis type.

With low level signals quanti;ing noise can be-
come serious as shown in Figuré 166. Ouantizing‘noise
haswconsidefable high frequency compoﬁénts as shéwn by
the transform-of this signal (Figure 36e). Application
of a digital filter with indices equal to 0, 1, 2, 100
and retransformation yields the spectrum shown in Figure
36f, in which the effects of qdéntiiation noise are ﬂ
considerably reduced.

The derivative theorem of Fourier transforms (69)
states that 1if Fhe imaginary éart of the Fourier trans-
form of a function is multiplfed by a linear ramp start-
ing at the origin, the resﬁlt is the real part of the
Fourier transform of the first derivative, of the original
function. In practice a‘liﬁearly decreasing ramp is
often combined with the increasing ramp to a&oid undue

accentuation of high frequency noise (55, 70). Such a

digital filter can easily be set up using the trapezoid

‘

indices as shown in Figure 33b. The first derivative is

perhaps of minimal use in processing peak type signals

«
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\

although it has found application in detecting peak locations
by usc of the zero crossing value. However, if thé filter
shown in Figure 33b is applied instead tc the reql part

of the Fouriér iransform Lf the signal and the resulting
function (which now is the imaginary paft of the Foﬁrier
trénsform of the first derivative of the signal) is
-retransfq;med, a resolution-enhanced signal is obtained.
This is illustrated in Figure 37, in which the feal part
of the Fourier transform (Figure 37b) 6f,£he'$pectral
siénél shown in Figure 37a is multiplied by the digital
filter shown in Figure 33b with indices equal to 1, 125,
125, 250. Note that the Qignalg and transform in

Figﬁre 5 are all 512 points long. Theuresulting resolu-
tion—enhanced‘sjgnal is shown in Figure 37c.

‘Higher derivatives‘of a signal have been used to
obtain further peak sharpening (71-73). A second deriv-
‘tive may be obtained by two successive éppliéations of
the ?ﬁlters shogp in'%iguré 33b and 33c resulting in
the overall filéér shown in Figure 34a. It was found
that very similar results could be obtainéd with a
single application of the filter shown in Figurém33d§
The resolution enhanceaxgighal obtained using this
filter (Figure 33d) with indices equal to 25, 125, 125,
250 is sﬁown in Figure 37d. Resolution enhancement is
greater than that obtained in Figﬁre 37c although the

negative sidelobes, characteristic of second derivative
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‘Figure 37. Resolution enhancement using "differentiation"
and "deconvolution" Fourier domain digital filters.
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resolution enhancement procedhres, are also increased
in magnitude. |

Finally it is also possible, using filters such
as those shown iﬁlFigure 33e and Figure 34b, to approxi-
mate deconvolution resolution enhancement techniques.
Deconvolution, in the Fourier domain, is accomélished by
dividing the FOurigr transform_of‘the'observed signal
by the Fourier transform of the response funcﬁion (69,
74) . " In spectroscopy the signal is a spectrum and the
respohse function is the resolution function. If the
resolution function is assumed to be sinzx/xz, its
Fourier transform wil} bé a iinear trunéation fuhcnlon
of a form similar to.a filter with indices equal Eo
0, 1, 1, N4. ‘Decdnvolution amounts to multiplying the
Fourier transform of the signal by the reciprocai of the
Fourier transform.of the resolution fﬁ%ction which in
"this example would be an ihcreasing hyperbola with a
finite Qalue at OHz in the Fqurier domain. Thus, appli-
cation of the filters shown in Figures 33e and 34b
'approximates decopvolution. Tﬁe main value of the;e
filters for resolution enhancement is that‘with less
1attenuation of the low-freguencies there is less genera-
tion of negaéive sidelobes. The spectrum resu%ting from
the application of the.filter shown in Figure 33 with
}indiées -25, 125, 125, 250 is shown’in Figure 37e. Re~

solution enhancement is not dquite as great as that shown
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in Figures 37c and 37d but sidelobe generation is reduced.

These examples illustrate Ehe power and ease of
Fourier domain digital‘filterihg. With the simple func-
tions shown in Figures 33 and 34 a number of rather sophis-
ticated signal processing operatibns can be carried out |
readily. In addition, an important aspect of Fourier
domain digital filtering is that it is, in most cases, con-
siderably easier to design a digital filter in‘the
Fourier domain than it is in the signal domain, i.e. in
the frequencY‘domain rather than the time domain. For
exaﬁple, the form of a Fourier domain notch filter is .
intuitively clear from Figure.36b while the form of a
notch filter that could be difectly applied to the
signal (Figure 36a) via 'the correlation equatioh is not
readily apparent. Thus the Fourier domain aéproach to
digitai filtéring considerably enhances an e#perimeqter's
capabil}ty in developing unique digital filtérs for
specific ;ignal processing needs. |

In conclusion, a majdr point that often bothers

3
many who would like to use digital filteriqg techniques

i; the question of signal distortign. What must be kept
ig mind is that often the goal of digital filtering is :
optimization of the ﬂéasurement of a particular signal
parameter. If the desired parameter is peak heighﬁ,

\

then the matched filtering techniques discussed in Chapter

IV can be used (39-43). Although matched filtering dis-
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torts peak shape, it optimizes the signal-to-noise

ratio: (peak height/rms base line noise) for peak.height
measurement. In contrast, the goal of-resolﬁtion en-

, /hancement is optimization of the measured peak position,
This is often achieved by techniques, such as those
presented in this chapter, that .generate narrower spectral
i peak sﬁapes,.at times with significant distortion of the
peak shape, in order to oétimiée the precision of the
peak 'position measurement. In addipion, resolution en-
hancement is uSually’echieved at the expense of amb%itude
signal-to-noise ratio. However, oétimal processing o%
the spectral information for both peak height and peak
position cannot be 51multaneously achleved u51ng a single’
‘filtering operation. Unique digital fllters would also
be ﬁecessary‘for the optimal measurement of other peak
parameters such as afea and width. Realizstion of this
important cohceptvfacilitates intelligent asd effective

utilization of digital filtering techniques.

B. Frequency Response of Savitzky-Golay Filter Functions
In 1964, an important ciess of correlation func-
tions for processing chemical signals were hade popular
* by Savitzky and Golay (62,,75). Use of these funetion;
represents the direct 1mplementat10n of Equatlon 2 by

means of a digital computer. A total of eleven different

types of functions of various lengths were calculated,
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allowing various degrees of signal—to-noisé patio en-
hancement, fesolgtion enﬁancement, or differenﬁiatioh.
In light of the simplicity of the Fourier'traﬁsform
Toute éf correlation, it is partiéularly useful to know
the Fourier domain reépoﬁse of these functions, i.e.
theirufrequenCy response (76-78) . This was determined
by Fourier transformafion of the functions (by program
DIGFIL) and de;érmination Of their ampiitude specéra,
i.e. the root éum~of-squarés of the real and imaginary
portions of the FFT output series.

The frequency response chafécteristics of all
eleven 7 and 21 poiqt Savitzky-Golay filter functions “
are shown in Figures 38 and 39. Plots of the functions
are shOaninvcolumns a and ¢ of both figures wﬁth_the
freguency response bfots shown in colurmns b and«d;

The vertical axis is the amplitude of the Fourier trans-
ﬁorm, and the horizontal axis is frequency. Both axes

are linear. The frequency axis extends from 0 Hz {dc)
to one-half of the sampling freqﬁency, i.e. the full |
unaliased range. Thps;if a filter function was used tob
‘processza.signal that Qés samplea at 0.01 sec iﬂgervals
(lOQ Hz sampiing rate) tﬁe corresponéing‘frequency
résponse plot of the filter is interpreted as extending
from 0 Hz to 50 Hz.

In all cases the roman numeral designations of
. \ . \

the filters correspond tosthose in the original tables
) I
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7- POINT FUNCTIONS - 21-POINT FUNCTIONS
° b, c
o | \ }ﬂ/
. n 1
,

i

1
v YA

Figure 38. Seven and tweﬁty-éne point'Savitzk§—Golay filter

functions (columns a and c) with their correspond-
inggfrequency responses (columns b and 4). .
Filters I to vr. ‘

2
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7- POINT FUNCTIONS 21-POINT FUNCTIONS
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Figure 39. Seven and twenty-one point Savitzky-Golay filter
functions (columns a and c) with their correspond-
ing frequency responses (columns b and 4).
Filters VII to XI.
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of Savitzky and Golay (62). The corrected tables of
Steiner, Termonia, and Delt0qr (79) have béen used (
whsre appropriate; - This Was necessary for filter IV
(21'point function) and both functions for filters v,

VII, IX, X, and XI.

As one scans the figures, it becomes cleaf that
the intérpretation of the action of each individual fil-
_ter is aided by é knowledge of its frequencywreéponge.
E&iters I and II perform smoothing with filter II having . ‘
a somewhat higher frequency cutoff. The low'pasg nature
of these filters is apparent as is the sighiffcantly
lower cutoff of the 21 point functions as compared to
"the 7 point functions. For comﬁarison a'larger scaie
figure Qf.theifrequency response plot of fiiter I (7

g .

point) is shown in Figure 40 along with the correspond-
ing plot for a conventignal single sfage RC low pass
filter. The two filters have equivalent 3 dB points and
he;dé cross at this point.

All the remaining filte;s'perform differentiation.
ﬁi%ters 111, 1V, and.é taﬁe a first deriyative, filters
VI and VII a second, filters VIII and IX a third, fil-
‘ter X a.fourth, and filter XI a fifth. As discussed

’

earlier, multiplication of the Fourier transform of a
signal by a linear ramp is equivalent to taking'its first
derivative'k69). As can be seen in Figure 38 for fil-

ters III, IV, and V, this is exactly the response in the

|
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Fourier domain with subsequent low pass rolloff in order
to suppress high frequency noisé. The different initial
slopes of these three filters is analogous to different
RC time constants for analog first derivative (single
stage high pass) filte;s,.’ﬁigher derivatives simply
have increasing powerxaependence in the rising portion
of thgir slope, i.e..ff2 for a second derivative; f3 for
“a tnird, and so on.J This follows from theaFourier domain’

§
representation of differentiation (69).

i

In order noﬁ to unduly complicate Figures 38 and
39, phase response plots have not been included. How-
ever, a knowledge of a filter's phase response 354
necessary along witﬁ its frequency response in order to
completely characterize the filter. 'fortunately the
phase respoﬁses of.thesé filters are very simple. ‘In
al} cases the phase angle is constant between succes-
sive nodes in the frequency‘fesponsg plots. The
‘initial phase is 0° for filters I, II and X; +90° f&r
filters III} 1v, V; and>XI; +l805 for'filtérs VI and VII,
and -90° for filters VIIi and "X. After the initial
lobe, the phase angle undergoes a 180° shift at each
: node. For example, the phase spectrum for the seven-
point functio: for filtef IiI, which performs a_first
derivaﬁive, is iritially +90° through the fifst lobe,
then -90° through the second lobe, and again +90°

"through the final lobe.
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It is interesting to compare the plots of Figures
38 and 39 with thosé presented earlier in Figuresv33
and 34. Although the detailed shapes of the trans-
forms of the Savitzky-Golay filters are clearly much
different than those of Figures 33 and 34, there is'an
overallévery strong resemblgnpe between the first lobes
in Figures 38 and 39 and cegﬁggﬁ\of the gorms resulting
from one or more applications of the trapezoid of Figure
33. This strpng resemblance must hold, since low—pass'
fiitering,‘differentiation, and so on all have a very"
specific Fourier domain representation. For example,
the first deyiyatiye performed by ?ilter Va possesses
avFouriér domain response almost identicai to the tri-

Id

angle of Figure 33b; i.e. a linearly-increasing‘r ap NN

duce the effect of high-frequency noise. Similarly,
the Fourier domain representation of the first lobe of
Filter VIIb, which takes a second derivative, closely
resembles the filter of Figure 34a, i.e. a parabolic !
increase from the origin with subsequent low-pass fil-
tering. Although Sévitzky and Golay present a total
of 116 different filter‘functions, the effects of these
functior c¢an clearly be aéproximated by specifying only
fogr integers iﬁ the Fourier domain.

| The type of data presented in Figures 33, 34,

38, and 39 is quite useful in interpreting exactly

"\
.

T,
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what effects can be imposed by a given filtering opera-
tion. In Chapter VI we will see how £hese digital £il-
tering operations may bé implemgnted’in reél time by
‘an énélog~based hardware correlation based on é tapped

analog delay 1line.

137



CHAPTER VI

- CROSS-CORRELATION ITI: THE TAPPED ANALOG DELAY LINE.

’

Background
. ' »

As originally developed, correlation filters
such as those of Savitzky and Golay (62) wefe applieq
to stored chemical signals by a software calculation
using a digital computer, either directly or by the
Fourier transform_route of Chapter V. Direct imole-
mentation of these or other correlation“filters by
ana10g means, although weil—knOWn under the name of
transversal filtering (80), has b%gn difficult because
it requires that ‘a short section of the analog signal
be temporarily stored and made avallable ln parallel
form; The developmcnt of tapped analog delay llnes
in 51mple 1ntegratcd circuilt packages (34, 81) that are
51m11ar in c0ncept to the SAM of Chapter III has over-
come this problem, and allows input chemical signals to
bo co%xclated with a weighting function in real time.

In partlcular, ready application of the Sav1tzky Golay
and other correlatlon fllter 1S now possible.

The nature of a correlatlon filter as constructed
from a tapped analog delay line is shown in Figure 41.
Note that the output signal is the_weightediéﬁm of
se;"al seguential signal values that are aimultane0usly
~available at the parallel outputs (taps) of the analog

delay 1%ne. The correlation function may therefore be

138 -
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selected simply by choosiﬁg the weighting function, and
the correlation operation is performed by clocking .the
' analog input %E§§$l through the delay line. Since this
operation may bé'berformed very rapidly, a cross-cor-

‘relation may readily be obtained in real time.

Experimental

The tapped analog deféy line (TAD-12) was :obtained
from Reticon -Corporation, 910 Benicia Ave., Sunnyvale,
CA. 94086. It is a MOS circuit based on silicon diode
array architecture (BQ);and is contained ﬂnté sﬁandard
22 pin IC package. The érganization of the TAD is
shown in Figqure 42a. ' There are twelve independent de;
layilinés with délays of 1,3,5...21,23 clock pulses.
Tﬂ; deiéy lines are all loaded and_clockea simultan-
eogsly.‘ Thus, the "taps" are reall§ the outputs of the
12 ané1§g delay lines. The tapped values are summed
_using an operatiOnal‘ghplifier with the tap’weights~
‘proportional to the reciprocal of the resistor Value‘(see
Figures 42b and 42c). The minimum recommended resistof
value is 10 k. A circuit evaluation card (TC-12) is
a;ailable from Reticon that contains an operational
amplifier as well as a TTL to MOS interface that produces
the twd—phase i‘ahk reguired by the TAD;IZ from a single

TTL clock. Thi. ¢ ~... card wnhs modified to allow

resistors to be pi . i;ed in from~ ar;y tap to either the
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Figure 42. (a) Organization of TAD-12. (b) Implementation
of a transversal filter with TAD- 12, weighting
resistors and operational ampllfler. (c) Tap
weights for Figure 2b. '
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inverting or noninverting iﬁputs. Thus the.weighéing
function could be changed quickly and easily.
| The TAD-12 has a specified maximum clock rate of
5 MHz,vretention time of 40 msec,‘analog'signal band-
wi@th of 2 MHz, signal-to-noise ratio of 40 dB and
acquisition time of 25 nsec. When utilized with ﬁhe
TC-12 evaluation card power is required at +5 V and +15 V.
The'linearify of the TAD was determined by measur-
ing the input and output amplitudes of a 1 kHz sine wave
for the twelfth tap! which would be expected to exhibit
the worsf linea;ity. These data are shown in Figure 43.
A least-squares treatment of the data for inputs in -“the
range of 0.12-6.0 Qolts peak—to—peak.yielded a slopg of

0.5874 = 97175, an intercept of 0.0321 *+ 0.0229 VvV, and

a correlaA n coefficient of 0.999478.

Results and Discussion

With a conventiénal low pass filter most weight \
is given to the hostﬂrecent ;ignai value with exponen- =
tially decreasing weight given to past signal bélues; | \
" In their original paper (62) S;vitzky ahd Golay dis- |
. cussed the fact that such a‘filtér introduces distortion
into the filtered signal because future signal vélhes \

.
have no influence. They went on to indicate that a

symmetrical expdnential\fuhction would make a more ideal

low pass filter as both past and future signal values

-
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Figure 43. Output vs input of the twelfth tap of the TAD for
a sine wave signal. y



would be used in determining %he.output} The r;al time
iﬁplehéntation of such a fglter response is essentially
impossible with conventional techniques and such filt?rs
are Aormally impleménted on a signél stored within a-
-digital computer. However, a low pass filtér with a
symmetrical exponéntial weigﬁting can eaéily be imple-
mented on an‘anang signal in real time uéing a tapped
analog delay line transversal filter.‘ This is illustrated
in Plate 6. | .

The signal;sourée_Was a photodio?e array spec-
trometer' (37) . The present analog fil£ers in the “
meaéuremqnt system were by—passéd énd the raw output
signal fed directly to the TAD. As can be seen in the
upper trace of Plate 6a this raw signal is highly cor¥

rupted with a 45 kHz fixed patﬁern noise from the photo-
diode arrgy readout cloqk. ‘The symmetrical exponential
low pass filter is Qery effective in remoying this
fixea pattern noise (See lower trace of Plate 6a).

A key variable in the utilization of the TAD is
'its‘cloék rate;f For the lower trace of Pléte 64 the
TAD‘clock rate was 240 kHz, whiéﬁ seemed to ?rovide éhe
"best looking" output signal. By wvarying the clock
rate the width of the filtering function can be adjusted
réiative to the signal information, in this case the

spectral peak. What this amounts to, in other terms, is

that the clock rate provides a very easy and effective

144
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' 90 kHz CLOCK " ' 450 kHz CLOCK

Plate 6. Application of a symmetrical exponential TAD
transversal filter. ‘
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way to control or set the high frequency cutoff (i;e. 3
.dB point) of the low pass fllter . In addition, since
the TAD is a sampled data procesSor the a11a51ng aspect
~of the clock must also be con51dered These aspects
of the clock are illustrated in Plates 6b through 6e.
At a TAD Llock frequency of 45 kHz (Plate 6b):,
.there is essentially complete destruction of all 51gnal
,1nformatlon because 45 kyz fixed pattern n01se associated
w1th the photodlode array output signal is aliased into |
the passband of the filter. When the TAD clock is in-
Creased to 70 kHz (Plate 6c) the array signal 1s rather
heavily low pass flltered with the spectral pPeaks sig-
i‘niflcantly broadened. This illustrates the situation
where the filter function is too broad (i.e. 3 @B point.
too low) relative to the signal 1nformatlon. In con- :

ventional terms, the “"time constant" is too long. How-
eéver, note that. the peaks‘remaln symmetrical even w1th
such heavy low pass fllterlng. Wlth a comparable time
constant a conventional low pass filter ; aVe sig—
.nlflcantly skewed the spectral peaks. A 90 k TAD
clock - frequency again results inp a11a51ng of the “ixed
pattern noise into the filter passband (Plate 6d) .
Finally, 1ncrea31ng the TAD clock to 650 kHz (Plate 6e)
results in a welghtlnq function that is too narrow,. |

The peaks remain sharp but the fixed pattern noise is:

. only Partially removed., This series of photographs
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clearly illustrates the unique importance of the cieek
as a variable for optimizing and conrrolling the charac—
teristics d% a TAD transversal filter. |

In interpreting the action of a weighting func-
‘tion as a filter it is particylarly useful to know the
frequency response characteristics of the filter. The
theoretieal frequency response of the symmetrical exponen-
tial weightiug function is shown in Figure 44. It was
calculated by taking the Fourier transformation of rhe
eleven rap weigbts with program DIGFIL;' Note that the.
frequency axis extends from OHz (dec) to only one-
éuarter of the TAD clock frequency. One would expeeti
that the frequency response .plot should exteud'to one-
half the TAD clock frequency as that would be the full
unaliased range. Tbe‘bonfu51on arises here because
the output delays in the-TAD are separated by two clock
pulses. Thus, in terms of unlts of clock tlme, the TAD
actually has another 11 taps, each Wlth a weight of
zero, interleaved with the existing’12 taps. When a
symmetrical-exponential weighting functiOn_with interf
leaved zeros is transformed the freguency‘response plot
shown in Figure 45 results which now extends to one-half
the TAb cloek freéuency. In general we have worked
with frequeucy response plotsgsuch as those shown in
"Figure 44 but it must always be remembered that the full

unaliased range has a response of ‘the type shown in

i
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Figure 45,
The experlmentally determined frequency response is
also shown in Figure 44. 1t was de(flmlned using a

sine wave generator as the signal source. Ndte that thé

made to accurately trim the welghtlng resistors to exact-
ly fit the symmetrlcal exponentlal functlon

As shown in Flgures.44 and 45, the symmetrlcal

filter that does not introduce.any phase shift. This \
is, in fact, the key characterlstlc that allows peak
like 31gnals to be low pass filtered without 1ntroduc1ng
skew. 1In addition, th1s is a filter characterlstlc

that is essentiali; impossible te achieve with active

Or passive RC filters. The frequency response ang

Phase plits of a single‘51ded exponential weighting
function which approximates a conventional single stage
\ RC low pass filter is shown in Flgure 46 "In thlS case
the phese response varjes through the passband of the
filter. 1t is this phase shlft characterlstlc that can
generate asymmetrical peak dlstortlon and displacement.
If, however, the decaylng exponentlal shown in Figure 46
is reversed so that the twelfth -tap has the most weight,
the frequency response is unaffected but the phase res-

ponse is 1nverted ThlS suggests that the TAD can be

used with exponentlally lncrea51ng tap weights to correct
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for peak asymmetry produced by excess RC filtering and
perhaps, in mPre general terms, be set up to correct
for any signal distortions induced by an instrumental
response function. A Ssimple feasibility example of such
an application is shown in Figure 47. Heavy RC filter-
fing was applied to the output signal from the photo-
diode array spectrometer and the TAD was used to resym-
' metrize the peaks'. The computer data acquisition system
associated with the éhoto&iode array spectromecter was
used for background subtraetron and plottlnq of the
dlgltlzed array signal. With moderately heavy RC fil;
tering and the TA. out of the circuit, skewing of the
spectral peeks is'j¥gdent (Figure 47a). However, w1tQ

the TAD in the circuit peak symmetry is res tored

,:fﬁ(gigure 47b). In particular, the small peak in the

‘middle of the spectrum is better resolved from the

skewed edge of the’ large peak. In this example the TAD

can . bewthought of as a hlgh speed analog preprocessor

‘1

“ &’Q_
to the dlq1tal data ac
A e

?erfégms
i

iisltlon sYstem. Since it acts
,'\‘

oy 54. .«.V‘

Ehg’resymmetrlhatlon cross-

av“we ?AD transvgggal filter (Table III of reference '

T 7
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62) to differentiate a square wave are shown in Plate

7. The TAD clock frequency was 200 kHz for all measure-

[

ments. The application of a 100 Hz square wave results

in the output of sharp positive and negative spikes from
: : g

’

the “TAD, i.e. the square wave is differentiated. When

the Sguare wave frequency is 1ncreased to 500 Hz the

NS
'splkgs qg&fstlll present, but are con31derably less sharp.

" (X
An g?butxsauare wave of 6000 Hz is dhtput as a sine wad}
an%&&gput of a 10 000. Hz squgve wave results in integra-

tion of the square wave:. ané @huS‘a trlangular wave out-

[ W
& o

Put. ThlS behavior 1s easlly explalned by referrlng to:

) P)

-~

the frequency respons; pipt shown in, Flgure 48.
It can be seen that the. TAD dlfferentlater is

xeally’a bandpass filter with a peak response at about
6000 Hz and itsffirst node at about 13,000 Hz." When the
input square wave frequency lies lou on the rising por-
tion of the curve (point a ~ 10Q Hz), a good differential
results because all the lower harmonics also lievon the
rising portion of the curve. When the input square wave
freéuency'is inéreased to 500 Hz.(point b), only the

harmonics to:the llth (5500 Hz). lie on the rlslhq‘;ortlon o
‘of the curve and the quallty ot the dlfferentlal is not ,

as high. An 1nput square wave ofx 6000 Hz (point c) falls

at the maxlmum of the bandpass ané is therefore output . A

‘as a 51ne wave. Square wave, 51gnals such as 10 000 Hz

(p01nt d) occurrlng on the falling side of the bandpass

[+



SQUARE

200 kHz ClOCK

.

Plate 7. Application. of a TAD transversal filter to
"differentiat@on" of a square wave.

]
S}
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are integrated. Clearly the frequency response plots
obtained by Fourier transformation of the weighting
functions are quite useful in understanding the.charac-
teristics of'the Cross-correlation operation.
Resolutlon enhancement of peak type SIgnalsAcan
be carried out by taklng the second derivative of the
signal. A TAD transversal filter was set up with an
eleven point Savitzky-~Golay second derlvatlve weighting

function (Table VI of reference 62 and Table III of thlS
"7’ do \\‘,"

‘the51s) in order to test its utlllty for resolutlon

enhancement. It was used in inverted form so as to
give positive peaks. The test Slgnal was a dc arc spec—

trum of Cu and Ge in a Zno- graphlte matrlx prev10usly

‘ acquired with a photodiode array’ spectrometer and |

, W

computer system, and stored oh DEC tape. This

signal is the same as that glven in Flgure 37a (Chapter
V). In order for it tdabe processed by the TAD second
derivative fllter it was output from the computer througﬁ

a DAC at a rate of 50 kHz (signal is 512 points long):

Photographs of expanded scope traces qf the first (column

I) and last (column II) sections of the signal as out-
putted from the DAC are shown in Plate 8a and as

processed by thesTAD.ln«Plate 8b. The TAD clock rate
was 120 kHz. I B
'

The theoretlcal freq egry7§nd phase responses of

-

the Savitzky- Golay, “ll—pdlnt second’ derlvatlve filter

157‘
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£ ' TABLE III

e
Generation of TAD Resistor Values fromiSavitzky

Golay Weights (11 Point  Second Derivative)

X

1

|1/ Weights|~

Raw S-G Smallest scaled Néarest Resistor
Weights to 10.0 ‘ Value (k ohms)
15 . 10.0 . 10 |
6 |  25.0 | 27
-1 ‘ 150 - 150 |
-6 25.0 | 27~
-9 16.6 18
-10 15.0 o 15
-9 : 16.6 ' 18
‘6 , . 25.0 27
-1 | 150 a 1€§3
v R % ) J
6 . 25.0 | : ! 29 ;
15 , 10.0 ' ' 10
e J .
1 < ‘ \ ~



Plate 8.

Second delrivative res
(a) sdgnal, (b)

11 point filter, and (e)
digital filter.

1
'

olution enhancement

TAD 11 point filter,
(c) software 9 point filter, (4)

software
Fourier domain

See text for discussion.
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are shown in Figuge 49a. However, the resistor weights
actually used did not correspond exactly to the theoreti-
cal weights (see Tabiehlli). Whén the Fourier, trans—‘
formation of the actual re51stor welghts is taken the
frequency and phase responses shown in Figure 49b result.
Now there is a small response at dc and a low frequency
lobe. The reason for the small response at dc is\the

fact tpat our resistor wéights did not sum to zero

} .
while the true Savitzky-Golay weights do. The

experimental points shown in Figure 49b verify a small

G

response at dc but the low frequency node was not

l
3
{

Observed.

The responses shown in Figure 49 illustrate that
-relatively smali mismatches inaresistor welght
theoretioal dgights can significantly alter the filter
characteﬁist}cs. ?his was also observed for several
other fAD fii‘ers where, in particular, the position
and relative amplltude of side lobes was altered by
small re51stor mlsmatches. .Howevex, with the . Fourier
transform program of Appendikx II it is easy to type
J{Qauy parttcular set of tap weights and thereby calcu-
late the frequency and phase responses to be expected.

Finally, it is useful to briefly compare the
resolutlon enhancement capabllltles of the TAD second
derivative filter to two other methods: (1) the con-

'

ventional software application of a Savitzky-Golay filter



(b)

Figure 49.

RELATIVE AMPLITUDE

RELATIVE AMPLITUDE
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RELATIVE FREQUENCY

600

400

Frequency res
(a) and actua

n Va
0125 b © 0256

RELATIVE FREQUENCY

ponses for the theoreélical
1 (b) .tap weights of the TAD second

i derivative filter. Circles in (b) represent ex-

perimental va

lues for the frequency response.
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and (2) The‘Fourier domain digital;fil er of Chapter

V.' The test signal is the dc arc spectrhm shown in
Figute 37a and the results are presented in Plates 8c x
through 8e. ‘Resdlts}obtained by the software appliea—
tion of 9 and ll-pqint Savitzky-éolay second deriva-

tive functions to éhe d¢ arc spectrum are shown in,J

Plates 8¢ and 8&. It is impottant to note that it is

- the results shown in Plate 8c for the 9 point function

that are most similar to those shown in Plate 8b for

the 11 point TAD implementation. The reason fot this
is that the TAD allows 1ndependent control over

the width of the f%}ter function through the TAD clock.
Recall that for Plate 8b the 51gnal was clocked eut >f
the DAC at 50 kHz and the Tﬁp was clocked at 120 kHz.
Because there are two clopk Pulse-delays between taps the
effective clock rate with respect-to the taps is 60

kHz . Thus the TAD 11 pd#nt_weightihg:fuhction is -
slightlyanarrower relatiQe to the signaltinferﬁationi

than when it is applied dirgctly by software. Based

on the relatlve differences .in the clock rates (50 kHz

s;gnal and 60 kHz fllter) 1t would be expected that the

11 point TAD would achieve resolution enhancement more

comparable to that of a 9-point filter as indicated by
the photographs in Plate 8. This cohtrol adds con- ’

siderable flexibility to the TAD implementation in that
the w&dth of the filter can be fine tuned to.the desired

|

163
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performance by varying the clock frequency.

The results.obtained using the Fourler domain
digital filter of Chapter V that approximates second
derivative resolutlon enhancement are shown in Plate 8e.
The filter used was that shown in Figure 324 of Chapter
V with indices équai«to 25,‘125, 125 and'250. Again
very similar results to those obtained with the TAD are
achieved. However, it is important to note that the
TAD resolution enhancement was carried ont in real time )
or in about 10 msec for the 512 point s1gnal Presented
at a rate of about 50 kHz. The direct software applica-
tion of the Savitzky-Golay filter took about' 20 sec. and
the Eburier domain digital filter about 2 min, both pro-

grammed in FORTRAN and run on a Ppp 8/e minicomputer.

Conclusions

Clearly the TAD is a’ remarkably versatlle device
for 1mplement1ng cross- correlatlon in real time. Only‘
some of its many capabllltles (37) have been illustrated
here. Also the" present dev1ce 1s among the flrst of
this type of circuit to become available. The character-
istics and capapilities of tapped analeg delay linesv
may be expeciedgtofimp;oye Qith further advances in
solid—state technoIogy. Already Reticon has announced

a 32 tap dev1ce with a 60 dB dynamlc range. One can

4
|

_ env151on tapped analog delay llne transversal fllters
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‘v "
being incorporated in a wide variety of scientific in-
strumentation as flexible analog data processors._ A
simple comblnatlon that we have found effective is to

use a TAD as an output‘processor for a transient recorder.

'

. . A
Thus, once a sxgnal is acqulred it can be rec1rculated

and hence processed in any number of dlfferent ways

w1th the 'TAD.
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CHAPTER VII i

SUMMARY
In;the foregoing chaptens, we have seen how cor-
relation instrumentation of varying levels of complexity
can be .usdd, to manlpulate chemical data in a large number
of wayy . ﬁue_51mplc block diagram presented in Figure 4

%

arlety of unlquely powerful 1nstruments %#

N v

represents a
that tan be applled to axlarge number of dlfferent meaahre—

ments Future developments in lntegratedw01rcu1t tech-

nology will sxmpllfy even further tht appllcatlon of cor--

relation techniques.: For example, progress can’ be ex-

AR

pected both in dlgltal flltering technlques with the,

development of mlcroprocessors ‘and their support c1rcu1try,

P
and in analoyg methods of correlation with further develop-

-

ment of devices based on bucket- brlgade, charge-coupled

devlce, or ledC array technology Performance of these

.devlces will be enhanced and costs w111 drop as fabrica-

‘tion procedures improve and ylelds increase. «Therefore,_

. M . . R /\
more and more;sophisticated instrumentation will become

available in future years.

ot - Two different‘paths of development can be dis-

cerned in the use of correlatlon 1nstrumentat10n First,

‘fhlgh den51ty fabrlcatlon procedures for logic c1rcu1try

'have allowed the development of smngle-chlp mlcroprocessors

ght bit. fntel 8080A and Motorola 6800, the ,

twelve’ bit Inter31l 6100 and the. sixteen bit TMS 9000.

¢ -
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“n

A large“variety of different support chips are also be-
coming available that allow relatlvely 51mple expansion
of these basxc mlcroprocessors 1nto mlcrocomputers.

Since - direct lmplementatlon of Sav1tzky -Golay fllter

‘I -

functions is posgible with a ‘programmable desk calcu-
lator (82), as the prlce of mlcrocomputers drops and the
' \

leVel of performance 1ncreases, appllcatlons such as

2
dlgltal fllterlng will become more and more facxle.

, S&multaneously with the improvement 1n dlgltal

S

" Clrcuitry has come futher development 1n anaIOg Circuit
U
Qﬁb'dGSlgn (34). ‘ Later generatlon SAMs and TADs wlll contain

‘more storage elements ‘and provide a much lmproved dynam -
vl

range Therefore, the ease of analog- baé%d correlatlon

Ty

5

operatlogf w1ll also improve in comlng years\ Y

xIn conclu51oq3 we haVe[also seep 1n the ’ fore901ng

E)

chapters that correlatlon methods can. be¢used both to ,0"'

.enhance the ease of measurement and t%dggglfy seleotlvely

the characterlsflcs of the 1nformatlon obthlned.o There-

fore, the approach to mLasurement from a cor;elatlon v1ew-

point can often yield new insight in

in the measurement process -

ctors 1nvolved

167 .
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‘1§iwas dlgltlzed with a digital voltgeter and prlnted on

i

'a teletype by means of a SERDEX SERial Data EXchange

!

odule (53, 83-84) . These modules allow communlcatlagb

of a DVM or other device using parallél- BCD' output code

~with a teletype a computer that utilizes serial ASCIT

(American: Standard Code for Informatlon Interchange)
i .
code.
—

A bﬁ%ck'diagram'of the SERDEX module is!shown in

'Figure 50. A signal from a &eletype is received in the

\ . .
A .
l1solated current-loop re_celver and converted froré

\

‘serial to paralle‘l ASCGII. A decoder\ﬂen recognlzes

w4

either a question mark (?) or one o &bntrol

characters (%, §$, =, ', *, ') and output@ a pulse if
one ‘of these charactenx ‘has heen recelved.n All other
characters are ignored. The question ‘mark can be
used to trlgger an analOg to- dlgltal cohvers1on. lhe
&ompletlon of this- conver51on (as- 1nd1cated by a change

in STATUS) . then loads the BCD output of the ADC fﬁlo
\

d

the SERDEX and 1n1t1ates data trahsm1351on. The BGD%

d1g1ts are fhen loadec wogﬁh9er1ally 1nto a- parallel

to ASCII converter, and sent to the’ teletype via the
1solated current loop transmltter

A full schematic of the SERDEX module as' con-
3

nected to a teletype and DVM (DANA Model 5400 modified Ap

L ' \ t

The voltage output of the. :orrelator of Chapter 4

'

N

i

PR

. ebeaan L.
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A}

|

PARALLEL IN / SERIAL
QUT SHIFT REGISTER |

Figure 50.

{

*

it
\
|

-

a«
‘ ®
. ' ‘\
> ISOLATED ASCN TO
CURRENT LOOP |—— PARALLEL - .
- RECEIVER CONVERTER CONTROL
CHARACTERS
|
—
CONTROL ]
CHARACTER J
DECODER 3
R4 . ; ' CONVERT |
*l SMMAND
- 7
o - “ISOLATED, PARALLEL TO -
of o CURRENT 1OOP | ASCl ' ADC )
T~ TRANSMITTER CONVERTER \ i
. ’ ‘ - STATUS
R L r - N
B, ' LOAD o
e
. E ‘
‘ SHIFT

P ock diagram of the SERDEX module.
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‘e y i \

type is connected via a tw1steqﬂy1rﬂ~pnir to an actlgP |

. ,(.'\

20 ma current . formed by Ql D1, R1 and R2 an' ﬁ

thence to ‘theiite ated current loop transmitter and-

A {
Ve !

;'receiver! which are connected in the half 'duplex mode
o . .

(84) .. The cloek driver (SCL 1006) is wired to provide
7~ operation of the SERDEX at 110 band ’transmissio_n rate_s.
Control ihputs are wired for 8 data bite pef character
W1th no Sstop bigs and w1thout parity verification. The
c0nnectlon of. the serial 1nputs to the receiver regis-
ter outputs allpws the use; to type an eight digit»test

message and verify»its-reception by typing a slash (/),

causing the system to echo thé message. In the imple-

puts andi ‘
‘:gthe » :&t | N

) | valld

«gentation shown, the control character o

'}
the convert command (9) are nGt used; r
\

experlment 1tself 1n1t1ates A- to—D conver ‘
' i L&'

BCD output is 1nd1cated by a 0+1 on the PRINT llne, ‘this

togglesuMonQ—l (set ‘for about 1 sec) and initiates

data t:ansmiseion. A total'of eight‘words can be trans-

mitted without external expénsionmof the SERDEX..;The

first word is peed to indicate the voltage poiafit§$> :;¢If§

ifﬂpositive-!PothITY =-0) it«will‘be 0000- if negatlve

(POLAR[TY = 1) it will be 1100. - The addition of the @
- remalnlng,blts of the eight-~ b1t ASCII code make these |

rumbers. 10110000 and-10111160 reiagctlvely ‘These are

prlnted by the teletype as "O" fo'~ positive voltagds or

. ' . s
o 3 ") —l i !
b T R . - K

- ' . . 7

to be TTL dompatible) is shown in Figure.Sl. The tele- ‘

[V REPISRT ARSI
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178
"<" for negative voltagesowiThe reason for not indicating-

negative voltages with K mlnus 51gn (=) will be dis-
cussed later.,

After the sign character has been transmltted
the four BCD dlgltS for the voltage (in millivolts) are
converted to ASCII and transmitted in @xder.,"The <k
ixth word is w1red as 1101 (Sl open) or llll (sl closed),
?hereas the seventh and eighth words are wired as 1010

| i nd~l111 respectlvely. The SERDEX module - recognlzes

h‘lll as a command to cease transmlssxon: hence the

ggseventh and elghth ‘words may or may not be printed
i?' -depending on tﬁe p051t10n of Sl. The stop'charaoteﬁg"

. .itself although ttansmltted, is not printed. 'ﬁ? vy L e

. , i .
JThe functlon of gates Gl to G4 is to recognlz o7 :
- . @ - ¢ , ,‘-
et ;crthe ﬁbur b1t words 1101 and 1010 and change the flfth A o
N B R . \(
. and sixth ASCII blts so that they wlll ‘be transmltted ‘ : -

as 10001101 and 10001010 respect%vely They are there-

) o ) ' o
’f ; fore 1nterpreted by the teletype as carrlage return v . 4/

and ‘line feed respectlvely. Thus, S1 can be used to

- -

control whether or not the tgletype aﬂtomatlcally - )

carrlage returns and line feed$ after the prlntlng of
» V4

a voltage. . e T o oy

s
N
| . : ’ - v K ‘\

;L It was mentloned earller that® a negatlve voltége
v was 1ndlcated by an ASCII "< rather than a mlnus sign.
- V,',Examlnotlon.pf a teble! of the ASCII code shoWs that a
mlnus sxgn is 1nd1cated’by 10101101. The last four

) gg, .
P L -*’#
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bits of this word (1101) are exactly those 1nterpreted
by gates Gl to G4 as carriage return~ hepce, the above .
circuit could not dlstanUlqh between tBe two. This
limitation may be corrected by employlng a’ fllp flop to~
change ‘the state of bit 5 (D13) to 0 when‘;he*first

word is transmitted (84).-

- ’ . ) , )
#?
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APPENDIX II

“ The dapa presented in.Chapter 5 and 6 were largely
obtaiped by a computer program called DIGFIL. This pro-
gram was written in FORTRAN II for a DEC PDP 8 ‘¢ mini-
computer with a DECtape based 0S/8 Operating System an_d~

L

16 K of core.

|

. .
DIGFIL is a general-purpose Fourier transform

program using the Fact Fourier Transform (FFT), and is
an extensive modlflcatlon of dn earlier program 'FFATOD)
written by E. G. Coddlng.‘ DIGFIL will accept }nput elther
from teletype or DECtape, and will allow output to
teletype, DECtape, an osci scope, or a chart recorder.
The fourier transformatio section allows apodization
either by the trapezoid of Chapter 5, or by a function
stored earlier on DECtape. Oatput of the FFT section
may be either the real, or imaginary series, or the
)
%mplitude spectrhm The phase spectrum _may 4dlso be
oalculated 1f desired. 'The amplltnde spectrum may also
be phase corrected versus a reference stored in IPR:
this feature allows calculation of phase- corrected
amplitude spectra of 1nterferOgrams obtalned with av
Michelson interferometer. )

For proper operation, SUﬁROUTINE COOLTK is re-

quired. This subroutine is a modification by G. Horlick

of a program written by Singleton (65) that allows

180



«calculation of the FFT baseq'On the Cooléy-Tukey al-

gorithm. .
c .
c PROGRAM DIGFIL
c
COMMON ¥, V. NP, N2POM, 1FF

: DIMENSION X(512),¥(512),J(515),.1FF{512) *
SOPDEF  KCF éale
SOPDFEF  DBCO 658S
SOFDEF DRSO - 6586
c .
c DRTA INFUT EFGINS
c -, !
3 HRITE(1,5G62)
582 FORMAT ¢ INPUT TTY:1, DTR1:2°)
. RERD ¢1.58%9) N0

. TF (NO-1) 141,141,142
141 HRITE (1,54@) ;

\:')40
81

e

1
583
588

142
S41

2]
()

nmnunununrnunom
-

[P NeNeNe}

w

18

I

28
19

S14

28

FORMAT <  ENTER HQ FOIMTS TO RERL, TOTRL
READ (1,561) N, NP, N2FOM

FORMRT (213> -

PO 1, I=1 NF

J¢Ir=p

RRITE (1,500

FORMRT (- FMTEF DRTA, 187

READ ~°. %03 (1212, 11,8
FORHRT <15
GO T0O &4

REITE ¢1.%41) .
FORMAT (- ENTEFR MO 0F FOINTS AND FONER
RERD <1.%561) MNF.NZFOW i

WRPITE (1.51a) ‘
READ (1.511) ¢

CAIL IOFEN “"PTR1-.C5 °

YERD (4 SB5Y <J 1), 121, NF)

G €1 1=1. NP

KCIY=FLORTJ<1) "

cLA

TR \NP ZFNTER NO. OF FOINTS
cl1A /NEGATFE NF

DCR FOINT ASTORE IN FOINT
CLAR CLL

Jo=1

SCALING OF ¥ HRFERY

. S=%(1) - \L
DO 17 - 1=2, NP

IF(XC(1)-S)17.17. 16 -
S=u¢1) .
CONT INUE -

S CEX(D)

b0 1% 1=2, nF
IFCXCIY-0H2R, 19, 12
C=%<C1)

CONTINRUE
$~10060. /45-C)
C=Cx5S

HRITECL, S14YS. C .
FORMART < THE SCALING FACLTOR 15 “F12 4°
DO 28 ° I=1,NP.

JCI)=Se¥CI)-C

~ '

NQ . FOHER GF

OF . 03T

-

P

f

HINIMLY SCRLED

WAIFCFLC

R
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56
35

5?7

54
530

98
S3e

93
94

95 .
96

97

v

)
/
GENFRAL. 0UTPU>\fRRNCHING
/

MRITE<(1,503) /

FORMATC( /7 TTV . 1;0791‘L,<cnps 3, FECORDER 4; EONTINUE .5, FF1 6. 1FR

READ (1, SB9NO
FORMAT(13)

IF <¢NO-7) 136,130.16

.1F (NO-1) 16,131,

60 T0<¢21,22,23,24,3,26,27)N0

131

FOURIER TRANSFORM SECTION

IF ¢J0) 72.7@8,72
WMRITECL, 526)

i

FORMATC(/” SURTRACT RYFRARGE VALUE, ¥ OR.N7)

Jo=1
READ (1, 5A7)HINO
IFCND-1632)54, 56,
$=8. 6

DO 55 1=1, NP
S=X(1>+S
S=S/FLORT{NF)

DO .57 1=1, NP
X(1)=X¢1)=5

RPOPIZATION SECT!E

HRITE (1,538)

54

Oil

“FORMAT (" RPOPIZATION. ¥

RERD (1.5_. ') NO

1F (NO-1€32) 95,586.98%

HRITE (1,3Z4)

GR N7

FORMAT <7 TT4:1, DTAR1.27)

READ <1,569> HQ

IF (RO-1) 91,91,13

TRAFEZOIDARL RFODI
HRITF (1,531 °
FORMAT (“ENTER N1
READ (1.57
FORMAT 2]

S=1 /F1+ RTL{N2-N1)
IF (N1 94,94,92
NO=N1

DO $3 1=1.K1
T XC1>=6

GO TO &%

NO=1

PO &€ 1=NG, N2
XCI)=¥C1Y1S4F1 ORT
S=1 SFLORT(HA-NZ)
DG $7 1=KR3. N4

35

ZATIiON

s N2.R

C1-N1D

KT =W 1 e CaFLQRTINA~T)

DO 38 1=N4,NF
X<1)=86
Go T0 2929

RAQb]ZHTlUN FROM STOEFD RFERAY
g -

’/

SRITE ¢1,510)
READ (1,511 C

CRIL I0OFER (7DTR17,C)
RFRAD (4, 509) (JCI)y, 1=1, NF)

DO 136 I=1,NF

X<y = /(I)*FlﬂﬁTfJ(ll)

MRITEC(1, S2%)
FORMAT (“ HAFFY? ¥
READ (1, SOTHIND
lF(NO 1622533, 62

OR. N

» 33

X, N4,
2) N1, NHEZ NI, N4

-

S

41x7

(NTAL)

a

182



&

782
703

761
705

?8¢6
70?7

711

712
713

7180

550 -

L OOO

160 -
1353 -

‘FORMR

: S=RBS(VfIg/Kf1})

LORDING OF RRRAYS FOR FFT

NO=NF/2 . s
DO 52 1=1,NO :
YIY=¥(2e])
ACI)=X(Rel-1)
PO 51 I=1,NO.
Y1enp) =o.
XC14N0)=0.

FOURTER TRANSFORMATION

CALL COOLTH
Joc=1 - .

Jo=o

HRITF (1.5245) .

FORMAT (FHASE SFECTRUM. '\ DR N*)
READ (1,507) NO .

IF <ND-1€32) 70.71,70

CRLCULATION GF PHASE SFECTRUM

C7IMRX = 2 127)
RFEAD /(1,309) N1

Ni=N1-1 .

PO 716 I=1.MF

unlfi)ﬁi,sses . v

P2=ATANC(S

1F (¥<1))> 731,782, 702
IF (X<(1)> 733, 767, 7a7
F2:3 141S927-F2
GO T0 757

iF X1y TRS, 766, 706 Py .

FC=3 141S3274P2 ST . ,
GO 70 re7

PZ=€ 2371253-FP7

CORTINUE ’ ' :
$={3. 1415927 /FL NRT REY Y .FLORTL IS #FLORT(ND)

- *

P2=P2+£4I 141597

IF (P2)Y 711,712,712 R X
Cc=1.8 ‘
GO 10 712 .

C=6 @ . .
PZ=RBS(FZ).'6 ‘0831653 '
NO=IF ¥ ¢a20

S=FLORT/NO)

JCIIEARI(PI-5-CHr#1363 o '

CONTINUE .

HRITE (1,558) 4

FORMAT <" PHRSE CORRECT? « 'OF N’>

RFAD (1.587) NG

IF (NO-1632)> 16,152, 16 o

PHRSF CORRECTION VEFSQS FEF .REFNCE FHASE IR iFR

DO 15 1=1,NF
S=FLORTTJ(I)-1PR(I))*G;8062331351

© §=C051 S

V(D=8
X(17=%(¢1) %
IPRCID=IFR{1)+10
IF (5) 166,153,153

. IPRCI9=-1PR(1,

CONTINUE
Joc=8
60 T0 16



161
163
162

‘164

166

165 .,

LB Ny NeNy] (7]

=My

@

o
(2]
(™

=

rrv OUTFIT SRRNC@Q% - :

WRITF(1,521)

FORMAT( %1, V-2 n.u; FETRANSFORN : 4 )

RERD (1, SB9)IND
IF(NO-4).132. 132, 7@
IF (NO-1) 70,433,173

+ GO T0 (;4:15;59:7;) NO

SNITCHING OF ¥ RND V FUR ¥ QyTFUT

C=X¢1) c e
RCId>=y¢I)

V(MW =C )

GO0 TO 22 o .

PO 76 I=1,NP - ,

) X
CAI.CULATION OF RHFLITUDE SFECTRUM

DO 61.1=1, NP
XCIDEORT(XCII#XCII+4 ¢TIV (]))
IF ¢J0C) 161.161,164
, DO 162 1=1.0F
IF CIPRC1)) 163:163, 162 }
PRCID=-1PR(]) N
(Iys-xc1y . ’
CIPRCID=1PR(I)-10 ,
60 TO 33 - .
$=X¢1)
PO 165 1=2,NP
1F (¢TI~ 5)165,165,166
S=¥¢(1)" -
CONTINUE E - é
$=1660 .S .
-PO 167 I=1.NP
©aJC1)=SAN(])
GC To :¢

STORRGF AF PFHASE FEFERENCE IR IFPKR.

~DP0 154 1=1.NP
NHO=JPFR{1)»
IFRCIY=T¢1)
JCIY=R0

GO TO .16

TEIETYRE PRINTOQUT -

HRITEC(L, S65)¢JCT), 1=1, NP)
FOGRMAT - 16¢15. 1X)) . °
GO T0 16

OUTPUf T0 DFCTRPF STORRGE (DTR1)

"WRITEC(L, 316D
FORMRT <" ENTEFR FI(E ARNF. ARE” )
RFADCL, 511503 :
FORMAT ¢agn
CAl L 00OPFEN:-DTARL,
URXTF(4-505)\J(I),A-1 NF)
- CALL OcC) GSE
g GO 70 1¢ ] «
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nunn

nunurunnuunnunununinnunnn

ARG SIOMNNN

- A
o

nnUUULNVWWLLUYN K

SET,

PLOT,

CONT,

N s

SK2640,

. SFOIN,

SPOINRT,

, $K0177,

567
4

OSCILLOSCOPE GUTPUT SECTION =

JeyF+1)a50R - C ,

J(NFP+2)21023
J(NP+3)=500 : ‘
NO=NF+3 \
CL.A CLL . P
TAD \NQ ! -
CIR o
DCR FOIN

. ClLA o -
TAD POIN /GET NO. OF POINTS
PCR - 18 “/SET POINT COQUNTER

TRD - KB177 . /GET STRRTING RNORFSS

. PCR, 1% /SFT STARTING ADDRESS
CLAR CMA . ‘ '
DBCO /CLEAR OUTPUT BUFFEF .

. CLA :

TAD 1 11 /GET DATA POINT

TRD KZHo8  /SET OUTFUT FLAG

DBSO '/SET OUTFUT BUFFEFR .

KSr ZCHECK :FOR STOF FROM KEYBOARD .

JMP CONT* .- ' -~
KCF ' /CLFAR KEVBOARRD RUFFER <

JHP \1€ ZEXIT

182 19 /CHECK FOINT COUNTER, SKIP IF ZERO
Jnp FLOT /GET NEXT POIN1
JINP SET /STRRT OVER

* i
RECOGRDER OUTPUT SECTION .
WRITFc1. 542
FORVATCZFNTER NFi.RV, 137) '
RERD(1. 56%)NT
CLA CLI . _ -
TRD FOINT AGET NI 0OF POINTS
DCA. 18 . - /SET PQINT COUNTER '
TAD KB177  /GRT STARTING ARLLRESS .
DCA. 11 /SET STRARTING AODRESS -
0o 32 I1=1.NT . - ‘
HO=z1%1 . -
ClL.R CHA o o - * ‘

.PBCO /CLERR OUTPUT BUFFER

Ci.A ’ . ,

TRD 1 13 /GET DRTR FOINT

TRD (2066 /SET QUTRUT FLRG ,

DRSO /SET CUTPUT EBUFFEF

CLA . . .

152 10 . /CRECK FOINT COUNTFR. SKIF IF ZERQ

JHP 31 7 . 3

GO TO 16 .

cdea

66886 -
gean !
6177 _ _ )

FORMRT ¢R1) . -

CRIL FAIT =

END- .

185.
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65

67

SURRQUTINE COOLTK - SDUFCE: G HORLICK
THIS SURFQOUTINE FERFORMS R FAST FOURIER TRANSFORM
EASED ON THE CHOLEY-TUKEY ALGORITHM. AN INPUT
ARRRRY OF FEAL DATAR OF LENGTH NP (24 +NZPON) MUST
FIRST BE SGRTED 20 T==T THE QRIGMNAL ODD-NUMEBEFED
FOINTS sPQERP IN TRE FISST NE/2 ELEMENTS QF * AND
THE ORIGIMAL EVEN-LLHEZIID POINTS AFPFERR IN THE.
FIRST NP/2 ELEMENTS OF ¥ THE FEMRINING ELEMENTS
OF X ARt v A%E FILLED WMITH NB 0 ZEROES ARFIECE

THE QUYPUY ru'THIL_ NP OFOTNTLS OF 'THE
PFRL TPHN R IR W RND N XMEGIHRF$ FOQINTS le Y.
susuuuTLwE coate | . o .
CoOMMON H.V MEP . NZFO, 3 F
PIHENSLON '~?"',V€?12
DIMENZION L7173
SN

NTHPG D24 NSF O

NAPOL- NP2 \ . '
1F NGRS -;'.nj.'—_'.:‘ o0

BO €2 IFASITL. RN

NATLTH-2eaeNzsan-2¢ 8RS,

LENGTR-ISNITLTS

STRILESE :s:xt%:,FLnau-Lcnuvh» .
pN £ J-1, RYUT TR -
ARIG=FLOR™ - iwuSORLE

)

L L1=COLRFGT t -

&y

S1: SINVAF Gw
Co=01401-51454
€z CL"l*(l* 1
0I=C140T-51452
SS:CC*‘1-°’~-1'
0C 6171 ~ol0 IsuIlGTH, L.4Fu~, ENGTH N
JIZSIEOOT - BN H;J
dT=J1+10 TL‘H N ¢ >
IT=TSH0TNIH
szJ?*NHTLTH
TR1mNEIAN ST e
POoMOI-RTTY e
‘R5= (1¢s¢s-54x , e,
Rd=R¢J2dr-"1¢ R
FI1ay(J1 4>
FI2=VedL -y
FI3=YQJdo  +ye
pFldﬁV(Jg'-V(JJ:
WCJLI=FL+F . .o =
VYC(J1)=FI1+F1IZ. . .
1F¢I-1)64,62. %
LI IS o B Sl S I )
Y(J3)=-514(PI-F -)-vll-FIC—Fd). ,
KCIDHV=C24R1-FT 482+ FIL1-FI)
Y(J2)==8l4(R1-FIHxCIA4FI1- Fx’
X(Ja)=LZ1 (R~ "4)45\‘-r1+51
V(J4)=-S;0\R;-rl{)+0;4aR4*FIZ)
60 10 51
HCIII=RZ+F 1t
VCIIY=FI2-R
XCJao= P;--S -
VCJISI=FI1-F13
RCI4D-R2-FI4 . . ¢
N(JaH =RA+F ]2 .
CONTINUE
IFENST OHI24 AP 65, 66, £9 . .,
DO 67 J-1, NTHFON, 2

Y nr\

5 ! .

anu

’ .

'.n »4'

CRI=H{IIHNCIS L)

R2=X(I)=nCI+1)

FI1=VW{J)+YdT+1)

FI2=¥CJIi-v{J+1)

¥(JIY=R1 ) .
V¢JI=FI1 Lo

X¢J+1)=R2 .

V(J+1)=FI2 ' ‘ ' e

186



66 ;D0 68 J=1,13
=,
1FCI-NOPONYED, 69, 68
69 LEI)n2es (N2FON+1-J)
68 CONTINUE '
1J=1
. 11=L¢13)
«NTHFON=1.(12)
1501.0C=1.<11)
J=l (19
M2F1=0L¢9)
N2uL (B
NPOHI=L (T
LE~LCE)
" NZPO=L(T)
NAFGH=L(4)
LENBTH=1.(2)
(HYTLTR=L D) .
IPASS=L (1)
PO 60! J1=1.01
DO 6061 JC=J1, NTHPOM, L1
00 £01 S2=J2, 1SOLOS, NTHPGH
DO €81 J4=J3,J. RoLOC
D0 €61 J&mJ4,N2PL,J
DG €01 J&=J5, N2, N2PL
DO 601 J7EJS.NPIMI. N2
DO 601 JR=J7.LE.NPIMJ
DO 601 3I=JB,NIFO,LE
PO €01 J1Q2J9. NIFQUN, NIFO
DO €61 J112J10, LENGTH NIPON
DO 661 J12-J41, NXTLTH-LENGTH
DO €61 JI=J12, ISASS. NXTLTH
IFCII-J10640, 620, 601 '
610 Py gn :
MCIJamwid D
¢ XCT1o=R

- FI=v 1y ‘

: S TS BEETTSS B
W(JIY=F1]

601 1d=15+1

ARG=T 141S827/FLORTIND
. C1-CUS(RRG)
. © 1S1=-SINCRRG)
C1I%=1. /
. S1J4r6
N2=N/2
7 NZP1=N2+1
DO 76 J=2,N2P1L
' NPZMI=N+Z-]
¢ v SORRLISXCII+HINPIMT)
SOR11=V(JD~Y(NPOKHJ)
R=C1J¥ ’
C1J¥=C1I/401-51JK+S1
S1JX=RetS14S1.J%+C1
SORR2=¥(IY-AINPZHID
SORIZ=VIII+Y(NPIMS Y
CSORR2=C1JIMICOFFI-C1 T+ SORI 2
g SORIZ=CLIX+SORIZASIIN+SORRD
YC¢J)=0. Gr(SOF11-SORRD)
HC(JI>=0. SH(SOFRI+SORID)
IFCJ-N2F1ITL. 70. 71 -
71 V(NPZMJ>=0. 54(~-I0RT1-SORFZ)
X(NP2MJID =@, S+{SORFL1-SORIZ)
76 CONTINUE
KCLIY=XC1)+¥ (1)
¥Y(1>=8.
RETURN

END N : -

o



