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Frequency-modulation time-delay spectrometry (FM-TDS) was compared with stochastic
excitation in photopyroelectric measurements on thin solid samples. These methods involve
broadband signal excitation with simultancous detection of all frequency components within
the response bandwidth of the photothermal systen:, Fast signal recovery was achieved by FFT
methods. Both FM-TDS and wideband random-noise excitation were found to yield high-
quality, band-limited impulse-response information. Random noise measurements were found
to be much less susceptible to distortions and nonlinearities in the excitation wave train. FM-
TDS showed superior coherence and signal-to-noise ratio (SNR) to random methods. The
results of this work demonstrate a photopyroelectric effect spectrometer capable of vielding
fast, time-resolved information equivalent to the response of a puised laser, with low peak
power. This important feature shows excellent potential for nondestructive thickness, thermal
diffusivity, and thermal conductivity measurements on materials which are susceptible to

optical damage.

INTRODUCTION

The technigue of frequency-modulation time-delay spec-
trometry (FM-TDS) '™ has been applied to the photopyro-
electric (P*E) measurement of the thermal properties of
thin solid samples, as described in Part IT of this work.” The
superior performance characteristics of FM-TDS with re-
spect to dynamic range and noise rejection’™ enable the fast
recovery of high-resolution impulse-response information
from photothermal systems, with dramatic decreases in
measurement time and improved data resolution.*®” The
impulse-response information available from broadband-
modulated cw techniques in general is of special interest in
photopyroelectric spectrascopy® ™! (P?ES) because time-re-
solved information, made avaiiable from a low-power, high-
ty stable cw intensity-modulated source, is equivalent to the
response obtained from a high-power pulsed laser, averaged
over many pulses.'? The ease of interpretation of impulse
response information is yet another advantage because the
time-delay-domain response of a system is directly related to
the transit velocity of thermal signals through the sample
material,>%*? and hence, is capable of directly yielding ther-
mal diffusivity or thickness measurements. The high-peak-
power requirement of pulsed laser photoacoustic and pho-
tothermal methods in general is prohibitive'®'? in the study
of delicate or photosensitive materials, with low-power cw
broadband-modulation methods providing an attractive,
high-performance alternative.

In Part IT of this work, we reported the implementation
of a frequency-modulation time-delay photopyroelectric
spectrometer. In this work, our objective has been to exam-
ine the performance of our instrument using two separate cw
broadband-modulation methods. Specifically, we have com-
pared the performance of (a) a stochastic excitation method
using wideband random noise and (b) the minimum phase
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excitation method of FM-TDS, which has demonstrated a
record of superior coherence and noise rejection in both the
photothermal®’ and acoustical field.! The purpose of the
present work is to demonstrate the performance and speed
tmprovements offered by FM-TDS in photopyroelectric
measurements, and compare its performance with the classi-
cal random excitation methods.

i. THEORETICAL: SPECTRAL COMPUTATIONS AND
CRITERIA OF UNIFORMITY

The theorstical application of FM-TDS to photother-
mal systems was originally developed by Mandelis.* In this
section, we briefly review this theory and discuss aspects of
particular relevance to the present experiments.

In ew broadband-irodulation experiments, the general
avenue for signal recovery is correlation and spectral analy-
sis."*!* The use of an FFT signal analyzer such as the HP

~ 3562A enables the recovery of all correlation functions by

inverse transformation of averaged spectral density func-
tions. This is made feasible by means of the Weiner-Khin-
chine relations' in which successive Fourier transforms of
the input X{ /) and output ¥( /) are averaged over a mea-
surement period 7t

Gxx(f)=}ifn (/DX * XN, (H
G}{v(f)zgfn (/DY *(HY ), (2)
ny(f)leﬁfn (/DX *( IV, (3)

for the autospectra of the input and output, G, ( f) and
G, (f), respectively, and for the cross spectrum, G,, ( f).
The cross and autocorrelation functions, R,, () and
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R_. (1), are recovered by inverse transformation of Egs.
(1)—(3) to give the appropriate correlation functions:

R (r)= f ) e7IG, (S, (4)
0

Ryy(ﬂ:fo FIFG, ( £)df, (5)

ny('r)::f G (S, (6)
(0]

Similarly, frequency-response (transfer function) data
are directly recovered from the spectral density functions
14
as

H(f) =G ()G . (f)y=|H(f)e? 7

from cross-speciral density data and

H( ) =[G, ()G (I (8)
from autospectral data.

The strategy of broadband-modulated cw techniques, in
general, is to excite the photothermal system with
G, (/) = 1. Equivalently, the input autocorrelation func-
tion must satisfy R, (7) ~&{7) ot the time scale of the ex-
periment. This has the consequences

and
A{T)~Rh(1)%8(1) ~h(7)*R (7)) ~R (7).

Thus, the flat input autospectrum yields the equivalent of
impulse excitation in the time-delay domain through both
impulse response and cross-correlation functions.

It is relatively easy to visualize the application of these
correlation technigues in experiments which use stochastic
excitation. By using random noise of sufficiently wide band-
width as the excitation waveform, the flatness of the input
autospectrum is maintained. By contrast, it is important to
verify that the condition G, ( /) = I is valid for excitation
by deterministic signals. In particular, the linear sine sweeps
used for signal excitation in FM-TDS technigues possess flat
autospectra only in the limit of sufficiently long sweep times.
The consequences of any spectral approximations impact
directly on the quality of the spectral functions and frequen-
cy-response information obtained.

In FM-TDS measurement, the form of the excitation
waveform x(#) is a linear cosine sweep:

2 -
(1) = {A cos(mSt* + 2nf,t 4+ 6,), 0<{§T, (10)
0 t>T,
where 4 is the amplitude of the sweep function, S is the
sweep rate (aconstant in this case), f, is the initial frequency
in the sweep, and 6, is the initial phase.

These quantities are easily understood with reference to
the schematic of Fig. 1. The excitation consists of a cosine
waveform with a time-varying frequency f; =f, + 8¢,
where f; is the “instantaneous” frequency. Because it is time
varying, is not frequency in the Fourier sense. The sweep has
a duration T and frequency span (modulation bandwidth)
Af=f, — f,, and is assumed to repeat itself with period 7.

For the conditions of the present experiments, f, =0
and €, = 0. 4 = 1 arbitrarily so that
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F16. 1. Schematic representation of linear frequency sweep concepts (2)
amplitude-time profile, (b) frequency—time profile corresponding to (a).

x(t) = cos wSt* = }(e/™" + eIy = x (1) +x_(1).
(11)

Therefore, x(¢) is the sum of two counter-rotating phasors:
%, (2) = e/ andx__(t) = e /™" with the polarization of
each component indicated by ( 4+ ) and ( — ).

For a single linear sweep of finite duratien 7, the one-
sided Fourier transform of Eq. (11) may be computed di-
rectly:

.
X+ (w) =f o ~Iulg LIS gy

)

elew2/81rS
Yol =25
otz — [ i
xazser ¥ 5f) + ol5hn)
ijSi(2S“2T i—-——S{,z) + Sf( S{/Z)}» (12)
where

Ci(x) = j cos(—z uz)du,
o 2

Si(x) = f sin(l;— uz)du.

ey
This expression is useful because it enables the frequen-
cy content of a single sweep to be determined analytically.
The autocorrelation function for the sweep, R, (7) is com-
puted by definition®4:
R () =~;-f X*(0)x(t 4 7)dt. (13)
For the linear sweeps described by Eq. (10),
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R (r)=(/T)[R, ., (1) + R, .. (D

+kax - () +R«‘5 X (7')]’ {14}
where?
RJQ,)(+ (7) + er_x‘ (7-)
_ L T—rf(ePm T 1)
47 \ pase(T—lr))
5~ 2uST(T = |7} __
(e (T |7) 1)) .
and
R:c*x“ (7’) -+ Rx< x. (7-)
1 T--|7/2| 2
ost 278 f?' “)]dl‘ 16
T2 Sy °S[7(+4J (16)

For large 7, Eq. (16) approximates to 1/{8/(AH T ] so
that its contribution is suppressed with long sweep times 7'
and wide modulation bandwidths Af,

It is possible to attain the condition R (7) =6(r) if the
cross terms in Eq. (16) are zero so that

R, (T)=R, . (v} + R, (7).

Even with the cross terms suppressed, it is still not ob-
vious why and when R, , () + R, , (+)=é(r). This
may be clarified by considering the desired condition
G, (f) = 1. Ideally, this condition is only met as Af— co.
Infinite modulation bandwidth is neither achievable nor ac-
tually required in practice as long as the output response of
the photothermal system, Y{ /) ~0 for /> f, ...

For long enough sweep times 7'> |7!, the “autopolar-
ized” terms in Eq. (11) become

R. ., (D+R. , (7
1 e_ﬂvr(Af)f —1 1 e —R2uAfr 1

T4 2mSeT 4 2mSeT

= sin (2w Afri/dmhfr. (17>

This result has the identical form predicted for the real
part of the inverse Fourier transform of the idealized square
frequency window depicted in Fig. 2. As the modulation
bandwidth Af approaches very large values, the real part of
R,, (7) approaches the Dirac delia function §(r1).

The imaginary part of the time-domain expression is
shown in Figs. 2(b) and 2(c¢), however, it constitutes redun-
dant information, since it is readily obtainable from the real
part by Hilbert transformation.’

The form of the input autocorrelation function is thus
demonstrated to be mathematically equivaient to a Dirac
delta function provided the sweep time is long. ¥f the sweep
time is insufficiently long, {.e., 7<1/27S7, the approxima-
tion to the Dirac delta function, which is recovered by stan-
dard correlation techmques no longer applies.

i EXPERIMENTAL

The FM-TDS photopyroelectric-effect spectrometer
used in this work has been described in detail in Part ¥ of
this work. The specirometer was equipped with a fast detec-
tor element consisting of a thin film (28-um thick) of polyvi-
nylidene difiuoride (PVDF) (Penwalt Corp.) and a buffer/
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F16. 2. Frequency—time schematics showing (a) idealized square frequency
window u{ f— £, } and (b) its Fourier transform (¥FT); (¢) Fourier trans-
form of (2) in the limit £,,,, — o ; d{7) stands for the doublet symbol (i.c.,
the imaginary component of the inverse Fourier transform of the infinitely
broadband frequency window).

preamplifier (Comlinear CLC-B-600; 3-pF parallel 3-MQ
input impedance; 600-MHz bandwidth). The buffer signal
was applied as y(#) to the HP 3562A dynamic signal analyz-
er used in our experiments. All excitation waveforms studied
in this work were supplied by the internal source of the HP

x(t}{(mV)

Yit) (uV)

350

x(t)} {mV)

-350 -
TOOr (d)

y(t) (mV)

Time (ms)

F1G. 3. Comparison of randora noise [ (a) and (b) | and FM-TDS [ (¢} and
{d)] excitation waveform for thin-film PVDF detecior: (a) x(#) and (b)
»(2) recorded with Af = 0-25 kHz; (¢) x(r) and (d) p(¢) recorded with
Af = 0-1 kHz.
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3562A. The frequency spans of these waveforms, Af, were
user adjustable up to 100 kHz. The range of frequency spans
used in this work was from 0-25 kHz (upper limit) to 0-25
Hz (lower limit) depending on the thickness of the samples
in contact with the PVDF film. Random noise and FM-TDS
measurements were made in the HP 3562A’s linear resolu-
tion mode in which the sweep time 7" and the frequency span
Af were interdependent and related by the expression
(AN T = 800." The excitation waveforms were applied to
the input of an ISOMET 1201E acousto-optic modulator
driver. The modulator was used to time vary the intensity of
2488-nm Ar™ laser beam which generated thermal waves in
the sample by surface light absorption.®” The modulation
depth was optimized by applying 2 400-mV peak-to-peak
signal to the modulator driver. The cutput of the HP 35624
internal source supplied the x(r) waveform to the analyzer.

Time-and-frequency-domain averaging was carried out
by the HP 3562A with the choice of the number of averages
made depending on the user-selected frequency span Af.
Time-domain averaging was the main factor in controlling
the SNR in these experiments as discussed in the next sec-
tion.

Uniform windowing of all data records was used, with
the low-frequency cutoff of the input signals set below | Hz
by the bandpass of the ac coupling networks at the input to
the HP 3562A. Figure 3 shows typical examples of x(¢} and
y(¢) input waveforms for the PYDF detector as recorded by
our FFT analysis system.

1. RESULTS AND DISCUSSION

A, Time-delay-domain system performance

Qur photopyroelectric system was characterized in this
work by studying the response of the fast, thin-film pyroelec-
tric detector in contact with varying thicknesses of quartz.
The front surface of the samples was coated with a thin layer
of ink to serve as a blackbody. Details on the preparation of
these samples are reported in Part II of this work.

All frequency and time-delay-domain functions report-
ed in this work were recovered by calculations carried out
with an HP 3562A dynamic (FFT) signal analyzer. Im-
pulse-response information was obtained by inverse trans-
formations of the measured frequency response:

Froax
a(r) =J e TRTH( f)df, (18)
]
where H{ £} is defined in Bq. (7) and f,,,,, 1s the maximum
experimental sweep frequency.

The one-sided spectral density functions, in turn, were
computed from the Weiner—Khinchine reiations [Egs. (1)~
(3) 1, with arithmetic averaging of the products of afl Four-
ier transforms X( f) and ¥( f). All correlation functicns
were recovered by the inverse Fourier transformation of the
corresponding spectral density functions.

Because broadband (cw) modulation methods may be
generally categorized into stochastic and deterministic
types, we have chesen to compare random noise excitation,
to which standard correlation analysis rigorously applies,™*
with the swept wave excitation characteristic of FM-TDS,
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F1G. 4. Comparative impulse response profiles for samples of quartz: (a)
random noise recordings (b) FM-TDS recordings. Sample thicknesses
were 400 ura (early peak) and 600 £m (later peak). Time-delay param-
eters: random noise: 7, = 42.97 ms (400 ym) and 85.94 ms (600 pum); Peak
widths: A7, = 35.2ms (400pm) and 78.16 ms (600 gem); FM-TDS results:
7, =4297 ms (400 gm) and 8594 ms (600 um); Peak widths:
A7, = 37.11 ms (400 um) and 78.16 ms (600 pm). Af = 200 Hz. Both
magnitudes were normalized to a maximum of 1 (arbitrary units).

for which it applies in the limit of sufficiently long sweep
time.'? '

The primary information of interest in time delay P°E
experiments is extracted from the impulse response A (7) of
the photothermal system. Figure 4 shows a series of typical
impulse profiles obtained from our instrument with different
layers of quartz in contact with the PVDF detector. As the
sample thickness increases, the impulse response maximum
shifts to longer time delays 7, because the transit time of the
thermal energy through the sample increases approximately
as the square of the sample thickness.” In addition, the peak
intensity decreases and the peak width increases proportion-
ately with thickness. The variation of these factors is de-
scribed quantitatively in Part I of this work by means of the
appropriate Green’s function model.*®

The impulse responses of Figs. 4(a) and 4(b) were re-
corded using wideband random noise and FM-TDS swept
wave excitation, respectively. These results show that con-
gruent responses are obtained in the time-delay domain with
both types of excitation resulting in essentially identical peak
delays and peak widths to within experimental error. Evi-
dence that both of these sets of responses corresponded to
the “true” h{r) for the sample/pyroclectric system, was
demonstrated in Parts I and I of this work, which showed
direct agreement between the experimental and theoretical
time-delay-domain A(r) profiles.>!®

The impulse response profiles of Fig. 4 exhibit a spike
and a corresponding drocp in the baseline prior to the arrival
of the thermal pulse transmitted by the sample. Tests veri-
fied that this feature was due to the direct synchronous exci-
tation of the PVDF detector film due to light leakage
through the blackbody layer, and in some cases, due to lght
scattered from the front surface of the sample onto the detec-
tor. This feature is well resolved from the signais obtained
from the thicker samples studied in this work (/> 390 um).
Thinner samples yield signals which are not as well resolved,
temporally, but for the thinner samples, the signal intensity
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is much greater relative to the stray PVYDF response, since
the intensity of the sample peak is governed by diffusional
processes, and thus it increases rapidly with decreasing sam-
ple thickness. In both cases, the peak delays may be easily
resolved from the PVDF signal. The Ar, widths for the
trailing edge of the sample response are not significantly af-
fected and agree well with the theoretical predictions of Part
H of this work.®

An important criterion indicating the success of the
wideband strategy is the agreement between the impulse re-
sponse /{7) and the cross-correlation function R, (7} for
the measurement. Figure 5 shows the agreement obtained
between £(7) and R, (1) for (a) wideband random noise
and (b} FM-TDS swept wave excitation. The sample was a
thin piece of 400-um quartz.

A detailed comparison of R, () and A(7) for both
methods shows excellent agreement between the two func-
tions for recovery of peak delay information. The random
noise measurements, in particular, yielded time-delay-do-
main functions which superimposed to within experimental
error. The FM-TDS data, on the other hand, showed good
agreement between peak delays, but a svstematic variance in
the peak widths due to distortions in the trailing edge of
R,, (7). The cross-correlation peaks were actually narrower
than the impulse response peaks. This feature, discussed in
Sec. IV, was found to be due to power losses at the edges of
the G,, ( ) modulation band recovered from the FM-TDS

impulse Response
{Arbitrary Units)
-
T T
=
[ s
4
{
i
;
{
i
]
!
}
J
1

ot d VA N APNAD o A NI N i P SN

Ry (1)
{(Arbitrary Units)
-
i wa
-

Impuise Response
{Arbitrary Units)

1.4 r @

~-400 ” i A L H L L | L | E—}
0.0 1.0
Time Delay {sec)

Ray(1)
(Arbitrary Units)

F16. 5. Impulse response h(7) and cross-correlation functions R, (7) for
random noise [ (a) and (b)) and FM-TDS methods [ (c) and (d) ]. Modu-
iation bandwidth: 0~200 Hz; sample: 400-u4m quartz; Time-delay param-
eters were as follows: (a) 7, = 35.2msand Aty = 30ms; (b) 7, = 35.2ms
and Ar, =29 ms; {¢) 7; = 35.2 ms and A7, =30 ms; (d) 7, = 35.2 ms;
A7, =25 ms.
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sweep. Because the analyzer recovers frequency-response in-
formation: from the ratio G,, (f)/G,, ( f) and R, (1) was
recovered by inverse Fourier transformation of G, ( /), any
differences between A#(r) and R, () are traceable to non-
uniformities in G, ( /). Consequently, the degree of agree-
ment between R, (7) and /i (7) is an indirect indicator of the
validity of the autospectral flatness condition G, (/) = |,
and a means of evaluating the relative importance of various
spectral nonuniformities on the time-delay-domain func-
tions.

The primary variables affecting the quality of an FM-
TDS measurement are the sweep rate and frequency span,
since they directly affect the uvniformity of the input auto-
spectrum according to Eqs. (13) and (16). Increasing the
sweep rate affects the swept wave measurement in three
ways: {1) by increasing the cross terms
R, . (7} +R, ., (7)inEq. (16) or reducing the approxi-
mation of R, . (7) + R, , (7} to the IFT of the square
frequency window. The result in both cases is a poor approx-
imation of R, (7) o a delta function; (2) by introducing
nonlinearities into the system response. This occurs when
the sweep time 7'is less than the longest delay components in
the photothermal system®*; and {3) by decreasing the effec-
tive frequency resolution of the sweep so that narrow reso-
nances in the system response are missed, i.e., not resolved.

In the present experiments, the sweep rate § was adjust-
ed by increasing the modulation bandwidth of the sweep.
The increase in Af, in the HP 3562A system, resulted in a
concommitant decrease in the sweep time due to the instru-
mental requirement of constant data point resolution (2048
points). The product of the sweep time 7" and the modula-
tion bandwidth Af was maintained constant at
(AF YT = 800, in the linear resolution measurement mode.'*
Under these conditions, the effect of errorsin R, {7) by the
cross-term contribution [Eq. (16} ] is maintained constant
because, for sweeps which include the dec level (f, =0),

the product in the denominator maintained constant by the

analyzer. Any sweep rate effects on A (7), under this condi-

tion, are due to either errors in the approximation:

R, (Ty=R, . (7) + R, . (r)=458(7),orwotheeffects of
nonlinearities in the photothermal system response, or un-

derresolution of narrow spectral features. The effect of in-

creasing Son A7) [with constant (Af )7} isshown in Fig. 6

for the PVTE, detector film and for a thin sainple of glass (500

pm}. These results indicate that the only effects of increas-

ing S in the range of moduiation bandwidths from 0-25 Hz

to 0—1 kHz is to vary the time-delay resolution of the recov-

ered impuise response. There is no time-delay distortion of
h(7) as a function of sweep rate from 981 mHz/s to S kHz/s

indicating the absence of nonlinearities in the ouiput re-

sponse of the photopyroelectric system, at least over the sig-
nal range related to thermal transit times. The effect of un-

derresolution of sharp-frequency-domain resonances is

clearly not observed here because signal resolution improves
with increasing sweep rate, the sole factor affecting time-

delay resolution being the modulation bandwidth Af

If the frequency span is too narrow, large errors are in-
troduced into the impulse response peak delay, i.e., the result
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FiG. 6. Effect of sweep rate on recovered 4(7) for [(a) and (b)] 500-um
quartz sample and [ (¢} and (d)] thin-film PVDF using FM-TDS excita-
tion. Time-delay and sweep parameters were: (2)Af = 0-50Hz, 7, = 62.5
ms, Ar; = 50.8 ms; (b) Af=0-1kHz, 7, = 62.5 ms, A7, =48.0ms; (¢)
Af=0-1 kHz, 7, =390 us, Ar, =9765 ps; (d) Af=0-25 kHz,
7y = 62.5 us, Ary == 843.75 us.

is an insufficient range of Fourier components to successful-
ly reproduce the thermal transit time information contained
in the impulse response. Distortions of the signal informa-
tion due to limited Af did not contribute to the results report-
ed in Figs. 6(a) and 6(b) for the 500-um glass sample, since
most of the information for this material was centered at
very low frequencies. The effects of Afon the PVDF detector
film [Figs. 6(c) and 6(d) 1, by comparison, were quite pro-
nounced. The iower-frequency span (Af=0-1 kHz} was
incapable of accurately resoiving the rise time of the PYDF
detector since significant high-frequency Fourier compo-
nents corresponding to the early rise-time features were not
included in the sweep. Increasing the frequency span to 25
kHz enabled the resolution of the detector rise-time {Fig.
6(d) | signal components.

An additional criterion for the success of a wideband-
moduiation experiment is the relative width of R, (7) in
comparison with R, (7). Experimentally, we require the
condition that R, (7} be much narrower than R,, (7) fora
given measurement. This comparison is made for both meth-
odsin Fig. 7, for the PVDF thin-film detector, which sets the
upper limit on the frequency-modulation bandwidth re-
quired in these experiments. The information in Figs. 7(c¢)
and 7(d) was recovered from excitation with a modulation
bandwidth, Af = 5 kHz. The approximation to a Dirac delta
function is limited by the value of Af. Increasing the frequen-
cy span to 25 kHz results in a better resclution of the film
response, although resolutions this high were usually not
required for the sample thicknesses of interest in these ex-
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F16. 7. Input/output autocorrelation functions for thin-film PVDF detec-
tor excited by FM-TDS (a), (b}, (e}, (f) and random noise (¢), (d) wave-
forms; (a) R,, (7} and (b) Ry, (7} for random excitation with Af = 0-25
kHz;'and { (e) and (f)}] FM-TDS excitation with Af= 0-5 kHz. Each re-
cording was the result of 300 averages.

periments® (Fig. 7). For thicker samples (/ = 500-um glass
for example}, a much lower Af'was required to maintain this
condition (Fig. 8).

The quality of the Dirac deita functions available as
R, (1), in these experiments, is similar for both FM-TDS
and pseudorandom methods, yielding short-pulse equiv-
alents limited in resolution only by the modulation band-
width of the excitation. Due to the details of the autospectral
density flatness G, ( f}, there were, however, slight differ-
ences in the degree of narrowness of R, (7). For FM-TDS
excitation, the autocorrelation peak was just slightly wider
than the random noise estimate of K, () with both delta
functions lying effectively at the band limit of the excitation.
This part is addressed in detail in the next section. The ran-
dom noise excitation used in these experiments, in contrast
with the PRBS waveforms that have often been used in pho-
toacoustic and photothermal deflection spectrosco-
py,” > ¥ bears a close resemblance to true random signals.
Random noise excitation records, x(¢) averaged over time,
were shown to decay in amplitude by a factor of nearly VN,
where &V is the number of averages, as is typical of time pro-
files whose amplitudes are governed by a Gaussian probabil-
ity distribution.”* The PRBS waveform contains compo-
nents that appear random only within a single measurement
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{c) R, (7) and (d) R, (7) for random noise excitation.

record, but which are repeated periodically over accumulat-
ed records. Previous work by Mandelis ef /.7 made a com-
parison of the FM-TDS and PRBS methods in photothermal
deflection spectroscopy. The problemms associated with the
PRBS waveform were (a) frequency resolution limited by
the number of elements used in synthesizing the PRBS wave-
form; and (b) leakage of higher harmonics of the fundamen-
tal repetition frequency of the PRBS waveform. The first
effect, {a}, produced broadened R,, (v} and R, () values
relative to the FM-TDS results. The second effect, (b), pro-
duced secondary signal maxima, displaced from the main
responses, in R, (7) and R,, (7). In the present experi-
ments, the random noise signal is essentially aperiodic, rela-
tive to the measurement time scale of individual records.
Therefore, leakage to higher harmonics is eliminated. The
problem of limited source resolution is also eliminated since
the frequency resclution in these experiments is limited by
the user-selected modulation bandwidth, Af, and the analyz-
er’s record length (2048 points in the linear resolution
mode’’) rather than by the waveform synthesis limitations
of the PRBS technique.

B. Frequency-domain system pericrmancs

In conventional cw photopyroelectric experiments the
method of data presentation has usually been via the fre-
quency domain, since lock-in measurements directly vield
the frequency response of the photothermal system. Lock-in
measurements, being too time consuming, generally lack the
resolution to yield high-fidelity impulse-response informa-
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tion (by inverse Fourier transformation of the experimental
data). The frequency-domain representation is generally not
as easily interpreted as the impulse response, since the latter
is theoretically modeled via the Green’s function for the pho-
tothermal sysiem,>® while the former is the result of time-
multiplexed information at a given respounse frequency of a
system.

In cw broadband-modulation experiments, there is no
experimental reason to prefer frequency over time-delay rep-
resentations (or vice versa) since both are obtained via FFT
methods. In fact, the information obtained from the two do-
mains is complementary. The time-delay-domain impulse
response gives the more direct visualization or the physics of
the evolution of a photothermal system, because it yields

ime-resolved thermal transit time information. This infor-
matica is, in principle, available in the phase channel of the
frequency response. In practice, however, it is harder to ex-
tract from the frequency domain than from the impuise re-
sponse data due to contributions from many time-multi-
plexed sources to the former. The impulse response also
gives the experimenter a more direct diagnosis of nonideali-
ties in the photothermal (or in this case photopyroelectric)
system itself since problems such as contact resistance
between the sample and detector, or stray detector response
(caused by light leakage onto the PVDF film) show up very

 recognizably in the time delay domain and less so in the

frequency domain. The frequency domain, on the other
hand, gives a much more sensitive evaluation of the quality
of the system response, dynamic range, SNR distribution,
and overall instrumental performance.

An advantage provided by frequency-domain measure-
ments is that they may be experimentally standardized
against the single-point measurements made with lock-in
amplifiers. The HP 3562A FFT analyzer contains a slow-
sweep measurement setup which enables point-by-point fre-
quency domain measurements to be made. Initial experi-
ments demonstrated agreement between the frequency
response data obtained by these slow sine measurements and
results obiained with lock-in amplification. Conseqguently,
the slow sine measurements made with our HP system were
used as a standard representation of the “true” frequency
response of the photopyroelectric system. It should be em-
phasized that the excitation obtained in the siow sweep mode
was not equivalent to FM-TDS linear sweep excitation. In
the slow sine mode, the frequency-domain functions were
evaluated on a point-by-point basis using narrowband Four-
ier integration of a predetermined number of cycles of each
frequency compenent in the sweep. The FM-TDS measure-
ment involved broadband excitation and recovery of infor-
mation via the cross and power spectral density measure-
ments outlined in Egs. {3)-(6).

The first test of signal quality was to compare measure-
ments made with FM-TDS and random noise waveforms
standardized against the data obtained from slow sine
sweeps. Figure 9 makes this comparison for H{ ) of the
thin-film PVDF detector as recovered by (a) siow sine
{point by point) sweeps, {(b) FM-TDS modulation, and (c)
random noise excitation. The responses obtained from the
latter two measurements were congruent with the slow sine
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F1G.- 9. Frequency-response (transfer function) data (magnitude and
phase) for thin-film PVDF detector measured with Af == 0~1 kHz (a} slow
sine (lock-in eguivalent) recording; sweep rate == 2.74 Hz/s, (b} FM-TDS
excitation: sweep rate: 1.25X 10° Hz/s; (c¢) random noise recording; (b)
and (¢} are the result of 100 averages.

measurements after a sufficient number of averages, indicat-
ing that the recovered H( f') corresponded to the “‘true”
frequency response of the PVDF element. In the case of the
FM-TDS measurement {Fig. 9(b)], high-guality H({ /)
data were also available. However, FM-TDS excitation, as
expected,' was more sensitive to nonlinearities in our spec-
trometer system, the most important nonlinearity in our ap-
paratus being the response of the acousto-optic modulator,
which showed significant harmonic distortion at moderate
input levels. Distortions in the photopyroelecttic frequency
responses recovered by FM-TDS excitation were directly
traceable to distortions in x(¢) arising from modulator har-
monic content. The distortions increased directly with the
x(¢) drive Vvoltage applied to the modulator input and were
effectively eliminated at levels of 100 mV (peak to peak) or
less, yielding the frequency responses of Fig. 9(b). The dis-
advantage of this compromise is the drop in modulation
depth produced with low applied voltages. The random
noise measurements [Fig. 9(¢c) ] were less susceptible to any
nonlinear effects because the P?E system was excited differ-
ently for each data record, and the harmonic contributions
averaged to zero."® In the case of the slow sine recordings,
harmonics were not detected because of the narrowband
Fourier integration used in the signal recovery. It should be
emphasized that these harmonics are, in fact, distortions in
the excitation wave train, rather than true system response-
related nonlinearities. The modulator distortions were
found to produce ripple in both H(/f), G, (f), and
G, ( f) for recordings made using a beam splitter and pho-
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todiode, which directly sampled the modulated ArT ion la-
ser beam intensity and applied this signal to the analyzer as
x(#). The effect of these nonlinearities, while severe in the
frequency domain, had a very minor effect on the quality of
the recovered impulse response information: 2 () values ob-
tained from FM-TDS measurements matched results ob-
tained with random noise excitation to within experimental
error over the time-delay-domain region corresponding to
the thermal transit time information. This agreementi was
observed even at x (1) levels where the distortions were pres-
ent.

The critical factor affecting the quality of the frequency-
response information available in a broadband-modulation
experiment is the flatness of the input autospectrum
G.. (f). Inpractice, the flatness of G, ( f) is limited by the
frequency span Af and by windowing effects which further
reduce the width of the excitation spectraom within the span.

A problem generally associated with wideband excita-
tion technigues is the problem of leakage due to signal com-
ponents which are not periodic in the time record. The prob-
lem is normally corrected by imposing a time window on the
data records to suppress signal amplitudes at the edges of the
time records. We have found, in practice, that leakage ap-
pears to make & very minor contribution to the recovered
photothermal signals in the time-delay regimes accessed by
this work (100 gs to 1 8). This observation applied to both
random and FM-TDS measurements.

Spectral flatness is examined in Fig. 10, which compares
G, (/) and G,, ( /) with random noise and FM-TDS exci-
tation for the PVDF detector element using a fixed moduia-
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FiG. 10. Input and output autospectral density functions for thin-film
PVDF detector and Af'== 0~1 kHz. (a) G, (f) and (b) G,, (S} for ran-
dom excitation; {¢) G ( f) and (d) G, ( f) for FM-TDS excitation.
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tion bandwidth of | kHz. The random noise measurement
showed some curvature in the autospectrum over the entire
frequency span with a gently sloping power increase towards
the midband (<30% ). The FM-TDS measurement, by con-
trast, is nearly flat over the effective midband with sharp
power losses ( ~50% ) near the edges of the span. The aver-
age power of the FM-TDS waveform was consistently high-
er than that of the random waveform for eguivalent signal
levels due to the higher rms/peak ratio for the FM-TDS
excitation. The result is a higher SNR for the FM-TDS sys-
tem compared with the stochastic system. The power losses
at the low-frequency edge of the span are responsible for the
distortions in K, , {7) relative to () as seen in the previous
section (Fig. 5). In general, the distortions in R, (7) are
present at time delays corresponding to the lowest and high-
est frequencies in the span under Fourier transformation.
The drop in power explains the lack of agreement in Ar ob-
served for K, (7} and #(7) (Fig. 5). The problem is essen-
tially absent in random noise experiments since the excita-
tion power is more uniformiy distributed over the entire
span.

The effect of power losses and nonuniformities at the
upper end of the span has an effect on the width of the input
autocorreiation function (i.e., the impulse), R, (7) recov-
ered from G, (f). Impulse functions R, (7) recovered
from random noise excitation decayed to the baseline at
times f equal to 1/(2.56 £, ) where f, ., is the upper end of
the frequency span. Consequently, the impulse functions lay
within a band limit set just above the aliasing frequency at
2.56 f,..x- The impuises recovered by FM-TDS excitation,
. by contrast, were slightly wider, crossing the zero axis of
R, (7) at times approximately equal to 1/£,,,,, so that the
effective band limit was set by the maximum frequency in the
span. The difference in the two peak widths may be attribut-
ed te the differences in the flatness of G, ( /) at the upper
edge of the span. Both methods, however, produce delta
functions which are (nominally) span limited.

In spite of errors introduced in R, (7) relative to A (7)
for FM-TDS excitation, the power losses at the edges of Af
are not sufficient to introduce significant errors in H{ f)
relative to random noise measurements, as seen from the
data of Fig. 9 (although a power loss of 50% seems larger,
this corresponds to a loss of excitation amplitude of about
30% because of the square root refationship between ampli-
tude and power). The flatness of G, { /' } is completely ade-
guate to yield undistorted H{ /') and A(7) recordings. This
situation may be contrasted with other types of frequency-
multiplexing techniques, such as the ac square wave excita-
tion method reported by Coufal.” The use of excitation wave-
forms with narrow spectral power distributions was shown
to drastically affect the dynamic range of the H( ) mea-
surement. A comparison of ac square wave with random
noise excitation, also reported in that work demonstrated a
greatly improved dyramic range resulting from the wide-
band character of the random noise excitation. In the present
work, by contrast, the level of variation in G, { f) between
FM-TDS and random noise excitation is not sufficient to
produce significant differences in the measured frequency-
response-function guality.
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C. Coherence and signal-to-noise ratios

The nature of the signals obtained in typical photopyro-
electric experiments presents some important consider-
ations in the choice of key experimental parameters such as
Afand S. Because of the diffusive nature of thermal waves,
the frequency spectra of photopyroelectric signals are heavi-
ly weighted towards the lowest frequencies, The range of
frequencies which correspond to the transit times of thermal
signals through the PVDF film, however, generally lies well
above the low-frequency range. The information which is of
tnterest in the corresponding time-delay domain tends to be
buried by the larger-magnitude low-frequency signal com-
ponents. These low-frequency components yield informa-
tion which corresponds to long time-scale heat conduction
through the film and backing material under inverse Fourier
transformation.

The diffusive nature of thermal wave information thus
presents a problem for experimental design in that most of
the information in H{ £} is centered at the lowest frequen-
cies so that to optimize frequency resolution is to drastically
reduce the time-delay resolution of the measurement with a
loss of precision in the peak-delzy and peak-width informa-
tion. In order to better resolve both of these parameters, it is
necessary to widen the frequency span Af toinclude theextra
frequencies carrying this information. The effect of increas-
ing Af, however, is to increase the noise level in 4 (7) because
the high-freguency components included in the measure-
ment generally have poorer coherence than the lower fre-
guencies. The measure of coherence between input and out-
put signals is given by the ratio °( f), the coherence
furction, which is defined as'*

;'H(f)i;(cross)): tiy!‘ {(19)
‘H(f)i {auto)

G»WC G‘f)’ ’

and measures the ratic between the magnitude of the fre-
guency response computed from a cross-correlation mea-
surement, Eq. (7), with that obtained from an autocorrela-
tion measurement, Eq. (8). Since [H{/)lcros
< H{ S s the ratio is always less than or equal to unity,
with () = 1 representing perfect coherence. The coher-
ence function is the most sensitive and direct measure of the
quality of the relation between input and output signals. Be-
cause it is a direct indicator of the effective SWNR distribution
in the frequency domain, it provides an indicator of the fre-
quency-response guality, and therefore, measurement dy-
namic range.

Figure 11 makes a comparison of the coherence func-
tions availabie from our thin-film PVDF detector at fre-
quency spans of 0-10 kHz and 0-100 kHz for (a) random
noise and (b} FM-TDS excitation wave trains. The mean
amplitude of both x(7) wave trains was adjusted to a level of
200 mV peak to peak. Integration of G, ( f ) for the random
noise wave train gives a total power of 27.6 mV? compared
with 38.5 mV? for FM-TDS excitation. This results from the
superior rms/peak ratio for the FM-TDS excitation. The
coherence functions recorded at 0-10kHz {Figs. 11(a) and
11(b}] show only minor differences between the two meth-
ods, with excellent coherence observed in hoth cases

vf) =(
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F1G. 11. Coherence functions recorded for random noise [ (b) and (4) } and
FM-TDS {(a) and (c)] methods. (a) and (b); A = 0-10 kHz; (¢}, (d)
Af=0-100 kHz.

[#%( /) ~ 1 over most of the signal range]. The sharp dipsin
the coherence function are due to nonsystem-related signal
sources and are deterministic.’® At the higher-frequency
spans, where the PVDF signal is significantly attenuated
(due to the diffusive nature of the thermal response), the
coherence of the FM-TDS method was somewhat better
than for the random noise technique, pointing to an im-
proved dynamic range for FM-TDS. Instrumental factors
cannot be completely discounted, however, because of the
real-time bandwidth limitations of our FFT analysis system
in this regime.

The improved rms/peak ratio for the FM-TDS tech-
nique does not entirely account for its SNR advantage over
random excitation methods, however. A major advantage of
FM-TDS is excitation by a deterministic waveform. Repeat-
ed frequency sweeps and response functions may be aver-

aged over time to reduce noise by a factor of 1/y/N where N is

the number of sweeps averaged. The 1/J/N reduction factor
- applies generally to random signals'* with Gaussian prob-
ability distributions. In the case of random excitation where
both x{¢} and y{7) (input and response waveforms) obey
the normal probability distribution, successive averaging of
time records causes atienuation of the signal-related infor-

mation as well as the “notse” by 1/J/N . In the case of an FM-
TDS linear frequeticy sweep, the only random components
present are due to extraneous noise: the noise contribution
can therefore be arbitrarily suppressed by time averaging a
sufficiently large number of FM-TDS time records. There-
fore, if we consider the FM-TDS time records x () and y(#)
(containing signal and ncise), after a sufficient number of

2042 Rev. Sci. Instrum., Vo!. 58, No. 11, November 1987

time averages, we obtain X(¢) and y(¢) in which the noise
contributions are largely suppressed. The spectral functions
G, (), G,, (), and G, (f), corresponding to the x(#)
and y{f) records, contain the contributions of ail Fourier
components of x and y, signal and noise inciuded. According
to the Weiner—Khinchine relations of Eqgs. (1)-(3), a true
estimate of these spectral density functions is only arrived at
after a sufficient number of averages in the frequency do-
main.

In theory, then, an infinite number of frequency-domain
averages is required to yield true estimates of G, (f),
G,, (f) and G,,(f). The number of frequency domain
averages does not improve SNR. It can only give a beiter
estimate of the signal and noise power density inherently
present in x(¢) and y(t). '

For the X(¢) and y(z), time-averaged waveforms, the
computed spectral density functions are G (£),G > (¢) and
G 5 {1). These functions contain few or no contributions due
to extraneous noise because time averaging removed the
noise from the time-domain records from which these func-
tions were computed. The consequence is that the colierence
of the FM-TDS excitation method may be arbitrarily im-
proved with sufficient averaging of x(f) and y(#) time re-
cords.

In order to demonstrate the arbitrary coherence im-
provements available by use of FM-TDS, a series of mea-
surements of y*( f) was made for the PVYDF detector at
Af = 0-100 kHz. The x(¢) amplitude was reduced by a fac-
tor of 10 in order to deliberately degrade the output re-
sponse. The coherence of the FM-TDS signal was recorded
for N = 10 averages in the frequency domain and is reported
in Fig. 12(a). Signal coherence in this case is nearly zero,
and corresponds to the “true” system coherence in the pres-
ence of background noise. A comparison was then made
with FM-TDS measurements that had been recovered from
time-averaged waveforms. In the second case, NV = 300 aver-
ages were made for each time-averaged waveform X(#) and
¥(1). Tendatasets X(¢) and y(r) were recovered, the spectral
density functions were computed for each X(¢) and () pair,
and the coherence function was computed for the ten sets by

it
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F1G. 12. Coherence improvement obtained with time averaging of FM-TDS
waveforms. (a) Coherence obtained without time averaging, () coherence
obtained with time-averaged data sets; Af = 0100 kHz,
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the analyzer. The “time-averaged” coherence 3* function,
which has theform (f) = ;G;y-(f){z/Gﬁ(f)G;_};(f) is
reported in Fig. 12(b). The “time-averaged” coherence
Y2(f) is unity, from 0-100 kHz, indicating effectively per-
fect coherence. The result illustrates the great potential for
signal quality improvement available from FM-TDS, and, in
some cases, dynamic range and time-resolution improve-
ment, since high-frequency components, which are normal-
Iy quite attenuated in photothermal systems, may be recov-
ered from extranecus noise.

It may be argued that this same SNR improvement may
be achieved equaily from pseudorandom technigues since
the principle of noise reduction applies to the acquisition of
any deterministic waveform with a well-synchronized trig-
ger. Any improvement in signal quality over FM-TDS
would be lost with pseudorandom binary sequence (PRBS)
techniques, because of their relatively limited dynamic
range.” The use of pseudorandom excitation, with an im-
proved waveform synthesis, on the other hand, could per-
haps yield results of comparable guality to the FM-TDS
measurements reported here,
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