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Introduction

A useful tool in many signal processing applications is a
spectrograph. This powerful instrument was first developed
for analyzing speech by Koenig, Dunn and Lacey (ref.l) in 1946,
Their original instrument modulated a recorded segment of speech
several times with a controlled carrier frequency and fixed band-
pass filter. Many different types of spectrograph machines have
been developed since then with different features depending on
the application. One special variation, for example, was a
speech spectrograph developed by Huggins in 1952 which emphasized
the three formants of speech, and suppressed unwanted spectral
power.

With the evolution of digital computers, more and more
spectrograms are generated digitally, rather than with analog
filters. Particularly since the development of the Cooley-
Tukey algorithm for the fast Fourier transform (FFT) in 1965,
digital processing of speech and other signals has become a
practical alternative to the analog spectrograph., Digital
systems, particularly those built around minicomputers, offer
more versatility and adaptability than analog instruments, and
many have comparable speed, Some systems using fast mini-
computers and approximation technijues have even approached real
time processing., (ref.2)

There are several possible applications of a spectrogram



display. It can be an invaluable tool in studying the make-up
of speech in the development of speech recognition and speech
synthesis systems, As a type of "visible speech”, it may also
be useful in teaching deaf persons how to speak better. (ref.6)
Other signals besides speech may also be analyzed. Many complex
signals can be much better understood by observing a spectrogram.
For example, the effectiveness of an adaptive filter algorithm
may be evaluated by analyzing how quickly undesirable periodic

noise is filtered out.

General Description of Procedure

In the system described here a NOVA minicomputer was used
to process digitized data and plot a spectrogram on a Tektronix
graphics terminal. A block diagram of the process involved
in generating the spectrograms is given in fig. 1. Any type of
signal can be analyzed, although the examples presented here
are all speech signals sampled at 8000 sps, After a signal has
been digitized and stored on disk, a program written in Fortran
processes the data, reading sampled values from the disk as they
are needed. Blocks of sampled data are converted to the frequency
domain with an FFT algorithm. The spectral power is computed
from the resultant coefficients and quaniized on a logarithmic

scale., The quantization level of each spectral point determines
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the intensity of the corresponding plotted point.

Examples of narrow-band spectrograms and a wide-band spec-
trogram are presented. In the narrow-band case, data blocks of
512 samples are processed, compared to 128 in the wide-band case.
By processing four times as many samples per block, the narrow-
band algorithm yields four times the spectral points. However,
one time slot spans 64 msec, compared to 16 msec in the wide-
band case, and there is four times the time shift between data
blocks in the narrow-band case., Thus, the trade-off is between
four times the frequency resolution and four times the time res-
olution. Often a signal will be analyzed with two sizes of data

blocks in order to give more complete information about it,

Data Acquisition and Preprocessing

The acquisition of a data file to be processed is accomp-
lished by two assembly language subroutines ROPEN and DISKR.
ROPEN uses three parameters, FNAME(1), ID, and IFLAG. FNAME is
an integer vector which should contain the name of the regquested
file, packed two ASCII characters to a word and left justified.
ID is the file type specification shich is defaulted to if none
is given. It is set to *SO' in this program. IFLAG is a var-
iable which indicates the results of the search for the request-

ed file name. If the file is found, and it has legal
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characters, a 1 is returned. Otherwise, the user is requested by
the main program to designate another file name,

DISKR theh reads in the binary data using two parameters,
BUF(I) and N, BUF(I) is an integer vector into which the data
is read sequentially, beginning at element I. N points are read
in., The designated data file is assumed to contain 16 bit
signed binary data. The fraction of the allowable range (-32768
to +32768) that is spanned by the data is not critical, since a
user input displacement factor (DISP) can be adjusted to allow
the full potential of the dynamic range of the spectrogram plot
to be used., Thus, no restrictions are placed on the range of
the data.

In the case of the narrow-band spectrogram, the main program
initially reads in the first 512 data points for processing into
integer data buffer BUF(I), After these points have been
processed, the latter 448 points are shifted to the beginning of
the data buffer, affecting a time shift as indicated in fig. 2.
Retaining the latter 448 data points corresponds to an 87.5%
overlap of the data blocks, Then, 64 new points are read with
DISKR into the latter 64 buffer slots. Thus, the frequency content
of the signal is computed as it changes in time, with an 87,5%
overlap of time slots. This time shift process is identical in
the wide-band case, except that only 128 points are processed in
one block, and the time shift is 16 rather than 64 points.

Each new data block is normalized to a change between =1



Time Shift of Data Blocks

Input Data

i Data Block i

Y
i | Data Bloek i+l

01d Shifted Data-—/ | | \—New Tabs Tolnte

fig. 2

ANT

i\/i J\ﬁ
NT NT NT NT

Filter Characteristic of a Rectangular Window

fig. 3



and +1 and put into a complex vector X(I) in preparation for the
FFT algorithm., Although the data is real valued, of course, the
FFT algorithm destroys the real data values and replaces them
with the complex transform coefficients (Ck). Because of this,
the normalized data is saved in a separate data vector V(I), so
that the last 448 values are retained and can be shifted and
reprocessed with the new 64 values as described. In other words,

only the new values need be read in.

The Effect of the Time Window on Distortion

In processing one segment of N samples, the signal is effect-
ivély being windowed by a rectangular pulse of width NT, where T
is the sample time. This pulse or window is then shifted in time
in order to compute the variation of the power spectrum with time.
The effect of this rectangular window is to spread out or "smear
the component frequencies in the signal. This tends to distort
the resulting spectrogram as can be seen in fig. 4, for instance,
which shows a narrow-band spectrogram of about one second of
speech using a 64 msec rectangular window,

This distortion can be explained with the modulation theorem.
Essentially, each fregquency component in the signal modulates the
rectangular pulse window., By the modulation theorem, we know that

& term with frequency fc Hz shifts the frequency spectrum of the

-9 -
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pulse by f, Hz., 1If this frequency term has amplitude A, and the
rectangular window- has unit height, then a one-sided spectrum
of the shifted pulse will have maximum height ANT at P The
first nulls away from fc will occur at fc + 1/NT and fc - 1/NT, as
shown in fig. 3. Thus, each frequency component is effectively
distorted by the pulse power spectrum and a narrower pulse window
causes more distortion.

The only way to have no distortion at all would be to sample
the signal for a very long time, which of course would defeat
the purpose of computing the time variation of the power spectrum,
One way to lessen the amount of distortion without sacrificing
time resolution is to use a different type window than the
rectangular pulse., One type window often used is the Hanning
window, defined as (ref. 9):

h(n) = 2(1 = cos(2mn/N)) 0=<n-=N
The filter characteristic of this window is derived in the
appendix. It is shown versus time and in the frequency domain
in fig. 5. Note that the separation between the first nulls is
greater than that between the nulls of the rectangular pulse.
However, the spectrum quickly dies out beyond the first null,
giving a superior response overall, This lessening of distortion
is seen clearly in fig. 6, whiéh is a narrow-band spectrogram of
the same speech segment as fig. 4, only using a Hanning window.

The improved sharpness of the frequency bands is quite noteable.
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Computation of Spectral Points

The fast Fourier transform (FFT) is an algorithm for
efficiently computing the discrete Fourier transform (DFT),
defined as:

N-1

Cx(k) = ) x(nP) exp(-j2rnk/N) K=0,1,2, 4. (N-1)

n=0
where x(nT) is the value of the nth sample, N is the number of
samples, T is the sample time, and Cx(k) is the kth transform
coefficient. The FFT algorithm was developed by J. W. Cooley
and J. W. Tukey in 1965 (ref., 3), and it reduced the required
multiplications for an N point DFT from about 2N2 to around
N 1og2N. The FFT routine used in this program is a FORTRAN
version based on a description of the FFT using matrix products
(ref. 4).

Once the DFT coefficients have been evaluated at a particular
time slot, the resulting data must be processed to give useful
information and a meaningful display. The desired information
is the power associated with each spectral point. By Parseval's

theorem, we know thats

N-1 ‘N-1
P

e DRI KE

n=0

where P_ is the total power in the signal x(nT) during one data
block or time slot. Thus ,G (k)l2 is the contribution to the

-12 =



signal power of the kth spectral coefficient. There are actually
only N/2 + 1 independent spectral points (k=0,1,2,...,N/2),
because of the complex conjugafe theorem (ref. 8):

Cyx(N/2 + L) =C, (N/2 - L)
where * indicates complex conjugate. This is easily proven with
the definition of the DFT.

In the case of many types of analyzed signals, such as

speech, for example, the power levels of the spectral points
may vary several orders of magnitude. A linear scaling of point
intensity versus power may therefore be inadequate to display
the full range of power levels, In order to properly disvlay
the frequency components of low power level, a logarithmic scale
is used, related to the spectral power in decibels., Power points
range over 13 discrete levels, from level zero up to level 12,
Which of the 13 levels is displayed is determined in the main
pProgram by a function given as:

MAG = INT(WM(logIN’Cx(k)l) + DISP),
where WM is a user input multiplier and DISP is a user input dis-
placement factor. The INT function truncates a floating point
number to an integer. The MAG function can be rearranged to a
more convenient form, exbressing the power of a spectral point
in decibels. The power of point k in decibels is: y
10 log Py ¥'1o log |Cx(k)|2
20 log |Cy(k)

(P )gp

The power level function can be expanded out to:

MAG = INT(WM(log ch(k) ) + wM(log N) + DISP)

- 15 =~



) + WM(log N) + DISP)

MAG = INT((WM/20)(20 log Cx(k)

= INT((WH/20) (P )45 + WM(log N) + DISP) (eqn. 1)

This discrete spectral function is thus shown to be proportional
to fﬁe spectral'power in decibels, In order to check the sen-
sitivity of this function to change in power level, we define
the dB change in power between discrete power levels as (Apk)dB‘
Since the WM{log N) and DISP terms are both constants, a change
of one discrete level corresponds to the term (WM/?O)C&Pk)dB
changing by 1. Thus:

(w1/20) (AP, ) ;5 = 1

and (APk)dB f 20/WM

The quantum step between power levels is seen to be inversely
proportional to the multiplier WM. A larger WM therefore cor-
responds to a smaller step size and more sensitivity. This
relationship between (bPk)dB and WM is shown graphically in
fig. 8. Furthermore, since there are only twelve discreteé power
levels, the total dynamic range of a spectrogram is given by
13(APk)dB, and a larger WM corresponds to a smaller range.

Once the WM multiplier has been specified, the DISP factor
can be chosen so as to ensure maximum use of the available dy-
namic range without overranging. From equation 1, we see that
DISP is given by:

DISP = VAG - WH(log N) - WH/20 (Py).n
In order to prevent overranging, we must require that:

DISP = 13 - WhM(log N) - WM/20 (Pk)max (eqn. 2)

-1l -
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(Pk)max is the maximum power in decibels expected in any one
spectral point. If this condition is satisfied, then MAG will
never be truncated to any integer above 12, and there will be
ﬁo overranging.

As an example case, consider a narrow~band spectrogram which
utilizes a 512 point FFT and assume that the maximum expected
amplitude of any one spectral point is 0.15., Further assume that
we desire to resolve between spectral power points 5 dB apart,
which will give us a maximum possible dynamic range of 65 dB,

We know that WM is given by
WM = 20/(AP}) 45 = 20/5 = 4

The maximum power in any one spectral point can be found from:

(P = 20 log

k)max cx(k)imax = 20 10g(015) = -16-48 dB

All the variables in equation 2 are now known, so that the re-
striction onAD;SP to prevent overranging can be calculated. The
result in this example is: DISP=5.,45, DISP should be chosen
close to the limit, so that most of the potential range is used.
Once the power level of the spectral points has been deter-
mined, this informatibn must be displayed in such a manner as to
allow the user to easily see how the power density spectrum of
the analyzed signal changes with time. Each time slot is repre-
sented by a vertical line made up of spectral points. In order
to insure a smooth display in the narrow-band case, an extra time
slot is added between each pair of original time slots. This

extra spectrum is the average of the two spectfums it separates.

- 16 =



On the other hand, in the case of a wide-band spectrogram, while
there is adequate time resolution, there is poor frequency res-
olution. Thusg, to smooth out a2 wide-band display, an average
pbint is placed between the spectral points within each time
slot,

The spectral points themselves are plotted using a point
plotting routine POINT(0, ITY, X, Y), which plots a single point
with intensity ITY at the specified coordinate (X, ¥). ITY is
an integer which can range between 0 and 100, The ranges of the
X and Y coordinates are 0 to 1023 and 0 to 767 respectively.
Actually, each spectral point is an array of small points which
form a 4 x 3 block in the narrow-band case, and a 2 x 6 block in
the wide-band case. The number of points plotted in a given
block corresponds to the power level of the spectral point. In
fig. 9, it can be seen how the points are arranged in the array
for each of the twelve possible power levels. In order to in-
crease the contrast between power levels, the intensity of the
points plotted in the array is a function of the number of points
plotted. This intensity is given bys

ITY = 7(MAG) + 16

Fig. 9 also shows this variation in intensity with power level.

-l17
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Verification of Results

In order to verify that this method of generation of spec-
frograms is effective, several examples of speech signals have
been presented. Since all the analyzed data was sampled at
8000 sps, the resulting spectrograms have a bandwidth of 4kHz
according to the-sampling theorem, A total of 8000 samples were
processed in the examples shown in fig. 4 and fig. 6, so that
the time spanned was one second. The apparent variation of
frequency content with time in these figures is certainly rea-
sonable,

- It is evident that the spectrogram in fig, 10 is very sim-
ilar to the one in fig. 6. These segments of speech were spoken
by the same person, a female, who was saying the same phrase both
times. The similarity between the two figures demonstrates the
consistency of- a person's voice, and proves the repeatability
of results.,

Ag further evidence towards the credibility of this algorithm,
test plots were made using data generated by the computer. A DC
term and several sinusoidal functions with various amplitudes

were added to form a data function given by:

X(I) = 1. + .316 sin(*1/8) + .1 cos(NI/MA) + ,0316 sin(n1/2)
+ ,01 cos(311/4)
Note that the frequency of the first sinusoidal term can be found

by setting the argument equal to 2rfnT. Thus:
"1/8 = 27EnT

-19 -
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Since the time variables n and I are actually the same, we have:
£ =1/16T
Since the sample time T is 1/8000 sec, the first sinusoidal term
is seen to represent a 500 Hz sine function. The succeeding
terms are therefore 1kHz, 2kHz, and 3kHz respectively. The amp-
litude of each sinusoidal term is also seen to be about 5 4B
below the preceeding term. This corresponds to a difference in
power of 10 dB, which is shown in the resultant test spectrogram,
fig. 11, Thus, the variation of intensity with power level is
also demonstrated. Also, a wide-band spectrogram is given in

fig., 12 to demonstrate the credibility of the wide-band program.
Conclusions

This program for the generation of spectrograms could prove
useful in many varied applications concerned with the time var-
iation of spectral power density. One aspect of it which could
be improved is its speed. Due to the time involved in comput-
ing the FFT, over an hour is required to analygze oﬁe second of
speech. One possible method of speeding up the FFT is to com-
pute all the complex multipliers and store them in an array at
the start of the program. It would then be faster to find a
value in the array than to calculate the value each time., One
problem with this is the limit on the size of an array in FORTRAN,
This is not a problem in the case of the wide-band spectrogram,

however, which processes blocks of only 128 points. In order to
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approach real time processing, the FFT would probably have to
be computed with specialized hardware. Another alternative for
improving speed is to use a fast Walsh transform, rather than
the FFT (ref. 5). Since no multiplications and no complex num=-
bers are involved with the Walsh transform, it can be computed
much faster. In its present form, this routine is useful when
an immediate analysis is not required. Although it requires a
little time, it can still be a convenient instrument for anyone

interested in signal analysis and processing.
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Appendix

Hanning Window Filter Characteristic
“In order to examine the filtering effect of a Hanning win-

dow, we need to find its Fourier transform. The Hanning window
is given by

h(n) = 2(1 - cos(2mwn/N)) 0=<n-=N
To simplify the result, a time window symmetric about the origin
is chosen. Thus:

~h'(n) = #(1 + cos(2rn/N) -N/2 =n = N/2

This reflects a shift in time only and does not effect the freg-
uency characteristic of the window., The continuous function
corresponding to h'(n) can be found by replacing n with t/T.
Thus we haves

h'(t) = (1 + cos(2mt/NT)) -NT/2 = t = NT/2
This time window is shown in fig. 5a. The Fourier transform of

this function is given by:

NT/2
H(f) = é-J( (1 + cos(2mt/NT))exp(=j2nEt) dt
-NT/2

= 3hwz exp(-j2net)

s . NT/2
- 2_% Mﬂ%m;nﬂﬂ + ;f / cos{bt)explat) di

~NT/2

NT/2
cos(2nt/NT) exp(=j2nft) dt
-NT/2 -NT/2

where a = =j2Mf and b = 27/NT
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NT/2
-NT/2

s:.n(‘KfN‘l‘) + %exp(a.t) Q—-Qﬂi)—b—;m—ﬂ-

(a? + b?)

Hs) = 5oz

The result from the latter integral is given in ref, 7 on

page 85. Since sin(bt) = sin(bt) . =0,
$=NT/2 $=-NT/2
NT/2
H(f) = El‘ﬂ’? sin(XENT) + (a/2) exp(at) —QE'Q&L i
(a2 + b2) -NT/2
Since cos(bt)l = cos(bt) = -1,
t=NT/2 $==NT/2
. ' exp(=aNT/2) - exp(aNT/2)
H() = gh= sinfrenT) + (a/2) a2 v oD
(a. + b )
Since aNT/2 = =jW£NT,
= L cin(weNT .
H(£) = 3o sin(weNT) + 2 + o2 sin(WENT)
o2 42 = 202 202 _ (2m? (£nT)2)
- (NT)? tm)z
i(g) = JT SinlTenD) (£NT)3  sip(rent)
TN 2£((£NT)2 - 1) TENT
Let £NT =
H(f) = 2= - x> sinlmx) _ 22 - x - x3 sin(rx)
2T op(x® -1) TX 2£(x* - 1) X

- 26 =



H(g) = —& sinlre) _ NI __ sin(rfNT)

2£(1 - x°) "X 2(1 - (enm)?3) TENT

This filter characteristic of the Hanning window is shown in
figes 5bs It is apparent that the Hanning window offers a sup-
erior spectral characteristic and does not "smear®™ the spectral

distribution of the sampled function as much as the rectangular

window,

- 27 -
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Abstract

This paper presents a FORTRAN program for the generation
of spectrograms. The program was developed on a NOVA mini-
computer with a Tektronix graphics terminal and copier. Only
speech data was processed, althougzh any type data could be
used, Since the program works with digitized data on disk,
any signal which is to be processed must first be digitized
and stored on disk. An A/D converter interfaced with the NOVA
makes this a relatively easy task.

In processing the data, several factors are considered,
The effect of the sampling window is explained in detail., It
is demonstrated how a rectangular sampling window can distort
the poWer spectrum, while a Hanning cosine window lessens this
distortion. The trade-offs between wide-band and narrow-band
spectrograms are discussed in terms of frequency and time res-
olution. The dynamic range of a spectrogram and its sensitivity
to power level changes are also considered.

A technique for displaying the spectral points with good
contrast between power levels is presented. Clusters or arrays
of points are plotted with variable intensity, which produces
displays having excellent contrast, although much of it is lost
by the copier,

Several example spectrograms were made, demonstrating the
aspects that were discussed. A test display is given which dem-

onstrates the contrast between power levels and gives the gl-



gorithm presented here credibility. Suggestions are made to
improve the speed of this algorithm, which now requires over
one hour to process one second of speech. Program listings

and several descriptive figures are included.,



