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ABSfRACT
MANLEY, MARK B. Experimental Study of Airfoil Trailing-Edge Noise:
Instrumentation, Methodology and Initial Results. (Under the direc-
tion of DR. THOMAS H. HODGSON.)

The mechanism of aerbdynamic noise generation at the trailing
edge of an airfoil is investigated. Instrumentation was designed,
tested and built and digital signal analysis techniques applied to
gain insight into the rela:ionship between the dynamic pressure
close to the trailing edge and the sound in the acoustic far-field.
Attempts are made tb verify some trailing-edge noise generation
characteristics as theoretically predictea by several contemporary
acousticians.

A NACA 0012 airfoil of 2.0 foot chord and 1.5 foot span was
mounted in the laminar flow of the potential core of an open jet.

The test was conducted in an anechoic environment thereby providing a
quiet~flow test capability. Two-dimensional boundary layer flow was
established over the two surfaces of the airfoil. Means were used to
"trip" each boundary layer into turbulence and thereby maintain
trailing edge flow conditions such as are found on full-scale aircraft
wings.

Considerations are discussed which had bearing on the design of
a miniature semiconductor strain-gauge pressure transducer and
associated electrounic amplifier circuitry. Several of the transducers
were tested and then mounted in the "upper" and "lower'" surfaces of
the airfoil in the vicinity of the trailing edge. Signals from these
near-field transdugers and other far-field condenser microphones were

analyzed using digital signal processing techniques. The origins of

AT N




G .

.2

BEo

e S e dee s

the computer analysis functions are briefly discussed and some errors
encountered in their use are covered. Instrumentation of the overall
experiment is described and the results and conclusions stemming
from the computer analysis are presented.

It is found that the noise detected in the far-field is comprised
of the sum of many uncorreléted emissions radiating from the vicinity
of the trailing edge. These emissions appear to be the result
acoustic energy radiation which has been converted by the trailing-
edge noise mechanism from the dynamic fluid energy of independent
streamwise “strips" of the turbulent boundary layer flow. It is also
found that the far~field sound power level scales on the freestream

velocity "u" raised to a power of 5.3; i.e., pz oc u5'3. This is in

good agreement with the theoretically predicted uS.O.
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1. INTRODUCTION

The understanding of the aerodynamic noise generation phenomena
has been a long sought goal of acousticians. Up until the last few
years, however, most engineering attention and research has been
focused on the most obvious source of aircraft noise, namely the
engine. Recently, airframe component noise due to struts, flaps,
wheel cavities, etc. has been studied because of its possible impor-
tance on the aircraft landing configurationm.

Theoretical studies by many acousticians including Lighthill
(30, 31], Curle [15], Powell {33], Ffowcs-Williams and Hall [20],
Crighton [14], and most recently Howe [27] have indicated that purely
aerodynamically induced noise may be generated by the interaction of
turbulent air flows with rigid planar surfaces. That is to say that
the surfaces themselves need not vibrate for the noise to be radiated.
in particular, enhancement of the noise is predicted to occur at the
trailing edges of the planar surfaces as turbulent boundary layers
develop as a result of forward flight. (See Howe's review paper [27].)

For the case of turbulent flow over an infinitely large rigid
flat plate, theory predicts that the pressure (force) fluctuations
of the turbulent boundary layer flow generate dipole noise sources.
The sound power level or p2 level of dipole sburces_generally
depends on the sixth power of a characteristic flow velocity "u,"
typically the freestream flow velocity u; i.e., p2 = kuﬁ, where k is
a constant. However, because these dipole sources are reflected in
the rigid surface of the plate, they give rise to quadrupocle noise
emissions as sensed in the acoustic far field. Typically, quadrupole

noise scales on the eighth power of the velocity; i.e., p2 = ku8.
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For the case of a semi-infinite rigid flat plate, the theories
of both Ffowecs-Williams and Hall {20] and Howe [27] predict that the
large extent of the plate can possibly cause enhancement of the sound
field due to scattering at the edge. This enhancement of the
quadrupole noise has been theorized to scale on the {ifth power of
the velocity; i.e., p2 = kus. This makes the efficiency of the
trailing-edge noise phenomena lie between that of the highly efficient
monopole (p2 = kua) and the aforementioned dipole (p2 = ku6). Thus,
the extensive rigid planar wing surfaces of aircraft such as a Boeing
747 jumbo jet may actually become the dominant contributors to the
overall radiated noise sensed on the ground as the large aircraft
approach airport runways at low altitudes with the engines throttled
back.

This purely aerodynamic nonpropulsive related noise source has
been recognized as a possible lower bound or "barrier' in preventing
the noise floor of future aircraft from being reduced. H. G. Morgan,
Division Chief of the NASA Langley Acoustics and Noise Reduction
Division has stated:

We have made enough progress in quieting jet engines

that we are nearing a point where the airflow over the

cairframe becomes what is actually heard on the ground.

« « . We cannot quiet engines more than another 5-8 dB

before we run into the new noise floor. [13]

Figure 1.1 illustrates that as engines for a given aircraft
size are becoming quieter, increasingly larger aircraft and cor-
respondingly larger planar surfaces areas are radiating ever increas-
ing amounts of aerodynamic noise.

As part of its Federal Aviation Regulations, in 1974 the Federal

Aviation Administration issued a noise standard for aircraft, FAR-36,
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Figure 1.1 Past and future trends showing (a) decreasing
engine noise for a given size aircraft due to
better technology and (b) increasing aerodynamic
noise due to increasing surface area
which states in part that it ". . . does not agree with those that

believe the use of specific noise abatement/flight procedures . . .
would, by itself, provide the necessary noise control and abatement"
[18]. 1t is the opinion of the FAA that noise control must be under-
taken at the source of the noise generationm.

This has led experimentalists to attempt verification of the
different facets of the proposed acoustic theories. Experimental
work had been accomplished by many parties including ‘Siddon [37],

Fink [21], Healy [26], Putnam et al. [34), Hahn [22], Yu and Tam [40],
and others (see Hardin's review paper [24]). The most prﬁmising
theory at present appears to be Howe's '"Unified Theory of Trailing

Edge Noise" [27] which is a variation of Lighthill's treatise on the
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subject in 1952 [30] with sweeping modifications to suit recent
findings and theories.

However, only lately has extensive experimental work of labora-
tory quality involving the latest signal processing techniques been
possible. These can be used to accurately confirm the legitimacy of
Howe's or other proposed theories. It is to this end that an experi-
mental study was initiated under Contract No. NSG 1377 for testing
to be performed at the quiet flow facility located at the NASA
Langley Acoustics and Noise Reduction Laberatory, Langley, Virginia.
It is the purpose of this thesis to discuss the preparations for and
initial findings of the first stage of testing, known as Series I
tests.

A NACA 0012 airfoil was used for the tests over which turbulent
boundary layers could independently develop on both surfaces,
Boundary layer characteristics and flow speeds were achieved which
approximated those actually encountered on the surface of full-size
aircraft wings. Thus, the primary differences between model and
actual wing are those of geometric scale, i.e., dimensions of chord
length and trailing-edge span.

The considerations that were involved in the design of a
miniature strain-gauge pressure transducer and associated electronic
amplifier circuitry are discussed. Several of the pressure transduc-
ers were tested and then mounted in the upper and lower surfaces of
the airfoil in the vicinity of the trailing edge. Signals from
these near-field transducers and other far-field microphones were

analyzed using digital signal processing techniques. The origins
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of the analysis functions are briefly discussed and some errors
encountered in their use are covered. Instrumentation of the overall
Series I experiment is described and the results and conclusions

stemming from the computer analysis are presented.
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2. TEST CONFIGURATION

2.1 Airfoil

In order to generate the turbulent boundary layer at a trailing
edge in a controlled manner, a symmetrical NACA 0012 airfoil was
employed. It was machined from solid aluminum stock as shown in
?igure 2.1, Dimensions are given in Figure 2.2 (a). Slots were
machined to allcw small strain gauge pressure transducers to be
mounted flush with the surface. The trailing edge as manufactured
had a bluntness of 0.10 inch with corners of 0.030 inch radius
(see Figure 2,2 (b)) which allowed some of the pressure transducers
to be mounted in very close proximity to the edge itself. (In later

tests, Series II, a sharp extension was added.)

2,2 Facility and Experiment Geometry

The test was conducted in the recently-modified open-jet quiet
flow anechoic test facility located at the NASA Langley Acoustics and
Noise Reduction Laboratory (ANRL). Figures 2.3 and 2.4 depict the
basic facility setup and define the coordinates used throughout this
thesis. Also the positions of the one-half inch Brilel and Kjaer
type 4133 condenser microphones are shown,

A rectangular nozzle with dimensions 1.0" W x 1.5' ﬁ was mounted
on the air supply opening and was capable of airflow velocities in
excess of 250 feet per second. Essentially laminar flow was achieved
at exit through the use of the nozzle profile and flow straightmers
and silencers located upstream in the air supply tunnel. The airfeil

was mounted in the potential core of the jet so that laminar flow was

R B e o [Ra—"
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Figure 2.1 Unmounted NACA 0012 airfoil with Kulite strain-gauge
pressure transducers installed
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Figure 2.2 Dimensions of the unmodifiied NACA 0012 airfoil (general

or basic configuration): (a) overall, showing boundary
layer trip at 15% chord, (b) detail of trailing edge

e T e
¢
Rt
.



et

[0

Figure 2.3 Overall view of the experimental setup and facility
as viewed from the control room deoor ("upper"
surface of the airfoil)
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Geometry of the mounted

airfoil, nozzle and sideplates with positions of Kulites and B&K type S
4133 microphones shown ’
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maintained in the freestream up to and beyond the trailing edge of

the airfoil.

2.3 Flow Conditious

Two-dimensional flow was maintained over the surface of the
airfoil by means of sideplates mounted on either side of the nozzle
opening. The sideplates had foam attached to the rear edges outside
of the main airflow to prevent detrimental edge~tone and diffraction
effects from occurring (Figure 2.5).

To obtain fully-developed turbulent boundary-layer flow within
such & short distance as the 24-inch chord length of the airfoil, a
boundary layer 'trip' was used. It consisted of a strip of coarse
grit 1,0 inches wide centered at 15 percent chord as measured from
the leading edge. Both upper and lower surfaces were provided with
such a trip to facilitate the growth of statistically equivalent but
separate turbulent boundary layers. The turbulent boundary layer
characteristics then closely represented the flow characteristics
over a full-scale wing.

The airfoil was tested at angles of attack equal to o = 00,

o’ and ilOo, but little dependence on o was detected so only

+5
a = 0° results are presented.

Freestream flow velocities ranged from 50 ft/sec to 250 ft/sec.
Most testing was done at a velocity of 225 ft/sec which is equivalent
to 900 rpm of the air supply fan. Most results in this thesis relate

to the preliminary study which was conducted using z flow veleocity of

225 ft/sec.

TTEW,
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Figure 2.5 Airfoil mounted at o = 0° angle of attack with
Kulites, sideplates, foam, nozzle opening and
boundary-layer trip visible
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Boundary layer and airflow conditions were established using

widely accepted standardized techniques,

Some data parameters per-

taining to the boundary layer conditions when the freestream flow

velocity was 225 ft/sec are listed in Table 2.1,

Table 2.1 Initial test boundary-layer characteristics

Parameter Value Description
v 225 ft/sec freestream velocity
v, 214 ft/sec velocity at edge of B.L.
UT 7.01 ft/sec friction velocity
$ 1.24 in. boundary layer thickness
8, 0.154 in. displacement thickness = &§/8
6 0.162 in. momentum thickness
Re 1.67 x 104 Reynolds # based on 6
R, 2.88 x 106 Reynolds # based on chord
v 1.56 x 10—4 ftzlsec kinematic viscosity
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3. PRESSURE TRANSDUCER DESIGN

To sense the pressure fluctuations occurring in the turbulent
boundary layer at the trailing edge of the airfoil, a very small
pressure transducer or microphone was designed and flush-mounted as
near the trailing edge as possible. The considerations that went

into the design, calibration and installation of this transducer

follow,

3.1 Design Considerations

Several competing phenomena mandated that the transducer dimen-
sions be carefully chosen to provide the best compromise design., Of
prime importance was that the transducer be small enough so that
several could be clustered side-by-side on the upper and lower
surfaces at the tr§iling edge. Kulite Semiconductor Products, Inc.,
of Ridgefield, New Jersey, was contacted due to their prior experience
in manufacturing miniature transducer for this purpose. Manufacturing
and physical limitations produced a transducer of overall outside
dimensions of 0.375" L x 0.125" W x 0.045" D. This permitted a
minimum center-to-center transducer diéphragm spacing of 0.125
inches (Figure 3.1).

It was desired that the flow of air over the airfoil surface be
disturbed as little as possible by the transducer so that only valid
boundary-~layer pressure~field data would be collected. Therefore,
the transducer design incorporated a pinhole opening in the upper
surface which led to an internal cavity. The bottom of the cavity was
formed by a diaphragm of semiconductor material on which a strain-

guage sensing element was etched.
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0.0135" dia. //Outline of internal cavity
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_____ =2 i
i 0.045"
T
Figure 3.1 Overall outside dimensions of the Kulite strain-gauge

pressure transducer

Figure 3.2 Kulite strain-gauge pressure transducer with temperature
compensation module visible
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It was predicted that increasing the diameter of the pinhole
opening would have as a result an increasingly pronounced effect on
the frequency spectrum of the naturally occurring turbulent flow at
the airfoil surface. This is because the hole diameter approaches
the order of dimension of the boundary layer thickness [10]. However,
decreasing the hole size lowers the natural frequency of the Helmholtz
resonator formed by the cavity and pinhole opening. Then the frequén-
cies thought to exist in the extent of the pressure-spectrum become
prone to resonant magnification within the transducer cavity, again

causing erroneous data readings.

3.2 Parameter Calculations

Using normalized wind tunnel wall-pressure spectrum data and
methods outlined by Bull and Thomas [10] the approximate upper bound
of frequencies that could be measured accurately was computed. They
conclude that measurements made with a pinhole microphone are prone

to error for frequencies such that:

- 5 0.01 (3.1)

T

where: v 1.56 10-4 ft2/sec, kinematic viscosity of air;

7.01 ft/sec, friction velocity;

(-
]

225 it/sec, freestream velocity;

o
|

€
I

2nf rad/sec, radian frequency.

The resulting value for f = 16.1 kHz.
Inspection of curves presented in reference [10] suggested that

for pinhole transducers, the term
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du
1 : 50 (3.2)

\Y

where d is the pinhole diameter. Substituting previous values for u_
and v yielded a diameter d = 0.0135 inches.

It was necessary to place the Helmholtz frequency well above the
highest frequency to be analyzed, i.e., well above 16 kHz. Thus,
accompanying phase and amplitude effects on the pressure spectrum were
kept to a minimum. Keeping in mind the dimensions of the basic
transducer model to be modified and the range of permissible pinhole
diameters, the remaining critical dimensions for a high Helmholtz
frequency were obtained., Repeated calculations with the following

equations were made in the selection process.

The basic Helmholtz resonant frequency equation employed [29] is

given as:
=S 8 %
£, = 27 [ (4+1.7a)V 1%, Hz (3.3)
where: ¢ = 13,500 in./sec, speed of sound;

2
S = 7a in.z, pinhole cross-sectional areaj;
a = radius of the pinhole, in.;
2 = length of the pinhole opening, in.;

2

V=arh in.3, cavity volume;

h = cavity height, in.;

H
]

cavity or diaphragm radius, in.

The '"sharpness' of the resonance or quality factor Q is given

by [29]:
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qQ = 2n[-$£tligil—yl . (3.4)
S
The upper and lower "half-power" or -3dB frequencies for the
resonant peak may be found by [7]:
£,=f (1 +-), Hz (3.5)
2 o 2Q7? ’ te
£ =f (1 _l) Hz (3.6)
1 o 2Q° ’
where: fl < fo < f2 ’ Hz.
By simple algebraic manipulation the -3dB bandwidth results:
fo
Af-3dB = f2 - f1 “q° Hz. (3.7)

The amplification and phase effect due to the resonance is found

using a transfer function quantity [9]:

2

H(f) = e T (3.8)

2 2 . o)
(£, - £ -3 [-7{'3

where g(f) is a complex function of frequency.

The finalized dimensions of the finished transducer, henceforth
referred to as a "Kulite,'" are given in Figures 3.1-3.3. The
accompanying manufacturer's specifications and computed values result-

ing from the above equations are given in Table 3.1.
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Semiconductor strain-
gauge bridge/diaphragm
62.5

13.5 dia.——-l

|
l Silicone rubber washer
[

I._

‘ EZ?.LL;/[\ /7//77//771'

\\\“ \ 5 Excitation

%
: // S ——————"1 and signal
45? ML = =] a0 sigma
/r//////7/////////////////ZH///////
Stainless steel ]
covering | 10
(Note: Dimensions are
in thousandths of an
inch)
Figure 3.3 Internal Kulite diménsions and construction details

Table 3.1 Specified and calculated Kulite performance parameters

Parameter Value Description
fo,d 100 diaphragm resonant frequency
25 mV/psi nominal sensitivity
15 vDC excitation voltage
Zo 750 electrical output impedance

combined nonlinearity & hystersis
in percent over the given pressure
range about ambient conditions

+1%/+2 psi

fo 63.2 kHz Helmholtz resonant frequency
Q 24.6 quality factor

Af—3dB 2.57 kHz -3dB bandwidth

f1 61.9 kHz lower -3dB frequency

f 64.5 kHz upper -3dB frequency
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' Various calculated values for resonant magnification factor and

phase are presented in Table 3.2 and plotted in Figure 3.4 as func-

| . tions of frequency.

4
1

Table 3.2 Absolute value and phase of the resonant magnification
factor for selected frequencies

) Frequency, kHz mee) | ¢(f), degrees
y 10.0 1.03 0.378
ii 16.0 1.07 0.630
. 61.9, (f,) 17.7 44.7
gaﬁ ) 63.2, (f) 24.6 90.0
B 64.5, (f,) 17.1 134.7
! 100.0 0.663 $77.6

Standing wave effects in a cavity of such small dimensions were

- 5

not considered to be at all significant.

3.3 Pressure Coupler Design and Use

g The Kulites were to be mounted symmetrically on the "upper" and
"lower" surfaces of the airfoil. To best match the phase, frequeney

response and sensitivity of symmetric Kulites to one another, an

acoustic calibration pressure coupler was employed kFigure 3.5).

E

It was constructed of steel and had cavity dimensions as shown in

B ’ Figure 3.6.

—y
e

The coiled tube connected to the coupler was provided to relieve

static pressure build-up as the microphones were inserted. It was cut

e e o
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Figure 3.4 Calculated (a) magnitude and (b) phase of the magnifi-
cation factor resulting from the Helmholtz resonance of
the Kulite pressure transducer cavity



Figure 3.5

(b)

Pressure coupler compGnents showing (a) driver, Kulite
and reference microphones with cavity visible, (b) unit
in operation
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Clamp to hold

Kulite with pinhole
and cavity

Clamp to hold
reference mic.

/ —

1/8" condenser mic. used ;go 4" condenser mic.

as the reference dia. used as the driver
> 92 _L

‘\\\\\

N

Coupler cavity

Static-pressure~

relief tube

(Note: Dimensions are
in thousandths of an
inch)

Figure 3.6 Arrangement of components and internal cavity dimensions
of the Kulite pressure coupler/calibrator
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long and had a small inner diameter to place any pipe resonances well

below the lowest measurement frequency.

The principle of operation for a pressure coupler/calibrator is
straightférward. A high quality microphone with known frequency and
phase response characteristics is used as a reference. It is inserted
into one side of the coupler until it reaches the internal cavity.
Another microphone which may be of lesser quality is used as a driver
to provide a noise source. It too is inserted into the coupler until
it reaches the cavity and is facing the reference microphone. The
pinhole opening of the Kulite is also provided access to the cavity.
Except for the static pressure relief tube, the cavity is now sealed.
The very close proximity of driver, reference and Kulite microphones
together with the small volume of the cavity insure that the acoustic
pressure is the same throughout when the driver emits a tone. Thus,
the dynamic pressure response of the Kulite may be accurately cali-
brated against that of the reference microphone.

The small dimensions involved prevented standing wave resonances
from becoming a problem in the frequency range of interest which was
< 100 kHz.

A Briiel and Kjaer type 4134 one-half inch condenser microphone
was used as the driver. It was connected to a high impedance 200 VDC
power supply to provide the polarization voltage neéessary'for opera-
tion as a transducer. A swept-sine signal generator provided the
source signal. A Briiel and Kjaer type 4138 one-eighth inch condenser
microphone was used as the reference. A Bruel and Kjaer type 2619

preamplifier and type 2607 measurement amplifier connected the
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reference microphone to a type 2971 phase meter. The output of the
phase meter was connected to an X-Y plotter. Synchronizing the X-Y
plotter to the signal gencrator allowed plots of phase to be obtained
from 1 kHz to about 30 kHz. Figure 3,7 shows the actual measured
values of the magnitude and phase lag of the Kulite pressure response
as functions of frequency.

The phase and magnitude of the frequeuncies near Helmholtz
resonance wefe checked utilizing the coupler, signal generator, micro-
phone amplifier and a Tektronix model 5103N oscilloscope. Only one
Kulite was measured in order to verify the accuracy of the predicted
resonance. The measured fo = 62 kHz was within *1 kHz of the pre-
dicted 63.2 kHz and the phase was within an acceptable margin
(¢ < 1.0° as observed using Lissajous figures.

It was found during calibrations that the strain-gauge sensing
element in the Kulites required a considerable warm-up period before
stable operation was achieved. This period was avoided during the
weeks of measurement by ieaving the strain-gauge excitation power

supply on at all times.

3.4 Kulite Mounting Positions

The Kulites were mounted flush to the surface with epoxy. The
wiring was routed through channels machined into the airfoil surface.
The geometric spacing of the Kulites was based on prior knowledge of
the approximate rate of falloff of the correlation of the pressure
field [22]. The possible failure of the transducers was also con-
sidered so some of the spacings between pinhole centers were repeated

(Figure 3.8). This redundancy also allowed a second measurement of a
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Figure 3.7
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Measured values of (a) magnitude and (b) phase lag of
the Kulite pressure response as functions of frequency




Figure 3.8 Detail of the upper airfoil surface and trailing
edge, showing mounted Kulites and epoxy-filled
grooves which accommndate wiring
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parameter to be made under similar dimensional conditions for

verification purposes, Figures 3.9 and 3.10 show the positions of

the Kulites as used in this initial study,

3.5 Kulite Amplifier Desipgn

A circuit was needed to amplify the double~ended electrical

signal originating at the corners of the semiconductor strain-gauge

bridge network. Desirable characteristics included:

1)
2)

3)

4)

5)

6)

Low electrical noise of operation at high gain factors.
High common mode rejection ratio (CMRR) > 100 dB to exclude
60 Hz hum and radio frequency noise pickup.

4 V/V to boost signals

Suitable gain on the order of 10
from a level of 25 pVrms to a voltage level compatible with
most analysis instrument inputs, about 0.5 Vrms.

Wide bandwidth capability to prevent amplitude or phase
distortions.

dec coupling at the input to allow the dc excited bridge to
operate properly.

ac coupling at the output to prevent small dc voltage
offsets due to the transducer from being amplified ten-
thousand fold and clipping or overloading the output

circuitry. These offsets may originate from barometric

and/or temperature shifts acting on the bridge.

These criteria were easily and economically met by using two

stages of amplification. Thus, the goals were accomplished:

1) The gain-bandwidth product for any one amplifier stage

being fixed, wide bandwidths for each stage ware achieved
by requiring only relatively low gains. This kept ampli-
tude and phase distortions to a minimum.

32
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K.5 on "lower" surface
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Figure 3.8 N
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Figure 3.9 Locations of Kulites defined (upper surface showm)

(Note: Dimensions are
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Epoxy-filled grooves

Figure 3.10 Cross-sectional detail of Kulites mounted at the trail-
ing edge
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2) The first stage was designed with a relatively low gain of
50 V/V (as compared with the overall gain of approximately
5000 V/V). This prevented small input dc offsets from
overloading the output. The balanced input of the first
stage operational amplifier used provided a minimum CMRR
of 110 dB.

3) The two-stage design allowed the ac coupling to be placed
between stages rather than at the output of the amplifier.
A rather small-valued capacitor provided the coupling to
the high but constant input impedance of the second stage.
The low frequency cutoff achieved was =z 100 Hz.

A prototype circuit of the above general description was built
at North Carolina State University using two operational amplifiers.
The circuitry as actually used at NASA was constructed by Wyle
Labs, Hampton, Virginia, and is shown schematically in Figure 3.11.
Neff model 122 amplifiers operating at unity gain were connected to
the outputs to provide line driving from the anechoic chamber area
where the Kulite amplifiers were situated to the control room where
all other amplifier circuitry was located.

Ithaco model 455 active filters operating at voltage gains of
25 to 45 dB and set for low frequency cutoffs of 100 Hz provided the
remaining voltage boost required by this design. Flat frequency and

linear phase response beyond the 100 kHz range of testing was

achieved with this configuration.
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Figure 3.11

Schematic of the power supply and one of eight
first-stage amplifiers for the Kulite pressure
transducers
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4. SIGNAL ANALYSIS FUNCTIONS

It is the purpose of this section to provide a brief review of
the mathematical development and usefulness of the functions used

for signal analysis in this study.

4.1 Auto-Correlation Function

Correlation as it applies to signal processing is generally under-
stood to be a means of providing an indication of the amount and
nature of the time dependency of one time signal x(t) on another y(t).

For‘the case where the two time signals are identical, the "auto-
correlation"” results. Its calculation provides an indication of the
influence of '"past" events on a chosen '"present” event time t as a
function of the time delay or lag ; betwé;n the two events. It is
defined in its infinite-limit continuous form as:

y H1/2
R (1) = limit Tf x(t) x(t+1)dt (4.1)
T » ~T/2
where T is the length in time over which the multiplication is carried
out. Because the signal is correlated with itself, the resulting
function is symmetric about t = G. The maximum value for the auto-
correlation will always occur at 1 = 0 which also corresponds to the
mean~-square value of the signal.

The auto-correlation is useful for characterizing a single
signal as to its periodic versus nonperiodic content, which includes
ecﬁoes, periodic pseudo-random noise, etc. [6, 35]. Examples of some

characteristic auto-correlation curves may be found in the literature

[2, 6, 19].
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Physical limitations of data storage space and computational time
prohibit infinitely long data collection; thus, finite time dependent
functions are employed to brovide approximate values in lieu of the
exact values provided by the infinite continuous functions.

The auto-correlation may be re-defined for continuous but finite

data record lengths as:

+T/2
/ x(t) x(t+1)de 4.2)
-T/2

»
%
3]s

where the """ indicates the result of many averages (Section 7.1).

If, however, the auto-correlation is to be computed on a digital
computer, the continuous time signal must be sampled and quantized
into discrete data points (see Section 6.1). Then the straightforward

computation involves the equation:

. 1 (N-n)
Rxx.n(nh) = e izl x(ih) x[(i+n)h] (4.3)
where: n=20,1, 2, ...,r .

N is the total number of data points in the sample record, nh is the
incremental time displacement, r = Tmax/h is the maximum lag number,
and h is the time interval between consecutive sample points.

In many instances information in the frequency domain is more
desirable for characterizing signals since amplitude and phase as
functions of frequency are obtained. These are not directly avail-

able when the same data are processed through a time function such as

correlation.
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4.2 Fourier Transform and Auto-Spectral Density Functions

The most common time3-to-frequcncy domain transform func-
tion used is the forward Fourier transform. In its infinite-limit
continuous form it is "double-sided" in frequency about f = 0:

o .
FT{x(0)} = X() = | x(r) e 32"EF g¢ (4.4)

-

where: - < f < dar

x(t) is some piecewise-smooth function of time and the "-" denotes
a complex quantity. At times, rather than presenting a complex
quantity in terms of a magnitude with phase (which is known as
"phasor" notation) the quantity is separated into its real and

imaginary components. The use of Euler's equation [39]:
e-j(z) = cos(z) - jsin(z) (4.5)

where z is a general variable yields the real and imaginary components

of the frequency spectrum when applied to Equation (4.4):
X(f) = |X(£)|lcos(2nft) - jsin(2nft)]
= [K(f)lcos(vat) - jlg(f)lsin(ant) . (4.6)

Fourier transformed functions are often called "spectral densi-
ties" because they show how the frequency spectra are amplitude

weighted,

The finite Fourier transform for obtaining the spectral density

function is defined as:
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a T -j2nft
X(f,T) = | x(t)ed” dt (4.7)
o
where x(t) is a continuous function of time but is integrated over the
finite period T. The resulting function is no longer a continuous
function of frequency as in Equation (4.4) but is instead represented

by discrete frequency bands of bandwidth:
BW = & Hz (4.8)
T ’

with an infinite number of bands in the positive and negative frequen-
cy axis yet symmetric about zero.

Since, as stated previously, only finite capabilities exist for
collecting and analyzing the data, the function x(t) must be repre-
sented by a finite time length sample record x(ih) (Section 6.1).

Thus, the period of integration T as used in Equation (4.7) is replaced
by the product Nh and the discrete finite Fourier transform is given
by:

(n~-1) =j2mni

%X (£,Nh) =h ] x(ih)e N (4.9)
~¥ N i=o

where: n=0,1, 2, ..., (N-1) ,

f = the incremental frequency, (4.10)

L
n Nh °’

x(ih) is the finite length time history of events comprised of N data

points h seconds apart, and N, h, and i are as previously defined.
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For actual direct computation of the spectral density on a

computer, Euler's relationship, Equation (4.5) may be used on (4.9)
to obtain [2, 6, 28, 32]:

o (V-1 ni

§n(fn,Nh) = h Z x(ih)cos[Zn(ﬁi)}

i=0
(N-1)

L) x(ih)sin[Zn(-r-g-“)] (4.11)
i=o

where the variables are as defined previously.

4.3 Fast Fourier Transform

A much faster method of computing the discrete finite Fourier
transform known as the fast Fourier transform, or FFT, was developed
by Cooley and Tukey in 1965 [12] and has since been refined by other
mathematicians. The FFT algo}ithm used during this study was devel-
oped by R. C. Singleton in 1969 [38] and has proven to be an accurate
and efficient FORTRAN version of the original Cooley-Tukey FFT
algorithm.

fn the computer implementation of the FFT, the input data are
assumed to be complex valued and hence formatted as two time series
arrays—--one the real part of the input data and the other the
imaginary. A single real-valued time series x(ih).could be inserted
into the real time series array while all points of the imaginary
timz series array are set to zero. A more efficient method suggested
by Singleton [38] is to insert odd-numbered data points of the real-
valued time series into the real array and even-numbered data points

into the imaginary array. Although a sorting algorithm must be used
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on the output of the FFT algorithm to yield interpretable results,
storage space is halved and the computation time considerably speeded

up.

4.4 Properties of Spectral Density Functions
Since spectral density functions are two-sided and symmetric
about f = 0, and because negative frequencies have no physical meaning
when analyzing real-life time events, the single-sided spectral density

function is defined as:
G(f) = 2 X(f), 0<f <+ , (4.12)

Due to the squared-quantity nature of correlation functiomns, the
Fourier transform of the auto-correlation is a "power-like" quantity.
Hence, it is termed the "auto-power spectral density' or auto-PSD

and is normally converted to single-sided form so that:
Gxx(f) =2 FT{RXX(1)} . (4.13)

Note that because the auto-correlation is a real and symmetric
function of time, the resulting auto-spectral density function is
real and symmetric [6, 45]. Thus, the associated auto-PSD is real as
indicated in Equation (4.13). This is a general result of the
integral of the sine function with infinite limits, Equations (4.4)
and,(A.S), being equal to zero when real and even functions are

transformed.

4.5 Computer Implementation of Signal Analysis Functions

This same result is obtained digitally on the computer by multi-

plying the complex FFT result with its complex conjugate as denoted
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by the *:

i

X v *
Gy (£ s ND) = 2 X (f , Nh) X ™ (f , Nh) (4.14)

XX

(A + 3B)(A - jB)

= A2 + B2, real ,

where A and B represent the respective real and imaginary frequency
components of the complex FFT result. This yields the requisite
power-like squared quantity that is obtained from the theoretical
discrete finite Fourier transform of the auﬁo-correlation.

Equation (4.13) indicates that the auto-correlation and the auto-
PSD constitute a Fourier transform pair. This is known as the
Weiner-Khintchine relationship [2, 32, 35] and implies that the
inverse Fourier transform of the auto-PSD yields the auto-

correlation:

1 ® j2nfT
== 1 :
R_ (1) e / 4G (f)e df (4.15)

or in discrete finite form [2, 6]:

) (N-n) jZ;ni
= —— 1
R, n(™) = 5% 1£1 4,y 1 (50 N)e (4.16)

where: n=20,1, 2, ..., (n-1)

and the other variables are as defined previously.
This is a very useful result as it allows the inverse FFT

computey algorithm to compute correlation function values from spectral
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density values. It is much quicker and more economical than the
straightforward point-by-point time domain computations. It also
allows theé correlation to be computed on data that have been
"filtered" into frequency bands of interest. This "filtering' may

be accomplished by editing the frequency spectrum of the data after
they have been forward transformed by the FFT. This roundabout
method of computing the correlation has been called 'circular correla-
tion" and is the method used to calculate the correlation values in

the program CIRCXCOR listed in Appendix 11.4 [2, 6, 32].

4.6 Cross-Correlation and Cross-Correlation Coefficient

*  The cross—correlation function is similar to the auto-correlation
function in that two time series are compared. The cross-correlation
18 more general in that the two time series are of different origin--
from two transducer locations, for instance. Thus, it is seen that
the auto-correlation is merely a special case of the cross-
correlation.

Some of the more common characteristic cross-correlation curves
are similar to the auto-correlation curves of references {2, 6, 19]
except that the axis of symmetry no longer lies at 1 = O but rather
at some other time delay. Nor is there necessarily an axis of
symmetry because real-~life phenomena and measurement systems may
contain extraneous noise in data channels, nonlinearities such as
dispersive media, etc.

The cross-correlation is useful for detecting the propagation

time delay between transducer locations, the existence of a signal
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(not necessarily periodic) that is buried in noise, and the determina-
tion of transmission paths [6, 35].
The cross-correlation of two continuous real signals, x(t) and
y(t), as a function of the arbitrary delay or lag time 7 is defined

as.:

. 4T/2
R_ (1) = limit = | x(t) y(t+1)de . (4.17)
xy T+ o -T/2

As for the case of the auto-correlation function, physical
limitations necessitate the use of finite time versions of (4.17).
Therefore, the cross—correlation function is re-defined for continuous
but finite data record lengths as:

+T/2

a 1
ny(r) =3 ',{_T/z x(ti) y(t+r)dt (4.18)

and in the discrete finite-time form as:

(N-n)

a 1
ny’n(nh) = o 121 x(ih)y[ (i+n)h] (4.19)
where: n=20,1, 2, ..., r

and the other variables are as defined previously.

A normalized version of the cross-correlation is often more
informative as to the "percent'" of correlation between two signals.
This is useful for comparing the results of one test with the
results of another without regard as to absolute reference values or

scaling of data. This normalized cross-correlation function is called
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the "correlation coefficient” pxy(1) and its value always will lie
between +1 and -1. Provided the two signals x(t) and y(t) have zero
mean, nxy(r) may be computed using the auto-correlation functions

with 1 = 0 [2, 6, 32]:

Py (D) = R (/IR _(OR (1%, =1cp <41 . (4.2

4.7 Cross-Spectral Density and Ordinary Coherence Functions
In the same vein as for the single-channel auto-PSD the two-
channel "cross-PSD" is obtained from the cross-correlation. But
because the cross-correlation is in general not an even function,

the cross-PSD is usually complex:
gxy(f) = 2 FT{ny(T)} . (4.21)

In a simplified likeness of Equation (4.14), the cross~PSD as

computed from the output of the FFT is given as:
- £y = 2R (EYFH .
Gy (E) = 2R(DT*(D) (4.22)

where the quantities are averaged for reasons given in Section 7.1,

A normalized version of the cross~PSD that is void of any phase
information is called the "ordinary coherence" or just "coherence."
Maintaining the notation simplification used above with the additional
stipulation that all following spectral quantities ;re assumed to be
averaged and real or complex as necessary, the coherence is defined as
a real number between O and 1:

Iny(f)lz 2

2 ——
ny(f) = Gxx(f) ny(f) s 0 _i ny < +1 . (16.23)
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Whereas the cross-correlation coefficient indicates the degree
of wide-banded dependency of one signal on another for a given time
lag, the coherence indicates the degree of narrow-ﬁanded frequency
dependency of the two signals on one another. It is analogous to
computing the cross-correlation in narrowly filtered frequency bands.
Note that the theoretical coherence is npnzero only if there is some
degree of fixed phase information between x(t) and y(t). Therefore,
:here would be no coherence (Yiy”= b) between two signals, whether
random or periodic, if they were totally uncorrelated over a long

period of time,

4.8 Partial Coherence Function

In some instances a system may exist which has multiple input
signals that combine to yield a single output signal. If these inputs
are partially dependent on oﬁe another, then the ordinary coherence
function cannot correctly yield the amount of relationship between
any one single input and the output.

Consider the hypothetical acoustic system of Figure 4.1. The
two independent source mechanisms sl(t) and sz(t) partially combine
with one another to yield emission signals x(t) and y(t). These
emissions come from two separate locations and are sensed simultane-
ously by the far-field microphone as z(t). It is desired to have
knowledge of the amount of contribution each of the input noise
source mechanisms sl(t) and sz(t) make to the output signal z(t).
Such knowledge is useful for locating the root cause of a particularly

offensive sound from a machine or for determining the nature and
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extent of a subtle noise souvce mechanism such as exists with the
TE noise phenomena.

Suppose the ordinary coherence Yiy is taken between x(t) and
z(t). An appreciable amount of coherence would be indicated whether
source mechanism sl(t) were responsible or not. This is due to the
partial dependence of x(t) on input mechanism sz(t)ﬂ

The "partial coherence'" is a more advanced type of coherence
function that can overcome this problem in the following manner:

If the phase coherent effects of y(t) were removed from both x(t)
and z(t), the correct relationship between sl(t) and z(t) could be
established (Figure 4.2),

Thus, if all sound emission inputs of a system could be taken
into account, then the actual degree of coherence between an acoustic
source mechanism and the output sound at the far-field observer's
microphone can be computed. Often, however, the capability exists
for analyzing only a limited number of channels. In that case the
partial coherence will yield a result that, although a better estimate
than the ordinary coherence, is still not the true value of the
degree of fixed-phase relationship between a noise source mechanism
and the received noise output.

For a three-input/single-output system, the equations for
computing the partial coherence from cross-spectrai and auto-spectral
values are given [3, 5, 19, 52]. They are so written as to yield the
partial coherence between the input 1 and the output 4 with the phase-

coherent effects of inputs 2 and 3 removed:
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. 5. DATA COLLECTION

5.1 Recording at NASA

N Test run data were collected at the NASA facility using the
system shown in Figure 5.1, All data were recorded on the Honeywell
model 96 l4-track wideband FM tape recorder. It conformed to IRIG
Group I specifications and featured flat response to 40 kHz when

- operated at the 60 inch-per-second speed used during the tests.

- A Lockheed model 417D FM tape recorder was used to bring data
back to the North Carolina State University computing facility for
analysis. Selected transducer combinations were dubbed from the 14
tracks available on the NASA Honeywell machine onto the 4 tracks of
- the North Carolina State University Lockheed machine. The Lockheed
machine had been modified to give flat record/playback response from
dc - 10 kHz within *0.5 dB with some sacrifice of signal-to-noise
ratio when operated at 15 inches per second. Playback response of
the Honeywell machine was also dc - 10 kHz at 15 inches per second.
~ Dﬁbbing speed for both machines was 15 iaches per second, thus dc - 40
; kHz test run data response was possible after a simple 4:1 scale-up

of frequency on computer analysis outputs.

- 5.2 Data Collection and Analysis Facility

To collect the data for digital analysis, it was necessary to:

1) Filter the played-back data in a manner compatible with
FFT and digital analysis requirements.

? 2) Digitally sample the data at a rate compatible with FFT
4 and digital analysis requirements.

R 3) Qualify the data as suitable for subsequent analysis.




A - U e e T
Ithaco 455 active
B & K&4133 ) high-pass filters; Neff 122 amplifiers;
condenser mics. * B & K 2607 measuring 7 0-30 dB gain 0 d8 gain; used to
amplifiers; 0-40 dB gain - buffer recorder inputs
B & K 2619 8
preamplifiers o o) i IO' Honeywell Model 96
O - 14-track recorder
O o O 100 Wz f l._.lo
[[:::;:I>_......._......___._._........._...................__._._.._._...__.........__......._.._........_._.4.
. O
i
f .
1
i 1
i
i m___ —— B —ma ——— — ——— - — 60 inch/sec
b tecording
Neff 122 amplifiers; 25-45 4B gain
0 dB gain; used as N
1ire drivers dB

Kulite pressure
transducers. .

O

15 inch/sec
dubbing

)
?3;

[~]

o)
</

Lockheed Model 417D
&4-track recorder

£S

Figure 5.1 Diata collection chain of equipment used at the NASA Langley ANRL facility
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4) Store the data in a mass storage/retrieval system for
cenvefiient use at a later date.

The equipmet.. used at the North Carolina State University
facility for data collection and analysis is listed below:
1) Lockheed FM Tape Recorder, Model 417D, Serial No. 800.

2) Rockland Dual Hi/Lo Filter (two sets), Model 1042 F-03,
Serial Nos. 1147709 and i147710.

3) Biomotion Waveform Recorder, Model 1015, Serial No. 3139.

4) Digital Equipment Corporation PDP 11/40 Minicomputer,
Serial No. WM 0106412,

5) International Business Machines System /7 and System /370
computer systems.

Figure 5.2 illustrates the system configuration of the North

Carolina State University data analysis facility described below.

5.3 Digital Data Collection Procedures

Various combinations of the four available data channels were
chosen to be analyzed from the dubbed Lockheed recorder data. The
selected data were then played back at the North Carolina State Univer-
sity computing facility through the Rockland filters which were used
primarily to prevent anti-aliasing when sampling (Section 6.1). A
secondary function of the filters was to reject undesirable low
frequency components up to 100 Hz (400 Hz in "NASA test-run tiﬁe"
due to the 4:1 recording speed change). The filters were also used
on occasion to band~pass filter the data to verify the performance
of the digital filter incorporated into the program CIRCXCOR (Appendix
11.4).

The data were then sampled by the Bicmation analog-to-digital

converter (ADC) which contained a 4096, 10-bit word buffer memory.
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The waveform recorder could be set to collect one, two, or four

E

channels of data with corresponding memory allocations of 4096,

2048, or 1024 data points (words) per channel. Individual adjustment

for zero offset and input voltage scaling for each channe! was avail-

able so that the maximum use of the 1024 (210) level dynamic range

of the ADC in each channel could be achieved. The sampling rate

was also set on the Biomation.

| y A command from the PDP 11/40 minicomputer operator's console
initialized the sampling procedure. Then the Biomation would sample
data from its selected inputs until the 4096 word buffer memory would

\f fill. Tbie memory contents were then transferred to a disk memory

connected to the PDP 11/40. The Biomation could then fill its memory

again. This process was repeated until a specified number of Bioma-

tion "dumps" were collected in the disk memory.

The data could be recalled and plotted on a video graphics display

-
Aot inid

screen. This was typically employed to insure that the data were of

sufficient amplitude to yield good dynamic range results when later
used with the signal analysis software. It was also used to detect
gross collection errors such as signal drop-outs between recorded
data runs, evidence of pad electrical connections, filter settings,
overloads, etc.

Additional operator console commands edited the Job Control
Language (JCL) information which was then joined with the stored data
dumps. The final command to the minicomputer sent out the JCL followed

by the data as one large file to the IBM System/7 computer, The

System/7 was used as a time-sharing data link between many on-campus

5
L i?

i
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facilities at North Carolina State University and the Triangle
Universities Computation Center, or "TUCC." TUCC is a large computing
facility jointly operated by the three large universities in the
region: North Carolina State University, Duke University, and the
University of North Carolina.

When the proper conditions permitted, the System/7 computer
transmitted the JCL and data to TUCC. The JCL accompanying the data
then directed the IBM System/370 computer at TUCC to identify and
store the data for later use.

Punched card versions of the computer programs listed in
Appendices 11-2 - 11.4 were submitted to TUCC from on-campus computer
terminals. These programs included the JCL which identified the
proper data to be analyzed. The results of the computations were

then returned on paper printouts and in plotted form.
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6. DIGITAL ANALYSIS PARAMETERS

6.1 Sampling and Frequency Parameters

Analysis of data by digital means using the discrete finite
forms of the functions outlined in Section 4 required sampling and
conversion of the signals from analog to digital form. After storage,
computer versions of the functions (Appendices 11.2 - 11.4) were
utilized. The qualification of the data and the sampling requirements
prior to analysis are herein discussed.

Representative segments of a signal are used for data analysis
due to time and storage space restrictions. These segments are known
as time histories or "sample records." The sampling of the data at
time intervals "h'" for a total number of sample points "N" results in
a sample record period of T = Nh seconds. It is this perior which is
used by the discrete finite functions of Section 4.

The resolution of the frequency bands which result from using the

discrete finite Fourier transform (Equation 4.9) is then given by:

=—, Hz . (6.1)

The Shannon Sampling Theorem [32, 35] states that at least two
samples are required per period of the highest frequency of interest
"fN" contained in an analog signal if the signal is.to be adequately
represented by the sample record. Thus, all frequencies or Fourier
harmonic components in a signal up to fN are satisfactorily described
by the samples, but those greater than fN are not. Instead frequen-
cies greater than fN are mistaken for frequencies lower than fN and

are the basis for calling f, the "Nyquist folding frequency."
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" any frequency components in the

To prevent this "aliasing,
analog data are filtered out before sampling takes place. The low-
pass filter must therefore have a very sharp folloff above fN and must
minimize any alterations of the signal below fN’ thus imposing strict
performance requirements. The Butterworth-type filter set used ia
this study had a rolloff of 48 dB/octave.

It follows from Shannon's Sampling Theorem that the sampling rate

"fs" must be at least twice that of the cutoff frequency fN, or:

h = sec/sample. (6.2)

T
s N
Thus, for the O - 10 kHz analysis range which was most commonly
used for this study the low-pass anti-aliasing filters were set for
10 kHz and the sampling rate fs = 20 kHz (or h = 0.05 msec). A
higher sampling rate would have resulted in less chance for aliasing
errors but the resulting loss of resolution would have increased any
bias errors in the spectral density functions (Section 7.2). Also it
was learned before any analysies took place at North Carolina State
University that all discernible trailing-edge noise activity occurred

below 6 kHz,.

6.2 Dynamic Range

The data was digitized with a 10-bit binary analog-to-digital
converter (ADC). This gave a dynamic range of *512 levels or 1 part
in 1024. Expressed in decibels the maximum signal-to-noise ratio or

"S/N'" possible if the total dynamic range were used is approximately

[8]:
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S/N 3 20 log [2(2’0 - 1]

66 dB . (6.3)

12

The fast Fourier transform subroutine used in this study (Sec-
tions 4.3 and 11.5) had a dynamic range in excess of 100 dB [17}. The
anti-aliasing filters used specified a S/N of at least 85 dB. The
modified FM tape recorder employed had at best about a 45 dB S/N and

was thus the limiting link in the entire data analysis chain.

6.3 Data Qualification

"Stationarity"” of the data had to be justified before any finite
Fourier transform functions could be computed; otherwise, results
would have been in serious error [6, 11, 17]. To be classified as
"weakly' stationary, the mean value or "first moment'" and the auto-
correlation or "joint moment" of the data (Section 4.1) should be
time invariant. That is to say the data points from any given sample
record should produce similar values for the auto-correlation function
and overall mean as the data contained in another sample record of .
the same signal. If there are trends present in the mean and anto-
correlation, the data is "nonstationary."

"Strongly' stationary data are such that all possible moments and
joint moments are time invariant. Since it is impossible to check all
moments for trends, the establishment of weak stati;narity usually
justifies the assumption of strong stationarity.

The data used in this study was assumed to be stationary based on
knowledge of the wide-band random nature of the phenomena. Also,

repeated visual checks for trends in the digital sample records were
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made throughout the data collecting process using a videl graphics
terminal. Figures 6.1 - 6.4 illustrate respective time and spectrum
plots for representative near-field and far-field dynamic pressure

signals.

6.4 Weighting Function

Because the data involved were steady-state random noise, there
was an abrupt truncation of values at the beginning and end of the
time series sample records. These instantaneous changes of value from
zero to nonzero are viewed as dirac delta functions by the finite
Fourier transform. The resulting wide-band spectra associated with
dirac delta functions (sometimes called "spike spectra') add to the
valid data spectra, causing errors in both spectra amplitude and
shape.

To reduce these errors, a time-series weighting function was
gmployed. Typically this weighting function has a smooth shape with
tapering endpoints which are made to coincide with the endpoints
of the time series. The effect of multiplying the weighting function
and time series is to gradually reduce the data values to zero as the
éndpoints are approached. Figure 6.5 shows the use of the Hanning
(sinz) function which was employed for the computer programs used in
this study. More detailed information on this and other weighting

functions may be found in the literature [2, 6, 11, 17, 28, 32].
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7. ERROR ANALYSIS

Statistical errors due to the use of discrete finite Pourier
transform methods in signal analysis have been thoroughly reviewed and
are well documented in the literature [2, 6, 28, 32]. Such errors
result from the inability of a finite length time history of an
event to exactly represent the statistical behavior of the event for

all time. Thus, some knowledge of the extent of the error is neces-

sary.

7.1 Random Errors in Spectral Density Functions

Spectrum ensemble averaging was used in this study to reduce the
majority of statistical errors. The normalized standard (random)

error as defined for the PSD functions is given in reference [6] as:

_1,5 .
er = (Be Tt) (7.1)
where: B, = W/T, effective line BW, (7.2)
'1‘t = T x m, total time period, (7.3)

m is the number of spectral ensemble averages, T is the time period
of one sample record, and W is the factor relating the bandwidth of
the time window weighting function employed to the bandwidth of a
rectangular window. The use of the window weighting function is

described in Section 6.4.

Substituting relationships (7.2) and (7.3) into Equation (7.1)

yields:

er = (W x m)'-l/2 . (7.4)
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The error in percent is stated as 100(er). The error in dB is

given by:

er = 10 log10 (1 + er) . (7.5)

dB

For this study Hanning weighting was employed (W = 1.5). The
number of averages taken was either m = 32 or m = 64. Substituting
W= 1.5 and m = 32 into the above equations yields a worst case error

of 14.4 percent or +0.59, - 0.68 dB which was marginally acceptable

for the purposes of this study.

7.2 Bias Errors in Spectral Density Functions

“~

Whereas the normalized standard error discussed above depends
solely upon data acquisition and analysis parameters, the amount of
"bias" error depends partially upon the nature of the data itself.
Thus, it cannot be predicted before analysis.

The nature of the bias error in the PSD estimates is such that
the "peakedness" of the function is reduced. Thus, sharp "peaks" in
the true spectra are underestimated or reduced, and narrow "valleys"
are overestimated or increased when the PSD estimate is made [6].

The broadbanded character of the trailing-edge noise phenomena
reduced the bias errors to a minimum. Because the standard and bias
errors are most severe for the PSD estimates on which no correct;ons
were made [6], no attempts were made at correcting the errors in the

transfer function phase as computed by the program COHERENC (Appendix

11.2).
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7.3 Bias Errors in Coherence Functions

The coherence function contains another type of bias for which
corrections were made. By the nature of its definition the coherence
function (Equation 4.22) always has a value of unity when only one
spectrum ensemble average is taken. Increasing the number of averages
reduces this positive bias and yields a better estimate. The bias

corrected coherence is computed from [32]:

2
22 02 fj.:;;ﬁli (7.6)
Y Yo 2Wm :

where ?3 is the averaged uncorrected estimate for the coherence and W
and m are as defined previously.

The degree to which the corrected value of coherence at any one
frequency can be relied upon may be stated in terms of a confidence
interval. For a chosen percentage of reliability this interval indi-

cates the upper and lower limits within which the coherence must fall.

7.4 Confidence Interval for Coherence Functions

The 95 percent confidence interval for the bias-corrected coher-
ence estimate is computed by using a method developed by Benignus as

outlined in reference [32]:

~2 '

Yupper < tanh [z - b + s (za)] (7.7)

~2

Yower = tanh [z-1b~-5s (za)] (7.8)
wvhere: z =05 (143 /A=D1,

1 2
_ bﬂ[l _ 0.004(1.67 + 0.22)] ,

1
1
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b

P/[ZWT"‘3P+1]-

za 1.96,

p is the number of coherence function inputs, za is the one-sided
100 a percentage point of the normal distribution of the data and W
and m are as defined previously. For 100 « = (100 - 95) = 5 percent,
a/2 = 0,025 and thus za = 1.96 (as found in statistics tables).

A plot of the 95 percent confidence limits as a function of the
number of spectral averages and the original coherence estimate with

W = 1.0 is given in Figure 7.1 [17].

7.5 Errors Due to Time Delay in Spectral Quantities

“ An additional error that affects all spectral quantities is the
negative bias caused by signal path time delays. These delays which
occur, for example, between separated transducers are best compensated
for by time alignment of the data sample records prior to processing.

Where time aligﬁment is not possibl%, references [4, 23, 36] give
detailed information on determining the\émount of the error. Basic-'

ally, the PSD and coherence functions are in error by an amount:

~2
&(f) N 'ny(f) T 2
2 = (1 =-3) (7.9)
G(f) 2 T
ny(f)

where G(f) and ;iy are the computed averaged estimators with no time-
delay compensation, G(f) and Yiy are the "true" values, T is the

time length of one sample record, and tv is the time delay. Although
these simple equations are useful for obtaining approximate amplitude

corrected values of G(f) and ?iv, they cannot compensate for the
4
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increase in bias and standard (random) errors discussed previously.
For determining the total extent of these errors, the reader should
consult the above-mentioned literature [4, 23, 36].

Another source of time-delay error arose from the refraction of
the acoustic wave as it traveled through the shear layer of the open
jet wind tunnel to the far~field microphone. Cross-correlation and
cross—spectral measurements between a transducer at the trailing edge
of the airfoil and the far-field microphone were thus potentially
subject to this additional time delay (Figure 7.2, path A).

A study of this effect and the derivation of equations for
obtaining correction factors has been performed by Amiet [1]. The
freestream Mach number of the flow in this study did not exceed 0.20
(225 ft/sec), and the far-field measurement microphones were on a line
perpendicular with the trailing edge and the air flow. Based on
conclusions reached in Amiet's paper, it was determined that the
acoustic pressure amplitude and phase corrections were not warranted.
The amplitude corrections were less than 0.5 dB which is less than
the normalized standard error.

As an example, the worst case time delay error (not including
refraction effects) is computed for 12-foot distant microphone M.3

(Figure 7.2, path B).

-4 _12.0 _ ‘

T =< ~ 1125 10.7 msec, (7.10)
=N _ 1024

T = fs = 20,000 = 51.2 msec, (7.11)

(1 - 7})2 = (1 - 10.7/51.2)% = 0.628 (7.12)
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or expressed in decibel form:
10 log10 (0.628) = -2.03 dB , (7.13)

rshere d is the spacing, c¢ the speed of sound, fs the sampling
frequency, N the number of sample points per time record, and T and 1
are as defined previously. The quotient 1/T indicates that the two
sample records are effectively offset in time by 20.8 percent.

Time alignment by data poin; shifting was not employed because
of the limited capabilities of the North Carolina State University
analysis facility. 1In order to maintain the maximum frequency resolu-
tion possible out of the available fixed sample record length of 1024
points per channel, no points could be sacrificed. Shifting the data
would negate the negative bias errors due to time delay, but at the
expense of an accompanying increase of standard (random) errors due
to the lesser number of data ﬁoints to be Fourier transformed. Also,
comparisons between spectral density curves would become difficult

if the frequency resolution were different among curves.
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8. EXPERIMENTAL RESULTS

Series I data brought back from the NASA test facility for
analysis at North Carolina State University was only sufficient for
a preliminary evaluation of the trailing edge noise phenomena.
Subsequent analysis of data from Series II tests should yield substan-
tially more detailed analysis results. Thue, the information present-
ed herein primarily represents the methodology developed and the

characteristics of the TE noise phenomena which were observed,

8.1 Microphone Calibration

Calibrations for the one-half inch microphones were performed
using a Briiel and Kjaer type 4220 Pistonphone producing 124.0 * 0.2
dB SPL.

Calibrations for the Kulites were performed after they were
flush-mounted in the airfoil. A General Radio model 1562-A Sound
Level Calibrator equipped with a seal was verified as producing 112,9
dB SPL when pressed against a flat surface. It was then pressed
over each Kulite in turn to yield an in-place "flush'" calibration.

All results in this thesis, however, are presented in '"relative
dB'" meaning that the dB scale for each plot is not calibrated against
any reference standard. Thus, pressure levels between plots may not
be compared, but pressure level comparisons on any Ane spectrum plot

are permissible.

8.2 Validity of Far-Field Microphone Measurements

Before analysis took place, a «iack was made to insure that the

closest "far-field" microphones were indeed in the acoustic far-field
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of the radiated TE noise. An assumption was made (which was later
juétified) that a line source of independent dipoles radiating wide-
banded noise would have a SPL falloff with distance similar to that
for a spherical wave sourée. Therefore a check could be made to see
if Ka >>1, say 10 as a lower limit, TFor the 4-foot distant micro-

phones, then a = 4 and:

Ka >> 1, = 10 say, ‘ (8.1)
K = 1o 10 = 2.5 ft-l, the wavelength constant,
a 4

¢ - Ko _ 2.5(1125)

) o = SZ g 1 450 Hz. (8.2)

Thus, due to the high-pass filtering at 400 Hz as set on the anti-
aliasing filters, all observed spectral phenomena were assumed to be
valid far-field measurements.

The nearness of the 4-foot microphones to the jet did not appear
to produce auto~spectra that were significantly different from those
of the 12-foot distant microphone M.3. However, the noise floor of
the FM tape recorder was reached in some instances, and so deviations
between plots of 3-4 dB in frequencies above about 5 kHz were occasion-

ally noticed in some autc-spectra.

8.3 Initial Checks Using a Cylindrical Rod

As an initial check on the test setup, the airfoil was removed
and an 18-inch long steel vrod of 0.375-inch diameter mounted in its
piace at the trailing edge position (Figure 8.1). The rod provided a
dipole line source whose known radiation characteristics couid be used

to verify correct operation of the analysis system.
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! For a flow rate of 125 feet per second (500 rpm), the peak

frequency of the alternate vortex shedding for the rod was calculated

J using [25]:
) L? Su_
£ = = (8.3)
’ o where S is the subsonic Strouhal number for a cylinder, u_ is the

“’ freestream velocity, and d is the rod diameter. Using the above
values and a Strouhal number of 0.2, the peak frequency was calculated
to be 800 Hz.

Using the two 4~foot distant microphones, M.2 and M.5, the actual
- auto-spectra, cross—spectrum, phase and coherence were computed by the
o : program COHERENC (Appendix 11.2) (Figures 8.2 - 8.6). The actual peak
of 780 Hz was in good agreement with the above predicted 800 Hz. The
180° dipole nature of the alternate vortex shedding is evident in the
phase plot. The cross-spectrum and coherence also give evidence of the
high ratio of fixed~phase common signal to uncorrelated signal present

T in such a phenomena.

8.4 Test Conditions

A generalized airfoil test configuration was used during the
b initial phases of analysis. No modifications such as the trailing
edge extensions used in Series II tests were made éo the basic airfoil
as shown in Figure 2.2.
The airfoil was tested at angles of attack a« = Oo, +59, +10°;

but for any given airflew velocity no differences could be detected in

5
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the observable phenomena. Thus, all results reported in this section
dea) with the airfoil mounted at a = 0°,

Data were recorded for freestream velocities ranging from 52 to
225 feet ﬁer second. However, a single data run, Run 307, was the
single most widely analyzed collection of data. It consisted of
recordings of the phenomena at the highest flow rate available (225
feet per second, ‘or 900 rpm) with the airfoil in the general test
configuration. It was thought that at this freestream velocity the
noise phenomena, if it existed, would be most strongly excited and
therefore easily analyzed. It was assumed that the blunt leading

edge radiated mno noise.

8.5 Auto-Power Spectral Density Measuremernts

Figure 8.7 depicts the auto-spectrum of far-field microphone M.3.
Immediately noticeable is the 4~5 dB hump in the 2.0 - 4.0 kHz band of
frequencies. This auto-spectrum is characteristic of all far-field
microphone positions for the airfoil general configuration.

The wide-banded background noise floor or BNF (the downward
sloping curve without the inclusion of the hump) is due to the aero-
d&namic noise of the open jet and not the anechoic facility itself.
Up to a frequency of about 5.0 - 6.0 kHz, the pressure level of the

BNF can be predicted for the 225 foot-per-second freestream velocity
by:

p(f) = k(f)~ 112 (8.4)

where k is a constant particular to each plot. Good agreement was

found among the auto-spectra of all three far-field microphones (M.2,



v i

| Sealegbuit}

Emm sy

f:somis oranes |

}: s m——

=

80

500 RPM, RUN 214, AOA=0, ROD AT T.E.:; X=MIC.2, Y=MIC.5; 64 AVGS.

\

Vol

|

1.
0.8
w
Q 0.5
w
a
(V9]
X
5]
1)
-~ 0.4
o
<
=
o
&
© 0.2
0
Figure 8.
60.0
o
a
W 50.0
(o)
[
a
-t
[rv}
e §0.0
o
g
w
- 30.0
r
S
=
T
W 20.0
(2]
>
>
o
10.0
0

Figure 8.7 Auto-PSD of far-field dynamic pressure signal from
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M.3, M.5). The flattening out of the auto~spectral curves above
5.0 - 6.0 kHz is possibly due to the TE phenomena, the noise floor
of the FM recorder, or both.

The auto-spectra of the TE Kulites (K.l, K.2, K.5) also display
the characteristic "hump" in the 2,0 - 4.0 kHz band of frequencies
(Figure 8.8).

The auto-spectrum of the upstream Kulite (K.3) has the same flat
BNF as the TE Kulites but without the hump (Figure 8;9).

A check run was made to insure that the charvacteristic hump
observed in all far-field and TE transducer positions was due solely
because of the airfoil and not bacause of the sideplates or nozzle.
The nozzle and sideplate assembly without airfoil were tested at the
same freestream velocity of 225 feet per second as the standard
configuration. The far-field auto-spectra appear the same as Figure
8.7 with the same level of BNF except for the lack of a hump.

Another check was made with the airfoil held in place over the
nozzle but without the sideplates. The far-field auto-PSD is virtual-
ly unchanged from the standard configuration, whereas the near-field
auto-PSD of the TE Kulite shows a slightly more pronounced hump

{Figures 8,10 and 8.11).

8.6 Cross-Spectral Function Measurements

To clarify the nature of the hump the coherence, cross-PSD, and
averaged phase were computed for the symmetrically opposing equi-
distant far-field microphones M.2 and M.5. The coherence indicates
a strong relationship between the pressure fields which existed at

the microphones in the range of hump frequencies (Figure 8.12). When
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coupled with the knowledge that there is no visible hump in the
far-field auto-PSD specira when the airfoil was not present nor in
the upstream Kulite K.5 signal when the airfoil was present, this
leads to the conclusion that the phenomena responsible must be at or
near the TE.

The coherence also indicates a smaller secondary emission which
extends from about 0.8 to 2.2 kHz. Both emissions average 180 degrees
out-of -phase which indicates that the TE noise phenomena is ''dipole-
like" \(Figure 8.13).

The two humps are clearly visible in the cross~PSD plot of Figure
8.14. Interesting to note are the values of the slopes on the upper
frequency side of each hump. These slopes are frequency related to
the pressure as was the far-field BNF and may be found by generalizing

Equation (6.4):
p(f) = k(D)P (8.5)

where k is a constant particular to each test-run plot and B is the
power constant or slope of the 20 log (p) curve. Values of -1.5 for
the lower hump and -3.0 for the upper hump were obtained. This results
in a 2:1 slope ratio for the respective upper and lower humps.

The coherence and cross-PSD curves for symmetrically opposing TE
Kulites K.l and K.5 also show sig:s of a double—huméed phenomena
(Figures 8.15 ﬁnd 8.16). However, the frequency range of the lower
hump has shifted downward and the phase plot, Figure 8.17, shows that
the lower hump is, on the average, comprised of in-phase components,

contrary to the far-field results., These may indicate a totally

- A S g,
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different type of mechanism although the fairly low coherence reveals
that even in the near-field close to the TE, the lower hump mechanism
on the upper surface is not very strongly related to any that may
exist on the iower surfacé.

Again using Equation (6.5) to find the slopes £ of the upper and
lower frequency humps, it is learned that there is a 2:1 slope ratio
for the respective upper and lower humps (Figure 8.16),

In both cases of symmetric transducer pairs, tﬂe averaged phase
of the pressure-field components is random in frequencies above the
characteristic primary (upper frequency) hump.

A 2.0 - 4,0 kHz cross—-correlogram of the opposing TE Kulites K.l
and K.5 as computed by the program CIRCXCOR (Appendix 11.4) also ex-
hibits the out-of-phase structuv: of the pressure field at the TE
(Figure 8.18).

Indications of a strong relationship between the pressure fluc-
tuations near the TE (K.l1) and at a position 0.275 inches upstream
(K.3) are given by the coherence in Figure 8.19. The averaged phase,
Figure 8.20, exhibits the characteristics of a pure time delay. This
distance-time information was used to obtain the mean convection
velocity u, of the turbulent BL air flow by employing the equation:

_ 360d ‘ .
u =g (8.6)

where d is the transducer separation distance in feet and B is the
slope of the phase in degrees/Hz. Taking B = 0.6678°/Hz and d =
(0.275/12) feet yielded a convection speed of 122 feet per second for

u_ = 225 feet per second.
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The amount of time T necessary for a nonacoustic disturbance to

propagate from K.3 downstream to K.l is found using:

(8.7)

py
|
clo.

where u is some mean airflow velocity and d is as defined previously.
Using d = (0.275/12) feet and u, = 122 feet per second, a value of
v = 0.188 milliseconds is obtained for the propagation time.

The 2.0 - 4.0 kHz hump filtered cross-—correlation coefficient
plot for K.l and K.3 is shown in Figure 8.21. The timing of the
first large positive peak at -0.150 milliseconds agrees well with
T = 0.188 milliseconds computed above. It is likely that if finer
resolution of the time delay axis were obtained (i.e., a faster
sampling rate), a more accurate value approximately equal to 0,180
milliseconds could be attaineé, as indicated by the dashed line.

The coherence (Figure 8.19) and to a much lesser degree the
cross-PSD (Figure 8.22) exhibit two strong humps in the 0.5 - 3.0
and 3.0 - 6.0 kHz bands. This contrasts with the 2.0 - 4.0 kHz auto-
PSD hump seen in both near- and far-field pressure spectra (not in-
cluding K.3 which exhibits no hump at all).

An intefesting point to note at this time is how the center
frequency of the characteristic 2-4 kHz hump mentioned above may be
approximated by the use of the Strouhal relationship between the
convection velocity u, and the characteristic blunt TE dimension of
0.10 inches (see Figure 2.2) [37]. Substituting u_ = 122 feet per
second, d = (0.10/12) feet and S = 0.2 into Equation (8.3) results in

a frequency of 2928 Hz. No justification is given for using 0.2 as

Ak,



900 RPM, RUN 307, ROA=0; X=KUL.1, Y=KUL.3; 6% AVGS.

Linear slope

90.0 I
|
& 85,0 y "
L
©
w 0
3 8 - 0.0878%/n
a : t
w -%5.0
it w
i & i
. 8 -90.0 - JEB1! (MY
(-3
[~ 4]
\l_/
[V}
[ 7]
[ 4
x
[ 9

1 } -138.0 y (V “:“:;un time { i

] -180.0 1 ﬂ

o -225.0 uu'w

i -270.0 ,

i 0 1000 2000 3000 4000 S000 6000 7000 8000 9000 10000
FREQUENCY (H2)

'1 Figure 8.20 Averaged phase between signals from TE K.l and upstream

’ K.3

[

900 RPM, RUN 307, AOA=0; X=KUL.!, Y=KUL.3:; 6% AVGS., 2.0-4.0 KHZ,

] «0,150 msee

0.40
)

\
\ L/
\

/

/\‘\

1]

| -0.10 \\L\’/ \ /

\[/ Y
i ’ '0-30 g X
é -0.%0 . v- 0,180 maec

, -0.50 -
i -1.000 -0.750 ~0,500 -0.250 e 0.250 0.500 0.750 1.000

t TAU - CHANNEL 1 LERD (MSEC)

CORRELATION COEFFICIENT

Figure 8.21 Cross-correlogram of TE K.l and upstream K.3 after
digital band-pass filtering from 2.0-4.0 kHz




W

LR

G2
the proper Strouhal number for the geumetries involved other than
its acceptance as a value to use for most structures under general
subsonic flow conditions.

It seems likely that the suggested frequency selective Strouhal
phenomena may be responsible for the "notch" in Figures 8.19 and 8.22.
It also appears likely that were it not for the TE ﬁhenomena, whatever
its true mechanism, the coherence would lack the '"motch" and smoothly
taper as denoted by the dashed line. The taper then gives evidence
that the high frequency energy in a small turbulent volume of air
convecting downstream dissipates much more rapidly than the low
frequency energy in the volume.

Thus it is possible to explain this '"'motch" on the basis of
frequency-related elemental volume energies. If the TE noise radia-
tion mechanism were selectively converting the turbulent kinetic
energy of an elemental volume of air to acoustic ra«:iation energy on
the basis of frequency, then that energy transformation must have
come from a change in the pressure/density structure of the volume of
air. Thus the pressure field of the volume as it passes over K.l
is not the same as it was when it passed over K.3, and hence the
"notch" appears in the cross-spectral quantities,

Spanwise communication of the turbulence is not nearly as great
as in the streamwise direction. The random phase and low coherence
as sho&n in Figures 8.23 and 8.24 indicate the lack of any definite
relationship that exists between upper surface spanwise Kulites K.l
and K.2 which are separated by 0.135 incﬁes.

The relationship between the pressure field at TE Kulite position

K.5 and 12-foot-distant M.3 on the same side is typified by Figures
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8.25 - 8.27. Again the randomness of the phase and accompanying lack
of any appreciable coherence reveal that the local near-field pressure
and the far-field pressure are not intimately related. The cross-PSD
plot does not yield any additional information.

A similar result was obtained for the near-field/far-field
transducer pair consisting of TE K.l and 4-foot-distant M.5 (Figures
8.28 and B8.29). The cross-correlation coefficient plot for this pair
(Figure 8,30) does, however, imply that:

a) Some degree of dependency does indeed exist.

b) There is some sound which travels the required 3.55

milliseconds from the TE K.l to the 4-foot M.5 as
computed using Equation (8.7) where u is replaced
by ¢ = 1125 feet per second.

The cross-PSD plot for this pair is similar to Figure 8.27,

8.7 Detection of Near-Field/Far-Field Relationships
' via Subtraction Schemes

In an attempt to enhance the capability of the analysis system to
establish a definite relationship between near-field Kulite and far-
field microphone signals; two computational schemes were employed.

The first involved the computer subtraction of signals from
Kulite pairs via the program COHERENC after appropriate amplitude
scaling. The intention was to take advantage of the 180° dipole-like
nature of the pressure field in the 2.0 - 4.0 kHz hump frequency band
and perform a point-by-point subtraction of the time data series of
one TE Kulite from the time data series of its symmetrically opposite
twin.

A factor to amplitude~match the two channels to be subtracted

was derived from the overall rms signal level as computed via COHERENC
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in the 6.0 ~ 10.0 kHz band--i.e., those frequencies well away from
the hump phenomena.

The signal information in the out-of-phase hump frequencies was
predicted to double in amplitude (6 dB). The lower frequency in-
phase information, which represented the insignificant life components
of the pressure field, was expected to subtract out, and the higher
frequency random phase information would increase by a factor of 1.414
(3 dB).

The first attempt at using this method involved K.l and K.5
versus M.3. The results are shown in Figures 8.31 - 8,34, The auto-
PSD for M.3 was identical to the general far-field spectrum given in
Figure 8.7.

The characteristic hump displayed in the auto-PSD of the subtract-
ed TE Kulites seems to be enhgnced and the relative level of the
préssure in the lowest frequencies appears to be reduced as compared
with an unmodified Té Kulite auto~PSD such as Figure 8.8. The cross-
PSD has a more pronounced hump as compared with Figure 8.27, and
there seems to exist a smaller secondary hump from 1.3 - 2.3 kHz,
akin to that shown by the coherence between M.2 and M.5 (Figure 8.12).
However, the averasged phase is still predominantly random and the
coherence still does not indicate any near-field/far-field relation-
ship.

A second attempt at enhancing the ordinary coherence, cross-PSD,
and phase functions involved not only the above-discussed Kulite
subtraction, but also the subtraction of the symmetrically opposing

4~foot microphones M.2 and M.5 (Figures 8.35 -~ 8.38). The subtracted

BR
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Kulite auto-PSD appears the same as Figure 8.31. The primary hump
as seen in the auto-PSD of the subtracted far=field microphones
(Figure 8.25) is markedly improved over that of 12-foot M.3 (Figure
8.7). Also the smaller secondary hump is more clearly extablished,
due in part to the better smootﬁing that‘resultb from the greater
number of ensemble averages.

The cross-PSD, phase and coherence (Figures 8.36 - 8.38) do not
show evidence of improvement over any previous results.

As a check to verify that the subtraction scheme was indeed
enhancing any of the dipole-like phenomena occurring and that the
amplitude scaling procedure used was proper, the identical informa-
tion as in Figures 8.35 ~ 8.38 was again analyzed. This time, how-
ever, the time data series of symmetrically opposite transducers
were added point-by-point. The lack of any humps in either auto-PSD
or in the cross-PSD (Figures 8.39 - 8.41) is proof that the method
used was proper. There was no significant coherence and the phase

again was entirely random.

8.8 Detection of Near-Field/Far-Field Relationships
via Partial Coherence

The second scheme aimed at establishihg some dependence of far-
field sound on the pressure in the near-field involved the use of the
partial coherence function as described in Section 4.8.

It was believed on the basis of the span-wise TE cross-spectral
measurements that the overall far-field sound due to the TE phenonmena
(i.e., the hump) was the result of emissions from many independent

stream-wise "'strips" of turbulent activity near the TE (Figure 8.42).
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Figure 8.40 Auto-PSD of summed signals from far-field pair M.5 and
M.2
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By taking into account more of these independent sources through the
use of the partial coherence function, it was hoped that some near/far
pressure-field connection would at last be established.

In summary, the three-input/one-output program PARTIAL failed

to show any improvement over the single-input/single-output results
as computed by the program COHERENC. The results for K.1l, K.2 and
K.3 as inputs with M.5 as the output are shown in Figures 8.43 - 8.45.
Apparently not enough of the "strips'" of acousti¢ emission as depicted
in Figure 8.42 can be accounted for, even when using the multi-input

program PARTIAL.

8.9 Verification of the Fifth-Power Hypothesis

A fundamental precept of the theories of Howe and many others
mentioned in the introduction is that the overall sound level in the

acoustic far-field increases as the fifth power of the flow velocity

[27], 1.e.:

132=kp

- k piﬁ?uz Sk (8.8)

a factor dependent upon the "flyover" angle (constant
for the case of the airfoil and microéphone configura-
tion used in this study),

~
]

where:

the mean air density,

°
|

the mean turbulent fluctuation velocity of a turbulent
volume or eddy near the TE,

c>
laul
"

u_ = the convection wvelocity,

N b g ooy v
~ wr ompeme v
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Regions of turbulence

which are:

a) coherent streamwise

b) much less coherent
spanwise

==> gsemi-independent
"strips" of turbulence
generating many separate
TE noise emissions

Far-field
microphone

Figure 8.42 Depicting the overall far-field dynamic pressure field

to be the result of TE noise emissions from many semi-
independent strips of ccherent turbulent flow
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M = the Mach number = u_/c,
u = the freestream velocity,

¢ = the speed of cound,

L = the span of the airfoil TE which is "wetted” by the
turbulent eddies,

£ = the characteristic turbulence correlation scale
(depicted in Figure 8.42),

r = the distance from the TE to the observer position in
the far-field.
Since both ﬁf and u_ are approximately linearly proportional to

u_, Equation (8.8) becomes:

P2 = ko’ 125 (8.9)

r2
where k now has absorbed many other parameters.

To verify this hypothesié, a series of far-field M.3 auto-
spectra was computed as the freestream velocity was increased from
123 fo 225 feet per second. The spectrum curves were obtained for
the test setup with airfoil and without airfoil. After proper ampli-
tude scaling to insure equally pressure sensitive microphone record-
ings, the line-by-line difference was calculated between the auto-
spectrums. This resulted in spectrum values for the hump 2lone
without backgreound » ‘ise from which the overall SPL.of the hump was
computed (Figure 8.46).

The log of both the squared pressure and the velocity was taken
and the values plotted (Figure 8.47). The slope of the line, B, was

computed from the data points using the method of least squares.
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The far—-field sound level was found to scale on the freestream
velocity raised to a power of B = 5.3. This is tending towards u6
which indicate; why the dipole-like nature of the hump 1s observed.
However, it is in fair agreement with the predicted power of 5.0.
Hence, the trailing edge noise phenomena cannot be called purely

dipole-like as the Strouhal relationship might suggest.

8.10 Measurement Difficulties and Their Relationships
to Theory

It is evident from Equation (8.9) that the acoustic power radiat-
ing from the TE falls off as (l/rz) as for a spherically diverging
sound wave from a "compact' source. By "compact" it is meant that
the size of the source is much smaller‘than the wavelength of sound
it radiates. Compactness, then, was verified by both the correlation
scale and coherence measurements in the streamwise and spanwise
directions as covered in the previous pages and as depicted in Figure
8.42.

Based on the low spanwise coherence measurement (Figure 8.24)
the spanwise correlation scale of the turbulence "&" must be equal to
-or less than the 0.135 inch spacing of the spanwise transducers K.l
and K.2. Therefore, more than (L/%) = (18/0.135) = 133 sources may
have existed along the "wetted' span of the TE. This serves to explain
why none of the cross-spectral functions used in this study could
successfully establish a near-field/far-field relationship between a
single "source" and the sound in the far-field. When any single
source region is monitored and compared against the overall far-field

sound, all other sources are regarded as uncorrelated signal by the

Bhe N
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analysis programs. Hence the great number of uncorrelated signals
simply "swamps out" the noise emission from the single source and
prevents the analysis programs from detecting any fixed-phase
dependence, Thus, the lack of any definite near-field/far-field
coherence indifectly verifies the existence of many independent,
compact sources.

Another factor which made the detection of TE noise difficult in
the ANRL facility was the small size of the test airfoil relative to
the dimensions of a full-scale aircraft wing. As an example, consider
the wing; of a Boeing 747 jumbo jet which have approximately 110 feet
of wetted trailing edge per wing and a 30-foot chord. Since all flow
and boundary layer characteristics of the test airfoil were approx-
imately the same as that for a full-sized during landing approach
conditions, the factor (Lklrz) of Equation (8.9) implies that there
are far fewer independent sourées for the test airfoil than for the
full-scale wing.

If the far-field sound is dependent upon wetted span alone
and not upon surface area, the sound power level difference may be
expected to be on the order of 10 1og10(1.5/220) x -~22 dB. Hence,
there is much less sound radiated from the test trailing edge as from
the full-scale trailing edge. Noise from the open jet and side-
plates is able to effectively mask the radiated TE noise (Figure 8.46)
except at higher flow velocities causing the detection schemes to

fail.
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9. SUMMARY OF RESULTS AND CONCLUSIONS

1. A miniature strain-gauge pressure transducer ("Kulite") was
designed and manufactured with outer dimensions of 0,375" L x 0.125" W
x 0.045" D and a pinhole opening of 0.0135" diameter. The resonant
Helmholtz frequency of the pinhole and internal cavity was approxi-
mately 63 kHz. Flat frequency response and phase shift of less than
1.0° were achieved to well beyond the 10.0 kHz frequency limit of
data analysis. The nominal sensitivity of the Kulite was 25 mV/psi.
Several such Kulites were mounted flush with the airfoil surface near
the TE where they satisfactorily detected the local dynamic pressure
due to the TE noise phenomena.

2. A companion two-stage amplifier and strain-gauge power supply
for the Kulite was designed and constructed that met the operational
requirements of the microphone. The final version as used at the NASA
ANRL facility employed an Analog Device 521K operational amplifier
and an Ithaco model 455 active filter for the respective first and
second gain stages. The gain of the first stage was fixed at 50 V/V,
while the gain of the second stage was allowed to vary according to
signal level and recording requirements. A balanced direct-coupled
input from the Kulite to the first stage and ac coupling between the
first and second stages simultaneously provided for the fejection of
electrical interference and prevented small dc current imbalances
in the strain-gauge bridge from overloading the final stage output.
Flat frequency response to beyond 100 kHz was achieved with this de-

‘sign.
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3. A pressure coupler was constructed which provided for the
calibration and performance verification of the Kulite pressure
transducers, It utilized a Briiel and Kjaer type 4134 one-half inch
condenser microphone as a source and a Briiel and Kjaer type 4138 one~
eighth inch condenser microphone as a reference. Interunit phase
and amplitude matching of the Kulites was performed using the pres-
sure coupler.

4, Error analysis showed that because of the wide-band random
nature of the signals analy~ed, the bias error of the spectral density
functions was of no concern. The normalized standard error was within
#0.7 dB for the number of spectrum ensemble averages used. The errors
associated with the refraction of the sound passing through the open
jet shear layer were insignificant. The method used for the bias
correction of the ordinary coherence was shown. The error due to the
time delay between trailing e&ge and far-field microphones was shown to
give a constant negative bias of -2,03 dB for the worst case 12-foot
microphone auto-PSD.

5. All microphone data were assumed to be stationary and suit-
able for analysis based on their widebanded random but steady nature
as verified by visual inspection of the collected data sample records.

6. Auto-PSD results from trailing-edge Kulites and far-field
microphones exhibited a single characteristic 3-5 dB "hump" in the
2.0 - 4.0 kHz band.

7. The frequency spectrum of the upstream Kulite exhibited no
such hump as described in (6) above. It did, however, exhibit the

same flat random noise spectrum as did the TE Kulites.
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8. The slope of the far-field background noise floor spectrum
was seen to vary as f-l.125.

9. St;eamwise communication of the turbulent pressure field over
a distance of 0.275 inches was quite significant as indicated by the
coherence, phase, and correlation computations. A peak coherence of
0.55 at 1.3 kHz was obtained.

10. Rather than use the cross-correlation coefficient, the slope
of the phase between the streamwise Kulites was used to clearly
establish the turbulent boundary layer convection velocity at 122 feet
per second for a freestream velocity of 225 feet per second.

11. The coﬁerence between the streamwise Kulites indicated that
the coherent energy/Hz per unit volume decreases with increasing
frequency for a given streamwise separation distance.

12, The "notch" in the coherence at 3.1 kHz between streamwise
Kulites coincided with the péak of the characteristic trailing edge
hump and seems to indicate that the trailing edge noise mechanism
selectively extracts energy in the "hump frequencies'" out of the
boundary layer turbulence for use in the generation of sound.

13. Spanwise communication of the turbulent pressure field over
a distance of 0.135 inches across the trailing edge appeared very
slight as indicated by coherence and cross-correlation measurements.

14. There existed a 2:1 ratio of the negative slopes between the
primary and secondary humps as seen in the cross-PSD plots for either
pair of symmetrically opposing microphones (K.l and K.5 or M.2 and
M.5).

15. The peak wvalues of the coherence for both the near-field

symmetrically opposing TE Kulites (K.l and K.5) and the far-field
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symmetrically opposing 4-foot-distant microphones (M.2 and M.5)
coincided with the 3.1 kHz peak of the characteristic hump seen in
the far-field microphone and near-field TE Kulite auto-PSD curves.
Peak values for the coherence were approximately 0.59 for the far-
field pair and 0.32 for the near-field pair.

16, Symmetrically opposing microphones in both the near-field and
the far-field indicate that, on the average, the upper and lower pres-
sure fields were in-phase in the frequencies below the primary charac-
teristic hump, out-of-phase in the hump frequencies, and generally
of random phase above the hump frequencies.

17. A computer method for amplitude scaling of the stored
digital data was devised that allowed the computer to subtract the
time series of symmetrically opposing transducer pairs to better
detect the out-of-phase information contained within them.

18, The Strouhal relationship was successfully used with the
characteristic turbulent boundary layer convection speed of u, = 122
feet per second and characteristic trailing edge thickness of 0,10
inéhes to closely approximate the center frequency of the characteris-
tic hump. A calculated value of 2.9 kHz was obtained versus the
observed 3.1 kHz value.

19. The pressure-field that existed in the vicinity of the trail-
ing edge appears to be comprised of streamwise strips of coherent
turbulence which were independent of one another in the span-wise
direction. Item (13) indicates that the maximum width of suzh a strip
is 0.135 inches. Therefore, greater than (18/0.135) = 133 such

"sources'" may have existed across the 18-inch span of the airfoil.
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20. No spectral relationships or acoustic contributions could
be established between the pressure fields at the near-field and far-
field microphone positions, nor could the actual source-coherent area
of location at or near the trailing edge be determined.

21. The great number of "sources" which may have existed serves
to explain why cross-spectral functions could not establish any
felationship between a single "source" and the sound in the far
field. 1In such a situation, the emissions from the other independent
"sources' would be regarded as noise by the analysis program and
their sheer number would prevent the program from resolving any fixed-
phase dependence.

22. On the basis of the ordinary and partial coherence results,
it may never be practical to attempt the implementation of a partial
coherence function with a sufficient number of inputs to adequately
represent every ‘'source' along the trailing edge.

23. Much less TE noise is predicted to radiate from the 1.5-foot
wetted span of the test airfoil as compared with that which radiates
from the wetted TE span of a full-sized aircraft., For the similar
flow conditions which exist during landing approach for a Boeing 747
jumbo jet, the difference in sound power level may be on the order of
22 dB.

24. The overall far-field sound pressure level of the hump
characteristic alone with background noise flor removed was seen to

5.3
vary as u .
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11. APPENDICES

11.1 List of Symbols

linear separation distance
alternating current
analog-to~digital converter
angle of attack

standard deviation coefficient for the coherence
function confidence interval

effective bandwidth = WT-I
boundary layer
background noise floor
bandwidth = T

speed of sound = 1125 feet per second
common moge rejection ratio

linear separation distance

direct current

normalized standard error

frequency

discrete frequency line = n/(Nh)

Nyquist frequency; highest frequency of interest
analyzed < % fs

éampling frequency or rate
resonant peak frequency

lower half-power (-3 dB) frequency
upper half-power (-3 dB) frequency
half-power (-3 dB) bandwidth

fast Fourier transform
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Fourier transform

real, one-sided auto-PSD
complex, one-sided cross-PSD
time interval between consecutive data samples
= £ "1 height

s
transfer function
an index
imaginary unit = /=1
a constant
base ten logarithm
wavelength constant = w/c
miniature strain-gauge pressure transducer
("Kulite" microphone) located in the acoustic
near-field position # as per Figures 2.4 and 3.9
length; characteristic turbulence correlation scale
wetted span of the airfoil trailing edge
number of averages or ensembles
Mach number = u/c
one-half inch B & K type 4133 condenser microphone
located in the acoustic far-field at position #
as per Figure 2.4

an index

total number of consecutively sampled data points
in any single sample record ’

power spectral density function
quality factor or sharpness of resonance

maximum time-lag number; radius; distance from the
TE to the far-field observer position
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root-mean-square
revolutions per minute
Reynolds number

real, even auto-correlation function coefficients
of x(t), y(t)

real cross-correlation function coefficient of
x(t) and y(t)

standard deviation

piece~wise smooth continuous function of time
Strouhal number

signal-to-noise ratio

sound pressure level

time

period of time; single sample record duration
total pe{iod of data sampling = mT

trailing edge |

flow velocity (general)

conivection velocity

mean turbulent fluctuation velocity

friction velocity

freestream velocity

volume; voltage

sample record weighting-function bandwidth factor
(relative to the bandwidth of a rectangular weight-
ing function)

piece~wise smooth (continuous) functions of time

complex-valued two-sided spectral density functions

transformation for the distribution of sample
coherence function; a general variable

——
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one-sided 100a percentage point of the
distribution of the data

angle of attack;‘level of significance
power constant; slope

boundary layer thickness

displacement thickness

uncorrected, biased coherence estimate
ordinary coherence function

partial coherence function

kinematic viscosity

geometric angle; momentum thickness

3.14159

normal

normalized cross~correlation coefficient

mean air density

lag or delay time; fluid shear stress
phase angle; momentum thickness
radian frequency = 2nf

averaged quantity

complex conjugate of | ]

complex quantity
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11.2 COHERENC

The two-channel program ''COHERENC':

can delay one time series sample record relative to another, one
data point at a time (with the possible sacrifice of frequency
resolution as points are deleted).

can be used to find an amplitude scale factor.

using the scale factor, can amplitude match and then subtract or
add two time series on a point-by-point basis to yield a composite
signal. A second composite signal obtained in the same manner
from two more time series then makes up the pair needed for
cross-spectral analysis.

removes the overall mean from each of the two time series and

amplitude weights each time series with a Hanning (sinz) function,

computes the spectral values for G_ , G, G _, H , and ¢
via the FFT. ¥y xy Xy Xy

averages the above quautities by repeating steps 1, 3, 4 and 5.
computes and bias corrects the ordinary coherence.
computes the ordinary coherance and confidence interval.

computes the coherent powsr output spectrum, Qiy ny.
can then scale the PSD quantities against a reference standard to
obtain calibrated values if a reference and calibration level are
supplied.

" e ~ - A A ~ ﬁ2 ‘n
computes the overall averaged Gxx’ ny, ny, ¢xy’ Yy’ ny in.
chosen frequency bands (method used for finding item 2 above).

outputs all above-mentioned averzged quantities on a printout.

automatically will scale the plot axes and then plot'the

-~ - ~ PS '.2 .
Gxxr ny' \ny’ ¢xy: 'ny'
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e
Ty WXV HIXY
CIEN e YAIR DI e T1E J e XDUMMY{ [ o1 %) o YIUNMY (] " lﬁ)
(P eTITLEIZ20) v INDIH) JYLANL 120 ), YL ANL ( o)
(7YYL ANLAL20) o YILANLS(20)
HoeTAVAS, 17t AY , TLAGL G IL AN V. ADP, IWT
MUME T gNOTIIR g CC o PED PS¢ RS THP ¢ PIVALT
SN FY«SMUTAG | s SUF AR JRF L FEP+PE3JMXYITF
INFILCADIZA) D INMI2D ), INIT (D80
BXXLNEN) o SYYUELDD) o GXYAN(R16) sHXYAR(S]G) s HXYORPISHI )
CHAZF (SN ) s COHF (RIS ) CNSPECISISI o CUHLWITIS)IO) o CIUNRISES)
CHT(23489),C12(2043) 4 XFFO(515) .
FETILH1S)TFT2(515) GUY(S1R)eHXY(S1S)
MIYAS oAHTHI] O) NLIIW(IN)
IO MTAFAL Lo CAL Do CALIWCALAWCALXSCALY JCAL XY
(CNAG)

(%0%e/7/77482%,20448)

dadgddgdigdgasdagsdadgatgdddddiddddgdididddddgddddadddidddddddd o gl dd S S & o

C
1 0O 2 CHANNDTL CAlL « FUNe NN BLOTS, | AVG./DUMP,LC

TIDATAY =
= NOFMAL 2=CHANNEL MCNE CF OPFRATINNG, C
== A-CHANMNTL MODE (F OPFPATION. PRPTSENTLY SET UP €
AT (€ ) (CHA)S 1| AVG./7DUIMP,
11T OvAY PLNTS THT AUTO--SPLCTRUMS GXX F 3YY, THE CEHISS-

= 1
EPTCTRIFM XY e AND THFE PHAST RETWEFN CHANNTLS | €& 2% = Q@ NOES NOT.
TN NTNT' = 1 PLITS THE NRDINARY COHFRENGCF NEYWENN CAANNELS

C
C
<
<
¢
= 0 DOrSs NNT, C
c
[
c
<
C
[

| B

WECS 1% THT NATA I'"CHRYING SPICD IN IN/SFC (IR CM/SEC,

CEEPY 15 THF DATA RUEPEODUCING SPEFD IN IN/SFC OR CM/SKECe

If NKOTY APPLICANLT s ST EIC=R"P=1,.0

[dasiddgdddgagudddiddddiddddanidaddddgddddddddddddddddadddqiddddddd SIS o

TOATA=?

IPLOTA=

IPL Tz}
c

FFC=63.0

~rRz 5.0
c
cccrcccccccccccccccrc:cccccccccccccccccccccccccccccccccccccccccccccccccg
"
< Srge = ¢--ua'r THE MNUMACT OF BCATA POINTS PEF TIME PRECIRL JeCos €
C N = THT ANIMYTE NP SOFCTRAL LINES, PTESENTLY LIMITED TO S12 UF C
[ of NSTINT J02a THIC LCAVTS ROGKM FOF SHIFTING POINTS (TIME C
c NELAYS) . C
C C
C PTAVAS® 1T THF NYMNATD OF AVERAGFS PER FOEQOUINCY LINC. C
r. C
C ENL RT P 1€ THT SAMPD MG RATE IN H7. C
¢ (4
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3
A
8
) < IPRY - PHART SHIFT 66 OFFSFY IN DIGRFIS, 4
4 C
ceercernoaeIerrccecocerccLeccerencceceencececrcocceroeanceereccaccenccgeccccecec
[
N=GY D
N 1AVGS= 64
CIET=RNID,LD
- PE= =ty N
éCCFCCCCCCCCfCCCCFCCC(CC’CfCCCCCfCCCCCCCCCCCCPCCCCCCCCCCC(CCCCCCCCCCCCC%
. C WPELI, IEF2%, tRFYe, AND PHXYOTT ¢ ACT THE EFFIRTNCE VALIES, C
C C
C IWT® = § SPFrIFITS COSINFSe2 WEIGHTINGS: = 3 GIVIS NCXCAR, C
C C
c SKIINFT® = | CALCHULATCE THI CONFINENCFEF TNYSRVALS = 0 20rS NOT. C
(o C
, C PIILAYY NILAYS YITH CHANNTLS NY THE GIVEN NUMHFE OF £NINTS, C
¢ CTLAGEY DL GYRA CHANNSTL 13 'TLARPY DELAYS CHANNFL 2, C
C C
4 SEMEANRLY ]S T SLINING NTLAY FOG STLAGLY IN MSFC. C
< PEMFARDY 1S THE SLICTIMNG NILAY FOR SILAGT® IN MSFC, I
C [
c I ANPY = THT NUMNTE NF AVIRAGES NER AIGMATINON DUYMD, THIRF ARF 4
(4 4397 1N=RBIY WOFNS A DATA PCINTS PFF CHANNTL. WHEN CACH NDUWM? C
¢ 1€ NIVINFN IN MALF, 1T YITLNS 2048 DATA POINTS AVAILABLE OFP C
c CHAMNFL , FECM THIS, CMI AVERAGE PER DUMP (WITH 2740 PUINTS OFR €
c CHANNZL) MAY 0O0F FFALTI?EN, OF Twi) AVERAGES PLR NUM?Y (WITH 1024 C
C POINYS OFF CHANNFL) MAY 0T FEALI?ED. ETC, KAPD = (1J24/N) C
. [ [ 4
' COCCCOCONCCCarrCaCaCancireraccciecececeeereracageceeccceracceccceccecceccecc
(4
L =
Fr=t1e.0
! Er3=SORT(F=1#R€D)
i NY YT r =2NRT(FEF2/P7L)
c
TwT=}
- KONF 1=1
i c
: INLAY=)
i TLAGL1=0
11 AG2=D
C

SNFADI=N,0
CMEANZ = ,N

R rer—

KANDP=102a/M
[
[dddddddddddddd A dddddd A dddddlddd g ddddd ddddddd i ddddddddddd gl dddd S S 4

SCAL #A

= SNL UF THF MIC,

CAL. SCUFCE FXPFFSSFN IN DR FUF

CHt f CH2 (AND 3 £

A WHTN APPLICATWLE S NTHEPWISE CAL?A=D3,0).

SCAL #N* = DA PFANING OFF THIS PLOGRAM TN
THT CAL. SOMINCF WHEN *INDATAY = §,

THE FREQUENCY NANDS OF

[aYaTsTaTals)
[alaYalaYaRal
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ey

!
I
i
|
b
|
b
L
|

R lelelalaYalalatnthlh]

(h]

C
¢
C
Cc

PGAINGS = NET NIFFrERCNCT IN GATH OF (ACTUAL DATA RUN KNUD
SETTINGS )=(CALes RUN KNUY SFTTINGS) T XPRFSSED IN DM,

SHPASSY = 1 CAIFUILATES THE OVERAIL COMTPINCT AND SOFCTTUM | FVELS

TN UP T 1) CHNSEN FILTIe D BANNGS =

THTONLOY AND NHIH FI1 TSR CARNS GO HTR. S

CALLAZ),. Y
CAL 1A=0.0
CALZA=D )
FAL AN, 0
CAM A=, N

CALIN=N. D
CMON=N.N
coLIn=N.n
CALANZNLN

GATHI=0.0
GAINDP=0.D

GAINIZD. N

fA11H4=0,0
CAL1=10.08 2 ((CALLA-CALIN=-3AINIY/20.0)
CALP= 1IN O88{(CAL2A=CAL2V=5AIN2})/20.0)
CALI=10.2¢ 2 { (CALIA~CALIN=GAINI)/ 20.0)
FALA= 1N, 00*{(FALAA=C ALLAR=SATINAG)/Z20.0)
NPAS=A

MW L )=a0

AMTIL(L)=1Nn4a

NLW (2)=104

MHTH(Y) =206

NY Dw(31)=2n2

NHIN(3)=%12

M \M(a)=22

HIHIH(A )=S12

RLPW(S) =157

NHTHIS)=AFT7

THT FNLLCWING CARNS AFE NOT CHANCED!

Py

DAL R HNTY,
EXAMDY 73

HLOw=D

THEY ART FUP

(OTR EIE ]

e CCCCCCrCrCCCCriCrCealCerrrrLCCCCCraCrCerCceChreCcCcrceccCecceareccece
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C
[
C
c
C
[4
c
C
C
<

CALTUBRATINN AND A=CHANNEL OPFEATYION,
1F (IDATALNR1) SO TN 1N

1IN OTArN
ImMmoarn=n
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(1]
D2O2IWOD I
L)

20

NI Dw

AN -
SN d

S nn

10 CONTI -
17 (INATALNTA) G T 29
LS

e el
CUTAT NN
xKan=)

20 CONTINUF

CALL TRANS?2

AN (1 ,7Y)
wriTe (3,500

crLL x0Nw

ddgddaddupaddaggdgidddigddiddadodddddddddgidddddsddddddddgddaddddddddoddd
Ft OTTFR POUTINT FNOPp DPOWFN 2

CCCCfrrrCCCC(CC?(CCCCFFCCCCCCCCCC(CCCCCCCCCCC(CCCCCCCCCCCCCCCCCCCCCCCCS
IF (121 OTAFQe0.ANNLIFLNTR.EQLI) GO TN OGCTG

w2 NGYH=G,0
XLTFT=0.0
KFEIGHT=(SDLET/2,0)8(RIC7ETDY)
WINC=XRIGHT/ 10,0
VILNATH=E D
YIME=10,0
AOFCY=1

MAXOT =N

NOTS 1=

V.IND() )=~
LINFE=0

S A Y ks

e

s T e e




e |

LI

e msermany

P

sy

[

sy

e

%Y

i

AFLZOTRrNe QP UrNC 4 °Y (M9 *2) %/

BLEZYGXX ¢, 9RPECY (STRUM® 4% (FV I PEL (0o 'FFLAS O TIVE S,
'/

NL2TISYY 1, 0EnRCO  PTPUM Y ¢® LEVI0FL ("4 FELAY,*TIVES,

ererr
*e> e>>

v/
A YLARLYZO [GXY® o0 | SN, OFCTRO 4PUM L P40 TVILY o* (RZ*PLATI?,
C'VF DY ,0B) _°

PACA YLAHI AZEPHAS? (07 (=0,%G0 S ,DNFGRVGIEFR P g HAST* y? (FF,
FYSET ), (V4

MATA YLABLSZ NPT (I NARY ® ¢ COIL 05 FNS g 0CF _*/

NATA NOFCX/D /7 NAINGVZLZ7 o MAXCVSZY ZaNCUPVYSZEZ NP TSP/NZ WNRYS3/Z07
DATA NDOV34/707 NPT G700/
1IF (IPLUTATOL.0) GN Fib 30

FLOT CARDR FCP CHANNTL | FOLLCW ThIS CARD?:

VIASC=Y.)
YT =060

ne 17 1=
YOS (Lel)=
varattel )=
$123 CONTYINYT
Iroovnp(l.l
YI00=YTNOe 1D
6N 70 120
110 CONTY INYT
YNAGF=YTCP=AN D
I AYNRDI(L 1) el ToYHASE) YORD(1.1)=VYASE
120 CONTINYF

CALE PINSIZ{18eNe7:N0)

N
xXrFradl)
GXX( 1)
JolLTelYINP=5,3)) GO TO 110
.J

CALL GRAFF (XL IGTHs XL "F Ty XPIGHT 4 X INCoNNECK o XLAALEL o XOIED e XDUMMY o
EVI NGTHeYPAST o Y TOP S YIAC o NNICY o YLANL 1 o YIIRD y YDUMMY s NSINGV ¢ MAXC VS,
FNCHEVS ¢MAXDT S gNDTS T ¢ NDITS2 NPTSINPTSAINITSSoKTHD L INFSTITLE)

PLOT CAPDS FNR CHANNFL 2 FOLLCW THIS CARDS

[alaYa¥alsl

YRAST=0,.0
YyTne=2n,n

N

NN 200 Y=1,N
XORDNCLe 1)=XFREACL)
YOEN (1o 1=6GYY(TY
220 CONT INUT
Ir (YORT(1,1) el "l VYTP=5,3)) GO TO 212
\adalzil A S U ]
GN YN 220
21 CONTINYGT
YRARE=YTNP«60.0
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BF (YPENEt el )el TaYAAST) YIOMN(Y el ¥z YPASF
230 CONY INUF

CALL PICSTIZ2(14,0,7.0)

CALL. GFAFT [X¥LMATHaXL™TT 4 XRIGHT oY INF JNNECX o Xt ANFL o XNENDe XDUIMMY
CVV HOTH YPASFE s YT Yo VIRC o NDTOY o YEARL 2 YHOION , YINPAMY (S INGV o AAXC VS,
. ENCUPVR G MAXPTE g NOTE ] JNBTE2  NITS 1aNPTESAINDPTARSKIHND L INTSeTITLE)

€ o o s e oo o o o b e e e B . Y T e B B W w0 e e w e W

[ <
s LT CARNA FOP 16XY] FRLLIW THI® CAED:
YIHASGT=D,.0N
YTAF=20.0
¢
AR 0N 1=1 4N
YOFN(Le YYI=XFE-O(Y)
YOED (L o 1) =OXYARCT)
IO CONTY INNIF
IF (LYNEDEI Tl Pl YTNP=R D) CO TN 31D
YINE =Y TOrs 1N, N
6N 1N 327
It COMTINT
YAAC oY TON=60.N
A6 (¥OODII e 1) ol ToYPASK) YOPD(1,. 1 0=YHASE
AN ‘CONT INUF
CALL PICETIZ(14.74740)
[ 2
CALL GOATT (XULNAGTHXE EFT o XRIGHT o X INC o NNTC Xo XLANFL o XURD ¢ XOUMMY 4
CYLNSTH o YBASE oY TOP Y ERC o NOECY o YLAGE 3o YOF O3 YRUMMY ¢ M5 TNGY s MAXCV S,
N UTVE s MAXD TS o NIT R eNPTS2eNPTERoNPTSANOTSRoKIND ol INESoTITLE )
[#
(c'--.--———-—--.—-—--—-——-.—---_-——-ﬂ-—--—----———--——------------—-—------------
¢ FLOT CAKDS F(R BHASE FOLLOW THIS CARD:
) YRASC=PSPAST
YTOR=2ETOP
YINC=AR.N
C

NP 7970 1=1N

AN Lo I I=XFRFOCT)

YOEN(L o 1 )=PHAZF( V)

IF (YNOPD (1 o1 )eCToYTOP) YORD(ELI)=YTOP

I (YDRDUL o1l TuYEAST) YVICD( 141 ITYRASF
7939 CONTINUE

CALL PICSTI?7(1480):74.))

[+
CALL GRATF IXLNGTHy XLET Ty XPIGHT ¢ XINC o NDEC X o XLAREL o XOF D ¢ XDUMMY
GYINARTHYRAST s Y TND, Y INCoNDFCY o YILARL A ¢ YORD s YDU'ANY ¢ NS INGV o MAXC VS,
. ENCURVS GMAYNTE G NNTSY JNOITS2 o NPTSIeNPTSOoNPTISS  KINDGJLINESTITLE)

P mm e mar e re r e m e oo e - - - o - - - .- - ... "

e

B A

vk Bt L s
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P

&

¢
"
c
C
i
L
T0A)
c
C
C
[
c

<
fomemcmacecaa-
¢

CONT ITMIT
1T (12LLTWGTCed) GV T11 A

PLOT CAPNS FOR COM™ETHCT FHLLOW THIS CAZNS

YIARTC=N,Nn
YT07=1,0
YINC=Y,4p

NN ~2a 1=1,N
XM ¢ 1) =XFrTO0L)
YOED (1. 1)=Cui(l)

IF (YRR 41} eGTavTOR) YOO, T)=VTOP
IF AYOPT el ) el T YAAST ) YORN(L o] )I=YRASF

CANT TNUT
CALL PICRIZ{13.N:7.0)

CALL GPAFF EXLHGTHXLFET o X2 I THT o X INC o NNFOX o XLARFL o XNFE Ny XDUAMY ¢
LYLNATUHGYRAST oY TON YINC s HDTCY o VLANL S YORD o YNUANY ¢ HSINGV o MAXC VS,
ENCUT VS gMAXDTR NITE L gHNTR2 G NITSToNPTEANDTSS K INDWLINCSTITLE)

A FONT INUF

CALL OTCRTI7(0.Ne0.N)

‘9naa erTne
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SHUPRONT INT Y FANSD
INTI ARe2 IHFTL ¢ JUNY

COMPLTX FUT oV FTO RNy HYY, i XYDD

NIMZREICN AC1337),P(113D)

DIV NSTER GXXD2(NR15) ¢ 5YYNNNLIC)GHYR207) &)

COMVON NaTAVGS . TN AY L TLAGL. TLAGS o ¥ AN TN Y

COASUON KPNF L oMY K GBI PR PE 0 TOD N AAGT

CrVMINNl TPILRT ¢SV A1 1 oML ARTY NE L UF D RF L4 iIXYEFT

COAML INF L (A0 ) o JUNK 2T )4 INTT (257)

COEATIM GYXININ) ¢ AYYERIST o 3XYAT{GIR) o HXYAR(T|G) XY LPD(NIS)
€ CAMNN "HA.T(RI 1o COHTMINBIN ) COTPECIDIGICILWRLSLN) o THPRISIES)
CONVNVI'N CHI(20 A°)'(N?("0iqi.xF=Cu(blbl

CraMNy § =15 nﬁ).rrv?(%|5).nnvtﬂ|qv-Hxvtﬁl%)

COMeny NPAS JNIHHTH(TI Y} oNL W (10D)

COMAON INATAZCAL 14 CAL? s CAL3sCALA «CALXSTALY, CALXY

FORAAT {40A2)
FOTMATL//760 UMY N )e?

. * CVMITTFD Ni'w TAVGS=*el4
FOENAT(IDNOIOINT NMMANFES, : A

)
' OHAS A VALUE NFY, 11 2.* ON SIDMATION DU

Er Nile®os12)

GAYY FOFMAY (040 ,///774PX g 10 g TRy "GUXT 9T Ny PGYY s X GRY(PFAL)® o UK,
LOGKY CIMAGES ¢ PY 010 (TR PAXXY OX LYY S oK o *AXY(PTAL ),y IX,
COOXY(IMAC) /774320 1NAF12:1)))

[h)

(o B P Bn |

(2}

S NAn

70

a)

20

PI=",12157°27
IAVED)
INYME=9
NOTOY =0
THNY=D

Lo o Jd LI o Y1
CXX{13¥=0,.9
BYY(1)=0.0

GXY (T I=CMOLXT3e2edel)
CHONTINNE

THE NUMAED (1F PDATA PNOINTS SHIFTED (TIMFE DFLAYS) 1S CALCULATFED ==we
1OUMP= IDU AR+ |

VAGE="MF A1 /ML UAT(TAVGS
-e
3§

L ]
LAG2=SMPAT2/7LNDAT{TIAYV %

JeRPLET/Z1J00.04FLOAT(JAYV)
HEA el L.R /1090 08FLOATI(UAYV)
ILYI=ILAGI¢LAS]
N TO=ILAGDOILAS?

- THE DATA IS FTAD (A AK NIOMAYTON DUMP) AND CHFEKFD FOR FRE(CS ewe-

FEAD (A199) CINFILET)oT1=1440C6)
£H 1% 1z1.832¢
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[aXalal
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233

26N

LYY

-

1225

1230
c
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10 (INFILCT) ol 1024 ANNJINF . (1) Gl D) GO T 157
NPTOX =]

WETTFE (3415€) TolHFILCT D INUND

CONT INUS

I¥ INOTNRTNGIY A0 TN 22
TAV,EsTAVS - KAND

WhETE (3.152) INIMD,,TAVAE
ANOTCKR =)

an T 0

CONT TN

THF FI03T 72k 1€ ATRIC(MFD TN CHANNFL 13 THD STCNNHD TN CHANNSL 2 ece

Ir (IDATALTN.A) GO TN 23%
Ny 230 l=l.20an
CHLUTI=INTILLT)
CHT{TI)I=INF I (T+2049)

CONT ITNOITF

CAL X=CALI

CALLY=CAL 2

CI\LXV?S‘(‘F (CALL#CAL2)

THT EOLLOWING SPFC AL CAFPIS ARE FOP A=CHANNEL DATAmcromwccccccccssos

CONT INUF
0N 245 T=t,1024

COl)I=100.00(INFIL(Y ) Li=- lNF'lL(l 10 4’ AL2)7CA
CHPLL)=10IISLINFILIT#2788)¢CALI=INFIL (L ¢3372) ALO)ICAL.
COMY ITNGrE

CALY=CAL?
CALY=CAL 4
CALXY=SOFT(CALX#CALY )

IF NFCTESARY, THF DATA DOINTS AFC SHIFTED TO PROVINE TIME DELAYS -

CONT INUF
=0

COMT INUG

NIX={

FVAL =)0

K=K+l

JAVEJRIT &
JMOV=INTITIK) ¢+IDLAY

NN 1237 I=1.N
ACTISCHICTI#T=13)MOVEILTE)
PIII=CHICT4ToIMOVEILTE)
FTVALSTIVALSALT)I¢FLT)

CONT INUF
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CHANNTL | MFAN VALUF CAPR™CTINN AND FANNING =s-scccccccsncemcocns
FVAL SEVALZINSN)

(o W o T2 ]

-IOJMUVO‘LY?)
$IMOVe T TR)
H

fF VAL TV yar e )

1285 C()N’INU’
CHANNFL 2 MIAN VALIF COSESCYIOM ANND HANNINA cecccccncacanconccscsas
FVAL =TVALZ(NN)
NN 1256 1=1..N

o NN

(
oNlfal ) GNH Tr) 1264

T2 (SIN((I=-1)8DTI/7(TLDATINY})
1

f

b))
n D‘Eooi(le((Ki‘"I/(FLPA"l IR LY

Crmrrrmmrcncmecccec—aw n——- . - o e bt e o

C
1276 CALL FRT (AN gNgN Nl ) ‘
CALL RFALTR(A«BIN1)

B B B O e o T - v e A g - T ah - e -  —  G  n  D  ap  w

IT (NIXeFNaP) GN TN 140
GXXe GYY, AND GXXY ARF COMIWTENR AND AVFRAGFD sveomcccccmccceccveacnwan

NO 2001 1=1.H

FrTI(I)=CMALY

SXXCI)=GxX(T)
r20)! CONT INUIT

Nix=2
66 Yo 125)

<
1400 h"i P0N2 1=1.
FY2(1)=CMOL
GVV( N=avv(l

€00 Aadn

-

(ACT) NLT)
EFAIL CCONJSIFFTICT N ISTFTECT D)

"
X(ALIYo (1))
JEFRALICENISIFTTY2(TI)IOFFYZLL))
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ONAIA O YAAN
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GYYL ID=AXYLT ) eCUNIAIFFTI(T)ISFFYIAT)
CIHT INUF

1T ALL THT BrA=syrpn AVPRASTS (P TAVGS! ) HAVE NECN TAKIN, ST
NEAYINS CATA FEOM THF PAT SOYR(T weccceeee e L LT LT T-C TP P
' (JAV.GraTAVGY) GN YO 4000

IT ALL THF ORKETIHLE AVITAGTS (' ALY ) ARD USTN IN A SINLLF &K
NINMATION OUMD, 300 GFT ANDTHIR NUMD®S WHIETH OF NDATA =rcecccccemee-
I (XeGF e ARR) A1 T 7]

6N TN 108

THDY O AV CARTNG, ALIT) AND CRCSS=SPRCTRUM VALWUFS AFFE CODARRECTED .
YITH FFY DDNGRAM FACTPRS ,cmw= - - —————————— - - .- -

COANTYHUC
MINFEM=4sMeN& ] AV 2S
NN 4109 171 4N

GYXL TI=GXNEY Y /ZNNADY
GYY(I)I=OYY (1) /7NNOPA
GRY(I)=5XYT ) ZDNUNY
AAXD2( 1 )=GXX (T )O(CAL YéeD)
CYYPIL V) =AYY (L) e (CALYS*D)
GXV"?(!;=GK'(I"(CA[XV‘OZ)

WEITE (3.4317) (1.GXXP20 1), CYYP2LL)GXYN2( 1) o1=10 4N}

FrrTyaN
FND

”ﬂ@x
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SUAFNUTING ¥Pnw

INTCOFFe2 INF 1L, JIINK

COMPLIY FFT) JFFTDyGRY, HXY

COMMDON NoTAVASe IO AYGJLANRL«ILAG2.KAND WY

COAMEN KONF L MDY 3 FECo T2 NE L FETUHRy PSRAGF

CNMMON COLRT (SMUEAR | JGMEACD o[ ) oFF oM FY  HXYFTF

COAMUN INFIL (ADS0G) e JUNK 2V )6 INIY (256)

COMMON GXX(BLIS) 4yGYV(EIRY ¢HXYAR(SLLH) yHXYARISLIN) L HIXYOFR(S15)
CNUMNN PHAZT (T 15) o TOHRIRLIS ) COSPECIRIR) s CILWRISTIT) L TUPRISES)
CCAMON CHIIDPOAR) qFH2IDPDAR) (XFREO(HLIN)

FOMINN FETIIGIT) oFFY2(S15) o GXY(RLIS) s HXY(S19)

CUMMON NPAS NUTH(LA)ALNWL1D)

CPOMMON IDATAGCAL L2 CALD ¢CALICALAGCALX,CAl YoCALXY

C

IANTY FTORUMAT ()% o777 % IN THE FRTCUTNCY DAND FPROMP FR,J,* H?Z TN FAR,L,
f,* HZ THF NVYTRALL LEVELS AT AS FOLLOWS:' o/ 7/,
.9 AXXI®eF7ele® INe PFI®FI¢647//,
r.°* AYY F7:1 4 DRy FEI'4MQ:e6097/,
LY GXYIPeFTels® DR, FELIO,FZeFke//s
L8 CONFEENCFI" 4F7a34/7, .
€' CRHTRENT SPECTRUM LEVILI® oF 7,2+* DNy REL*FC,46)

IATY FAPVAT (*0,/7//7.7X, %1 €RprN GXX GYY jaxvy]) 0137
& 1xvYOnH PHARS =~ HYY COHTRENCF  ClUPR ClLwg CH=SPFCTRUM® §
£7777)

A7N) FNEMAT (SK 1A 4F 2l o7l Pelof i lalef 14.8,F17:.4:F 4,961
€.

PSI=RTie e
ARI=D7 2842
FEI=NF I8
HXYESN=HXYIrros2

i PMIN=(1N/N)seD
; BRNAD=AXX{T1)eGYY L)
IF(ARS{PRNN) «LT o PMINY PROD=PMIN

CNHE (T ) =PTAL(GXY(T)OCCANIGIGXY (1)) I/ PROD
PXY({1)=6XY{T1)/7GXX(Y)

(4]

THIS IS A LOWSET LIMIT (NETERMINFD RY THE NUMBITP NF A/ZD O1TS AND
FPEQ LINTS) ST TH OFEVFINT COMPUTER SPRNPS FEOM OFCOMING TOO
ARTATe  THE FANAGT OF THET MAGNITUNE OF THF RATA AT THIS POINT

LU EGEY

| CUTNFr=1.0/1
i IF (CXY (1) el T CHUTOFF (OPRoGYY(T)ol ToCUTOFF) COHP( 1)=0.0

139

<
BAXXT=Ne0
GYYT=I 0
RXYT=N.0N N
C
c N 2000 1= N
g THFE COFCFFNCF, CD-=SPICTRUM AND PHASE RETWFEN X £ Y ARE COMPUTED =~

SFT CAMFRFNCF YO JTFC IF FITHEFR GXX (OF GYY ARF LESS THAN *CUTOFF*,

LITS DFTWELN Nse¢D AND 512%22 (FOR 10-NIT WORDS) s =rr—=ccmcccncre=s

APOLY HIAS CARFFCTION TN COMERFNCE ESTIVMATFR ee-

an

stz
-

QRIGINAL PAGE 3
oF POGR QUALITY

gimsaenn

ca
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L3R KX

IT (twT.rQet) weleh

CONOLEIIZCONR T I =11 0=COMRITII/ZITcOOWEFLOAT(IAVGS))
IF (CNHP (1) eLEeNeY) GN YO 150)

SAIN: ATMAGENXY (1))
ACIK=TBTAL (THXV (T V)
IF CANSEACHY ) oL oP'IN) DOHK=FVIN

FHAZIUTII=ET 20600 ATANDITANUP s DMK )
THT PHASF OFFSET TR PLOTTING THE PHASE IS INTPODUCSD ==cecwecaccee

PREYTNN=NR 9190, 9
PENASH=PS~-1AD N

IF (OHAYF(T) o GY o PSTNE) OHA2CLI)I=NHAZS
IF (PHAZL(I) LT «POMAST) PHAZECL)I=DNMA?

GN TN 1801

G Ty 1501

CONT INYT
CIunR(1)
cILwe(Y)
IF (KNNFT.,FN.0) GO 70 2009

DrTFEMINE THZ COFCPENCE 95X CONT IDENCE INTFRVAL —=-—me-cemoccceccu-

TA=1 .06
AVGES=TAVGS

D=7.5/(AVAS=142)

COMC=CNHR(T)

CAE=[0"T(CMC)

VAR I=SNFTIDI® (1 o0-0e004880() ,AeCNNCIIL22))
720 P ALUGLE 1 0¢CPH) /(1 4 D-CNH) )
CMIMNZTANM(7~D=74%VART)

1IF(CHINGLT 06 ) CMIN=I,)

CMIN=CMINECATN
CAAX=(TANHIZ =DV 7ACVAT] )) 002

Cluoa{1)=CMAX

CILWR{I)=CMIN

THUT TRANSTTR FUNCTINON, NMFT CROSSE SPFCTRUM AND X ¥ CHAMNNFL
SPECTPUIMSE, ANN NTHFE VALUTS ARF COCMPUTEN cvmccecrccrmsmecnccnaccemee=

GRY( 1)~ ll(l)‘l(‘M XeeD)

-
'VY(l)=GVV(I!t( Al YeeD)
GXYEY )=CYVY(])*{CALXY®2D)
EXYLTI=HAYL T YIS (CAN Y/7CAL XY

e

§ —— g e e 4 2 e )
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COPTCLII=GYY(T)eCntr ()
PYYAUROLT )=GYYL(T )20 X (1)
GrY AP =CALCLGXRYL 1))
HYVARLT Y =CARSExY (1))
AYRY =Gy XTecexi 1)

AYYTI="YYTeGYY (1)
IYYT=GUAYTALYARNLT)

THEL COTECTONNITING RANE FENTFR FEFCHIPNCI™S APT CPUPYTT) ercoocceces

Xj=t=1
RXFERCALTIIZ(XIRIDLE TR "C)/7(DNANSITD)

CONT INDT
1 (NPASLI T, 0) G0 TO 2400
THT PVIFALL CNHEFENET, ETC,e VAR CHCICN DANDS 15 COMEYTED ~-cmeee-

O 2570 I=1.N7A%

GUXNTNR=T D
GYYTNA=TT,.)
GXYTA=N.0

K, =NLOW(T)
KH=NHTH 1)

NO Denn Ik oKH
GXXTR=/AXXTREGXX( J)
GYYTR=SYYTReCYY (D)
BRYTN=AXYTASLSXYADL )
CHONTINGT

CHLTNTA=(GYYTNRGXYTI) Z{GXXTASGYYTO)
CAPRRA=CATATIISGYYTH

GXXTAZI0L0¢ALOS1 O SXXTR/RSL)
GYYTPN=( ) 0*AILNGII(GYYTR/R52)
GXYTA=10NEALNGEI O(SXYIN/RS )
CNOSDN=1I,J*ALOGIIICOPSNA/RS2)

WEITE (3,747 N) XTEFOUKL) o XFPEOIKH) o GXXTIR yREL +GYVYTAGPE2 ¢ GXYTRREIS

ECOTNTA, ~APSNARED

‘2500 CUNTINUT
2400 CONTINUG

c
c

n

COTNT=(GXY TS GXYT I/ (GXXTHGYYT)
CNREN=COTOTAYYT

CUXTEL O« IPALNGEILGXXNT/FSL)
AYYT= 1IN, 08A1 (.G WAYYI/PRD)
GRYT=1D, 0AL NGIML XY I/ZFR"])
COPSN=10,NPALNALOECNNED/RSD)

T
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THE COPTCENCE AND

CUTX=CUTUFFES T AL X v 2
CUTY=CVITUIVFOL Al Yer D

CNVYYaCYTNFFE ey

Y 3ADC V=N

IF (GXXI1)al TYaCUTR) SYX(1)=

YF o (AYY(T).L T,
1 (axXvan(l).L
Ir (condrre(t),
LOUTYS (COAUTLT ) e
1T (MXYADLT D)WL
IF tnxyarrotry,

GYYET)=10.n0A1
GYY (1) =10a00AL
GXYAN(] )}=10,00
FASNER(1)19,)
MYVATRET) =10, 0
FXYURD (T )=ALOG
c
4NN COoMT INNC

HYYAR{1}=0.0

HAYNTN(L)=0.0
PHAZF(1)=0,0

WEITE (3.3467)
CCOTNT CHNSD ¢ RT
WEITE (3,36)0)
WEITE (3,3700)
EHXYNED (1) PHA?

cCaAn ARTUYrN
1N

ALXY o0

COTY)Y GYY(1)
TeCHTXY) SXYA
1T NI YeCOUR
) 10180

C
C
(]
{

fRNTYLCINTIY /Y
|T.(rn1¥/rUTl)
aGI0iaYv(ry/ns
AGIXLSYYET)/ZRS
ALDGIN(GKY AL ]
*ALIGEIICHSIEC
ALDSIO(HXY ANC]
lO(HKVnI“h(l)I‘

v
Y
{
I

e B ]
> -

[#R ]

X

Toawmeu N o4
N N -
< T

T -

1

)
x

TN A
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NTHTE VALUES TOF CACTH RAND 15 GOMOVITLYD eeveccocn-

cUTXY
'Y COaSPfCll)=

HYYAR (L )=COQRTLCHTY/CUTX)
YOROCIDI=(CHTYYV/CITX)

[
DN N
LZ>Ad

*nN
' -
-

-

XFOFQUL)}e XEREQIND) o OXX T eRF Lo GYYT o RF 2,GXYTPEI

REQL 1)
TOHRCT)
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11.3 PARTIAL

The four-channel program "PARTIAL':

removes the overall mean from each of the four time series sample
records and amplitude weights each time series with a Hanning

(sinz) function.

computes the spectral values for Gll’ G22, G33, ny, Gyl’ GyZ’
Gy3’ G12’ 613, and G23, via the FFT.
averages the above quantities by repeating steps 1 and 2.

computes the ordinary coherences.
computes the partial coherences.

can then scale the PSD quantities against a reference standard to
obtain calibrated values if a reference and calibration level are
supplied typically from the output of COHERENC, step 1l1).

outputs all above-mentioned averaged quantities on a printout.
automatically will scale the plot axes and then plot the

Coys Bupr Gons Yo Yoms Yoms Youioms Youi1ar Vov.t1g -
yl’ “y2’ “y3® "12° "13° '23° "1y-23* "2y.13" "3y.12
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INTFErRed INF QL
CTai LT X FRTL ErTR,TrTY,FFTA

CCMDL X EYY,SYD,,SHY 4 SDR,SYNP SYNNY,GXYPPCNHLGXYN
COMOLEY GYYeGL) o nin Y,y C'J.GVI.GV?.GVJ.CI? Cl3.523e0A0
CIMTNS TUN INFILLANCHR I, FEEN(S)S)
DIMONS TN CHIC1D226) 3 CHP2( 1024 ) ,CH2(1024),ChA(IL02%)
NIMENTION GYY(SIS) «GlLI(5153+GP2(515) 4GA3(S15)GYILATS)GYPIS51S)
NDIMENTTION GYI(S51S)sGI2ITIS)eGI3(E1%)4G23(SIN)GAGILF ) sSYYLA)
NINTRCION FFTIISIS ) 4 FrT2(5]15) FFTI(5159).FF1AL(515)
DIMENS TN SYR( Q) ySPY(A)4SPP(A)sSYNN(A)»SYNDPY(A),A(515),8(519)
CIAFASION GXYP{A ) PCCHII515)
FTUENSTICN XOFD{L e 1) o ¥YORDIL o510 ) o XDUMMY (1 4515 ) s YOUMMY (L ,515)
DIMENSIIN YLARF2{, *) oY1, ARE3(2D)
DIMTNSTON KINDIS) XLARFEL (2D )y YLANEL(20),TITLI(29)4YITL2(2V)
FIMPHSION TITUI(2I) e TITLACPI) o TETILS( 22}, TITLG(2Y)

$92 FOPMAT(///74® NUNE NN 184" CNMITTIFN, NFw [AVGS=1t,14)

1RS FORMAT (P T0INT NUMMREER® 1A, * HAS & VALUE OF*112,°* 01 SIOMATION NDUM
tP NO.*,148)

DOND TOPMAYT (204A4)

112 FORPMAY (A0AD)

T80 FTOOMAT (P10 ,///7/74RXe 1% 4 165Xe® VY o iCXe®311%410X,°G20% 419X
FOGI3 ol 33X e "GYL o/ 17X P ALY ¢ 7Y P IMAG ¢ 7Ry 'RFEAL "o 7X e IVMAG? 47X,
COTFAL® 47X o * INAGY g 7X " FEALY ¢ TXG?IMAG? o 7X*FEALY 4 7X,* IMAG*4/7)

IPET FOPMAT (0o / /777 eF X0 10 o1 Xe'GY2 el Xo ' GY3' 0 lOXN*GEI2% 01Xy
FrGITIY o 1OX P02 0" o/ / 0l TX o "OTAL Y 9 TX g IMAGEt s TR *RTAL "9 7Xe P IMAGT o TX e
LOPTALY g 7X " IMAGS ¢ "X o' FZAL S g TXe " IMAG? ¢ 7X 4 FFALY o 7X " 1MAGt /7))

19276 FORMAT (21X, 14,2F2),.2)

PAAQ TOFMAT(//7 4% CMINV FAILTYD AY FRFO. CONDL ', 148, (OF FHANNEL .12,
LU= 4FRAGLe" N2=? TR, /7))

ANA Y FORMAT (P10 /777 RX"MAGNITUDF NF CEOSS-SOFCTRUM BETWEEN CHANNEL |

AUTPUIT CHANNTL A:'.//.nx.zota.///.?sx.'l‘.l:x.'rnFOUFncv'

felAXe® X~

AN4Q |l FINITMAT M .////.PX.'WA NITUDF OF CFOSS~SPFCTRUM HFTWENRN CHANNEL 2

L]
F.AND THF QUTPUY CHANNEL 81" e//7eRXe20A407//7+23Xe* 1% e13Xs*FREQUENCY?*
FelAXYX~SOEC? ./ /)

Q042 FOOCMAT (1 e//7//+4BXs *MARNITUDF CF (FOSS=~SPECTRUM RASTWEEN CHANNEL 3
. AND THS QUTRUT CHANNFL &% 9.//¢RXe20A84/7/7¢23Xe%1%413X,*FRFQUENCY"®
FolAX y® X=SNCt,/7)

4050 TOFMAT (*1°,7//7+RX+*NRDIINANRY CCHERENCE BETWCEN CHANNELS | AND 220

/
L]
("1
£, AND THF
SPEC*e77)
*1
e
n

Fo// 48X e20AN /77 ¢23X s 120 13X "FREQUENCY* 412X, *COHEPENCE 9/ /)
4051 rOrMaT | 02/7/7749%Xs "NORDINARY COFFPFACE DETWEEN CHANNSLS 1| AND 3:°
‘:o/’onx'?

0592 FOrMA® 0/ /7/7,8XOPDINARY COHERENCE BETWEEN CHANNFELS 2 AND 313
FoZ/eBXo2 0/ 77 023X %1%, 13X, 'FRECUFNCY® 4 12X COHFRENCF.*4//)

QANED FOFMAT (01047777 RX*TARTIAL COHFEENCT OTTWESN CHANNTL | ANND THE ©
CUTOUT CHANNFL Q4% e//7eRX020A%7/7/ 23X ' 1% 13X+’ FRFOQUTACY?®,
CIPX e *COHEFENCT® /7))

ADARL FORMAT (*1°% s/7/7/774RX"OAQT AL CCHEFFENCY RETWFEN CHANMEL 2 AND THE O
EUTPUT CHANNEL Q2% /7/7¢PRe2IA84/777423Xs 1" 12X *FRENUFNCY®,

LIPX o *COMERPPENCT® )
ANCD SNRMAY (*1%,//7/ Xe PPACTIAL CONRTRENCE RETWEEN CHANNFL 3 ANC THE O
7/ eRXv2IAN /77 02IX 012 o 13X, *FRENUYINCY?,
)
1

dA

.‘.

JAA L /77 423X e 1o LIXL ' FREQUENCY "o 12X« *CONFPENCF 0, /7/7)
LS B

Jea

LI2X s *COHEPTNCE®

s e

o//
/8
FUTPUT CHANNTL 4%°,
o’/
4271 FOIMAT (6HX.V4,10F

o1

‘-
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SCPCCCPCCffCCCC(CC(fC(CCCfoC'CCCCCCCCCCCCCC(C(CCCﬂCCCfC(CCCCCCCCCCCCCC%
a 1 ALOTS TET MAGNITUDF OF THC CROSS-SPECTPUM HETWEEN C

4 CTPILNTAY =
; JHPUY CHANNFLS L4209 £ 3 VeSe THT CUTPUT CHAMNFI. 43 = N NOES NNOT,. g
d TIRLGTRY = | PLOTS THF CRDINARY COHERENCE RITWEFN INDPUT CHANNELS €
g . 2¢ 1 € 3y AND 2 £ 3% = 0 DOFS NOTV. 2
(4 CINLEOTCY = | PLINTIS THE PARTIAL 7“OHFFENCT RFTWETN INPUT CHMANNFLS C
Cc 1¢20 £ 3 VeSe THF QUTPUT CHANNFL &% = 0 COES NOT. [ 4
C (4
(4 *rTC 1S THE DATA FreNPNING SPEFD IN IN/SEC OF CM/S5FC,e C
C SENRDY IS THE NATA PENRNNYCING SPEEN IN IN/SEC OR CM/SRC,. [4
C 18 NOT APDLICANLS, SFY SFC=FFP=] .0 (d
< . Cc
gccrcccccrccccccccccccccccccccccccccccccccccccccrcccccccccccccccccccccrc

IPLNTA=Y

o1 NTa=t

Imerc=1
4

FFC=AJ.N

PFP=1%,.0
Cc y
SCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC(CCCCCCCC'(CCCCCCCCCCCCCCE
é *N® = ONF~-HALF THE NUMARER OF CATA POINTS PFFP TIMF RFCORD; TeEoo C
c N = THT NUMREPR NF SPFCTRAL LINES. é
C
C CIAVES® IS THE NMIMAGR OF AVERAGES PER FREQUENCY LINF, E
c
C *SPLRT IS THL SAMPLING RATE IN HZ. g
C
c PEFES IS THF FRFFRINCY VALUZ FOP THE DFCIDEL SCALFR. g
4
< K ANN?Y = THF NUMHEF CF. AVERAGES NEP AINMATIUN NUMN, THERFE AP [o
C A0%9¢ 13¥=-AIT wCINS OF NATA POINTYS PER CHANMNEL . WHEN EACH DUMP C
< 1S NIVIDFND INTO FOUETHS, IT YIFLCS 11924 DATA POINTS AVAILABLFR PCRC
¢ CHANNIL s FPN4 TH]IS, UNE AVFRAGF FEF DUMP (wlTH 1024 FOINTS OER C
C CHANNTL ) MAY AF PFALTIZED, OF TW(' AVFPAGES PR DUMD (wlTH 512 C
C POINYS PEP CHANNFL) MAY RT REALI 27D, ETC, KACP = ((512/7N) (4
(4 C
[didddddddddduidddddddddddddddddddedddd(dddd Jdddddddddddddd I ddd S S A A A o
C

N=§12

TAVGS=1?

ePLRET=5000.0

RFF=1.0

3

,

KADP=S12/N
cceeoeececceccccecccceccrcceaenceecceccececnceccececcecaccceccccececcccccceccece

SCALAAY = SPL OF THF MICe. CALe SCURCE EXPFFSSED IN NN FOP
CHANNELS 1¢2e30 £ 0,

aANONKOA
[aYalals)

D P e e
R Qs iy

—————

o —
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SCALON® = NR REANING OFF THT CAl TRFATION PFUGRAM IN THT
FEFQUTNCY NANDR OF THF CALe SCUFPCE WHIN *ICAYAY = 1§,

[4
¢
SGAIN®' = NFT DIFFERFACF IN GAIN OF (ACTUAL DATA FHN KNOB [ 4
SFTYTINGS )=(CALe RUN KNON SFYTINGS) FXPRFEEFD IN NN, E

C

((fCCCCC(CFCCCFC(CCC(CC(CCfCFCCCCCCCFCCCCCCCCCCCCCCC'(CC(CCCCC(CCCCCCC

GAINI=D.0

GAIN?2=3%,0
CATIN3=35,0
GAINA=3S5.0

Qedse{(CALIA-CAl IN-GAINI)/20,.0)
«O*e((CALPA~CAL2N=GAIN2)/720,0)
A (CALIA=CALJIPR=GAINII/20e3)
I (CALAA-CALAA=GAINAY/20.0)

n

)

AAIADDO
Neer ol <ty Ve
ZWUN W= IN =g
pr PRSP PN A,
Sl g 5t oy g 4 o 200 g g et N}
Z e 0 et w0 et (D
[¥alakaYalaFalaVaYalsl
TLTIXITIXZII L= O
YIgIJUuJgyun
rerrrrrrere
P2 .2 8 & 8 83 4
Iy S o o o o D
COJ0QUIVOW
EEEEEEEEXK
VOIOOUDVOO
LR E X EREEEREE)
WIVODIOTOO
IR
OIT0JWIVOD
- o e >
*

DD
cuRNRNuNIIe ©OD

[a)
2

Pl=3.1415027
INYMP=I
NOTNK=N
IDUME=IDUMP+1
K=0

TYH™ DATA IS READ (A 4K ATOMATION DUMP) AND CHFCKFD FOR ERRNPRSewe=e
FFAL (441173) CINFILIT)o1=1,4006)

ND 150 J=1,4066

TF (ENFILETD LT 1028 .ANDCINFILITI)aGELO) GO TO 150
NOTAK=1

WEITE (3+155) I+ INFILIT),INUME

CONTINYT
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C

c
123
1¢16

C

C

c
11

C

4
22

<

C
33

[ <

C
[ 2]

[+

C
9

IF (NPTOK.F0.0) GN TN 12)
JAVGS=1AVGS -1
INUMP=TDUMP- |

WRITF (3.152) INUMP, TAV,S
NOTCK=0

GO YO 1915

COMT INY™
Jvnvs)
CONT N
v.evaet

TOASSIONFR TQ CHE,

EVAL =9,0

ne 22 1=t
ACYI)=CHytleloannv-11)
DUIN=CHI(T eI o gNNY)
CVAY =FVALMALTINN(T)
CONT INUIF,

FVAL=EVAL/FLCAT(NeN)
oo 33 1=1,
Al1)=CAL1)
ner=(ne!)
CONT INUF

CPLL FFY(A.AMeN,MNi1)
CALL PEALTP(A,BeN.1)

N -
-CVAL) D, 5

O¢(SIN
TVAL)#2 00 (SIN

EVAL =X ,0

eC S5 1=x1,
AlT)=Cni2(1
BlrysCH2(Y
TVAL =TVALS
CONT INUFR

THE SECCND TN CH2,
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EVAL=IVAL/FLNAT(NeN)
NN AF 1=1N

AQUI=CA( I )~FVAL ) #2 O8(SIN((TI=1)8DPI/LFLOATIN))) ) s

PLTISIDNCTII-FVALY 2 D¢ (SIN((I¢R])/(FLOAT(N)) )} )92

CONT INUF

CALL FFT(APGNINgN 1}

CALL RFALTR{ADsN,1)

DO 77 1=1,N

FrT2C11=CMPLXCALT )P ( 1))

G220 11=G22(T1D)+CONJIGLFFT2L1))eFFTI2¢(1)

CONT INUF

FVAL=0.0

RO AN T1=] N

ALTI=CHI(T¢I4IMOV=))

RUII=CHYI{TeTegvCV)

FVAL=FEVAL+ALT)+8LT])

CONT TNUE

EVAL=RVAL/FLCAT(N#N)

00 90 T=)N

ACTI=CA(T)=FVAL )92, 0¢(SIN((I=1)®PI/ZI(FLOATI(N)}))) e

BlU)=(R( T} =FVALIS2 08 {(SINI(I*P) )/ (FLOATIN)) ) )02

CONTINU™

CALL FFRTIARA(NININ,1)

CALL RFALTPIA.ResN,1)

DN 1010 =1 ,4N N

FrYAM I )=CMPLXCACTID) N(1))
33CII=G3I3(I)+CUNJIGIFFTI(I))ISFFTI(])

CONT INUF

FVAL=0.,0

NG 1111 I=1.N

A(T)=CHA(T+TeIMOV=-1)

ALI)=CHAL I +E 4 JwDV)

EVAL=FVAL#A(I)eD(])

CANT INUE

FVAL 5EVAL/FLOATINSN)

DO 1212 1=1,N

ALT)=(A{ I)~EVAL )42.,02(SIN(C(I=1)8O1/({FLNATIN]))))ee2
BII=(NUI)-FEVAL)IS2,0¢(SIN((ISPI)I/(FLOATI(N))))®*s2

CONT THUT
CALL FFT(AsRelieNoNol )}

omGNaL, PAGE
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CALL RFALTR(A,(3,Ne1)

NE 1313 §=1N
FrYagi)=CMPLXLALL) 13(T))
GYYLI)=GYY(3)eCCNIGIFFTALI)ISFFTALTN)

CONTINUR

CO tals I=1,N
GYLLT)=GYLLIDerrTIC(T)sCONJIGIFFTA(LI))
GY2LU1)=GYI LI )eFFT2C1)VCONIGIFFTA(T))
GY3(I)=GYI(J)eFFTI(1)CONJIGI(FFTA(I))
GI2€1)=G12(1)eFFT2( 1 }¢TONJIGIFFTIIT))
CLICII=GL M I)I+FFTHLT )*CONJIGIFFETI(1))
G23(1)=G2 I FFTI(TI®CONIGIFFT2(I))
CONT INUF

IF (I1NUMP.EN.TAVGS) GO TO 17187
1IF (KeZQeKADP) GO TC 1515
JNOVSJVIOVENN

an TN 1616

CONT INUE

FNN (F AVFRAGING. AUTO AND CROSS-SPECTRUM VAL UZS ARF CORPRECTED

WITil FFT PROGAAM FACTORS emmomemmcns o ens oo~ e on oo e oo onene o

ONOF M=4 6Ns LAV S eN

N0 4193 I=14N

GYY(I)=GYY(1)/7DNOTM

GlI(I)=G11(T1)/7DNQORM

GR2(1)=2211)/NDNNRM .

G3I1I=6GIA( 1) /DNORM

CYLI{1)=GY1(1)/DNORM

GY2{ ) =AY2(1 )} Z7DNCFW

GY3C(1)=GY3I(1)/DNCPM

6G12C1)=6G12C1)/NNORM

5131 13=613(1)/DNORM

G230 11=G23( 1)/DNORM

CONTINUE

WFPITE (3.,121€)

WEITE (3¢4231) C1aGYV(IDeGLECEDeGR2UT)oGIMIDaGYLILT)oT=1oN)
WEITE (1.1217)

WRITF (344201) (I.GY201)eGY3(L1)sGI28 T)eGIAI)eG23IT)olx1oN)
PARAMETFERS FOR DLOTTING ARF INPUTED-weccecrmccccrcvrvcarresvoessanen
PrAD (1,200) (TITLICI)41=1,020)

READ (14200) (TETL2(1)e1=1420)

READ £1:200) (TITLIC(1)+1=1,20)

REAN (222700 (TITLA(T)e1=1,20)

CEAD 1 230) (TITLS(1)e1=1,20)

O




LIS

1,0

FEAD (1:279) (TTITLAL(T) o1=1,20)

XLNGTH=84.2
X EFY=0.0

XL IGHT=(SPLPT/2,0) 8{NFC/RED)
XINF=XRIGHT /D)

VL NGTH=5 .0

YINC=19.

NNECY=1

MAXDT S=N

NPTSE=N

"IND(E) =1

LiINES=0

NDATA XLARFL/ZPIEENS (0UrnC o 40y (HO 07,) ¢/

DATA YLANTL/'DPOWES (oD sne exCTR ¢, 0AL B, *ENSLY ,0TY  9,0(CO) %, _*/
NATYA YLARCZ/PDART o JAL Yo CORE® G 'PENC®, 'E_"*/

FATA YLARE Y/ VOBRNTS *NAPY ¢, 0 COH® o *EREN® o 'CF_'/

C
NDATA NNFCX/Z0/«NRINAV/L/ yMAXCVS/ZE Z7oNCUPVS/Z 1/ NPTS2707 «NPTS3/0/
c DATA NDTS4/2/7.NFTSS/0/
g—-----—----—-—-—----- -
g F1 OT CAFCS FOP |GY1| FOLLDW THIE CARD:
YAASF=0.0
c YTOP=20,0
DN 1L 1=1 N
X1=1-1
FEFQUII=(SPLPTORECEXT)I/Z(2.I0REPEFLOATIN))
XCFD (1 1)=TPFA(])
YORD(L« 1)=SQRT(PFALICONIGIGYI(I)IOGYRLIN))
YNEN{1 1)=1D.2ALOGIOLYCRO(L 1) /FEF)

120 CONT INY™
IF (YORN(1 4T )LEL(YTOR=5,T)) CN TO 110
YI0=YTIP+10.0
60 TN 129
110 CONTINUT
YRASE=YTOP-Nn0,0
1IF (YOREU1.1)eLTeYOASE) YORDCL+ I I)=YRASE
11) CONYTINUSP

WEITFE (3.4040) (TITLLIC(T),1=1,20)

WEITE (3¢1976) (1:XORN(1+1)eVYORN(LeT)eI=14sN)

IF (INLUYTA.T0.0) GO YO 19

CALL PICS1Z (14404740)

CALL GRAFF (XLNATHXLEFT o XRIGHT s X INC ¢NDECX o« XLARFL ¢ XURD ¢ XDUMMY ¢ YLNG
PTH YAAST JYTOPYINC ¢NOECY ¢ YLABEL s YORD ;Y DUMMY s NSINGVeMAXCVS«NCURVS e M
PAXPYSoNOTSI¢NPTS2eNPTSIINPTSAINOTSE.KIND JLINES,TITLS )

10 CONTINUFE

T b e L T R R R e L L T T Y T

AND
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M.OT CARNS FON IGY2] FOLLOW THEIS CARC:

YRASE=2,.0
YIONR="7,)

AL(CEAJGIGY2(T))eGY2(1)))
GIDNIYORN(L L) /PFEF)

)OLF-(VTOG-SoOl) GO 70O 210
*

O OONZ
e Um
. *4D
’-‘
e
[ R bd

6N 10 ?"o
21N COANT INUF

YPAST=VYTNAD=-A0,0

IF (YORDC(Ya 1) el TaYNAST) YNRD( 1,1 )=YDASF
2722 CANTINUT

WFITE (3+4241) (TITL2(1),41=1,20)
c WETTE (3:1076) (1eXOFDI1 1) YOFD(Ll e1)eI=14N)
I¥ (IPLDTALEC.Y) GO TN 20
CALL PINSIZ (1440,740) )
CALL ARAFE ( XUNGTHoXLEFT ¢ XRIGHT ¢ XINTC o NDECX o XLABEL, » XORO » XDIBNY s YLNG
PYHLYOAST ¥YTOP ¢ Y INC o NDFCY o YLAHEL s YOP D o YNUMHMY o HS INGV eMAXCVSoNCURVS o M
PAXDT S NPTST o NPTS2,NPTSI NPT S NPTSTeKINNDGLINESTITL2)
20 CONY JTHNUF
g-------— _______ - - - - -
[4 FLOT CAPDS FCR |GY3| FOLLOW THIS CAPD:
(4
YRASE=N,0
c ¥YTOoP=2n,0 -
NC 333 1=1.N
XOPD(1 1 )I=FREDQ(1)
YORD{L+ 1 )=SAPTI{REAL(CCAIGIGY3I(1))eGY (1))
YOPN(141)=10%ALCGIO0(YCRD{L,1)/REF)
320 CONTINYE
: IF (YORD(1+1)eLBC(YTOP=5,0)) GO TO 310
YTOANPYTNPE10.0
GC YO 320
310 CONYINUF
YRASESYTOP=60.0
1F (YORC (1 «1)elTYPASF) YORD(1,41)=YBASE
¢ 337 CONTINUF
WRITE (3e40482) (TITLI(T)41=1,29)
. WPITE (341076) (1o XCAD(141)oYORD(L o) ol=1eN)
IF (IPLNTAFEQ.,D) 66 TC 30
CALL PJCSTIZ (14,0,7.0) )
CALL GRAFT (XLNGTHeXLFFToXRIGHT ¢ X INC JNDECX o XLABL L. ¢ XOF D o XDUMMY s YLNG
PTHOYNAST JYTOP Y INC o NDECY o YLAREL ¢ YORD ¢YDUNVNY s NSINGV e MAXCVSoNCURVS e M
PAXNPTSoNITEL sNPTS 2, NNTSIINPTSANDPTSEGKINDGLINES,TITLS)
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e

30 CONT INUFR

Crmermmmcmcccccccnmccam——— ———— - -

<
DC 100 I=1eN
OCNH{Le 1 )=COND
PCNH(21)=CONY
DPrUIE 3,1 )=CONJ
30 CONT INUT

aQd
o o~
QD
ST
- N
~
YT
-
-
a®ee
[1T211}
A) v o
Wun
- o
8 g &t
-
NN\
-~ o~
[a3]2]
N o
) wo o=

- - - - - - -non

ML NT CAPDS FUR THF ORNDINARY CCHFRENCE BETWEEN CHI & CHM2
FOLLNW THIS CARD:

YRASC=0.0
yrnr=1,0
YINC=0,.,2

NGO 18R I=1,
YOPD(L 4 1) = DFAL("CON([.!)’
XOOD (1. 1)=FPFQ( 1)

CIQQO CONY INUF

ANANANND

WEITE (3,4050) (TITLA(I).I=1,20)
c WFITE (3,197A) (1eXOFN{1e1)oYORD Lo ED)s1=1sN)
IF (IPLNTALEQLD) GO TO 4
CALL PICSTI? (14.,0.7e0)
CALL GRAFF (XLNGTH s XLEFT o XRIGHT o XINC o NOF.CX o XLAFIEL ¢ XOFD ¢ XDUMMY o YLNG
PTH,YRASE sYTOP oY INC ¢ NDECY o YLABEI ¢ YOF Do YDUMMY ¢ NSINGV e MAXCVS o NCURVSIM
PAXPTS NOTSE sNPTS24NPTS34NOT S8 JNPTSS s KINDSLINESsTITLA )
40 CONT INUE
¢
%-------—---——.‘--‘-_-.——-—--—--— -
c PLOT CAGDS FCP THE OFDINARY COMFRAFNCE BETWEEN CHI & CH3
E FOLLOW THIS CARDS
DO 195% I=1,N
YORD(1» 1 )=REAL(OCOHI2,1))
. ) X0PD(1 «1)=FREO( 1)
z cl?!l CONT INU™
ﬁ, WEITF (3,8951) (TITLS(1).1=1,20)
¢ WRITE (341876) (14%0PD(1e1)eYORD(LoT)eI=1oN}
IF TINLOTR.FRe®) 530 TN S50
CALL PiCSIZ (14.2.7.9)
CALL GRAFF (XLNGTH.XLFFT.xﬂ!GFT.X!NCoNDECX.XLABELoanDoXDUNMY'YLNG
2THLYRASE s YTOP o VINC ¢ NOFrCY o YLABEI g YORD s YOUNMY ¢ NSTNGV e MAXCVYS¢NCURVS e M
1AX°7$98”TQI'N°TSZoNDT§3.NP?%Q.NPTSS.KIND.LIN’S.TITLS)
S0 CONTINUS
h Convmcnncccancan
<

N Ll o P
m" ’1'\“; ’X:'\%."-’x e

o HQ@P QUALITY

Py




G ecam T N

S R

e TS

et

"ARN

1cn2
c

A 9 N OANN

TYH YPASE o YTND, ¥ INC ¢ NDECY s YLANEY YORN ¢ YOUMMY ¢ NSINGV ¢ MAXCV 5S¢ NCUPY

TAXNTSoNDTRL oNPTSRZoNPTSI s NOTSA ¢ NPTSS s KINDeLINFS, TITLG )

LD}

- mn e e (o W e S S = e . e W T Sn S -

2000

2100

2200

DL RY CARNDS FOR THT ORNDINARY COFFRENCFEF AFTYWEFN CH2 € CH)
FoLLwW THIS CARD:

N 19A2 121N

YORD(L . 1)=RCALEPCON(3, 1))

XO2DL1 o 1h=FRFENLT)

CONY INUF

WEITE (3.4052) (TYITLE(Y),I=1,20)

WRITE (J321976) (1eXORD(12T1)eYORDIIT)el=1eN)

1IF (ID0Th.FN.0) GO TQ A0
CALL PICSIT (14ede7eD)

CALL GeArE ( XLNGTN.!L""T W XRIGHT ¢ XINC o NOFCX ¢ XLADEL ¢ XOFD ¢ XOUMMY » YLNG

CONT INUT

THE CARDS FOF CCMPUTING THE PARTIAL COMCRENCES FOLLOW THIS CAED?

1P==1

nn 7000 2x=1.N
1IFLIP)2100,2200,2390
GAGEY)=GYY LJ)

GAGL2)=CCNJIGIGYLI(US))
GAGL{3 )=CCNIGIGY2¢U))
5Y3¢0))

GAG(4) =CONJG(
GAG(%)=GY1(J)
CAGI6I=GL1{I)
GAG(7)I=CCrHIGI(RI1280)) .
GAG(R)=CONIGRI(GII(I))
GAG(S)=GYD L)
GAG(10)=G12¢J)
GAG(11)}=GP2(J)
GAG(12)=CINIG(SG2A(I))
SAGUIZII=GY3I(I)
GAG(14)=G1V(J)
GAG(15)=G23 J)
GAG{16)=Ga3(J)

N YO 2400
GAGL1)=GYYLJ)
GAGL2)=CCNJIGIGY2(U))
GAR( W =CONJIGLIGYLI(I))
GAGLAY=CCHRIG(RYI(I))
GAG(S)=GVY2(J)
GAGL6)=G22(Y)
GAGL7)=Gl2CJ)
GAG(A)=CONJIGLIG23(J))
GAR(Q)=GYILI)

S

oM

"
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TATO CALL CHPRD(SY P SON(SYNP, 2}
CALL CMPFD(SYNP,SPY , SYNDPY, 2)

<
nn 2500 1=1.4
! GXYPLT)I=SYY(L)-SYNPY (1)
' * 2500 CNAMNT INUFE
c

‘2%53 CONT INUF
GXYD=GXYP(1)eGXYP(A)
GXYRE=CARNSIGXYN)

FFFSQ=QEF*QcF
FEFOR=FIESQeREF SO

JF(GXYF WL TRFFOR) GO TO 2900

[ FCOMETIPCII=(RTALIGXYP(I))S02¢ATMAGIGXYP(3))e82)/GXYD
u G0 YO 26€0

<
2900 FCONMLEINC e JI=CMPLX(De00eD.0)

‘ ‘2053 continUE
' 700 CONTINYL

'3 c
fo=1p¢1

c IF(IP.GF.2) GN TO 3100
: . €0 TN 2009
M CIIOO’ CONT INUC

Cc-- ———— e g - - - - - P e e L L L L L T T Ty
! C PLOT CARPDS FCR THE PAFTTAL COHEFENCE DFTWEEN CHI £ THE OUTPUT
! C CHANNFL FOLLOW THIS CARD:

c

NO 1623 =1 ,,N
YOPD( Lo 1I=9EALIECONILL I
- XOPN(1e II=FFEN(T)
jca3y CONTINUT
<

WriTr (v,a0

7)) (YITLIC(Y ),
WETTE (3419760 (1.

I=1 0
(1eXC"D T)eYORDU 141 ) o1=14N)
GO 7C 70
Ne7e0)

6
LR IF (I1"LNTCEQeD)
; 14
LN&TCoXLTFToKRIGNT.K!NC'NDECXoXLABEl.XURD.XDUHMV.YLNG
WY1
nTq

pl
: CALL PICSIZ
i CeLL GRAFT (
© FTHLYOAST ,¥TN
TAXPTS,N2TE,
70 CONTINUZ

NC ¢ NIFCY o YLARE?2 s YCRD g YOUMMY  NSTNGVsMAXCVSoNCURVS, M

2
3}
Q
{
X
]
N 2 NPTW3.N"YSQ.N”1FS.KIND;L!NES.7ITLEl

BLOY CARDS FOR T¢F PlfTIAL COHERENCE BETWFFN CH2 £ THE OQUYPUY
CHANMTL FOLLOW THIS CARD

[aXalalaTala]
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c

NN 19Ra I1=1.N
YORD(Y o 1)=PLALIPCORE24 1))

XORD (1, 1)=FREQ(T)

1eB84 CONT INUF
c

WOITE (7,80F1) (TITL2(1) 1=1,20)

. WEETE (3,1°76) (L XOFN(1.8)o¥YNFOLLsT)alz1oN)

IF (IDLOTC,FQ.0) G Yr =0

CALL PICSI7 (14.0.740)

CALL GPAFF (KLUGTHXLFFT (XRIGHT o XINC +NDFECX s XLANEL « XORD s XNUMMY ( YLNG
PTHUGVHAST YTOP Y INC G NDECY YL ABFZ 5 YORD o YDUMMY ( NSTNGV ¢MAXCY S o NCURVS o M
PAXPI S NPTSE JNPT G2 o NOTSI s NOTSa (NPTSS (KIND L INES, TITL2)

%0 CNNT INUT
s
E—-—--—---—.———-—-—-——-——-—---.—----—..----,---— - - - - - - P T T T T
¢ FLOT CAPDS FCR THF PARTIAL CGMEFENCF BCTREEN CH3 € THE OUTPUY
< CHANNFL FOLLDW THIS CARD:

B0 12RS [=1.N

YOPD(1+1)=RFAL(FCAH(341))

XOCD(1, L)=FPEQLT)

CIQ“S CONT INOT™

WFITE (Je8n62) (T1
WEITFE (3,1376) (1,

1

)
RO(T eI ) ol=1eN)

I (IPLOTCL.FN.0) 6

CALL PICSI? (14.0.7,C
CALL GPAFF (XULNGTH XLEFT ¢ XPIGHET s X INCoNDFCX o XLABFL + XORD ¢« XDUMMY, YLNG

TTH VYNAST ¥ TND s YINC ¢ NDECY ¢ YLABF2 s VORD s YNDUMMY ¢ NS ITNGV s MAXCVY Sy NCUFVS e M
?AXO:?.NDTS|'N“Y§20N91SJ-NDYSQoNpisﬁoMINDoLlNESoTlTLS.
o0 CONTINUE

Come - - = = =

<

IF (IPLOTALECeNeANDs 1PLOTNEQO0+ AND. IPLOTCEQ.D) GO TO 9009
c CALL PICSIZ(0.0,0.0)

(remnsnernmacccnccaan EL R L T L T DL

4
9999 S§TOP
END

R W

—, S RS . —— o
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ol
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T

D

T T

12

22

39

SURFOUT INT CMINVISPP
PIMFEFNSICN SPP(a)eA( S
COMBLEX SPP
NO 10 §=1,8
At )=nrEaLSPP
A(T)=AIMAG(SP
El1y=ac1)
CONT TN

CALL MINVIF ND)

ri=n

CALL MDTANIN K oF oN)

CALL MOIEMN(F N e G eN)

cNn 27 1=1.4
AlT)=AL1)eG( )

CONT IMUFE

CALL "MINV(AeND)

n2=n

CALY MOENF{AFs Do)

oN 310 1=1.4

SN II=CMOLX(A(T ) e=P(T))
CHNT THUF

R TURN

Fdn

)
Ca)eFLA)sGLA)

e 23
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ﬁ
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3
i

R e

- e
"L
CAR™ D=

25

30
R L]

k1]

40
a6
a8
50

1]

60
a2

»S

SUARDUT TAT MINV(
DIMENTICON At4),L
Dzl.0

NY.E==N

NN RO K=1 N
NX=AK N

LIK) =K

MK )=K

KNX=NK+Y
NIGA=A(KK)

nn 23 J=K N

AeNoT)
(4).Nla)

-

eI~
:

-

-

FZRXXJ=

[
-

=K oN
ﬂ;GA" ABSCA(TIJ))) 15,20,20

"

T dentnd
Adww; -2
Resti H I >DNO
—-ZL=Pp e
< - Sl
B -~ H

IFrCI~X) 3543525

JI=KI=X4+J
A(KII=A(JI)

AL JI ) =HMLD
f=miK)

IFCI=-K) 45,45,3R
Jo=Ne([~1)

NN 4N J=1 .1
JK=NK+ Y

JI=0P+
HOLD==A{JK)

Al UK )=Aa( 1)
AlJL) =nDLD
IF(RINA) 4A,45,49
=) .2

FETHIEN

DN 5% I=1.N
JIFLI-K) S17,:55¢50
IK=NK+]
A(IXK)=A(IX}/(~RIGA)
CONTINUE

NN €5 I=1eN
IK=NV+ ]
HALD=A(TK)
JJ=1=-N

NN E5 J=1¢N

IF(I=K) 60:65:60
FF(J=K) G2 6562
vi=lJ=14K

AT J)=HCLDO®AIKII®A(TI)
CONT IN'IT

LA e e
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[ Seducti]

[E==00N

=== b

oo
i
¥

N
an
122
195
197

- e
N N

13
150

KJ=K=-N

N "8 J=],,N

wJh=¥ J&N

IFCJU=K) 7TNy75,70
A(K JI=AlIrK ID/NIGA
CONT INUr
D=N*ATGA
A(KK)=1,7/RICA
CONT INUF

K=N

K=(K=1)
150,150,1CS

Neyl20,10n

Ji=Jrs
AlIX)==A(I1)

AtJ]) =HOLD

J=M(K)

1F(J-%}) 139,100.125

HOLO=A(KT)
JI=KI=Key
A(K] )==ALJ1)
ACJST) =HOLD
GO TO 100
PETURN

CND

ORIGINAL PAGE IS
OF POOR QUALITY
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SUHPOUTINT TMPrED(

COMPLFX A RlR
1r=n

IRz =N

DN 10 K=1,N

SUNRNUT INT MPONC(AeRoFoN)
REW)

NIMENSICON AlA)eB(A)
tF=2

1]
'
Z

be 201
~2=33%5>
1
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n
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11.4 CIRCXCOR

The two-channel program 'CIRCXCOR":

removes the overall mean from each of the two time series sample
records and amplitude weights each time series with a Hanning

(sin2) function.

computes the spcctral values for the two-sided spectra G X’ G ,
ny via the FFT. X yy

averages the above quantities by repeating steps 1 and 2.

"edits' the spectral values in chosen frequency bands (digital
filtering),

~

computes the frequency-filtered values for R , R _, and R via
xx’ yy xy

the inverse FFT and the convolution theorem [3, 4]; i.e., circular

cross-correlation.
computes the correlation coefficient, B
outputs all above-mentioned averaged quantities on a printout.

automatically will scale the plot axes and then plot 6xy'
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INTEGER®$2 INFIL o JUNK
REAL*4 MSDAT ,MSCUP
COMPLEX FFT1,FFT2,GXYRXYCX

DIMENS ION JUNK(20)
DIMENSION MSDAT(20) ¢sMSCUR(20)+DEL (99 )4 SNFIL(2348)
DIMENSION XORD(141201),YORN( 1412010 ¢« XDUMMY (1412010 YDUMMY (] ¢1201)
DIMENSION XLABFL. (20) o YLABEL (20)sTITLF(20),KINI(S)
DIMENSION RXX(204R)RYY(2048),PXY(204R),GXY{2048)sXFREQ(2045)
OIMENS ION TAUC2048), INFILIA096),CHI(2048),CH2(2048),INIT(100)
DIMENSION A(204R)¢B{20AR)FFTI(2048).FFTY2(2048)
DIMENSTON NLOWE10) oNHIHU 10) e GXX(2048)¢GYY(2048) ,RXYCX(20648)

SO FORMAT (°1°,//7//+40X420A4)

100 FORMAT(40A2)
155 FOPMAT (*OPOINT NUMDER®s16:° HAS A VALUFE OF*,112)

S00 FORMAT (20A4)
1088 FORMAT({%1°,//7+* CHANNFL® ZERD=MEAN INPUT2®*,//,(10F12.1))

o130
3000 FORMAT(* ITEPATION NUMBTER? 3 13,° EXPONENY OF® F6.24+° DEL="'4F9ele’/)
*13:" DATA AFTEFR DECAY CORRECTION:?® 77,

3311 FORMAT(*1t,/7//.% CTHANNEL®
JLIDF12e11))

4300 FORMAT(*11BANDs FREQUENCY, GXX, GYY, GXY (COMPLEX}®*,//,
1(2(1114F9:1,4F10a1)))

4345 FORMAT(® *4//4* ON FILTER PASS*e13,* THE AVERAGE X=SPECTRAL VALUF,
1 GXYAVE.s 1S*eFAe2s® UNITSe OF*¢I5¢° FILTERED®e/+s® SPECTRAL LINES.*
2¢15+° WERE ABOVE THE DXYVST VALUE OF *+F8.2:* AND WERE ADJUSTED.*+s/,

© 3" THE POST-WHITENED X-SPECTRUM IS AS FOLLOWS:®,//,* IRAND FREOUENC
4Ys GXY (COMPLEX)*y//)
A346 FORMAT(2(125,F9¢142F10.1))
5100 FORMAT (* MSDAT(*,12,°) =t yFia,.|)
$200 FORMATY(®* THE MSV OF ALL OATA ='4FQ9.l ///)

SS00 FOPMAT(® MSCUR(®,12,°) =°.F14.5)
5600 FORMAT(® THE MSY NF THE EXP CURVE =°,FB8.5,° THE REQUIRED GAIN IS

1 THUS'FB8.1)
6000 FORMAT(*0'¢//+° FILTER PASS'oI3:FBel+°® HZ TO'sFBele® HZ' /7,
: 216+ INITIAL POINTS ARS OMITTED FFOM EACH CHANNEL 'y 77}
6010 FORMAT('0I, TAU(I)}~(CH1 LEAD IN MSEC)s RXY(I)e¢ RXX{ID)e AND RYY(I),
: 2 I=21 YO 2%N* o//+(2(111:F10.2,3F13.4)))
(ddddddddddddddddddddddddddd dddddddd dd ddd ddd L dd df J A dd A d S L S L S { L o]
XOELAY SPECIFIES THE PDSes & NEGe DELAY (IN MSEC) FOR THE PLOT.
IF JFLAG = 0 o« NON-ESSENTIAL PRINY OUT IS DELETED IEe GXXeGYYeoeo
JOMPSX SPECIFIES DJMP TN BE SKIPPED DUE YO FILE ERROR.
NOMIY INITIAL POINTS ARE OMITTED FROM EACH CHANNEL.
IF INDOW = 0, FILTERS WILL BE ABRUPT TRUNCATION.

NLOW(JPAS) AND NHIM( JPAS) SET BAND=PASS FILTYER CUT=0FF
FREQUENCIES? NLOW(JPAS)=1 AND NHIM(JPAS)=N FDR NO FILTERING.

SPECTYRA ARE POST=~WHITENED UNLESS IJWHITEsO.
OECAY CORPECTINN: SPECIFY 10ECAY=)

alalalaYelatolalaYalalalalatolaloYs ]
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C : [
ECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCﬁCCCCCCCCCCCCCCCCCCCCC

XDFLAY=1,.,0
JFLAG=0

N=512
IAVGS=64
1DMPSK =0
NDMLT=D
INDOW=0
SPLRY=20000,0
PI=3.1815927

NPTSBL =128
NBLOKS =68
DELXPD=1 40

NZHEN®HN
KADP=1 024/N

DATA LADEL CARDS GO HFRE:

DATA XLABEL/®TAU * %= CHOo*ANNE® °L 1 *o*LEAD®e® (MS*,*EC)_*7/
DAYA YLABEL/CCORR® o *'FLAT* 10N ¢ (?COEF,*FICL® (*ENY_*/

oann

FEAD (1,500) (TITLF(1).12),20)

DTAU=1000./SPLRT
JAV=O
TOUMP=0

00 70 1=1,N2H

GXX(1)=0.0

GYY(I)=0.0

GXY(1)=CNPLX(0+0,0.0)
70 CONTINUE

INI=O

A0 CONTINUE
90 READ (4+102) C(INFIL(I):1=1,4096)
NOTOK=0

00 148 1Ix1,4096
TFOINFILET) el Te1024ANDLINFIL(1)4GE.O) GO TO 148
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TSt =3

ann

noo 0

148

220

240

1222
(<

n NN n o

1056
1057

1010
c

NOTOK= 1
WRITE(IW155) T, INFILCT)
CONTINUE

IFINOYOK ,FQ.1) GO TO 9999

FOUMP=IDUMP+
IF({IDUNP.EQ. IDMPSK)}) GO YO 90

K=0
IEND=2D48~-NOMIY

DD 240 I=1,1END
CHI(T)=INFIL{I+NOMIT)

CH2U 1) =INFILUI+2048¢NOMIT)
CONT INUE

IF{IDECAYJEQ.0) GO YO 1225
SEY ZERO=MEAN AND DECAY CORRECT:

RMVI=0.0

PMV2=0.0

MO 1221 I=1,1END
RMV]I=RMVI+CHE(T)
RMV2=2RMV2+CH2( 1)
CONT INUE
RMY1I=RMVIL/IEND
RMY2=PMV 2/ IEND

DO 1222 Ix=1.1END
CHI(1I)=CHI(TI)-amvi
CH2 (1) =CH2(1)~RMV2
CONT INUE

IOCH=}
NPD I Tx1END

00 10%6 I=],NPOIY
SNFIL(I )=CHI(T)
CONT INUE

SUMM 120.0

WRITE(3:,1058) IDCH.(SNFILCT) o Ix] NPOIT)

D0 1110 J=] +NBLOKS

SUM=0 .0

DO 1010 I=1,.NPTSBL
JRUNENOTSBLE (J=1) 1
SUMRSUMS [SNF LT JRUN) 1882
CONT INVE

MSDAT (J) =SUM/NPTSBL
WRITE(3+S100) JoMSDAT(J)
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SUMM1 =SUMML +MSDAT( J) /NBLOXS
1110 CONTINUEK
WRITE(3,5200)SUUMM)

XP0=0.0
TNO=1

t
cllSO SUMM2=0,.,0

D0 1310 J=1,NNLOKS
MSCUR(J) =L 0/7EXP(2.08XPOS(NPTSBLS(J=]1)¢NPTSOBL/2)/S5PLRT)

WRITE(3.5500) 0o MSCUR(Y)

SUMM2=SUMM2+NSCUR( J) /NBL OKS
1310 CONTINUE

GAIN=SUMN]/SUMM2

WRITE(3:5600)SUMM2 ¢GAIN

DELCLITND 1=2.0

D0 2000 I=1,NBLOKS

. DELCITNND)I=DELCITND) +ARSI{MSDAT(I)}-GAINSMSCUR(I))

2000 CONTINUE

WRITE(3+3000) ITND«XPODELLITNO)

IF(1TNOL.EQ.1) GO YO 35100
IFCITND.GE.99) GO TO 9999

CKDFEL=1:0012DEL(IVYNO~1)
IF(DEL(ITNO) «GT.CKDEL) GO TO 3111

Cc
3100 JITNO=]TNO+}

XPD=XPD+DELXPD
GO YO 1150

C
chl\ XPO=XPO-DELXPO

D0 3211 I=1,NPDIT
SNEIL( T )=SNFIL{IISEXP{XPOSI/SOLRY)
3211 CONTINUE

WRITF(3,3311 )I0CH.ISNFIL(E)sI=8oNPOIT)
IF(IDCH.EN.2) GO TO 6103

DO 6102 I=1,NPOIY
SNFIL(T)=CH2(T)

c6!02 CONT INUE

fOCH=2
GDh YO 1057
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6103 CONYINUF
£ND DECAY CORRECTIONe.

annn

1225 JAV=JAVeL
K=K+l

(1]

L1 24
€~
b 1]
° -~
LE N
mon

1230 CONTINUE
EVAL=EVAL/N
CHANNEL 1 MEAN VALUF CORRFECTION

nnn N

0D 1231 I=1sN
ACI)=(AL1)-EVAL)
CIZSI CONTINUE

DO t232 I=1.N
I2H= 14N
A{I2H)=z0 4D
. B(12H)=0.0
1232 CONYINUE

c GO YO 1275
cl250 EVAL=0.0

DO 1255 1=f.N
A{1)=0.0 .
c|255 CONT INUE

NO 1257 1=1.N

I2H=T+N

A{I2H)=CH2(1)

B8{12H)=0.0

EVAL =EYAL#A(I2H)
1257 CONTINUE

EVAL=EVAL/N
CHANNMEL 2 MFas AL Uf cnfnsCTIOoN

[a Lol N4

D0 1256 I=1eN

12H=1¢N

ACIZH)SA{I2H)-EVAL
1256 CONTINVE

3275 CALL FFT(ALRIN2HIN2HN2H 41 )
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2001
c

C
1400

2002

ann N

4000

4100

fann 0 non

A304
4305

4310
c

IFINIX.EQ.2) GO TO 1400
DO 2001 Ixl.N2H

FETR (I D=CMPLX(ALT)eB(T))
GXX(1)mGXX{1)+REALICONJGIFFYI(TINISFFTI(L))
CONT INUF

N1

x=2
GO YO 1250
D0 2002 Imi,N2H
FET2(1)=CMPLX(R(I)sB(1)})
GYY(I)=GYY{T)+REAL{CONJG
GXY{T)=CONJGI{FFTI( 1) )eFF
CONTINUE

IF(JAV.EQ.IAVGS) GO TO 4000
IF{KeGEXADP) GO TO 90
GO YO 1225

CONT INUE
END AVERAGING

DNOPM=4 SNSN*TAV GS

D0 4100 I=mi,N2H

GXX (1 )=GXX{])/DNORM
GYY(1)=GYY({1)/DNORM

GXY{ I)=GXY(1)/DNORM
XFREQ(I)=(I=1)%SPLRT/(N+N)
CONTINVE

AUTO AND CRDSS SPECTRA ARE COMPUTEDe. PUNCH D STORE OUTPUT.

FFT2(1

(] VISFFT2(1))
T201)eGXYLT)

IF(JFLAG.E0.0) GO TH 4304
WRITE(3,4300)( I XFREQCI) ¢GXX(TD)GYY({I)oGXY(])oImloN2H)
BANDPASS FILTER THE TWD~SIDED SPECTRAcee

CONT INUE
JPAS=0

CONT INUE
JPAS=JIPAS+}

00 4310 Ix],N2H
RXX{1)=00

RYY(1I)x0.0
RXYCX( I )=CMPLX(00,0.0)
CONTINUE

ILOW=NI.OW(JPAS )
THTHENL THI JPAS)

DD 4320 I=TLOW, IHIH
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[T

n

4320

0 ann

4335
c

4340

ann

N2I=SN2Hée2=]
RXX(1)=GxX(1)
RXX(N2T )=GXX (N2 1)
RYY(I)=GYY(l)
RYY{N2I)=GYY{(N21)
RXYCXtI)=GXY(T)
RXYCX{N2I)=CGXYIN2I)

IF{NLOW{JPAS) .NE.1) GO TO 4320

NAL=N+1
RXX(NAL)=GXX{NA
RPYY (NA] )=GYY (NA
FXYCX{NAL) =GXY{
CONT INUE

POST~WHITEN THE BANO-LIMITED DATAceo
IF(IWHITE-.EQ.0) ‘GO TO 4359

NGAINS=0
GXYAVE=0.0

B0 4335 Ix1.N2H
GXYAVEx=GXYAVE+CABSIPXYCX(1))
CONT INUE

TONM=2% ( IHTH=TLOW+1)
GXYAVE=RGXYAVE/ JDONM
OXYTSTGXYAVE®10.0

DD 4340 I=1.N
N21=NZ2He+2-]

1)
1)
NAL)

CHECK= D-S‘(CAHS(RKVCX(l))OCABS(PXYCX(NZl,),

JFI(CHECK L T.DXYTST) GO TO 4340

NGAINS=NGAINS+I
GAIN=DXYTST/CHECK

RXX(II=RXX({I}&®GAIN
RXX(N2I)=PXX(N2L )*GAIN
RYY(I)=RYY (I )sGAIN

RYYIN2I)I=RYVIN2I)*GAIN

RIVCK(I)IRXYCX(f)‘G IN
RXYCX{NZ Ti=RAYIXIN2T IRCAIN

CONT INUE

TONM=TDONM/2

WRITE(3:4345) JPASGXVAVE, IDNMyNGAINS,DXYTST
WRITE(I A48 T XFREODUL) RXYCXIT) el=l oN2H)

END POST~WHITFEN.
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nan

ann

4350

4355

4362

4400

4410
<

4600

4710
<

4800

4910
c

IFCINDOW.TQ.0) GO YO 4360
TYAPER THE FILTER WINDOWS.

ILOW=NLOW( JPAS)
THIH=NHIH{ JPAS)
DELF =IHIN=~ILOW

0N 4355 I=ILOW,IHIH
TAPER=SIN(PI®(]I~ILOW)/DELF)
N2 T=N2He2--1
FXX(T)=RXX{])®TAPEP

RPXXIN2II=RPXXIN2I )*TAPTR

RYY (1 )=RYY ([ )*TAPER

RYY(N2I )=RYY(N2])*TAOER
RXYCX(I)=PXYCX(I)*TADER
RXYCXIN2TI)=RXYCXI(N2T)®TAPER
CONT INUE

END TAPFR,

DO 4a0C I=1,N2H
ALI)=REAL(RXYCX(I))
BlI)=-AIMAGIRXYCX(T))

CONT INVE
CALL FFT(A+BoN2HsN2MsN2H 141 )

DO 4410 Ix],N2H
RXY(I)=ACT)
CONTINUE

DO 4630 1=1.N2H
At{I)=RYY(])
8(1)=0.0
CONTINUE

CALL FFY(AsBIN2HN2H,NZH,=~1)

DO A710 I=1,N2H
RYY(I)I=A(T)
CONT INUE

0o 4800 I
ACL)=RXX(
B8C1)=0.0
CONTINUE

CALL FFTUAsRINZHN2H N2H,~1)
DO A910 Ix1.N2MH

RXXC(II=A(T)

CONTINUE

ONI=RXX(1)
ON2=RYY(])

=1,N2H
1)

ORIGINAL PAGE IS
OF POOR QUALITY
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5000
(4

5019

0o N

oann

Cc
6020

c
6030

ON3I=SORT(DNI®DN2)
00 5000 Ix=1eN

FXX(T)=RXX(1)/DNI®FLOAT(N)/{(N¢1-1)
RYYC(UI=SRYY(ID)/DN2OFLOAT(N)/(N+1-1)
RAXY(L1)=FXY(1)/ON3I®FLOAT(N}/I

TAUCLII=(1~N=-1)eNTAU

CONT INVE

Ni=NeL

0N S010 1=N] +N2H

WUAXCIV=RXX(])/DNI®FLOATI(N)/({1-N)
RYY(I)=PYY(1)/7ON22FLOAT(N)/(1~N)
AXY(I1)=FXY(1)/DNISFLOATIN)Z7I{NINeL~T)
TAUCT )={ I-N-1)eDTAU

CONT INUF,

WRITF (3,50) (TITLE(L)eL=1,420)
WRITE(3¢6000){IPAScXFREQINLOWI(JIPAS) ) o XFREQINMIH(JIPAS) ) JNOMIT)
WRITE(3e¢6010)CTeTAULT Y oRXY(IDoRXX(E) sPYY({)ol=1]oN2H)

IF {JPAS.LT.NPAS) GO TO 43925
PLOTTER ROUTINE FOR CEIRCXCOR.

MAXPTS>1 201
XINC=XDELAY/4.0
XLEF T==XDELAY
XP IGHT =XDELAY
YIO0P=0,0
YBASF=0,0

'M* = THE #» OF POINYS OLOTYED

M2=XDELAV*(11.0/12.0)8(SPLRY/1000.0)
INFG=N-M2

1POS=N+M2

Mz2aM241

J=0

DO 6050 I=INEG,I1POS
JeJge]

YORD(1 yJ)=RXY(1)
XORD(1,J)=TAULT])

IF (YORD(1eJ}eGEaloaO) VORD(I -loO
IF (YORD(1eJd)el.Eo=10) YORD(LoJim=],0

CONTINUE

IF (YORD(1+J)LESYTOP) GO TO 6030
YTOP=Y Y0P+ 0,25

GO YO 6020

CONT INUE
IF (YORD(1+J)GE.YBASE) GO YO 6040
YRASE=YRASE=0,25
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G0 YO 6030

Cc
6040 CONT INUE
c6050 CONYVINUE

IF (~YBASE.GT.YTOP) YTOPx=-YBASE
IF (YTOP.GTe~YDASE) YBASE==-YTOP

<
YINC=YTOR/5.0
c KINO(1)=~1
c CALL PICSIZ(150+9.0)

CALL GRAFF (9e0¢XLEFT XRIGHT ¢ XINCs I+ XLARBEL » XDOID o XOUMMY,
15-0-VBAS‘-VTDP.V!NCoZoYLABELnV??D V?U“"V-
TLE

2001 01sMAXPTS¢Me0e000s0,KINDOO,
CALL PICSIZ2(0.0,0.0)

9999 STOP
END

.
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11.5 Fast Fourier Transform (FFT)
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SUBROUT INE FFY (Ae Ae NTOTs Ne NSPAN, [SN)
USING MIXTN=FADIX FASY FOURIER TRANSFORM ALGNPITHM,
ML TIVARTIATE COMOLEX FOUPIER TRANSFORM, COMPUTED IN PLACF

AY Re Co SINGLETON, STANFORD RESEARCH INSTITUTE, OCT. 1968
ARPAYS A AND B ORIGINALLY HOLD THF FFAL AND IMAGINARY
COMPONENTS OF THF DATAs AND RETURN THE RFAL AND
TMAGINARY COMOCNENTS NF THE RESULTING FOURIFR COEFFICIENTS,
MULT IVARTATE DATA IS INOEXSD ACCORDING TO THE FORTRAN
ARRAY FLEMENTY SYCCESSOR FUNCTYION, WITHOUT LIMIT
ON THE NUMBER OF IMPLIED MULTIPLE SUBSCRIPTS,
THE SUBNOUTINF 15 CALLED NNCE FOR EACH VARIATF,
THE CALLS FOR A MULTIVARIATF TRPANSFORM MAY BE IN ANY ORDFR.
NTOY 1S THE TOTAL NUMREF NF COMPLEX DATA VAL UESe
N IS THE DIMENSION NOF THE CURRENT VAFRIABLE.
NSPAN/N 15 THE SPACING NF CONSFCUTIVFE DATA VALUES
WHIL E INDEXING YHFE CUPPINT VARIABLF.
THE. SIGN OF ISN DFYFFPMINFS ThE SIGN OF THFE COMPLEX
FXPONENTIALs AND THF MAGNITUNF OF ISN IS NORMALLY ONE.
DIMENSION A(1)y B(1)
A TPI-VARIATF TRANSFCPM WITH A(NIN? N3)s BINI,N2:.N3)
IS CCMPUTFD RY

CALL FFT(AJA,NI*NI2#*NI,NTNL,1)

CALL FFT(AsRNISN2ENIN2.N1ON2,I)

CALL FFT{AR NL*NZSNI NI NLON2ONI,))
FOR A SINGLF=VARTIATF TRANSFORM,
NTDT = N = NSPAN = (NUMAER OF COMPLEX DATA VALUES)e EaGa

CALL FFTY(A R NsNsNstL)
THE DATA MAY ALTERNATIVELY BE STORED IN A SINGLF COHPLEX
ARPAY Ay, THEN THE MAGNITUNE OF ISN CHANGED TO TwO
GIVE THF CORRFCT INDEXING INCRTCMENT AND A(2) USED TO
PASS THE INITIAL ADDRFSS FOR THE SEQUENCE OF IMAGINARY
VALURES s £eGe
CALL FFYU(AJA(2) o NTOTeNoNSPANG2)
ARRAYS AT(MAXF)e CKEMAX®= ), AT(MAXE), SK(MAXF), AND NP{MAXP)
APE USED FOR TEMPORAPY STNFAGE. TF THE AVAILABLE STORAGFE
IS INSUFFICTIENY. THE PRNOGRAM IS TERMINATED BY A STOP.
MAXF MUST RBF +GEe THE MAXIMUM PRIME FACTOR OF N
FAXP MUST RE oGTe THE NUMIER OF PRIME FACTORS OF N,
IN ADDIS IONe 1F THE SOUARE-FREFE PORTION K OF N HAS Tw0 OR
MORE PRIME FACTORS, THEN MAXP MUST BF «GEs K-l
AFRAY STOFAGE IN NPAC FOR A MAXIMUM OF |1 FACTORS OF N,
IF N HAS MOPFT THAN ONF SQUARPE~FFEF FACTUR, THE PROOUCT OF THZ
SOUARE~FFEE FACTOPRPS MUST RE L.LF. 1501
DYMENSION NFAC(21),NP(1500)
At'FAY STOPAGE FOR MAXIMUM PRIME FASTOR OF 372
DIMENSION AT(373)CR(373),RTI3I7TINSX(IT7I)
FQUIVALENCE (1.11)
:rEFFggLOWING TWD CONSTANTS SHOULD AGREE WITH THFE ARRAY DINMENS IONS.
XF=373
MAXP=1500 ‘
IF(N oLTe 2) RETUPN
INC=ISN
RAD=A,0¢ATAN(]-0)
$72uPAD/S5.0
€72=COS(572)
ST2=2SIN(S72)
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25

30

40

50
60

70
L}
90

=SART{0.7%)
SN «GF. 0) GO YO 10

NY=INCONTNT
KS= I NC*NSPAN

JC=KS/N
RADF=RANSTLOAT(JC IS0 5

I1=5

JF=0

DFTFREMINF YHE FACTNRS OF N
X=N

GO TO 20

M=Ms 1

NFAC(M)ea

Ke=X/16

IF(K-(XKZ716)*1” %0, 0} GO YO 1S

J=3

JJI=9

Gn TO 30

MxMe ]

NEACIM) =y

K=K/JJ

IF(MND(K,IJJ) 0. 2) GO YO 2S5
2

IF(JJ +LF. K) GO YO 30
IF(K <GT. 4) GO T0 40
KY=

NFAC (Me1)=K

IF(K oNE. 1) M=Msl

. GO YO 80

IF{K-{K/74)24 ,N=, 0) GO YO 50
=pMe

NFAC(M)=2

KuK/4

KT=M

J=2

IF(MON(K +J) «NF, 0) GO YO 70
NxMe |

NFAC(M)=)

K=xX/J

JuEl(Jel)/2)e241

IF(J oLE. K) GO TO 60
l"$7 «EQ. 0) GO YO 100

oieiabd |

NFAC(M)=NFACL S)

JuJg~t

IFECJ oNEFs O) GO YO 90
COMPUTE FOUPIER TRANSFORPM
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et

100

210

220
230

ann

SO=RADF/FLOAT(KSPAN)
CO=2,0¢SIN{SD)es2
SN=SIN(SD+SN)

K=

I=fe}

IFINFAC(I) .NfFe 2) GO TO 400
YEANSFOFM FOR FACTYOR OF 2 (INCLUDING ROTATION FACTOR)
KSPAN=KSPAN/2

KI=KSPANS2

K2=KKEKSPAN

AK=A(K2)

Ox=AI(xX2)
AlK2)=A(KK)-AK
Bi{xkK)-BK

R(X2)

A(KK )=A(KK ) $AK

NIKK)=A{KK) +AK

KK=K 2+ KSPAN

TFIKK oLFe NN} RO TO 212

KK =KK=NN

IFI{KK +LEe. JC) GO YO 210

IFIKK GT. KSPAN) GO TO AR0O

€C1=1.0-CD

§1=SD

K2=KK+KSPAN

AK=A{KK)~A(K2)

BK=R(KK)~0{(K2)

A(KK)I=AIKK) +A(K2)

BIXKK)=R{KK)I+RIK2)

A(K2)=CleAK -S| *AK

RIX2)=S19AKSC]eRK

KK =K2+KSPAN

IFI(XK «LYa NT} GO TO 230

K2=KK~NT

Ci1=-C1

KK=K | -K2 .

IF{KK «GT. K2) GO TO 230

AX=CL=-(CD*CL4SNeSL)

SI1x={SO*CI-CD*S1)+51

THF FOLLOWING THREE STATEMENTS COMPENSATE FOR TRUNCATION

Eppon. IF POUNDED ARITHMETIC IS USED, SURSTITUTE
1 =AK

CI=NS/7(AKSE*2:S51922) 80,5

€1=CleS]

Cl=CleAK

KK =KK+IC

IF(KK LTe X2) GO TO 230

K=K+ INCHINC

KK={K]=KSPAN)/24JC

IFIKK +LEe JC+IC) GO YO 220
GO TO 100

YPANSFORM FOR FACTOR OF 3 (OPTIONAL CODE)
K1eKKsKSPAN

X2xK 1+ KSPAN

AK=AL(KK)

BUI=A(K1)HAIXK2)
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e 1

E

4
i
[

410
420

30

ann

RJ=AIK | IIN(K2)
AUKK)=AK +AJ

A(KK )=PK R

AK= =0, %58 A AN
BKxe0.5¢DBJ+0K
AJ=(A(K) )-A(K2)) 5129
BI=(A(KI)~RIK2))eSI20
ALKL)=AK=RJ
RIK1)=RAK+AD

A(K2)=AK+AY
RIK2 )=AK=-AY
KXK=KP+KSPAN
IFI(KX LLYe NN} GO TO 320

IF(KK oLE. KSPAN) GN TO 320
GO TO T00

TRANSFORM FOR FACYOR OF 4
IF(NFAC(1) NF, 4) GO TO 600
KSPNN=KSPAN
KSPAN=KSPAN/4
Cit=1.0

€=
KixKK+KSPAN
K2=K1 +KSPAN
K3=K2+KSPAN
AKD=A[KK)+ALK
AKM= ACKK ) -2 1K
AJD=A(KE)+A(K
AJM=A(KT )=A(K
ALKK ) =AKP+A JP
AJPxAK O=ASP
PKPxBlKK ]} +R(K
DXM=B(KK)}-D(K
RIP=BIK] )+N(K
aM=8(K1)-R(K
BIKK ) =RKS+BIP
RJIO=AKP-RIP
IF(ISN «LTe 0) GO TO 450
AK P=AKN =B JM

A M= AK M+ B IM

OXP=BK M+ AIM

BKMIRAK M=AJM

IF(S1l <ECe Ne0) GO TO 460
AlKL)=AKPeCl~AKP*S]

A(KL )=AKPeS| ¢+BKP*C]
AK2)=AUP*C2-BJYPE52
AI(K2)=AYPSS248IPC2
BIKI)=AKMSSISsARMaCY

IFI(KK +LE. NT) GO TOD 420

C2=Ci1-(CDeC14SD®S1)

S1=(SDeCl1-CDeS1)+S)

THE FOLLOWING THRFE STATEMENTS CCMPFENSATE FOR TRUNCATION
ERROP. IF POUNDIN ARITHMETIC IS USED. SURSTITUYTE

Ci1=C2
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177

Boibitaiin

W SR

C2¢824S19$2)405

[ore=

5/¢
125}
18C2
Cive2-SiseR
4 €2=2,08C IS
i C3=C2¢Ci~52851
S3=C2eS1452#C1
i KK=aKK-NT+JC
IF{KK LE. KSPAN) GN TO 420
KK=KK-KSPANS INC
7 IF (KK oLEs JC) GO YO AN
y : IF (KSPAN FQe. JC) GO TO #n0
§ : GO T0 10N
. 450 AKP=AKMIDIM
AK W= AK M=RA UM
BKO=EK M~ AJM
. BKM=AKMEAIM
IF(S1 +NEe. J.0) GN TH 43)
h 460 A(K])=AKP _ :
- N

| KK=K3+KSPAN

“o ) IFIKK LE. NY) GO YO 820
GO YO aa0

C TRANSFOFM FOR FACTOR DF 5 (NPTINNAL CNDE)

sto C2=CT28%2-S724%2
§2=2.,08C 72872

529 KiI=KK+KSPAN
K2=K 1+KSPAN
K3I=K2+KSPAN
K&=K I+KSPAN
AKPEA(K] }J+A
AKN=A(K] )~

[ [Rre
> }
x
v
]
@
-
x
- - - -

S

»
»
(1]
»
-
x
X

: . B8B:=B(KK)

! ACKK )=AA+AKP +A 40O

f RIXKK I=BB ¢+AKP R IO
AKxAKORC 72+AJP*C24AA
BK=AKPECT72+B IR SC24+AR
AJZAKMOS T2 ¢A JMeS2
BJSBKM*ST72+BIMeS2
AlK]l )=AK~BY
A(K4)=AKE+BY

- B(K] )=BKeAJ

B(KA )=BK=AJ
AKZAKDSC2+AIPSCT24AA
AKEAKPEC24BIPSCT24RN

®in

Ry

[ ]

| Sty 1

[ vy
> s

CrafsiNAL PAGE 18
OF POOR QUALITY
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ey LD L C i

ST

f==

JSS——-

C
600

630

640

AJ=AKMS2~AINSST2
BIzAKMES2-BIMEST?2
A(K2)=AK~RY
A{KI)=AK R
AIK2)=BKAY

IF(XK LT, NN) GO TO 529

EFIKK JLFE. KSPAN) GO TO 520
GO YO 702

YPANSFORM FOR NDD FACTYORS
K=NFACIT)

KEPNN=KSNAN

KEPAN=KSPAN/K

I1F (K oEC. 3) GO TN 329

IF(K .E0. S5) GO YO 510

IFr(x «FNe JFY) GO YD K40

AD/FLOAT(K)
S{s1) .
N(St)
+GTe MNAXF) GO YO 998
)=1.0
)=0.0

=CK(K)eCl+SKIK)*S]
*CK(K)®S]=-SKEK)sC)

RANLAA=ANNG
ARXXURR N e V|
AR e i) N
XXltmte LLbinNDX
“wwmww MR TmO

=CK{(J)

IF(Y LT K) GO TO 630

K2=KK+KSPNN

AA=A(KK) -
fR=B8{(KK}

AK=AA

k=00

J=1

KI=K 1+XSPAN
K2EK2=KSPAN
JxJiel
AT(JI)=A(KI ) GALK?)

BixK )=t
Xi=xK
K2=KKEKSPNN

¢ e i ettt o 51
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Fs = ] Ny o———y

~-3

{
i
€.

¥

660

670

c

700
710
720

730

ann

Jr
Ki=K14KSPAN
K2=K2=KSPAN

JI=II4)

IF(JY oGTe JF) JI=JI=JF
IF(K LTe JF) GO TO A70

Ke JF=-)

AlKE )=AK-PJ
BIK1)=AK¢AY
A(K2)=AX+B)
A(K2)=BK=~AY
JESE]

IFlJ . Te K} GO TN 660

KK=KK+XSPNN

JFIKK +LEe NN GO TN 640

KK =XK< NN

IF(KK LEe KSNAN) GO TN 640
MULTIPLY BY QOTATIQNOSACTOR (EXCEDBT FOR FACYORS OF 2 AND &)

IF(I €0, M)} GO YO
KK=JC+1

ALXK )=C2¢AK-S2¢DN(KK)
RIKK)=S28AK+C29BIKK)

KKEKK +KSFNN

IFIKX oLFe NT) GO TO 730

C2=CleC2~AK
KKK K=NT +KSPAN

IF({XK JLE. KSPNN) GO

€C2=C1-(CO®*C1+SD*S1)
SI=S1+({SND*C1~-CD*S1)

THE FOLLDWING THREE STATEMENTS COMPENSAYE FOP TRUNCATION
FFAOR. [F FOUNNED ARITHMETIC IS USED. AY

BF DELFYFD.

Cln0,5/7(C29024S1¢82) 40,5

Si=CinSi1
C2=CieC2
KKEKK=KSPNNS JC
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180

[ Wt

IF{KK oLF., KEOAN) GO TG +20
KK=KK=KEPANE HC& INC
IF (KK oLEe JC4#JC) GO TO 710
G0 YO 100 ,
o [ PEFMUTE THE PTSULTS YC NORMAL OROER===DONE IN TWO STAGFS
c PFRMUTATION FOR SQUARF FACYORS OF N
800 NB() )=KS
“ IF(XY .EQ, O) GO TO B0
KexT oKTH1
TF(M »LTs K} K=K=]
T J=
B NP (et )=0C
i 810 NP(JI*L)=NPLII/NFACLI)
R NR(K I=NP(Kel )ENFACLI )
JuJet
K=K=-1
1F(J LY. K) GD TN B10
KI=NO(K+ 1)
KEPANEZNPA(2)
KK=JCod
K2=KSPANS]
= £
IFIN «NE, NYOT) GO TO 850
c PFRMUTAT ION FOP SINGLF=VARIATE TRANSFORM (OPTIONAL CODE)
820 AK=A{XKK)
A(KKI=A(K2)
AIK2 I=AK t
AKxB(XK)
o BlKx)=A{K2)
i fIK2)=BK
4; KK=KK ST NC
K 2AKSPANK 2
IF (K2 «iTe KS) GO YO 829
830 K2=K2-NP(J)
d J=J+ ]
/ K2=NP( I+ 1) #K2 |
lF:KZ «GTe NPLJ)) GU TO 8B1ID

J=
840 IFIKK L Te X2) GO TO B20
: KKK+ INC
K2=KSOANSK2
ot.Te XKS) GO TO 849
IFIKK oL Ta KS) GO TO A3)

G0 YO 890 )
(4 BEPMUTATION FGR MULTIVARIATE TRANSSORY
es0 KoXK+JC
860 AR A (KK}

A(KK)=AIK2)

A(K2 )=AK

B =B{KK)

OtRK I=B{K2)

B2 )sax

KK=KKS]NC

X2=K 24 INC

IFIXK +LTe X) GO YO 860

RS

<

Frr ey
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x
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a

=

=

1

TR

1

P

arn

ARO

Aa90

900

002

90a

906

910

914

KK=KKEKS=IC
K2=K2¢KS~JC

IF{KK +LTe NT) GO
K2xK 2-NT ¢KSPAN
KK=KK=NT ¢JC

IF(X2 +LTe KS) GO
K2=K2=NP( 2}

J=J*l
K2=NP{JI+1) oKD
IF{K2 +GTe. NP{J))

J=]

IF(XKK +LTe XK2) GO
KK=KK+JIC
K2xKSPANSK2

IF(X2 «LTe KS) 5O
IF (KK +L.Te KS) GO
JC=K 3

IF(2%KT¢1l »GFe M)
KESPNN=NP(KT+1L)

PFRAMUTATION FOR SQUARF-FRFE FACTORS OF N

JEM=KT
NFACTJS+T) =1L

0 ASO

YO 8s0

GO 7O 870

Y0 850

70 ran

TO A7Y0
RE TURN

NFAC(J)=NFACIJIONFACLI*L)

J=J=-1

IF(J oNEes KY) GO TO 900

KY=KTe]
NN2NFACIKTI=1

EFINN «GT. MAXP) GO TO 998

JJ=0

J=0

GO 7O 906
JI=SI-K2
m2=KK

(£ 183}
KK=NFACIK)
M=KKE S
IF(JJ oGEe« K2) GO
NPLS)=D)
K2=NFAC(KT)
K=KT41
KKINFACIK)
JeJjsl

70 902

IF(J oLEe NN} GO YO 904

OFTERMINE THE PERMUTATION CYCLES OF LENGTH GREATER TMAN 1

Jx=0

Gfs YO Q14
K=KK
XKK=NP(K)
NP (K )a=KK

IF(KX oNE. J) GO TO 910

KI=KK
IS+
KK=NP{J)

IF(XK oLYe O0) GO YO 9
IFI(KX +NE. J) GO TO ©

NPl J)==D

1a
10
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e
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L |
g

J S

IR
. u

B

92

926

o2n

Qy2

936

940

o950

C
9cs
c
999

IFtJ «NEe NN) GO TO 9l s
MAXF =1 NC &MAXF

REORDFR A AND Be FOLLOWING THE PERMUTATION CYCLES
Gh TO 950

I=Jg-1

IFINP( ) +LTe O0) GO TO Q24
Ji=JC

KSPAN=JJ

IF(JJ «GTe MAXF) KSPAN=MAXF
dJI®JI=KSPAN

KeNP(J)

KK=JCOK ¢, . 5J
KEI=KK+XKSPAM

K2=0

K2z 2¢1 ,

AT(K2)=ALK1)
BTIK2)=B(K1)

Ki=Ki=INC

IF (K]l +NF, KK} GO TOQ ©2m
KizKKEKEPAN

K2uK 1~JCe{K NP (K) )
KueNP(K)

AKX )=A(K2)

Bt I=RIK2)

Kiz=Ki=INC

K2xK 2=INC

EFI{X) oNFe KK) GO TO ©38
KKK 2

IF(K oNE. J) GO TO 932
KI=KKeXSPAN

X2=0

K2=K2+1

A(X)I=AT(K2)

B{K} )=B7 (K2) M
Ki=xi=INC

IFIX] oNE. KK) GO TO 940
IFCJII «Nite 2) GO TO 926
IF(J oNEe 1) GO YO 924
J=K3 +}

NT2NT=KSPNN

11=NT=-INCe1

IFI(NT «GEe. J2) GO TD 924

RE TURN
EPROR FINISH, INSUFFICIENTY ARPAY STORAGE

FORMAT {S3MSARNAY TTCUNDS CHINEDSTD LITHIN SURROUTINE FFT)

=
KRETURN
END
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" SURAPOUT INF PEALTR(ABeN, ISN)
DIMENSION ACL)+R(1)
REAL ™M
INC=1ARS(ISN)
M NS INC ¢2
NHENK /22
SD=2N*ATAN(1.0
CN=2.,0%SIN(SD)*
SN=SIN(SD+SD)
SN=0,0
CN=1 .0
! ACNK~1)=A(
I RINK=1)=8{
12 DO 20 J=1.
K=NK~)
AA=A(J) +AL(
AR=A(J) = A(
s BA=R(J)+A(
s aB=n(J) -A(K)
RE=CN*BASSN#* AR
IM=SNERA-=CN* AR
(XK)=IM-BR
(J)I=1IM+RAB
{X)=AA-RE
(J)=AA+RE
AA=CN={CDECNESDESN)
SN (SD*CN~=CDO®SN) ¢SN
C THE FOLLOWING THRET STATEMENTYS COMPFNSATE FOP TRUNCATVION
CNZ0 57 AASE2+SNE02) 40,5
' SN=CN& SN
w 20 CN=CN®AA
RETURN
END

[

FLOAT(N)

» -
NS

»»370

Crenrmg o
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