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Summary

The hlghlights of the study performed under Grant NAC5-~338 have boen tho
conceptual design of a free-fall ground-basod testing approach for gravity
gradiometers, and ¢he jolnt study and development with IEFSI/CNR of the single-
axls sensor that will be tested at the NASA-MSFC's 300' drop-tower facillty.
Through the sponsorshlip of the NASA Grant, the project has reached now a point
that we can undertake hardware development for these tests. SAOD will submit to
USAF-AFGL, on or before July 29, 1985, a praposal to continue under DoD support
the R&D activity that started with a two-year support from NASA-GSEC, Tho plan
envislons a jolint testing activity NASA/USAF on the gradicmeter, with AFGL
supporting SA0 for the required hardware development, and MSEC making avalilable
the drop-tower facillty and providing assistance in personnel and equipment for
the tests, at no cost to SAC or to AEGL.

SAQ has published three Semlannual Reports (as well as this Final Report),
to illustrate the accomplishments of the project: the 1lst is dated December
1983 (Fuligni and Grossi, 1983); the 2nd, July 1984 (Fuligni and Grossi,
1984a); and the 3rd, December 1984 (Lorenzini and Grossl, 1984b}. These three
reports, together with the present one (datied July 1985), give a fairly complete
account of the results obtalned in the course of the study. The present report
focuses on the activity from January 1985 to June 1985, This last semester of
the 2-year project has aimed at ldentlfying technical approaches to increase the
sensitivity of a non-cryogenic gradiometer toward the goal of 10°? EU/+/Hz ,
with solutions that have the potential of achieving an even more ambitious
thresheld, such as 10™% EU/+vHz . This goal can be achleved with a gradiometer
deslgn In which the proof masses are each suspended from two small arms, the
torsion of which ls directly related to the displacement of the sensling element.
A negative-spring actlion, aimed at reducing the rescnance frequency, Lls provided
In thls design by means of an external electrostatic field. This configuratlion
of the instrument ls also sultable for use in a tensorial arrangement.
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1.0 INTRODUCTION

The investlgatlon carried out by SA0 in the two-year span, 1983-to-1985,
had the primary objectlive of ascertalning feasibility and practicality of gradi-
ometer schemas characterlized by a sensitivity of the order of 10°%=-to-10"?
EU/\/EEW, that could be deslgned, constructed and tested in a relatively short
time-frame, such as before the decade of the 'B0s is over, Flrst, a key to the
succass of this undertaking was judged by SA0 te be the direct transfer te the
gradiometer deslign of hlgh-sensitivity displacement sensing technlques, already
devoloped, or under development, by the community of gravity radlation antenns
designers (Grossi, 1981)., Devices of particular Interest were found to be the
condenser probe and the microwave cavity, of the cryogenic and of the non-
eryogenic varlety. Second, it was consldered crucial to the success, the abll-
ity to test the aensitive gradlometer on the ground, in an environment free from
man-made vibratlions and selismic oscillations. The best way (perhaps the only
possible way) to achleve this goal is, in SAO opinion, the adoption of a free-
fall approach, usling possibly (in order to save money) an existing faclility,
such ag the drop-tower available at NASA~-MSEC, Huntsville, Alabama. This ap-
proach was introdiiced in SAO Semlannual Report #2, July 1984 (Section 2,9, pages
43-51) ., An air-tight, sealed, cylindrical container{ wlth Inside pressure
< 10°? torr, housing in its interlor the gravity gradiometer under test, would
fall inside an elevator cabin in rapid descent (free-fall drop is 293.8', and
fall time ils 4.3 seconds, during which data can be collected), thus simulating
for the instrument a vibratlon-free, in-vacuo, orbit-like, condltion, It would
ke impractical to use bulky cryostats in free-fall tower tests, such as the ones
that can be conducted at NASA-MSEC. This was one of the reasons why SAQ, with
NASA concurrence, concentrated its efforts on the design and construction of a

gradiometer that uses a non-cryogenlec, condenser-probe displacement-sensor, in-
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strument, Thoe plan for the conatruction of the overall test package s lllus-
trated in Section 2.3 (paga 12-18) of Semiannual Roport {3 (Docember, 1984).
The plan calls for a jolnt effort of SAO and IFSBI-CNR, FErascatl, Italy. Tha
latter would construct the sensing element, using thelr condenser proba conslst-
ing of a rectangular plate attached to a rigld frame by crunk-shaped suspen-
slons, all machined from & single block, The former would assemble in a sulta-
ble contalner the overall test package, by adding to the sensing element the
required anclllary instrumentatlon such as a power amplifier to foed an existing
modulator/transmitteor for wireless transfer of data, and a gyro package to meas-
ure the package's angles and angular rates during the free-fall., Data from the
gyros would be timn«correlated to the data from the gradlometer. Correctlon of
errors due to attitude varlatiens would be performed ln the post-test analysis

of the observatlions,

In the last six months of project performance, SAO has done tha followlng!
a) further analysis of the non-cryogenic gradiometer conflguratlon, to ascertain
the possibility of improving the instrument sensitlivity of about an order of
magnitude; b) investigatlion of the sensitivity lmprovement that could he ex-
pected from an operation of the sensor at cryogenic tempsratures; ¢) study of a
tensorlal configuration; d} evaluation of the response of a single-axis, off-
line, gradliometer to the fleld of a spherical mass, in a situatlon such as the
one to be encountered ln the free-fall, drop-tower tests planned at the facllity

available in Huntsville, Alabama.
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2.0 TECHNICAL DISCUSSION

2,1 Genoral

The design philosophy that evolved in the course of our study favored a
simple, non-cryogenic Ainstrument, that could be designed and constructed in a
two-year time frame and could be tested on tha ground, uulng an existing frea-
fall, drop-tower facllity. Under the clrcumstances, it was of concern to verify
that, neotwilthstanding the instrument simpliclty, the deslign ls advanced enough
to provide attractive sensitivity values, and is characterized by a good poten-
tial of further lmproving on the threshold, without major rework of the conflgu-
ration. Our most recent effort has addrassed thls specific issue. We found
confirmation of the advisabllity to proceed in the development of a simple, non-
cryogenie instrument that 1s sensitive enough to satisfy NASA-0SSA spaceborne
gravity gradient measurement requirements, in terms of minimum detectable grav-
ity anomaly, and at the same time 1s able of making use of crbital flight
opportunities that are far more numerous than the ones suitable for bulkier and
heavier cryogenic apparatus. For instance, the Iinstrument of our conceptlon
could be flown in the second mission of the Tethered Satellite System (TSS),
scheduled to be launched in late 1989, while the tethered subsatellite could not

easily accommodate the large cryostat needed wlth a cryogenic gradlometer,

In the following sections, we dlscuss the ratlonale for our design cholces
and we further deflne our proposed free-fall testing approach. If for the
latter all goes as expected,; this approach may represent a real breakthrough in
the development of a gradiometer for orbital flight, posslibly saving years of
efforts in the elimination of vibrations and seismic osclllations, that would

otherwise totally mask the signals in ground-based testing.
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2.2 Non Cryogonlic Gravity Cradlomater

Prelimlnary tests conducted at IFSI (Bordoni et al,, 1985) on a modael san~
sor allow us to draw some conclusions about the performancos and potentlalltiaes
of the non eryecgenic appronch te gravity gradlometry. Thls sensor, comblned
propaerly with the other ldentical sensore, will eventually make it possilble to
build a full tensorlal instrument. The general concept of thls force transducer
has been already described in Semlannual Report ##13. The main feature Jis that
the proof mass is suspended through two small arms, the torsion of which s
directly related to the dlsplacement of the sensing element and then to the

modulation of the plck off capacltors,

Length and cross section of the suspension arms, together with the moment
of inertla of the proof mass with respect to the rotatlon axis, determines the
froquency of the fundamental mode of the sensor. Other modes of vibration,
which are present, have much hlgher proper frzquencles, and thils i3 one of the
main merits of the solutlion that we have adopted. One flrther point is that

torsion allows, fairly easlly, to reach low rescnance frequencles.

This is a very important matter as far as the mechanical bsehavier of the
sensor ls concerned. In fact thls frequency has direct influence on sensltiv-
ity, high sensitivity requiring low resonance frequency. On the other hand,
possible adverse dynamic conditlons of the envirenment where measurements are to

be performed call for a high dynamic range and strength of the lnstrument.

To achieva this it would be desirable to adopt the confllicting solution of
2 high resconance frequency, or, better, to change the strength of the eguivalent

harmonic osclllator, depending on the dynamic and environmental conditions.
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Within reasonable limits this ls posslble by using an artlficlal nogativa
spring, as it ls obtalned by an electroestatic fleld. In our c¢ase this s
accomplished by adding two additlonal capacitor plates on opposite sidos of the
proof mass, electrlcally insiujated from those of the plck off capaclitor, In
thls way half of the surface of tho sensor is used to detect the signal, and
half to decrease the mechanical frequency through a de voltage raeguloted by a

propor feedback loop,
It ls easy to estimate the effectliveness of the negatlive spring.

As we use twe plates on the opposlte sides of the moving one, the electri-
cal forces, Lf of proper value, wlll not change the equilibrium position of the
proof mass, and the effect of the applled electrostatic flelds will be that of
decreasing the stlffness of the mechanical spring. Such negative elastic con-
stant 1s obtalined by taking the second derlvative of the electrostatic energy in

the capacltor

2
Ke = ——-(% cv’) = cEg? (1)

vwhere ¢ is the total capacitance, v the applied DC voltage, and E; the electric

fleld between plates. So the resultling spring constant, k4, is
kT = kl "’kg (2)
where kp is the mechanical elastic constant.

Equation (2) can be written as

wy? = wnz(l - EEE':') = w? (1 = fo) (3)

My

vhere m ls the mass of the equivalent harmonic oscillator,.
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In this way, in principle, the resonancs froquency of tho proof mnss can bo

made as low as one wants, by propor cholce of f,,

After this brief premise, we are now in the position to evaluate the prac-
tical limits of tho sensitlvity of the non cryogenic instrument, in a realistle,

aven Lf a bit ldoalized, sltuation.

For a gradiometer having a resulting resonance froquoncy of the sensor w,,
as given by equation (3), much greater than the signal frequency w,, wa have for

the sensltivity of the generic gravity tensor componont T

1
1= Yr Af AT W,
rro= 20 8 [Q o 2T, (4)

providing proper mechanical and electrical matchings, This appears to be possi~
ble in our case. This expression for sensitivity assumes that the only nolse
sources are the internal ones, that is the thermal source (flrst term Ln paren-

thesis) and amplifier source (second term in parenthesis),

Ag high @ materlals, like Aluminum 6061, are avallable, the brownlan motion
term in equation (4) can be kept sufflciently low to disregard it with respect
te T,, the nolse tempoerature of the electronlc amplifler. BSo, given the mechan-
lcal conflguration and parameters, the true limiting factor is the nolse of the

amplifier,

We now ask the question: glven the best (from the point of view of nolse)
avallable room temperature amplifier, let's find a minimum limit for sensitivity

assuming a reasonable and practlcal mechanical conflguration of the sensor.

By equation (3) we can in principle decrease the resonance frequency till

zero. This however set an upper limit to the mass of the sensor



Page 10

cEg3
ms 1;?‘ (5)

Es must not oxceed 107 volts/m, in order to prevent diascharge, and a reasonable
figure for c is around 1000 pE. As lt was discussed proviously, it 1a wise not
to have a too low mechanical resonsnce frequency., 30 Hz appoars a roasoneble
compromise that meets the requirements of mechanical strength, dynamic range,
and rellable construction., With those parametors, the mass cannot bhe greator

than 2.8 kg (by equation 5),

HWe may now assume to be able to decreamse at will the frequoncy of the
oscillator and soc to be in a posltion opposite to that considered in equation

(‘1)' l.e., w-, < Wy

In this assumption of quasi-free motion of tho proof mass, the equation (4)

for the sensltivity ls modiflied as follows,

'-'N._ui. ﬂ M 6
I o —5 Af[ 3 + 21{1“] | (6)

By assuming the signal frequency at w, = 0.1 rad sec”’, and by adopting a limit

mass, as glven by equation (5), of 2.8 kg and a baseline of 1 m, we obtain
I = 3 x 10 EU/+/Hz (7)

provided Q > 104, wvhich can be obtalned even werking at room temperatura. T,

was taken equal to 0.1 K, as Lt is allowed by a FET amplifier,

The sensitivity (equation 7) corresponds to a limiting situation which 1is
rather difficult to reach in practice. For example, n field of 107 volts/m, as
used to estimate the mass limit of the sensor, is rather unsafe, as discharges
can be started, We are however confldent that sensitivities an order of magni-
tude worse than stated in equatlon 7 could in princlple be obtalned with more

reallistic room temperature instruments.
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Te be specific, let us discuss what can be obtalnod by pushlng as far asn
possible the porformance of the lnstrument now under dovelopment at IESI/CHR.
The first prototype of tho sensor has n mass of 0,3 kg and a roesonalig froquoncy
of 59 Hz, Tasts on this sonsor to assoss thoe performance of the electrostatlc
field as & negatlve spring have shown that with an applled voltage of 50 volts,
the frequency was decransed to 48 Hz, This result makes us confidont that with
a socond prototype, now under construction, having o mechanlical resonance at 30

Hz, an approximataely 0 frequency will be reached,

The firsat gradiomater prototype will have a bagellne of 0,5 m. Erom these

parameters one could oxpact a thooretical sensitivity of
P =2 x 10" EU/+/Hz (8)

To reach offectively this gensitlivity ons must hoWever solve a number of oxperi-
tmtul problems, whose solutions are not at all obvious, One problem, to bha
carafully investigated, is the evaluation of nolise which will be eventually
produced by the feedback system. Thia is needed not only to adjust the scale
facters of the senscrs and regulate thelr dynamle range, but also to restore the
equilibrium position of these quasl free proof masses., We feel that it will be
strongly reduced by the configuration of the system, whore forces are exerted on

opposifte direction of the sensor plate, providing a zero net effect,

Another source of nolse, vwhich was not taken into account in the previous
discussion, ls the voltage and phase nolse of the a.c. supply to the bridge of

the plck up circult.

Prevlious exparience wlth gravity wave-antenna transducers suggests to us
that thls nolse too should be strongly reduced by the geometrlical configuration

we ara usling.
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2,3 Cryogoenlc Inatruments

In the previous sectlon we have dlscussed the performance to be expected by
a non cryogenie instrument and we have found that the most lmportant limitation
to mensitivity comes out from the nolse temperatura of tho preamplifier,
Prasent day technology does net allow, at the frequancies of some kHz of inter-

est to us, nolse temperatures much lower than 0.1 k.

This is not true for cryogenlc temperatures where SQUIDS, or cooled GAs
very high frequency amplifiers, in connectlon with mlerowave cavity resonators,

can be used.

One further polnt lg that when the ampliflier neolse temperature 1s suffi-
clently low, the thermal nolse contribution may become lmportant, thus requiring
Increase of 3 or decrease of temperature aof the bath or both, This in turn can

be accomplished by going to a cryogenle environment with the instrument.

One question which deserves some consideratlion Ls that of explering the
possibility of usirg the proposed non eryogenic instrument at ligquld He tempera-

tures, with some minor modlficatlions.

The mechanical assembly does not pose particular problems as geometrles
similar te that under discusalon have been already suceessfully used in connec-

tion wlth a cryogeniec gravity wave antenna.

The only substantial changes required concern the pleck up electric circuit
where the FET amplifier has been replaced by a SQUID. This in principle implies
only to change the coupling of transducer output teo amplifier input. This cun
ba done with é superconducting transformer. The construction of this trans-

former, however, may he difficult in practice because a very stringent electri-
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cal matching conditlon are to bo mok., In additlion, in presence of high mechanl-

cal @'s, instabllltles may develop In the pleck up eircuit,

In seems to us, in any case, that this line of future development is worth

of daeper investigatlons.

2.4 The Tensorial Configuration

The sensor we have dlscussed ls the bullding block of the gravity gradiome-
ter. A one axlis conflguratlion is presently under canstruction at IESI/CNR. It
is expegted to have a resonance frequency of approximately 30 Hz and a mass of
about 0.4 kg. The total length is 0.5 m. The geometry chosen is such that the

sensor measures the off line component Ty of the gravity gradlent tensor.
The reason for thls cholce for the flrst prototype ls twofold:

(1) It has been proposed (Grossi, 1984} to make such a test 1ln free-fall,
in order to overcome the great difflculties of insulating the gradlometer from
acoustic and seismic noise when testing lts performance. The drop tower at
NASA/MSEC wlll be used. Both at the start and at the end of the fall the
gradiometer will experience large accelerations. Thelr effect on the sensors
will be greatly reduced, and perhaps, will beceome unimportant, Lf the resulting
inertial forces are constrained in a directlion normal to that of the sensitive
axis of the gradiometer. This, in connection with possible rotatlional motlons
of the instrument which can be started at the beginning of the free fall, have
suggested to us, at least in the very flrst test, the above geometry. In
addition, Lf the gradiometer axis remalns vertical during the fall, the instru-

ment will be insensitive teo the earth field gradlient. The expected response of
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this geometry to a spherical mass simulating a gravity anomaly is dlscussod in

Sectlon 2.5 here below,

(2) Preclse geometrical relationships (both alignments and orthogonalitlies)
between sensor sensitive axes and baseline directlons are of primary importance.
The geometry we have declded to use as a flrst step allows us te reach great
precislion in a relatively simple way and at low cost, The full one~axis instru-
ment Ls in fact obtained by machining a single plato of Alumlnum. It is possi-
ble in this way to keep the centers of the sensing masses wilthin a few mlcrons

with respect to the geometrical axls of the gradiometer,

From this one-axis instrument it is easy to build a partial tensorial in-
strument by mounting three of them alony three mutually perpendicular direc-
tions, Wlth proper orientatlon of the sensor axes all the three off-line compo-

nents can be measurod,

To get an in-line one-axis instrument does not appear, in principle, to be
particularly difficult. It can stlll be obtained from a single block of mate-
rial by macbining, but it will be more expensive. We expect also that precision

in alignments willl be a bit worse than the above one for the off-lline device.

We do not expect temperature changes to affect seriously the lnstrument
performance. This raquires essentiglly some care in attaching the gradiometer
to lts frams in order to avold differentlal expansion or contractieon which could
result in deformations. Temperature gradients may be more lmportant. Due to
the geometry of the gradiometer, we aexpect that this temperature gradlent will
be possibly larger along the axis of the baseline, As the Ainstrument i1s com-
pletely made of the same materlal except for the insulator of the capacltors,
the only effect caused by a strong difference in temperature between the two

sensors is a varlation in the value of the capacltances of the same fractlonal
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order as the fractional varlatlien of thickness of the JAinsulators, This is
aestimated to be 1 part in 10Y for a difference of 1°C. This may affect the

scale factors and may require gorrectlion,

We thinlk however that this particular point will be better evaluated, by
poerforming measurements on the instrument itaelf and by testing its behavior as

a functleon of temparature and of temperature gradlents.

2.5 Respaonse Of One-Axls, 0ff-Llne, OCradlometer, To The Field Of A Spherical
Mass

We set the mass generating the field to be tested at s certaln helight of
the drop tower, and we take it as orlgin of the coordinates of the reference
frame. We assume that the y axis, downward orlented, is along the vertical,
The xz plane is the horlzontal one, containing the center of mass. The gradlom-
eter axis 1s orlented parallel to the vertical and lies on the yz plane, which

contains also the sensltlve axes of the accelerometers (see Figure la).

In thie way the yz component wlth respect to our system of coordinates is
measured. It ls related at every point during the fall to the components T
along the principal axlis by a rotation arcund the x axis. This gives for the

output signal, S, of the gradiometer
8 = [f“w —fu] gin 2¢ 'P.I_‘yz cos 20

and, beling fﬁ. = 0,

GM

3

sin 20

"
I
l

or, by elliminating ¢,
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26M h 1 >3
Ro* Ro |1+ (h/Ro)?

This Lls zero when the gradliomeoter crosses the xz plane and has, in absclute
value, two maxima at h = 4R,/2, corresponding to

S = £ 0,57 GM/R,Y,
If Rg = 2m, M = 10 kg, 8 corresponds to 4 x 10-% EU,

The form of the slgnal, as a functlion of time, is shown in Flgure 2.

In the test it 1s desirable to contain the signal as seen from the gradiom-
eter In a narrow range of frequencies starting from =zero. We can obtaln an
estimate of this range by considering that ﬁhe duration At of the slgnal Lls of
the order of the time the gradiometer takes to span a distance R,, as it is

¢lear from Flgure 1b,

At = R,/ V2qh,

vhere h, is the height above the xz plane at which the free fall is started. We

must then keep R, as large as possible and h, small,

With a mass of 10 kg we get a signal of 10! EU at 7 m., By assuming
h, = 10 m, we get approxlmately for the frequency within which the bulk of the

slgnal is contalned

Af 2 He.

An enhancement, due to the form of the slgnal, 1ls to be expected at =a
frequency f, = 1/(2t,), where t, is the time needed te travel the distance

between the two pesks, which gives f, ~ 1 Hz.
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Elgures 3, 4 and 5 glve the spactrum of the signal at the output of the
gradiometer. The spoctrum was obtained by FFT'ing the simulated instruments's
output in the geometric sltuation of Flgure 1., Flgure 3 is the most informatlive
of the three Flgures and provides the Power Spectral Density (PSD) of the sig-
nal, It can be saeen that the peak of PSD Is at about 0.5 Hz, Flgure 4 and

Figure 5 give the real and the lmaginary part of the slgnal spectrum.

Appendlix I contalns the software code that was used in computing the graphs

of Figures 3, 4 and 5. Appendix II contalns the print-out of the calculatlons.
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Spherical / I;;
Mass /

Figure 1 a

Geometry of free-fall measurements
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[
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Figure 1 b

Graph of Signal S as a function of distance h
(See Figure 1 a,for meaning of symbols R, and h)

The analytical expression for S is:

3
R Ro 2
° 1 + (h/Ro)

st i g = A St S8
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3,0 CONCLUSIONS AND RECOMMENDATIONS

We conclude on tho adviaabllity of a follow-on program based on tha con-
struction by BAO of a non-cryogonic gradiomoter package that uses the displacae-
ment sensor developed at IEFSI/CNR, and on the froe-fall testing of such a pack-
age at the drop-tower facillity available at NASA/MSEC, Huntsvillae, Alabama. It
is our understanding that NASA-OSSA and UBAE-AFGL have already formulated a
Jeint activity plan, with AFGL providing financlal support to SAO for the in-
strument hardware effort, and NASA-OSSA providing support for the in-house ac-
tivity at MSEC, We recommend that such a plan be implemented without delay; we
actually expect that this follow-on phasc will start in Octobor 1985. If this
is the c¢ase, thare will ba time enough to prepare for a 1989 flight, or sven for

an earllier flight,

It appears that NASA Grant NAG5-338 hac made it possible for SAQO to achleve
enough progress in gradiometer deslign, that hardware development 1s now on the
verge to be lnltiated. If the events in Fall 1985 wlll confirm this expecta-

tion, the Grant would have fully accomplished its scope.
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Appendix I

Software Code for the Computatlon of the Spectrum of the

Expocted Signals In Free-Fall Experlments



ORIGINAL I P 27
OF POOR QUALITY -

GRADSPEC,FOR) 2 29=MAR=190% 17134 PAGE 1

PROGRAN GRADSPRC
TMPLICIT REALSR(A=H,0ez)

c GRADIOMETER RESPONSE FUNCTION,
c CUMPUTE. THK FFT AMPLTTUDE,
c PRINT THE RESULT, WITH THE FREQUENCY,
c NOTE THIS TS THE SOUARE ROOT OF THE BPAD,
c WE SUBTRACT NFF THE N,C, CONPONENT REFORE FFT'ING,
¢ TH 'ANALL' THERE MAY HE PRNBLEMS DIE O THE HANNTNG WHEN WE
c IGNORE THE B,C, POST=FFT AS REING COMPONEWT FFT(1),
PARANETER (TMAX 3 2048, THAXZ = (025)  [[MAX23IMAX/2+1
DIMENSION STCIMAX),STNCCTMAX), POMCINAXZ),
1 FREN(IHAX2)
PARAMETER ([SIZFE=1024) IHALF THE MAXIMUK N
COMPLEXSL6 Z(ISIZEHL)
COMMON /FFTCON/T, . IMAKE, FULL I'FT ACCESSIALT HUTSIDE
LUGTCAl HAMNING IFLAG TN QOMMON = SET TU DO HANNTNG,
COMMON /FFTCOM2/HANNING
PRINT ®, ! ( Pi® T®¢2 = P2}/P3 *
* PRINT *, 'ENTER P1,P2,P)p!
READ %, P1,P2,P)
PRINT ®, ! TIME INTERVALY THIN,TMAX'
READ &, THIN,TMAX
PRINT ®, ! NUNRER OF INTERVALSYH?
PRINT #, ' (MUST HE EVEM} "e9K I5 HOST EFFICIENT)'
READ #, NPTS
H » (THAX=THIN)/{NPTS=1)
DO f = §, NPTS
T = THIN ¢ (1=1)%H
X m (P1¢T#TaP2)/P)
STCI) = X /7 ( (1,04X882)%%2,5 )
END NO
WRITE(12,101) P1,P2,P3, THIN, THAX,NPTS
101 FORMAT{) PARAMETERS 1', 3F10,3,' INTERVALI', 2F10,3,' § POINTS',
1 I5)
c PRTINT #, 'ENTER NUMBER 0F POINTS IN THTERVAL®
e READ #, NINT

NINT o NPTS

PRINT *, ' ENTER 1 IF HARHING 1S TD BE D(NE!
READ #, THAN
IF (IHAN,EN,1) THEN

HANNTING ® ,TRIUF,

WHITE(12,%) ' HANNING DIONE!
ELSE

HANMING = ,FALSFK,

WRITE(L12,%) ' HANMTNG *HAT* DIRAR!
ENDYF

PRIHT %,' FENTER V 1F D0, LEVEL SHOULIY BE SURTRACTED: ¢



ORIGINAL RACT"
OF POOR QUALITY

GRAWSPEC,FOR} 2 29=-MAR={9R% 171J4

215

READ ¢, IDC

1F {INC,EQ,1) THFN
CALL BUANCIST,NINT,STNC)
CALL FFTAHP{STDC,NINT,PDOW)

WRITE(12,%) ' D,C, LEVEL SUNTRAGTEN!

ELSE
CALL FFTAMP(ST,NINT,POW)

EHDIF
NP = NINT/2+1

T T e e
Eﬁ“:hllifN’"T‘ﬂg LASSUHE EQUIAL INTERVALS

T . e

WRITE(12,*) 'FRFOUENCY INTERVALI!', DF, !

no I ua §,HP
FREQCI) = (I=1)*DF
END DO
URTITE{12,%) ' F,F, REAL,CNHPL!
WRITE(12,215)
H (FREG(LY,POW{LY,Z2{1), 1I=i,NP)}

FORMAT('OY, /7
1 (Fi5,7,5X,G16,8,5%,2G16,8) )

END
SUBRDUTINE SURNCCA,N,8)

IMPLICIT HEAL®B(A=H O=2)
DIMEWSION A(L},B(L)

AMEAN = 0,

oD 1 = L,N
AMEAN = AMEAN + A(T)
END DO

AMEAN = AMEAN / N

NG I g §,N
R(I) = A{1)=AMEAN
EHD DD

RETIIRN

ENR

WRITE(1Z2,*) ' D,C, LRVEL SUDTRACTEN!

(HERTZ)!
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FFTAMP(FORIE2 20=MAR=(9HG 1713% PAGE 1

i aOacaoananoaaac NOoaanoan

SURRNNTINE FFTAMPCA, N, XAHP)
THRLTCTIT RFALSR(A=H, =7}
NIMENSTINN A{1),XARP(1)

PARARETRP (ISIZE=1024) LHALF THE MAXIMIM N
COMPLEX*tS Z(XSLZE4Y)

COMMON /FFTCOM/Z JHAKE FULL FFT ACCESSIALE OUTSINDF
LOGICAL HANNING IFLAG IN CAMMON = SET TO Dt HANNTNG,
DATA HANMING/,TRUE./ I DEFAULT SET ON

COMMON /FFTCOM2/HANNTNG

INTEGER IWK(63ISIZE+15D)

REAL®R WK(GKSTSTZE+¢150) ,AA(2¢ISTZE)
PARAMETFER (P1=3,14159265350979,P12=2%P})

INPUTS
ACLeoH) SERUENCE TO BE TRANSFORMEDR
H S5IZE OF SERUEHCE ==
NYST RE EVEN & POSITIVE, Np TO 1024,
QUTPRHTE

XAMP{1,, N/72+1) AMPLITUDE OF RESILTING DFT
XPUASKC ® ) P{IASF o "

CIMPUTES A PRNPERLY NDRMALIZED D,F,T, DF THE REAL INPUT A(l,
OUTPUTS, RATHER THAN REAL AND COMPHEX COMPUNENTS, THE
AMPLITUDE] NOTE THAT PHASE IS LIST,

REFORE COMPUTING NOFT, APPLY A HANNIHG

FUNCTION MULTIPLIER TO REDUCE "LRAKAGE" (SRE BRIGHAM, “"THE

FAST FOURIKR TRAHNSFORM®, P.140)3 THLIS REDUCES FAXFE RASELINE AND
BHARPENS P LINES AT FREQUEHCIES "BETWEEN" THE DISCRRTE )
FREQUENCIES OUTPUT, BUT SLIGHTLY RROADENS LINES PRECTSELY AT AN
AUTPUT FREMIENGCY, TO GRT POWER IN A LINF, 5UM THE AMPLITHRES
ACROSS THE LINE REFORE SQUARING,

NSE IMSL ROUTINE FFTRCC) LIMK WITH SYSSTMSL:IMSLOD/LIB,

N IS NOT REQUIRED TO BE A POWER NF 2, THOUGH HORE EFFICLENT TF 50,

APPLY HANNTNG!
RCALE = PL2/N
o 1 = 1'"
IF (HANNING) THEN
AACIY = A(I)*0,5%{ 1=CO5( (I=k)®SCALKE 1 )
FLSE
AACI) s A(L)
ENDIF
END DD

TRANSFORMI
CALL FPFTRCCAA,N, 7, 1WK,WK)

GET AMPLTTHOF !

INP B N/Z ¢

SCALE = 2,0/0

Do I = y,LHpP
XANB(I) = ARS(Z(1))*SCALF
FND DO

RETURN
END
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Appendlix II
Numerical Results Obtained with the Software Code

Illustrated in Appendix I



PAHARETERS
HANNENG DONE

5,000 10,000

N,Cy LEVEL SURTRACTER

FREOQUENCY TNTEPVALt
FsP, REAL,COMP,

£

0,0000000
0,2495111
0,499N07234
0,7485352
0,9980469
1,247%55R¢
1,4970710)
1, 7465820
1,996n934
247456055
2,4951¢72
2.734A289
2,9%41406
3,243652)
34931641
3,7426754
3,9921R75
4,2416992
4,4912109
4.7407227
4,9902344
5.2397461
5,4R92578
5.7307695
5.9882813
6.2177930
6.4873047
6,736R164
6.98h32AR1
7.235R8394%
Te4RSIS1H
773487
T.,9R43750
8,233A8867
B.,483%0R4
8,7329102
R,9R24219%
9,2319316
P.4A14453
9.7309570
9,99044R8
10,229930S
10.4794022
10,729001%9
10,9769156
11,72280273
1£,4775)399
11,72705%508
11.976%675
12,2260742
12,4755859
12,7250977%
$2,97406094

0.24951171RTSNNNON

| F|

0,40614849E=-01
0.,66489%531E=01¢
0.719557R2K=01
0,64706461K=11
0.,4A0499N91E=0]
0,31343N33E=01
0.,1760761AF=01
0. 117HOVTI6E=D)
0.6920{52NF=072
0,393200)2E=02
0,21959B02K=02
Nel2242R43F=0N2
0. u5676502K=01
0,3582164RK=N1
0,19460239E=03
N0,11406492E=04
0,56NN40 70 =04
0,2R192ANTE=04
0,11 N192K=04
N.96227AT?2FE=N"
0,3N653551E=nS
0,2414A8 1 2F=05
0,221742R4E=05
0.,676%330RF =Nk
0,119448462E=1)%
0,72940080E=06A
0,74072486E=06
0,7472435hFm0b
0,6290H24R1E=06
0,57334h61E=Nk
0,52400N97E=0k
0,46976018F=06
0,47928601E=0h
0.,39123772E=06
0,3573739RE=NA
0,32R05401F=0h
0,371{37547E =06
0,2776541KE=0R
0,2563787%F=06
0,231 6T1IE=06
0,219H5012E=0h
0,20418372E=0A
0,1R396154F =06
0,17703224E=06k
0,16524T32E=0k
0,15443510E=n6
0,144h3677E=0k
0,11560T01E=Nhk
0,127 2B4E=0h
0, 1196ADT74E=NA
0,11204595K=Dh
0, 1NA15121E=04
N, 10014564AK=06

ORiGHe &. U ‘Cnf l
OF FOOR Cuitiny

7,000 INTERVALL

(HERTZ)

Real [F]

10,4025721
=18,078007
17,A0237R
wh, b28R5R6
w5 5049707
T.1074557
-d, 3245741
N.6717h413
N,e7710122
«{), 39200155
N,§5471407
=, A010h9A5F =01
=N, 1URSUAGN
0,91221041E=0!}
wN,3674134AE=N1
0 1 0HARLAOF=N2
0,24R52570F=02
=y TLHNSHRLE«N?
0,29904105F=02
0,8255RMN11E=N4
=0,783904%59Ew0]
B,51577TH3I5EeN]3
«),th71127THE=03
=0, 16925U54F=N4
0,55702712FK=014
0. 34771651E=04
D,110135571F=04
0,19002441F,=05
w0 JA6EBI414E«NS
0.220h93R4 3Kell5
«N,5561H2I5Ke0b
=0, 149NTRTRE=NH
Ne27TT80RTIE=08
w3, 12%7234AEb
0,43725730F=07
0,245%{190HE=NT
=0, TNY4N0R IF=NA
0.17976190F N7
0,64292170E=08
Nah2IAS5T6FE=0H
N,76211606F=04
0,54281440K=0N8
N,54%HBRADIF=NH
0,49T1NR1 1 F=mily
0,344039091E=08
0,41161259F=089
N, 37408759E=0H
0.34313126F=NR
0,316372093F=014
0,290T8TROF=NH
0,26HA1579FanH
0,724H0 7| 99E=NH
N,22947483K=14

Page 31

,000 4,000 3 POINTS  H1%

unnormalized

1p [F)

0, 0000NnNE+0Q
G, 5077591
=h,9T155619
15,5190 64
w0, AHUTI6
2,2108651
2:5TH44d)
»2,94UD0R6
{ATTROUS
-".‘7076590
=0,3iN%6484
n,3113562)
=i, 13009621
0,93741J03E=12
N,33164413 k=01
=0, 24512279F =Nt
0,1075084Rka01
N,.727¢96011F=0]
w0, 2093486 ken?
0,74620497E=072
=, 21T7RS IHF =]
0,342061792FK~013
0,54250631FK=01
0,15949694F=01
0, I0NhHIRL{E=N]
n,235317205R=03
0,1R935449K~0)
0,1912H491En03
D, 1611ARTAK=0]
N, ARTY9 10K =0
N,1314143L0E=0)
0,12013256F=03
0,109HQ6HTE=D]
0, tN0LN6T8E=03
N,314H7729K=04
0,AI9HIB22FRmD4
0., 771521 20F=04
0,7107964K=04
N 632439 N4
0,RNT14B 16F =04
0.502030TTF=-14
N,52271033F=04
0,AH63INI54F 04
0,45320252kK=04
0,423I0331138=04
N,1954R HSF=N4q
0,37027T012F=04
0,147T15%395E=04d
0, 3254200 7Fang
0,3nh3H26HF=NY
0, ?HR3ITIHAK=0Y
n,?27124108Kan4
0.75!:.‘7?.84F:-nd



13,2241211
13,4736324
12,723144%
13,9726561
14,2221680
14,4716797
14,7211914
14,9707011
15,2202148
15,4697266
15,719238)
15,9687500
16,2162617
16,46777134
16,71728%2
16,9667069
17,2163086
17,4658203
17,7151320
17,9648438
18,72143555
18,4636672
18,7133789
18,962R906
19,2124023
19,4619141
19,7114250
19,860937%
20,2104492
20,4599609
20,7094727
20,9569844
21,2084961
21,4580078
21,707%5195
21,9570311
22,2065430
22,4%560547
22,7055664
22,9%507A1
231,2045H98
23,4541016
23,703611)
23,95312%0
24,2026387
24,4521484
24,7016602
24,9511719
25,2006036
25,4501953
25,56997070
25,9492488
76,1987305
26,4462422
26,6977539
26,9472656
27,1961773
27,4462891
27.6958008
27,9451125
26,1940242

ORIGINAL PACLS
OF POOR QUALIYY

U, 9458 4645-nT7
009426189 w17
0,846300)9E=)7
D,B01H1417E=D7
0,7h0331449L=nT
0.,7216619 V=07
0.6A556293807
0.,65{0268REnQT
0,62026351E=07
0,59070064E=07
0,56298220K=07
0,53696052L=07
0,51252475E=07
0,48953960E=1)7
0,4679N409F=07
0.44752053E=07
0,420299672E=07
0,41015955E=(17
0,39302535E=07
0.,376H2020kL=N7
0,36150484E=07
0,34699708E=0?Y
0,331325130F=07
0,32021HNBE=0T
0,307H51THE=0T
Ne2961101HE=DT
0,20495432E=07
0:27444AD5E=0?Y
0,264257875E=07
0,25465273E~07
0,295%0376E=07
0,23078415E=07
Ne2784bA9SEmNY
0.,22053492F=n7
0,21296042E=07
0,2057252hE=07
0,190H1059E=0T?
0,192198BNE=07
018587 145K=07
0,17901914KE=07
0,17402144E=07
0,168406R5E=07
0.,163142712E=07
G 190037 TEaN?
0,273134903E=07
0,1484371B4F =07
0,14¥92374K=07
0,1395874HE=(T
0,13542032E=07
0,13141406F=07
0,1275609hE=07
0,12345372E=07
0.12028544E=07
0D.,11684967F=07
0,11354022k=07
0,1103513 k=07
0, 10727 145E=Q?
0,10421 345607
0,10145441E=07
0., 906950T7HK=-08
0,960320315K=0D0

Ny 21270008EANH
e 1973940 1E=NK
0, 1HI44014E=NY
N,170713R4E=0Y
M, 1590h2%4H=08
0,14HI90T74E=0H
0,13859902F=08
0,129601hdk 0y
0, 12132315E=0Y
N,11368527K=00
Ny 10h65TARRK=08
0y 1001560 IF=NY
0,041431841E=0Y
0, AN T56THE=0DY
Ny83413277E=0Y
0.7862}9%1E=0Y
0,741659942En0Y
0,700208A5E=0Y
0.hBLTIOABE=0Y
G,62579234Ee0Y
0,592263449E=09
0.56095200E=09
0,54160637Em0Y
0,5043N64065=09
0,4TYbEURZE=09
N,4%164184F=0Y
0,43210p%6E=09
0,41095224E=09
0,39107420E=0Y
0,37239521E=0Y
0,354H1623Em0y
0,33826434E=09
0,322666R9F=0Y
0,3N796 IASE=09
0.29400944E=09
0,28PYRIbTE=NY
0,2b961329Ew0Y
N,25691306F=0Y
0.245H4507Ee09
0,21530872Em0Y
0,22%446R9F=09
0,21604379K=09
0,20712041E=09
0, 1986T0NGE=DY
0,19064116E=09
0,1H3I01548E=OY
0¢175THY42E=0Y
0,168RHOK0E=0Y
0,16232761E=0Y
0,156091 4BE=0Y
0,1%015382E=0Y
0,14049710E=0Y
0,139107376=0Y
0,13396THRE=0Y
0,12906542E=0Y
0.124)B705F =09
0,11992071E=0Y
0,11565454E=09
0,11157TR60E=0Y
0.,1076R219E~09
N,10395624E=09

N,24213520E=n4
0,22893104kK«04
0,21600H76F=04
0, 205204431014
0,1%4b45h 3E=04
0,1 8474545 =04
0,1755041 k=04
D,1hbUbTOHE=04
N, 58 70740K=04
0,1%12191hE=04
D,14412344E=04
N,13746343E=04
0,13120633k=04
0,12532214F=04
U, 11978345E=04
U,1145652bE=04
0,10964470k=04
0,10500084E=04
0,1006144Y9E=04
0,964bH019km05
0,92545239kK=05
0,88031252E=04
U,B5312333Kw05
0,B1975HTH0S
0,TABLO0SL E=ily
¢, T5H04200E=05
0,7294R306Ke«DY
N,70231100E=0S
0,676500150a0%
0,65191099E=0%
0,h2H4HYAIE~09
0,60016742E=0Y
0,584HH050E0S
0,5645693%9F=0%5
00,5451 THOTR=DY
0,520056hoF=0%
n,S04895%510H=05%
0,49202094E=05
0,47543004K=05
0,46043699F=05
0,445406GHAE=05
D,43127515KE=05
0,41764517E=05
0,40457515K=05
0,39203592E=0%
0, IR00N0HTE=NY
0,36844479E=05
0,35734394EmDY
0,346670(12E-05
0,33642000E=05
0,32655000E=0%
0,31706552K=08
0,3079307TE=NS
0,29913515F=05
0, 290h62%0K=0%
0,282499315F =05
0,274630276-1%
1,26704244E=D%
0,25972330k=115
0,2520H093E=0Y
0,24584406E=05
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24,44433%9
24, 0938477
?8,7433%594
29,192R711
29,4423474
29,6918945
29,94140h1)
30,1909180
30,4404297
30,089041 4
30,9394514
31, 1009648
31 ,4194766
31,68798R)
31,9375000
32,1870%17
32,43652134
32,68003%2
32.9355469
33,1850586
33,4345703
33,6R400720
313,933%918
34,1831055
J4,4326172
34,6821209
34,9314406
35,1011523
3I5.,430h041
15,680175%8
C35,9294875
36,17919972
36,4247109
36,6782227
36,9277544
3IT,1772461
37.4267578
37,6762695
37,925781%
38,1752930
318,424R047
JA,6T431h4
36,923R281
39,1733398
19,4220%16
19,67236132)
19,92187%0
40,1713867
40,42008984
40,0704102
40,9199219
41,1694336
41,41894%)3
41,6HB45T0
41,9179aR8
42,1674405
42,4169922
42,6665019
42,9160156
43,1655273
43,415039¢

0,934617)14L=NA
0,909 i 3545L=08
O HRSTRAG THeQH
0,9626007hH=0A
0,B401H202),=08
C,AIBHNI59K=08
0,I971%2HR =00
0,77723478E=0h
0, 757%816%E=080
O.TIﬂSTJIShHHR
DeT72015420kK~0R
0,7023400 =08
0,68502058 =08
0,6h8261460H=0R
0,65201290kK=08
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