yeoo e LS AR AT WEFTIIT T N ARSI TRV I T YN TR R E i R4 i Sl

AD-753 693

TIME DOMAIN MEASUREMENT SYSTEM

Harry M. Cronson, et al

Sperry Rand Research Center

Prepared for:
Air Force Avionics Laboratory

December 1972

DISTRIBUTED BY:

Nationa! Teci:nical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

hed



Lo UL e

A

P e ————— o———

T - ” o e e T L s R o o ol S R T S i s

TIME DOMAIN
MEASUREMENT SYSTEM

H. M. Cronson, F.G. Mitchell

Sperry Rand Reszarch Center
Sudbury, Massachusetts

TECBENICAL REPORT AFAiL.-TR-72-353

December 1972

Approved for public release; distribution unlimited.

Reproduce s by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Denartment of Commerce
Springfinld VA 22151

AJR FORCE AVIONICS LABORATORY
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCY. BASE, OHIO

41

-




it S AR (i il R LA i A S S R A L A T L o R ey T B T e e R N L W e Wy ST RV A LN P ey AP A PR P PR BRI ST ey WL S TR ,,..-j'sgwq

- -
" NOTICES
When Government drawings, specifications, or other data are used for any purpose other than
in connection with a definitely related Government procurement operation, the United States
Government thereby incurs no responsibility nor any obligation whatsoever; and the fact that the
government may have formulated, furnished, or in any way supplied the said drawings, specifica-
tions, or other data, is not to be regarded by implication or otherwise as in any manner licensing the
holder or any other person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related thereto.
KIS G :
—_ |
WU Whits st i/ .
K Buli seziton [ !
URAEEINEC O ;
RSUECAIN e -
3]
BISRIGUTION AYAILAS!L. ¢ G225
R A W R
d ‘ ! l
i
{
; |
L ! 2
! :
|
Copies of this report should not be returned unless return is required by security considerations, |
contractual obligations, or notice on a specific document. ! I
I




PRI T i SEESE TS L ISTUERETSTT I AT TSRS L SRR R e e s

UNCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA - RAD

(Security clesstlication of title body of ebsiract and indening ennotetion muont be entered when the overall report 13 2less:lied)

1 ORIGINATING ACTIVITY (Curparate author) 28 RCPORY SECUAITY C LASSIFICATION
Sperry Rand Research Center Unclassified
100 North Rd, 26 grour
) 01776 -

3 REPORT TITLE

TIME DOMAIN MEASUREMENT SYSTEM

& DESCRIPYIVE NOTES Type of report and inclusive dates)

Final Technical Report - 15 May 1972 to 15 September 1972

$ AUTNOR(S) (Leat name. first name, inttial)
Cronson, Harry M,
i Mitchell, Peter G,

3 6 REPORT DATE 78 TOTAL NO OF ®aAGES 75 NO OF REFS
December 1972 46 4
8A CONTRACT OR GRANT KO 98 ORIGINATOR'S REPORT NUMBER(S)
F33615-72-C-2061 SRRC-CR~72-12
h VBROJECT NO
7633

(3

[ 1) g?Hll ,J!oa? NO(S) (Any other numbers #:at mey be assigned
fo repo

d AFAL-TR-72-353

10 AVAILABILITY ’LIMITATION NOTICES

Approved for public release; distribution unlimited.

11 SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

Air Force Avionics Laboratory
Air Force Systems Command
Wright-Patterson AFB, Ohio

13 ARSTRACT

This report describes investigations and modifications, both in hard-
ware and software, to improve the accuracy of an AFAL time domain metrology system
for measuring the constitutive properties of materials, Experiments revealed that
the systematic error observed in the data was due to small mismatches in the
connectors adjacent to the material sample, The reflections and the systematic
error were reduced by improving the design of one of the connectors and replacing
the other delay line and connector by precision air line, Software procedures to
further remove the effects of line mismatches from the data were also developed,
Two programs, cne using a calibrated sample and the other using a displaced short,
did not significantly change the already improved results with tiie modified system,
The observed erratic behavior around 100 MHz was investigated and attributed to the
large influence of random noise at these frequencies, This low frequency data can
be improved by testing thicker samples., Alternative procedures for measuring low
loss materials were analyzed and it was concluded that longer material samples
were required to incredse measurement accuracy,

éo.)

DD 2. 1473

UNCLASSIFIED

Security Classification

ATl i e



UNCLASSIFIED

Security Classification

KEY WORDS

LINK A LINK B LINK C
roL& wr noL € wY ROLE | WT

Time domain metrology
Microwave measurement of materials
Coaxial connector mismatch

Computer correction of time domain measurements

Permeability
Permittivity
Pulse measurements

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the coniractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the repurt.

2a. REPORT SECUNITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘‘Restricted Data’’ is included Marking is to be in accord
ance with appropriate security regulations.

2b. GROUP: Automstic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industri=| Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
1zed.

3. REPORT TITLE: Enter the comple\e report title in all
capital letters. Titles in all cases should be unclassified.
if a meaningful title cannot be selected without classifice-
tion, show title classification in afl capitals in parenthesis
immediately following the title.

3. DESCRIPTIVE NOTES: If sppropriate, enter the type of
report, e.g.. 1nterim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the teport. Enter last name, {irst name, middle initisl.
If militazy, show rank and branch of service. The name of
the principal «thor 1s an sbsolute minimum requirement.

. REPORT DATZ: Enter the date of the report as day,
month, year; or month, year. If more than one date sppears -
on the report, use date of publice‘ion.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
aumbet of pages containing information

76. NUMBER OF REFERENCES: Enter the total number of
teferences cited in the report,

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the upplicable number of the contract or grant under which
the report was written .

3b, 8c, & 8d. PROJECT NUMBER: Enter the apprepriate
taalitary department 1dentsficution, such as project number,
subproject number, system nur.bers, task number, etc.

0. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
nnd controlled by the originating sctivity, This number must
he unique (0 this report,

9h. OTHER REPORT NUMBER(S): If the report has been
assigned any other repcrt numbers (either by the originator
or by the sponsnr), also enter this number(s),

10. AVAILABILITY, LIMITATION NOTICES: Enter any lim-
wtations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) ‘'Qualified requesters may obtain copies of this
report from DDC.'!

(2) “Foreign announcement and dissemiration of this
report by DDC is not authorized.”’

(3} *U. S. Government agencies may obtain copies of
this ~oort directly from DDC. Other qualified DDC
users shall requeat through

(4) *'U. S. military agencies may obtain copies of this
report directly from DDC, Other qualified users
shell request through

(5) **All distribution of this report is controlied Qual-
1fied DDC users shall request through

If the report has beer. furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
catn this fact and enter the price, if known.

1. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pey~
ing for) the resesrch and development. Include address.

13 ABSTRACT: Enter an sbstract giving a brnief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additionsl space is required, & continustion sheat shall
be attached.

It is highly desirable that the abstract of clussified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph. represented as (TS) (S). (C). or (U)

There 18 no limitation on the length of the abstract. How-
aver, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically nieaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification 1s required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, mnay be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and wcights 15 optional.

T A

UNCLASSIFIED

Security Classification




+ﬂ°ERQV RAND

€ 8 AN PO A AT IO W

TIME DOMAIN

MEASUREMENT SYSTEM

H. M, Cronson, P, G, Mitchell

i
AN Ky e o

Approved for public release; distribution unlimited,

028 Dbl o B, S

4
ﬂ%Em\l’ RAND researcH center

1 c} SUDBURY.MASS‘\CHUSETTS.O‘I??S

MMJMMW Bl AL NI i BRI




.

FOREWORD

This Final Technical Report covers the work performed under Contract
No. F33615-72-C-2061, Project Ne, 7633, from 15 June to 15 September 1972,

The contract with the Sperry Rand Research Center, 100 North Road,
Sudbury, Massachusetts, 91776, is to investigate several techniques for im-
proving the accuracy of an Air Force Avionics Laboratory time domain measure-
ment system for measuring the constitutive propcrties of redar absorbing
materials.

Dr. H, M. Cronson, principal investigator, Mr, P, G, Mitchell, and
Mr. R. L. Earle are the SRRC personnel responsible for this contract.

This report was submitted by the authors; October 1972,

This technical Report has been reviewed and is approved for publi-
cation,
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4 JOHN B. STURGES, &..
Lt. Colonel, USAF

Ckief, Zleotronic Warfare Division
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SECTION 1
INTRODUCTION

1.1 BACKGROUND

The investigations described in this report were performed at the
Sperry Rand Research Center (SRRC) in Sudbury, Mass, for the Air Force Avionics
Laboratory (AFAL), Wright-Patterson Air Force Base, Obio under Contract
F33615-72-C-2'61 over a period from June through September 1972,

In September 1971 SRRC delivered to AFAL a unique prototype system
for measuring the constitutive parameters of materials over thie frequency
range 0,1 to 10 GHz without disturbing the sample, This system was based on
time domain metrology principles where the transient responses of a material
to a smoothed impulse serves to characterize the test material, The basic
components are a subnanosecond baseband pulse generator, coaxial delay line
networks, a sampling oscilloscope, a controller, magnetic tape recorder, and
analog-digital interfacing, The time domain responses are measured and record-
ed on magnetic tape, and a subsegquent Fourier transform program yields the
desired complex permittivity, e and complex permeability, p ., More detail-
ed information on Lhis system and its operation is contained in two recent
AFAL Technical Reports.l'2

During the first year of operation at AFAL, the system has proved
to be extremely useful for measuring the constitutive parameters of lossy
materials, As a result of usage, certain accuracy limitations were noted in
the prototype unit, The objective of this program was to investigate several

techniques for improving the accuracy and extending the capability of the
AFAL system,

1,2 TASKS
The tasks in this investigation fell into four categories:
a) The primary effort was a coaxial line investigation to
reduce the observed systematic error in the calculated

values of ¢ and p ., This included the design and
fabrication of necessary modificatiens,
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b) A study to establish the causc of and to eliminate
sporadic low frequency errors,

¢) An investigation of the feasibility of using standard
samples, with known e and p, to calibrate the system and
to develop software to impleme... this technique,

d) A study to extend the capability of the system to the
measurement of low loss dielectric materials,
Each of these tasks is described in subsequent sections, In addition, a
preliminary safety analysis was verformed tc minimize catastrophic failure,

Dr, Harry M, Cronson was the principal investigator in this program,
Mr, Peter G, Mitchell was responsible for hardware modifications and perform-
ing experimental measurements, Technical assistance was provided by Mr, Richard
L, Earle,
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SECTICN 2
COAXIAL LINE INVESTIGATION

2.1 INTRODUCTION

The major effort in this contract was the reduction of systematic
errors, These errors have the appearance of ripples on a plot of the real
and imaginary narts of the relative permittivity, ¢ = ¢'-j¢”, and the rela-
tive permeability, u’'~ju”, vs frequency., Unlike ripples caused by random
noise, the peaks and valleys of systematic ripples usually occur in the same
frequency range regardless of the material tested, The systematic ripples
are usually larger than random ripnles and camnot be reduced by averaging,
The probable cause of these systematic rippies is mismatch in the connector
and/or RG331 foaw cable in the vicinity of the sampler holder, (The AFAL
10 ns measurement system was constructed from semiflexible RG331 cable in
order to achieve a relatively compact configuration,) On the other hand,
systematic errors were not observed in the prototype SRRC 2,5 ns system con-
structed from 14 mm precision air line, Since the connectors to the foam
cable present a larger discontinuity than General Radio (GR) air line

connectors, this discontinuity could cause the ohserved ripples,

Our method of approach was to divide the coaxial line investigation
into 4 sequential subtasks:

a) Obtaining a quantitative measure of the magnitude of the
ripples of ruisting systems for comparison with later results,

b) Determining the cause of the ripples,
c¢) Investigating methods of ripple reduction,
d) Fabrication and testing of the recommended modification,

The remainder of this section describes work done under each subtask,

2.2 MEASURE OF RIPPL.E MAGNITUDE

To reduce the observed spurious responses in p 8&no 3 , it
seemed rzasonable to first esiablish the wa¢:itude of these ripples., These
numbers could then serve as a hasis of comparison for an improved system, As
a measure o0f the ripples, we sought an easily computed quantity related to the
difference between the maximum and minimum observed value of ¢’ . The

quantity arbitrarily selected and called the percentage ripple, R , is
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defined by

p < Max fe’] - Min (e’
~  Average [¢)

x 100% . 1)

It should be noted that the observed ripples are due to both random
and systematic errors, However, since the systematic errors are usvally
larger, the above equation furnishes a useful guideline for systematic errors,
To avoid extrzme points at both ends of the spectrum, where random noise
errors are large, the 0,1, 0,2, 0,3 and 9.8, 9.9, and 10 Glz values of ¢’
were not included, From available data it was convenient to chooscu a Teflon*
sample of 0,25 inch thickness as a comparative sample., The first three
entries in Table I list values of R along with the maximum and minimum
values of ¢’ for the SRRC prototype 2,5 ns air line system, the RG351 3O ns
system taken prior to shipment to AFAL, and recen. results taken with the
AFAL system, As expected, the percentage ripple of the 2,5 ns air line system
is much smaller than the AFAL system.

To begin & meaningful coaxial line investigation before the arrival
of the AFAL equipment at SRRC in the final month of the contract, a 10 ns
RG331 configuration was fabricated at SRRC, The configuration was first
tested with a 2,5 ns window to check it out and later with a full !0 ns win-
dow, Values of R of the SRRC, RG331 10 ns centiguration for both the 2,5 and
10 us window are given in Table 1,

It is interesting to note that the 2.5 ns RG331 system displays
less ripple than the 10 ns RGZ31 configuration, although the delay lines are
identical, This occurs for two reasons, First, since the 10 ns window gives
four times as many frequency points, more extreme points are likely t+o occur,
Secondly, the signal-to-noise ratio (SNR) is larger for the 754 nnint scan
in the 2,5 ns window than the 1024 point scan in the 10 ns window, The other
entries in the table will be referred to later,

2,3 RIPPLE SOURCE
Tests with the SRRC 10 ns foam cable configuration showed the same
type of systematic ripples observed in the AFAL system, An examination of the

*Registered trademark of the 1. E. duPont deNemours and Company,
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7 System

é 2.5 ns air lige
: 10 ns, 331, AFAL
10 ns, 331, AFAL
10 ns, 331

10 ns, 331

10 ns, air line

10 ns, moldified

TABLE 1

COMPARISON OF MEASUREMENT SYSTEM RIPPLE
ON A 0,25 INCH TEFLON SAMPLE

Time
Window

2,5 ns
10 ns
10 ns
2.5 ns
10 ns
10 ns

10 ns

Max
¢ flGHz]
2,07 2,0
2,25 9,2
2.21 9.6
2,10 9.6
2,16 9,2
2,07 0,9
2,11 2,0

Min
s'  fiGHz)
1,95 9.5
1,90 8.1
1.68 6.1
1,97 2.0
1.94 8.3
1.88 8.6
1.95 6.7

R

6 %
17,5%
26,5%

6.5%
11 %

9.5%

8 %

Date & Place of

Measurement
12/70  SRRC
8/71  SRRC
6/72 AFAL
7/72  SRRC
7/72  SRRC
7/72  SRRC
9/72  SRRC
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delay lines using TDR methods failed to reveal any disconiinuities in the
interior of the RG331 cable, However, the cornectors on the RG33) cable
adjacent to the sample holder did exhibii reflections of the order of 15 mV
peak to prak for a 240 mV input step, Further experimenis with one of these
connectors showed a reflection coefficient that decreased to only +21 dB in
the vicinity of 4 Gilz, This mismaich appears large enough to be a majorlcon-
tributor to the observed errors,

As another check to determine whether the connectors were the main
source of error another 10 ns configuration was constructed .at SRRC using
the superior GR90U sir line series connectors with two 5 ns sections of air
line. This system furnished two }0 ns timé windows but an extra trans-
mission background waveform with the sample in the holder had to be ir~luded
in the measurement procedure background subtraction, The célculated percen~
tage ripple, R, of this systeﬁ as shown in Table I was less than the SRRC
10 ns foam system and considerabiy less than the AFAL 10 ns system, These
results furnished additional evidence that the connector nismatch was the
main source of systematic error, ' pe

2.4 METHODS OF RIPPLE REDUCTION '

From the evidence of the previous section, it!was clear that any
modification which resulted in a lower mismatch in the connectors adjacent
to the sample holder would yield reduced systematic ripples.' Three modifica~
tions were considered:

a) Replacing the existing 10 ns and 5 ns RG331 lines'by
General Radio 14 mm air lines with GR900 connectors,

b) Improving the design of the RG331 to GR90O connector to
reduce the mismatch,

c) Employing a software correction in the Fortran program.forl

the observed connector mismatch,

The first is an obvious solution since we have already demonstrated
that an air line system preduces less ripple, . However, if this approach were
adopted, the 10 foot coiled RG331 cabie inside the pulse generater box would
have to be replaced by a 10 foot run of air line, The resultant configuration

- -
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would extend for 15 feet and involve an undesirable major hardware change,
To replace the cables on both sides of the sample hoider by air line also
seems like an extreme solution, since it is the connectors rather than the
cables themselves that cause the mismatch, Therefore, the other two possi-
bilities were carefully examined to determine whether they could be used in
place of the complete air line replacement,

N The simplest solution appeared to be to improve the existing

connector, During the ciatract to build the prototype material measurement
system, the RG331 to GRY900 connector was specially designed by SRRC since

none with very low SWR were commercially available, The original and modified
transition between the 0,5" foam cable and 0,56" air line is shown in Fig. 1.

The modifications at the foam-air interface are shovn as shaded areas, Al-

though the region throughout the transition was designed to be 50 (Q, the abrupt
:transition at the foam-air interface contributes an equivalent shunt capacity

which produces the mismatch, It seems however, that some abrupt trausition
must always be present between the two geometries, Trerefore, although one

_ must accept some shunt capacity, the match can be improved by increasing the

series inductance at the discontinuity to compensate for the existing capa-
city., In other words, since the shunt capacity reduces the characteristic
impedance Z0 of the line at the discontinuity, the geometry should be changed
to increase Z0 at the same point, In modifying the connector, Z0 was in-
creased by reducing the step at the interface and removing some of the foam
diélectric at the junction. The compensation was done in steps until the
amplitude of the mismatch as observed by TDR techniques recached a minimum,
Figures 2(a) and (b) show the return from the AFAL end line connector and the
modified connector on the 10 ns cable adjacent to the sample holder, res-
peétively. In both cases the input was a 250 mV step., Returns examined from
other unmodified transitions usually showed a response of the order of 15 mV,
The photos in Fig., 2 demonstrate the improved match in the modified connector,

There remains, however, a resicdual reflection which can contribute some

systematic error,

The third approach to ripple reduction involves measuring the mis-
match present and using a computer correction to remove the effects of the
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reflection from the final result, Therefore, one could presumably have a
poor match in the system, as long as it was known, and calculate a correction
for it, A discussion of this problem is presented in Section 4, since the
analysis is intimately tied in with calibration with standard samples. The
advantage of this method is that even if the line mismatch changes over a
period of weeks or months, the procedure will measure the change and correct
for it, Disadvantages include the analysis and programing effort required

to achieve an operational program, the additional reference waveform required
for the computer correction, and the possibility of inconclusive results for
small mismatches because of contamination by random noise.

2,5 SELECTION, FABRICATION AND TESTING THE MODIFICATIONS

During the investigation, each of the three above methods were
studied and evaluated, We decided that a combination of these methods was
most likely to produce satisfactory results, First the connector on the
10 ns cable adjacent to the sample holder was modified to compensate for the
shunt capacity, This approach was chosen to retain the original pulse
generator configuration with the coiled cables inside the box. Secondly, the
5 ns foam end line was replaced by an air line. Unlike air line replacement
on the other side of the sample holder, this did not involve a major hard-
ware change and insured an excellent match on the end line side of the holder,
Special care was taken in the air line constructed from GR precision tube
and rod., The line shown in Fig. 3 consists of 2 long and 1 short section.
The middle 9 13/16" section has GR900 AP connectors on each end. Each 264"
section has GROOOBT connectors on each end which provide support for the
inner conductor. The upper portion of the crown was removed from one of
these connectors to mate with the sample holder. The long inner conductors
are also supported at the center of each line by a %" polystyrene disk. To
compensate for the increase in capacitance at the disk, the diameter of the
center conductor was reduced as illustrated in Fig. 3. Experiments showed
negligible reflections from the completed line. The air line is supported
by an I beam with moveable saddle support pieces. Thirdly, to remove the
effects of any residual reflections, a computer program was written and in-

cluded in a modified Fortran routine for the measurement sequence,

- 10 -
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The above modifications were made on part of the AFAL system
returned to SRRC in mid-August and resulted in a reduction of systematic
error, Since the connector modification reduced the mismatch to a very low
level, no significant improvement was rnoted when the computer correction was
applied and, therefore, the data in the remainder of this section is shown
without software correction, Figure 4 shows a comparison of the complex .
and ¢ for the original system (Fig. 55, Ref, 1) and the improved system,
Note the absence of the large variations around 3 GHz originally present,

The poorer low frequency values for the improved system are random variations

due to noise. The percentage ripple R computed for the modified system (which on
different days varied between 7.5% and 9% - the most common value of 8%) is
included in Table 1. Another before and after comparison is illustrated iv

Fig. 5 where the real part of ¢ for nylecn and a ferrite is plotted for the
AFAL system after it was returned to SRRC and the improved system. The AFAL
equipment returned to SRRC had an obvious discontinuity in the outer con-

ductor of a connector near the sample holder, The data in Fig. 4 was taken
after the connector was realigned and mating surfaces cleaned. These com-
parisons between the improved and original sysiem illustrate the reduction in

systematic error achieved in the coaxial line investigation.

Several improvements, not required by the contract, were made on the
components in the pulse generator box of the AFAL system. The avalancie
transistor module was rebuilt to have superior physical desiga. The lantern
battery bias supply for the step recovery diodes was replaced by & dc power
supply, and a fuse was installed in the power line. Figure &6 now shows the
new power supply block diagram. The RG331 foam line between the sample head

and sample holder was replaced by another RG331 line whose impedance was

closer to 50 ohms.
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SECTION 3
LOW FREQUENCY RESPONSE

3.1 INTRODUCTION

Dsta below about 500 MHz usually appears more erratic than rcesults
et high frequencies. Some reasons for these randomly occurring values could
be in setting the reference points, positioning the sample,or noise, Since
it has beew noted that repetitive runs on the same undisturbed sample also
display erratic low frequency data pcints, the mostprobable cause is random

noise,

The effects of random noise in S11 and 821 are more serious at the

lowest frequencies where S,, is near 0 and 82 is near 1, The reason for

11 1

this is that since the calculations of u and ¢ depend essentially on S11

and 1~S¢1. the same udditive errors in these quantities produce much larger
1+

percentage orrors wihen S,, is near O and S, is near 1, This can be

11 21
illusirated by a simple example using experimental values of ‘slll and |321l.
TABLE 2

SCATTERING PARAMETHER ERRORS

ASSUMED
ADDITIVE % ER?OR % ERROR
5 B -
FREQ. 15,1 |S,1  ERROR 18,1 1-|8, |
100 MHz 0.00% 0.995 0.001 11% 20%
3000 MHz 0.196 0,974 0,001 0.8% 4%

Thus onc would certainly expect more error at iGC than 3000 MHz, Of course
a more cemplete error analysis would nave to account for phase exrors also,
but the above illustrates the main point,

3,2 EXPERIMENTS AND RESULTS

The previous example suggests thati the low frequency behavior can

[ F T TP S

.
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be improved if the SNK is increased, Hewever, the price paid for better SNR

at lower frequencies is usually poorer SNR at higher rrequencies, One method
to increase the low frequency SNR is to use a material with a large dierectric
constant as a test sample to check the system., Ons notes, for example, that
ferrite samples usually exhibit a fairly flat low frequency response, This
methed is, of course, inapplicable if the low frequency behavior of a
particular material, such as Teflon is desired, A wider excitation pulse
will also furnish a higher low frequency SNR, An experiment was performed
with 2 250 ps pulse whirh had about i2 dB more spectral amplitude

than the 60 ps pulse at low frequencies, As expected, the data showed a
smoother lower frequency response with much more erratic high frequency
values, To use this method would require another pulse generator or wave-
form integrator in the system, Perhaps the simplest approach to improve low
frequency behavior is the use of a thicker sample that will give more
reflection and less transmission than a shorter sample. However, in addition
to the pocrer high frequency SHd a longer sample can produce a singularity in
p and ¢ when the sample thickness approaches a half wavelength, It has

also been observed that after the singularity, the values of  and ¢ are
grossly incorrect, Since the longer sample approach appeared most advanta-
geous, more analysis was done to see if the response around and after the
discontinuity could be improved.

3.3 THE THICK SAMPLE PROBLEM

The values of p ard ¢ are erritic in the neighborhood of the “
singularity for the same veason that they a-c¢ erratic at low frequencies, %
is near 0 and S

Namely, S 21 is close to 1., In fact, the response is %

11
usually worse since the SNR of the incident signals is usually lower near
the higher frequency singularity than the one at zero frequency. The singularity

cannot be avoided with the present program since division by S11 2 0 occurs,

o0 D, L SR LA T, it

Although %ata in the region around the singularity will continue to be

el

erratic, one should be able to improve the values of | and ¢ above Lhe

b

singular frequency,

An examination of the present program revealed that y and e above the

singularity were incorrect because the argument of the quantity z = exp

- 17 -
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(-juvq:7:7-d/c), where d is the sample thickness, (see also Eq. (2), p. 3,
b Ref, 2), hereafter referred to as arg z, was not computed correctly for arg z
; less than -n , If arg z is wrong, Cy (Eq. (9), p.5, Ref, 2) and therefore
w'c’ will also be incorrect, A study of Eqs. (2) through (6) in Ref. 2 also
showed that the singularity occurs when arg z = -m, The incorrect values
occurred because the arctangent routine that computed arg z only yielded angles
between #m, Thus for z in the third quadrant, the program gave arg z = q,
whereas the correct ary z should have been ¢« - 21, To correct this, a
change was made in the subroutine CPLEX to give irg z between O and -2m, The
modification is listed in Appendix B, This revised program was tried and

yielded the correct values of arg z., Figure 7(a) and (b) offers the com-

parison between &’ for a 0,499 inch Teflon sample computed with the original
program and the modified program, Note that the region of grossly incorrect
values for ¢’ extends for a considerable frequency interval on both sides of
the singularity at 8,4 GHz, This is probably due to the decreased SNR of
1-S21 for the longer sample at higher frequencies, It should be méntioned

that the revised subroutine will still give incorrect angles for arg z < - 2m,
A more involved program change is required to track the phase beyond one com-
plete revolution,

If very accurate data is desired at both low and high frequencies,
one could test both a thin and thick sample of the same material, The low
frequency data would be furnished by the thick sample, while the thinner

sample would supply the higher frequency results.

e 1
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SECTION 4 . : : i
CALIBRATION WITH STANDARD SAMPLES

4,1 INTRODUCTION

Another approach investigated to reduce the systematic ripples was
based on software correction, For example, ‘it should be possible to employ
a standard sample and deduce a system correction factor by cdomparing the
measured to known values, Although computer techniques appeared féasible.
our plan of attack was to first reduce mismatches as mich as possible via '
hardware improvements, i.e, connector modification and line replaéement
and then to try the software correction on any remaining resxdual reflectxon.,1
This plan was adopted because we felt in the short contract period, the hard-

ware modifications showed the greatest probability of success, A§ it turned out,

after the hardware modifications reduced the ripple to a lower value, the
' i
subsequent software correction did not significantly improve the results,

4,2 ANALYSIS , ' ‘ :

In order to calculate a correction factor, one has to determine the
relationship between the measured and true values, One of the ‘simplest models
for line mismatch is shown in Fig, 8(a) for a single shunt discontinuity with
reflection coefficient r(w) a distance d to the left of the sample, '
Fortunately this model should be a good approximation to the modified system -
where the air line to the right of the sample contributes almost 'no discon-
tinuity while the modified connector to the left of the sample contributes a
small shunt discontinuity, The bounce diagram generated by this conflgurat1on
is shown in Fig, 8(b), where Va (w) and Vo (w) are thc reflected and transmitted
signals respectively at a partzcular frequency, and S (w) and SZl(w) are
the true values of the scattering parameters, - Summ:ng-all the reflected
signals except the first gives

— 2 ' 2 ' .
VR = +{1+r) Sllz [1+rzS11 + (rlel) + ...;] .

2. .
S,,(1+r)°%z . . :
S ¥ T 1)

1-rzS ' !

11




Shunt discontinuity
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' FIG, 8 Reflection and transmission in the presence of a
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where z = exp (-2jwd/v) and v is the propagation velocity in the line, The

first reflection, r, is not included since it arises from a part of the time

waveform before the reflection time window, Similarly the sum of the trans-
mitted phasors are

— 2
VT = S2l(l+10 [:1+rzSI1 + (rzsll) + eee ]

_ 821(1+r) @)
T 1-rzS y
11

In the experimental procedure, the measured value of the scattering
m
coefficient, Sll' is found from ratio

gm s - Vs

= m—— 3)
11 VRI - VRB

where the background signal, VRB' is found from VR with S11 = 0, giving
VRB =0 4)

The incident waveform, VRI' is found by placing a short at the sample position,

or equivalently setting S11 = -1, The signal measured is the negative of the
incident phasor, Therefore,

i} £

-+ nf
VRI 1T 5 (5)

Substituting (1), (4) and (5) into (3) gives

o 1+ 9
ST S 1 S, (6)

where we have defined p = rz and call it "the correction factor"”, Actually

p is simply the reflection coefficient looking into the line at the sample
position,

Similarly the measured value of the scattering parameter, S;l, is

- 22 -
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found experimentally from

m V- Vg .
521 = v m R (7)
r = Vg

The background wave in the transmission window is found by removing the
sample and terminating the line, i.e, setting 521 = 0, giving

VTI =0 . (8)

The incident signal, VTI is measured with the sample removed or equivalently
setting 821=1 and 511=° yielding

VTI = (1+r) (9)

Substituting Eqs. (2), (8), and (9) into (7) gives

S
m _ 21
821 = I:3§I1 (10)

The result is that Eqs, (6) and (10) provide the desired relations between
the measured and actual values of the scattering coefficients in terms of the
correction factor p , It should be mentioned that although the expressions
were derived for a single shunt discontinuity they are also valid for any
line reflections describable by a reflection scattering parameter All(w),
simply by replacing p by All' The correction factor p can be found

from known and measured values of a standard sample by rewriting Eq, (6) as

st -s

~ A1 11 (
p= . 11)
511(1+5T1)

After p has been determined from the standard sample for each frequency, it

can then be used to correct the measured values STI and Sgl of any sample,

i,
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4,3 MEASUREMENTS USING A STANDARD SAMPLE

A computer program was written so that the correction factor p
was computed from a standard sample using Eq, (11) and subsequent corrections
applied to other samples, A 0,25 inch thick Teflon sample was used as a
standard with an assumed ¢ = 2,03 + jO and y = 1 + jO, The actual values
of S11 and S21 for Teflon were computed from Eqs. (1) through (4) of Ref,
2. The results were somewhat disappointing since the corrected data did rot
display significantly less ripple than the uncorrzcted data, Several reasons
can be advanced for this behavior, In the first place, the experiments were
performed with configurations exhibiting quite low reflections, Thus there
was little error to correct and any corrections that did survive could suffer
serious noise contamination, Secondly we had to assume an ¢ and  for the
standard sample, If the choice was incorrect, it might contribute more error
than was originally present., Because of these problems another method was
sought which might provide better results,

4,4 THE DISPLACED SHORT METHOD

In the previous analysis a standard sample is used to find a
correction factor for the line, However, to characterize the line, a stan-
dard sample is not necessary since two measurements on a‘short and displaced
short will accomplish the same task, The displaced short also minimizes
several disadvantages of the previous approach, In the first place the SNR
of the reflected wave is higher since the signal is larger, Secondly, no
assumptions are necessary about the short's parameters except that its
reflection coefficient is -1,

The relation between p and displaced short measurements can be

found from the previous equations, If the short is a distance d1 from the

discontinuity, the reflected wave is given by an equation similar to (5),

(1+r)2zl
V,. S o ———————=

R1 ™ " THra (12)

1

where z) = exp(~2jwdl/v). If the short is now displaced an additional
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distance D to the right, so its new distance, d2 from the discontinuity
is given by

d, =d,+D

2 1 '
the reflected wave is now

(1+r)2

29
R2 =~ Itrz, (13)

<
!

The ratio of the two reflections, V, is

2,

-’-

v VRl _ ;l(l rzz) _ z, a0
Vpo 22(1+rzl) 1+

where as before, p = rz Noting zllz2 = exp(2jwD/v) the correction factor

1.
can be found from the measured ratio and the calculated value of zl/z2 as

2D
e

el

PE =T (15)
Another program was written to compute p from Eq, (15) rather

than (11), To obtain the necessary data on the displaced short, VR2 .
another reference waveform was acquired, Experiments using the displaced
short method, as in the calibrated sample method, did not show significant
variations between the corrected and uncorrected values, Figure 9 illustrates
values obtained for ¢’ with and without the displaced short correction for
nylon and ferrite., To study possible differences, comparisors were made on
data taken on different day. to separate random from deterministic errors.
A careful examination revealed that some of the systematic error was reduced
by the correction, while other apparently systematic errors remeined, We
hypothesized that the residual mismatch is so small that software correction

does not make much difference,
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To determine whether the correction was working at all, we purposely
introduced a large mismatch in the line by inserting a Teflon disk against
the sample holder connector, The results showed the displaced short pro-
cedure was indeed reducing the systematic error, For example, a measurement
on nylon with the uncorrected data gave a percentage ripple, R = 33%, whereas
the corrected data gave R = 17%., It should be stressed that efforts to
reduce the systematic error do not reduce the random error, Therefore, the
erratic results at lower frequencies, which are due to noise, are not improved

by either the calibrated sample or displaced short procedure,
4,5 CONCLUSIONS AND OPTIONS

In conclusion, we have demonstrated the feasibility of reducing
systematic error by computer correction, However, since the mismatch was
already reduced to a low level by hardware corrections, additional improvement
by software iechniques in the modified system was nearly imperceptible, Of
the two correction methods developed, the displaced short seems superior
because of the larger SNR of its waveforms and the fact that no constitutive

_parameters are required,

In Appendix A, we have included a revised main program to compute
» and e with the displaced short procedure. The operator has the option
of scanning the waveforms as described in Ref, 1 and usiny the original
Fortran program or including the displaced short waveform. with the revised
program, The only change in the measurement procedure is the acquisition of
another reference waveform after the incident waveform in the R window is
scanned, The revised procedure below should be inserted after the B6 operat-

ing sequence as ¢iven on p, 18 of Ref, 1 and before step B7,

Displaced Short Waveform Modification
B6A COAX(R) is 1lit

The metal short already in place in the coaxial line 1 inch
from the incident connector should now be positioned with the

supplied gauge block 1.4 inches from the incident connector,
i
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To continue, push SHORT
Data from the scan in step B6 will first be written on tape if
WRITE (red) is lit, and SHORT REFL (red) will again be lit
during the scan,
B7 COAX(R) is 1lit

Continue original operating sequence

We have demonstrated that software corrections are feasible, but do
not significantly improve results if the residual mismatch is small,
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SECTION S
LOW LOSS DIELECTRIC MEASUREMENTS

5.1 INTRODUCTION

A secondary task during this contract was the investigation of
techniques for adapting the AFAL measuvement system to low loss dielectric
materials, Materials with loss tangent as small as 10_3 are of interest,
particularly over the frequency range 1 to 10 GHz, The prototype AFAL system
was designed to measure ¢ and p with errors of the order of 0,1, Al-
though these errors are acceptable for testing high loss RAM type materials,
they are too large for specifying losses in radome type materials, Low loss
measurements are inaccurate because the loss introduced by the neminal 0,25
inch samples is smaller than the measurement uncertainty, For example, a
signal transmitted through a 0,25 inch sample of a material with ¢’ = 2 and
tan 6 = 10"3 is attenuated by about 1 part in 104 at 1 GHz, If the incident
signal has an SNR of 60 dB, which translates into a measurement uncertainty
of approximately 1 part in 103, then the uncertainty is 10 times larger than
the quantity we seek to determine, Obviously no meaningful measurement can
be made in this situation,

5.2 THE LONG SAMPLE METHOD

One obvious way to increase measurement accuracy is to introduce
more transmission loss by using a longer sample, A convenient geometry for
time domain measurements is a sample of material completely filling the trans-
mission line backed by a short circuit. For this configuration the first
veflection from the air-dielectric interface is used to determine ¢’ ,

while the second reflection, which traverses the sample twice, gives ¢” .

The relation between the sample attenuation and measurement
uncertainty can be found from the following expressions, The total dielectric
loss, « , for the TEM propagation mode is given in dB by Ref, (3),

[o] = 4.62 Fd/¢’ tan § 16)

where F is in GHz, d is the sample length in inches and the notation is

- 29 .




introduced where square trackets around a quantity denote dB, i,.e,

{a] = 20 log10 o. The transmission loss of the material is computed from the
ratio of the Fourier transform of the transmitted incident waveform, These
waveforms are contaminated with noise, If gaussian noise is assured, the
standard deviation, o , of the error is given in dB by Ref. (4)

(o] =& a+ oA an
i
where Si is the SNR of the incident wave, Note that both Si and o are
expressed in Eq, (17) as voltage ratios, Equation (17) is a valid approxi-
mation for Si/a 2 16. The criterion for accurate measurements is

(o] >>[o],

Equations (16) and (17) can be used along with the incident SNR to
determine what sample lengths are required for good measurements, For
example, suppose one desires to measure a dielectric with e’ = 2 and tan § =
10“3. What minimum length is required to measure this material over the
frequency range 1 to 10 GHz, such that [a] > 10 [c] over the entire range?
The problem can be solved graphically using the experimentally determined
incident SNR found in Table 3,

TABLE 3
INCIDENT SNR FOR VARIOUS FREQUENCIES

Freq. (GHz) 1 3 5 8 10
Incident SNR (dB) 62 59 54 48 37

Since o will be close to 1 for a tan § = 10"3 material, Eq. (17) can be
approximated by {o] = 12.3/8i o This quantity is plotted in Fig. 10 along
with 10 [o]. As a first trial, a length d = 12” is chosen, and [&] com-
puted from Eq. (16) and plotted, The graph shows that the inequality

(o] > 10 [o] is not satisfied at the low and high frequency end, A new d
of 27" is determined by setting [o] equal to 10 [c] at 10 GHz, As shown in
Fig, 10, the 27" length satisfies the inequality over the entire frequency
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range and therefore is the minimum length sought.

Thus far the calculations have not accounted for copper loss in the
portion of the line occupied by the sample., Since this loss depends on the
dielectric constant in the line, it does not cancel out, When the copper
loss approaches the order of the dielectric loss, it must be accounted for,
Perhaps the most practical method of achieving this is through a computer
correction of the measured data,

A variation of the long sample method, based on measurements of the
reflections making four or six traverses of the sample, should be considered
if the required sample length for the two traverse reflections becomes un-
wieldy., Sources of difficulty for this multiple pass method will be in
making measurements where the incident pulses may not be in the same time
window as the transmitted pulse and accounting for copper losses,

Strip line sample holders do not seem to offer any advantages over
the coaxial line unless the material is only available in thin sheet stock.
Even then it might be preferable to stamp disks from the sheet and mount a
row of disks in the coaxial line., The hijher order modes introduced at the
stripline to coaxial junction will complicate the measurement interpretation,

In conclusion, the long sample method appears to be the best way
at present to measure low loss materials, A long sample holder backed by a
short circuit could be made to accommodate the sample, The measurement system
should be versatile enough so that different sample lengths can be used.
That is, longer samples will be required for materials with tan & = 10'3 than
for tan § = 10'1. The equations given in this section can be used to deter-
mine the lengths required, This versatility can be included by having variable
position reference waveforms and variable time windows, It is suggested
that another network configuration, compatible with the existing instrument

rack, be built to perform the low loss measurements,
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APPENDIX A i

REVISED MAIN PROGRAM WITH DISPLACED SHORT CORRECTION

The new main program is listed below, The data cdrd with the dis-

placed short distance of 400 mils should be inserted immediately befure the

sample thickness cards,
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C PROGRAM REVISED SEPT, 1972 10 INCLUDE DISPLACED SHORY CORRECTION

€ ORIVER MUEP

C COMPUTE MU AND EPSTLON ACCORDING To AMN NNTES & FES 71t
C MODIFY SI¥ AND S21 ACCORDING Yo HC NOTES 28 JULY T2

[ X1

©

-

20

*sX(2003 9y (2000

DIMENSION RAC1028)¢RAT102%)oRCI102N)
eoTA(2v1020) 0 TB 2020283 ¢TCL2o20280eTD€201020)
e TEC201020)¢DE(102%)
e sNAL 300}

READES+10IFNOTeDELF

READ (5920 INMAX

READ 310+DISP

FORMAT(8F 10,50

FORMAT(II6TH)

WRITC (G v00)

WRITE(Es103FNOTDELF

WRITE L6 ¢ 20 INNKX

WRYTECGe13? DISP

1! FORKAT(® DISP='9f10.5)

0

(%)

FORMATI® INPUT DATA®/
¢? ENOT2DELF*/
o NMAX®'?
NFOR=102%
FCIASL/ATANG] W)
NYZATNTCFNOT/DELFo0.5)41
IF(N1.GT.1) GO YO 3
NY=Z
FNO (2DELF
CONTINUE
NESZNFOR/ 243
NMAX ZHTNO(NMAX oNFS)
N2=Nt +NMAX~1

SC FORMATZ*IFREGIMHZI®IXs "MUSREALI®2Xs *HMULINAG)®

$2Xe *EPSTREML) EPSUINAGY®»
e* MOD(REF? ARGIREF A0DITRAT ARGITRAI'y
e Z2(REALY ZUIMAG) GAMCREAL) GAMITMAGY Y

CONVERT INPUT TO FYR ARRAYS AND TAKE XFORM

RIB AND R8G

CALL PECCVIRASNACIERsR)
IF(IER.NELO) GO Tn O}
CALL PECCVY(DE+NACIER o8}
IF(IER.NE.TQ) GO TO D1
CALL PECCVIRBsNAYIER MY
TFLIER.NELO) 60 TO w01
caALL PREPITAWRAPRBoNFOR)

RII
TI8 AND TBC

CALL FTR(TAsNFORe~1)

CALL PREPITE +DEoRBNFOR)
CALL FTRUTE%FORe~1)
CALL PECCVIRA'NACIER )

NOYV 28 1972 11852257
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51
s$2
83
E1]
83
£ 13
s?
58
59
§0
§1
82
63
1)
(3
(14
67
(1]
69
70
71
72
73
™
75
76
”
78
79
80
0
8!
[ 1
3
[ 1)
s
[ 1]
Lk
"

90
1
92
3
"
L1
%6
87
"
99
100
101
102
103

000eSs
000VE3
000871
ogosoo

000508
000513
ooosts
o005 31
800S0
000562
00060

000620
000626
000635

00063

aooeso
000656
a006€s

LI L3 ]
oon08
Jo0707
000722
goo0730
00073s
800708

SPIAGNOSTICe

ag07%?
000782
001006
001028
001027
aeioss
agioes
0031081
gol06!

001072

001127
001138

0o1182
001161
001201
o0g1226

001237
001273
001 30%

IFCIER.NE.D) GO To 801
CALL PECCVYIRCeNAoIERe W}
IFCTER.NE.0) 60 To 801
CALL PREP(TBeRAJRCoNFOR)
[ 41
CALL FTRITONFORe-12
103 CONTINUE
READ(S+1000) THIKeNSK
1000 FORMAT¢ F10,5¢15)
WRITE(S+30) THIKeDISPoNSK
30 FORRATC® THIKS'+F10,5¢° DISP=*eF10.5¢° NSK='s15)
n TFUNSK.GT .51 CALL PECCVIRReNAeTER¢NSK)
c RoOB
CALL PECCVY{RA+MA+IERe N}
IFIIERLNE.0) GO TO &0}
CALL PREPITCoRA+RBoNF OR)
¢ ROO
CALL FTRUTCeNFORe-1)
c Yos
CALL PECCY(RAoMA+IERe W)
IF(TERLNE.0) GO TO 801
CALL PREP{TDsRAIRC+NFOR)
¢ 100
CALL FTR(TONFOR,~12
PACASS 3190E~-ToTHIK
FIFNGTe(NTI-2)0DELF
FACE=Z.8798EC/THIK
WRITE(6+50)
DAC=5,3198E-7¢D1SP
DO 11 N=N1eN2
THIS STATEWREMT NUNMBER IS DOUBLY DEFINED DOtIN
I=N
CALL CPLERITACIoIdoTAL20T 20 TE(L ol 3eTEL2sY)oVRIVIe2)
ALPHS20DACSF
EXR=COS (AL PH)
EXI=SINCALPH)
UPR=EXR~-YR
UPIZEXI-VI
DNR=¥R-?
CALL CPLEX{UPRoUPTIoDNRo ¥Te¢PHOR *RHOX (¥3]
€ REF
CALL CPLEX(TC (1eT)eTCl2¢TYoTALLeT)eTACZoT)eREFRIREFLe 2)
C CHANGE SI™N REF
REFR=-REER
REFT=-REFT
C CORRECT WITH RNHO
LALL CPLEX(I.oREFRSREFTIsRNOR *RHOT sARoAI¢ 1)
CALL CPLEXIREFRIREFIo1,¢ARAToREFRIREF T 2)
RMOD =SQRTIREFROREFRIREFTIeREFT)
RPHEATAN2(REF T«REFRISFC
¢ TRA
CALL CPLEX{TDCIoI) oTDC2eXYeTBC1eT1oTBI2¢I99BReBY2)
CALL CPLEX(BReBI+DRIDIvARCAT3)
PHIZFACAeF

s




10y
105
106
107
108
108
110
1331
112
113
1
115
116
117
118
119
120
121
122
123
12¢
128
12¢
R 127
= 128
N 129

1130

131
E: 132
-5 133
. 138
138
136
137
138
2 139
3 100
101
182
w3
tan
188
1¥6
187
187
, 1%
E 119
, 150
E 158
E 152
- 183
= 158
E 158
~ 158

Lt K

187
158
159

(it '"n‘,w"‘ e

it

0011313
00t33?
001350
0013587
GO1368
60137S
onte2?

001033
ooteet
ootee?
0014S8S

001863
ooty
801503
001510

go183s
001546
001855
001566
00157$
061603
001635
J {11}
001682

001663

001728
001757
got710
goz2001
002011
002027
002086
002052
002082
002140
002151
oo216e
002177

eDIAGNOSTICe

00220¢
0p221e
602221
002282
0022%¢
002260
002270
0022170
002273

. oo2301

002312
002318

CALL CPLEXCAROATeCOSIPHI) v~SINIPHIVNeTRARCeTQALs1)
CALL CPLEXCREFROREF IoRHOR sRHOL sAROAT 1}
AR= 1, =AR
AI==AY
CALL CPLEXCTRAR:TRATI¢AROAToTRARTRAL Y1)
THOD =SART(TRARCTRAR+TRATOTRATLY
TPHIATANZITRATI«TRARISFC
C V1e¥2
VIRZTRARCREFR
VIISTRATGREFT
ARZTRAR-REFR
AI=TRAT-REFY

CALL CPLEX(VIRePIIvARIATeDReDLIo 1}
AR=1.,-DR
AI==DY
CALL CPLEXCARGATe2.°REFRe2,9REFTeXReXTe2Y
C GAMNA

CALL CPLEXFXRoXIoXReXIeBReBI¢})
BRZBR-1,
CALL CPLEX(BR+SIeDReDIvARIAT+])
GRZXReAR
GI=XTeAY
IF(SORT(GReGROGICCIILLELL.? GO YO @
GRIXR-AR
GI=XI-AY

9 CONYINUE

CALL CPLEX(VIRsVITeGReGIvARCAI 1}
CALL CPLEX(VIR-GRoVII«GYolo=ARt=ATrZR4ZLe2)

CALL CPLEXCtE.4CRIGIo1.~BRe=GIvCIRICITIv2?
CALL CPLEX(ZRs2ZLeDUMsDUNsARIAT W)
C2R=ARCFACB/F
C2T=ATISFALB/F
CALL CPLEXICIReCIIo-C2YeC2RoAMROXNIO1)
CALL CPLEXC-C2Y¢C2ReCIRCITIeEPROEPL V)Y
NRITECC+E0IF +XNRoXMT sEPRIEPL
o oRMODeRPHeTHONTPH
®92Rc21+GRGY
S0 FORMAT(F10.0+s12F10.8)
X¢ND 2P
YINIZEPR
F2FeDELF
THIS STATEMENT NUNBER IS DOUBLY DEFINED
11 CONYINUE
NVAL=N2-Nle}
CALL PLOTI{IoXENIDoYENIDeNVAL 0 JY
J=Jef
READ S+ 107 MORE
IF (MORE,GY,0) G0 Yo 101
§02 CONTINUE
sToP
401 NRITE (6000}

V00 FORMATC® FATAL ERROR®?
80 YC 802
END

1l¢




APPENDIX B

REVISED CPLEX SUBROUTINE

In order to remove the incorrect angle computation as described in
Section 4, the end of the CPLEX Subroutine in the original program should be
modified as given below.

End of Original CPLEX Subroutine
5 AR = ALOG(R)

Al = TH
GO to 2
END

Replace above statements with

5 AR = ALOG(R)
Al = TH _
IF (AI, GT, 0,0) GO TO 6
) GO to 2
6 AI = Al - 6,28318
GO to 2
END

!




