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LABSTRACT

A novel amputer controlled mechanical
masurenwmt systen for evaluation and control of

transn.i ssion impairments due tn georretric

factirs in circular multircde waveguide is
described. Theoretical bases of this work are
reviewed ard some characteristic results from
the system used for ranufacturirq omdxol are
described.

1. INTP.ODUCTION OF’ PR3HJ!I !

The Bell Telephone I-&oratories ad Western

Electric Company have been developing a new lonq

haul millimeter wave communication system. The
system w’ill utilize the TEol “circular
Electric” spatial tie for information
tr ansmission. This mde has the theoretical.

property of rmnitonically decreasing attenuation
with increasing frequency. The transmission
media will consist of discreti circular sections
60 millimeters in diamster, and approxktely 9
meters long. The system will have seven
sub-channels distributed in the 40 to 110 GII

range. W level iXPSK rrdulation will produce

a system with a capacity for 230,000 voice

channels.

The electrical loss in the transmission media
will be approximately one db/km. Each individual
section will therefore have an averaqe loss of
less then 0.008 dB, vhich requires resolution
beyond the reliable range of present test
equipment. Also, any electrical reasuremnts of
the steel substrate prior to mpper plating
would characterize principly the surface
resistivity of the steel tubin~ ad not the
finish~ ~?aveguide @ium. It is eomomically
irqxxative that the quality of the media

compnents be established as early as pxsible
in the manufacturing process, not only to
fiimize processing of unacceptable waveguide

sections, but also to ~rove the local yield by
signaling the operator whcmever the process
reaches an undesirable limit.

There are no practical direct electrical
performance tests that can k implemented on
bare steel tubing. However, detailed electrical

transmission quality of individual waveguide
sections can be established frmn the knowledge
of the gecmetric imperfections in the guide.

This paper will review the principal theoretical
basas for the approach and also discuss a system
thmt is presentlv being used to screen waveguide
sections at a tubing mill.

II. BACKGROUND

The general theory relating gecmetric

distortions to electri 1
Y

performance was

established by Schelkunoff : ~0 d~mnstrat~

the transition from Maxwell’s equations to the
generalized telegraphers ecmations. Morgan’s
spcializaticm of these results to circular
waveguide resulted in a formula for coupling
03efficients between differcmt normal. ties for

2 Since thatsFecified geometric distortions .
tire , var”ous workers

%
(Unger3 , Carlin and

D’Acjostino ) a’*endd these results to
dif fezent c~id.e structures and to broader
classes of normal ties. I’arellelinq this work
were developwnts by Warters and %we describing
the effects of multiple ad continuous
imperfections in statistical terms5. AS they
bear on the present problem, these developwnts

Can bes, urmarized bv describing the radius of
the waveguirk in terms of a Fourier series

r(z, tl )=rn+l/2 ao(z)+~ an(z)cos nf3+bn(z)sin no (1)

in whichr~ is the ncminal radius, z the axial
distance along the guide, and o the angle
around t!le guide from scme reference plane. The
a’s ad b’s are the fourier coefficients as
functions of axial ~sition, with the index n
usually referred to as the foil. It is kncm?n
that the presence of a n-foil distortion gives
rise to coupling between males differing by an
angular index of n, that is

TXi ~ <
an ,bn

> TX.
, l+n, q (2)

Qualitatively the coupling between two ties is
given by the proguct of a normalized coupling
03efficient and the appropriate f ourier
inefficient describing the distortion, and while
the normalized coefficients are all of almut the
sam Fagnitude it has been found in practice
that the foil n=l distortions (axial offset or
curvature) are much larger then other qecmetric
distortions.

‘Eo 1
+

curvature
●

‘xl ,n

The effects of the different ties, to second
order, axe independent and the @e conversion
loss nay be approxirnted by

where S is Norgan’s coupling coefficient and Ab
the imaginary part of the differential
prorogation constant*, ardsa] ,Sblrermesents the

(3)

(4)
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w+= Swctral @nsity of the function a,(Z) ,

b ~(z) respectively and ALYis mall.

III. DATA A@-ISITION 7tT0 SIGNAL PRCC7SSSING

For shplicity in prccessina, the deviation from

a perfect right ci..rcular cylinder is deconpsed
into twu principal effects: the first conpnent
deals with the deviation of t!!e cylinder from

straightness (curvature); the secmd _nent
deals with the deviations of the cross-section
from circularity. Tvm separate gauges have been
devel~ to rapidly track the &n typss of
distortions.

Curvature Gauge

The curvature gauge is fundarmtally ccxnpsed of

twu indepsdent three-@nt structures , it is

sham in l?igure 1. There are two fixed @nts
ad one nm.mble, the latter is connected to a
linear differential transformer. Since three

points in a plane define a circle, it is,

therefore, pss.%le to interpret the transforme~
output reading as a change in the radius of the
circle. In practice, it is rmre useful to

directly axnpute the curvature, which is the

reciprocal of the radius of curvature in the
plane.

Curvature Processing

The curvature data, c (n Az) , is obtained for
each centimeter of displac~t, Az, until 1024

FOints are collected, or an end of data
condition is reached. The resultant sequence is
then unbiased, pr=whitened, and a 1OZ cosine
windcw is superiqmsed on the data to minimize
the end effects when the spectrum is generatd.

spectrm

‘l-The spectrum is conputed using an adaptive

prewhitening technicpe. Supposing that N samples
of the curvature function c(z) spacsd Az meters

apart are a~ird, the autocOrrelatiOnS rk are
co~uted for k=O, 1 ,2,.. K by the formula

(5)

where Z is the average of the c (n) ts. From

these we form an estirmte of the ;iien~ one step

predictir, ., clefinai by the Yule-tialker

equations:

P..2 a
k J=l j ; k=j,

‘Ij-kl
. ..K. ~(J=-l (6)

These coefficients are used to define a whitened
data sequence, y, by means of a prediction error
filter

Yn= [dn)-~1 -j. $,[c(n+j )-Elaj (7)

and n=l, 2 ,. .N-k. The purcose of this operation
is tn reduce the requirements on the filters in
subsequent o~rations as the y sequence is much
closer to white than the original data. The

s-rum fi~v now ~ computed using a M pint FIT
algorithm and is given by

G(jAf)Az

S(jAf) = N-K

N-K-1
. 2

. n?(l y(n+l)w(n+l)e~ I
K i 2mj 2

(8)
n~oan e ~

where G (Af ) is gauge correction factmr, Af= 1/ (M
Az) , ti tlhe data window, II, is the Tukey

splicsd cosine. The data window is used to
eliminate the very SIHIV decaying side lobes
associated with simyle truncation of the data.

The akove expression for the s~trum has twu
distinct parts: the numerator, which represents
the spectrm of the residuals and the
denon-inatir which represents tie correction for
the prediction error filter transfer function.

‘l’his rcw s~trum estimate is them srmcthened by
means of a f ive-@nt filter and the appropriate
result~ are displavei on the plotter as shcwn in
Figure 2. After the display of tie Curvature

PSD for a given tube, the computer generates a
ref ersmce s~cif imtion cuwe, which by
omparision then indicates the relative quality
of the tube as a function of the spatial
freauency. The spectral sigmture can
cmwertd to a conventional “ radius
curvature” for a given special frequency, f,
f 0110?”5 :

Rc(f) = 2/q

Cross-Section Gauge

be
of
as

(9)

The moss-sectional gauge is to a tsm.point
diameter qauqe, it is shown in Figure 3. The
even ordered f oilin~ distortions are detected by
rotating the tube with re~t to the gauge. In
practice, this rotation is accomplished as the
gauge is traveling in the tuke; thus a forward
and reverse helical path is SCa.IIXI~ for the
cross-sectional gecmetry of the tube.

Foil Computation

The diameter gauge is strobed 64 times psr tube

revolution. The diameter measura,snts are
converted into raclial deviation readings from a
ref eremce circle. This deviation information is
then transformed by the ITT alqorithr inte
wular peri05icity terms (foils) . The result
king :
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ai, hi for i=0,2,4 ..32

( odd foil surpressdby gauge syrnnetry)

~or loss analysis puqmses, it is desirable to

convert this foil ccmqmnetnt information into

averaqe effective amplittie. This is
acccxqlished by ccqutiq the respective F ,
where:

Fj=~ (lo)

ad then averaging all of tie res-tive S? terms

for the tube. The average foil amplitudes are
then plotted on an X-Y plotter as shown in

Figure 4.

Iv. SYSTE!I HF’!RDWARE AND comL

Hardware Configuration

The principle system hardware configuration is
depicted in Figure 5. The siqnal mnditioning

provides the necessary carrier excitation,
synchronous Ckmxlulation and zqlification for

the line= differential transformers erploysd in
the diat~~ ~d curvature crauqes. The

transducers opxate at a carrier frequency of
2.5 KH . The +mm digital voltmeters (DVM)

rx3rform time averaging and the .-lcq to digital
conversion for the system. The DVM’S are

triggered independently by the mechanical drive
system . The minicomputer used in this
application is a Ha~lett-Packard 2116C computer

with 16K of 16 bit core memry. The output of

the computer processing is a series of graphs
prcducd on an X-Y plotter.

O~rational Control

The roles of operation of the measurenuant test

set are selected by means of sense switches

which are present in the coqyter. There are
over ten measurement strategies available from

which the o~rator can chcose; these range from

rapid ni.nimm output production test to

extensive diagmstic output.

Operational History

This system has pxformed well over the span of

the current develop-t cycle. It has reliably

screened over 3000 waveguide sections under
hostile environmental conditions. The system is
in operation at a tubing mill where there exists
a high electrical noise level ad many corosive
factors. The present system has a throughput of

at least four tukes per hour; much of this time
is consumd in tube handling ard calibration
procedures.

v. SUMMARY

The electrical psrfonmance of millimeter

waveguicle media can be predicted from the

statistical kncwltige of the 9~trY of the
transmission redia. A system for rmitoring and
controlling the cnAity of the millimeter

wavquide process has keen described. This

system typically displays the information in
spectral form. This interim data form is
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particularly usefull because it can be easily

omverted to a conventional geometric form by

means of Equation 9 or to an electrical loss

estimate by means of Equation 4.

VI. ACKNCWLEDGE!WNT

The author wishes to acknowledge the many
fruitfull discussions with D. J. Thomson and L.
Hindrecks of BTL on the wzmguide

characterization problems, and the wrk of W. M.

Gresho in developwsnt of the necessary gauges.

VII. BIBLICGRAEYW

1. Schelkamff, S. A., Electromagnetic Waves,

r). van Nostrard co. , 1943.

2. Fbrgan, S. P., .Jr. , ‘,~~~e Conversion Losses

in Tran.smu “ssion of Circular Electric Waves
Through Slightly Non-Cylindical Guides”, J.
Ap@. Phys, Vol. 21 1950, pp. 329-338

3. Unger, H. G., “Lined Waveguide”, 13STJ, l%rch

1962, pp. 745-768.

4. Carlin, J. V?. , and D’Agostino P., “Low-Loss

Yodes in Dielectric Lined Wavequide”, Vol. 50

NO. 5, 1971, pp. 1031-1038.

5. Pm, H. E. and Warters, W. D.~

“Transmission in Multinde Waveguide with Randcm
Imperfections, ” BSTJ, Vol. XLI, limber 3, May
1962, pp. 1031-1170.

6. Wiener, 11. , Extra@ation, Intep>lation and
smothiq of Stationary Time %ries, Wiley,
1949.

-J. Tukey, J. h7., “Am Intrcd.uction to the

Calculation of Numerical SFctral Analysis”,,


