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ABSTRACT

A practica l and theoretica l evaluation o f the ch a rac te ris tics  o f 

the  unique m illim eter w ave length , h e lix - lin e d , c irc u la r  waveguide 

system insta lled a t the V ery  Large A rra y  Program in New Mexico is 

p resented. The communication system , as in s ta lled , e xh ib its  p e r fo r 

mance ch a rac te ris tics  which exceed the o rig in a l specifica tions, in d i

ca ting  th a t c a re fu lly  planned d ire c t b u ria l o f overdimensioned c irc u la r 

waveguide can be a p ractica l and co s t-e ffe c tive  insta lla tion  techn ique.

1E. ivT Caloccia is now w ith  Raytheon, In c .,  B ed fo rd , Massachusetts.

*The National Radio Astronom y O bserva to ry  is operated by Associated 
U n ive rs itie s , Inco rpora ted , under co n tra c t w ith  the National Science 
Foundation.
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I. INTRODUCTION 

The V ery  Large A rra y  (V L A ) is a h igh s e n s it iv ity , m u lt i- f re 

quency F ourier syn thesis  rad io  telescope, which p rovides h igh reso lu 

tion  b righ tne ss  maps o f cosmic radio sources (Heeschen 1975). The 

VLA consists o f 27 antennas arranged along the arms o f a Y c o n fig u r

a tion . Each arm is between 19 and 21 kilom eters in length and may be 

comprised o f nine operational antennas at a g iven tim e, located a t any 

o f 24 observ ing  sta tions. A low -loss, wideband reciprocal tra n s 

mission system is req u ire d  fo r  communication between any antenna and 

a centra l C ontrol B u ild in g . The p re lim in a ry  design o f the  m illim eter 

w avelength waveguide system adopted fo r  the  VLA has been described 

by W einreb, Predmore, Ogai and P arrish  (1977).

The m illim eter wavelength c irc u la r  waveguide system insta lled at 

the VLA is unique in concept and is p re sen tly  the  on ly  operational 

system o f its  typ e  in the w orld . Th is  paper describes the  fina l 

design o f the waveguide ne tw ork and discusses the problems which 

arise from  the need fo r  the  insertion  o f many nonun ifo rm ly  spaced, 

d irectiona l power coupling devices in the transm ission system. 

System perform ance is evaluated by considering  the re la tionsh ip  

between measured attenuation  per u n it length as a fun c tio n  o f f r e 

quency, to ta l insta lled  waveguide length and time since in s ta lla tion . 

C onsideration is also g iven to  the e ffects o f TEq  ̂ mode re fle c tio n s , 

and o f coupling from  the TEq-j mode to h ig h e r-o rd e r c irc u la r ly  sym

m etric modes, on the waveguide transm ission response.

I I .  BRIEF SYSTEM DESCRIPTION 

A single 60-mm diam eter h e lix -lin e d  waveguide c a rry in g  the 

low-loss TEq^ mode and extend ing  along each arm o f the Y is s u f f i

c ien t to communicate all signals to and from  the nine antennas on an 

arm. In o rd e r to avoid a large number o f cables and the need fo r  

e lectron ic equipm ent at more than one location at each antenna, 20-mm 

diam eter h e lix -lin e d  waveguide ca rries  the signals from  a d irectiona l 

coupler in the 60-mm tru n k  waveguide to the v e rte x  equipm ent room 

o f each antenna. The fina l design transm ission system uses sector 

coup lers , described by A rc h e r, Ogai and Caloccia 1979, e xc lus ive ly
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fo r  coupling  between antenna and tru n k  waveguides. These couplers 

e x h ib it v e ry  low main line TEq  ̂ mode in sertion  loss, v e ry  low main

line TEq  ̂ to TEgn mode coupling and are easily fa b rica ted  fo r  a wide 

range o f coupling va lues. The complete waveguide system is p re s 

surized w ith  d ry  n itro g e n , a t 2 psi gauge, to avoid the  increase in 

a ttenuation  above 50 GHz due to  oxygen resonance absorb tion  and to 

reduce the p o ss ib ility  o f w ater leakage in to  the  bu ried  waveguide.

Each antenna is assigned a 1-GHz bandw idth  communication 

channel and eleven channels (2 spares) are allocated in the  27 to  53 

GHz range. W ithin these 1 GHz, single  sideband modulated channels, 

the  signals communicated from  the C ontro l B u ild in g  to  an antenna are :

i)  A p a ir o f local o sc illa to r re ference tones separated in f r e 

quency by 600 MHz.

i i )  D ig ita l command signals fo r  antenna and rece ive r e lectronics 

co n tro l, which are am plitude modulated onto the  h igh e r f r e 

quency reference tone.

The re tu rn  signals to the  C ontrol B u ild in g  from  each antenna are 

s im ilar in na tu re  to i)  and i i )  above, b u t w ith  the  addition  o f fo u r 

50-MHz bandw idth  analogue IF signals in the fre q u en cy  range 1.3 to 

1.7 GHz, upper sideband, re la tive  to  the c a rr ie r . The fo rw a rd  and 

re tu rn  signals are time m ultip lexed w ith  a transm ission cycle : 1 msec 

o u tw ard , 51 msec re tu rn . The co n fig u ra tio n  fo r  transm ission from  an 

antenna to and from  the C ontro l B u ild in g  is shown in F igure 1.

I f  the minimum s ig na l-to -no ise  ra tio  fo r  the IF signals a t any 

communication system modem rece ive r is specified to be 20 dB , the 

maximum loss between the C ontrol B u ild ing  and antenna modems must 

be no g re a te r than 56 d B , fo r  a typ ica l rece iver noise fig u re  o f 12 

dB and a minimum transm itted  power spectra l d e ns ity  o f -8 dBm/50 

MHz. Furtherm ore, small scale, fre q u en cy  dependent va ria tions  in 

the phase and am plitude response o f the waveguide system can s ig n if

ica n tly  a ffe c t the  perform ance o f the  antenna a rra y , especially when 

the frequency  dependence varies w ith  time. Local o sc illa to r phase 

re la tionsh ips at the antennas can be modified and the phase and 

am plitude re la tionsh ip  between IF passbands can be a ltered when the 

v a r ia t io n s  o c c u r  w ith in  sm all f re q u e n c y  in te r v a ls .  F o r th e se  re a s o n s ,
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Figure 1: VLA waveguide communication system co n fig u ra tio n .
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the maximum rms devia tion  in the  m agnitude o f the  TEq  ̂ mode tra n s 

fe r  fu n c tio n , between any antenna and the C ontro l B u ild in g , is speci

fied  as 1% o f the  mean power transm ission response w ith in  any 10-MHz 

band. In the same band, the  co rrespond ing  allowable rms deviation 

o f the  phase response from  lin e a rity  is 0 .3 ° (A rc h e r 1978).

I I I .  MAIN LINE TRANSMISSION LOSS EVALUATION

The 60-mm diam eter c irc u la r  waveguide in the  VLA transm ission 

system is p re sen tly  insta lled  using the  d ire c t b u ria l technique des

cribed  below. The h e lix -lin e d  waveguide (m anufactured by Sumitomo 

E lectric  C o .) , a fte r  application o f a special corrosion re s is ta n t p ro 

te c tive  coating, is bu ried  at a minimum depth o f one meter on a 30-cm 

th ic k  smoothed bed o f compacted sand. The assembled waveguide, 

com prising sections 4.95 meters (±50-mm random ization) in le ng th , 

fixe d  toge the r w ith  precision alignm ent coupling sleeves ( jo in t o ffse t 

less than 80 m icrons rm s, jo in t t i l t  less than .001 radian rm s), is laid 

and pretensioned on the compacted base to line and grade so th a t the 

in itia l rad ius o f c u rv a tu re  is g re a te r than 1000 meters in both h o r i

zontal and ve rtica l planes. Sand f i l l  is then added to a depth o f 4 

cm and bedded down to p rov ide  a side compacted su p po rt fo r  the 

w aveguide. Th is  is followed by a 30-cm layer o f compacted sand 

shading, 30 cm o f compacted sand b a c k fill and fin a lly  earth  b a ck fill to 

g round  level.

An e a rlie r, less successful techn ique , mentioned in the subse

quen t perform ance analys is, used a compacted base layer followed by 

a 30-cm th ic k  compacted b a c k fill, w ith o u t p re tension ing  o r care fu l 

side compaction a fte r waveguide in s ta lla tio n . The use o f p re tens ion 

in g , side compaction and 3-level compacted sand b a ck fillin g  s ig n if i

ca n tly  improves waveguide perform ance s ta b ility  as a function  o f time.

A n  e a r ly  w a v e g u id e  e v a lu a tio n  te c h n iq u e  in v o lv e d  th e  use o f  an 

e le c tro -m e c h a n ic a l d e v ic e  p u lle d  th ro u g h  th e  w a v e g u id e  to  m easure  th e  

w a v e g u id e  s tra ig h tn e s s  a f te r  b a c k f i l l in g .  T h e  use o f th is  d e v ic e  has 

been d is c o n tin u e d  d u e  to  th e  p ro v e n  h ig h  r is k  o f  c a u s in g  m echan ica l 

dam age to  th e  f r a g i le  w ire -w ra p  o f  th e  in te r io r  w a v e g u id e  s u r fa c e . 

A ll p e rfo rm a n c e  e v a lu a tio n s  a re  c u r r e n t ly  c a r r ie d  o u t  b y  d ir e c t  mea

s u re m e n t o f  th e  m illim e te r  w a v e le n g th  T E Q1 mode a tte n u a tio n  o f  each
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newly insta lled  waveguide section, using an RF pulse re flec tion  

method (W einreb et a l. 1977).

The curves o f F igures 2 and 3 indicate the  va ria tion  in the 

measured waveguide attenuation  per u n it length as a fu n c tio n  o f 

fre q u e n cy , as to ta l length  from  the Y cen te r increases. F igure  2 

represents resu lts  o f measurements, w ith ou t couplers in s ta lled , on the 

southwest arm o f the  a rra y , where a to ta l length o f 17.72 km o f 

c irc u la r  waveguide has been ins ta lled . F igure  3 shows sim ilar mea

sured attenuation  curves fo r  the  southeast arm, where the to ta l 

insta lled  waveguide length is 14.17 km. Since the sections nearer the 

center o f the Y were the  f i r s t  to be in s ta lled , i t  is ev iden t th a t 

revis ions o f the ins ta lla tion  techniques w ith  time have b ro u g h t about 

an improvement in waveguide perform ance.

Below about 35 GHz, the attenuation  response changes lit t le  w ith  

increasing to ta l waveguide le ng th . In th is  region o f the frequency  

domain the  loss is dominated by the heat loss in the  copper w ires 

form ing the he lix  lin in g  o f the in te r io r  waveguide surface . However, 

fo r  h igh e r frequencies, the  e ffects  o f power loss due to  coupling 

between the  TEq  ̂ mode and h ig h e r-o rd e r nonsym m etric modes, which 

are s tro n g ly  attenuated due to the mode f ilte r in g  action o f the h e lix - 

lined w aveguide, become p ro g re ss ive ly  more e v ide n t. These e ffects 

co n trib u te  an excess loss, w h ich , when added to the expected ohmic 

loss, re su lts  in the behavior exh ib ited  by the  measured a ttenuation 

cu rve s . In p a rtic u la r , the  predom inant e ffe c t is th a t o f mode cou

p ling  due to small devia tions from  s tra igh tness o f the waveguide line.

The most s ig n ifica n t coupled modes in th is  case are the TE„ modes.
i n

The s h ift  in the minimum o f the curves and the reduction  in the 

a ttenuation per u n it length as to ta l waveguide length increases resu lts  

from  a s ig n ifica n t improvement in mean waveguide s tra ig h tn ess . 

F igures 2 and 3 also show the theoretica l "TEq-j mode a ttenuation 

response due to ohmic losses fo r  p e rfe c tly  s tra ig h t, pure  copper 

waveguide o f 60-mm diam eter. A constant d iffe re n ce  between th is  

c u rv e  and  the m easured  a tte n u a tio n  c u rv e  of 0.3 dB /km  may be 

observed for frequencies below about 35 GHz. The offset results
fro m  an e xcess a tte n u a tio n  d ue  to  th e  in c re a s e d  a z im u th a l s u r fa c e
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Figure  2: Measured a ttenuation per u n it length as a fu n c tio n  o f tra n s 
mission frequency  fo r  the Southwest arm o f the a rra y  
(p ressu rized  w ith  d ry  n itro g e n ).
C urve a) 16.47 km from Y center - mean rad ius o f c u rv a 

tu re  1150 meters 
C u rv e  b )  9 .7 8  km fro m  Y c e n te r  -  mean ra d iu s  o f  c u r v a tu r e  

1050 meters
C u rv e  c )  2 .4 8  km fro m  Y c e n te r  - mean ra d iu s  o f c u r v a tu r e  

1000 m e te rs
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F ig u re  3: M easured  a tte n u a tio n  p e r  u n i t  le n g th  as a fu n c t io n  o f  t r a n s 
m iss ion  f re q u e n c y  fo r  th e  S o u th e a s t arm  o f  th e  a r r a y  ( p r e s 
surized w ith  d ry  n itro g e n ).
C u rv e  a ) 11 .64  km fro m  Y c e n te r  - mean ra d iu s  o f c u r v a 

tu r e  1190 m e te rs  
C urve b ) 3 .2 8  km from Y center - mean radius o f c u rv a 

tu re  1180 meters
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impedance o f the  he lix  lin in g  o f the  in te r io r  waveguide surface re la 

tiv e  to  th a t o f pu re  copper w aveguide. Using th is  re s u lt, i t  is 

possible to  determ ine the  actual ohmic loss co n tr ib u tio n  at frequencies

above 35 GHz [assuming ohmic losses are in ve rse ly  p roportiona l to 
3/2(fre q u e n c y ) ] and, th u s , th a t p a rt o f the  loss co n trib u te d  by 

h igh e r o rd e r mode coupling  may be estim ated. A p p ly in g  the re su lts  

o f Rowe and W arters (1962), the  mean rad ius o f c u rv a tu re  fo r  each 

waveguide run  has been estimated from  the de rived  mode coupling 

power loss, fo r  assumed inverse  fo u r th  power horizonta l and ve rtica l 

c u rv a tu re  power spectra , and is lis ted  in F igures 2 and 3. I t  is 

c lear th a t fo r  the to ta l length  o f VLA waveguide p re sen tly  in s ta lled , 

the mean rad ius o f c u rv a tu re  a tta ined exceeds 1000 m eters. The rms 

c u rv a tu re  fo r  a section o f the waveguide ru n  (c )  in F igure  2 was 

measured mechanically and good agreement between the  c u rv a tu re  

values derived  from  the attenuation  cu rve  was fo u n d , v e r ify in g  the 

present method o f analyzing the mean waveguide s tra ig h tn ess .

V aria tion  o f waveguide a ttenuation  as a fu n c tio n  o f time has also 

been inves tiga ted . Four sections o f waveguide were s tu d ie d , one o f 

which was insta lled  using the  e a rly  vers ion  o f the b u ria l technique 

and th ree  o thers which were buried  using the improved insta lla tion  

procedure .

As can be seen from  Figure 4, which relates measured a ttenua

tion  per u n it length to  time since insta lla tion  at a fre q u en cy  o f 50 

GHz, the most rap id  de te rio ra tio n  in perform ance, i f  any, occurs 

s h o rtly  a fte r b u ria l. T h e re a fte r, the a ttenuation  ch a rac te ris tics  have 

been found to remain v e ry  stable as a fu n c tio n  o f tim e. In the  case 

where the old vers ion b u ria l techn ique was employed, a qu ite  marked 

in itia l degradation in loss was observed, prom pting a revis ion  o f the 

techniques used fo r  waveguide in s ta lla tion . The resu lts  presented in 

F igure  4 show th a t a s ig n ifica n t improvement has been obtained in 

loss s ta b ility  a fte r implementation o f the  revised approach to wave

guide in s ta lla tion .

IV . ANTENNA WAVEGUIDE EVALUATION

D u r in g  th e  c o u rs e  o f  th e  V L A  P ro g ra m  a n u m b e r o f d i f fe r e n t
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Figure 4: Waveguide loss per u n it length fo r  d iffe re n t runs measured 
at 50 GHz as a fun c tio n  o f time since in s ta lla tion .
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20-mm diam eter h e lix - lin e d  waveguide co n fig u ra tio n s  have been eva lu 

ated. The waveguide run  on each antenna is comprised o f two ro ta t

able jo in ts , r ig id  and fle x ib le  waveguide sections jo ined tog e th e r to 

form  a continuous transm ission system approxim ate ly 30 meters in 

le ng th . F igure  5 shows the to ta l antenna waveguide loss as a fu n c 

tion  o f fre q u en cy  fo r  th ree  d iffe re n t co n fig u ra tio n s .

The e a rlies t system [c u rv e  (a ) ]  p roved u n sa tis fa c to ry  due to  the 

presence o f a sharp resonance in the  response near 30 GHz. The 

resonance was shown to  re s u lt from  the  ch a rac te ris tics  o f the fle x ib le  

waveguide (Furukaw a L td . )  used in these e a rly  ru n s . C urve  (b )  

shows the a ttenuation  response which resu lted  from  replacing these 

fle x ib le  sections w ith  u n its  from  a d iffe re n t m anufacturer (F u jik u ra  

L td . ) .  The fin a l co n fig u ra tio n  VLA antenna, however, using an 

im proved fle x ib le  waveguide section from  the same m anufactu rer, 

e xh ib its  the much im proved response shown in cu rve  ( c ) .  In all 

cases, the  to ta l change in a ttenuation  as the  antenna is moved in 

elevation from  zen ith  to horizon o r th ro u g h  360° in azimuth is less 

than 0.3  dB .

V. A TRANSMISSION SYSTEM LOSS BUDGET

From the  above resu lts  i t  is possible to  determ ine w hether the 

VLA waveguide communication system is capable o f meeting the  56 dB 

maximum modem-to-modem loss spec ifica tion . F igure  6 shows the 

w orst case a tta inable  waveguide system loss b udge t, w ith  couplers 

insta lled  at eve ry  sta tion on the southwest arm , at frequency o f 50 

GHz. To d e rive  th is  c u rv e , a maximum sector coupler main line 

insertion  loss o f 0 .2  dB has been assumed (A rc h e r et a l. 1979). 

Furtherm ore, rec ta n gu la r waveguide losses and branch ing  ne tw ork 

losses have been lumped toge ther and set at a to ta l o f 7 dB . Worst 

case antenna waveguide loss has been assumed to be 3 dB .

I t  can be seen th a t, at 50 GHz, the re  ex is ts  a 17.6 dB loss 

m arg in , modem-to-modem, over the fu ll 21 km o f w aveguide. A 

sim ilar analysis at 30 GHz shows th a t, at the lower fre q u e n cy , th is  

margin is su b s ta n tia lly  reduced to approxim ate ly 5 dB . It  is clear 

th a t excellent waveguide system perform ance is a tta inable  fo r  opera-
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F ig u re  6 : W o rs t case sys tem  loss b u d g e t a t 50 GHz w ith  c o u p le rs  
insta lled at e ve ry  station (Southw est arm ).
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tion  in any channel w ith  cen te r fre q u en cy  g re a te r than about 40 GHz. 

F urtherm ore, the  system is usable over the fu ll 21 km fo r  all channels 

above 30 GHz, b u t w ith  reduced m argin fo r  d e p a rtu re  from  nominal 

modem perform ance at the lower frequencies.

As an example, consider the  use o f channel 9 (ce n te r fre q u en cy  

47.1 GHz) fo r  an antenna located at the penultim ate sta tion  on the 

southwest arm (17.72 km tota l 60-mm diameter waveguide le n g th ). 

The to ta l system attenuation  is 35.73 dB at th is  fre q u e n cy , in c lud in g  

branch ing  ne tw ork and antenna waveguide losses, im ply ing th a t the 

minimum requ ired  coupling fo r  the coupler a t th is  s ta tion at channel 9 

is 20.26 dB . S ig n if ic a n tly , th is  suggests th a t h igh  perform ance 

sector couplers w ith  re la tiv e ly  loose coup ling , low main line insertion  

loss and low main line TEQn mode generation can be used at eve ry  

sta tion in the a rra y , considerab ly s im p lify ing  the design o f antenna 

sta tion manholes, antenna foundation  waveguide insta lla tion  and imple

mentation o f the n itrogen  gas p ressuriza tion  system.

V I. TRANSMISSION DISTORTION DUE TO SPURIOUS SIGNALS 

Frequency dependent phase and am plitude va ria tion s  in the 

h e lix -lin e d  waveguide system tra n s fe r fu n c tio n  may be a ttr ib u te d  to 

two mechanisms:

i)  Mode convers ion-reconvers ion  between the TEq  ̂ mode and 

h ig h e r o rd e r TEgn modes at separated points in the  waveguide 

n e tw ork .

i i )  TEqi mode re flections at d iscre te  d isco n tin u itie s .

A complete unders tand ing  o f the e ffects o f these nonun ifo rm ities 

on the perform ance o f the VLA waveguide system requ ires the  con

s idera tion  o f in te ractions between a large number o f d iscre te  mode 

conversion and TEq  ̂ mode re flec tion  sources in the  ne tw ork . A 

s ta tis tica l analysis o f these mechanisms fo r the case o f the  VLA has 

been ca rried  out by A rch e r (1978), re su ltin g  in expressions fo r  the 

root mean square va ria tion  in waveguide a ttenuation as the tra n s 

mission frequency is va rie d .

I t  has been found (A rc h e r 1978) th a t the predom inant source o f 

tra n s m is s io n  d is to r t io n  in  th e  V L A  w a v e g u id e  sys tem  is T E q  ̂ to  TEQn
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mode coupling  and th a t re fle c tive  in te ractions do not co n trib u te  s ig n if

ica n tly  to  tra n s fe r  fu n c tio n  n o nun ifo rm ities . S pe c ifica lly , the  sector 

coupler main waveguide to coupled waveguide coupling response 

e xh ib its  s ig n ific a n t TEq^ to  TE^  modal in te rac tions o f nominal magni

tude  -13 d B , w ith  fre q u en cy  dependent va ria tions  o f ±3 dB about th is  

value (A rc h e r e t a l. 1979). Furtherm ore , the branch ing  ne tw ork  

possesses a TEq^ to TEq£ mode coupling  response o f nominal m agni

tude -25 dB over most o f the  waveguide band.

The curves o f F igure  7 show measured and pred ic ted  rms power 

transm ission response va ria tion  in a 10-MHz bandw idth  as a fu n c tio n  

o f waveguide length measured from  the b ranch ing  ne tw ork . C le a rly , 

fo r  stations w ith in  about 3 km from  the center o f the  Y the rms 

devia tion  exceeds the  specified 1% maximum. Temporal va ria tion s  in 

the e lectrica l length o f the  waveguide path can cause s ig n ifica n t 

phase and am plitude devia tions at a g iven fixe d  fre q u en cy  i f  nonun i

fo rm ities  o f th is  m agnitude e x is t in the response. A simple re fle c tive  

TEq2 mode f i l te r  (A rc h e r 1979) inserted  in the  waveguide line adja

cent to  the b ranch ing  ne tw ork (see F igure 1) has been used to  re 

duce the  rms va ria tion  in the  response to an acceptable leve l, as 

shown in F igure 7. The e ffects  o f trapped  mode resonances on the 

fundamental TEq^ mode response due to  the  re fle c tive  na tu re  o f the 

f i l te r  are p re d ic te d , and have been found experim enta lly , to  be 

undetectable when the device is insta lled  as shown in F igure 1. Th is 

is because the  measured T E ^  mode re tu rn  loss at the b ranch ing  

ne tw ork c irc u la r waveguide p o rt is confirm ed by measurement to  be 

g re a te r than 20 dB .

VI I .  CONCLUSIONS

Th is  paper has ou tlined  a theoretica l and practica l evaluation of 

the perform ance o f the VLA h e lix -lin e d  m illim eter wavelength c irc u la r  

waveguide system. I t  has been shown th a t the perform ance achieved 

w ith  the p re sen tly  insta lled waveguide exceeds the requirem ents o f 

the o rig in a l specification w ith  regard  to loss per u n it length as a 

fu n c tio n  o f fre q u e n cy , a ttenuation  s ta b ility  as a fun c tio n  o f time and 

u n ifo rm ity  of th e  a m p litu d e  and phase  fre q u e n c y  responses. R e c e n tly
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WAVEGUIDE LENGTH MEASURED FROM CONTROL ROOM

Figure 7: The effect of mode coupling on the TE01 mode amplitude
re sp o n se  in  a n y  10-M H z b a n d w id th  o f  a 1 -G H z ch a n n e l 
c e n te re d  a t 35 GHz on th e  S o u th w e s t arm  (c o u p le rs  in s ta lle d  
at e ve ry  s ta tio n ).
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completed measurements on a fu r th e r  15 kilom eters o f waveguide 

insta lled  on the n o rth  and southeast arms o f the a rra y  show sim ilar 

perform ance to th a t reported  here.

In the presen t case, the d ire c t b u ria l technique has proven to 

be a most co s t-e ffe c tive  means o f in s ta llin g  a h igh perform ance low- 

loss waveguide transm ission medium. A lthough the San A ugustin  

basin is re la tive ly  geolog ica lly stab le , the soil conditions over the 

e x te n t o f the a rra y  v a ry  m arkedly from  wet c lay , w ith  a h igh w ater 

ta b le , to  d ry  sandy e a rth . T h e re fo re , i t  is fe lt  th a t the  method used 

fo r  waveguide b u ria l has played a major role in the  achievement o f 

s tab le , low-loss perform ance.
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