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ABSTRACT

This Technicsl Report describes the work performed under Contract
T30002-67-C-0171. Tur oblective was 2o devalop s High Voltage Pover Lins
Siting Criteria so hat commu~ication sites can be selected which will nct
' be seriously affected by redio interference from existing pcwer 1lines, or
! propoged lines in tue vicipity of the communication site.

: Under & previous Contract AF30(602)-3822, s Eigh ¥oltage Power Line

{ting Criteria wes developed and reported in Techrnical Report No. RADC-TR-
66-606, March 1967, Vele. 1, 1II, III (AD 812 256, AD 812 267, AD 812 268) for
i pover lines rated 2.4 kV through 345 kY, and covering the frequency spectrum
of 60 Hertz through one Gigahertz.

This Technical Report extends the Siting Criteria to power linse
operating at %25 kV ac, 735 kV ac and 800 kV dc, covering the frequency range
; from 60 Hz to 10 GHz. Also the investigation of the radio noise and frequency
spectrum of the 345-kV lines studied in the previous contract has been ex-
tended to 10 CHez.

The following i{vnformation is included in this report:

1. A systematic procedure tc determine the radio noise
generated by 525-kV ac, 735-kV ac and 800-kV dc lines
covering the frequency spectrum of 60 Hz to 10 GHz, and

, lines from 2.4-kV ac to 345-kV ac covering the fre-

3 quency spectrum of 1 GHz to 10 Ghz.

2. Description and comparison of fest methods using radio
neise meters both manualily and with X-Y recorder and
Spectrum analvyzer,

1 3. Measured data &nd data analysis.

4. Methods t» determine the propagation loss of the noise
generated by peower lines.

Ll Sy

E 5. Literaturs Survey.
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High Voltage Power Line Siting Criteria

This effort has developed simplified procedures which can be used
to determine the field strength of noise gernerated by high voltage
trangnission end distribution lires. These procedures are applicable
to 525 kV and 735 kV ac and 800 kV dc liues covering the freguency range
of €0 hertz to 10 GEz, and to 2.k XV to 345 KV ac lines covering a
frequency range of 1 GHz to 10 Gh=z.

These procedures will be used to develop siting criteris for Air
Force CT&L installations when located in the vicinity of these lines.

ths erfort is a part of ar R&D rpro-ram to develop zond engineering

ndaréds for sitin~ C&F installations.
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SCUZE

This is the complete report including Foreword and Abstract, and
three Appendices. The description of lines tested is given with results

of field strength measurements on lines and in the laboratory. Predicticns

of line radio ncise magnitude with lateral distance from the line are in-
cluded for conductor corona-type and gap-type sources of radio noise. The
measurements include manual readings, X-Y plotting, and photos of spectra
as seen on the spectrum analyzer.
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1. latroductiop

The purpsse of the radic noise measurements and analysis described
is to determine ths ground wave redio noise levels and factors for as and dc
power transmission linec. These data are for use in the selection of &2 com-
eunication site which will not be seriously affected by radio interference
from existing or proposed povwer transmission lines. The frequesncy range of
measuresents vas 60 Hz to 10 GHz,

Power line radio noise can be generated by line components such zsg
hardvare, insulators, conductors, line apparatus, atc. In many cases the gen-
eration is because of faulty components, corrosion betwe<en x2i21 parts, dis-
chargee between unbonded or flcating metal parts and hardware, and between
nsutrel conductors and ground and pole guys and because ef conductor corona,
Most of the possible generation sources mentioned cav be found and, except
for conductor corona, cin be and have been eliminsieu on their lines by elec-
tric utilities. Radic noise from conductor corona is the principal problem
on extre high voltage lines (EHV} (345-1000 kV) and to a lesser extent on
lines below 100 kv.

With respect to radio noise power lines should be considered in t.o
classes, (1) lines below 70 kV and (2) lines from 110 - 1000 kV. These classes
are based on the fact that all lines below 70 kV can be made free of conductor
corona generation, and that higher voltage lines, especially EHV lines, cannot
be constructed freze of conductor corona radio noise for economic reasons. For !
EHV lines a prediction technique is developed which is based on laboratory
neasurements on conductors, &nd on the comparison of radio noise field mea-
sureamsents on lines in service.

The radio noise field strengths in the vicinity of lines were mea-
sured under three condicions., These were (1) under normsl conditions,
(2) with natural gap in line, and (3) with artificial gap connectad to one
phase conductor, The artificial gap was used as a measurement tool to in-
crease the radio noise level from 2 line so that the field strength could
he measured farther away end at ths higher frequenciss with the radio noise
meters and amplifiers aviilable. Messurements were made manually and with
X-Y recorder and with spectrum analyzers, Very good agreement was found
between the semi-automatic and manual methods of wmeasurement.

It was found that the measured field strength decreases laterally
from the line approximately inversely as the first second, or third power
of the distance from the line depending on the frenuepncy. Calculations of
the ‘ateral attenuation were made for the 1.25 - 10 GHz range. The field
strength 18 not the same on both sides of line or tower when the antenna
{s not too far from a local source, auch as a natural gap or the artificial
gap. As the antenna is moved along the line the field strength on tie two
sides of the line becomes more symmetrical, as would be expected., Radio
noise was detected in the 1 to 16 GHz range from the 7.2 kV line and from
the 345, 525, and 725-kV lines and in the laberatory from conductors in )

artificial rain.
This report includes additional bibliography*, laboratory tests,

* Refer to Report No. RADC-TR-66-606, Vol., II in order to have the complete
Bibliography.
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nalysis, calculation of field strength near lines and fsr sway, line con-
ductor gradients, field sirength measurements; near power lines by manual
means; X-Y plotting and with & spectrum analyzer.

2. Generation of Radio Noise by Power Lines

Radio noice on power lines is caused bv partial electrical dischaiges,
such as corona, by electrical discharges at smail gaps i{n insulators, at tie
wires, between hardware parts, by excessivs electric stress across wood or
due to corrosion between metal parts, at small gaps between neutral wire
and grourd vires and hardware, and ground wires and hardvars, and hy many
types of corona or gap sources in electrical apparatus if defective or
damaged, or 1if improperly designed or installed.

Interference was discovered in the early days of radio and measures
were taken by electric utilities and electrical manufacturers to reduce or
eliminate radio noise from lines and apparatus. Radio-free pintype ineulators
were developed and lines with these insulators were found to be quite free of
radio noilse whereas lines with comparable size plaim pintype inculators were
not as good. Laboratory and shop test methods for radio noise were developed
and adopted as standard for high voltage spparatus ar early as 1938. Radio
influence voltage (RIV) limits were later establisiied for high voltage ap-
paratus by the National Electrical Mznufzcturers Association (NEMA).

With the advent of extra high voltage lines (EHV) it was scon found
that conductor corona formed at ccnductor gradients well below the thecretical
critical gradient because of conductor surface burrs, contamination, rair, and
that EHV line design would require consideration of radio noise generation by
conductor corona.

2.1 Electrical Characreristics of Gap Type Discharges

] The gap-type radio noise source is a more or less complete electri-
. cal discharge mainly in air between twc metal parts. The type of discharge
permits very low 60 Hz currents since one or both of the electrodes concerned
have a high 60 Hz impedance to line conductors or to ground. These gap-type
discharges may be localized or they may be distributed along the line. They
are the principal cause of radio noise occurring on low voltage lines, helow
79 kV. The artificial gap-type radio noise generator, Fig. 1, had an elec-
trode spacing of 5/1% inches and was used on some of the lines tested. It
was used with one electrode connected to the line conductor and the other
slectrods was left floating. This gap-type radio noise generator will pro-
duce broadband radic nofse which can be measured beyond 1 GHz with dipole
antenna 50 feet from line. The frequency spect.a of this gap and of a gap
between two suspension insulators as measured in thz laboratory are shown

on Fig. 2.

e e

2.2 Electrical Characteristics of the Corona Discharge

The generation of radio noise by conductor corona is by means of the
electrical discharge, usually called corona, occurring at or near t. . conductor
surface. Corona is defined as "a luminous discharge due to ifonization of the
air sutrounding a cnrductor around which exists a voltage gradient exceeding
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a cartain critical value.” Hany sspects on ilines are unknown, undefised, and
a2 caleulation of radio noize generstion, at least for the conductor diamecers
used for EHV 1ines, is not possible with the present stste of knowledge. A
short rasume of cin& known corsna proceszes for the case of a condector will
be gives.

The basic physical procese is that of electron multiplication or
avalanche formatios. The electric gradient in the vicinity of the line con-
ductor iz the highest gradient, and {f thia gradient or electric stress is
sufficiently kigh, any electrons in the &ir around the conductor will ionize
the gas molecules, and electrons produced by this fonization will produce an
avalanche. If an additional 2lectron ie formed in this gradient by some pro-
cess from the original eiectron avalanche, a new avalanche is formed by this
secondary process and a self-maintaining discharge i{s developed.

In the case of the transmission lire conductor, it is believed that
the important secondary process i{s the ejection of electrons from gas molecules
by high energy ultraviolet light (photoionization) generated by the original
avalanche. It has been found by several investigators that the radio noise
generated vhen the conductor is at positive potential is signifi tly greater,
at the gradients generally uged for line conductors, than it is with the con-
ductor at negative potential. In the case of a positive line conduc+or, the
cathode is so far away that cathode emission is of no consequence, and the
secondary process existing in this case i3 photoionization of the gas.

The positive corona whick is the principal cause of radio interfer-
ence is of the streamer type; that is, a compact and bright filament starting
from the conductor and extending out and ending in a tree-like discharge array.
This type of discharge can be heard by ear directly and readily photographed
at night. Sharp current pulses occur and radio noise is produced. Some
aspects of this streamer corona are known. These streamers propagate at
very high velocities 2 x 107 to over 108 cm per sec. Also because of the
electric field intenaification by the streamer itself, it propagates into
fields which are below the critical breakdown as based on the non-uniform
field around the conductor with no ionization. Near the conductor surface,
however, an opposite effect occure in that the field is reduced which tends
*0 inhibit the strcamer. The current pulse formed i{s of the form i = te"at,
The positive corona pulse for 2 5 cm advance of streamer at a velocity of
5 x 107 cm/sec. gives a rise time of 10~7 seconds.

When the conductor is at sufficiently high negative potential ioniza-
tion occurs. In this case, the cathode emission process prevzils and since
this process is more efficient than the gas photoemission process with condue-
tor positive, it is expected that negative corona staris at lewer conductor
gradients than does positive corona. The current pulses have longer rise
time and their pecak values will not reach the magnitude of the positive
pulses. The negative corona pulses will give considerably lower raadings
as has been found by measurement using an oscilloscope in the radio noise
meter peak destector output.

When sireamer corona forms at a "point' on the conductor two pulse
fields will exist. Near the streamer a localized or direct field is formed,

Bt
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and along the line the indirect field is developed due to the pulsss traveling
dwn the line. For design of ENV lines only the indirect field {s considersd

and the most significant measurements are made at some distance from the streamer
locations and their direct ffeld.

Gap-type sources can and do occur on ZHV lines, however, they occur
rarely and the cause can usually be eliminated when necessary. The principal
radio noise source on EHV lines is the corona-type discharges which may form
at hardvare, insulators, at burrs and scratches on the conducror surface snd
by discharges of varicus kinds at towers. Since radic noise may be causad by
particles, such as raindrops, snow, serosois, dirt, vegetation and insects,
that may pass within the near electric field cf the conductor or be on the
surface of the conductor, radis noise generctiorn becomes variable and deter-

mination of the zverage radio noise level of a line is usually made by com- -
: parison methods based on long term recordings or severs! fair weather read- :
%g ings and on measurements maede in rain. With respect to communication sites :
! near lines the radio noise levels in rain are highest and therefcre most i
; importarc. i
; 1
N 4
H 3. Instrumentation g
% ; 3.1 The principal instruments used for the field strength measurements f
P were: ‘
A
f % Frequency Range Name Manufacturer
. 30-15,000 Hz NM-40 Field Intensity Stoddart Electro-
iy Meter Systems
A 0.014-0.25 MHz NM-10 Field Intensity Stoddart Liectro-
i Meter Systems
é 3.010-0.16 MHz NM-12T Field Irtensity Stoddart Electro-
i Meter Systems
]
: 0.15-25 MHz NM-20B Field Intensity Stoddart Electro-
Meter Systems
20-400 MHz NM-30A Field Intensity Stoddart Electro-
Meter Systems
375-1000 MHz NM-52A Field Intensity Stoddart Electro-
Meter’ Systems
i 30-300 MHz AP-501R L-w Noise Tunable Electro-Interna-
; Amp. tional Inc.
% 360-1000 MHz AP-502R L~y Noise Tunable Electro Interna-
Amp. tional Inc.
: =
|
?
{ 5
S S V. oo o e 2 Do omos o e e s R TRV NG




—Jregepucy Range = Beme nufacturer

Polarad P1M-B? with Tuaing
Heade FIM-L., . "™M-§2,
FimM-M2.

Polerad Micr.wave Recaiver
Model TR with Tuning
Units CFI-L, CFi-S,
CPI-M, CFI-X

1~-10 GEe Watkins-Johnson Traveling
Wave Tubes Models WJI-268,
Wr-269, WJ3-271, W3-276.

E'. i0 MHz-10 CHz Hewlett-Packard Model 85514/
] 851A Spectrum Analyzer

0.010 MHz~10 MHz Hewlett-Packard Model
. X15-85512 Spectrum
: Analyzer UP Converter

1 50 Hz - 1 MHz Tektronix Type 1L5 Spectrum
Analyzer Unit

= Tektronix Type 549 Storage
Oscilloscope

ol

0.01 MHz-10 GHz Empire Devices Inc. Model
i 161188 Microwave Impulse
Generator

0.Gl MEz-1 GHz Empire Devices Inc. Mwodel
16-115 Impulse Generator

; 300~1000 MHz Measurement Corp. Standard
' SG Model 84 TV

2-400 MH= Measurement Corp. Stzndard
SG Model 80

5 KHz-~50 MHz General Radio SG Model
10014

0,.55-720 MHz Sprague Interference Locator
3 M-500

Mosely X-Y Recorder Model
! No. 3

) Polaroid Scoue Camera with
' UV Light

These instriments and accessories weve carried in a 7-1/2 ton van,

equipped with antenna supports, shelves and straps for tying down the instru-
ments.
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3.2 Antenass Usad

Frequency Range Rame acturer
30-15,000 Hz Electric Probe Stoddzzt Electro-
Systems
0.15-0.25 MHz 1 and 2 Meter Vertical Stoddart Electro-
Systems
*,15-25 MHz 1 Meter Vertical Stoddart Electro-
Systems
20-8) MHz Dipole Stoddart Electro-
Systems
90-350 MHz BCA-902 Bi-Conical Electro-Inter-

national Inc.

275-1000 MHz BCA-201 Bi-Triangle Electro-Interna-
tional Inc.

1-10 GHz Polarad Horn Antennas
Model CA-l.. CA-S, CA-M,
CA-X and Reflector
Model CA-R.

3.3 cCalibration of Instruments

The instruments were calibrated with signal generators and impulse
generators. In this report practically all the data is in dB peak above
1 21V /m/MHz bandwidth and all calibrations are referred to rms value of sine
wave. The overall general accuracy of measurements is estimated to be ¥y g
up to 25 MHz and %3 dB fro. 25-10,000 MHz.

4, Methods of Measurement

In the frequency rai r» up to 24 MHz measurements of the field strength
were made with rereivers on the ground and antenna on the receiver or on 2
ground plane. Above 24 MHz up to 1000 MHz practically all field strength wea-
surenents were made with receivers inside the van and the antenna on the van
roof bringing the antenna 20.5 feet above ground level. For the 1-10 GI' range
the horn antennas were 15 feet above ground level. As many as three receivers
were used at the same time at different distances from the line under test.
All receivers were monitored by headphones and readings were taken even if
only the meter residual was present. This was done in order to make sure
that at the specific test location radio noise from the line could not b2
measured or heard in the headphones.

All directional antennas were rotated for maximum signal with the aid
of the remote indicating meter available with instruments, Dipole antennas
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ware tel trua vartical and horizontal with the horizoatal dipole rotated for
saxioue and the born antennas {1-10 GHz) were tilted for maximum. The F1
{?ield Xitensity), QP (Quasi-Peak), and Peak detector readings were taken
on all meters at practically all test locations.

The antsnncs ware set up on all lines at standard distances of 50
and or 200 fest laterally from nearest phase conductor. Other distances
used ware 300, 400, 500, 800, 1200 snd 1600 fest. Locations faxther away
wers in sight of the line and were chosen depending on accessibiliiy. trees,
cultivaticn, other lines, auto and truck trsffic, and on permission of the
land owner. For the i{nvestigations of the field strength lateral profiles
ware usually taken at distances 20 feet spart and to 200 feet on both sides
of centar line. In the laboratory the antennss were 20 fea* from the test
conductor.

The X-Y recorder or the spectrua analyzer were used with 4l-inch
vertical antenna from .0l3 to 30 M8z, with dipoie tuned to 6C MHz (calibrated
for the othar frequencies used with this dipole antenma) from 30 te 100 MHz
4nd with the broadband antennas sbove 100 MHz. The correiation of manual
reedings with spactrum analyzer photographs is discussed in Appendix I of
thias report.

4.1 The Artificial Gsp-Type Radioc Noise Generator

The artificial gap-type radic nolse gemerater simulates natural geaps
on ifnes and it was used as an aid in the investigation of the radiation from
lines and of the longitudinal and laterc! pvopagatice characteristics. A gap
{n air can be made to generate noise 2bovz the normal noise level of & iine
and it also extends the normsl line frequency spectrum to much higher fre-
quencies.

The arzificial gap can be placed on a lino at least nine miles from
end of the line and at a place with suitable terrain and low ambient for in-
vastigations and for measurements. A natural gap on a line may generate just
as such radio nonise but it may be at &2 location unsuitable for the measure-
ments required.

A drewing of the gap is shown on Fig. ! and a photograph on Fig. 3a.
The frequency spectrum of re&dic nolse voltage of this gap is given by Fig. 2.

4,2 Power Lines Msasured for Radioc Noise

The following list of lines includes figure numbers for the test
location plan, figure unumbers of photcgraph of nearest tower or pole, con-
ductor heights, conductur gradient and figure numbers of normal line fre-
quency spectrum. Conductor gradients are for centar phese snd outside
phase for vertical and horizontal conductor configuration respectively.
For the 800-kV dc line the conductor gradiente are giver for the positive
and negative conductor for both bipolar and monopolar operation.
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Phase

Cond. Cond. RI Fraq.
Line kv Test Loc. Photo Heigkts © Gradient Spectrun
and Type*  Fig. No. Fig. no.  Peet kvm/c- Fig. No.
12 HCWP - 3 38 = 16
345 vepC 4 1la 108,129.5,153 17 17.18
345 HCWP 5 11b 46 15.7 22,23
525 HCST 6 llc 55 116 15.6 24,286
735 HCST 7 11d 90 16 30,31,33,34,35
765 HCST 8 12b,d 90 17.1-A Line
22.32~C Lin2
**300 HCST 9 12a 67 -22,57,+22.57 38,39,48
+400,-400 HCST - - - +19.4,-19.4 41
345 HCST 10 - 55 15.4 48
* = In the abcve tabulation the abbreviations for the lines are:
VCDC = Vertical Configuration Dcuble Circuit
HCWP = Horizontal Configuration Wood Pole
HCST = Horizontal Configuration Steel Tower
*E =

This is direct currenf test line bipolar.

+400 and -400 are for direct current line monopolar.

The original photographs of line towers etc., wr~e obtained with
Polaroid black and white or on 35 mm film. The conductor hiights were mea-
sured at the test lccation by means of a 'Telehite™ and tape measure and
the conductor gradients were obtained by ccmputer.

4.3 Laboratory Measurement

4£.3.1 Conducted and radiated measurements were made in the Trafford
EHV Laboratory with the 650-kv NEMA-107-1964 High voltage test circuit as
shown by schematic on Fig. 13. Conducted measurements we.e made in the 5L38
shielded room, which has a 60-kV NEMA high voltage test circuit. These labora-
tory measurements were made with (1) artificial rain falling on a conductor
(see Fig. 3c), (2) with the 5/16-inch artificial gap connected to conductor
and (3) with two suspension fnsulators with a gap type discharge between them.

The measurements v~re made to obtain data as to what c5 relation,
if any, exists between latorasory and field measurements and to determine
if radio noise is generated by conductor corona and gap Jischarges in the
1 to 10 GHz frequency range.

4.,3.2 Artificial Gap Spectra

The conducted frequency spectrum of the 5/16-inch artificial gap was
measured in both the 60-kv and the 650-kV laboratory test circuit from 0.015
to 10,000 MHz. The frequency spectrum and the circuit used in the 60-kV lab-




oratoty are showm on Fig. 2. The test circuit ic the same as Fig. 1 of Tech-
aicel Repoxt %o. RADC-TR-66-606, March 1967. The spsctrum obtained from

1 -~ 10 GHe has been added. Sevaral chack messurements ware asde et lower .
frequenci-~s ¢o make sure the test conditions and circuit were essentially
the same. The output of the gap with toe 150 ohm loading is 150 2 48 above
! aV/MHe bandwidth up to 30 MHz. Beyond this frejuency the osutput dreps and
with sarked fluctuations above 200 M¥z. It can be seen from Pig. 2 that
radio nois e can be measured from a gap discharge up to the maximum test
frequency of 10 GHz.

The conducted and radiated measurements made with the 5/16-inch gap
on the 650-kV NSMA test cireuwit, Fig. 13, tn Trafford High Voltage Laboratory,
are shown im Pig. 14, The conducted spectrum obtained with the ultra high
voltage test circuit has lower values than the €D-kV test circuit and read-
ings start to decrease rapidly at smuch lower frequency (about 5 MHz). Also,
because of circuit losses. this 650-kV test circuit cannot measure conrducted
sbove 250 ¥Hz vhercas the 60-kV test circuit in 5L38 Laboratory will measure
up to 3 GHz, since this test circuit is physically much smaller, and is con-
sidered to have lcwer losses.

The laboratory radiated measurements gave a spectrum whicn corres-
ponds much bettar than labhoratory conducted meascurements to the spectra ob-
tained on power lines with the 5/16-inch artificial gap, see for instaace,
rig. 42 obtained on power lines. Wheve 1adiatior measurements were made $
withk dipole or vertical antsnnsz it was necessary to use smsll metal shields
at tips of antennas to prevent tip corona. Figure 3d is a photograph of
corona on snds of a dipole vhich 1s 20 feet from conductor energized at !
255 kW to ground,

4.3.3 Gap-Discharge Between Two Suspension Insulators

Two suspension insulators of the type used on high voltage lines
vere insulated from eack other with iwo thicknesses of 7 mil tape at the
ball and socket joint, The twc insulators were then suspended from the
center of the test conductor in the 5L38 Laboratory and energized at
22 kV ac to ground. Conducted radio noise measuremente were made in the
0.15 MBz to 10 GHz range. PFigure 2 gives the frequency spectrum in the
0.15 MHz to 10 GHz range for the suspension insulator gap discharge. Radio
noise could be measured up to 4 GHz. The spectra for the 5/16-inch gap is
included in this figure for easy comparison. These spectra are attenuvated
rapidly with frequency above 50 MHz by the 650-kV NEMA test circuit. It
ce~ be seen that the shorter gap, about 0.014", ian the suspention insulators,
has about 30 dB less output thap the 5/16-inch gap at frequencies below 20
MHz. However, the difference in magnitude frow the two gaps decreases with
increasing frequency and is only a few dB above 100 MHz.

4,3.4 Corona Source Spectrum

The radiated spectrum of conductor corona was also obtained in the
Trafford Laboratory with artificial rain to the test conductor, which was a
two-conductor buidle of twc 1.65 inch diameter 5005 all-aluminum alloy con-
ductors. Figure 3c i3 a photograph of a conductor in laboratory rain.
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Figure 15 is the spectrum obtained in heavy rain amounting to .03 inches
per minute. The corona spectrum for a conductor in rain is of iower magni-
tude and of different form than the spectrum obtained with the 5/16-inch
gap. Radio noise was lew at 5 GHz but it could be measured with the in-
struments available.

5. Discussion of Measurements on Power Lines

This Section 5 discusses data and curves of frequency spectra for
pover lines as found and tests on lines where the 5/16-inch artificial gap
was connected to one of the line conductors.

5.1 Prequency Spectrum for 7.2-kV Low Voltage Line

Measurements were made cn a low voltage line with a gap-type radio
noise source. The pole which has this source is shown on photograph of Fig.
3b and was found originally with the Sprague Interference Locator M-500. The
frequency spactrum shown on Fig. 15 was measured at 100 feet in the 0.15 to
25 MMz range ard in the 1 to 10 GHz range. Radio noise was detected in the
1 - 10 GBz range from | to 2 GHz. 1In the 0.15 - 25 MHz range the spectrum
is quite flat with maximum and minimum values 20 4B apart.

5.2 345-kV Vertical Configuration Double Circuit Line

5.2.1 Line Normal

This line, see Fig. lla and Fig. &4, was tested in the 0.15 to 25 MHz
and in the 1 - 10 GHz range. The measurements in the 0.15 - 25 MHz range were
made for reference purposes at ")) feet laterally and east of tower 473. (This
is the same test location used for tests reported in RADC-TR-65-606. March
1967.) The frequency spectra for the 0.15 - 25 MHz range are shown in Fig. 17
for October 6 1967 and for previous tests made on November 19, 1965. The
frequency spectrum obtained in the 1 - 10 GHz range was obtained at 50 feet
laterally on October 6, 1967. The spectrum obtained is on Fig. 18. This
figure also shows the location of antenna and height of line conductors.

Radio noise could be measured above instrument residual up to 2 GHz. See
Figures 46 and 47 in previous report RADC-TR-66-606 March 1967. for radio
noise data on this line in the 0.015 to 1000 MHz range.

5.2.2 With 5/16-Inch Artificial Gap on 345-kV ac Line

The 5/16-inch gap was connected to the bottom phase and measurements
were made in the 1 - 10 GHz range on the test location shown by Fig. 4. With
the gap at tower it was possible to obtain data which indicates lateral at-
tenuation near ground level in the giga-hertz range.

The measured lateral attenuation for 1, 1.25, 2, 2.5, 3 and 3.5 GHz
is shown in Fig. 19 for vertical polarization and on Fig. 20 for horizontal
pnlarization. The curves shown approximate the radiation attenuation of
1/distance ... ooth vertical and horizontal polarizations. The frequency
spectra ob“.ined at the various distances from the gap are showa on Fig. 21.
The radio noise from this gap could be measured up to 8 GHz at 109 feet and
up to 3.7 GHz at 900 feet.

11

B R It




S FrT

5.3 343-kV Borjisontsl Configuration Wood Pole Line

5.3.1 This line uses wood towers as shown on Pig. llb. The test
locations for this iine are on Fig. 5. Heasurements were made in the 1 - 10
GHz range for the first time erd in the 0.15 - 25 MHz range for reference
purposss and comparison with previous measurements reported in RADC-TR-66-
606, March 1967. PFigure 22 {s a plot of the dats cbtained in 1966 and of
the data obtained in 1968 when the messurements in the 1 - {0 GHz range
were made. The "flatness" of these spectrs indicate that gap type source
or sources wvere present on this line during both test times.

The messurements obtained in the 1 - 10 GHz range 50 feet laterally
(60 feat from neares® conductor) are plotted on Fig. 23. In this case radio
noise could be measured up to 2.5 GHz with antenna 15 feet above the ground
plane (earth).

5.4 525-kV Horiszontal Configuration Steel Tower Line

A photograph of the two 525-kV lines {s shown on Fig. llc and the
test locations are shown on Pig. 6. Oniy one of the 525-kV lines shown on
Pig. llc was energized during the test period in January 1968.

5.4.1 Measurements with Line Mormal

The radio noise spectrum was measured from 0.01 MHz to 190 GHz and
is shown on Fig. 24. The spectrum was measured 50 feet laterally from a
point on the ground directly under the outside phase conductor. Radio noise
was detected from 0,010 MHz to 1.75 GHz. A iateral profile as on Fig. 25 was
cbtained for this line near midspan. It will be noted that the profile {is
unsymmetrical and that the radio nolse is higher going west and under t“e un-
energized West line conductors. A calculated curve is shown for the East side
of the line. This calculated curve is based on the method described in Appen-
dix II - Calculation of Electric Field Near a Transmission Line found in pre-
vious report RADC-66-606 March 1967. Readings were taken at five distances
up to 3500 feet from line tower f{n the 0.01 - 25 MHz range. The frequency
spectra for each distance are shown on Fig. 26. The form of spectra changes
with distance, as would be expected.

5.46,2 Measurements with 5/16-Inch Gap at Tower

The 5/16-inch gap was connected to the outside phase (East phase of
the East line) at the tower. Measurements were then made in the 0.15 - 25 MHz
and 1 - 10 GHz ranges at several laterai distances from the gap. Measurements
were made in the 0.15 - 25 MHz range to determine if the guyed steel towers
used on this line had radiation characteristics similar to the radiation char-
acteristics of the self-supporting steel towers used on the other lines. These
frequency spectrum measurements are plotted in Fig. 27 for the 0.15 - 25 MHz
range and on Fig. 28 for the 1 - 10 GHz range for vertical polarization. The
values were on the ave. je lower with horizontal polarization.

Large variations in magnitude, 10 - 15 dB, occurred with small fre-

quency changes in the frequency range from 2 MHz to 10 MHz. This type of
variation in magnitude was found for all lines tested which had a natural
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gap souzrce or were tested with the 5/16-inch artificial gap. See Pigure num-
bers 86,87, 92, 98 in Vol. I of RADC-TR-66-606, March 1967 report on High
Voltage Power Line Siting Criteria.

This osciilation in the spectrum shows up at other towers on the
line as shown by part of data on Fig. 92 of sbove report taken 2.75 miles
from the tower with the gap type source., This 525-kV line under normal
conditions with conducter corona, gives a smooth spectrum as can be seen
from Fig. 26, It is expected that with gap type sources the radiacvion is
more efficient and the towers on the line for several miles act as relatively
efficient radiators. The direction and magnitude of the radiation changes
with frequency in a most complex manner because of the many possible radia-
ting elements composing a steel tower,

A comparison of Figures 26 and 27 shows that this line had about the
same radio noise level under normal conditions up to 3 MHz as was obtained
with the 5/16-inch artificial gap on the East phase conductor. It ic expec-
ted based on past experience that this noise level will decrease with aging
of the conductors. The data should oot be used to determine the noise level
with rain. Por noise level with rain compare with other similar lines on
the basis of gradient, conductor diameter and conductc- height.

The lateral attenuation from the gap in the 1 - 2 GHz range for
both vertical and horizontal polarization is shown on Fig. 29. The inverse
distance relationship {8 not as evident, especially at 2 GHz on horizontal
polarizations, as was found on the 345-kV line, Fig. 19.

5.5 17135-kV Horizontal Configuration Steel Tower Lines

The tests for 735-kV ac lines were made on the essentially identi-
cal North and South lines shown in photograph Fig. 11d. The configurations
for these two lines and the test lccations are given on Fig. 7.

5.5.1 PFrequency Spectra 0.015 MHz to 7.4 GHz

Measurements were made from 60 Hz to 7.4 GHz. The frequency spectrum
measurements at 50 and 200 feet from tower 0.015 MHz to 7.4 GHz are given on
Figs. 30 and 31. Data fcr frequencies below 0.015 MHz are reported in Section
5.8. At 50 feet laterally from line tower radio noise was detected up to 1.5
GHz. In the 1 - 1.5 GHz range the antenna pointed toward the line insulators

except at 1.12 GHz the antenna pointed toward nearest bundle conductor's spacer.

At 200 feet laterally from the tower, radio noise was detected up to 400 MHz.

5.5.2 Lateral Prof.le

The lateral profile for these lines was obtained for the South line
when the North line was de-energized. The lateral profiles are shown on
Fig. 32 for 0.154, 0.5, 1.035 3.05 19.05 and 22.3 MRz. The effect of the
de-energized North line can Le seen as the anpreciable increase in magnitude
shown under the North line conductor, Fig. 32. In order to obtain a calcula-
ted field strength profile at 1.035 MHz of a magnitude about the same as ihe
measured profile, a generation of 83.2 dB above 1 pV is required by the out-
side phase conductor and 87 dB by the center phase conductor.
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5.5.3 Prequency Spectra in the 0.15 - 25 MHz Range

Saveral tests wers made in the 9.15 - 25 MHz range on both the North
wd South lines. Thesc tests were made because of the difference found in
the nolse ‘evel of the two linas ir the beginning of tests and because a gap-
type source anpeared later in the cests resulting in modications of the fre-
quency spectrum and an increzse ino the noise level.

The two lines are compared -n Fig. 33. These curves were obtained
from data teken 200 feet latevaliy from the center-line of the lire. This
location is 150 feet laterally from the outsfde phase. There is a considerable
difference betueen these lines, varying from 19 dB to about 1.5 dB from 0.15
to 8 MHz respectively. This difference may be due to aging of the North line
conductors. The North line was first energized on September 21, 1965 and was
in service an average of 21 days per month; whereas, the South line was first
energized on November 20, 1966 and was in service an average of 9 days per
wonth, Obvioualy, the South line éid not have 2 long continuous aging period
as the North line. Also, the South line had been de-energized for exactly a
month previous to the day tnese data were obtained. During this period, bugs
dirt, etc. probably settled on the de-energized conductora.

During the tests & gap type source was first detected in headphones
by its characteristic buzz on August 28th soon &sfter the North line was re-
energized after being de-energized on August 23, 24, 25, 26 and 27th. The
radio noise level near the !s::iii line increased from 10 to 20 dB depending
on the Erequency as shown by curves on Fig. 34. The change with 5requency
wvas about 1/f before the gap source was detected and about (llf)1 2 after
it was detected.

Measurements were made on both sides of towers at 14.1 and 22 MHz
near the test site and at six iocations from approximately 4.8 miles west to
and approximately 6 miles easc of the test site, The highest readirgs were
obtained on the south side of tower 808 which is adjacent to the test site.
See FPig. 7. The frequency spectrum was then obtained on voth sides of
tower 808 at a distance of 100 feet laterally from the center-line of the
tower. The frequency spectra are on Fig. 35. At the higher frequencies
the radio noise level becomes unsymmetrical indicating that the source is at
this tower 808 or not too far away., The same type of measurements were then
made on tower 809. At this tower the radio noise level was symmetrical again
supportiag the view that the source is on the South phase of tower £08. Visual
inspection and photographs were then made at night at tower 808. Ko sources
were found other than those normally seen on the lower insulators on all phase
conductors on this line.

5.6 765-~kV Apple Grove Test Lines

This test line was used to obtain 765-kV data in the 1 - 10 GHz range
because the data on the 735-kV lines described in Sec. 5.5 was not complete,
in that it did not include measurements from 7.5 to 10 GHz because instrumenta-
tion was rot then available.
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The Apple Grove 765-kv C-line configuretion &nd relative location of
the three 2400-ft. test lines are shown on Fig. 8. Photographs of the A-line
and C-line towers are shown by Pigs. 12b and 12d. These test lines differ in
that grading rings are used on the bottom of the insulator strings on the A-
line and in that the A-line conductors are a bundle of four i.38-inch diameter,
18-1nch subconductor spaciug, and the C-line conductors zrz a bundle of four
1-inch diameter, 18-inch subconductor spacing.

5.6.1 Measurements in the 1 - 10 GEz Range

Radio noise could not be detected in the 1 -~ 10 GHz range opposite
A-1ine and C-line towers 90 feet from the nearest conductor and ineulator
string and hardware. Radio noise was, however detected in the 1 - 10 GHz
range at approximately 60 feet from the nescest 765-kV substation apparatus.
The spectrum for this substation source is on Fig. 36. Radio noise could
be detectsd from 1 to 6 GHz. Time was not available for finding this source.
Teste could only be made from outside the substation fenc=.

5.6.2 Effec.t of Gap Discharge at Fence

Metal objects even near ground level and in the electric field of
extra high voltage lines may discharge to each other and cause radio noise,
Fences parallel to and near the conductors may have these discharges.

A 200 foot long steel wive was placed four feet above ground level
and insulated from the stexl fence posts used for this exnariment. A gap
about 5/32 inch long was tihen formed between the fence wire and one of the
posts. This gap and fence are shown on Fig. 1l2c,

Measurements were made on this fence discharge in the frequency range
from 0.015 MHz to 10 GHz at a distance of 200 feet laterally from the fence.
Figure 37 gives the frequency spectrum cbtaired.

This spectrum for discharge at the fence is characteristic of gap-
type discharges and radio noise is higher than for normal high voltage lines
in corona with the conductors dry. Higher and lower noise levels can be ob-
tained depending on the radiation characteristics of the metal objects forming
these gap discharges in the electric f£ield. Also the number of pulse groups
from a three phase line will be twice as many as for conductor corona because
these air gaps generate noise on positive and negative half cycles of the
60 Hz wave. 1In fact, an oscilloscope connected tc output of radio noise meter
will indicate if a line has gap-type sources energized from all three phases
or if the line has corona-type sources.

5.7 800-kV Direct Current Test Line

Radio noise measurements were made on a 4.9 mile long direct currcent
test line which could be operated *400-kV bipolar, or negative or positive
monopolar. This test line has two conductors and one eround wire, It has
1.26 miles of two-conductor bundle of 1,82 inch diam er ACSR and 2.96 miles
of a single 2.4 inch diameter ACSR conductor., All the tests were made near
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the center of the line and adjacent to the 2.4 inch diameter conductor. A
photograph of steel tower at the test site is shoun by Fig. 12a and the dc
line coaductor configuration and the radio noise measurenent locations are
shown by Pig. 9.

A photograph of this iine in bipolar operation is showa by Pig. 49.
The positive conductor has numercus corona plumes whereas the negative conduc-
tor is practically dark. This photograph was mada by the Boanneville Power
Administration and it is included in this report with their kind permission.

Besides the tests made with line normmal, cests were also made with
the 5/16~inch gap connected to the positive conductor and to the negative
catductor. 1t was nacessary to modify the gap for direct current operation
by removing the 6-inch hsmisphers and replacing it with a 6-inch diameter
barbed ring. 1In thie way some corona is produced at the ring and repetitive
discharges are formed at the gap.

5.7.1 Frequency Spectra with 800-kV Direct Current
Line Normal

5.7.1.1 Bipolar Operation

The frequency spectrum in fair weather obtained at 50 feet laterally
from tower (76 feet from the nesrest conductor for 0.015 - 25 MHz range and
70 and 72 feet in the 30 MHz to 10 GHz range) is shown on Fig. 38. Radio noisc
vas detected up t~ 350 MHz. WNo ncise could be measured in the 1 - 10 GHz
range - fair weather or in light rain. The magnitude of ncise in the 0.015
to 30 MHz range is about the seme in fair weather as for ac lines with the
same conductor gradients. Manuel data in rain was obtained only in the 0.15 ~
25 MHz range and in the 1 - 10 GHz range. Rain data was obtained with the
spectrum 2nalyzer at other frequencies. Intermittent high noise levels were
noted during rain at 5C feet from tower ospecially on dipole antennas. This
is believed to be due to stati: on the antenna. These resuits are discussed

in Appendix I.

The effect of rain was obtained in the 0.15 to 25 MHz range. In this
range the frequency spectra shown on Fig. 39 were obtained 200 feet laterally
at mid-span with and without rain. These spe«tra are not as smonth as found
on long lines but vary considerably because of reflections from the open und
of the test line and partial reflections at the statlon end. The noise level
in rain is, however, consistently iower than in fair weather. This charac-
teristic for dc lines is just the opposite to ac lines where heavy rain pro-
duces an increase in the radio noise level of 24 dB. With respect to radio
noisa due to conductor corona in rain de lines cre not as impoertant as ac
1ines. Measurements by other investigators cn 800-kV dc lines confirm this
effect of rain for dc¢ linec.

5.7.1.2 Monopular Operation

Measurements were made in the 0.15 - 25 MHz range with positive
monopolar operation (+400 kV con positive conductor to ground, negative con-
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ductor grounded} and negstive monopolar operation (positive ccnductor gro wled).
These measursmentt were rade to obiain a comparison between conductor ne ative
and conductor positive. The frequency spectra were obtained fn the 0.15 te

25 MHz range and they are shown in Fig. 41. The radio noise was sbout the same
for positivc and negative conductor polarity between 0.5 MHz and 1.6 MHz. Be-
low 0.5 MHz it was considerabiv higher on moncpolar negative, 25 dB at 0.15%
MHz, and it was 25 dB higher from 3 to 4 MHz on wonop>lsr positive. It will

be shown later that for tests with the 5/16-inch gap on pesitive and on nega-

tive monopolar operation, monopolar negative has the higher radio noise above
0.6 MHz.

5.7.1.3 Lateral Profile at Mid-span

The latersl profile for this dc test line at mid-span under bipolar
operation 18 shown on Fig. 40, The lateral profile is considerably differeut
than for ac lines, see Fig. 32, in that only one crest occurs and that the
crests are shifted to be under the conductors. This is because the positive
and negative polarity generators are not of the same magnitude and these
relative magnitudes change with frequency. The calculated lateral profile
for the same generation on both positive and negative conductors is shown
by the dashed line on Fig. 40 for 1 MHz. This profile was obtained assuming
a generation of 100 dB above I sV on the positive conductor.

5.7.1.4 Coaparison of 800-kV dc Line with
345-kV_~c Line

A 345-kV ac line which has been in service for several years was
tested in fair weather at the same time as the 800-kV dc line. Both lines
were measured at 50 feet laterally from the outside ccaductor. This ac line
is approximately four miles from the dc line. The compariscn tests started
at 1445 hours and finished near 1520 hours on Jaruary 8, 1968. The frequency
spectra obtained are on Fig. 48. The radio noise level on the 345-kV ac line
is lower than on the dc line. This is expected for this ac line, based on the
conductor diameters and their gradients as shown by the calculated curves for

the 2.4 inch conductor at 800 kV dc and the 345-kV ac line on Fig. 48 for the
lateral distance of 50 feet.

5.7.2 Measurements with 5/16-Inch Gap

Radio noise measurements were made in the 0,015 MAz to 10 GHz range
with bipolar operation at 800-kV dc on the test line and with the 5/16-inch
artificial gap connected to the negative conductor at tower. Measgrements
vere also made in the 0.15 to 25 MHz range with bipolar operation =400 kv
with the 5/16-inch gap connected to the positive conductor.

5.7.2.1 Frequency Spectra with Bipolar Operation
at 800 kv

The frequency spectrum obtained at 200 feet with the gap connected
to the negative conductor is shown on Fig. 42. It was possible to measure
radio noise at this distance over the range of 0.015 MHz to 7 GHz. The
noise level fluctuates «t the low frequencies, below 1.5 MHz, because of the
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test 1ins characteristics sod it flactuates rapidly because of tower radia-
tioa characteristics in the 1.8 to 5 ¥Az ravngs as has been found and dis-
cussed previously for gap type socurces. The 5/16-inch gap was cornected

to tha positive conductor and measurements made in the 0,15 - 25 MHz range.
These msasurements are compared oa Pig. 13 tuv those obtained with the gap
connscted to the negative conductor. At the bigher frequeancies, above 4 MHz,
there 1s as much as 30 d3 difference in gep cutpul. This was unexpected
since the gap is eysmetrical i{n that both of the gap electrodes are exactly
alike. later on, measuraments were made in the 2-L Laboratory with a -250-kV
high potential tester. The 5/16-inch artificilal gap was set at 5/32 inch for
insulation resscns and measurements were made in the 0.15 - 25 MHz range on
both positive and negative polarity. The test circuit was the same as shown
on Fig. 2 and used for ac tests on gaps. HMeasurements were also made of the
peak output on positive and negative half-cycles of the 60 hertz wave, This
was done by means of a scope in the output of the MM-20 receiver and the peak
weasuring slide back circuitr on this receiver. It was fouud for dc that the
output is essentially the same on positive and negative poiarity. For ac

the peak values were essentizily the szme for both kalf cycles and <f the
same magnitudes as for the plus or minus dc measurements.

From these laboratory tests it appears that gaps glve the same peak
output on ac and dc. The reason for the decrezased output for pesitive polar-
ity on the 800-kv test line as shown on Fig. 43 is not known. At the test
line there is a movement of ions from one conductor toward the other and
these ifons may have resched the gap and changed the breakdown characteris-
tics of the gap when it was connected to the positive conductor. This effect
did not exist duriag the laboratory tests. Comparison of Figures 27 and 42
for 200 feet distance shows that the radioc noise from the gap was about the
same from the 800-kV dc line as it was from the 525-kV ac line. This is ex-
pected based on the laboratory tests described above,

With the 5/16-inch gap on the negative conductor and the test line
energized at 80C kV it was possible to make measurements frem 0.015 to 400
MRz at 200, 400, 800 and 1300 feet from the tower with the 5/16-inch gap type
source. The results are plotted on Figures 44, 45, and 46 for three fre-
quency ranges. In the lowest frequency range of 0.0l to 0.154 MHz the at-
tenuation is about 1/43 or 1/d? (see Fig. 44) and about 1/d in the other
two frequency ranges, Figures 45,46,

At 1300 feet there was a fence 50 feet away and the antenna was be-
tween this fence and the line. This way be why Figures /.5 and 46 show that
readings at 1300 feet average somewhat higlier than they do at 800 feet. At
400 feet on Fig. 46 there are two groups of readings. The lower group is at
frequencies above 150 MHz. No explanation is available for this abrupt change
in l.vel above 150 MHz. These lateral attenuation curves for dc lines are
similar to those obtained on ac lines and reported in RADC-TR-66-606 Vol. 1,
March 1967,

5.8 Low Frequency Electric Field Measurements - 60 Hz to 15 Kiz

All measurements were made with the electric antenna mounted on a
tripod at a height approximately six feet above ground and oriented for
maximum indfication on the field strength meter. See Section 3.1 for a
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description of the instrument used. All measurewents were made with the
instrument bandwidth adjustment set to the seasuvrement bandwidth of 3 He.
The results of these measurements at 200 feet frosm the outside phase cean
be seea in Figures 50 through 52. Figuiz 53 shows the Audio Freguency Re-
ceiver residual for the different gasolire eangine power supplies.

A lateral prof.le for the 525-kV line for &0, 180, 240, 300 and

360 Hz is shown plotted on Fig. 34. Figure 54 shous that as the frequency
was Increased the point at which the field strength started attenuating as
the inverse distance cubed occurred closer to the 525-kV line. The electric
field strength for 60 Hz between 50 and 400 feet cancct be compared directly
with the other levels since the 60 Hz field strength in this dlstance range
was above the instrument's measurement range. At some frequencies, the at-
tenuation was greater than the inverse distance cubed relationship, but this
cutiid be due to the uneven terrain.

In Technical Report No. RADC-TR-66-606, Marzh 1967, even order har-
monics were measured on some lines 345 kV and below. Even order harmonics
were detected on both the 525-kV ac and the 800-kV dc lines. On Fig. 50 all
the harmonics for 525-kV line are plotted. The even harmonics were plotted
up to and including 1200 Hz; but beyond this, for sake of clarity, only the
odd harmonics were plotted. Figure 50 shows that the even and odd harmonics
are about equal magnitude and this was also true above 1200 Hz.

The harmeonics for the 8060-kV dc test line (Fig. 52) were measured
half-uvay between the positive and negative conductors. At locations 100
and 200 feet from the positive conductor, the electric fileld levels were
quite lor, mostly below amblent. This data indicates that 2 small amount
of harmonics come through the rectifier equipment and without a definite
pattern for either the even or odd harmonics.

The consistent presence of even harmonics during these tests led
to laboratory measurements in an attempt to find an explanation. It wes
found that the 5/16-inch gap produces even harmonics when it is connected to
a single phase line. This is similar to a single phase full-wave rectifier
in that alternate periods of conduction and non-conduction wiil produce har-
monics with an order of k = 2n , n is 2ny integer. This analysis suggests
that if similar gaps were hung on eaca phase of a three-phase line, harmonics
of the order of

£ = 6r .

would bz generated which is what a six pha~e rectifier produces. A scope in-
d ependent of the Stoddart NM40 was also used to observe the even harmonics
generated hy the 5/16-inch gap.

A General Radio pulse generator with a variable repetition rate was
used to verify that noise could produce harmonics. The utput of the pulse
generator was fed directly into the MMAO. Repetition rates which produced
frequencies of 50, 60 and 100 Hz were used and narmnnics of the order of
k = 2n were datected.
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The harmonics mezasured on the 525 and 735-kV li-e werc made with-

cut the 5/16-inck gap hanging on one of the outside ynsses. 1f only coruna
is present oca the line, the sbove analysis suggests that the positive corona
(since it is much larger than the negative corons) would generate harmonics
of the order

k = 3o »

or similar to a three-phase rectifier. Since the generated corona is larger
for the centez phase than for the outside phase for horizontal line configura-
tiona, it seems laglical that the generated harmonics from the center phase
would predominate, The harmonics generated would be of the order

k=n
or similar to a single phage half-wave rectifier,
This reasoning has not been verified experimentally.

6. Discussion of Results for Lines Normal

6.1 12-kV Line in the 1 - 10 GHz Range
Radioc noise was detected from 1 to 2 GHz at 100 fzet from the line
conductors.

6.2 345-%V Line in the ! - 10 GHz Range

Radio nciee was detected on the vertical configuration 345-kV line
up to 2 GHz at 105 feet from the nearest conductor and was detected up to
2.5 GHz on the 345-kV horizontal configuration wood-pole line at 60 feet
from the nearest conductor.

525-kV Line in the 60 Hz to 10 GHz Range

In the 60 Hz to 0.01 MHz frequency range beth even and odd harmonics
of 60 Hz of agproximztely the same magnitude were detected, These harmonics
varied as 1/d7 with lateral distance beyond 200 to 400 feet derending on the
frequency. Radio noise was detected from 0.10 MHz to 1.75 GHz a. 112 feet

from the neztest conductor.

6.3

6.4 735-kV Line in the 60 Hz to 10 GHz Range

In the €0 Hz to 0.01 MHz frequency range the 120 Hz component and
the odd harmonics of 60 iiz were detected. Radioc noise was detected from
0.010 MKz to 1.5 GHz at 90 feet from the nearest conductor.

6.5 Apple Grov: 765-kV ‘Y2st Project

6.5.1 1 - 0 GHz Range

Radio noisc was not detected at 90 feet from the nearest conductor
rn the A or C test lines; hovever radis noise was detected from | te 6 GHz from

the nearest 765-%V substation apparatus.
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6.5.2 Gap Discharge on Pance Beanesth Test Linc in the
0.015 N¥s to 10 GHz Rsose

Radio noize was detected from 9.015 MHz to 7.5 GEz at 200 feet later-
ally from the fenca.

6.6 B800-kV dc Test Line {n the 60 He - 10 GHe Range

Ia the 60 Hz to 0.51¢ MHx frequency range & pattern of even and odd
harmonics of about the sasme magnitude were detected, but come were not detected.
These measurements were performed zidway between the positive and negative
conductors at ground level.

Radio noise wss detected from 0.10 MHz to 350 MHz at 72 feet from
the nearest conductor. Tals 800-%V dc line radic noise is lower in rain than
in fair weather. Ia fair weather the d¢ line, based on measurements. has
essentially the same radio nolse level as &c lines znd the prediction method
for dry conductor corona for ac lines based on conduetor gradients and
diameter may be used for dc lines.

7. Diecussior of Results of Laboratory Tests

7.1 In the 6C Hz to 0.01 MHz frequency range evez harmonics could ke da-
tected from the 5/16~-inch gap.

7.2 With artificial rain of 0.03 inches per minute applied to & conductoer,
radio noise was detected from 0.15 to 5 GHz with antenns 20 feet from the ¢on-
ductor.

i
!

7.3 Conducted and radiated measurements were compared with the &30-kV
NEMA test circuit. It was found that radisted radio noise could be detected
E up to 10 GHz; wher~as conducted radio noise could be detected only to 259
MHzZ.

efssisl

7.4 Conducted radic noise was detected from 0.15 to 4 GBz on the 60-kV
NEMA test circuit from & gap discharge between two suspension insulstsrs,

8. Application of Results

This section gives methods of prediction for conductor corona type
radio noise and for gap-type radio noise. In the predict on methods for
power lines it 1g nscazssary to conazider power lines below 70 kV separately
from power lines above 70 kV, This separation {s based on >he facii that lines
below 70 kV may haie gap-type local sources and generally «ce free of conduc-
: tor corona type radio noise, and that power lines above 70 kV, especially
' extrs high voltage lines (345 kV and zbove), operatz with cenductcore in
corona. These higher voltage lines may also have gep-type local sources
which, however, can be located and usudlly eliminated. Nevertheless, one |
should be aware of these possible sources. Baeed on the radio noise mea-
surements made 1t cean be safid that there is no line voltage discrimination
with respect to radio noise from power lines,
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8.1 Prediction for the 525, 735 kV ac and 800 XV dc Lines
for Conductor Coxone Radio Heise

The measuraments and snalysis &s reported 2ppiy to the ground wave
propagation &s cSfected by the presence of ground and as defined by Norton
{sse Appendix II). sky-waves and tropospheric waves are not considered.

The prediction method for conductor generated radio noise from the
525 and 735 kV ac lines is similar to the method descrided for lines up to
and including 345 kV, snd rsported in RADC-TR-66-606, Voi. II, March 1967.
Yor dc lines the prediction method is the same sxcept that the magnitude of
conductor genersted radio noise ‘n fair weather iz used because radio noise
decraased with rain on the 800 kV dc line. For &2 lines rsdio noise increased
vith rain and for heavy rain the increzse is taken as 24 dB above the average
fair weather value for ac lines and the rair value {5 used for pradiction.

In the prediction of radio noise due to conductor coronz the magni-
tude is based on a comparison method as shown by the fellowing empirical equa-
tion. A coaparison method i{s nscessary because it is not poasible to calculste
corons noise generation from the presently knoun phvsical processes. The refer-
ence line is taken as a typical line with a one-inch diameter conductor with a
gradiant of 18 W, _ /cw. Yor bundle conductors the maximm gradient on the
subeconductors is used in this report.

The empirical equation for compering ac lines with radio ..oise due
to conductor corona in fair weather or in rain is &3 follows:

2
o

E=E +3.5(8-5)+30log, 5 +20 10310-:-"7 ... 8.1
o ¢ d
vhere B and E_ are in dB above 1 uv/m
g snd 8, are the conductor surface gradient in kvrm'/cm
r and r, are the conductor radii
h and ho are the conductor heights

d and do are the distances to the conductor

For dc lines change the constant 3.5 to 2.48 and use the conductor gradient
obtained from the dc voltages. The terms with the zars subscript refer to

the reference line which has a one~inch diameter conductor with a gradient

of 18 kvrms/cm for ac lines and 25.4 kV/cm for dec lines.

The conductor gradients for lines tested are given in section 4.2
and for other lines they can be obtained from the gradient factor curves of

Figures 3 and 4 of Appendix 1I, pp. 174, 175, RADC-TR-66-606, Vol. I, March
1967.
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In the prediction method used here the equation is used to cstablish
the radio roise magnitude at 1 Xiz. The referer-e distance iz taken as 200
feet because lines can be measured at this distante, data is available from
other lines, and at this distance the radio noise magnitude for conductor
corona decreases on the average as % (20 dB per frequancy decads). This can
be seen from measured dats, Figures“3la, Zlb, 42 of this report and Figures
44, 46, 47, {n report RADC-TR-66-606, March 1967.

The ccaductor corona noise magnitude prediction curves of Fig. 55 for
the 525- and 735-kV ac lines in rain and for the 800-kV dc line in fair weather
vere obtained from thz above equation with the ore-inct diameter condustor
in rain as the reference line. The magnitude E, in equation 8.1 at 1 MBz, for
the fair weather curve of Fig. 55 for the reference lins {3 based on the aver-
age oi published data for radio noisze mear several 345-kV lines of the Bonne-
ville Po/er Adminizzration and &t the Apple Grove and ERV test projects. The
curves for the 525- and 735-kV lines are for rain and are based on raiu data
on test lines and thess curves are for rates of rain where the radio noire
level no longer increases with rate of rainfall. For rainfall greater than
about 0.25 inches per hour (defined as heavy rain) the increase in radio noise
is iarignificant.

A prediction for conductor corons type radio noise in heavy rain has
been made for the 525-kV lins assuming s 90 foot conductor height and 3 foot
and 20.5 foot antenna heights and vertical polarization. (For corrections to
dipole antenna heights abcve 20 feet see Fig. 11-27, page 39 of report RADC-
TR-66-606, Vol. 11, March 1967.) The predicted values with lateral distance
from the 525-kV line cre given by Fig. 56 for the 0.015 - 15.3 MHz range and
by Fig. 57 for the 3G.72 MHz to 10 GHz range. The values on these figures w»re
obtained by using the predicted magnitude versus frequency curve for 525-kV
line from Fig. 55 and the lateral attenuation curves Figures II1-8, 11-9, II-l11,
11-12, IX1-13 in RADC-TR-66-606, Vol. I1, pages 20, 21, 23, 24, 25 for the
0.G15 - 15.36 MHz range ard Figures 58 and 59 of this report for the 30 MHz
to 10 GHz range. This prediction assumes plane earth with&€= 30 and O = 20
milli-mhos/meter square.

Thece prediction curves, Figures 56 and 57, may be used for 735-kV
line aiso since all conditions are the same and the magnitude is only 1 dB
iess (see Fig. 55) than for the 525-kV line. The 525-kV predicticn curves may
also be usad for the 800-kV line given on Fig. 55 for 90 foot conductor height,
by subtracting the 20 dB difference shown on Fig. 55 from the predicted values
of Figures 55 and 57 for the 525-kV line,

8.2 Frediction for 7.2-kV Line in the 1 - 10 GHz Range

From the measurements made on this line in the 0.15 -~ 25 MHz range
it is found that this line has a 4 - 10 dB higher noise leve' above 1 MHz than
the 4.16-kV low voltage iine which had the highest level of the low voltage
lines tested and reported in RADC-TR-66-606, Vol. II, March 1967.

This 7.2-kV line is considered a typical low voltage line and the

values measured in the 1 - 10 GHz range probably are upper bound values and
mdy be used for all lines below 70 kV. For this range the maximum value of
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54 @8 was cbtained at 1.48 GHs, »t 100 feet sway, with vertical polariszction.
Tor a distance of 200 feet this nexiwmum v&lve will be 6 d3 less or 48 dB8 for
tast anteias height of 13 fest. For this prediction exaaple a 20.5 foot re-
caiver antenns height is sssumed. This results in a correctiom of +2 4B and
the radio noise magritude is thsn 50 4B at 1.%*R GRz. (For antenna height cor-
rection see Pig. I1I-27, pags 39 of Report RADC-in-%£6-606, Vol. II, March 1967.)

Pigura 60 gives the magnitude for all lipas as obtained from xza-
surements in the 1 - 10 GHz range and correctad as in the above example. For
some of the lines zhe highest values were obtained with horizontal polarization
ard for othesrs with vertical polarization. These curves are for all the lines
from which radio noisze could be detected in the 1 - 10 GHz range and measured
sbove the instrument residual. The chaenge in ragnitude with frequency is
showa as % or 20 dB per frequency decade. This is based principally on
Pigs. 21,727 and 42 for the gap-type sources, where readings were obtained
to several gige-hertz. These figures indicate that thisx is & good approxima-
tion for extrapolation of data measured only in the low end of the 1 - 19

GEz range.

By msans of Pig. 60 and the lateral attenustion curvez of Fig. 61
for entenna height of 20.5 fest acd conductor height of 38 fzet, the radio
noise magnitude with lateral distance was detereined and was plotted out to
about 80,000 feut from the 7.2 &V line for 1.25, 5 and 10 GHz. This pre-
diction assumes plane earth with &€= 30 and = .20 milli-mhos/meter square.

8.3 Prediction Msthod with Gap-Type Sources for the 735-kV
Lins for the 1 - 10 GEz Range

For the 1 - 10 GCBz range the prediction will be made for the 735-kV
lins. The wmetsured values are believed to be from gap-type scurces from line
parts st the tower. The 1 - 10 GHz antennas pointed at iasulutor strings for
maximom meter reading. It is pointed out here that in the 1 - 10 GHz ranrge
no radio noise was detected from the A or C line trwers at Apple Grove at
763 kV, see Sac. 5.6. MNeverthgless, without a ~.areful investigation of tower
components, it is recommended that prediction be baszed on what was measured
in ths 1 - 10 GHz rangs on other lines. 1In this case the curve on Fig. 60
for the 735-kV line will be used with the lateral attenuaiion curve of Fig. 59
for conductor height of 90 feet and receiver antenna height of 20.5 feet. This
is the same receiver antenna hsight used for the 7.2-kV line prediction.

The radio noise level to a lateral distance of about 80,000 feet is
showa on Pig. 62 for this 735-kV line for the three frequencies of 1.23, 5
and 10 GHz. 1In this exsmple, the prediction assumes plane earth with dielec-
tric constant £~ 30 and conductivity ¢ = 20 milli-rchos/meter square.

The predicted values for most lines below 70 kV in the 1 - 10 GHz
range can be approximated for 20.5 foo. .:ceiver antenna heights by using
Fig. 61 directly because these low voltage lines do not differ much in con-

ductor hsight.

For the two 345-kV and the 525-kV lines tested the predicted values
in ths 1 - 10 GHz range can be obtained for any distance out to 10,000 feet
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by subtracting from curves of Fig. 62 the difference in magnitude shown on
Fig. 6C between the 735-kV line and the 345- and 525-kV lines. Beyond 10,000

feat it i8 necessary, baocause of conductor height differences, to also use
Figs. 3, 6 and 8 in Appendix II.

8.4 Prediction for the Fence Near 765-kV Line for the 1 - 10 GHz
Range

This prediction is included bscause the conditions during this ex-
periment can exist in practice and because relatively high radio noisa wzs
measured. In this case the transmitting antenna is 4 feet high and again a
receiver antenns height of 20.5 feat will be sssumed. The magnitude of radio
noise from the fence gap at 200 feet away is given by Fig. 60. The lateral
sttenuation curve for prediction out to 60,000 feet is on Pig. 59 of this
report. By means of these two curves the predicted radio noise from 200
feet to sbout 20,900 feet at 1.25, 5 and 10 GHz was determined and plotted
or Fig., 63. This fence gap effect will be independent of line voltage as

long ss the 60 cycle field at fence is sufficient to break down the gap on the
fence.
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(a) Artifictial Gsp Type Radio (b} Low Vcltage Line tested in
Roige Generator the 1 - 10 GHz Range

R o e

(C) Conductor Radio Noise (3) Corona at ends of dipole
Test in Laboratory Rain antenna

Fig. 3
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{¢) 525 kV Horizontal Lines (d) 735 k¥ Horizontal Lines
Fig. 11
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1. IETRQDUCTION

In the previous contract ou High Voltage Power Line Siting Criteris
(RADC -TR-66-606 March 1967) minual neasurements of radio noise were made at
discrete frequencies. This technique has deficlencies in that {t is very
time consuming to measure the variations of radio noise throughout certain
freguency raeges and ehort duration changes in radio noise level cannot be
observed simaltaneously over a wids frequency rarge.

This prucent contract requires radio noilse messurements on power
lizes from 60 Bz to 10 GHz. In order to reduce time znd improve the quality
of msssurements, specirum analyzers and X-Y recording techniques with radio
nolec maters wers invastigated for the messurement of power line radio noise.
Comparisons ware made with the usual aanual readings taken at the same time
from rsdic noise meters and these were used as the standsrd measurement.

3 Conductor corone in the rain and fair weather &nd gap type sources were
| measured. In sddition laborstory measurements of corona, gap sources and
i . pulse genarators were parformed with the spectrum snalyzer. Heasurements
ware correlstsd batweer the spactruam znalyzer and X-Y recorder/radic noise
: meter methode over the frequency range 10 kHz to 1 GHz. Some measurements
ﬂ vere tried fros 1 GHz to 10 GHz with the spectrum apnalyzer and TWT pre-
amplifiers but dve to overiosd problems these were not considered reliable.
Power line harmsnice ware recordad with one spectrum analyzer unit in the
range of 60 Hx to 650 Hz. Straightforward use of an X-Y recorder with a radio
noise meter is a step forward over manual readings from a speed of measure-
went and resolution viewpoint. Line transients, lightring, etc., are not
too troublesome since an X-Y plot of any particular frequency bemd can be
quickly repested. Only quesi-peak readings could be taken but these are
easily corrected to peak. Busceptibility to overioad and spurious respor-
sas can be & drawbsck to the uee of spectrum analyzers if they have wide
open inputs, also drift on the frequsncy axis can be encountered and pic-
ture taking of low noise veluss in the presence of high CW signals requires
! approximation. The use of a tuned input is desirable; however, with elec-
‘ tronic tuning sperious response msy stiil be a problem. Therefore, it 1is
suggested that passive band-pess filters be used, each filter for at least
one octave pass-band. Repeated checking of the frequency axis with a signal
generator overcomes the drift problams. In the case of the analyzer used
for messuring power line harmonics overlosd from the high intensity 60 Hz
i fisld has to be avoided.

20

Reslrom ,i:_ i & .

Vary good agreement was found between the semi-automatic and
manual methods of measurement. Dats can, for inatance, he recorded quickly
by the spectrum analyzer over a wide frequency range compared Lo many hours
that would be required for manual measuremen.s. Better resolution and more
accurate information can be obtained especially when short duration weather
| changes occur which change the radio noise levei.

98




2. INSTRUMENTS AND ANTENNAS

2.1 Instruments

New instrumentation (compared to RADC TR-6£-606 March 1967) con-
sists of spectrum analyzers and the use of an X-Y recorder with the radio
noise meters. 1In most cases the radio noise meters cover the zame fre-

quency range as the spectrum analyzers.

below.

Frequency Range

50 - 15,000 H=z
(60 Hz to 1 MHz capa-
bility)

60 - 15,000 Hz

10 kHz - 250 kHz
150 kHz - 25 MHz
150 kHz - 32 MHz
20 MHz - 400 MHz
375 MHz - 1000 MHz
10 kHz - 1000 MHz

10 MHz - 10 GHz
(Capability to 40 GHz)

10 kHz - 10 MHz

10 kHz - 100 MHz
(1 kHz to 150 Hz
capability)

30 MHz - 300 MHz

300 MHz te 1000 MHz

Name

Spectrum Analyzer Plug in
Unit 1 L5 with storage
oscilloscope 569

NML0 FPield Intensity
Meter

NM12T Field Intensity
Meter

NM20B Field Intensity
Meter

NM22A Field Intensity
Mete:

NH30A Field Intensity
Mater

NM52A Field Intensity
Meter

X-Y Recorder

Spectrum Analyzer
851A/8551A

Up-Converter K15-8551B
Broadband Pre-Amplifier
461A

AP-501R Low Noise Tunable

Pre-Amplifier

AP-502R l.ow Noise
Pre-Amplifier
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The instruments used are listed

Menufacturer

Tektronix

Stodcart Ele. :ro
Systems

Stoddart Electro
Systems

Stoddart Electro
Systems

Stoddart Electro
Systems

Stoddart Electro
Systems

Stoddart Electro
Systems

Moseley

Hewlett Pachard

Hewlett-Packard

Hewlett-Packard

Electre~International
Inc.

Electro~International
Inc.
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20 Fe - 1000 MEs

1 GBs ~ X GHsx

2 Gz ~ & GHz

4 (Mg - § G

8 oRe - 12 %0z

85 klHz - 40 MHx

2 ¥z - 400 MRz

300 MH: -~ 1 CHz

10 kHe -~ 1 GHz

2.2 Antenna3
The pntenass used
Preguency Rangs

60 Hz - 15,000 Hz

10 ¥Hzs ~ 250 kifz

150 kHz - 32 MHz

20 ¥Rz ~ B8 MHsz

..

Spsctrum Analyser con-
aisting of intzyferance
sacliysers, wodels BC25
and BMCH) aod Display
¥odule SPD-123

Trevelling Weve Tuhs
Fro-implifinr HIR4S

Travelling Wave Tubse
Pre<Ampiifier WI269

Teaveiling Yave Tubs Pre-
Amplifior w3271

Travelling Wave Tube
Pre~Amplifier WI276

Signel Gwmnerater
Hodel Z2D

Sigral Generatoyr
Model 80

Signal Genmrator
Model 34 TV

13 - 113 Impulse
Genarator

were ag follows:

Name

Electric Probe

2 Mezer Vartical hod
{vith &nteans Coupler
for HMLIT)

1 Hetar Yertical End
{witu Antenna Couplar
for FR2Z4)

Dipole Tuned to 60 Wiz

iGo

Manufacturer

Talrchild Plectre~

axtrics Corp.

Watking~-Johnson Co.

¥atkina-Johasonr Co.

Hatkins-Johason Co.

Watking-Johraon Ca.

Ferris

Heasurement Corp.

Measuresant Corp.

Empire Devices Inc.

Hanufacturer

Sioddart Eleciro
Sygtams

Stodd it Electro
Systems

Stoddart Elscivo
Syatems

Seoddart Electre
Systems

AN
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28 Mz - 330 B8z

175 wMgz -~ 1000 ¥z

1 GH: - 2 GEe

2 Gz ~ 4 GHz

4 GHz ~ 7 GHe

7 GHz - 10 GHx

3. MEASUREMERT PROCEDURE

B
BCA-902 Bi-Comieal

BCA-%01 Bi-Triangle
Microwvave Horn Antesng
" Zand

¥icrosave Horn Antenna
3" Band

Microwave Parabolic
Aatenas "M" Band

Hicrowave Parsbolic
Antsnas "X Band

Hesmfactgrer

Blactro .nternaticaal
lac.

Rlectro Interpnatioal
Inc.

Polarad

Zolarad

Polarad

Poiarad

The follcwing {s a drief description of tha general measurement
procedura. Details, calibrations etc, will be found under other headings

in this appendix.

To check the accuracy cf the sutomatic instrumects, wsnual m:-a-
surements with the ¥M20C vare compared with the X-Y recorder plotz frem the
MM22A and Lhe spectrum &nslyzer picturcs from rthe Hewlett Packerd spectrum

anslyzer. There was good agreeasnt in all these data.

Starting with the

MM12T on band (1) an X-Y record would Le run of line noifse together wi:h

meter smblent 2ad calibration curves.

Then the antenns eysteze would be

switched to the spectrum analyzer (HP B851A/8551A) operating with its up
converter (K15-8551B) and & picture taken of the CRT display of line noise.
The analyzer would be arrenged to be &s nzar as pospible the zame bandwidth

and frequency range as the NM12T onm band (1).

Al)l control sattings of the

analyzer were recorded and ths frequency axis and sine wave response checl.d.
Checks were continually made for aazlyrzer overlosd and spurious tespoases
and records made identifying the X-¥Y record with the spectrum anslyzer pic-
ture. This procedure was followed from 10 kHz to 1 GBz except that ths up

converter was not used beyond 10 MEz.

E-¥ records wars made to 1 GHz.

tbove 1 GRz some spectruxr analyzer pictures wers tzken for comparisen
with the manual results from the Polarad microwave receivers but they wsze
rot considered reliable due to cverloading of the spectrum anaiyger.

It i3 a simple matter to speed up the nzual wanual resdings raken
with the Stoddart radic noise metars by the addition of an X-Y recorder.
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Ts grocsdurs for sech frequency bead is to er-ury thet the recorded vertical
ople ia liacar in decibale and vur veter celibvation end ambient oJfves wich

e frequency axic spresd the width of the recorder paper. It {s bect to use

the mater ealisration vaive for the low {requancy end of cach band throughout
th#z bend so that for any particular frequency the calibretion is knoun and
recorded and corrections can be made if necessary. The =meters with X-Y rs-
cordsr output conawctions havs guite constant gain-frequancy characteristice.
Vith moopal tuning sbout one oinute {5 raquived to obtein an a-scurate record-
fog of apise. VFestsr vacording can result in loat information, such as not
ebtsining the 2ctuval saxi{mum valuss. Listening with headphones enables
radio stations etc. to be identified and merked on the recorder paper. Only
£i-°4 intensity and quasi-pesk valees of noise can be plotted readily but
pecx valuee way be merked on the peper st desired fregquencies by stepping

the rus and astsuring che peak values manual’y. Care may be necessary to
prevent insccuracies due to ohysicsal contact with the instrumentstion.

6.1 Hesgurements on BHV lines wit' Radio Boise Metsr/X-Y Kecorder

Tiim speetre racorded from 1o kHz to 1 GHz, 50 feet from s 345-kV
#c line with artifi.ial gap are shown in Figs. 1 to 20. They are further
illustxated in Pig. 21 but this ti- . corrected to 68 peak above 1 wV/m/Miz
bandwidith., Ths low frequencies 10 kHz to Z MHz wele vecorded [ heavy to
light rain while the remsining spectra were taken when the rain had ended.
FPiguree 9, 10, and 11 show clearly a dominsnt feature of these spectra of
quite sharp peaks svenly spaced &t spproximately 278 kHz intervals. This
apparent rasonsnt Srequency gives a hslf wavelength of 1300 feet which
may be due to the distance batwsen towers (about 600 feet). Detatls such as
this resonance are ecasily spotted using X-Y recorder tschniques but are
harder te notice teking manual rzadings., Pigure 22 shows a very similar
rescnanca vecorded ot different distances lateraily from a 525-kV ac line
with srtificis’ gap. The frequancy is 417 kRz and half wavelength, 1175
faet. The distance between towers being 1462 fest. This is & good example
nf the complex spectra’ gncountered. The attenuation with distance (d) from
Fig. 22 can be seen tc be on an sverage proportiecnal to 1/d, i.e. from 200
fesr to 400 fest the aversge lavel of the gpectrum falle by 6 (B,

In Pig. 23, spectra i to.2,25 MHz from a 525-kV ac line some neak
readings are smarked. These are 4 to 5 4B higher than the quasi-pea: values
of noise snd about 1 dB higher for the AM station measurements. These peak
ro quasi-peak differences are typical of those over & wide frequency range.
¥Yigure 24 was recorded n=ar an §00-kV, dc test line and the peak values
zhown sre abowt 12 JB kigher than the quasi-peak, which could be due to
s lowar pulse repetition rate from the courona compared to ac corona. The
highsr the pulse repetitisn rate the closezr the quasi-peak value approaches
the psek. Also on Fiy. 24 & reannance mey be obgerved of approximately ar
interve! of 39 kHz arnd & full wsvelength of 4.78 milee which agrees well
with the actual leagth of the tast line of 4.9 miles.

411 the £.jures msnticned also have superimposed upon them a spec-

trum gnslyvzer pictuve taken st the seme time as the X-Y plot. These pictures
a1 comparisons axe discusesd lstar,
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5. THR_STRCTRIR ATALYZRR
5.1 ls» Spestra

ou .ur anslysis of s periodic rectangular pulse yields ¢ spectrua

¥
of 2£5§L5 where x = T/Tr sad T = the pulse width and Tr the pulse repatition
rate, sed Pig. 25a, The first zero in the frequency spectrum occurs at a £---

quanzy £ = 1" e.3. a l.usec wide pulse will Yxhiblt a fizst zeso &t 1 MHz;

tha harmonils would bz &t intervsla of fr = T?’ €.8. a pulac repeated 60 times

s sacond would have & spectrum with 60 Hz be{ween the harmonica. 3In Fig. 25
it {s seen that the spectral lines :zach below as well as above the baseline
which corresponds to the harmonics in the pulse being 180° out of phase with
the fundamwental. The apectrum analyzer can detact amplitude only and not
phase therefcre all the spectral lines will be Sisplayed above the baseline
as in Pig. 25b, I1f we smplitude modulate sn RF carrier with 2 pulse waveform
we get essentially che same i&&;ﬁl.lpecttuu.

When considering spark gaps on power lines generating exponential
pulses with twc time constants ona must bear in mind that these gape fire
several times each half cycle of the ac voltage. Thus we have the eituation
of bursts of pulses at a repetition rate of 120 pulses per second for singie
phase. However, it is liksly that onc pulse out of esch burzt has a larger
magnitude than the rast and the spectrum measured is from the largest re-
peated pulse although in the GEz region some of the smaller pulses may
dminate if they have smelier widths than the large pulse.

Laboratory measuraments were made prior to field measuremente :o
become famiiizr with the operation of the spectrum analyzer and confirm the
theoretical spectra from pulsss. A rectangular pulse will give a spectrum
falling off at 6 dB per octave with increasing frequency while a triangular
pulse weould fall 12 dB per cetave. This was confirmed in the measurements.

5.2 Calibration and Operation of HP Spectrum Analyzer

In order to convert the radio nolse measurements to dB Pk above
1 uV/m/MHz bandwidth, both CW and impulse calibrations of the spectrum
analyzer were required.

5.2.1 CW Calibration of HP Spectrum Analyzer

With the frequencies and spectrum analyzer control settings used,

a convenient CW input level to read on the CRT display was 50 pVrms (37 dB Pk).

This level was used for calibrations from 10 kiz to 1 GHz end up to 25 MHz a
calibrated thermocouple and microemmeter was used for measuring the signal
generator output. At higher frequenciss an RF voltmeter was employed. 1In
this way calibraticn of the spectrum analyzer in dB Pk uVCW was achieved,
e.g. measuring from the CRT basallne; 1f a 37 dB Pk uV (W signal reads

40 d8, then 3 dB would be subtracted from the reading; etc.

103

b e et




Swoep rate is an ispsrtant comaideration for calibrstion purposss.
f the locel cecillator swesps thbrough at 2 high rats the IF swplifier will
oot heve time ¢o reach its full emplitude befcrs the input i3 gone; e.g. &
changs ia sweey rala froe 3 MOS per ca to 30 :sec par ca can rasult in a
chadge iu displayed signal of 10 d3. Sae Fig, 26.

~

$.2.2 Zwpulss Cesjbratios of HP Spectrus Anslyzer

Impulse bandwidth could not be oessured using conventioaal impulae
calibrators becausse of anslyser froat end overload, Filters tried in frout
of the sorlyzer would not prsvent overload. Tewlett-Packard suggested pro-
ducing an impulss signsl of sccurately known spectrel intensity by using a
Of aignsl gensrctor and & PIF acdulator (BP ssriec §730) built into an
HP 8403 Modulator. Witk this eppurstus, J. Scherer of RADC measured the
following impulse bandwidths for ¢ HP 8551A spectrum analyzer:

34 Baodvideh Inpulss Banduidth

3 kH: 6.7 kHz
1C kHz 19.66 kHx
B 100 kRz 166.34 kH:z
1 MHz 1.55 MHz (Extrapclated)

The MHz bandwidzh correction i3 easily cbtained from the above
values e.g. for 6.7 kHz impulss bsndwidth the correction 1is 43.5 dB.

5.2.3 Correctior of Msasurements from HP Spectrum Anaiyzer to

dB Pk 3:V/w/MHz Bandwidth

The correction of the radio nolae values displayzd on the apectrum
analyser to dB Pk uV/m/MEz bandwidth is easily carried out once the CW and
impulse calibration are known. First, a correction is found from Fig. 26 for
CW raaponse at the frequency control settings, and sweep rate used. Then
the impulse bandwidth correction is sdded and lastly the artenna correction
factor. 1f sdditional broadband pre-amplifiers are used, then their gain
vhen used in conjunctioa with the spectrum acslyzer wouid be subtracted.

5.2.4 Opsraticn of the HP Spectrum Analyzer

In order to avoid damage to the input atienustor of the spectrum
snalyzer converter unit, care was takern to measurs the rms value of input
voltage with a senaitive ¥ voltmeter. The input power acroas the 50 ohm
input must be kept below 1/4 watt. The attenuator and gain controls on the
convertar and analyzer ware ad‘usted so that a 10 dB change in converter
; attenuator setting, for example, would give ¢ 10 d3 change in displayed spec-
j trum. This snsured the input amplifier was not overdriven. Frequency ac~
curacy was checked by feeding in & signal from a standard rignal generator.
Adjustment of the converter zad analyzer tuning controls was requirad until
L an accurscy of about 2% to 4% wae schieved up to & fraquency of 10D MHz, with
t ' the VA oscillator {n the converter sst at 1846 MHz. Mesasurements were made
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vsing the same szatenmae and couplors snd octave baada as the radio nolse
weters with X-Y plots. On each bond ths center frequency om tha analyzer
displey vould be ¢i wd with s sigral gensrator.

It should Le amphreizsd that care sust bs axarcised throughout tha
gpectrum andlyzer msssuremen®s 2o ensurs that measurad signals or ncise are
from tha source and not spurious responses due to anslyszer overiced. This
may be checked by obssrving the displayed spectra vhan the fnpyt attenuator
is increased by 10 dB. If tha vhole dispiay rsduces by 10 dB then msaszure-
ments are from the scurce; if some displayad signals do not change {n ampli-
tude then theseé &re spuricus responses gencsrated internally within the analyzer.
The settings of input attenuation, gaia controls, sweep rits, IF bandwideh,
spestrum wiuth, file expoturs time, etc. were recorded for each frsquancy band
over which measurements were made. Typical analyzer scttings, antennas, ctc.
issed throughout the frequency spectrum are listed in the table on Fig. 26.
Initially the graticule of the sanalyzer CRT was superimposed upon ths pic-
tures taken by meanr of & flashlight which resuited in a bright area that
can be se2n on some of the picturas. Later an ultraviclet light was used
to illuminate the graticule and much be:ter pictures zesulted.

5.3 Measurements on EHV Lines with Spectrum Ansziycers

5.3.1 Frequency Spectra from 345-kV VCDCST-ac Line
with 5/16-inch Afr Gap, 10 kKz tc 1 GHz

Pigures 27 to 29 cover rwenty pictures taken 50 feet laterally from
the bottom conductor of the above lina. They are of approximately the same
octave bands as the r&dio noise meters. All the pictures in Pig. 27 were
taken with heoavy to light r&in falling. For the rest of the pictures no
rain occurred. Picture 55 on Fig. 28 f{llustrates tha 378 kMz resonsnce
noticed in the X-Y records. Picture 62, FPlg. 2u zhows stations beneath
the air gap noiss, taken by reducing the CRT brighinesa so that thx statfons
just appeared then taking & plcture of these with many sweaps; increasing
the trightness to show the noise; clipping the stations and ra-axposing
the film. Picture 68, Fig. 29 {llustrates the difficulty of picture taking
when station amplitudes are similar to roise amplitudes because the CW sig-
nal gives such 2z bright display or the CRT compared to the radio rois=.
Pigure 30 shows the spectrua for 0.3 to 9.6 MHz for comparison of radio noise
magnitudes with other lines; such as shown in Figs. 36, 37 and 38.

5.3.2 Frequency Spectra from 525-kV HC-ac Line

with 5[16~1nch Aixr cap, 10 kHz to 3,5 GH»

FPigures 31 to 33 cover twenty pictures taken 50 feet laterally from
the outside conductor of the above lime. Most of the beands measured are of
a siwmjilar fresquency range of those from the 345-kV line. Pictures 289, 2%
and 2998 on Fig. 22 show the 417 kHz resonance noticed in the X-Y records.
Picture 269, FPig. 32 shows some large spikes at 2.3 MHz intervals whicn
gives a half wavelength of 214 feet which may be a function of the tower and
guy configuration. Thezz splkes appeared on X-Y records as well. Pictures
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200 and 281, Pig. 33 cover the fraquency rangs 2.5 10 3.5 GBz tnd were tak:n
with (280) and without (281} the sppzopriate TWY pre-amplifier. Only about
10 ® guin Tasuited with the pre-supiifier used icsriad of 24 d8, tha capa-
bility of the smplifier.

5.3.3 Prequecncy Spectra from 300-%kV HC-dc Test
kizo, C0 M co 147 MHs

Figurss 24 and 35 {liustzate 35 picturec taken 50 faet laterally
from the positive comductor at towar of the above line during intermittent
r&in. The first picture is with oo input to the analyzer and just dieplays
the {aternal nciss. Subsequant pictures of line or imsuletor noise were
taken &t iive minuts intervals. Thie intsrssting saquence of pictures in-
dicatas generslly very low noise values during periods of rain; increasing
in value after the raic has astopped, espacially wvhen sunay and v.ndy; then
reducing to gseroc value. At these high frequencias this noise is thought to
ba from ths iine insulatoTs (glass) oan the tower drying after rais. Lending
weight to this argument is the posaible Tesonant effuct seen in some pictures,
picture 140 for exanple., This gives a frequency of 5.7 MHz and half wave-
laagihe of 73.5 feet which is very comparable with the conductor height st
the towsr of ;U feet, Results of this nature would be impoasibla to obtain
manually and difficult with xadio noise moter X-Y recorder techniques. The
advantage of the analyrer is its wids speciral coverage on one picture and
of one being sblz to swe the snsctre bafove taking the picture. The antenna
vas coverved with polysthyliane to pravent precipitation static.

5.3.4 Fraquency Spectre from S500-kV Bo-ec Liag,
0.27 to 1.87 HEs

P.guré 36 shows mainly the spectra 50 feet laterally from the out-
sids phase ~f the above iine in fair weather and heavy rain; clearly indi-
cating &bout & 246 dB increase in corona noise level in the rain.

5.3.5 Frequency Ipectra from 525-KV HC-ac Line with
and without 5/16~inch Alr Gap a#nd Line De-
enargized, 0.3 Mz to 2 'H2

Figure 37 illustrates the above spectra taken 30 fest lzaterally from
the outsids conductor. e increase in noise level 1ls noticed with the air gap
on the lins., This indicates that the fair westher corona nolse from this line
i3 equal tc, or greater than, the gap noise In this frequency range. This
wes confirmad by manual seasurements.

5.3.6 Frequency Spectra §00-kV HC-dc Test Line in
Fair Weather and Rain, 0.3 to 1.36 MHz

Figure 38 shows soms interesting spectra. The noise from fair westher
corona is nigher than that in the rain waich is charscteristic of de lines and
diffsrent from ac linea. In fair westher at these [vsquencles the peak readings
ave sbout 12 dB higher than quasi-peak while in rain the differsnce is Lsuelly
about 3 4B {(obsarved from manual vesdipngs). Thus in rain it i3 likely that

106

U — 0 35D w0 DI T o Coxm G Iy ST €O —




AT AATS A T v thoNn,

many ccroaa pulses of low smplitude exizt wnile in fair weather fawer palies
of higher amplitude is the case.

Bear EHV dc lines nrecipitation static can be a problez. Raindrops
passing nesr the energized conductor scquire = charge anddischergs upon hit-
ting the anzenna. Tnis is not observed near 8¢ lines. To prevent raindrops
hitting the antenna, tl.a anteans was covered with about a é4-inch dismmter
polyethylene tube. 1In Fig. 38 the spectrum due to precipitztion static can
be clearly seen but also the corona noisa level shovs up weli on the same
picture. This ig another virtue of the spectrum &nalyzer use where pulses
of different repetition rates and different amplitudes way be displayed to-
gether.

Similar to the X-Y records the full wave resonant frequency
(approximately 39 kHz) of this 4.9 =mile long dec test line is seen. If
the noise level for a long dc transxission lire iz to be derived from this
short test line it is likely that the geometric mean of the resonsani peaks
skould te taken; similar tc the case cf the 765-kV ac Apple Grove® test
line.

5.3.7 FPrequency Spectra from 765-kV RCST-ac
Test Line

The spectra from tha zbove lina is shown in Fig. 39, clearly in-
dicating the full wave resonant frequancy (2pproximately 400 kHz) of this
short test iine. A multiple of this "natural' frequency is observed at
1.83 MHz. These peak values agree well witn manual quasi-peal radio noise
meter readings taken in the plltl except for ths absance of a sharp spike
at the resonance frequency.

An opporrunity arose td record a portion of the same specira mea-
gsured with the Hewlett Packard spectrum anelyzer with a Fairchild spectrum
analyzer. Similar bandwidths, sweep rate etc. were usec and the sanme antenna
system. A tracing ¢f the Fairchild spectrum analyzer vsicture is displayed
on Fig. 39, The picture is small but details are sharp and clear. The
spectra seen on both analyzers are quite similar from a shape and signal to
noise viewpoint. The Fairchild instrument consists ol interference Amalyzer
Model EMC25 and spectrum display Module, Model SPR125, 1t covers the fre-
quency band 14 kKz to 1000 MHz; can be used menuzlly as a bartery operated
radio noise meter or comhined with an X-Y racorder to read peak values or
used a8 a spectrum analyzesr with built-in pre-selection over 15 octavz fre-
quency ranges. It has features such as a remote control of antennz coupler
bands and '"brigh% up" and expansion of any region of displeyed apectra which
may be of speciric interest. It was not possible to get a detailed evalua-
tion of this {irstrument.

5.3.8 Harmonic Measurement neaxr 500-kV HCST-ec Line

A few harmonic measuremsnts were made with the Tektronix plug-in
sp-~trum analyzer unit 1L5 in cenjunction with & Tektronix 54Y storage oe-
ci oscope. The site «t which readings were made was 40C feet from the
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tially s Stoddart MWL redic molse meter with elactric probs
the barmonis valzss scen ca 7ig. 40, high readings for
sre cbeerved end these arv discuesed in fec. 5.8 of the
Hext, the Tektromix cpestrua anslyser wae ased vith the elsce
semsizivities wveze used, 3¢d Fig. 40, and it {2 seen.
high semeizivity 0.01 Y/em, falee readings occur (compare with

) due the high value £0 Ex #1eld overloading the snslyzer.
0.05 7/cm thks spectrum smlyzer display is simiiar to
t then soms harwonics barely show above the internsl
instiumant. The difference betwesn the 60 Hx snd 120 Hz
the picturs with 0,2 V/cm seasitivity, YPig, 40, This
spectrum amslyzer unit would bs 1desl for harmoaic wsagursment 1# the 60 Hz
fieid 1is reduced £1)tered out.

5.5.9 Radio fiaticn Sixgul to Line Moise Ratios

Peak radio station signal to line noise ratios compare well, i.e.
Tig. 23 ia the 1 to 2 MHz region near a 525-kV ac lipe using both radio
soliss metsr X-Y plots and the RHewiett-Peckard spactrua anelyezsr; S/N retios
of 15 to 20 éB resuit; with the radio ncise mater measuring a few dB less
than the analyzer which is to be expactsd from an impuise bandvwidth considera-
tion i.s., Stoddart MM22A, 10,24 kBs impulse bandwidth end the Hewlett-Packsrd
8351A spectrua analyser 6.7 ks {wher the J di, 3 kHEz Landwidth is used). 1In
the case of the 830~kV dc 1line, ?ig. 24, the radio noise meter indicates & S/K
ratio of sbout 23 dB while the spectrum analyser gives around 40 dB. The ap-
perent large Aifference being poesidly due to the few lerze pulses per second
from de iiow corone, (evident usually in fair weather but on this cccasion
also in rain), vhich wvers measured menua'ly with the radio noise mater but
not on the apsctrum anslyzer probably becausa of toc rapid picture taking;
about 1 secon’ exposure.

it
i

]

6. COMPARIION OF X METER/X-Y RECORDZR AND SPECTRUM ARALYZER
QUANTITATEV] :

The X-Y recordar plots, taken 50 feet from the 345-kV VC-DC line
vith the artificial gap on the lower phase, correctad to d3 Pk. above
1 gV/n/MHx bandwidth are shown on FPig. 21. Values are in the range ex-
pecteé from previous messurements i.e., ¥ig. 71 RADC TR 66-606 March 1967,
measurcmunts &t 200 feet. Similarly corrected results from the Hewlett-
Packard spectrum analyzer are al=s illustrated in Pig. 21. These are within
6 “o 10 d8 of the X-Y plots throughout the spectrum measured (0.01 MHz to
1 GHs) and in the 2 to 10 MHz region the peaks and valleys in the gpectrum
compars rlosaly. Most of the time the spectrum &nslyter corrected readings
are higher than thoese of the radi> ncise metar which may be possibiy dus
to an arror in impuls¢ bendwidth (impulse bandwidth vaiues were taken from
another identical wodel spectrum anslyzer) or the analyzer zeading a higher
peak valus than tha rédio noise meter. Algo there may be errors in the
400 MHz to 1 GHz region #ince the 1 MHr bendwidth was used on the acalyzer
and this is not rac awended in the iog m-de since the responss of the log
st~ping network is not fast encugh. However, with such good agreement
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tiaily & Steddart MiAUA redio moise meter with electric probe
the harmonis valuss seen oa 7ig. 40, high readings for
obtervad cad these arv dieocussed in Gec. 5.8 of the
izt Tektromix cpectrum anslyzer wae 3sed vwith the elec-
Miﬂeat seasitivities were used, sed Pig. 40, and it 12 seen.
high f=ivity 0.01 Y/ea, falsa resdings occur (coupcro with

the high valoe £¢ Bx field overloading the snslyzer.
vity 0.05 7/cm ths spectrum amalyser displey is simiisr to
t then some harwomics barely show above the internal
t, The differenca between the 60 Hz snd 120 Hz
the picture with 0.2 V/em sensitivity, Pig, 40. This
t would ba idesl for harmonic mnacurement iZ the 60 Hz
11tered out.

5.5.9 Radio fation Sigxpal to Line Noise Ratios

Peak radio station signal to line noise ratios cowpare well, {.e.
Pig. 23 1a the 1 to 2 MAz region near 2 525-kV ac line using both radio
nolse meter X-Y plots and the Heviett-Peckard spactrum anelyrsr; S/N ratios
of 15 to 20 éB rasuit; with the radio ncise meter measuring a few dB less
than the analyzer which is to bo expacted from an impulse bandwidth considera-
tion i.e., Stoddart W{22A, 10,24 kBg impulse bandwidth and the Hewlett-Packard
83514 spectrua analyszer 6.7 kHz {wher ths 3 di, 3 kHz Landwidth is used). 1In
the case of the 800-kV dc line, Pig. 24, the radio noise meter indicatss & S/N
ratio of esbout 23 4B whils the spectrum analyszer givee around 40 dB. The &p-
perent large difference deing possibly due to the few lerze pulaes per sacond
from de lins corons, (evident usually in fair weither but on this occesion
also in rain), which were weasured menuaily with the radio noise meter but
not on the apectrum anslyzer probably becausa of toc repid picture taking;
about 1 ascon’ exposure,
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§. COMPARIZON mr MDIO mxsx H!‘BB/X-Y RECORDZR AND SPECTRUM ANALYZER

Tha X-Y recorder plots, taken 50 feet from the 345-kV VC-DC line
with the artificiazl gap on the lower phase, corrected to d3 Pk. above
1 gV/n/MBz bandwidth ars showm on Fig. 21. Values are in the range ex-
pected from previous measurements i.s., ¥ig. 71 RADC TR 66-606 March 1967,
weasuremuuts &t 200 feet., Similarly corzectsd resulta from the Hewlett-
Pac kard spactrum analyzer are alzss illuatratad in Pig. 21. Thess are within
6 <0 10 dB8 of ths X-Y plots throughout the aspsctrum measured (0.0l MHz to
1 GHs) sad in the 2 to 10 MAz region the peaks and valleys in the spectrum
compard clogely. Most of the time the spectrum anglyzer corracted readings
are higher than thova of the xedic ncise meter which may be possibly dus
to an arror ia impulaye bendwidth (impulse baaduidth vaiues ware taken from
another idontical wodel spectrum anaiyrer) or the analyzer reading a higher
peak value than the radio nolse meter. Aleo there may be errors in the
400 MBz to 1 GHz reglon eince the 1 MHz bandwidth was ueed on the acalyzer
and this is not recawended in the 1o mode since the rusponss of the log
st~ping aetwork is not fest encugh. However, with such gecod agresment
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batween the correctsd redic noice meter &nd specirum 4valyser vilaes through-
out the spectrum it would appear that quaatitative measuremsnts of razdie
poise may be muds with the opectrua aciiyser as long as calibretioccs are
sccuretsly made, appropriste corrsctios f£actors used and overloed comditions
avoided.

1. coRCLIBION

7.1 Tield strength msasuremsnts cac be mads in the frequency range 60 h.
to 1 GHs from high voitage porar lines with both the radio noiss watar/X-Y
recordsr ccabinations end with ths spact  um anslyzars. With selective input
and linear pre-axplifications this instrumentation will bs adequate up to
10 CHs.

7.2 7Tha X-Y plots give better resolution in practice than the Jewlett-
Packard spactrum analyzer vhen displaying reletively large “-equency ranges,
and more positive idsntification of radio and TV stations otc. with the use
of hsadphones. The Hewlett-Packard anaiyssr with preselection to avoid over-
load has the sdvantages ot dispiaying simultarecurly the differsnt magnitude
of different repotition rate pulsss; of synchroniziag with the 60 Hz field
fron the thrse-phase power line and indicating the interferenca value from
sach phase on 2 Bingle display. Also ths ravealing of stationz or other
ecurces buried bsneath noise and the racordiag cf short duvration changes
in interferance leval.

7.3 The bast results, vhan using the HP analyzer with the converter,
start at sbout 60 ki=.

7.4 In the power line harmonic region measurements can bs conveaiently
made with the Tektronix piug-in uanit 1L5 and storage oscilloscops 549. Por
best results, s means of attenuation of the high value 60 He: field would ba
required,

7.5 1ldeally, to obtein quick, accurzte, good resolution mecisurements
of radio interference from power lines a combination of manual, X-Y plots,
and spactrum analyzer techniques is required. The spectrum &nelyzer chiefly
for spoed and resolution; X-Y techniques for resolution and station identi-
fication; and manual radio noise weter measurements for checks at particular
frequencies.

1. "Apple Grove 750-kV Project - 515-kV Radio Influence and Corona Loss
Investigaticns," E. R. Taylor, W. B. Pakela, and H. Kolcio, IEEE
Transactions Paper 31 TP 65-150 presented s IEEE Winter Power
Meeting, January 1965,
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Harmonics at

H |
:l-.r Intarvals Im”

R I .
1 2 3 & 1 2z 3
T T T T T T T
(a) Typical i.zoretical spectra[Sin®}} (n) Typical spectrum anslyser
of repeated rectangular pulse | #X [  display of repeated
(T= Pulse Width) lfect&nguhr pulse
Fig. 25
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(g e

dB Peak Read From Bzseline of C.R.T. Graticule of HP Spectrum Analyser

conf. | c.w Pk isp| ,, Converter Aol s rion o 1 £, fescthut | Suiep
/p A tenvator ] 1/p Attemueior | Pre-Amp | Sandwidth Ridth | Rate
60wz 3708 196 oa w0 ¢ iz | 5008 | 10 louscal 3 e 0
M 1] " " " " % (1]
e : : e
m M ) m " [0 " ]
T ] " ] “ " o
" 10 g8 o W " 0 1 "
15 Wz ] & ) " " 60 a2 " )
. MZ " o " " F " 3 M
" - 0 " 1 o " "
_m " - " 40 g9 &nml " " )
" o " - " ] 10 [
260 iz " - " - 100 itz ) ™YY} o
Eé—ﬁz o - o " T Mz _W g "
0 MMz " - " - 1 Mz Jo <8 ”" I o

Table of H, P. 851A/8551A spectr:im analyser cantrol settings for C. W. inputs of various frequencies

60 T = B ] Y - Y ) p—
"
50&‘ 15 HHz / =l
35 and 65 Mz @& <> - o =
5wz &
& 100 and 225 KMz -
r 450 Kz W
: 900 ki'z and 1.5 MHz
0" 3.25 MHz o
=
< 30 —~
n 6.25 Mz
)
2k _
B850 MHz @ P - - -
130 and 250 MHz © © - PN e
10+ ]
550 Mz ©=— & & PN o
0 1 1 1 1 1 i 1 N | l 1 1 i
1 10 100 1000

Fig. 26—C.W. response of H.P. 851A/8551A spectrum analyser for frequencies and control seitings

Sweep Rate, mse: per cm

tabulated/sweep rate
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560 kHz to 1l.15

(100 kHz/cm)

Fig. 27 345 kV AC Frequency Spec*va 108 ft. from bottom comductor
with artificial gap on and rain at same time (10 kiz to

2 MHz); at tower.
136

sty RS- S S - PN SN . s o e




T

TR AN Y

HIR

RRRESEIEE 10.1 to 16 1 K ENEREE
R (590 kiiz/cn) SR

20 to 33 MHz
(1.31 MHz/cm) @

Fig. 28 345 kV AC Frequency Spectra 108ft., from bottom conductor
with artificial gap (2 MHz to 54 MHz); at tower.
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S 54 to 38 Miz _".

3

R0 to 403 Muz SR
BERN(16.3 MHz/ca) ST

k e il 610 to 1000 Miz T
B . ioicn)  EEUNRDEPIE I (0 "/

by

e

Ly
L

345 kV AC Frequency Spectra 108 ft. from bottom conductor
with artificial gap (56 MHz to 1 CHz ); at tower. '




T T == ) A b T ——

|

Fig. 30 345 kV AC Frequency Spectra (0.3 to 9.6 MHz) with
artificial gap (accompanied by rain some of the time);

a2t tower.

L
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Fig. 31 525 kV AC Frequency Speotzz 117ft, from outside conductor
with artificial zap (10 kHz to 2.25 MHMz); at tower.
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PROEEEE 8 to 16.5 MHz
1 : ’ (IHllx/cn

20 to 50 Miz SRR PRRES
(3 Miz/cm) SN

Fig. 32 525 kV AC Frequency Spectra 110} ft. from outside conductor
vith artificial gap (2.1 to 80 MHz): at tower.
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600 te 7oo m
(30 N:l)

d 3

525 kV AC Frequency Spectza 110 ft. from outside conductor
with artificial gap (100 MHz to 3.5 GHz); at tower.
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s apli s Sy ST AL S b M i

B e

.

A 35 SR

o
L lf—[

No Imput, Spect. _147 Mg
f Analyzer Internal

S 3

9.34 A.M.
Light Rain

9.54 AM.
Very Light Rain

, 10.14 AWM.
Scattered Rain Drops

10.20 A.M.

‘Scattered Rain Drops |

10.29 A.M.
No Rain. Sunny

Yo I

10.39 AM.
No Rain. Sunny

BB s e O N R T N

B0O kv DC Frequency Spectra (80 to 147 MHz) 69 ft.
from + conductor; at tower, in rain and fair weather.
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9.24 AWM,

Very Light hul

9.49 A.M.
Very Light Rain

10.19 A.M.
No Rain

10.34 A.M.
No Rain. Sunry

10.44 A.M.
No Rain. Sunny

o

Axuad




10-5°A-H. M Bttt 2 B .‘.' o . .
No Rain it e o 10.54 A.M.
‘ o ok No Rain

s 11.14 AM, .
Scgattered Rain Dropafs

. 11.19 A.M.
No Rain. Sunny,
Windy

11.29 AM. DA R 0 11.34 A, I
No Rain T FEORIE I BRS. No Rain :

! 11.44 AM, B8
No Bain. Slight Wind {8

11.49 a.v. [ i e T R e
No Rain. No wina  [SUERES G e ; 11.54 AM.
P A No Rain. No Wind

2.1 3 P M,

No Rain. windv

FPig.35 800 kV DC Frequency Spectra {80 to 147 MHz) 69 ft.
i from + conductor; at tower, in rgin end fair weather.
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500 R.¥. A.Co

B 100’ Fros Outeide
' Heavy Rain

Fig.36 500 kV AC Frequency 8pectra (0.27 to 1.87 MHz) in
fair weather and heavy rain; at tower.
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1
!
.
E
f
]
]
H
[}
o g
3
P i

523 RaVu A.c.

10’ y
~ FAYR HEATEER

§ 525 K.V. A.C. :
i§110'FROM OUTSIDE PH. i
PATR WEATHER

‘ 1
.45 . .92 1.5

== —-L-——-IOO knzlcsr——l-f————"'— 90 kHz/cm Rt

525 K.V. A.C. :
11 10 'FROM OUTSIDE PH.

mmn 2
VITH - AIR GA?

——— -

w3

J .
=140
-

=

At 30

Fig.37 525 kV AC Frequeu.y Spectra (0.3 tc 2 MRz) with
and without artificial gsp and de-energized; at tower.
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i

800 k.v. D.C.
73" FROM + CONDU

Fi.iR WEATHER y
ENNA NOT COVERED i

Fig. 38 + 800 v DC Frequency Spectra (0.3 to 1.96 MHz) in
fair weather and rain; at tower,
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APPERNDPIX I

APPLICATION OF ANTENNA THEORY TO RADIATION
8 1,25 - 10.0

1. Introduction

This appendix is an extension of Appendix IV Volume I of previous

technical report No. RADC-TR-66-606, High Voltage Power Line Siting Criteria,

March 1967. The previous mentioned report used computer programs based on
Norton's General Equation®* for a plane-earth to develop lateral sttenuation
profiles for the frequency range from approximstely 0.015 to 1000 MHz and
the distance range of 200 to 100,000 feat. Depending on frequency and the
combination of conductor and antenna height, at some point in distance the
calculated attenuation changed from the trend of invexse distance to the
inverse-distance-squared relationship. Measured data showed comparable
results.

In this report the same computer programs were used to calculate
lateral profiles for the 1.25 to 10.0 GHz range. Also, a new computer pro-
gram was written based cn Norton's equntionl for a spherical earth within
the line of sight since the transmitting and receiving «ntennas used in
this study are classified by Norton as high antennas, and the curvature
of the earth affects the calculated field intensity both at points within
and beyond the line of sight. The latersl range of 50 to 100 feet from
the source was also calculated and studied since field data had beer ob-
tained at 50 feet.

2. Limitations of Norton's General Equation for a Plane-Earth

Considering the earth a flat plane, the field intensity of a
small dipole antenna at distances of several wavelengths is calculated
by the following:

j21Tr1 3 j2‘!71:2

3 2 j21I'r2
E =1 Coayle ~ c 4+ RCosyze——% +(1-—R)FCosy2e—5—- (1)
E d
o

(See Appendix IV, Technical Report No. RADC-TR-66-60&, on computer equation
development for explanation of this equation.)

The above equation (hereafter referred to as Norton'"s general
equation) does not allow for diffraction loss due to earth curvature and
the field strength calculated from it will therefore be incrsisingly
higher or more conservative - at particulerly long distances. Gerks® and
Nortonl give 2 rough ryle for the distance limit of accuracy for this
equation as SOI(EHHz)1 3 miles, hence for 10.0 GHz, a distance limi* of
2.3 miles.

% References are given at the end of this appendix.
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Whan the ryceiving antenna is high (h 3 2000/f, 2/3 ft.) the cur-
vaturs of the eartk will modify the approxisations that are ncrmally made in
calculating £1e14 intensity both at areas within and beyond the line of sight.
Rorton states that at sufficiently largs aatenns heights beyond the line of
sight the fleld inteasity increcses expouentislly with the heigg, rather than
linearly &s occurs with medium antenca heights. (h <2000/ fr., which
for 1000 MHz {s cnly 20 feet, whila for 10 GHr it is 4.3 feet.

Within the line of sight, the curvature of the earth can still have
several affects on the propagation of radio waves for high transmitting or
receiviny antennss. The reflection coefficient of the ground-reflected wave
is differant for the curved surface of the sarth than for a plane surface.
Also, since the ground-reflected wave 1s reflected against the curved surface
of the earth, its snargy is diverged more than would be indicated by the in-
verse~distance law discussed previously. This energy divergence can be taken
iato eccount by zpplying a divergence factor D. This factor has the effect
of reducing the groand-reflected component of the space wave, the effect on
the reflection cosfficient being sxall for moderate distances. The overszll
rasult is, therefore, a smaller oscillation of the fisld intensity about the
free-spaca value, but with maxisum end minimum occurring at essentially the
sams distances as those if tha divergence factor is not included.

for a rical Earth (within the Line of Sigkt

When satennss are high (1) must be msdified as follows to celculats
the ground wave et points within the 1line of sight.

' 2% 'Ia . 21n-2'la

3 1 ! h |

g_ -% [Coo v o + coo:’w2 e
[}

' Mr '/7\
+(1-R")7 °°'2Yz' Coazyz Jd 2 (2)

vhere

tanyz' > ('N2¥ ka) 1/3

{See section on computer equetion development for explanstion of this equa-~
tion.)
[ ]

The an;lnvl and which are the angles between the direct ray
and a plane end the ground-roflocud rey end e plane respectively ars
functions of the heights of the entenns to the plane which are smialler than
the actuzl actenna heights.

As Nortdnl points out, equation (2) needs to be used in place of (1)

only for high antennas. It is also restricted to points within the line of
sight which are the ones of interest.
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The line of sight distance can b2 calculated as:

dLs ~ ~/2Rh, +~J ZRh,

vhere R is the 2ffective radius of the earth, and h; and h, are the heights
of the two antennas. The refractive index of the air decreases with the
height above earth, wiich has the effect of refractinz radio waves downward
towerds the earth. This effect is included in ths field calculation by using
an earth radius larger than the actual, experimental evidencel indicating an
effective radius about 4/3 the actual, ur about 5280 miles.

4. Effect of Terrain and Ground Couditions

Where propagation is over a rough surface, multipath reflections
occui’, nspecially at the higher frequencier, and the resultant field pattern
is no Jonger than that Jetermined by the combination of the direct wave with
o1 reflected wave. For rough terrain, movement of the receiving antenna
causes large variations at higher frequencies in the magritude and phase
of ground reflections. For high receiving antennas, such as in airplanes,
the field pattern over mourtairous terrain cen show a complete absence of
any interacticn with the ground reflection.

A reflecting sur©ace may be considered flat if surface irregulari-
ties are of such magnitude as not to cause path diffe;ences larger than some
small fraction of the wavelength, and Day and Trolese” give the following

limit definition:

where H is the height of the surface irregularities, ‘A the wavelength, and ©
the angle of incidence.

For the highest frequency covered by this study (10 GHz) 1f cos ©
is taken very nearly equal to 1.0 this definition would limit the height of
the zurface irregularities to something very much less than 0.1 foot.

For a more detailed discussion of these effects, see Appendix 1V,
Technical Report No. RLDC-TR-66-606.
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5.1 Ravation Geed

The basic eguation used is Borton's equation (28)" for &
sphericel eazth

Space Wave

direct vave ground-reflected wave

[ 4 [] 194> [ [ .
j2‘!!’1:1 /L jzwrz /'J\

+m' Cos vz e

Surfaca Wave

L Wr '/'t\
s rcosly, o °

Nortoa says this equation is limited to distances within the
1ine of sight such that

”“Yz' »( 'umh)"z

] ] L ] L 3
The juantities 4, dl’ dy, vy , r, hl’ hz. ‘1 R bz P s and 9’2

arc as indicated in Fig. 13 and ka are the wave length of the
frequency of interest and the sffective radius of the earth
respectively. R' is the spherical-wave raflaction coefficient of
the ground, and D is the divergence factor.

From Fig. 1, it cen be shown that

'3 = d r - d
Cosy, Cosly,
2 ! 2
Ty 2 = -"(fME)
N 5642345
tl'z' - 0.0063838({'“!)1'1’2' = ANGl1,22%

¥ Underlined quantities are symbols used in Computer Program
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o kg BT e o AT AT R R R

tanlfb = ] ‘ 2 = ]

““Vl = 1 ; 2

Solving thise equations for d
hl’ h2 and ka results in the }o

3
1

This has the fomm

3 2
y +B Y +P,y+P =0

By substituting for y the value, Z - ;

Then 23 +aZ+bs=0

2
a=1/3 3 P, - Pl ) and
3
b =1/27 (2 Pl - 9P1P2 + 27P3)
The real root of interest
Z= - ’- a cos _‘L
3 3
where
cos¢ = -b/2 & ’-_ai
Y]
157

in terms of known quantities d,
1lowing cubic equation

d° -1.54 dlz + 0.5 [dz-zh (h1+h2)] d, +kahd =0

b UMMM B3 6ot VIR o RIS R g
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5.2

Sasic paramaters not a function of distance used by Norton are:

g - ll9m1x 1038 e
Sems

Coo b = —mBe o b
.levl-!z J1+§;

as indicated by Fig. 2, where & is the ground conductivity ex-
prassed in miliisho-meters/meter square and € is the dielectric
constant of th: ground referred to air as unity.

A basic parcaster which s a function, additionally, of distance
is given by Norton (see Fig. 2):

D Cosb = - S—
J(€- co’y ) +x

2

[ ]
vel nt of ti for t aflection Factor R

From lm:l:on,1 ths refiection factor for s spherical earth is
given as:

r [ 1/ jm/a - b/z)
' Sin Xcos b 2 e - 1 (Vertical
R = Vz Cosb" _J Polarization)
14 ¢ ™ b/
X cos b |2 A= T2
Sin\'z S Coazb"
Mo ' 1Y, ~3(W/-b/) - 1 (Borizontal
R' - Sinvz .c%_b_] 2iNe 2 Polarization)
R T YR
Cos b 2 2 + 1
Slnl’z | =X ] e
also .
_j(ﬂ/lo - b /2) = j(ﬂ-ﬂ; - blz)
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abioaich B k. e Rk i

LAt el casse ¥, s 2

voe

Use Computer Ptogra- Symbols

IANPE2 = tany
HD sxu(aﬂu)nm))

TRETA = (TW/6 - b,,) = 0.785398 - 4’2!

For vertical polarfization

¥

R -

+ {SIN -1
(@ (XB) [COS (THETA) - jSIN (THETA)
Q = (HD) (XB)
. [ (3 COS (THETA) - 1) (Q COS (THETA + 1) + Q’SIN’ (TEETA) J
R = [+ (Q SIN (THETA) (Qcos(mu-s-l)-(qcos(rm.\) -1

(Q Cos ('rim'A)+1)

+Q sm2 (THETA)

R = 9 M)-h&g SIxZM) jzgsnl{;m__m)__
Qcos (mu)+2qcos('rmu)+1+q smz(rm)

= gg-1)+m (THETA)
@7+ 1) + 29 cos (rEETA)

The real part of the numerator is then

2
RR = (@ -1)=g5-1
the imaginary part ’

RI = 2Q SIN (THETA)

and the dei..cminator

RDEN = (Q° + 1) + 20 COS (THETA)

= QS + 1+ 2Q COS (THETA)

for horizontal pi isvizatior ,

=]
X
—
)
|2
v-
by
[
\
2]
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At e i 1 b e e i eyl A

(D) 3)
bw2b =b =2Con ! (Cos b.) - cos” ! (Cos b')

’
Cos b

[ ]
Cos b

RO

mvl

tany,

Sh(’hn.l (TANPH2))
by » B =N
by AT b

- » Rll= r,

LA 1 W 10

5.3 Rgustions for Components of Wave
- mn 'p 3 2111:1' Wr
3 I % cos y, (Cos == +3 Sin —rl—)

m-q‘l’-l-f cos_z_;l

[ ]
2‘"’:1

= WK x Cos (AWGI1)

= DWK x Sin (ANG11)

2) Ground Reflection

] ]
l. (:003(’ 2 ei‘m'z A
] 1]

3 ! 217x Mr
- Cos cos 252+ 3510 TV )

Cosgy 2

C0S (ATAN (TANPS2))
- GoEm

¢

ctuchz = SCOPH2

]
AWT, - Amc22
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GRK = (COPH2) (SCOPHZ)

Real part of ground reflectad wove = GR(R

= GRK (RR CGS {ANGZ") - RI SIN (AMG22) /RDEN
Imaginary part of component

= GRCI

= GRK (RR Sin (ANG22) + RI Cos (ANG22) /RDEN
Include Divergence
Then GRCR = DIVF (GRCR)
anl GRCI = DIVF (CRCI)

The program has als> been writtan with the option of letting

WK = COFPH2 = SCOPHZ = 1.0

The surface wave attenuation factor (F) is tha same as usad in
Forton's GCeneral Equation for a Plane-Earth.  The surface wave componsnt is
also the sams except for tha use of Cos§/, , R , and ANG22 as develcped in
this saction {Saa Appendix IV, Tachnical Report No. RADC-TR-66-606, High
Voltage Power Line Siting Critaria).

5.4 Total Field Factor

The total field at some distonce then becomes the vectorial sum of
the real and imaginary parts of the three components:

Sum of real parts = R = DMWCR + GRCR + SWR
Sum of imeginary parts = U = DWCI + GRCI + SWI

The magnitude of the total field factor is then

BER - T +u’

Or, calculated in decibels is

FIELD = 10 logy 1° + v9)
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Tis ratic of the field iatensity =2 a given distance ia that of fres space
&t & unit distancs, or [ , for esch polarisation io

| 4

°

OED = YD - 20.0 log,, D

This valus is printed out for horiscutal and verticsl dipole aslong with D,
D1, MCC, HAA, DIVF, TANPEZ and COPH2.

6. Description of Computer Programs for Field Strengtns at a Distance of
- Severs] Vevglengths

The computer programs used in the previous report were slightly
modificd for use on the Control Data Corporation 6600. These programs
sssumed the nolse source to be gn 2levated transmitter and only a single
plese conductor of the power line and its image are consfdered. The equa-
tion utiiized were for the elecivic field.

6.1 Program Uaing Norton's Equation for Spherical Esrth (Within
- a a

This prograa calculates the vertical anC horisontal fields within
the line of sight over s spherical earth. The noise source is considered a
vertical electric doublet and a vertical magnetic doublet for the vertical
and horizontal field calculations ;upectLVely 'htg.h includes the cube of
the cosine of the angle (cosineyy , and cosinsy, in the earlier descrip-
tion). The program also will calculate the fields with the cosines equal
to one.

The following input cards with their respective format must be
specified for each case.

1. Title card (any title of 71 characters or less; firet
space a blank).

2. Card specifying:
a. Conductor height in feet.
b. The receiving antenna height above ground.
c. ¥Frequency in MHz.
d. The dielectric constant, and

e. The ground conductivity in milli-mhos per meter or
millinhometers per square meter.

The FPortran format for this card is ac follows: 2F5.1, F9.3, 2F7.1.
3. Card specifying:

a. The starting distance (do not start with zero) in
fcet.
162
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b. The ending distance in feet.

c. The distan:e incresment in feer.
d. A '"Plsg" charscter.
This card has a format of 378.1, ¥6.

If the character 1 is inputted for item (d), the progrsam will set
the cosines equal to one. If ftem (d) is left blank, the program will use
the cosines cubed.

7. Description of Computer Calculated Atteruation Curves (209 o
100,000 Foot, Plane-Fsrth)

Figures 3 through 8 sre calculated distance attenuvation curves for
frequencies from 1.25 to 10.0 GBz from 200 feet to 100,000 feet. Attenua-
tion was calculated for vertical and horizontal anteunas using Korton's
general equstion (00137 1 and 0“372 for direct and ground-reflected
vaves respectively). A ground dielectric coastant of 30 and s conductivity
of 20 xillimhometers per meter square was sssumed. See Appendix IV, Techni-
cal Report No. RADC-TR-~66~506.

These curves were plotted sas in the above mentioned report; there-
fore a trend line was drawn slong the crests of the maximua points. This
line which is labeled "spproximate” follows this inverse distsnce relstion-
ship and has been used in the attenustion curves from 200 to 100,000 feet.
Thus, values for any given curve msy be below this "spproximate” base value
at 200 feet, but the method is wore appropriate for estabiishing attenua-
tion over the range of distauce.

At these frequencies and for these distances, the difference be-
tween the calculated vertical and horizontal fields waz insignificant; there-
fore Figures 3 through 8 are for both vertical and horizontal polsrization.
Depending on frequency and the combination of conductor and antenas heights,
at some point in distance the calculated attenuation changes from the trend
of inverse distance tn the inverse-distance-squared relstionship. The
curves are, therefore, an aid in determining where this change takes plzce.

8. Description of Computer-Cilculated Attenustion Curves (200 to
100,000 Fret, Spherjcal Earth, Within Line of Sight)

Figures 9, 10 and 11 are a comparison of calculated distance at-
tenuation curves assuming & plane~earth and a spherical-earth for 1.25,
5.00 and 10.0 GHz. . Figure 9 is for s transmitting and receiving antenna
height of 90 feet; Fig. 10 is for a transmitting and receiving antenna
height of 90 and 15 fee¢t respectively, and Fig. 11 is for a transmitting
and receiving antenna height of 35 and 90 feet respectively. These heights
were picked as typical of what may be encountered in practice.

The curves as calculated for a spherical earth do not vary from

those calculated for & plane-earth until sbout 4000 feet where the attenua-
tion 18 faster than the inverse distance squared relationship. The curves
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="‘:iﬁ:'&-t the degras of sttenuction depends upon frequency and entenna

Weight. As sitler froquency or axtenns height is incressed, the attenua-
‘tion will be grester beyc~1 the distance where the inverse dhunce
‘telatiouship changes to som. “ther relationship.

Worven’s syuation for & spherical eerth, of coursze, assuwmes s per-
fect sphers with wnifors ground constants. In prectice, st these microwave
frequencies, the sffect of the terrsin has s tremendous effect on the cal-
culsted value as wag discussed in section 4 of this appendix. The theory
will give average fields encountered in practice. A conservative practice
wousld be to use the plane-sarth calculation. An even more couservative
practice would be to use the inverse distance relatiouship and this ie
rescommended .

9. Description of Computer Calculated Attemeation Curves {50 to
00 Feet)

1f the transmitting end receiving cntenna are the same height ubove
ground, the calculated crest velues of field atrength (Morton's equation)l
will ettonuste es ths inverse dis relationship for the distance range
of 50 to 200 feat. Since the y term is & functicn of the difference
in sntaans heighte, the curves will tend to saturate in thisc range, the de-
gree of saturation dependent upon the difference. See Fig. 12. The Cos™y, ,
terms are 8 rssult of the type of transmitting antenns that Forton uses to
develop his equation, e vertical electric doublet for vertical polarization
aod ¢ verticsl magnetic doublet for horizontal polarization.

The fislé data obtained with the 5/16-inch gap attenuated as the
inverss distarce relationship. By setting the Cosines equzl to 1.0 Norton's
eguation will give s similar reletionship. Figure 13 shows this result for
beth the vertical and horizontal dipole end for Co-3v 1.2 vith transmitting
and receiving entenna heights of 90 and 15 feet respectively.

Based on the field date obtained in this study, if messurements
are mads 50 feet leterslly from s gap, the data should be corrected to other
distances s¢ ths inverse distance reletiomship.

1. K. A. Morton, "The Calculation of a Ground Wave Field Intensity Over
e Pinite Conducting Spherical Earth," Proc. IRE, Vol. 29, pp. 623-639,
Decamber, 1941.

2. T H. Gerks, "Use of a High-Speed Computer for Ground Wave Calculations
IRE Trans. on au.enues and Propagstion, May, 1962, pp. 292-299.

3. J P. Day and L. G. Trolese, "Propagstion of Short Radio Waves over
Desert Terrain," Proc. IRE, Feb., 1950, pp. 163-175.

4. Stapdayd Mathematical Tablea, (book) llth ed., Chemical Rubber Publish-
ing Company, 1957, pp. 344-345.
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FORTRAN Statements

For
Radiation Propegation Calculations
Norton Equation
Spherical Earth

Distance Variation

(Within Line of Sight)

e A 1.5 b At o e

s

-
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Attenuation Relative to 200' (d8)

Antenna Heights
16 l— Transmitting Receiving
' A wft 90 ft
B 60 0
C 35 %0
12+ D 9 15
8 (-
4+ !
0 —_—
_ 1 1 i 1 ]

50 60 80 100 150 200
Lateral Distance, ft

Fig. 12—Attenuation of horizontal fgeld
¥

with distance (calculated using cos
and cos3\p2)
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Attenuation Relative to 200' (dB)

ot
™~

&

(=)

-~ Horizontal Dipole
\ -~==Vertical

3
coS
3”
cos'¥,
1 i | § |

50 60 80 100 150 200 Latera: Distance, ft
0 9% 110 125 168 214 Radial Distance, ft

Fig. 13—Attenuation of field with distance for 90 and 15 {t
transmitting and receiving antenna heights respectively
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APPEYDIX I

3ISLICGRAPHY

This follwws on from the previcus zontract on High Yoltsge Power
Line Sifing Criterfs where M1 measurzmerts vere made {: the frejuency range
of 62 B2 to 1 Tz Irom ac high voltage power iines to 345 kV. The new con-

tract calls for {ntzrference studies to 2 frequency of 10 GHz oe sc lines to

735 ¥ 2nd an 800~k dc iire.

The literature is divided i{nto two seztions as follows:

1. Microwave Measuring Instruments and Techniques

11. Righ Voltege ac 3nd dc Power Lines - Radio Noise

and Associated Data,

Note: Many papers covering measurements related to dc
lines may be found on the previous contract
Bibliography.

RADC-TR-66~606, March 1967.
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Laboravory

Cory, W. E.

Tha propercies of KF¥ abscrber =matericls
are discusied and me2asurement techaiques
in relation to absorber quality reviewed.
A general purpose RF1 Laboratory i{s de-
scrided vithin vhick standard RPI =ea-
ssring equipzent covering the 1 to 10 GH:z
range is used. The receiver gernerator and
calibrated antenna used are listed with

menufacturer's oo,

A straightforwarc techaique for evaluating
the performance of absorber waterial is
described and in the laboratory used as
effective background veflectivity of about
&% from 1 to 10 GHz vas measured.

A New 10 GHz to 40 GBz RFI Measuring In-

strument
Currans, J. K.

In view of the increasing use of the X band
(8.2 - 12.4 GHz) and Ku band (12.4 - 18 GHz0
etc,,for communications and radar the range
of the Stcddart NM62A (1 to 10 GHz) RFI mea-
suring in-trument has been increased.
is achieved by use of the MMC-1040 Micro-
wave Frequency Converter enabling RFI mea-~
surements to be made from 10 to 40 GHz.
description of the coanverter is gfven.
Three tuning modes are avaiiable: Manual,
X~Y records of frequency
spectre may be made with manual or automatic
drive of the X axis and the sweep mode may

be used in cenjunction with an oscilloscope
to obtain a panoramic displey of a frequency

Autoscan and Sweep.

spectrum.

A DC Triggered High-Speed High-Power Micro-

wave Spark Gap Switch

Farber, H.

A Methcd of switching pulsed RF power up
to 60 W peak in the 5 GHz range is de-

scribed.

Standing Wave Reduction in an EF1

186

1. Microvave Measuring Izstruments and Tecknigues

IEEE Trensaciions on
lectromagnetic Com-
patibility. vVol. EMC7

Ro. 1, March 1965,

IZEE Transactions on
Flectromagnetic Com-
patibility. Vol. EMC7
No. 2, June 19465,

IEEE Transactions on
Microwave Theory &
Techniques. Vol, M77/13
Ne. 1, January 1965.
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This is achieved by means of 2 spark gap
sui®ch triggered by dc pulse of 10-15 kv
2aplitude with 2 rise time in the order of
3ns.

Pavsical dimensions are small as it consists
essentially of a 5/32" diameter trigger
sphere betweer two 3/8 inch diameter hemi-
spheres within a section of waveguide.

Mzy be adaptable as microw ve referencsz
source on HV Power Lines triggered by

iine volte as {instrument check.

Radio Te'escopes IFEE Transactions on
Military Electronics
FPindlay, J. W. July/October 1964,

Describes variocus types of Radio Telescopes
that nave been built and tested.

States general frequency range from 20 MHz
to 10 GHz. Table given lists the available
power fluxes of some typlcal radic sources.
With good radiometers it is possibie to de-
tect with reasonable certainty powers of
1023 w/cps.

Ronald Press Co.
New York 1966.

Microwave Engineering

Ishii, T. Koryu

Predicting the Antenna's Role in RFI Electronic Industries
May 1960

Jacobs, E.

Discusses antenna characteristics such as
gain, impedance and radiation pattern.

The near and far field regions of operation
are mentioned and it is noted that the near
field region requires more study with the
trenc¢ toward larger antenna sizes. It is
important to consider that due possibly to
small dimensional changes antennas of the
same type may have different minor lobe
patterns.

The Determination of the Usable Field-
Strength of Frequencies above 470 MHz over
Irregular Terrain

Nachrichtentechnik
(Germany) Vol, 15,
No. 5, 161-6 (May

1965)

Khn, V. (not abstracted)

A& brief <egcription of UHF field strength
investigations in the East German Republic
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is presented, undcrtaken st 43 sites at
mostly two spot frequeecies (480 and 780
MRz), supported by maps, height profiles
and field strength plets. Tha results
indicate thst the messured field s._rengths
{a mountainous terrsin depirted 2s such as
by 30 dr from the Stucxholm CCIR curves.

At 780 MEz on average, they were down by

10 dB {n the mountsins snd 3-4 dB in the
hills. It was slsc found that the CCIR
method of testing by the scaled-doen 3-16 Fm
method yiclds too pesaimistic results, and
more rezlistic tests at full aserisl heights
are to be preferred.

Investigation of Spectrum Signiature In-
strumentation,

Metcalfe, R. E.

Calibration and comparison of the power
measured by varicus RIPI meters and spec-
trum analyzers, Experimental data verifies
the derived theozetical relationship be-
tween the pulse power input to & roceiver
of finite bandwidth and a substituted CW
signal, The RIFI meters vere the Polorad
Model FIM-2; Erpire Mcdel NF-112 and Stod-
dart Models NMM-62A and AN/URM-42 and the
Spectrum Analyzers, the Polorad Models
AN/UPM-84 and TSA-F; Lavoie Model LA-18A
and Hewlett-Packard Model 851A/8551A. Mea-
surements were made of various width pulses
and the actual spectrum cbtained on the
Hewlett-Packard Spectrum Analyzer for a one-
microsecond pulse is shown. Results indi-
cate that data from different bandwidth
Spectrum Analyzers may be correlated.
Measurements usirg three different RIFI
meters by each of ten different opera-
tions are tabulated. 1t is conciuded

that present calibration techniques in

the EMC fieid are inadequate and ex.veme
caré be taken when specifying instrument
parametecs. Also there is need for the
power per unit bandwidth equations in
MIL-STD-449B to be reconsidered.

Technique of Microwave Measurems<nts
Montgomery, C. G.
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IEEE Transactions on
Electromagnetic Com-
patibility, Vol. EMCT
June 1955

MIT Radiation Lab Series.
McGraw-Kill Book Co.,
1947,
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area,
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! sur:ments.

1C. Afirhorze RBasdar Signzl De-eity Mea-

Myers, 5. A.

A stucy vas undertakea to develop & reli-
aktle method for predicting the eaviron-
mentel interference cooditions due to

| asbient radar cnergy in a part? -ular

Toe precictions wade for radar dense
aress ol 0ix vere verified by ectusl
measurements. These measurements were
made in a seriss of flights over the
zreas 1a question usging a receiver of
i -70 dBc resistivity and 20 MRz bandwidth,

Graphs of pulses per second frequency
{ (1. and S bands) are presented.

11. Principles cf Radar

| Reintjes and Coate

12. The Puture of EMC Instrumentation
Sproul, R, W,

Precent FMC Instrumentation is re-
L viewed in particular with reference to
= frequency domain and time domain mea-

Tastrument performance and characteris-
i ¢ics are discussed.

Future needs are outlined especially the
use of time domain analysis of inter-
ference in view of the increasing use
of digital communications,

13. Analytical Prediction of Electromagnetic
Environments

in view ct the present development rate
it is expected in the near future that
radar pulses in excess of 10 MW peak power
and receiver sensitivities in the order

of -110 dbm will exist which will further
increase interference problems.
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IZZE Transactions on
%adio Prequency Iater-
ference, June 1983

MIT Radar School Stsaff
Third Edition
McGraw-Hill Book Co.,
1952,

IEEE Trensactions on
Electromagnetic Com-
patibility, Vol, FMC7,
No. 1, March 1965.

IRE Transactions on
Communications Systems,
June 1961,
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3 14,

This paper discusses programmes in USA and
UK concerninag Electromagnetic Compatibility
and prediction of electromagnetic environ-
ments, ete.

In all cases mithematical models are de-
veloped for solution by digital computer.
Gives exazple of histogram relating the
number of receivers jaumed by mutual in-
terference to the probability of this
occurring in a desire signal complex.

A Eandbook on Meth._s &nd Procedures for
Automating RFI Measurements

White, D. R. J.

Nev Electromagnetic Compatibility In-
strumentation and Measursment Require-
ments and Techniques

White, D. R. J.

Discusses measurement Accurscy and mis-
leading definitions. Probable instrumenta-
tion errors are listed. New RIFI {instru-
ment neede are discussed together with the
various responses of X-Y recorders.
Antenna pattern measurements using the sun
as a signal.generator and the conduct of
electromagnetic site surveys are reviewed.
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White Electromagnetics,
Inc., Rockville, Maryland.
Library of Congress Catalog
Card No. 66.26617.

IEEE Transactions on
Electromagnetic Com-
patibility, Vol. EMC7
No. 2, June 1965.




1.

II. High Voltage ac and dc Power Lines - Radio Noise
apd Agsociated Data

Corona-Loss Characteristics of EHV'
Transmigsion Lines Based on Project
EHV Research

Anderson, Jj.G., Baretsky, Jr., M.,
MeCarthy, D.D.

Since 1960 the :coronaeloss charac-
teristics of a variety of extra~high-
veltage (EHV) transmission-line con-
figurations have been under study at
Project EHV (1), (2). This paper
presents results from the analysis
of corona losses measured under all
weather conditione experienced dur~
i{ng 2-1/2 years of observation of
single or bundled conductors at 500
or 70¢ kV, 1In addition, corona
characteristics are presented for
switching=surge transients and
severe steady-state overvcltages.

The purpose of this paper is: (i) to
summarize some of the statistical
aspects of fair- and foul-weather
corcna-loss observations for the
configurations studied, #nd (2) in
terms of electrical and meteorologi-
cal parameters, to describe an equa-
tion for corona loss on EHV lines
that is in 4 form directly applicable
by transmission engineers to EHV line
design.

Prog .s5 Report on BPA HV DC Test
Line Radio XNoige and Corona Loss

Bailey, Burt M.

Power transmission of high-voltage
direct current (HV dc) by overhead
lines presents a new concept with
which the industry hes had little
experience. Radio noise and corona
loss values were recorded on a fuil-
scale test line and statistically
analyzed in relation to prevailing
weather conditions. Comparison was
made to radio noigse readings taken
on a nearby ac line. Rerults cover
the analysis of approximetely six
months’® data,
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Paper 31 TP 65-700, IEEE Trans-
actions on Power Apparatue and
Systems, Vol. PAS-85, No, 12,
December 1966, pp. 1196-1212

Paper 31 TP 66-403, YEEE Trans-
actions on Power Apparatus and
Systems, Voi. PAS-86, No. 10,
October 1967, pp. 1141-45,
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4.

Alternating Current Corona in Foul
Weather 1I - Below FPreszing Point

Boulet, L., Cahtil, L., Jakubszyk,
Bc Je

The mechanisms of ac corona caused
by the presence of ice particles is
showm., Two kinds of precipitation
are distinguished: the snow-like
and hail-1like forms. Conditions

of snowcover formation on trans-
mission-line conductors are analyzed.
This cover may result i{n the highest
corons energy losses, caused mainly
by steady pulseless corena in the
positive and Trichel impulses in

the aegative, helf-cycle. No stream-
ers are reported from the snowcover
by conductoxr voltage gradients of
less then 20 W rms/em. Stresmer
discharges and high radio inter-
ference are caused by iapinging
soowflakes and liquid or frozen
vaterdrops on the conductor sur-
face. The results of laboratory
tests confirmed field investiga-
t’~ns on the Hydro-Quebec 315-kv

t nemission system.

Effect of Station Radio Xoise
Sources on Transmiszion Line Noise
Levels - Experimental Results

Davey, Jack, Deloney, H. L.,
LaForest, J. J.

Xnown sources (gnps) of radio noise
(RI) seneration were applied to a
transmission line close tc a station
and the resultant transmission line
%I levels were monitored. Measure-
ments are in good agreement wich
calculated values., Measuremente
of station impedance were made.

R1 gaps were found to be stable and
operated as constant current gen-
erators er a wide range of load

{mpedance.
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Paper 31 TP 55-80f, IEEE Tranc-
actions on Power Apparatus and
Systems, Vol, P4S-85, No. 6,
June 1966,

Paper 31 TP 66~490, IEEE Trans-
actions on Power Apparatus and
Systems, Vol. PAS-86, No. 8,
August 1967, pp. 1007-11.
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6.

BrA°1 1100-kV Direct Current Test
Project: II Radio interference
and Corona Loss

Gehrig, E. d.

Radic irterference and corons loss
was investigated over a one yecrr
period from bipolar (¥550 kv) and
monopolar dc test lines of 1.3 to
4,2 miles in length. Influence of
iine construction, conductcts, fre-
quency and weather were studied.
Radio influcice found to be similar
to ac lines zxceat for precipitation
and wind effacte. Alszo dc radio in-
fluence exerted less disturbance to
radio receivers thar ac for the

same signal to noise ratio.

Modes of Corona Dischorges in Atr
Giao, Trinh N., Jordan, Jan B.

Coror-. discharges in afr exist under
several distinctiv» forms, either
pulsative or stabilz, The properties
of different coron: modes are analyzed
as they appear in 4 cylindrical dis-
torted field. Differences between dc
and ac excitations are emphasized.
Coronz discharges may pruduce epergy
loss without detectebl: radio roise

or high noise at low ¢nergy loss, de-
pending upon their form of appearance.,
The different withstends of asymmetric
gaps under different polarities also
find their explanatior. in ccrona mech-
anism,

Right-of-Wsy and Conductor Selection
for the Allegheny Power System 500-kV
Transmission System

Guyker, W. C., O'Neil, J. E., Hileman,
L. R.

The Allegheny Power System 300-kV
transnmission system has been designed
before ccmmercial 500<kV lines have
had any service experience. To
achieve an optimum design, studies
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Paper 31 C 44-4, IEEE Trans-
actions on Power Apparatus
ard Systems, Vol., PAS-87,

No. 5, May 1968, pp. 1207-15.

Paper 31 TP 65-812, IEEE Trans-
actions on Power Apparatus and
Systems, Vol. PAS-85, No. 6,
June 1966, pp. 624-32,
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ware performed in all arsss. Tuis
paper prasen®s the results of ¢he
study of vight-of-way width and
conductoer size. The line was de-
sigaed to be compatilie with exist-
ing Type B8 (54 dB) zadio ztatien
sizaal lavels znd the ninimem con-
ductor size and right-of-way width
(200 fest) were selactsd based on
comparative data from operating and
test facility lines. An aconomic
evaluation of & number of satisfac-
tory conductor systems {2-, 3~, and
4-conductor bundles) was made result-
ing in the selection of & 2~conduc~
tor bundle of 1.68l-imch ACSR condc-
toers for this system.

Tenaessee Valley Authority's Radio
Interfeverce Experiences on 500-kV
Transmission Lines

Hartley, James W,, Smith, Robert T.,
Debson, Herbert IX.

This paper describes a two~jyzar in-
vestigation of radio interference
(RI) levels in the vicinity of 400
miles of operating 3500-kV trans-
mission lines. Discussions are
given of instruments, antennas, and
types of surveys; the design and
development of RI monitoring sta-
tions; and comparisons cf the
relative merits of various sup-
plementary items. Results from

RI profiles, RIV measurements, and
monitor station recordings are
analyzed and presented along with
brief discussions of signal-to-
noise ratios and evaluation of
TVA's transmission lina design and
construction techniques.

Losses, and Corona Radio Inter-
ference for High Voltage de¢ Lines
Hylten-Cavallius, N,

Discusces at length the problems

of insulator pollution anl gives
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Paper 31 TP 67-455, IEEE Trans-
2ctions oa Power Apparatus and
Systems, Vol. PAS-87, No. &,
April 1968, pp. 903-11

Faper 63-998, 1EEE Transactions
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details of tests ove: a two year
period on both ac and dc. Desirable
features for good dc insulators are
outlined. Radio interfererce con dc
lines is due to corens pulses on the
line, partial discharges on iasula-
tors and by pulses occurring at the
ignition of the valives, being trans-
mitted via the siitchyard to the line.
Mentions Radio Interference measure-
ments in the extreme high frequency
range; 20 MHz to 1.5 GHz. Measure-
ments carried out on a2 30 m long test
iine at 250 kV dc with positive po-
lazity corresponding to 2.9 cm/kV
on the insulators. Instrument used
: was a radio telescope at a distance
; of 10C to 200 m and no significant
f radiation was recorded from the line
in foul or fair weather. During bad
weathex the insulator chains radiated
about 10717 watts/Hz period of the
receivers bandwidth in the whole fre-
quency range.

AP 1HR TR

10. Corona Losses, Radio Interference CIGRE Paper No. 407, 1964
and Insulator Requirements for HV dc
Lines. Studies Regarding Insula-
tor interference for Frequencies
between 30 and 1500 MHz.

P

Hylten-Cavallius, N.

EREEAR fha s gty

Describes measurements of radio in-
terference and corona losses carried
out simultaneously on HV dc lines,
Monopoiar to 1000 kV and bipolar to
%350 kv. Details are given on in-
sulator choice and long term pollution
H tests.

Results are tabuilated regarding radio
interference measurements from line
insulators for frequencies between
30 MHz and 1.5 GHz. These measure~

1 ments were carried out on a short un-
lcaded test line by Orsala Space Ob-
sarvatory; a division of the Research
Lab of Electrophysics, Chalmers' Tec-
nical University, Gothenburg, Sweden.
A radio telescope was used and the
insulators found to radiate on an

§
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12.

average 10 5 w/Hz. Silicon treat-
ment of insulators was found to re-
duce radistion by about 10 dB,

It 18 concluded that since ia high
sensitivity radio astronomy work the
flux density of radio frequency ip-
terference should not exceed 10-26
w/Rz/w2, Then insulater radiatisn
wakes power linez a potential source
of disturbance for radic astronomy
cbservations and space communice-
ticuz at distances closer than 100 km.

Correlation of Various RI Meters
and Reading Compariscn of RI Meter
Operators on a 735-kV Line

This paper describes the results

of a study, sponsored by Working
Group No. 1 of the RI Subcommittee,
on Bydro~Quebec's 735-kV 1iae.
Various RI measuring techniques

were used in chtaining frequency-
spectrum and iateral profiles,

Radio noiss measuring locations were
studied and compared with measuring
practices for determining statistical
RI levels of operating EHV lines. Com-
parison between different RI meters
has indicated that in the broadcast
band the Stoddart NM20B reads 1 to3
dB higher than the Siemens. An RI
measuring test among l4 mster opera-
tors indicated the "human' error to
be plus or minus 2 dB, Nighttime
visual corona was observed and dis-
cussed,

A Laboratory Study of the Effects by
Wind on dc Corona

Khalifa, M. M.

The corona vs wind characteristics of
dc lines having in one case discrete
metal projections from smooth conduc-
tors and in the other, stranacd con-
ductors were studied using two labora-
tory models. The model with projec-
tions had wind speeds up to 15 mph
across it from blowers whilst the
other model was used in conjunction
with a 15 foot wind tunnel and wind
speed up to 50 mph.
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Pape. 31 C 44-B, IEEE Transactions
on Power Apparatus and Systems,
Vol. PAS-87, No. 5, May 1968, pp.
1249:1259.

IEEE Transactions on Power Appara-
tus and Systems, Vol. PAS-86,
March 1967, No. 3.
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Study of Overhead Ground Wires
for dc Transmissfon Lines

Khalifa, Mohamed M.

The influence of overhead ground
wires on the corona losses, RI, and
telephone interference of dc lines
was studied. Corons lesses and RI
were measured on a full-scale bi-
polar test line. Corona losses

were measured on laboratory uodels
of monopolar, homopolar, and bipolar
lines. Telephone {aterferasnce levels
were calculated., Experimental and
calculated results are presented.

Radio Interference from the First
735~kV Line of Hydro-Quebec

Lacroix,Real and Charbonneau,
Hulbert

Results of radio interference (RI)
level measurements on the first 735-kV
line of Hydro-Quebec are presented.
The cumulative relative frequency of
RI levels for the period from Octo-
ber 1, 1963 to July 17, 1966, s
studied. An approximation of this
curve by three uniformly distributed
meteorological conditions and the
distribution curve of absolute humidity
are presented. An ensuing equation
for the evaluation of RI levels in
terms of temperature and relative
humidity is included., The rate of
change of RI levels with the maximum
surfsce gradient on the conductors

is reported. Frequency spectra and
lateral profiles measured at mid-span
are ehown, The evaluation of RI levels
using a published method {s also {ilus-
trated.

Radio-Noige Levels of EHNV Transmission
Lines Based on Project EHV Research

LaForest, J.J., Baretsky, Jr., M.
and MacCarthy, D. D.

The results of three years of erperi-
ments and theoretical research on
transmission-line radio noise at Pro-
ject EHV are presented. Computer
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plograms were developed £a prrcess
the dats on a statistical bagis, and
&8s output provide both histegrame
and regression analyses for four
test configurations operated at the
B : 609~ and 700~%¥Y levels. Fair weather
3 z. radio-noiaa levels were found to be
f‘; _ significantly affected by relative
it humidity, relative air density, and
absolute value of wind velocity,
end these relationships are discussed.
Wet-wveather cffects are presented
and discussed. Both fair-weather
and wet-weather experimental re-
sults are incorporated in a theoreti-
E 3 cal analysis of tranamission-line
E 4 radio noise resulting in a procadure
which enables the transmiasion-line
3 designer to predict in advance of con-
ko struction, average fair-weather and
E ! wet~-wveather xadio noise profiles for
ERV transmission lines.

16. Seasonal Variation of Fair-Weather Pager 31 TP 67-436, IEEE Trans-
Radio Noise actions on Power Apparatus and
Systems, Vol. PAS-87, No. &4,
E LaForest, James J. Aprii 1968, pp. 928-31.

One year of fair-weather radic noise
| E (R1) data from an EHV line wae analyzad.
! Two types of varlation were found:
long~term over several months end
i | short-term over several days. Sum-
mer RI readings were higher than
winter readings by 12 dB and lasted
ionger. Based on these results, a-
procedure for predicting average
monthly RI levels is outlined. Short-
tern variations of fair-wéather RI
levels were analyzed statistically
using the washing effect of rain on
the conductor surface as an explana-
tion of the RI variation. Results
yielded a favorable inference for
the statistical model.

[} 198

S —
.l




(il R apilany e DMt g Lo

17.

18.

i

Propagation Data for Interference
Analysis

Read, Dr. H. R., et al.

The information contained ia Volume
I on Propagation Data for Inter-
ferencs A:2lysis presents methods
ugeful in the computation of propa-
gation characteristics for persons
involved in interference analysis
and preciction. The data include
theoretical equations, worked-out
examples, and representative curves
showing typical information for
most ali modes of propagation en-
countered.

The second volume on Propagation
Data for Interference Analysis is
entirely supplemental to Volume I.
Working curves only, with a few
examples showing their usage, are
presented in order to enhance the
value of Volume I by supplying the
Radio Frequency Interference Eng-
ineer with data whereby he can make
quick estimates to aid in the
analysis of interference.

A Method to Detect the Deionization
Margin Angle and to Prevent the Com-
mutation Failure of an Inverter for
de Transmission

Machida, T.

Describes a method of centinuously
monitoring the extinction angle of
valves used as inverters for dc
transmission so that with the

aid of a comparison circuit the ex-
tinction angle may be centinuously
controlled and maintained between
critical desired limits.

The deviation of extinction margin
angle is around 15.5 percent with-
out control and 1.1 percent with
control.
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Jansky & Bailey
A Division of Atlantic Research
Corporation, Washington 7, D. C.
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Volumes L and 1I, January 1962.

IEEE Transactions on Power Appara-
tus and Systems, Vol. PAS-86,
No. 3, March 1367.
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Investigation of Corona on Ovarhead
Transmission Line Conductors at Bigh
Voltage dc

Morris, R. M.
Corona losas investigztions were mada

on a 370 foot outdoor tes: line of
1.108 inches diametar and then oa &

two conductor bundle spaced 28 inches.

Yoltages up to 500 kV were used.
Two types of tests wera carried out:
one, recording corong loss current
vhile varying the voltage in incre-
ment with the weather conditions
constant; two, recording loss cur-
res: with constant voltage for long
periods undcr variable weather con-
ditions. Preliminary results indi-
cate that in wet weather losazs

are considerably .igher then in dey
weather,

Corona and RI Caused by Particles On
or Near EHV Conductors: I - Fair
Weather

Newell, Hobart H., Liao, Tseng-Wu,
andé Warburton, Prank W.

This study was made to identify,
photograph, snd estsblish the radio
noise importance of the fair-weather
coronte occurring on an ac high-
voltage transmission line conductor.
Bxcursions »f fair-weather inter-
ferenca to over tei: times the base
value of the line noise are attribu-
ted to corona plumes from vegetable
particles and insects attached to
the conductor. Vegetable perticles
and insects are dielectrics whose
plumes occur on the positive half-
cycle of potential. Radio noise
from these plumes overridas other
corona 2wises associated with the
dielectric particles, the noise
from weatnered metal protrusions on
the conductor strands, and the nor-
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Mational Researchk Council of
Cenade, Juce 1961

Paper 31 TP 66-31G, IERE Trans-
actions on Power Appara:.us and
Systams, Vol. PAS-86, No. 11,
Hovember 1967, pp. 1375-83.
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mal noice from insulstors, acces-
sories, and hardware. The con-
ductor surface gradient, the total
conductor surface are&, and the
rate of gradient decay outward from
tiie surface are important to both
particle attachment and severity

of plume formation,

Corona and RI Caused by Particles
On cr Near EHV Conductors: II -~ Poul
Weather

Newell, Hcbert 4., Liao, Tseng-Wu,
and Warburtin, Frank W.

This study was made to identify and
photograph the foul-weather coronas
occurring on a high-voltage trans-
mission-line conductor and to estab-
lish their radio-nojfse importance.
On the most tested 230-kV line, snow
impingement plumes caused radio in-
terference (RI) to 90 times, and
water drop spray plumes to 75 times,
that of the base fair-weather noise
level. Foul-weather RI caused by
snow, rain, fog, ice, and condensate
associated with the conductor over-
rode RI generated on insulaetors,
accessories, hardware, and weathered
conductor protrusions. Hp0 particles
in different forms were present in
the conductor environment for one-
fifth the yearly time. The conduc-
tor surface gradient, the rate of
decay outward from the coaductor,
the total conductor surface area,
H70 particle size and formation,

and air velocity over the conductor
are important to both particle at-
tachment to the conductor and to the
severity and form ot ccorona. This
corona occurs as plumes, impingement
plumes, aspray plumes, glows, and
microsparks. Confirming laboratory
tests were made at 230 and 345 kvV.
Confirming observations were made

on 345- and 500-kV lines. Corona
losses were caused by impingement
plumes during snowstorms and princi-
pally by spray plumes in rain.
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A Method for Analvsis of Redio
Moise on High-~Voltage Trans-
uissicn Liones

quala, W. E., &nd Taylor, Edgar R.

A tecinique is described for approxi-
mating the effect of various facters
on the radio noiss level, due to con-
ductor corons, on EHV trensmission
lines. The tecbnique is essentially
one of comparison. Relations are
given in the Appendix for calculating
the conductor gradients and results
are presanted in curve form, The ap-
plication is intended only for com-
parison of radio noise generated

by ccaductor corona on ac lines, with
conductors ranging only from 0.3 to
1.3 inches radius (1.5 to 3.3 cm)

and for the frequency range from
about 0.2 to 1.6 MHz. If an exist-
ing line has been evaiuated stztis-
tically the technique can be used

to approximate the radio noise level
of another line. A relation is also
given for obtaining curves of 3-phase
voltage to conductor radius for the
same radio noise generation. Because
of possible conductor surface diffei-
ences and environmental Zcfferences,
which cannot be too accurately evalua-
ted, care ir necessary in ary final
estimation of the avevage radio noise
level.

Radio Noise Mezsurements on High
Voltege Lines from 2.4 to 345 kv

Pakala, W. E., Taylor, Jr., E. R.
and Harrold, R. T.

This paper i8 based on radio noise
messurements made near overhead
power linee operating at voltages
from 2.4 kV to 345 kV inclusive.
Some of the measurements made are
discussed and analyzed and used in
a radio noise prediction technique
for determining the iocation of com-
wunication and electronic sites with
respect to high -roltage overhead
power lines.
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Paper 31 TP 66-407, ILEE Trans-
actions on Power Apparatus and
Systems, Vol. PAS-87 No. 2,
Pebruary 1968, pp. 334-45

-

1968 1EEE EMC Symposium Record,
Seattle, Washington, July 23-24-
25, 1968; IEEE 68 Cl2-EMC,

pp. 96-107.
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This paper §s necessarily only a

summary of the work which has been
reported and detailed test results,
calcu.ations, appendices, and com-

< plete bibliography hsve been
omitted.
24, RI Problems in HV-Line Design Paper 31 TP 67-406, IEEE Trans-
actions on Power Apparatus and
Paris, Luigi and Sforzini, Mario Systems, Voi. PAS-87, No. &,

April 1968, pp. 940-946.
Criteria for the selection of line
conditctors and insulators are presented
which may be helpful to the HV line
designer when choosing among different
line solutions. Methods are given
for the predetermination of RI from
both conductors and insulator strings,
then criteria are exposed for the
definition of "limit" values for RI
levels; these criteria are for the
designer's reference.

25. Generation of Abnormal Harmonics Paper 31 TP 67-495, 1IEEE Trans-
in High-Voltage ac-dc Power Sys- actions on Power Apparatus and
ems Systems, Vol. PAS-87, No. 3,

March 1968, pp. 873-83.

The possibility of abnormal harmonic 3
generation in an ac system feeding 2
a converter locad is examined from
the standpoint of automatic control
systems used in modern HVDC trans-
mission systems, It is showm that
with certain types of automatic ccn- 3
trols, the firing angles of converter
valves may sustain some errors,
which in turn could generate abnormsl
harmonic currents in the three-phase
ac system feeding the converter. A
criterion for predetermining the

| type and extent of abnormal harmonic
generation is defined, and numerical
examples given. Methods of reducing <
abnormal harmonic genevation are dis-
cussed, and some experimental data
supporting the theoretical calcula-
tions are also included.
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BPA’s 1100-kV dc Test Project: I
Measurements and Instrumentstion

Polend, X. G.

Describes {nstrumentation and mes-
suring technigques for the automatic
long term recording of data, such
as radio influence, corona loss,
insulator leakage surge currents,
etc. from a five-mile long 500 kv
dc test line. Mainly solid state
equipment is used and {nformation
such as radio influence current
vhich {s measured by 2 clamp or
transformer is telemetered to the
recording station,

RIV {3 recorded at the same time
from a 345-KV ac lins fc. - miles
sway as a check between ac and dc
1ines under the same weather con-
ditions. 167 KHz and 834 XHz are
the frequencies at which RIV i{s re-~
corded.

Invastigation of Corona on Overhead
Transuission Line Conductors at
High Voltage dc

Rakoshdas, B.

Exparimental investigations were
made of the radio interference char-
acteristics of two 370 foot long
test lines, one a single 1.108 inch
diameter conductor, the other a two
conductor bundle spaced 18 inches.
The experiments were made in fair
weather with voltages up to 500 kv
dc. Radio interference frequency
spectra vere recorded under the line
center and lateral profiles and mea-
surement of antenna patterns made.
Frequencies measured extended to 10
MHz. The performence of a long line
of similar combination is estimated
from the standing wave pattern of
the fraguency spectrum ané lateral
profile of thz test line. Pictures

of a Spectrum Analyzer display of
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29.

corona radio noise and radfio> stations
up to a frequency of 9 MHez, znd radio

gtations alone are gziven.

Pulges and Radio Influence Voltage Naticnal Research Council,
of Direct Voltage Coronsa Ottawa, Canads, March 1963

Rakoshdo- B.

Describes experiments carried out

to determine the pulse and RIV
characteristics of smooth and
stranded conductors with respe:t

to polarity anéd conductor diameter
at high voltage dc. Mainly the mea-
surements were made in the labora-
tory using a cylinder-coaxial wire
electrode arrangement and wire di-
ameters less than 1/4%. Other
measurements were made outdoors with
conductor diameters up to 3/8".

It was found that on negative polar-
ity the pulses causing RIV were
smaller in amplitude but sharp with
2 high repetition rate. On positive
pvlarity, the pulses are larger in
amplitude, of onger duration and
their repetition rate is lower. The
positive corona pulse is described
ag a double exponential with a 50
nanosecond rise time whilst the nega-
tive pulse has a linear front of 20
nanosecond rise. The frequency spec-
trim of positive pulses drops very
rapidly beyond 1 MHz whilst the spec-
trum from negative pulses remains
flat to 3 MHz. The RIV from positive
pulses is dominant at low frequenclies
due to the large pulse amplitude.
Covers theoretically by means of
Fourier .nalysis the spectrum from
these different pulse shapes.

Unusual Current Harmonics Arising
from High-Voltage DC Transmission

Paper 31 TP 67-500, IEEE Trans-
actions on Power Appara* s and
Systens, Vol, PAS-87, No. 3, March
Reeve, John and Krishnayys, P. C. 8. 1968, pp. 883-93,

Unbalance in the operation of high

voltage dc converters giver tise te
unusual cor uncharacteriutic .armonics
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in the ac wuveform not expected from
the existing theory relatimg to bal-
anced operaticas. Analysis of the
effect of unbalances in the alterna-
ting voltages and the vaiva firing
angles is provided together with
selected characteristics illustrating
the variatiors in the harmonics with
unbalance as determined by a compre-
hensive Jdigital computer program.
Six-pulse acd 12-pulse operation is
considered.

30. 500~kV Line Design: 1i - Corona and

: RIV Characteristics of Insulator-
2 Hardware Assemblies
k 1 Saruyama, Yukio; Yasui, Mitsuru,
' and Nagasaki, Shoji.

This paper describes the corona noise
characteristics of insulator-hardware
£ assemblies ia the Boso Power Trans-
mission Line of Tokyo Electric Power
Company which is the first 800-kv

- transmission line in Japan. The

4 results of corona noise measurement

1 made on a V-string insulator assemn=-

' bly and a strain insulator assembly
are reported. Data on the corona
noise level of insulator-hardware
obtained from a test line were con-
verted into noise level values for
an actual transmission line for
comparison with the conductor corona
ncise levels, The design of the in-
+ulator hardware was decided accor-
dingly,

31. Comparative Radio Noise Levels of
Transmission Lines, Automotive
Traffic, and Stabilized Arc
Welders

Skomal, Edward N.
Radio interference data that have
been measured throughout the fre-

quency range of 30 Hz to 1 GHz on
power transmission lines, automotive

236

Paper 31 TP 66-352, IEEE Trans-
actions on Power Apparatus and
Systems, Vol, PAS-86, No. 9,
Septeomber 1967, pp. 1091-97.

IEEE Transactioss on Electro-
magnstic Compatibility, Vol. EMC-9
No. 2, September 1967, pp. 73-77.




traffic,and RF stabilized arc welders
by many investigators have been assem-
bled, converted to a common system

of units, and ccilectively gplotted.
The resulting composite presentations
permit an assessment of the relative
interference levels produced by the
threc types of radio noise sources.

It is concluded that below 25 MHz,
lower voltage transmission, lines

and RF stabilized arc welders are

the major incidental radio noise
sources when the observer is within
100 feet of the source. Above 40 MHz,
automotive traffic and lower voltage
transmission lines are the major

radio noise sources with neither ap-
pearing to be corsistently the greater
when an observer is within 50 feet or
less of the source.

32, Communication Circuits on 500-kV Paper 31 TP 66-53, IEEE Trans-
Lines actions on Power Apparatus and
Systems, Vol. FAS<85, No. 10,
Swingle, T. M., and Dobson, H. L. October 1966, pp. 1059-64,

The characteristics of 50G-kV trans-
mission lines from 2 communication

E viewpoint are discussed based on

i tests and observations of the Ten-

‘ nessee Valley Authority's first
500-kV line to be placed in service.
4 Dead-line carrier frequency tests

1 included attenuation on the insulated
shield wires and phese-coupled power-
line carrier arrangements. Model
component attenuation, relative ve-
locity of propagation, and other
characteristics of natural mode be-
haviour are covered. Experiences

to date on operation of powerline
carrier terminals and audio equip-
ment are given, alony with a brief
resume of RI measurements.

33. Verification Tests of the VEPCO Paper 31 C45-B, IEEE Trans-
500-kV System actions on Power Apparatus and
Systems, Vol. PAS-87, No. 4,
Wagner, Charles L., Smith, H. Melvin, April 1968, pp. 1032-44,
Taylor, Jr., Edgar R., and LaPrade,
John H.
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b’

The results of the firet field tests
performed to verify the design of
the Virginia Elsctric Power Company
500~kV system are presented. Initizl
radio influence measuvements made on
each line section are ccmpared with
levels ecalculated during the design
studies. Switching-surge voliages
recordad during various normal and
sbnormal switching conditions are
given, and are shown to be well
within predicted values. Descrip-
tions are given of the measuring
eGuipment and techaiques used for
the field tests and for a continual
monitoring of the system.
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