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CHAPTER ONE 

POWER LINE RERADIATION PROBLEMS 

1 Introduction 

A high-voltage power line which is close to an AM broadcast 
antenna can cause unacceptable changes in the antenna's radiation 
pattern. Recent research work has used computer modelling, sub-
stantiated by full-scale measurements, to assess the changes in 
the antenna's pattern due to radio-frequency currents induced on 
the power line, and then to reduce those currents to sufficiently 
low values that the power line no longer affects the antenna's 
pattern significantly. The comprehensive methodology that has 
resulted has been described in the set of Final Reports of Refs. 
fil m  C23, C31, C43, C5] and C61. Some of the work contained in 
those reports has been published in the open literature in 
Refs. [7], [8], [9], C103, C113, [12] and E13]. The present 
report is intended as a summary of these publications. 

This work constitutes a "handbook"  for the computer mod-
elling of standard broadcast antenna arrays and power lines using 
the Numerical Electromagnetics Code(NEC)C14]. Chapter 2 sum-
marizes the RF behaviour of a power line. Chapter 3 deals with 
the effect of real, lossy ground on the currents induced on a 
power line by a broadcast array, and on the reradiated field from 
the power line. Chapter 4 shows how to construct computer model 
of a directional broadcast array using NEC, such that NEC's azi-
muth pattern for the array agrees with the array's design. 
Chapters 2 and 5 provide the details required to construct a 
computer model of power line towers and their interconnecting 
skywires, for analysis by the NEC program. Chapter 6 describes 
the construction of a NEC model of a complex site, and its analy-
sis by the NEC program to determine the RF current  flow on the 
towers of the power line, and the radiation pattern of the broad-
cast array operating in the presence of the power line. Chapter 7 
discusses "detuning" to suppress the RF current flow on the tow-
ers of the power line, and hence the reradiated field. Detuning 
by isolating towers from the skywire is described in detail. 
Tower stub detuners are discussed. For dealing with real power 
lines, this report emphasizes the importance of the measurement 
of the RF current  flow on the towers of the power line, and of 
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the field strengths reradiated by the power line. Such measure-
ments go hand-in-hand with computer modelling in resolving real 
reradiation problems. 

The computer model is often used with  perfectly-conducting 
ground s  to obtain a "worst case" estimate of reradiation effects. 
NEC cf-Fers an accurate model of "real" ground of a given conduc-
tivity and permittivity in the Sommerfeld-Norton(SN) ground 
model. SN ground is costly in terms of computer time compared 
with perfectly-conducting ground. Chapter 3 uses NEC's SN ground 
model to investigate the effect of ground conductivity on power 
line resonance. Chapter 3 discusses approximations which are 
used  te  incorporate ground loss effects into the computer model 
using perfect ground conductivity, as a more economical computa-
tion than the SN ground model. Throughout the remainder of the 
report, the effects of real, lossy ground are assessed using 
these approximations. 

The following section outlines the radio-frequency behaviour 
of a power line, indicating where the discussion of each topic 
may be found in the text. 

1.1 RF Behaviour of Power Lines 

An antenna operating in the "standard broadcast" band 
between 535 and 1605 kHz can induce substantial radio-frequen-
cy(RF) current flow on the towers and skywires of a nearby power 
line. These induced currents "reradiate" the antenna's signal. 
In some directions, the reradiated signal combines "in phase" 
with the antenna's signal and causes a net increase in signal 
strength. In other directions, the reradiated signal is in 
"phase opposition" to the antenna's signal and the net signal 
strength is less than that of the antenna alone. Thus the signal 
strength is raised in some directions and reduced in others, and 
the antenna's pattern is said to be "scalloped" by reradiation. 
Scalloping . can reduce the signal strength enough to cause 
unacceptable coverage of the station's service area. 

• To avoid interference with other stations operating on the 
same frequency or in adjacent channels in nearby cities,' a sta-
tion must often restrict its radiation in specified directions. 
Thus the station's licence specifies the allowable field strength 
in certain "restricted arcs". A directional array is used to 
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radiate the signal toward the station's service •rea  and to 
limit the radiated field strength in the "restricted arcs". 
Reradiation of the antenna's signal from a power lin into a 
"restricted arc" can cause unacceptably high field strengths. 11 
The term "null-filling"  ha  s been coined to describe reradiation 
into the minima or "nulls" in a directional array's pattern. 

The power lines studied in this report typically have 
steel-lattice towers 30 to 50 or more metres tall. and are 
electrically connected together at their tops by a "skywire". 
The purpose of the skywire is to provide a path to ground for a 
lightning strike. From an RF point of view  the skywire Joining 
together two towers forms a closed-loop path consisting of the 
two adjacent towers 1  the skywire and a return path on the images 
of towers and skywire in ground. The signal from the broadcast 
array illuminates the power line and induces RF current flow on 
the towers and skywires. The mechanism of reradiation is "loop 
resonance". The loop path length is an integer multiple of the 
wavelength at frequencies which fall in the standard broadcast 
band. Chapter 2 of this report discusses loop resonance, and 
presents formulas for estimating the resonant frequencies of the 
spans of a power line. It is shown that at resonance, the RF 
current flow on the towers and skywires of a span  is a 
standing-wave. 

Chapter 2 outlines the methods used by the NEC program to 
find the currents flowing on the towers and skywires of a power 
line. The formulas and concepts required to construct a computer 
model of the towers and skywires of a power line are given. 
Chapter 3 discusses the effects of lossy ground on the resonant 
behaviour of a power line. and concludes that for the values of 
ground conductivity commonly encountered, the resonant frequen- 11 
cies of the power line are substantially the same as those found 
using perfect ground conductivity. The principal effect of lossy 

• ground is to reduce the magnitude of the resonant response of • 
power line. 

Chapter 3 provides approximate methods for including ground 
loss effects in the computer model to be analysed with NEC using 
the method-of-images, assuming perfect ground conductivity. The 
"tower footing impedance"C5,13,15,16,173 models the damping  of  
the resonant response of the spans of a power line due to energy 
losses in the ground below to the power line. An additional 
effect of lossy ground is the reduction in the field strength of 
the broadcast antenna evaluated at the towers of the power 1ine. 
The "ground loss ratio" is defined in Chapter 3 as the antenna's 
field strœngth over lossy ground divided by its field strength 
over perfcectly-conducting ground. Chapter 3 introduces an 

11 
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approximate method for reducing the current flow on the towers of 
the power line in proportion to the "ground loss ratio" evaluated 
at each tower. This effect has not previously been incorporated 
into power line reradiation calculations. 

Chapter 4 discusses the modelling of a broadcast directional 
array with the 'NEC programt12]. The broadcast array's design 
specifies the "field parameter ratios" of the towers of the 
array. The "field parameter ratio" for a tower gives magnitude 
and phase of the ratio of the far field of that tower to the 
field of the reference tower. Ref. C193 chooses the tower base 
voltages for the NEC model of the array such that the ratios of 
the tower base currents are equal to the "field parameter . 

ratios". But this results in an azimuth pattern calculated by 
NEC which is quite different from the directional array's 
"design" azimuth pattern. Chapter 4 introduces a new technique 
for adJusting the NEC model of the directional array such that 
its azimuth pattern exactly matches the array's "design" pattern. 
Exact correspondence of the NEC model to the array's theoretical 
design greatly simplifies the interpretation of changes to the 
pattern due to reradiation from a power line. 

In Chapters 4 through 7 of this report, an actual broadcast 
array and power line problem is used to illustrate the techniques 
and methods described. The station is CHFA, near Edmonton, oper-
ating at 690 kHz. CHFA's pattern is broadly directional, cover-
ing an area to the north of the station, with a deep minimum to 
the south. Chapter 4 derives a NEC model of the CHFA array. Two 
power lines were built near CHFA, the "north" and the "southeast" 
lines. The "north line" is located in the main lobe of the CHFA 
pattern, and in the present report, the "north" line will be 
discussed and analysed as a comprehensive example. For brevity 
the "southeast" line will not be dealt with. Both lines are 
analysed in Ref. t5]. In Chapter 5 an "initial assessment" of 
reradiation from the proposed "north" line shows that the "north" 
line is potentially a strong reradiator. 

Chapter 6 deals with the construction of a complete computer 
model of a power line given the detailed plans for the line. The 
exact tower positions are found from the plans and incorporated 
in the the data file for input to NEC. A pencil-and-paper analy-
sii of the actual span lengths shows which spans are resonant. 
If the resonance is strongly excited, these spans are potentially 
strong reradiators. Running the NEC program indicates the 
response to be expected from each span. For the "north" line 
near CHFA, strong reradiation is found from certain spans. An 
analysis method is presented for determining the resonance model 
of each span from the RF current flow on the skywire computed by 

Concordia EMC Laboratory 4 



TN-EMC-S7-04 

the NEC program. In this way, resonant  spins  can be positively 
identified. Full-scale measurements of the tower currents show 
that certain towers on the power line carry substantial RF cur-
rent flow. The measured currents are in agreement with those 
calculated with NEC. 

"Detuning" refers to the alteration of the power line to 
suppress the RF current flow on its towers, and hence reduce the 
reradiated field to a sufficiently low value that the array's 
pattern is restored to its design. Ref. CS3 discusses various 
methods which have been proposed for "detuning". At resonance, 
the skywire carries a standing-wave RF current distribution. The 
standing-wave can be suppressed by inserting a series insulator 
in the skvwire at the current-maximum'in the standing wave pat-
ternEB1. Or, by causing a short-circuit to ground at a volt-
age-maximum in the standing-wave pattern, the resonance can be 
suppressed. A suitable short-circuit to ground can be obtained 
with a "skywire detuning stubC133". A quarter-wavelength of wire 
is strung parallel to the skywire, and connected to the skywire 
at the location of the voltage-maximum. At the connection point, 
the input impedance of the quarter-wave stub is effectively zero, 
and the stub presents a short circuit. These two techniques have 
not been used to-date to detune actual power lines. 

"Tower stub detuners" are autraditional means of suppressing 
RF current flow on the towers of a power lineC8,193, often in 
conJunction with the isolation of the detuned tower from the 
overhead skywire. A "tower stub" consists of a wire run parallel 
to the tower on insulating standoffs, shorted to the tower at the 
top end. Ideally, the wire length should be one-quarter of the 
wavelength, but towers are often shorter than this. A stub 
shorter than a quarter wavelength is resonated at its open end 
with a capacitor. The stub presents a high impedance to RF cur-
rent flow on the tower. The bandwidth over which detuning is 
effective is narrow. Tower stub detuners require maintenance as 
the capacitor ages and changes in value. Stubs can be used to 
detune free-standing structures such as water towers or microwave 
towers. 

Chapter 7 of this report presents a technique for "detuning 
by isolating towers", that is, for systematically choosing which 
towers should be isolated from  the skywire in order to suppress 
the RF current flow on selected spans. A method is presented for 
selecting specific towers for isolation, called the technique of 
"suppression of resonances". Computer modelling can be used to 
predict the radiation pattern to be expected after selected tow-
ers have been isolated from the skywire, and hence to predict the 
degree to which the pattern can be improved. At frequencies 
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where the power line tower approaches a quarter-wavelength in 
height, it may be necessary to install tower stub detuners on the 
isolated towers. 

The .next section of  this  chapter summarizes the "life cycle" 
of- a reradiation problem, and provides the context for the dis-
cussions presented in Chapters 5 to S. 

1.2 Life Cycle o4 a Reradiation Probity« 

The "life cycle" of a reradiation problem begins with a 
broadcast antenna or directional array operating within its 
tolerances. The local hydro utility puts forward a proposal to 
build a power line which passes near the stations, and so is 
potentially a reradiator. Table 1.1 sets out the "life cycle" 
and is discussed in the following. 

Before any power line construction takes place, the actual 
'radiation pattern of the operating antenna should be measured by 
the most accurate techniques available. Refs. £20 3 ,  £213 and 
C223 discuss techniques for measuring an-AM broadcast directional 
antenna's pattern. It may be necessary to measure the pattern at 
different seasons, with snow cover, and with wet and with dry 
ground in summer. Often, there are significant differences due 
to ground conductivity and other factors, and later, the pattern 
will need to be measured under similar ground conditions. Such a 
"before construction" measurement serves as a reference against 
which changes brought about by the power line can be Judged. 
This measurement demonstrates that, even in the presence of 
existing reradiators, such as other power lines, nearby buildings 
or towers, the actual pattern radiated by the antenna is satis-
factory. 

A construction proposal often specifies the route chosen for 
the power line, but provides little other information other than 
the type of tower, a "nominal" value for the "span length", and a 
"nominal" height for the towers. -Often,.the span lengths on the 
power line later constructed will differ-sUbstantially from the 
"nominal" value. "Initial assessment" seeks to determine whether 
the proposed power line is likely to be a damaging reradietor. 
The level of the reradiated field to be expected from the pro-
posed a power line must be estimated. Without knowing the exact 
position of each power iine 'tower, it is not possible to run the 
NEC code. Without knowing the tower positions, no prediction can 
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be made of the details of the radiation pattern to be expected. 
The field reradiated by a span of a power line is strongly 
dependent on whether the span length and the tower height makes 
the span resonant at the operating frequency. A statistical 
approach is presented in Ref. E103, in which the distribution of 
the span lengths about the "nominal" value is assumed to be 
"normal" or "Gaussian", with a standard deviation typical of 
similar power lines. This method provides an estimate of the 
number of resonant spans that are likely to be found on the 
proposed power line. The level of the reradiated field can then 
be estimated based on the amount of reradiation expected from 
each resonant span. If a potentially damaging situation is 
found, then the broadcaster can intervene to try to have the 
power line's route altered, or to have resonant lengths for the 
spans avoided, or to establish an understanding with the power 
utility that detuning measures will have to be taken after con-
struction, in order to suppress reradiation and restore the 
broadcast antenna's radiation pattern. Chapter 5 of this report 
deals with the problem of "initial assessment". 

Once the power line is approved for construction, detailed 
plans  'for the proposed power line are drawn up by the hydro 
utility, and can be used for "proposed power line assessment" of 
reradiation from the power line. From the power line drawings, 
the exact span lengths and tower . heights can be found, and hence 
the specific spans which are resonant at the station's operating 
frequency can be identified. A detailed computer model of the 
power line can be constructed, and the NEC program can be used to 
determine the RF current flow to be expected on the towers of the 
power line. The azimuth or other radiation patterns of the 
antenna operating with the power line in place can be computed, 
and so the changes in the patterns due to reradiation can be 
assessed. At this stage the station could request alterations in 
the power line in order to suppress the resonance of the spans. 
For example, tower positions could be shifted to avoid creating 
resonant spans. 

• Xf changes in tower position are not feasible, the station 
can request that other means of detuning the power line be in-
cluded in its design. "Detuning" by tower isolation can be 
"designed" for the power line by the computer modelling tech-
niques of Chapter 7. It can be determined whether tower stub 
detuners will be required on the isolated towers. 

Once the power line has actually been built, the "as-built" 
positions of the towers can be incorporated into the computer 
model, and "as-built assesSment" can be carried out. If changes 
to the "proposed" power line design were made prior to construc- 
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tion, these alterations  an  é incorporated into the "as-built" com-
puter „model. If detuning has been incorporated during construc-
tion, it . is included in the "as-built" computer model. The com-
puter model is "run" to determine whether any towers of the "as-
built" power line carry large RF currents and are "hot". The 
pattern of the station opérating near the "as-built" power line 
can be Computed. Chapter 6 of this-report discusses "as-built 
assessment". 

After construction of the power line, the broadcast anten-
na's pattern should be measured again, under similar ground con-
ditions to the "before construction" measurement, to determine 
the extent of reradiation from the actual power line. If 
"detuning" has been incorporated into the construction of the 
power line, then this measurement serves either to verify that 
the power line is not a reradiator, or to show that further 
detuning is required. If no detuning has been built into the 
power line, then the measured pattern with the "as-built" power 
line will serve as a reference far assessing the effectiveness of 
detuni,ng measures installed later. 

At this stage, the RF'current flow on each power line tower 
should be measured. The torpid described in Refs. C97 and E233 
provides the most reliable technique. A simpler technique using 
two loop probes is described in  Ref. C247 and has yielded very 
useful results. The measurement of the tower currents provides a 
check of the reliability of the calculations using the computer 
model  for the site. 

If no detuning has been incorporated into the power line 
when it was first constructed, and if the power line proves to be 
a reradiator, then the next stage is the installation of detuning 
measures. Thus the towers selected for isolation from the sky-
wire by the techniques described in Chapter 7 are actually dis-
connected. The power line tower currents should again be meas-
ured, to verify that they have been reduced to sufficiently low 
values. The broadcast antenna's pattern is then measured once 
again, to assess the degree of improvement. 

Tower isolation alone may not be able to restore a broadcast 
antenna's pattern. Tower isolation suppresses loop resonance, 
but once isolated, a tower acts as a free-standing reradiator. 
The free-standing tower may reradiate strongly enough on its own 
to require detuning. The computer model can be used to determine 
the improvement that can be obtained by "treating" individual 
towers on the power line with "tower stubs", or other means, to 
suppress RF current flow. In this way, the pattern of the broad- 
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cast intermit may be restored. Further pattern measurements may 
be used to demonstrate whether the pattern is satisfactory after 
detuning. 

In summary, this report traces the "life cycle" of a reradi-
ation problem from the point of view of computer modelling. "Ini-
tial assessment", "as-built assessment", and "detuning" for the 
suppression of resonances by tower isolation are dealt with in 
sufficient detail that the user with access to the NEC code 
should be able to approach  hi  s specific problem. 

In the following chapter, the resonant behaviour of a power 
line at MF frequencies is presented using a 13 tower straight 
power line as an example. An understanding of power line reso-
nance forms the basis for the analysis and detuning of power 
lines dealt with later in this report. 

.Concordia EMC_Laboratory 
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TABLE 1.1 
LIFE CYCLE OF A RERADIATION PROBLEM 

EVENT ACTION 

- Measure the azimuth pattern. 

-"Initial Assessment": Is the 
proposed  •power line likely to 
be  •  significant reradiator? 

- "Proposed power line 
assessment": How much 
reradiation? From which 
spans? 

- Design of detuning to be 
incorporated into the power 
line during actual con-
struction, if possible. 

Actual  construction of 
the power line. 

Broadcast array operating - 
near the power line. 

"As-built assessment": How much 
reradiation? FroM which spans? 
Is (further) detuning needed? 

- Measure the power line tower 
base currents. 

- Measure the "after construction" 
azimuth pattern. 

Installation of (further) - Measure the power line tower 
detuning measures. base currents. 

- Measure the azimuth pattern to 
ensure that it is satisfactory. 

Broadcast array operating 
near detuned power line. 
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CHAPTER TWO 

RERADIATION FROM POWER LINES 

2 Introduction 

This chapter summarizes the resonant behaviour of power 
lines at AM broadcast frequencies. The methods used by the 
"Numerical Electromagnetics Code"ENEC,14,251 to find the currents 
flowing on the wires of a wire antenna are reviewed. NEC is used 
throughout this report to analyse power line reradiation. The 
derivation of a "computer model" of a power line for analysis by 
NEC is discussed. The computer model of a 13 tower power line is 
used to illustrate the resonant behaviour of a power line at 
commercial AM broadcast frequencies, and the results are compared 
with scale model measurements. The identification of "loop reso-
nance" as the mechanism of reradiation plays a fundamental role 
In later chapters of this report. 

2.1 The Numerical Electromagnetics Code 

The "Numerical Electromagnetics Code"CNEC,14,253 is a com-
puter program for analysing a general class of radiating struc-
tures constructed from straight wires of cylindrical cross-
section, and is suitable for determining the RF currents flowing 
on the towers of a broadcast antenna, and on a computer model of 
a power line such as that of Fig. 2.2. The NEC program accepts a 
list of the rectangular coordinates of the endpoints of the wires 
making up the model, the radius of each wire, the location of the 
feed point, and the frequency of operation. Each wire must be 
sub-divided into "segments" shorter than one-tenth or preferably 
one-twentieth of a wavelength, and in the numerical solution, one 
complex-valued current unknown is used for each "segment". The 
antenna it excited by specifying the voltage impressed across one 
or more "segments" in the model. In the present context, each 
tower of the broadcast array is represented as a vertical wire, 
subdivided into a sufficient number of "segments", and excited at 
its base by a voltage generator. The power line is represented 
as a suitmble interconnection of wires representing the towers 
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and skywires. NEC solves a matrix equation to determine the 
magnitude and phase of the RF current at the centre of each 
"segment", relative to the phase of the voltage generator. The 
interaction or influence of every segment on every other segment 
is included in the solution. Segments can directly interact by 
being connected to one anOther at a wire Junction. or a segment 
can couple to another via its near field. Once the RF currents 
have been found, they are readily integrated to find the radi-
ation patterns of the broadcast antenna operating with the power 
line in place. 

In the following, the NEC method is summarized, with empha-
sis on its application to power line reradiation problems. 

2.1.1 Pocklington's Integral Equation 

NEC analyses antennas.constructed of highly-conducting 
wires. To determine the RF current flowing on each wire of the 
antenna, NEC enforces a "boundary condition". The "boundary con-
dition" states that the component of the electric field which is 
tangent to the axis of a wire must be equal to zero because the 
wire is highly conducting. The electric field is broken down 
into the "primary" electric field which constitutes the excit-
ation of the antenna, and the "secondary" electric field, which 
is due to the current flowing on the wires of the antenna. An 
equation stating the "boundary condition" thus involves the 
excitation of the antenna, and the RF current flowing on each 
wire of the antenna. NEC solves the "boundary condition equa-
tion" for the current flow on the wires. The "boundary condi-
tion" is expressed by Pocklington's Integral Equation, which is 
briefly derived in this section. 

The "primary" electric field is the field which excites the 
antenna. In a scattering or radar cross-section study, the 
primary field is an incoming plane wave. For a radiating antenna 
such as a broadcast array the primary field is associated with a 
voltage applied at the feed point of the antenna. Thus in NEC 
the amplitude and phase of the voltage exciting the base of each 
antenna tower is specified, and the primary field is derived from 
these voltages. 
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The "secondary" field is the field due to the currents 
flowing on the wires of the antenna. If the antenna has N. wires 
in total, then the "secondary" field at any point is the sum of 
the contribution of each of the wiresC263, 

No  

where "sec" stands for "secondary". If t represents a unit 
vector which is parallel to the axis of wire litk, then the compon-
ent of the field parallel to the axis of wire SSk can be expressed 
&S 

Z Ft . C a  

The wires of the antenna must be "thin", meaning that the current 
flow on each of the wires must flow in the axial direction only, 
with no circumferential component. "Thin" wires are wires whose 
diameter is much smaller than the wavelength. The current must 
be uniformly-distributed circumferentially over the wire surface, 
which requires that the wires be much farther apart than their 
diameters. If si measures distance along wire Sei, then the field 
axial to wire *Pk due to the current Ii(s) on wire iéSi can be 
expressed asC263 

Irg .g =Ail ( s  )(02g,• et —  ê2  ( gt 5 g 9S J CIS i g 4.1c  p L g 
CPS&PS‘ 

where is the free-space wave number, s is the free-space 
intrinsic impedance, and the i-subscripts denote the "source 
wire" which is causing the field. The integral is over the 
length of wire #i on which the current I(s t ) flows. Distance sk  
is measured along wire el< where the field is being evaluated. 
The Greens Function or "reduced kernel" is given by 

(S k , S i ) 
014°40 0 

ConcordiegMC,Laboratory -13 



TN-EMC-87-04 

where  I  is a vector measuring the position of the "match point" 
where the field is being evaluated on wire #k. Similarly, ii, 
measures the position of the point on the source wire where the 
current Ii(si) flows. Hence, 

ist - sil 
is the distance from point sk on wire #k to point si on wire #i. 
This "reduced kernel" is derived by assuming that the current 
effectively flows on the axis of the source wire, and that the 
observer is located on the periphery of wire #k. A better 
approximation, called the "extended kernel", can be used for 
parallel, connected segments. The extended kerne l  assumes that 
the current is distributed uniformly over the surface of the 
source wire, and a two-term expansion is used to approximate the 
integral around periphery of the wire. 

Pocklington's Equation is a statement of the "boundary 
condition" that the total axial field on wire number k must be 
equal to zero. The total field is the sum of the primary field 
plus the  secondary field given by Equations 2.2 and 2.3, 

r i'lleary'et re te . et le  0  

which .by substitution of Equation 2.2 obtains 

N. 

rt'et 1-'printar3, e'L 
t-1 

When Equation 2.3 is inserted, Pocklington's Integral Equation is 
obtained. Ideally, the unknown current  I(s) should be deter-
mined such that it satisfies Pocklington's Integral Equation at 
every point sk on every wire of the wire antenna model. In 
practice, an approximate solution must be used, as described in 
the following. 

2:1.2 - Junction Constraints 

Pocklington's Equation states a boundary condition which 
should hold true at any point sk on wire #k. Pocklington's 
Equation is to be solved for the current Ii(si) flowing on each 
wire 
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of the antenna as a function of distance Si  along the wire, for 
The NEC finds this set of currents Ii(si) by 

expanding these unknown functions in terms of simple "basis 
functions" with unknown, complex-valued  coefficients. This 
section deals with the current expansion and the junction 
constraints, and the next discusses the "moment method". 

In the NEC solution, the unknown current  I(s) on wire #i 
as a function of distance si along wire #i is found by subdivid- 
ing wire #i into Nt "segments", and then expanding the current on 
segment #j on wire #i in terms of a constant plus a sine plus a 
cosine.  If the length of wire #i is Lg., then the "segment 
length" for wire #i is 

The current on wire number i, segment number j is expressed as 

181(4 le  A u + u sin p (s s u )4. C gfC0S19(Sg Sg1) 

where  s is the coordinate of the center of segment #i on wire 
#i. This introduces three unknowns per segment. If the total 
number of segments on the model is 

then there is a total of 3 Nt unknowns, namely ( At,,B1J,C1J >. 
To obtain the values of these unknowns, linear equations are 
derived from continuity conditions  for the current and its 
derivative, and from Pocklington's Equation using the "moment 
method". 

Along the length of any wire, NEC requires the current to.be  
continuous from one segment to the the next. Hence 

Ji Ji) 
g(Sg, 'n  2 2 

0-2.10 

which must hold for j=1,...,(N1-1). The charge density on the 
wire is related to the current on the wire by 
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where w is the frequency in radians per second. The charge den-
sity is required to be continuous across segment boundaries. 
With a total of 3 Ni unknowns for wire #i, there are (N 1 -1) 
segment boundaries and so continuity of current and charge den-
sity provide 2(N1-1) equations for each wire. 

At any wire Junction, Kirchoff's Current Law is required to 
hold, providing one equation per Junction. The King-Wu con-
straint on the charge density near wire junctions is •xpressed 
byt273 

t3/ t  
—1 , 1 at junction 

t in(M- y Pat 

• • •2.12 

where ai is the radius of wire #ft, and 

y mi 0.5772 

is Euler's Constant, and Q is the total charge in the vicinity of 
the junction. The King-Wu junction constraint is imposed at wire 
Junctions in NEC. In effect, at a Junction of n wires, the set 
of (n-1) relations 

( in ( 2  ) —Y ) L-11  13a, èsi  Pa a ès 2  

are imposed. .These (n-1). charge density constraints .  plus Kir-
choff's Current Law give a set of exactly n,equations per iunc-
.tion. Where a wire has a "free end" not connected to any other 
wire, the wire "endcap" is permitted to store charge, and the 
current flowing onto the endcap is thus related to the charge 
stored there. Free-end conditions yield one equation per free 
end. 

It may be shown that this set of continuity conditions on 
the current and charge density amount to 2 Ne  equations, and a 
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further Nt  equations are needed to solve for the A, B and C 
current amplitudes on each segment of the model. These are 
obtained from Focklington's Equation via the "moment method". 

- 2.1.3 Moment Method Solution 

In a wire antenna model with Nt  segments.,  there are a total 
of 3 unknown current amplitudes per segment for a total of 3 Nt 
unknowns in all. The  • unction conditions discussed above provide 
a set of 2 Nt relations ., and a further Nt  are required to deter-
mine the values of the current coefficients. 

Pocklington's Equation given by Eqn. 2.6 above states the 
boundary condition that at any point on any wire, the axial 
component of the total field must be zero. The "moment method" 
C263 enforces this boundary condition at the center of each seg-
ment, and thus "point matches" the secondary field to the excit-
ation field at segment centérs, that  is  at the set of "match 
points" somskj  for Pc1,...,Nk on each wire. Thus for each wire 
of the model, Ne„, "point matching" equations are obtained, for a 
total of Nt equations. 

The internal details of the solution are so arranged in NEC 
that the full set of 3 Nt equations are never explicitly gener-
ated or stored. Rather, the Junction conditions are imposed as 
the "point matching" equations are assembled, and so the matrix 
size in NEC is never larger than Nt by  N. 

The NEC solution accounts for the interaction of every seg-
ment of the model with every other segment, both by direct con-
nection such as wire Junctions, and by coupling via the near 
fields of the segments. Once the current on each segment has 
been found by this "moment method" solution, the fields of the 
antenna can be computed by integration of the currents on the 
wires. NEC provides for the evaluation of "far field" radiation 
patterns,, and of the "near fields" in the vicinity of the model. 

2.1.4 Ground Options 

In this report, the NEC program is used to model broadcast 
antennas and power lines which operate above the real ground, 
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used in the following is to consider the ground to be highly-
conducting or "perfect", in which case the antenna and power line 
operate over a perfectly-conducting ground plane. In this case, 
the NEC program uses the method of images to obtain an efficient 
solution. 

Energy losses in real "lossy" ground play an important role 
in power line reradiation. NEC offers an alternative to "per-
fect" ground conductivity, in which the behaviour of the lossy 
half-space is explicitly modelled. The Sommerfeld-Norton ground 
uses Sommerfeld Integrals to express the exact interaction of 
each segment with lossy ground of a specified conductivity and 
relative permittivity. NEC uses numerical integration and inter-
polation to construct an efficient method for approximating the 
interaction terms for any distance between the source segment and 
the  •observerE28,29]. The Sommerfeld-Norton ground option is 
costly in terms of increased running time for the NEC program. 
Lossy ground is discussed in this report in Chapter 3. 

2.1.5 Application to Power Line Reradiation Problems 

•  In order to analyse a broadcast array with the NEC program, 
each of the towers is represented as a vertical wire, and the 
voltage at the base of each tower must be specified such that the 
NEC solution "predicts" the design pattern of the array. A 
method for choosing suitable tower base voltages is presented in 
Chapter 4 of this report. The power line must be represented by 
an interconnection of "thin" wires. It might be tempting to 
consider each lattice member of the tower of Fig. 2.1 as a thin 
wire, and construct a detailed model of the tower, but at MF 
frequencies it is doubtful whether NEC is capable of a meaningful 
analysis of a detailed lattice tower model. The lattice members 
are too short and too closely spaced relative to the wavelength. 
Thus a simpler tower representation must be used. A sufficiently 
detailed representation of the tower is needed to reproduce its 
electrical behaviour over the frequency range of interest, yet it 
is desirable to keep the number of segments per tower to a mini-
mum, so that many towers can be represented. 

In practice, NEC is a large program consuming much CPU time 
on a mainframe computer, and the number  of  segments that can be 
used is limited both by the available computer resources and by 
the cost of computer time. On the Cyber 174 at Concordia Univer-
sity, the practical limit is about 900 segments. The cost of 
running NEC increases sharply with the number of segments. For 
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these reauons0 the central problem in using NEC is that of estab-
lishing a sufficiently simple model for the power line tower, 
using as few "segments" as possible, yet able to reproduce meas-
ured data throughout the required freqùency range. 

In the following section, the very simple power line model 
illustrated in Fig. 2.2 is presented. With this simple model ,  as 
many as 50 power line towers can be included in the analysis of a 
given site. This model ignores the tower crossarms, and is 
limited in frequency range to frequencies where the crossarms 
have little effect. At higher frequencies, where a path consist-
ing of tower and crossarm is as long as a quarter-wavelength, the 
crossarm must be modelledC6]. 

NEC has been extensively used in the analysis of reradi-
ation from power lines. in Refs. Cl] to C131 and elsewhere. 
NEC is the most precise modelling tool available at present. 

2.2 Computer Model of a Power Lime 

This section describes the "single wire tower" model shown 
in Fig. 2.2. in which each lattice tower ,  of Fig. 2.1 is repre-
sented by a vertical cylindrical wire of "fat" radius, and the 
pair of parallel skywires in Fig. 2.1 is replaced by a single 
wire of larger diameter. The "single wire tower" model was 
deriVed in Refs. C1J and C73, by comparing computed results with 
scale-model measurements. 

At MF frequencies, the cross-sectional size of the power 
line tower of the order of e metres square is small compared to 
the wavelength, and so the tower is "electrically thin", and cari 

 be replaced by a vertical, cylindrical wire of appropriate 
radius, hence the term "single wire tower" model. In the fre- 
quency ranges where the power line is one-wavelength resonant or 
two-wavelength resonant, it has been °Found that the tower cross-
arms have little effect and can be ignoredC4]. Resonance is 
discussed below. The wire radius is derived as follows, using 
Jaggard's "isoperimetric inequalities"C301. If the tower cross- 
section iu square of side length s e  then the radius is taken to 
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lie between the value r %  which makes the length of the periphery 
of the cross-section of the tower equal to the lenath of the 
periphery of the circular wire cross-section, satisfying 

2nr i  • 4s 

and the value r= which makes the area of the tower cross-section 
equal to the area of the wire cross section 

2 gra S  •  
Thus the wire radius mr" must lie between 

2s 
r l  = = 0.6366s —.2.13 

The arithmetic mean value of 

r i +r a  
r   = 0.6004s 

2 

has been used. 

Fig. 2.3 illustrates the geometry of the tower of Fig.. 2.1. 
The base of the tower is a square 7.62 m on a,side, giving a 
range-For the radius of 430 to 4.-B5 m, with a mean of 4.57 m. 
The top section of the tower is 3.81 m square, for a radius range 
of 2.15 to 2.43 m, with a mean value of 2.28 m. If one single 
wire radius is to be used for whole tower, then the mean of the 
extreme values of 2.15 and 4.85 has been chosen, equal to 3.51 m 
in this case. Ih Ref. C73,_the "arithmetic mean" is incorrectly 
reported as the "geometric mean". The results obtained with the 
computer model are not critically sensitive to the radius of the 
tower wire. 

Concordia EMC Laboratory 20 



YConcordi&EMC,Laboratory 

• TN-EMC-97-04 

1.11 
The parallel pair of skywires joining the tips of the top 

crossarm on each tower to the top crossarm on the next tower are 
represented in the computer model by a single "equivalent" sky-
wire which Joins the tops of the tower wires. At MF frequencies 
the actual pair of skywires and their images in ground behave as 
a two-pairs-of-wires RF transmission.line Joining the towers. 
This two-pairs line is represented in the computer model by a 
single-wire-and-image in ground transmission line with character-
istic impedance equal to that of the two-pairs line. This 
uniquely specifies the wire radius for the single "equivalent" 
skywire in terms of the original pair asC1,73 

24rh. d i  " 2  

(1 + (2/41 

)u4 11 

where the parameters are defined by Fig. 2.4. To illustrate the 
calculation, for the tower of Fig. 2.1, the skywires are 50.9 m 
above the ground, and are separated by 21.3 m. The diameter is 
4.9 cm «  and the above formula yields a radius of 0.71 m for the 
"equivalent" single skywire. 

Fig. 2.5 shows a close-up drawing of one tower of the 11 "single-wire tower" model of the power line. The tower in Fig. 
2.5 has been sub-divided into four "segments", whereas that of 
Fig. 2.2 has two "segments". Guidelines for specifying the num- 
ber of segments are given in the NEC User's Manual[25]. The 11 
number of segments to be used at a frequency f kHz is obtained by 
dividing the wire length by the maximum segment length of 

11 one-tenth wavelength 

wire length  minimum number of segments 
A/10 

and rounding up. A conservative choice for the number of seg- - 11 ments makes  the segment  length one-twentieth of a wavelength and 11 is given by 

...2.17 11, 
More segments than this could be used, provided that the segment 11 length remains greater than the diameter of the wire, but in most 
cases there is no advantage in segments which are very short. 
The tower of Fig. 2.1 is 51 m tall, and at 960 kHz, the wave- 

wire length number of segments .n 
A/20 
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length is 348.8 m and the maximum segment length is 34.9 in, and 
so the minimum number of segments is 51/34.9=1.46 or 2 segments, 
and the maximum number is 51/17.5=2.92 or 3 segments. Two seg-
ments have been used as the minimum number on any tower at any 
frequency, and this has been increased to three or four segments 
at higher frequencies. The towers of Fig. 2.1 are separated by 
274 m, hence at 860 kHz, the number of segments on the skywire 
should be chosen between B and 16, and 10 segments have been used 
at this frequency in the computations presented in the following 
section. The number of segments required thus increases with 
frequency, and so the cost of analysing a power line with the NEC 
code increases sharply with frequency. 

The "single wire tower" computer model of Fig. 2.2 can be 
analysed over highly-conducting "perfect" ground as a "worst 
case" in which the power line currents and the reradiated field 
take on the largest possible values, or it could be run over 
ground of finite conductivity using the Sommerfeld-Norton model. 
As discussed in Chapter 3, the effects of ground conductivity can 
be approximately included in the power line model run over per-
fect ground. The NEC computer code analyses the power line model 
to find the amplitude and phase of the RF current flowing at the 
center of each "segment" on the power line. This RF current 
distribution is then integrated to find the radiation patterns of 
the broadcast antenna operating near the power line. The behav-
iour of the model of Fig. 2.2 has been verified against measured 
data in Refs. [1], C63 and [7], and will be briefly reviewed in 
the following section. 

2.3 Loop Resonance 

The behaviour of a power line at MF frequencies has been 
investigated in Refs. C13, [33 and [73 using the site shown in 
Fig. 2.6, in which an omnidirectional broadcast antenna illumi-
nates a straight power line with 13 evenly-spaced towers. The 
towers are 51 m tall, and are 274.32 m apart, and the antenna, 
which is directly opposite the centre tower, is  448m  away from 
the power line. The configuration is an approximate representa-
tion of a site near Hornby, Ontario which uses type VlS tow-
ersE1,73. The computer model for the power line, illustrated in 
Fig. 2.5, is derived as discussed in the previous section, and 
uses a radius of 3.51 m for the power line tower, and 0.71 m for 
the skywire. A 1/200 scale model of this site was set up at the 
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"ship range" at the National Research Council, and the azimuth 
pattern was measured in certain frequency ranges corresponding to 
400 to 1900 kHz full-scaleC31,327. The antenna height corre-
sponds to 195 m full-scale below 1050 kHz, 64.77 m between 1050 
and 1550 kHz, and 49.53 m above 1550 kHz. In Ref. C67, the 
measured data is discussed, and results obtained with several 
different tower models are compared to the measured data. In 
this section, the reradiated field from the power line is dis-
cussed as a function of frequency, to introduce the resonant 
behaviour of a power line. Also, the computer model predictions 
are compared with the measured results. 

2.3.1 Azimuth Pattern 

Figs. 2 0 7 9  2.8, 2.9 and 2.10 show azimuth patterns of the 
"omnidirectional" antenna near the power line, at frequenciee 
from 400 to 1920 kHz. The radiation pattern of the omnidir-
ectional broadcast antenna is circular, and deviations from a 
circular pattern are due to "reradiation" or scattering of the 
signal from the power line. At some frequencies there is little 
reradiation, such as in the measured pattern of Fig. 2.7(a), 
whereas at other frequencies, such as 433 kHz in Fig. 2.7(b) and 
860 kHz in Fig. 2.8(b), reradiation causes deep minima in the 
pattern. RF currents induced on the towers of the power line 
"reradiata" strongly, and at some azimuth angles the reradiated 
signal interferes destructively with the signal radiated directly 
from the omni antenna e  and the resulting "net" field strength is 
low. At other azimuth mngles, the "net" field is considerably 
stronger than that radieted by the antenna alone, due to con-
structive interference of the "direct" and the "reradiated" 
signal. At frequencies near 1250 kHz in Fig. 2.9 0  the large 
minima and maxima caused by reradiation are narrower in angular 
extent. At frequencies near 1750 kHz, the deviations caused by 
reradiation are smaller than at lower frequencies. 

Figs. 2.7 through 2.10 compare the azimuth pattern computed 
with'the NEC computer program using the "single wire tower" model 
with the measured results. At some frequencies, such as 400 kHz 
in Fig. 2.7(a) 9  there ie a considerable difference, with the 
calculated result showing a deep null not found in the measured 
result. At . 433 kHz, the patterns are similar but there are some 
differences near zero degrees azimuth. As discussed below, these 
differences are due to a "misalignment" of the frequency depend- 
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ence of the computed results with the measured results. Also, 
the numerical behaviour of the computer model in this frequency 
range is unstable, as discussed in Ref. C2). At 827 and 860 kHz, 
In Fig. 2.8, the agreement . between the computed results and the 
measurements is much better. In Fig. 2.9, there is some dis-
agreement at 1200 kHz, but the agreement between the computation 
and the measurement is generally good at 1258.33 and 1300 kHz. 
In Fig. 2.10 at 1700 and 1816.67 kHz, the computer model predicts 
the size of the variations in field strength quite well, but 
there is no exact correspondence between the features of the 
measured and computed patterns. 

2.3.2 Resonant Frequency Ranges 

Patterns such as those of Figs. 2.7 to 2.10 have been char-
acterized by computing the ' 11 max-to-min ratio", which is the ratio 
of the largest radiated field to the smallest field, expressed in 
decibels, 

(pattern maximum) 
•••2.18 max-to-min ratio .• 20log pattern minimum 

By computing or measuring the azimuth pattern over a range of 
frequencies, and then plotting the max-to-min ratio as a function 
of the frequency, the resonant behaviour of the power line can be 
seen, as shown in Fig. 2.11. From about 400 to about 550 kHz, 
the power line has a large effect on the azimuth pattern, intro-
ducing deep nulls. From 550 to 750 kHz, the power line has lit-
tle effect and the pattern of the omni antenna operating near the 
power line is circular within 2 dB. From about BOO to about 
900 kHz the power line has a strong effect on the pattern. From 
1150 to about 1350 kHz, the power line once again affects the 
pattern strongly. 

,An examination of the dimensions of one span of the power 
line of Fig. 2.6 shows that the distance around one "span", con-
sisting of two adjacent towers, the interconnecting skywire, and 
their images in ground, is about one wavelength long at 400 kHz, 
two wavelengths at BOO kHz and three wavelengths at 1200 kHz. 
This suggests that the strong responses of the power line in 
Fig. 2.11 from 400 to 550 kHz, from BOO to 900 kHz, and from 1150 
to 1350 kHz are associated with resonances of this closed loop. 
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line in Fig. 2.11 from 400 to 550 kHz, from  800 to 900 kHz, and 
from 1150 to 1350 kHz are associated with resonances of this 
closed loop. 

The range of frequencies where the loop path around one span 
is about one wavelength in length is termed the "one-wavelength 
'Opp resonance" frequency range. The largest response in Fig. 
2.11 falls at about 430 kHz. It is useful to consider the sky-
wire and its image in ground as a two-wire transmission line. At 
resonance,  the current on the transmission line is a standing-
wave, and has maxima at the towers, and a null at the centre of 
the span, as sketched in Fig. 2.12(a). The phase in a standing-
wave is constant-with-position ,  except at the null in the stand-
ing-wave pattern, where it has an abrupt 180 degree change. The 
voltage across the skywire-and-image transmission line is also a 
standing-wave at resonance, and the voltage standing-wave has a 
maximum where the current standing-wave has a minimum. 

In the SOO to 900 kHz frequency range, the loop path length 
around a span equals roughly two wavelengths, and the resonance 
mode is "two-wavelength loop.resonance", with the standing-wave 
current distribution shown in Fig. 2.12(b). There is a maximum 
in the current standing-wave pattern at the centre of the span, 
and nulls adjacent to the two towers. In the 1200 to 1300 kHz 
frequency range, the loop length Is about three wavelengths, and 
in the "three-wavelength loop resonance" frequency range, the 
skywire current distribution is that shown in Fig. 2.12(c). By 
plotting the current distribution on the skywire, the resonance 
mode can be identified in comparison to the sketches of Fig. 
2.12. The length of the loop path allows a useful estimate to be 
made of the resonant frequencies of the span, as discussed in the 
following Section. 

2.3.3 Resonant Frequency Estimate 

A simple empirical formula gives a useful estimate of the 
frequencies of resonance of a span of a power line. At one-wave-
length resonance, one wavelength "fits" the path length consist-
ing of two towers plus one span of skywire, plus the images in 
the ground. The geometrical path length around one span of the 
model of Fig. 2.6 is 
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where h l  and h 2  are the heights of the towers and s is the span 
length, and is illustrated in Fig. 2.13 for hough2=ht. For the 
power line of Fig. 2.6, the geometrical path length is 752.64 m, 
and equals the wavelength at about 400 kHz. Around SOO kHz, the 
loop path equals two wavelengths, and at 1200 kHz the path equals 
three wavelengths. The largest max-to-min ratios in the measured 
data fall at about 430 kHz, 860 kHz, and 1260 kHz. The first two 
frequencies can be estimated by the empirical relationshipt1,77 

for n-wavelength loop resonance, where t is the geometrical path 
length and c is the free-space speed of light. Hence 

I.08nc  
fa 81 2(h l  + h a -Fs) 

Use n=1 for one-wavelength loop resonance, and n=2 for two-wave-
length resonance to obtain 430 and 860 kHz, respectively, as the 
resonant frequencies for these two modes, which is in agreement 
with Fig. 2.11. 

Fig. 2.11 shows a "one-wavelength" loop resonance frequency 
range extending from about 400 to about 520 kHz, with a strong 
resonance peak at 430 kHz, associated with the "one-wavelength 
loop resonance" mode. The current distribution of this resonance 
mode is shown in Fig. 2.12(a). The peaks at 470 kHz and 510 kHz 
are associated with multi-span resonances, discussed in the next 
section. Fig. 2.11 shows the "two-wavelength loop resonance" 
frequency range from BOO to about 1000 kHz. The strong peak at 
860 kHz is associated with the "two-wavelength loop resonance" 
mode, which has the current distribution of Fig. 2.12(b). The 
simple resonant frequency estimate of Eqn. 2.21  pute the "three-
wavelength" loop resonance frequency at 1290 kHz, which is some- 
what higher than the measured response in Fig. 2.11. Ref. C53 
discusses more complex formulae for estimating resonant frequen-
cies. Eqn. 2.21 is sufficiently accurate for the present pur-
pose.. 

That a span is resonant at the operating frequency of a 
station does not mean that the span will carry a substantial RF 
current. The span must be suitably excited. The RF current that 
a resonant span carries depends on the strength of the field 
which excites the span, and on the phase of the excitation field 
at one tower of the span relative to the fields phase at the 
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other tower. The excitation field is the broadcast antenna's 
field, and its strength depends an the distance of the span from 
the broadcast antenna, and on the antenna's directional pattern. 
The relative phase of the excitation field at the towers of the 
span depends primarily on the orientation of the plane of the 
span relative to the radial line from the broadcast antenna. 
Thus if the span is perpendicular to the radial from the antenna, 
then the excitation field has the same phase at the two towers 
terminating the span. But if the span is parallel to the radial, 
then the relative phasing depends on the length of the span and 
on the wavelength. In order to excite two-wavelength loop reso-
nance strongly, the relative phase at the two towers should be 
about 180 degrees. Thin is discussed further in Chapter 5 in 
conjunction with Figs. 5.6, 5.7 and 5.B. Thus for a resonant 
span to respond with a strong RF current flow, the span must be 
strongly excited, and the relative phase of the excitation field 
must be suitable for the resonance mode of the span. 

2.3.4 Higher Order Resonances 

By "higher-order resonance modes" is meant those resonance 
modes encompassing two or three spans, illustrated in Figs. 2.14 
and 2.15. These resonance modes are of particular concern in 
detuning power lines by isolating some towers from the overhead 
skywire. 

Fig. 2.14 illustrates the current distributions expected on 
the skywire for "double-span" resonance modes, which encompass 
two spans. To estimate double-span resonant frequencies, 
Eqn. 2.20 is used with path length 

/ * 1 +11 2 + s i  s2 ) 

where MI and h= are the heights of the towers at each end of the 
double-span, and s l  and s2 are the lengths of the two spans. In 
Fig. "2.11(b), there is a peak in both measured and computed data 
at about 470 kHz. This response is "two-wavelength double-span 
resonance". Eqn. 2.22 gives the path length as 1301 m. The 
estimated "two-wavelength double-span" resonant frequency using 
Eqn. 2.20 with n=2 is 498 kHz, which is high compared to the 
measured data. 
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Fig. 2.15 illustrates resonance modes involving three spans. 
The path length is given by 

2(h 1 +it2 +s 1 +s 2 +s 3) 

where h% and h= are the heights of the towers at each end of the 
triple-span, and sl, s=  and sz are the lengths of the three 
spans. The measured data in Fig. 2.11(b) show a peak at 510 kHz 
associated with a three-span resonance mode, for which the path 
length is equal to 1850 m, with an estimated "three-wavelength 
triple-span" resonant frequency of 525 kHz. Thus the resonant 
response of a power line is quite complex, including several 
closely-spaced resonance modes. The simple resonant frequency 
estimate of Eqn. 2.20 is quite useful for one-span resonances, 
but is somewhat inaccurate in predicting the peaks in Fig. 2.11 
associated with two- and three-span resonance. A more complex 
formula for obtaining resonant frequency estimates is given in 
Ref. C53, and is somewhat more accurate. 

Only some of the double- and triple-span resonance modes can 
be excited with the intervening towers connected to the skywire. 
The skywire and its image in ground behave as a two-wire trans-
mission line ,  which has a voltage-maximum wherever there is a 
current minimum. Where a tower is connected across the transmis-
sion line at a voltage maximum(current minimum), the tower will 
tend to "short out" the voltage, and the resonance mode will not 
exist. Should the tower be disconnected from the skywire, then 
the resonance mode can exist. In addition, the isolated tower 
stands in a voltage maximum, and hence will carry a substantial 
RF current. Conversely, some resonance modes are not "shorted 
out" by the intermediate towers. For example "four-wavelength 
double-span" resonance, illustrated in Fig. 2.14(b), has a cur-
rent-maximum, hence a voltage-minimum, at the location of the 
intermediate tower. This resonance mode readily responds even 
with the intermediate tower connected to the skywire. 

Four-wavelength triple-span resonance tends to be "shorted 
out" by the intermediate towers, unless these towers have been 
disconnected from the skywire. Six-wavelength triple-epan reso-
nance puts the intermediate towers at voltage-minima in the 
standing-wave pattern, so this resonance mode could be estab-
lished with the intermediate towers connected to the skywire. 
These higher-order resonance modes become an important consider-
ation in the design of "detuning" for a power line, discussed 
below in Chapter 5. 
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2.3.5 Bandwidth 

The "bandwidth" of the resonant frequency ranges has not 
been defined precisely in the references. If the bandwidth is 
taken to be the frequency range over which the max-to-min ratio 
for this power line geometry exceeds t dB, theh in Fig. 2.11 the 
one-wavelength resonance band extends from about 390 to about 
520 kHz, and that of the two-wavelength resonance band extends 
from about BOO to .about 940 kHz, for a "bandwidth" of 140 kHz. 
A rough but useful "rule of thumb" takes the "bandwidth" of each 
resonance mode to be about 100 kHz. Thus "one-wavelength loop 
resonance" would be active from about 380 to 480 kHz, and "two-
wavelength double-span loop resonance" from about (49B-50)e 
448 kHz to about 548 kHz. "Three-wavelength triple-span" reso-
nance would extend from (525-50)e475 to 575 kHz, giving an 
overall bandwidth for the one-wavelength resonance region from. 
380 to 575 kHz. Thus the 100 kHz bandwidth figure for each reso-
nance mode is quite conservative, and takes in a wider range of 
frequencies than are seen in the measurement. The bandwidth 
figure of 100 kHz has been used in analysing the resonant behav-
iour of power lines in Chapters 4 and 5. 

Fig. 2.11(a) shows "two-wavelength single-span loop reso-
nance" around  860 kHz, with rather incomplete measured data. The 
measured and computed curve are ien reasonable agreement. No 
further measured data are available. A "four-wavelength double-
span" resonance mode in which the two-span path length of 1601 m 
"fits" four times the wavelength is expected by Eqn. 2.20 at 
996 kHz, and the computed data show a modest peak. Fig. 2.14(b) 
illustrates the current standing-wave associated with four-
wavelength double-span resonance. The rule-of-thumb bandwidth 
estimate extends from 760 to 960 kHz for two-wavelength single-
span loop resonance, and from 896 to 1096 kHz for four-wave-
length double-span resonance, for an overall estimate of 760 to 
about 1100 kHz  for the resonance region encompassing two-wave-
length single-span resonance. 

The "three-wavelength single-span loop resonance" frequency 
can be estimated using Eqn. 2.20 as 1290 kHz, and the measure-
ments show a large response from 1150 to 1300 kHz, with a max-
imum response . at  about 1260 kHz. The measured data peaks at a 
lower.  frequency than does the computed data. Multi-span reso-
nance modes are expected between 1300 and 1500 kHz and it is 
regrettable that the measurement was not extended to cover this 
range. Thus at 1495 kHz a "six-wavelength double span" resonance 
mode is expected. Also, at 1403 kHz, an "eight-wavelength 
triple-span" resonance mode is expected. 

,Concordia EMC Laboratory 



TN-EMC-S7-04 

In the frequency range above 1100 kHz, top-loading of the 
tower by the crossarms is expected to have an effect on the 
resonant response of the power line, and indeed the VlS tower as 
a free-standing structure has a resonant frequency in this range. 
In Ref. E63  it is shown that a computer model of the power line 
tower including a top crossarm matches the measured curve better 
in this frequency range. 

The " four-wavelength single-span loop resonance" frequency 
range is expected by Eqn. 2.20 at 1720 kHz. The computed curve 
shows a rising max-to-min ratio above 1750 kHz, and agrees with 
the measurement. However, the measured data shows a large 
response at 1550 kHz, tapering off to a minimum at 1750 kHz, and 
this is not seen in the computed data. 

The agreement between the "single-wire tower" computer model 
using the NEC program and the measured data is thus good in the 
one-wavelength resonance range, with the caution that the NEC 
model responds at lower frequencies than does the measurement 
model. The agreement with the measured data is good in the 
two-wavelength resonance range, and there is a clear frequency 
shift in the three-waveleng.Eh resonance range. It is evident 
that a more complex tower model would be required at the fre-
quency of three-wavelength resonance and above. 

2.4 Other Comparisons with Measured Results 

NEC has been extensively used in the analysis of reradi-
ation from power lines, in Refs. Cl] to C13] and elsewhere. The 
current distributions obtained on the skywires of a power line 
using NEC are compared to full-scale measurements in Ref. CS], at 
925 and 1605 kHz, and it is found that while the agreement  is 
good at the lower frequency, there is some disagreement at the 
higher. The fault lies with the computer model of the power line 
tower, not with NEC itself. Thus a more complete representation 
of the tower and its crossarms may be required at 1605 kHz. The 
concl'usion drawn is that the computer model of the power line 
must be used with caution at frequencies as high as 1605 kHz. 

In Sect. 2.3 above, computed results using the "single wire 
tower" model are evaluated relative to measurements made on a 200 
scale factor model of the site of Fig. 2.6. In Ref. [6] other 
computer models are compared with the same set of measurements. 
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Thus the tower of Fig. 2.1 is represented more precisely by 
including the taper of the tower in the model, and by including 
top-loading by a crossarm. It is found that at higher frequen-
cies, the behaviour of the computer model does depend on the 
detail included in the tower model, end that taper and crossarm 
top-loading should be included at frequencies where the free-
standing tower may itself be resonant. 

Further comparisons of computer model predictions using the 
NEC program have been done in conJunction with station CHFA, 
Edmonton, and are presented in Refs. C53, C61 and C113, and some 
are repeated in the present report, in Chapters 4 and 5. It was 
found that NEC predictions of the currents flowing on the towers 
of a real power line agree well with measurements made at the 
site by the two-loop methodC24]. Ground conductivity must be 
included in the computer model using the "footing impedance" 
method, discussed below. Some difficulties were noted when two 
power lines run closely parallel. 

2.5 Conclusion 

In this chapter, a computer model of a site using type 
%/IS towers on an evenly-spaced power line has been used to illus-
trate power line resonance. The mechanism of reradiation from a 
power line has been described as "loop resonance". Certain fre-
quency ranges in which a power line is a strong reradiator have 
been associated with resonance of a closed-loop path made up of 
two towers, the skywire connecting them, and the images in the 
ground. A simple formula has been given for estimating the fre-
quencies of resonance. Multi-span resonances have been des-
cribed, and will play an important role in the design of detun- 
ing. 

The derivation of the computer model of a power line has 
been given in this chapter. The computer model allows the broad-
cast . antenna and power line to be analysed with the NEC program, 
which computes the RF currents flowing on the towers and skywires 
of the power  lin., and the azimuth pattern of the broadcast 
antenna operating near the power line. In this chapter, the 
power line was analysed using "perfect" ground conductivity, 
using the method-of-images solution in the NEC program. Real 
ground is lossy, and energy losses in the ground will damp the 
resonances of the power line, and reduce the broadcast antenna's 

-COncordie EMC Laboratory 



TN-EMC-S7-04 

field strength evaluated at the power line, hence reduce the RF 
current flow on the power line. The next chapter uses the Som-
merfeld-Norton ground option in the NEC code to investigate the 
effect of lossy ground on power line resonant response, and then 
discusses means to include the effects of lossy ground in the 
method-of-images solution. 
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CHAPTER THREE. 

GROUND CONDUCTIVITY EFFECTS 

3 Introduction 

The discussion of power line resonant behaviour presented in 
the last chapter was based on computations for a power line over 
perfectly-conducting ground. Real ground typically has conduc-
tivity in the range of 5 to 20 millisiemens/metre, and relative 
permittivity of 15. This chapter investigates the effect of 
less-than-perfect ground conductivity on the resonant behaviour 
of power lines. The NEC program of -F ers the Sommerfeld-Norton 
ground representation as an accurate but expensive method of 
modelling antenna structures above real ground, and the "SN" 
around model is used in this chapter to analyse the resonant 
behaviour of a five tower power lime. Because of the cost of 
running the SN ground program, it cannot be used with large power 
line models, and in this chàpter approximate methods are given 
'for  including ground loss effects in computations with NEC using 
the economical method-of-images solution with perfectly-conduct-
ing ground. This chapter concludes with an example demonstràting 
the magnitude of ground conductivity effects +or a five tower 
power line at two distances from an omnidirectional antenna. 

In this chapter, it will be demonstrated that, with typical 
ground conductivities, the losses in ground do hot affect the 
resonant frequencies of the power line. The principal effect of 
ground conductivity on power line resonance will be demonstrated 
In this section to be a lowering of the Q-factor of the resonant 
response, due to losses in the ground. Thus realistic ground 
conductivity tends to damp the resonant response of Fig. 2.11, 
making the resonant peaks less tall. Results obtained with the 
"perfect ground" assumption tend to exaggerate reradiation 
effects, and make the spans of the power line much "higher 0" 
resonators than they are when ground losses are accounted for. 
With "perfect ground" the RF currents on the power line towers 
are larger and the towers which reradiate are readily identified, 
but the effect on the radiation pattern is also larger than over 
"real" grdund, making perfect ground a "worst case" analysis. 
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The conductivity of "real" ground is typically 5 to 20 
millisiemens/metre, with a relative permittivity of 15. The loss 
tangent umo of the ground is given by 

a  

tan$ 
(»E r e. o  

where o is the conductivity of the ground, w is the frequency in 
radians per second, e, is the relative permittivity of the ground, 
and f. is the permittivity of free space. If the loss tangent is 
much greater than unity, then the material is generally consid-
ered to be a "good conductor"C33l. At 430 kHz, with a conduc-
tivity of 5 millisiemens/metre, the ratio is about 14, and the 
assumption that ground is a good conductor is justified. At 860 
kHz, the ratio is about 7, and at 1290 kHz the ratio is 4.6. 
Evidently as the frequency increases the effect of ground conduc-
tivity will be increasingly important, although with realistic 
ground parameters, the ratio still remains greater than unity. 

In this chapter, the effect of ground conductivity on the 
resonant response of a power line is examined using the Sommer-
feld-Norton model in the NEC'program. This is the best available 
ground model, but is costly to use. Approximate methods of 
incorporating ground losses into the NEC solution using perfect 
ground are then given. The damping of the resonant response of 
the spans is modelled by the "footing impedance" included at the 
base of each tower. In addition, lossy ground attenuates the 
field of the broadcast array as it travels from array to the 
power line towers, hence with "lossy" ground the excitation of 
the power line is less than over perfect ground. An approximate 
method is given for including this ground less effect in the 
perfect ground solution. 
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3.1 Sommerfeld-Norton Sround Model 

The NEC program is capable of accurately computing the RF 
current  flow on the power line, and the azimuth pattern, using 
the Sommerfeld-Norton  ground modelC29,2S,34,353, but at greatly 
increased cost. Nevertheless, the NEC Sommerfeld ground model is 
the most accurate one currently available. In this section, the 
Sommerfeld model is used to explore the resonant behaviour of a 
five-tower power line with ground conductivities of 5, 10 and 
20 millisiemens/metre and relative permittivity 15, in comparison 
to "perfect ground", using results from Ref. C33. It will be 
demonstrated that ground conductivity has little effect on the 
frequencies of resonance of the power line. Lossy ground "damps" 
the resonance and so the response is considerably less than over 
perfect ground. 

The solution of Maxwell 's Equations for thin wires above a 
lossy half-space, i.e.: a ground of given conductivity and per-
mittivity, gives rise to Sommerfeld Integrals for the fields due 
to the interaction of the wires with the ground. NortonC343 
obtained asymptotic expressions  for the evaluation of the Sommer-
feld integrals when the distance from the wire to the observation 
point is large.  9anosE353 derived approximations for very close 
distances. Miller et al.C29,29l have used numerical integration 
and interpolation to construct  an efficient  method  for  approx-
imating the interaction terms for any distance from the radiating 
wire to the observation point. It should be noted that the Som-
merfeld Integral expressions give the exact interaction of each 
wire of the antenna with the ground. The only approximations 
introduced into the Numerical Electromagnetics Code are those 
associated with evaluating the integrals, and the treatment of 
the junction between a wire and the ground. These approximations 
are not expected to introduce significant error  for the ground 
parameters discussed above, which result in a "good" ground in 
all cases. Thus the Sommerfeld-Norton ground model includes all 
the effects of "lossy" ground, including the damping of the reso-
nances of the spans, and the attenuation of the field of the 
broadcast antenna as it travels to the power line. 

To illustrate the effect of lossy ground.on the behaviour of 
a power line, a five tower version of the power line of Fig. 2.6 
was used, and is illustrated in Fig. 3.1. The omni antenna and 
five tower power line was run over perfect ground using the 
"method-of-images" solution, at frequencies in the one-wavelength 
and two-wavelength loop resonance range. Then the same problem 
was run using the Sommerfeld-Norton ground model, with ground-
conductivities of 5, 10 and 20 millisiemens/metre. The max-to- 
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min ratio of the azimuth pattern is plotted as a +unction of 
frequency in Fig. 3.2 and Fig. 3.3, in the one- and two-wave-
length resonance ranges. 

In Fig. 3.2, in the one-wavelength loop resonance frequency 
range, the "perfect ground".curve shows that with five towers, 
there are peaks in the max-to-min ratio vs. frequency curve of 
13.62 dB at 405 kHz, of 21.54 dB at 425 kHz, and of 12.83 dB at 
480 kHz. With a "good" ground conductivity of 20 millisiemens/ 
metre, there is a peak of 6.84 dB at 400 kHz, of 10.95 dB at 
420 kHz, and 5.56 dB at 480 kHz. Because data points were com-
puted only every 5 or 10 kHz, differences of 5 kHz are not sig-
nificant. With "good" conductivity a substantial reduction in the 
reradiated field is thus found compared to "perfect" conduc-
tivity, but the resonant frequencies are not changed significant-
ly. As the conductivity is reduced, the resonant response is 
further damped. As the conductivity is reduced from 20 to 10 to 
5 mS/m, the peak at 420 kHz is reduced from 10.95 to 8.56 to 
6.35 dB, respectively. There is about 4.5 dB difference between 
the response with the "good" conductivity of 20 mS/m and with the 
"poor" conductivity of 5 mS/m. A reduction of the max-to-min 
ratio from 21.5 to 11 dB corresponds to a reduction of the RF 
current flow on the power line towers by a factor  of 3.4. A 
reduction from 21.5 to 6.3 dB represents a factor of 5.8. Thus 
lossy ground results in a reduction of the reradiated field by a 
factor of 3.4 to 5.8 relative to perfect ground, at the frequency 
of one-wavelength loop resonance. 

In Fig. 3.3 in the two-wavelength loop resonance frequency 
range, with perfect ground conductivity the largest max-to-min 
ratio is 6.33 dB at 850 kHz. With a "good" ground conductivity 
of 20 mS/m, the largest is 5.26  dB  at the same frequency. With 
10 mS/m conductivity, the peak is 4.83 dB at 840 kHz(data points 
were taken 10 kHz apart), and with "poor" conductivity 5 mS/m the 
peak is 4.14 dB. Thus the is a spread of about 1 dB between 
"good" and "poor" ground conductivity. A reduction from 6.33 to 
5,.26 dB is a factor of 1.34, and from 6.33 to 4.14 dB is 1.25. 
Thus lossy ground results in a reduction in the reradiated field 
by a factor of 1.25 to 1.34 at the frequency of two-wavelength 
loop resonance. 

These figures show that the primary effect of ground conduc-
tivitï,  is that of damping the resonant behaviour, and so reducing 
the value of RF current flowing on the power line towers. Less 
tower current leads to less reradiated field and smaller scallop-
ing of the radiation pattern. The resonant frequencies of the 
power line are little changed by the conductivity of the ground. 
Thus as the ground conductivity is decreased from "high" to real- 
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istic values in the range of 5 to 20 millisiemens/metre, the 
resonant frequencies drop by less than 10 kHz. Thus the 
estimates of the resonant frequencies of Eqn. 2.20 remains rea-
sonable for lossy ground. 

In summary, it has been found that the conductivity of 
ground "damps" the resonances of the power line by a factor of 
3.4 to 5.8 at the frequency of one-wavelength resonance, and by a 
factor of 1.25 to 1.34 for two-wavelength loop resonance. Lossy 
ground has little effect on the resonant frequencies of the 
spans. 

The cost of running the Sommerfeld-Norton ground model with 
the NEC program is sufficiently high that it is not practical to 
model realistic sites with 20 or more power line towers, espe-
cially because it will be necessary to obtain solutions for a 
range of ground conductivities from "poor" to "good". The fol-
lowing sections provide an approximate means of including the 
effects of ground conductivity while retaining the economical 
"perfect ground" solution using the NEC program. 
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3.2 Footing Impedance Model 

Silva, Balmain and FordC153 incorporate the damping effect 
of the conductivity of the ground into the method-of-images power 
line model by inserting a lumped "footing impedance" in series 
with the base of each power line tower. The footing impedance is 
calculated based on Monteath's formulaC16], which is obtained 
using the Compensation Theorem. In Monteath's method, each 
power line tower is modelled as having a "footing" consisting of 
a perfectly conducting cylinder of a given radius extending into 
the conducting half-space to a great (infinite) depth. Monteath 
obtains a formula for the difference between the impedance of the 
tower over ground of realistic conductivity with the cylindrical 
footing, and the impedance of the same tower over perfectly con-
ductive ground. This difference is the "footing impedance" and 
is inserted in series with the base of each power line tower in a 
computer model which is then analysed over perfectly-conductive 
ground. Tilston and BalmainC173 present a method for choosing 
the radius of the "footing". The usefulness of this replacement 
will be investigated here by re-computing the data for Figs. 3.2 
and 3.3 using the footing impedance approximation. The deriva-
tion of footing impedance will be reviewed, and then this 
comparison will be presented; 

3.2.1 Calculation of the Footing Impedance 

This section reviews the footing impedance concept from 
Refs. E153, C163 and C173 1  and presents a formula for its com-
putation. 

The footing impedance method replaces "lossy ground" of a 
given conductivity and permittivity with a perfectly-conducting 
ground, and lumps the loss effects of ground into a footing 
impedance, which is incorporated at the base of each power line 
tower. This allows the economical method-of-images solution in 
NEC to be used, with the base of each tower "loaded" with a 
footing impedance representing ground loss effects. The appro- 
priate value for the footing impedance is calculated based on 
Monteath's formular163 obtained using the Compensation Theorem. 
Using Monteath's approach, each power line tower is considered to 
have a per fectly-conducting cylindrical "footing" extending 
downward to great(infinite) depth into a conducting half-space, 
representing the ground, as shown in Fig. 3.4. Monteath obtains 
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a formula  for the difference between the input impedance Z' of a 
monopole on a footing in real ground, and the input impedance Z 
of the same monopole over perfectly conducting ground, as illus-
trated in Fig. 3.5. By including the footing impedance 

Z le Z Z felt 

at the base of the monopole-above-perfect-ground, its input 
impedance becomes equal to that of the monopole above real 
ground, as illustrated in part (c) of the Fig. 3.5. The footing 
impedance is readily computed using the formulaC161 

J2k.(r h)] 

o + h)] 

—4 cosk.h. e -e ik Et[—Jk.(r.—h+ a i)) 

cosk e h gi i4k pc.(r.+ h+ a f )) 

cris k e h  EL['  I k.(r .+ a f )] 

+2 cos 2 k.h., Et[ — 121c c e ) 
...3.3 

where J stands for the square-root-of-minus-one, k. is the 
free-space wave number, 17 is the intrinsic impedance of the lossy 
half space which is the grmund, and h is the height of the 
monopole. Distance r. is given by 

r. 47177i72  

where ap is the "footing radius", which is discussed further. 

below. The intrinsic impedance of the ground , is related  toits 
 conductivity and relative permittivity by 
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where w is the radian frequency, m.is the permeability of free 
space, o is the conductivity of the ground, e, is the relative 
permittivity of the ground and o. is the permittivity of free 
space. The function Ei(-ik) is the exponential integral defined 
by 

Ei(- ix) - 

r -  e 
dt  

...3.6 

The exponential integral can be rewritten in terms of the cosine 
integral Ci(x) and the sine integral Si(x) defined by 

Ci(x) — f cos t , 
— at 

t  —3 . 7  

...3.8 'sin t 
Si (x ) n dt 

in the form 

Et(-1x) Ci(x)+ j(-- Si(x)) •• .3 • 9 
2 

and Ci and Si in turn are readily evaluated using series or 
polynomial approximationsC36,373. A FORTRAN program[367 is read-
ily written to find values of the footing impedance at any fre-
quency. In power line computations, h in Eqn. 3.3 is taken to be 
a quarter-wavelength, because at resonance the current distri-
bution near the base of the power line tower is quite similar to 
that on a quarter-wave monopole. With h equal to a quarter-
wavelength, the footing impedance formula simplifies to 

where is the free-space wavelength. Note that in this equa- 
tion, the conductivity and permittivity of the lossy ground enter 
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into the value o+ 17, the intrinsic impedance of the ground. 
There remains the problem of choosing a reasonable value for the 
radius of Monteath's cylindrical footing of Fig. 3.4. 

The radius of the cylindrical footing ("footing radius") is 
derived in Ref. C177 from the geometry of the base of a power 
line tower, illustrated in Fig. 3.6. The four cylindrical foot- 
ings are taken to be a "cage" and an equivalent radius -for a 
single conductor replacing the "cage" is taken from 
SchelkunoffE3S7 to be 

a° a 1 
 "` mg 

( 

na 

—3.11 

Radius a is that of the concrete footing which supports each of 
the four legs of the tower. Power line towers have n = 4 
corners, and the "cage" radius a=.g .. is the distance from the 
center of the tower to one of its four corners, given by 

a cage  

where w is the side length of the square base in Fig. 3.6. In 
the following, results obtained with the footing impedance will 
be compared with those obtained with the Sommerfeld-Norton ground 
model, using a five-tower "test line" with type VlS towers. VlS 
towers have n = 4 corners, with a tower base of w = 7.62 m 
square and each of the four concrete footings has a radius 
estimated to be about a = 0.7 m, and so the above formula gives a 
footing radius of about 4.57 m. 

Ref. E63 discusses the behaviour of the footing impedance as 
a function of the footing radius„ the ground conductivity and the 
frequency. Typically, the footing impedance has a value of about 
10 ohms resistive and 10 ohms reactive. At 420 kHz, the radi- 
ation,resistance of a 51 m power line tower carrying a resonant 
standing-wave current distribution is about 15 ohms. The footing 
resistance is thus comparable to the radiation resistance and so 
has a large "damping" effect on the magnitude of the resonant 
response. At 840 kHz, the radiation resistance of the power line 
tower is about 45 ohms and is larger than at 420 kHz because the 
tower is taller in terms of the wavelength. The resonance mode 
is already "damped" considerably by radiation resistance, and a 
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further 10 ohms of resistance due to footing impedance will not 
have a major effect on resonant response. Thus footing impedance 
is expected to have a major "damping" effect on resonance in the 
one-wavelength loop resonance frequency range, and a less drama-
tic effect in the two-wavelength range. This reflects the behav-
iour seen in Figs. 3.2 and 3.3. 

3.2.2 Comparison with Sommerfeld-Norton Results 

In order to assess the effect that the actual conductivity 
of the ground has on the resonant behaviour of a power line, 
Sect. 2.5.1 explored the behaviour of the power line configura-
tion of Fig. 3.1 using the Sommerfeld- Norton ground model in the 
NEC program. In this section, the power line of Fig. 3.1 will be 
analysed over perfect ground, accounting for the losses in ground 
by including the footing impedance at the base of each of the 
five power line towers. By comparing the frequency dependence of 
the max-te-min ratio of the azimuth pattern using footing imped-
ance with the frequency dependence obtained with Sommerfeld-
Norton ground, the usefulness of the footing impedance method can 
be established. 

Figs. 3.7 and 3.8 plot the max-te-min ratio of the azimuth 
pattern of the configuration of Fig. 3.1 throughout  the  one-wave-
length and two-wavelength resonance range of frequencies, for 
three different ground conductivities. Fig. 3.7 compares the 
results obtained at 420 kHz for highly-conducting "perfect" 
ground, and for ground conductivities of 5, 10 and 20 milli-
siemens/metre. In all cases the resonant response including 
ground losses is much less than it is over "perfect" ground, ' 
because, as discussed above, the magnitude of the footing imped-
ance is comparable to the radiation resistance of the power line 
tower at 420 kHz. It is seen that the magnitude of the resonant 
response rises with increasing ground conductivity, and that the 
values obtained with the footing impedance approximation gen-
erally follow those obtained with the Sommerfeld-Norton ground 
model. There are some differences, particularly at frequencies 
near the resonance peak at 420 kHz. Thus in part (c) of Fig. 
3.7, it is seen that the Sommerfeld-Norton model predicts a 
larger response by as much as 3.5 dB at resonance. Away from the 
resonant frequency the footing impedance approximation is excel-
lent. 
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Fig. 3.0 shows the max-to-min ratio at frequencies near 
two-wavelength loop resonance, for the three ground conduc-
tivities of 5, 10 and 20 millisiemens/metre. At 430 kHz the tow-
er's radiation resistance is about equal to the footing imped-
ance, but at 960 kHz for two-wavelength loop resonance the radi-
ation resistance of the tower is about twice the footing imped-
ance. Thus adding footing impedance to the tower has less effect 
at two-wavelength loop resonance than at one-wavelength reso-
nance. The footing impedance is not "small" compared to the 
radiation resistance and i  certainly not negligible. Fig. 3.9 
shows that the value of the resonant response rises somewhat with 
increasing ground conductivity. The footing impedance approx-
imation is excellent for all three ground conductivities and 
closely traces out the curve obtained with the Sommerfeld-Norton 
method. 

It is of interest to note that the resonant frequency of the 
power line is not strongly dependent on the ground conductivity 

in Figs. 3.7 and 3.9. Thus a downward shift in resonant frequen-
cy of perhaps 10 kHz can be noted in Fig. 3.7(b), but this is 
only a small percentage of the operating frequency of 420 kHz. 
Similarly a small downward shift in resonant frequency can be 
seen in Fig. 3.9. 

Overall, the footing impedance provides a good approximation 
to the behaviour of the Sommerfeld-Norton ground model, and is 
especially good in the two-wavelength loop resonance frequency 
region. Thus the inclusion of footing impedance can reasonably 
account for the damping of resonance by ground conductivity and 

for the small shift in resonant frequency due to ground conduc-

tivity, at a much smaller cost to the user than is incurred by 
using the Sommerfeld-Norton ground model. 
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3.3 Attenuation of the Incident Field 

This section discusses an effect of ground conductivity on 
power line reradiation which has not been dealt with in previous 
work. The main effect of lOssy ground is the damping of the 
resonances of the power line, and has been approximately account-
ed for in the foregoing using the tower footing impedance. The 
second effect concerns the attenuation of the antenna's field as 
it travels over lossy ground compared to its value over perfect 
ground. Over perfect ground, the field strength of the broadcast 
antenna attenuates as 1/distance (in the "far field"), and so the 
further a power line tower is from the antenna, the weaker is its 
excitation by the broadcast antenna. Over lossy ground, that is, 
ground of finite conductivity, the attenuation of the field from 
the broadcast antenna is faster than 1/distance, and so the tow-
ers of the power line are excited more weakly than with perfect 
ground, and so the reradiated field strength is weaker. The 
ratio of the antenna's field strength over lossy ground to its 
value over perfect ground will be termed the "ground loss ratio". 
This section gives an approximate method for calculating the 
ground loss ratio, and incorporating its effect on the power line 
tower currents and the azimuth pattern into the NEC computation 
using perfectly-conducting ground. 

In the best ground conductivity model available, the Sommer-
feld-Norton ground, the formulation automatically included both 
the attenuation of the broadcast antenna's field with distance 
travelled to the power line, and also the damping of the power 
line's resonant response due to ground loss. The footing imped-
ance is a method of incorporating the local effect of ground 
losses into the NEC computations employing perfect ground. The 
field strength of the broadcast antenna which excites each power 
line tower is computed using perfect ground conductivity. Thus 
the perfect ground solution including footing impedance does not 
account for ground loss ratio. 

The attenuation of the excitation field as it travels over 
lossy ground to the towers of the power line could be built-in to 
the NEC solution by modifying NEC. Thus using the perfect-ground 
method-of-images solution, the excitation field strength at each • 
tower,could be multiplied by the ground loss ratio. But modifi-
cations to NEC are not simple. An approximate method of incorpo-
rating "ground loss ratio" into the NEC method-of-images solution 
is used here. NEC is used rto calculate the power line tower 
currents with the tower excitation fields  computed with perfect 
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ground conductivity. These currents are then reduced by 
multiplication by the ground loss ratio" factor. The azimuth 
pattern is re-computed based on the new set of tower currents. 

3.3.1 Computation of Grounti Loss Ratio 

In this section gives approximate formulas for determining 
the field strength as a function of distance from an antenna over 
lossy ground, and over perfectly-conducting ground. The quotient 
of these two values is the "ground loss ratio". 

For a Hertzian dipole MI located on the surface of a ground 
of conducti'vity a and relative permittivity e. the vertical com-
ponent of the field strength at a distance R from the dipole for 
a point an the surface of ground is given byt393 

Eater/ace 130 fie I di • (1 - R). F • (—H. (1 - u 2 ) 

...3.13 

where the reflection coefficient for vertical polarization is R, 
I= -1 for source and observer both on the ground plane. In this 
equation, g is the free-space wave-number, IdI is the current-
moment of the Hertzian dipole, F is the "attenuation function" 
given below, and 

where 

and it is assumed that R>>t • The exact expression for the 
attenuation function F in 
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F (1— j 57; e'w or jec(jrc7))) 

where 

u.) —j19Ru 2  

—3.17 

for dipole and observer both on the ground plane. The error 
function erfc is defined by 

erfc(:brci;) fl  Flew  „2 

dv 

—3.18 

For comparison the field strength over perfect ground is given by 

E parf„t »OP Idl. R  

In the present context it is of interest to compare the field 
strength attenuated by ground losses to the field strength over 
perfect ground, hence define the "ground loss ratio" a(R) as 

a(R) I E ..rtec.(101  

I E port act(R) I 
—3.20 

The ground loss ratio is unity for perfectly conducting ground, 
and takes on values less than one for ground of finite conduc-
tivity. To evaluate a(R), approximations can be used. Thus 

a(R) 

e -Joit 
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which requires the evaluation of the magnitude of the attenuation 
function F, given byC393 

IF' A(R) — 
2+0.3p 

sin(b). e 0625p  —2
.0 

2+ p+0.6p 2  

The parameters used in this equation are the "numerical distance" 
p and the "phase constant"  b0 For the dipole and observer both 
on the ground plane are defined as 

...3.23 

Hence the numerical distance p is the magnitude of w and is given 
by 

R p 
• 

cos(b) 

and the phase constant b is given by 

b n tan-1 ( er+  1  x 
...3.25 

The "ground loss ratio" in(R)'is'thus readily-computed- with'..these 
approximate formulae. 

Fig. 3.9 compares 1/distance attenuation with the attenua-
tion of the antenna's field strength over lossy ground, for con-
ductivitie% of 20, 10 and 5 millisiemens/metre, with relative 
permittivity 15, and was prepared by evaluating and 

for a Hertzian dipole with  I dl ar 1. The frequency is 
840 kHz. The figure shows that the effect of ground loss is 
relatively small for close distances such as 2000 m and good 
ground conductivity such as 20 millisiemens/metre. But for poor 
ground conductivity such as 5 millisiemens/metre, ground loss has 
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a significant effect even for close distances. For "far" dis-
tances such as 10 kilometres, and poor ground conductivity, the 
antenna's field strength can be reduced by as much as thirty-five 
percent. Thus the effect of ground loss on the field strength 
exciting the power line towers is most pronounced for power lines 
that are several kilometres from the broadcast array operating 
with poor ground conductivity. 

In the following, a(R) is used to estimate the reduction in 
the power line tower currents due to the attenuation of the 
broadcast antenna's field as it travels over lossy ground. 

3.3.2 Application to Power Line Reradiation 

In this section a method is given for approximately includ-
ing the ground loss ratio in; the  tower currents on a power line, 
and hence in the radiation pattern of a broadcast antenna oper-
ating near a power line. In this method, NEC is used to compute 
the currents on the power line towers operating over perfect 
ground. The footing impedance can be included to model the damp-
ing of resonance by lossy ground. The NEC computation calculates 
the value of the broadcast antenna's field at each power line 
tower, that is, the excitation of each power line tower, using 
perfectly-conducting ground. The excitation of each tower is 
actually less with lossy ground, and the ground loss  ratio  a(R) 
measures the amount by which the excitation is reduced. Note 
that a(R) does not include any phase difference due to lossy 
ground, and such phase differences have been neglected in the 
present work. 

. The method for including a(R) in the power line tower cur-
rents and hence in the azimuth pattern is based upon the prin-
ciple of linearity. The NEC program calculates the field 
strength Ek of the broadcast antenna at the location of each 
power line tower, •to obtain the set of excitations 

Ek: 1 

where is the number of towers in the power line. The currents 
on the towers of the power line are then computed, and can be 
denoted by 
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I/ 

Ik: k"1,...N, 

The problem is a linear one, by which is meant that if all the 
tower excitations are scaled by multiplication by a constant A, 
such that the ne  w tower excitations are 

Er •. A E t  • 

then all of the tower currents will also be scaled by the same 

I/ constant A9 to obtain 

A î t  

In the present application, the response of a span of the power 
line made up of towers #k and k+1 is primarily determined by the 

extent by the excitation and hence the current flow on the adja- I/ 
excitation at these two towers, Ek and Ek..az and to a smaller 

cent towers, Sek-1 and #k+20 .The response of towers #k and Ilek+1 
is not greatly influence by the remaining towers, #1, #2y omog 

#k-2 9  and #k+3, *Kit . Thus if the excitation of towers 
#k+1, k, k+1 and k+2 were multiplied by factor A, then the cur-
rents on these towers would  sale  by factor A to become A Ik-1 1  
A I A and Ik-, no matter what is happening on the 
remainder of the power line. That is, the remaining tower excit- 

A m 

.ations could be multiplied by some other factor, and would have 
little influence on the group of towers #k-1 thru #k+2. The 
effet  of changing the excitation at tower #k is thus primarily a 
local one, influencing only the immediate neighbours of a given 
tower. 

Let the ratio of the excitation over ground of finite con- I/ 
- 

ductivity to that over perfectly-conducting ground be, at tower 
#k 

'CMS 

•Ak' " I E—i=rtect i 

hence 

A t J., a(R t ) 
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where Rk is the distance from the broadcast antenna to tower IRk 
of the power line. The number Ak does not change rapidly along 
the power line, and is roughly constant across any set of four 
towers. The NEC solution over perfect ground gives the set of 
currents 

•  :aria« k 1 ,...N 

In order to estimate the RF current flow on each power line tower 
when the incident field is attenuated by ground loss, calculate a 
modified set of currents given by 

1  m Perige at At It 

The new set of currents is then used to recompute the reradiated 
field from the power line, and hence to find a radiation pattern 
for the broadcast antenna operating with the power line in place, 
including the effect of the attenuation of the broadcast anten-
na's field with distance to the power line. 

This approximate method should be used in conjunction with 
the footing impedance. Thus the footing impedance models the 
local damping effect that the ground loss has on the resonant 
response of the spans. NEC is run over perfect ground, but 
including the footing impedance at the base of each power line 
tower. The set of tower currents so obtained, 

( 1 e°14  :  k - 1 ,...N  

including this damping effect, but are the response to the "unat-
tenuated" broadcast antenna's field 

.Erilect 

calculated assuming no ground losses. The towers of the power 
line should be excited by 

E en" 

including the attenuation of the broadcast antenna's field due to 
ground losses. Thus the tower currents are modified as above, by 
computing AK at each tower, and then computing "attenuated" cur-
rents according to 

Concordia EMC Laboratory 50 



TN-EMC-87-04 

Jwil  m  A t  I C.": 

This set of tower currents is then used to re-compute the azimuth 
pattern, including the effect of the damping of resonances by 
lossy ground, and the attenuation of the antenna's field as it 
travels over lossy ground. 

The modification of the tower currents by the ground loss 
ratio and the subsequent re-calculation of the azimuth pattern is 
readily coded into a FORTRAN program. The program inputs the 
results of a NEC run over perfect ground, including tower footing 
impedance. The positions of the towers are read, as well as the 
current on each tower of the broadcast array, and the current on 
each power line tower. The program calculates the distance from 
the broadcast antenna to each power line tower, and then computes 
the ground loss ratio a(Rx) using Eqn. 3.21. The "far field" 
azimuth pattern is then calculated based on the attenuated tower 
currents, and is written to the output file. 

This Section has described a method for including the effect 
of the attenuation of the broadcast antenna's field as it travels 
over imperfectly-conducting ground to the towers of a power line. 
It should be noted that the present approximate method has two 
limitations. The phase change in the broadcast antenna's field 
due to travel over lossy ground has been neglected. Thus the 
ground loss ratio function a(R) should complex-valued. No simple 
method for evaluating the phase was found. The second limitation 
of the present method is that it has been applied as a pertur-
bation of the solution, rather than being built into the solution 
from the start. Thus the attenuation effects of lossy ground 
should be included in the right-hand side of the matrix equation 
that NEC solves. 

The results presented show that the effects of reduction in 
the excitation field are most important when the ground conduc-
tivity is low, for power lines which do not have strongly-reso-
nant spans. For a strongly-resonant span, the chief effect of 
ground conductivity is to damp the resonance, and substantially 
reduce the current  flow.  Ground loss ratio contributes a further 
reduction. For a non-resonant span, the damping effect of foot-
ing impedance i5 negligible, and so the ground loss ratio repre-
sents the principal effect of ground conductivity. 

In Chapters 6 and 7 of this report, the effect of the atten-
uation of the antenna's field as it travels over lossy ground is 
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included in the calculation of the currents on the towers of a 
realistic power line, to illustrate the application of this tech-
nique. 

3.4 An Example 

This Section presents an example to illustrate the results 
obtained with the perfect-ground model using the footing imped-
ance and ground loss ratio to approximate lossy ground. The 
approximations will be compared with results using  Sommerfeld-
Norton ground. A five-tower power line similar to that of 
Sect. 3.1 will be used, as shown in Fig. 3.10. With the dimen- 
sions shown, the power line in Sect. 3.1 has a strong response in 
two-wavelength loop resonance at B40 kHz, and so in this section 
that frequency has been used. For the present purpose the power 
line has been skewed at 55 degrees to the radial from the broad-
cast antenna as shown in Fig. 3.10, which increases the magnitude 
of the resonant response. The "poor" ground conductivity of 
5 millisiemens/metre has been chosen in this section so that 
lossy ground effects will be pronounced. In this Section the 
azimuth pattern and tower currents for the power line of Fig. 
3.10 will be presented for two distances between the broadcast 
antenna and the power line. A power line judged "close" to a 
broadcast antenna is typically 1000 m away, and power lines as 
far as 5000 m are often of concern, and so these two distances 
have been used. In the following, the azimuth pattern and tower 
currents are compared using the Sommerfeld-Norton ground model, 
perfect ground, perfect ground plus the tower footing impedance, 
and footing impedance plus ground loss ratio. 

3.4.1:Azimuth Pattern 

The best ground model available is the Sommerfeld-Norton 
option in the NEC program, and SN ground has been used to compute 
the azimuth patterns of Fig. 3.11(a) and (b) for distances of 
1000 m and 5000 m between the antenna and the power line of Fig. 
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3.10, at  840 kHz. The ground conductivity is 5 mS/m and the 
relative permittivity is 15. The patterns have been scaled to an 
effective level of 1000 mV/m at one mile. 

When the power line is 1000 m from the antenna it is "close" 
and the azimuth pattern is that shown in Fig. 3.11(a). The ver-
tical scale runs from 750 to 1250 mV/m 1  to emphasize the detail. 
The "close" power line introduces excursions of as much as 
140 mV/m above the effective level, and 139 mV/m below. The 
reradiated field is thus roughly 140 mV/m at its largest value. 
The angular separation of maxima or minima is quite large in the 
pattern of Fig. 3.11(a). 

When the power line is moderately "far" from the antenna, at 
5000 m distance, the azimuth pattern is that of Fig. 3.11(b), 
where the vertical scale runs from 950 to 1050 mV/m. The pattern 
has maxima as large as 1030 mV/m, and minima as small as 962 
mV/m, and so the reradiated field is roughly 40 mV/m. The rera-
diated field thus decreases roughly as 1/distance +rom the broad-
cast antenna. The angular separation of maxima or minima in some 
regions of the pattern of Fig. 3.11(b) is much less than in Fig. 
3.11(a). Typically, patterns for  more distant power lines are 
much "busier" with maxima and minima much more closely spaced. 

The patterns of Fig. 3.11 represent the best approximation 
available for lossy ground from the NEC program, namely the Som-
merfeld-Norton ground. However, SN ground is so expensive in 
terms of CPU time that it is impractical for power lines of more 
than a few towers. For example, the computation required for 
each pattern in Fig. 3.11 consumed 2400 CPU seconds on the Cyber 
835 1  compared to 140 sec for the same power line over "perfect" 
ground. Thus SN ground cannot be used for realistic site models 
with many power line towers. 

The "perfect ground" model exaggerates reradiation effects 
because it neglects the damping of power line resonances by 
"lossy" ground. Thus perfect ground represents a "worst case", 
in which reradiation from the power line is a maximum. Fig. 3.12 
compares the azimuth pattern computed with "perfect ground" to 
that computed using the SN ground model, for the power line at 
1000 m from the antenna. The patterns are quite similar and have 
their maxima and minima at about the same angular positions. But 
the maxima with "perfect ground" are much larger than using SN 
ground, and the minima are much smaller. The largest maximum is 
1230 mV/m with perfect ground, compared to 1140 mV/m over SN 
ground, and the smallest minimum is 784, compared to  861 mV/m. 
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The inclusion of the footing impedance to model ground 
losses local to the power line, which damp the resonant response 
of the power line, results in a considerable improvement in the 
reradiated field. Thus a tower footing impedance, computed using 
Eqn. 3.10, of 13.99 + j 5.60 ohms is included at the base of each 
power line tower, and the model is run using perfect ground 
conductivity. The result is the azimuth pattern of Fig. 3.13, 
for the power line at 1000 m from the antenna. The agreement 
with the SN ground calculation is much better than that of Fig. 
3.12. The largest peak of 1160 mV/m is only a little greater 
than the value of 1140 using SN ground, and the smallest minimum 
of 870 is not as small as the SN ground model's 861 mV/m. A 
further improvement of 10 mV/m in the result is obtained by 
perturbing the calculated tower currents with the ground loss 
ratio, as discussed above. Thus Fig. 3.14 compares the azimuth 
pattern computed by incorporating the ground loss ratio into the 
perfect-ground-with-footing-impedance solution, and is very simi-
lar to Fig. 3.13. The difference lies in the maximum field 
strength, which is.1160 mV/m in Fig. 3.13 and 1150 mV/m in Fig. 
3.14, an improvement of 10 mV/m in the agreement with the SN 
ground model's value of 1140'mV/m. 

A significant difference between the pattern with Sommer-
feld-Norton ground and that using the approximate ground loss 
model can be seen near 180 degrees, where the field drops to a 
much lower value with the SN ground model than it does with the 
approximate models. 
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TABLE 3.1 
Pattern maxima and minima using four 

ground models. 
Distance Ground Maximum Minimum Ratio 
metres Model mV/m mV/m 

1000 SN 1140 861 1.32 

Perfect 1230 784 1.57 

Footing 2 1160 870 1.33 

F2 plus 1150 870 1.32 

500C) 

ground 
loss ratio 

SN 

Perfect 

Footing  Z• 

F2 plus 
ground 
loss ratio 

1030 962 1.07 

1070 932 1.15 

1050 954 1.10 

1040 962 1.08 

The results of this comparison among ground models is sum-
marized in Table 3.1. For the power line at 1000 m from the 
antenna, the max-to-min ratio of the azimuth pattern using the 
Sommerfeld-Norton ground model is 1.32, and over perfect ground 
is 1.57, which is much too large. Including the footing imped-
ance in the model reduces the max-to-min ratio to 1.33, and 
including the ground loss ratio further reduces.it.to  
good agreement with the SN result. 

These comparisons among the ground models were repeated with 
the power line 5000 m from the broadcast antenna. The patterns 
have not been plotted because, for a pattern with variations as 
rapid as that of Fig. 3.11(b), comparison between two patterns 
plotted on the same axes is difficult. The results of the study 
are summarized in Table 3.1. With Sommerfeld-Norton ground the 
maximum field is 1030 mV/m, and the minimum is 962 mV/m, for a 
max-to-min ratio of 1.07. With perfect ground the largest maxi- 
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mum is 1070 mV/m and the smallest minimum 932 mV/m, for a 
max-to-min ratio of 1.15, considerably too large. Inclusion of 
the footing impedance reduces the max-to-min ratio to 1.10. The 
ground loss ratio reduces the max-to-min ratio to 1.08 1  which is 
close to the value with Sommerfeld-Norton ground. 

The four ground models can also be compared on the basis of 
the currents on the power line towers, as discussed in the next 
section. 

3.4.2 Tower Currents 

The usefulness of the footing impedance and ground loss 
ratio in approximating the effects of lossy ground can be judged 
by comparing the RF current flow on the power line towers among 
the various ground models. For this comparison, the currents 
have been scaled such that the broadcast antenna carries 1 amp at 
its base. The results presented in Figs. 3.15 and 3.16, at 
1000 m and and 5000 m from the broadcast antenna, respectively. 
The strongest tower current at each distance is given in 
Table 3.2. 

Fig. 3.15 shows the tower currents when the power line is 
1000 m from the broadcast antenna. With perfect ground, the cur-
rents on the power line towers are considerably too large. The 
current on tower 4 is 290 mA with perfect ground, compared to 
190 mA with SN ground. When the footing impedance is included in 
the perfect ground model, the currents decrease substantially, 
and tower 4 carries 217 mA l  which is 14 percent too large. When 
ground loss ratio is included in the strength of the field excit-
ing the power line, the current decreases to 203 mA l  still 
7 percent too large. This attenuation effect is small here 
because the power line is quite close to the antenna. 

Fig. 3.16 compares the tower currents for the four ground 
models when the power line is 5000 m from the antenna. Tower 2 
now carries the largest current. With perfect ground this tower 
carries 100 mA, which is about twice the 51 mA that the tower 
carries with SN ground. When the footing  impedance is included, 
the current drops to 71 mA l  which is still 40 percent too large. 
The attenuation of the excitation field as it travels over lossy 
ground to the towers of the power line is a strong effect when  
the power line is as far as 5000 m from the antenna, and the 
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conductivity is ow" at 5 mS/m. Thus inclusion of ground loss 
ratio drops the current to 57 mA, still 12 percent larger than 
the SN ground result. 

TABLE 3.2 
Tower base currents using 

four ground models. 
Distance Tower Ground Tower Base 
metres Model Current 

mA 

1000 4 SN 190 

Perfect 290 

.Footing Z 217 

FZ plus 203 
ground 
loss 
ratio 

5000 2 51.0 
SN 

100.1 
Perfect 

70.7 
Footing Z 

56.5 
FZ plus 
ground 
loss 
ratio 
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The example presented in this section has shown that when 
both footing impedance and ground loss ratio are included in the 
power line, model over perfect ground, the effects of ground loss 
are well approximated. The decrease in the power line tower 
currents due to ground loss ratio is quite substantial, espe-
cially when the power line is "far" from the broadcast antenna. 
In dealing with a power line reradiation problem, the current 
flow on the power line towers is used as an indicator of which 
parts of the power line are responsible for the reradiation and 
must be "treated" or "detuned". The Sommerfeld-Norton ground 
model is prohibitively expensive, and so the best possible com-
puted estimate of the strength of the currents on the power line 
towers is obtained by running NEC over perfect ground including 
the tower footing impedance at the base of each power line tower, 
and then perturbing the result with the ground loss ratio. 

3.5 Conclusion 

Chapter 2 presented a computer model of a power line and 
studied its response over "perfect" ground of high conductivity. 
Resonance of the spans of the power line was found to be 
responsible for large reradiated fields at certain frequencies. 
This chapter has dealt with the effects of the lossiness of real 
ground on the reradiated field strength. Using the Sommerfeld-
Norton ground model in the NEC program, and a five tower power 
line, it was shown in this chapter that the resonant frequencies 
of the power line change little as the ground conductivity is 
decreased. However, the magnitude of the reradiated field de-
creases with decreasing ground conductivity. Two mechanisms have 
been identified. Firstly, the lossiness of ground damps the res-
onant response of the spans of the power line, and hence reduces 
the current flow for a given excitation field strength. Second-
ly, ground loss reduces the strength of the field exciting the 
power line compared to its value with perfect ground conduc-
tivity. 

The Sommerfeld-Norton ground model is so expensive to "run" 
using NEC that power lines of more than five towers are imprac-
tical. Thus means of including the ground loss effects into 
NEC's economical "perfect ground" solution have been identified. 
The damping of the resonance of the spans can be approximated by 
including the "tower footing impedance" at the base of each power 
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line tower, and the NEC program run using "perfect ground"; The 
resulting power line tower currents are then decreased by a 
factor which accounts for the decrease in the strength of the 
field exciting the power line due to ground loss. This factor 
has been termed the ground loss ratio, and is the ratio of the 
antenna's field strength at the power line tower, evaluated using 
lossy ground, to its value over perfect ground. The "perturbed" 
tower currents are used to recompute the radiation pattern. 

An example was presented consisting of a five tower power 
line, which was analysed using Sommerfeld-Norton ground, and 
using the approximations to ground  lois in the "perfect ground" 
model. It was shown that when the footing impedance and the 
ground loss ratio are included in the perfect ground solution, 
the tower currents are within about 10 percent of their values 
found using SN ground. 

The remainder of this report describes procedures for using 
the computer model of a power line to deal effectively with a 
realistic site. The modelling of a directional broadcast array 
with NEC is discussed in the.following chapter. The problem of 
assessing the reradiation likely from a power line proposed for 
construction is then discussed. Chapter 6 deals with the power 
line after construction. The resonant frequencies of spans of 
the power line can then be estimated, and NEC can be run with a 
detailed power line model. The computed tower currents indicate 
which towers are "hot", and the azimuth pattern of the antenna 
operating near the power line shows how these currents change the 
pattern. Chapter 7 discusses the "detuning" of the power line by 

. the isolation of towers from the skywire. 
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CHAPTER FOUR 

MODELLING THE BROADCAST ARRAY 

4 Introduction 

This chapter deals with the modelling of a broadcast array 
using the Numerical Electromagnetics Code program. The antenna 
design specifies the value of the "field ratio parameters" for 
the array. The "field ratio" for a tower is . defined to be the 
ratio of the field radiated by that tower to the field radiated 
by the reference tower of the array. The "theoretical" azimuth 
pattern for the array is readily calculated from the values of 
the "field ratio parameters", using the expression given in this 
chapter. The objective of this chapter is to specify tower base 
voltages to use to excite the NEC model of the array such that 
the field-parameter ratios of thé NEC model match their design 
values. Then NEC's azimuth .pattern matches the antenna's theo-
retical pattern. 

The user wishing to model a DA with NEC is faced with a 
practical dilemma. NEC requires that the driving voltage at the 
base of each tower be specified, whereas the antenna design spec-
ifies the field-parameter ratios. In Ref. C183, the admittance 
matrix of the DA is assembled, and then used to determine tow-
er-base voltages which make the ratios of the tower-base currents 
of the array equal to the field-parameter ratios. The azimuth 
pattern of the array, computed with NEC using these tower-base 
voltages, is found to differ substantially from the theoretical 
pattern[18,403. The reason for the difference can be found by 
examining the phase of the current which NEC computes for each 
tower of the array. The phase varies roughly linearly with dis-
tance along the tower. The field radiated by the tower is pro-
portional to the integral of the current from the base to the top 
of the tower, hence the phase of the field reflects the phase of 
the current over the entire tower, not Just at its base. Making 
the ratios, of the tower base currents equal to the "field-
parameter ratios" of the design does not lead to "field-parameter 
ratios" for towers of the NEC model which agree with the design. 
Ref. [40] describes a confusing situations NEC's field-parameter 
ratios are different from the array's design field-parameters, 
and both are different from the licensed operating parameters of 
the DA. This chapter provides a method for adJusting the NEC 
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model of the array to make its field-parameters the same as those 
of the design, which greatly simplifies the comparison of NEC's 
results with the theoretical design. 

The NEC model of the array can be regarded as being "out of 
adjustment" when NEC's azimuth pattern differs from the theoret-
ical pattern. It is possible to adjust the excitation of the NEC 
model by the same procedures used to adjust the real array when 
it is first installed, but the procedure is tedious and does not 
lead to an "exact" match of the antenna's theoretical pattern. 
This chapter presents a systematic method called "current-moment 
matching" for adjusting the NEC model of the DA so that its 
azimuth pattern is an exact match of the "theoretical pattern". 
This is achieved by adjusting the tower currents in the NEC model 
so that NEC's field-parameter ratios exactly match those of the 
array's design. 

It will be shown that the field radiated by each tower of a 
DA is proportional to the "current-moment" of the tower. Hence 
by making the ratios of NEC's tower current-moments equal to the 
field-parameter ratios of the array's design, NEC's field-
parameter ratios become identical to those of the design. "Cur-
rent-moment matching" in  • ffect makes the average value of the 
phase of the current on each tower in the NEC model equal to the 
phase specified for the tower in the array's design. Matching 
NEC's azimuth pattern to the array's theoretical pattern provides 
a good starting  point for  analysing the interactions between the 
DA and a reradieting structure such as a power line. 

To illustrate the "current-moment matching" method, this 
chapter applies it to derive a NEC model of a three tower DA, 
namely the CHFA antenna used later in thiS report as an example. 
Table 4.1 is the "antenna description sheet" for the CHFA array. 
It specifies the frequency of operation as 680 kHz and the radi-
ated power as 10 kW. The positions and heights of the three 
towers are given. The "field ratios" or "field-parameter ratiàs" 
of the three towers are given, with the center tower as the 
"reference tower". Fig. 4.1 shows the locations of the towers of 
the array relative to the reference tower. 
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STATION: 

FREQUENCY: 

GEOGRAPHICAL LOCATION: 

CHFA 

680 kHz 

Type of Elemehts: 

Tower 

Height above 
base insulator: 

Overall height: 

Field Ratio: 

Phasing: 

GROUND  SYSTEM:  

285'(70.9°) 

290' 

0.538 

97.5° 

285'(70.9°) 

290' 

1.0 

285'(70.9°) 

290' 

0.484 

-97.5° 

TN-EMC-87-04 

TABLE 4.1 
DIRECTIONAL ANTENNA DESCRIPTION SHEET 

' MAIN STUDIO: EDMONTON, ALBERTA 

POWER: 10 kW CLASS: II 

Latitude 53° 24' 23" North 
Longitude 113° 36' 41" West 

ANTENNA CHARACTERISTICS:  

Mode of Operation: DA-1 

Number of Elements: 3 (Three) 

Guyed steel towers, uniform 
cross-section, base insulated 
for series feed. 

*1 (South.) 442(Centre) #3(North) 

120 equally spaced  radiais per tower 
of No. 10 B & S gauge bare soft copper 
buried approximately 8". Length 
of radiais  579' (0.4 wavelength) with 
the exception of those joined along 
common chords. 

SPACING  AND ORIENTATION OF TOWERS:  
The towers are equally spaced on a line 
bearing 10.5°. The spacing between the 
towers is 362' (90°). 

PREDICTED  EFFECTIVE FIELD:  
593 mV/m at 1 mile for 10 kW 
Ise mV/m at 1 mile for 1 kW 
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In the following, the azimuth pattern of an antenna array is 
related to the current-moments of the towers of the array, and to 
the array's Field-parameter ratios. The theoretical pattern of 
the array is expressed in terms of the current-moments of towers 
carrying sinusoidal current distributions. The current-moments 
of the tower current distributions computed by NEC are calculated 
and related to NEC's azimuth pattern. Then the current-moment 
method is described, which allows the tower-base voltages driving 
the DA in NEC to be chosen to make NEC's current-moments identi-
cal to the sinusoidal current-moments and hence NEC's azimuth 

•  pattern identical to the theoretical pattern. 

4.1 Modelling CHFA with the NEC Program 

The CHFA array is modelled in NEC with a set of three cylin-
drical wires with the positions and heights given in Table 4.2. 
The coordinate system, illustrated in Fig. 4.1 9  has the x-axis 
oriented to the north 9  and the y-axis pointing west. Then the 
cylindrical angle  •  of the coordinate system of Fig. 4.2 is 
related to the azimuth angle, measured east of north, by 

azimuth angle .• 360 - 0 

To complete the NEC model of the antenna, a wire radius must be 
specified for each tower wire; each wire must be subdivided into 
"segments"; and the voltage exciting the base of each tower must 
be specified. 

The wires in NEC are cylindrical, whereas the towers of the 
CHFA array have an equilateral triangle cross-section of side 
length s=2 feet. The wire radius must be chosen such that the 
round wire used in the NEC program represents the triangular 
tower. The circle of radius ra having an area equal to the area 
of the triangle has radius 

ns s i 2 ' 60 
r, 2n 

and the circle of radius r° having a periphery equal to that of 
the triangle has radius 
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3s 
2n 

and taking the arithmetic mèan radius obtains 

r l +r 2  
2 

For the CHFA towers with a side length of s = 0.6096 metres 
(2 feet), the radius obtained is 0.259 metres, which has been 
rounded to 0.26 metres. 

TABLE 4.2 
The positions and field ratios of the towers of the CHFA array. 

TOWER POSITION(m) HEIGHT FIELD RATIO 
IMei x. .y. m ratio angle 

degrees 
south 1 -108.49 20.11 86.87 0.538 97.5 
center 2 O. 0. 86.87 1. 0. 
north -1, .., 108.49 -20.11 86.87 0.494 -97.5 

For analysis by the NEC program, each wire must be subdi-
vided into Nm "segments" each, with Nm chosen large enough that 
the "segment length" 

h A u. 
N 

is. much shorter than one-tenth of the wavelength. For the CHFA 
.antenna, the towers are 86.87 m tall, which is 0.197 of the 
wavelength at 680 kHz, and N0=10 has been used. 

Table 4.3 is a NEC input file describing the CHFA array. 
Each OW card describes one tower of the antenna array. The first 
number on each SW card is the "tag number" of the wire, chosen 
here as 1, 3 and 5 for the north, centre, and south towers 
respectively. The next number specifies that 10 segments are to 
be used on the wire. The height of each tower at 680 kHz is 
0.1969 wavelengths, and this has been subdivided into 10 segments 
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of length 0.01969 wavelengths each, which is well within the 
conservative NEC guideline of segments shorter than 0.05 wave-
length. The next six numbers specify the x,y and z coordinates 
of the starting point and of, the ending point of the wire. The 
last number on the GW card is the radius of the wire. The GE 
card marks the end of the geometry section of the NEC input file, 
and the "1" indicates that a ground plane is present. The "GN 
1" card specifies that the ground is perfectly-conducting. The 
FR card gives the frequency as 0.68 MHz. The three EX cards give 
the voltage to be applied across the segment at the base of each 
of the three towers. Thus on the first EX card, the "0" indi-
cates that a voltage source is being defined. The next number 
selects the wire with tag number 1, and specifies segment *1 on 
that wire. Then the real part and the imaginary part of the 
voltage applied to that segment is specified. The purpose of 
this chapter is to provide a method of choosing these voltages 
such that NEC's azimuth pattern matches the antenna array's theo-
retical pattern. The RP card commands that the radiation pattern 
starting at f..90.0.., 0 be calculated at 361 points, with • stepped 
by one degree between points. 

TABLE 4.3  
Input file for NEC describing the CHFA array. 

CM CHFA 680 KHZ 
CM 
CM SCALED DESIGN EXCITATION 
CM 
CM 
CM 
CM NEC PROGRAM 
CM 
CM 
CE 
OW 1 10 108.49  • -20.11 0.00 108.49  • -20.11 86.87 
GW 3 10 0.00 0.00 0.00 0.00 0.00 86.87 
GW 5 10 -108.49 20.11 0.00 -108.49 20.11 B6.87 
GE 1 
EN  1 
FR 0 1 .68 
EX 0 1 1 -.25709860-.18068530 
EX 0 3 1 .23691762-.89373571 
EX 0 5 1 .56186984 .11928028 
RP 0 1 361 90. 0. 0. 
EN 

I. 

• .26 
..26 

'ConcOrdiaEMC Laboratory '*65 



Pi in xidx+Ygel y  —14.1 

TN-EMC-S7-04 

4.2 Field of an Antenna Array 

This section reviews the equations required to calculate the 
field of an antenna array given the current distribution on the 
array's towers. The "current-moment" will be defined and it will 
be shown that the azimuth pattern depends on the current-moments 
of the towers rather than on the exact current distribution on 
any tower. It will be shown that the "field parameter ratios" 
are equal to the ratios of the current-moments of the towers. 

A directional array consists of N towers, each of height h. 
The reference tower is located at the origin of the coordinate 
system of Fig. 4.1, and the positions of the other towers rel-
ative to the reference tower are given by the "position vectors" 

for  i=1,...,N, where (5. and by are unit vectors along the x and 
the y axes, respectively. The design of the array is stated by 
giving the number and height of the towers, their positions rel-
ative to the reference tower, and the field-parameter ratio of 
each tower. Fig. 4.1 shows the geometry of the CHFA antenna 
array. Table 4.2 gives the position vectors of the towers of the 
CHFA array, with the reference tower at the origin. 

The current on tower iéti of the array is given by 

t i(z,t) A i (z)cos(cvt+a t (z)) • — 4.2 

where  A±(z) is the amplitude of the current distribution, ai(z)is 
the phase, and w is the frequency in radians per second. The 
complex form of the current is 

I g (z) In A g (z) Za g(z) .4.3 

The "current-moment" of tower is given by 

cg f A 
i g (z)dz 

0 
I ..4.4 

where h is the height of the antenna tower. The electric field 
radiated by tower iéti in volts/meter R.M.S. is given by[393 
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Ede '0) e-ier  • f h  
v 2 4rtr 

sane hli(zjelp.,,ectz 

...4.6 

where I and  • are the standard spherical angles defined in Fig. 
4.2, r is the distance from the center of the coordinate system 
to the observer, 77 is the intrinsic impedance of free space, and 
0 is the phase constant in free space at the  stati ons  operating 
frequency. The integral from -h to 0 accounts for the image of 
the tower in perfectly-conducting ground. The field of the array 
of N towers is given by the sum of the fields of the individual 
towersE391 

E curet>, (19 lij)  
1 i77,90 —"r  Weer fh

h  4gr  sine Le (z)gittxtosidz 
— 4  

...4.6 

where  j  is the position of tower #i relative to the origin, and 
is given by Eqn. 4.1. The radial unit vector is given by 

cos¢sined x +siniisinOd y +cosed z  

Eqn. 4.6 must be used to compute the elevation patterns of the 
DA, but can be greatly simplified  for  calculating the azimuth 
pattern. 

The field of tower #i in the azimuth plane, with  • =190 
-degrees, is 

- 4.7 

The integral in the square brackets is recognized as the cur-
rent-moment of the tower and hence the tower's field can be 
expressed in terms of the tower's current-moment as 
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E(e-90,0) 1  illtee -"r  

airr c ' 

The design of a DA specifies the "field-parameter" ratios for the 
towers relative to a reference tower. The "field-parameter" 
ratio for tower #i relative to tower #k,.which is the reference 
tower, is 

By substitution of Eqn. 4.8 in to Eqn. 4.9, 

so the field-parameter ratios are equal to the ratios of the 
current-moments of the towers. 

The azimuth pattern of the array of N towers can be express-
ed as a sum of the fields due to all the towers, phase shifted 
according to the offset of each tower from the origin. The azi-
muth pattern is,given by 

Earray(e= 9010) 1 inPeLir  isF.r 

.15 2ar ci 

—4.11 

This equation expresses the azimuth pattern in terms of the cur-
rent-moments of the towers of the arrays. In order for the NEC 
model of the DA to have the same pattern as the "design" array 
carrying sinusoidal current distributions on the towers, it is 
sufficient for the current-moments of the towers of the NEC model 
to be the same as the current-moments of the towers carrying 
sinusoidal currents. 
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By factoring out the current-moment of the reference tower 
in Eqn. 4.11, the azimuth pattern can be expressed directly in 
terms of the field-parameter ratios as 

E cirray(e - .4,15) 
1 inge-jgr 

2.Trr ck Zej"eeFi 
L-1 

.0.4.12 

The current-moment ck of the reference tower serves as a scale 
+actor when the pattern is expressed in terms of field-parameter 
ratios. 

4.3 The DA Design 

In the array's design, the current on each tower is assumed 
to be sinusoidally-distributed and is given by 

i t (z9t) (A i sin (6 t—z)))cos(cot+ at ) 4.13 

The amplitude distribution At(z) of Eqn. 4.2 is sinusoidal, and 
the phase distribution a(z) is a constant, al. The current on 
the tower in complex form is given by 

/ g (z) (A g sin(i3(h - z)) Za g 04014 

and the complex amplitude of thercurrent-on towerAlft.is 

g .AgZag 

The current-moment is calculated by integration ,ofiEgn.i4.14 » in 
Eqn. 4.4-to obtain 

CI " g 
( 1  - co s( a h ))  ...4.15 
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The "theoretical pattern" of the array is given by Eqn. 4.11 with 
the tower current-moments given by Eqn. 4.15. Alternately, the 
theoretical pattern is given directly in terms of the field-
parameter ratios by Eqn. 4.12, with the current-moment of the 
reference tower serving to scale the pattern to the desired power 
level. 

It is interesting to note that if all the towers of the 
array are of equal height, then the field-parameter ratios can be 
expressed by inserting Eqn. 4.15 into Eqn. 4.10 to obtain 

hence for sinusoidal tower currents the tower current ratios are 
equal to the field-parameter ratios. For the CHFA array, Table 
4.1 specifies the field-parameter ratios, and hence the tower 
current amplitudes are 

/ 1 0.5381 111 [97.5' 

1 2 I mt0° 

and 

1 3 0.484/„Z - 97.5* 

where tower #2 is the "reference tower". The amplitude Im is a 
scale factor which must be found so that the radiated power is 
10 kW. This could be done by determining the input impedance of 
each tower of the array, operating in the presence of the other 
two towers, and then finding the total power flow into the array 
in terms of scale factor Im, and equating the power to 10 kW. 
Another method integrates the far field over a radiation sphere, 
and is used below to find that Ims=28.172. 

Fig. 4.3 compares the sinusoidal current distribution on 
each tower with the current distribution obtained later in this 
chapter using the. NEC program. The NEC current distributions are 
scaled such that NEC's azimuth pattern for the array is identical 
ta the "design" azimuth pattern. The tower-base voltages needed 
to excite the DA in NEC are chosen by using the "current-moment 
method" described later in this chapter. Fig. 4.3 shows that the 
amplitude of the current distribution computed with NEC differs 
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from the sinusoidal, but not greatly. In the sinusoidal approx- 
imation the phase distribution on any tower is constant. In the 
NEC computation, the phase varies roughly linearly with distance 
on any tower. In part (c) . of Fig. 4.3, on the north tower, 
NEC's phase distribution differs by as much as 4.5 degrees from 
the "design" value of -97.5 degrees, and over the height of the 
tower varies by 6 degrees. 

Fig. 4.4 compares the theoretical azimuth pattern of the 
CHFA array computed using Eqn. 4.11 with the current-moments of 
Eqn. 4.15 with the NEC's model's pattern. Azimuth angle  • is 
measured east of north, as shown in Fig. 4.2. Fig. 4.4(a) shows 
that the array radiates a broad lobe centered at 10.5 degrees 
azimuth, where the field strength is 1006 mV/m RMS. There is a 
deep minimum in the pattern from 120 to 250 degrees azimuth, 
designed to protect another station from interference. Fig. 
4.4(b) shows the field strength in the pattern minimum, which 
drops to 5.4 mV/m at 153 degrees, 11.0 mV/m at 167 degrees, and 
7.4 mV/m at 190.5 degrees. The objective of this chapter is to 
choose tower-base voltages for the NEC model of the DA, such that 
NEC reproduces this theoretical pattern. Fig. 4.4 shows that by 
choosing the tower-base voltages by the "current-moment method", 
NEC's pattern is indistinguishable from the theoretical pattern. 
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4.4 The NEC Model 

This section 'shows how the current-moment of each tower of 
the NEC model is found from - the output of the NEC program. 

The NEC program calculates the current flowing on each 
"segment" of the model, by the methods outlined in Chapter 2. 
The program reports the magnitude and phase of the current at the 
center of each segment of the antenna, namely at the set of 
points 

A 
z(2j-1)— 1 2 

for j 1,...„Ne, where A is the segment length. Thus NEC 
reports the set of currents 

for each tower of the array, 

Fig. 4.3 compared the current distribution calculated with 
NEC with the sinusoidal current distribution, when the tower-base 
voltages are chosen by "current-moment matching". NEC's ampli-
tude distribution is close to the sinusoidal, but NEC's phase 
distribution differs significantly. The phase in NEC varies 
roughly linearly with distance along each tower. 

The current-moment of each tower can be calculated by 
approximating the integral in Eqn. 4.4 by the "rectangular 
rule"C413 to obtain 

A more accurate evaluation might be obtained by using, for 
instance, the trapezoidal ruleC411. NEC's azimuth pattern for 
the array is given by using the current-moments of Eqn. 4.19 in 
the array's azimuth pattern of Eqn. 4.11. Evidently, to make 
NEC's azimuth pattern identical to the theoretical azimuth pat-
tern, it is sufficient to make the current-moments of the towers 
in the NEC model, given by Eqn. 4.19, identical to the "design" 
current-moments of Eqn. 4.15. To make NEC's azimuth pattern 
equal to the theoretical pattern to within a scale factor it is 
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sufficient to make the ratios of the current-moments of NEC's 
towers equal to the field-parameter ratios specified in the 
design of the antenna array. 

It will be shown below that the current-moments of the tow-
ers in the NEC model are related in a simple way to the base 
voltages exciting the towers of the array. Hence the base volt-
ages can be chosen to obtain any desired current-moments  -for the 
towers, and will be selected to make the tower current-moments 
equal to the design values of Eqn. 4.15. 

4.5 Power Considerations 

The excitation of the DA must be scaled so that the array 
radiates a specified amount of power. The power radiated by the 
array is obtained by integrating the power density over a 
hemisphere as 

Although Eqn. 4.20 cannot be integrated in closed form, it can be 
evaluated numerically. It is convenient to compute the set of 
"conical cut" radiation patterns at five degree increments 

Earrigy(e001): Opu } 

'for the set of "conical" angles 

e g ... 0,25,37 45 ,53,60 0 66 ,7278 .84,90 ) 

With this set of 11 "conical cut" radiation patterns Eqn. 4 0 20 is 
readily integrated using, for example, the "trapezoidal 
rule"C413, to find the power radiated by the DA. 

For the CHFA array, with the current amplitude scale factor 
set to Imel, the conical cut radiation patterns were evaluated 
and integrated, to find that the power radiated is 12.6 watts. 
Then with the amplitude scale factor chosen to be 
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1,  . /10,000  
n 28.172 

1/ 12.6 

the power radiated by the array is 10 kW. 

—4.21 

The "effective field strength" of the array at one mile is 
often quoted for broadcast antennas. The "effective field 
strength" is the root-mean-square field strength in the azimuth 
plane and is given by 

I f 2g f 
E 111 " 4\i/  2zr 0 

,r/2,) 1 2 c1# • • • 4.22 

The azimuth pattern of the DA is usually required in some detail 
and can be computed at one degree intervals. Then Eqn. 4.22  is 
readily evaluated by numerical integration using the trapezoidal 
rule. For the CHFA array, if the radiated power of the array is 
10 kW, then the effective field strength is 623 mV/m RMS at one 
mile. This figure is based  •on perfectly-conducting antenna tow-
ers and perfectly-conducting ground, and so ignores all losses. 

4.6 Current-Moment Matching 

The NEC program requires that the towers of the DA be driven 
with voltage generators. In this section, "current-moment match-
ing" is described. The method will be described for a 
three-tower array, and is readily extended for more towers. 

Let the NEC program be "run" for the array with tower #1 
driven with one volt, and towers *2 and *3 shorted to ground. 
Let the resulting tower current distributions on the three towers 
be 

( 1 11 (z): i n 1,2,3 ) —4;23.1 

Then let NEC be "run" with tower #2 driven with one volt, and 
towers in and #3 grounded, to obtain the three current distri-
butions 

•e.  
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( 1,2 (z): i } 

Likewise, with tower #3 driven with one volt, the current distri-
butions  are  

{ 1 0 (z):  L- 1 3 2,3  

Let each of these three sets of current distributions be integ-
rated in Eqn. 4.19 to obtain the current-moments of the towers. 
Thus with tower #1 excited with one volt, the current-moments of 
the three towers are Cc D;  with tower #2 excited, 
(c=1 9 c-m,c=); and with tower #3 excited, (c=1,c=2,cm). 

If the array is driven with an arbitrary choice of tower-
base voltages (v& i v2,v3. then the resulting tower current-
moments can be found by superposition from the nine values deter-
mined above. Thus if tower #1 is driven with vi volts, with the 
other two towers shorted to Around, the current-moment of tower 
#1 is Cz czzvz. of tower #2 is c2.=v1 and of tower #3, cl=v%. 
If tower *2 is driven with v= volts, with the others shorted to 
ground, then the current-moment of tower #1 is C z  = cm1 ve . If 
both tower #1 and tower *2 are driven, with base voltages v s  and 
v= , respectively, with tower #3 shorted, then by superposition 
the current-moment of tower . #1 is the sum of the previous two 
values, given by Cz clzvz c21v=. With all three towers 
driven, with voltages îvL I v2 1 v=}, the current-moment of tower #1 
i s 

3 

1 C ItUg 
g.1 

The current-moments , of all the towers can be found in a similar 
fashion. Thus with tower-base voltages (vi l v2,v=) driving the 
array 9  the current-moments of the towers are 

where Ccg. J 3 is a 3x3 matrix of the current-moments. Thus once 
the set of nine current-moments Cc1,3 have been evaluated, the 
current-moments of the towers with any excitation voltages  are  
readily determined using Eqn. 4.24. 
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In the antenna design based on sinusoidal current distri-
butions, the current-moments of the towers can be evaluated with 
Eqn. 4.15, thus 

where It are the tower current amplitudes. If arbitrary scaling 
of the field strength is acceptable, then the field-parameter 
ratios can be used in place of the tower current amplitudes. If  
the field must be scaled to a specific radiated power, then the 
procedure discussed in association with Eqns. 4.20 and 4.22 can 
be used to determine tower-base currents from the field-parameter 
ratios  • or the specified power level. 

The current-moments of the towers in the NEC model, given by 
Eqn. 4.19, can be made equal to the design current-moments of 
Eqn. 4.25 by choosing the tower-base voltages {v1,vm,vm} to 
satisfy the set of three linear equations 

I ,  

Thus the "current-moment matching" method for choosing the tower-
base voltages amounts to the following  for a three tower array. 
NEC is run three times, once with each tower excited with one 
volt and the other two shorted to ground. Then the set of nine 
current-moments Col,3 is evaluated. Then Eqn. 4.26 is solved  for  
the tower-base voltages. 

The "current-moment matching" method chooses tower-base 
voltages for the NEC model of the DA such that the current-moment 
of each tower in the NEC model equals the current-moment +or the 
tower in the array's design. The ratios of the NEC current-
moments equal the field-parameter ratios specified in the antenna 
design. NEC's azimuth pattern +or the DA exactly matches the 
theoretical pattern. 

4.7 Results for the CHFA Array 

In the CHFA array design, the sinusoidal current  amplitudes 
lead to the tower current-moments listed in Table 4.4. The 
amplitude scale factor was chosen to be  I.28. 172  so that the 
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radiated power is 10 kW. If the current-moments of the towers in 
the NEC model are made equal to these sinusoidal values, then the 
NEC azimuth pattern will be the same as the "design" azimuth 
pattern. The "current-moment matching" procedure described above 
was then carried out. It is of interest to note that NEC reports 
only three significant figures for the current magnitude and for 
field etrengths. This limits the precision with which the 
present calculations can be carried out, and leads to slight 
differences between results obtained with NEC and the antenna 
"design". Users with access to the source code for NEC may find 
it expedient to include more significant figures in the output 
file. Eqn. 4.26 was then solved, by Gaussian elimination using 
complex arithmetic, to find the tower-base voltages listed in 
Table 4.5. As a "confidence check", NEC was run with these tow-
er-base voltages, and the current-moments of the towers were 
computed and are listed in Table 4.4 in comparison with the sinu-
soidal values. The small differences result from the approx-
imation incurred in using Eqn. 4.26, based on values supplied by 
NEC to only three significant figures. 

TABLE 4.4 
The current-moments of the towers in the NEC model are 

chosen to be equal to the current-moments of the 
CHFA array design. 

TOWER 

'south 
centre 
:north 

DESIGN 
CURRENT 
MOMENT 
amp-meters 

rms 
magnitude angle 

degrees 
'97.5 

940.7 0.0 
-455 03  

NEC 
CURRENT 
MOMENT 

amp-meters 
rms 

magnitude angle 
degrees 

506.0 97.47 
940.6 0.03 
455.4 -97.54 
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TOWER 

south 
centre 
north 

magnitude 

1373.256 
2203.043 
748.716 

angle 
degrees 

11.94 
-75.15 
-144.90 

magnitude 

1382.128 
2217.275 
753.533 

Tower-base voltages 
required for a 
radiated power 

of 10 kW 

volts (peak) 

Ii 
TN-EMC-87-04 

TABLE 4.5 
Tower-base voltages for the CHFA array. 

Tower-base voltages 
required to match 

the design 
current-moments 

volts '(peak) 

angle 
degrees 

11.94 
-75.15 
-144.90 

10 kW 

The tower currents computed with NEC using the "current-
moment matching" method's tower-base voltages are those plotted 
in Fig. 4.3. "Current-moment matching" leads to a current- . 
distribution-in NEC which agrees "on the average" with the sinu-
soidal approximation. Thus in Fig. 4.3, although NEC's phase 
distribution varies by a few degrees •rom the design value, "on 
the average" NEC's phase equals the design value. The result is 
that the azimuth pattern found by NEC for the array is very close 
to the "design" pattern. If Eqn. 4.26 could be formulated and 
solved with no rounding-error, then NEC's azimuth pattern would 
be identical to the design. Table 4.6 compares field strength 
values at some specific angles to illustrate the differences. In 
the minimum of the pattern, the values computed with NEC are very 
close to the "design" values. Thus  for  example at 190.5 degrees, 
the design field strength is 7.43 mV/m at one mile, and NEC 
obtains 7.31 mV/m. 

Because the current distribution on the towers of the NEC 
model of the DA is not identical to the sinusoidal current dis-
tribution, the radiated field strength as .a function of  •  and  • 
computed by NEC is different from that obtained in the "design". 
Differing field strength leads to a different value for the radi-
ated power in the NEC model than in the design. Thus if the 
"current-moment matching" method's tower-base voltages from 
Table 4.5 are used to excite the NEC model, then NEC's azimuth 
pattern is the same as the theoretical azimuth pattern, and the 

power 9.8716 kW 
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"effective field strength" at one mile, given by Eqn. 4.22, has 
the same value as that of the "design". But the field strength 
at angles above the azimuth plane is slightly different in the 
NEC model, and hence the radiated power is different. By using 
NEC to evaluate the set of "conical cut" radiation patterns, the 
radiated field strength was evaluated by numerical integration of 
Eqn. 4.20, and is 9.8716 kW, compared to 10 kW for the "design". 
NEC itself evaluates the power flowing into the antenna using the 
tower-base impedances, and the same figure, 9.8716 kW, is 
reported. If comparisons of field strength are required on the 
basis of equal radiated power in the NEC model and in the design g  
then the tower-base voltages must be scaled by the factor  

9.8716 " 1.00646 

to obtain the rescaled voltages listed in Table 4.5, for which 
the NEC model of the DA radiates 10 kW of power. 

The field strength at elevations above the horizon are often 
of concern because the skywave radiated by the antenna must be 
controlled to avoid interference with other stations. Figs. 4 0 5 
and 4.6 compare the elevation patterns of the NEC model and of 
the "design" at azimuth angles 153 and 190.5 degrees, respective-
ly. The elevation patterns show field strength as a function of 
angle  • as defined in Fig. 4.2. There is only a small difference 
between the field strengths of the NEC model and of the "design". 
Some  specific field strength values are given in Table 4.6. The 
differences are most apparent in the pattern minima. For 
example, in the minimum at 52 degrees, the "design" field 
strength is 4.06 mV/m, and the NEC model gives a value of 4.32 
mV/m. 

This section has shown that when "current-moment matching" 
is used to choose tower-base voltages for the NEC model of the 
CHFA array ç  then NEC's azimuth pattern is very close to the 
array's theoretical azimuth pattern. Slight differences in 
elevation pattern field strengths occur l  but for the CHFA array 
are insignificant. 
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TABLE 4.6 
Comparison of the field strength at one mile 
of the CHFA array with sinusoidal currents 

and of the array as solved by the NEC program. 
The current-moments of the towers in the NEC model 

have been made equal to the design current-moments. 
Azimuth Elevation Sinusoidal NEC 
angle Angle tower using 
degrees degrees currents matched 

current-
moments 

10.5 90. 1006. mV/m 1005. mV/m 
153. 90. 5.40 5.73 
167. 90. 11.0 11.1 
190.5 90. 7.43 7.31 
214. 90. 11.0 11.1 
228. 90. 5.40 5.73 

153. 24. 71.1 71.0 

190.5 19.5 56.0 55.6 
190.5 52. 4.06 4.32 

4.8 Conclusion 

The NEC program provides a convenient and accurate means of 
finding the field strength radiated by a directional broadcast 
array operating near a reradiator such as a building or power 
line. Be-fore  such a reradiation study can proceed it is neces-
sary to model the DA itself with NEC, such that the NEC program 
obtains the same azimuth pattern as specified by the "field-
parameter" ratios in the array's design. This chapter has des-
cribed the "current-moment matching" method for choosing tow-
er-base voltages to.excite the NEC model of the array. With this 
method, the field-parameter ratios of the NEC model of the DA are 
identical to the field-parameters specified in the array's 
design, and so NEC's azimuth pattern matches the array's theoret-
ical pattern. 
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The tower currents found by NEC differ from the sinusoidal 
in phase. NEC finds a phase distribution which is roughly linear 
with height on each tower, whereas the sinusoidal approximation 
uses a constant phase distribution. Because the phase of the 
tower currents is significantly different, the electric field 
values found with NEC at elevations above the horizon are not 
identical to the "design" field strengths, even though the azi-
muth pattern matches the theoretical pattern. Thus an antenna 
array designed to have a deep null at an elevation above the 
horizon may not have the required null when modelled with NEC 
using the "current-moment matching" method . . 

"Current-moment matehing" has been applied in this chapter 
to a three-tower directional array, namely station CHFA at 
680 kHz. The method can be equally well applied to larger 
arrays, and has been routinely used to model four and six tower 
arrays. Even for these larger, much more directional arrays, the 
tower-base voltages computed with "current-moment matching" lead 
to an azimuth pattern calculated with NEC which is very close to 
the design azimuth pattern. 

Given the design of an array stated in terms of field-
parameter ratios, the "current-moment matching" method chooses 
voltages for exciting the NEC model of the array such that the 
NEC model produces the array's theoreticar pattern. This greatly 
simplifies studies of the array's behaviour. For example, the 
"proximity effect" described in Ref. C4Ol concerns the distance 
that an observer must be from the array in order that the pattern 
resemble the array's "far field" pattern. When the NEC model of 
the array is adJusted to produce the array's design field-
parameter ratios, NEC can be used directly to compute the "near 
field" strength at any distance from the array, as so study the 
"proximity effect". 

Ref. E403 remarks that the licensed operating field-para-
meter ratios of a DA are often different from the theoretical 
"design" values. The "current-moment matching" method described 
in this chapter can be used to construct a NEC model of the array 
as licensed for operation, with the towers radiating the licensed 
values of the field-parameter ratios. Such a model is valuable 
for comparison with measured field strengths along  radiais.  

This chapter provides a simple, straightforward procedure 
for developing a NEC model of a broadcast directional antenna 
array. Because the NEC model's field-parameter ratios are iden-
tical to those of the array design, studies based on the NEC 
model in comparison to the design are greatly simplified. This 
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precise modelling the DA design using NEC is an essential start-
ing point for a study of reradiation of the stations  signal by a 
power line or building. 

This chapter has addressed the problem of precisely matching 
the theoretical pattern of a broadcast array with a NEC computer 
model. With the DA excitation derived in the present chapter, 
the disturbances of the DA's pattern due to the power line can be 
assessed in direct comparison with the antenna's theoretical pat-
tern. The following chapters use the NEC to study the changes in 
the azimuth pattern of the DA due to the construction of a power 
line nearby. 
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CHAPTER FIVE 

INITIAL ASSESSMENT OF A PROPOSED POWER L/NE 

5 Introduction 

This and the following chapters discuss a power line reradi-
ation problem throughout the "life cycle" outlined in Table 1.1. 
When the hydro utility proposes that a new power line be built, 
an "initial assessment" of the line provides an estimate of the 
level of the reradiated field to be expected. At this early 
stage, the hydro utility must apply to government authorities for 
permission to build, and hearings are held to solicit views of 
residents and other groups. The information about the power line 
available at this early stage is minimal, and consists of the 
route of the line, the type of tower, and a nominal value for the 
tower height and span length. "Initial assessment" uses a meas-
ure of the variability of the span length to estimate how many 
resonant spans the power line is likely to have, and how strong 
the reradiated field is likely tm be. 

Once detailed plans giving . the precise tower locations are 
available, a complete computer model of the power line can be 
assembled and analysed by the NEC program to determine the RF 
currents on the towers of the power line, and the azimuth or 
other radiation patterns of the broadcast array operating with 
the power line in place. This stage cari  be sub-divided into 
"proposed power line assessment", before the power line is 
actually erected, and "as-built assessment" after construction 
takes place. "Proposed power line assessment" uses NEC to deter-
mine the specific spans on the power line which will carry sig-
nificant RF currents and be reradiators. At this stage modifi-
cations to the power line plans can be requested to "detune" the 
power line. "As-built assessment" includes whatever modifi-
cations were actually incorporated when the line power line was 
erected, and assesses the reradiated field from the actual power 
line. Chapter 6 discusses the assembly of a detailed computer 
model of a power line and its analysis with NEC. Chapter 7 deals 
with .detuning the power line by isolating towers from the 
overhead skywire. 
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In this and the following chapters, the CHFA site of Fig. 
5.1 is used to illustrate the application of the techniques to be 
described. The figure shows that there are two power lines near 
the CHFA antenna, namely the "north" and the "southeast" lines. 
The towers are type Z7S, iliustrated in Fig. 5.2, and have 
nominal height 32.6 m and separation 363 m. In this report, 
initial assessment, as-built assessment, and detuning will be 
discussed for the "north" line. In Refs. C53 and [103 1  initial 
assessment  for the "southeast" line has been extensively dis-
cussed. In Refs. C5] and E11], as-built assessment and detuning 
are discussed for both power lines. For brevity, the present 
report will deal only with the "north" power line. The results 
presented will differ slightly from those in the references 
because the computations are based on the excitation derived for 
the CHFA array in Chapter 4 of this report. 

In the next section, the wire radii of the "single wire 
tower" model of the power line are derived for use with the NEC 
program in analysing the power line. 

5.1 Computer Model of the Towers and Skywires 

Fig. 5.2 shows the type Z7S power line tower which is speci-
fied in the design proposal for the power lines near CHFA. This 
section uses the methods of Sect. 2.2 to derive the wire radii 
for the "single wire tower" model of the Z7S tower, which is 
shown in Fig. 5.3. In this model the height of the tower is 
equal to the height above ground of the skywires on the actual 
tower, which was taken as 32.6 m. The radius of the skywire and 
the radius of the tower wire must be chosen. 

The wire radius for the tower is chosen according to Jag-
gard's isoperimetric inequalitieS, as discussed in Sect. 2.2. 
Table 5.1 lists the cross-sectional size of the type Z78  tower at 
three heights above the ground, and gives the equivalent-area and 
equivalent-periphery radii for a cylindrical wire. A reasonable 
choice among the arithmetic mean values is a radius of 4 m for 
.the tàwer wire. 

The skywire radius is chosen according to Eqn. 2.16. The 
type Z76  tower carries two skywires at a height of 32.6 m above 
the ground, separated by 11.34 m. The wire radius of the skywire 
was estimated to be one inch, and by Eqn. 2.16, the equivalent 
single skywire will have a radius of 0.36 m. 
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Thus the wire radii for the tower model of Fig. 5.3(b) are 
chosen as 4 m for the tower wire and 0.35 m for the skywire. 
Before the power line can be analysed using NEC to determine the 
azimuth pattern of the CHFA array operating in the presence of 
the power line, the precise location of each power line tower 
relative to the CHFA array must be specified. At the "initial 
assessment" stage, this information is not available, and so 
other means must be used to estimate the level of the reradiated 
field. 

TABLE 5.1 
Type Z75  power line tower dimensions. 

TOWER DIMENSIONS AREA PERIPHERY WIRE RADII 
SECTION m m**2 m Equal Equal Arithmetic 

Area Periphery Mean 

base 7.45 x 7.45 55.5 29.5 4.20 4.74 4.47 
mid 3.49 x 3.49 12 02 14.0 1.97 2.22 2.09 
upper  3.49 x 10.94 3802 25.9 3.49 4.59 4.00 

5.2 Steps in Initial Assessment 

At an early stage in the "life cycle" of a power line rera-
diation problem, the broadcast array is presumed to be operating 
within its tolerances, and the hydro utility proposes a power 
line for construction nearby. The station is concerned that the 
proposed power line will reradiate its signal, and give rise to 
coverage problems or to unacceptably high signal strength in the 
directions in which the stations pattern is restricted. At this 
stage, the station should have its pattern measured. As dis-
cussed in Sect. 101 9  such a "before construction" measurement 
shows that the pattern is "within tolerances" and serves as a 
reference against which the measured pattern "after construction" 
can be compered. 

The problem of "initial assessffient" is that of estimating 
the reradiated field from the proposed power line, given minimal 
information about its design. Thus Fig. 5.4 illustrates that at 
this stage the route of the north power line is.given in the 
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proposal, but the precise positions of the towers on the power 
are nt  specified. The nominal value of 363 m is given for the 
tower-to-tower spacing or "span length". The towers are speci-
fied to be type Z7S, as shown in Fig. 5.2, with a nominal height 
of 32.6 m. The power line is about 3500 m from the CHFA array at 
closest approach. The objective of "initial assessment" is to 
use this and other information, as described below, to obtain an 
estimate of the strength of the reradiated field likely to be 
found from such a power line. The reradiated field strength is 
directly dependent on the number of resonant spans which are 
likely on the power line, and so the task can be subdivided intos 
(i) estimating how many resonant spans are likely; (ii) estimat-
ing the reradiated field strength likely from each resonant span; 
and (iii) using these estimates to determine the reradiated field 
likely from the power line. 

5.3 Estimate of the Number of Resonant Spans 

In this section, a statistical method is given for estimat-
ing the fraction of the spans on a power line which are likely to 
be resonant. The spans closest to the antenna are most strongly 
excited and so are likely to be the strongest reradiators. It is 
convenient to discuss a length of 13 spans of the power line 
closest to the broadcast antenna. The discussion could be based 
on fewer or more spans if desired. The number of spans which 
should be included in "initial assessment" is discussed further 
in Sect. 5.6 below. 

Whether or not a power line is a strong reradiator is 
determined primarily by whether the spans on the power line are 
of resonant length at the operating frequency. The first stage 
of "initial assessment" is a pencil-and-paper evaluation of the 
resonant frequencies of the power line with the nominal span 
length, and of the ranges of values for the span length which 
make the spans of the power line resonant at the operating +re-
quenèy of 680 kHz. The resonant behaviour of power lines at MF 
frequencies has been discussed in Chapter 2. For the present 
purpose the estimate of the resonant frequencies given by Eqn. 
2.21 will be used. Thus with tower height h t  tt 32.6 m, the 
resonant frequencies are 
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1.08nc  
I. 

- 4h+ 2s 

1 .08nc 
130.4+2s 

For s z.; 363 m the one-wavelength loop resonant frequency is 362 
kHz, and the two-wavelength loop resonance frequency is 757 kHz. 
Hence spans of length somewhat longer than 363 m are in two-wave-
length loop resonance at CHFA's 680 kHz. When the power line is 
actually built, the span length will not be constant, and, as 
discussed below, will in fact be quite variable. The bandwidth 
of resonance has been estimated in Chapter 2 to be about 100 kHz, 
hence any span length which is resonant within 50 kHz of CHFA's 
operating frequency of 690 kHz could be a strong reradiator. To 
find the span length required for resonance at 680 kHz, solve the 
relationship 

1.08 • 2 • c 
(4 •  32.6+2s) 

Thus a span of 411 m length is reSonant at 690 kHz. To find the 
range of span lengths which have 680 kHz within their 100 kHz 
resonance bandwidth,  salve 

1.08 • 2 • c 
(4 • 32.6 + 2s) 

to find that spans from 378 to 449 m in length are resonant 
within 50 kHz of 690 kHz. Hence although the nominal span 
length of 363 m is too short to be resonant, it is close to the 

. range of-span lengths from 379 to 449 m which-are resonamLat 
›CHFA's 4requency. 
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5.3.1 Variability of the Span Length 

Spans of length 378 to 449 m are resonant at the operating 
frequency of 680 kHz. This section estimates what fraction of 
the 13 spans being considered will be resonant. 

The nominal height of the power line towers is 32.6 m, and 
the nominal span length is 363 m. An estimate of the variability 
of the span length can be obtained by examining similar power 
lines and computing the standard deviation of their span lengths. 
Fig. 5.5 shows the actual distribution of the span lengths for 
the power line eventually built near station CHFA, plotted in 
10 m intervals of span length, as a percentage of the total 
number of spaHs. Thus, for example, about 10.8 percent of the 
spans have a length between 320 and 330 m. The mean span length 
is readily calculated as 358.4 m, close to the "nominal" value of 
363 m quoted in the construction proposal. The standard devia-
tion of the span length, calculated using about 100 span lengths, 
is 45.9 m, which is about 13 percent of the nominal span length. 
In computing the standard deviation, some exceptionally long 
spans, of length greater than 540 m, have been omitted. These 
long spans arise because of hatural obstacles such as gullies. 
A "Gaussian" or "normal" distribution is a convenient approx-
imation to the actual distribution of span lengths, and is given 
byE422 

p (s) = 

(94)2 

 202  e 
cr err x 100 percent 

• • .5.2 

where p is the probability density in percent of spans per metre 
of span length, s is the span length, i is the mean span length, 
and 

Cf 

is the standard deviation of the span length. The percentage of 
the total number of spans which will have a length between sl and 
I'm is equal to the area under the "normal" probability density 
curve, 
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8 2  
P(s i ,s 2 ) f p(s) ds 

81 

• • .5.3 

Because p(s) of Eqn. 5.2 has been expressed as the percent of 
spans per meter span length, P(5l o s2 ) is given by Eqn. 5.3 as a 
percentage of the total number of spans. le (slps=) is readily 
evaluated using the polynomial approximation which is given in 
Ref. um. 

Fig. 5.5 compares the actual span length distribution in 
10 m intervals. with P(s-5.s+5) for s 225, 235, 245. ... for a 
normal distribution with mean span length  3e.4 m and standard 
deviation 43.9 m. A reasonable correlation between the actual 
distribution and the normal curve approximation is seen. 

The actual figure of 358.4 m is not known a priori and so 
the "initial assessment" study will use the nominal mean span 
length Of 363 m. It will be assumed that the standard deviation 
of 46 m has been found from an existing, similar power line. For 
"initial assessment" the distribution of the lengths of the spans 
on the power line will be approxi'mated by a normal probability 
density. The normal distribution implies that 68 percent of the 
spans have lengths within one standard deviation of the mean, in 
the range 317 to 409 m, and that 95 percent of the spans have 
lengths within about two standard deviations of the mean, from 
271 to 435 m. This wide range encompasses the resonant span 
lengths of 378 to 449 m at 680 kHz, and so some of the spans on 
the power line will be in resonance. 

In the following, the total number of resonant spans is 
estimated based on the probability that any one span of the power 
line is in resonance. 

Is  

Concordia.EMC-Laboratory , 89  



TN-EMC-87-04 

5.3.2 Probability of Resonant Spans 

Given that the distribution of the span lengths on the power 
line is "normal" with mean 363 m and standard deviation 46 m e  and 
that spans from 378 to 449 m long are resonant 1  then the prob-
ability that any individual span is resonant is readily calcul- 
ated, using Eqn. 5.3, to be P(378.449) = 34.1 percent. Thus "on 
the average" 34 percent of the spans on the power line will be 
resonant. On a 13 span segment of power line, if the probability 
that each individual span is resonant is about 34 percent, then 
"on the average", about 34 percent of 13 spans, that is, about 4 
to 5 of the 13 spans will be resonant. A more precise statement 
than this can be made, based on the binomial expansionC423. If 
the probability that any individual span is resonant is P9 then 
the probability that at least k spans out of a total of n spans 
are resonant is given by 

a n! P i  ( 

.5.4 

Each term in the sum gives the probability that exactly i spans 
are resonant. The probability that at least k spans are resonant 
is thus the probability that exactly k are resonant, plus the 
probability that exactly (k+1) are resonant, and so on up to the 
probability that exactly n are resonant. Eqn. 5.4 was used to 
obtain Table 5.2. for mean 363 m and standard deviation 46 m, 
which makes P=0.34. Thus there is a 34 percent chance that any 
individual span is resonant. The second column of Table 5.2 
shows that there is better than 95 percent chance that there will 
be at least two resonant spans on a power line of 13 spans. 
There is a chance of about 70 percent that four spans out of the 
13 are resonant, but only a 4 percent chance that 8 or more spans 
are resonant. Thus on any given power line, it-is expected that 
there will be 2 or 3 or perhaps 4 resonant spans, but there is 
not likely to be 8 or more. 
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• TABLE 5.2 
The probebility that at least k spans out of a total of 13 spans 

are resonent. given that the probability that any individual span 
is resonant is 34 percent. 

Minimum Number of Probability That at Least k 
Resbnant Spans Spans are Resonant 

1 99.6'/. 
2 96.6 
3 S7.4 
4 69.S 
5 47.2 
6 26.1 
7 11.5 

4.0 
9 1.0 
10 0.2 
11 0.02 
12 0.002 
13 

How many resonant s pan s are enough to cause protection to 
be exceeded? That depends on how strong a reradiated field can 
be expected from a resonant span. The following explores the 
amount of reradiation that can be expected from one resonant 
span, and then presents a method for assessing how much reradi-
ation will likely result from the construction of the north power 
line near station CHFA. 
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5.4 Reradiated Field Strength From One Resonant Span 

Engineers frequently enquire about the strength of the rera-
diated field from one span of the power line, at a distance from 
the broadcast antenna representative of the whole power line. 
This section uses the field strength reradiated from a single 
isolated span to obtain a quick, simple estimate of the reradi-
ated field to be expected from the power line. 

Fig. 5.6 shows an omnidirectional broadcast antenna illumi-
nating an isolated span consisting of two power line towers and 
the interconnecting skywire. The span is separated from the 
antenna by 3500 m, which is the distance of closest approach of 
the "north" power line to the CHFA array. The span is modelled 
with the "single-wire tower" equivalent of the type Z7S tower of 
height 32.6 m, as discussed above in Sect. 5.1. The length of 
the span is 411 m, chosen to be resonant at the operating fre-
quency of 680 kHz. The question posed is that of determining the 
largest possible reradiated field from such a "resonant" span. 

The NEC program is used to analyse the omni antenna plus 
single span problem of Fig..5.6, with the power level adjusted to 
CHFA's 593 mV/m at one mile. Fig. 5.7 shows the reradiated field 
strength from the span when the angle that the span makes to a 
line perpendicular to the radial is 35 degrees. The span radi-
ates a "butterfly" pattern which is tilted at the skew angle of 

the span, typical of two-wavelength loop resonance, with a peak 
field strength of 35.7 mV/m at one mile. Clearly such a span 
would be most damaging as a reradiator if one of the four lobes 
of the pattern were directed into the protected arc of a direc-
tional broadcast array's pattern. The level of the reradiation 
from a 411 m span 3500 m distant from the antenna cannot be 
characterized as 35.7 mV/m, however, because the strength of the 
reradiated field is also dependent on the skew angle of the span. 
Fig. 5.8 shows the variation of the maximum value of the reradi-
ated field pattern as a function of the skew angle. The reradi-
ated field is nearly zero when the span is perpendicular to the 
radial, with a "skew angle" of zero degrees. The reradiated 
"butterfly" pattern has its largest amplitude when the span is 
skewed at about 35 degrees. For larger skew angles the largest 
value of the reradiated field drops somewhat. 
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5.5 Estimate of the Rerediated Field Strength 

it ifs tempting to estimate an upper bound for the strength 
of the reradiated field simply by multiplying the number of, spans 
times the maximum value of .the radiation pattern from one span. 
Thus, considering a length 13 spans of power line times 35.7 mV/m 
of reradiated field from each span, for a total of about 464 mV/m 
of reradiated field. Such an estimate is wildly high, because 
not  ail  the spans of the power line are resonant, nor would all 
the spans be oriented in skew angle for maximum response, nor 
would the reradiation patterns of all the spans be aligned and 
phased such that their reradiated field strengths would add. 

A more useful estimate of the reradiated field can be 
obtained by finding the R.M.S. or effective value of the butter-
fly pattern of Fig. 5.7, using Eqn. 4.22, which yields the value 
23.9 mV/m. Then the field from k resonant spans is taken to 
combine "on an energy basis", as if the phasing were random. 
Thus the effective strength of the reradiated field from k reso-
nant spans is taken to be 

For example, Table 5.2 indicates'a 96.6 percent chance of two 
resonant spans, for which the effective strength of the'reradi-
ated field would be 

E„se 42x23.8 2  - 33.7 mV/m 

The peak value of the reradiated field with two resonant spans 
could be much larger than 33.7 mV/m, but we would expect the 
R.M.S. value o+ the secondary field radiation pattern to be about 
33.7 mV/m. 

Using Eqn. 5.5, a column can be added to Table 5.2, to 
obtain Table 5.3. Alongside the probability that k out of n 
spans will be resonant, Eqn. 5.5 gives the expected R.M.S. value 
of the reradiated field with k resonant spans. Table 5.3 is read 
as followti. There is a 99.6 percent chance of at least one 
resonant span, hence a 99.6 percent chance that the effective 
reradiated field will be as strong as 23.9 mV/m. There is a 96.6 
percent chance of two resonant spans with an effective reradiated 
field of 33.7 mV/m, and so forth. If the data of Table 5.3 must 
be summarized in a single figure, then the reradiated field 
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strength for which there is a 50-50 chance could be used. Thus 
there is a 47.2 percent chance of an effective reradiated field 
strength of at least 53.2 mV/m. 

TABLE 5.3 
The probability that k out of n spans will be resonant, 
and the estimated effective reradiated field strength with 

k resonant spans. 
Minimum number Probability that Estimated effective 
of resonant at least k spans reradiated field 

spans are resonant strength 
mV/m at one mile 

99.6  Y. 23.8 
2 96.6 33.7 
3 87.4 41.2 
4 69.8 ' 47.6 
5 47.2 53.2 
6 26.1 58.3 
7 11.5 63.0 

4.0 67.3 
9 1.0 71.4 
10 0.2 75.3 
11 0.02 78.9 
12 0.002 82.4 
13 85.8 

Fig. 4.4(h) shows that a peak reradiated field strength of 
less than 10.mV/m may'be enough to cause the protection limit for 
CHFA to be exceeded. Based on Table 5.3 it is almost certain 
that the reradiated field strength will be at least as large as 
10 mV/m. There is a better than 50 percent chance that the 
"north" power Line will cause an R.M.S. reradiated field strength 
of more than 50 , mV/m. The result of "initial assessMent" is that 
the "north" line must be regarded as a potentially serious 
source of reradiation. 
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In Sect. 6.3 below, the NEC program is used to determine the 
azimuth pattern of the CHFA array operating near 13 spans of the 
"as-built" north power line. The effective level of the reradi-
ated field is found to be 38.6 mV/m at one mile compared to the 
CHFA array's effective level of 593 mV/m. This is consistent 
with Table 5.3 with 3 or 4 resonant spans. When the number of 
spans included in the "as-built" analysis of the power line is 
increased to 36 spans, the R.M.S. reradiated field strength is 
41.3 mV/m, which does not differ greatly. The "initial assess-
ment" estimate of 53.2 mV/m for the R.M.S. reradiated field thus 
serves to alert the station to à potentially serious reradiation 
problem from the proposed "north" power line. 

It should be stressed that the estimates of Table 5.3 for 
the reradieted field are "effective" or "R.M.S." values  and that 
the peak value of the reradiated field could be much larger. 
Thus the azimuth pattern found in Sect. 5.3 with 13 spans of the 
power line has a peak field strength of B5.2 mV/m in the arc of 
the CHFA protection requirement, although the R.M.S. reradiated 
field it only 38.6 mV/m. It is safe to assume that the peak 
reradiated field strength will be two or more times the estimated 
effective value. 
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5.6 Discussion 

The estimates of Table 5.3 are conservative. Three factors 
not accounted for are: (i) that not all the resonant spans will 
be skewed for maximum response; (ii) that as the spans get 
farther away from the antenna, their excitation and hence their 
reradiated field must decrease as 1/distance from the antenna; 
and (iii) the directional pattern of the broadcast array. The 
first could be roughly accounted for by assuming that all skew 
angles are equally likely, and therefore taking the average value 
of the curve Of Fig. 5.8, 

1 f 90  Er! 75-6 0  E 111 (9) de 

Then there is a 47.2 percent chance of at least 5 resonant spans, 
and so a 47.2 percent chance of a reradiated field of 

ex 14.4 32.2 mV/m 

The decrease in excitation field strength with distance is 
more difficult to take into account. If E. is the R.M.S. reradi-
ated field of a resonant span at 3500 m from the broadcast anten- 
na, then the R.M.S. reradiated field strength from a resonant 
span at d m from the antenna would be 

E(d) 3500 
au d F . 

 

and so if there were, say, 5 resonant spans at distances d a p dm , 
de, de, and de from the antenna, the reradiated field would be 
estimated as 

is 3500 
Eme » 

1\li  L. 1 di  
. . . 5.6 

• 
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This formula has the adventage that as the number of spans in-
cluded in the "initial assessment" is increased, the distance to 
many of th  a resonant spans becomes increasingly large, and so 
their contribution to the reradiated field becomes small, and 

tends toward a constant figure. For distant portions of the 
power line, the skew angle which each span makes to the radial 
from the antenna tends toward 90 degrees with increasing dis-
tance, and Fig. 5.8 indicates that the reradiated field strength 
is much  leu  than the maximum possible value. Eon. 5.6 has not 
been used because the distance terms cannot be evaluated in a 
simple way, and also because the more elementary procedure with a 
modest number of spans such as 13 has proven satisfactory. 

The problem of how many spans to include in "initial assess-
ment" can now be addressed. In the present study, a group of 13 
spans closest to the broadcast antenna has been studied, and 
shown to be a potentially serious source of reradiation. No 
further "initial assessment" should be necessary. It might be 
tempting to use 40 or 50 spans in "initial assessment". If this 
is done, then Eqn. 5.5 tends to break down, because it assumes 
that all the resonant spans are the same distance from the broad-
cast antenna, accounts poorly for skew angle, and does not con-
sider the directional pattern of the antenna. A set of, say @  50 
spans could be subdivided into five groups of 10 spans, and an 
"initial assessment" study done  for  each group individually. An 
excitation field E., for each group (kel,...,5) could be found 
from the directional pattern of the antenna and the distance from 
the antenna to the centre  cl the group. An average skew angle 
could be estimated for each group of 10 spans. An "initial 
assessment" would then be done for each group of 10 spans, and 
the resulting five field strengths (E.4ke1,...,5) could be 
combined "on an energy basis" according to 

2 
EA4t E  

k• 1 

.It is clear that if any individual.group  of  10 spans'is - a poten-
tially serious reradiator„ then the let of five groups will also 
pose a serious problem. 
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5.7 Statistics Based on Randomly-Senerated Span Lengths 

This chapter has examined the problem of assessing whether 
the construction of a proposed power line near a broadcast  antan-
na  is likely to cause the antenna to radiate in excess of its 
protection limits. The power line proposal specifies a route, 

• and a nominal value for the span length and tower height. In 
addition, an estimate of the variability of the span length can 
be obtained from similar power lines. The "initial assessment" 
procedure set out in this chapter has three stages. At the first 
stage, the resonant frequencies of the power line are estimated 
using simple formulae. The second step is an estimate of the 
probability that there will be resonant spans on the power line, 
obtained by modelling the variability of the span length using a 
"normal distribution". The third stage of "initial assessment" 
uses the NEC program to find the level of reradiation from a 
single resonant span, which is then used to estimate the effect-
ive level of reradiation from a power line containing several 
resonant spans. 

The methods of this section presume that the detailed design 
for the power line, including'the specification of the precise 
tower positions, is not yet available for the "proposed" power 
line. If detailed "profile drawings" of the line have been pre-
pared by the hydro utility, then the exact tower positions can be 
determined. Then it is possible to determine specifically which 
spans are resonant and to use the NEC program to find the azimuth 
pattern of the broadcast array operating near the power lin., as 
discussed in the next section under "as-built assessment". If no 
such detailed design information is yet available, then Ref. t103 
discusses further studies which can be done to obtain more infor-
mation about the reradiated field possible from the proposed 
power line. The technique is summarized in the following. 

A computer model of the power line using perfectly evenly-
spaced towers can be prepared and analysed with the NEC program. 
This should be done with all spans of the power line of resonant 
length, to obtain a "worst case" azimuth pattern. If thereAs no 
significant reradiation in such a "worst case" then.the power 
line need not be of concern to the station. It can be quite 
misleading to analyse an evenly-spaced power line with all spans 
equal.to  the "nominal" span length, especially if the nominal 
length is close to a resonant range of span lengths, as 363 m is 
close to the resonant range 378 to 449 me With all spans of 363 
m length, reradiation from the power line may be quite small. 
But it has been shown above that it is almost certain that there 
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will be at least one resonant span, and a power line with one 
411 m span, for example, can be a strong reradiator. The analy-
sis of power lines with evenly-spaced towers is not recommended. 

A statistical study can be carried out with NEC at the 
"initial assessment" stage, - as discussed in Ref. C103. A random 
number generator can be used to construct sets of span lengths 
which conform to the "normal" distribution with the given mean • 
and standard deviation. The tower positions along the given 
power line route can be chosen according to such a set of span 
lengths, and so a "test line" conforming to the given route and 
span statistics is obtained. The "test line" can be analysed 
with NEC to find the azimuth pattern of the broadcast antenna 
operating near the "test Xine". It will be found that some "test 
lines" give rise to large reradiated fields, because there are 
many resonant spans, some of which are close to the broadcast 
array and skewed for strong response. Other "test lines" will 
have fewer resonant spans and give rise to more modest reradiated 
fields. The study of such "test lines" gives a good idea of the 
range of possibilities for reradiation from a power line with the 
proposed route and span statistics. In Ref. C101 a set of 40 , 
such "test lines" is studied to determine the mean value and the 
standard deviation of the réradiated field strength in the mini-
mum of a station's pattern. 
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5.8 Conclusion 

This chapter has discussed the analysis of a power line 
reradiation problem when the initial proposal for the construc-
tion of a new power line is made. The CHFA antenna and the 
nearby "north" power line have been used as a comprehensive 
example. 

• 
When a power line is proposed for construction, a procedure 

called "initial assessment" has been described which attempts to 
assess the level of reradiation to be expected from the new power 
line. At this stage, no detailed plans for the power line exist. 
The span lengths which are resonant at the station's operating 
frequency are determined using Eqn. 2.21. The fraction of the 
spans on the power line which are likely to be resonant at the 
operating frequency is estimated based on the nominal value for 
the span length s  and the variability of the span length on simi-
lar power lines. The reradiated field from one span of resonant 
length is found using the NEC program, and this figure is used to 
estimate the R.M.S. value of the reradiated field from several or 
many resonant spans. The "initial assessment" procedure serves 
to alert the broadcaster to a potential problem. For later 
reference, a "before construction" measurement of the station's 
pattern can be made. 

Once the power line is constructed, then detailed informa-
tion is available about the tower positions, the tower heights 
and the span lengths. This data is used in "as-built assessment" 
to determine which spans are resonant, how much current the tow-
ers of the power line carry, and how much change there is in the 
station's azimuth pattern due to the power line, as discussed in 
the following chapter. 
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CHAPTER SIX 

AS-BUILT ASSESSMENT OF A POWER LINE 

6 As-Built Assestment 

When the power line has been approved for construction, the 
hydre  utility prepares detailed plans for the power line. These 
plans consist of "profile drawings" of the terrain along the 
route of the power line. The specific types of towers, their 
heights and the span lengths are chosen to maintain sufficient 
clearance for the phase wires above the ground. Long spans with 
tall towers are used to cross rivers or gullies. The precise 
inflection angle of bends in the line are given. Once such 
detailed plans are available, a complete computer model of the 
power /ine can be assembled and analysed by the NEC program to 
determine the RF currents on the towers of the-power line, and 
the azimuth or other radiation patterns of the broadcast array 
operating with the power line in place. 

Before actual construction, "proposed power line assessment" 
uses the computer model to determine which spans are resonant, 
how much RF current flow they carry, and how much reradiated 
field there is. At this stage, changes in the power line plans 
can be requested. For instance, changes in tower positions might 
be made, to avoid the creation of resonant length spans. At the 
"proposed assessment"  stage, the procedures of Chapter 7 can be 
used to design detuning by tower isolation for the power line. 
The isolation of specific towers during construction can be 
requested. 

After construction, the power line can be modelled with NEC 
to include any changes in the plans that were accepted and incor-
porated into the actual power line. This is "as-built assess-
ment". The NEC program can be used to determine whether the 
power line "as-built" is a significant reradiator. 

This chapter deals with the preparation of a detailed com-
puter model of e power line from the drawings, and with its 
analysis using NEC to determine the azimuth or other radiation 
patterns of the broadcast array operating with the power line in 
place. In this chapter, it will be assumed that no "detuning" 
measures were installed when the line was constructed, and so the 
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discussion applies equally well to "proposed power line assess-
ment" and to "as-built assessment". For convenience, the term 
"as-built assessment" has been used. 

"As-built assessment" has several stages. The span lengths 
and tower heights from the 'drawings are used to evaluate the 
actual resonant frequency of each span of the power line. Spans 
which are resonant within 50 kHz of the operating frequency of 
the broadcast antenna are potentially strong reradiators. The 
power line drawings are used to prepare a table giving the posi-
tion of each power line tower relative to the reference tower of 
the broadcast array, in the coordinate system of Section 4.1. An 
input data set for the NEC program is derived including the power 
line towers and their interconnecting skywires. Running NEC over 
perfect ground determines a "worst case" azimuth pattern of the 
broadcast array operating with the power line in place. The 
pattern indicates whether there will be unacceptably strong rera-
diation in the direction of the station's protection limits. The 
computed currents on the power line towers indicate which towers 
are "hot", and are correlated with the span resonant frequencies 
to indicate which towers should be "treated" to detune the power 
line. • 

The last step in "as-built assessment" is an estimate of the 
reradiated field over lossy ground. Ground effects are included 
in the computer model with further runs of NEC incorporating the 
footing impedance at the base of each power line tower, and the 
ground loss ratio discussed in Section 3.3. Ground effects are 
assessed for a range of ground conductivities typical of the area 
where the station is located. 

- -In this chapter, "as-built assessment" is carried out for 
the "north" line near CHFA. 

6.1 Estimate 04 the Span Resonant Frequencies 

Fig. 6.1 is a plan of the "as-built" north power line, and 
in comparison to Fig. 5.4 illustrates that at the "as-built" 
stage.  the precise tower positions are known along the power line. 
The tower heights along the power line, the span lengths, and the 

angles through which the - power line turns are readily found from 
the "profile drawings" of the power line, which were supplied by 
Trans4lta[433. The precise tower types and the tower dimensions 

are also specified. To position the broadcast antenna relative 

to the power line position, maps or aerial photos can be used 
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[44,457 as was done here, or the site can be surveyed. The 
coordinates of the towers are listed in Table 6.1. The coordi-
nate system used is that used for the CHFA antenna in Sect. 4.1, 
with the x-axis pointing to the north, and the y-axis pointing 
west, and the centre tower of the CHFA array at the origin. The 
data supplied specifies the location of 49 towers on the "north" 
line. In Table 6.2 the date of Table 6.1 has been used to find 
the length of each span of the power line, and the resonant 
frequency of each span has been estimated with Eqn. 2.21. The 
bandwidth of resonance has been discussed in Section 2.3.5 above, 
and a "rule of thumb" estimate of 100 kHz has been proposed. In 
order to flag all spans of the power line which could carry even 
small resonant current distributions, the bandwidth estimate will 
be extended to 60 kHz on either side of the resonant frequency of 
the span. In Table 6.2, those spans with resonant frequencies 
that are within 60 kHz of 690 kHz have been marked with a  
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TABLE 6.1 
Tower base coordinates, heights and distances 

from the CHFA -array's centre tower for the towers 
of the "north" power line. 

Tower North West Height Distance 
Number m m m m 
194- 3047 • -9922 38.6 10380 
193 3046 -9676 36.0 10144 
192 3044 -9282 35.7 9769 
191 3043 -8976 32.6 9383 
190 3041 -8489 35.8 9018 
189 3040 -8110 35.9 8661 
.188 3038 -7782 35.6 8354 
187 3037 -7436 32.4 8033 
186 3267 -7166 36.0 7875 
185 3463 ' -6935 32.4 7751 
184 3427 -6381 38.6 7243 
183 3400 ' -5981 38.6 6880 
182 3374 -5579 38.6 6519 
181 3352 - -5235 39.0 6216 
190 3321 -4776 35.6 58 1 8  
179 3200 ' -4472 39.0 5499 
178 3062 -4128 33.0 . 5140 
177 2911 -3749 32.2 4747 
176 2861 -3466 36.0 4494 
175 2784 -3035 35.4 4119 
174 2709 -2612 35.8 3763 
173 2814 -2323 35.8 3650 

. 172 2931 -2006 35.8 3552 
171 3043 -1701 ' 29.8 3486 
170 3236 -1459 32.6 3550 
169 3466 -1253 32.6 3686 
168 3767 -1100 • 34.8 • 3924 
167 4135 -913 38.6 4234 
166 4351 -818 35.5 4427 
165 4675 .-677 35.8 4723 
164 .5026 -523 31.1 • 5054 
163 5334 -389 32.7 5349 
162 5623 -263 32.6 5629 
•161 5643 97 34.4 5645 
160 6166 504 33.4 6186 
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TABLE 6.1 continued 
Tower base coordinates, heights and distances 

from the CHFA array's centre tower for the towers 
of the "north" power line. 

Tower North West Height Distance 
Number m m m m 
159 6171 768 33.0 6219 
158 6180 1177 39.0 6291 
157 6186 1487 32.8 6363 
156 6194 1934 31.0 6460 
155 6201 2189 32.8 6576 
154 6209 2545 33.0 6710 
153 6217 2910 32.8 6864 
152 6225 3282 350e 7037 
151 6232 3609 35.7 7202 
150 6242 4028 35.9 7429 
149 6250 4362 . 32.0 7622 
148 6259 4716 33.0 7836 
147 6267 5057 31.4 8053 
146 6273 5368 32.6 8257 

The span lengths on the "as-built" north power line are 
shown diagrammatically in Fig. 6.2 e  and are far from uniform, 
varying from 236 to 555 m. It was found in Sect. 5.3 that spans 
from 378 to 449 m are resonant at CHFA's frequency of 680 kHz. 
The distribution of span lengths has already been examined in 
Fig. 5.5, and found to approximately follow a "normal" probabil-
ity distribution. The mean span length was computed as 358.4 m, 
quite close to the "proposed" nominal value of 363 m, but the 
span length is highly variable, with a standard deviation of 
45.9 m. The  most  significant consequence of a non-uniform span 
length is that each span on the power line has its own individual 
resonant frequency, and that some of those resonant frequencies 
will be close to CHFA's frequency. Fig. 6.3 shows the resonant 
frequencies of the spans of the "north" line, and those spans 
resonant within 60 kHz of 680 kHz have been marked with an "R". 
The resonance mode which is closest in frequency to 680 kHz on 
most spans is two-wavelength loop resonance. Span 150-151 is 
resonant at 660 kHz, but is quite far from the antenna. Span 
152-153 is resonant at 735 kHz, 55 kHz different from 680, and so 
is not expected to be a strong reradiator. Span 158-159 is reso- 
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nant at 674 kHz. Span 160-161 at 662 m is an exceptionally long 
span and has a three-wavelength loop resonance frequency at 666 
kHz. Span 164-165 is resonant at 719 kHz. Span 168-167 is reso-
nant at 666 kHz, very close to 680 kHz. There is a group of 
resonant spans quite near the antenna. Spans 174-175 at 646 kHz, 
175-176 at 637 kHz are quite far from 680 kHz. Span 177-178 at 
685 kHz is very close in frequency to CHFA. Spans 182-183 and 
183-184 at 675 and 678 kHz are resonant close to 680 kHz. 

In summary, spans 150-151, 152-153, 158-159, 160-161, 164- 
165, 167-168, 174-175, 175-176, 177-178, 178-179, 182-1E3 and 
183-184 are resonant within 60 kHz of CHFA's frequency of 690 
kHz. It will be seen that the response of some of these poten-
tially resonant spans is quite strong. 

Table 6.3 gives the double-span resonant frequencies of the 
"north" power line, estimated using Eqns. 2.20 and 2.22. Only 
"four-wavelength double-span resonance" is likely to be present 
on the double-spans of the power line when all the power line 
towers are connected to the skywire. With the current distri-
bution shown in Fig. 2.14, this resonance mode has a maximum in 
the current standing-wave at the location of the centre tower of 
the double-span. Hence this tower is in a voltage minimum, which 
is a region of low electric field, and so the tower does not 
"short out" the electric field even if it is connected to the 
skywire. The centre tower of the double-span tends to "short 
out" the voltage-maximum in the standing wave pattern associated 
with either three- or five-wavelength double-span loop resonance. 
In Table 6.3, those double spans resonant in the frequency range 
620 to 740 kHz have been marked with an asterisk, and are poten-
tially reradiators. Those which are resonant within 20 kHz of 
680 kHz have been marked with two asterisks. Thus double- spans 
186-184, 176-174 and 161-159 could carry strong RF currents 
associated with "four-wavelength double-span loop resonance". 
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TABLE 6.2 
Span lengths, and single-span resonant 

frequency estimates for the "north" power line. 
Starred spans ire resonant within 60 kHz 

of CHFA's frequency of 680 kHz. 
SPAN Span RESONANT FREQUENCIES 
Tower to Tower Length One-wavelength Two-wavelength 

m loop resonance loop resonance 
. kHz kHz 

194 193 246 505 1010 
193 192 394 349 * 695 
192 191 406 341 * 683 
191 190 397 355 * 711 
190 199 379 359 * 719 
189 189 129 405 811 
198 197 146 391 782 
187 186 155 382 765 
196 185 103 436 972 
195 184 555 « 259 517 
194 183 401 339 * 677 
183 192 403 337 * 674 
192 181 344 394 769 
191 180 460 303 606 , 
180 179 328 402 804 
179 178 370 366 * 733 
178 177 408 342 * 684 
177 176 289 454 909 
176 175 437 318 * 637 
175 174 430 323 * 646 
174 173 308 426 853 
173 1 72 33E 395 790 
172 171 324 416 831 
171 170 310 435 869 
170 169 309 433 865 
169 169 337 400 801 
168 167 413 333 * 666 
167 166 236 522 1044 
166 165 353 392 763 
165 164 394 359 * 718 
164 163 336 405 810 

- 163 162 315 426 851 
162 161 360 379 75e 
161 160 662 222 * 444 (666) 
160 159 264 490 980 
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158 
157 
156 
155 
154 • 
153 
152 
151 
150 
149 
148 
147 

158 
157 
156 
155 
154 
153 
152 
151 
150 
149 
148  
147 
146 
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Tower to Tower 
TABLE 6.2, continued 

Span One-wavelength 
Length loop resonance 

kHz 
409 337 
310 424 
347 394 
355 387 
356 384 
365 376 
372 367 
328 405 
419 330 
334 403 
354 386 
341 399 
311 432 

Two-wavelength 
loop resonance 

kHz 
* 673 
848 
788 
773 
768  
752 

* 735 
810 

* 660 
806 
773 
799 
863 

Triple-span loop resonance modes are shown in Fig. 2.15. It 
is seen that "six-wavelength triple-span loop resonance" tends to 
put the two centre towers of the triple-span at current maxima in 
the standing wave pattern, hence at voltage minima, and so the 
resonance mode can exist on the power line with all towers con-
nected to the skywire. Other triple-span modes tend to be 
"shorted out" by the centre towers. Table 6.4 gives the triple-
span loop resonance frequencies of the "north" power line. Most 
"six-wavelength" resonant frequencies are too high to be excited 
at CHFA's frequency of 680 kHz. However, triple-spans 185-182, 
163-160 and 161-158 are "six-wavelength" resonant close enough 
to CHFA's • requency to be excited. 

Concordia EMC Laboratory 108 



TN-EMC-87-04 

TABLE 6.3 
Double span resonant frequencies for the 

"north" power line. 
SPAN DOUBLE SPAN RESONANT FREQUENCIES 

Tower to Tower Three Four Five 
wavelength wavelength wavelength 

loop loop loop 
kHz kHz kHz 

194 192 680 907 1133 
193 191 559 746 932 
192 190 562 749 936 
191 189 582 776 970 
190 188 624 832 1040 
199 187 654 973 1091 
198 186 629 838 1048 
197 185 672 896 1120 
186 184 521 ** 694 868 
185 183 473 * 631 788 
194 182 551 * 735 919 
183 181 589 785 982 
182 180 553 * 737 922 
181 179 561 748 935 
180 179 634 945 1056 
179 177 572 ' 763 953 
179 176 635 846 1058 
177 175 613 817 1021 
176 174 517 ** 690 862 
1 75 173 600 800 1000 
174 172 677 902 1129 
173 171 668 890 1113 
172 170 691 922 1152 
171 169 713 950 11 8e 
170 168 681 908 1135 
169 167 591 789 986 
168 166 675 900 1125 
167 165 732 976 1220 
166 164 604 806 1007 
165 163 616 821 1027 
164 162 680 906 1133 
163 161 654 873 1091 

-162 160 446 595 744 
161 159 489 ** 692 815 
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TABLE 6.3 continued 
Double span resonant frequencies for the 

"north" power line. 
DOUBLE SPAN RESONANT FREQUENCIES 

Three Four Five 
SPAN 

Tower to Tower 
wavelength wavelength 

loop loop« 
kHz kHz 

160 158 652 869 
159 157 619 825 
158 156' . 668 891 
157 155 633 844 
156 154 627 836 
155 153 617 823 
154 152 603 804 
153 151 632 843 
152 150 593 791 
151 149 592 789 
150 148 642 856 
149 147 640 854 
148 146 677 902 - 

wavelength 
loop 
kHz 
1086 
1031 
1113 
1055 
1044 
1029 
1005 
1053 
989 
986 
1069 
1067 
1128 

The estimate of the resonant frequencies of the "north" 
power line given in this section shows that some of the spans of 
the "as-built" north power line are resonant close enough to 680 
kHz to be potentially strong reradiators. Thus spans 150-151, 
152-153, 158-159, 160-161, 164-165, 167-168, 174-175, 175-176, 
177-17S, 178-179, 182-183 and 183-184 are resonant within 60 kHz 
of CHFA's frequency of 680 kHz. The estimates of the double- and 
triple-span resonant frequencies will be useful in Chapter 7 in 
designing detuning by tower isolation. In the following section 
the data of Table 6.1 are used to construct a computer model of 
the "as-built" power line and hence find the azimuth pattern of 
the CHFA antenna operating with the power line in place. 
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TABLE 6.4 
Triple-span resonant frequencies for the 

"north" power 
SPAN TRIPLE 

Tower to Tower Four 
wavelength 

loop 
kHz 
580 
514 
521 
557 
578 
589 
604 
504 
486 
453 
528 
505 
535 
526 
552 
568 
539 
529 
519 
564 
625 
622 
640 
634 
573 
614 
604 
621 
567 
587 
602 
462 
479 
460 
617 

194 191 
293 190 
192 199 
191 lee 
190 197 
199 186 
lee 195 
187 194 
196 183 
185 182 
194 191 
183 180 
192 179 
181 178 
leo 177 
179 176 
178 175 
177 174 
176 173 
175 172 
174 171 
173 170 
172 169 
171 168 
170 167 
169 166 
168 165 
167 164 
166 163 
165 162 
164 161 
163 160 
162 159 
161 158 
160 157 

line. 
SPAN RESONANT FREQUENCIES 

Five Six 
-wavelength wavelength 

loop loop 
kHz kHz 
725 869 
643 772 
651 781 
696 836 
722 866 
735 892  
755 906 
630 757 
607 * 728 
566 ** 679 
660 793 
632 758 
669 903 
659 790 
690 828 
709 851 
674 809 
662 794 
649 779 
706 847 
782 938 
778 - 934 
SOO 960 
793 952 
716 859 
769 922 
755 906 
776 . 932 

- 709 851 
- 734 880 

752 902 
577 ** 692 
599 * 719 
575 ** 690 
772 926 
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' TABLE 6.4 continued 
Triple-span resonant frequencies for the 

- "north" power line. 
SPAN TRIPLE SPAN RESONANT FREQUENCIES 

Tower to Tower Four Five - Six 
wavelength' wavelength wavelength 

loop • loop loop 
kHz kHz kHz 

159 156 573 716 860 
158 155 597 747 896 
157 154 576 720 964 
156 153 568 710 852 
155 152 , 557 697 836 
154 151 571 . 714 857 
153 150 545 682 818 
152 149 564 , 705 846 
151 148 551 . 688 826 , 
.150 147 591 738 886 
149 146 605 756 907 

6.2 Radiation Pattern o4 the DA plus the Power lane 

In this section the NEC computer program is used to find the 
azimuth pattern of the CHFA antenna operating with the "north" 
power line in place. Chapter 4 above discussed the modelling of 
a broadcast array with the NEC program such that NEC's azimuth 
pattern matches the design pattern. Fig. 4.4(b) shows that the 
azimuth pattern computed with NEC agrees with the theoretical 
"design" pattern of the CHFA array, and compares the pattern with 
the station's protection requirement throughout the "protected 
arc" of CHFA's pattern. The field strength must not exceed the 
values shown by the solid line. 

A difficult question in any power line study concerns the 
number of towers to be represented on the power line. The cost 
of running the NEC code increases sharply with the number of 
"segments" in the model, and so modelling as few towers as pos-
sible keeps costs down. An initial computation of CHFA's pattern 
with the "north" line in place was made using 13 spans, being the 
same choice as was made for the "initial assessment" study. The 
14 towers closest to the CHFA antenna were chosen, namely towers 
165 to 178. In the following, it will be shown that the reradi- 
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ation from this section of power line is substantial. It was 
then decided to include a longer segment of the power line, 
albeit at increased cost, to take in more of the spans expected 
to be resonant from Table 6.2 above. When towers 149 to 185 are 
included, more reradiation is present, but the result of the 
study is substantially the same. Modelling more towers allows 
the RF current flow to be assessed on a greater length of the 
power line, and permits a larger number of spans to be addressed 
in detuning the power line. 

6.2.1 Towers 165 to 178 

The initial study of reradiation froethe north line will 
use 13 spans, as was done for "initial assessment" in Chapter 5. 
The 14 towers closest to the CHFA array will be used, namely 
towers 165 through 178, and this segment of power line is shown 
in Fig. 6.4. Section 5.1 discussed the modelling of the power 
line towers and skywires with the NEC program, and arrived at the 
values of 4 m for the tower radius and 0.76 m for the skywire, as 
illustrated in Fig. 5.3. Table 6.5 lists a NEC input file for 
the CHFA antenna and towers 165 to 178 of the power line. In 
Table 6.5, GW cards representing the towers and skywires of the 
power line have been added after the three GW cards modelling the 
CHFA antenna array. The GW cards with tag numbers 178 through 
165 represent the towers of the power line, and have the tower 
radius of 4.00 m. It is seen that the coordinates correspond to 
those of Table 6.1. Two "segments" were used per tower because 
the towers, which are about 32 m tall, are only 0.07 of the 
wavelength in height. The "GW" cards with tag numbers 307 to 319 
represent the skywires, and use the skywire radius of 0.76 m. 
Thus the wire with tag 307 connects the top of tower 178 to the 
tower of tower 177. The skywires are on average about 363 m 
long, and were subdivided into 10 segments per span, making the 
length of each segment about 0.081 of the wavelength. The choice 
could be improved by using more segments on long spans. The "GE 
1" and GN 1" cards specify that a perfectly-conducting ground is 
to be'used. The input file uses a total of 188 segments, and 
executes in about 308 seconds on Concordia's Cyber 825 ,  

Fig. 6.5 shows the azimuth pattern of the CHFA array operat-
ing near the north line when towers 165 to 178 are included in 
the computer model, over perfectly-conducting ground. It is seen 
that reradiation from the power line introduces large excursions 

1 
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above the protection limit. At 190 degrees, there is a peak of 
76.4 mV/m at one mile, which is 58.3 mV/m above the protection 
requirement. At 199 degrees the field strength of 76.3 mV/m is 
59.9 mV/m above the protection limit. At 206 degrees the field 
of 70.1 mV/m is 53.1 mV/m too large. At 215 degrees, the field 
strength of 85.2 mV/m is 67.6 mV/m above protection. It is clear 
that there is a substantial reradiation problem. 

The "initial assessment" study summarized in Table 5.3 pre-
dicted that there is a 50 percent chance of an effective reradi-
ated field strength of 53 mV/m. The "effective value" of the 
reradiated'field is found by computing the "secondary field 
"azimuth pattern, which is due to the RF currents flowing on the 
power line towers alone. The "effective value" of the reradiated 
field is the R.M.S. value of the secondary pattern and is eval-
uated using Eqn. 4.22 For towers 165 to 178 of the "north" line, 
the effective value of the reradiated field is 38.6 mV/m. This 
is in reasonable agreement with the "initial assessment" figures 
of Table 5.3. There it was shown that there is an 87 percent 
chance of 4 resonant spans and a reradiated field of 41 mV/m o  a 
70 percent chance of 5 resonant spans with a reradiated field of 
48 mV/m, and a 47 percent chance of 6 resonant spans with a 
reradiated field of 53 mV/m . R.M.S. The "as-built" power line 
from tower 165 to tower 178 has four resonant spans in Table 6.2, 
namely 167-168, 174-175, 175-176 and 177-178, and gives rise to 
an effective reradiated field of 38.6 mV/m. It is of interest to 
note that the peak value of the reradiated field in the CHFA 
pattern minimum is at least 67.6 mV/m, which is almost twice the 
effective value of the reradiated  field pattern. 

It is of interest to ask whether including more spans in the 
power line model would lead to substantially higher reradiation. 
Including more spans on the power line allows "detuning" to be 
considered for a longer run of the power line. In the following 
section, towers 149 to 185 of the power line are modelled and 
analysed with the NEC program. 
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TABLE 6.5 
NEC INPUT FILE FOR THE CHFA ARRAY 
WITH POWER LINE TOWERS 165 TO 178 

CM CHFA 680 kHz 
CM NORTH (1202) POWER LINE 
CM TOWERS 165 TO 179 
CE 
GW 1 10 108.49 -20.11 0.00 108.49 -20.11 86.87 .26 
GW 3 10 0.00 0.00 0.00 0.00 0.00 86.87 .26 
GW 5 10 "108.49 20.11 0.00 -109.49 20.11 86.87 .26 
GW178 2 1062.47 -4128.04 0.00 3062.47 -4128.04 33.00 4.00 
5W177 2 2911.11 -3749.16 0.00 2911.11 -3749.16 32.20 4.00 
6W176 2 2860.66 -3465.61 0.00 2860.66 -3465.61 36.00 4.00 
5W175 2 2784.11 -3035.37 0.00 2794.11 -3035.37 35.40 4.00 
6W174 2 2708.78 -2612.02 0.00 2708.78 -2612.02 35.80 4.00 
5W173 2 2814.83 -2322.85 0.00 2814.83 -2322.85 35.80 4.00 
5W172 2 2931.21 -2005.52 0.00 2931.21 -2005.52 35.80 4.00 
5W171 2 3042.77 -1701.33 0.00 3042.77 -1701.33 29.80 4.00 
5W170 2 3236.39 -1459.23 0.00 3236.39 -1459.23 32.60 4.00 
GW169 2 3466 0 31 -1252.79 0.00 3466.31 -1252.79 32.60 4.00 
GW168 2 3766.64 -1099.92 0.00 3766.64 -1099.92 34.80 4.00 
5W167 2 4134.70 -912.56 0.00 4134.70 -912.56 38.60 4.00 
5W166 2 4350.99 -918.15 0 0 00 4350.99 •-918.15 35.50 4.00 
5W165 2 4674.51 -676.93 0.00 4674.51 «..676.93 35.80 4.00 
5W307 10 3062.47 -4128.04 33.00 2911.11 -3749.16 32.20 .38 
8W308 10 2911.11 -3749.16 32.20 2860.66 -3465.61 36.00 .38 
GW309 10 2860.66 -3465.61 36.00 2784.11 -3035.37 35.40 .38 
6W310 10 2784.11 -3035.37 35.40 2708.78 -2612.02 35.90 .39 
5W311 10 2708.78 -2612.02 35.80 2814.83 -2322.85 35.80 .38 
GW312 10 2814.83 -2322.95 35.80 2931.21 -2005.52 35.80 .38 
6W313 10 2931.21 -2005.52 35.80 3042.77 -1701.33 29.80 .38 
5W314 10 3042.77 -1701.33 29.90 3236.39 "1459.23 32.60 .38 
GW315 10 3236.39 -1459.23 32.60 3466.31 -1252.79 32.60 .38 
6W316 10 3466.31 -1252.79 32.60 3766.64 ..-1099.92 34.80 .38 
6W317 10 3766.64 -1099.92 34.80 4134.70 -912.56 38.60 .38 
5W31810  4134.70 -912.56 38.60 4350.99 --818.15 35.50 .38 
GW319 10 4350.99 -81(3.15 35.50 4674.51 -676.93 35.80 .38 
GE 1 
GN 1 
FR 0 1 .68 
EX 0 1 1 -.25708860-.18068530 
EX 0 3 1 .23691762-.89373571 
EX 0 5 1 .56386984 .11928028 
RP 0 1 361 90. O. O. 1. 
EN 
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6.2.2 Towers 149 to 185 

This section investigates the azimuth pattern of the CHFA 
antenna operating near a section of the "north" power line 
including towers 149 to 185, for a total of 37 towers or 36 
spans, as illustrated in Fig. 5.4. Table 6.2 shows that there 
are 12 resonant spans, namely 150-151, 152-153, 159-159, 160-161, 
164-165, 167-168, 174-175, 175-176, 177-178, 178-179, 182-183 .and 
183-184. An input data file for NEC was prepared for this power 
line section and uses a total of 464 segments, and was run on 
Concordia's Cyber  825 computer, consuming about 2418 seconds. 
This is in comparison to lee segments and 307 seconds for the 
first "run". 

Fig. 6.6 shows the radiation pattern of the CHFA array oper-
ated with towers 149 to 185 of the "north" line over perfectly-
conducting ground. The field strength in the protected arc 
varies rapidly with angle, and there is strong reradiation 
between 185 and 230 degrees. The protection requirement is 
exceeded by a large amount. The peaks at 191, 197 and 201 
degrees amimuth have field strengths of 68.3, 69.9 and 70.8 mV/m 
at one mile respectively. With fewer towers, Fig. 6.5 shows 
similar values in this angular range. The peak at 206 degrees is 
79.9 mV/m, and at 215 degrees the field strength rises to 116 
mV/m. This value is larger than the maximum in Fig. 6.5 of 85 
mV/m, but the conclusion is the same, namely that there is a 
substantial reradiation problem. 

Fig. 6.6 compares the measured field strength for the actual 
CHFA array operating in the presence of both the "north" and the 
"southeast" power linet463 with the computed . data including ,the 
north line only. Ref. t5] discusses the reradiation from the 
"southeast" line and concludes that by far the strongest reradi-
ation is from the "north" line for this site. The measured pat-
tern shows strong reradiation from about 185 to about 220 
degrees, and a strong peak near 230 degrees. Thus there is a 
reasonable correlation of the angular extent of reradiation 
between the NEC computation and the actual pattern. Perfect 
ground conductivity was used for the calculated pattern in Fig. 
6.6, and so no ground losses are accounted for. The calculated 
reradiated field is thus much larger than that measured, by a 
factor  of as much as 4. In Sect. 6.5 below, ground conductivity 
is included in the calculation and.much better agreement with the 
measurement is found. 
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Fig. 6.6 establishes that there is substantial reradiation 
from the "north" power line. At the "proposed power line assess-
ment" stage, the power line has not.yet been constructed and the 
broadcastor can request that the plans be modified to include 
"detuning", which will be installed when the line is erected. 
The methods of Chapter 7 cOuld be used to select towers for 
isolation from the skywire to "open-circuit" the resonant spans. 
In addition, it may be necessary to request that "detuning stubs" 
be installed on selected towers. Thus to complete "proposed 
power line assessment" detuning must be considered and design 
changes must be requested. 

• If the power line has already been erected with no detuning, 
'then the results of Fig. 6.6 represent an "as-built assessment" 
of the power line, and show that the existing power line is a 
damaging reradiator. The broadcastor must now consider "detun-
ing" the power line, using, for example, the methods of 
Chapter 7. By examining the RF currents on the towers of the 
power line, those which are "hot" can be identified as candidates 
for "detuning". 

6.3 RF Currents on the Towers 

The RF currents flowing on the towers and skywires of the 
"north" line are shown schematically in Fig. 6.7: The figure 
shows the currents as line segments. Tower currents are shown 
below the power line, and skywire currents are given above it. 
Note that the closest towers to the broadcast antenna do not 
carry the largest currents. It is seen that a group of towers 
near the centre of the line, towers 163 to 167, carry very large 
currents. Towers 174, 176 and 178 carry large currents. Towers 
150 and 151 carry large currents. Fig. 6.8 shows the tower cur-
rents scaled to a power level corresponding to an effective field 
of 594 mV/m at one mile from the CHFA array. Currents in excess 
of 400 mA are found on towers 166, 167 and 168, which has the 
largest current at 901 mA. Currents between 200 and 400 mA are 
found on towers 150 and 151" 165 and 169, and 174 and 176. 
Currents between 100 and 200 mA flow on towers 152 and 153, 158, 
159 and 160, 175, 177 and 178, and 184. If the largest of these 
currents, on towers  166, 167 and 168, could be suppressed, a 
large reduction in reradiation would be expected. A smaller 
improvement would result from treating towers 150,-151, 165, 169, 
174 and 176, and yet a smaller improvement from treating the next 
group. In,the following, this list of towers with strong current 
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flow is correlated with the resonant behaviour of the power line, 
which will then serve as an aid to designing "detuning", in 
Chapter 7. 

Fig. 6.8 also shows the measured RF current flow at the base 
of each power line tower  on the  "north" line, which were obtained 
using the two-loop probe methodC243. There is a good correlation 
between the computed and measured data, especially on towers 164 
to 170. There are some differences on towers 174 to 178, which 
are located on the portion of the power lines of Fig. 5.1 which 
are closely parallel. The computations in Fig. 6.8 use perfect 
ground conductivity which exaggerates reradiation and makes the 
tower currents larger than the measured values. Thus the com- 
puted current on tower 168 is 901 mA, but the measured current is 
406 mA. In Sect. 6.5 below, the computation is repeated using 
the footing impedance to model the damping effect of lossy 
ground, and better agreement is demonstrated. 

In Table 6.2, the spans of the power lime expected to be 
resonant are 150-151(660 kHz), 152-153(735), 158-159(674), 160- 
161(666), 164-165(719), 167-168(666), 174-175(646), 175-176 
(637), 177-178(685), 178-179(733), 182-183(675), and 183-184 
(678). In comparison to the RF currents on the towers of Fig. 
6.8, it is seen that some of the spans respond strongly and that, 
in addition, some spans not expected to be resonant respond 
strongly. Thus 150-151 responds strongly, and 152-153 does not, 
possibly because its resonant'frequency of 735 kHz is too far 
from CHFA's 680 kHz. Spans 158-159 and 160-160 show some 
response, as does 164-165. Spans  1 65-166-167-169-169 show a very 
large response, where only span 167-16e is expected to be reso-
nant. In general, the strong RF current flowing on a resonant 
span can induce an RF current on an adjacent span, but the influ-
ence is local and little current is induced on spans further 
away. Thus span 167-168 responds in strong resonance and carries 
a large current, which couples into spans 169-169 and 166-167, 
which in turn couples to 165-166. If the resonance of span 
167-168 is detuned, then the currents on the spans 168-169, 
166-167 and 165-166 disappear. Spans 174-175,175-176 and 177-178 
show some response. Spans 182-183 and 183-184 show little 
response. 

In the following section, the current flow on the skywires 
of the power line is examined to identify the resonance mode on 
each span. 

Concordia EMC Laboratory 118 



TN-EMC-87-04 

6.4 Span Resonance Modes 

Sections 2.3.2 discusses the resonance modes  possible on the 
spans of e power line, and Fig. 2.12 illustrates the current 
distribution on the skywire expected of one-, two- and three-
wavelength loop resonance. . In general the current distribution 
on any skywire will consist of a standing-wave plus a travel-
ling-wave, and at resonance the standing-wave part of the current 
distribution is expected to be dominant. Appendix 1 discusses a 
method for resolving the skywire current distribution into a 
standing-wave part and a travelling-wave part. By examining the 
skywire current distribution, the resonance mode on each span can 
be identiAied. Fig. 6.9 plots the magnitude and the phase of the 
skywire current as dashed lines, and of the standing-wave part of 
the skywire current as solid lines. 

Many of the spans in Fig. 6.9 are non-resonant. Their cur-
rent distributions for the most part do not resemble the reso-
nance modes of Fig. 2.12. Also the phase of the current, given 
by the dashed lines, on non-resonant spans is for the most part 
changing rapidly with distance. Span 179-180, resonant at 804 
kHz, is non-resonant at 680. It carries an almost-pure travel-
ling wavep in which the current magnitude is constant with posi-
tion on the span, and the current phase changes linearly with 
distance along the span. 

The most resonant span is 167-168, which has a resonant 
frequency of 666 kHz. The magnitude of the current i distribution 
closely resembles the sketch of Fig. 2.12 for two-wavelength loop 
resonance. The phase on this'span is constant-with-distance, 
with sharp 180 degree phase reversals at the nulls in the current 
magnitude. The current distribution on this span characterizes 
two-wavelength loop resonance. The towers of the adjacent  spans, 
168-169 and 166-167, carry quite substantial currents in Fig. 
6.8, but are not expectEd to be resonant at 680 kHz. Fig. 6.9 
shows that the skywire current distribution does not resemble a 
resonance mode. 

Span 183-184 at 677 kHz carries the magnitude distribution 
of two-wavelength loop resonance. The phase distribution (dashed 
line) is not readily recognized as that of two-wavelength loop 
resonance. However, plotting the phase of the standing-wave part 
of the current distribution (solid line) clearly identifies the 
resonance mode. 
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Some spans have resonant frequencies close to 680 kHz but 
show little resonant response in Fig. 6.9. Thus span 182-183, 
resonant at 674 kHz, shows little response. A resonant span must 
be excited in order to respond. A resonant span which is very 
far from the broadcast antenna is excited by a weak field and so 
does not respond strongly. .A resonant span which is located in 
the minimum of the antenna's directional pattern is weakly illu-
minated and so does not respond strongly. A more subtle reason 
that a resonant span can show little response concerns the 
orientation of the span to the radial line from the antenna, and 
consequently the relative phase of the excitation field at the 
two towers making up the span. The geometry is illustrated in 
Fig. 5.6, and Fig. 5.8 shows the response of a span as its "skew 
angle" is varied from zero degrees or perpendicular to the 
radial, to 90 degrees, making the span parallel to the radial. 
The span shows maximum response between 30 and 35 degrees. Evi-
dently, for a span to respond strongly in two-wavelength loop 
resonance, its skew angle to the radial from the antenna must be 
in this range. 

Continuing the analysis of Fig. 6.9, span 177-178 shows 
two-wavelength loop resonant response in both magnitude and 
phase. Spans 164-165 and 165-166 show a magnitude and standing-
wave phase distribution resembling two-wavelength loop resonance, 
but there is a strong travelling-wave component as well. 

Spans 174-175 and 175-176 show magnitude and phase response 
similar to two-wavelength loop resonant response. In Table 6.3 
the double-span from tower 176 to 174 is resonant at 690 kHz, and 
thus the resonance mode on 174-175-176 could be "four-wavelength 
double-span resonance". The current distribution expected is 
that illustrated in Fig. 2.14(b), and is quite similar to that of 
two individual spans in two-wavelength single-span resonance. 
The current distribution on 174-175-176 is likely'to be a 
combination of both resonance modes. 

Span 160-161 is of interest as its resonance mode is 
expected to be three-wavelength loop resonance. This span 
responds quite weakly, but the magnitude distribution resembles 
that of Fig. 2.12(c). Note that in Fig. 6.9 the horizontal dis-
tance scale is arbitrary and not proportional to span length, 
because for convenience in plotting the same horizontal distance 
has been used for every span. 

Spans 158-159, 152-153 and particularly 150-151 show two-
wavelength loop resonant response. Some spans whose resonant 
frequencies are too far from the operating frequency of 680 kHz, 
show a magnitude response similar to two-wavelength loop reso- 
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nance. The standing-wave part of the phase response also resem-
bles resonance, but the overall phase distribution has a strong 
standing wave part. Span 154-155 illustrates this behaviour. 
Its resonant frequency of 768 kHz is  toc  far from 680 kHz for a 
strong resonant response, and so the induced current is quite 
modest in magnitude, but resembles resonant current flow. 

In conclusion, the RF current flow on the towers and sky-
wires of the "north" power line illustrates some important behav-
iour of power lines at RF frequencies. Not all spans which are 
resonant within 60 kHz of the operating frequency respond. Some, 
such as 1E2-183, show very little response. But some resonant 
spans show a very large response 9  such as 167-168. Many spans 
resonant close to the operating frequency will show only a modest 
response, such as 177-178 or 158-159. A span which is not reso-
nant close enough to the operating frequency will not show much 
response, unless the span couples to an adjacent span carrying a 
large current, such as 169-169 or 166-167. The mode of resonance 
cari  be identified from a graph of the magnitude and phase of the 
RF current flow on the skywire, and graphing the standing-wave 
part of the current phase is helpful. 

The analysis of the current flow on the skywires of the 
power line thus identifies the spans which respond in resonance 9  
and is an aid in the design of detuning, discussed below in 
Chapter 7. 
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6.5 Ground Conductivity Effects 

The computations reported in the above discussion use a high 
ground conductivity or "perfect ground". However, the comparison 
of the computed azimuth pattern with measured field strength in 
Fig. 6.6 and of computed and measured tower base currents in Fig. 
6.8 show that the computed reradiated field and tower currents 
are much too large. These comparisons are somewhat complicated 
by the fact that the measurements were done for the full site of 
Fig. 5.1, including both the "north" and the "southeast" power 
lines, whereas the present computations include only the "north" 
line. Nevertheless, this section shows that by including the 
ground conductivity in the calculations, the predicted magnitude 
of the reradiation effects becomes much closer to that reported 
in the measurements. 

The conductivity of the ground has the effect of reducing 
the broadcast antenna's field strength at the towers of the power 
line, and also of introducing losses into the skywire-and-image 
transmission line, and so results in less RF current flow on the 
power line towers ,  and hence less reradiation when ground conduc-
tivity is included in the computer model. The value of the foot-
ing impedance is calculated using Eqn. 3.10, which calls for a 
footing radius ap to be derived from the tower geometry using 
Eqn. 3.11. For the present purpose, each of the n = 4 corners of 
the power line tower is supported bY a reinforced-concrete foot-
ing of radius a = 0.7 meter (estimated). The "cage" radius a=me» 
is the distance from the center of the tower to one of its four 
corners, and is 

a ca .Niff 
where w = 7.5 meters is the side length of the square base, 
giving ac nww = 5.3033 m. Thus the footing radius is a4  = 4.52 m. 
With this value, Eqn. 3.10 obtains the footing impedances given 
in Table 6.6 for ground conductivities of 5 9  10 and 20 millisie-
mens/metre. In the following, results will be shown for these 
three ground conductivities, incorporated into the model by 
including the footing impedance at the base of each power line 
tower. 
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TABLE 6.6 
Footing impedance values at 680 kHz, with footing radius 4.2m,  
for three ground conductivities. The relative permittivity of 

the ground is taken to be 15. 
Ground Conductivity Footing Impedance 
millisiemens/metre Ohms 

Real Imaginary 
5 13.41 5.98 
10 9.39 4.50 
20 6.59 3.28 

6.5 9 1 Azimuth Pattern 

The NEC model of the power line used above was altered by 
loading the base of each of the power line towers with the foot-
ing impedance. In NEC's input fi1e[253 this is specified by a 
"loading" or "LD" card. Thus an "LD" card is used to load seg-
ment * 1 of each tower with a series impedance consisting of a 
specific value of resistance and reactance at the operating fre-
quency of 680 kHz. The.NEC program is then run using perfect 
ground conductivity and the method-of-images solution, with the 
segment loading modelling ground conductivity as a tower footing 
impedance. Fig. 6.10 compares the azimuth pattern computed with 
"perfect" or highly-conducting ground to the azimuth patterns 
found with lossy ground with conductivities of 5, 10 and 20 
millisiemans/metre, computed using the footing-impedance approx-
imation. It is seen that as the conductivity is reduced, the 
null-filling reradiated field is also reduced in strength. Thus 
at azimuth 215 degrees, the field strength with perfect ground is 
116 mV/m at one mile, and is reduced to 91 mV/m for ground 
conductivity 20 m9/m,  B  mV/m for 10 mS/m, and 74 mV/m for 
5 mS/m. 

The measured data in Fig. 6.10 were reported in Ref. r463, 
and were taken at points about 2.5 degrees apart in azimuth 
angle. Thus the measured data are not sufficiently dense to 
trace out the detailed peaks and nulls seen in the computed data. 
The large peak at 215 degrees is not seen in the measured data. 
Comparing the measured and computed curves shows that there is 
reasonable agreement as to the level of the field strength 
between 190 and 210 degrees azimuth, particularly in Fig. 6.10(a) 
for a ground conductivity of 20 millisiemens/metre. Whereas the 
computed field strengthu with perfect ground are much too large, 
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the agreement with the computation including the footing imped-
ance is much better. The measured field strength at 201 degrees, 
for example, is 45.5 mV/m e  and the computed values are t  with 
perfect ground, 70 mV/m; with conductivity 20 mS/mp 46 mV/m; with 
10 mS/m, 40 mV/m; and with 5 mS/m, 34 mV/m. The value for con-
ductivity 20 mS/m matches the measured data best. 

6.5.2 Tower Base Currents 

Fig. 6.11(a) compares the power line tower base currents for 
perfect ground with those computed including the footing imped-
ance. It is seen that the tower base currents also decrease with 
decreasing ground conductivity. Thus for perfect ground conduc-
tivity, the maximum current on tower number 168 is 901 mA rel-
ative to a power level which produces an effective field strength 
of 594 mV/m from the CHFA array. But the current decreases to 
585 mA for ground conductivity 20 mS/m, 495 mA for conductivity 
10 mS/m o  and to 403 mS/m for'ground conductivity 5 mS/m. Thus 
both the current flow on the power line towers, and the reradi-
ated field strength, decrease with decreasing ground conduc-
tivity. The computed RF current values agree best with the meas-
ured values for a ground conductivity of 5 mS/m. 

The measurements were made with both. the "north" and the 
"southeast" lines in place, whereas the calculation in Fig. 6.11 
includes only the "north" line. The "southeast" line is expected 
to have the strongest effect on the current flow on the "north" 
line where the two lines are parallel, from tower 174 on the 
"north" line to higher numbered towers, as shown in Fig. 5.1. 
This may account for some of the disagreement in Fig. 6.11 
between the measurement and the computation on towers 174, 176, 
177 and 178. 

The measurements in both Figs. 6.10 and 6.11 were taken in 
June, 1984, and no explanation is readily apparent for the dif-
ference in the conductivity value needed for the computed pattern 
to agree with the measurement, and for the computed tower base 
currehts to agree. The differences between the computed and 
measured currents on towers 174 through 179 may be due to the 
presence of the "southeast" power line, which runs closely  parai-
lei  near these towers, as seen in Fig. 5.1. This is discussed 
more fully in Ref. [53. The principal conclusion drawn is that 
when two power lines are widely separated, then they do not 
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interact and can be analysed with two separate "runs" of the NEC 
program. But when the power lines are closely parallel, then 
they interact significantly and both must be included at the same 
time in the computer model. Figs. 6.11 and 6.12 together show 
that the computer model predicts both the azimuth pattern and the 
RF current flow on the power line towers with reasonable preci-
sion, although the computation should evidently be repeated for a 
range of representative ground conductivities. 

6.5.3 Attenuation of the Excitation Field 

With lossy ground, the broadcast antenna's field decreases 
more rapidly with distance from the antenna than it does over 
perfect ground, where the field strength is inversely propor-
tional to distance. The effect has been discussed above in 
Sect. 3.3. Fig. 3.9 compares 1/distance attenuation with atten-
uation over lossy ground of three different conductivities 9  and 
shows that for "low" ground conductivity, the attenuation due to 
ground loss of the excitation field as it travels to the power 
line towers is significant. Ground loss ratio represents a 
decrease in the field strength exCiting the spans of the power 
line and consequently a decrease in the strength of the reradi-
ated field. Thus with the "low" ground conductivity of 5 mS/m, 
the attenuation due to ground losses at the towers on the north 
line closest to the antenna, which are 3500 m distant, amounts to 
about 20 percent of the antenna's field strength with perfect 
ground. Sect. 3.3 discusses a perturbation method for estimating 
the strength of the reradiated field including the ground loss 
ratio. In this section, this method is applied to "north" power 
line. 

Fig. 6.12 compares the field strength of CHFA plus the 
"north" power line with perfect ground to that with lossy ground. 
The results of the last section, which model ground loss with the 
tower footing impedance only, are compared with ground loss mod-
elled with both the footing impedance and the ground loss ratio. 
In part (a) of the figure, with the "low" ground conductivity of 
5 mS/0 9  the attenuation of the incident field is seen to make 
some difference in the computed results. Thus with perfect 
ground the field at 215 degrees is 116 mV/m. Modelling lossy 
ground with footing impedance only reduces the field strength to 
73.9 mV/m D  and including both footing impedance and ground loss 
ratio reduces the field strength to 64.8 mV/m, a difference of 
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about 9 mV/m. At 200 degrees, the field strength with footing 
impedance of 33.6 mV/m is reduced to 30.1 mV/m when ground loss 
ratio is included. 

Fig. 6.12(b) shows that with ground conductivity 10 mS/m, 
the effect of ground loss ratio is less. Thus at 215 degrees, 
the field strength including the footing impedance is 82.9 mV/m, 
which reduces to 77.9 mV/m when ground loss ratio is also includ-
ed. The difference is about 5 mV/m. Fig. 6.12(c) shows that 
with the "good" ground conductivity of 20 mS/m the field strength 
at 215 degrees including footing impedance is 91.0 mV/m e  which is 
reduced to 88.2 mV/m when ground loss ratio is included. Evi-
dently the effect of the attenuation of the antenna's field due 
to ground losses is small for "good" ground conductivities near 
20 mS/m, but is quite significant for a "poor" conductivity such 
as 5 mS/m. 

6.5.4 Summary 

This section has described the effect of lossy ground on the 
reradiated field of the "north" power line. The footing imped-
ance models the losses in ground which are local to the power 
line and damp the resonant response of the spans. It has been 
shown that for a "good" ground conductivity of 20 mS/m„ the rera-
diated field is greatly reduced by ground loss compared to the 
"perfect ground" case. Thus the field at 215 degrees over per-
fect ground is 116 mV/111, which is reduced to 91 mV/m when the 
footing impedance is included in the computation. With the 
"poor" ground conductivity of 5 mS/m, the field at 215 degrees 
drops to 74 mV/m. The effect of the attenuation of the broadcast 
antenna's field as it travels over lossy ground to the power line 
has also been included. With "good" ground conductivity, this 
effect is quite small. Thus the field at 215 degrees of 91 mV/m 
is reduced to 88.2 mV/m when ground loss ratio is included. With 
"poor" ground conductivity, the field at 215 degrees is reduced 
from 74 mV/m-  to 65 mV/m. Thus the footing impedance models the 
most significant effect of lossy ground. The ground loss ratio 
has been handled as a perturbation of the solutions including the 
footing impedance, and gives rise to the largest changes when the 
ground conductivity is low. 
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6.6 Conclusion 

This chapter has discussed the analysis of reradiation from 
a power line given detailed drawings of the power line. The 
precise positions of the power line towers are determined from 
the drawings relative ta the location of the reference tower of 
the broadcast array. The precise tower positions and heights are 
used to prepare a detailed input file for NEC, describing both 
the broadcast antenna and power line. NEC is used to calculate 
the RF currents flowing on the power line towers, and the azimuth 
pattern of the broadcast antenna operating with the power line in 
place. It has been shown in this chapter that there is a good 
correlation between the resonances of the spans of the power line 
and the RF current flow on the towers, and so an estimate of the 
span resonant +requencies is a good guide to which spans may be 
strong reradiators. 

Further "runs" of the NEC program can be made to assess the 
effect of lossy ground on the strength of the tower currents and 
of the reradiated field. The computer model should be analysed 
for a range of ground conductivities representative of the area 
where the station is located. Including ground losses in the 
calculation improves the agreement with full-scale measured field 
strengths and tower currents. 

Prior to the actual construction of the power line, the 
computer model derived from the detailed drawings can be used for 
"proposed power line assessment" to determine which spans of the 
power line are resonant and how much reradiated field there is. 
Then "detuning" can be designed for the proposed power line by 
the methods of Chapter 7, by selecting towers for isolation from 
the skywire, and by specifying towers requiring the installation 
of "detuning stubs". These changes can be requested of the hydro 
utility prior to the erection of the power line. 

After its erection, "as-built assessment" uses a detailed 
- coMputer model of the >power line, ihcluding any detuning measures 
that have been installed. "As-built assessment" determines 
whether further detuning is required, if 'for  example, the speci-
fied detuning has been incompletely or improperly installed. In 
this chapter it was assumed that no "detuning" was incorporated 
into the power line during construction , and so the results . 
obtained characterize both "proposed power line assessment" and 
"as-built assessment". 
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Once the Une  is constructed, the broadcaster can follow up 
the problem by measuring the pattern of the broadcast antenna 
operating near the "as-built" power line, and by measuring the 
currents at the bases of the power line towers. Comparison of 
the "before construction" pattern with the "after construction" 
pattern demonstrates whether the power line reradiates signifi-
cantly. The measured tower base currents can be correlated with 
the computed currents. Some differences may be present due to 
factors not included in the computer model, such as, in the 
present example, the "southeast" power line. The measured cur-
rents can be used as a guide to be certain that all of the "hot" 
towers are "treated" in the design of detuning for the power line 
as discussed in the following chapter. 
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CHAPTER SEVEN 

DETUNING BY TOWER ISOLATION 

'7 Introduction 

When it has been established that a proposed or existing 
power line is a significant reradiator, it is necessary to 
design measures for "detuning" the power line. "Detuning" 
involves modifying the power line itself or attaching devices to 
the power line which suppress the RF current flow at the frequen-
cy of operation of the broadcast antenna. At the "proposal for 
construction" stage, the broadcastor can request changes in tower 
positions to eliminate resonant spans by changing the resonant 
path lengths. If this is not acceptable to the power utility, 
then the broadcastor can request that "detuning" be included in 
the power line plans, and thus be installed when the power line 
is erected. The techniques'outlined in this chapter can be used 
to design "detuning". The process consists of two steps; first 
the resonant spans of the power line are "open circuited" by 
isolating selected towers from the skywire; then, if necessary, 
individual towers are "detuned" with tower stub detuners. 

If the power line has already been constructed without 
"detuning", then "as-built assessment" based on the drawings of 
the power line shows whether the power line is a significant 
reradiator. If so, then the tower base currents on the power 
line can be measured to show which towers are "hot", by the 
techniques outlined in Refs. C93, C233, and C243. These can be 
correlated with the computed tower currents as a confidence 
check, and detuning can be planned based on both measured and 
computed data. Also, an "after detuning" measurement of the 
tower currents in comparison to their values "before detuning" 
shows the degree of improvement attained. 

At frequencies where the path length around a span of the 
power lin equals roughly one wavelength or two wavelengths, then 
the span may respond in strong resonance, and the towers will 
carry large RF currents. Ref. CS3 discusses various detuning 
devices aimed at introducing an "open-circuit" somewhere in the 
resonant path. The simplest approach is to include a series 
insulator in the skywire. The insulator must be located at a 
point of maximum current in the standing-wave pattern on the 
skywire. A more complex approach is to construct a quarter-wave 

ConcordiaEMC,Laboratory - 129 



II 

TN-EMC-87-04 

detuning stub which is run parallel to the skywire, open-
circuited at one end and shorted to the skywire at the other. 
The connected end of the "skywire detuning stub" presents an 
effective short circuit to ground, and so the skywire stub must 
be connected at a voltage maximum(current minimum) in the stand-
ing-wave pattern. 

Another approach discussed in Ref. CS] uses "tower detuning 
stubs" or "detuning skirts"E19,477 on the towers. A tower stub 
consiste of a wire or rod parallel to the tower and insulated 
from it, connected to the tower at the top of the tower. The 
stub length should be a quarter-wavelength so that it presents a 
high series impedance at its open end. But most towers are 
shorter than a quarter-wave, and so the bottom end of the stub is 
connected to the tower through a variable capacitance. The 
capacitance is adjusted for minimum current on the tower at the 
location of the capacitance, and presents a high impedance in 
series with the base of the tower. In Ref. CB] tower stubs were 
discussed as detuners with  al  towers connected to the skywire. 
This chapter recommends that tower stubs be used to "treat" tow-
ers which have been isolated from the skywire and which reradiate 
as free-standing structures. 

A simple way to "open circuit" a resonant span is to insu-
late or "isolate" the top of the tower from the skywires. One or 
both towers of the span can be isolated to "open-circuit" the 
span. In Ref. CS] this procedure was considered without 
reference to the resonant behaviour of the double-spans created 
by tower isolation, and the results were not satisfactory. This 
chapter presents a technique for selecting towers for isolation , 
from the overhead skywire which considers multi-span resonances 
and obtains satisfactory detuning. 

This chapter adopts the point of view that "detuning" should 
consist, first and foremost, of the suppression of the resonances 
of the spans of the power line. This is accomplished by open-
circuiting those spans which are resonant at the operating fre-
quency of the radio station. A span is open-circuited by isolat-
ing one or both of the towers of the span from the overhead 
skywire. The result is a power line with no resonant spans, but 
with some free-standing towers. Power line towers are tall 
enough and have long enough cross-arms that a free-standing tower 
can present a quarter-wavelength path from ground and so be 
self-resonant. This usually occurs at the high end of the stand-
ard-broadcast band. Such a free-standing tower can  carry  strong 
RF current flow, and tan be detuned with "detuning stubs". 
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This chapter presents a systematic technique for choosing 
towers for isolation from the skywire. Ref. C5] discusses some 
poor choices of towers for isolation, such as the isolation of 
every second tower or of two out of every three towers. Such 
techniques can make reradiation much more severe, by creating 
resonant double- or triple-spans. Nor is it necessary to isolate 
every tower deemed to carry a "strong" current. By the method of 
"suppression of resonances", only enough towers are isolated from 
the skywire to "open-circuit" all the resonant spans on the power 
line, and so suppress their resonant response. The method of 
"suppression of resonances" is explained in this chapter, and 
used to select specific towers for isolation to detune the 
"north" power line near CHFA. In Ref. C53 the technique has 
been applied to both the "north" and the "southeast" power lines. 

7.1 Resdnance Chart 

The resonance modes possible on the individual spans of a 
power line have been discussed in.Sect. 2.3.2. The resonant 
frequencies associated with the spans can be calculated using 
Eqn. 2.21, and have been listed in Table 6.2. Spans 150-151, 
152-153, 158-159, 160-161, 164-165, 167-168, 174-175, 175-176, 
177-17S, 17 9-179, 182-1E33 and 183-184 are resonant within 60 kHz 
of CHFA's frequency of 680 kHz. Clearly some of the towers of 
these spans are candidates for isolation from the skywire. The 
current distributions associated with single-span resonance are 
shown in Fig. 2.12. It was found in Sect. 6.3 that certain of 
the spans of the "north" line show the characteristic current 
distribution of "two-wavelength loop resonance". In Fig. 6.9, 
spans 150-151, 15 8-159 9  167-168, 174-175 9  and have more than 
150 mA of current on the skywire and have the resonant current 
distribution. These are the spans which require "treatment". 
Spans 164-165 9  165-166, 177-178 and 183-184 have weaker current 
flow resembling two-wavelength loop resonance. 

When a tower is isolated from the skywire, a pair of spans 
making : up a single, possibly resonant, loop is created. Pairs of 
spans have their own characteristic set of "double-span" reso-
nance modes, with the current distributions of Fig. 2.14. Some-
times a double-span responds in "four-wavelength double-span loop 
resonance" with the middle tower connected to the skywire. As 
discussed in Sect. 2.3.4, with all towers connected to the sky- 
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wire, the three- and five-wavelength double-span resonance modes 
are suppressed by the presence of the middle tower at a voltage 
maximum. If  that tower were disconnected from the skywire, then 
these resonance modes could respond to the excitation field. The 
resonant frequencies associated with double-span resonance can be 
estimated using Eqn. 2.20 e  with the path length of Eqn. 2.22, and 
have been listed in Table 6.3. In selecting towers for isolation 
from the skywire, resonant double-spans must be avoided. 

When two adjacent towers are isolated from the skywire, a 
loop path encompassing three spans is created, and could be reso-
nant at the operating frequency. Triple-span resonance modes are 
sketched in Fig. 2.15, and their resonant frequencies can be 
estimated using Eqn. 2.20 with the path length of Eqn. 2.23. The 
triple-span resonant frequencies for the "north" line are listed 
in Table 6.4. In selecting towers  for isolation, resonant triple-
spans must be avoided. 

Although three or even four towers in a row could be iso-
lated from the skywire, this has not proven necessary for the 
CHFA site. It is undesirable to isolate too many adjacent -  towerS 
from the point of view-of lightning protection for the phase 
wires of the power line,  and  so at most two adjacent towers will 
be chosen. 

The objective of the selection of towers  for the "suppres-
sion of resonances" is to choose specific towers for isolation 
from the skywire to open-circuit every resonant span in the list 
given above, without creating any resonant double- or triple-
spans. With all resonant spans eliminated, the residual reradi-
ation from the power line is often small enough to have little 
effect on the broadcast antenna's pattern. A set of towers could 
be selected for isolation from, the skywire with the aid of 
Tables 6.2, 6.3 and 6.4, but this is quite cumbersome. The reso-
nant frequencies in the tables can be summarized graphically in 
the "resonance chart" of Fig. 7.1 9  which serves as an aid in 
selecting towers for isolation from the skywire. 

The tables give the resonant frequencies of several modes of 
resonance, most of which are not near to CHFA's frequency. In 
preparing the resonance chart of - Fig. 7.1, resonant frequencies 
have been selected which have.CHFA's frequency within their band-
width, or are et least closest to CHFA's frequency, regardless of 
mode. The resonance chart shows the power line pictorially with 
the tower spacing proportional to the actual span length. Above 
the center of each span the chart shows the single-span resonant 
frequency estimate. Directly above each tower is shown the reso- 
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nant frequency of the double-span obtained by isolating that 
tower and leavina the adjacent two connected to the skywire. For 
example. isolatina tower 163 would be a poor choice because it 
creates a double-span 162-163-164 which is estimated to be reso-
nant at 690 kHz. The mode of resonance. if it is of interest. 
can be found from the tables. A triple-span is created by iso-
lating two adjacent towers,  and the chart shows the resonant 
frequency  For the triple-span above the center of the span 
between the two isolated towers. Thus isolatina towers 161 and 
162 creates a triple-span 160-161-162-163. which is resonant at 
693 kHz. The chart shows at a glance which towers or pairs 
should not be isolated. lest the power line be made more strongly 
resonant at CHFA's frequency, and the reradiation problem thus be 
worsened. The "resonance chart" will be used below to select 
towers for isolation on the "north" power line. 

7.2 Selection of Towers.  for  Isolation 

The objective of tower isolation "for the suppression of 
resonances" is to choose a set of towers for isolation from the 
skywire which "open-circuits" all resonant spans. But no 
double-spans or triple-spans which are resonant within 50 or 
60 kHz of the operating frequency can be created. 

When one tower in a power line is isolated. it "open-cir- 
cuits" two adjacent spans. I+ either span were resonant. open-
circuiting the span effectively suppresses or "detunes" the reso-
nance mode. Thus isolating one tower can greatly reduce the RF 
current on the two adjacent towers,  if the spans were resonant. 
However, isolating a tower also creates a double-span loop out of 
the two spans adjacent to the isolated tower,  and if the double-
span loop is resonant at the operating frequency, it could carry 
a substantial RF current flow. Then the RF current on the two 
towers adjacent to the isolated tower could be greatly increased 
by isolating the tower. Clearly,  the creation of resonant 
double-spans by isolating towers must be avoided. Similarly, 
isolating two adjacent towers could greatly reduce the RF current 
flow:both on the isolated towers and on their neighbours. But if 
the triple-span so created were resonant0 it may itself carry 
large RF currents and so could be a strong reradiator. 

Cor-lordia,EMC,Laboratory 133 



il 

1 
TN-EMC-87-04 

The choice of towers for isolation is based directly on the 
resonance chart. Towers are selected to open-circuit the reso-
nant spans, and the chart is used to verify that the resulting 
double-spans are not resonant within 60 kHz of 690 kHz. If two 
adjacent towers are chosen, then the triple span must not be 
resonant. The resulting power line is essentially non-resonant 
and will carry relatively small RF currents, and so the radiation' 
pattern has been systematically improved. 

Inspection of the resonance chart of Fig. 7.1 shows that 
spans 150-151, 152-153, 158-159, 160-161, 164-165, 167-168, 174- 
175, 175-176, 177-178, 178-179, 182-183 and 183-184 are resonant 
within 60 kHz of CHFA's frequency of 680 kHz. The following 
specific choices have been made. 

To detune span 150-151, either tower 150 or tower 151 can be 
isolated, and 150 was arbitrarily chosen. The resulting double-
span is resonant at 790 kHz, which is "safe". Note that both 
towers 150 and 151 should not be isolated, since the resulting 

triple-span is shown in Fig. 7.1 to be resonant at 705 kHz, which 
is too close to CHFA's 680 kHz. 

Span 152-153 is near thé borderline of resonance at 735 kHz, 
and can be detuned by isolating tower 153 from the skywire. This 

creates creating a double-span resonant at 603 kHz, which is far 
enough away from 680 kHz. 

Span 158-159 is resonant at 674 kHz, and can be detuned by 
isolating tower 158. The double-span is resonant at 619 kHz, 
which is just sufficiently far from 680 kHz. 

To detune span 160-161 at 666 kHz, tower 161 is chosen for 
isolation, creating a double-span resonant at 744 kHz in prefer-

ence to isolating tower. 160 for a double-span resonant at 652 
kHz. 

To detune span 164-165 at 719 kHz, tower 165 can be iso-
lated, for a double-span resonant at 605 kHz. 

To detune span 167-168 at 666 kHz, there are several pos-
sible choices. Tower 168 could be selected for isolation, to 
create, a double-span resonant at 789 kHz. Note that isolating 
tower 167 is not an acceptable choice since the resulting 
double-span 166-167-16B is resonant at 676 kHz, very close to 
CHFA's 680 kHz. Both towers 167 and 168 could be chosen for 
isolation, since the resulting triple-span is shown in Fig. 7.1 
to be resonant at 615 kHz, which is "safe". Towers 167 and 168 
carry very strong currents in Fig. 6.8, and both choices were 
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tested by running the NEC code. It was found that isolating 
tower 168 alone, or isolating both towers 167 and 168 are equally 
effective in detuning span 167-168. In the following, both tow-
ers have been selected for isolation from the skywire. 

To detune span 174-175, resonant at 646 kHz, tower 174 was 
selected for isolation, to create a double-span resonant at 
601 kHz. To detune span 175-176 at 637 kHz, tower 176 was 
selected. Note that isoleting tower 175 from the skywire would 
detune both these spans, but would also create a double-span 
resonant at 690 kHz, which is unacceptable. 

To detune spans 177-178 and 178-179, tower 178 is selected 
for isolation, which breaks up both resonant single-spans and 
creates a double-span which is not resonant. If either tower 177 
or 179 were selected for isolation, the resulting double-spans 
are "borderline" resonant at 635 and 634 kHz, respectively. 

To detune the pair of spans 182-183 and 183-184, either 
tower 183 alone could be isolated, or towers 184 and 192 could be 
selected for isolation. Isolating tower 183 creates a double-span 
resonant at 735 kHz, whereas isolating tower 184 creates a 
double-span resonant at 631 kHz. Both of these are "borderline" 
resonances, and an arbitrary choice was made to isolate towers 
182 and 184. If both 182 and 183 are isolated, the triple-span 
181-182-183-184 is resonant at 661 kHz, which is not acceptable. 
Similarly, if 183 and 184 are both isolated, the triple-span is 
resonant at 680 kHz, which also won't do. If the measured cur-
rents with towers 182 and 184 are too large, then tower stub 
detuners might be considered for these towers. 

In summary 5  the method of "suppression of' resonances" indi-
cates that towers 150, 153, 158, 161, 165, 167, 16e, 174, 176, 
178, 182.and 184 should be isolated from the skywire in order to 
"open-circuit" all the resonant spans. It may not be necessary 
to isolate all of these towers to obtain an acceptably small 
level of reradiation from the power line, however. Some of the 
resonant spans respond weakly in the computation of Fig. 6.'B and 
6.9 5  and so need not be "treated". The following section 
proposes a reduced set of towers for isolation. 
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7.3 Classification of Towers for Isolation 

Table 7.1 summarizes the selection of towers for isolation 
for the suppression of resonance for the north line. The first 
column lists the tower numbers, and the second column lists the 
resonant frequencies of spans which are resonant within 60 kHz of 
680 kHz. The third column lists the resonant frequencies of 
double-spans resonant within 60 kHz of 680 kHz, as a check on the 
towers selected for isolation for the "suppression of resonan-
ces", which are listed in the fourth column. Thus isolating 
tower 184 creates a double-span resonant at 631 kHz, which is a 
borderline choice. Similarly, tower 161 is borderline. The only 
adjacent pair selected is 167 and 168, and the resonance chart of 
Fig. 7.1 shows that the triple-span, resonant at 615 kHz, is 
"safe". The remaining two columns correlate the towers chosen 
-For  isolation with the computed tower currents on the power line, 
from Fig. 6.8. 

With all towers connected to the skywire, Fig. 6.9 shows the 
RF currents flowing on the towers. The fifth column of Table 7.1 
was derived from that figure by plotting the tower currents on an 
"asterisk" scale, using "*" to represent a current of between 50 
and 100 mA, "**" for 100 to 200 mA, "***" for 200 to 400 mA and 
"****" for 400 or more mA. This "logarithmic" scale indicates at 
a glance which towers carry large currents and so are "problee" 
towers. The asterisks correlate well with the presence of reso-
nant spans in column 2. It is not necessary to isolate all tow-
ers which carry "significant" current flow, and in fact is 
harmful to do so, because resonant double- and triple-spans will 
be created. It can be expected that if a resonant span is bro-
ken, the currents induced on the spans adjacent to the resonant 
span will be suppressed. Thus isolating towers 165, 167 and 168 
will "treat" the current on towers 164, 166 and 169 as well. 
Similarly it can be expected that isolating towers 150 and 153 
will suppress the currents on towers 151 and 152. In this way, 
the choice of towers for isolation in column 4 will evidently 
"treat" all of the towers carrying significant currents. 

The current distribution of Fig. 6.8, which is roughly 
reproduced in the "asterisk" scale in Table 7.1, shows that tow-
ers 166, 167 and 168 carry currents in excess of 400 mA, and the 
three towers selected for isolation to suppress these large cur-
rents,' namely 165, 167 and 168, will be designated "Group 1" 
towers. A large improvement in the reradiated field is expected 
from the isolation of these three towers. "Group 2" towers will 
be those selected for isolation which suppress currents in the 
200 to 400 mA , range. Towers 150 and 153, and 174, 176 and 178  
belong to "Group 2". Some further improvement in the radiation 
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pattern is expected by isolating these towers. "Group 3" towers 
are the remaining towers %elected for isolation, which suppress 
currents - of less than 200 mA. The towers are classified in this 

way in Table 7.2. No great improvement in the radiation pattern 
is expected when these towers are isolated. The recommended pro-

cedure  for  tower isolation is that the Group 1 towers should be 
isolated, followed by some field strength measurements to eval-
uate the result. Then the Group 2 towers are isolated, in addi-

tion to the Group 1 towers, and further field strength measure-
ments are made. The Group 3 towers can then be isolated if 
desired. 

In the following, the computer model of an isolated tower 
used with the NEC program is presented, and then the results 
obtained by isolating towers are described. 
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TABLE 7.1 
Selection of towers for isolation on the north line, 

by the method of suppression of resonances. 
TOWER Resonant Frequencies Isolate Tower Augmented 

for Selection 
Single Double Resonance Current for 
Span Span Suppression Isolation 

631 kHz 1 84 ** 184 

735 
675 

738 

634 

185 

184 

183 

182 

181 

190 

179 

178 

/77 

176 

175 

174 

173 

172 

171 

170 

169 

168 

167 

166 

679 kHz 679 kHz 

182 182 182 182 

*** 
**** 
**** 
**** 
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TABLE 7.1 Continued 
TOWER Resonant Frequencies Isolate Tower Augmented 
# ' for Selection 

Single Double Resonance Current for 
Span Span . Suppression Isolation 

1 65 165 *** 165 
719 

. 164 ** 

163 690 

162 655 

161 (744) 161 161 
666 

160 652 ** 

159 652 ** 
674 

158 (619) 158 ** 158 

• 157 669 

156 633 

155 627 

154 (618) 

153 153 ** 153 
735 

152 632 ** 

151 *** 
660 

150 150 *** 150 

149 
9cale 

 
'for  representatin ofurrents8 '400'mA or more 

*** 200 to 400 mA 
** 100 to 200 mA 
* 50 to 100 mA 
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TABLE 7.2 
Classification of Towers for Isolation. 

Group 1 Dominant towers. 
Group 2 Secondary towers. 
Group 3 Optional towers. 

Tower Group 
184 3 
182 

178 2 
176 2 
174 2 

168 
167 
165 

158 3 

153 2 
150 2 

Concordia EMC Laboratory 140 



TN-EMC-87-04 

7.4 Computer Model for a Tower Isolated -From the Skywire 

The skywire on a real power line is normally connected to 
all the towers, and so lightning striking the skywire is directed 
to ground via the nearest tower. Some of the towers can be 
electrically insulated or "isolated" from the skywire without a 
serious degradation in the lightning protection. The skywire is 
isolated by inserting an insulator between the skywire and the 
crossarm. The insulator provides a high series resistance. It 
will be assumed here that the dielectric material of the insu-
lator contributes an additional series capacitance of 27 pF 
between the tower and the crossarm, which is that of a typical 
series insulator. Note that the NEC program implicitly accounts 
for the capacitance between the tower wire and the overhead sky-
wire. 

The isolated tower was modelled as shown in Fig. 7.2. The 
height of the 4 m radius tower wire was reduced by two metres, 
and a "segment" of length 2 m was inserted into the top of the 
tower, with its radius chosen as the mean of the tower and sky-
wire radii. This segment was then loaded with a high series 
resistance in parallel with the 27 pF insulator capacitance. 
This model of an isolated tower has been used extensively in 
Re-Es, C53, C67 1 and L113. 

The following sections present the results obtained by tower 
isolation for the "suppression of resonances". 

7.5 Results of Isolating Towers 

The objective of detuning a power line is to suppress the RF 
current flowing on the towers of the power line. In this report, 
the mechanism by which large RF currents are induced on power 
lines is "loop resonance" of the loop formed by two adjacent 
towers, the interconnecting skywire, and the images in the 
groundu Ely identifying all such resonant loops on a power line, 
and then "open-circuiting" each of them, the resonant response is 
eliminated and the power line is detuned by "suppression of reso-
nances -". In Sect. 7.2 above, a set of towers was chosen to 
eliminate all resonant spans, namely: 150 9  153, 158, 161, 165, 
167, 168, 174, 176 9  178, 182 and 184. However, not all of these 
towers are equally important. In Sect. 7.3 9  the towers were 
classified into Group 1 towers suppressing currents stronger than 
400 mA, namely 165, 167 and 168, Group 2 suppression currents 
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between 200 and 400 mA, namely 150, 153, 174, 176, and 178, and 
Group 3 suppressing weaker currents, being towers 158, 161, 182 
and 194. In this section, the results obtained by isolating 
Group 1 only are given, followed by the pattern and currents with 
Groups 1 and 2 isolated, and finally with all the recommended 
towers isolated from the skywire. The results presented in this 
section use perfectly-conducting ground. Ground loss effects are 
considered in Sect. 7.7. 

7.5.1 Group 1 Towers Isolated 

The towers of Group 1 were selected for isolation because 
they suppress RF current flow on the skywire in excess of 400 mA, 
and the most dramatic improvement in the azimuth pattern is 
expected from isolating these towers. NEC was run with perfect-
ly-conducting ground with towers 165, 167 and 168 isolated from 
the skywire. Fig. 7.3 shows the azimuth field strength in the 
restricted arc of CHFA's pattern with these Group 1 towers iso-
lated, and cari  be compared with Fig. 6.6 with all towers connect-
ed. Fig. 7.3 shows a dramatic reduction in the reradiated field 
strength, but the reduction is not sufficient to satisfy the 
stations protection requirements. In Fig. 6.6, the peak field 
strengths were 80 mV/m at 206 degrees, and 116 mV/m at 215 
degrees. With three towers isolated, the peak field strengths 
are 63 mV/m at 215 degrees and 66 mV/m at 219 degrees. The peak 
at 191 degrees is 33 mV/m, and at 209 degrees is 34 mV/m. 

Fig. 7.4 shows the RF currents on the towers when towers 
165, 167 and 168 are isolated from the skywire. The currents on 
towers 164 to  169 have been dramatically reduced. The largest 
currents, on towers 166, 167 and 169 were 406, 595 and 901 mA 
respectively with all towers connected, and these are reduced to 
27, 14 and 45 met, respectively. Little change is seen in the 
currents on the remaining towers. Thus 150 and 151, and 174 and 
176 still carry currents in the 200 to 400 mA range, and are 
responsible for the reradiation seen in the pattern of Fig. 7.3. 
By isolating Group 2 towers, these currents can be suppressed as 
well. 
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7.5.2 Group 1 and Group 2 Towers Isolated 

It was demonstrated above that by isolating towers 165, 167 
and 168, which were classified as Group 1, the largest currents 
on the power line on towers 165 to 169 were effectively sup-
pressed. But substantial currents still remain, particularly on 
towers 150 and 151, and 174 and 176. Towers for isolation from 
Group 2 address these large currents. NEC was run with per-
fectly-conducting ground with the towers of both Group 1 and 
Group 2 isolated from the skywire. The field strength in the 
CHFA pattern minimum is that of Fig. 7.5. There are no large 
excursions above the protection requirement. The field strength 
at 206 degrees is 22.5 mV/m, at 216 degrees 27.4 mV/m and at 220 
degrees is 22.8 mV/m. At 216 degrees the protection requirement 
is about 17.9 mV/m, and so the field strength is about 10 mV/m 
above the protection level. For many purposes, this would be 
acceptable, as reradiation from other sources nearby, such as 
water towers or microwave towers, or buildings, can often be 
larger than 10 mV/m, and therefore it is often difficult to  mas-
ure reradiation from a power line at that low level. 

Fig. 7.6 shows the RF currents on the towers with both Group 
1 and Group 2 towers  are  isolated from the skywire, with per-
fectly-conducting ground. Isolating the Group 2 towers has lit-
tle effect on the currents which were suppressed by isolating the 
Group 1 towers. The Group 2 towers effectively suppress the cur-
rent on towers 150 and 151, and on towers 175 and 176. Thus the 
current on tower 150 is reduced from 332 to 29 mA, and on tower 
151 from  350  to 27 mA. The current on tower 174 is reduced from 
378 to 31 mA and on tower 176 from 292 to 21 mA. The current on 
tower 178 is reduced from 156 to 9 mA. 

In Fig. 7.6, tower 158 carries 151 mA, tower 159 carries .  
128 mA, and tower 160 carries 108 mA. Also there is 14 mA on 
tower 184. These currents can be suppressed by isolating the 
Group 3 towers. . 
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7.5.3 Groups 1,2 and 3 Isolated 

It has been shown above that isolating the Group 1 towers, 
165, 167 and 168, and the Group 2 towers, 150, 153, 174, 176 and 
17 8 , results in a substantial improvement in the azimuth field 
strength, and nearly satisfies the protection requirement. There 
remains some small excursions above protection, and some towers 
carrying currents greater than 100 mA. By isolating the Group 3 
towers, these currents can be suppressed. NEC was run with per-
fectly conducting ground with the towers of Groups 1, 2 and 3 
isolated from the skywire. Fig. 7.7 shows the azimuth field 
strength. There is one excursion above the protection require-
ment. The field strength at 116 degrees is 23.8 mV/111, and the 
protection level is 16.3 mV/m 1  for an excursion of 7.5  mV/m, but 
of very narrow angular extent. 

Fig. 7.8 shows the power line tower currents with all the 
towers of Table 7.2 isolated, using perfectly-conducting ground. 
Isolating 158 and 161 suppress the currents in 158, 159, 160 and 
161 effectively. Thus the currents in 158 1  159 and 160 are 151, 
128 and 108 mA respectively with all towers connected, and are 
reduced to 14, 39 and 52 with 158 and 161 isolated. Isolating 
192 has little effect since epan 182-183 is not excited to reso-
nance with the towers connected. Isolating 184 reduces the cur-
rent on tower 184 from 111 to 16 mA. 

The largest current on the power line is 80 mA on tower 171, 
which was not "treated" by tower isolation. The spans on either 
side of tower 171 in Fig. 7.1 are non-resonant, having resonant 
frequencies of 870 and 832 kHz, sufficiently different from 
CHFA's 680 kHz. Tower 171 alone cannot be isolated, because the 
double-span so created would be resonant at 692 kHz, which is 
much too close to 690 kHz. Isolating 170 and 171 creates a 
triple-span resonant at 641 kHz, which is also not "safe". Iso-
lating 171 and 172  for a triple-span resonant at 623 kHz is a 
possibility which could be tried by running NEC. The results are 
disappointing, because the spans involved are non-resonant and 
the resulting currents on the towers are not greatly different 
from those with the towers connected. If the "residual" currents 
on some towers after "resonance suppression" are too large to be 
tolerated, then other measures, such as detuning stubs on certain 
isolated towers, may be required. 

Fig. 7.8 shows that "isolation for the suppression of reso-
nances" substantially reduces the current flowing on the towers 
of the power line. Fig. 7.9 shows the currents on the towers and 
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skywires schematically, plotted to the same scale as Fig. 6.7. 
The great reduction in tower and skywire currents is evident when 
the two schematics are compared. 

7.6 Comparison With Measured Data 

The proof of any computer-designed scheme comes when it is 
implemented in the full scale, and in order to demonstrate the 
effectiveness of isolating the set of towers specified in Table 
7.2, measurements of the tower base currents on the actual power 
line and of CHFA's radiation pattern were taken after the towers 
were isolated. 

Fig. 7.10 compares the measured tower base currentsC493 on 
the real power line after tower isolation with the measured cur-
rents before tower isolation[243, and shows that a substantial 
reduction in the measured currents has been achieved. The large 
RF current flow on the spans'identified as being "resonant" has 
been suppressed and the substantial reductions expected from the 
computations are found in the measured data. Thus the currents 
on towers 151, 158, 161, 165, 166, 167, 168, 174 and 176 have all 
been reduced. Fig. 7.10 compares the measured tower base cur-
rents with the computed values using perfect ground conductivity 
for the computations. The strength of the measured and computed 
currents is generally in good agreement although there are some 
differences in detail9 Thus the measured and computed currents 
on tower 158 differ 9  as do the currents on tower 177, though the 
amount of current flow in both cases is quite small. It is shown 
below that including ground conductivity in the computations has 
little effect on the computed values for the non-resonant power 
line. Fig. 7.10 thus demonstrates that the method of "suppres-
sion of resonances" achieves a large reduction in the measured RF 
current flow on the towers of the power line. 

Fig. 7.11 shows the measured field strengthC463 in the CHFA 
pattern minimum in comparison to the station's theoretical pat-
tern and to the computed pattern with towers isolated from the 
skywire, with perfectly-conducting ground. It is seen that the 
measured field strength is substantially reduced by isolating 
towers from the skywire. With all towers connected, the measured 
field strength at 201 degrees is 45.5 mV/m, which is reduced to 
26 mV/m by tower isolation, an improvement of about 20 mV/m. At 
189 degrees the measured field of 36 mV/m is reduced to 24 mV/m 
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by tower isolation. The measured data of Fig. 7.11 were taken in 
the presence of both the "detuned" north and southeast power 
lines, and other structures nearby may also have been reradiation 
sources. 

Fig. 7.10 demonstrates that the substantial reductions in 
the RF currents on the power line towers expected from the com-
putations are achieved when towers are isolated from the skywire. 
Fig. 7.11 shows that although a large reduction in the reradiated 
field measured at the site has been realized, further work on 
other sources of scatter may be required. The calculations 
reported in the foregoing use perfectly-conducting ground. The 
following section uses the approximations of Chapter 3 to eval-
uate the effect of ground losses on the currents flowing on the 
"detuned" power line. 

7.7 Ground Loss Effects 

In modelling a power line reradiation problem using the NEC 
computer program, it is convenient to use perfectly-conducting 
ground so that NEC can use the method-of-images to achieve an 
economical solution. The currents found on the towers  of the  
power line are larger than those found if the conductivity of 
real ground is explicitly included in the solution, so the per-
fect-ground calculation represents a "worst case". In Chapter 2, 
techniques for incorporating the effects of lossy ground into the 
method-of-images solution were discussed, and were applied in 
Chapter 4 to the north line with all towers connected to the 
skywire. Ground losses complicate the analysis because the 
actual conductivity of the soil is rarely precisely known, and 

varies seasonally. The currents on the power line and the rera-
diated field must be studied for "poor"(5 mS/m) and "good"(20 
mS/m) conductivities. 

The local damping effect of ground losses on the resonant 
response of the spans of the power... line is incorporated into the 
"tower' footing impedance". In Chapter 6, it was found that  the 
principal effect of lossy ground is to damp the resonances of the 
spans on the "north" line, and so rediace the currents on the 
towers and the  reradiated field by about 20 percent for "good" 
ground conductivity and by as much as 35 percent if the ground 
conductivity is "poor". In this section it will be shown that 
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for the "detuned" power line, there is no resonant response to be 
damped and so footing impedance has little effect on the tower 
currents or on the reradiated field. The second effect of lossy 
ground is a reduction in the strength of the field exciting the 
towers of the power line. The broadcast antenna's field is 
attenuated more over lossy ground than over "perfect" ground au 
it travels from the antenna to the power line, and in Chapter 3 
this effect was included as a perturbation of the tower currents 
found by the NEC code, using the ground loss ratio. In Chapter 6, 
this attenuation effect was shown to have a small effect because 
the "north" line is quite close to the antenna. 

7.7.1 Footing Impedance 

In Sect. 6.5 the reradiated field from the "north" line and 
the power line and the tower base currents were studied for 
"poor" and for "good° ground conductivity using the footing 
impedance. Figs. 6.13(a)„ (b) and (c) show that the reradiated 
field strength varies with ground conductivity from about 63 
percent of its perfect ground value with "poor" conductivity to 
about 84 percent with "good" soil'conductivity. Fig. 6.11(a) 
shows that it is the currents on the resonant spans and their 
neighbours which change with soil conductivity, but the currents 
on towers which are not part of resonant spans do not change very 
much. If a span is resonant, then the impedance of the span seen 
from the base of a power line tower is low in value, and the 
footing impedances of Table 6.6, of about 5 to 15 ohms, exert a 
considerable effect on the tower currents induced by the broad-
cast array. However, if the span is not resonant, the base 
impedance of a power line tower is much higher than the footing 
impedance, which thus has relatively little effect on the tower 
current. 

Fig. 7.12 shows the field strength in CHFA's pattern minimum 
with the "detuned" north line in place, for "perfect" ground 
conductivity, and for a ground conductivity of 5 mS/m, modelled 
using the footing impedance of Table 6.6. There is little dif-
ferende between the curves. The field strength differs by less 
than 1 mV/m due to ground conductivity. The "detuned" pattern is 
essentially independent of the ground Conductivity. 
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7.7.2 around Loss Ratio 

The ground loss ratio was used in Chapter 3 to incorporate 
the reduction in the strength of the broadcast antenna's field at 
the power line towers evaluated over lossy ground compared to its 
value over "perfect" ground'into the NEC method-of-images sol-
ution. The reduction in the strength of the field exciting the 
towers directly reduces the RF current flow on the towers. The 
azimuth pattern of CHFA operating near the "detuned" power line 
was recomputed with the tower currents reduced in value, as des-
cribed in Sect. 3.3.2, and is shown in Fig. 7.13. There is a 
difference of about 2 to 3 mV/m in the reradiated field strength 
due to the ground loss ratio. 

In summary, the detuned power line is non-resonant, and so 
local ground losses modelled by the footing impedance have little 
effect on the tower currents on the power line. Ground losses do 
reduce the strength of the antenna's field evaluated at the power 
line somewhat, and so result in a small reduction in the reradi-
ated field. The "north" line is quite close to the CHFA array at 
3.5 km distance, and so the reduction in the broadcast array's 
field is modest even for "poor" ground conductivity. 

7.8 Tower Stub Detuner 

In the case of the "north" power line near the CHFA broad-
cast antenna, the isolation of selected towers on the power line 
is sufficient to reduce the RF currents on the towers of the 
power line to acceptably low values. At CHFA's frequency of 
690 kHz, the power line towers, which are about 32.6 m tall, are 
only 7.4 percent of the wavelength in height. Free-standing 
reradiators must have a path length from ground approaching a 
quarter-wavelength long, and so the towers of the "north" line 
are too short to be effective free-standing reradiators. In 
another case study, an antenna operating at 1160 kHz is close to 
a power line with towers of height about 35 m, or 13.5 percent of 
the wavelength. The power line towers carry crossarms of overall 
length s 16 m l  for a path length of 35+943 m, or about 17 percent 
of the wavelength. It was found by computation that this is long 
enough that the free-standing tower carries a significant RF 
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current. Thus the towers which are isolated to suppress the 
resonances of the power line must be treated with tower stub 
de tuners. 

Tower stubs were evaluated as detuners in Ref. CS]. In that 
work, the 13 tower, evenly-spaced power line of Fig. 3.1 was 
detuned with a tower detuning stub on each of the five towers, 
and with all five towers connected to the skywire. This proce-
dure is not recommended in the present work. However, the 
results will be summarized to illustrate the modelling and behav-
iour of tower stub detuners. 

A gross representation of a tower detuned with a tower stub 
is shown in Fig. 7314. The towers of the computer model have 
radius 3.51 m, and the skywire radius is 0.71 m. A stub wire of 
the same radius as the tower wire is separated from the axis of 
the tower wire by S m, which is far enough apart that the two 
wires, both of radius 3.51 m, do not overlap. This "stub" wire 
is connected to the top of the tower by a short wire with radius 
equal to the skywire radius. It miaht seem more realistic to use 
a wire of thin radius for the stub, but better results were 
obtained with the fat wire. The lower end of the stub is con-
nected to the tower by e variable capacitance. This is modelled 
by joining the end of the stub with a short wire to the Junction 
between the first two segments of the tower wire. This short 
wire is "open circuited" by a large series resistance. A capaci-
tance is included in parallel with the resistor. To "design" the 
stub, the value of the capacitance must be chosen to minimize the 
reradiated field. All five towers of the power line of Fig. 3.1 
were "treated" with stubs, and all five towers used the same 
value of capacitance. 

The procedure for choosing the capacitance in Ref. [8] is 
empirical and is illustrated in Fig. 7.15. In part (a) the 
broadcast antenna operates at 430 kHz, at which frequency Fig. 
362 shows that the power line is in one-wavelength loop reso-
nance. Fig. 7.15 plots the max-to-min ratio of the a2imuth pat-
tern and the base currents for two towers, as +unctions of the 
capacitance, using perfectly-conducting ground. The max-to-min 
ratio can be reduced to 0.5 dB by choosing the capacitance equal 
to 2155 pF, which effectively "detunes" the power line. In the 
full-scale situation, the azimuth pattern is so difficult to 
measure that direct monitoring of the smoothness of the pattern 
is impractical. A near-field parameter such as the base current 
on one or more towers must be relied upon. Thus Fig. 7.15(a) 
shows the base current on the center tower and on the tower next 
to center on the five tower power line. The base current of the 
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latter has a single minimum which coincides with the minimum in 
the max-to-min ratio. However, the base current on the center 
tower has two closely spaced minima separated by a sharp peak. 
At 1732 pF, the center tower base current has a minimum where the 
max-to-min ratio is 3 dB, and has another minimum as 2155 pF, 
which is the capacitance that makes the azimuth pattern smooth. 
Thus Fig. 7.15(a) suggests that it is necessary to monitor more 
than one tower base current to avoid "tuning"  •the capacitance to 
a local minimum which does not make the azimuth pattern as smooth 
as it could be with this type of detuner. 

Fig. 7.15(b) is a similar graph for the operating frequency 
of 860 kHz. The max-to-min ratio curve shows two suitable capac-
itance values, namely 367 and 429 pF, each of which reduces the 
max-to-min ratio to 1 dB and so effectively "detunes" the power 
line. In this case, both tower base currents possess a pair of 
minima separated by a sharp peak, and operating at either minimum 
for either base current is satisfactory in "detuning " the power 
line. 

The tower stub is effective because a current is induced on 
the stub which is equal in magnitude but opposite in phase to the 
current on the tower, and so the field radiated from the tower is 
cancelled by the field radiated from the stub. The currents 
flowing on tower and stub are quite large in magnitude. The 
phasor sum of the currents on segments #1 to 6 in Fig. 7.14 plus 
the phasor sum of the currents on segments #7 to 11 add up to 
very nearly zero with the "best" choice of capacitance. If the 
values of the currents are examined, it is found that the current 
on segment #1, the tower base, is very much less than the current 
on the tower body or stub. 

The tower body, segments #2 to 6, and the stub , segments #7 
to 11, constitute a short, two-wire transmission line which is 
short-circuited at one end and shunted by a capacitance at the 
other. For small capacitance values, the stub is open-circuited 
and carries little current. For large capacitance values, the 
stub is short circuited to the tower and the current divides 
equally between stub and tower, and is in phase on the stub and 
tower. As the capacitance value approaches that for resonance 
with the inductive input impedance of this short-circuited trans-
mission line, the currents on the tower body and stub become very 
large and 190 degrees out of phase with one another. This is a 
high Q resonator because no ohmic losses have been included in 
the model. In Fig. 7.15, perfect resonance of this LC system 
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gives rise to the sharp narrow peak in the curves which occurs 
Just below the capacitance value which minimizes the max-to-min 
ratio. 

Fig. 7.16 shows the max-to-min ratio of the azimuth pattern 
of the five tower power line of Fig. 3.1 with all five towers 
connected to the skywire, and all five treated with tower detun-
ing stubs, using perfectly-conducting ground. The 430 kHz stub 
with the capacitance chosen as 2155 pF is seen to be a narrow-
band device, which gives rise to a 4 dB max-to-min ratio only 
15 kHz away from its design frequency. It has been suggested 
that using four detuning stubs on each tower, with one on each 
leg, tends to "broadband" the device so that its bandwidth is 
wider than that of the gross model of  Fig. 7.14. Ref. C473 
discusses the use of "elbow stubs" to increase the bandwidth by 
increasing the length of the stub. An elbow stub is a wire 
which is connected near the top of the tower, and runs downward 
at a 45 degree angle to the tower axis. Halfway down the tower 
the "elbow" bends the stub wire through 90 degrees so that it is 
directed back toward the tower. The stub is connected to the 
tower at the tower base via the tuning capacitance. 

Because the towers treated with stubs are connected to the 
skywire in these calculations, the stub detuners affect the res-
onant behaviour of the power line. Thus Fig. 7.16 shows that the 
tower stub tuned for 430 kHz introduces large resonance peaks at 
380 and 500 kHz, which could cause problems for a broadcast 
transmitter carrying two stations. The stub has little effect on 
the resonant behaviour in the two wavelength resonance region 
near 960 kHz. 

When the operating frequency is  860 kHz, a capacitance of 
429 pF detunes the power line. Fig. 7.16 shows that the tower 
stub  for  060 kHz is effective over a wider bandwidth than the•
stub  -For  430 kHz. This is primarily because the stub wire is 
longer in terms of the wavelength. The 860 kHz detuner suffers 
from a local peak in the max-to-min ratio of height 3.5 dB only 
15 kHz away from its design frequency. The 860 kHz stub does 
not greatly change the power line behaviour in the one wavelength 
loop resonance frequency range. 

Tower stub detuners may pose a maintenance problem. The 
effectiveness of the tower stub changes rapidly as the capaci-
tance changes in Fig. 7.14. Because the capacitance value may 
drifts with age, tempereture or humidity, the stub may need to be 
readjusted periodically.  •The short capacitively terminated tower 
stub has the advantage that it can be tuned effectively by 
monitoring the base current of the tower. Tower stubs should be 
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used to treat towers which are isolated from the skywire. It 
appears to be possible to "tune" each tower stub capacitance 
individually, independent of other tower stubs. The tower stub 
design investigated here by numerical computation is an effective 
detuner, but is quite narrow in bandwidth. 

It is recommended that towers which are isolated from the 
skywire but which carry significant RF current as free-standing 
reradiators be treated with detuning stubs. Conversely, towers 
which are connected to the skywire should not be treated with 
stubs. A stub introduces an open-circuit at the tower base. 
This may create a resonant double-span if the stub is connected 
to the skywire. 

7.9 Conclusion 

In this chapter a method has been presented  for  detuning a 
power line by isolating selected towers from the overhead sky-
wire. Tower isolation is attractive because it is inexpensive 
and requires little maintenance once installed. A systematic 
technique  for  choosing towers  for isolation has been presented, 
based on the "suppression of the resonances" of the power line. 
It has been demonstrated in this chapter that, when applied to a 
real site, a substantial reduction in the measured RF current 
flow on the towers is achieved. 

In this chapter, the "north" power line near the CHFA array 
has been detuned by tower isolation. Measurements of the tower 
base currents on the power line have been used to demonstrate 
that the reduction in . tower currents expected from the computa-
tions is indeed achieved. ThuS the technique of selecting towers 
for isolation for the "suppression of resonances", using the 
resonance chart as a guide,  ' has  been successful in reducing the 
tower base current flow on a real power line "in the field". 

The  method of "suppression of resonances" does not require 
computer resources to implement. The resonance*chart of Fig. 7.1 
can be prepared with a simple calculator  for as many towers of 
the power line  for which base coordinates and heights are àvail-
able, and thus the technique is not limited to the number of 
towers which can be analysed on the available computer. Thus the 
resonance chart is searched  for  resonant single spans, and towers 
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are selected for isolation in order to "open" the resonant 
single-spans, without creating any resonant double- or triple-
spans. The procedure results in a greatly improved radiation 
pattern without previous knowledge of the RF currents flowing on 
the towers with all towers connected to the skywire. Thus a 
simple means has been identified  for  selecting towers for isola-
tion without the aid of a large digital computer. 

Computer modelling of the power line with all towers con-
nected to the skywire shows which resonant spans respond strongly 
to the excitation, and how much reradiated field there is in the 
directions for which the stations field strength is restricted 
by protection requirements. Computer modelling with towers iso- . 
lated from the skywire shows the degree of improvement to be 
expected from detuning. Thus computer modelling provides a 
quantitative evaluation of the reradiated field before and after 
detuning. 

A measured set of tower base currents with all towers con-
nected to the skywire can be used to identify strongly responding 
spans, and hence towers which carry large RF current flow. Thus 
resonant spans which are +mind to carry little RF current may not 
need to be "treated" by tower isolation. Measured tower currents 
after tower isolation show whether the expected improvement has 
been achieved. 

The effect of lossy ground on the detuned power line was 
examined in this chapter. It was found that, since the detuned 
power line is non-resonant, the footing impedance has little 
effect on the current flow on the detuned power line. The atten-
uation of the antenna's field as it travels over lossy ground 
from the broadcast antenna to the power line reduces the excit-
ation of the power line relative to the perfect-ground case, but 
the effect is a small one for the "north" line. 

The example presented in this chapter-uses a broadcast 
antenna at 690 kHz, at which frequency the power.line towers are 
short in terms of the wavelength. At higher frequencies, a tower 
plus its top crossarm can present a path from ground approaching 
a quarter-wavelength. ,When isolated from the skywire, such a 
tower is itself an effective reradiator. If it is found to carry 
a significant RF current, then it must be treated with one or 
more tower stub detuners. A tower stub open-circuits the base of 
the tower from the ground. Tower stubs are narrowband devices 
and may present a maintenance problem. 
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When detuning measures such as tower isolation and detuning 
stubs have been installed on the power line, the station's field 
strength must be measured to verify that the power line has been 
adequately detuned. Because the computer model of the power line 
is not precise, there may be factors which affect individual 
towers or spans which have not been included. A measurement of 
the tower base currents on the detuned power line can pinpoint 
unexpected problems. 

The final chapter of this report summarizes the analysis and 
detuning of power lines, and discusses some of the limitations of 
the techniques which were presented. 
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CHAPTER EIGHT 

SUMMARY AND CONCLUSIONS 

8 Introduction 

This report has dealt with the "reradiation" of an AM broad-
cast array's signal from a steel-tower power line with a skywire. 
There are two major segments. The first, Chapters 2 and 3, 
reviews power line behaviour at standard broadcast frequencies, 
discusses the computer modelling of a power line using the Numer-
ical Electromagnetics Code, and explains the effects of lossy 
ground on the power line's resonant response. The second major 
segment traces a power line reradiation problem from the proposal 
for the construction of a new power line, through its actual 
construction, to its detuning by isolating towers from the sky-
wire. A specific case is used as an example, that of the CHFA 
antenna and the "north" power line. 

This chapter review% the principal results of the report, 
and discusses the limitations ana shortcomings of the methods 
dealt with herein. Simplifications inherent in the computer 
model are discussed. Some topics not dealt with are briefly 
mentioned. 

8.1 Model/ing Directional Array Antennas 

An essential starting point for the analysis of reradiation 
from a power line or any other structure using the NEC program is 
a model  of  the broadcast array. The NEC model of the array must 
produce the azimuth pattern specified in the array's design. 
Thus the towers in the NEC model of the array must radiate with 
the "field parameter ratios" specified in the array's design. 
Chapter 4 of this report presented the "current-moment method" 
for choosing the tower base voltages which excite the towers of 
the NEC model of the array. By this method, the "field parameter 
ratios" of the towers of the NEC model are made identical to 
their design values. Then the azimuth pattern computed for the 
array with the NEC program exactly matches the array's theoret- 
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ical azimuth pattern. This ensures that the power line in the 
computer model is excited with the correct directional pattern 
from the antenna array. 

If the antenna array is licensed to operate with field para-
meter ratios which are different from those specified in the 
array's design, then the "current-moment method" can be used to 
adjust the NEC model to radiate the actual operating pattern of 
the antenna array. Thus a study of reradiation can be based on 
the actual operating pattern of the antenna array. 

8.2 RF Behaviour of Power Lines 

Chapter 2 of this report reviewed the RF behaviour of a 
power line. A power line has resonances in the commercial 
"standard broadcast" band because each span of the line contains 
a closed path whose length is integer multiples of the wavelength 
in the 535 to 1605 kHz frequéncy range. The resonant response is 
strongest in "one-wavelength loop resonance", where the tower 
height is a small fraction of the wavelength and consequently its 
radiation resistance is small and has little damping effect on 
the resonant response. At the frequency of two-wavelength loop 
resonance, the radiation resistance of the tower is larger and 
damps the response. Most studies of reradiation from power lines 
have been at frequencies where either one- or two-wavelength loop 
resonance is present on the power line. 

At higher frequencies in the AM broadcast band, the power 
line tower and its top crossarm presents a path from ground which 
is a quarter-wavelength tall. The tower is then self-resonant 
and is an efficient reradiator as a free-standing structure. 
Self-resonance of the towers affects the resonant response of the 
power lineC63. Then the top crossarm of the tower must be in-
cluded in the tower model used by the NEC code to analyse the 
power line. The resonant response of the power line at frequen-
cies where the loop path is three- and four-wavelengths is com-
plicated by the top-loading of the towers by the crossarms. 
Those - towers selected for isolation from the skywire to detune 
loop resonances are self-resonant and may themselves need to be 
detuned with tower stub detuners. 
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The assessment of the potential reradiation from a proposed 
power line is concerned with estimating how many of the spans are 
resonant at the broadcast antenna's operating frequency. The 
detuning of e power line is concerned with identifying resonant 
spans and breaking the resonant paths. The concept of resonance 
plays a fundamental role in "understanding the currents induced on 
the towers of a power line, and how those currents can be sup-
pressed. 

8.3 Computer Modelling Poem- Lines 

The Numerical Electromagnetics Code(NEC) has been used 
throughout this report to model broadcast antennas and power 
lines. NEC finds the RF currents flowing on the towers and sky-
wires of the power line, and the radiation patterns of the broad-
cast antenne operating near the power line. Chapter 2 reviews 
the details of deriving a simple representation of Ontario 
Hydro's type VlS tower. The principles involved were  liter  used 
to model TransAlta's type Z7S, a quite different design of power 
line tower. In either case the power line tower was represented 
as a single vertical wire of constant radius, with no crossarms. 
The parallel pair of skywires were reduced to a single skywire of 
larger radius. This simple "single wire tower" model has 
limitations. 

A computer model of an omni broadcast antenna operating near 
a 13 tower, straight, evenly-spaced power line was studied in 
relation to measured radiation patterns at various frequencies 
across the AM band. It was found that the "single wire tower" 
computer model is a somewhat imperfect representation of the 
measurement model. At some frequencies the computer model 
responds much more strongly than the scale model used for the 
measurements. Thus in using the computer model for a real site, 
the computed tower currents will not always precisely correspond 
to those measured on the power line. The "single-wire tower" 
computer model reproduces the one- and two-wavelength resonant 
response o4 the measurement model quite well, but is much poorer 
for the three- and four-wavelength resonances of the power line. 
Near the frequency of three-wavelength loop resonance, the tower 
height plus the length of the tower's top crossarm become compar-
able to a quarter-wavelength and the tower itself is resonant. 
It was found in Ref. EED] that the single-wire tower model is no 
longer adequate in the three-wavelength resonance range and that 
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a more complex tower model must be used. At the present time 
little work has been done using a computer model to analyse a 
real site which has spans in three- and four-wavelength loop 
resonance. At frequencies where the tower is self-resonant, the 
top crossarm must be included in the computer model, and towers 
which are isolated from skyWire may have to be detuned with tower 
stubs. 

8.4 Lossy Ground Effects 

Perfectly-conducting ground is often used in the analysis of 
power lines with NEC to take advantage of the economical method-
of-images solution method. Perfect ground conductivity obtains a 
"worst case" estimate of the RF currents flowing on the power 
line and hence of the reradiated field. Chapter 3 reviewed the 
effect of lossy ground on the resonant response of a power line. 
It was found that the resonant frequencies change little as the 
ground conductivity is reduced from the perfect ground case. 
However, lossy ground damps  the  resonant response of the power 
line. Damping increases as the conductivity is reduced. 

The NEC program offers the Sommerfeld-Norton ground model 
for an accurate representation of real ground, but the SN ground 
option was found to be too expensive to use in modelling power 
lines when many towers must be represented. A five-tower power 
line was investigated with NEC using the SN ground option to 
discover the effect of lossy ground on resonant response. 
Approximate methods were described that allow the effects of 
lossy ground to be included in the economical method-of-images 
solution with the NEC program. The "tower footing impedance" can 
be included at the base of each power line tower to model the 
damping effect that ground losses have on the resonant response 
of the spans. Also, lossy ground attenuates the field of the 
broadcast antenna faster than the 1/distance variation expected . 
in the far field for perfect ground, and this attenuation was 
included as a perturbation of the NEC solution using the "ground 
loss ratio". 

Ciarrents flowing on the skywires of the power line give rise 
to energy dissipation in lossy ground. This damping mechanism 
was not included in the discussion in this report. Tilston and 
BalmainC47] model this effect by loading the skywire with series 
resistance. Ref. C13] gives a simple formula for the value of 
the resistance, derived from Ref. C47]. In Ref. C13] it is shown 
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that this loss mechanism accounts for some of the difference in 
Fig. 3.15 between the Sommerfeld-Norton ground model's tower cur-
rents and those computed with the method-of-images using approx-
imate means of accounting for ground losses. 

Further limitations of the computer model are reviewed below 
in Sect. 8.4. Throughout the remainder of the report the com-

puter model described in Chapters 2 and 3 is used at the various 

stages of the "life cycle" of a power line reradiation problem. 

8.5 Computer Modelling Throughout the Life-Cycle 

This report presented a procedure to be followed at each 

stage of the "life-cycle" of a reradiation problem. The "life 

cycle" can be subdivided into various stages: (i) the early 

planning stage; (ii) the "proposal" stage prior to construction; 
(iii) actual construction; (iv) after construction. At the early 
planning stage, an "initial assessment" of the reradiation from 

the power line must be made. Little definite information about 
the design of the power line is available at this stage. Thus 

often the "initial assessment" must be based on a sketch of the 
route, and a nominal value for the tower spacing and the tower 

height.* A measurement of the station's pattern at this time 

serves as a reference for future measurements. 

At the "proposal" stage, detailed drawings for the power 
line are available, and can be used to estimate the resonant 
frequencies of the spans. Exact positions can be found for the 
power line towers relative to the broadcast antenna. Hence NEC 
can be run to determine the broadcast antenna's azimuth pattern 
or other radiation patterns with the power line in place. 
Changes in the power line design can be requested to eliminate 
resonant spans« Detuninq can be designed for the power line, and 
its inclusion in the plans can be requested. 

After the construction of the power line, a computer model 
including any changes in the plans can be used to estimate the 
reradiated field. A measurement of the station's pattern shows 

whether there have been any changes. The tower base currents on 

the power line can be used to identify any towers which carry 
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significant RF current flow and so require further detuning. 
Further measurements with additional detuning in place verify 
that a satisfactory pattern has been achieved. 

S.5.1 Initial Assessment 

When a new power line is proposed, the hydro utility must 
seek permission for construction from the relevant authorities, 
and the broadcaster has access to the proposed route. Little • 
additional information is provided other than the type of tower, 
the nominal height of the towers, and their spacing. The key 
question in "initial assessment" is whether the proposed power 
line will have resonant spans. If the nominal tower height and 
span length give rise to a resonant path length at the operating 
frequency, then clearly the power line will have resonant spans. 
But even if the nominal values are not resonant, there may be 
resonant spans on the actual .as-built power line because the span 
length is typically highly-variable. A non-resonant value for 
the nominal span length is no guarantee of low levels of reradi-
ation. Chapter 5 uses the standard deviation of the span length 
on . similar power lines to estimate what fraction of the spans are 
likely to be of resonant length. The NEC program can be used to 
determine the effective strength of the reradiated field to be 
expected from one resonant span, which allows an estimate of the 
effective level from a power line with several resonant spans. 
The procedure thus provides an estimate of the effective level of 
the reradiated field to be expected from the proposed power line. 

The "initial assessment" estimate of Chapter 5 is an effect-
ive field strength for the reradiated field. The peak reradiated 
field strength can be several times the effective value, and may 
be directed into the "protected arc" of the station's pattern, 
where the station's licence restricts the field strength. The 
"initial assessment" estimate serves to alert the broadcaster to 
a potential reradiation problem. 

Chapter 5 discusses how many towers need to be considered 
for "initial  assessment". If a small length of power line, such 
as 14 towers, is studied and gives rise to an unacceptably high 
reradiated field, then clearly the power line is a potential 
problem, and should be followed up. If 14 towers result in a 
small reradiated field, then it may be desirable to include more 
towers in the study. An "initial assessment" based on a large 
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number of towers needs to account for more factors than does the 

simple study of Chapter 5. As discussed in Sect. 5.6, the sta-
tion's directional pattern must be considered, as parts of a long 
power line may lie outside the pattern's main lobe and thus not 
be excited by the station. The decrease in the station's field 
strength as the power line towers become farther from the broad-
cast antenna needs to be considered if a long run of power line 

is examined. Ground losses may also play an important role if 
the conductivity is low and the power line is far from the anten-
na. 

It is tempting to assume that if the nominal value of the 
span length is non-resonant, then the power line will not be a 
reradiator. This is incorrect since the span length on real 
power lines is highly variable, and there may be some resonant 
spans after the line is constructed. 

It is tempting to base "initial assessment" on a run of the 

NEC program for a power line with evenly-spaced towers, using the 
nominal span length. Such a test can be quite misleading. If 
the nominal span length is non-resonant then there will be no 
resonant spans, and sd the reradiated field may be much less than 
will be found a4ter the power line is constructed, if the actual 
power line proves to have some resonant spans. The span length 
on the evenly-spaced line might be chosen to be the resonant 
value closest to the nominal value, but then all the spans on the 
power line are resonant and the reradiated field is likely to be 
worse than will be found for the actual power line. Thus tests 

using NEC based on evenly-spaced power lines must be interpreted 
with caution. 

If "initial assessment" flags the power line as a potential 

reradiator, then measurements of the station's pattern before 
construction of the power line should be taken, and further 
assessment should be carried out when more detailed information 
about the power line becomes available. 

8.5.2 -Proposed Power Lime Assessment 

Once the plans for the construction of the power line have 
been prepared by the power utility company, they can be used to 
derive a detailed computer model of the power line for analysis 
by the NEC program. The precise tower positions are determined 
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relative to the broadcast antenna, and the individual tower 
heights are found. The path length for each span is readily 
calculated, which allows an estimate of the resonant frequency of 
each span, thus revealing how many resonant spans there actually 
are, and where they are located. The spans which are resonant 
are not necessarily excited to resonance by the broadcast anten-
na, however. By running the NEC program with perfect ground 
conductivity, a worst-case estimate of the RF current flow on the 
power line towers and the azimuth pattern is obtained. 'This 
shows whether the reradiated field is strong enough to be a 
problem. If so, the towers which  are the principle reradiators 
are identified as having large RF current flow. The computer 
model can be used to design "detuning" at this stage, so that a 
specific request can be made for the installation of detuning 
during construction. 

Ground losses can be included in the computer model by 
incorporating the tower footing impedance and using the ground 
loss ratio perturbation. It has been shown in this report that 
the computed power line tower base currents including ground 
losses are in reasonable agreement with full-scale measurements. 
These approximate techniques for accounting for lossy ground are 
thus a useful and economical'alternative to the costly Sommer-
feld-Norton ground representation. Further runs of NEC can be 
made to find the level of the reradiated field over lossy ground, 
for  -a range of typical ground conductivities representing the 
seasonal variations typical for the area. 

The question of how many towers need to be included in the 
computer model in order to assess whether the stati ons protec-
tion requirements are violated is a difficult one. If a computer 
model representing the 10 or 15 spans closest to the antenna 
indicates a large excursion above protection, as is the case for 
the "north" line near CHFA, then it can be stated with confidence 
that protection will be exceeded with a longer power line model. 
However, if a computer model representing the 10 or 15 closest 
towers shows that protection is met, then it is difficult to 
guarantee the same result as towers are added to the line. If a 
few strongly resonant spans are added to one end, for example, 
their reradiated field may be more than can be tolerated. The 
excitation of the power line decreases as 1/distance from the 
antenna, hence additional spans added at the ends of the line are 
more Weakly excited. Ground loss may play a significant role in 
reducing the excitation of distant sections of the power line. 
Also, the route of the power line may carry it into the minimum 
of the directional antenna's pattern, where it is not excited. 
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When doubt arises, towers must be added to the power line until 
the user is satisfied that further reradiation will be small 
enough to be ignored. 

The "single-wire tower" computer model was developed to 
represent type VIS towers, and in particular, as discussed in 
Chapter 2, matches the one-wavelength and two-wavelength resonant 
• requencies of the scale model used for pattern measurements. 
The "single-wire tower" computer model also matches the bandwidth 
of the resonant response to the extent illustrated in Fig. 2.11. 
Unless crossarm detail is added to the tower model, the "single-
wire tower" is not considered adequate to model three- or 
four-wavelength resonant response. Thus at frequencies where the 
tower approaching self-resonance, crossarm detail must be includ-
ed in the computer model. 

It has been the practice to model other types of towers by 
deriving wire radii for the "single-wire tower" model by the 
methods discussed in Sect. 2.2. Thus Sect. 5.1 derived witLe 
radii for the type Z7S tower. Dissimilar tower types are thought 
to give rise to much the same resonant frequencies and to have 
the same - resonance bandwidth.for one- and two-wavelength loop 
resonance 9  but the behaviour of the power  Une in three- and 
four-wavelength resonance is dependent upon the geometry of the 
tower. A computer model of the type Z7S towers in the three-
wavelength loop resonance frequency range should ideally be 
verified against scale model measurements. 

Thus the "single-wire tower" computer model can be used with 
full confidence at a frequency where the power line is in one- or 
two-wavelength loop resonance. For the "north" line near CHFA, 
the spans are long and the towers are tall, and so the frequency 
of two-wavelength resonance is quite low. In many other cases, 
shorter spans and towers put the two-wavelength resonance fre-
quency much higher. For some power lines, two-wavelength reso-
nance may fall above 1200 kHz. The computer model is not as 
reliable for three- or four-wavelength resonance and must be used 
with caution if the power line is likely to respond in these 
modes. 

It han been demonstrated in this report that the computed 
tower currents and azimuth pattern are in reasonable agreement 
with  full -scale measurements for "north" line near CHFA. When 
the full CHFA site of Fig. 5.1 is modelled, it is found that the 
computed tower currents on the closely-parallel section of the 
power lineu agrees poorly with the measurements. It is not clear 
whether this is a limitation of the computer model or of the 
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two-loop probe measurement method. For modelling closely-
parallel power lines, the computer model must be used with 
caution. 

"As-built assessment" refers to computer modelling the power 
line after construction, including any design changes made before 
actual installation. The objective is to determine whether the 
as-built power line is a significant reradiator. It is recom-
mended in this report that a measurement be made of the stations  
pattern with the power line in place, to show whether there has 
been a significant change due to the construction of the line and 
hence whether detuning or additional detuning is required. Also, 
a measurement of the tower base currents on the power line shows 
whether any towers are "hot" ,and can be compared with the calcul-
ated result. Such a measurement is a useful basis  for  comparison 
after "detuning" has been implemented. 

B.5.3 Detuning 

Chapter 7 of this report describes a procedure for detuning 
a power line which shows strong resonant response, by insulating 
selected towers from the overhead skywire. The procedure is 
based on the estimates of the resonant frequencies of the spans 
of the power line arranged as a "resonance chart", and selects 
towers for isolation from the skywire for the "suppression of 
resonances" on the power line. If the computer model with iso-
lated towers is run using NEC, then the degree of improvement to 
be expected by isolating the selected towers can be assessed. It 
has been shown in this report that the procedure leads to a 
substantial reduction in the measured current flow on the towers 
of the "north" power line near the CHFA antenna. 

If "detuning" is being designed for an existing power line, 
the set of towers to be isolated for the "suppression of reso-
nances" can be correlated with the computed tower currents, as 
was done in Table 7.1, to show which towers are likely to have 
the most effect when isolated. A similar correlation can be 
done With the measured set of tower base currents, to show that 
all groups of towers carrying strong currents in the measurement 
are "treated" by the specified set of towers. A further measure-
ment of the tower base currents after tower isolation is needed 
to demonstrate that the current flow on the power line has been 
effectively suppressed. 
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The present method of detuning by tower isolation has been 
applied to power lines with spans in one- and two-wavelength loop 
resonance. Reradiation due to three-wavelength loop resonance is 
more difficult to suppress because when a tower is isolated, its 
height is usually sufficient that the tower reradiates strongly 
on its own. Detuning stubs may then be required on the tower. 
Also, cases have been encountered where the span length is short 
enough that the power line is in two-wavelength loop resonance at 
a frequency where the tower height plus crossarm length is nearly 
a quarter-wave. Then it is necessary to include crossarm detail 
in the computer model. For a broadcast antenna that excites 
two-wavelength loop resonance on such a power line, the towers 

which are inolated to detune the resonance of the spans of the 

power line c an  be reradiators as free-standing structures. They 
require treatment with tower Stub detuners. 

The computer modelling techniques described in this report 
provide useeful assessments of the amount of reradiation at each 
stage in the "life cycle" of a reradiation problem. There are 
certain other simplifications in the computer model which may be 
important in some situations, as discussed in the following 
section. 

8.6 Simplifications Inherent in the Computer Model 

The computer model of the power line used in this report is 

not perfectly accurate. Thus precise point-by-point agreement 
between measured and computed azimuth patterns is not achieved, 
nor is there precise agreement between measured and computed 
power line tower currents. Simplifications which may lead to 
error are reviewed in this section. 

The "single-wire tower" model of Fig. 2.5 is a gross simpli-
fication of either the type VlS tower of Fig. 2.1 or the type Z7S 
of Fig. 5.2. As discussed above, it is expected that the 
"single-wire tower" model is adequate for modelling one- and 
two-wavelength loop resonances of the power line. A mare 
detailed tower model, including crossarm detail, is expected to 
be necessary for predicting the higher frequency resonant behav- 
iour. 
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The sag of the skywires which is seen on real power lines is 
not generally included in the computer model. NEC could be used 
to model the sag. Thus the segments modelling the skywire could 
be made to follow the path of the real skywire. This has gen-
erally not been done. Resonant frequencies can be estimated 
based on loop path length including sag. The additional path 
length due to sag lowers the span's resonant frequency, but the 
effect is expected to be small. 

Another source of error in the computer model concerns the 
relative location of the broadcast array to the power lines. The 
"profile drawings" prepared by power utilities show the positions 
of the power line towers precisely one relative to the next, but 
do not, of course, show the location of the broadcast antenna. 
It has usually been necessary to determine the position of one of 
the towers of the power line relative to the broadcast array from 
a relatively large scale map or aerial photo, a procedure which 
is  inherently imperfect. Thus for the CHFA site the position of 
the "north" line relative to the CHFA array was determined from 
the map of Ref. [443, on a scale of 1:25000, which shows the 
towers of the array, but not the power lines. The broadcast 
array's position was found from the map relative to a road junc-
tion which also appears on the TransAlta maps. The accuracy of 
this procedure is difficult to establish, but is likely to be of 
the order of the spacing of the CHFA towers. The position could 
be found more accurately by surveying. The position of the power 
line influences the excitation of the towers of the power line, 
but an error of 100 m for a power line 3500 m from the broadcast 
antenna will usually not cause a substantial error in the reradi-
ated field. The span lengths determine the resonant behaviour of 
the power line, and are usually quite precisely known from the 
"profile drawings". 

The computer model offered by the NEC program inherently 
represents the ground as perfectly flat. At a local terrain 

feature, such as a gully, ground deviates substantlally from 
perfectly flat, and the resonant behaviour of the power line 
spanning the gully is not likely to be accurately represented in 
the NEC model. Nor can uneven, hilly terrain be modelled. Low 
hills intervening between the broadcast antenna and the power 
line may reduce the excitation of the power line substantially. 
Conversely, a site where the antenna,is located on a hilltop and 
the power line is on lower ground could not be modelled with 
fidelity. 
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In measuring the "far-fields" of a broadcast array, large-
scale terrain features play a significant role. Thus mountains 
can intercede between the antenna and the measurement point and 
reduce the field strength. The downtown core of a city certainly 
scatters the signal and causes deviation from the ideal theoret-
ical pattern of the antenna.' Such large-scale features cannot be 
included in the NEC model. 

NEC provides no means of modelling ground conductivity which 
varies regionally in the service area, nor is detailed informa-
tion about local conductivity readily obtained. In many cases, 
the station's proof of performance shows that the conductivity is 
higher in some directions than in others. 

In some cases there may be local perturbations in the ground 
conductivity which may increase the field strength at the power 
line. Thus a buried steel pipeline may locally increase the 
ground conductivity. This could affect both the magnitude of the 
excitation of some of the towers of the power line, and the 
relative phasing of the excitation, and so could influence the 
response of the power line quite considerably. 

Often an AM broadcast array is located in an urban or a 
suburban area, surrounded by housing developments, low buildings, 
tall buildings, microwave towers, water towers, highway bridges, 
other antenna structures, power substations, and so forth, as 
well as the power line which is suspected of reradiating the 
signal. All structures seatter the antenna's signal to a greater 
or lesser extent. The present computer model assumes a complete-
ly clear, unobstructed site, with the power line as the only 
reradiating structure. Other structures influence the power line 
because the field scattered by them affects the strength and 
phasing of the field which excites the power line towers. In 
many realistic  cases,  assuming a "clear site" is a gross oversim-
plification. Ref. C187 discusses the modelling of towers and 
buildings with NEC. It is, in theory, possible to include towers 
or buildings in the computer model of a site, at the expense of 
many more segments and more cost for the analysis. 

These inherent simplifications and limitations make it dif-
ficult to achieve preciSe agreement between computed azimuth pat-
tern for a broadcast antenna operating near a power line, and a 
measurement of the antenna's pattern. In spite of these sim-
plifications, reasonable agreement between computed power line 
tower base currents and full-scale measured values has been 
demonstrated. Thus measured tower currents may be a better guide 
to the accuracy of a computer model_than are field strength 
measurements. As shown in this report, in spite of its limita- 
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tions, the computer model provides useful predictions of the 
strength of tower currents and reradiated fields throughout the 
life-cycle of a power line reradiation problem. 

8.7 MININEC 

"MININEC" is a simplified version of the Numerical Electro-
magnetics CodeC497. MININEC is written in the BASIC language and 
will run on most "personal" computers, and hence is readily 
available to many broadcast engineers. MININEC can be used to 
model broadcast antenna arrays with the techniques of Chapter 4 
of this report. Thus the "current-moment method"  cari  be adapted 
to choose tower base voltages for  exciting the towers of a 
MININEC model of a broadcast directional array to ensure that the 
azimuth pattern will agree with that of the array's design. 

MININEC could be used td analyse the computer model of a 
power line discussed in this report. At the present time, no 
such study of power lines with MININEC has been carried out. 
Because of the large number of "segments" required to represent 
the skywires in a power line model, the number of towers which 
can be modelled with MININEC on a given computer is limited. 
Thus on a "standard" 4.77 MHz 9088-based PC, the maximum number 
of "segments" will be limited by how many hours of running time 
the user is willing to invest in the calculation. A more 
powerful PC computer, such as a 20 MHz 80386-based machine,' 
should be able ta run MININEC  for power lines of 20 or more 
towers, and hence be useful  for the analysis of real sites. 

A study of the modelling of power lines with MININEC is 
required in order to determine the accuracy with which MININEC is 
able to reproduce the resonant behaviour predicted with full NEC. 
The modelling of tower crossarms with MININEC must be inves-
tigated in comparison to full NEC. Also, the use of MININEC for 
detuning purposes must be investigated. The modelling of towers 
isolated from the skywire using MININEC's impedance loading 
option'should be compared with the result of full NEC. The mod-
elling of tower-stub detuners with MININEC needs to be inves-
tigated. Such a study would provide an experience-base for the 
use of MININEC to model power lines and power line detuning. 
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S.B The AMPL Program 

The AM Power Line(AMPL) program is a microcomputer-based 
technique for analysing broadcast antenna and power line problems 
which was developed by Tilston and BalmainE507. AMPL is based on 
transmission-line theory and analyses the skywire and its image 
in the ground as a two-wire transmission line which is shunted by 
the impedance of the power line towers. The tower impedance is 
derived from a representation of the tower which is quite similar 
to the "single-wire tewer" model. The broadcast antenna is 
represented using the sinusoidal current distributions of the 
antenna design. AMPL includes the damping of power line resonan-
ces by lossy ground using the tower footing impedance. The AMPL 
program, implemented in FORTRAN, runs in a few minutes on an 
IBM-PC for a site with as many as 40 power line towers, to 
determine the currents on the towers, and the azimuth pattern of 
the antenna operating with the power line in place. Thus AMPL's 
computer requirements are much more modest than those of the NEC 
program. 

The performance of the AMPL program has been compared with 
results obteined with NEC over a wide frequency range in Ref. 
E63. It was found there that at one- and two-wavelength loop 
resonance, AMPL compares favorably with NEC. AMPL tends to 
predict a lower resonant frequency for the spans than does NEC, 
and tends to predict somewhat more reradiation. AMPL and NEC 
differ considerably in the three- and four-wavelength loop reso- 
nance frequency range. The usefulness of the tower model in this 
frequency range is in doubt. AMPL does very well in determining 
the radiation pattern of the CHFA array operating near the 
"north" power line. 

AMPL can be used at the "initial assessment" stage to carry 
out a statistical study of the reradiated field from the power 
lineC103. Sample power lines can be generated following the 
route specified in the construction proposal with randomly-
generated span lengths conforming to the statistics expected of 
the proposed power line. The result is a set of "typical" radi-
ation patterns for power lines of the given span statistics, 
which can be anelysed to determine how likely it is that the net 
field strength will exceed the protection requirement of the 
stations. 

AMPL is useful at the "proposed power line assessment" 
stage. Given the construction plans, a detailed model of the 
power line using the correct tower heights and positions can be 
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prepared and analysed with  AMPLI The resulting azimuth pattern 
and tower currents allow an assessment to be made of whether the 
reradiated field is sufficiently strong to warrant further study. 

The AMPL program has limitations which restrict its useful-
ness compared to the NEC code. AMPL cannot analyse closely par-
allel power lines because no interactions are accounted for. 
AMPL cannot be used for power lines with towers isolated from the 
skywire, and hence cannot be used to analyse detuning. The AMPL 
code does not account for the attenuation of the antenna's field 
due to lossy ground discussed in  Sect. 3.3, but could readily be 
modified to do so. Free-standing towers cannot be modelled with 
AMPLI  

The AMPL program, despite its limitations, is a useful tool 
in obtaining a quick assessment of the reradiation from a power 
line. 

8.9 Modelling Complex Sites 

Very few broadcast antennas enjoy a site which is completely 
free of scattering structures. A real site usually includes some 
structures which are close enough and tall enough to be signifi-
cant scattering objects. Thus there may be more than one power 
line near the antenna, as at the CHFA site of Fig. 5.1. In 
addition to power lines, there may be a microwave tower, or a 
water tower, or another broadcast antenna which can scatter the 
station's signal. Any free-standing structure of a quarter-
wavelength or taller will scatter the signal, and shorter towers 
can be significant reradiators if they are close enough to the 
broadcast array. Buildings can be a quarter wavelength tall and 
so can be significant scatterers. 

A directional broadcast array operating in a complex, clut-
tered environment-may have-difficulties in achieving its . theoret-
ical -radiation pattern, and - hence in meeting protection 
requir'ements, because a little reradiation from -a lot of sources 
is directed into the pattern minima. In such a case, several or 
many-structures may have to be.treated in order to suppress 
reradiation sufficiently. Another nearby broadcast array operat-
ing at a different frequency may have to have its towers 
"detuned" as scatterers. A microwave tower may have to be 
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detuned by the installation of stubs. In such a case, suppres-
sing the reradiated field from one source, such as a power line, 
may have disappointing results in the measured field strength, 
even though the measured tower currents on the power line have 
been greatly reduced. Computer modelling can be a guide to the 
degree of reduction to be expected by treating each individual 
source of reradiation. 

A detailed computer model of a complex site could be set up 
for analysis by NEC. Microwave towersC18,517 and water towers 
have been modelled with the NEC program and use modest numbers of 
segments. A slender tower a quarter wavelength tall can be 
represented with 5 or 6 segments. A tower of fatter cross-
section can be represented with several parallel vertical wires, 
joined at the top, and might use 30 segments. Buildings have 
been studied with NECClin, and are modelled as a grid structure 
covering the outside of the building. A building requires 30 or 
more segments. Each span of a power line requires 12 or more 
segments depending on the frequency. With a limit of, for 
example, 900 segments including the images in ground, the user 
can include structures up to a total of 450 segments. This might 
include, for example, 30 segments to represent the broadcast 
antenna $  30 segments for a free-standing tower of large cross 
section,  100 segments for two buildings, and the remaining 290 
segments can represent 24 spans of a power line. Often far more 
than 24 spans are needed, and there will often be other struc-
tures to include as well. It is clear that a "complete" model of 
a complex site can easily exceed the number of segments which is 
practical. 

Sometimes a complex site can be broken down into reradiating 
structures which are sufficiently far apart that they do not 
interact significantly. Thus a building or tower which is widely 
separated from a power line may not influence the currents 
induced on the power line. Or there may be two power lines at 
the site which are far enough apart that little interaction is 
expected. In such cases it is possible to run the NEC program to 
find the RF current flow on each structure individually, assum-
ing that it is the only structure on an otherwise clear site. 
Thus interactions among the structures are ignored. The result-
ing set al RF currents on the various structures can then be used 
to find a composite radiation pattern for all the structures 
present at the same time. By eliminating the reradiators  one  at 
a time, the improvement obtainable from detuning each individual 
structure can be assessed, assuming, of course, no significant 
interactions. 
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A case where interactions are quite significant is that of 
parallel power lines, such as those east of towers 174 and 178 in 
Fig. 5.1. Parallel power lines interact strongly. A single 
"run" of the NEC program should be used to find the azimuth 
pattern of the CHFA antenna operating near the parallel power 
lines of Fig. 5.1, so that the resulting current distribution on 
the towers of the power lines would include any interactions 
between the power lines. In fact, more segments than is prac-
tical are required to model the full site in Fig. 5.1. Thus the 
power lines were analysed separately in Ref. [5], and some degree 
of approximation was thus accepted. Poor correlation with the 
full scale measured tower base currents was found on the parallel 
sections. Thus modelling long runs of parallel power lines may 
be a problem far the present analysis techniques. 

Computer-modelling of power lines has become a well-devel-
oped methodology for the assessment of undesirable reradiation of 
the broadcast antenna's signal. It will continue to provide 
essential information for both the analysis of reradiation from 
proposed and from existing power lines, and to serve as a guide 
to detuning such power lines to suppress unwanted RF current 
flow, and hence eliminate the reradiated field. 
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APPENDIX 1 

STANDING-WAVE DECOMPOSITION OF THE SKYWIRE CURRENT 

In this Appendix a method is given for resolving the skywire 
current  distribution  into a standing-wave component plus a tra-
velling-wave component. The method uses the values of the cur-
rent magnitude and phase supplied by the NEC program. The NEC 
data will be decomposed into a positive-going travelling wave, 
plus a negative-going travelling wave, and so represented in the 
form 

1(z) = re-herz  - e ez  
...A.1 

This form of the skywire current is then broken down into a 
standing-wave part plus a travelling-wave part. 

A.1 Finding the Travelling-Wave Amplitudes 

Typically in a NEC analysis of the current on a skywire, the 

skywire is subdivided into ten or more "segments" and NEC returns 
the complex-valued current at the centre cf each segment, namely 
the set of values 

( 

where N is the number of segments on the skywfre. If I-.is'the 
l'ength of the skywire, then the segment length-i%A LiN,and 
the segment centers are given by 

2 
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, Variable z is distance-along-the-skywire from one tower to the 
next, and NEC provides the magnitude and phase of the current at 
these specific values of z. It is desired to "decompose" the NEC 
data into a positive-going travelling wave, plus a negative-going 
travelling wave, as in Eqn. A.1 above. In order to determine the 
travelling-wave amplitudes I and I -  take the inner product of 
I(z) with 

0 - 113z 

to obtain the linear equation 

e —i2fer t ) _ 
I

1
k P -"x  

k•1
&  

k•1 

...A.2 

and take the inner product with 

0 /0x 

to obtain the linear equation 

1 + -F(Ze j"Zk )1 «. ke ll'z'  
k•1 k•1 

...A.3 

These two linear equations are readily solved for 1 4-  and I - . 

11 
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A.2 Resolution into Standing-Wave plus Travelling-Wave 
II 

Each term of the current distribution I(z) is in itself a 
travelling-wave , standing-wav results if = I - 1, that 
is, equal and opposite travelling waves "add up" to a standing- 

A e 1 

wave. The current I(z) c an  be decomposed into a standing-wave 
plus a travelling wave by rewriting it in the form 

1 (z) " 1 0-"z 2 0ex 2G 1e  

A .4 

where Sa, Sm, Ta and Tm are complex-valued constants, and either 
T%=0 or Tm=00  Variable " is distance along the skywire from 
one of the towers to the next. 

In the case of 1I - 1 > I - 1, write  I and I -  in 
polar coordinates as 

Ae ja  
• 

and 

Be »  

with A > B, and then Eqn. A.1 above becomes 

I(z) = A e fa e - JSz + B ib e ipx 

•• A .6 

Since A > D, let A = B D,  sa  that D=A-B and rewrite I(z) as 

I(z) •',(B+D)P ja e -Jet  °I° eib  e nte  
A .6 

hence - 

I(z) = [13 ,ftt e _ex.i., B ib o 1z ]+( ,.... B)g ia e -htz 
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where the term in square brackets C...) is a pure standing-wave, 
and the remaining term is a-pure travelling wave. The stand-
ing-wave amplitudes are 

S I Bola 

and 

S 2 Bot" 
 

The location of the nulls in the standing-wave depends both on 
the phase of 1 and of I - , and the phase of the travelling-wave 
depends only on the phase of I. 

In the case of B>A 1  let B = A D, so that D = B - A, and 
rewrite I(z) as 

1(z) = Aelae -" z + (A+ D)lb e oz 

hence 

...A.8 

1(z) = [Min e-ex  + A ib a llez ]+(B— A)crib  e htx  

...A.9 

1 
1 and 

1 
1 

The standing-wave amplitudes are 

S 1 Acria 

S 2 Aa Jb  

In this case the travelling-wave goes in the negative z sense. 
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Once S1 and Sm have been found, the standing-wave part of 
the skywire current can be plotted by plotting the magnitude and 
phase of 

l ( z) s 1 0 -1oz + s 2 eisz 
..•A.10 

In Sect. 6.4 of this report, the current on the skywire 1(z), and 
the standing-wave part of the current I.(z), are plotted on the 
same axes, and a comparison of the magnitudes and of the phases 
serves as e guide to identifying spans showing a significant 
resonant response. 
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SKYWIRE ON THE 
TOP CRDSSARM 

3.81 M --> 

PHASE WIRES 
CROSSARMS 

50.9M 

22.qM 

7.62 M  

'I-'t-87-O4 

Fig. 2.1 (a)  The  type VlS steel-lattice mower line tower shown in 
this photograph is typical of towers used in North Arerica. 

Fig. 2.1 (b) The computer model of the tvme ViS toaer is 
developed using the dimensional information shown in this 
figure. 
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SKYWIRE OF RADIUS 0.71 M 

SKYWIRE SEGMENT 

TOWER OF 
RADIUS 3.51 M 

TOWER 
SEGMENT I 

LENGTH 

-E-87-O4 

Fig. 2.2 -The computer rcdel replaces the steel-lattice tower with a cylindrical 
wire, and the pair of skywires with a sinqle eywire of larger radius. The 
tower is subdivided in this figure into two "segments", and the skywire 
into ten. 
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3.81 M 

22.9 

7.62 M 

7.02 M 

TN-E 1 -87-04 

50.9 M 

Fig. 2.3 The tower stem of Fig. 2.1 (b) has the dimensions shown at left, and 
is represented in the computer model by the cylindrical wire at right. 

}K---- D >I 1 
--f  0 

i ir 
h 

-71-7-7-7-7 7 

Fig, 2.4  The pair of parallel skywires on the tower of Fig. 2.1 is replaced 
by a single "equivalent" skywire. 
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SKYW I RE V OF RADIUS 
0.71 M 

TOWER WIRE  
OF RADIUS 

3.51 M 

Fig. 2.5 The "single-wire" tower computer model of the type MS tower uses a 
tower radius of 3.51 m and a skywire radius of 0.71 m. 
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Y- 12 #13 
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1 

TN-E42-87-04 

Fig. 2.6 This 13-tower power line uith evenly-spaced  tors  is located 448 m 
from an omnidirectional antenna and is used in the text to illustrate the 
resonant behaviour of a power line. 
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Fig. 2.7 The azimuth pattern of the omni antenna and power line of fig. 2.6, 
in the "one—wavelength loop resonance" frenuency range. 
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Fig. 2.8 The azimuth pattern of the mini antenna and power line of Fig. 2.6, 
in the "two-wavelength loop resonance" frequency range. 
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Fig. 2.9 The azimuth pattern of the ouni antenna and power line of Fig. 2.6, 
in the "three-wavelength loop resonance" frequency range. 
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a) 1700 kHz 

b) 1820 kflZ 

Fig. 2.10 The azimuth pattern of the cmni antenna and power line of Fig. 2.6, 
in the "four-wavelength loop resonance" frequency range. 
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Fig. 2.11 a) The max-to-min ratio of the azimuth pattern of the cmni antenna 
and per  line of Fig. 2.6 shows  four distinct  frequency ranges in which 
the power line is in resonance. 
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Fig. 2.11 b) The max-to-min ratio data of Fig. 2.11 a) in the one-wavelength 
loop resonance frequency range, plotted on an enlarged horizontal scale, 
shows three distinct peaks. 
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rig. 2.13 The resonant path on a power line span  inclus  the images in the 
ground, and has a length of ( 411+2s ). 

./ 
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GROUND 
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lol One—wavelength single—span loop resonance mode. 

r 1= 
( b) Two—wavelength single—span loop resonance mode. 

-\\72\77\7o  
;c1 Three—wavelength single—span loop resonance mode. 

Fig. 2.12 A single span is in resonance when one, two, three or more wavelengths 
of RF current standing-wave "fit n  the path made up of two  to rs  and the 
interconnecting skywire. At resonance, the RF current standing-wmve has 
maxima and nulls at the locations shown in this figure. 
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=1 

1 =1 = 1 

C.= 
(o) Three-wmuelength double-spon loop resonance mode. 

lb) Four-wavelength double-span loop resonance mode. 

lc) Five-wavelength double-epon loop resonance mode. 

Fig. 2.14 Resonance of a pair of adjacent scans is possible, and RF current 
standing-wave on the skywire has maxima and nulls as shown in this figure 
for three "double-span" resonance rcdes. 

• 

(o) Four-wovelength triple-spon loop resononce mode. 

CZE 
W. Five -wovelength triple-span loop resbnonce mode.. 

lc) Six-wavelength triple-spon loop resonance mode. 

rig. 2.15 Three adjacent spans can -resonate together, and the RF current 
standing-wave on the skywire has raxima and nulls as shown in this figure 
for three "triple-span" resonance modes. 
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Fig. 3.1 A five-tower uower line similar to that of Fig. 2.6.is used in this 
Chapter to investigate the effect of ground conductivity on power line 
resonant behaviour. 
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400 420 440 450 

Frequency (kHz) 

Fig. 3.2 The nax-to-min ratio of the azimuth pattern of the ouni antenna and 
five tower power line of Fig. 3.1 is shown in this figure in the one-
wavelength loop resonance frequency range, for perfect ground conductivity 
and for conductivities of 20, 10 and 5 nS/m, using the Sommerfeld-Norton 
ground model. 
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Fig. 3.3 The nax-to-nin ratio of the azimuth pattern of the omni antenna and 
five tower power line of Fig. 3.1 is shown in this figure in the two-
wavelength loop resonance frequency range, for perfect ground conductivity 
and for conductivities of 20, 10 and 5 nS/m, using the Sommerfeld-Norton 
ground model. 
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Fig. 3.4 The "tower footing" is a highly-conducting cylinder extending to great 
depth in "lossy" ground, and supports the cylindrical tower. 
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3.5 a) A tower on a highly-conducting "tower footing" embedded in lossy 
ground has input impedance Z'. 

z 
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Fig. 3.5 b) The same tower over highly-conductive ground has  input  impedance 
Z. 

Z-Z 
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Fig. 

Z 

Fig. 3.5 c) In order to nake the terminal impedance 
conductive ground equal to its value over lossy 
impedance" is included in series with the tower 
impedance has the value Z'-Z, then the terminal 
to that of thetover on its footing embedded in 

of the tower over highly-
ground, a "footing 
base. If the footing 
impedance is Z', equal 
lossy ground. 
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o  
CONCRETE 

TOWER 
FOOTING 

Fig. 3.6 A steel-lattice power line tower such as that of Fig. 2.1 has four 
legs at its base. Each leg is supported by a reinforced-concrete "tower 
footing" embedr1Pd in the ground. 
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Fig. 3.7 This figure compares the max-to-min ratio for the omni and five-
tower Power line of Fig. 3.1 in the onemeavelength loop resonance 
freauencv range mhen ground losses are modelled with the "footing 
impedance" to the max-to-min ratio obtained using the Sommerfeld-
Norton ground model, for three ground conductivities. 
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Fig. 3.7 (continued) 
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loop resonance frequency range when ground losses are modelled with 
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Distance from the antenna (meters) 

Fig. 3.9 The field strength of a "current-element" antenna 
decreases with distance rore quickly when the ground is 
"lossy" than for highly-conductive ground. For the "good" 
conductivity value of 20 re/m, the field strength over lossy 
ground differs by only a small amount from that over merfect 
ground, but for the "poor" conductivity,  of 5 re/m, there is 
a substantial difference. 
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Antenna 
height 
195 m 

Span 
length 

274m  

Tower 15 

Tower 
hei9ht 
51 m 

55 

Separation 
d meters 

TM-FPC-87-04 

Fig. 3.10 This five-tower power line is skewed at an angle of 
55 degrees to the radial from the antenna, and is used in 
the text to illustrate the dependence of the reradiated 
field on the ground conductivity and distance fram 
the antenna to the mower line. 
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Fig. 3.11 The azimuth pattern of the ci  antenna and five tower power line of 
Fig. 3.10 with ground conductivity 5 mS/m deviateq from a perfect circle 
due to reradiation of the signal from the power line. The Samnerfeld-
Norton ground model has been used. 
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Fig. 3.12 With antenna-to-line distance of 1000 m, the azimuth pattern for 
the power line of Fig. 3.10 over highly-conductive ground has excursions 
of 220 mV/m, compared to the pattern over ground of conductivity 5 mS/m, 
which has excursions of about 140 mV/m. 
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Fig. 3.13 When the tower footing impedance is included in the power line model 
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about 145 mV/m, and the pattern is a reasonable approximation to the result 
obtained with the Sommerfeld-Norton ground. 
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Fig. 3.14 For a power line as close to the antenna as 
1000 m, the strength of the antenna's field at the power 
line towers is not much different when ground loss is 
accounted for than its value for highly-conductive ground. 
Thus the inclusion for the "ground loss ratio" results in 
little change in the azimuth pattern computed with footing 
impedance over highly-conductive ground. 
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Fig. 3.15 The currents computed on the towers of the power line 
of Fig. 3.10 depend on the ground model used in the computation. 
The currents are largest for highly-conductive ground. The 
approximate mcdel using "foot impedance" and "ground loss ratio' 
to model ground loss results in tower currents that are a 
reasonable approximation to the currents convouted%dth the 
Sormerfeld-Norton ground mcdel. The distance from the antenna 

- to the per  line is 1000 m. 
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Fig. 4.1 The 0.17.P. directional array consists of three 
towers on a line 10.5 degrees east of north, spaced 
362 feet apart. 

north) 

Fig. 4.2 The standard spherical coordinate system, oriented 
with the x-axis pointing to the north and the y-axis mointing 
west, 
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Fig. 4.3 W Comparison of the sinusoidal current distribution 
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Fig. 4.4 (a) The azimuth pattern of the CHFA array provides 
broad coverage north of the antenna and has a deep 
minimum south and west of the antenna. 
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CHFA array, as specified by the array design, with that 
computed with NEC using "current moment matching". 
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Fig. 4 0 5 Comparison of the design elevation pattern at 
azimuth 153 degrees with NEC's cceputation. 
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-n?euR I. 

TOWER 160 

Fig. 5.1 The CHFA antenna has two power lines nearby. The "north" line lies 
in the nain lobe of CHFA's pattern. The "southeast" line runs from the pat-
tern minimum south of the antenna, into the main lobe north and east of 
the antenna. 
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Fig. 5.2 The towers on the power 
and are 7.5 m square at the base. 
11.34 m. 

near CHM are type 
There is a pair of 

Z7S of height 32.6 m 
skywires separated by 

lines 

Fig. 5.3 The type Z7S tower is replaced in the computer mcdel by a cylindrical 
wire of radius 4 m, carrying a skywire of radkus 0.76 m. 
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Fig. 5.4 The proposed route for the "north" power line passes within 3500 m 
of the antenna, at which point the field strength is 440 mV/m. The oroloosed 
power line has  to rs  nominally 32.6 m tall, and the nominal tower separation 
is 363 m. 

Fletuol apon lennth distribution . 
Memo! • Wean 350.44. end de) 4S A4 m 

Fig , 5.5 This figure plots the probability that the span length will lie in the 
interval (s-5) m to (s+5) m as a function of the span length s. The dashed 
curve is given by P(s-5, si.5) of Dian. 5.3, using the "normal" distribution 
with rean span length 358.44 m, and standard deviation 45.94 m. The solid 
curve is the actlIA1  distribution of the span lengths for the "as-built" 
power lines near the CHFA antenna. 
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Fig. 5.6 A  per  line consisting of one span of resonant length is used to 
assess the amount of reradiated field to be expected from each resonant 
span of the actual power line. 

Fig. 5.7 The reradiated fileld strength from the span of Fig. 5.6, when the 
span is oriented at an angle of 35 degrees to the radial from the antenna. 
Zero decibels corresponds to a field strength of 593 InV/m in the far field. 
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Fig. 5.8 The largest reradiated field strength  fit  one  span as a function of 
the angle at which the span is oriented to the radial fram the antenna. 
Orientations from 30 to 35 degrees result in a maximum reradiated field 
strength. 
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Fig. 6.1 Once the power line is actually constructed, the precise tower locations 
are known and can be used to find the span lengths and the resonant 
frequencies of the spans. 
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Fig. 6.2 The span lengths are determined from the drawings of the "as-built" 
power line. Spans from 378 to 449 m in length are resonant within 60  kHz 
of 680 kHz, and are indicated with an R in this figure. 
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Fig. 6.4 The initial model of the power line includes towers 165 to 178, for 
•a total of 13 spans, and inclucaes span 167-168, which is found to be the 
•strongest reradiator on the power line. 
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rig. 6.5 The field strength in the minimum of CHEA's pattern when the antenna 
operates with towers 165 to 178 of the power line, including the skywire, 
in place. There are substantial excursions above the protection limit. 
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Fig. 6.6 The field strength in the mini/run of CHEA's pattern when towers 149 
to 185 are included in the power line ncdél. 

Concordia University DE Laboratory 



L 

1/176 

1176 
«174 

1165' 

' 156  

«167 

LAI Liutàdi,....,4/ 111 
I 111 1 ' 1 1 INLt 

11156 I 

1168 

«150 .1c1 

( 11414! 

600 mILLI9mP5 

15,11. 

I I 
• I64 

TN-EMC -87 -04 

Fig. 6.7 A schematic diagram of the RF currents on the towers and skywires of 
the "north" line shows that the largest currents are not carried by the 
closest sans,  but rather by the resonant spans. 
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Fig. 6.8 - The RF currents on the towers of the "north" line, computed using NEC 
and highly-conducting ground, are compared in this figure with the measured 
currents on the towers at the site. There is good agreement as to which 
towers carry strong currents near the strongly resonant span from tower 167 
to tower 168, but the computed currents are tao large. From tower 174 crr. 
wards, the southeast line closely parallels the north line, and the compu-
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Fig. 6.9 The nagnitude and phase of the current on the skywire (dashed curve) 
is decomposed into a standing-wave part, shown by the solid curve, and a 
travelling-wave part, which is not shown. 
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a) Ground conductivity 5 mS/m. 
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Fig. 6.10 The field strength in CHFA's pattern minimum as measured at the site 
is compared in this figure to computations using the "footing impedance" 
to mcdel ground losses. 
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c) Ground conductivity 20 mS/m. 
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Fig. 6.11 b) The RF currents on the towers of the "north" line as measured at 
the site are compared in this figure with °amputations using the "footing 
impedance" to model ground of conductivity 20 and 5 mS/M. 
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and "additional attenuation". 
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Fig. 7.1 The "resonance chart" graphically shams the resonant frequencies of 
the spans of the power line, as well as the resonant frequencies of the 
double-spans obtained by isolating one tower, and the triple-smans which 
result from isolating two adjacent  tirs,  
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Fig. 7.2 Isolating a tower from the skywire is represented in the computer 
model by including a short segment at the tower top, of length 2 m, uhich 
is open-circuited by a large series resistance. The shunt capacitance mcdels 
the additional capacitance due to the dielectric material of the insulator. 
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Fig. 7.4 The BF currents on the towers with the Group 1 towers, #165, #167 and 
#168, isolated from the Skywire show that the currents on the towers from 
#165 to #169 are greatly reduced, but the currents on other towers are 
little changed. 
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Fig. 7.5 The field strength in the minimum with both the croup 1 tors, #165, 
#167 and #168, and the Group 2 towers; #150 and #153, and #174, #176 and 
#178, isolated from the skywire. The pattern is largely restored to acceptable 
values. 

Fig. 7.6 The RF currents on the towers vgieflbloth the Group 1 towers, #165, 
#167 and #168, and the Gropp 2 towerec#150 and #153, and #174, #176 and 
#178, isolated from the skywire. 
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Fig. 7.7 The field strength in the CHFA pattern minimum  with the  to rs  of 
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Fig. 7.8 The FF  currents on the towers with the towers of Groups 1, 2 and 3 
listed in Table 7.2 isolated from the skywire. 
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Fig. 7.9 This schematic representation of the tower and skyv,ire currents on 
the "detuned" north line is plotted to the same scale as the currents of 
Fig. 6.7 with all towers connected to the skywire. 
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Fig. 7.10 The neasured tower currents on the detuned north line have values 
omparable to the computed currents, and show that the expected reduction 
in ter  current due to tower isolation is achieved at the site. 

Fig, 7.11 The measured field strength in the pattern nanimum after detuning 
shows a considerable reduction compared to its value with all the towers 
connected to the skywire. 
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Fig. 7.12 The detuned per  line has no resonant spans, and so the inclusion 
of the "footing impedance" to model ground losses has little effect on the 
ter  currents, and as this figure shows, also has little effect on the field 
strength in the pattern minimum. 

Fig. 7.13 The "ground loss ratio" reduces the excitation of the power line 
to rs  compared to its value over highly-conductive ground. Hence the 
reradiated field is slightly reduced, as shown in this figure. 
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