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[Editor's note: Because of a software problem, the version of this 
article that appeared in the previous issue of the Magazine 
contained numerous instances in which a key symbol was omitted. 
The following is a corrected version, which should be used and 
referenced instead of the previous version. WRS] 

1. Introduction 

t is indisputable that Maxwell's equations provide a unique I electromagnetic field for any reasonable distribution of 
chargehrrent. However, the interpretation of the results from such 
calculations may not be unique; different physical models may be 
used to explain the same results. 

In this Magazine and at the recent [1997] IEEE Antennas and 
Propagation Symposium, Ed Miller has raised some interesting 
questions about the interpretation for the radiation from simple, 
filamentary current distributions [l, 21. The length of the filament 
is h, and the current is time-harmonic with frequency w (free- 
space wave number ko = w/c  = 2z/& ). He shows that for an 
electrically long filament (limit koh + cc)), the total time-averaged 
power radiated by a sinusoidal or standing-wave distribution 
is (qad)  a ln(koh), whereas for a un2form distribution it is 

(*ad) a koh . For an electrically short filament (limit 

k,h -+ 0), both distributions have (qad) cc (koh)*. He asks inter- 
esting questions about the physical interpretation of these results, 
which we will summarize with the single question: Where does the 
radiation originate for the two distributions? 

butions, that the total energy radiated, Urad,  for pulse excitation 
depends on the length of the filament, h, in the same way as does 
(qud) for the time-harmonic case. 

It is important to understand the problem we are addressing: 
the calculation from Maxwell's equations of the radiated field of a 
well-defined current distribution. We are not solving the boundary- 
value problem associated with the linear antenna: the determina- 
tion of the electromagnetic field of a perfectly-conducting, thin 
wire excited by a specified source. This is so even though, in some 
cases, the current distributions we are using are reasonable 
approximations to the current on the linear antenna. 

2. Pnlse-excited filaments 

The filament is aligned with the z axis, as in Figure 1. For the 
traveling-wave distribution, the current and radiated electric field 
are [3] 

7(Z, t )  = 7s(t - Z/.)[U(") - u(z - h ) ] ,  

and 

&(?,t) = 

poc sin 8 {7& - Y/C) - q t  - ./c - (h/c)(l - cosB)]}P. (2) 
4m(l- cos B )  

The use of harmonic time dependence complicates the 
answer to this question. The current at each point on the filament 
has been oscillating for an infinite time; this complicates the causal 
relationship between elements of current on the filament and the 
radiated field at a particular point. In this note, we will examine the 
radiation from similar filamentary distributions (traveling-wave' 
and uniform) for pulse excitation. For pulse excitation, it is easier 
to establish the causal relationship between the elements of current 
and the radiated field. We will also show, for thhese simple distri- 

'A detailed calculation shows that (qUd) for a filament with a 
traveling-wave distribution has the same asymptotic behavior as 
for the sinusoidal or standing-wave distribution. 

t z  

Figure 1. The geometry for a filament of current. 
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Here, the function <(t) is the pulse excitation, and U is the 
Heaviside unit step function. For the uniform distribution, the cur- 
rent and radiated electric field are 

V(Z, t )  = %(t)[U(z)-  u(z - h)] ,  (3)  

and 

The total energy radiated by the filament is 

104 

103 

102 
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Asymptotic Results - - - 
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ra/r = h/cz 

where c0 is the wave impedance for free space. Figure 3. The total energy radiated by a filament excited by a 
Gaussian pulse of characteristic time z , z, = h/c . 

Now we will assume that the excitation is the Gaussian pulse 
shown in Figure 2a, with the characteristic time I : 

After using Equation (6) with Equations (2), (4), and (5), and per- 
forming some tedious integrations, the total energy radiated by the 
traveling-wave distribution becomes 

-2 0 2 t h  
Figure 2a. A Gaussian pulse of current. 

0 
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Figure 2b. The derivative of the Gaussian pulse of current. 

and for the uniform distribution, 

- 2 + ~ ~ ~ + ~ ) e r f ( z , / ~ z ) ] .  (8) 

Here, I= = h/c is the time for light to travel the length of the fila- 
ment, y = 0.57721 ... is Euler's constant, erf is the error function, 
and E, is an exponential integral [4]. 

In Figure 3, the total energy radiated is plotted in normalized 
form, 

Urad (Normalized) = Urad ~ /( 2 4 7  
(9) 

versus the parameter Z , / I  = h / c z ,  which is the characteristic time 
for a filament of length h , divided by the characteristic time for the 
pulse. For both distributions, traveling-wave and uniform, the 

The dashed lines show the asymptotic behavior in the limit 
energy is seen to increase monotonically with inoreaaing r, /r .  

z,/z+co: 

Urud (Normalized) - 3 In( I, /I) , traveling-wave, (1 0)  

Urad (Normalized) - 3 (11) 

In the limit z/z, + 0 ,  Urud(Normalized) - ( I , / z ) ~  for both dis- 
tributions. These behaviors are seen to be the same as those for the 
time-average power radiated, ( qad) , with time-harmonic excita- 

40 IEEE Antennas and Propagation Magazine, Vol. 40, No. 4, August 1998 



tion, once we recognize that z plays the same role as l /w , so that 
z,/z = h/cz is like koh = wh/c.  

3. Radiation from the ends of the filament 

Figures 4 and 5 show the radiated electric fields, Equa- 
tions (2) and (4), for the two distributions. The excitation is the 
Gaussian pulse, Equation (6), with the characteristic time 
zf z, = 0.076. These figures require some explanation. Consider a 
large spherical surface centered on the lower end of the filament. 
Observers are located at the angles B = O " ,  22.5", 45", 67.5", ... 

around the sphere, and they record the radiated electric field, 2; , 
as a function of the normalized time, t/ra . The individual plots in 
these figures are graphs of their results. 

Each dashed line in these figures connects times of arrival 
associated with a spherical wavefront centered at an end of the 
filament: 4 is for a wavefront centered on the lower end of the 
filament, while W2 is for a wavefront centered on the upper end of 
the filament. Notice that the amplitude of the field on a wavefront 
and the separation in time of the two wavefronts change with the 
angle of observation, 8 .  

For the traveling-wave distribution, the two wavefronts 
increase in amplitude and begin to overlap as B approaches 0". 
The region of overlap is determined by the ratio z,/z ; when 

z,/z >> 1, overlap starts at 6 i=: 2- and extends over the 

solid angle S2 = Sz(r/r,). An examination of Equation (2) when 
B is near 0" shows that the electric field is proportional to the tem- 
poral derivative of the exciting current: 

270" 

e = 00 

7 6  22.5O 

4 I 

1800 

Figure 4. The radiated electric field of a filament with a trav- 
eling-wave distribution of current. The excitation is a Gaussian 
pulse with 712, = 0.076. 
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Figure 5. The radiated electric field of a filament with a uni- 
form distribution of current. The excitation is a Gaussian pulse 
with zf z, = 0.076. 
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Lli - z = o  
r'igure 6. The current filament divided into n elements. 
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This behavior can be seen in Figure 4. At B = 0" , the field is zero, 
due to the factor of 8 in Equation (12). However, at B = 22.5", the 
field clearly resembles the derivative of the Gaussian pulse, which 
is shown in Figure 2b. 

For the uniform distribution, the two wavefronts increase in 
amplitude and begin to overlap as B approaches 90". When 
z, /z >> 1, overlap starts at n/2 - B = 4z/za , and extends over the 
solid angle fi = 16n(z/za). An examination of Equation (4) when 
B is near 90" shows that the electric field is proportional to the 
temporal derivative of the exciting current: 

7s t 

Figure 7a. A triangular pulse of current. 

This behavior can be clearly seen in Figure 5 ,  where the field at 
B = 90" is the derivative of the Gaussian pulse. 

The dependence of the total energy radiated, Urad, on the 
length of the filament ( z a / z ) ,  shown in Figure 3, is caused by the 
behavior of the field in the region where the wavefronts overlap. If 
there were no overlap, Urad would simply be the sum of the ener- 
gies associated with the two wavefronts, and it would be independ- 
ent of the length of the filament. For the traveling-wave distribu- 
tion, overlap occurs near where the field is zero ( B  = O"), whereas 
for the uniform distnbution, overlap occurs near where the field is 
maximum ( B = 90" ). This difference causes the energy radiated by 
the uniform distribution to be greater than that radiated by the trav- 
eling-wave distribution. 

Figure 7b. The derivative of the triangular pulse of current. 
The radiation from the pulse-excited filament is analogous to 

the radiation from a moving point charge [3]. For example, a 
charge accelerated at z = 0 ,  allowed to drift at constant velocity 
over the length h, and decelerated at z = h would produce pulses 
of radiation only at the end points, a situation similar to that for the 
filament with the traveling-wave distribution. 

4. Radiation from the entire filament 

The radiation from these filaments can be described in an 
alternate way. Consider the schematic drawing in Figure 6. The 
filament is divided into a large number, n, of elements, each of 
length Ah h/n , and the current, e ,  in the ith element is assumed 
to be uniform over the length of the element. The radiation from 
the filament can be viewed as the superposition of the radiation 
from the n elements. The radiated electric field for the traveling- 
wave distribution is then 

and for the uniform distribution, 

B'(?,t) = 

Notice that the radiation is due to the time derivative of the current 
in each of the elements. In these expressions, the factor sinB 
determines the directional characteristics of an individual current 
element. It is the "element factor" used with conventional, time- 
harmonic arrays. The sum within the braces determines the direc- 
tional characteristic for the group of elements, and it is analogous 
to the "array factor" used with conventional, time-harmonic arrays. 

For the purpose of illustration, we will assume that the exci- 
tation is a triangular pulse with the characteristic time z : 

This function and its temporal derivative are shown in Figure 7. 
We use this pulse instead of the Gaussian pulse, Equation (6) ,  
because the discontinuities in the derivative of this pulse clearly 

sums in Equations (14) and (1 5). 
delineate the contributions of the individual current elements to the 

Figure 8 shows the sums (array factors) from Equation (14) 
and (15) for the angles B =  0" and 90" when n = 32, and 
Z/Z, = 0.125. Notice that the results are similar for the two distri- 
butions. The contributions from the elements add destructively (the 
sum is nearly zero) everywhere except at the times corresponding 
to radiation from the ends of the filament (at z/z, = 0.0 and 1.0 
for the traveling-wave distribution, and at z/z, = -1.0 and 0.0 for 
the uniform distribution). The process that causes this cancellation 
is shown schematically in Figure 9 for the traveling-wave distri- 
bution at B = 90" . The radiation from each element is the deriva- 

i. (15) 

IEEE Antennas and Propagation Magazine, Vol. 40, No. 4, August 1998 42 



1 

0 

-1 

Figure Sa. The sum (array factor) from the expression for the 
radiated electric field, for the traveling-wave distribution of 
current. The excitation is a triangular function with 
z/ra = 0.125. 

1 

-1 

Figure 8b. The sum (array factor) from the expression for the 
radiated electric field, for the uniform distribution of current. 
The excitation is a triangular function with z/z, = 0.125. 

tive of the triangular pulse shown in Figure 7b: a positive rectan- 
gular pulse followed by a negative rectangular pulse. The positive 
pulse from one element overlaps the negative pulse from another to 
produce the cancellation. For this example, the positive pulse from 
element i + cz /Ah = i + nz / z ,  = i + 4 overlaps the negative pulse 
from element i. This cancellation occurs everywhere except at the 
times corresponding to radiation from the ends of the filament, 
near t / z a  = 0.0 and 1.0 in Figure 8a. At these points, radiation 
from the elements adds to produce a staircase approximation to the 
triangular pulse. 

For the traveling-wave distribution, the sum (array factor) is 
largest at B= O ” ,  precisely where the element factor (sine) is 
zero. For the uniform distribution, the sum (array factor) is largest 
at B = 90”, precisely where the element factor is maximum. This 
difference accounts for the greater energy radiated from the uni- 
form distribution. 

5. Conclusions 

We have considered the radiation from two simple filamen- 
tary current distributions: traveling-wave and uniform. For an 

H 
I I  

Figure 9. An illustration showing the partial cancellation of 
radiation from two current elements. The result is for a trav- 
eling-wave distribution of current at 0 = 90°, and n = 32. 

excitation that is a Gaussian pulse of characteristic time z, the 
total energy radiated by the distributions, Urad ,  was shown to 
behave as In( z,/z) for the traveling-wave distribution, and as 
r a / z  for the uniform distribution, where z, = h/c is the time for 
light to travel the length of the filament. 

An examination of numerical results shows that two physical 
interpretations can be used for the radiation. Radiation can be con- 
sidered to arise at the two ends of the filament in the form of 
spherical wavefronts centered at the ends. The overlap of these 
wavefronts, which changes with the ratio z a / r ,  is the cause of the 
observed dependencies for Urad. An altemate explanation is that 
radiation occurs along the entire length of the filament. Destructive 
interference of the radiation from different points on the filament 
then causes the radiation to be insignificant except at the times cor- 
responding to radiation from the ends of the filament. 
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Editor‘s Comments Continuedfrom page I 1  

Part of the answer is that the situation is a bit more straight- 
forward outside North America. The country code for the US is 
“1.” The North Amencan Numbering Plan (NAN€’) consists of ten 
digits: a three-digit area code, a three-digit prefix (or, more prop- 
erly, local-exchange code), and a four-digit number. However, 
within the US and Canada, if you want to dial a long-distance 
number (and part of the difficulty is that what constitutes “long 
distance” has become extremely complex), you often dial a 1 in 
front of the NANP digits. Indeed, many businesses within the US 
list their numbers as “1” followed by the NANP digits. 

But it isn’t that simple: you may also have to dial a one-, 
two-, five-, seven-, or ten-digit access code to select a long- 
distance carrier, and the “long-distance 1” may or may not be used. 
It’s actually more complicated than all of this, but I think you get 

the idea. [Part of the reason for all of the complication is that we 
now have more-or-less totally open competition for local, intra- 
and inter-Local Access and Transport Area (“LATA”), and long- 
distance services. There are literally hundreds of local and long- 
distance carriers in the US. Of course, it’s going to get more com- 
plicated. With an average of between three and four telephone lines 
per large-city household, we’re rapidly outgrowing the NANP!] Of 
course, if you are within the same area code (and, sometimes, 
within the same LATA - or sometimes not!), then you often omit 
the “1” and the area code, and simply use the last seven NANP 
digits. 

The answer to his question is that given the above conhsing 
situation, I had felt it was less confusing to simply list the NANP 
digits, and leave the reader to add what was appropriate for the 
location from which he or she was dialing. However, it is true that 
this is not consistent transnationally. Thus, with this issue, I’m 
going to try to standardize on having numbers listed with the 
country code (preceded by a “+”) first, followed by the numbering- 
plan digits appropriate for the country-including doing this for 
those in North America. The change isn’t going to happen all at 
once. The numbers for Magazine Staff members, for example, may 
take two or three issues to get changed. In the interim, if you have 
an opinion on this issue, let me know. It may well be that main- 
taining the inconsistent status quo would be the least confusing! 

Please, send yourself an e-mail! I get a lot of e-mail. Fortu- 
nately, almost all of it is useful. However, over the last few 
months, I have noticed several disturbing trends in a lot of the e- 
mail I receive (in what follows, when I refer to a “text” message, I 
mean a message that uses the reduced-character-set seven-bit 
ASCII text characters that can be transmitted over the Internet 
without requiring encoding; see my From the Screen of Stone col- 
umn in the February, 1997, issue of the Magazine for a discussion 
of e-mail formats and “attachments”): 

1. Messages that consist of a text version of the message, with an 
HTML version appended, usually as a binary “attachment;” 

2. Messages that could be sent in “plain” text format, but are 
instead sent as HTML, as if they were designed to be viewed with 
a Web browser; 

3. Messages that consist of a text version for the body of the mes- 
sage, and an “attached” binary or HTML file, containing the name 
and contact information of the sender; 

4. Messages that are text messages (as opposed to formatted, word 
processor documents), but have been sent by “attaching” a (seven- 
bit ASCII) file as a binary “attachment.” 

Why do these create problems? HTML is designed to be 
viewed by a Web browser. Many e-mail programs do not display it 
properly, if at all. Often, what you get is a text message with all of 
the HTML commands appearing as so much “garbage” in the text. 
Unless you are trying to send someone a Web page via e-mail, 
sending an e-mail message that includes HTML is really counter- 
productive. Sending a message that involves an attachment 
requires that the recipient’s e-mail program be able to decode that 
form of attachment. Worse (as discussed in my above-referenced 
column), opening an attachment without first scanning it for 
viruses is a good way to get a virus (and virus-scanning software 
isn’t perfect). 

Continued on page 49 
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