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ABSTRACT

This final report contains the results of a study %o develop a
time~domain analysis for impulse-excited aperture antennas such as the
paraboloid/TEM hom system. The principal approach used is the Chernousov
aperture-fields formulation, based upon the Huygens-Kirchoff principle,
to obtain time domain equations for antenna radiation.

The aperture fields over the front and two side apertures of a
constant~-impedance TEM horn are obtained by modeling it as a transmission-
line, TIM-mode, traveling-wave system with TDR-measured reflection coeffi-
cients. The equations derived from this approach were programmed for
digital-computer numerical calculation. A second approach developed for
the horn is the vector potential formulation using a current distribution
on the conductors consistent with the fields in the TEM traveling-wave
model. A third approach used for small-aperture homs is to model them
as V-dipoles. Equations are given for calculating transient radiation from
linear dipoles in any direction, including near endfire, from the currents
on the dipole. #Agproximate closed-form expressions are derived for smali-
aperture homs for the radiation wavetorm in the boresight or backfire
Jgirections, using all three above approaches, which agree with each other,
Comparison on a relative basis between computed and available experimental
radiation vs. time curves for four TEM horns in various directions shows
reasonably good agreement.

The paraboloid aperture fields are obtained by a point-to-point
transformation from the fields at the paraboloid surface. The latter
fields are calculaed from a non-isotropic point source with arbitrary
time excitation at the focus. Any given horn is replaced by an equivalent
point source through an approximate closed-form equation characterizing
the horn's fields n its principal planes. For gaussian pulse excitation,
computed radiation vs. time curves are presented for an isotropic feed and
for a particular 8" TFM horn both feeding a u8" paraboloid, in the bore-
sight direction and other directions to display the sidelobe structure.
Campardison, on a relative hasis, with experimental curves for the boresight
direction, show reasonably good agreement.

The report consists of two volumes, each of which are self-
contained. In addition, Vol. 1 references, discusses, and incorporates the
results of Vol. 2 .n such @ manner that the reader, if desived, can sbtain
an overview of the entire project from Vol. 1.

il
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EVALUAT 10N

Over the past decade, the RADC Antenna Community has continued its interest
and envolvement In the behavior of antennas when excited by short time duration
impulsive like signals and fields. While substantial advancements have been
made for simple antenna structures (monopole, dipole and TEM horns) the more
comp léx antenna systems have not been sufficiently considered, Although
considerable experimentation using timo domain techniques has been performed
on reylector/feed systems, a concerted enaineering approach for time domain
analysis and synthesis is lacking. The purpose of the work reported én herein
was to develope direct time domain models suitable for analyzing and oredicting
the time domain behavior of reflector/TEM horn antenna systems.

These reports contain the results of an 18 month sfudy nerformed by the
Electrical Enaineering Depariment, University of Vermont, Three approaches
were developed directly in the time domain suitable for predicting the impulsive
radiation for refiector/feed antenna systems., Complete and detailed expressions
and formuilations are nrovided and all assumptions and approximations are
comnletaly described. Comparisons of the utility of the andlytical solutions
are provided by comparison with available experimental data for a number of
TEM horns and refloctor/horn confiaurations,

The resul¥s of this research provide a unified and concerted approach for
analyzing the radiation v.s. time behavior of anerture type antennas. It
has been shown that the approaches developed are theoretically sound and self-
censistent within themselves as well as with C.W. antenna theory. A number
of sroblem aregs are identified and recommendations for further study made.

This affort supports TRPO-5 "Electromagnatic Goneratior and Controi®
refarenced under paraaraph 3.5.2.2 in RADC Technolooy Plan Part 111 dated
Sent, 75, Specifically these results are applicable to wide bandwidth antenna
systems, ECM, ECCM ang SEW afforts,

ij John Potenza

Proloct Enginecer
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

This final report, consisting of two volumes, reports on work
performed from 21 Dec. 1972 to June 30, 1974, under RADC Contract No. F30602-
73-C-0104, entitled Time Dcmain Aperture Antenna Study, for the-Air Force
Systems Comnand, Rome Air Development Center, Griffiss Air Force Base, N. Y.
Volume 1 is written by Prof., M. Handelsman, Electrical Engineering Departrnent,
University of Vermont, Project Director. Volume 2 is identical to a Ph.D.
thesis, with the title The Transient Electromagnetic Far Fields of a
Paraboloid Reflecter/TEM Horn Antenna Using Time Damain Techniques, submitted
to the Departmen’ +° "“‘lactrical Engineering, University of Vermnt, by
Mr. Hugh C. Maddocks, referred to as Maddocks (1974) in Vol. 1.

1.2 PURPOSE QF PROGRAM

The purpose of this program is to develop a time-domain approach
to the analysis and synthesis of impulse-excited high gain aperture antennas
such as the paraboloid/TEM horn feed type. The principal approach is to be
Chemmousov's formuiation (Chernousov 1965) based on the duygens-Kirchoff
principle to obtain time domain expressions for antenna radiation. The
existing formulation as presented by Chemousov is to be extended in detail
and scope, and systematically applied to obtain solutions to time domain
radiation performance, using the analysis technique. The utility and
vaiidity of this approach is to be tested by comparison with published

results and available experimental data.
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1.3 CONTENTS OF THIS REPORT
1.3,1 INTRODUCTION

Voluras 1 and 2 of this report are each self-contained volumes.
In additi_m, Vol. 1 references, discusses, and incarporates tie results of
Vol. 2 in such a manney that the reader, if desired, can cbtain an overview

of the entire project from Vol. 1.

1.3.2 VOLUME 1

Chapter 2 in Vol. 1 discusses the calculation and characteristics
of transient radiation from TEM homs, use of the field equivalence theorem,
assumptions underlying the TEM-mode model of the hom, derivation of a
closed-form expression for the boresight radiation in +he time domain using
three different approaches (Chermousov aper-ture formulation, current-sheet
plus vector potential approach, and a V-dipole approach), and comparison of
theory with experiment. Chapter 3 discusses transient rediatica from a
paraboloid, the characteristics of radiation from planar apertures with TEM-
wave excitation, paraboloid aperture excitation produced by an isotropic
primary feed and by an 8" TEM hom feed, and comparison of theory with
experiment. Chapter 4 contains conclusions and recommendations. References
are listed after Chap. 4. Appendix A discusses radiation from transients on
linear dipole antennas, clears up a problem conceming radiation in the end-
fire directions reported previously (Har.elsman 1972), and examines the
radiation for various special cases. Appendix B contains a discussion on

tawminal reflection coefficients, and the state of the art on time domain,

transmission-line models for dipole anternas.
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2.3.2 VOLIME 2

Chapter 1 in Vol. 2 contains a statement and background of the
pmbiem, which is the study of the transient far fields of a paraboloid/TEM
horr. antenna system in the time domain., Chapter 2 contains an analysis of
the transient far fields of TEM horn antennas using the Chernousov aperture-
field method. This includes analysis of the three radiating apertures,
approximate closed-rorm expressions for the radiation in the bo&esight and
bakfire directions and also for azimuth-plane directions well removed from
boresight and backfire, and comparisons between theory and experimental
results for three Sperrt Rand horns, and the 8" BDM horm. Chapter 3 cuntains
an analysis ci the radiation from an approximation to a TEM horn with small
E-rlane flare consistiryg of a sectioned biconical antenna. The radiation is
caleulateu from the vector r.tential resulting from the assumed current-
sheet flow on the conducting surfaces. Approximate closed-form equations for
the radiation in the boresignt and backfire directions are derdved which
agree with those derived in Chapter ? using the aperture fields. Chapter U4
analyzes the tvansient far fields of . parabuloid excited by a point source
feed, with a non-isotropic {in angle) primary pattern, develops verious
vequired coondingte transformations from the horn to the paraboleid exit
apertwe to the far field points, and cewelops an equation for the paraboloid
boresight field with an isotropic feed, hapter 5 analyzes the fields wien
the paraboloid is excited by a TEM him feed, and compares theoretical tou
available experimertal results for the BDM 48" paradboloid/t™ TEM horn forr

the baresight direction. Chapter 6 crmicains conclusions and sumary. A

list of references starts on p. 106. There are 5 7y pendixes containing the



details of various mathematical derivations and the listing of 2 Fortran
programs. Appendixes A, B, and C, respectively, contain derivations of the
Chernousov equations, the paraboloid/isotropic point source feed radiation
fields, and the paraboloid/TEM horn feed radiation fields. Appendixes

D and E, respectively, describe and list Fortran programs to compute the
radiation fields of a paraboloid excited by an isotropic point source feed
and by a TEM horn feed which produces a tapered illumination over the para-
boloid exit aperture computed from an approximate closed-form expressicn
matched to the radiation characteristics of the hom.

1.4 PROGRAM ORGANIZATION

The persons who performed this work are Dr. Morris Handelsman,
project director and author of Vol. 1, and Mr, Hugh C. Maddocks, Graduate
Assistant, author of Vol, 2, both of the Electrical Engineering Department,
College of Ingineering, Mathematics and Business Administration, University

of Verwont.




. CHAPTER 2

TRANSIENT RADIATION FROM TEM HORNS

2.1 INTRODUCTION

The characteristics of radiation from TEM horns
excited at the input (apex) by arbitrary time waveforms are
discussed in this chapter. There are two principal approaches
to radiation models of the TEM horn discussed (i.e., the use of
the aperture fields, and the use of the vector potential based
upon the current distribution on the wedge conductors), both in
the time domain. A complete and detailed time-domain analysis
of the TEM horn radiation at all angles, using the above two
approaches, is given by Maddocks (1974). Maddocks (1974) also
presents digital computer calculations and graphs for a number
of special cases for which experimental data is available for
comparison of theory with experiment. Maddocks (13974%) also
develops approximate closed-form expressions for the radiation
from small horns in the azimuth plane, by suitable reduction of
his complete equations. These will be discussed further in
this chapter.

It is also shown that the small TEM horn may be
modeled as a V-dipole. Using the results of Appendix A, it is
shown that to witnin the accuracy of the small-horn approximation
described herein, this third model produces identical results

with those obtained by MNaddocks (1974) using the two models
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descrilbed in the preceding paragraph.

In summary, fhe purpose of this chapter is first to
discuss, from an engineering viewpoint, some of the more import-
and results obtained by Maddocks (1974). Second, additional
discussion is given concerning the basic assumptions and neces-
sary simplifications underlying the radiation models employed in
the analysis. Third, comparison is made with a TEM ﬂorn analysis

published by Martins (1973).

2,2 RADIATION FROM A TEM HORN; ASSUMPTIONS
2.2.,1 TEM MODE

The first and perhaps most important assumption made
in calculating the radiation from a "TEM" horn is that the horn
propagates only one mode, the TEM mode. It is true that practi-
cal closed waveguides usually allo« propagation of only one mode,
the dominant mode, although higher-order modes may be excited by
discontinuities.

The TEM horns built to date may allow propagation of
various TE and TH modes (i.e., non-TEM fields) assuming there are
sufficiently high frequency components in the excitation which
exceed the cut-off frequencies of these modes, and conditious
exist to excite such wodes. It is pointed out that while the
general problem area of transmission-line or guide discontinuities
from the wmulti-mode viawpoint has received vast attention for
steady-state ejut excitation, there is practically nothing pub-

lished concerning discontinuities from the time-domain viewpoint,
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as far as this writer knows.

The exact structure of the fields, especially at the
TEM horn apertures, is a separate and difficult boundary value
probiem which is beyond the intent of this investigation. From
a practical and engineering viewpoint. it is therefore necessary
to content oneself with assuming pronagation of only the TEM
mode, the usefulness of this simplifying assumption being verified
by comparison of the resulting theoretical predictions with ex-
periment. This then assumes that while non-TEM modes may be ex-
cited, they do aot propagate within the TEM horn. |

There is a3 discussion on waveguide and horn feeds in
Silver (1949:chap. 10) which makes a number of points pertinent
to this discussion, if it is assumed as above that only the TEM
mode propagates in the TEM horn, which completes the analogy to
a waveguide with its‘single dominant mode. Then over a cross-
section inside the horn sufficiently far from the front aperture,
the field Is the sum of the incident and reflected waves of the
TEM mode only, the higher-order modes generated by this aperture
being assumed to decay in distance with sufficient rapidity. Thas
assumes that the open sides of the TEM horn present a relatively
small and nagligible continuous discontinuity to the TEYN mode, as
compared to the abrupt discontinuity presenfed by the front
aperture, an assumption which seems to be horne out by reflecto-
netry measurements {Martins, 1973:147). However, in the front

aperture, non~TEM higher-order modes can be generated and exist




locally, excitad by the sudden discontinuity in the TEM guiding
structure. Unless the detailed distribution of these higher moaes
is known, their contribution to the radiation must be neglected.
This is one source of inaccuracy in calculating the radiation
from the aperture fields (Silver 1949:334).

However, as pointed out in Silver (1949:334) the
effects of the apertuve-reflected dominant mode (TEM in this
case) can be taken into account in termws of a reflection coeffi-
cient R which is the ratio of the reflected and incident electric
fields. 1In the waveguide eJ¥t case R is determined experimentally
by standing-wave measurements in the guide (which involves only
the dominant mode). In the corresponding TEM horn time-domain
case, R is determined experimentally by time-domain reflectometry
(TDR) measurements, involving the TEM mode in the transmission
line input to the horn (Martins 1973:122,143). Assuming that the
reflection coefficient R of the front aperture is determined by
measurenents, then the total TEM E field in the aperture is given

by (Silver 1949:335 Eq. (2))

Ey = (1+R)Eg (1)
where:
E5, = TLM transverse fieid in fromt aperture
E. 5 incident TEN transverse field

i
The correspondiug total TEN H field in the aperture is then

Ha = (1-R) Hy (2)
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Since for the TEM mode

E: -m — (& 207 (3)
W: €o
then H, can also be written as follows:
W M,

This equation is the same as Silver (1949:335 Eq. (%)), where
{1 = R, and t = Hi/E; =\/"\o .

The fields in the open sides of the TEM horn, follow-
ing the discussion given previcusly, are assumed to be the fields
of the traveling TEM waves in the hormn; no discontinuity, reflec-
tion or fringing is assumed. This is probably another source of
inaccuracy in the aperture-field radiation model; however it does
not appear to be particularly significant, based upon experimental

results.

2,2.2 USE OF THE FIELD EQUIVALENCE THEOREM

The field equivalence thecorem or the egquivalence prin-
ciple as set forth by Schelkunoff and Friis (1952:516-520) under-
lies the necessity for a closed surface S, required by the
Chernousov (1965) formulation, over which the fields must be
known or estimated. The Chernousov formulation in terms of
aperture fields is one of the two TEM horn radiation models used
by MNaddocks (197u:chap. 2). Hence a brief discussion of the
equivalence theorem in the context of its application %o the TEM

horn is nrow presented.

[




Schelkunoff and Friis (1952:520) sum up the appli-
cation of the equivalence theorem to a waveguide horn problem.
The following statements are taken (almost verbatim) frow this
reference. A closed surface S is considered which covers the
aperture and encloses the horn itself. {f the tangential E and
H fields on surface § are known exactly, theu by the equivalence
theorem the fields outside S may be calculated exactly from <the
virtual sources which replace the fields. Schelkunoff and Friis
make the specific point that in this case the horn may then be
removed (for reasons explained previously in Schelkunoff and
Friis (1952:519)), and the fields of the virtual sources
(equivalent electric and magnetic currents) calculated as if
these sources were in free space. This is an important point,
as it allows calculation of the radiation fields as if the horn
were not present.

In practice, as Schelkunoff and Friis point out,
usuaily we do not know the true fields over surface S, and must
resort to approximations. These approximations (in reality
educateq estimates of the true fields) In the case of the TEM
horn, are discussed by Haddocks (187u:chap. 2).

The fields ovar the frout and side apertures are
assumed to be due to incident and front-aperture-reflected
traveling TEM waves. HNe¢ other traveling waves are nacessary;

as the TEN hoins are assumed to be wmatched at their iaputs.
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Over the part of surface S occupied by the exterior
surfaces of the two metal -redges, the tangentie' E field is
very closely equal to zero (the wedges are good conductors),
but the tangential H field is not known. This tangential H
field is related to the "leakage" currents 39 on the exterior
surfaces by Ee =AR x H. Since Jg is also nnv known, this equa-
tion cannot be used to find tangential H. However, it is known,
based upon much practice and experience, that at least for open-
ended wavegzuides and the like, neglect of the effects of the
currents on the exterior walls results in radiation calculations
which are a first approximation to the mecasured data (Jordan and
Baimain 1968:495). Neglect of these exterior currents, which is
equivalent tc assuming 2ero tangential H field over the exterior
surfaces of tua wvedges is therefore a third source of inaccuracy,
but is common pryctic2. This same approximation is also invoked
for waveguide horns by Silver (iS49:336), wii.h the precautionary
note that the approximation improves with increase in the size of
the aperture diwensions. Thus for small or large TEN horns the
statements by Jordan and Balmain (1966:495) or Silver (19u9:336).
respectively, may be ussd to justify the approximation of zero H
fields over the exterior wedge surfaces.

The remaining portion of § is the small open-ended

=
[A

back aperture of the TEY horn. It was decidsd to ignovre t
contribution to the radiation from the fields over this small

aperture surface of the horn for several reasons. The first and




principal justification for this is that this aperture is rela-
tively small, and therefore its contribution to the radiation,
especially in the important forward-fire direction (forward-fire
of the entire TEM horn) is small in any event. A second reason
is that due to the relatively close proximity between this aper-
ture and the expused inner conductor of the coaxial line (which
extendz across the apex of the horn and excites the TEH mode in
the horn), there is a large degree of uncertainty concerning the
detailed structure of the fields in this region of the horn. In
other words, the fields in this region are undoubtably quite
geometry-sensitive. In view of this uncertainty, and especially
in view of the relatively small contribution to the total radia-
tion from this part of the horn, the fields over this portion of
surface S were ignored (i.e., taken to be zero).

There is a discussion of the radiation from the open
end of an infinitely-wide, semi-iunfinitely-long parallel-plate
guide in Collin and Zucker (1969:621-630) for sinusoidal time
variation. An incident dominant TEM mode is assumed. An exact
solution (first obtained in 19%8) for the radliation is presented,
using the Wiener-Hopf technique. Tae flelds withia the guide
consist of the incident TEY mode, a reflected TIN mode, character-
) ized by a reflection coefficient IV = R, pius higher-ordar TN
acdes. The plate separ;ti n Za end the operating wavelength )o

are seiacted (\g? 2a) so that only the TE{ mode propagates




(note: this coadition might not hold in time-domain applica-

tions, depending upon the upper frequency content of the excit-
ing transient waveform). Tt is shown that lR‘ = exp. (-kg, a),
where kg =2“/ )-g . The phase of R is given by an infinite
series., Again, in time-domain or transient analysis, .an
"average" R might be defined, averaged over the frequency
content of the exciting waveform. This has been decne for a
linear dipole antenuna by King and Schmitt (1962).

The analysis in Collin and Zucker (1969) also shows
that there are currents flowing on the outside of the plates
which implies an H field over the exterior surfaces. However,
it is also shown that the normalized exact radiation pattern is
approximated remarkably well by the normalized radiation pattern,
especially over the forward-fire direction, when calculated
using a simple rough estimate of the fields over the aperture
only (= constant over the aperture). This excellent agreement
between exart and approximate normalized radiation patterns is
also shown to hold for an incident TEIO wode, using very simple
estimated fields over the aperture only. The point of this ia
that it is possible To calculate approxinale normalized radiation
patterns which are surprisingly ciose to tue exact patterns which

arise from a complex current and field distribution over the

]

e
e

entire guide, by using very rough estimates of the fields over

only the aperture, as hag bren done in the caze of the TEN hown.

-13-




Thus, the common practice of using estimated fields over the
apertures only ccntinues to be justified, at least insofar as
ncrmalized patterns are concerned.

Since, as described above, the parallel-plate guide
radiation problem has been solved exactly for eJwt excitation,
it would be possible, in theory, to solve for the radiation with
transient excitation. This has not been done, to this writer's
knowledge. It is probably a formidable but achievable task.
Additional and possibly more serious difficulties arise in the
application to the actual TEM horn Lecause it is flared, and
definitely non-~infinite in width. In this report, an approxi-
mate but much simpler time-domain approac’ using traveling waves
and estimated aperture fields (an estimated current distribution
~.nsistent with the estimated fields is also used) is employed.
As discussed previously, approximations based upon simple esti-
mated aperture fields only, lead to reasonably good radiation
pattern results, especially for radiation near the forward-fire
direction. This is important, because this is the direction of
most significance in considering the radiation from a TEM horn
plus parabolic dish system. Tne question of the scale of abso-
lute value of the radiation fields is not resolved by comparison
of normalized patterns. It is possible that the available exact
parallel-plate solution above might yield absolute value results

for the more complicated TEM horn structure, but this has not

been attempted.

- 14 -




2.3 RADIATION FROM FRONT APERTURE OF TEM HORN, SINUSOIDAL
TIME VARIATION
2.3,1 INTRODUCTION
There are several objectives of the following discus-
sion on the radiation from the front apertures of TEM horns,
excited by conventional steady-state sinusoidal time-varying

excitation (hereinafter designated as gJWt

excitation). The
first objective is to show that the equations for the radiationm
fields, in the presence of reflection of the incident wave from
the front aperture, are identical in their functional dependence
on the reflection coefficient R and polar angle @ with those for
open circular and rectangular waveguides with dominant mode
reflections from their open ends, as given in Silver (1949:334-
344, especially Egqs. 11,13,20,22,23a,23b) and also in Ramo §
Whinnery (1953:537-538).

The second objective is to compare these results with
those obtained by Martins (1973), who uses edut excitaticn solu-
ticns to develop time-domain solutions. It is shown that the
tue sets of eI¥l solutions do not agree because as believed to
be demonstrated herein, the effecrs of the aperture reflection
coe:ficient are lncorrecfly accounted for i{n setting up the
aparture fields in Martinsg (1973), which in turn makes the ampli-

tude and the angular variations of the radiation patterns also

incorrect.

-15 -
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2,3.2 RADIATION FROM A SMALL DIFFERENTIAL AREA

Figure 1 shows a differential area A=Y 65 in the
XY plane upon which is normally incident a TEM wave traveling in
the +Z direction, polarized parallel to the X direction. Let
the aperture electric field {or voltage) reflection coefficient
be K, (same as Ry in Martins (1973) and " in Silver (1974)).
Since the incident fields Ey; and Hyi belong to a TEM mode in
free space, they are related by the'"Huygens' source" equation

(Jordan and Balmain 1968:522)

xi::: o k\;i (5)
where"f\o is given by Eq. (3). Then the aperture fields E,_ and
Hya are given by the standard reflection-transmission equations

(Jordan and Balmain 1968:Eqs. 5-78 thru 5-82) as follows:

"
(1]

Exa Eui + kg Egg (1 + kv) Eyxi (84)

[1]

Hya = Hyi - ky Hyi = (1 - ky) Hyy (6B)
The aperture fields given by Eq. (6) do not éomprise a Huygens'
source satisfying Eq. (5) unless k, = 0, which is the reflection-

less case in which the aperture fields are the same as the inci-

dent fields. Thus the aperture field E,, given by Eq. (8A)

cannot be substituted for E,, in radiation equations which are
designed for Huygens'-type fields. Instead it is necessary to
calculate the separate radiation fieids due to both types of

eguivalenrt current sources, as given by Eq. (7) below, and adgd

tha resuv- 3.

- 16 -




The equivalent current sources over surface dA are

given by the equations (Ramo, Whinnery and Van Duzer 1965:663)
37 agz X \43“0’5 ---Hg‘ (\- \V.,\Q,, (74)

‘;—- :-QE,XE“& — -Exi (\-HW\ QS : (7B)

The radiation fields due to these sources acting over area dA
are calculated below using a systematic formulation described
in Ramo and Whinnery (1953:530); this is the reference cited
in Martins (1973:40,; for calculation of the radiated fields

from the TEM horn front aperture. The fields are given by

4€, =-) taly) (84)
-

dEp=] e € (~m, a\%-\-d\—es (8B)

where for the differential area source (Ramc and Whinnery 1953:

506,530)
A.__ _ r": e"‘J\Y"CO‘.’aXV“ jd“:-u QA“&‘ (94)
J\l'
AL = | Co 9«3\("@'& - n
N‘m Av;—;\*\d(\:-E,adﬁed (98)

- 17 -




Thus

AR = -ty (- AR &

du, :-\"3& (,\-KV) 4@ (10A)
AT_ = - Eﬁi L\*kv\da ‘i\g
C\Lé = - €4t (\’rkv\ dA : (10B)

Hence there follows, using standard cartesian to spherical co-

ordinate transformations,

d¥p = d N ©28 wsj :-—k\a;, (-\Wv 4R 38 w3 (114

AWy =-dby swé = “3.‘, (-%¢) 4R o (11B)
dlg = dly s8¢ =-Ey (R AN sd 5w (110)
h aly = J.La @nd =-Esi (ttRe)YaR o5 (11D)

{ Substituting Eq. (11) into (8), and using Eq. (5) gives
A
2y

dE, =) Sl 6 aaw[a—kv\muwm] G2

dEp= "d Eﬂ‘m S0 [(\"\W) + L\*\W\Cme] (12B)
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The bracketed terms in Eq. (12) may be interpreted as
the sum of "forward-fire" and "backward-fire" cardioid patterns,

if Eq. (12) is rewritten as follows:

= yive i
dEq= ULE“;*\‘:_C’ ©30 | (r038) + Sy (t-to3@) | (128)

-

yRe -
3w (v wse) -y (~w38) (13B)

-t

_ =\Exdhe
AeQ = Q=L
2 )¢

The (l+cos @) term represents a forward-fire cardioid, with maxi-
mum in the forward direction & =0°, while the (l-cos®) term
represents a backward-fire cardioid, with maximum in the back-
ward direction © =180°. These two cardioids are shown in

Fig. 2. In any principal plane, such as the XZ plane (¢==0)

\ Ege —-3RC
A Ee - 1\' EM.ZA}“(C 4 (\* o e\ + \‘v C\-%B\ (184)

In the boresight direction (€ =0), Eq. (lu44) yields

AEG - :\IE’ML A“ (‘?_&Rr (14B)
N

-19 -




ecee, &)

X / Tem wave (€, “35)

FIG., 1 Radiating differential area.

1
)
: g > 2
i
(a) Cardioid ( \¥vcHo ) (b) Cardioid k, ( \~€30 )

FIG, 2 Cowponent cardioid patterns,




In the backfire directicn ( @=W), Eq. (14A) yields

4§, = ékv Exi dne™™ (14C)
N

It is to be noted that the radiation in the boresight direction
(forward-fire, & =0°) is independent of the reflection coeffi-
cient ky, while that in the backfire direction (O=W ) depends
entirely upon ky. However, the radiation in other directions
depends upon both k, and the angular direction (6,0 ), and is
the superposition of the two basic cardioids given in Eq. (13),
consisting of a "reflectionless" forward-fire cardioid, and a
backward-fire cardioid whose magnitude is determined by +<he

reflection coefficient ky.

2.3.3 RADIATION FROM A FINITE AREA

The TEM horn in Maddocks (1974:Fig. 2.1) consists of
two circular conducting sectors; the front aperture is a spher-
ical sector at ¥=V¥5 . This is the same as the Sperry Rand horn
(Susman and Lamensdorf 1970,1971). The BD and M 8-inch horn
(Martins 1973) Fig. 3(c)) consists of two triangular wedges; the
front aperture is a planar rectangle. The two types of horns
are assumed to be approximately equivélent, especially for
smaller horns with small E-plane flare (Maddocks 1974:chap. 2).
Censider & TEY horn front aperture with finite area A=2a x 2b,
as shown in Fig. 3(a), excited by an incident TEM wave traveling

in the +2 direction, with aperture reflection coefficient k..

-2l -
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(a) TEM horn front aperture, standard spherical coordinates.
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(b) Rectangular waveguide aperture, TE;, mode Silver (1949).
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(c) TEM horm front aperture and coordinates, Martins (1973).

FIG. 3 Various front apertures and coordinates.
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The aperture, which is approximated by a planar rectangle, may be
divided up into a large number of differential area sources,

similar to the scurce discussed in 2.3.2 above, where it is

assumed that all these sources are excited simultaneously by the
incident TEM wave. The aperture may then be treated as a planar
rectangular array of these differential sources, and its radia-
tion field will be given by the product of the aperture array
space factor (or group factor) Sxy by the radiation from the
basic differentizl area source Sg4, (Jordan and Balmain 1968:494)

as follows:

Syu = A . _swllkasmesmd) | sin (Kb suwe coad )
3 JR Ka smesmé Kb swe wad

(154)

Sdﬁ — given by Eq. (13) (15B)

Eq. (15A) follows from Jordan and Balmain (1968:Eq. (13-60)),
with a replaced by 2b and b replaced by 2a. The incident E field
is polarized parallel to the +X axis, and H is parallel to the

+Y axis in Fig. Zla, which is the same as in Jordan and Balmain
(1968:Figs. 13-1% and 13-16). However, the a and b dimensions
are interchanged, and doubled in this report. The results are

as follows:




- -\QY
e = ,:)\:fi ¢ 05d| (1+con8) + Ky (\-ese)

2%¢

(164)
X SW(kasmesnd) , s (kbswdwsd)
Ka 50 sing Kb sme cend
EQ: -?\\, Ex @ d“(hsmé 14 o020 ..\(v a—cuae) ]

2)2¢C

(16B)

N (Kas5uds5mb) _ _ow (ozine cosd)
Ko swe swnd Kb swe cap

Equations (16) are identical with those in Jordan and Balmain
(1968, Egqs. (13-61,562)), with a replaced by 2b and b replaced by
2a, and vwith ky=0, since this reference considers only the re-
flectionless case. There is a typographical error in Jordan and
Balmain (196&, Eq. (13-62)), in that cost should be sin¢ , as
can be ;een from Eq. (13-52) in that reference. The radiation
patterns in the two principal planes and in the boresight and
backfire directlions are as follows:

XZ-plane ( &= ©, W ) or the E-plane:

. ~\RYC
s - 1 Exi Ae™® _ \ew (i- swlkbsme) i
€ =0 oy -[0 ¢ @38) + Ky (i-wae bong (17H)

Y4 -plane (&= “leﬁ'ﬂ'la ) or the H-plane:

o 1Ex A edN Wy (\=Com s (Ra 5wy ‘
E‘--—L ;.N‘A rcos @) -y (1me38) Raswa  (278)
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Boresight ( ®3€ ; direction:

Co o mAKE
EQZ-é-ghir“e (17¢)

Backfire ( @ = \80 ) direction:

€ = —Sr\(" ;:f Y- (17D)

2.3.4% COMPARISON WITH SILVER (19u49)

Eauations (17A,17B) are now compared with simila»
equations in Silver (1949). These equations are for open-ended
circular and rectangular waveguides. Attention is especially
directed to the bracketed terms in Eqs. (17A4,17B), which specifi-
cally show dependence on k, and the basic cardioid patterns,.

For a circular waveguide, Silver (1943%:Eqs. (l0-1l1,
10-13)) gives the radiartion equations for TE,, and TH,, modes,.
The quantityjannlin Silver is the phase constant for propagating
modes, given by Silver (1949:Eq. (7-15)), and is replaced by
k=21t‘/)~ for the TEM mode in a TEM waveguide. Inspection of the
bracketed terms Egqs. (10-11,10-13) in Silver, which correspond to
those in Eqs. (17A,B) above, putting $3mn/k=l. and f‘=kv. showus

that both sets of terms are identical. The remaining terms in




the equations in Silver express the aperture array pattern

s

factowrs appropriate to the circular waveguide geometry and the
structure of the waveguide TEp, and THp, modes, and therefore
are not expected to be the same as the corresponding remaining
terms in Eqs. (17A,B).

For a rectangular waveguide Silver (1949:Egs. (10-20,
21,22,23)), the same comparative results as discussed in the
preceding paragraph are obtained. Typical bracketed terms

(i.e., Silver (1347:Eq. 10-20)) are

[H- %“1'-‘-(036-('“0" -%‘-".me\] (184)

and

, 056 + ﬁ\:" *V(fces-—‘-a-gi] (18B)

which are identi:al to the corresponding terms in Eqs. (16A) and

(16B), respectively, whenﬁmn:k('tﬁﬂ node) and F =k There is

v
a typugraphical error in the bracketed term in Eg. (10-22) of
Silve. for EQ s in that(oﬁé)should be €36 , which can be veri-
fied reference to Eg. (10-20) for EQ in Silver.

| In BEgs. (10-23) Silver gives the £- ana (-plane

ions

[+

patterns of the Vb, mode in rectangular waveguide of dimen
a % b. The aperture E field is polarized in the Y direction,
50 the YX plane is the E~plane, and the XZ-plane is the H-piane

j of the radiation pattern. See Fig. 3{b). The T-plilane eguation

in Silver (Eg. 10-23a) is repeated belew to Facilitate comparison
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4 i |
1 with Eq. (17A)’ b
& y
ﬁ -2% “: ¢? " -%2- 36 + 01~ -%‘-‘i- wae)]s‘““(i_ ne) (19) |
8~ WY 3 Swe |

Upon replacing jalo/k by unity, ﬂ by ky, and b by 2b, it is seen

that the anguiar-dependent portions of both equations are

g identical.

2.3.5 COMPARISON WITH MARTINS (1973)

3

1 Equations (174,B,C) are now compared with their counter-

parts, Eqs. (28,27 and 29) respectively in Martins (1973), which

——

are repeated below for convenience.

XZ-plane (Eq.28):

} . - )< (&ex) . r .

2w r(a-e.eg e‘“‘“){e@e‘ -€

YZ-plare (Eq.27):

AT N ¢ 3
€. (w, 5T ¢) Va(mea\e tané 5‘“‘“’5{' -jrawnd | (2908)
(=] ‘3 2 aﬁv(‘_e‘e‘e.zak'&) e

) Reoresight (£¢.29):

— _Lk Va(1Rg \a @“3"(&‘*\ (20C)
WV -RR, @ A W)

Eeld®yH "3 1




In the above equations, Ry = k, = the aperture reflection coeffi-
cient, and Ry = the reflection coefficient at the input, as seen
from the horn. The voltage at the aperture 2 = Q_of the horn is

Martins 1973:Eq. (26))

-1kl
V(D) = Vo (kR €79 (218)
- \"Esga_e. JZR-Q.

where V, is the imnitial traveling voltage wave on the TEM horn

line, given by (Martins 1973:Eq. (25))

\ :_\!g_‘ie__ (21B)

Zot 2
where
Vg = genergtor voltage
Z1 = feed line impedance
Zo = TEM horn impedance

The incident TEM wave fields at the aperture are
€yl :\lo//zb 3 \a\ai = Exi/Mo (21¢)

The aperture fields are then

€ = VA _  Epi (WReD (;"A“-Q (21D)
= = Y
M 2h \"Qng@-\\zw
~ ikl
Wy = En _("Re) € ! (21E)

=M, (-RiRy - 1252 )




These aperture fields do not correspond to a Huygens' source,
unless Rp=0. It is incorrect to compute the radiation from
Eys alone, which is apparently the case in Martins (1973:Eqs.
(27-29)).

To simplify the comparison, first put R}=0 (matched
input). This detracts little from generality; in addition, the
actual TEM horn was matched (Martins 1973:108). Second, the end
bracketed exponential terms in Martins (1973:Eqs. (27,28) are

replaced by their j%ﬁ— equivalents, as follows:

. ' . 4 t
e Racosd (_;‘\Ramé :5 ZRACQQQ‘ 5in (Ko cond") (21F)
Ra wa g

! {
JRbe  ycbwad 0 swkbase) (o

Third, the coordinate system in Martins %41973), designated herein
i '

as ( f; 634) ; and shown in Fig. 3(c), are transformed to the

spherical ( T;Q;Q ) coordinates used in this report by the

following aeguations:

! [}
CO9HO = DWE 5\ @' 3 SN T J l-.‘>mae'5m2® (21H)
(oae{ 4 f
oD : s = —2NO wsb (211)
J \-sweauty’ | 1~ 2% ‘g
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Using the above three steps, omitting the common C term, and
using V, = 2b{E,;)from Eq. (2lc), Eqs., (20A,B,C) become the

following:

'
XZ-plane ( ? =9, T". ® =W2 ,3%/2) or E-plane: Eq. (20A):

\_ \Eu (H-Ra\f‘“‘f _SwWiRbswne) (22A)

Be (405 e, 2 L Kbaswe

'
YZ-plane (@:‘. 17[2-1311’1239-:7/233“"[2 ) or H-plane; Eq. (20B):

= ~JRY o “
)¢ Y= A Eui (WR2DIEV™ A (2000 SMRASME) | (505

(ju,¢, T
Ea'd 2\ Ka swme

- ' ‘
Boresight (@8=z0 . O=d =T2) £q. (200):

yR¢
al (22C)

. — _1Cxe (14 R
Ee(é“)s"x%\%)—- ASS K\M_g\@

Comparison between the corresponding pairs of equa-
tions among E¢s. (17A,8,C) and Eqs. (224,B,C) shows the follow-
ing differences:

(1) X2 or E-plane:
Eq. (17A) has the factor[\'&%e *Ec.u-wae)] vs.

2(1+Rp) in Eq. (22A). These are ecqual only if both

Ro=0 and © =0.
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(2) YZ or H-plane:
Eq. (17B) has the factor[\‘\'“’ﬁe“azu"ms’] vS.

2(1+Ry)Co3® in Eq. (22B). These are equal only if

both R,=0 and 6 =0,

(3) Boresight:
There is no (14+Rp) factor in Eq. (17C).

2.4% RADIATION IN THE BORESIGHT DIRECTION; COMPARISON WITH
MARTINS (1973)

The radiation in the boresight direction warrants a
separate and more detailed discussion, for a number of reasons,
such as: |
(a) The general boresight direction is the most important direc-
tion for horns used to feed parabolic reflectors.

(b) The equation for boresight radiation tends to be the simplest
one, lending itself to useful closed-form approximations, valu-
able for insight and for absolute or relative comparisons with
results derived by different methods.

(c) Passage from the el¥% excitation result to a general time

domain result is relatively simple.
Comparison hetween Eqs. (17C) and (22C) shows that the

Martins (1973:Eq. (29)) result, for the front aperture alone of

the TEM horn, is higher by a factor (1l+Rj;). For the TDR measured
value R,=0.7 (Martins 1973:171), this factor =1+0,7=1.7. When

the radiation in the boresight direction due to the two side
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apertures is taken into account, which is not done quantitatively
in Martins (1973), then for smaller horns, it has been shown by
Maddocks (1974) that the approximate result is to introduce an
additional factor of two into the denominator of Eq. (17C).

Then the amplitude ratio between the two sets of results is,
approximately,

\ O,
—-—_..___..:3.4 (22D)
VE

Equations such as (17C,22C) may be used to infer the
vesponse to arbitrary time-waveform excitation by noting that

for =YY excitation d/dt = jw, so

é..E_!‘."'_— AW Epe \ dEal

Then Eq. (22C) boconmes
+R :
Eg(t) = (Ra)h dEyi (23B)

envre dt

In the notation of Martvins (1973), V,=V;(t), so that from Eq.

(21C)

Eu = Nited (23¢)

¢tT 2zb

where V;{t) is the standard impulse test wave form of amplitude
= 38% volts (Martins 1973:173,212). Then Eq. (23B) becomes,

remembering that 4 = uab,

.32 -




. (€)= L¥Reddab | dVl6)
© 2ure  2b At

— _L(WRaa AV
Ee(h - Tre At (23D)

Eq. (23D) is Eq. (95) in Martins (1973). TFor smaller horns, such

as the TEM horn under discussion, it is believed, as stated above,

that this result is in error, and should be, approximately,

= —Aa___ _ N
Eq (6) = T —:\;‘__.. (23E)

:”(5_.‘1—3 value in Eq. (23D)

2.5 DERIVATION CF THE BORESIGHT RADIATED FIELDS IN THE TIME

DOMAIN, USING THREE DIFFERENT APPROACHES, SMALL TEM HORNS
2.5.1 INTRODUCTION

The radiation in the boresight direction (normal to

the front aperture of the horn) is important for the reasons
discussed in Section 2.4 above. Maddocks (1974) has derived
equations for the general radiation fields of general TEM horns,
using (1) the Chernousov formulaticn based upon aperture fields
(Maddocks 197u:chap. 2) and (2) a vector potential A formulation
based upon the sheet-current flow in the conducting wedges
(Maddocks (1974:chap. 2). For smaller horns Maddockrs (1974) has

developed approximate closed-form equations for the radiation in

P A AR e
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the equatorial plane, which include the boresight and backfire
directions as special cases. In addition, using 2 third ap-
proach, an equation for the boresight radiation . a small TEM
horn isldeveloped in this section based upon a V-dipole model of
the horn. To within the accuracy of the small-horn approxima-
tions, as described below, all three approaches produce identi-
cal results in the boresight and backfire directions. These
three approaches and their results are discussed in the follow-

ing three sections.

2.5.2 APERTURE APPROACH

Using the Chernousov aperti.re field approach Maddocks
(1974:chap. 2) has derived, strictly in the time domain, the
radiation equations for arbitrary tiwme excitation, in any angular
direction, for constant-impedance TEM horns. The assumptions
involved in this aperture-model of the TEM horn are discussed in
Section 2.2. The horn geometry is shown in Fig. 4. The actual
front aperture is shown in I'ig. 3(a), which is assumed to be
approximately equivaleut to the planar rectangular front aper-
ture shown in Fig. 4(d), :xemplified by the BD and M 8" TEM
horn. Field poin:s (f‘B;Q ) and hown poiats (\", &,ﬁ ) are
in standard spherical coordinates as shown,

For sufficiently small TEM horns, Maddocks (187u:
chap. 2) has derived relatively simple approximate closed-form

expressions from the general equations for the radiation in the




(a) 3-D view

v (‘"/\ A‘I' =3
w“’r ] =oe
v —¥ -
\(;/ 20 r B82-56 a= X, 0:=6)
O & 2ﬂ | y &

(d) front aperture approximated

(c) Top view
by planar rectangle

FIG. 4 TEM horn.
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equatorial plane (XY or H-plane or horizontal plane, or €= W/(Z
plane, for "vertical" E polarization). These are reviewed
briefly and discussed below for the boresight direction (+X axis,
or 92"‘12) d=0 , or "forward-fire" direction).

By a "small horn" is meant a horn with front aperture
dimensions such that the aperture travel times are less than or
comparable with the characteristic time dimensions of the
excitation waveform. The travel time = distance/c, where ¢ =
propagation velocity = 3x108 m/s; one inch = 84,7 psec., one
foot = 1,016 psec. %% 41 nsec. TFor example the 8" BD and M TEM
horn (Martins 1973) has the following aperture dimensions:
height 2b = 1 5/16" (travel time = 111 psec.), and width 2a =
8" (travel time = 678 psec.). The IKOR model IMP 100 output
voltage waveshape has a pulse width (null-to-null) of approxi-
mately 500 psec. (Martins 1973:212). Hence the E-plane dimen-
sion (2b) of the front aperture is '"small". The H-plane dimen-
sion (2a) is only approximately or quasi-small,; this results in
“"smearing-out"” of the details of the radiated time-wave forms.

The traveling-wave exciting TEM filelds in the matchei-

input TEM horn are taken as (Maddocks 1974:Eqgs. (2-1,2-2))

1
N . . ¢ . t - N
e v BN e E .5-2‘1':.)]% (o)




Aed = B Iy k- Ly - o\, (4 E~ & )dy c2un)

L
where:

Vi(t) = incident voltage from pulse generator that
approaches the input terminals of the feed
(e.g., Martins (1973:107)).

f(A,B ) = illumination amplitude taper factor, discussed
below.

Ky - E- field or voltage reflection coefficient at

the aperture, determined by TDR measurements

(=R2 in Martins (1973:143)).
The first terms in Egs. (24) are the incident waves, traveling
in the + f’direction, originating at the horn input, where no
further reflections occur, since the horn is assumed to be
matched at its input. The second terms in Eqs. (24) are the
traveling waves, due to reflection at the front aperture.

For small-aperture horns, especially for small E-plane

flare, which is the case for the 8" BD and M horn, the 'F(*, ﬁ)
factor, which is not the usual {llumination taper function, may
e evaluated as follows: For the ¢ V'traveling wave, the §

field is given by the usual equation

v Volk-L) 8 |
(= < a (254)
€ SICLD) @
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On the other hand, from Eq. (24a),

gV (v t,a 8)= £08, BON; (£-1/c) ae y ‘;L%l") v (£-¥/e)

A
0 v %

(258)
where .Q(J’) is shown in Fig. 4(6), and is given by
L0 = (-280)F (25¢C)
In equatica (253), #(&.ﬁ\ has been approximated by its value at
the aperture center (2%30). Then from Eqs. (25A,B,C), it
rollows *that
£(%r0) (1-23:) % (250
The result in Eq. (25D) is needed in the analysis which follows.
In the boresight direction (&= Qoo,tt):oo) it can be

stown that (Maddocks:1974%, chap. 2, Egqs. (2-9,2-23))

ATr Eo (v, $y0) . 4Y. 8, VZ(T\ - 2508 \%(T)
(w-28) §(L, 80 = ¢ \=te2 o

S\ (T- 2 (x-coe,ﬁo)‘)} _ Zhvam By,

Vi (T & (-on B, )-V; (T 2%) Y c20)
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where T= t=~V/Czretarded tinme, and V¢ = time derivative of

Vi(t). The first term in Eq. (26) iz the boresight radiation

due to the front aperture only, which invoives the time-derivative
of the excitatior waveform. 1T1his is typical of boresight aperture
radiation in the time domain, when the aperture is excited such
that all points have the same value simultaneously (Martins 1973:
Eq. 95, Handelsman 1972:96). The second term in Eq. (26) is an
approximately derivétive—like radiation due to the two side aper-
tures (the approximation involved is discussed below) in the
boresight direct.on. The third and last term is the "backward"
radiation (in the boresight direction of the reflected -V, trav-
eling waves in the two side avertures.

To show the approximation to a time-derivative of the

second term in Eq. (26), put

oty = %(vmaﬁol (274)

) v
taen

N (D)-VG (T 2 0m038)) v NN (T-ats)

For sufficiently small values of the aperture angular width 28 ,
the quantity é‘tg may be treated as differentialiy small. For

example, for the B" TEM hurn (Nartins 1973:127),
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B, % arc sin(-%—):a.rc. ::in(:,-;,-,—): 33"
- 8

e pt = Yo (B )= L:\86m: (1 0, 84)= 99 psac.
’e Catﬁ-- C (- ﬁO\ 3‘\0” ( \

Comparing this value to the 500 psec. pulse widih, it is seen
that litg is not quite small enough to be treated as a differ-
ential. Thus Ffor the 8" horn, the second term in Eq. (26) is
more accurately treated as the difference between two functions
displaced in time. However, for smaller aperture n.rns, the
differential approximation would become increasingly accurate.
It is useful here to retain the derivative approximation, with
the understanding that this is a very rough approxiwmation, so
as to be able to compare the first and second terms in Eq. (5)

on the same basis. Then Eq. (27B) becomes

VD -N(T- B resfe)) o Y v (T)
I

{ \~ws B,
1
b and the second term in Eg. (26) hecomes
1 , ]
. ' . 2and, \
| 2e ¥yl 240 o

-

RSBl
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Finally, in the third term in Eq. (26) let

..2.‘\cm —_ (27E)
\+¢o59° (= 2 ) M

Substituting Eqs. (25D,27D,27E) into Eq. (26), there
is obtainead

NS - Vo (T)

(¥4 2uve

Ee C botesus\\t‘\ >

- _-__ - R(‘-
yrevaiey {V., Q) @8 8))  (28a)

~\; (- 2= )}

It is seen that the second term (side aperture radiation) acts
to reduce the first term (front aperture radiation) by (anproxi-

mately) a factor of two. Combining these terms results in

o &Vi'm eva Ay f_l_ \: (T= St
o Goresgit) s —S LTl 1, (1 B von o)) -Vi (F )}

(2388)

In Naddocks (1974:kg. (2-26), Ny @  appears in place of a in the
Firast ternm, and fL in place of (ajrg) in the secaond term.
it the apaviire agproach, it i pozsible to identify

the sepdrate constribution of the variouf apeviuresn, auv done abowve.

The front-uperture contribution (first tern of Hq. (28A)) differs

frem the result in Martins (1873:108), whian iz

. - _(Ei_@ﬂ.o_\l“ (22)
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by tne factor (1+R,) = 1+0.7 = 1.7. The side-aperture contri-
bution (second term in Eq. (28A)), which is not treated quan-
titatively in Martins (1973:43,74), turns out to be ipproxi-
mately one-half that of the front aperture, but of opposite sign.
When this is taken into account, as in Eq. (28B), the derivative-
like field (firs% term in Eq. (28B)) is less than the result in
Martins (1973:108 or Eq. (29) above) by the factor 2(1+R,)=3.4,
It is worthwhile to uote at this point some differences
and similarities between aperture and dipole radiation (Appendix
A, Egqs. (A-6, A-15)). The front aperture is excited essentially
simultaneously, with the result that its boresight radiation is
a derivative of the excitation. Both the side apertures and
dipoles radiate in similar fashion as they are both excited by
traveling waves. They both radiate replicas of the excitation
in directions broadside (normal) to their length, and derivatives

of the excitation in directions parallel to their length.

2.5.3 CURRENT-SHEET APPROACH

This approach is based upon the standard vector poten-
tial A foemulation (Jordan and Balmain 1968:315), using the
current sheets J amps/m which flow on the metal-conductor wedges
of the TEM horn. This current model is counsistent with the

traveling-wave TEM field model discussed in fection 2.2. If i

is tne TEM magnetic field at any point at the surface cf the

wedges in the horn, then the linear current density at that




point is given by (.Tordan and Balmain 1968:108)

f:lﬁ#c‘\ (30/
Thus J is a TEM-mode current distribution consisting of an inci-
dent and a reflected wave. The H field, and therefore the
currents J on the outer surfaces of tae wedges and any higher
non-TEM mcdes are neglected, consistent with the assumptions
discussed for the TEM-fields aperture model in Section 2.2.

The gecometrical model of the TEM horn in this current
sheet approach 1s a section of a biconical antenna (Maddccks
1974: chap. 3 and Fig. 3.1). This was found to be stroagly
necessary to render practicable the analytic integration over
the current-sheet surfaces required to calculate the radiation
fields. Such integrations are enormously simplified when the
surfaces to be integrated over are constant-coordinate surfaces.
Thus in the aperture-fields modei, these constant-coordinate
surfaces are the front aperture (a spherical sector at r=ry) and
the two side apertures (at constant angles @ ﬁo, respectively).
In the current-sheet model, the constant surfaces are the two
metal conductors, which in the biconical TEY horn, are surfaces

of constant angle &= 6y and §= W-8, respectively (Maddocks 197u:
For small E-plane flare, the biconical-section TEY

horn differs only slightly in geometry from the Sperry Rand horn

or the 8-iuch BD and ¥ horn, which facilitates comparison.
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For small-aperture, small E-plane flare biconical-
section TEM horns, it has been shown by Maddocks (1974:Eg3.
(2-26)) that the approximate equation for the equatoriai
(azimuth) plane radiation reduces, for the boresight direction,
to a result which is identical to Eq. (28B) above, obtained
using ¢he aperture model. Hence there is no need to repeat this
equation here or to discuss it further. “he same ha. been shown
for the backfire radiation field. 1In other directions in the
equatorial plane, a comparison between the calculated radiated
fields obtained from the two models (aperture-field model and
current-sheet model) of the TEM horn is given by Maddocks (1974:
Sections 2.4,3.3).

It is, of course, possible tc compare the radiated
fields due to the two models in any direction by digital computer
calcilation. This has not been done for the following reason:
The aperture-fieids model was solved first and programmed for
numerical calculation. The current-sheet model was solved later,
and in view of the agreement of the approximate analytical expres-
sions between the two models in the bovresight and backfire direc-
tions, it was not censidered wurthwhile to expend the consider-
able time required to prcgram the current-sheet model equations

solely for further numerical comparison,.

2.5.4 V-DIPOLE APPROACH
It is intuitively obvious that a sufficiently small

TEM horn can be approximated as o V-dipcle. The smaller the E-
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and H-plane flares, and consequently the smaller (narrower) the
width of the conductor wedges compared to the excitation wave-
form's characteristic times, the better this approximation should
be. It is shown below, using the results for dipole radiation
given in Appendix A, that this approach does indeed lead, with
comparative simplicity, directly to the same results for the
boresight radiation as given by Eq. (28B), obtained by both the
aperture-field and the current-sheet models.

From Appendix A, Eq. (A-6), for a dipole whose geo-
metry is.chown in Fig. 5, matched at its input (k_=0) as is the
case for the TEM horn, the radiation from one wire, say the upper
wire (u.w.), is given by the following equation:

Ea

!

(31)

_i Mo _kwne (Y- X, (T- ‘;__‘(\-cose“

vw, C, =
4 4TIC SO

»

k?ﬂb \=~end \a > 2t
(- — (038)-T. (T- =
+ 4T Swe L(T=2 h- Tl C')

i )

Eo

where:
I; = incident current wave on the dipole
a ¥ h = dipole wire length
O : angle measured from dipole wire direction
ke = current reflection coefficient at ends = -k,
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The first bracketed term in Eq. (31), designated as E;' , 1s the
radiation due to the forward-traveling wave on the dipole's
upper wire. The second bracketed term, designated E;., is the
radiation due to the reflected wave. There are no further re-
flected waves as the dipnle (TEM Horn) is assumed matched at the
input.

The boresight direction of the V-dipole is the +X-

axis, which corresponds to a value of © given by (see Fig. 5(b))

— TY__A =
botesight T 2 o = 84 (32)
For horns with small E-plane flare, which is the case here, &d,

i« sufficiently small so that the quantity

= Ya (- — Ve (~wo3 a8
oty = _é.‘-(\ wsg) = {1-@38 o) (33)

may be treated ay a differential. Thus fcr the BD and M 8-inch
horn (Martins 1973:127) using ¥4 = 7 3/8 inches = 0.186 m., it
follows that

D, ';‘,ovc.sm( l; g 1S

atd ~ 9-:5_%:;;(\-0.9%0\:’ 2.9 esex.
3o
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Hence l&ta is differentially small compared to a 500 psec. pulse
width, From a physical viewpoint, Ath = the travel-time differ-
ence in the +X-axis direction between radiation leaving the
dipole wire at the V-apex {(input) and that leaving its end, as
illustrated in Fig. 6.

Using the identity

\tiosé® - SWNe
30 \-w56

4‘.

and Eqs. (32,33), the u.w. Es becomes

+
U-w. Ee —

Mo Yo gnad, | TilD-T; (T-ata)
4'\'“‘ c 5’{"‘

!
s U, E; = -3_;—‘3-1.- (%) (34)
i} X8

Since the dipole 1s matched at its input, the incident-wave

voltage and current are related by

1; H:\:’ _\!.&é‘ﬂs'[:: -.-.\.li._ (35)
o

where 2, is the dipole (TEM horn) and alge the input transmission

.

line characteristic impedance = 50 ohms. Hence Pq. (34) becomes
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(36)

+
uw. € =

A simplified equation for the Z, of the horn will now
be developed. The 50-ohm 8-inch TEM horn has a constant height-
tec-width ratio 2b/2a = 1 5/16"/8" = 0.164, which is considerably
less than unity. For such low ratios, the E field fringing is
relatively small. As a result, the horn behaves, to a rough
first approximation, as a diverging, constant (b/a) ratio par-
allel-plate transmission line (Ramo and Whinnery 1853:320) for

which

VvV _¢c2b  _¢b
z"—I_"TT"AN\" (374)

where f is a correction factor less than unity which depends upon
the (b/2) ratio. As a specific example, for the 8-inch BD and M
horn, b/a = 0.164, 2 = 50 ohms, and £ = 50/(0.164x377) = 0.81,
For smaller b/a ratios, the f factor approaches unity, as can be
seen from the wave of Z, vs. b/a in Martins (1973:41). Exami-

nation of this curve shows that the slope at the origin as the

ratio (b/a) approaches zero, where f=1l, is

A2,
d (bl

=M =371 (378)

la »0
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Hence it is a reasonable and useful approximation for suffi-

ciently small TEM horns to put
~ _b
iL v 5 Ao (37¢)

Alternatively Eq. (37C) is another way of saying that
the horn dimensions are sufficiently small so that their corre-
sponding travel-times are significantly less than the exciting
waveform's characteristic times. In particular, the width of the
8-inch horn varies from about 1 to 8 inches, with a mean value
L inches & 340 psec. which is not small compared to the 500 psec.
null-to-nuil pulse width. In the dipole approximation to the
horn, the actual varying width is modeled as a thin, constant-
width wire. The effect of the actual width is to "blur" or
"smear" out the details of the radiation waveform based upon a
dipole model. From the impedance viewpoint, use of the approxi-
mation of Lq. (37C) for the 8-inch TEY horn is not so bad (f=0.81
instead of 1.0); the resultant simplification in the analytic
results is worthwhile.

From bqs. (3u,37C},
’
aN:
4R

+
- 37D
UL Efe = ( )

The lower wire of the V-dipole coatributes an egual amount, a0

that for the entire dipole

¢
- .+ ¢
boresupt €5 = :ﬂ v, (37%)
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It is seen that Eq. (37E) is exactly the same as the first term

in Eq. (28B) above due to the forward-traveling wave, obtained
during the aperture-field approach. It now will be shown that
the E; radiation term (second bracketed term in Eq. (31)) for
the entire V-dipole is identical to the second and remaining
term in Eq. (28B).

The u.w. €, term in Eq. (31), using Eqs. (32,33,35),

becomes
. - -RuMy \—wsade] \; v, (T- —2-‘.—.-
o, Eg = .‘.‘_.(T-A\‘b -t c (384)
4TV Andig ZO Zo
Using

—L:(M_O_ pd .___A&__P._ (38B)

SW S, g

and Egq. (37¢C),

My (©584:) . a Al

- ;ﬁ_"._ & (38C)
e

2 swmase — b 2 T 2v,
lience £q. (38A) heconmes
. B = kBl Vi(T-at) -V, (T— 32__‘:5 {382)

4m v
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The lower wire of the V-dipole contributes an equal amount, lead-

ing to the following total E° field:

%tesla\\f E; - -"—‘:.‘—_“'—‘%-2- \'A (T-A't;}-\/; (T— gg’ (38E)

The complete boresight field for the V-dipole is the
sum of Eqs. (37E,38E), given by

¢

i K . . |
boresight € = 2‘:‘ = - w‘;‘:& Vi (T-8t0 -V (- ER) (39

In the dipole approximation to the TEM horn, the horn size must
be sufficiently small so that the aperture width 2a and azimuth
angle Zﬁ% are small, at least to first order. It then follows
that the quantity -%}(Vﬁﬁbfks in Eq. (28B) is small to second
order, i.e., it is differentially small compared to the excitation
waveform's characteristic times. Then both this quantity and
A{a:%(\-mbc\o} in Eq. (39) are differentially small, and
both may be neglected in the arguments of the second terms of
Egs. (28B) and (39), recpectively. Then the V-dipole radiation
equation of bLe. (39) becomes idantical to the aperture-fialds
radiation equation given by £q. (28B), in the small TEM horn

case.




Equation (39) will now be interpreted. The first
term is the derivative of the excitation, and is due to the for-
ward-traveling wave on the dipole (horn). The second term, due
to the reflected wave, (first term in the brackets) is a nega-

tive replica nf the excitation waveform, slightly displaced in

time by zyt& » whicnh is very small compared to the pulse length,

and with an amplitude approximately 1/8 that of the first ternm,
in the case of the BD and M 8" horn, as shown below. Thus the
second term acts to decrease the positive swing and to increase

the negative swing of the derivative term by a factor of about

1/8. The rad’ation then goes to zero until time T = 2 r_/c,
which occurs when the traveling wave returns to the apex. At
this time the third term (second term in brackets) produces a
positive replica of the excitation, reduced in amplitude by 1/8,
Zxanrination of the theoretical computer-calculated curve for the
boresight radiation of the 8" horn obtained by Maddocks (197u:
Fig. 2.7) shows precisely this behavior. It is considered
rewarkable that the simple V-dipole model can obtair resulits so
similar to the¢ mere complicated aperture-field model.

The ratio of amplitudes of the two types of terms in

(vQ)
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For the 8" TEM horn, this ratio is 7.8, using Yo

7 3/8"

4
0.178w.3 k, = Ry = 0.7, V3 = 384 volts, and maximum V{ =

v

l.67x1012 volt/sec (Martins 1973:139). In terms of absolute

values, the quantit}) (VEQ) corresponding to the

Eq. (39) is

'
aN;

(€, =
e o MC

This agrees well with the amplitude of the first peak of the

computer-calculated theoretical curve for the

TEM hc °n

\2
0. \o\E R .61 RO ~ 90 vats
2T x3 %08

in

first term in

Fig. 2.7 of Maddocks (1974), whose value 4.1x10"2 corresponds to

L} Ee = &.\ sm"zx CS.623$(38‘\\ = 8.9 No\ts

The first multiplier (5.82) is the f(&’ﬁ ) factor discussed in

Maddocks (197w, chap. 2), and the second multiplier (38u4) is
necessary to convert from the unity-amplitude pulse o
(1974) to the 384 volt-amplitude pulse of Martins
value 7.4 of the ratio az given by kg

well with that read off from Fig. 4.7 of M¥addocks

Comparison hetween theory and experi

is given by MNaddoeks (19781, He compares curves of (¢€

-

(1373).

©

f Maddocks




N

N
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(H-plane) angles, against experimental data obtained by Susman

and Lamensdorf (1970:42-u44). These comparison curves appear in

Maddocks (1974, Figs. 2.3,2.4,2.5). In general, the agreement

can be seen to be¢ reasonably good. For further discussion see i

Maddocks (1974, Section 2.4). The curves necessarily are pre-

sented normalized to equal peak values as the experimental data

is given in relative, not absoclute values. :
Maddocks also compares curves of (\’Ee) vs. time for

the 8" BD and ¥ TEM horn, for three azimuthal angles, against

experimental datz obtained by Martins (1973, Figs. S55a,b,c,lluc).

These co@parison curves appear in Maddocks (1974, Figs. 2.7,2.8,

2.9)Y. The theoretical vs. experimental curves for the horesight

direction, @ =09, (Maddocks 1974, Fig. 2.7) are normalized to

the name poak value. The next two sets of curves for azimuth

directions ¢=50°,100° (Maddocks 1974, Figs. 2.8,2.9) are each

drawn with the same relative scale factor as ostablished for the

©

LSy

THO curvesn inh tue ¢ 209 case. The agreement <an be scen o

¢ peod. For furcther Jdiscunsion of these curves, zge

Yor

reasanad

.,

Maddocks (1974, Sccetlien J.53).
theapretical gyrves were apt cospared on an abzo-

lute bhauvlis ggelnst the available a solute expovimental data

{¥artias 19873) bacause, a3 of the Time of thi:z reperil, thers

H . ' - PP S n s gt B - . <o § an L% o2 .
exint a number of unvereived guesztioss concarning the zalibratien
- - . - ae E g s N A -l ¥

andfor seif-consistency of this exparimental data. Thin ix




2.6.2 DISCUSSION OF PREDICTED VS, MEASURED RESULTS OBTAINED BY
MARTINS (1973)
The experimental program reported in Martins (1973)
measured the radiation fields of u number of primary feed

1

antennas, with and without reflectors, in ! oth transmit and
receive modes, using various sensor antennas (Martiaus 1973:1u44),
The sensors were calibrated essentially by the measured radiation
from the base of a long monopole/dipole antenna (Martins 1973:
125), of which one part consists of the extended center conductor
of a coaxial cable, tapered out over a 0.0375" transition to a
3/8" diameter rod 50" long, and the other part consists of the
3/8" diameter solid aluminum sheath, epprcximately 10' long.
Tue absolute scale of this set of measurements was established
by an equation for the radiation from the base of this monopole/
dipole feed, given by Martins (1973, Eq. (84)). As shown in
Appendix A, Section 7, this equation is derived for a center-fed
balanced dipole. This poses an obvicus question concerning th
equivalence between the actual monopole/dipole used in the experi-
mental program, and a balanced dipole.

A seccnd guestion (or rather a set of inter-related
questions) is pointed out by Martins (1973) in his Tables 10,11,
and 12, Table 10 compares predicted and weasured trauswmit and
receive crest wemplitudes for six different feeds on Dboresignt at
a range of 25 feet. The six feeds include the long monopole/
dipole, constant-impedance 3" and 8" TEM horns, a vaviable~impe-

dance horn, a bicone, and a bow iie antenna. Agreement betwecen
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medasured and predicted values for all six feeds in the transmit
mode is very good. The predicted values are based upon the
theoretical development in Martins (1973). For example, for the
8" TEM horn, the Martins (1973, Eq. (95)) result given in Eq.
(23D) is used. However, for three of the feeds in the receive
mode, differences between predicted and measured values are
noted by Martins (1973:181,182,205) being as large as 3:1 for
the 3" TEM howvn and 4:1 for the 8" TEM horn and for the bicone.
The predicted values in the receive mode for each feed are based

upon use of the reciprocity theorem together with the transmit

mode transfer functions derived for that feed (Martins 1973:

176,181). In addition to the above discrepancies as reported
by Martins, another problem is posed because, as discussed iy
Sectioa 2.4, Martrins' transmit Eq. (23D) for the 8" TEM horn is
thought to be too large by a factor of 3.4. Tnis implies that
problems alsc exist in the transmit mode comparisons. for which
the reported agreement 1Is good. Finrally, Tavles 11 and 12 in
Martins (1973) councern various feed and reflesctor combinations.
Since the same types of problems carry cver {nto these antennd
combinations, there appears to be no point in repeating the above
discussion.

Becaure of the lack of sclf-consistency between pre-
dicted and measured results in the Martina (1973) report, it was
not deemed advisable to ugse the Martins experimental data on an

absolute basis ian this report.
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CHAPTER 3

TRANSIENT RADIAYION FROM A PARABOLOID

3.1 INTRODUCTION

This chapter is intended to serve principally as an
introduction to the characteristics of the transient radiation
of a paraboloidal antenna. A much more complete and detailed
time-domain analysis, using the Chernousov formulaticn, is given
by Maddocks (1974) for the radiation fields in any direction.

Maddocks (1974) also presents digital-computer calcu-
lation and graphs for the radiation time-waveforms ir a number of
specific directions, including the boresight direction. The
paraboloidal reflector-feed coordinate systems are shown in
Maddocks (1974, Figs. 4.1,4.2). The analysis by Maddocks (1974)
includes two types of feeds. The first is a hypothetical point
source feed, with an Isotropic radiation pattern, at least over
the solid angle subtended by the parabeloid. The second feed is
the BD and M 8-ipch TEM horn. For this second feed, Maddocks
(1974, Fig. 5.7) compares the theoretical graph of E vs, time
with an available experimental curve presented by Martins (1973:
235) for the 48-inch diameter paraboloidal reflector. The agree-
ment between the shapes of the two curves is quite good, both
curves being normaillzed to the same maximum value.

The first type of feed described above 13 important
as it produces an almost-uniform TEM fleld excitation (illumina-

tion) over the exit aperture of the uW8-inch reflector. The
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closeness of the approximation to uniformity is discussed later
in this chapter. The vniform illumination case is important, as
it permits derivation ¢f a simple equation for the boresight
radiation, which is useful for the reasons given in Section 2.u4.
As shown below, an equation for the boresight radiation in this
case can be calculated in a simple, closed form, with relative
ease using only cime-domain techniques (almost a "back-of-the-
envelcpe" type of calculation). This result agrees with an
equation given by Martins (1973:109) without proof, but pre-
sumably using the method embodied in Eq. (234) above. This,
also, is discussed in mo e detail below,.

By contrast, fcr non-uniform illumination, the equa-
tions for the radiation fields are of a complexity such that,
even for the restricted case of the boresight direction, it has
not becen possible to date (Maddocks 1974, chap. 5) to obtain a
simple, closed-form expression. Thus the flelds, of necessity,
must be caleculated by digital-computer evaluation of equations
involving various integrals which depend upon the feed pattern

and the reflector-fecd gaometry.

3.2 ALSUNPTIONS

The radiation fields of the parakoloid reflector are
calculated using the Chernousov formulation assuming that only
the flelds over the exit aperture of the reflector are non-zero.

All other filelds and edge effects are neglected. The veflector
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is assumed to be perfectly conducting, and in the far field of
the feed. The feed is assumed to be effectively a point source
at the focus. The commonly-used geometrical-optics approximaticn
is assumed, which results in a one-to-one correspondence between
the fields at the reflector surface at which plane-wave boundary
conditions are invoked, and the fields over the exit aperture.
The theory underlying this approach is given in Silver (1949,
Sections 4.4-4.6,12.2,12.3). The reflector/feed geometry as
given in Maddocks (1974, Fig. 4.1) follows closely, but not
exactly, the geonetry used by Silver (1949:416), and is repeated

here for convenience in Fig. 7.

3.3 EXIT-APERTURE EXCITATION PRODUCED BY AN ISOTROPIC PRIMARY
FEED

The field intensity due to an isotropic primary feed
at origin O, which is the focal point of the paraboloid, varies
. . . /
inversely as the dlstancejo from 0 to the point P on the para-
boloid surface. The point P on the exit aperture which corres-

. ' - D - - o~ I .
ponds to point P , is the projection of P on the exit aperture,
as shown in Fig. 7. To find the aperture fileld, following Silver

. !
(1949:419), it is noted that all the reflected rays P P are
parallel, Hence the fields remain constant in magnitude along
thie reflected rays. The Field L at point ¥( V‘S } in the aperture
. N 3 ey . ., LY N
i3 then the gsame as the field £ at peint ¥ (,P,§‘$) on the re-
=

flector, except for the time retardation PP/C due to the path-

. - o .
length distance from P to .
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FIG. 7 ©Paraboleidal reflector/feed geomelry.
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The E field at any point P’(\P,S,V ) on the reflectc~
varies as V[P for an isotropic source feed. There is ao varia-
tion with angle (!LP). There is a spatial variation with dis-
tance as ‘Lf . This may be seen from Silver (19u49:418, Egs.
(6,7)), in which Ge(g,@) is a constant. Then the E field at
the corresponding point P(¥y§ ) also varies as [P . Thus an
isotropic primary feed produces a field over the exit aperture
of the parabo’oid whose amplitude has a taper governed by the
\IJD variation. The maximum value of this taper is the ratio
of the maximum value of \P(’—'é‘?:‘c) to the value of ,P(,;’.Po\ at
the reflector edge. TFor the U48-inch BD and M paraboloidal re-
flector (Martins 1973:135%5), D = u8" and f = 20.16". From Silver

(1949:415,416):

. 224 o '
Y =acc o bl =613 am
L+ (Dl4+)
fO:Qsec"'@Iz} =213 (418)
Hence the ampiitude taper 1o 27.3/29.19% = 1.5, or the power

taper iu 2.6 oby the Tield at the edges of the paraboloid being
.0 db down from that at the center.  This taper is not far
frem uniform, being much less thaw the usual taper: af 10 db er

mora, common in many systems.
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It will be convenient, for the reasons previously
explained, to assume that a constant amplitude field exists
across the exit aperture (defined as uniform amplitude excita-
tion or illumination), as generated by a TEM wave. For the
same excitation E field at the center of the aperture, the
actual tapered illumination produces a smaller radiated bore-
sight field than the uniform illumination. The radiated bore-
sight field depends directly upon the product of the aperture
area and the time derivative of the exciting waveform as shown
below. By dividing the area of the circular exit aperture into
a number of equal subareas, it is then simple to show, using

numerical integration, that the boresight field due to the hypo-

thetical uniform excitation is larger than that
tapered exclitation by a factor of approximately

3

inch reflector discussed above. This result is

due to the actual
1.12 for the 48

used later.

T

In a paraboloid/primary feed system, all path lengths
from the focus O to the oxit aperture are cqual, i.e.,

¢ ! 1
of + € =_f) (52)

1 is assumed that zuch  point g O exists, corresponding to

[

equal retardation times in the time domain due to a "paoaint”

source, ot the phaze center {a the frequency Jomain. Henge all
points in the exXx{it aperturs avrs excited simalianeously relative
to the primary source at G. Tharvefore, in the time domaln, the

ficelds in the wxit aperture follow, it tire, the source excitation

wavefaors, retarided by J%/c seconds.

*me

ience the temporal Lbehaviar
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of the aperture excitation is the same that produced by a planar
TEM wave. The paraboloid transforms the spherical wave from the
feed into this planar wave over the exit aperture.

The spatial and temporal characteristics of the excita-
tion fields over the exit aperture have now been shown to be
closely correspondent to those produced by a planar TEM wave.

It now vemains to discuss the polarization characteristics of
the aperture fields, and the correspondence to a linearly polar-
ized planar TEM wave. For a linearly polarized primary feed, or
equivalently, the & -polarized source field of Maddocks (1974,
chap. 4), the resultant aperture field has both principal and
cross-polarized polarization components as shown in Silver
(1949, Fig. 12.2). The principal component (shown vertical or
in the E-plane direction in Silver), which is parallel to the
principal E-plane of the feed, is all in the same direction over
the aperture, and significantly large: in magnitude than tne
cross-polarized component (shown horizontal ¢~ iu the H-plane
direction in Silver), especially cver the central sections of
the aperture. In addition, the cross-polarized components are
aot in the same direction at verious points in the aparture,
being anti~symmetrical with respect teo the principal planes or
the boresight direction. As a result, in the principal planes
(and therefora alse in the boresight direction), it iz pointed
out by Silver (1989:422) that the field i linearly polarised
in the directlon determined eszentially by the principal polar-
\

fzation component of the aperture ficld., Hence, for practizal
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purposes, in calculating the radiated boresight field, it is a

geod assumption to use an apertuvre field that is linearly polar-
ized, exactly the same as that produced by a linearly polarized
planar, TEM wave.

In summary, it has been shown that the exit-aperture
excitation produced by a primary feed which is isotropic in all
directions, or at least isotropic over the soiid angle subtended
by the reflector, may be approximated by a planar TEM wave with
regard to amplitude, temporal and polarization characteristics.
The actual excitation amplitude is tapered, which results in a
boresight field less than that produced by uniform illumination
by a factor of approximately 1.12 for the BD and M 48 inch re-
flector. The temporal characteristics of the excitation are
exdactly the same as for a planar TLM wave. The polarization
characteristics of the excitation, as far as the radiation in
the principal planes and in the boresight direction is concerned,

5 ezsentially linedar and therefore the same as thnat for a

[

slanar, linearly poiavised THEM wave. The approximate TEY wave

L]

nature of the exit avyrture flelds is ysed in the fygllowing
tection to obtain 4 zample wguatien fer the boresipht radiation.

For the radiation in anvy direction, the more ganeral
and preeize formulation and computer-caloeulated reszulits by

N .

¥addocks (3974) nmust Ye vonnulted.
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3.4 PRINCIPAL-PLANE RADIATION FROM A RECTANGULAR APERTURE WITH

TEM-WAVE EXCITATION
Chernousov (1965, Eq. (16)) derives an equation for
the transient radiation from a planar rectangular aperture of
dimensions a x b, in the XY plane, radiating in the Z direction.
The aperture is excited so that the field at any pcint in the

aperture at any given time has the same value. The aperture

field Ei is polarized in the Y direction, and H; is in the -X

direction.

For the case where E;,H{ form the front of an advanc-

ing, free-space TEM wave (a Huygens-type source), Chernousov

derives the following equation fer the radiation pattern iu a

principal »lane such as the XY plane:

A (eene) Bl (V4T V-6 (v-7a)

()=
o

Whepe!

A = area 7 4l

© = pelar angle Wit cespect to the 2 oaxis

7 = ¢ - v/e = pertarded time

T, = —LoWM6

. & ZC {238

Yor the radiation in the othey princip plane 39, replace

Y . s ~ 5 .t o« - % .- N H
otk vringeifds pianes cap e calanliated.
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From Eq. (u43B) is it seen that q;_ is the travel-time

difference between the path lengths from the aperture edges

¥ = ta/2 and the origin O . Thus the radiation in the XZ plane

is the difference between two waves which appear to originate

at the aperture ends x = %a/2. Each wave has the same time

waveform as the exciting TEM wave, but has different delay times

dependent upon the angle § . For a one-dimensional antenna

(linear aperture), an equation similar to Eq. (43) has been

derived by Cheng (1964). y
For sinusoidal time excitation eJ¥!, tne general time-

domain result Eq. (43) reduces to the previously-derived Eg.

(17B) as will now be shown. Since Eq. (43) is based upon a

r-flectionless TEM wave excitation, then k, = 0. HEquation (17B)

is based upon an aperture dimension 2a, s2 a must be replaced by

2a in bg. (43). Use

jwilt-rvlct 1) . RUT R,
E.(TxTa)= &€ R e Ty
‘ - T
grogp qu;, and uze
w T, :zrt?(—g%é‘l?-): Ka. 5We Caub)

2 e gt e B L oy gt -
Puuation {W3A) beonmen
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~y&( (};\%5“‘@ e—-éﬁa. SWMO |

/

4&WCY (233

OO

which reduces to

. - \RY
= JEhe B (ewne)y.
207

Equatioa (44C) is identical to Eq. (17B
sign in Eqg. (17B), which does not appea
an E_. polarization for Lq. (17B) and E

confirms that the radiation producea by

speecidal case of the general Zlzrnousov time-domain Eq,

3.5 BORESIGHT RADIATION FROM ANY

~
P
T
e

EXCITATION

P
-
%
"
s
"
-
@
e

. . -
. . ST TP
0 the lPoprenight &
‘e S . . T ¢t 3 P . . P P .
SHARTITY 10 S0, (hdA) Fesofes the time

aperture field, and L V@O )} {2 replac

\ . P, .
voraesipht radiaetian {leid magaitude iz

2c

s (Raswme)
KYa 300

) with k, = 0.

r in Eq. (4uC)
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for £ ,. (434). This

excitation 1s a

. e a . = 4 .
Y o WawveTrave.
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The minus
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Equation (45) is valid for any plarar &ssea A, independ-

ent of its shape or contour, excited by a uniform, planar,
linearly-polarized, reflectionless TEM wave. This point is
made by Martin (1973:94).

For a circular aperture of diameter D, such as the
exit aperture of a paraboloid of revolution, Eq. (45) becomes

e /
D€ (u6)
8cc

E Loces';sht puoned

Equation (u46) is given by Martins (1973:109). Alternatively,
Eq. (u6) follows frcm the equation for the radiation fleld of a
circular aperture, with elwt exciration, which is (Silver 1949:
194)

. ~3RY
€= 24REie” | Ji(kasme) (h70)
™Y Ko swnd

For boresight 8 = &, then using Lg. (234 and

‘e
s o . g FES A . (73 . . . (

and drepping the ¢ ¢ Factoer, by. (&7A) reducen to Hq. (WE),
ay e BV R R & Tyt AT M et A a2y caat ha . . P L T PO e
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combination (or system) to that of the feed alone, At the same
range. This ratio is calculated below for the system consisting
of the BD ard ¥ 48" paraboloid and the 8" TEM horrn (Martins 1973,
figs. 32b,33b). The intent 1s to obtsin this ratio using simple
approximations, and to check it against tiue more exact computer-
calculated results of Maddocks (1974).

By an isotropic feed in this instance is meant a feed
with zero angulay variation in gain at leas* over the solid
angle subtended by the reflector. As a rough first approximation,
it will be assumed that the 8" TEM horn can be modeled as such
a feed. The tapered illumination actually produced in the para-
boloid's exit aperture by ine . horn is treated in detail by
Maddocks (1974, Section 5.4).

The peak amplitude boresight fi=ld Ly, preoduced oy the

horn is given by Eq. (28B;:
{
Ewz A (48A)
z2utc

The excitation time wavefcrm will be the BD and M "standard

impulse" shape (Martins 1973:139,140), for which

<
v ()= Vet (vo5)

there V; = 384 volts and d = 2.4 x 1019 sec™. It then follows

that (Martins 1973:140)

- 70 -




s — et e

PR

A

i

\li max. - %i \l‘: - ‘86\‘:-\‘1' = \62 K5 - volTslsec (48C)
" zzv \fslﬁQCz (48D)
\!C’ e, — 26\1{ — \.84 Kto IS

when the horn is the primary feed, the field at the center of
the paraboloid aperture Eap is given by Eq. (48A), with r re-

placed by focdal length f:

(
aN¢

—_——t (434)
2N fc

Eoe -

The fielc elsewhere in the aperture then varies as ‘[Jaas
described in Section 3.2, under the approximaticn of an iso-

tropic feed. The paraboloid boresight field Ep is then given

by bq. (46), modified by the 1.12 factor derived in Section 3.3
Hence
‘N 2 "
EP — \( D Eap - v\ ._D aN; (49B)

Note the second time-derivative nature of this field. The first
differentiation occurs at the aperture of the horn, and the
second et the aperture of the reflector.

The retio of paraboloid to hern boresight fields is,

from Eqs. (48A,49B),
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Substituting numerical values, £ = 20.16", D = 48", and Vi ,Vi as given by

Egqs. (48C,48D), then

£Le_ -\2.3 (508)
En

The above value is now compared with that obtained fram the computer-calcu-

lated cunves in Maddocks (1974). Reading from his curves in Figs. 2.7 and
-1

5.5, respectively, rf, = 4.1 x 1072 volts and rEp = 4,8 x 10~ volts,
so taat
: ~{
—Ee _ = L3k _ 7 (50C)
Cu .l K
computer

Fquations (50B) and (50C) agree to within 5 percent.

Thus, tne relatively simple, closed-form expression Eq. (50A)
vields a very good aj roximation to the computer-calculated value. This is
made possible by the approximation of the horn feed as an isotropic source.
This is not the case for the actual horn, as discussed in section 3.6.2 below.

A cross-check is afforded by comparing Eh and Ep calculated
separately from approximate equations (U8A,49B) with the values calculated
by digital computer from the complete equation (Maddocks 1974, Figs. 2.7,
5.5). The curves in these figures are for unit amplitude pulse and unity
horn illumination function. For the BDM pulse (Vi=38u) and 8" horn (f(d4,8)
= 5.62), multiply the curve values by 384 x 5.62 = 2158.1., Substituting

/
numerical values a = 4" = 0.1016 m., V; = 162 x 1042, p = 48" = 1,219 m.,
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£ = 20.16" = 0,512 m., and V; = 1.8% x 10°? into Eqs. (48A,49B) results in

rElh = 87.3 volts, and rEp = 1072.6 volts. These compare very well with the
values vead from Figs. 2.7 and 5.5 in Maddocks (1974): rE, = 4.1 x 1072
X 2158.1 = 88,5 and rEp = (.48 x 2158.1 = 1035.9, respectively. The ratio

Ep/Eh = 1072.6/87.3 = 12.3, as before (Eq. 50B).

3.6,2 ACTUAL 8-INCH TEM HORN FEED

For the actual 8" TEM horn feed, no "simple" approximate model
of its fields over the paraboloid's exit aperture has been found. Maddocks
(1974, Section 5.2) has solved the problem of modeling the horn's field by
expressing this field in terms of an empirical equation, containing five
constants adiusted to fit the horn's radiation patterns. The resultant
boresight radiation waveform of the paraboloid/feed system, which requires
computer calculation of many integral expressions, is shown in Maddocks
(1974, Fig. 5.7). The wave is clearly the negative of the second time-
derivative of the exciting waveform. The negative sign occurs due to the
reversal of the E field upon reflection from the surface of the paraboloid.

Note that the peak value of rE, in Fig. 5.7 of Maddocks (1974)

1

2]
using the actual horn feed is approximately 2.75 x 107~ volts as compared
to 4.8 x 107% wolts in Fig. 5.5, using the simplified isotropic model of

the horn. This decrease is most reasonable, as the illumination due to the
actual horn is more heavily tapered. In addition to the boresight radiation
waveform using the actual horn, Maddocks (1974, Figs. 5.8,5.9) vresents

curves for rE g at ¢ =0°and rEy at <t> = 90°, with @ as a parameter,
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3.7 COMPARISON OF THEORY WITH EXPLRIMENT

Campeaur120 betyeen theory and experiment for the 48" paraboloidal
reflector with the 8" TIM horn feed is given by Maddocks (197:, ¥ig., 5.7).
He compares the theoreiically computed curve of rE RCE time for the boree
sight direction, with the experimental cuive given 1. Mavtins (1973:235),
over a time slot which spans the principal, second-derivative, part of the
waveform. The cuves are presented normalized to the same peak value;
absolute values are not used for the experimental curves for the reasons
discussed in Section 2.6.2. The ncrmaiized curves are in reasonably gond
agreement, Compaiisons for directions cther than boresight are not possible
due to a lack of availidle experimentel data., Experimental data for the

paraboloid system in directions other than boresight wouid be highly useful.




CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4,1 CONCLUSIONS
4,1.1 APERTURE-FIELD AND CURRENT-SHEET APPROACHES TO THE TEM HORN

Two principal approaches to time-domain radiation from the TEM
horn have been developed, both based upon a transmission-line, traveling
TIM-mode wave mode. ©f the horn with TDR-measured reflection coefficients
at the front aperture. These are the Chernousov aperture-field formulation
using assumed fields in the front and side apertures, and the classical
vactor potential formulation using a current sheet distribution on the
wedse conductors consistent with the TEM traveling-wave model. A detailed

analysis and equations for the TEM horm radiation at all angles, using the

above two approaches, are g. /en by Maddocks (187, Ens. B-89,B-9n,3-25,3-27).

It is concluced that these two appriaches, apnlied to the Thi-mode trans-
mission-iine model! of the TIM hom, are self-consistent, sirce they proauce
identical approximate closed-for;m equations for the radiation ir the bore-
sight (and alsc the backfire. directuons, ueveloped “or omali-aperture horns
by Maddocks (1974, Eas. 2-2¢,0-2.3 36,3-38). Dipilal ccwputer calculetions
and graphs ¢f the theoreticai results hased unon the Chernnusov formulation
compare sufficiently well, on 4 relative Lasis, with experimentai data for
3 Sperry Pand horms (Maddocks 1974, Yigs. 2.3,2.4,7.5) a.”’ the 8" BDM horn
(Maddocks 1974, Figs. 2.7,2.8,2.7) 1t~ justify the tentative con~iusion that
the TIM hurn model and the theory of [*s radiation are sufficientlv rigorous
for first-order engineering applications, Comparigon on an abgniute Lesis

is essential to finalize this conciusion, hut this was found not to be
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possible as the Sperry-Rand data is on a relative basis. and it was evident

(Secticn 2.6.2)" that there were unresolved questions concerminp the absolute

levels of the BDM data.

4,1.2 V-DIPOLE MODEL OF SMALL-~-APERTURE HORN

Tt is concluded that the small-aperture TIM horn can &also be
modeled as a V-dipole, It is shown (Section 2.5.4), using the small-horn
approximations, that the equation for the boresight radiated field of the
V-dipole is identical to the closed-form expressions obtained by Maddocks

(1974) described in the paragraph above.

4.1,3 ASSUMPTINNS UNDERLYING TEM HORN MODEL

The use of the field equivalence theorem and the assumptions
underlying the TIM-mode model of the TEM horn are discussed in Section 2.2.
It is concluded that it might be theoretically possible, although probably
most difficult, to obtain an improved understanding of the time-domain model
of the TEM horn by appropriate use of an available exact time-harmonic
colution for the radiation rfraom the open end of an infinitely-wide, semi-
infinitely-long parallel nlate fuide, with an incident dominant TEM mode,
based upon the Wiener-Hopf technique. This would lead to a better under-
standine of the aperture fields and the aperture reflection coefficient,

whose value is presently determinable only througsh TDR-measurement.

"Unless otherwise indicated, such references refer to Vol. 1 of this
report.
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4.1.4 TEM HCRN RADIATION FORMULA BY BDM
In their report BDM acknowledge that thev did not include the

radiation from the two side apertures; only the radiation from the front
aperture is calculated., However, an analysis (Sections 2.3.5,2.4) of the
derivation of the TEM horn radiation by BDM leads to the conclusion that
their front aperture radiation equation itself is not correct. As a result
of these two factors, their theoretical magnitudes and angular variations
are incorrect. Yor example, their calculated boresight field for the 8" TEM

horn is too large by a factor of approximately 3.u.

4.1.5 PARABOLOID ANTENNA RADIATION

The time-comain radiation from a paraboloid is calculated from
the fields in the exit aperture using the Chernousov formulation. The exit
aperture fields are obtained by appropriate transformations fram an assumed
spherical-wave, point-type source feed located at the focus of the parabcloid.
The angular variation of the radiation field of the feed, over the aspect
angle subtended by the paraboloid, is expressed initially in general non-
isotropic form (Maddocks 1974, Eqs. 4-1 and 4.2). The resultant equations
for the time-domain radiation fields of a paraboloid are derived by Maddocks
(1974, Eqs. C=-92 and C-93).

For the .nstructive case (because an almost-uniform TEM-wave
excitation is produced over the paraboloid exit aperture as shown in Section
3.3) where the anpgular pattermm of the feed is isotropic (gain = 1) or at
least constant over the solid angle subtended by the paraboloid, equations
are derived for the radiated boresight fields (Maddocks 1974, Eqs. U-U2 anu

4-43). The time history waveform of the boresight field is camputed and
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plotted by Maddocks (1974, Fig. 5,5) for the BIM 48" paraboloid and a

gaussian exciting time waveform at the apex of the horm. It is concluded
that these digital-computer results appear to be correct insofar as the
radiated waveform is concermed, as the waveform is the nepative second
derivative of tne exciting waveform, as expected from approximate, closed-
form equations (Martins 1973, Eq. 83, or Section 3.6.1, Eq. 49B). The
first differentiation is at the exit aperture of the horn, the second is
at the exit aperture of the paraboloid, and the negative sign arises at the
reflection from the paraboloid surface., Maddocks (1374, Fig. 5.6) also
ceomputes and plots the radiated field waveform in several directions away
from boresight, along with the boresight field for comparison. Examination
of these numerically-computed waveforms leads to the conclusion that as the
angle away from boresight increases, the waveforms change from the negative
second time derivative to delayed replicas of the fields exciting the exit
aperture., It is concluded that this computed result is also correct, as it
is predicted by Chernousov's equation for TEM-wave excitation of an aperture
(Section 3.4, Eq. 43A).

Consider now the actual case of the BDM 48" paraboloid with the
8" TIM hom. The fields produced by the horn over the paraboloid exit
aperture were numerically computed starting with the hom radiation equations
(Maddocks, 1974, Fqs. B-89,B-90). The resulting field waveforms, for wnit
gaussian excitation at the hom apex, in the azimuth and pclar planes of the
hom, are shown in Figs. 5.1-5.4 incl. in Maddocks (1974). Next, an approxi-
mate closed-form equation which represents the hom fields over the exit

aperture was determined (Maddocks 1974, Eq. 5-4). This equation has five
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available parameters determinable from curves such as Figs. 5.1 and 5.2.

Using this characterizing equation for the fields over the exit aperture,
the paraboloid radiation time waveforms can then be computed (Maddocks 1974,
Egqs. C-92 and C-~93). The results are plotted in Figs. 5.7-5.9 incl. in
Maddocks (1974). Figure 5.7 in Maddocks (1974) shows botii the theoretically
computed and the experimentally cbserved (Martins 1973:235) boresight curves,
normalized to the same peak amplitude. It is concluded that the agreement
is reasonably good. Comparison on an absolute basis is not feasible, for
the reasons given in Section 4.1.1 above. It is seen that the computed peak
paraboloid horesight field using the 8" TIM horn (Maddocks 1974, Fig. 5.7)
is smaller in magnitude than that computed using an isotropic point feed
(Maddocks 1974, Tig. 5.5). It is concluded that this is quite reaasonable,
as the illumination produced by the actual horm over the paraboloid aperture

is mere heavily tapered than that produced bv an isotropic feed.

4,1.6 RADIATION FPOM TRANSIENTS ON LINEAR DIPOLE ANTENNAS

Based upon the theory and asreement with experiment reported in
Appendix A, it 's concluded that the radiation of transients from a linear
dipole can now be calculated from the time-domain equations in all angular
directions, including the end-fire direction. It is aiso shown in Appendix A
that the time domain equation results agree with a frequency-domain approach
by Martins (1973) for a number of special cases in angular direction and
exciting waveform. In Appendix B an additional discussion is given on the
state of the ar. concerning the time-damain, traveling-wave, transmissicn-
line model, and its terminal reflection coefficients, for the circuit
response and transient radiation of a dipole antenna. Tt is concluded that

further stucdy would be valuable in this area.
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4.2 RECOMMENDATIONS

(a) An obvious recommendation is that it would be of great benefit
to study the means whereby the cunsiderable body of e<perimental data in
Martins (1973) could be put on a self-consistent basis with the theory.

(b) More experimental data on the transient radiation of paraboloids
in directions other *than boresight is recommended, especially in directions
for which theoretical results have been established.

(c) More theoretical work on a model for the TIM horm, possibly along
the approach outlined in Sections 2.2 and 4.1.3 above, is recamnended.

(d) Study of the transmission-line mocdel of the dipole antenna in the
time domain, to establish its applicability and limitations, as discussed

in some detail in Appendix B, is strongly recommended.
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APPENDIX A

RADIATION FROM TRANSIENTS ON LINEAR DIPOLE ANTENNAS

1. INTRODUCTION

There are a number of reasons for Appendix A, as
follows:
(a) To presert a more complete time-domain equation for the
radiation due to transient pulse excitation of a symmetrical
center-fed linear dipole antenna (or a monopole over a ground
plane) tharn given previously (Handelsman, 1972). .In particular,
a previocusly discussed (handclswan, 1972:70) apparently anoma-
lous bshaviour of the fields in the end-fire directions is shown
to no longer exist.
{b) To show that the predicted results of the above equation
agree quite well with published theoretical data, including
angles close to the end-fire direction,
{c) $peciai cases of interest such as broadside and end-fire
radiation, and rvesponse Jdue to impulse, step-function and ramp
time waveforms are treated and compared with a frequency-dowain
approach (Martins 1973).
{(d) The radiaxion of a smalil TEM horn can ke calculated approxi-
mately by treating it as a V-dipole, as shewn in this report.

Hence the equation fer the radiation frowm a divele is reguired.

2. DERIVATION OF RADIATION EQUATION
For a current wave 1(t-2/¢) traveling in the ¢ direc-

tion on a lisear antenna, the radiation fields are given by
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where:

Moffs = \20 W chwms

| _ . . . :
/{)Joeo = velocity along wires (

See Fig. 8 . Equation (A-1) is based upon an infinite.y thin,

il

perfectly conducting wire, extending to infinity, or before the !
leading edge of the current waveform has reached an antenna end
at Z=zh, or other discontinuity. This result was stated by
Manneback (1923). Schelkunoff (1952:102% also 1972) showed that
this equatiop satisfied Maxwell's equations exactly. Ross
(1966:142) derived the fquation using the magnetic vect r poten-
tial A. Handelsman (1972:47) using an approachk based upon racia-

tion from accelerating charges, derived the following equation:

QU = ‘52256 e I‘"—I(f“"‘) X (- —-—L(\-cosa)) (A-3)

For physically-real non-infinite slopes for I, the second ternm
in Eq. (A-3) which is the current at the leading edge of I, at
2=L, is zerc, as long as I has not reached the antenna ends
Z=zh, Thus Ba. (A-3) reduced to Eq. (A-1) forlﬁlé‘.. However,
when the traveling current wave reaches 2=xh, it is necessary to
account for terminal conditions by retaining the second term and
introducing ¢ reflection coefficient, as explained bélnw;: |

If there is no reflected wave at the end, due to a

perfectly absorbing teruination, this is equivalent to starting
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a current -I &t 2=h, flowing in the same +Z direction, producing
cancellation of current along the wire imagined to be extended
beyond Z=h. This terminal condition is treated in this manner
in Manneback (1923:294%) and Schelkunoff (1952:104). Equation

(A-3) becomes, for this case,

- s\ne \ A N I S | ¥ (W -
He(nt)= e _Llx(t-2) ~T@-& - 28| a-w

To account for reflection at the end, it is necessary to add an
additional current wave of amplitude k,I traveling back from the
end in the -2 direction (Manneback 19823:294%) where k, is a
current reflection coefficient, which to date has been obtained
only through measurements (Ross 1966:31; Martins 1973). Intro-
ducing a reflection coefficient k, at 2=0, the radiation equation

becomes the following:

(47 swe) “Q = (\kceno) [1: (M-I (T-tu)] (+2 ww.)

& e (\-co58) [:(T-ta\-w- 2h /c] 2 a.w.)

1 \Se\G, mme\@:(v- 24y (r-ﬁ—f..)] (42 ww.)

e \f.,(\moe)[r(\‘- 20 4y)-T (- L\] (=2 wow)
4 o » o el foruppel wice - o (A-5)
+(\-caae3[x.m—1zcv-t,)] C2 )

4 e (Weosd) [I(r-t,.\ -y (v 2N Gz de)

yeee cte. fot lwec wiwe «eo
Eo =M, “t, (4-6)
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current reflection coefficient at ends Z=th

~
1]

current reflection coefficient at input Z=o, viewed
from the antenna

T=t-r/c = retarded time at P

ty = %‘-(\-f-ene\

£, = 7‘} (\reon ©)= Ecl‘._t,.

+Z = waves traveling in :Z directions

u.w. = upper wire

l.w. = lower wire

The various terms in Eq. (A-5) are identified as

follows:
18t term = radiation from initial +2 traveling wave, u.w.
239 term = radiation from 18% veflected -2 traveling wave, u.w.
3¥d term = raciation from 204 reflected +2 traveling wave, u.w.

stc. term = radiation from subsequent 24 traveling wave, u.u.

sI” term = radiation from initial -2 traveling wave, l.u.
6IL term = radiation from 1%Y reflected +2 traveling wave, l.w.

etc, term = radiation from subseguent 22 traveling wave, l.w,
All the lower wivre equations are obtainable from the upper
wire equations by replacing cos@ by -ces® and ty by tp.

The derivation of Eq. (A-9) assumes negligible atten-
ustion of the traveling waves during each passage along the
wires due to radiation and conductor los&eé,r In effect the
reflection coefficients kK, and kolnot only account for the
actual terwinal reflections but also serve to substitute for
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the actual continuous attenuation a series of discrete attenuation factors,
introduced at the reflection points Z=th and z=0.*

The time-domain approach used to derive Ig. (A-5) may also be
applied to non-symmetrical linear antennas (e.g., Stekert (1973), but this

is not pursued further in this report.

3. SIMPLE ILLUSTRATIVE EXAMPLE - A DIPOLE WITH MATCHED ENDS
As a sirple example, consider a dipole with matched ends, as
shown in Fig., 9. KEquation (A-5, for kezo becomes

~ A T\ =T (T- (-
41‘(‘“(,_. Jﬁ‘\%ﬁeﬁ- T()-T (-2 ta:ss)i

-

+ L=e lr-3cr -2 Qeesa))|  a-n
1%}

- -

let the exciting waveform be a rectangular pulse of duration Y& hW/c

secands, given by

T =A [u(t) - ult- 'i')] (A-8)

where W (€) is the unit step function. For simplicity, consider the
radiation at © =90 (broadside direction). Then tytpsiv/e and K. (A-8)
becomes
= A (DY o T alT- ) eu(r- v - Ry (-9
anvy
Equation (A-9) is shown in Fig. 10. The radiation waveform is a pair of
pulses, each the replica of the exciting waveform,

ﬁ N . - » - - hd - >
Acditional discussion on reflection coefficients is given in

Appe:mB

- 89 -

o




A a

o P
;

D
ey O 0-0«'3(\\ 7

5

"T:“"}é;ma‘\'g\\ed ends

FIG. 9 DIPOLE WITH MATCHED ENDS.

! 1
2RC
A h/c ey
o o
K T=t-&
i :
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4. RADIATION IN END-FIRE DIRECTIONS § =0°, 180°
L.l THEORY

For simplicity, with no significant loss in exposi-
tion of the fundamental results concerning radiation in the end-
fire directions, assume that the dipole antenna is matched at

its input (k =0). Then Eq. (A-6) becomes

LY - -
i AN B = kee T (1Y -7 (T-+u)

+ kf‘.\"CDSSJ -I(-‘v_t“} ‘L(T- 2“)
SWO

030 1y ery - T (T-1,)

L5.00

ke(l\-cm&\r - - . 2h -
+ Swe LI'(T te)-X( c_\ (A-10)

In the end-firve direction =0, as 6 approaches zero
and cos ® approaches unity, ty beconmes differentially small, and
we can write

ty :—}_Lc\me‘)s ATS te= %h- - AT (A-11)

Usiag

\im Aoene (a-12)
60 sua
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Eq. (A-10) hecomes (A-13)

~ E%T { [I (ﬂ-nT.AT)} © [I (-2 = )X (- zah'm‘t)B

The two brackated terms[ ]:‘.n Eq. (A-13) are each the differ~
ence between the waveform and a delayed replica of the waveform,
where the delay AV approaches zero as O approaches zero. It

is now obvious that Eq. (A~13) can be written in the derivative

form

_ Mo AT | TO)-TOeaD) T(r-2+aT)-T(1-2b
Ea-- SAF 5We AT +k9 - ﬁi—-}

(A-14)

then as AT approaches zero,

Es = am —"H‘m(z) T (7Y 4 e T2 a2

where

2 . ‘ ‘
T AP = AX(.T) = time derivative of

av excitation waveforn

AT . h (i~ep) _ h_m“(%) O A-18)

‘.‘N\G C awme

Thus as O varies from the broadside (@ 2900) ro ﬁhe
end~fire divection (@ =0%), the vadiation waveform éhmgeg from
replicas of the gscﬁtation to the time-derivative of the excita-
tion. Further, with the complete radiation equatiow as given
by £g. (A=%), there is no ead-<fire "étafinity catastrophe” as -9

» i
O (or 1809, as shown below). Instmad, as shown by Bgq. (&-15),
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the field appronaches the product of tan (®f2), which approaches
zero, and the time derivatives I', which in the actual physical
case cannot be infinite. Hence the end-fire radiation approaches
zero, as expected. Thus the infinity paradox discussed in
Hendelsman (1972:70) has been resolved. The apparent paradox
originally arose because of an incomplete mathematical descrip-
tion of the role played by the time-derivatives of the traveling
waveform in determining the end-fire radiation.

°
For the other end-fire direction O=-»\80 , then cos@

approaches -1, tp becomes differentially small, and we ca3a write

'tp‘-‘: %—(Wmﬁe\ = AT.)' ta= -gch--b\" (A-17)

Using

lim  _\tse . (A-18)
G-~ o

Bg. (A-10) becomes identical to Eq. (A-lu), with AT replaced

!
by BT . Using

\ _
AT . n_ (wesey | 4 =
Al v (kese) = A ot S (4-19)
5\ c el VY ) c t_(;ﬂ

the final result is
. o _ 24
Ee — "23‘%: -—2—(5‘(—%\ f(T\*kQI LT E:) (A—:’O;—.

Thus, as O-—s180 ., Cg also approaches zero.
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4.2 COMPARISON WITH PUBLISHED RESULTS

In Handelsman (1972:63-69) the time-domain equations
were compared with published theoretical results for a center-
driven cylindrical antenna. This was driven by a source excita-
ticn pulse with approximately a trapezoidal shape, of base width
of about 0.55 h/c, a flat toup of about 0.26 h/c and a width of
about 0.38 h/c at the 50 percent of peak amplitude point
(Palciauskas 1970) shown in Fig. 11 . The radiation waveforms
in Palciauskas (1970) are calculated using an inverse Fourier

ywt

transform of the response to sinusoidal excitation €@ . For
the non-end-fire directions ® = 909, 70°, 60°, and u5° the agree-
ment between the radiation waveforms as predicted by the rela-
tively simple time-domain equations and the more exact inverse
Fourier transform method has been shown (Handelsman 1972:66-67)
te he fairly good as measured by the number ef pulses, their
anpiitudes, widths and positious. Fer this purpose the trape-
coidai pulse shape was approximated by a simple rectaagular
puise of width 0.6 h/fc, The amplitude waz normaliczed to 1,55/%
s0 that at © = 509 the leading peaks of both 2e13 of curves have
equal amplitudes 4"‘“’“‘ (90 =2T(HY <2 ‘-%E' = LSS - jeak
awplitude of first puzée; Paleiauskas (A970:Fig 2).

FYor saaller & , it is siecesaary te use the actual
pulse shape, a5 the iiue»deriVative of ..) now dotermines the
end-fire radiation waveforwm, This &erivatiye is obtained from

Fig. 11 as follows:




dovwative ¥ ~182€ o __WSSI2  _ 535 (4.
v {.’;:m" v (o.z'.s-o.\s)z',_l hW/c

For = 20“, ta:_\é.(_g-msgo’\:o-&% compared to a rise tims
P, 0.145 h/c, so the use of derivatives is justified omnly %o .
rough first approximation. Within the spirit of this apprnv =ma-
tion, from Eqs. (A-S5, A-15), the leading terms for the r . !iatiou
uQ(?O"), in 4'“\" units, are as follows:

4TC Wy (26 = 22 ton (% [xm - ,,)

-

{k,:'cr-%‘)—»k@ L]

-

-"'GQQ Q‘*\“ "'e“‘\SJ &.w- }

g oAt { [I (r\-Itr—'r}] - [3: (T- R (1+enzo))

Sm20°

oy |
+ T (T-Dlwen2")) |

4 eeo otwer torms L.w. (4-22)

. o . i w X .
Hence the amplitude of the fivgt peak, | &#TVT  yniztsg isg

anc W e =23 LSy c\\-t- ocepao’ Ty

Mo’

= ehiena(FE) £33 (20

&R %cae‘\:. l.81+o.\3é~. =20l (&-23)
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' 5 as co d to the published value of 1.7, From Eq. (A-22), using
k@x- .« (Handelsman 1972:64), the subsequent major peak ampli-
: tudes are -2.01, -1.69 and 1.69, as compared to published values
of -1.8, -2.0 and 2.0 (as well as can be read off cupves). Thus
it may be concluded that the time-domain equations (A-5) give a
reasonably accurate description of the radiation at all angles,

including the end-fire directions.

5. SUMMATION FORMULA FOR EQUATION (A-6)

Equation (A-6) may be written in compact summation

form as follows:

2UCnd = T -(-\R)
)% .

'“ M.l 2!““)

X(r-

--—[H-w.se \«eu-meﬂ}_‘ o Koo T (T- 200 - ty)

o l~

wmh
[\'%e - \Re (\ree38) z\‘e e T(T- zc ~te)
(4-24)

- 6. ADDITIONAL CASES OF INTEREST

6.1 INTRODUCTION

It is considered worthwhile to include a discussion of
a number of special cases because of their intrinsic interest,
and also to show agreement with results obtained by Martins

(1973) using a frequency-domain approach.
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To convert from current reflection coefficients ko
and ke as used in this report to vol:iage reflection coefficients

R, and R, as used in Martins (1973:1%,20), the following equations

are given:

R= Zvne ~ 2> - _\. (A-25)
Z’\\\e *'?-o

Zend-2
R,= Zend-Ze _ _ I (A-26)
2 Zeod + 2o €

where:

Z)jpe © input transmission line characteristic
impedance = surge impedance

yA = dipole characteristic (surge) impedance

Zona = dipole effective terminal impedance at

ends 2=th.

6.2 SPECIAL CASE, IMPULSE EXCITATION, Q.:—\Rn\, Rz |
. Here the following conditions are assumed;
I(t) = él(t) = impulse current excitation

o = =Ry =R (A-27)

~

The assumption R,=l implies complete veflection at the ends of
the dipole, while Ry= =Rl implies that 24 ? 2)ines which is

true for 50 ovhm line.
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BEquation (A-24) becomes

(2Rhrawe Vg, = (Y- Z (—u\“‘\e‘f':c (v- 220)
Mo t
- f(-l‘)ml‘?‘\mé (T- 3“:1!‘ ~-tw) (a-20)
L~

= TN RIS (T- 225 - tp)

The first ten terms of Eq. (A-28), in time-sequence are as

.follows:

(ZBEame\p, = §eT)-$LT-Dlwen -3 (TR (ee)
o + (R0 § (T- 20 )41 §(T- 1 (3-w06))
+ \RUS (T- N (Braso)) - RiL (R0 S(T-24)
~ AR P S (T- 1 (5a38)) R, (T- . (5+08))

+\5?.\""(\-\I?.l)§ (v %) ¢ e oo (A-29)

Equation (A-29) is plotted in Fig. 12. This is identical to
that given in Hartins (1973:p.24, Fig. 2), taking into account

the following apparently typographical evrors in Fig. 2 in
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Mar+tins: Rl should = -\‘h‘ » the 10th pulse should be at «T/h

= 6 and of magnitude \R.\z(\- \Rul) .

6.3 GSPECIAL CASE, IMPULSE EXCITATION, R1=0, R2=l

Here the following conditions are assumed:

I(t) = si(t) = impulse current excitation

ke = -R; = 0

kg = -Rp = -1
The assumption Ry=0 implies a matched input (a match between the
transmission line and the dipole input terminals), while Ry=1

implies comglete reflection at tlie ends of the dipole.

Eq. (A-24) reduces to

( 2':1;‘\2\!\0 \) B, = S(T)-S(T- !c\_. (- o80)) -JLT-%_Clw\)
°

.\;.3(1'-2,2\ (A-30)

Equation (A-30) is plotted in Fig. 13, which is identical to

Martins (1973:p. 26, Fig. 3).

.4 GENERAL EXC1TATION, BROADSIDE DIRECTION ( © =909), Ry=0
(MATCHED INPUT), R ™\
6.b.1 INTRODUCTION
1t grea+tly simplifies discussion of the results with-

out too auch less in generality to assunme

[H

ko = =Ry = T (matched input)

(A-31)

(18
i

Ka = =Ry = =1 (completu end reflactions)
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6.4.2 GENERAL RESULT

In the direction broadside to the dipole, & =90°, aud

using Eq. (A-31), Eq. (A-24) reduces to

g = M [Teny-znm-a)+e- 2 e
*” 2ur : <

Thus at broadside, the time-waveform pattern consists of a
delayed replica of the waveform originating at origin 0, followed
by an inverted (negative) replica of double amplitude due to
reflection at the two ends (assumed complete), and finally a
third replica as the traveling wave returns to 0, at time 2h/c

later., Because R,=0 there are no further reflected traveling

"waves from 0. If RI#O, then additional delayed replicas of the

exciting wavefeorm I(t), with diminishing amplitude, are radiated.

6.4.3 SHORT DIPOLE

- When h/c L€ waveform characteristic risetime, then

Eq. (A~32) can be written as follows:

R 2 ..’
. N (_2__) 1(t)- 21 (T-aT)+ 1. (T-24T7) (he33)

Co= Zar (aTY

where:
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For h/c sufficiently small, Eq. (A~33) may be replaced, approxi-
mately, by

| 2 "
€ = —3—:—;(—%‘_—\ T (M (A-34)

where I" is the second time derivative of the excitation waveform.

6.5 RAMP EXCITATION, R;=0 (MATCHED INPUT), Rp=1
The following conditions are assumed:
I(t) = mtu(t) = ramp excitation (A-35)
kg ==R3 = 0 (matched input)
ke = -Rp = -1 (complete end reflection)
The ramp function given by Eq. (A-35) is shown in Fig. 14 . The
function u(t) is the standard step function defined as zero for
t{ ¢ and as unity for t ¥ 0. The slope of the ramp is equal to m.
From the general Eq. (A-24) or from Eq. (A-30), replacing S(t)
by I(t) as given by Eq. (A-35),
= <MeM | Tu(T) - (T=t Yr{T-t3) - (Tt u(T-15)
® 2%rawe ® ® ®
*.(T..%)QLT- %"“\ (A-38)
®

The four couwponent waveforms (D‘@,@ and@of tq. (A-36) are

shown in Fig. 19, together with their sum Eg -
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It slope=m

FIG. 14 Ramp excitation waveform.

(a) Component waveforas

(b) Sum = ge

. FIG. 15 Radiation of ramp wavefornm, Ry20, Rp=l.
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The resultant radiated waveform is a trapezoid, which for the
special case of the broadside direction (@ =90°) becomes a

triangle. The trapezoid peak amplitude is given by

peak €= —“lﬂ-“-‘-iﬂ--; _”\e.ﬁ'\_“_\_( 1-une)
: 2Uurswme 2RY & 56

. peek By — —"23‘;‘%— -‘lc-i'on(—g') | (5'"374" :

Fig. 15 and Eq. (A-37) are identical to Fig. % and Eq. (13),
respectively, in Martins (1973). 1In Egq. (13) in Hartins;(1973),:;

15(Q/v) = Io(h/c) = mh/c.

6.6 PULSE EXCITATION, R;=0 (MATCHED INPUT), Rp=l
The excitation waveform is given by Eg. (A—S),iaﬁd is;a
shown in Fig. 16 . t is a rectahgular pulse of amplitu&e A%and{‘~
duration ¥ . There are two cases of special intefast;‘» .
(a) duration X&e¢ hic
(b) d.uration_ﬂ??\\lc

These two cases are discussed below.

6.6.1 PULSE DURATION ¥ &Z ANTENNA TRIP TIME h/c
This is the case of a long dipole._'In the broadsid@ﬁ“

direcction, © =90%, and using Bq. (A~32), there is_obtainéd
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€o = 2| W (TY-u(T-7) ~2u(T-1)

2nv’v (A-3¢}

s 20 (T-2-1) ru(i- 24w (1- 2-1)

Equation (A-38) is shown plotted in Fig. 17 , which agrees with

Stekert (1973:Fig. 2¢).

6.6.2 PULSE DURATION X>> ANTENNA TRIP TIME h/c
This is the case of a short dipole. In the broadside
direction, © =90%, Eq. (A-38) still holds, of course, but now

h/c £ X . The resultant radiation is plotted in Fig. 18 along

with the component waveforms. Fig. 18 agrees with Stekert (1973:

Fig. 2b). The double differentiation, characteristic of shert
dipole radiation is evident (see Section 6.4.3 above). The
first differentiation of the pulse produces a pair of impulses

separated in time by ¥ . The second differentiation produces a

pair of doublets, also separated in time by T, as shown (approxi-

mately) by the waveform in Fig. 18

7. BROADSIDE RADIATION FIELD IN TERMS OF INCIDENT IMPULSE
VOLTAGE -
A useful eguation for Ee iti the broadside direction,

non-matched input, for o&teé&h/c, appears in Navtins (1973:

p. 108, Eq. (94)). This is the radiation preduced by the travel-

ing waveform on the dipole before it has reached the ends Zzih
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FIG. 16 Rectangular pulse excit=iion waveform.
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(long dipole). This equation is

B L,g‘,\._: __ﬂﬁ._._l"_(..ﬁ (eLt'L%\) (A-39)
© W &ida

Ia Eq. (A-39), 2, = input cable characteristic impedance

(50 ohms), Z3 = antenna input terminal impedance, and Vi s
ampiitude of the incident voltage produced by an impulse gener-
ator, matched to the cable line, which travels toward the input
terminals of the antenana.

As shown below, this equation can be derived in a
relatively simple fashion from the time-domain results presented
in this appendix.

The transmiscion line circuit is shown in Fig. 19 .
The impedances are assumed te be real, as deterwminzcd in tests,
according to Mar:iins (1973:108). The voltage at the antenna is
given by

Vaat. = (33 DVVE (A-40)
where: »
P fa- 2

voltage reflection coafficient = —

Catid.

Vi

incident voltage wave amplitude

The antenna current is

p= s Al B e

From Bg. (A-8), for® = 90°, and using the two terms involving
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I(T) only (prior to the first reflections from the ends), there

is obtained

£ = Mo 216 = Mo N6 (4-42)
4 31 {q TC Ze2a

which is the same as Eq. (A-39).
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APPENDIA B
ADDITIONAL DISCUSSION ON TERMINAL REFLECTION
COETTICIINTS FOR LINZAR DIFOLE ANTENNA

1. INTRODUCTION
1.1 PURPGSE

The use of terminal current reflection coefficients ko (at the
input) and ke (at the dipole ends or tips) is introduced in Appendix A,
Section 2, The purpose of this Appendix B is to review briefly some of the
known characteristics of these reflection coefficients, theoretically and
experimentally, and to point out some areas where further work is recommended.
It will be seen that a considerable amount is known about ko but compara-

tively little about ke'

1.2 GENERAL "PHYSICAL" DISCUSSION

Consider a short pulse, of duration T less than antenna travel
time h/c, incident at the input of a linear dipole antenna from a transmission
line. The antenna conductor resistance is assumed to be negligible. There
results, in the time domain, a reflected pulse back into the line, and a
transmitted pulse which travels aiong the antenna at essentially the speed
of light. Thus far this is similar to a simple transmission line problem
involving the junction of two lines. However, in the antenna case, during
the period T of pulse incidence at the input, radiation is also produced
(King and Schmitv (1962), Schmitt et al (1966)). Therefore the concept of
a reflection coefficient ko’ unlike the simpler case of the transmission

line discontinuity, must in some manner take this radiation into account.
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The energy in the input pulse must equal the sum of the energies in the re-

flected and the transnitted pulses plus the energy radiated and stored.

It is stated by King and Schmitt (1962:224), that only the imped-
ance of an infinitely long antenna can be involved in the antemna response
during the interval before the first reflection from the end arrives at the
input. This impedance is known for sinusoidal steady-state excitation, and

is used by King and Schmitt (1962) to formulate an average reflection co-
efficient, as explained in Section 2 below, which is effective in the
time domain.

During the interval in which the lagging end of the transmitted
pulse has cleared the input terminals, but the leading edge has nct yet

L

reached the antenna end, there is essentially no far-field radiation from
this pulse traveling on the antenna, independent of the waveform shape.
Experimentally this appears to be borme out by measurements (Sclmitt et al
(1466, Fig. 5). Discussion-wise or theoretically this is predicted or
implied by many sources, for example: King and Schmitt (1962:227),

‘ Schelkunoff (1952,1972), Manneback (1923:299; see discussion by Slepian

concerning a dispute between Steinmmetz and Carson on the existence of radia-
tion fram a freely-traveling wave), Schmitt et al (1966, Fig. &), Martins
(1973, Fig. 2), and Handelsman (1972). The assumption that the anterna
conductor resistance is negligible or has an insignificant effect upon the
~amplit.de, shape, or velocity of the pulse, makes this a "freely-traveling"

pulse in Slepian's terminology. For resistance-loaded antennas see Liu and

Sengupta (1974) and the various references cited therein.
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When the leading edge of the traveling pulse reaches the antenna
end, radiation is again produced during the period Y of pulse incidence at
this end (King and Schmitt (1962), Schmitt et al (1966)). The reflection
coefficient k o TUSE therefore account for both the reflected wave and the
radiation, Thus the end cannot act completely in the sense of an open end
of a transmission line with ky=-1 (zero terminal current), The radiation
must decrease the incident pulse energy through decrease of pulse amplitude,
waveform shape, or both. Thus a reflection coefficient k e=-l is impossible
if radiation is to occur, as this implies a reflected pulse identical in all
respects to the incident pulse, except for a change in sign. Effective
experimental values for ke can be deduced from pulsed TDR or radiation

reasurements, as demonstrated in Section 4 below.

2. INPUT REFLECIION COEFFICIENT
As pointed out by King and Schmitt (1962:223), the initial reflec-

tion from their antenna corresponds to a "predominantly" resistive termination,

with resistance R » Rc, where R is the apparent antenna resistance and Rc is
the characteristic resistance (50 ohms) of the transmission line. Their
antenna was a monopole over a ground plane. As a specific case, for a
particular diameter (=2a) antenna of lengthR = 9 feet, a pulse with =

9 9

3 x 107° sec. and a rise time about 1 x 107~ sec., the input voltage reflec-

tion coefficient r = 0,72, as measured by comparison of the anplitude of the

first reflected pulse, with the line terminated by the antenna, with the
amplitude of the puise reflected fram the line terminated in an open circuit.
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In the words of King and Schmitt, this corresponds "in sane manner" to an
input impedance |

Z-Rg',"—_t":-—SO —oz = 307.l otms (B-1)

King and Schmitt (1962) show that this vaiue is reasonable by integrating
the input impedance Z( W) of an infinitely long antenna, for which a formula
is available (due to Wu(1961-1)), as follows:

W,
e g |
B= Z2(0d= s 5(w) 2(0) aw (B-2)
o .
Here Z(w) is the average impedance over the range of frequencies in the

pulse, W, is the upper angular frequency limit of the pulse, and S(w) is
the frequency spectrum of the pulse. The magnitude of the reflection

coefficient is then defined as

vl = BlVRe (B-3)

In the evaluation of the integral in Iq. (B-2), King and Schmitt approximate
S(w) = 1 over the frequency range 04w %ol . An alternative fonmlation

defines the average reflection coefficient as the integrated value of r{w)

as follows:
wWe .
vo L Bk g0 (B-4)
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The above two formulations are shown by King and Schmitt (1962) to agree
very closely when plotted against the variable ( € /w.A), and in addition
to agree with experimental values of r. It is pointed out by this writer
that the alternmative formulation of Eq. (B-4) depends cnly upen the upper
frequency limit of the pulse, and not at ail upon the detailed structure
within the pulse spectrum function S(W) as does Eq. (B~2). In practice
however, the approximation S(W) = 1 as used in Eq. (B-2) also ignores the
spectrum detailed structure, so the two fornmulations in effect ignore the
same thing, It would seem to this writer that the shape of the pulse wave-
form (in time) and therefore that of its frequency spectrum should enter in
some manner into the reflection coefficient; hence the formulation of Eg.
(B-2) is preferable from this viewpoint.

In any case it can be concluded that in a formal mathematical
sense, the above frequency-domain approach to the input reflection coeffi-
cient does lead to results that were experimentally verified in the time
domain for the waveforms as described. However, it would be desirable and
probably valuable from the viewpoint of additional engineering insight, if
a time-domain approach or soluticn could be developed, similar to the |
standard traveling-wave solutions for transients on transmission lines
(e.g., Magnusson (1970, chaps. 2,3,4,7)). This type of approach, even if
it led to only approximate results, would fit in more raturally with the
time-dorain tiuveling-wave solutions already developed for the propagation
and radiation of transients an antennas (e.g., Appendix A).

An exact solution is available for the transient response of a
linear circular tubular dipole antenna to a step-function driving voltage,
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valid up to the time t < h/c, which is the time that the discontinuity
traveling from tne input reaches the ends at Z = th, This solution was
given by Wu (1961-2) and also later by Morgah (1962). Both solutions were
corrected by Wu (1969, 347-351), Wu (1969:350) points out that his final
expression for I(Z,t), which is the current on the antenna as a function of
position along the antenna and time, is already quite complicated, and holds
cnly for t € h/c. He states that in principle the solution for I(Z,t) for
later times h/c £ t € 3h/c, 3h/c & t &€ 5h/c, ete., should be attainable
using the Wiener-Hopf method, but this has not been done. He comments
further that for t » h/c the results are most probably too complicated to
be instructive.

Concerning the above solution by Wu (1969), approximations and
simplifications are needed to make this into a more widely-used tool for
engineering applications. Wu himself points out that his solution, even
for the restricted case t & h/c, is quite complicated. Since Wu's solution
is already in the time domain, it is not unreascnable to hope that this may
lend itself to interpretations and tractable approximations in the form of
traveling waves along the antenna suitable for engineering uses. Further,
if the soluticns described by Wu for t ? h/c could be developed, and in turn,
interpreted in terms of traveling waves, this should clarify the role of the
antenna end which is reached by the transient at t=h/c.

Rdss et al (1966, Section 4.2) derive an equation for the driving
point {(dp) mq;uls.eteSpmse h‘n(t)- of a dipole of infinite length by an
_appmxi:date éva;uétim of the inverse Fourier transform of the equation for

the driving point admittance Y(W). derived by Wu (1961-1). From this, the

e wevs A amae __—_..._J‘
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dp response to arbitrary excitation can be found in the time domain by the
convolution integral. Ross et al (1966:34) show that the approximation to
Y(w) by King and Schmitt (1962) ipvalidates their results for sufficiently

narrow pulses on antennas with reasonable radii.

3. END {OR TIP) REFLECTION COEFFICIENT

King and Schmitt (1962:224) remark that the tip of the antenna
acts in the sense of an open end since the pulse reflected at this point
is in phase with the incident pulse. This is from the voltage viewpoint;
from the current viewpoint the reflected current would be opposite in direc-
tion to that of the incident pulse.

Ross et al (1966) model the finite length dipole as a TEM line
with characteristic impedance determined experimentally and the end replaced
by a simple open circuit. Ross (1967) introduces a radiating cylindrical
rod element which is tapered to a needle point at its end. The tapering,
according to Ross, assures that the current at the end is zero (i.e., it is
a perfect open circuit), Ross states that driving-point measurements indi-
cate that this radiator can be closely approximated by an open-circuited
transmission line.

For time-harmonic excitation, Shen et al (1968) derive an
expression for the reflection coefficient at the end of a finite length
dipole and state this is bei:ig studied for possible application to the
‘calculation of the transient response to a short pulse. Their analysis
shows the antenna acts in analogous fashion to a transmission line,
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The biconical antenna has received considerable attention.
Martins (1973:25) uses narrow-angle cones to model a dipole. He selects R2
(end wvoltage reflection coefficient) = 1 in a nurber of examples, reasoning
that much of the high frequency radiation takes place at the input, hence,
by the time the wave reaches the end, the radiation impedance is large and

approaching an open circuit condition. For a wide-angle bicone feed (67°

F }i;aif-angle) with flat ends, Martins (1973:172) reports a TDR-measured value

of R, = 0.378. Harrison and Williams (1965:244) in a paper on transients in
wide-angle conical antennas with spherical-capped ends, support a suggestion
by Prof. T. T. Wu that pulse radiation occurs from the antenna as the pulse
of charge passes from the transmission line cnto the antenna, and again as
the charge turns the cormer from the cone onto the spherical cap and back
again, by approximate calculations and theoretical curves of the time history
of the radiated field, the latter derived by Fourier transform from the known
response to time-harmonic excitation. This is similar to the accelerating
charge concept of radiation (Handelsman, 1972). TFrom the time-history curves
it might be possible to deduce effective values for R2, but this has not been
pursued further by this writer. For time-harmonic excitation, Jordan and
Balmain (1968, chap. 14) summarize Schellunoff's model of the bicone anterna
as a uniform transmission line with an appropriate terminal end impedance,
and its extension to the dipole as a non-uniform line with an average

characteristic impedance,

4, APPROXIMATE MODEL OF DIPOLE ANTENNA WITH TDR-MEASURED REFLECTION
COETFICIENTS
The circuit response, antenna trvaveling waves amplitudes, and the

radiation from a pulsed dipole can be calculated very approximately from a
- 117 -
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highly simplified "back-of-the-envelope" transmission-line model using TDR-
measured reflection coefficients at the input and the ends (Handelsman 1972,
Section 4,.3) ana Appendix A of this report. This model is intended for 1irst-
order, approximate engineering applications with simple rectangular pulse
excitation. This model is described briefly below, and illustrated by
comparison with data from three references. For simplicity, only the radia-
tion in the boresight direction (0=290%) is considered. A more sophisticated
model involving a dispersive filter at the input and a TEM mode line repre-
sentation of the antenna, with an open circuit at the end, has been developed
by Ross et al (1966, Section 4.2.2,3).

Each half of the dipole is considered to be a lossless, TEM-mode
transmission line of length h. The voltage reflection coefficients are Rl
at the input and R, at the ends. Radiation occurs only during the periods
of pulse incidence at the input and at the ends. Radiation losses are
assumed to be acoounted for through the measured reflection coefficients.

The antenna is driven by a transmission line with real character-
istic impedance Zc chms, Let the amplitude of the initial wave or pulse
incident upon the antenna input be Vo volts. A train of reflected pulses
is observed in the line, separated by 2h/c¢ sec., with successive anplitudes
Vs Vs Vgs ooe + Then

— Vl — za"z_c )
Ri= W I (B~5)

where Za = effective antenna input or line charasteristic impedance,
taken as veal, Sincevlandvoax«auaasmvedbym,theanandzacanbe
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calculated. The amplitude of the first pulse traveling towards Z=h is
V= (we)Ve (B~6)

The first pulse reflected from the end at Z<h and traveling back to the
antenna input at Z=0 is |

Vi =R V= Rz (it RN (B~7)

At Z=0, this pulse gives rise to two pulses as follows:
(1) A reflected pulse which travels back on the antenna towards Zzh,
given by '

-

' \‘2" ==-R\N, =- R Ra (RIS, (B-8)

(2) A pulse transmitted into the line, which is obserwved as V,, given
by
oz (R, = Rz (=R, (B-9)

Fram Egs. (B-5, B-9), R2 can be calculated. This allows calculation of an
effective antenna end impedance Ze taken as real, from

Ra= ZezZa (B-10)
) 2@*’20.
Repeating the above process, there is obtained the following:
Vo = RoVe' = =R R (WRI\, = - RN (B11)
- v
Nz cR\ = RERS (WRDI Y, = -R: VN, (B-12)

N = (RO R BRI Vo = -RiR2Ve (B13)

Vg = RVt = RE RS (WRIG= -RRaY (B




=TT

=- RNy -R, (\ﬂl.\\l ::--R‘R,,\Ia (B-15)
Na = (-RIVg = REES (R Vo = -RiRNg  (B-16)

e s ete, ...

To calculate the radiation, assume for simplicity, that the
excitation can be approximated by a rectangular pulse of duration ‘X¢€ h/c
sec, Radiation is emitted during the pericds of incidence at 2=0, th by
the traveling current waves. These current waves are taken as pulses of
duration 4 sec., with amplitudes derived from the voltages V; ,Vi' of the
traveling waves, where i=1,2 etc., given by Egs. (B-6,B-7,B-11,B-12, etc.).
Thus

* < - v
Ii =N /ZA s ‘:‘: = =N, I}a (B-17)
The radiation ( 8=90%) then consists, approximately, of a train of pulses of
Juraticn ‘T sec., spaced h/c sec. apart, with normalized successive amplitudes
as follows (Handelsman 1972, Section 3):

. = | . E,m-(ER2) Eaz Re (-R)
Bzl Fe » B ' (Bam

2
E o= RRUR), Eg= - ‘Rz R, (=R
v etc. PR

Example 1. King and Schmitt (13862).

The antenna is a mpcle ovar a grownd plane., For unity incident
voltage anplitu&e, a train of reflected pulses is chserved in the line, with
the following amplitudes (vead from Fig. 3 in this refurence):
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R"-? - ‘ Vg - \ o—"é--s- - 0.127 ;
“TI-R2 b \=0an’ , i

Fram Egs. {B-13,B-16) it follows that the calculated values for V, and V,

3
are =0.183 and 0,096 respectively. These compare very well with the observed
values -0.19 and 0.1, respectively.

It is informative to calculate the results of assuming that the
end is a perfect open circuit, i.e., R2 = 1. Then from Eqs. (B-9,B-13,B-16),
the calculated values are V

= 0.482, V, = -0.347, Vu = 0.25, which compare

2 3
unfavorably with the observed values. Thus the model with Rl s 0,72,
R, = 0.727 gives much better agreement with observed results than a model

with Ry=0.72ad R, =1 (arbitrarily).

Dxample 2. Ross et al (1966, pp. 80-81).

- The antenna is a monopole over a ground plane. The measured
reflected pulse train in the transmission line has amplitudes 0,58, 0.42,
-0.12, 0.05, etc., relative to unit incident excitation. Following the
method iliustrated in Example 1, there is cbtained

R\ =0.58, Rz=0.633
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These calculated values for V3, VI& compare well with the measured values
~-0.12 and 0.05, respectively.

Example 3. Palciauskas and Beam (1970).

This reference derives the radiation field of a center-driven
dipole, using an inverse Fourier transform of the response to sinusoidal
excitation, The excitation is a pulse of trapezoidal shape. The radiation
field in the boresight directicn has a waveform with recognizable pulse
peak amplitudes, spaced h/c sec, apart, with the following values, as read

from a curve:
E.= .59, Em-2.9, €520.35, £,=1.62, 5= -0MS

From Eq. (B-18), the reflection coefficients are calculated as follows:

o _ € \—~.222 \ -o.81
Rz = e \S5 !
‘ ) -
SRR WL - MURUU (R - 1Y & S
Rz e, Re =\- CLSS){o.810) = o.14l

“he approximate model of the dipole then predicts, from Eq. (B-18) the
following values fqr E, and ‘.25

Ei= R R (e R § = .81
Eg o~ Ry (=R &, == 0.226
These approximate values are to be compared with the more precisely caiculated

values E, = 1.62 andi:s = «0.15. The agreement is not as good as in the
previous exampies, but is not too bad.
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5. SUMMARY AND CONCLUSIONS

It seems reascnable to conclude that the concept of an input
reflection coefficient, at least in the form of an averapge input impedance
or average coefficient as formulated by King and Schmitt (1962) is a
viable one, capable of further development and application. The average
impedance formulation can take into account the particular waveform of the
transient excitation through its frequency spectrum. These results are
limited to times less than that required for the first reflection from the
end to arrive back at the input, being based upon the admittance Yiw ) of
an infinitely long antenna at a single frequency, derived by Wu (196i-1).

Using Wu's (1961-2) equation for Y(w), Ross et al (1966) derive
the driving point (dp) impulse response of an infinitely long divole by
approximate evaluation of the inverse Fourier transform of Y(w). The dp
response to arbitrary excitation waveform can then be found from the
convolution integral. Hence this approach should be productive in further
development of the concept of an input (dp) reflection coefficient.

An exact time-domain solution for the curvent I(Z,t) as a function
of location Z along the anteana and time t, for step-function excitation,-‘;
has been derived by Wu (1389). This is applicable only for t Dhe, i.e.,
the antenna behaves as if it were infinitely long. The result is quite
complicated, to use Wu's oun words, However, from this solution, the current
distribution for arbitrary excitation cai be obtained hy a superposition
integral in the tizme domain. Hence it is obvicus that this exact solution
is a prime candidate for further development, approximition and diverse
engineering applications, including that of the cancept of the input

reflection coefficient.
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In contrast to the irnput problem of the dipole for which at least
tw  approximate and one exact time~-dumain solutions have been outlined above,
there apparently exists no comparable time-domain solution, evact or even
approximate for the problem of the antenna end and its related reflection
coafficient. Wu (1969) states that in principle, his analysis for t< h/c
can be extended to later times such as h/c4& t £ 3W/c, ete. (so that the end
enters into the problem, at least implicitly) but this has not been carried
out. Wu remarks that the results would most probably be too complicated to
be instructive.

For time~harmonic excitation, an equation derived by Shen et al
(1968) for the reflection coefficient at the end of a finite lenygth dipole,
and Schellamoff's apprbxi.maj:e model of a dipole are available, Such solu-
tions, ‘ihrough use of the Fourier transform and the digital computer, afford
numerical time-domain results, which can be used to test theory and/or
models. The difficulties of obtaining analytical time-domain results from
these particular frequency-domain solutions are unknown.

For the wide-angle bicone antenna the time-domain radiation has
been calculated (Harrison and Williams 1965). TFor conical antennas, much
has been published for time-harmonic excitation embodying & trensmission-
line model (Jordan and Balmain (1968)).

One approximate empirical model of the dipole antenna is described
in Section 4 above. It models the antenna as a length h of lossless TEM
transmission line, with inpu* and end reflection coefficients dstermined
through TDR measurements. Based upon three examples selected from the
literature, this model does yield reasonably good approximate results for
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the ¢ircuit response and radiation fram a dipole excited by rectangular

pulse excitation.

The end reflection and its resultant waveform distortion can be
eliminated by the use of resistively loaded antennas so that the traveling
current waves on the antenna are reduced to negligible magnitudes by the
time they reach the ends (1iu and Sengupta 1974). If such antennas are
used, various numerical and approximate analytical results are available
for study of the input and radiation characteristics (Liu and Sengupta 1974,

and pertinent references cited therein), for application towards practical

engineering models.
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