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CHAPTER I

INTRODUCTION
V.

Transmission line analysis has advanced steadily over the last few

decades and, as a result, a number of analyses and computer codes are now

available for the treatment of a variety of transmission line problems. High-

frequency problems, however, remain intractable. Lumped-circuit models which

are currently available (such as those of IEMCAP) are not applicable to SHF/EHF

coupling analysis because of limitations due to assumptions made in those

models. The moment-method codes are limited by the number of unknowns

which can be treated and by thin-wire assumptions.

Figs. 1-1 to 1-4 show four typical problems to be considered in the SHF/EHF

region. Fig.]-1 shows electric fields incident upon a loaded transmission line.

The transmission line consists of a wire of radius a and length L mounted a

distance d above a ground plane. A load ZL is attached between wire and

ground plane. At SHF/EHF frequencies, L may be many wavelengths long, d may

be severl wavelengths, and radius a may or may not be large electrically.

Thc current induced in the load ZL is to be determined. Fig. 1-2 shows elec-

tric fields incident upon a non-uniform (spherical) transmission line consist-

ing of a wire of length L and radius a mounted above a ground plane at an

angle L to the ground plane. A load ZL is attached between wire and ground
L7

plane. Coaxial and multiconductor lines were also considered. Figure 1-3

shows electric fields incident upon a coaxial transmission line of length 1 .

mounted at an angle , above a ground plane. The center conductor of the

1"ii:[

:i .~
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Fig. 1-1. Coupling to a Uniform Transmission Line.
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Fig. 1-2. Coupling to a non-uniform (vee) transmission line.
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coaxial line extends a distance L2 beyond the outer conductor. Radii of

inner and outer conductors are a 2, a1 respectively. A load Z Lis attached

between coaxial line and ground plane (the load may also be underneath the

ground plane). The current induced in the load ZL is to be determined. '

Fig. 1-4 shows a multiconductor non-uniform (spherical) transmission line

mounted at an angle ct above a ground plane with loads ZLl, ZL2 .. ZLn

attached between wire and ground plane. The currents induced in loads are

to be determined.

At SHF/EHF frequencies, transmission line lengths become very long

electrically. At 30 GHz the wavelength is one centimeter and a wire of one

meter length is 100 wavelengths long. As frequency increases, eventually

wire transmission line separation (2d of Figure 1-1) becomes electrically

large and higher order modes are permitted. Finally, at even higher fre-

quencies, wire diameter (2a of Figure 1-1) becomes electrically large and

thin-wire limitations are no longer applicable.

In this report, we conduct a feasibility study concerning SHF/EHF

field-to-wire coupling analysis. Our first concern is with current distri-

butions that arise in radiation and scattering problems in the SHF/EHF region.

Numerous radiation and scattering problems of various different types includ-

ing those of Figs. 1-1 to 1-4 are treated and the current distributions are

studied. Both uniform and non-uniform (spherical) transmission lines are

considered. The radiation currents are predominantly of a form consisting

of standing waves and traveling waves. The scattering currents are of more

complicated form but these complications can also be explained in terms of

standing and traveling waves. The higher-order modes do not appear to be very

important, even when transmission line wire separation (2d of Fig.1-1)Is several

6
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wavelengths. The current distributions obtained can be explained approxi- ,.-.

mately without taking higher-order modes into account. The higher order

modes are undoubtedly excited to some degree, but their effect does not

appear to be significant in those cases treated.

The transmission line may also be considered as a receiving antenna. ,,

In order to determine the current induced in load Z of Figs. 1-1 to 1-4, the
L

impedance Z of the antenna when excited as a transmitter, and the open-

circuit voltage V of the receiving antenna, are required. Bounds to both Z
oc a

and V may be obtained, and, as a result, the induced current may be bounded.
oc

Equivalent circuits for N-port receiving antennas are also derived; these may

be applied to multiconductor transmission lines.

As a result of the feasibility study, a method has been outlined for

obtaining bounds to field-to-wire coupling in s,,ne uniform and non-uniform

transmission lines at SHF/EHF frequencies where previous methods are unsuit-

able.

.7
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Chapter Two

CURRENT DISTRIBUTIONS FOR .

RADIATION AND SCATTERING PROBLEMS --

2.1 INTRODUCTION

In this chapter current distributions are computed for a wide variety of

radiators and scatterers related to the basic problems of Figs. 1-1 thru 1-4.

Both amplitude and phase are plotted and most lengths are fixed at 10 wave-

lengths. Previous computations (not shown) have been carried out for a var-

iety of lengths and spacings and to check the computations, which were per-

formed using the moment code WRSMOM [1,21. Copper losses were included in

the computations, but their effect was negligible.

*'" 2.2 RECIPROCITY FOR SCATTERING PROBLEMS

Fig. 2-1a shows a problem such as those of Figs. 1-i through 1-4. It may be

regarded as a scattering problem if port two is excited, and a radiation

problem if port one is excited. By reciprocity (ZI2 = Z2 1 ), the scatter-

ing problem of Fig. 2-1b can be replaced with either of the radiation prob-

lems of Fig. 2-ic. Similarly, by reciprocity (YI2 = Y2 1 ) the scattering

problem of Fig. 2-1d may be replaced by the radiation problem of Fig. 2-1e.

Note that ZL in Fig. 2-le does not affect the normalized current distribu-

tion or the normalized beam pattern, but it does affect the absolute

* level of the radiated field.

ZL may represent any load in Fig. 2-1. If ZL = 00 then V of Fig. 2-1bL L I... -."

represents open circuit voltage. If ZL 0, then I ot Fig. 2-1a represents

8

. . . . . . .
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Fig. 2-1. Reciprocity for field-to-wire coupling

(a) Basic problem :'il (b) Scattering problem #1

(c) Radiation problem ,'I
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short circuit current. Thus if induced current I is desired in a scatter-
I

ing problem (see Fig. 2-1d), we may replace the scattering problem with a

radiation problem of Fig. 2-le. The voltage source is applied (in Fig. 2-le)

at the point where we are interested in the induced current (in Fig. 2-1d).

This last form of the reciprocity theorem will be used in computing induced

currents in Chapter Four.

2.3 CURRENT DISTRIBUTIONS

Fig. 2-2 shows the geometry for transmission line radiation (Fig. 2-2a)

and scattering (Fig. 2-2b), including the image representations. Fig. 2-3

shows plots of the current distribution on a transmission line with length

L = 5X and variable transmission line spacing 2d. The transmission line is

terminated in an open circuit. A standing-wave pattern is observed in all

cases. The standing-wave ratio decreases somewhat as spacing 2d increases

to one wavelength, due to increased radiation from the end (open circuit).

Figs. 2-4 thru 2-13 show current distributions for transmission lines of

length lOX,, with variable spacing and terminations. Figs. 2-4, 2-5 show

distributions for O.lN separation and Z t = 160', , respectively. 1607._'

represents a transmission line which is terminated in a nearly-matched load.

It should be pointed out that a matched load would be a complex impedance.

The magnitude plot shows a small standing wave ratio. The phase is almost

exactly linear, as would be expected from a traveling wave. The phase dis-

tribution turns out to be a very sensitive indicator of the difference be-

tween traveling and standing waves, as will be brought out in figures 2-4

thru 2-26. Fig. 2-5 involves an open-circuit termination and accordingly

shows a standing-wave pattern. The pattern has 21 peaks

I1
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Fig. 2-2. Geometry for a uniform transmission line.
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and if the points were connected, the standing--wave pattern would be clear.

The phase plot shows a nearly perfect periodic step function which jumps 1800

at zero crossings, as would be expected for a standing wave pattern. Figs.

2-6, 2-7 show plots for separation 2d = 0.25X, and represent traveling,

standing waves, respectively, with slightly greater departures from perfect

phase performance. Figs. 2-8, 2-9 show greater departures in phase. As

spacing increases to 1.O (Figs. 2-10, 2-11) and to 2.01. (Figs. 2-12, 2-13),

the departure from perfect phase behavior becomes significant. Note especi-

ally that open-circuit cases may be said to represent a combination of stand-

ing-and traveling-wave performance, the behavior shifting more toward a

standing-wave performance near the open circuit.

Fig. 2-14 shows the geometry for transmission-line scattering problems,

including the image representation. Fig. 2-15 shows current distributions

for transmission-line lengths of 1, 5, 10,. A plane wave is incident

in the plane of the transmission line and image at an angle of 45'. Note

that the current distributions differ significantly from those of the trans-

mitting problem. It is interesting to note that the current distribution

can be explained in terms of two waves, one the incident wave and the other

a wave excited at the end of the line and traveling down the line at the

speed of light. Such a combination of two waves produces exactly the

slightly more than three periods shown in the case L 10'. One can explain

such current distributions but it will not be necessary in our computations

because we use reciprocity and consider only the radiating case.

Fig. 2-16 shows the geometry for the vee antenna as a radiator and

scatterer dnd Figs. 2-17 thru 2-24 show current distributions. Fig. 2-17

shows the characte,: istics of the radiator of angle 450 and length . = I0W,.

17
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Note a combination of traveling - and standing-wave effects. Figs. 2-18 thru .-.

2-22 show the current distributions in scattering problems with the fields

incident from 0 = 900, 450 ( 0 = 900), 60 = O = 0, and e. = 450, 900

(O = 2700), respectively Figs. 2-18, 2-20, 2-22 show the three-period

pattern of Fig. 2-15. The phase indicates the presence of different phase .

progressions as discussed previously. Figs. 2-19, 2-21 show less phase varia-

tion as expected for normal incidence (consider the direct wave, image vee).

Figs.2-23, 2-24 show the scattering problem for the vee antenna with a = 90',

L = IOX. Normal incidence (Fig. 2-24) leads to less phase variation and

Fig. 2-23 shows the familiar three-period pattern. Finally, Figs. 2-25 and

2-26 show current distributions of a curved semicircular structure of length

= 1OX, and separation d = 0.IX, 0.5", respectively. The closely-spaced

wires of Fig. 2-25 exhibit little or no attenuation, whereas the distribution

of Fig. 2-26 is highly attenuated.

The current distributions of this chapter exhibit certain consistent

trends. First, the patterns of the radiators and scatterers can be explained

approximately in terms of standing-and traveling-waves. Attenuated higher-

order modes are undoubtedly present, but a first-order approximation can

ignore their effects. It would be very interesting to determine (with more

complex codes) to what extent these trends hold up as line length and wire

separations increase, i.e., as frequency increases.

2.4 REFERENCES FOR CHAPTER FOUR

[] D. E. Warren, T. E. Baldwin, A. T. Adams, "Near Electric and Magnetic

Fields of Wire Antennas," IEEE Transactions on Antennas and Propagation, Vol.

AP-22, No. 2, p. 364, March 1974.
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CHAPTER 3 I

EQUIVALENT CIRCUITS FOR N-PORT
o .o:,

RECEIVING ANTENNAS "

3-1 EQUIVALENT CIRCUITS FOR THE ONE-PORT RECEIVING ANTENNA

Figure 3-1 shows a one-port antenna acting as transmitter (Fig.3-1a) or

receiver (Fig. 3-1b) and the Thevenin's (Fig. 3-Ic) and Norton's (Fig. 3-1d)

equivalent circuits of the receiving antenna. V,I represent terminal voltage,

current when the antenna is excited as a transmitter. Z a Jt represent the

impedance, vector current density respectively when excited as a transmitter.

V , I represent open-circuit (ZL = oo) terminal voltage and short-circuit
oc sc L
(Z = 0) terminal current of the receiving antenna.

L

The following relationships may be derived [1]

1 rrrnc
V E v 31
oc Ij-. ".(,-)

where J is the antenna current distribution when excited as a transmitter.

V =I Z (3-2)oc sc a

Z =V/I (3-3)
a

3-2 EQUIVALENT CIRCUITS OF MULTIPORT LINEAR DEVICES

In this section, the Thevenin's and Norton's equivalent circuits for

one-port active linear devices [2,3] are generalized to obtain equivalent

circuits for N-port active linear devices. Three general representations

are obtained with voltage, current, and mixed sources, respectively.

Consider the two-port active linear device (Fig.3-2a) with passive

41
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circuits to left and right. Currents I 1 and 12 flow as a result of active

internal sources in the two-port. Now add ideal voltage sources Va , Vas b I=

(Fig. 3-2b) and assume (to be verified later) that it is possible to adjust

Va Vb such that currents passing thru Va , Vb are both zero. The voltages

across terminals of the passive networks are thus zero. One may disconnect

the passive circuits (Fig. 3-2c) without changing any voltages or currents.

The generators V , V may also be disconnected (Fig. 3-2d). The voltages
a b

across the two-port are V Voc2 i.e., the open circuit voltages of the

two-port when both ports are simultaneoasly open-circuited. Then

V + V =0 (3-4)
a ocl

Vb +Vc2 = 0 (3-5) V.

V and Vb, together with internal sources, have produced zero currents. The
a b

effect of Va* Vb without internal sources would be to produce currents

-1$ 2 If voltage sources Va , V are reversed (Fig. 3-2c) the effect

would be to produce original currents Is 12 Fig. 3-2c is thus a valid

equivalent circuit of the two-port.

Now consider whether it is possible to adjust Va, Vb to produce zeroa bi:?-:i

currents. Alternatively, if internal sources are deactivated, is it possible

to adjust -V -Vb to produce +1', +12? Consider the corresponding "

equivalent circuit as shown in Iiv,. 3-2f. The voltage-current relatioh-

ships may be given as follows (the passive circuits are replaced with

loads ZL 1, ZL2, respectively):

45
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V =Z I + Z I =V -z I (3-6)
111 122 a Lii 

V2 =Z 2 1 11 +Z 2 2 12 =Vb -ZL2 12 (3-7)

Then

V = (Z + ZLI) II + Z1 2 12 (3-8)

Vb =Z21 1% + (Z 2 2 + ZL2) 12 3-9)

Va V are thus specified given II, 12 and the two-port equivalent circuit -
a b2

(Fig.3-2e) is established.

The N-port device may be treated in a similar manner leading to the

equivalent circuit shown in Fig. 3-3a. All ports are simultaneously open-

circuited to obtain V ... V . A dual development leads to the equivalent
ocu ocn

circuit of Fig. 3-3b. All ports are simultaneously short-circuited to

obtain scI  ... I Finally, mixed source representations such as that
s scn . . .

of Fig. 3-3c may be obtained by using a combination of ideal voltage and

current sources.

3.3 EQUIVALENT CIRCUITS FOR MULTIPORT RECEIVING ANTENNAS

Fig. 3-4a shows magnetic current sourcesM M and electric current
-t.. t2

scurce J in the presence of two conductors. M l ,_2 enforce voltages V 1, V2

at the two-port antenna terminals and are sources which excite the antennas

as transmitters. J is the source of incident fields. Applying reciprocity
-a

[41 between sources t and a in the presence of the conductor yields
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I scl 2 sco"

( E • J dv = - HI•H M dv ._ _.

Swhere M =M +M • F:

-- -t -a Mt2 (.3-11.) .

Fig. 3-4b shows applied sources M and induced electric current J in the

absence of conductors (removed by equivalence [5]). Reciprocity is applied . :

between sources t and a in the absence of conductor. J dv is un-

changed and therefore for'h-.-i-es -he

VI I = - II EJ dv

1lsc 2 sc2 --vt -a

= EJ • J dv - a •M dv (3-11)

1J 22~ 1 dv={inc dv fr)(-3

where E has been replaced with E i n t the incident fields. The integraly

t • I dv may be neglected for thin wires. Then at.sre.e a
jj Einc- J d ''.-..'""• ""

iscl v I "-" ' .

14

11 dv (if V2 =0) (3-12)

HE2= -22 --icJ-- dv (if V = 0) (3-13) -.'.--"

IscI' Isc2 represent terminal currents when both ports are simultaneously ,-2";

short-circuited. I1, 12 are terminal currents when antennas are excited as .,- 1

transmitters. J (V2 = 0) represents currents on both antennas when port one 4Y,
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is excited with I and port two is short-circuited and similarly for

J (V1 = 0). The resulting equivalent circuit for the two-port is shown in
t

Fig. 3-7b. The results may be extended to the N-port receiving antenna: 7.-

I i -J dv (V. = 0, j i) (3-14)
,-:.i- -'-'"

where J (V 0, j # i) represents the currents on all antennas when port i

is excited with Ii and all other ports are shorted. The equivalent circuit II
is given in Fig. 3-3b.

A parallel development for electric current sources leads to the follow-

ing results for the two-port problem (see fig. 3-5):

Vo = Jinc.Jt dv (12 = 0) (3-15)

V E 1J du ( 0) (3-16)Voc 2  I, -inc.Jt d I :-

2 '

and the general result for the N-port is

Vi - i. ,-t (3--17)']' -

1 inc ' v( =0, i

V is the open-circuit voltage at terminal i of the receiving antenna when
oci

all ports are simultaneously open-circuited.

tJ (I = 0), # i) represents the currents on all antennas when port i

is excited as a transmitter with current I. and all other ports are open-

circuited. The two-port and N-port equivalents are shown in Figs. 3-7a, 3-3a,

respectively.

Finally a parallel development for the mixed-source representation of '."'-.

Fig. 3-6 yields
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V E' 0 E J Jv (VI 0) (3-18)
oc2 1 2 JJJ -t 1

___rrE J dv ( 0)(3-19)
scl Z 11-ft (2 )

For a model (not shown) with current source at port one and voltage source at

port two:

rr inc
V1 If E' *J tdv =1,0) (3-20)

sc2 - I___ ic ~ 2(-1
z2 2 2{~ *~d ~-=0

In Equation (3-18), V oc2 is the open-circuit voltage of the receiving antenna

at port two when port one is short-circuited. J~ (V1  0) is the current on

* both antennas wheii operating as a transmitter with current 12 at port two

and port one is short circuited. The equivalent circuits are shown in

* Figs. 3-7c, 3-7d, 3-3c.

* 3.4 REFERENCES FOR CHAPTER THREE

*[1] W. L. Weeks, Antenna Engineering McGraw-Hill, N.Y., 1968, Section 8.1,

* pp. 292-296.

*(2] S. Seshu and N. Balabanian, Linear Network Analysis, John Wiley, 1959,

*Section 5.2, pp. 155-160

(3] M.E. Van Valkenburg, Network Analysis, 3rd Edition, 1974, Prentice-Hall,

Section 9.5, pp. 259-270.

[4] R. F. Harrington, Time-Harmonic Electromagnetic Fields, b....raw-Hill,

N.Y., 1961, Section 3.8, pp.1 16-'20 .

[51 Ibid, Section 3.5, pp. 106-110.
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Chapter IV

BOUNDS FOR INDUCED CURRENT

4.1 INTRODUCTION 
k_

Each of the scattering problems of Figs. 1-1 thru 1-4 may be considered

as a receiving antenna. The equivalent circuit of the receiving antenna is

shown in Fig. 3-1. In order to determine the current induced in load ZL9 the - .

antenna impedance Z of the antenna when excited as a transmitter and the

open-circuit voltage V of the receiving antenna are required. Alternative-

ly, the minimum magnitude of Z and the maximum magnitude of V will yield
a ocP

an upper bound on the magnitude of induced current in the load. Approxima-

tions and bounds are obtained for Za and V , thus allowing one to obtainaoc

bounds or approximations for induced current. For very long antennas, the-p

impedance upper and lower bounds converge so that the actual value of the

impedance can be closely approximated. The absolute upper bound for Z can
a

be obtained by treatment of a relatively short transmission line which may be

modeled by moment methods. V can be approximated by using simple models,
oc

i.e. standing or traveling waves, for the current J when the antenna is
-t

excited as a transmitter.

4.2 BOUNDS FOR ANTENNA IMPEDANCE Z

Kraus [11 has shown a plot of dipole impedance in the complex plane.

His plot for the dipole exhibits a spiral-like pattern from which upper and

lower bounds for the magnitude can bp obtained. Numerous plots of trans-

mission line impedance have been made for transmission lines similar to

Figs. 1-1 thru 1-4. These plots all exhibit similar behavior; upper and
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lower bounds to Z may be obtained from them. - ''
a

Fig. 4-1 shows a dipole of length 2L and a transmission line of

length L2 and wire spacing 2d = .5X. The dipole and transmission line are

treated separately, each in the absence of the.other. The dipole and trans-

mission line impedances are shown dotted, solid, respectively. The two plots

coincide for a distance d. The magnitudes of the minimum and maximum values

of the impedance may be found by drawing tangents to the curves from the

origin. Both dipole and transmission line impedance plots exhibit the spiral-

type structure. Both curves spiral into a tight circle within about two

wavelengths (L L2  2X). Note that the absolute minimum magnitude of

Z is about 30'1. This value may be determined from a geometry of modest
* a

electrical size (L < 0.25A) even though the actual antenna or transmission

line may be extremely large electrically and therefore unsuitable for moment

methods. Note further that after a few turns (LI > 2X), the dipole impedance

has approached a circle with minimum value of about 501 and a maximum value

of about 2401. Similarly, the transmission line impedance has an absolute

minimum of about 30 1 and, for L > 2A, a minimum value of about 90Q and a

maximum value of about 3509. Figs. 4-2, 4-3 show a similar structure with

wire spacing 2d X, 2X, respectively. The transmission line spirals into a

relatively small circle. For L > 2X, the lower and upper boinds are about

* 80 , 150) for d 0.5 and about 80 , 1451 for d = i.OX.

Figs. 4-4 thru 4-9 show a two-conductor transmission line of length L, '' \

wire spacing 2d, and separations S which along with load ZL , varies through-

out the figures. These figures represent transmission problems of the type

of Fig. 1-4. The voltage generator is located at the point where we are

interested in the induced current. In all cases the spiral pattern is
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observed and bounds can be obtained. Figs. 4-4 to 4-6, with S = 0.25X, show

larger circles. Figs. 4-7 and 4-8 with S = 0.5A, show very small circles,

for both short and open circuit loads. Fig. 4-9 shows two dipoles and two

transmission lines with trends similar to those noted before. Figs. 4-10

and 4-11 show similar trends for a pair of VEE antennas with quarter- and

half-wavelength spacing S. Finally, Figs. 4-12 and 4-13 show similar trends

for a combination of thin wires which represents the problem of Fig. 1-3.

In summary, all geometries tested exhibit the same general trends

including (a) an absolute minimum value of impedance which occurs at low

frequencies and can therefore be calculated using moment-method models (b)

a nearly circular pattern for L > 2X from which lower and upper bounds can

be obtained.

4.3 COMPUTATION OF OPEN-CIRCUIT VOLTAGE V

The open-circuit voltage V may be computed by several different
oc

methods. For short transmission line lengths, where the minimummagnitude

of impedance occurs, it is possible to computer V directly. Since [2]
oc

1o.rr.

V I E J dv, (4-1)

the incident fields and the current when the antenna is excited as a

transmitter are required. The antenna current J is obtained by moment
-t

methods. Then the beam pattern is computed. The absolute maximum of the

beam pattern is found, and the incident field is then directed along the

line of that maximum, in order to test for maximum susceptibility. Then

Eq.(4-1) is evaluated numerically. The result is the maximum V which can
oc

be obtained for the given structure at a given frequency. This computation
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. . ..

was done for a number of different cases and the results are presented

in Tables 1 thru 8 which also include the induced current. Note that the -

induced current maximum does not vary significantly with distance. For

example, in Table 1, the maximum current varies between .23mA and .18mA

as length L varies between O.1 and 1O. The lengths L2/X chosen are
aslnt 2  een .2 chsnaep

those which correspond to maximum and minimum values of Za . The direction
a

of the incident wave is chosen for maximum susceptibility, i.e., toward the

maximum of the beam pattern. Table 2 shows similar results, the maximum

current varies between 0.14 mA and 0.13mA. The remaining tables show

similar results.

In all cases, the variation of maximum current is very small, on the

order of ±10% for lengths between one and ten wavelengths. The reason for

this small variation is that Voc, Za have their maxima, minima at the same

points and the ratio V oc/Za does not vary at the minima. The minimum of

I has somewhat more variation. It would indeed be useful to determine
sc

if this small variation of the maximum of I is maintained for larger and
sc

more widely separated transmission lines, i.e., for higher frequencies.

The open-circuit voltage can also be obtained by assuming a sinusoidal

current distribution, or an attenuated sinusoidal distribution, computing

the beam pattern, directing the incident beam pattern toward the maximum,

and evaluating Eq.(4-1) directly.

4.4 REFERENCES FOR CHAPTER FOUR

[t] J. D. Kraus, Antennas, McGraw-Hill, 1950, p. 243.

[21 W. L. Weeks, Antenna Engineering, McGraw-Hill, NY, 1968, Section 8.1,

pp. 292-296.
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TABLE 1 TRANSMISSION LINE

(Fig. 4-1, d =0.25X, a =0.01X)

L /X V (V) z(P I (mA)
2 oc a se

0.110 0.005 21.796 0.229

0.303 0.044 909.090 0.048

0.620 0.006 28.621 0.210

0.785 0.045 877.193 0.051

1.110 0.006 29.223 0.205

1.275 0.045 877.193 0.051

1.599 0.006 29.360 0.204

1.767 0.046 892.857 0.052

2.091 0.006 29.905 0.201

2.257 0.045 877.193 0.051

9.960 0.006 33.289 0.180

10.120 0.008 819.672 0.010
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TABLE 2 TRA.NSMISSION LINE

(Fig. 4-2, d =0.5Xk, a = .O1X)

LI AV (V) Za(0) 1 (mA)
2 c a se

0.150 0.022 454.546 0.048

0.500 0.011 91.075 0.121

0.650 0.018 352.113 0.051

1.000 0.012 99.602 0.120

1.140 0.021 333.334 0.063

1.500 0.013 106.157 0.122

1.640 0.023 328.945 0.070

2.000 0.014 110.375 0.127

2.120 0.023 306.749 0.075

9.850 0.014 107.296 0.130

9.980 0.019 259.068 0.073
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TABLE 3 DOUBLE VEE ANTENNA

(Fig. 4-10, c.=450, S =0.25X, Z= 50).-
L -

LP, V (V) z (Q) I (mA)
oc a sc

0.240 0.006 18.478 0.325

0.450 0.023 495.050 0.046

0.720 0.009 29.604 0.304

1200.011 32.175 0.342

1 .700 0.011 33.943 0.324

1.930 0.037 423.725 0.087
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TABLE 4 DOUBLE VEE ANTENNA .

(Fig.4-11% 450, S =0.5X, ZL 50Q)

L/X v(V) (Q)I (mA)
L/Xc V Va sc

0.240 0.005 21.437 0.233

0.460 0.020 400.000 0.050

0.730 0.011 52.411 0.210

0.950 0.028 352.112 0.080

1.210 0.014 56.625 0.247

1.450 0.028 320.513 0.087

1.710 0.013 57.804 0.225

1.930 0.026 310.559 0.084

2.200 0.013 61.805 0.210

4 *.
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TABLE 5 COAXIAL LINE

(Fig. 4-13, c.=450, L2  0 .25X, 2a1  0.025X, 2a2 = .O1x)

2* 2

L11 V (V) z (Q) I (mA)
oc a sc

0.270 0.026 1010.000 0.026

0.500 0.009 49.780 0.181

0.755 0.012 423.730 0.028

0.983 0.009 70.270 0.128

1.233 0.016 371.750 0.043

1.483 0.008 67.600 0.118

1.733 0.014 403.230 0.035

4.930 0.006 83.890 0.072

5.160 0.004 328.950 0.122
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TABLE

* %~

V.,

TABLE 6 VEE ANTENNA

(cx =30*, a = 0.02X, ZL = 0),--.

L/X V (V) Z ((mA)

0.260 0.004 12.950 0.309

0.480 0.023

0.730 0.009 36.930 0.244

0.950 0.028 328.950 0.085

1.220 0.013

1.446 0.026 333.330 0.078

1.716 0.017 49.430 0.344

1.942 0.043 295.860 0.145

2.212 0.019 47.620 0.399

7,

- - .
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TABLE 7 VEE ANTENNA

.4* =450, a =0.02X, ZL 0)

L/N V (V) z (Q) I (mA)
OC a Sc

0.240 0.005 20.525 0.244

0.450 0.023 413.220 0.056

0.735 0.012 46.690 0.257

*0.950 0.037 378.790 0.098

1.213 0.016 54.350 0.294

1.440 0.040 317.800 0.126

1.703 0.016 55.370 0.289

*1.930 0.036 304.900 0.118

2.206 0.015 58.480 0.256

2.420 0.034 294.120 0.116

2.683 0.017 62.190 0.273
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TABLE 8 VEE AN~TENNA

(t=600, a 0.02X, ZL 0)

Vc (V I (mA)
a sc

0.235 .006 28.970 0.207

0.450 .025 384.620 0.065

0.727 0.013 46.820 0.278

0.942 0.030 347.200 0.086.

1.214 0.012 57.410 0.209

1.437 0.028 340.130 0.082 .-. ,-

1.709 0.014 64.440 0.217

1.932 0.029 326.800 0.089

2.204 0.014 69.250 0.202
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Chapter V

CONCLUSIONS AND RECOMMENDATIONS t,..'-

5.1 CONCLUSIONS 

M

A feasibility study has been conducted to examine methods of treating

field-to-wire electromagnetic coupling in the SHF/EHF frequency range. 
At . ..

these frequencies, transmission line length L and wire separation d become

large electrically (L >> d > X) and the field-to-wire coupling problems-.-

become intractable.

Four basic problems (Figs. 1-1 thru 1-4) have been considered, including 
N.

both uniform and non-uniform transmission lines. For those cases investi-

gated, current distributions are predominantly of a standing-wave and/or

traveling-wave form. The higher-order modes do not seriously disturb the

current distributions.

Bounds may be obtained for induced currents in the field-to-wire prob-

lems by considering the transmission line as an antenna and using the equiva-

lent circuit of the receiving antenna, which has been extended to multiport

receivers. Plots of antenna impedance Z show t'iat bounds may be obtained
a

for this quantity. Antenna open-circuit voltage V c may be calculated using

computed or estimated currents for the transmitting antenna. Resultant

maximum induced currents I under conditions of maximum susceptibility showsc 
.-.<'

a striking constancy as frequency is varied over wide ranges. A method has

thus been outlined for treating transmission lines at SHF/EHF.
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5.2 RECOMMENDATIONS FOR FURTHER WORK..

An experimental program is recommended for verification and extension

of the results noted here. A direct measurement of induced current should

be carried out and compared with computed results. In particular the con-

stancy of maximum current should be verified. Measurements should also be

performed at frequencies higher than those treated here (longer line lengths

and greater wire separation) to obtain frequency limits on the methods.

The theoretical study initiated here should be extended to higher fre-

quencies. Additional methods should be considered, including iterative

methods and special expansion functions appropriate to long transmission

lines. Other basic geometries such as the twisted pair transmission line ..

should be treated.

The study of V should be extended to cover the direct evaluation of
oc

V . The study of I should be extended to determine the reason for theoc sc 'i-2-j

small variation of I What are the relationships between gain, V and
sc oc

I as the antenna becomes very long?
sc - - • -

8-
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