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1. 1I-'TRODUCTION

1.1 Background

An experimental investigation by the Harry Diamond Laboratories
(HDL) has shown the feasibility of inductive loop coupling for remote
set fuzing.* This was accomplished by feeding an ac signal into a
"sending" coil wrapped around the body of an LAU6IA Rocket TLauncher and
noting the signal level at the output of a "receiving" coil wrapped
around the base of an M429 fuze that was mounted on a 2.75-in. rocket
warhead in one of the rocket tubes. By introducing axial slots in the
rocket tube and the fuze base, the resulting output was sufficient to
provide primary power and a coded (fuze-mode setting) signal to operate
the fuze circuitry.

Since there 1s considerable interest in the remote~set concept,
an analytical investigation was undertaken to

(1) find an equivalent circuit electrical model of the
inductively-coupled remote set design which could be
used to verify the observed performance, and

(2) aid in prediction of the effects of confiquration
changes on the receiving coil output voltage.

Two apnroaches to the problem of describing a model were
considered. One was to propose an equivalent electrical circuit from a
study of the physical configuration, and then attempt to verify the
resulting proposed model by using measurement techniques (see app A for

measuremenc details). A second possible approach is to describe the
physical configuration in terms of boundary conditions of Maxwell's
equations and obtain the solutions. The former, empirical, approach

was selected. The second approach, although more general, is not
timely and practical at this writing. 1In the future, a more rigorous
solution may be desired; thus, the problem has been defined by Orval
Cruzan in appendix B.

The portion of the rocket launcher system selected for analysis
was a slotted, aluminum rocket tube with the sending coil wound around
the tube and over the slot, and a slotted aluminum model of an M429
fuze base with a receiving coil wound around it and over its slot.
This configuration is shown in fiqure 1.

The equivalent circuit postulated was a link-coupled circuit!
(see fig. 2) where the sending coil was the primary circuit, the
aluminum rocket tube was represented by a link coupling coil, and the

*This investigation was made by Edward T. Spielman at the Harry

Diamond Laboratories in 1973.
lprederick E. fTerman, Radio Engineers Handbook (McGraw—-Hill, N.Y.

1943), p. 128.
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Figure 1. Basic inductive coupled physical
configuration (cutaway view).
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Figure 2. Basic equivalent circuit.

receiving coll was the secondary circuit. (Electrically non~conducting
rocket launcher tubes, such as paper used in the LAU-3 launcher family,
or corner-drawn fiber glass developed by the Naval Surface Weapons
Center, formerly the Naval Ordnance Laboratory, would obviate the link
circuit, and the simpler primary and secondary winding equivalent
circuit can be used.?) This three-coil circuit was further reduced to
a more conventional primary and secondary equivalent circuit with
inductive mutual coupling. The circuit elements of the reduced coupled

2Joint Munitions Effectiveness Manual, Air-to-Surface Weapons
Characteristics Handbook (JMEM) Change 5, 29 December 1972
(Confidential).

-~ o e - . Mg




v

FRRRY

e ¥,

N T A AR N AR
BaRE g

TERRTY

.

circuit were determined experimentally and verified to within
reasonable values. The equivalent circuit thus developed can be used

(1) to explain the inductive coupling operation, and

(2) in combination with empirically derived functions as
a design aid.

Thus, the stated objectives of the report were substantially realized.

1.2 Summary

An experimental design demonstrating the ability to remotely
select one of several fuze modes (i.e., PD, proximity or time) by
inductive coupling was analyzed. The configuration analyzed was a
sending coil wound around a 3-in.-diameter aluminum rocket tube for a
2.75-in. rocket warhead, and a receiving coil wound around the aluminum
base of an M429 fuze mounted in a 2.75-in. rocket warhead.

Ordinarily, the signal strength with the configuration
described would be impracticable because of the shielding effect of the
rocket tube intervening between the two windings. The addition of
slots under the coils, in the rocket tube, and in the warhead base
makes the inductive coupling concept practicable. The analysis was
accomplished by proposing and verifying an equivalent three-winding
tandem-coupled circuit (where the rocket tube was represented by the
intermediate "1link" circuit). The proposed equivalent circuit was
obtained from consideration of electromagnetic field theory principles.
The equivalent three-winding circuit was then reduced to a two winding
equivalent circuit wusing circuit theory techniques. Electronic
measurement techniques were then applied to obtain the component values
of the equivalent circuit from the physical cenfiquration. *
Verification of the model was accomplished by finding the coupling
coefficient "M" to be constant over a wide frequency range where the
output voltage was maximized by using different external capacitors to

resonate the output circuit. Then, wusing the value of M thus
determined, the frequency response of the circuit was measured with a
fixed value of output capacitance. The resulting frequency response

obtained was found to be within instrument accuracy of that predictable
from the assumed equivalent circuit. It was determined that the
equivalent circuit developed could be used as a qualitative aid in
understanding the effects of external circuit changes on the voltage
transfer characteristics. The limitation of the approach used is that
it cannot be directly used to create a paper design. Further work

*Measurement techniques are presented in appendix A.
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would be necessary to obtain empirical curves that would describe the
effects of physical configuration changes (e.g., wire size, size and
number of slots, relative axial position of sending and receiving
coils, etc). A purely theoretical approach was outlined using a
theoretic-numeric technique for the simple case of a single rocket tube
with idealized parameters. The additional complexity of this
theoretical method, when considering possible effects of adjacent
rocket tubes, suggests that the equivalent circuit technique (wherein
the effects of adjacent rocket tubes are included in the measurement)
is the better approach at present.

2. PROPOSED MODEL

A simplified equivalent circuit of 'he basic physical configuration
in figure 1 is shown as the «circuit in figure 3, where the primary
circuit represents the sending coil, the intermediate or link circuit
represents the rocket tube, and the secondary circuit represents the
receiving coil.

Cp and Cq represent the stray capacitances across the sending and
receiving coils, respectively. The "conducting-shield"! effect of the
rocket tube results in a negligible value for Mj, as explained further
in section 4, so that M3 can be neglected as a first-order
approximation. My is the inductive coupling factor from sending coil
to vrocket +tube, and My represents the inductive coupling between the
rocket tube slot and the receiving coil. Measurements of the magnitude
of resistance reflected from the rocket tube are below the accuracy of
the instrumentation so that + which represents the finite
conductivity of the rocket tube, Can be neglected. The simplified
equivalent circuit with these approximations is shown in figure 4.

Figure 3. Equivalent electrical circuit model.

’

Yprederick E. Terman, Radio Engineers Handbook (McGraw-Hill, N.Y.
1943), p. 128.
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Finally, the circuit in fiqure 4 can be reduced to a working
analytical model from which measurements of the proposed circuit
elements can be made and from which the me 3l can be exercised for
verification and limitations by noting the voltage transfer
characteristics. The model, shown 1in figure 5, absorbs the effects of
the link winding into the primary and secondary coils as illustrated,
and as seen in equations (a), (b), and (c).!

Figure 4. Simplified link coupled circuit.
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M M
and M= —12  (c)
Ly + 1

where My, My, Ly, L, LP and LS are from fiqure 4.

Figure 5. Working model of the equivalent circuit.

lI-‘rodorick E. Terman, Radio FEngincers Handbook (McGraw-Hill, N.Y.
1943), p. 128.
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3. PHYSICAL RATIONALE FOR MODEL

Although an exact, general model for the inductively-coupled system
was determmined to be impracticable to develop at present, some attempt
at a qualitative explanation seems appropriate.

The principles of operation for the model rationale were determined
by an intuitive reasoning, application of Faraday's induction law,
which states that a changing magnetic field will produce an
electromotive force and Lenz's law, which states that the direction of
an induced emf is such as to oppose the cause producing it.3 The
important fact is that energy is inductively coupled from the sending
coil to the receiving coil in wuseful quantity, notwithstanding the
conducting shield effect of the intervening rocket tube, when the
rocket tube is slotted.

From Faraday's induction law, it is seen that an emf and current
will be induced in the rocket tube when an ac voltage is applied to the
sending coil. The induced current in the rocket tube will flow
parallel to the turns of the sending coil and generate a magnetic field
in opposition to the magnetic field of the sending coil. This effect
reduces the number of effective flux linkages through the sending coil
and subsequently the receiving coil. The effects of reduced £flux
linkages are manifested by a reduction of the sending coil self-
inductance from that of the air core case. More importantly, for the
remote set application, coupling between the sending and receiving
coils is reduced, since inductance and mutual inductance are both
directly proportional to the number of flux 1linkages produced by the
current in the sending coil. Referring to figure 3, where the link
circuit is the only portion of the circuit  derived somewhat
unconventionally, the operation is summarized as follows: The induc-
tive coupling M; represents the measure of inductive coupling between
the sending coil and the rocket tube (see fig. 5). It tends to reduce
the effective sending coil inductance Leq since,

2
M)
IJ = I.) - T e

oq P I;l + Il"

The inductive coupling factor M. represents the energy exchange between
the rocket tube and receiving coil. Tt vresults (as explained below)
from the current flowing around the slot. The direct, inductive
coupling between the sending coil and receiving coil is effected by the
relatively few linkages through the rocket tube represented by M..

tsee appendix B for a suggested approach to a theoretical solution.
3sears and Zemansky, University Physics Part 2, Electricity and
Optics (Addison-Wesley Press, 1952).

10
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The factor M, is negligible because of the conducting shield effect,
which attenuates the energy by 8.69 a/d dB where a/d is the ratio of
the conductor thickness to the skin depth" (the distance from the
surface at which the current density has dropped by 62.2 percent). For
the configuration under study: an aluminum rocket tube with a = 0.052
in. wall thicknecs at about 150 kHz giving a skin depth of @ = 0.009
in., the predicted attenuation is greater than 50 dB.

When one or wmcre slots are cukt parallel to the axis common to the
coils and rocket tube, +the flux iinkages affecting the sending coil
inductance

2
. S
eq p Ly + Ly

and the sending coil to receiving coil mutual inductance

My M
yo M
Ly + 1y

are increased (see fig. 5). A reasonable physical conception of the
slot effect can be obtained with the aid of figure 6.

The current induced in the rocket tube I is represented by six
"current filaments," which normally would flow parallel to the sending
coil (perpendicular to the length of the slot). As they approach the
slot they divide into two equal groups of three current filaments. The
currents then flow around the slot. Techniques for the mapping of
fluid flow (which is analogous to current flow)®> indicate a bunching of
the current filaments as they pass by the slot. The magnretic intensi :y
vector H_, resulting from the current flowing by the slot, causes Fflux
linkages between the rocket tube and the receiving coil, thereby

overcoming the conductive shieldin effect. The quantity M, and conse-
quently,

My Mp
M= ————
Ly + 1,
is influenced by H_ . Magnetic intensity vectors ”A' H. and H_ are used

to help illustrate the effect of the curving current filaments on the
sending coil inductance Leq. The implication is that the reduction in

Y“rFrederick E. Terman, Electronic and Radio Engineering, (McGraw )

4ill, 1955), p. 36. -
Swalter E. Rogers, Electric Fields (McGraw Hill, 1954).
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flow model around slot.

Leq is not as great as it would be with noncurving filaments (i.e.,

without *he slot) since cancellation of flux lines from the sending
coil is not as great with current filaments curving around the slot.
It will also be noted that with the slot, M; is decreased (because of
the misalignment of H with HB and HC) and

My M,
L = [, = ————————
q p Ly *+ L

indicates an increase in L _ . Measurements show a 20-percent increase
(from 2.5 to 3.0 uH), in Le measurement after introducing a slot in
the rocket tube. Measureme%ts also show an increase of more than 20 4B
in (the overall coupling coefficient) M after the slot is introduced.
From this it is apparent that the effect of the increase in M, nore
than compensates for the decrease in My, since,

M
Ly ¢ Lp

M =

when the number of slots was increased from one to two to four, there
was a corresponding increase in M by factors of 1 (reference) to 1.45
to 1.88 respectively, which suggests a possible linear relationship
between M and the number of slots. Widening the vertical dimension of
a single slot from 0.030 to 0.475 in. increased M by a factor of 1.64.
Since only two widths were tried, no relation other than an increase in
M is suggested by the results at present. Neither 1is there a good
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basis for a relation between number of slots and slot width on the
effect of M. The effect of slot length was shown in a previous
investigation at HDL* to increase M with increasing slot length. 1In
order to obtain better relationships on the effect of slot physical
characteristics, another experiment or a mathematical solution of the
boundary value problem would be necessary.

4. VERIFICATION OF MODEL

The following procedure was used to verify the model. First, the
key circuit operation parameters (Eout/Ein' M) and electrical elements
(R, C, and L) were identified. Next, the necessary simpliiying
assumptions were made as described in the development of the working
equivalent circuit. Measurements of the quantities involved were then
made using the physical circuit confiquraticn. Finally, the model was
exercised by varying certain quantities and observing the originally
measured and calculated values for consistency.

The assumed circuit element values of Rp. Lagr Rge Léq and Cg were
determined using the test techniques outlined in appendix A. The value
of CP was found to be negligibly small and in any event was eliminated
as a consequence of the low impedance (approximately 2 Q) voltage
source placed across it at the input of the sending coil. An
equivalent circuit derived from figure 5, and shown in figure 7, can be
used in describing the verification procedure.

/ / /
Rs LS RS Leq
AN L11N AAA% LN
2 2
{wM) Rp (wM) Leq
+ joM RP2+ (wLp)z RE +(wLp)2
e lNé CsT €
Rp + ]wLeq out

Figure 7. Equivalent output circuit.

As a result of the relatively low coupling between input ané cutput
circuits, Ré and Lg in figure 7 were found to be negligible. The value

of M was calculated from measurements of Eour/Ein (complex) at its peak

*Phis investigation was made by Edward T, Spielman at the Harry
Diamond Laboratorics,
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magnitude, which occurred at about 182 kHz, and equation (1) which was

derived from figure 7 with Ré and Lé set to zero.

M= (Eout/gin>x [Rp + ijeq] x uCq [RS + 3 (wbgy - l/wCs)]- (1)

Mecsurements and calculations were then made at other frequencies and
with several different values of external capacitance to show constancy
in the wvalue of M. At frequencies betweei. 100 and 200 kHz +the
magnitude of M stayed within 15 percent of 1 uH at phase angles between
182 and 195 deg (as shown in table I).

Ideally, M should be constant and real (i.e., the phase angle
should ke 0 or 180 deg, depending on the terminal connection polarity).
This requirement has been reasonably met (with a bias of about +10 deg
in phase angle) considering the possibilities for error accumulation
when applied to the several electrical quantities measured. See
appendix A for measurement techniques and table I for the effects of
slight variation in some of the measured values on the magnitude and
phase angle of the calculated mutual inductance.

Arbitrarily fixing the value of M at 0.89 uH (the average value of
M calculated at E ut/Ei max) , calculations of Eout/ﬁin (magnitude and
phase) were made over a range of frequencies between 110 and 200 kHz
using equation No. (1), and compared with a corresponding set of
measured values taken with C, constant at 225 pF (the sum of the
receiving circuit distributed capacitance and phase meter capacitance).
The calculated values of E,,+/Ej, (phase and magnitude) were again close
enough to verify the model (see fig. 8) for the calculated versus
measured values of the magnitude response and figure 9 for the phase
response.

The values of My , My , Ly , and Ly were indeterminate using the
methods described herein. In order to determine these values and thus
completely describe the equivalent circuit of figure 4, either the
boundary value problem described in appendix B must be solved, or more
involved test techniques will have to be developed to extract the
undetermined values. The working model is wuseful, however, as
described in section 5.

5. APPLICATION OF THE EQUIVALENT CIRCUIT

The equivalent circuit developed (see fig. 4) can be used as a
qualitative design aid in understanding the effects of external circuit

changes on the voltage transfer characteristics. With some
limitations, quantitative effects can be predicted using the working
model of figure 5. As an example, the input loading effects can be

predicted once the circuit elements (fig. 5) are known. Similarly, the
output frequency vreponse can be calculated with the additional
knowledge of the load impedance connected across CS'

14
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Knowledge of the equivalent circuit configuration will aid in
making judgments regarding sending and receiving circuit design goals.
For example, the effects of double tuning techniques on bandwidth can
be assessed. Unfortunately, much of the desiugn would be empirical
because equations cannot be used to obtain an initial "paper" design.
This is true because analytical solutions for the "conducting shield"
effects on inductances and coupling are unavailable at this time.

However, empirical design techniques can be used in combination
with the equivalent circuit knowledge to accomplish a design. As an
example, the sending coil can be designed by constructing several coils
with the same configuration (e.g., single layer of No. 20 AWG copper
wire) but with each coil having a different number of turns.* The
values of Loy, Cp, Rp and M can then be determined experimentally for
each of the coils and curves plotted. The resulting parametric plots
can be interpolated to predict the characteristics of coils with
intermediate numbers of turns. The equivalent circuit (fig. 5) can
then be used to predict loading and frequencyresponse characteristics.
Other parameters would, of course, need to be investigated in a similar
manner to completely optimize the coupling system. Some other

prominent parameters would be slot dimensions and frequency of
operation.

6. CONCLUSIONS

An appreciable amount of electrical energy can be inductively
coupled from a coaxially wound coil into an electrically conducting
rocket tube when a slot is cut in the tube surface parallel to the
cylindrical axis. By consideration of Faraday's law of induced emf,
and Kirchoff's and Ohm’s laws of current flow, it is seen that currents
induced in the rocket tube by the sending coil's magnetic field flow in
directions around the slot, creating a magnetic field that links the
turns of the receiving coil inside the rocket tube. The "slot magnetic
field," compared with the magnetic field from the currents in the
rocket tube surface, 1is relatively unaffected by the conducting~shield
effect of the rocket tube. These considerations suggest a three-coil
tandem, coupled (inductive) circuit as a basic model. When the
equivalent electrical parameters of the circuit are measured, the
input-output characteristics of the coupling system are predictable.
Thus, a basic explanation of the coupling operation and a design aid
are available for the inductively coupled remote set fuzing
configuration.

To obtain a more generalized analytical solution of the problem, an
extended effort must be made using boundary value solutions to
Maxwell's equations.

*This prézgaure was suggested by Ralph G. Moore of MDL.
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APPENDIX A--MEASUREMENT TECHNIQUES

A-1. Measurement Objectives

The methods and techniques used to extract the circuit quantities
were sufficiently peculiar to warrant documentation for future
reference. The object of the measurements was to identify the circuit
element values cf the equivalent circuit working model (sect 3, fig. 5)
and to use them in further measurements to verify the accuracy of the

model.

Figure A-1 is a schematic represeniition of tae coupling system .
from which the measurement philosophy can be examined. .

Most of the measurements were made with a Hewlett-Packard
3575a-type phase meter and a frequency counter.

Rp Rs i
O - —AAN\- M r—avvv—-f-————o :
1 H
i / AW | ‘
, |
Co & Leq 3 g Ueq % s
|
| |
| |
o 4 * o)

Figure A-1l. Schematic diagram of the coupling system.

A-2. Sending Circuit Measurements

(Ceq’ Rp) ;

The primary measurements Leg and Rp where Leq consists of the
inductive effects of the sending coil, intrinsic inductance were made

using the connection shown in figure A-2.

ANN —
1 1080 1 Zg | :
FIXED — | Re
Ex Eg Co *
1 Lm
l

Figure A-2. Primary measurement circuit.
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First, C,. was determined to have negligible effect by determining
Zy = [EB/(EB - EA /ld] and noticing that for frequencies in the range
of interest (between 100 and 200 kHz) determined by the self-resonant
frequency (182 kHz) of the receiving coil circuit, Im(2Z )/27f was
constant at 3.5 uH, so that Leq Was set to 3.5 pH. Re(ZB) was constant
at approximately 0.5 @, so that RP was set to 0.5 Q.

A-3. Receiving Circuit Measurements

(Léq » Cgr Rs)

The receiving circuit quantities were obtained using the connection
of figure A-3 by connecting several (theoretically, only two are
necessary)1 values of external capacitance C across the receiving
circuit output terminals and adjusting signalx generator frequency to
resonance by maximizing E,,.. Coupling energy into the receiving
circuit by induction is equivalent to placing a generator in series
with the inductance, resistance and distributed capacitance of the
receiving circuit so that series resonance was accomplished. It 1is
important to use series rather than parallel resonance (commonly used)
for a direct estimate of the elements Lé and C_ since, in this case,
the circuit Q of the receiving circuit was less than 10 (approximately
3.5 because of the eddy current effect of the fuze base) where the peak
voltage and zero power factor do not occur at the same frequency. This
low Q situation would invalidate the technique used here for a parallel
circuit where the approximation that woz = 1/(LC) holds for Q around 10
or more. The distributed capacitance CS was then calculated using
equation (A~l).

ColE/E1)2 - €
s~ L - (f/619) (a-1)

C

RECEIVING
CIRCUIT
— ’ +
E“ SENDING ROCKET / e Eour
N T CRCUIT TUBE T Exvernad
| L— CAPACITOR

Figure A-3. Connection for measurements of Léq and C..
(o]

Yplectronic Measurements, Second Edition, Terman & Pettit,
McGraw~Hill Book Inc., (1952) p 100.
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The inductance Léq was then calculated fronm,

vl = 1/[an?£2 0y + G5l (A-2)

€q

where C), Cy are any two values of external capacitance and £; and f,
are the corresponding resonant frequencies.

Theoretically, Léq would be expected to vary from the effect of the
eddy currents induced in the aluminum fuze base around which the
receiving coil was wound, by a factor of ‘MZRF/LFBI which is the
effective inductance reflected into the coil from the fuze base. Mpp
is th mutual inductance between the receiving coil and fuze base and
LF the fuze base inductance. The experimental data resulting from
equation (A-2), however, show the inductance to be practically constant
at Lgy = 3.5 mH throughout the frequency range. The distributed capac-
itance thus determined was 192 pF when the output capacitance of the
phase meter {{measured independently) of 33 pF was acounted for. The
33 pF was of necessity connected across the 192 pF of distributed
capacitance throughout the tests, so that the minimum value of CS was
225 pF with the phase meter ccnnected.

The receiving circuit resistance R_. is a function of frequency
because of eddy currents and proximity effect within the 500-turn
winding 2f AWG No. 39 wire. The connection used to determine Rs as a
function of frequency is shown in figure A-4.

The procedure involved adjusting Cy to obtain Im(Y_ ) = 0 (i.e.,
parallel resonance) at several frequencies in the 114-to 188-kHz range.
This was accomplished in each case by adjusting the frequency of the
signal generator so that the phase angle of EB was zero.

68K
AN Q) - — —
FIXE 1 R |
Cy RECEIVING S
Ep Eg Yo CIRCUIT = 192 pf
, > TERMINALS 2 35m:‘i I
——

S

Figure A-4. Connection for determining Rs.
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The following relationships were then used to determine Rg:

= A“3
Yo YS+YC ( )

Y, = l/(Rs + ij) (A-4)

P

Rg/ [P% + (wL) 2] - jwl/ [R% + (wL) 2]

where L = Léq = 3.5 mH, as described above. At parallel resonance,
2 2 = .
wl/ [Rs + (o) ]‘ ofcs * ) (a-5)
so that i
YB = YS '
(i.e., since the sum of the imaginary components of Y = 0)
and
[R2 + (ur) 2 /rg = 2 (A-6)
but,
7, = 68 K (Ey/E, )/ [1 - (EB/EA>] i (A=7)

Note at resonance EB/EA is real.

Then, multiplying the results of equations (A~-5) and (A-6),

’mL/ [Rg + (ol ?][ X “:Rg + (wL) 2] /Rg| = wC 25+ (A-8) ‘

= + 1 A -
where C Cs Cx gives é/ pa

Rs = mL/u)CZB ' (A~-9) . :

or

izs = LS/{C » 68 K (EB/EA)/[l - (EB/EA>]}

22




T r Ty o
R A Tate e R A ‘?f‘:‘;“%:%ﬁ! g

o LR R R
PR \

e

'}

The values of Rg were plotted at several points in frequency.
Other values of Rg throughout the frequency range were taken from a
straight-line fit through the points. The straight-line approximation
was later justified by the consistency of the results of the mutual
inductarce and voltage transfer (Eout/Ein) calculations.

A-4. Voltage Transfer Measurements Egut/Ej,

The voltagez transfer measurements Eou /E. were obtained with the
connection in figure BA-2. The measurement accuracy of the
Hewlett-Packard 3575A phase meter was approximately 2 dB for the

Eout/Ein measurement and 5 degrees for the phase angle measurements.

23

[

[N

g

AW RS o s S A




O e wgm—t s v
R gt 3 VAP e - - [P N e v ot ot -

o e W

APPENDIX B--NUMERICAL SOLUTION OF AN ELECTROMAGNETIC PROBLEM
By 0. R. Cruzan

In general, the determination of the diffraction field of a .
perfectly conducting body located near a primacy electromagnetic source
presents almost insurmountable analytical difficulties. These arise,
in some cases, from the number of boundaries on which boundary
conditions nwust be satisfied, the number of partial fields that must be
related to each other, and, in other cases, to the gross irregularities
of the surface.

e n e eVEcee s v

An alternate method of solving such problems is by what is known as
a theoretic-numeric technique. This method has proven successful for
bodies of various sizes and shapes.1'213'” In this method the surface ’
of the body is subdivided by a grid system. The surface current over
each elemental area or grid is assumed to be uniform.

Now, the magnetic field produced by a surface current is given by
the formula,

-jkr

- - _]:— - e
Hg = 411] Vx(JS - )ds (B-1)

S

Alternatively, this formula can be written as

1

0 = = f I ) -
Hs yy A (x) Js X lr ds (B-2)
where 1
1 . . k\ -jkr
f = - {4+ j — . -
(r) (rZ j r) e {(B-3)
lR.L. Tanner and M.G. Andreason, "Numerical Solution of |

Elec?romagnetic pProblems," IEEE Spectrum, 4, No. 9 (1967), pp 53-61.
“F.K. Oshiro, K.M. Mitzner and R.G. Cross, "Scattering From Firite
Cylinders by Source Distribution Techniques," Proc. of GISAT Symposium
(2nd) vol II, Oct (1967), pp 57-70.
3J. Goldhirsh, v.L. Knepp and R.J. Doviak, "Radiation From a Dipole
Near a Conducting cylinder of Finite Length,” IEEE Trans on
) Eleqtromagnetic Compatability, EMC-12, No. 3, Aug (1970)., pp 96-105.
¢ '*A.H. Cherin and J. Goldhirsh, '"Impedance and Far Field
' Characteristics of a Linear Antenna Near a Conducting Cylinder,” IEEE
N iignjlgn Electromagneti~ Compatibility, EMC-14, No. 3, Aug (1973), pp )
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In these formulas Hg is the scattered fieid, 5 is the surface current,
r is the distance from the current J_ to a point of observation, i_ is
a unit vector whose direction is parallel to that of T, k is the
propagation constant of free space, S is the total surface area of the
scattering body, and dS is the differential of surface area.

Let Eé be the total scattered magnetic field due to the surface
current 35, except for that of an elemental area. The magnetic field
in space Hy is the sum of the primary field ﬁp, due to the source, and
the scattered field Hé, due to the surface current 3;. Thus ,

H

= H + H . ‘A
t p s (B~4)
Now at the surface of the elemental area, H¢ will be the incident

magnetic field. From-a consideration of the electrogmagnetic fields in
the presence of a conducting body, it can be shown that as the
conductivitiy of the body becomes infinite, the tangential components
of the incident and reflected magnetic fields at the surface become
equal; that is,

nXHS=ﬁ><I-i{._. (B-5)

The boundary condition
perfect conductor is

for the magnetic field at the surface of a

A x (*_*; + ﬁs = 3;), (B-6)

where 1 is the unit vector normal to the surface.

. In view of
equation (B-5) we get from equation (B-6)

e

A x Ht = Jg/2 , (B-7)
since ﬁé > Et and 3§ > 35, as the elemental area approaches zero.

Using equations (B-2) and (B-4) with (B-7), we get

= 1 = 33
h X Hp + = f f(x) Jg X ir as) = —

(B-8)
47 s 2
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If we denote by i the number of the grid at whose center the
surface current is to be determined, and by n the number of a source
grid, then, in view of the assumption of wuniform current over a grid,
the integral in equation (B-8) may be replaced by a summation; thus we

get
n J.
o i -
n: X R - _—= - A .
. * 2;& Hln) 2 N X le'
i=1,2,3...N (B-9)
where
i =_1f f(r-)S x i . as_ . (B-10)
in 4m n n rin n
Sn
Here
ﬁi is the normal unit vector at the center of the ith grid,
ﬁpi is the primary field at the center of the ith grid,
ji is the surface current density at the center of the ith
grid,
jn is the surface current density at the center of the nth
grid,
r. is the distance from a point of the nth grid to the
center of the ith grid,
i, is the unit vector having the direction of r. , v
rin in

f(rin) is the function given in equation (B-3) connecting grids
i and n,

Sn is the area of the nth grid.

23
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Since the surface current over each grid may be decomposed into two
orthogonal components, then equation (B-9) results in 2 N simultaneous
eqnations in 2 N unknowns--the unknowns being the surface current
components over the grids.

After the Jn's have been determined, equation (B-1) is used to

obtain the scattered field. This field, together with the primary

: field, combined according to equation (B-4), gives the total magnetic
: field at a point of observation.
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A problem for which the theoretical-numerical technique may be
applicable is that of a perfectly conducting tube of finite length
containing an axial slot. The primary electromagnetic field 1is
provided by a circular, current-bearing loop. The loop and the tube
are coaxial. This system is illustrated in figure B-1l. Also
illustrated in the same fiqure are a grid system that is appropriate to
the technique, and several of the elements involved in the evaluation
of the field. These elements are the surface current J, at the center
of the nth grid, the distance r, from the center of the nth grid to a
point of the ith grid, the init vector ipin that is parallel to the
direction of fin’ and the unit vector ﬁ; that is normal to the surface
at the center of the ith grid. The dots in the centers of the grids
indicate the positions at which the surface currents are to be
determined.

CURRENT BEARING LOOP

CONDUCTING TUBE

Figure B~l. Grid system for theoretic-numeric
technique.
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