
F~A 043 652 NAVAL UNDCRWA?C* SYSTEMS CENTER PEW LO CON COt*I NEW —ETC F~S n’n N
EXTENDING Q UASI—STATIC RANGE FINtTELY CONDUCTING EARTH IMAGE THSeETC(U)
AM. 77 P 1 SAMIISTEN

:L*ssInco MISC—TI—MIS

~~~~~ 3b~~ 2 

_

_________

m END
DAIt

9 —77

4

S



I t

NUSC Technical Report 5653

~~~ T Op 3~

Extending
Quasi-static Range

• Finitely Conducting Earth
Image Theory Techniques

to Other Ranges
Peter R. Bannis ter

Subma rine Electromagnetic
Systems Department

7 Jul y 1977

NUSC
NAVAL UNDERWATER SYSTEMS CENTERc..) Nswport .Rliod. Island ~ N•w London.Conn.ctIout

• LaJ D D C
Approved for public release. distribution unlimited. fl~\ [~7 ~~~~~~~~~~~~

C..3 SLP 1 1977 I
UUL~~iL~



PRE FACE

The work described in this report was performed under
NUSC Project No. A-590-07, “Project SEAFARER ELF Propagation
Stud ies ,” Principal Investigator , P. R. Bannister (Code 341);
Navy Program Element No. 11401 and Project No. X0792, Naval
Elec tronic Systems Command , Special Communications Project
Off ice , CAPT C. D. Pol lak (Code PME.-117), Program Manager ,
ELF Communications Div ision, Dr. B. Kruger (Code PME 117-21),
Director.

REVIEWED AND APPROVED: 7 July 1977

John Merrill
Head Submarine Electromagnetic

Systems Department

V

The author of this report is 1ocate~. at the New London
Laboratory, Naval Underwater Systems Center,

New London, Connecticut 06320. 

_______ _____ ____________



REPORT DOCUMENTATION PAGE
I REPORT NUMSIR 2. GOVT ACCE5$S~~~ NO S REC I PIENT S CATALOG NUMSER

TR 56S3
~ ------ ------ - - - - — -—- - - S. TYPE OF REPORT S PERIOD covERED

/ ( EXTENDING QUASI- STATIC J~ANGE ~INITELY CONDUCTrNG
EARTH IMAGE THEORY TECHNIQUES TO OTHER RANGES D __________________________

— -~~ - - 
S. PERFORMING ORG. REPORT HUNtER

-. 
I. CONTNACY OM QRA NT NUMSC~~(.)

_
~~eter R.!Bannister / / U  

~~~~~~~~~~~~~ 

.

~~~

- , TI~ /
I -

I~~ PERFORMING ORGANIZATION NAME AND ADDRESS 
- 

ID. PROGRAM ELEMENT. PROJECT . TASIC
Naval Underwater Systems Center — 

AR EA S WORK UNIT HUNtERS

New London Laboratory A-590-07
New London , Connecticut 06320

II. CONTROLLING OFFICE NAME AND AD DRESS .— U. NCPO~~T OATI

Naval E lec t ron ic  Systems Command Headquarters (// .~ 7 Julz ~~77
Washington , DC 20360 II. NUMPER OF PAGEI

¶4. MONITORING AGENCY NAME S ADORESS(U dUI.a ’ti fria Ca ’f toIIM OgRes) IS. SECURITY CLASS. (of mu tsp ofl )

,‘~~ i~/ UNCLASSIFIEDI ,  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

So. D(CLASSIFICATIONIDOWNGRA DIMG
SCHEDULE

~S. DISTRISUTION STATEMENT (of ff1 . *sp.rt)

Approved for _public release; distribution unlimited. ID ID C
f , ,  / .

~~~~~~/ 
r~ r~nr1nn r n ~~

/ ‘  / ~~~~~~~ ‘r , ~~~~ 
( ‘

~; 
.
~~ / iur j . --

TRIa’JTIUK *‘TATEME NY (.1 1~~~~~ f r.e I-’a ’toi~’d I,, hesS 30. II dSfIessW k. R.pesl) SE P 1 1~T1

16
B

IS. SUPPLEMENTARY MOTES

I5. KEY WORDS (Ca’fMu r vsii• .ldi SI Nes..I ~~ Y aid f~~M1ffi ’ *7 *SOCk iiia’bs~)

F a r f i e ld  Ranges Ne~u r f i e 1d  Ranges
Finitely Conducting Earth Image Quasi-Static Range Finitely Conducting

Theory Techn ique s Ear th Image Theory Approx imation
Long Hori zontal Line Sources Vertical Magnetic Dipole (VMD)

SO. ~~~ CT (Cs,,tffiu. a’ va•e .M •S aid ...., aid Ida’uSS~ 0, 55 C0 .i ~~SiI)

By a simple extension to the Wait and Spies quasi-static range finitely
conducting earth image theory approximation , it is shown that finitely
conducting earth image theory techni.tues can also be applied to the nearfield
and farfield ranges. Both vertical magnetic dipole (VMD) and long horizontal
l ine sources are considered .

~~~~ , W3 
1,

_ _ _  ---  _ _



TR 5653

TABLE OF CONTENTS

Page

I N TR OUIJ C T ION 1

l ONG HOR IZONTAL LI NE SOURCE 1

\ ERT I CAL MA(;NE TIc DIPOLE SOURCE 6

CONCL U SIO N 

REFERE NCES 11

/
NTI S V on

~~

BY
‘ 1TiL ~J~ CO! [S- -

• 
__

i/ i l
Reverse Blank



TR 5653

EXTEND ING QUASI-STATIC RANGE FINITELY CONDUCTING
EARTH IMAGE THEORY TECHNIQUES TO OTHER RANGES

I NTRO DUCT ION

During the past few years, finitely conducting earth image theory
techn i ques have proved quite useful in determining quasi-static range
field component expressions (of simple form) for antennas located near
the earth’s surface -- for both single layered and multilayered
earths . 1 6  The quasi-static range is defined as that range where the
measurement distance is much less than a free-space wavelength.

I’h ysically, the essence of the finitely conducting earth image
theory techn ique is to replace the finitely conducting earth by a per-
fectly conducting earth located at the (complex) depth d/2, where d =

2/i = 6(1-i), ‘y is the propagation constant in the earth , and 6 is the
earth skin depth. Anal ytically, this corresponds to replacing the alge-
braic “reflection coefficient ” (u-A)/(u+A) in the exact integra l expres-
sions by exponent (-Ad) , where A is the variable of integration . For
antennas located at or above the earth’ s surf ace , this approximation is
valid throughout the quasi-static range .1 ’6

It ~s the purpose of this report to show that finitely conducting
earth image theory techniques are not limited to the quasi-static range
alone. We will demonstrate that they can be utilized at ~~~ range from
the source.

1~c w i ll consider two sources: (1) an infinitely long cable (i.e.,
a long horizontal line source), located at height h (h > 0) with respect
to a Cartesian coordinate system (x,y,z), carrying a constant current I
in  the positive x direction , and (2) a vert i~ al magnetic dipole (VMD),
located at height h (h > 0) with respect to a cylindrical coordinate
system ~~~~~, ~~, z), carrying a constant current I , and whose axis is loca-
ted in the direction . The homogeneous earth (of conductivity o and
diel e ct r i c constant c) occupies the lower half-space (z 0), whi l e the
air occupies the upper half-space (z 0). The magnetic permeability of
the earth i~~~ ,issumed to equal ~~~~~~ the permeability of free space. Meter-
kilogram-second (mks) units are employed and a suppressed t ime factor of
exp ( i . . t I i~~ . assumed .

LONG HORIZONTAL L I N I  SOURCE

For an i n f i n i t e l y  long cable , located at hei ght h w i t h  respect to a
Cartesian coordinate system and carrying a constant current I in the

_ _ _ _ _ _ _  - . ___________
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Positive X direction , the resulting electric field in air is given
e x a c t ly  by7

F = - f ‘ - 
(u~u

X 
~ 

U
0 L \u+u

-u0(z+h)1• e ]cosA YdA , (1)

where

2 2 1/2u0 
= (A + ‘

~~~~ 
)

2 2 1/2u = (A + 
~ 

)

1/2
10 

=

1. . 11/2
y = 1u~~~~(G + ~ w C )  , and

is  the d i e l e c t r i c  constant of the upper ha l f - space .

Now for the quasi-static range - 0) ,  Wait and Spies 3 have shown
t h at

u-uo u-A -Ad
u+u u+ A

0

S u b s t i t u t i on of equat ion (2) into equation (1) results in

E
~ 
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iwIJ
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Iz-h I 
- e

_ A 
]cosAydA . (3)

These i n t e g r a l s  may be read i ly  evaluated 8 to y ie ld

jul1 1 R
E - - 

21! ~~“ (
~)‘ (4)
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and
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where sinip 1 
= (z+h)/R

1 
and cosij’1 

= p / R 1. Thus,
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When Jy 2 1 >> ty 02I
~, the reflection coefficient for horizontal po-la rization (l’j) is equal to

sin4,1 - y/y
F! - 

+ 
- 

- 1 + y dsini~1. ( 16)

Therefore , E
~ 

may be expressed as

r-1 R - y R l
IT - - 

iOl1 I /~ l e ~ 
+ (ri - 

cos 2
~~ e 0

_
1~~ 

( 17)
X iT 

V1’oRo \ 1 //~~R1 j

When l yohi >> i and h >> Z , and when z = = o, equation (17) re-
duc es to the previously derived farfield results of Wait 7 (Wait’s equa-
tions (54) and (65)).

Since equation (10) reduces to known results when (a) ly 0R~~t << 1 ,
(b) v0R~ I >> I , and (c) a approaches infinity, it w ill be valid at any
range from the source.

Ih e magnetic fields produced by an infinitely long cable (which re-
duce t a  equations (6) and (7) when IyoR1I << 1, and which w i ll  also be
valid at any range from the source) may easily be determined from equa-
tion s (.c) and (10). Thus, we see that

5
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~~-— K1(Y0Rj)j (19)

where K1 is the modified Bessel function of the second kind , order one.

VERTICAL MAGNETIC DIPOLE SOURCE

The VMD , of infinitesimal area A , is located at heigh t h wi th
respect to a cylindrical coordinate system . It carries a constant cur-
rent I and its axis is located in the z direction. When h and z are > 0,
the exact Sommerfeld integral expression for the VMD Hertz potential is

- y R  
u-u -u (z+h)

= R 
- j ~

_
~~
_..._2

~)e 
° J (Ap)d A . (20)

The fields in air are related to the Hertz potential by

~lT 2
= iwU _

~~
_

~~
- ; Hz = 

(
~~~2 

+ ; H~, = . (21)

Substitut i ng equation (8) into equation (20) and evaluating the integral 8

yields

/ -y R -y R.
1 0 0  0 1

- IA ~e eL z ~1~~~~R 
- 

R . ‘

1

where R~ is now defined to be equal to p 2 + (z-h)2 and R~
2 is now defined

to be equal to p 2 + (d+z+h) 2 . From equations (21) and (22) we see that

£
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When IY oR~I << 1 , equations (22) through (25) reduce to
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- - ~~z~h)
2]j, (29)

w h i c h  a re i d e n t i c a l  to B an n i s t e r ’ s 1 previously derived quasi-static range
f i n i t e l y  conducting earth image theory results.

After some mani pula t ion , i t  can be shown that when y0Rj~ >> 1 and
>> ~~~~~~~ equations ( 2 3 )  through (25) reduce to the farfield re-

sults of N o r t o n . 9

When z h = 0 , t he exact solution for the VMD E and H components
z

.11 C
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, 2 2 4 
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n ( y  
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0
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p 3)e
b 0P
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~~~~

2 2  3 3
- (9 + 9ip + 4y p + y p )e . (31)

These expressions are valid at all distances from the source.

I f  >> 6 and 1y 21 >> r 2 1 , equations (23) and (25) reduce to
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o
p
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.. lTy p

and
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IA / 2 3 3U - - -— ---.
~~

---
~~

- ( 9  + 9yp + 4y p + 
~ )~ , (33)

211y c \

w h i c h  a re  i d e n t i c a l  to equa t ions  (30) and (31) when lyp i >> 1 ( i . e . ,
~ ) and ~ >

~~ ~~~ 
Thus, equations (23) through (25) will be

v i l i d  at any range f rom the source.

I

CONCLUSI ON

In this report we have derived field component expressions produced
hv vertical magnetic dipole and long horizontal line sources which are
valid at any range from the source. These results have been accomp lis h ed

a simple extension to the Wait and Spies quasi-static range finitely
conducting earth image theory approximation .

The results presented in this report can easily be extended to a
mu ltila yered earth simply by letting the (complex) image depth d/2 equal
(ô~ 2) (1-i) Q, where Q is the familar plane wave correction factor em-
ployed to account for the presence of stratification in the earth. 6,7

9/10
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