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SECTION 1

INTRODUCTION

1-1 BACKGROUND

This report summarizes work performed by Science Applications
International Corporation (SAIC) under Defense Nuclear Agency contract
number DNA001-84-C-0372, Task #2, on the transient response of electro-
magnetic field sensors. This report is one in a series of reports g
describing SAIC's experimental design, deployment and results for the
Dust Induced Noise (DIN) Program. The objective of the DIN study is to
investigate the impact of dust induced noise on various military communi-
cation systems. This objective is met by recording the analog noise wave-
form in several 600 KHz wide bands spanning the MF through UHF portions of
the radio spectrum. Since the noise signals are bandpass filtered in
the recording process, the recorded signals do not faithfully reproduce
the complete time domain waveform. In order to examine the character-
istics of the full time domain signal in detail, in principle at least, an
infinite-bandwidth recording system is required. SAIC has therefore been
tasked to investigate the feasibility of very broadband sensors, and this
report summarizes the results of that effort. The reader should bear in
mind that the experimental and data analysis portions of the DIN Program
are directed at the communication system impact of DIN, not at high-fidelity
recording of the time domain waveform for purposes of investigating the
fundamental physical mechanisms involved in the DIN process. This study
is therefore strictly a feasibility study that addresses the single issue
of whether or not suitable electromagnetic field sensors are available
that will provide adequate fidelity to fully reproduce the transient DIN

pulses.
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1-2 PROBLEM STATEMENT

DIN is highly impulsive in nature. A typical time series
(amplitude versus time) recorded at a DIN event illustrates the "spikey"
nature of the noise field generated by internal arcing within the dust
cloud lofted by surface or near-surface high-yield detonations. In
many respects, DIN resembles the atmospheric noise produced by local
and distant thunderstorm activity, although the two phenomena are
almost certainly characterized by different statistics. Depending upon
the signals levels generated during a DIN event, there may be a severe
impact upon military communication systems operating in all portions of
the radio spectrum. The assessment of communication system impact is
accomplished by recording analog noise waveform signals in passbands
whose width in the frequency domain is similar to that of a typical comm-
unication system. This experimental approach, however, cannot provide
adequate resolution of the time domain pulse to support studies of the
fundamental physics of DIN generation because of the inherent band-1imited
nature of the recording process.

In order to fully characterize the DIN process, it is necessary
to record faithful reproductions of the complete time domain waveform
during a number of DIN events. The electromagnetic field sensor in this
application must produce, as nearly as possible, an exact replica of
the radiated noise signal. To the extent that the sensor fails to repro-
duce the transient radiated pulse accurately, the time domain waveform
measurement will be in error. The antennas used in the current DIN experi-
mental apparatus are typical communication antennas, i.e., standing-wave
(resonant) structures whose bandwidth is adequate to accomodate noise
signals within the recording system passband. The antennas (sensors)
required for a full time domain reconstruction of the radiated noise
pulse, on the other hand, must exhibit extremely wide bandwidth without
resonances. Communication antennas and time-domain field sensors are
therefore very different in nature. Field sensors, for example, are
designed with 1ittle or no consideration of gain and directivity, and
certainly without any attempt to reject out-of-band interfering signals.
These same attributes, of course, are key design objectives for communi-
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. cation antennas.
'.';“re
ﬁg The antennas that are used to sense the radiated noise signal
;?ﬁ as a propagating electromagnetic field are passive, analog transducers
B that convert the measured signal into a voltage or current at their term-
inal ports. The performance of these devices is determined by their trans-
mit and receive transfer functions, which, in turn, depend upon the sen-
sor geometry and electrical parameters (characteristic impedance, effec-
tive electrical length and impedance loading along the sensing element).
e The purpose of this work is to investigate the feasibility of designing
U . . . . . .
ﬁ? field sensors whose bandwidth is sufficiently large to faithfully repro-
ﬁé; duce the complete DIN time domain waveform. The calculations summarized
. in this report show clearly that such sensors are available and that the
X design considerations are well understood.
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SECTION 2
THEORETICAL CONSIDERATIONS

The transmit and receive transfer functions, St(f) and Sr(f),
respectively, for an antenna are given by [1]

g Sy(F) = 3k, e IKTE, (F,r) /rag(f) (1)

13 and

S.(f) = by(f)/E (f) = 2nS; . (2)

i

%i In Eqs. (1) and (2), f is the frequency, Sij are the device's scattering

it matrix elements, k is the free-space wavenumber, and r is the radial dis-
» tance from source to observation point. The transmitted and received

%& electric field strengths are Et and Er’ respectively, with phasor ampli-

% tudes ao(f) and bo(f). Throughout this report, the assumed time dependence
ﬁf exp(jwt) is suppressed. And, following standard notation, j is the imag-
. inary unit /-1.

R

;k The receiprocity theorem for antennas imposes the following

Py relationship between the scattering matrix elements Sg1 and Sy4:

nS(0) = =ngS14(0) (3)

ﬁ where L is the antenna load admittance, and o is the admittance of

33 free space. The constraint in Eq. (3) establishes a relationship between
ﬁ St(f) and Sr(f). The general conclusion is that St is proportional to

-, the first partial time derivative of Sr’ as long as ] is real and frequency
it independent. In this work, of course, the emphasis is on the receive
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transfer function, which may be calculated directly. Eq. (3) becomes
useful when the sensor's far-field transmit characteristics have been
calculated or measured.

Consider a linear dipole sensor with physical length 2h and
diameter D as shown in Figure 2-1. A locally plane wave with wave vector
K is incident upon the dipole whose orientation coincides with the dir-
ection of the incident electric field vector E. For different orientations,
the dipole output, which appears as a voltage V0 between terminals 1 and 2,
is multiplied by a cosine pattern factor (cosine of the included angle
between the dipole axis the the incident field vector). A current is
induced in the dipole by the propagating wave field that has the following
traveling-wave form:

1(z) = Vg[1-|z|e” %121 /m1s60v(1-3/kn) | (4)

where
¥ = 2[sinh'1(2h/D)-C(kD,2kh)-jS(kD,2kh)]

+ j(1-e"32kby (5)

In Eq. (4), C(x,y) and S(x,y) are the generalized cosine and sine integ-
rals, respectively, defined by

y
C0x.y) I(I_COS/62+X2)/ W2ex?  du (6)
0

2 2,2

+x2/ uS+xS du . (7)

y
S{x,y) 6sin u

The dipole drive-point impedance ZO=V0/I(0), and the dipole

internal impedance per unit length, Zi’ for the structure of Figure 2-1
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are given by

60¥[1-j/kh] (8)

Z,()

and

2,(z) = 60¥/(h-|z]) . (9)

1

The effective electrical length of the dipole sensor, which is
frequency dependent, differs from the physical length of 2h and is given

by

+h
he(f) = [ I(z)dz/1(0)
-h

= 2(1-j5kh-e KM 2y (10)

tach of the parameters, he’ Z1 and ZO’ enters into the calcu-
lation of the transmit and receive transfer functions in Egqs. (1) and
(2) via the scattering matrix elements 501 and SlO‘ Since each of these
parameters is frequency-dependent, the sensor response is also frequency-
dependent. An ideal sensor (perfect fidelity) would exhibit a flat (con-
stant) transfer function at all frequencies; but, of course, no actual
transducer does. By properly designing the sensor, however, the traveling-
wave current form in Eq. (4) may be preserved over an extremely wide
frequency range resulting in essentially flat response. In order to
recover the non-resonant current distribution in Eq. (4), the dipole
must be impedance-loaded along its length in accordance with the prescrip-
tion of Eq. (9). Failure to properly load the sensor results in a stand-
ing wave current pattern whose resonant characteristics result in wide fluctu-
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ations in the sensor transfer function with frequency. The impedance-

- loading method, therefore, is essentially a broadbanding technique which
:%Ee removes unwanted resonances from the transducer structure.

i

V‘,“‘ -

i An example of the results attainable with this method is shown
o in Figure 2-2 in which the receive transfer function is plotted as a func-
?2 ‘ tion of frequency for the dipole structure of Figure 2-1 with various

Tt 5¢
ﬁﬁg loading impedances. Figure 2-2 shows clearly that extremely wideband

e performance (1 KHz to 1 GHz) is possible with proper element loading.

g Depending upon the specific application, the response may be tailored to
t."

g§$ the spectral characteristics of the measured waveform by appropriately
:ﬁgu introducing high or low frequency rolloff. The results in Figure 2-2
N}
@ﬁ& apply only to impedance-loaded dipoles, not to resonant antenna structures
;{i used in communication systems. Thus, the transducer discussed here is
‘5%. useful for high-fidelity wide bandwidth pulse recording where the objective
1}
sﬁﬁf of the measurement program is to faithfully reproduce the time domain pulse
K
o) waveform. This sensor is not at all useful for communication purposes, how-
e ever, since it lacks gain, directivity, and out-of-band signal rejection.
'( 4 . - - - .

-%é If the objective of a measurement program is to assess the communication
) ¢!
}ﬁg system impact of DIN or other similarly impulsive noise, then the high-

&

‘?* fidelity wideband time domain sensor is inappropriate because it does not
ii realistically model the actual performance of the communication link.
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SECTION 3
CONCLUSIONS

Dust induced noise waveforms may be recorded for two differ-
ent purposes: assessment of communication system impact as a source of
external interference, or investigation of the fundamental physical pro-
cesses involved in DIN based upon an examination of the detailed time
domain noise waveform. In order to accomplish the first of these two
objectives, the electromagnetic field sensors that are employed in the
DIN experiment should be communication system antennas either of the
type actually employed in communication systems or of the type used
for radio noise measurements as described in CCIR Volume 1. In order
to accomplish the second objective, the electromagnetic field sensor
must exhibit flat response over an extremely wide bandwidth, so that
it is impractical to use communication type antennas.

This report summarizes the design considerations and calculated
performance of one type of wideband electromagnetic field sensor - the
impedance-loaded center-fed linear dipole. Although other types of
sensors exist that exhibit similar broadbandedness, the dipole sensor
is the simplest and serves to illustrate the feasibility of designing
and deploying a sensor with the requisite performance. The state-of-
the-art clearly supports the objective of making high-fidelity record-
ings of DIN waveforms, at least as far as the field transducer is con-
cerned.
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ATTN: NTYEP, W. Page
ATTN:  SUL
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DEPARTMENT OF THE AIR FORCE (Continued)

Air Logistics Command
ATTN: 00-ALC/MMEDO, L. Kidman
ATTN: 00-ALC/MMETH, P. Berthel

Air University Library
ATTN: AUL-LSE

Ballistic Missile Office
ATTN: ENSN
ATTN: ENSN, W. Clark
ATTN: ENSN, W. Wilson
ATTN: M. Stapanian

Electronic Systems Division
ATTN: SCS-1E

Foreign Technology Division
ATTN: NIIS Library
ATTN: TQTD, B. Ballard

NORAD
ATTN: NORAD/JSYX

Rome Air Development Center
ATTN: TSLD

Sacramento Air Logistics Center
ATTN: MMCREB, F. Schrader
ATTN: MMIRA, J. Demes
ATTN: MMSREM, F. Spear

Space Division

ATTN: IND
Strategic Air Command

ATTN: DEMUE

ATTN: INAO

ATTN: NRI/STINFO

ATTN: XPFS

ATTN: XPQ

DEPARTMENT OF ENERGY

Department of Energy
Albuquerque Operations Office
ATTN: CTID
ATTN: WSSB

Emergency Electric Power Adm
US Dept of Energy
ATTN: L. O'Neill

OTHER GOVERNMENT AGENCIES

Central Intelligence Agency
ATTN: OSHWR/NED

Department of Transportation
ATTN: Sec Div ASE-300

Federal Emergency Management Agency
ATTN: OPIR, M. Murtha
ATTN: SL-EM, J. Hain

DEPARTMENT OF ENERGY CONTRACTORS

Los Alamos National Laboratory
ATTN: B. Noel
ATTN: MS670, J. Malik
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DEPARTMENT OF ENERGY CONTRACTORS (Continued)

University of California
Lawrence Livermore National Lab
ATTN: L-10, H. Kruger
ATTN: L-13, D. Meeker
ATTN: L-153, E. Miller
ATTN: L-156, H. Cabayan
ATTN: L-97, T. Donich
ATTN: Technical Info Dept Lib

Sandia National Laboratories
ATTN: M. Morris
ATTN: Org 1231, C. Vittitoe
ATTN: Org 2322, E. Hartman

DEPARTMENT OF DEFENSE CONTRACTORS

Aerospace Corp
ATTN: 1. Garfunkel
ATTN: J. Reinheimer
ATTN: Library

Agbabian Associates
ATTN: Library

Allied Corp
ATTN: Dept 6401

Allied Corp
ATTN: M. Frank

Analytical Systems Engineering Corp
ATTN: M. Nucefora

AVCO Systems Division
ATTN: Library A830

Battelle Memorial Institute
ATTN: E. Leach

BDM Corp
ATTN: Corporate Lib
ATTN: S. Clark
ATTN: W. Sweeney

BDM Corp
ATTN: Library

Boeing Aerospace Co
ATTN: M. Anaya

Boeing Co
ATTN: D. Kemle
ATTN: H. Wicklein
ATTN: J. Dicome
ATTN: Kent Tech Lib

Boeing Military Airplane Co
ATTN: C. Sutter

Booz-Allen & Hamilton, Inc
ATTN: R. Chrisner
ATTN: Tech Lib

Calspan Corp
ATTN: R. Thompson

Calspan Corp
ATTN: Library
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Charles Stark Draper Lab, Inc
ATTN: K. Fertig
ATTN: TIC MS 74

Cincinnati Electronics Corp
ATTN: L. Hammond

Computer Sciences Corp
ATTN: A. Schiff

Dikewood Corp
ATTN: Tech Lib for C. Jones
ATTN: Tech Lib for D. Pirio
ATTN: Tech Lib

Dikewood Corp
ATTN: K. Lee

E-Systems, Inc
ATTN: J. Moore

Eaton Corp
ATTN: E. Karpen

EG&G Wash Analytical Sves Ctr, Inc
ATTN: C. Giles

Electro-Magnetic Applications, Inc
ATTN: D. Merewether

Ford Aerospace & Communications Corp
ATTN: H. Linder

General Dynamics Corp
ATTN: Research Library

General Dynamics Corp
ATTN: Research Library

General Electric Co
ATTN: D. Nepveux
ATTN: J. Peden

General Electric Co
ATTN: C. Hewison

General Electric Co
ATTN: Tech Lib

General Research Corp
3 cy ATIN: Tech Info Office

Georgia Institute of Technology
ATTN: Res & Sec Coord for H. Denny

Grumman Aerospace Corp
ATTN: L-01 35

GTE Communications Products Corp

ATTN: A. Novenski
ATTN: A. Murphy
ATTN: D. Flood
ATTN: J. Waldron
ATTN: M. Snow

GTE Government Systems Corp
ATTN: L. Llesinski




¢ DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)
) Harris Corp Litton Systems, Inc ‘
N ATTN: V Pres & Mgr Prgms Div ATTN: MS 64-61, E. Eustis
el
%kﬁ Hazeltine Corp Litton 2¥?;emsj Igﬁ
A ATTN: J. Okrent : J. Skaggs
EYAL
?3& Honeywell, Inc Lockheed Missiles & Space Co, Inc
: ATTN: R. Johnson ATTN: Tech Info Center
il ATTN: S&RC Library
G Lockheed Missiles & Space Co, Inc
G ATTN: B. Kimura
‘-‘03': Honesme s I erat ATTN: D. Hishida
e ATTN: W, Stewart ATIN: K. Thayn
;i‘.’ : . >
KN Horizons Technology, Inc ATTN:  S. Taimuty
TIN: R. K
A ruger LUTECH, Inc
“,r‘ Hughes Aircraft Co ATTN: F. Tesche
Y ATTN: CTDC 6/E110 . )
W ATTN: K. Walker Martin X%;‘ettg Ct():rp ]
LX) : . Casalese
A : e
KN Hughes Aircraft Intl Svc Co 2 cy ATTN: M. Griffith
e ATTN: A. Narevsky McDonneT1 Douglas Corp
N
L IIT Research Institute ATTN: T. Ender
) : ACOA
gﬂ& ATTN COAT McDonnell Douglas Corp
glg' [IT Research Institute ATTIN: S. Schneider
b ATTN: 1. Mindel
i g ATT:: J. Bl?dges McDonnell Douglas Corp
o ATTN: M. Potter
v :
¢! Institute for Defense Analyses ATTN: R. Twomey
ATTN: Tech Info Services L.
e Mission Research Corp
Y IRT Corp ATTN: EMP Group
o ATTN: B. Williams ATTN: J. Gilbert
Aty ATTN: N. Rudie ATIN: W. Crevier
.4ﬂ~ 2 cy ATTN: C. Longmire
ib:: IRT corgr J. Kleb Mission Research Corp
N TN: . Klebers
‘ ATTN: A. Chodorow
i
e JAYCOR ATTN: D. Gardner
=‘$.: ATTN: D. Higgins ATTN: M. Scales
it .! s .
ik Mission Research Corp
% JAYCOR
) ATTN: E. Wen ATTN: J. Lubell
pﬁ: ATTN: R. Sta:?s ATTN: R. Curry
e ATTN: W. Stark
- JAYCOR ATTN: W. Ware
. ATIN: Lib
vF rary Mission Research Corp, San Diego
Ty ; i ATIN: J. Erler
, ¥oman Sci s Cor
o AT AL Bgidges ATTN: V. Van Lint
<Yy ATTN: F. Shelton Mitre Corp
%0y ATTN: N. Beauchamp r
t' .
R ATTN: W. Rich ATTN: M. Fitzgerald
Kaman Sciences Cor| Norden Systems, Inc .
KRN ATTN: E. Conrad ATTN: Tech Lib
[}
B ) L
't Northrop Corp
- K T
g% AN TIN:  DASIAC ATTN: Rad Effects Grp
o ATTN: R. Rutherford
'{‘ TN» appertor Pacific-Sierra Research Corp
, ATTN: W. Hobbs, Jr .
i ATTN: W. McNamara ATTN: H. Brode, Qhalrman SAGE
. ATTN: L. Schlessinger
) Kaman Tempo
L ATTN: DASIAC
A;“_\
"rir
v 1N
.




DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Physics International Co

ATTN: Document Control
R & D Associates

ATTN: C. Knowles

ATTN: C. Mo

ATTN: Document Control

ATTN: M. Grover

ATTN: W. Karzas

R & D Associates
ATTN: W. Graham

Rand Corp
ATTN: B. Bennett

Raytheon Co
ATTN: G. Joshi

Raytheon Co

ATTN: H. Flescher

RCA Corp
ATTN: G. Brucker

Rockw~-3i1 International Crop

ATTN: D/277-060, 031-BB17
ATTN: J. Burson
ATIN: J. Erb

Rockwell International Corp
ATTN: B. White

Rockwell International Corp

ATTN: B-1 Div Tic, BAOB
Rockwell International Corp
ATTN: F. Shaw
S-CUBED
ATTN: A. Wilson

Sanders Associates, Inc
ATTN: R. Despathy
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Science & Engrg Associates, Inc
AT V. Jones

Science Applications Intl Corp

2 cy ATIN: J. Garrity

2 cy ATTN: R. Formato

Science Applications Intl Corp
ATTN: W. Chadsey

Singer Co

TIN: Tech Info Center

Sperry Corp
ATTN: M. Cort

Sperry Corp
ATTN: Tech Lib

Sperry Corp
ATTN: D. Schow

SRI International

ATTN: A. Whitson
ATTN: E. Vance
Teledyne Brown Engineering
ATTN: F. Leopard
ATTN: J. Whitt
Texas Instruments, Inc
ATTN: D. Manus
ATTN: Tech Lib
Transients Limited Corp
ATTN: D. Clark
TRW Electronics & Defense Sector
ATTN: H. Holloway
ATTN: L. Magnolia
ATTN: 0. Adams
ATTN: R. Plebuch
ATTN: W. Gargaro

United Technologies Corp
ATTN: Chief Elec Design
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