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our late colleague
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J He will be remembered for
his great interest in his fellow man,

his innovative ability, and
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FORI-VORI)

Antennas to be used for communication in Army tactical situa-
tions have to satisfy the requirements of lcw visibility and low
vulnerability. At wavelengths in the HF and VHF ranges--the fre.-
quency bands conmnonly used for tactical radio communications--these,
constraints require the use of cZect;,ically small antennas. As .s
well known, the design of such antennas reqiires sophistication if
,cceptable electrical performance is to be achieved.

The purpose of the Workshop was to bring together antenna
scientists from universities,.industries, and govwrnment labord-
tories to discuss the capabilities, fundamental limitations, and
design trade-offs of electrically small antennas, and to provide

S/ a forum for the presentation of new ideas for impruving antenna
performance.

Special attention has been given to active antenna techniques,
which up to now have not been used by the Army to a large extent,
and to the problem'of controlling or utilizing the interaction of
electrically small antennas with complex platform environmeats such1 ias provided by tanks, helicopters, and manpack sets.

The Workshop was suggested and sponsored by the S. Army
Research Offize, Durham, N. C. The Commvnications Res arch Tech-
nical Area, Communications/Automatic Data Processing La oratory,
ECOM, Fort Monmouth, organized and hosted the conference
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OPENING REMARKS

Colonel D. A. Slingerland, Director cf the Communications/

Automatic Data Processing Laboratory, ECOM, opened the Workshop

and welcomed the ccrnference attendees. Hle thanked the Army

Research office for suggesting and sponsorihg this meeting, axid

by referring to practical examples, underscored the Army's n,!ed

for compact tactical communication antennas of high electrical
performance. lie concluded hit; welcoming address by a surprise

demonstration of a novel and highly advanced antenna model

representing the ultimate goal in electridal smallness: the

invisible antenna of zero dimensions.
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WORKSHOP ON ELECTRICALLY 3MALL AN ":INAS:

BACKGROUND AND PURPOSE

F. SCUWERING

Communications/Automatic Data Processing Laboratory
U. S. Army Electronics Command, Fort Monmouth, New Jersey 07703

Due to the use of integrated circuit technology, the physical size of

tactical radio communication equipment hL become smaller and smaller
in recent years. The antennas operating witn this equipment ].ave, in
Iho:t cases, still d rather conventional size, i.e., linear dimensions
in the otder of several feet at VHF and of several 10's of feet at H'F.
The HF and VHF bands, covering the frequency range from 3 to 300 MHz,
are those commonly used in tactical communication.

The anterest of the Army iii reducing the size of tactical anteni.as is

not merely a matter of conforming with d general trend to smallez,
more compact devices, for antennas to be used in tactical situations
have to satisfy certain requirements concerning their mechanical
"structure, notably those of low visibility and low vulnerabhlity.
Manpach antennas, foi7 example, should beoa; inconspicuous as possible
to enemy observers, and armored-vehicle antennas should be hardened
against small arms fire and the shock waves and fragments of artillery
shell explosions. Both constraints require compact, low silhouette

antennas. At waveleo.gths in the HF and VHF ranqes, this means,in
practice, electrically small antennas.. According toea commonly used
definition, the term "electrically small antenna" implies dimensions

in the order of 1/10 of a wavelength or less.

Apart from the need for compact antennas in tactical communications,
an area of primary interest to the Communications/ADP Laboratory, a
number of further applications in Army electronics system.; is seen
for small antennas. Exampies include DF systems to bu deployed near
front lines, remote battlefield sensors, electronic warfare and
camouflage techniques, and munition ccntrol systems, to name a few.

The Navy and Air Force have corresponding requircments for small
antennas taiough, naturally, for di.ferent purposes and under different
"constraints. The Armed Service- r "qu5.rements will be discussed in
"some detail by two invited speakers: Master Sgt Donohue of the Army
Signal School will present the Army requirements,and Dr. Kvigne of NELC
will give an overview on Navy problems in this area.

3
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As every antenna engineer I nows, electrically small antennas pose a
major problem in ralard to their electrical performarce. The radiation
resistance of these antennas decreases rapidly with size and
tuning and matching becomes very difficult and inefficient. As a
consequence, the antenna performance deteriorates and performance
parameters, such as radiation efficiency, S/N-ratio, and bandwidth,
%.end to decrease to unacceptable levels.

Designing compact antennas which are efficient in spite of their
smallness is a very difficult task which requires both understanding
of their capabilities and fundamental limitations, and familiarity
with advanced metho&OF for enhancing antenna performance. The main
purpose of the Worksi, -) is to provide a forum foc the presentation and
discussion of papers oz the theory and practicc of these antennas.

To prer-Lnt an in-depth exposition of the fundamentals of small antennas,
their limitations and trade-offs, w; have invited Dr. Wheeler who has
written papers on this subject which have become classics. We are

I grateful to Dr. Wheeler for having accepted our invitation.

Two more invited papers will be presented this morning. Professor
Walter will report on the extensive research program on electrically
small antennas under way at Ohio State University and ProfessorK ] Meinke will present results of his pioneering work in the area of
active autennas. I would like to express our thanks to Prof. Walter,
and to Prof. Meinke, who has come all the way from Munich to partici-
pate in this conference.

The first session on passive antennas, this afternoon, will be con--
SI cornea primarily with techniques for improving the performance of

small antennas and overcoming - as far as this is possible - their
limitations. The session on active antennas tomorrow afternoon will,

t |in effect, address the !;ame subject though by a different approach:
the use of active devices integrated with the radiating element or the
tuning retwc ks of antennau;,

Up to now, active antennas have not been widely used by the Army.
However, it appear. that they have the potential for solving a number
of probiums, in particular, in the area of electrically small antennas.r An exaimple is the bandwidth problem. Small antennas of simpleconstruction, such :is stubs or loops, are inherently narrow band

.' devices. This may bei an advantage for certain applications; also,
these antennas, of course, are tunable over a broad frequency band
"by using conventional variable reactive networks. But for other
applications, antennas with a wide instantaneous bandwidth are required.
Examples include antijamminq aund signal camouflaging methods such
as spread spectrum techn i q ue and fast frequency hopping (FF1I)

V!
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As the recent literature and papers to be presented at this
conference show, the use of active tuning nutworks provides a
solution to this problem, not just in principle, but a practical
rOlution.

Because of this and similar capabilities oi active antenna technique,
this Workshop has been seen as an appropriate occasion to discuss these
attennas in --.)ome detail and assess their potential for Army applica-
tions. In addition to the Fri'ay afternoon session on this subject,
models of active antenaias will also be demonstrated and further
discussed during the after dinner session tonight.

The second session on passive antennas, tomorrow morning, will be
concerned with pro:zimity effects, i.e., with smc.ll antennas radiating
in the presence of their platform environmentsv,

In one respect, electrically small antennas are easy to understand.
Their radiation patterns in free space (or when operating above alarge plane ground screen) are those of an electrical dipole, a nagnetic

dipole, or a combination of these two basic radiators. Unfortunatelv,
Army antennas do not radiate in free space, but are usually attached
to structures like helicopters, tanks, or manpack sets carried by
soldi.,rs. Small antennas have strong near fields and, therefore, tend
to strongly interact with their platform environments. As the before
mentioned examples show, typical. Army platforms are everything else
but simple in structure and, hence, proximity effects present us with
another comn lex problem. To complicate things even further, these
platforms usually have dimensions in the order of a wavelength some-
where in tie upper HiF to lower VH[F regions. But on the other hand,
this may be used to advantage by exciting the total structure to radiate
as an antenna. As several papers of this session show, in this way an
efficient radiating system can be obtained with radiation patterns
that in the iF-range are predictable and in the VIF-range even become
steerable.

The complicated structure of typical. Army platforms entails that analy-
tical studies of proximity effects have to rely to a large extent 0n1I
advanced computer modeling techniques such as those described or
utilized in the theoretical papers of this session. As in incroduction .
to this session, Professor Mittra will. give an overview of several

existing methods and a new approach that'may serve as the basis for tha
development of versatile and accurate, but numerically efficient,
computer code!

In surnnary, electrically small antennas require sophistication in their
design. Much pro,1iess has been nade in recent year-,s (and a].sn in not
so recent years) i.n the conceptual understandin, of these antennas and

U.
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in practical methods for overcoming their limitations. The purpose
of the Workshop is to discuss the theory and practical design of these
antennas, their fundamentals and enhancement techniques, in particular
in view of possible applications to tactical Army antennas (though
the discussion shall not be limited to a specific application). I
hope ttat we will have an interesting conference - the quality of the
papers to be presented make!; me rather confident on thi!- point - and
that this meeting will be professionally rewarding to all participating
in it.

I
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ANTENNA REQUIREMENTS FOR THE MODERN WARFARE BATTLEFIELD

Excerpts from Piosenuatiun
by

Master Sergeant A. Do,.)huu
Dircctorate of Combat Development

U.S. Army Signal School
Fort Gordon, Georgia

The Army is now largely an armored-m.'chanized force. In order to max- I
imize combat etfectiveness and survivability, Army tankers have devel-
oped new doctrinal concepts on "how to fight". These concepts are based J
on maximum use of protective terrain to conceal movement and firing
position. This requires low-profile antennas which do not compromise
the position of the tank. The Army is studying a two phase approach

* to reduce the size of tactical VHF antenras in order to reduce the vul-
nerability of its combat vehicles. The first suci. effort involves short-
ening the whip lenqtb of the present vehicular antenna, AS-1729/V: C,
to half its present length of 10 feet. This low-risk development will
result in the fielding ef a five foot whip ancenna late in 1977. Thisi.. ! ~ new antenna is Leing eagerly awaited• by field coim~anders, and will pro- •

vide a significant increase in their operational capabilities. However,
a longer term, final solution for VHF vehicular antennas is required
by the Army. It is envisioned that this new antenna will blend with
the silhouette of the vehicle on which it is mounted to further reduce
the visual signature of the vehicle. Ways to reinforce the antenna
to provide blast and fragmentation damage resistance must be incorpo-

rated into the design efforts for such an antenna. several designs
are being considered by industry and the Electronics Command. The multi-
turn loop, vehicular slot, and short top-loaded monopole designs have
shown great promise toward meeting the Army's goals.

i The Army is alse vitally iaterested in increasing the capability of
our forces that employ radios in the high frequency range from 3-30
MHz. Military operations over extended distances and during wide-rang-
ing independent operations necessitate looking at ways to develop more

*:"! efficient, yet highly mobile, omni-directional and directional high
frequency arrays.

In summary, success on the battlefield will, in the future, rest with

* the combatant with the greatest mobility and wisest tactics. He must
move, shoot and communicate without drawinr attention and enemy fire
on his position because of large, conspicuous antenna systems. Devel-
opment and Lz_.elding of elertrically small aatennis for use by our cu•.•L
forces will contribute greatly to the field commander's mission-winning

~ ,~ won the mudern battlefield.

The spo;.ker strLssed thaL the development of low-profile antennas ,hould($1 procee,: at an accelerated pane, as survivability on the batt-leficld
raqaJ res it.
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AN OVERVIEW OF ELE.TRICALLY SMALL ANTENNAS WITHIN THE NAVY

Marlan S. Kvigne
Naval Electronics Laboratory Center

San Diego, Califnrnia

ABSTRACT

The Navy ship antenna environment, the past-and present HF and VHF ý:-,y
investigations concerning small antennas will be discussed. The trends of ý,e
future will also be discussed.

NAVY ANTENNA ENVIRONMENT

The ship topside environment is a major factor to be considered when
thinking of a Navy antenna system. In general, the area available for antenna
placement is small and the number of antennas reouired is large. Any antenna
system must be judged on the basis of how much it contributes to the total
ship combat effectiveness. [I]. -

At present most Navy HF and VHF systems require omnidirectional coverage
with the ability to provide a specified grade of service at a specified
maximum range. In addition, certain subsets of the electromagnetic (EM)
system must be capable of s;multaneous operation and the operating envelopes
of all nonradiating systems must be respected.

"Becmuse of the large number of antennas required in such a small space,
many special constraints and considerations are involved in the selection of
an -ntenna system. In the high-antenna-density environment typical of most
ships, mutual coupling between antennas is a potential source of system
degradation: Undesirable effects of mutual coupling include distortion of
radiation patterns, alteration of antenna feedpoint impedances, and the
transfer of rf energy from one antenna to the other. In addition, coupling to
the superstructure (acting as a parasitic element) may or may not be"" !f desirable.

i" •'i•Most ships require the simultaneous operation of several HF transmitters,

each with a power in excess of I KW. This dictates concern for HERO and
RADHAZ. Since receivers must also operate simultaneously, they must be
protected with a suitable rf distribution system and the whole ship topside

* environment freed of unintentional sources if radiation whose frequency might
-b fall directly upon the receiver center frequency. Ships zre deployed for long

periods of time with little chance for antenna maintenance or adjustment.
¶ .This implies a ii'ed for simple, inexpensive, easily maintainable antenna

systems. In addition, shiphoard salt and stack gas environments are highly
cot'osive to antenna systems.

"To further complicate the situation, relative system priority influences
antenna placement. For instance, the more stringent requirements of the Navy

V Tactical Data System Antennas mako it necessary that this antenna requirement
"be satisfied even if other antennas must be assigned less than optimum
locations.
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As can be seen, Navy ship antenna needs are mission-dependent and hence
are tailored to individual ships. Since a ship has few antenna locations
which can meet all of the requirements, and a highly efficient eiectrically
small antenna has not been drveloped which meets all of the EM constraints,
the following Navy antenna trends have evolved. Most systems make use of a
few broadband antennas with multicouplers to satisfy the large circuit
requirements. This system is used for both receiving and transmitting
artennas and physical seperation plus the filter selectivity is used to obtain
the desired isolation. Fan antennas which excite the ship superstructure are
used for the lower ff broadband systems and "fat" monopoles for the Kigher HF
frequencies. "Fat" dipoles are generally used for broadband VHF application5.
For single circuit applications, whips are generally used in both bands. [2
through 8]

Navy aircraft and submarines generally do no employ broadband systems.
Submarines utilize tuned monopoles and aircraft utilize tuned slots or wires.

ANTENNA INVESTIGATIONS

"In an attempt to find better broadband antennas and suitable electrically
small antenna for Navy/Marine Corps applications, several inwestigations have
been undertaken during the last years. Discussions of some of the recent
salient investigations are presented in the following paragrpahs.

Antenna Research Associates, Inc. Miniloop Antenna [9] The MLA-l Miniloop
antenna system employs a tuned one-turn main loop coupled to an untuned
one-turn feed loop. The feed loop terminates a 50 ohm coaxial transmission
line which is routed up the inside of a hollow supporting mast. The center of
the loop proper is approximately 11 feet above the supporting platform. The
main Thop has a mean radius of 3 feet and a conductor diameter of 4 inches.
Tuning is accomplished by remote control of a variable vacuum capacitor
located at the top of the loop. The tuning range is 1.8 to 14.5 MHz for the
MLA-l/E and 2.25 to 16.5 MHz for the MLA-I/D. The only difference between the
two models is the value of the tuning capacitor.

Positioning of the miniloop is accomplished by rotating it about its
vertical axis either manually or with an optional remotely controlled rotator.
In a clear location it has a figure-8 azimuthal pattern in the horizontal
olane.

An evaluation was cnnducted on this antenna and it was found to have
vibration problems and have some potential tuning problems. Scale brass

- models indicated that a ship's superstructure could have an adverse impact on
pattern performance.

Ohio State University IF Multiturn Laop (MTL) Antenna [10] In an attempt to
obtain an ultra small HF shipboard antenna, Ohio State University proposed to
develop a feasibility model of an antenna with the following characteristics:

f
Tuning range: 2 to 10 MHz Input power: I KW
Efficiency range: 1% to 30% Size of coil: 12" X 26" X 26"
Bandwidth: 3 KHz min, (3 dB) Weight: 50 lbs
"* Impedance over tuning range: Adjustable to exactly 50 ohms

10
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This development was procured and the antenna evaluated for shipboard i
application.

The evaluation found the following: Its inherent nature is that of a
high Q, low profile, horizontal magnetic dipole with a significant
horizontally polarized radiation component at high elevation angles and
vertically polarized component have a cos § pattern in all vertical planes
where 4 is the elevation angle. However its shipboard applicability could be
limited by low efficiency, tuning and matching difficulties, and the rapid
deterioration of the radiation pattern in a "confused" ship topside

. environment (its coupling is directional in nature).

Normal Mode Helix Antenna [11] To overcome the difficulty of Ohio State MTL
pattern deterioration in a complex shipboard environment and some of its
tuning deficiences, it was felt that a vertical version of the Ohio State MTL
with a different tuning configuration held promise. Several models were
constructed and evaluated. Findings indicated similar efficiency, tuning,
and matching limitations, but patterns and coupling of a short vertical dipole
with little horizontally polarized radiation at the high elevation Pngles.

elBroadband VHF Antenna Development r12] it has become apparent over the past
several years that the AS-2231 antenna associated with the shipboard 30-76 MHz
AN/SRA-60 has serious deficiencies. To overcome these deficiencies on-- Ielectricai feasibility modelf development was undertaken to produce a

replacement. In addition to the :hipboard application, it was hoped the new
antenna would be useful for Marine Corps fixed and mobile applications.

This development resulted in a "fat" dipole with balun for ship and fixed
command post deployment. Each dipole element consists of four equispaced
whips approximately 5 1/2 feet long for a total length of 12 feet and a weight 3
of 50 lbs. A monopole version consisting of three equispaced 5 1/2 foot whips
for vehicular use was Also designed. The dipole version is currently
undergoing field testing.

Low Profile Antenna for the AN/PRC-25,77 [13, 14, 15] Ohio State University
proposed to utilize their KTL antenna on the AN/PRC-25, 77 to replace the 3
foot AT-982 whip, thereby reducing the profile of the radiomen and hopefully
his casualty rate in combat. The proposed development was procured and
resultea in a 6" packaged MLT antenna add-on to the battery case of the 25 or
77. The unit has fully automatic tuning, which responds to changes in the
local environment. This unit has not been evaluated yet, but preliminary
results indicate slightly reduced efficiency and a slightly directional
pattern characteristic.

AN/PRC-104 Antenna Study [163 An investigation was undertaken to see if it
was pos-i'le to improve the performance of the AN/PRC-104 radio set by
"utilizing a different antenna with the existing tuner. The AN/PRC-104 is a

• .manpackable, 2 to 30 MHz, 20 watt transceiver with an 8 foot whip designed and
produced by Hughes Aircraft Company. Antennas studied were the 8 foot whip, 8

*1I foot sleeve monopole, 8 foot centerfed dipole, a Southcom International, Inc.
centerloaded antenna, a 10 foot whip, and an Ohio State Multiturn loop. The
effects of skin contact on the packsei., absorption by the body, and lousyground were studied. The impedance of the antenna system on a radioman was
"determined for each of the above situations. Findings indicate the tuner of
the AN/PRC-I04 is designed for an 8 foot whip in a manpack configuration and
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as such does lend itself to other antennas. Best performance appears to
* result if The body is shielded with conductor and an 8 foot whip it utilized.

Next followed the 8 foot whip without the body conductor and then all other
antennas tested providing ecual or poorer performance.

Multielement Element Investigations Antenna diversity has been investigated
and utilized as a means of overcoming HF fading associated with skywave
channels.. In addition, multiple omnidirectional antennas suffering
superstructure blockage have been fed in phase in an attempt to overcume the
blockage. Adaptive antennas have been investigated as a means of overcoming
ship blockage to HF antennas. These stud;es have been conducted only on scale
brass models. Full scale field tests have been conducted at VHF frequencies
for sensor applications [17].

Miscellaneous Investigations In addition to surface ship and Marine Corps
antennas, work has occurred concerning antennas for other platforms. The
dogleg antenna was developed for the P-3 and the efficiency and impedance of I'
most submarine HF antennas was measured [18]. Active antenna efforts have
been minimal at NELC due to concern for non linear emissions and interactions.

TUNING, MATCHING, AND DECOUPLING

Each of the above antenna systems has an associated tuning or matcning
" network which has been developed or investigated. Because there are so many

antenna systems on board a ship, coupling between them is of prime concern.
Filters and multicouplers (AN/SRA-16, 34, 49, 56, 57, 58, 60, etc.) have been
developed for use with broadband antennas to aid in achieving the desired

' •isolation. Further developments have been undertaken to enhance existing
capabilities and solve unknown problems during recent years. Some of the
salient efforts are summarize:' in the following paragraphs.

NRL Base Tuner An HF base tuner is under development at NRL which
incorporates a tuned circuit to provide increased rejection and improved
ability to tune in the presence of other tuners and transmitters. This tuner
is an alternative to the AN/URA-38 and is capa le of tuning a vertical 35 foot
whip over a 2-30 MHz range with a minimum efficien.'y of .:0%. An automatic
digital control mechanism is used for tuning and the whole system is still
under development.

NPL Smiall Ship RF Distribution System (SSDS) A transmit multicoupler
tailored s pVcifirally for small ships is currently under development at NRL.
The 'muit-icoupler is a unified five channel package which divides the HF band.

"" into two ranges, 2-8 and 9-30 MHz. Two antennas are required, one' for each
range with a 4:1 or better VSWR. The two antennas are connected directly to
the combined multicoupler unit. The five input channels of the multicoupler
are configured so that transmitters connected ot four of the channels may be
operatel in either the 2-8 or 8-30 MHz rangE as desired, with each output
combined and connected to the appropriate antenna. The fifth channel is
operable only in the 2-8 MHz range. All five transmitters may therefore be
operated in any combination from all five in the 2-8 Mh.! band to one in the
P-9 MHz and four in the 8-30 MHz bands.

8 Fhannel AN/SVl-..60J 191 The existing shipboard 3D-7. MHz multicoupler
. "'ANiSRA-bO, is a four channel device. An investigation was undertaken to

determine i. it would be pos'ible to increase the capacity to eight channels
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and thereby reduce the required antennas by a factor of two. Findings
indicated it would be possible with repackaging to make an 8 channel
AN/SRA-60 with insertion loss similar to that obtained in the four channel
mode but with adjacent channel frequency spacing increased to 31.

10 Channel VHF Multicoupler for the Marine Corps [20] In order to alleviate
the collocation problems associated with the amphibious command tractor,
LVTC-7, and fixed command posts, a development was undertaken to determine if
a multicoupler was a feasible solution to some of the problems. Since the
AN/SRA-60 is too large and cumbersome for this application, a totally new
concept was pursued. As a result, a manually tuned, 10 channel electrical
feasibility model was constructed which is capable of 3% adjacent channel
frequency separation and less than 2 dB insertion loss when used with a 2:1
VSWR antenna in the 30-76 MHz band. It is capable of 70 watts per channel
and is currently undergoing limited field tests.

Marine Corps Tactical Communications Inline Filter 30-76 tHz) [21] As an
adjunct to the 10 channel VHF multicoupler an inline filter wa, designed,
constructed, and tested in a limited manner. The device is fully automatic,
capable of automatic tune upon application of transmitter power or operator
indicating the desired receive frequency. The filter is intended to
alleviate the receiver overload and transmitter intermodulation problems
associated with the RT-524 transceiver which cause degraded VHF
communications.

Combination Antenna Receive Transmit.System (CARTS) [22] In oraer to reduce
the number of antennas to a minimum znd capitalize on the prime shipboard
antenna locations available, a coupler isolator (CU-2113 (XG-l)/SRC) has been It developed which uses a ship's transmitting antenna to be used simultaneously

and independent oi the transmit function for receiving over the VLF, LF, MF,and HF frequency bands.

The coupler-isolator is designed for installation in the transmission
line between the ship's 2-6 MHz transmitting multicoupler (ncar multicoupler
"output) and the broadband 2-6 MHz antenna. There are two decnupled receivingii i outputs on the CU-2113. One is used for receiving in the HF range, 2-30 MHz;

the other for receiving at VLF-LF-MF frequencies 10 KJz to 2 MHz. Connection
of the CARTS decoupled (receive) outputs to the receivers used should be made
through a receive multicoupler. The multicoupler will ýive protection to
receivers and provide the multiple receive channels needed.

Antenna Location Techniques In addition to those hardware techniques
described above, antenna location and configuration are utilized to provide a
suitable antenna to antenna decoupling and the desired impedance match.
Scale brass modeling and computer simulation are two technologies which are
used extensively to aid in the determination of antenna locations and
configurations.r -

DIRECTIVE AND BROADBAND ANTENNAS

As indicated above, the Navy relies extensively on broadband antennas
and their state of development is quite advanced. However, most are
omnidirectional and tailored to individual ships and in general are not

q. V.
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electrically small. The Log Periodic dntenna has been investigated for
directional broadband applications for ship and shore. Navy ship and
aircraft antenna system. are currently being investigated to determine their
impact on frequency hopped communication systems.

COMPUTER MODELING

Computer modeling is utilized extensively in the analysis and design of Navy
HF and VHF antennas, The MB Associate's code, called AMP, is the preferred
code. This code or other method of moments codes hLe been utilized to
investigate antenna near fields, the minilcop antenna, the multitune loops,
the HF broadband antenna, HF manpack antennas, and shore station antennas.
AMP was used to determine the near fields of the HF antennas of the Patrol
Hydrafoil Missile Ship (PHM) and recently the complete integrated antennaA
system, including the complex superstructure was computer modeled to provide
a new ship preliminary design antenna configuration. [23, 24]

Computer modeling appears to be applicable where a basic knowledge of
antenna impedance, pitterns, near fields, and coupling, including the cffects
of a complex ervironment are needed in a relatively short time. It does not
appear to be cost effective where large amounts of data are rcquired and the
time schedule is less stringent, as .other techniques are more advantageous.

FUTURE TRENDS 1
Future trer., appear to be along the line of reducing the size o,

existing systems without sacrificing efficiency, isolation, or bandpass
charac'eristics. New systems must be able to function in the environment and
contribute to the *averall platformv effectiveness, be inexpensive and easily
maintainable, and pr(ferably be simple. It should be noted that findings
concerning all three of the small individual HF antennas discussed above
found that each had less than a 2-30 MHz tuning range and potential tuning
problems. These limitations are perhaps mure detrimental then the low• efficiency.I I

"Specifically, there appears to be a need for broadband receive antennas
for the 2 to 30 MHz, 30 tu 300 MHz, and other selected bands. These must be
small, able withstand the ship environment and be tailored to fit in it, and
meet the 2lectrical specification of the environment and the particularsystem. As always, it would be nice if these antennas were highly efficient,

had almost zero volume and size, were extremely broadband, and had an
le omnidirectional patter'n with some gain. Realistically. these are desires and :

the deployed antenna will be a compromise of the necessary parameters.
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S Small Antennas
ti1A.-OLI) A. WHEELIkR. I iviL 11.(Sw, U~+1,
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in h mI rcto foe r dfiansped in ocpy'- The radiation powzr factor will be reviewed in concept
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1 ANTENNA fhO PEACTION ON TUNING) CONDUCTANCE C RAO.ATION R, REI T NCE

COUPLING TUBE TMW9E0 PO4I CATI t -a 0.

PURCREATANE f SUSCEPTANCE RAMA~ON REACTANCE

(N NISIC "11TENNA TTI~ L

CURRENT AMPLIFIER AROUND
Ft~~~~. 3.C Aml anena0th4TlNERMMI. NOISE) I AmHZ I ECTATIO

Fi~l Snllanenawiioideband coupli-tii sube, used in broadcast Fig. 2. kadiation pu,&er factor of small antenna.

receivers (1928).

sotnr invalid ratings of small antennas associated with active

devices serving as amplifiers. The greatest confusion has
been associated with transmitters, by ignoring the power0

I .limitations imposed by small active devices. These limitations QCRUT
are not avoided by any particular relation between the small ~/ CRUT

antenina and tltc amplifier.

I1l. BACKGRXOUND

The wideband utilization of a Small antenna was accom- 0 0.5 1.0
Fplished ina receiver about a half-century ago. That historyTOEACOfRFCINCEFCET l

is relevant to the more recent proposals using an ampli'ser Fig. 3 Bandwidth or matching with tuned circuits.
"- ~in conjunction with a small antcnna [11].

Fig. I shows a circuit t1141 was conmnonly uset in radio
broadcast receivers about 1928. It operated over a frequency treated in the earlier paper [2]. The nominal bandwidth
ratio of 1:3. A short wire is simply connccted to the grid of of the resonator is the PF (p) times the frequency of reson-

* ~~~~~~the first tube. It bears a striking rcsetnblance: to some recent ane as usual. fmthn ihi n pcfe

lower frequencies. it substituted amplificatiorn for antenina tolcrance 'if teflection (p) as given in 1948 by Fano [3]. It is

tuning. It increased the noise threshold and also suffered graphed in the terms of the present discussiren. For eachfrmcosouaino l inl yayoesrn inl rptenme ftndiicisicue h nen
Then the pendulumn swunli and it was superseded by double circuit and any that are added for increasing the bandwidth
tuning ahecad ol the first tube. The tuning yielded mfiinyo iatching. The addedcirutdr ae nb reo
over noise and also preselection against crossmodulation. dissipationi. Usually double tuning is. used, in which case

IV. '.IQEW(Y B~n~mrs os~l~roA~t~ Mrs~t~o thc added circuit can reduce the reflection coefficient to the

[ iere are linlitaJons on the frequency bandwidth of sur fisvlefrsnl uig
inmpedance matching bztwernt a resotnantt circuit (antenna) V. Tuin: RAMAIJ~ON PssWt-. FACTfOR

and a generator or load. i% ciszrtcr-cerntury hasc clalsd 'Filete Orm "radiation power factor" is - natural one in-
sinc thse 'imiatins wrc cyc-one an clerlystaed todued"y the author in 1917 [21. It is descriptive of the

lti~lty f ~i~lIit~t~itlS.1115C radiation Of real power fron sm alntnaakgatuc
limitations lshve been widely taught and appreciated. lre au fratv ~e.I sapial lk oete

W A, ~~~~I'le bandwidth l.,f islatchlu.i1g, wit hin any specifieddtsdeIrance laigd va1' oreactoradits lvalueI is apiaic likiedb soi etheas r f

olrfetoiskrIitstUlt h eoacehtdits" the si;Lc in .ithecr kintd.
the resonant circuit. A sinall bandwidth is logically ex- F~ig. 4 Shows small antennas ..; uotlt kinds (C and L.)
pressed Iin terins of thr power f~i~tcioh ulits iC.LCat5RCL, ilt the occupying equal cylind, ical spaces t2j1. They arc here used

manser augt tothewrier b l~oh ta~eiI~ jut 50ye~s tinitroducing file relation hetv'ccn radiation IT and siz~c.
ago I 1]. It:; Lotttinnio ;:lr-;o ilt ternit of !,Q i:; neither A smnall anstenna of either kind is basically a reactor with
logieal nor helpful il clear exposit ion. lThe Ivi-ri dissipation somec Small value of' IT assowiamted with useful radiations.

' t'astor is numerically equal to power f1actuir but is countet- The latter chepietts primarily on its Ni.Tc relative toi the wavc
dce.Lriptive tit a usef'ul load (as here). length (A), as dliiscoveredl by the writer L2J. [he'size may be-

t. Fig 2 .,htow% t he circui t properties oif a smiall anttenna,. states~ relative ito the radianlength 9).12Kr) in ternis ofei~ther
describling its rmdaltiots power I'Litor (lF.The antennaos5f two v'alues of rlekrcniec voluninc:

slay hzhave as a cali:tvitot (C) oIsr inducoiss [L), and citlic
ss to tie rc;,mmite d by a reatoelr of the 'ipposite kind. lDiN- radianeube (~ I
% iriatioti (otIcth thans rasdiations) is liere igimtssee!,because ii is --) T

Vi~ 1ikI
~ .~ -L. .. I L~±3116
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Fis C~ ~itiIspher~eis related to the fral fower density. Which is dolnin-

oir ltIt fi liorotis Jesciipititn of' lte electrontagnetic field
raimhre F-4 Y 4 rnt a itnuill diptile of either kind, tile radiation of power I
rdiasphee I, ( t. (2)in the tiir-lield iii acroinrnied by stored energy which is

ihefoner a~ isel n th soiteS tlSII'AWI li Iiei s iiiily limit~ed sit tilC tiiar-fieltj (within the radiansphere)
p a rt e f l ar l ye w s , u s edl c i n t h wi nra s f irtl o I m i 'I l i t~ 1 4 t he l i 1 4 1 .1 1 1 ý ' e t ic i va l l s p h e r i c a l i n d u c t o r i n Fl li 5 i s c o n

p a r i C ~ a fl %i u ji i ~ r n n r d i a i o n f i c a t ~ e t , eli i n t h e c e p t u a I I s , f ille d w i t h p e t i c c i m a g n e t ic ti ta t cr i z , s it t h e re is
N~a.C 1 WIIA tu Cue IIWI dnsiy eeels Io tored energy inmside lthe sphtre. This remocves ltheradiation power denimly 1101, Also tile kitter is contveniient -avotiiabl tore enry leain only the iUlvsiidatil--if the antenna i% splictiial 19~ 1 ltitw ellectivc tiltolnc 1% ariou'tnt outsidte thle ittimutor but mtostly inside thle radian-

exrnse i~tti a phecirdiot O~ splicie. Tbis unvidabledh %t01icd energy is what iniposes a
Il ihrtype of antenna, tile raiato il'i ,n udmntal~ lmtion tin~ lieotial radiation jIT.

hepropitrtional tovlncantI ;viS it, a snape factor. 'I lie oeoteCifvc vsmcsuishsb h rvso
cylindrical volumie (V -'- .4b) i% htic iiitfiltfied by a %flat,( of. dielectric ti1 nitagietit miaterial ou;%ide of' the %space
f~actor (A 5R. Then> )(i yr the clitieral I Volumeila occuptied by Oile aicitnia condudlktiii, without including that
k*Ahtor (A,,h Thr itei generthl foh mliv vois n

itia crial in ratinig thle site or the anteniau. 'I he l'Ildaincritukl
rad U 1 2 1 ~ hlinstatiolir aic: based tin the si/e of all the msaterial structuire

(~IN V. q - which forms tile antenta. fUikewi:.. such niatcrial would
The effective voliume itly lie stated as j ,pbiep: orsill, naturally he inchilded ill a practical evaluation of the size.

(d'), in which cas Fig. S showl thle eivilty %pai outside the antenna hut

3 9 2 ~ ins:.dc tile aiaiariiphert' (tV) whinch space is filled with stored

umt.is inoe m"iiipssg that a celtain shapse of selfri.sonainV l'l ili i l'i'tA'INA
*coil radmiaes equally tis both C and i.. in which cawe tile I hle radiation Ill may he evaluated for any kind of smrall

toltl tadiatioi Ill is. double cithets olie u3 lltcriliai. I rolls its Vls'iie, WCe tItI state file elictive Volumie
There is tine theoretical ease tiI a ktoall voil which has(" t~lic A-itelllla. "' (lit (iiae 41:

~~ ~the greatest radiation Ill obtainable wsithli I sphterit-Al
volume. Fig. 5 ithiows- such a coil and its, iclalitin it, thle V' 1151,4 I ,t d it ml
radials~phicrc (Q 1l91 110 Il . ie efllctisc Volumie oif anl2

emopty %pleicnal icoil lie'; Sa late lit-tom 3,21 1 hiing wsili) . 1 his IN a1 usetni qulantity slth ciui cateI shoul it ii a Space
ictilrt Oiatylit'tic v R,, A. -s t111iplies ltue Cilcmteti £tiaxiwiit It gixve :1 Jibri conitansim)" or tile bandwidth

Vioiime hev t .lhiimiilitsy ofii.rrni 'rnetli Ii wsill III ',hou sw C'oefand

2 I'Ci;) (2ne' 3. IiiitlilnaS if elementary tinlilituration'_ It wiil be drawn
A % a latasledIci tntile~ silt of I Njit pllrmica. ClIcetite Votianse.

9 vi . I g, (I 4itosss soniic exaiiples Ofl an electric dipolle with
41Tnis, indaedahie tlt: Aiiaded %sphere (il) a linvao axiN ofs Iminintry. A thini litle tat :.nd a tbict conical

hi da er ale devpicts tile piivicival iileniiij-i tievldtmctor tbi dillti greatly i n tile ocelipieli volume, but
radiation Ill' that cannoit li- ececeded. ()utsidec thc sphlere muich lcss iii effective s'ohiiiit'. I It" lattei i% influenceed mlost
occupiersII lit 1rlta, ther Isoe nryo ecieby 1-~l n cfy(i salrlaxewtoiin
pllwem t hat coiiceptuat ilb, tilsle madiainsplmverI fll,~ bilt IFly. fife) ithiiis'sapi f'eiiae ic ~ vihi

6V density, Which uisdoniiolot ill thr ridiationi within Ithe radian- shlaples withinlimiiited lengtifl utid diameter. Ilosceyci; any~

thivi ~:e~tn:e: ssoe nrvrectv dnt n e~:t:~:ase~to:ssh

T'A11-- j
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¶,`I.,L' COIL ON 41 -*
11C' .Rv DISC on WATER
CHO,5( ICO~l, ON4 15 AI Il i

I1.111( DISC a. k. ZO 0n

LISU1 IOR A 8 2
FOR

W.4, LI, LI I

RCIRS - .tERRIYEL .ISC OF FCIIIE COREI
VILLED0 ORAVERAGE or SHELLL

Iigý .1. Fhu'.: hidslIttol on tinl ferrite LiI.c. Fig. 1.. Inlductur in radumei subintrged inl wj~ w;Iltr.

-- WrI DliUICTNKI CORElJLI51 ijocreased by a feririte core. On the other hand, a parallel-
plate capacitor, with its smabinarI shape uor (k. -e 1), canf
only have its elffctive volume decreased by a dielectric
core. This is one respect in which the irdJuctor otfers more

- -. .. .. 51lpuitwoi5, ill design. fin another ilesp~., 1, tile ililfllbct of

illARLY DOUBLING LFIFLCtIJI. W$LUML JOY IMAGE EFF~t~ that may be de-sired but is unavailable in a simple capacitor.
Fig. 14. Liong Coil ill fertile rod. Ira long coil as a niagnetic oirxole Were filled with pierfect

magi. te matet ial, its effective volumtie would be. com parable
Prcia sgslhu / qaehv enmd ih i h olhdmn unte ol hoeialalternative 's are' shown, one mode or t plair orcros4Cd toIIdes. with that of an equally Iig conductir as anl electric dipole.

ruj~ativii IT .hou, 0.04. '1his is about the largest siize t hat distribute," (crowded toward the ends) to give anl effective
follo-ns thll i's> c; a small antenna. voluircgreater thban that ol'apair or discs far apart,lFig. fi(a).

- I hierequired coupling with any of the resonant antennas If the coil is not too thin, Nhs result call be approxienaled at
inl ligs. It0 12 may hee provided by ;mnother (snmaller) reson- the lower frequenceiLs with many turns iliia ferrite core.
ator located within thle cavity. This enables the bandwidthVI.ANNASliVL
of matching shown hy theL intermiediate graph ill Fig. 3.Vil iUNAlolVL
Each 0rift1hce is suited lb r self-re,,onanc, and requires some The greater 'he wavelength, the more relevant may ix: the* I depith of activity (1 hold down lthe extra amount s'f energy concept of a wnall antenna. Cut Tent activities gn ats low as
storage ill this iioilradialiiig 1p1ice. 10) k~l. Witli a wavelength or 30 kill. Even the largest or

Fig. I I .ho)w& .s flush inductor made or crossed coil!, onl transmitter antenna:; is snmall in wicros uit' this wavelength,
a thin mlagnetic dlisc. At niediuin or low firequenlcies (IMF, or its radiansicrgib if' 5 kilr. For underw0ater reception,
LI:, VIT.tV hc availahli ferrite meaterials 1121 canl provide however, tie radianiizlngit or skin delith ili salt water is
it mpiclaneiccorer which is a return path nealrly firee oiif extra only aI few mneters, .s a smiall anteina msay occupy a sub-

ii erCrgy storage, eveni in ihc thin disc; also which adds very stauitial fraivtion of this sizec. The latter will tbe discussed
little dissipation Ter.Ii requliredl de pth, of' cavity Is then onily first, as ansother examnple of a sfinall inductor.
*eatieicict tor take: tile disL. thickncss% withs solic Iloarginl. l:irr suhnt.arine recception of Vt F: signals ili salt water,
Re~ates'e to the wavelerortlI at lthe lower trrelitteilcics., thle an inductor in aI hollow cavity (radomce) is the prefe'rred
aritenila is too sniall ito viiable Iligii efficienicy, evenl at it% type- [I . As. eonquirrsd Withi a L'iplleitair, its Clhiciency is
frequelncy or IL5iviiilcL, ho it is useful onily for ceception. pgreater because the coniductivity of thie %ater causes tiear-
A rotary coid trr crossed cosils canl be: used for a dhitetzsii field losses in response to electric field but nlot Illaglietie
finderitit oinuiidirectitrls;l reception. ' lite principal appeli:as- field. Alit) the're is not need for conductive contact with the

-Isoil ties' skili rof alli aircraft. water.
~* IVIE I -. % howk th fie trritr'-rrid indluctor whVlich is the atstei ma F~ig. 15 %fhows ant idealiz.ed small antenna tin a suhbmarine
ell m.ost conililion!y used ill snail! bsroadcast receivers (Mvil, cavity 11 ~1, 1) 1. It is a sphecrica! coil with1 a rnaglnctic core,

arournd I Is')Iliz). The ferrite rod greatrly increases thc. as shown in lie. S. ]in tile water, thle radiarive,:gfIl is equal

eff~ctivc volsinii or a thin cosil. a% ii-dicated. I lie cll~ctive to tile ukin depth (bS). At 15 flI U,. this is about 2 ni. 'I he
N ~voluoie is thcn d -ts'rniwesl priiiarily by the .letig'!e, lather size of the cavity is mnueh less, and the coil still less, so it is a

A, Athan the diari-aler. ofthle coil. L ike the ferrite disc, this cans rersall aintenna in this eniviron ment. Ihle radiation ITF

I.be used clo,- (trarallell tol a shiied %uirface sor eccessed iii the Indicates two qualities, the slesirest coupling to the tileshorl

bsurface. andtitIlie llrldesired dicisipai ion in tile.- rrediuen The former
hlere we may note that at flitg oiii Witlli its 'mall shapec i-; ptropnt tiona~l tol the coil volu me, rand is increased by tile

~~ I fatctosr (k, 1 * ). call leave its c~wt keti. volumie greatly cinaiigiltic core. The hitter is dccreased by increasing the

?II
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k, EFCTIVE AREA transmitters located rt Cutler, We. tNAA) and Northwest
I Cape, Aus~tralia, (NW( 'r Thre lar.er wa% comriiissionud in

1967. It is tatkLfl IS Lin eample because it is the simpler.
Fig%, 1? and IN show the pla', and elevaution views of the

L -- r structure. It operates down -.. about I'S kUl, a wavelength
kAft EFCIEV,1l of 20 kml.

04 RAIAN 1CMISOElifThe lowest spcf-.t.on- frequency dEivernirics thee
- -required size. At this f'e.pitercy, tile folowintw sttistics arc

AC relevant :

Afrequency 1. li
Fig, 16. Large tfia-top c"qucito which is still srrall relative to wa~v- wavelength ; -. 193 '-in

cent;-r-tow,! er gt 3 i

radiartion resistance R, 0 144 f1l
reactance -3 0. 1 ~%-VA-'~.radialor P p,.- 2.3 mils

ejK l.s PF < 2.3 mils
n'lliciency > 9)50

/ Kresonance nandwidth 1-34 iii
radiated power I MW

inu powerrois 2M~~"'~~ ~ induectivr)pwsinher ie by1 the Ace o rniietti~Fg 1.3 Larr WT 36n Ira Thew voletive volum ikdvnrne i h omo
Larg Vt]. bnra tlab.~ Parylicudarl bounedcytacla darched lines.vi Ivr. 1 f 435eftv~'viy .aiu. The M Vli ntr cicnI par o etcl ar in a thrce ainr lding rric, and the rea pothe ri of 2 WirInde~.livrdto tcis laccrvf aboubt i3 rede xws than ariretiofLro~ed onl nrtnvl'e sedbr oniire t his reistae~r . isrudete top all osto es, iiienr th to e wireoubd

reepi - Mir d ir -6 Anection Wiadng III (ii.e f ith - tuwnl d (.tingidcoTe' ar undthe cvtalue
For~~~~~~~I Itijn A.rsnisir a.telwrferec.oetwr. snal atn.The bottomelevel i chi acirtorr(rather trhund anofth ArlImpetpsistr n Phsr i0 14 ig. 1x 0] Ittm tinduct or)f~ tire gurrded bytoer need fori w nniirectachtwe

i~aXtiedesribd i therirnrici-indcate. Te eteeive r"ietor t c is e lated tol i tins dLe mctis oi~nr the (.)rdortin d
height~~~~~~~~~~~~~ylne housndeddtotr. ~d~tir ei iice 11 epai 113 the dashe spirer' FIrnsc Prnd theie effective

3: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ae isi alc eriahile inirein stateienr -in- thir tiletiv trees tkst wires.ire wt rrhi
-Avilytad ius, Tle t ife is~ lit te (& wrt in alf-plane for vztfirared i.II t fetv nrlti eivlli rcia
wuait raia irsire. rrvw -o ernis e n thvIcued frasirtionidt c cosdeaios.Tl Itp is IX l (is lwiiitii n tieopwrs
notableo tutu th gid tc ricn f inding rs'iiidarefe t il Te p~rinct le o f h 3wlietLath n leirtiza roundri tih e de credtrin

NoFre geffcete th an siisn t at tttrgi.iilsie otivrt frequenciesh s nia l ower) Isiempttrleveiis iatl hialirr ighr~r itartd totjile . Ij d hey

it th o t odclt i the etoe o ofil coridticti'i-. it beight i is i ao t Ir othie aw .l eihtoftil e ii 1t3r' tofcs pre ie~r
-bih (h is art ak totr OIL er t 'Ilie. We sk ll osideric- t'ire L7pniter on o artitras iixwethr ; v g trou tnd o riidri. Willi efeti e tthn ire.

wi the Iw r ailim t i lthe lr as )d in itire 11I th e y r dia tio en av w type 11v ii X~iiiii CO Ni I -NI iitii35a teta:sl
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there are differences that may grive either an ad~aritage in Ri I tiszorother practical considerations. For any configurat ion.' IIIA aeln."icmo iAl ihe ~loyithe efficiency anidjor bandwidth i,; ultimiately linited hy r1.cJvirV', Prv,-. IR)h, v... 14. 1p.1 i9N 41.1. JtInrL i" ( Iiitroduv
size relative to the wavelength. tI0cIaI rf'P jn"I in " fi". .r Llra, ilIl~;i%:rsomt-U.1:1t,:

121 If. A. Wheeler. "IFutdtiirL..,t I .at .1~ t~nlii~~,.
Pror. JRE• V'ol. 15, Pp. 1471) 14X4, IDr. 1947. (1 lit: Jiti paper on
the radiation powerr factor of[ (and 1. radit,,, ill eqtii voitimiL IBy way of acknowledgment, the author is itakbt.-d to 131 . ," hidcl~l anitcnni fill vtimilta poltaimatnio. i',.. 11:1varioust groups fot opportunities to apply Lou- principlso vol. 15, [)I. 1404 14N5 lX. 11,e. 1114 t with cqltal I and A/ciples of adiatio-1 Pl-sinall anitent:ts. 1 lie first examnple was the one-turn loop of 141 1. J. (h~U. ' hy~kaI litniatiauns (%I' ubultthled,,ionai aniclinais.

Fi-g. 8 which wa.t developed iii collaboration with Seymour A. APP!. P-voi. 19. rrp. 1141 1175, Dec. 19~48.(51 RS. IVM ;.um, -1 heniwoc:.1 limn~i.wot i i li ltt0 hoadtlati uiarcifjidiigBerkolf at Emecrion Radio aind Phonograph Corp., ill 1948 of tubitraty inIpcdazi1c.. * J 1unhhn rmu vout. 241), tpl 57 M13.
(for uso-by NIAS in a proximlity fuse,. Ii tike design ýor the 1.19 114, Jan.. Feb. 1954t. ftokcranvc and t'atd~Iith. griptus

Iatsf.ametnnas for the Navy by l)h;CO at Leesburg, Vu. I(i1 J. Rt. Wait, -I he mag tllt,: uiptile antennai omi'..w d Ili a con-
(ilw DIC0, Cli II tlllc~tinsDep o' istll11"tw) he ducti:., imcdiuuum.- Mk.... vol2 u. 401, plp. 1244 1 24S, (),t. 1932.
(iliw~~~~~ * CO tllttticaoSlp.o j tIn a spheukaI LavitY.)I Iauthtor was acttve in ]l)Si 1957 as consultant toilthe latle 171 1i. A. WiYcItel. "l1-utdaitameiaal redtitvnti lit thic desijn of aVt.!

Lester Hi. Carr atud his group, including Willian. S. All-wrts tflurittntitingantn~rii,- IkE~Truns. A,,wn,,o: I'r.-perat, Vl si. At'-(.pp.(1M 122, Jail 195K t1ttuat ye wat en 1.4Mauarw prover rUCNrc'.1who kindly provided the infi urinatioil f*.ir Figs. I)I and !8. [sI , *vr mn~i.naI limtationsur trf a vttiall VII-ii .uuna in41rhlle flush inductor ol Fig. 12 w is dcvelorc-d rn several formns 'autuuiarifivw.. oRF frain. ,Iwrultjwi Prolyeial.. vurt. Ai.(6, 11Pi
121 I 2i. Ju. t 195h. tInuut icii aity. tkaduii~oi pott.1 facim.at Wheeler La boratories durittg the period 1964- 1970, fitr 191 * I he %phcumeat :oil a, an inductut 'i,]. antenina."

ueon rockcts and aircraft. The work was supported by V:I ' P-' JR.". ui .1. A6. p.I 159 1602. Sepr. IPAR-. Cone. litu. vot. 481.use ~~r. 421. Kmr. 1I) iti. ucai 'uphicit uttdutior. Suhnvtr tue cod.)ious agences~. including Bell Telephone Laboratories Lfor [Ii 6-ltln11101 r. u;I;u.uw it outs] ., ai ll wtrtet,.'a.- IPwc. IRL.Army Ordnance), Air Sysicitis Division oftht Air Force, and no. 417. rtl11' fill. %it ug- t9'). tIdeda splicic intuvtuu.
R;,ji.iti~utu -tietid.1INaval Air D.v-vlopttsenu Center. Other examples ill tile text Jill J-i. Ii, tin'axya.nd )iI-I ~Reyooku'. "ct~I~ vutt ne~ioI ~arm based on specific studics and lproprisals made itt various -ii !.fid Amiu. J.W41 -Itraunas Armp. ()&,. Pi?2. ttvaupls ulltmvu e an Ltd XVi's a.tllltviiý. Ihte i';,' t1inent taper il uitl%situatioris tdurinig the past quarter century The writer is Pohtillca1itun 'ucgratcful toi his associate, Alfred R. I-alpt7, for helpful 1121 ('- I- 0%cnn,. -A mniusu of he lit pvt-'s anid tpphtn.:tIun

5 ii
dir-ctrssions relating totitppr 244 .248, Mcr. Po", tAro,.m,, I anten. ti~na wimitu.)

copyright 1975 by the Institute at rlecztrical and Electronics Engjineers, Inc.
Reprinted, with permnission, from. IIl;F Transactions' an Antennas, and 1'ropagit ion,
July 19'/5, Vol. PP-23, No. 4, pp. 462-469.



ELECTRICALLY SMALL ANTFNNA STUJDIES AT OSU ii
by

C.H. Walter

The Ohio State University HlectroScie-ce Laboratory
Department of Electrical [Enineering

Columbus, Ohio 4?212
April 1976

ABSTRACT

Th-s paper describes work at The Ohio State University ElectroScience
Laboratory on studies related to electrically small antennas. Recent work in,
cdes tVIC dCvL-i ,:Inent of techniques for measturing efficiency, the development

f! efficient elements for transmitting applications at [IF and VhF and studies j
o- 4f reducŽd-sire arrays of small elements. In addition some earlier work on

Lthe integration of Jctive circuitry to antennas is described.

TINTROI)IICTION

This wver describes work at the Ohio State University on studies related
Sto electriL.,lly smalI antennias. The scope of the work includes efficiency mea-

%uring techniqilc and theoretical and experimental studies of basic radiating
Olelvmnts and reducd--size arrays of small elements. In addition some earl ier
work ain ihe integra:.ion of circuits and antenna elements that may be useful for
small anttenlnas is included.

rPFFFIHUIfl'CV MEASIRING TECHNIQUES

.: aliOne of the most difficult and important problems associated with electri-
cally small antennas is the dotermina|ion of antenna efficiency. Although then-
retical analyse, such as an integral equation formulation with Moment Method
solution are useful, an experimental approach has the advantaqe of including
"iinforeseen and/or hidden loss factors that may not or could not have been in-
cluded in the theoretical model. Examples of this would include solder joint
lus-. los.;y film on the conductor,; ;nd losses in tuning and matching coinponents.

-The pattern integration and gain comparison methods urually provide reli-
"", :I v methods for measuring antenna efficiency but the time required may be pro-

*uJbitive when a parameter study is to be made iti order to optimize the antenna
in some way. Thus other experimental techniques have been explored and tw.o of -
"thuse, the Wheeler Cap Method and the Q Method, have b:,:n found to be quite use-
"ful for rapid parametric studies.
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"A. Whecer Cap Method

If we define RR to be the antenna radiation resistance and RL the antenna
loss resistance, the quantity RR+RL may be determined by measuring the antenna
input impedance. Wheeler[l] suggests that enclosing the antenna with a conduct-
ing sphere a radian length (about one-sixth wavelength) in radius will eliminat.e
RR fromn the input impedance without significantly changing RL. This assumes
that the conducting sphere causes no change in the current distribution on the
antenna. If this assumption is correct, the real part of the input impedance
with the sphere in place will be RL. Thus by making two impedance measurements,
one without the sphere and one with the sphere in place, the antenna efficiency
can be determined using the relation

RR
EW =R+R

RL

Using standard equipment such as a network analyzer (with Smith chart

overlay) one can quickly and easilyimeasure RL+RR and RL and therefore effici-

ency. A typical test configuration is illustrated in Fig. I for a VHF multiturn
loop (MTL) antenna. The antenna is shown larger than scale for clarity. The
cap may be cubic in shape. It was determined that the shape of the conducting .

ii- cap was not critical and no real difference (plus or minus 2 percent) could be
determined in measured efficiency whether the cap was copper or aluminum. The
effect of reducing cap size was to increase input reactance but, so long as

; • accurate values-of input resistance could be determined, there was no appreciable

change in measured efficiency. A larger cap makes input resistance easier to
read and the 18" x 18" x 18" aluminum cap in Fig. 1 ".,as used in measurements at
160-240 MHz.

Measured results from the Wheeler Cap method have been compared with re-

sults from pattern integration and gain comparison methods. Comparison with
pattern integration, data showed differences of up to 25% and Fig. ' shows a
comparison with data from gain measurements. For the data in Fig. 2 the effici-
ency by the Wheeler Cap method was obtained from the structure of Fig. 1 whereas
the gain-comparison method utilized a 20' x 20' grrundplane. This may account
for some of the discrepancy in the data.

.1 It is concluded that the Wheeler Cap method can accurately predict the re-
"* lative efficiencies of two antennas and to also yield a reasonable approximation

to the absolute efficiency. The major advantage of the method isithat the mea-
surement is quick and easy: At the lower frequencies it is limited by the Jize I

lot of the conducting cap that one is willing to construct. Caps as large as 15' x
"15' x 10' have been used for HF antennas from 4-30 MHz.

B. The Q Factor Method

' A second method for measuring antenna efficiency is based on a W:ihpdrison

of measured to ideal' Q. The Q of a realizable antenna is defined as
'. I i

(peak enerqy stored
•.• (2) QRL = average power radiated + average power dissipated
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and the Q of the ideal, lossless antenna is

peak ener% stored
(3) QR -Waverage power radiated

If the current distributions on the realizable and on the ideal antenna are con-
sidered to be the same, then the stored energies will also be the same, and the
efficiency of the realizable antenna is simply the ratio

(4)QRL ower radiat.ed
(4)power radiated + power dissipated

QRL can be determined by measuring the impedance bandwidth of the actual
antenna. QR for the ideal lossless antenna can be found from the results of
Chu[2] and Harrington[3] where the antenna is considered to radiate a number of
spherical waveguide modes emanating from a spherical surface surrounding thet
ant•'nna. For an electrically small MTL antenna the size of the spherical sur-
face is taken as the smallest sphere which encompasses the MTL and the tuning
and matching capacitors (see Fig. l) and the distribution of spherical wave-
guide modes is taken as the lowest order TMOI mode only. The solid curve of
Fig. 3 shows the ideal QR of an antenna which can be enclosed by a sphere of

"" minimum radius a, and which radiates the TM(01 mode only. This curve was used to
obtain QR for all of the MTL considered here. The dashed curve in Fig. 3 is
the ideal QR of an antenna which radiates equal amounts of the TEol and TM9 1
modes[3].

A comparison of efficiencies by the Wheeler and Q methods is shown in
Table 1. In this set of measurements five MTL antennas, each with a different
number of turns, were made from No. 18 tin-coated copper wire. For each MTL,
Table I lists the number of turns in the loop (N), 2-n times the radius z in
wavelengths of the saiallest sphere which could completely enclnse hoe MTL and
its feed and matching capacitors, the Wheeler efficiency, and the Q effickency.
Table I shows that for ka < 0.156 the Wheeler method and the Q method yield
approximately the same efficiency. For larger ka the antenna can radiate signi-
ficant amounts of higher order modes, and the methods for choosing the radius a
and the modal distribution fail, and thus the Q method fails as u-ed here. In
Table I this is illustrated by a Q efficiency of 122 percent for ka = O.'2;:.

!1
Although it is not a fundamental limitation, determining the higher ufer

modes radiated by an antenna is sufficiently difficult that the Q method is in
practice limited to electrically small antennas. Our experience with this method
indicates Lhat it absolute efficiency i- desired, it is reasonable to use the Q

-•method to measure MTL efficiency for ka -. 0.2. If only relative efficiency isimportant, the method can be applied for ka somewhat greater than 0.2.

be Both the Wheeler method and the Q method are easy to apply. They have
been found to accurately predict relative changes in efficiency, an.4 to a le:;ser
extent absolute efficiency. Further, th.ey are applicable at HF and VHF fre-
quencies where the standard pattern integration tec:;nique may become impractical.
The Wheeler method is limited on the low frequency end by the size of the cap
that one is willing to construct. Provided that the impedance of the antenna
can be accurately measured, we see no lower frequency I imiit for the Q method.
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TAB3LE I '
A CMPAISO OLWHELLElR AND Q EFFICIFNCY

FOR VARIOUS-SIZE MTL

ka LW LQ

(percent) (purcent)

6 u - 0-5

4 0.076 10 I
3 0.118 26 34

20.156 16 47
0.286 84 122

ELECTRICALLY SMALL RADIATING ELEMENTS 1
An ci ec triucl iy smnal1 antenna I-s aii an ternn whio,;-. maim~XIium dinwiiefl' ill

much less than the wavelecngth . We shall adopt the de', it ii Lion usud by Shiit 1 kiiii I
and Fri is[4] in whi ch an ci ectri caliy ýmai I1it~emillit,; one-iji qhtii wave I nn Iii u- I
1les s in maximum extent. Except for pattern di s ort~i iql vicct't, of Ii iii te 'ii'omill
p1lane or supI:,-,; t structLure the pattern ot a ',mall antelirhi P, ' t-'.'loiti ally tia:. of

the cl ass ic ~ielemeiitai di pale which in 'free! SpaCO and with.crurrent Hlim ali D s ivjh
z-axi s 1n uconventi onal sphorical tcoord illal .;ybUl 11'i.1ha a ,In-- li cid pa t-t'i-i
and a dir-ýctivity (dirlective yami) of 1.5.

There aire two basic types o- eilectri'Ical ly sinai aut~itui-v-' -irt.er Lilt
electric element, which couples toi the e icctri c Iiciud diud i ; l'l erred to -V. a1
capacitive antenna, d nd the. iagne Li c ui ''Hlelt (c c lr o1na). wh il.th coulp I ' to0

the niaqaclti c field ind is rel erred Lo as ani inducti, Vi'mnti-iti.

Electrical ly small ant~niri,.i alre, qner, 1 ly c-ate'jiwi yuld a- 11111 m !I;,- lii
of these twvo basic type% a Ithotiqjh itidiy pri'acLi ca I ,Hall~ .1111Vii~ . P "411111 li. 'I

na t.oion .o: thei two types. The c:Itl,'nori zrlitlO i, d¾ m (III flil te 0a1I.0ta. U.1c a'--
L eand is principal ly ai e11201ti( 01' Iidj~ici-JiLt11 eleiiient. Of Hl"- .h .vl 1i ;.7 1it.'~-
the e~lictric Loliument cain be Con'; idered to bu Lhe mlidI, Iitidamndilt.I * Ji eit flie
1001), or' in qvenra 1 any wire tiitcrini , Canl il: Coui truc ted fPIIiI .i $0i~'tiI I'iI
V&Iectric elemiriits.

Soimeucxciipie of smnal1 (vleiict 1'Iipoii or11 (ii cipa iftiv ant'.iiiti', I' i i .1 1 1

i V .(j. 4adsm examipl t?-, 6fiiia Ii loop, or inductive, all'ni'.oi .me' iri ii. o lii

Tht, e pro- ,ei~ .n ta 1.1on of: .i *.;usi-mi an tesimn by moi' ii' iii a i 11i4iu( jt I, i -111 -i Ii

'1 ~~~tt a cojnmmnent appiludticat lolt limiuilw'( c irr ii. corilt.e.t' to 'iiit.onilii'. .,tillI.i ,
minstiti ahle aiirrix iiiiai.ion JUr imaniy omiialljCt'sii Many 'ir'~i'it'm
:mld Lictu dlar y fuir' Vi F-1-11 il~jilicatLioi-. ,.fm , ha w vlii (levI i tpi'l 1-11 ilkI )&, it: . ililt -I
lood 'miiiiihiry oii (:ap~ilf.ti ye .1111l indm .ivm iii la.ii. l' i jIIi I'' ii i

' 1iit a hs Li.hS 'ILwOn-J ilms. 4 ind'.
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tlptl'l at 'li at a Ittpi'lltiont or trI'ttjill'vCit'c i ' wu t hi']ow it-,, I il. r' . 1h itlia Ir' lli
tIlii' pt IJ'aJlI 1' t:.11, ttit mlli;- '11a llal l b ~onwa' O~h lr tittl1ifiar tit. IlAt 'I
I niddd ailu'f jlla thuwfl in 'I or 1, . anod " wi' it ii I ii -~ It If v ~ I. 1,1

It It~ itL 11i' : In d talitl Iitn u h i' h i t-mo lit c tan.frt a IIvot 111 t it' ov ) Ant 1 li- 'd it .thll

I ..' 'I. it) Lur I tao' in, I I and L' It a'. w I lit- u t' l ut'" if ii~tv o ! ot't titi hr ned 0 lvl

De., fill) t
atLdta ill e .1t.' tnl :it't ifiu'tt a -' 1-f r iut'l iv ii ntj ' If in'l t')t Ii j't fitl

itesrt t& tot! ittq-I ovi:. in' I iq-_ I4 1 if 1 1 ,, Iitw vilr % ave tI h.! vi --a -itt' -t n t i'i a

1.dyv oi iI ` I I'.I 111e1t . wIL od a l Itl .. i' i it ilQ tI--I

anI rI laI n I aai ttin'' at~a I y~ We t-lt .10 Vl 1w, if . Otto - tt r i i I (to '-t 1% ii c I I i t1) '.101 1,.11

tol a y [i i r ma) 'it'u . I i.- l it , h ~ a - I If-! (I 1'~i' it l n t-~it 1,111 .-Ittt X ' ."i I Ii 't I

vilare whititi ('1'eaU It, al Lt It ja'a 111:1- ratt t I I I n Al t'i Il it It-, I ft w. iiv~ a

t Alif' tuttn r wA im tnt. 0111MO ili,

-it oii 'iI i l Vi JI il itiit ( I. h 1 ti. i t% IIti t .tt' 1 -lul i itt' itt I '.1It l''lil itiiwtýt i t

Lit Iti t'101y o -wII-i vo ,w .,1111' j
I- a L'tILiu11 i .u 1 1 1.11 " 1 If1 t I Il i

Of ich vat s ifit i %..1 . O )%l iý1 1til 1* 1 ItItj

Ill 910 It RRAY

If-w of upo dl v ( t vo lv.ý1,! ý i. li of'l tot ~ 1- 1

1 .1 do LI ! it- f i ll 111, i~ tL it-I % Itvii

t il 011.-ltIlI~lI111 % 1-aIv i .



1N. iloietWLWL', tit tei theii di.-.. iqlJii .I fr a~ vvtl x i v ~I I v'll .' hx, I iH It, u I II)1 I (kill 1-ii 1

'A l "I ' t\ I, I rcctiorI uly n co it i t: id aL .1 Sjtf i )f oy i! inlDv( I n PI (,,

i tl 14 i 1 rci i on ;)')iti' L titi'. '.) ti.I it- io d v-m Ih 'I t.' (. nii ( I~ M,) ;in

ificL at .. v t. C00111 MI:;, I ¶() in L'r. ; ind vx t I r )a D( I" to ii td'i c IO () hei .

"Ie i i ', tit appro ouwn the i ! tiji t foii Li t il' c I-II-i tact ii t coll.r p 'rii' t 1.. Iincr~IH'Iiud f

U'In w tlu L 'Ul ' .. ir 'll Ifi I ii %odi ItkL IIIUII om~C .O v ('diri-c ily jvll)., a ijdd ill
s I',po I ut on ci cttItril (~ Il.n ii' Oir '11 j tivolllr to r til L'I'.I'IC c''. jvro di.i'ti1 1 r'CIidKlluiiflt
di T'i t I yel c quit 'Il.iije t io 11 c on tin t ci tI ill 'cii. 1I y I o t cxit Ol c .1 tdi

1)t I t I . I.i "c 'il: I MIi h0 l Orl ''llc l 'I. l 1 oil ,thiV. 1ot* irt I. 1 000dIl'otuVrut i v N

p1 .1, 1- It. tI]din ' n" l l I nt 01 (Ati 'I t .u1 iL ' (t 1. till 1, (*11ia It iv D ty M)i to
I II i 'h rl ii I, vo-I IIluiqta.h ~ ~.Ln.ip u i lv rphv ,,ltrm,. o

it( [NI .uk .I ./? however,' dt.,) i(: mill ti ll iC Iv'lilW 1t Ia I

U. h 1 , 1 i-IlIfilI i 1 IUII( m 1 o o i1 Ty i11m ,11 I i *

(t'~ i lt O. cilc01 U ti) d 'i Jildi'c 1111L'I ,tar i C T iIIIA . 11I f IiI

tlucrii', din . .u i vit y Ii 1w li'ui: I! In I ;(la ol i *!.)( V i, 11 i '.lo I o I 111dr V iiitet' Lti'd han

.1 111 [1

in i uq. 9 .i-a I ld iii: vi c' 10 c11tiiIi-I3l.L 1, 11 Iv'' v II'JV'- i01- VWi(V, .,I)T dY'ti tle
~d'. dili til~iji I Ofi i i tIi VW l j'i t '.10.o Cl i K .1-. u'1-i'i * il,3 Iy t i- I i rd 17( U wl..1 tcri i ll t .1he

1L im (i tilt' .Il' i tec: iii 11c' iV'd l a r~v II0 1 al he inrit v t tl it.o r V' Wit
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I" ELECTRICALLY SMALL ALTIVE RECEIVING ANTENNAS

by

HANS 11. MINKE

"Technical University
of Munich, Germany

'., AIBS rRACT

' •. r An electrically short nonopolo is directly combined with a field-effect
tradrsistor to form a broadband active antenna. A curve of optimumi nteniia
heiUht depending on frequency is~given. At frequencies below I Milz, the
optimum monopole height decreases with decreasing frequency due to increasing
ext•rdal noise. Linedrity and lightning protection are additional require-
ments for active anteinas for which solutions are presented.
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Outrnut power is an u~nimportant quantity for active an-

ttonn~r; because output powur here i: tone rated by aniplif -

ctation. Therefore, oni,. signal1-to-noise rztio is th.At

maia ptroblemn which joverns active antennas. To get a

siaplj)1 survO', wer a-stumn Lhý,t the! active antcnna has a

titufficient aur~lificat-ion -;o that jignal--to-noise ratio

is determined by ilho input circuitry of f_-1. I and not Ib N

the followinq receiver. Tho noi.,;eL in at !sum of external

noise and inLernal nwi.;c. 1"he external is re-ceived by

the maIunoolii to'jother wit It thle 3i(Tllil and a part of thie
utonopolt! output. PlTh ;nti'rn.-1 noise in our ca:;L- is the~

electronic noi-:e W. the trausintor.

Fij. 2 explainf. an iiiwortant fact: V,. is tile square of

the s;is~nal voltatt)L hotwes~n h-vrn-:in)tls' I and 2 and ro-pre-
Fsentc(I by tile arrow V2 ;V2 isthe sqaeof thte noi.;-J 2 ' NA
Voltav dutI 40! to z'xtt'rna] l0 nots andi represented b~y tile

arrorw V ; iii.. the square of the nrl so-vol tacin due

to 1internal nloif-ke andi mainly the m-tuivahIent transistor

tloise 3nd reýoreseitted by tac irrow VNT 2 lfw~ng the

!,iuaro:; the equivalont 1tnt~i nai'w V2 i_ 2tile Sumi of

Z11-ad V' ns hown i~n fiT. 2. The ratio of V,. and
V '4A2 .11, a: 

1;

fi~i.; a ilortt:r nionoiuilt! and fil q. 2c a stit ii hort:2r mono.-
p014'. and V* arl' Tirtortional to thc square of mnonopole

heitlt- md whj rtit' of, ii_' ZIT li- :;am arr~ow detnt~ cin Mo-
1 4 14

3 (ca:st; indcooenh'nt (if 1ononolt'11 iiIA"hi:, i f rula.teod to b~r-

ptia'I arti 2.

tit 1i . 2a tw ptn''l 1uf~41w'iti4iqtL i.:-. Hi~:n'n so that Lliot tran-

sii:0411 fbio s' V-P 0411; ttniirit- .6, -'ima1r thitn the extor-

tl4 Il 4 V-~ fl 1 it iOw I-t 'll noi .w i-S 14, titai ly d1vteim13 t! I b y
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In fig.2c the monopole height is far smaller than in

fiq.2a and V2 and V2 are smaller, consequently. InNA *

fiei.2c the same transistor noise VT adds to a smaller
ux2ermal noise and, therefore, here the total noise

NA
is mainly dt'termined by the transistor noise. Fig. 'b

shows the optimum case -.ith u, special monopole heijht
h in which the externtal and the internal noisc have 4

) t)p t
equal level (V2  V 2 T) The signal-to--noise ratio S/I N

deponding on ,ffective monopole height heff is for a
given transistor noise shown in fig.3. For very long

dipoles S/N approaches asymptotically an upper limit.

This means that a monopole height fac beyond hopt gives

* no remarkable ini.provement of .1;/N, but an increasing

expense. On the other hand, a monopole height far below

hopt gives a very bad noise situation. Thereforc, there
is an optimum monop.nle height as a good compromise bet-

ween expenses i~nd reception quality.

The exteri.-Il noise is increas.ing rapidly with decrea-
s;ingj frequency and, coi,;-,equen,.ly, for given equivalent

transistor noise brinqs up the unexpected fact that

with decreasing freniuency we can use shorter monopoles

for active ant2nnas in which the monopole is integrated

* with a fieldeffect transistur. In fig.4 we see a mea-
sured curve of h depending on frequency based on very ,topt
many measurements which we undertook in Germaay and may

[ :J•also be true in USA. The thick horizontal lines in. f.:q.4

indicate the innnopole height: ot real commercial antennas

whiich wo ,devoloped together with industry in Germany.

A mnnopole antenna with tran-';i-tor in practice must ful-

-; fill additi.onal requirements, mainly linearity. We

extended dovelopment work on electronic circuitry for

active antenna:s to get Il', noi•s,-! and linearity simul-taneously. We succeeded Lo gec linearity op to extremne

38
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conditions, when the receivinq antenna iq near to a

"powerful transmitter station. *c al,;o inveo;t-i,,teo

the stability of operatior, eccialIy Ihie :;ta')ilit-

of the output siqnal, under different enviroiw,nnt,; anz.

changing temperature. .c, *.e can o?{e2r reli!tle a1ctive

antennas for direction fin.Iiinq and navigational aie;.I

Another imnortant point is to protect the tranr'i3tor

against electrical discharqes of tiha at•- ot;phern, for

example durinn a thunderstorm. Active antennas on sniis

have been tested on the oceans already for year3. ;o

we finally can offer now active antennas for many
apnlications with improved quality. Zhe improvement at

lower frequencies concerning small antenna height is

Simpressive, while at higher frequencii- we do not tepid

to very small antennas but to .ctter signal-to-noise

I ratio.

: 7i-
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A REVIEW OF INDUCTIVELY LOADED ANTENNAS

byI
R. C. HANSEN

Consulting Engineer
Tarzana, California 91356

1 ABSTRACT

A review of inductively loaded short whip antennas is given, starting
with the 1944 measurements of Bulgerin and Walters. Several empirical and, • approximate -cheories will be described. The moment method solution for

discrete loading will then be covered with a discussion of the tradeoff of
, . input resistance versus efficiency, efficiency transition point, bandwidth,

[ "and cryogenics. Distributed loading ard supergain effects will also be
,: 1 included.
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It as eenknon lr nmA 1 t'it,~ tha Ill NOd P ly u- int led-oi- wil-1 tennt1111

coil is nmovad roni the imqnotop bane (WOeedpint anid lotwatel in -st'ri'- wPih flif.

mnonopole itself. T1ho coil in !hincll CIEd a1 loatbl ntj ''i. C "p. It the 0' "1 y f-P~I a

isbyMoe 1] wu)analyzt s the antennvi ais a transmi;nii !iMvln. Ailt'unpili
this anilysis, i., only approximiatetptnl n inl iyIII M1
work was by ltilqerin and Walters 2,] who metonI a~ ed ~ w -4 le ntat W.alM''Uq~v;
at 100 mhi: . Ga p prttl~ni at the Inloin~q coil position and n'lat iv''y low '
Coils have Iinmuted the, unetulens III these- data . I larristp jv I 4111 uly: III,-

[ ~~~~loided dipole usinq super-positio of a synin tmrivally vxtlttt 040"iple;. f Inly
zero ordr solutio is available i4oi the ainynizn.'ically int-ited 0ip4le 11j and

this becomes le;: acura.te as INe 11wd point mnuwe:; toward the t'iit Itan isonm S

results show a gradunal hu-nnrase in efli ct 'ney an t Ihe It sitiil p iiiit ni Vtwol t-i rbual'r
to the dipole ends; his dlata essentially nhopelu 'ii Ahe 2/1 lAd pI int * i . ,, thn'

loading coil located 2/3 of th, cliutanvi' from feed to eidi (:Z1.'zwiu:.kj "71, II]

measured iaonopoilc cx n!;trutvitd ol a heolix of smnall diameter aind taller- pnifel.
ii ~This distributed inductance i;lns adivintowacj us than a disurete 1tv Iona hi azivw-

band operation. Lin, vtc al 19] showedi Ilha lomdiiq pimstltS ra'4 ii '''iturtrv:rlslnqhea na ihmoet i'ti viyiersca se rand joih44pu-t

patterns . Aitony with this nuloulet nt ierujaini as tone would *jalttt pno': a thTit'r'n-

ed bandwidth.

The loading inductor functions; by kee-pilul the current dinti ib"Iidin iieonly 1-calstat

from the teed to thr, loadi point, wit~h a nearly lnIsIie Wm'tis- Wioni Ii'l4ip, itt IA
thc. end, Si nce -I shetonopol e has; a "Mtnminular" current titiut Illn.,114
loading increases the currnt momennt1 Wsi the'tst' v inwr Ith bad ;&toAii to s mul , i
the larger the increa:;e in current nmoment . Thtli trWn :;ititinxi pa~isi'iitI r~ Plia t ii

I ~~rosislunee , varies ":; curen iomtnt squa4 red, and Owh ret coivinmit paz .11,t'o r, ol ~'t v-

Live lenqth , varies- ,.! current nit mid i; so himitiiet IVt'iot uiu I:,~' (.1od 'I 4 ii f v- nltoi1 Qe~gous. t'or a given mxmoirotdt indl load point, thron V 4tila Imulltl oom 14 'iMti hit
most closely a pproximates I he "ct iuant tIIN; int '4 tl' Unld 41iiI di I ib n t Ii :~l

4 ~quile MO~f~'tMi W ImWctl( input timpt'dantiiit 11utliiit .l'l hulot value hit .
resonancel prodluces a nde; itiickaca iii l hturl~. Opl~ylit! Itti hkl ntiut; lip' t'tiiitii

mioment is iiireras~-d .v(,r that of- tht' "triaiiquil~i" di tiilmticif buy inert tlinui pi'-I
diced by the, "taon :;tnt plus; I uirt~" nit ttll I "U . As; 10 In I it pt idntin 'itin; f wit tt

the monopole- end,* the ri'son~nt WW~Idnm ttcttun't vailurt iniut'rt-.:t: niibtjly ain the
load point a pproachei Liu, end. N iiicv th. "Wtliiithr 'i i -Si :I'iui R . hitit amm,iit u 'it

ki slowly, the ofticiency mini peak, uiilikt the caMciiht d it nsni M;a 14 I :; nm

ofI I
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A LOW PkV.FILE REMOTE-TUNED DIPOLE ANTENNA FOR THII 30 to 80 MHz RANGE

D. V. CAMPBELL4
Communicati)ns/Automatic Data Processing Laboratory

U. S. Army 1;lectronics Command, Fort Monmouth, New Jersey 07703

ABTfTRACT

Tactical ?M communications systems make extensive use of the VImF fre-
quency range 30-80 MHz. Efficient VHF antennas for command posts and vehicles
are of resonant length and, therefore, large. Low profile monopole VHF
antennas fed against ground planes have been studied in the past. The antenna
discussed here, in contrast, consists of a low profile center-fed dipole
approximately one meter in lcngth. This dipole requires no ground plane, and,
in addition, achieves a high efficiency-to-size ratio.

1. INTRODUCTION

Tactical communications systems employ the VHF frequency range 30 -o 80 MHz.
Resonant length VHF antennas are large. The antenna discussed here is only
one-tenth of a wavelength long. A high efficiency-to-size ratio has been
achieved.

" I •2. SHORT CENTER FED DIPOLE ANTENNA

Low profile monopole antennas have been studied extensively in the past
[I], [2]. Monopoles require a large ground plane or vehicle body for their L
operation. The-antenna investigated here consists, instead, of a short
(0.1 wavelength) center-fed dipole and requires no ground plane. Because the
bulky ground plane is eliminated, it can easily be deployed in difficult
environments, for example, in trees.

* A. Configuration of Antenna

The essentia± features of the dipo]e are showa in Fig. 1. The radia-
tor is center-fed. The capacitive reactance ofthle dipole is cancelled by
the combination of fixed inductance and variable capacitance connected in
series with the feedpoirnt.

B. Antenna Tuner

A combined coarse- and fine-tuning system is employed to resonate the
"antenna. Fixed low loss inductors are switched into the antenna circuit in

' series with the variable (fine tuning) capacitor. With proper dimensioning
of the inductors, overlapping frequency bands (sub-bands) are obtained. When

A: the tuning capacitor is set at maximum, C , the resonance frequency is:

Amax

and when the tuning capacitor is set at minimum, Cin, tihe resonance frequency

15:5h

je-
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where 1. is thu inductanice andý CA the .i~itenna "c~ipacitancu." For ixampit-,

if Cl Cm. , and C are 5-- 8-, anic 100-Ip1;, rU!;l .eCtiVel~l' then f /to 1. 4.

If six sub-bands (N = ) are used to tune the antenna from 10 t- 80 Mi11I, tile4
requited range in cacti nub-band i!;-

1/N
r /f "r /f .) =117

u1 mdx Rthn

Thus the first band would extend from 30 to 35. 13 Mliz; thlt !second band from
35. 33 to 41.6 M4Hz, and so on.

C. Cable Choke

J The feedline is connected to the lower end of: the dipole through a
cable choke [3], [41 consisting ot coaxial cabl, formeud into a coil or toroid.
This cable choke provides a hiigh impeti.inct, bet-ween the end of the diloto anod

J the feedline. The internal transmission propCl I ies of thle fued tine aitL not
affected by the cable choke.

Because the cable ch~okc iu dizectly .zonnectieJ tu the-tl~ enT othe
dipole, it signific-antly affects the current di:;tri1.ution anud -ft~ icitncj.
Ideally, the cable choke should act as an insulator. Actually, the uvdhl.

Ichoke behaves more or less as a pavallel LC tank circuit, connected buta;%.. ce,
the end of the dipole and the feedlino.

4

3. THIEORETICAL ANALYSIS

The theory presented here is based on Harrison [2], who analy'zcd the
electricall y short isolated center-driven dipolf. antenna with symmetric impý_d-
ance loading, and its m~onopole equivalenit. Although his analysis invtolve'..
approximat ions, i~t is nevertheless~ very clear, and permits inductively itoaded
mcnopoles to be designed with e-ngineering accuracy'.

The aniterind studied here is shown in Fig. 2A. Our ca: e differs from
Harrison's in that the teed- and loadinj points are inta!:changed. Thei figure
shows the center-ted dipule with thle cabtle choke at its bast: above ar. infinitte,
perfectly conducting ground plane. Thc equ~ivalent isolated dip~ole i ; nhown
in Fig. 21.The dipolev is drivv~n at t-wi lonints located at z h2 t

htiaded at its Mlidpoint- z =0 by :-lhe c i.-le choke (denoted by ilnpedallcu: 2z
.5.~ utd brun iliu WUtAl leij~ih 21t,

Til 'h !t. uctu r' il 4. in F ig,3 : * 14 'A 4 t-rvi ma f?!; tlue :ano wh-ii. 'lit- -ito1 ~O i -

lfloUtiote onl a g4r4"i5. I mt tit V-'4 it-'4 t. *tlli:. m~t(I I i.* UseflU or4 elf 114itI

-on!; i1C4u rit ioils

The antpennas. of rig. 2 r-ýn ho. !,],. A~v flolowilit a )wzli -11 1fll f1 t4,

llarrison' s We find that the f4'4.dpOJ t 1p.f4' ,and if. \t41d 14i

.ith! cable choke, V ,art, rte!sf~et ii e y:

v41
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TABLE 1.

(Data refers to antenna dimensions shown in figure bulow.)

Z (ii) 7, (P.) IV /V z. (Si) R (,) L'. (W)

113.6 - j5302 10.48 - j1467 0.5505 4.89 + j1467 7.85 51

113.6 + j5302 11.8 - j1777 0.639 5.92 + j1777 6.59 37.3

0 - j5302 8.12 - -1467 -- 4.87 + j1407 8.12 62.1

0 + j5302 7.13 - j1777 -- 4.89 + j1777 7.13 '9.3

7.72 - j1596 -- 5.32 + j1596 7.72 .•9.2
I.

0 + jO 10.25 - j705 0 2.3L- + j 705 10.25 61.3

I
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MULTI -ELEMENT MOMOPOLE ANTENNAS

G. GOLJBAU

ABSTRACT

The antennas discussed in this paper are asgoinblit' of
closely spaced short monopoles *with top capacitors and
inductive interconnections, They radiate like ordiiiary
incinopolu dzitenras, but cdi bW designed to have bdriciwidths
exceeding 1:2.1

*~~~rl ah* *t-itrad sct,;t il th~is 1p.ij '(r .I *di'r ivcd t rum it iAewrt.
LjiIIc; munopotoh wit toi 1.q'mip.ic1 t~or .I:, siowt, iii Piqi' 1. Tho t hick

condi~ucLur is rejplac(: l by .1 wimi-iiili ofi Oii c frtit-f,tr:; , mtid (Iwh Lot

I ~~~~~cap.:itur dividod in o .1 CIcri.mioi,ieii i-i iimiuhr (if ow~ipit~ , "()ic i-

Which dri' ft.M by 't COIrim(Ji !;Oiirf~i. it .11 th.l-o' ;i.-nriIn If I~,.1

tili' top by ili~t iic-tadiiict, an ili.1icaiteo lhy tho 1(1Cm!, ill 1x'g. 21,

Wji~hlitL aftutilctjie Un htt- j) jrkujwrt~it:!. ot thil-, d~y.i'i
C c~inl tilt !;trul( turt ot V ill. 2) .!i1,itvu,; ii ki' thi'it ninert. mclUJIil o *h ,

Yj4. 1.

li Lit d Llt o t q ! Vt ltutil lil t'il

V Y . (
It1 I n 1111 till.li

lit Ii

t 1i . Y o h s .1Iit a w .Ilk l x th p -l 1 I 11 V (1Lilt di ow~o n!,tit rld tiwit* .p~l i~l
__________ ~ ~ ~ ~ ~ ~ ~ ~ ~ blt ____( ___1_ tilt, lilt. _____ ________________- _____________________________

____ ~ ~ ~ ~ Til _____ ,11tt. '11jli L____ till,_____ tol_______ .11_________________________
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AN EXPERIMENTAL AND THEORETiCAL
INVESTIGATION OF THE CIRCULAR DISC,

' ~P[INTED CIRCUIT ANTENNA

Stuart A. Long and Liang C. Shen
Department of Electrical Engineering

University of Houston
Houston, Texas 77304

Abstract

A ;Ircular conducting disc over a ground plane is Investivated as a low-
profile antenna. The input Impedance and radiation pattern are measured as a
function of frequency and the thickness of the antenna. An approximate theo-
retical solution is also derived.

I nt rcduct ion "

The broad class of printed circuit antennas consists, of various shapes of

flat radiators parallel to and very near a large ground plane. Most practical ,

examples are etched on one side of a microwave printed circuit board and there-
fore a dielectric fills the region between the radiator and the ground plane.
Such a structure can be mddi to radiate relatively efficiently In o direction
normal to tilt- ground plane while reuainirg quite thin wlth respect to a wave-I iI ~length. This low-profile chardCteristic along with Its ruggedness anti cast of I-

fabricdtlon have resulted In aln Increasing application of these antennas to a
wide vdrlety of dliferlng systems [1,2,3].

Circular Disc Radiat-or

One particular printed circuil antenna, the circular disc radlator, was

chosen for a systematic and careful experimental investigation. (See figure 1.)
m Usbng standard photo-etchlng techniques common to all printed circuit idbrica-

tion the circular disc could be made quite accurately. The radiators were |i
designed to be resonant at 2.9t;,H/ by choosing their radius "a" such that ka
1.84. This Lorresplnds to resonance ol the lowest order itode as detzrmiuned by
an filysis ot tfic circular disc resonator. The antennas were fabricated onil
Steflon-fiberglass (Ir M 2.56) printed circuit boards of four dlfirernt thick-

., II m.nessu va rying froll, 0.13 to 1.52 •im (0.0053 inlch to 0).0599 Int•h). The cir,-.ulat

disc was driven at Its edge fromi the underside of the Uround, plane uing a.

panet'l mounted coaxial fced. lhei nunit ire tit each componeint of 1the tar field
was thivi measur'.d ,1,, d i unctio|n of fl, fuo various constant values l 4. lRadl-
iltion piatterns were taken for each ol the tour dilferent th i Lkilt'.'"s, ,'-f the

4 pr iril-ti t. IrctIt boaird. In addIL tin tih i drlvivng point impedance was measured
a'. ,r luncttion ol ifrequency ior each thIckne,,s of tihl. dhi le< tri c isirs r 1 newttwtk

""i, it'su Its

The r.dition l f l ,I Inl the twitr imijr jilani•s LU for 4," 0, .vd I + ior
• V). •" " .11 ,-: ,,howi In lllurt. .1 it a , flliclitil •fi tl: 1)(1.1 l ~i thim it'. flhe it-Il elle.rit-mllrj lly riot de'penin1-nt til the h tit-krw.,s' "J" tlo ;afy app:r't i .nle degrve inr

p.ritt U t fill- o Ill he iihe a .- :,l nti *hown rin' r I thi' ,amt- hi'iravior . At
the de-iilitn li rqnnn'ncy thR pat t'l, tre -wen , it•I I fie ti' broad In htoth i int Iipol

It
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planes with a 3d18 beam width of .3ppro.(imately 1150 for E0 and go' for Eq,. It
should be. noted that in the plane of t' a antcrmra (0 ý 00) the fields arc in-

*herently different. Lqhas a deep null in the plane but Ep has only been re-
dUced 20db from the niaxh'ium, Each pattern begins to degrade slightly as the
frequency isý changed from the designed 2.g O~z. The most apparent change is
a dip in field strength of' 4 to 5 dS at 0 = 0 for a change Iin frequency to
3.1 GHz. This of coursc represents a serious degradatiion and emphasizes the
frequency deptendent nature of the antenna. The real and imaginary parts of the
complex input impedance are shown as function of frequency for each of the four
thickncsýses, in figure., 3 and 4i. Here, the effact of the thickness on the impe-
dance of thle aintenna is shown quite graphically. The value of I'd" is seen to
effect both the frequenIcy for which the! impedance~ is totally real and the value
of the resistance at this point. TIue maximum resisitance varie!s from only 27
ohms for- thre case of d = 0.-13 mil to more than 350 ohms for d = I1.52 mml. The
frequency a, which this jinxim'jm resibtance occursi coincides very closeýly with
the point that the reictance crosses, the axis. This "experimental resonance"
IAt)% it i on is seen to vary considerably for differing values of thf: thickness,
but in allI casies remains within .1 range of 10"". below the dlesign value of

Model of Circular Disc, Printed Circuit. Antenna
w V.

'~- ' u permit a niore detailed study of thv circuit properties of thle radiating
structure a model of the actual prinLeui circuit antenna wl!, miade of a thin
ci rcu lar p.latte s-p iraited from a ground p lane by a slab of si yrofoami as shown inl
figUre 5. The ust! of !styrofu'uill (`r -1.02) as the dielectric permits the cir-
cult pruport les to bt, aim-sured without the dikcruntinuous die lectr ic: layer prt's-'1 eniL., a', it- .11 thle area s.urmrur'ding the radiatotr were air. In addi tion the!
moId- jI jlýu j i1 uw tire JantL'riI to b, driiven at !several poulints a long a I-adlIus
from the tentecr of thle di!SL to the outer edyv. Ini ti is fashion th~e fuilct i onlt

dependLn~c A il thu i alVVe%.llcL' Onl the l'o')it Ion of t he fevd point mla,/ a I s be
found. 1Ihe cntii lie rmeduirt! cani also N repeated with 1 dittfe runt Lhi cknes

laI~b ol till- %amft:.- hi ckaw'..% mitih t be used toC leiurca uleth- dependlence of t he I mpe-I uldance onl the dliv~icitr ic con',,tanrt.

I ~~Cinrin1 i' nd I for li. ilth Circeular Llkr lc R."tritolr

Mie L.~itI ~f i OPI St r~lLAtL1 ' W ill I Igturti 1 k . 1.quivi V1lmt to the 11.t,11c.ll
4. pilf 114-111. *l %lI lln'hr~il ill I iclure. (i it thle 'rlOtl d fI ,IlleIV % SLt i icit-'nt ly l.a,9 SE)s
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14 pritl~l~Il.Itt-ly the- !aint os that ill till %urirounlnii it is medI tamI. Thv f ieldis tide h
p.iar~ la'1 l .111'd * %ejionI andlilthe ( U111-n1'. Ofl 1tue (11',L 1.liw I'I(*V it~l!SI II y I hv i 0lUfII
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rents on the circular disc. The radial component of the surface current and
hence HO must vanish, however, at the edge of the disc. Thus for each mode
configuration a particular radius ýan be found for resonance corresponding to
zeros of the derivative of the Besse] function. The mode corresponding to
n - I and ka = 1.84 has, for any given frequency, the minimum diameter, and is
therefore the dominant mode. The field components for this mode cai be found
from the more general expressions, asid the surface currents calculated.

E7 a EO Jl (kr) cos in I
r - E J (kr) sin rk

Hr " k~ Eo Jl (kr) sin t-i,- ,

SKr w m Eo JI (kr) cos
S- (kr) cos k

Calculation of the Far Fields

To find the radiation fields of this structure 'he vector potential may A
be calculated for the distribution of surface currents that have been previnos-
ly derived. Using iblage theory, the plate a distance 4 above an infinite ground
p3lane Is equivalent to two-discs a distance 2d apart. An effective array factor
can be calculated to account for the two discs and the total far f iclds cant thcn

if be found for the n - I mode for the cavity filled with air. An altCrNate dp-
proach to find the radiation fields is also possible. Instead of uiny the cur-
Srents as the source, the fields at the tipe-ture between the disc and the g;roundI
plane may be represented by equivalent magnetic surface currents and the tar
fields calculated from then,. The followinq fie&ds ar found for thei n I iiedle
with the .avlty filled with air.

-jk,
Et =-jLo e-r k a kd 'os 4, J1 (kcti) J, (koa sin CI)

ir

L", ) -d sill 4! nsn- t i J (k ,a) J1 (ka sin ()

For our previous assuiipt ion of d v-o' kld" I the fielt'ds found *, ,in•f *he two
menthods ar.t essenti.ally equal. With) tile k nowl:d(le of the rodiotltion tieIdf. t1.e1
total radiated flower .and the di,-cctive yain can hli t.- I bt . Usti no tilt-

preyviosly foued cur�-ent di . t Ibut ion the i,.,- due to tilte "ili t" o•,dti tivity
•. of theu disc and thus the effl cicicy t.an is4, lit. hefound.

Far Irilds wi'th . Dieict.t Ic

An alplprox:xaition to the far fieldt, C.111 hemd IIndv |'I t hi' llof il-la1 ",15 "
- Iihen a d ie l(ctrIc Wlth a purnlittivily dilfereiit irom tihl- U-lrtounditilq free

a( •tb,, di i%( from li te tirutund p•1t'•te. The. I ite1.1% tan lih- c.l(ula.11 e
di,-; a beiort- t tq thu equ iva lent ,;,ale tflt UIAuirent 11 eJI it th- die.It t rhIt .,lt.idt-
lhu tavity i% ni elled((:ltt. Thet, iieltl, ', i de.,it" will tho ic .1 will lie- i . tit IS th
% ii .te ic .sat'y ftr l uldltte ill the 1i I lilde. he. lew I i(-)d'% f., the ihimi t-
"ant modu ire .1:, holli w'.

S • lt -" l• a"" k•,' d Jl(kl')to', ,'1. Jl {i,/' '.in I) ")
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Note thet ka' - i.84 aopd d' -a//T_, whfch iltadi' lha.t tIe p~hYSILBl 'diZI Of tile

dikc has been reduced. Us.Iny the SauteC tC0ImiqlwsC% d brI0nee tile IIt.4 i radilatell
power can be found. It cant also be shown that the piwi ~lIimses. 4tit-i ttn the
finite conductilvi ty wil11 be exai.t ly the same murd Is~ thus #lot dul.wnd.'nt til the
value ul Lr. rI this case. howevtii, thuere dues exhiu tile poss'ObIlIty 0t addi
tional lobse5 If the die le'tr ic is not Ideal. Ilivie. loossot 0-di bie found fuisi
the f lelds In% tile Gdvity aitd th~ie tiefc I.cy onl,-- .111imill ICAu:1laccd.

'I. ie tertences,

[I] Hi. L. Munson, ''Conforma I MI -.e ust ri ; At t-nii.s aind Mki ot, U I I, t'hialul At # yu
I aL 1it. Aiitonnii-, mnd Propullaqt 1-1ni, AI' 27. If'. 714-7f1 a.7

121 J. Q. Iiowei II, 'MI cros trip) Antiteea%, IL LL -ran. Act tennas4 4111 111 oI'atjita I till
AI'-23, lip. 90-9J3, Jan. 75,.

3]G. H. tichnetzer, ''Cliaractorlsilt'., mied Ap;~l.I tAtorts ul Itat..(3n1VUlae MliI'Ll-
stripi Anterinas.,' Kept rt. No. 5ANi11-O33'J, %inndli Labosatorinu. Jiuly /5,.

(J]J. Watkins, "Circular Reso~nant ~'Pti Iaqtmii, In II rushb~ III," I Iritrrixilt
'ILutters , Vol. 5. Nu. 21, 01t. lb. tlj.

I'l I 1(1 1 Id ,II'l 1 1 , 1 1-

.....-.. Oat 1



II
I1,

I I
I I

I
I t

I ~ A I

i I

I

I

II

I I

3 -,L

"* I

""III I .II > 11

Iq

V 1
-- ft~i



*1
I..

V

* I'' I' '. 3'1 jill 'II I I 'Ii

- , .. I Iii

1* , * * I. 34i� I . I i . I a U. ii. ti V I

�C 1.t*, 3 IIj I ji 3 3i33.iil .1.11 I.'ii

1', ¾�4Ii*�I 3 Ii. 'I iI'.,it, ¾344�. hi I i Ii 44.44.43 * i,,I ii*i I,

I.. 'a . ' 'aa�'ijI . I I as I ii I .mii. I - . Stilt I Iii.�t il I. ii �' ii Ii it I*.

i$� 11,311. * lu,.43. liii .4a I. .3

1�'* .j .

I.,. g

1' 3, I .1. :11
I I

* I, It. a, 4t-'* act I .4.. . 61314,43 II. II iii * l*. I . i lit It

t

4... '1�

I ...
- I

- A it
I .4
I qI v�l�ec: .. 43444 *'.n: Ii. 4j�F .1 '.4 4344.. 344ii ii. ItitlI 34 4 td. ii.lIlt ft

* tN
'4. -.

3[.;. 4
fr

* �.

-� - r' - -

* A I e� .4 I�.t4d'. . '3. . - '4�. - - -

Lzzaas�- ---. -....-



I a It I o'ih , hIt I I$l. ndw lst h w h i I I It i .it'l t liII i 114 Iti 1 | il ii .I I l1.1) l 1c 1 40 ill .

I1l.i l -1"11.-W!4 Ivpi •lca. l 11 taI 11,l14l lilt tltilll altil Il lll eclt'-l', IIllitt t llt.. v: .;I tll il t-:11•

1I it)' v -- I :1,.t#. I~ I gh! fla I I i I i s t;ul .1 - (Iil I (~ lui f i t al 4.1 ~u i t f ~la . n.1 v t uuvi lii

I Iill t li itt'i -1 •11. . 1i. " l'll . 1 it -v ita tlIvli "it tr l t I Iv" lipi , ll- Ili-,

li -l Ih1, - 'i i .I i l it * 1 ixi l 14 Is, -i~ l #i .ii llitis, e i * I tI l a Ilc u i 4-.l .t II I " -iI I -I N

v II i t-, 4I1iilII I % .1 •1 , . fll - I pwo It I iii l .. t m I ai I 1 .1 I al stii l Viii1 s ll i i I it. I val .i p.
t lt i" Ih i-I l tl l t ~IVI. I vitl~it '•it -Ii I 1 I'm , it 1.I .1 •, ll • lili , n •.,ll

Ilit, i 1i.1111 * ,l •1 'il I T 1, 4-1lli1 llf I tt. I' - t s tIill Ii IS.- il t -

F I P i~ll t 'il ri l ess, .I ,I~ t I .il i I I I IS.116111 it t Its li 1 4' t ilt, I• UK~~l, I il t W OI li' t Il;ll I 't l

I Ili --I I~l l '•i ,III' t •l i•ilt Im Iv tilII I 1,,-11 #i6, 1 1 lh lk I l I hl-t1 .111 i' I l 4- A, '.ill l it" ,,I t

A m - Valll~~l lil Wlit II. . t It I- i fi t I .l I I ,It fI I v I IsI,,w ym -I z I ll-. 11~ s'-slil , I II I lilt! .1 *tll-ill! I, .111. 'i't

I+v tlt.l Iil Is 11 lis tlllt v I--. II .11 .ilul 'ill-I lI l I l tlll J -. 1 11ll Yl-l l l l t i- 1 l l l ' ¢ .11 -11it l * lll

t llit -i t a• , i tli~ l ell - ,I j, i t l, il l.il p -i ttli t I s. lI" lI ilt- %IIl it I v sl til v IIt lilt l.l t~' , I s- *

Il alllipt l Oit~ tlv'll lt l 1) lil .i1% li -U pi l 1 , 1. l t -il l st ti p.ii ,, I " I" ,.ili 1w

li, iit f ,it. Is luSit .•I i lI. l lAd Iw 1 '1, t tII' ly I it i". .-.. 'i wI l it *,ill\"c

I ~~t M.-•' ll•I #I 1 Ii~ I' " l • i t I,%1111"1 % I.- l•,iI I- *,*?jItI I I ll" .tlll' "-it. I'• I .Ii' I iv i. l l

v 111 -III 10 W I Vl -- ,~l i t• .- Itl )I II" il I''i ilpl 14114-1 lli Ittl .llit" tll II' 'tll I I Itfll I ts,, I11-

! |~ l'lJ i ll I i I Itll I Iwl I -ll l.ilil - it . I , is v -ill It .1'. 1 I..I t .1 wlll ll• 11 IW, 1111 v I l i

I I I.Ih i, .il .•l. Il .ld d l I•,1 I . n Ill- i ýl I•l ,I,1 Ii- l -I I illi Vil iI I , I.1 -w II,

S ' 1

i •l .ill Ir, [O l i,,- i I t - I -l'I It-t i,", NA M Is's l " it- ,Is " I U .*- Navailll ' I • li st I "• i t~ l lv Iv: .I •i

"s I1ii
I.I, I'1 iI I, l ~ - ,liiI iI" l Ii - llli 1, Il.I i l . /.|I ll - I

i • tI I• ll .'il .',

mis -*q~--~
* ! -. ,•• -r,~i . '-l.•, iii alh ,-i ,l IuiI"•Ilti• ,l~ i -



Pini

II

- I It. IlotI . ,"

- + 1 N UM . W

I W1 -1 A 41 %o

I a~tl3 -~
i 

e

It- i.I. i .

I * c IA .tii llu| Il :.I l. ?: .)) lul f. u l C oA)ln

J 
1jPu~l44.; I•4A : Ii~ltl NIl full AN II lNiA

* *~ * Ii

1a, i. '

II ° ' llat

: 
I -

,~ , a . 1 3I 
. , v ot i I: a 3 1, ii s i iat' Ii., ,

,• 
I I lJU AlY tl ,NI t .IJ IN I 'JI ItANII) lI II ) RY I OH A 11ill It A lI~' % lI llA t

"" i
-- - -- , - -.- ,---- 

. . ...--. ,,_,..,_, .., .. .. -



-1~

-. R i d 4. 41 I

.4 /

Wii

AXA RI10V MilIN AMItI i)M IOI10i % l it.

""4

A %I -A
litI tI~to all

t} ~AXIAl ICAI It) VS AHIl I'INA I)IAMI I I itI~IN ,'%•I 4 1', I|I I |1{ llOi {,(111 if,

I0

SI ( Vii~a- Ii L Iu1W
gUWI P Stll A i~alW

* A 4, a. I .

" •"1 ,. L" * I ,1 11k11'1 1;• ) '! ;}I:1 • /;! i- I '1-I" "l ',l 4). ."*

-", a.l:~ il l11 . ii i

*1



Meaua~ -, mie, b, off Bur.,lrht

.......C CalU'a' d IKI I rIT01 - *

V do

1),- 4 -1 4 i tf m t MP I Itm , tm A i iv

Ily~ ~ ~ ~ ~~~~~~~~, Mv1r l l%4u! i tw jt -dIttp s t'IE

Svil vile1 9..14)

tan .*' 

*

9 II , '



M! * I - Ii

.4V ttl I' fi $ WIP, V 4V I~.p 1VIV ~ ~ *V

V.At.

f -f

I.~.I .,.. VA, u fl, 11 CI .1 14t~q ht -.gn i ~ ttt 14nr. *. V l~IlI 11 t t f ill, VI~ -I1.1

144 Itl 1l V It.,I~ It I11 it tn ' n.V

itV r I... ti, 4 1 t. *1.111 V tI 1,4v .11 .VI.1 Atht III V .l.l. i,i at .%

I.V otV.. fed it.t Vh e-111" .. IU.' fý. tI.f~. M

I IV * I .~..n 14 4. ~ t,~.4 ht ~ f *4141 .11 l oV11,V II .4 I .a ' .0 ' 1"~... .4 'o

4 .*~ - V ... 1 * ~ ~ DIV l.I S II VI .4.1 $11I- A-. #. "At1 It .14 , w . V t..n I f '. l - - l-I IC..11 1.

V ~ VI 1, a n , I 4. .. it ~ 44-1 tit, f--14VI. h. tw ti fil q . .usi VI 1 . a i

s * t ~ 1. it -. ,11 1 ~I .1~h vii- t I 411 . 4 .ItI t.. lose v,&I if. It I l~V~. . V

it1.1 o1 IV

t-, tI I VIII llk f W .10

Atilt

IF Olt

Fit 2 a



OJitIVIllI l liait im Il PIi V I lilt &I lIACII I161 l 1110 ii h t u h t i al iiiiiii 1110411 ii I h t ilist ttltilifil itill tII" wilit I UI lrlltish

III IIAI 111.111 m' i i at vl ilrd I l i skii'ji I I Iiwo-vti. WhgqiI thii wokit mu wi lgiis 11iv ti)(iu.11iesq ltit*It1111i1 ( 1 *ave.-Iv lilt Ili

gIlal I1 111111m Itt 111 iuill 4 ial. %iih ' i s It~liiliily lii jhim uu'ih sitilo l iitulltiii I. iii gig utitill N i i ii itil'e jnuuul n I ll I t ll uiii'

'ii g'~~1411,ih liItI, hms, l'oi kmijlt d~g iaiwt1flklih ioa iihluil t i- h 111 11,1 I1011 £ .III oil auittiuin i m I II. ' * l oti I 4 IItutII 43111t of1.111.4

I-a, ill 1 ~ ~ * i4  l

.11 ll i i ll 1.11

1(41. 111114 Ijiheug ilt ItS lotiI 41 fSlow i fo i h it moll"11,14 li 111 i0 h I 1111dil t II miu jr.1111 Ioit

I ASi S610111011

titm I e-- piti Valli tJit I ll i ailhuulills 1gi1i11111ui.1 level a folet .1.y Ii jimIlu I IlhPat Iii haievmnU

a I~saias tol ot ainlu c gil lii liCAsIiog iom 13i iii s itil Isiais o thoo sketios iiulliiii iiveso U-ioo fit

I li10 .4011,16161mm. *u.Ii '1 i0m6 M i '~ 'ilui1iiini inih iui ha4041 Sell 11 tit e solifiet. t0m,1t4 .Iis -v sii Iiit flo it V - Iil 61hihi1P

lilt'ii illy1114t oll'imigill. hokiwo killsI ,- ti i thmm s ii n t e i tew liit livltiloiU i t iliilt a wat ei~ t l igates Ili owl i14 stilil it fooi lloi, rdii

1i1011- it ýtg Ill

fies. le~ 1114111" Iltomvt a'.I t Ilgug .ni gi At tilet Itillii I iSo f loor 411i 0-1'alt

I I I. pi4110itvim it, Mill

'Alutit, '1h. Ii-Ait IeIittiuii .. lit'. III$ lilt 11 iul 1litilisiemmii lost toei'Iy a *uldim ivii. twiv,4i AMP4h imail.im leyiliti

hi" soti~ Juvi~ IV I il la l l o l Il l 14 10 4g 11 il1)1,1Iltfl5  I it lr oo

LIJill lilt- gu Il.'ii s -. 0n hlv glum I- t l it g 1 i S I mCtI. euii4 itmtiI hm s M ' S

It'. m..3,m vmi I lhiI i .If tIN itlm. 1 mil1 111i s hi 14iii1im~i. 1.111 fulvimii i mi l tyi11t il i ,1 fmgpilm lii mVI I i. 11)1i'lit m . 1diim
Ill" oh-di 1i .im . 1141.1% 'i .14 i,.. I'l1 1i Im .it.ujs I'll,% d~ m m h m 4 40 I i

.N -g



- high. nivy..ted L. iavinti a Will, il 71) loo~t asio slitivin I is I t 1- Tito attionna inglith~et tily it 4 foott Urmt~ii

001111. 111 1 th il Ifn til atlaottId imw.' I hIm Pitt Ill It f visltitts '011t~wi lit I Ig. I ait, Shipw lifthlpf t itufrouipint pvl~t

tivtnioll lilt X islt nits 1 mitir fil ie 11 eiti --.~uh nlisio ttifflilt AMP,

4 P111 fi 1IIMAN1I ANAI l Vi.:.

I hIto tl~mik~i Vt, I t o ial hisltittiit liaIut Igitit lilt I~ .11 itsntt anti shown fit I its 7 it moii fiittng AMP intnittivd

"fl 11% C:1 stif (Al I hi'tw- suit) *10 ltatH fistfl I islainat f ills. !it lItlksontit *0 1 slitt.'c fiiiiit t nilmfif ftiotnn

IA I,. titt itt ,4i.114 Maiu m.11II tint AMP twot Ioint tonitltigtinttot CIP tinviitt~itt-1' (1) 4 hatifi olt.tivn amonitit

haoving t AN)~i tiot, It il to-t. tit'i lI ll - 16 lout anti tunttinnahing tmnatlt. - b~l, ishins, fut OfI a fldil

ttsttlti 4t11611-1 hsai til i -hOO toolut. if 11. tool. fit - fit - fl tool, *#ini tolinatinifH rnltati.4' -IIJ1) thifnt

6afillutld voii1to, id tit" tointtinot tiitfWvf -giittH till fIan.. til thle antianna till I1111l t.tiniltatta~iol alpbt.owtnil

ltit I to 3 ift gin i/s i.Ito, lit t i. lnist ltest lb..n timiit w itntl it~ ai o itt ith 141S oful timstg andff stit tu .fintlumsnt

lit's u1ti itsi 01 Inst4 lit, y t oth uittinf its 111 WI an tilt oinio it10

fn iut 0, 1tnu &.11411tit Iiii IF. wtl vintiait.01 laitl fisilint mitnfinit ill Opi..talkfnti If watyl. antmnfl inaoallg. If thiftil

tlttfiitt it analAitIil tiff tills 14t.. ill a itumiigitai wnit 111(k) foot 1. iim lnt ,fluit tu thitive th lip*fiti Ihuts wovif offotlta

*5 i'ntivttelost In a UhlIs tolhntlskk tilts tii. wamnittin jain vsalttok too p*ihuviltin I hI .1 At is Wa.ll Itlwut list wet..

iniwintai 101tgnlv its tit is aflib Ill ntitt'tlt 161111 hil ts wav.. tilt nlusullef . ltintn a difill tit-' hfauns In ipt lvitlns

thet ouftnt tit ftinS #- iutt ttivity lilt t. slip nsys aifun.m 10111116 attalltit is git-iIn.lof nI'l litOwtne, .fi aintnnsi #mft itiaitifol

~ j *15 ft 01t lift a fa$ ifiiiilgitiittl Ib Sn'tuititinti gniwu#~in voint alp &lilt thwi Its I tit .1

I lnn it. tits, t 4 tinff lift tith. thu vollowtihat atauitn tionll # IinhI Illen ta u iiiuna tituSl. n ntih Wig i fite itinntos

tofa' A11 I. ttvu *istsfujini I is %nti-iff In Pitili. flth 1tiltid king wis. .tit lthe tlitii I ari ' t. *I all *linultim I flnittioi kklly.

thits It lttiltniblu sant ii S,. htill auocit~nits-I ivii Iei luiason-11nfi- isti tn$ nalt *ilwth tile vatilt . #tali 111nmhlts dongetl

hianist * td toctod uhi sit.ii tijll nif A istiliosn tmit p twa civo o""sins Shotln a tlllluiutl t idstiu. a tnay top %$wti

inl I IV 1 Its list Itutun 41#itunt lift awSit it hafflitslnn It having a hfint titt Wt lo1 tut ahitwl a itnilttlutttly luettiut
1611,111ti1y ltO 4l.iiifijttt Aw Itinput 11twri' I mmit a 1101.00 'inaitwgitnitt fill% it insit y Ittlgitiall la t 1114tha lot& it-iiti

Is lti n s nnt til d ist na f Iit ,l it- t otl . n i t onn la !,t a i ' tti uia t a f ll u nlfis h'tdta m o tin ti v vn 4u #i ti s o f In tha l tit.,it tav itg ra stiu ali

wiit jfl v.ngisii.,t inn ithu 'tn fo iil i~tstifil "I filit, i,ztiifi ith sil it a.if i'ntjdi tt~iinn tiff *ti intl..1t tthavint mw .ltit-9u

A. tisittini mtsnitinit. ..ti tinyit-itt, viativt .itivt ital tin ud.initin ttn fi iition. i Inilt-nji i s itinttinlr if offtlt l. Mill5)ii

Vt$% tit, - lt.. It Vtiti . $Vti # It Innt Vi I Ift W i in V I. mI I-vst 11ii ti-nili. lo$h int o tp 'till wv' I aI , .u11 tt aif it if a'itflutis'ti m i 41 0'Itp

is111 at H.i... .. PH t- ut 11 v .pm ~s tii aln t .1-iv . 'il tin lethit.m, mq tuifa I tit .~ itft# lttt fltVit oti ~.ti'. mi d ti t i t. , dii ffivi d t

AtA

tI



2. I.ifty, L.. WY said. If. 11. 61111111. r..eistioi .....g...... of Votiolil.arvassVokklalf liulfuntltui A-ilfwaniv No@#th Isill".

Novel Onlioootto Ldjuem tiva Cotoa lie 191uit 730. iii.. 111, Aug 1,1. ALD Ii1IIW.

3 &e"iley, L. W . a114 W. K. Moielims. "14ilouiigill f.uLa ..,dae VUI Ias,o., aqilwl Aaalalliia". N0,11 W"Pijt'a' qa,,aiasI ."o

Lolmoaaaaaffaa losin allaPl amlun 1112 pp. 49, iuatia IUMW AO) 1:139101.

4 Cal %s. P , Hootaa.Ii, C. sW.,oi Llotlaeilitsle. N. I, fOevolup.'mit , of 0hios live I raaiminl~ing £nqiteaai,. Vital. lot lilt..

af lieis%&, I , ti~iii~iiIII Stola-I Wove (filia five A~wiewome". Mail Ifiialooo loailisuo) Juosaail, Vail. I U. lip 416111141J. IVJ I

U. ofalaI6. Ilh a Anatn yufhollsahl ltv Me' Yx Puilkalalloan Ilialoamol. silt U30111I. IViii

I Nommil. N U.e. "I lie l.airleaqlV Altguas. fill GI~u11awl Ili (6u511111111Vl VII 0IHUI fontaIaI~fll, 114iIII l*l imei 411111 Davel~ivm'aaInf
W~afaiahlionelo Hoism~a No ill II . wg 11J, Iaa 0. AlD W%14Wi.

V Me. M 1 lhV#V litso ALpA ,lltoika W Aitionob~ae Aloy. ituldflaial low Wilev loiiwnct"m No 406- lipy 'all .11V .IU 411J. %fifi

Ii Mo. M I , awl Iiosto.. 1. $1 . "A SlammilmwI AnIalonaa AllowIt" lApolit. M..auamoouet.' UIlLa of tI'ift-toolwoiwiillotoll

Wepti loi 1.aoaitosoiss, l4uis~~ea. Cill. Itlpmrnu 111411), pas. 11J. Apoil 111,111

10 1t lowt. U . "i muijbilliy ofi fljoni a Slmp
1. Attiouno Wqaaaquiua at I oia lua..iwism late Sbk~vW L1.491aiUP141uiii-111 Wtmh thie

f'I16" Coom i":'. UVLI,~ 1,1A ILsluivAala itepoil &SIS 10 IV. top 11. liatalmobo Wvlth

it. Aros .... naM-sE..,iao 1'-'*Oia" I ayus.b Manuial iibiuallorayt hlo-Irouusimia Rvitoon fivessauaaa of Mo Allsommaim,~ lunuts 0NIii

Id U1fomaa., A JoUjYyip1liiu i.uaiaa.iwsl siwgihu 0e j1 iaalm low lsaasawn"9 I'la" N*oi 'isa

UJ KNIel. M, Ia Wishfsea~aaa o11.sl 11ifr-ilu. At-uoleiaa mail A.tayi Iin a Ilmiioulsoa.- l4e11 Niow 6", Cal11 Itoo f -@11aa~s.1%

Idloavoid Ito-WooioavayI abi~ MAJ. tU ff1

A,

toi4wi.4 1140-ta ruf6lilam fit Motsaa )1. s1 11214a1 i '.. ilui

1ill eae ~it. "~Aw Moism I . si.* a.ina.i 1Aq aiiaasew Ip o..fi fiamum. J IIIAiaca I auga -dio. a1 144 saI MI,y a6 1i.

lat 16 o'rl O
10 Wl ao f. mobl vIa'tC*4.Loso iIiAteuS.Ifuylw -1mtlw4Wo

"Il

Mli tia~

Of

All'..- ~ aE ~

at ..at~



I IT

4f \

tI ti l 11 L

lhi

'4VI-O JI , lVIZ'l



-4*

t~

I. A

//

i1

I 

I'" 
" ' Itl~'lill

/€ "

tII

a' 

.i ... :_-. 

s-.t;."



I �
I -�

1!

-4

I ' I I g

I �' 2'
1!

.t.
it
A I

9 1 - 4lt
* \ \\\� b

I

IjI
* I \\ £4 4

\\ �
I %4 '4

'I*1 p.

- .11 N -

-� t mt-i . I IA
4 -a

$ : ;- g p � t i e
=2�

'9
* -'A � N * a

- - - W W � N S N 3 laW-
* I

191' "'

b
' I

1�
"I'

I
* I

*1� S.

- * � 'C�W .W 4I' � -S



I-o

2'..

I L

•.. ,.

, [ 1 .
I ... ,.-

P . iii;

I "\.
'I \ ' It

I,'

SIII I X. •-

* -,

= " I1

I':

-j•... .: -. ' ""• '• '. ,:,"' '' ' *" ... . .. . . " • '• :'"''- • '--



Aivlit y , tit' 1 1.11in 1 1 1 ci hi, It -,JIvI Ili

AI %I*~ 

As~ vI iAt I *S It

IIt~ ho. AI 1' * -ii 141

tu-rif I's at 1114 h t Iilit Its he 5 If Is I sIt it 1o tm itg.em~ tv .s is it I Isui Ns-t wtsl,
. l ikitii, I Iw lt -s * s I1itil propisp~itj l 1

5Wlis i i.IiiI. I t it f is# i til'.pht -ct . .411.1

itiI It a1 II It.�. I I f ts11rsjt5 s Iehs I Isss.,p -sIt O..ussl .11 1- 111,4-4 IsY t lItt Adir.toit .1 A I 5 -

'f its' I sssss... i.A t% *tild tsowt.kf.11 stl 1 oIis r Iws itlssj i-, lt ItIit I 1 .51 ,It. I '

hutiles I tj I I itt s, Ow.u VII I''. M -- 1111t ouv' I i- . I fit-I o ~tit ~I lw -t ill rasI t At I rt

\. f I l.tit, ''I~ 1-.. I. ovfl'.. I gss'o - I t I tsil, t ill' Wit-(' -stI'l tt-1. 4 I ' st itil ti l t-

I 1w I s, 14.1ssl' hoi l I's toll * .s psi s st ý . witit I I, I' til- I0i ,tilt W554 . 1w

I If. %4t % s
1 .11 1- I'twersi t, .10 *i lt~t sit . IIsSIissl famisj lt t I I t w'1-its Ivt' Ill.-

Alti -II slt it lilt-~ Ali, #-ist .t Itio CAt A" 1 .,I tit thu lt- Ia,-; Isi it p I Iiw 1 !lit -ws

-t %t it'of wit're I1q' -t 14"I I lit ii flit VI I t Iij lit-' Al I ts I s#' Ii I tti It ii ntds I
.Isn ~ir I mss I I v.s t'it V# I Ils Iii.- fn I t 441 .1i A wi*ts .t 'tt %'1- ý Istilt Ilts, 4-1 1 ms t till it It

s, .1 ' tislt its Iiq t ig' tut I ty . Iw fts vti't %All f, is ltiItt ." WV. Ifj fill .51 1n5.1 its * 5' I ts!A i- .&l fl'

II4,1

'slow,

IiImoS



t I
-i AIR FORCE VLF COMMUNICATION ANTENNAS

L,
Peter R. Franchi

L Deputy for Electronic Technology (RADC)

4 1 Hanscom AFB, MA 01731

II. I ntroduct ion

Why is the Air Force interested in VLF propagation? There ere
three principle advantages; these are 1) propagation is less affected by

ionospheric disturbances than HF propagation 2) there is a relatively slow
fading rate at VLF and 3) communication with submerged antennas is possible
to some extent. There are also problems. The principle ones are very large

antennas physically, low bandwidths, and high atmospheric noise levels. It
is primarily the increased reliability that advances the use of VLF to the

* Air Force for an Airborne Command Post. The efforts of the Air Force in VLF
airborne communication is reviewed from the initial work sixteen years ago
to the present operating system (and possible future ones) with consideration
of the major technical problems.

II. Power Box

In 1960 and 1961, Boeing conducted a series of tests for the Air
Force on an LF trailing wire system called Power Box. These tests had three
objectives; 1) to determine the feasibility of radiating LF from an aircraft
2) to measure field intensities at various distances, and 3) to determine
the practicality of trailing a long wire from a jet aircraft. These tests
ranged in frequency from 60KHz to 300KHz. The test aircraft-was flown over

~ !Wisconsin with eighteen receiving sites scattered around North America.

The dntenna for this series of measurements was a long wire (up to
3000 feet), reeled out from the lower bottom of the aircraft and towing a
aerodynamic body to lower the trailing end of the wire. The wire was fed
against the aircraft. Since the aircraft was so small electrically, the
antenna is basically an end-fed dipole. Airspeed and weight of the aero-
dynamic body control the average trailing angle of the wire from horizontal.

" Although the TE wave mode propagates with less attenuation at LF and VLF, itJ 'Is more difficult to receive horizontal polarization close to the 'round. For

A this reason and since the vertical component of these tilted dipoles radiate
uniformly in azimuth, the vertical E field radiation was and still is the
desired radiation polarization. For th-is program, ranges of greater than 1000
nautical miles were reasonable for transmitter power on the order of 2.5K'W.* .r *~ The principle problems for these tests were corona discharge and wire breakage.

III. ARC-96 and TACAMO IVB

After considerable study, the Air Force developed a practical VLF• P'v..
1  

- airborne system modeled after the Power Box LF antenna. There were just two9 sicr.ificant changes in the antenna. First, it was increased in length to

provide for the lower frequencies and a stabilizing drogue replaced the aero-

.m
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d;namic weight. This change resulted in a smaller vertical component, hence
less power was radieted into the desired vertical polarization. The transmitter
power was increased but breakdown due to end feeding limited the increase.
The strength and reliability of the wire were also increased leading to less
breakage probit ns. This system was designated the ARC-96. A somewhat similar
system, TACAMO IV8, was developed by the Navy. In the VLF system, the
airplane trailed two wires, cne with a drogue and one with a weight. For
transmittit.g periods the plane flew in a specified circular pattern, allowiing
the end of the longer weighted line to droo vertically. This greatly increa-ed
the vertical component of radiated power. The stationary location of the4
aircraft for the critical transmit periods is not an acceptable concept to the
Air Force. Apparently, the stationary location of the TACAMU IVB and the low
efficiency for the vertically polarized energy coupled with a larger aircraft
induced the Air Force to examine a more advanced system.

IV. Multiwire Aritenna

The advanced antenna consisted basically of three trailing wires and
is called the multiwire system. An upper wire with its own reel trailed at )
a close to horizontal angle. A second shorter wire, streamlined and attached
to a streamlined weight, trailed at an angle much closer to vertical. This
wire increased the vertical radiated component by greater than an order of
magn, *ude over the range of operating frequencies. The third wire was unreeled
from the streamlined weight on command from the airplane. This wire also

"t trailed close to horizontal. The deployed antenna appearance is that of a
letter U on i~s side. At the junction of the upper -wire end the near vertical
"streamlined wire is the feed point. (As was the case for the ARC-96 antenna,
the final ten or fifteen percent of the horizontal trailiin. wires droop a>iy\ little toward vertical).

"This U-shaped antenna has two important advantages over the ARC-96
antenna: first, the vertical efficiency is about an order of magnitude better
because of the greater vertical extension, second, tIe antenna is fed closer
to the center enabling a much higher transmitting power to he used. In addition,
the shorter sections of wire decrease the possibility of breakage. More
importantly, the combination of higher vertical efficiency and increased power
handling increase the effective range significantly.

With these great advantages, there were also several important dis-
"advantages. This antenna was far more complex requiring three separate reels,•.•.• ne of which was in the streamlined weight. The streamlined cable required a

fabrication procedure of very close tolerance to prevent aerodynamic insta-
bility. Generailly, the complexity of the system increased the antenna-trans-
mitter system w-eight. Finally, the change in location of the feed point to a
more central position sharply reduced the system bandwidth. Primarily because

'A' of the grbater complexity and weight, the Air Force moved from the multiwire i
'L- antenna to a more modest system.
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V. Kodified Trailing Wire

The present proposed system consists of two wires. one upper
s:iorter length of wire terminated with a drogue and a longer section
terminated with an aerodynamic body. Neither wire would be streamlined.
The total length for this system is approximately the same as the multi-
wire system or the ARC-96 antenna (i.e., a resonant length). One can then

see that t he effective radiation resistance would oe smaller for this anterna
than the other two and the vertical projection would Le less giving somewhat

I less vertically radiated power. Because this antenna i- fed closer to the
center, a larger transmitted power is possible than tha ARC-96. This system
Is not exceedingly complex. It is close to the present TACAMO 1VB in system
components. As a comnpromise antenna, it is a very good practical choice,
but other antennas are likely based on the current problem and new research.

*V1, Possible Antennas

What type anteiinas are likely to emerge? Two possibilities are
obvious. One would be another attempt to Increase the vertical component of
teantenna again by the use of streamlined cables and weights. Additional4research and development work based on reducing the system weight and comn-

pleityof mutiwr--antanna might yield more feasible techniques.

Th/te possibi lity is using the antenna at ELF frequencies. The
current ELF ground based transmitter is extremely inefficient because of the
size and close coupling to the lossy ground. An airborne ELF antenna would
be smaller but better in terms of ground loss. Such an antenna would be'an

vantage of these frequencies is that communication with submarines is much
more feasible because of the decreased wave'attenuation in the water. in
addition, air propagation losses are also lower and there is great difficulty
locating ground sites for ELF transmitters. because of high ground conductivity
and objections of environmental ists.

In summary, there has been a fairly rapid evolution of airborne
antennas in the LF-VLF range. These antennas provide stable, reliable, long
range communication, all very important features to the Air Force. There are

and vertical radiation efficiency. The multiwire antenna Is too heavy and

ri.. .complex a~nd the new system may suffer bandwidth and vertical radiation efficiency
problems. Because the need Is there, an ELF electrically smallI antenna may
Le a future possibility. Such an antenna would have many technical problems
to overcome.
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THE UMBRELLA TOP-LOADED VERTICAL RADIATOR FOR USE

r AT MEDIUM FREQUEdCIFS

'1 John S. Belrose• khad io Communica t ions Laboratory

Communications Research Centre c I
Department of 'ommunication:

Ottawa, CanadatI
ABSTRACT

If the physical height of a vertical antenna is short
compared with a quarter wavelength some form of capacitive top
loading must be employed to reduce tht capacitive reactance of
the antenna and to increase its radiation efficiency. At

VLF/LF two or more towers are usually employed to support some
form. of extensive top loading, and an antenna tower or a central

)I> insulated tower is employed for the radiator. A single grounded
tower radiator is a more practical antenna, particularly for use

lot" at FF. The base insulator can be dispensed with by feeding the '
tower as an open circuited transmission line, terminated in the
reactance of the top loading (a method that does not seem to be
mentioned in published articles on ground plane vertical antennas).

* Umbrella top loading of the vertical radiator is the most gainful
way to improve the radiation efficiency of a single tower antenna.

4 The radiation efficiency of an umbrella top loaded antenna exceeds
that for a T- or L-type antenna employing two towers each half
the height of the single tower radiator (-i.e. antennas that
utilize the saint number of tower sections).1

The umbrella top loading, consists of a number of

wires str:ung obliquely to the ground from the top of the
-a radiator, and insulated from the ground 44ith or without a

skirt). This antenna was first used by Smith and Johnston at
broadcast freauIeneies in 1947, and later by Belrose et ;al. at
LF. Since the .urrent on the umbrella wires has a vertical
component that .s oppositely directed to the current on the
tower, the radiation from the umbrulla wires in part czmncels

L.e •the radiation from the top part of the tower. Thus as thie
length of the umbrella wires are increased. the radiation
"rsistan,:e JnLr.!ases and then decreases, wh reas thb. antenna
_acta,.ze decreases continuously for increase in iehgthof the
umbrella wiren;for operation on frequencies below the fundamental
frequency of the antenna.

The dependence of the antenna reactance and radiation
resistance on antenna parameters (length and number of umqbrella
"radi;l.s) was obtained by model measurepmnts for short Lu.-brel la
antennas (employing li;odel frequencies in ul-e range 2-100 ?1HIz)
and uieasuremcitLs of radiated field sLrLngtl! were measuied at
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7785 kllz. ThIe results are summarized in a very compact way, by

1;lbrella tohe au nensfr n rqec.Dsg dataa
plotting the data as ratios of the height of the antenna to the

wavelength and as ratios of operating frequency to the fuudamental
frequency of the antenna, which can ae readily used to Jesign

umbrella top loaded antennas for any frequency. Design data, as

an vxampie, for resonant and non-resonant antennas for operation

on 160 M are discussed.
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ELECTRICALLY SMALL ANTENNAS: THEORY AND EXPERIMENT '"-A

John S. Belrose
Radio Communications Laboratory
Communications Research Ccntre

Department of Comnunications
Ottawa, Canada

• . ABSTRACT

The difficulties with electrically small autennas are
well understood, and are:

I. the loss resistance for the antenna is greater than the
radiation resistance and hence the radiation efficiency is

.1 0o w ; -- 1
2. since Lhe antenna is non-resonant a tuning network must be

employed to match the reactive impedance of the antenna co the
50 ohm impedance required by nort zransceivers; and

3. since the antenna is highly reactive the bandwidth is small.

The need for an antenna matching netwo :. results in additional loss.
"While the expected ptrformance for electrically small antennas is
closely predictable, the claimed radiation efficiencies for
particular antcnuas is sometimes greater than Ls practically
"realizeable. Specifically, the radiation efi:.iiency for short
centre loaded vertical whip antennas has been claimed to be as
much as 14 d4 greater than for a base loaded antenna of the same
"physical height (Spilshury, 1973), yet theoretically (backed by
experimental measurement) one should expect only a few decibelsj," diflerence (Belrose, 1953).

Rather impossible efficiencies have also been claimed for
the low profile directly driven ring radiator (DDRR) which is an
"antenna that is particularly.misunderstood (Belrose, 1975). The
efficiency of small loop antennas seems also to have been exagerated
(Patterson, 1967; McCoy, 1968), since even if the loss resistances

A• •could be reduced sufficiently to achieve the claimed radiation

t*-ficiencies. the bandwidth of the antenna would be excessively

The purpose of this paper is to review the futidamental

lim-int'ions of small and low profile antennas, aud to compare
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I ihooretical with experimenLal -'acdition efficiencies. While the
,-. remarks to be made are not new or state-of-the-art ideas, there

seems to he mniscnmprehension and cont-oversy over the practical
I peiformance that can be achieved with small antennas.
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ELECTRICALLY SMALL COMPLEMENTARY PAIR I
ANTENNAS AND SCATTERERS

K. G. Schroeder
The Aerospace Corporation

El Segundo, California 90245

ABSTRACT

Electrically small (reduced size) antennas are inherently narrowband,

or inefficient, or both. A summary is presented of prior work on electrically
small antennas using capacitive tuning to optimize the impedance match and

f{ efficiency of such structures. The design of electrically small complementary

pairs is described, and preliminary measurement results are shown for

monopoles. These measurements indicate a substantial improvement in gain-

bandwidth product as compared to conventional matching techniques for elec-

iitrically small antennas.
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DISCUSSION

S"Whenever availabke installation height is limited, the antenna can be

foreshortened so as to fit into the limited space. This causes the antenna

impedance to become very reactive. Past practice was to tune out the

capacitive reactance by means of an inductor, or to transform the reactance

and use a variable capacitor for tuning (Fig. 1). This renders such an
"electrically small" antenna narrowband, and its efficiency is reduced by

• ~losses occurring in the tuning circuits. This problem becomes substantial j

for radiator lengths of less than X/8.

An alternate approach for tuning a short dipole or rnonopole consists

of using two of the antennas, which are mutually coupled, and matching 'ho

input reactance of one with the reactance of the other after it has gone through

an inversion circuit. This inversion circuit is realizable in the form of an

externally complementarized hybrid feed circuit similar to the one described

elements in the p-air can be adjusted in a constrained design volume by varying

*"(a) the length-to-diameter ratio of the elements, and (b) the element spacing

and feed cable length differential for phasing.

A monopole configuration of the ESCP (Electrically Small Complementary

-• .4 Pair) was descriloed in [31. The monopoles were of small length-to-diameter

, "ratio (Fig, 2) and their combined input impedance is shown in Fig 3. The

t total matching loss for this pair is Oepicted in Fig. 4, which includes the
AW'h It ? loss hicurred if the re-,idual mismatch at the hybrid sumn port is totally

converted into loss of power. In the case of a scatterer, one can visualize a

At• matching circuit, which partially reclaims this mismatch loss by transferring

the impedance at the lower frequencies only; this is now feasible since only

o _ relatively small reactance is involved. For this case, the equivalent radar

cross secton (RCS) can be apprcximated as shown in Fig. 5. This is plotted

as the top curve in Fig. 6. If one makes allowance for 2. 5 dB a-lditional
]' *'.I"one-way matching loss (e. g. , due to the above mentioned tuning device,
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cable losses, ohmic losses in the radiators etc), the lower RCS curve in

Fig. 6 results, i. e. , a plot 5 dB below the previous one. (This is obviously

"conservative.,)

Finally, a reflection type amplifier could he employed to shape the
response curve as given in Fig. 7, for conservative gain of 3 dB ._i the

amplifier. A comparison was now made between this ESOP scattarer, and

•-* jother possible techniques. The best alternate solution presented in the past

consisted of dual arrays of crossed shorted dipoles, tightly coupled in the

endfire dimension. Since the dipoles were thin, they were narrowbana,

"and the double -tuned curve showed a large dip in between the two peaks

(Fig. 8). Neglecting this dip, a total bandwidth 6f in percentage can be
assigned, and, multiplied with-the measured peak efficiency o1 50%, yields

a gain/bandwidth product GIG x If % = 0. 1. The same factor for the passive
ESCP antenna, with a conservative 2. 5 dB additional loss, is 0.2. It slhould

be pointed out that the comparison is in favor of the dipole arrays, since they
• u • can only be used as scatterers, and no feed point is available to drive them•.

:as ar antenna.

A number of other electrically small antenna types were analyzed,

aS,) ad were all found to have < 0.1 gain/bandwidth product. Since some of
the approaches require DC power to drive matching networks and/or amplifiers,

direct comparison with passively matched antennas and scatterers is very
difficult. Some new standards are required regarding efficiency, bandwidth

and physical dimensions of electrically small antennas before accurate

I•£ evaluation oi relative merit can be made. In gross terms, however, it

"appears that the ESCP provides the potential of considerable imprcvement in
.. gain/bandwidth product.
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. ' Amplifier Tuned)

104

'4i

1[- 4

i_•. ::,-. .. -- _2 •• •:•.. • -•.. .. •.;,. -:• •'-• - • -=-: =--,• . -', ' "" - '-4.-,- - " " ..



[ iSOME EXAMPLES OF SMALL, LOW-NOISE,HIGHLY LINEAR ACTIVE ANTENNAS

PRODUCED IN QUANTITY FOR VARIOUS APPLICATIONS

Ii I by4

" H. K. LINDENMEIER AND F. M. LANDSTORFER
Technical University

Munich, Germany
* I

[ •ABSTRACT

Various types of low-noise active receiving antennas are introduced and

their technical data explained:

I (1) A highly linear broadband (10 kHz to 30 MHz) rod antenna of
I-meter height and wide linearity range.

(2) A 0.25-meter high broadband antenna for OMEGA-, DECCA, and
* LORAN-C navigation.

(3) A diversity antenna, consisting of two crossed hori7ontal active
dipoles for 1 MHz to 30 MHz 3nd a vertical active monopole from 10 kHz to

S30 MHz. The length of all elements is meter.

" 0 (4) An active antenna of 2-meter height for direction finding from
S0.25 to 30 MHz for application in a mobile Adcock system.

(5) Receiving antenna for guided waves for 47 to 68 MHz used for- optimum reception of signals radiated from a slotted coaxial cabTe.
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SOME EXAMPLES OF SMALLILOW NOISE AND HIGH LINEAR ACTIVE

ANTENNAS PRODUC-D) IN QUANTITY FOR VARIOUS APPLICATIONS.

1.Broadband antenna from 10 kHz to 30 h'iHz with high linearity
range and Im height.
The annexed illustration shows the active rod antenna into the base-
insolator of which the antenna amplifier is inserted. The dc-power
is supplied to the amplifier from the power supply via the inner
and outer conductors of the coaxial antenna cable. This antenna re-

places the common conventional 6 m high passive whip antenna. IP
spite of the considerable smaller
height of the active antenna the

ampli- signal-to-noise-ratio at the low

Sfier 
end cf the band is even 25 dB

superior to the snr of the con--i ventional antenna with receiver
,-- rif both~antennas are mounted

upon a conductive ground plane.

At the high end of the band the
N 1  snr of both systems is approxi-

power mately equivalent. With many ap-
N supply insu- plications, as for example on

"0 set lator ships, a nearby installed trans-

"".e�l mitting antenna impresses a strong
-BN RG5 • BCU lActive antenna electromagnetic field at the lo-

2 •Ecation of the receiving antenna.
•..;•- ,,,, -Amplifier with Therefore special efforts have

E "Li°o v• power supply been made to obtain an antenna
4..= amplifier causing very low non-

-onlyEN linear effects within an extreme

wide voltage range. Precautionary
measures protect the amplifier against damage by electrostatic dis-
charge. Tests have shown that the active antenna withstands the ato-

- mic e.m.p. In the following the most important data of the active
antenna are listed.

At the output terminals the active antenna may be described as an emf,
produced by the fieldstrength E,with the output impedance in series.

106

* "I

7W.I

L • • "•R•, • " • • ' , " . • . " .



ZA: Ouiput impedsnce 50 ohms.

ZA VSWR =I .I (within the above cited frequency rangd I
Z A 

AhA : Effective height of active antenna with re- I
Y "A- "•{• forence to the output terminals. E = vert--

L cal component of electric field strength

(antenna vertically mounted on ground plane).

Xquivoralent circuit. hA 21 cm. (constant within a tolerance of

-1 d1B).

The equivalent noise field steiength due to amplifier noise Fy j is

that rms-value of a sinusoidal signal field strength per Vbandwidth°

necessary to achieve snr = 1 (t0 dB) at the antenna output.
Q2'

0,1

in dBreucio ofapiiaindet ,iexti hw
wit anenn o n ..un.l.ean.ec .ed. oudwae

cause IN

JE 0.04, ,;

" 0,02 . . ... ,....L

lo

•..o, ol Ql f to 30 MM•;z.

Diagram of equivalent no-I~se field steength/" adwi=• ess rqec

:..•"" with antenna on ground plaue and received ground wave.

SThe maximum tolerable (rms-value of sinusoidal) field strength Et,thal

Scauses I dB reduction of amplifioation due to nonlinearity, is shown

in the following diagram (antenna on ground plane and with ground wave)

I I C - _ _ __0_ _,,_ _

200111 00

• • With two sinusoidal signal field strengths of different frequencies f1
•" .• and f 2 but of same rmo-valhe E 1=E2 =E=100 mV/mn the distortion at the an-

• ~tenna output due to second order intermodulation at louver frequencies

I1 07*1
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is 80 dB and at higher frequencies is 70 dB below the output signals at

f, and f2. The suppression of third order intermodulation prcducts at

low frequencies is better thax, 120 dB and at higher frequencies better

than 105 dB. With practical operation the distortion by these kinds of
nonlinear effects is rather unlikely since it on.ly occurs if there are

several strong signals and if the frequency of the received signal by

coincidence equals the frequency of one of the intermodulation product.n.:

SWith most cases in practice the receiving-system i3 more endangered by

distortions caused by cross modulation from a nearby located tmansmit-

ter. In this case the tolerable rms-value Eu of an unwanted amplitude

modulated signal (modulation factor is 30%) at the frequency fU causing

a modulation factor of 3% of the wanted signal at the frequency f.. is

important. Eu has been optimized with the present antenna and is plotted

Sversus fu for various values of fs in the following diagram.

100 ________ -- =
60 1

20 - "___ _ _ " 3,2 MHz
I 10 MHz

,_,, 10 .Z -2- "MHz

protect 1 10 20 3OM~z

2. Navigational antenna for OMEGA.DECCA and LORAN-C.

The antenna has the same shape as the one in ch.1. The frequency iange

.I, . reaches from 8 kHz to 130 kHz. Unwantad signals above 140 kHz are sup-

pressed by means of a Cauer-Jowpass-filter within the ante:ina amplifier

in order to protect the subsequent navigational receivers from n6nline-

ar distortions due to overload conditions. The suppresion of unwanted

• A signals in the range from 400 kiiz to 30 MHz is better than 60 dB. Phase
delay distortion is guaranteed less than 3 degrees, which limits DECOA-
navigational er2ors to 30i. The diagram net page shows the tolerable

'unvanted fieldstrength for 0.1=3%/30% cross modulation as defined in ok2.1

ISTA 1,S A

In case of mounting the antenna on a 2m
I STA SA"* 2 shigh mast, the length of the rod may be re-

STA1OA duced to 25cm in order *to obtain rovghly
S•% identical data as withTinrod on ground.
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S~~~~60 ... .. .

norm I op- ____s______khz
l v o40

30
* .. g•enc y op. 24 V. d.c 1l0 kHz•- 20

j " iIis =10kHz 1 kHzf 0kH
•" = 15

10--_ _ _ _ _

: - 3t , M Hz 10 30

: §- 3, Active diversity antenna.

l As showr in the illustration the antenna consists of two crossed hori-

zontal dipoles, each driving an amplifier with balanced input and un-
• J •.balanced output, and a vertical active monopole, as described in ch.1.

The length of all rods is 1m. All amplifiers are located within a scree-
ning case inside of a fibreglass reinforced polyester: insulator and
have seperate output terminals which are to be connected via cables to
an antenni selector s~stem. Usually this antenna is mounted on top of a
3-6m high mast. Thus as far as the vertical field components are con-tIcerned the equivalent noise fieldstrength and the different values of
tolerable fieldstreagths of the active monopole as described in ch.1

are reduced. Since the sky wave is only received at frequencies above
1 MHz the horizontal -.ipcles are designed for I MHz to 30 MHz with an

ooutput voltage at the load impedance ( 50 ohms)of 0.6V per iV/m hori-

zontal fieldstrength % (tolerance t 1.5 dB). The equivalent noise fieldw
strengte of the horizor:tal dipoles is IVh B =:0.015 gV/( m y77). Non-

linear distortions caused by horizontal field components due to second
and third order intermociulation are equal to -hat of the active monopole
Since the antenna is mounted on a mast cross modulation with the hori-

. zontal dipoles may occur not only caused by the push-pull voltage but
also by a push-push voltage at the input termi-

- -nals of the antenna amplifier. The push-pull w,:l-
tage originates from a horizontal field compo-

nent Euh while the push-push voltage is vrodu-

ce" by a vertical field component i The tole-

r: rable horizontal component for a cross moduja-

NJ tion of 3%/30% =0.1 i s. ch. I) is .1ul 717/r.
For the example of a 3m high mast and frequen-

cies fu below the quarter wave-resonance of the

mast E = 5V/re. LA
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4o Active antenna for direction-finder from 0.25 to 30 M{z.

A The photograph shows an adcock direction-finder system consisting of

eight single active antennas,the total height of each is 2m, The an-
* tenna amplifier is built

.- .. into the top end of a Imi

high tube mast, whereon
S• . , a lm long plug-in whip an--

'enna is mounted. The sne-
ýial designed amplifier 4

meets very had require-

nments as to a tolerable

spread in phase of lessDirection-firder system andh Kciv anter f wheronhan
than I degree and a tole-

_able spread in gain

Vof less than 0.1 dB between units. The passive J
;'anten parts between the low end of the whip

Sad the high end of the mast are loaded with
the small input capacitance of the high impe- I
"dance amplifier. Ther'efore tne currents on the
antenna parts are %ery small and prevent the
antennas from radiation coupling. The antenna-

omast forms a counteroalance to the whip. There-
fore with a very simple ground network extreme

Antenna amr].ifier small direction finding errors are obtained

even with sky wave bearings. The equivalent

noise fieldetrength EN/ Y 1c 3 nV/(m M-i). Suppression of intermodula-
. tion products is better than 100 dB with two signals of E = lOmV/m each.

The antenna replaces a 6 in high passive whip antenna and makes it now

-• t IIU I IIfeasible to mount the
1 - II ?•"adcock system very ea-

[F-ZON I• Ksily in the field.

" .. " Equivaleat noise fi.,ld-

S. ........ strength of df-syst-m
II 1,,'i-"• •. : .... . Wi.P B I Hz

I-

." -.- - -
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5. Receiving Antenna for Guided Wawenv

SThe ;:ctive antenna K 50238 is den•ignerl fro optimum receptionof signals radiated from a slotted coaxial cable. It operates

in the lower VHF-band and couples to the magnetic TI-field

o:- the slotted line.

In order to meet of'fcia2 requirements as to the to]erable
interference fieldntrength outside the installations, the

Sactive circui-t of the anzenna is optimizea for maxinmm signal-
- to-noise ratio S/N at itc output, wiLL low lereih of transmitted

power. Typical values are S/N- 40 dB at 20 cm clear distance
t 1etmeen cable and antenna, and transmitter power adjusted to a

" level which gives less than 30 /uV/m interference fieldntrength
at 30 in distance from the cable,

"Applications are found wherever a oign•al i~ac to be transmitted

from a fixed station1 to a moovable object following a predeter-

mined track along which the slotted cable can be mounted, such
as a railway car or a big rail-bound crane. At the moment these

antennas are in use with the rapi6-railway systems of Vienna,

Mufnich arid Paris. There 2 ur 3 TV-pictures of the rail-iý.y plat-
@•form are transm~itted simultaneously to monitors within- the loco-

motive in order to give the engine driver a good survey of the

platform and help him w•ith clearing in and out of the station.

Further data

Fre..u'ency range:
2 47 -58 MHz

Characteristic impedance 9 "

of output: 75 il (un-p
balanced, VSWI?< 2)

Bias: 12 V/ 5 mAmps
Material: stainless steel - ""

and fibre glass "O.

J • Weight: 8 kg

"Sections i to 4 are by H.K.Lindenmeier,

section 5 is by F.It.Lan~dstorfer.
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TRADE-OFFS IN THE DESIGN OF A SMALL ACTIVE ANTENNA
4 -FOR TELEVISION RLCEPTION

by

V J. J. GIBSON

RCA Laboratories, Princeton, N. J.

ABSTRACT

The development of the "Mini-State" antenna, a small, active, rotatable,
directional antenna for television reception is discussed with particular
emphasis on basic principles, criteria of performance, and trade-offs between
size, signal-to-noise ratio, bandwidth, directional characteristics, distor-
tion and cost.

4,"

I.

411
7w 7

¾t .

S.•i-•;• -. --: .. -. . ;.- .. -- ..-.- " - . . .. . .._.•



II

TRADE-OFFS IN TIHE DESIGN OF A SMALL ACTIVrF ANTENNA

FOR TELEVISION RECEPTION

by

J. J. Gibson, RCA Laboratories, Princeton, N, J.

SUMMARY

The "Mini-State' is a small active TV antenna designed for suburban

and metropolitan reception areas where a small size indoor-outdoor intenna

is very desirable, and where multipath and man-inade noise is more of a pro- 1
blem than random noise generated in the reception system. Small size, large

"bandwidth, and a directional radiation pattern are achieved at the expense

of signal-to-noise ratio The signal to noise ratio (S/N) relative to

signal to the noise rat.ie (SI/N0) of a dipole with a system temperature oF

T =2900K is introduced as a practical, meaningful, and measurable figure of merit:

... • M = (FlN)/(s lNo (S/So)I(NIN) (DIT) T°
0 0

where (S/S ) is the antenna gain relative to a dipole, (N/N ) is the excess
0

noise which can be measured in a screen room, P is the directivity, and T is

the actual system temperature. While the variation in direzcivity is small

between various designs of small antennas, the system tempera'lure is critically

dependent on a large number of factors such -as; the noise figure and the gal;•

of the amplifier, which are both dependent on the antenna impcdance; antenna

loq.ei•; receiver noise figitre; cnhh' loss:q; nolse tcmp,,,cntttre ofr tIh field,

t These Irade-offs will be discussed in some detail.

It is shown that if it is assumed that the noise temperature of the field

i" 'and of all passive componcnts in the system is Toy the figure of merit is

• N" M DKIF

1141K !
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" .where K is the aiiuntia efficiercy (radiation resistance/totNl resistance) and

F is the system noise figure. It is possible to design a lossy antenna with

a good noise figure (and large bandwidth) with about the same figure of merit

as i low-loss antenna with a poor noise figure. The final choice for the

V11F antenna (54-216 Mliz) was a terminated tuo-port loop, which is a lossy

*-I.broadband antenna with a cardioid type pattern and with nulls tcwards the

back. The diameter of Lhe loop is 18 inches, which :s one-tenth of the longest

wavelength used for broadcast television (Chsnnel 2). A low characteristic

impedance of the structure, which is benefi.cial for the efficiency "K", is

achieved by making the loop out of a 2-inch wide strip. A broadband match to

the terminati.,g resistance is obtained with slots cut out of the loop. The

.•. ffigure of merit of the syfsem, including the TV receiver, ranges from -21 dB at

' channel 2 to -10 dil at channel 13. Cood rejection is obtained over a 1000 angle
" in the horizontal plane back. Two deep nulls in the pattern provide

• ) for excellent single "ghost" rejection. A U1-F antenna (407-806 Miz), a yagi with

a 2.5 dB gain, is in-erted inside the VHF antenna. Slotted UIF stubs in the

front part of the VHF loop minimize the interaction between the antennas. An

amplifying device is required close to the input of the VHF antenna, partly to

• .-- +improve the figure of nerit and partly to maintair good radietionl patterns, wh-ch

"otherwise might be destroyd due to direct pick-up by the cable and the receiver. 1
Since the antenna mntl n.o operaLe it strong signal arena, considerable

.% * attention has been given to irtermodulation distortioti in the broadband amplifier.
S a "',:Dyniamic range, noise performance, bandwidth, SLa~biIl ty anid co.4t.11 (r nmpl Iflergi

with bipolar and mOS transistors were extensively studied both experimentally

-W and theoretically.

INIil , •a
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V I ~
I The design trade-offs are discussed in the context of the systam environ-

ment, i.e. the electromagnetic field at one end and the receiver at the other, I
the performancu requirements, which depend on subjective effects of variousk!
disturbances and the need to provide good quality reception at a large number

of locati.Lns, and cost.

'-• l)"The Mini-State - a Small Television Antenna" by J. J. Gibson and

R. M. Wilson, to be published shortly in IEEE Transactions on Consumer
-, -Electronics.
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VHi' MANPACK LOG PERIODIC ANTENNA

". C. DAVIS, DlIV, INC.

ABSTRACT

A lightweight VIIF manpack antenna is described which operates over the
fri.quency iange of 26 to 88 MItz, has I dbi of gain, has a V'WR of 2:1,

radi.'tes 100 watts of RF power and can be erected by two men in 10 minutes.
It has a unique configuration for minimizing thi array size und for ease of
erection. Alse, due to the broadband properties, it can be used with frequency
hopping and spread spuccrum systems.

, .SUMMARY

A lightweight, quick erect VHF manp.:ck log periodic antenna has been develop-
"ed which operates over the frequency band of 26 to 88 MHz. The erected equip-
ment is shown in figure 1. The array size i - reduced by utilizing swept forward.:
elements of the "V" type at the lower frequencies. As the element length de-
creases along the LP structure, the angle of the elements increases so that at
the higher ficquencics the elemenvts are regular dipole elements. A plan view
of the array is shown in figure 2.

"'he intenna weighs 30 pouids, is packaged in a canvas bag, and can be
"erected by two men in 10 minutes. A key design factor in realizing the quick

rerction is storage of the LP array on a nylon template using velcro straps.
This prevents the phospher bronze elements and feeders from becoming tangled
when rolled into a lightweight compact package.

The antenna i.- iuppurtud by a fiberglass quadrapod structure which Is mounted
on a tuhýJn n mast. The fiberglass quadrapod is sec'ionalized for compact
sti,_wage. The fiL'erglass mnembers are c:nnected with shock curd for easy
installation.

iBriefly the installation consists of:

a) Unrolling the nylon template containing the L.P array.
.. ';:., b) Assumbling the quadrapod.

c) Placing qiiadrapod on nylon Lnemplate and atLaching LP ijray tu
quadrapod at four placas.• . • d) R~enio-ing nylon template from LP array and conn(:tinJ ,odxidl

""d input ,.ble.

-5 e) Assembling niist and conhiucting quadraprd to top ot ma.:;t.
f) 14ecting antunna rind attachinig guys.

117::-'-:e
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The gain o' the antenna is 4 dbi it the low end of the frequency range increas-
ing to appioximately 5.5 dbi at mid band. The front to back ratio increases
from 4 db it the low end to 10 db at mid band. Representative measured

radiation patterns ire shown in figure 3. Input impedance of the antenna is I
fifty ohms with a VSXVR less than 2:1. The antenna is capable of operating
wit~h 100 watcs of input power. A key feature of this antenna is that it can be

used in systems employing frequency hopping or spread spectrum due to the
broad bandwidth.

T .1
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A TECHNIQUE IOR CALCULATING THE RADIATION AND IMPEDANCE CHARACTERISTICS
* OF ANTENNAS MOUNTEO ON A FINITE GROUND PLANE OR OTHER STRUCTURES

"by
R. Mittra, Y. Rahmat-Samii and P. Parhami

Electromagnetics Laboratory, Department of Electrical Engineering
"University of Illinois, Urbana, Illinois 61801

, 'ABSTRACT

In this paper we consider some aspects of determining the characteris-
tics of antennas mounted on a finite ground plane or other platforms. We
begin by briefly reviewing three available techniques, viz., wire grid model-
ing, combination of E and H equations; combination of Moment Method and GTD,
Next we present an alternate method based on the finite-difference technique
and the use of numerical Green's function. The latter approach is not only
conveniently applied to the problem under consideration, but is also extend-
able to large size ground planes through the use of the spectral theory of
diffraction.
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ANTENNAS ON COMPLEX STRUCTURESII

Raj h;,.ttra
Electromagnetics Laboratory

Department of Electrical Engineering p
University of Illinois

.Urbana, Illinois 01801

I {SUMMARY

One of the most challenging problems facing the numerical and analyt-SI
ical electromagueticist today is the design of ýo•ltenas •o be mounted on

I . complex structures, such as automobiles, ships and alerafts. The plob]le]1i
is complicated for at least two reasons. First, the modeling Of complex
sLr'ictures 1- in itself a difficult probleui. Second, and perhaps the more

I important from the user's point of view, is the choice of the type of
formulation bast suited for the particular geometry under consideratlon.

Basically, two different types of integral equations may be employed
to characterize the 6iectroinagnetic radiation proper t tiAs Or a girtve anttna

• "• cofiur~tin 1]. Thtuse equation,,. take Lhev f orm

11 x (-W (_ k.2l, V J V, 0 ds'

I ,

r.3s() = 2, itl(cr) + j x V', ds' r s (k)

Swhi're J is the induced surface current., i,' lthle incide Viet
tric and magnetic fielda , 4 Is the s'atir Cron's 'untnvioll b vell by

- 'I
: ~-jk r•-' r/-

' = I-l,",(2)

aad tlh s~ymibol I hI0mijit-s thiL. .li le Integral i. ; pra IIlcipal-vtltlie type.

IL is wel l--known tLatf: th(, ll-hiLegraJ) te'Ilnt ion i. fr:Iuht wiL W iii Illmft r i-
cal. dl"Iilculties when applied to e lecttricvlly tLhii structurli's r:ittli io: wires
oi-or helll;. l'erhaps less welt.-known is the" vaunev of thti d1l'l lit tly, WI, ch

'A:- I.. t s 'loflS t !iit fact ithat- la the for lio i on of L ie lh-inii'gra I etiltati;,l thi
boulndary CondidtLion, vil K n 0 on tilt' srf icet , tf th, hbOtly, fI.1 1t

N , I ttiposed direct.LY but follows a:s a i'(nsLtqunmice Of" ,ho tact thati1 x 1A
Imp l. 1 vs F. x 0 only it the sgurt l.' is v oI ;tl 12 1.

'The chiel ddvantLagc' C, tile. ll-',iiaL iou catr be n0oted by i,'t, errinig l,

(1) wherein we observe thal Lite kornel oi" the itl-evtn1 Lton Ih ,iiipl er than
Lithe E-equtatton dilje O o 'he aibstUnt, Ofl ;I dthriV;iiti.V' on (110 incl)it'd :iurlet'
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i currLnt J Even more important is the fact that for relatively smooth
-- surfaces self-patch integral, for whi•h tha kernel is Lhe most sinfgu--

lar, is negligibly small, thus making this equaLtoi. numerically attractive.
la contrast, the self-pntch integral in the E-equation has a substantial
"contribution and must be evaluated very carefully because of the presence
uo1 the singularities of the kernel.

This advantageous feature of the Il-equation is absent, however, when
appendages such as antennas are preset.t in otherwise smoth structures.
Th, li-f ield varies rapidly near tLie base of the ant:enna, and the self-
patch principal value integral is no longer negligibly smalL or well-
behaved. in any event, one is forced to use the E-integrutl equation for
tbe wire and, consequently, it becomes necessary to emrloy a hybrid system

, r comprising the l-equation for the surface and the E-equation for the wire.
Of course, one may chouse to usc the E-equation throughout, either for a
combination of surface and wire models or for a thin-wire model of the
entire structure in which the surface portion is replaced by a wire mesh.
Considerabc work has been done in the direction of modeling a complex

structure with thin wires 13]. Although convenient for many applications,
this type of modeling is not necessarily the most efficient from a numeri-
cal point of view when judged on the basis of number of unknowns required
to achieve a given accuracy Ailthe solution. Also, the wire-grid modeling
soMetimes introduces fictitious ci~cultLiug currents, and the restilts
Sderived frou the use of such Itodelz often show AIM in the predicted
resonances from the true ones for the actual surface.

"Nevertheless, many of the ant -na modcling programs typically use the ,
thin-wire codes, perhaps due Lo their availability and versatility. There
exists .a great tced, however, for developing byhrid programs that handIe
the surface portion of a structure directly, raLher than in term.; ol a
"thin-wire model, when there are wire appe|dndagei to the :ruture. -.

Although many diffcrent approaches to this liroble, e are sihOsible, we
describe below a procedure whic|h hlias been under d,'wvopment & it icea y at
the bnivcrsity ur II iLnuis 141. 'wt n|ethiod U; based on a finite dif fer-.nce approximat itn to the different ial operator appeariug to tLhe l-ini egral

Sequation and th, u-sc of tme concepL of thet nume•I icail Cren'•ai function. For
.shpl Iicity of ilustration, we eonsider the problem of a vert iL-al m-nol pol

an -tenna located omi a finite ground plane (s•. Fig. 1). fit- Coeisfiucl tL,. !
.u. merical Gren's Fuction by consslderill - :i nnge invinuta•/ dipole tInated

", at a fililLe heighL above the pround plane (see Fig. 2). "lhc sotl:ace eu
refnts induced on tiHi plate may he v)p),resaed 1n terms or ithe equation

Shere' iQ•, 1i2• are the clvet rh"c riot {, ('mllli}{'nUt~s o ait it{ u pait Il-ch|tsl by tihe

II
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+ +2a

a2
.. '.- __ (4)

where M.. = i)ds'

. S th surface patch

" Pi. locatioa of the i th observaLion patch (5)

"46; In the finuite difference approach, the derivatives on M appearing in
(4) are computed by the conventional finite differcnce methods. We have
found in connection with our previous work on wire junctions that the
numerical cifferencing for the purpose of computing derivatives must be(ldone properly, otherwise, the results will be eronos.Va rtia

parameter is the width of the interval used to compute the finite differ-
ences. Taking a cue from the wire-junction problem, we choose the inter-
val to be one-half the patch size and process (4) numerically using a

vert the integral representation for the wire and the wire-plate inter-

I "action and write these in matrix form as

1IRE ... J = [Z (6)

.WI) Z

""LAT "r Z. . [z J{J } (8)

II~ _ I . ... i I[I I

where J1 is Lhe, currvint on the wire.

1J

*1 V.



Combining (3), (6), (7) and (8), we may derive a composite matrix
equation which reads

in) I + 1Z If tz w 1J{ z (9)

inc
vhere E is the 'ncident field due to the given source. Inverting the
matrix in large square brackets appearing in (9), we obtain a solution for
the cur;.ent in the wire. The currents on the plate can be derived subse-
quently via (6) - (8) that relate Jzandix, J.") Although not shown here,
extensive numerical calculations have been ca- tied out for the above
geometry--both for the antenna located at ti• center and near the corner
of the plate, ant for the antenna in a radia.t:'ng or scattering mode. The d
results have been checked against other available data and satisfactory
agreement has been observed. A somewhat more sophisticated and accurate
approach based on the incorporation of the edge condition has also been
developed and tested. One additional feature of the method worthy of
mention here is that it shows promise for extension by -t newly developed
spectral domain method [5,6i for handling problems of this type to base
structures that are large compared to the wavelength, even when the
antenna being investigated is half-wavelength or less.
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i RF TRANLINE ANTENNA FOR VEHICLES
SJ. E. Brunner, J. R. Gruber

The radiator is mounted parallel to the vehicle surface and resembles a shorted trans-
mission line. The antenna system includes an automatic coupler designed to achieve
Shigh rarution efficiency for Nap-of-the-Earth communications in excess of 60 miles.

I ~ SUMMARY

A n efficient antenna and automatic coupler s has been devdoped for usc on small heli-
copters and ground vehicles in the range of 2 to 30 MHz. The low-profile radiator,

. with nominal length of 10 feet, is mounted parallel to the vehicle surface (spaced
Siabout 8 inches away) and resembles a transmisston line shorted at the far end. A

primary application is to provide Nap-of-the-Earth communications in excess of 60
iles, undef r all terrain conditions, for low-flying helicopters and ground vehicles.

This entails use of the Near-Vertical-incidence mode of ionospheric propagation and
• •opfrequencies in the range of 2 to 8 MHz.Mf

Typical helicopter installation is on the upper or lower surface of the tail boom. both

" •v:loaot8ionchs giving good resmbe 0 grnmsinln hre •tef r ound.

*" poemaoy gppivationg s g ood proadiation patterns for communications via sky-wave or gu
- wave. Figure 1 shows a fiberglass shrouded Tranline Antenna installed on the U1)1-1
4 tvpe hel leopLer. A I -inch 0, D. aluminum tube has also been utilized as the radiator

on the U"i-i and 011-58 helicopters. Above 10 MHz the electrical length of thi antenna
1.s shortened by iLse of a vacuum switch, which permilts efficient impedance matching

Fiurh2is en aiplo u of bthte Ner-esitic a-ncdreactie cmponent of ins imrcpedpaatinc whnd.

at the higher frequencies.

I"wepcdanees presented by the Tranliue Antenna are quite low at the lower frequencies.

thu antenna is mounted on two different helicopters, the 1111-1 and 011-58. These
"data indicate that care must be talken to design the coupler for the antenna environment

-~ • since the ground-plane system affects the real component of the impedance d U te-
. Inrli , determines the voltage and current. whshprmsý in thi matching tnmnnnnts.

i 4 NV
• •:: : •. mpeance prsened y te Trnlie Atena ar qu[.elown• he lwerfreuenies
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The automatic coupler is located as near to the radiator feedpoint as possible to
maximnize overall efficieticy. An objective of the coupler design has been to
provide Ihe required impedance transformation across the frequency range while

maintattaing the highest possible effiie~ncy. Efficiency in excess of 90 percent
cis ohieved even at the low end of the range where antenna Q is very high. The

coupler network contains no inductors, only low-loss ceramic capacitors to

accomplish the desired transformation.

Two different matching network configurations have been developed for the Tranline -

both incorporate BF seasors which provide automatic tuning. One configuration is a
digitally controlled L-network of binarily related, switchable, fixed capacitors. The
other utilizes coded frequency information from the radio set to achieve coarse tune *1
of the L-network with final matching accomplished by closed-loop, tunable variable
capacitor. Tuning time is 1 second for the first configuration and less than 2. 5
seconds for the second. I
Radiation patterns (normalized) at 6.2 MHz, measured on a 1/20 scale helicopter,
are given in Figure 3. The roll plane pattern results primarily from the electric
dipole mode of excitation and the yaw plane pattern results from magnetic dipole
mode of excitation. These patterns do not change appreciably over the 2 to 12 MHz
range although the relative RF power radiated in each mode changes considerably.

(:. '• ,/ Radiation pattern mePsurements reveal that the two modes a-e approximately equal
in power radiated at 2 MHz, but the electric dipole mode (from currents in the fuse-
lage) quickly dominates at higher frequencies. The electric dipole mode is about
6 db higher at 6 MHU. and 10 db higher at 9 MIIz. A good discussion of modal analysis

- I.-| applled to HF antennas in small aircraft is contained in Reference 1.

"Estimates of Tranline effective gain, operating on a small helicopter such as the
UH-58, have been made. The effective gain, including coupler losses, varies as
follows: about - 11.5 dBi at 2 MHz, -3 dBi at .. 6 MHz, to-i dBi at 5 M1tz.
Measurements made both by Cincinnati Electronics and other activities have
provided confirmatory data. The gain rises very rapidly with frequency because:1 the radiation resistance associated with the electric dipole mode is proportional
to the sixth (6th) power of frequency. Attractiven.ess of the Tranline for HP'
communications results largely from its ability to excite the airframe in the .dipole

'1" "mode, thereby achieving much higher efficiency than would be expected from a
radiator length of \/50 at 2 M11z.

REFERENCE

1. Pavey N.A.D., "Radiation Characteristics of 1fF Notch Aerials Installed in
Small Aircraft". Advisory Group for Aerospace Research & Development of

S..NATO; Conference Pro-Print No. 139 on Antennas for Avionics.
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"1 ~~~PIZE.I)C:oIM A1411 MMASURE.MiENT oF IIP A\11i'iNNA RADIATI AON P'ATTERNS

~L ~tt.,MO Ft. MC111t[11 N.J.1

Ali, Lt .-oet.

A 1i.1Y.C1 ao eiaItec-nI iltti I ox'ire p e.lgrodic. -IdItLI l pllLternl;: (iit' II a~iviteltia:

olih-lt'!i:0i)itLvrs, ba:iza'til Likte 111tehod lot' lolillit'tLS (JIM) and. ispi eitii'nLV1.d by a Cout,%-
I11.-ilt' lg~ctl I ii ii, I p za1'0;C n t ed Thut asi entelno; t.au I 'lv ed by Lli!i to it ru 1st. loll .ir e
E. ltect ri call!y :111.11 iMi WAY Va .XLL'ttd (Welr 11 C011S;; iiir'rab IIiort 0Io ohike alix ro'IL :

I i;" 18C12. Lffria.- of' ItA-:;y grootnd p] totu; In; I liv vi cm I ty oft. L~itt'u rad I at itig
a yste, i'u;11ae -ulisi1deredit. Ani CXIA)Vt' I l~len I. l t-St . pi olp r n, rdtotidtvic a rt ECO( M Ini

- ~Coiij UlltI itiln WI LI1 tllu'L .iin1yMIY. , I.. ttt'4c~l-1li'Lh

I)'Il il t'e Ca!e o IIFW u eitnlIUM 11o0unted .311 ai rer'at, thii; I oturoust. Oni WLItitlie
adjacent. [tut logc ,;kill, Litt, uhapv oif tilt' .;zrCt'aiL, Land Like I)051 L itlilig of tIM

anter'iuia call N;i gO iiI t'tnl y aff'ctI. the rod lotion~ patt I. eri It. CMn be HiltuWti I .a I:
analytlYI.IC:' Lveil'CItCt tj ised I uter o W 1110m010d Of01C. Iininilu; (Wi) theory .- v.1des.
e-lIvetL le opp root1110'! l rpil'd ieLI ug Liii' radialtion potLLcUVII [if 1IF -lit, 'P"mas a[. 11oli-

COO L. *S.

ilLer'hnxirjoe. ]:; di scussedl at lixngti~ Ii Resherenct'st 1--': Th2. 1ýornntiatU -it'in~tvd

will] bnt sin-cialiized to ha] icopt-1rsi wit ii Off-funv'1o,c'L UF radiat or'j. A%&t !UCLt'i
fiLeld iitel',rsrl 12i011 (tWIN)l fur bhaIt Lhle aircraft bodty and thle off-.Sort aCe

P., I ~radiaotion Al t~ise;. Ii thits ansiityiS the 10I.elC0opio fiUS-a.'lage ini rUP;125t~'nL'( by a

body smatrixl eqations.i'r solved ofo t! c~i thcu he unkkxnwi current,; atiltt

compuiited for horiz.ontal and vertical polarizat hair;; Au tlt,' priiielipl radiation
planes.

In the NI,, aipproachr, clad elim t oad the boey surface and eachi element Oil the
~ ~antenna is identified wi th a surface or- wire current. In. the piresence of thle Earth1,

those currents are modifivd, 1f tile wliole radiating system is ab OVe a perfectly
conducting surface, the system call be repre2Sented by image currents. Ili the pre-
sence of an imperfectliy conducting sutrface, thu- image currents art- knociific'd by the

~ ' ~ ,appropriate reflection Lcoefficiexits.5 Ili the case of plane wave reflections, these
reflection coefficients are the Frvsnel coefficients. Tile coefficit'nts canl he

*'ge~neralizeid to include higher ordter effeCts (such as surface wavas, near-field
effects, including induction and static terms) a.s in Norton's formulation. 6 The

- effect of limaga currents canl be incorporate'd approximately into thie radiation
4 transfer utatrlcout, corresponding to the fuselage surface and the wire radiator

(off-surface antennia), respectively. The analytical expressions for those matrce

_&W kor free-space radiation are given in References 2 anid 7. In thle presence of the
harth, thle transfer matrices are modified with the applicable exp~ressions, riven lxi

*gR'searcj, supported by tilt U.S. Army Electronics Command (Ft ltormout.1i, NJ) under
5 Contract PLABO7-75-0907.
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AComputetr a I urtilthM was dovel OIKA' Li up IMUVL rnt'n _(it0 iUd '. I'; t his,
algor ithmt, t he r ad iat ion pa~tierum: werae~ compunti 1" I im-spac and in tlwpim c

of thitt Eartht fur I~ h009H - 8ata tim IM1 ID~ (tttty) hi Iro'tiq o"t ,.~t brtm:tt 'r ~,'-rwV
tatlip (2-24 M1z) . iBkah a i tct;'t were rio I jpi-i withi a 1.04t m (i0 it) lonug Nuiitnt

loo1p ant ''it 1oaL uut'd at var'i ots pimi i touN and wit h var ions ol I ats on t0 (irturoa

boom.

Art expe'rimenetal Letnt programt uinS g a I oil V Nvaeiv U& h ID) hi i rupi er, auptptir
with a bot t iiour-ounud loop ativit t'a wo-tr c~ondutetd at hrlv 0111 ;rti-it *oa

rany- The 01t-430 at reral 1: (wit hout ratun oiaS M~out on~ a '1. 1 W (30 ft ) hig~h

diEpoile (resonanit aL 4 MIz) sit tatt'd 9.1 in (30 It) above ground and Ih44 mt (540H fl.)I

f rom the lie II rpli orWas uItt11 ?ed toi revri'i y a prcdow i nat I y hur iz't tiat ptlarixatiott.
A 6.0 t~1itt (21 1IL) vert-ical whip aut tnia was emtployed f or rreceivinug the ve'rticla
p. Iar iz~ati on. Iv~let "I t the vxp~i'ivnteta I aT thriii~u pa;Nad Iin t hih range' val idult ott
atin g ivent In Rinfifr.'rorv 9. 'v mitoaywave c'ont ribuot ions were .'otnfI trid . T(he har I

?.unl al riaiLi tion prif.teri in both vv~ia and lihn izata: polar iz"iotJns werv
tttaantrot by rotatIng the helicotpter't. Theta' resutts were Wc~ ompa~red WIth t he pre'-

.' ~~~dirt ed pa~twins fromit hv NOE-miod ifie'd MM analyvt!" ovir; the vut irt' NYE SOh.
l.uprvaent at iv exi'ampldes of this valjdtj~i~ elt [tt Lo ;i te altow-tI11 II ogrl' 1. The 4

har ixontal y potlar ized patt trng for' Lb iii: vi loopedIi, rot atedi 211" t.lri th bo' ttttom

or thet. rOZIV inot thart, sinvu itt Fi gure '7, The romIitiitt' pakilu" f 'tu. r hitll lot-I
i'ontal and voL I. LaI (Ht) po taxi tet.lat I onetrr.'inal iv wel wit it Ihe' ittianuit result lot I

a brovid frvqttiwlly taugi'

I . R. mitt ,-n, 11milinp*~v''nqo I ort- I t roltlatnel i it-:; (e a.ioPo: It

2. J. R. Hautz and R~. F. aiarringl on. Radtal ion And fe~i tcrlng I1'oiti iodits of

Revulutiot;, AppIl. Nei. Ri's. 20, 4015 [1.969).
3. .. I. 'tant:., Scatterwing from L~oade'd Wire Olbjectst Near at fmadei Suorfacer or

Rt'volut ion, SIRC T1N74-030, Syrac:use Uuivers.i y, R.Y., dante.,y 1974.
4. J1. R. Mntitz aind R. F. tHmrri ngton, (A~Orijtu I'rograin. for Chat acejr.1stfit Mtutea

of.Wliv O bjects, St'ieniftr Repor No. 11, AVCtL.-71-01 74, Mart-It J971.

5. K~. V. Jurdan, RI(LcItisialnettc Waves and Ratdi IM SVICH tntiei't-iallII

Inc.t., Englewood Cli ffs, 14.J. 1950); C~hapte r I
6. V. I_. Laxger and It. J. Lytle, IF6rLyan Sulbroultint's for the NumeLrical Evaluattiont

or Si'namerftld latiagrals, LCHL-51ii21, l~awramet; Liverorettt Laboratory, Illty 1975. *
7. L.. N. Med 1;yes.1-Iiitscht q~ Andt J. U. MN)lenu, Rudad.iatn and Seatteurlng front

Anyminet rically Eixcited Bon -h r f Revuiutlon. IEEE Tfrans. Antonn'i and l',ujtnitat.
A1'-24., 90), Janutary 1976.

~~ Wj 8. 1.. N. Medgyesi.-MLtschang, Predt.Litun. of HITi Antentna itadiat ion Patteurn:, IVESM

A Report 907-3 10 April 1976.

9. J. F. Hritn andt J. E. Re illy, Compact lIE Ant 'inta (w It Ith PrmpatgntI i an S I nil i P0 ,
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SCALE MOL SULTS FOR AN ELECTRI1CALLY-SSMAL

LOOP' ON A Uui-iD AIRCR.AFT'' H
11. H[. Jenkins and B. J. Wilson L. Scott

Enginucrirg Experiment Station U.S. Army Eluetrolics Conutuind

Georgia InsLitutL of "Technology FL. Mui'mouth, New Jersey 07703
Atlanta. Georgia 30332

• : ABSTRACT

Radiation pattern muasurunu-nts wi-re por~ormcd oa aii vivetricaliy-suiuiI.
locp anteonia on a 40:1 model of a U1i-ID airfratue. Various loot| Iced methods
were used, and the effects on radiation chalaetLristics noted.

Major implications are that (1) unibalanced and grounded fleed modes create

cousiderable alvframe rtradiatiot., and (2) a balanced/isolatud mode produces
patterns .omparable to J'reC-space patterns indicating winnitidzation of airiv'lua
ruradiatioun effects.

.. A feasibility study of eluctrically-sviall loops as 11F (C.-12 Mh1z) Lrans-

rAttting anleunas for the UII-ID azii'raZt is undurway*. Onie duslgn goal is to

..•b)Li, ertieal polarization direetivi|y to'pi)nt and starboard; anothel Is

that the antenna should have nugligibhe etlflctm- on flight characteriHt0Lis.

"E".perimuintal investigat.o.'os ire 1-eimp performed on a single-turn :vrt ical

].0nOp which is (.) wrapped around the airframe pVplnudlCuldr to the: eenLerliue2

"c-f the aircraft, and (2) conforsal iti that the loop follo)ws the airi',1"lIL'
coitour and is closely upace,• to the a41. fraluu.

A 40:1 scale modfel Is being used. Figure 1 Showsn t'.e 0Lmennio,'s of the

m seale model aad the location ot the loop adltenna•. T'L'h major "'ef 4 ,init " IhI

f••aturwu of thu UII. D are the rotor anA the airfraum. length It the high cud e"

- . the aaad. The upouiiv caadidate loop voul'iguration Las a clrcumit.reuI e-to-

*. :.waveleugth ratio of U.4X at 12 Miz and is lvv'aL,.!d approxima ely 3wi froll the

unose of the UII-I) on .:he full-scale model.

'mlw An anteunn configuration of the type described Co,,e eould exhibit

considurable electrical coupling to t:he airframe with attundauL radiatioLn o

pattern distortion. Since an eiuectrLicalLy-small loo,? has inherewtly low

~ ~ eticienICY, Ole desired radiation* from the loop could he significantl~y alteredJrk,• ' by undesired airfralme reradkationl. IHli followinlg rv-ports n el eLhnds for

"decoupling" the loop from the airframe in order to acqulr, r diat•In0,i

chdracterlsstics similar to free-space ec'nd1tloins.

-'• . .- *Work pvxUjotied under C(oLtlrcl: DAAB07-75-C-1.948 with tle II..S. Army 1lItciron|ics

command. 139
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Theoretical, free-space patterns were calculated in order to provide a
raferetce point for thte experimental daca. D.;ivationus given in King [11 were .

uu,,d with the coordinate configuration shown in Figure .. Consider a loop
lying in the kY-plane with its center at the origin of the rectangular
coordiUaeUs X, Y, and Z. The loop radius is b, and the drivu voltage source
is V which creates a current 1(ý) in the Loop elemuent. rh'e current distribu-
tion is given by

14€)- -iv E -e-- (1)

-, w I .

whuru

4 the characteristic iMpedance of the loop,
A - a constant repre.senut ion of the ath order currentD mode, and

n - an integer w 0ch is the order of the current modre untnd
consideration.

The postulated current distLibutian assumes that higher-order dipole
modes exist itt addition to the u-O i irculating magnetic mode that lu normally

-sd to calculate the jar-field patiuzus for electL -caily-small loops. When
t I the loop circwsference-Lo wavolength iltcio is <1, the most sigaificauu modes
are nu0 and u-1l; the modes ior u52 can be ignored. In this case the resultant

-- jfar-ield E-field consists of an c compune•t varying as sin 1 and an
"component varyiug as cos 0. livh, e4 component is t :Z -z-lassieal loop figure-eight• p, tterin due to the n-,0 mode. H. ib created by ithe high-or-order dipole
""A)des an% is a mijor function of the ?ojp electrical size. For the caudilate I|11-11) loop, theory predicts the L aud E maxima are of coimparable amplitude

"at the upper cud of: the 2-12 Hil1t eaud. I !

SThe loop/airfi)mue imay be viewed as an It-field elumel, t (loop) enclosing a
coiiduoting .ylluder (al-eframe). it is known that, if equal and opposite RF
currents can be Induced on a conducting eyliuder, reradiation effects can be
"minimized. The loop is physically balanced, i.e., synmetrical ateut the Uh-lID
ceuterliu,, axis; therefore, it waa postulated that some degree of airframe I
"reradiation reduction might be obtained by driving the loop with an elec- I
trically balanced feed. j

'Die conucept that an antennua system that is physically and electrically "
balanied will produce less airframe reradiation has been previously proven to
be a very successful technique for b.-field elememuts (dipnlen) mounted

[.1 -King, I. W. P. and C. W. Hiarrison, Antennas and Waves: A Modern alro , .
MIT Pr,',s, 1969, Sections 9.4 and 9.5. .
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perpendicular to flat airframe etructure. such as iings. For example,
Carter 12] demonstrated tha! in tile HF region a dipole can be mounted with

'-lements over and under the. wing of an aiircraft and coupling to the airframe
|v minimized. Bo.ljahn and Re•se [.31 conducted similar investigations.

What is postulated is that the Uill-D loop with a balanced feed is, in
I t , , an 1f-field equivalent of the dipole/wing situation. Rather than a

II i balanced cIpole (E-field Oleie=.tL) mounted over and under a conductor, we havea balanced loop (11-field elemuat) enclosing a conductor. In a way, the two

configurations are analogous arid electrical duals.

Three loop antenna feed configurations were investigated: (I) an
unbalanced mode with one side of the loop driven an.d one side grounded to the
airframe, (2) an unbalanced mode with the feedpoints isolated from the air-
framu, and (3) a balanced mode with fcedpoints isolated f 'om the airframe.

*'Experimental lnvestiga tclL.

Tests were performed on the 40:1 scale model in an anechoic chamber at
"1 400 MHz (10 MIz full-scale). Figure 2 showE, the pattern measurementeoordiuate system. Azimuth and transverse plane pntte~rns wore obtained for"

both E0 and E• field compouents.

' ~Test Results

•Fi.gures 2 and 4 illustrate the feed effects on the azimuth plane charac-
" teristics. The unbalanced mode (Figure 3) creates relatively largr: symUetrical

L components with maxima port and starboard. The E component i-, relativelyI small and highly asynmiecrical. The same ch:.racte.-istics were cvidc-nt tor the
* -balaneed/grounded feed coufiguration. A comparison oe Figures 3 and 4 dem-

onrerate the significant change in radiation charactet istics when the balanced/
isolated feed is used; the I'Lgare 4 patterns correspond very Closely to tie'
thecretical, free-space patterns. Both E0 and Et are symmetrical, spatially
orthogonal, and wt rh maxima oriented in the proper azimuthal directions. It
•as also observed that the E0 level increased considerably when the balanced/

o•'lated mode was used.

Transverse p aue patterns show that both the E and "Et components are
essentlially onuidirectional. For the unbalanced and grounded feed modes, the
V I'0 levels exceed the.E. levels from 2 to 13 dB; however, for the balanced/
isolated mode the Ef level exceels the E6 level by abouc b.-9 dB - a situation
that more closely approaches free-space characteristics.

Tests were also conducted on aa 80:1 scalE model at 400 Mtz (5 MNz full-

scale) and similar rcsults obtainted.

121 Carter, P. S., "St..d.y of the Feasibility of Airborne HF/M Antenna-
low, Systems," IRE Trans. A.,ro. and Nay. Elec., March 1957, pp. 19-23.

[3] Bollahn, J. T. and R. F. Reese, "ElecLriLally-Small nteunas and the LF
Aircraft Antenna Problem," IRE Trans. Anteninas and PropgtoOt
"1957, pp. 46-54.
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A M~I ODEL.I;lN
0Of SMALL ANTLNNAS ON Al RCAl'T

Utlc't rL.ivgic tic Uiet te t ventis Division
AppllLd Etigineurtug Laborat~ory
Ei~ine~r1.t Excpuritue..t i tat itm

GeorgiL 1ui.'tiLUt e ci reccC*L101&y

t Abtrac: T nctiodAtlauta, Ccocgia 13(32

__________ , 11Cl~ of 1iii ~t'll" cotputativoual Lechiique was emplIoyed for

t':e analysis, design, andi ojutili~zzt 1( 1 of t'ru nW- a-~ ~~.c

an .euous on au O1rcraI L. The akicrultt was vittuluited widt a wire.-ZidJ iandt-

and satisfactory numierical couve rctice, &'Ven ltu -ice impeduuxwc, wa,; schicved.

An ammmim:y, howevort, s-xis~L-4 foi' dhe Case~ of LL ioldU' . ipote WIL11 MILLIS tleat-

ntdot. the pw.d

~ (..' ~kiu ~method oind Odrc'-gr.d modell ing III was employed u~

pcIl'rornm it compretlo-usiv e -iildy:4 I: of t he p.ttct- i acnd incj I,&jxcce .)f 4 rimt rurnc'

pod-uttounted w~itt' attiu onii n aireruit.. The frequencies of tintureiiL art,

socli thai. thme airel-ait is sm veral. wLveletrlgti long Withi 11:u conmpiter-

Print ed 14c11-v tew glottcet.% -qliowji fit Fi gure 1. Eaui vt nutr1sl ceo'rvfk'nN It

juici. foo ort end polint of theI w~re- grid ztructure and thi ic tlentia

hEice L 1:IuL conolergen! of Ut! tur-xicul aiooftiou for Ot. vadl'ltlWit

p tLerlts wau 4 b-'ct-ved as ;flownc in theu tylical uxarimle of. Fttg'ce 2. Fall:

Sexaump i! of m4Igure . Uip t o zho S'mmutum wt-rc~o' td tor the wI mt-'gz'id modtel.

and 2 Lu ! tulauter UTU timc wastinecded for vach calciiia~tim' of' the hipdciaaee

atid pmt t.Irn. Thb It: 'hit ye ly fi nc v iL"g sti'ict~urv'z r*ni.iled ilt goe~uf

Thl:, ~ ~ reiac a upportettd by A. 1, 'cmntlract. No F-136 15-75-C-1221.
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nume'rical convergurivue. sutio, tine wire vgrinlding it. re.~uired to obtain good I
reultu fur coii.ii,.x c'oniigur.dth)UH1 121. Wuill% tho study, 80vocral altcxliaLe

wire-grid t.ont igur-aL iot~i employfilg iroai 120 Lo) 260 wire agmcutits were

ex~mAilie(I. Althiough th Imw lm'anv.- va&vt luat ioir. rqu irou ii~t' of th maxiiutxinn

number of sugin,'--" to Ltablish cotivergutice ol the olt.-IIioll, the vad lat lott

pat terni subaletit exhilbit LNcUI1vergoueI wi Lh a I ewex number of !Wuciien I. Thuut;

ube iw(vegetsl wmd'both re1 iable impedativi aud pat i' uo dat.I vai I-u 1 idt ,ulod utsitig it reau'uuable

Ail anomaly lifLtke. cunuputati mlot tevhitique w.&: u1)uurvv.!d whev t'1. was

a ppliled to a tul dvd diuo lL terwiinated Ult Lii,113.17.1111- tUi't Pod~ AtS N1hnwil III

Vigur'! 4. Rlapi ;i ad 1 argt' chaitige4 in Ititpedatinct accolapallivd catlch ~venaLtol

Ofc the sgM42,uMtist~loi s. heuM', cuita xt~rL'ielv ptour civorgutce buhaviv oi wait

Z2thiue.7IlowLedvwe itlle dI~m i2:;2jz at :.wz1;olaLe :um Lite p:d '::i :'tdo

V.coilf Igucutiols whii.h were Finer anld wmore detaileud titan tLie Ulne Sitown in1

1jr Vigure S were Lmaploy.ed audm they inuvariably led Lo erratie itupudance data.

11OWeVer, rLasonaI,1)Iu! and Cou6INsteat patterni data were gjetirated inl all cases

~4a- exauilned.

The erratic behavior ut the *Impedance "or thec pod-turminated folded

. di~tole is attributed to-two effects. First Lith antenna current is- directly

Z* coupled to the pod wire-grid model, thus producing strong- interior coupling

,between the wire segmenits which model the pod. This coupling produces a

significeant interior resonanve effect.. Second, the wires which model the pod

Land to tviuulate a multi-clement f-ilded dipole which tends to increase the

C ~impedance proportionaul to the number of grid segments.
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St caa be concluded that wire-grid modelling is a reliable approximatlon

S •in scattvring problems but should be used with caution in antenna problems.

SThe u,, of a surt ce--type tntegnal-elquation should circumvent the numerical

Jilificultius which have been discussed for antennas which are directly

terminated ou the surface.

"PI LiU -L1L5 __

1. J. II. Richmond, "A Wire-Grid NMudel for Scattering by Conducting Bodies,"
I IEEX Trans. Antenna Proagpat,., AP-14, November 1966, pp. 782-786. j

2. Y. T. Lin and J. It. Richmond, "EM Modelling of Aircraft at Low Frequencies,"
EifE Trans. Ant. Propagation, AI-23, January 1975, pp. 53-56.
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-A EXAPLES OF CONVERGENCE TESTS

NO. POINTS N.O SEGMENTS IMPEDANCE

CASE 1; (OHMS)
FOLDFD DIPOLE 78 84 29.36+4146.91

¶ ~~NEAR POD -- __ _ _ _ _

96 102 29.93+j15t .655

CASE 11:
SINGLE DIPOLE 133 1419 1O,38+jlO&
UNDER AIRCRAFI i3-169 12.33+J5.I

FIGURE 3.
* EXAMPLE OF CONVERGENCE TESTS ON~ IMPEDANCE

INSTRUMENT POD
(CONDUCTING SURFACE)U 

__

.0F0ED0P ON FOLDED DIPOLE

X

N FIGURE 4. A FOLDED-DIPOLE INTEGRATED INTO THE INSTRUMEPT POD

Wire-Grid Simula~ited Pod

't ~Folded DipoleJ

UtwEACE (OHNS) No. OF S1EtNTS

Case 1 29.4 + J146.9 9

Cast 11 19.9 *:J154.7 10

FIGURE 5fe - A FOLDED DIPOLE I1I CLOSE PROXIMIITY TO A CONDUCTING POD

• • • 'j 1S1 .*
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LOW PROFILE VHF ANTENNA FOR ARMOR

J.E. Brunner, G. Scward

Cincinnati Electronics Corporation

ABSTRACT.

A low-profile hardened antenna has been designed for 30 to 80 MHz communications
on armored vehicles. The low antenna height o±akes it relatively inconspicuous and
yet its radiation efficiency will be adequate for most tactical needs. Its 6-ineh height
is less than ;Y60 at 30 MHz. Use of armor plate and fiberglass-epoxy construction
results in very low vulnerability to blast and shell fragments. Automatic tuning is
also included.

SUMMARY

4_} The electrically small antenna configuration herein dest.Tibed, is designed to provide

the physical properties required for operation on tactical armored-vehicles under
battle field condition. These properties include minimal visual detectability and the
"capability to withstand high-intensity shock blasts and shell fragments. Also, it is
desired that the antenna provide a reasonable communication range (approx. 5 miles)
when operated in conjunction with standard VHF military radios such as the VRC-12
and PRC -77. A further consideration is ability to mount the subject antenna using
the existing mounting holes employed by the AS-1729 10-foot whip antenna.

As illustrated in figure 1, the subject antenna is basically a short monopole which is
heavily top-loaded by a disc formed of armor-plate material. The disc is supported
above the surface of the vehicle (taik hull, etc.) by a layer of dense dielectric material,
such as fiberglass, to reduce vulnerability to damage by shell fragments and shock
blast..

I The disc is spaced approximately 6-inches above the vehicle surface and is 18-inches
in diameter. The de "gn is sonwwhat flexible in that the disc can be sjhaped to con-
form to the vehicle surface and spacing can be somewhat altered as necessary.

The heavily top-loaded monopole configuration was chosen in order to provide maximum
radiation resistance, by virtue of near uniform current distribution, while maintaining
minimum height to satisfy the operational constraints. For a height of 6-inches, the
top-loaded configuration provides a radiation resistance of 0.36 ohm to 2.6 ohms over
the 30 to 80 MHz frequency range. The antenna is matched by a series inductor and

- shunt capacitor which are housed in the antenna coupler unit shown in figure 1. For a
minimum inductor Q of 200,the composite antenna efficiency varies from 11% at 30 MHz

'•' Z~4~ to 70% at 80MHz. Matching to a 50 ohm source is accomplished as shown in the S&nith b
SChart plot of figure 2.
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Over the frequency range of interest, it has been shovwn t'a) the antenna can be

matched to within a 2:1 VSW1I by varying the shunt =pacitance in direct propor-

tion to the series inductance. In other words, the antenna can be matched by
rotation of a single nhaft which drives a gear trin designed to provide the necessary
linear proportionality between capacitance and inductance values. The above
approach is possible by virtue of the fact thvt the shunt capacitance value is not
extremely critical even though the very short antenna represents a rather high-Q
structure. For example, a 4:1 variation of the antenna resistive component (inductor
loss resistance plus radiation resistance) can be matched Uithin a VSWR of 2:1 with

a given value of shunt capacity. The single shaft tuning capability, combined with
control signals derived by sensing the magnitude of itput RF current, current through

the shunt capacitor and antenna current, has resulted in an automatic matching system
"which allows matching at any freqrcmey within the 30-80 MIlz band.

Communication Range

Predictions of communication range, based upon groqnd-to-ground VHF propagat.on,
have been made for the Low-profile, hardened antenna. These predictions have been
"made for two types of radio equipment, the AN/VRC-12 and AN/PR C-77, deployed in
combinations tabulated below, Table 1.

For combinations (a) and (b) Low-profile Antenna (LPA) is employed at one end of
the link ,nd the AS-1729 vehicular whip is used at the other end of the link. Combin-

t. ations (c) and (d) use an LPA at both ends of the communication link,

TABLE 1 - COMMUNICATION MLNKS

A- ntea Types Radio Type Transmitter Power (Watts)

(a) AS-1129 to LPA AN/VRC-12 40
(b) AS-1729 to LPA AN/PR C-77 "2
(c) LPA to LPA AN/VRC-1? 40
(d) LPA to LPA AN/PRC-77 If -For each combihation, the antennas are considered to be at ground level and the
signal level at the 50-ohm receiver input is assumed to be one microvok (-107 dBm).

This level corresponds to a receiver input signal to noise ratio of ten dB and is
equivalent to approximately 25-dB S/N ratio at the receiver audio output for the radio

-. equipment under consideration, provided the equipment is in good operating c n.dltion.

t , Computations are based upon propagation over a smooth earth with the follov.Ing 41
constants.

N 4 Relative Dielectric Constant Conductivity (mhos/meti,,

"Poor Soil 4 0.001 4
"Good Soli 30 0.02 P

Propagation curves, originally prepared by K. Bullington of Bell Laboratories, were
"utilized in the range computations..
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"Results of the range predictions are givein Table 2 for the various, aten•na and
radio coumbinatiuns list,; in Table 1. Analysis of the data shows that, for a fixed

. , seL of parameters, good soil gives more thml twict the rauge obtained over poort soil. Also, using a 40-wdt radio gives albout twice thu range provided by a two-
watt ra:dio under the stone conditoions

It is signtfioant tha'. the six-inch, Low profile Antenna (11A) at each end of a
tactical link will give reliable range of five miles or greater over any type sdL

•- With thw 40-watt radio. Using the Jowor power two-wutt radio two low profile
ante'nna, Cotdillon (d), Will yield a five-mile range over good soil. Evcn the

worst case (condition (d) ovcr poor soil at :30 Ml'z) will provide adequate covcrage
S" within typical operatonal areas of a tank or meeliantied infautry company.

TABLE 2. COMII IUNICATION IA..GI.:-S'•IAU I'. MILIES

ii i h (I:h .--. cv'11 = Gl"!l•

(Good Soil) (Poor Soil)
Co,,ditio, :10 :10 60

(a) AS-1729-LI'A* (40W) 19 13 8.0 5.7

(l) AS-1729-LPA, (2W) 9.4 6.4 4.0 2.8

(c) 1,I)A-IIA* (40W) 11.1) 11.0 4.(i 5.0

(d) ILPA-LIPA (2W) 5.4 5.4 2.2 2.3

*l.ow-profili Antenna

'770
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SLOT-ANTENNAS FOR VEHICULAR COMMUNICATION IN THE VHF RAZIGE

Kurt Ikrath

Communications/Automatic Data Processing Laboratory

SLU. S. Army Electronics Command, Fort Monmouth, New Jersey Y7703

* J

ABSTRACT

A test series was conducted establishing that long slots in

efficient antennas. The following configurations were studied:

"a. A "ioorslot antenna" provided by a slightly opened door of U'
a truck-carried shelter; b. A U-shaped "roof-slot antenna"

in the moderately raised (false) roof of a similar truck-carried
shelter; c. A "hood-slot antenna" provided by electrically
isolating the motor hood of a jeep from the main body of the

vehicle; and, d. A "dual-slot antenna" obtained by replacing
the bustle rack on the turret of a tank by a sheet metal con-
traption bent around the back part of the turret.

1. INTRODUCTION

When one considers the mechanical and electromagnetic relations

between idealized versions of whip and of slot antennas [1], it is

evident that vehicular whip antennas can be replaced by slot anten-

nas. In practice, however, an ideal whip antenna can be approached

more closely than can an ideal slot antenna, which is flush with the
surface of a vehicle.

The impedance and radiation characteristics of a vehicular slot

* •antenna are greatly influenced by the structure of the vehicle, par-

ticularly at VHF where the vehicle dimensions are comparable to the

wavelength. In this case, the metal body of the vehicle, rather than

the slot, acts as an antenna couple~d by means of the slot tc the

radio set inside the vehicle. This utilization of trucks, jeeps, and

tanks as antennas by means cf slots is part of a larger effort to

exploit diverse stationary and mobile structures of urban _nvironments

as inconspicuous camouflaged radio antennas [21, [3].

1S9
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I 2. JI"'ED HOOD-SLOT

2.1. Conmtruction. The existing slot between the body and hood
"of a jeep (Fig. 1) was used to operate the jeep as an inconspicuous
VHF antenna.

2.2. Impedanc Matching. Principally, two methods wex.. u.;ed to
match the impedance at a chosen feed point along the hood sloe to the
So-ohms transceiver impedance. (1) The slot feed point impe4dnce was
tui.ed to 50 ohms by reactive loadin.j of the slot at chosen tuning
points, and (2) A matching circuit in the feed cable was used to
match ilhe impedance at a chosen slot feed point to the 50-ohms feed
cable. Combinations of both methods were also used in conjunction
with radiation pattern control experiments.

2.3. Radiation Patt.ern Control. The shapes of radiation
patterns were varied by changing the slot configuration, i.e., the
locations of feed- and tuning points along the slot, and by uinbal-
ancing the reactive loading at symmetrically-located tuning
points. This reactive loading included short- and open-load con-
ditions as limiting cases. Figure 2 shows the different types of

-4 radiation patterns which wexe obtained with different configurations
of slot feed loading circuits.

2.4. Communications Range. Using 30 to 40 watts of RP power

and operating an 49.9 Miz, a communications range of 15 miles was
achieved between the hood-slot-coupled jeep and a fixed base station
employing a standard whip antenna.

3. ROOF-SLOT ANTENNA

3.1. Construction. A false roof was installed'20 cm above
the actual roof of a vehicular shelter. A U-shaped slot was cut
along the edges of the false roof (Fig. 3).

3.2. Impedance Matching. The same t',pe of impedance matching

as described in Section 2.2 was used.

3.3. Radiation Pattern Control. The shapes of the radiation
"patterns were controlled by reactive loading and interchanges of
slot feed- and tuning-points, as in the case of the jeep. Typical
patterns are shown in Fig. 4 relative to the pattern from a standard

L4• vehicular whip mounted on the same vehicle.

! ~3.4. Communications Range. Using 30 to 40 watts RF power and
operating on 30.7 and 49.9 MHz. a communications range of up to 18
m. wiles was achieved with the roof-slot-coupled truck and fixed base

station employing a standard whip.

160
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4.1. Construction. A dual-slot-structure wis d(!vised to
excite the tank as an antenna. Two slots (10 to 30 cm in width)
were formed by the gaps between the uall of the turret and a heavy
-metal sheet 2.5 via thick, 50 cm wide. and 2 x 194 cm lonq, which

5was bent arcund the back half of the turret. This metal shnet
also served as the support for a bust.Le rack (Fig. 5).

4.2. Impedance Matching. The slot impedance was matched to
"the 50-ohms feed cable by medns of a matchirg circuit mounted un

the turrat at the center of the upper slot.

4.3. Radiation Patterns. Radiation patterns obtained under
symmetrical feed- and load-conditions tf the dual-slot-ctructure
on the tank are given in Fig. 6 xelative to the pattern of a standard
whip on the tank.

4.4. Communications Range. Employing 30- to 50-watts HF
power and operating on 30.1 and 49.9 MHz, a 15-to 18-mile covmurni- A
cations range betwcen the dual-slot-coupled tank, the false-roof '4
slot-coupled truck, and the hood-slou-coupled jeep was achieved,

-RFERENCES

(11 H. G. Booker, "Slot aerials and their relations to complemen-"tary wire aerials (Babinet's Principle), "Journal Inst. hlec-
trical Enffrs., vol. IIIA, 1946, pp. 620-626.

.21 K. Ikrath, K. J. Murphy and W. Kennebeck, "Utilization as
RF-antennas of live and of lifeless structures in natural and
in man made jungles," Res. & U3ev. Technical Report ECOM-4133,
US Army Electronics Command, Fort Monmouth, NJ, June 1973

.(AD 763 F87).

"31 News Item entitled, "Need an invisible VHLF antenna in a
t vehicle? Open the door a bit." Electronic Design, no. 8,
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WIRE ANTENNAS IN THE PRESENCE OF MATERIAL BODIES*1.
E. H. Newman

The Ohio State University ElectroS.ience Laboratory
Department of Electrical Engineering

Colambus, Ohio 43212 ,j 23 April 1976

ABS; RACT

A moment Piethod solution for thin wire antennas in the presence of lossy
and inhomogeneous dielectric and/or ferrite bodies is presented.

* I

I. INTRODUCTION

A theory and computer proqram have been developed to treat thin wire
aftennas in the presence of dielectric and/or ferrite inhomoqeneities. These
techniques are relevant to small antennas since many small antennas (i.e., loops,
dipoles, etc.) are thin wire structures. Also many small antennas radiate in
the presence of dielectric or ferrite inhoinugeneitics. Common examples are the
man pack antenna and a ferrite loaded loop. It is well known that the inhano-

* '.r geneity can significantly modify the far-field pattern, impedance, resonant
length, efficiency, bandwidth, etc. of the ýnteniina ,he theory is sufficiently
general to treat lossy and inhimomqeneous dielectric and ferrites, and when fully
"developed, the computer prugram will be capable of showing the effects of the
inhomogeneity on the above quantities. It i,. important to note that tile coin- .1

I puter 1)rolrai will be capable of making parameter studies which would be cumber-
somr,, to ,;o experimentally, such as showing the effects on fhe efficiency of
varying the iiihomogeneity 'oss tangent.

In Sk!ctioi I I, time tieory upon which the computer program is based will be
•• outl iuned. The analysis is a moment method solution where the dielectric ard/or

ferrite is represented by equivalent vo4u111e polairization currents. The solution
is a~ur~ebutiý;in pactce imied o elctrcaly salliinhovimogenel ties.

In Section III zaiie initial results f or the admittance of dielectric loaded
11oops are coapared with experiment. Thuory and experiment are imi good agreement. I

-•.•'•'. I. TjiLORY

S •Ill ti is section the lomlenL 111L1-00d sulution to thin wire antennas in tie

mn pr'esence of a die hictric ,mnd/or fo.rrite iIhmlo•I(lnity will be outlined.

The basic problem i: illustrated in Figiurev 1. Let S dunote thu surfdCe of

: 'Y"the wire structure, did let V denote the interior volume occupied by the in-
hunogeneity. The impressid sOUrces (Ji ,ti)_ are co,..idered to be time hari,,onic

•The "• 1--reported in this ipoapr was supported in 1)art by Contract I)AAG 29-76-
.;-0007 between 0I. S. Army Resuarch Office, and The Ohio State University
Re!Research luundati on.
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S- -and the ejwt time dependence will be suppressed. The ambient medium (external
to S and V) is free seace and has parameters (vo,co). The medium internal to
V has parameters (,,t-i which cani be complex functions of positior. Thus, the
iPhaiuqŽeneity can be inhomogeneous anOd ossy. In the presence of the wire and
the inhonogeneity, the sources (Ji,Mi) qenerate the Field ([,H). In free space,
these sources generate th- incidentffield (Ei,Hi). Thus, Z ITave known sources,
""(i,Mi), radiating an unknown field, ([,H),--in-the presence of two distinct
"inhociogenei ties, which are the wire anZ" Tielectric/ferrite.

W: The first step in the solution is to replace the two inhomogeneities by
equivalenu sources. Specifically, the wire can be replaced by free space if
the following surface current densities

, _ nxH (1)
14 E x n (2)

are -introduce! on the surface S. The unit vector n is directed outward on
S. Asthe dielectric/ferrite inhomogý.neity can be replaced by free space
if the volume polarization currents

M = jW(V-VO)H (4)

are introduced in the volume V. The equivalent problem is shown in Fi-1ure lb
yhere the sources (Ji,Mi), (J_,M,) and (J,E) radiate the field (E,11) in the
free space medium ('oTQ). is important to emphasize that in-t-e equivalent

problem the sources radiate in free space. (, d,M) nd (J,M) are unknown cur-
rents since the field (E,H) is unknnwn. However, they are evaluated in the
course of te moment mcThod solution.

11-i-low we employ the following notation:

Ws).= 'fields radiated by (QM) in free space (a)

(EJ,&) = fields radiated by (j,M_) in free space (51))

The unknown currents are expanded or approximated by a finite series of
basis functions5 as fcllows:

Vi 1, (7)

1. tj+ n

N4'I
00 4b.
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M requires no separate expansion since it is related to J by

-- s-
SM = Zs xn• (9)

' . where Zs is the wire surface impedance fcr exterior excitation. Note that
J , J and M are expanded in terms of N, M. and P basis functions, respectively.it 6nknow•n coefficient In, n:I,2 ,"'N+M+P, are evaluated by enforcing in some

approximate sense the following three conditions:

E +E + E 0= interior to S (10)
E + E + E_=-E in V (11)

Hi + HS + Hi = H in V. (12) -

Without going through the details, enforcing Equations (10-12) leads to the
- following system of simultaneous linear equations

V [ZlI = V (13)

. which can be solved for the vector I containing the unknown coefficients from
Equations (6-8).

The advantage of the above solution is that no assumptions are necessary

concerning the magnitude of the currents on the wire or in the dielectric/ferrite
* inho.nogeneity, Thus, the solution can approach the exact solution as the riumber

of unknowns is increased. All mutual interactions and surface waves are auto-*.) ",matically included. Further, provided subsectional basis functions are used,

the method is applicable to fairly arbitrary wire and inhomogeneous dielectric/
* ferrite geometries.

"In the next section a comparison between computed and measured admittance
Sfor a dielectric loaded square loop will be given.

III. NUMERICAL RESULTS

In this section numerical data will be presented for the admittance of arI dielectric loaded loop antenna. The computations are made using the techniques
described in the previous section. Referring to*Equations (6-8), piecewise

~ sinusoidal modes are employed to expand the wire current, and constant curreit
rectangular parallelpiped cells are used to expand the volume polarization cur-rents. Piecewise sinusoidal test on weighting functions are used on the wire,
while delta functions are used in the dielectric.

The geometry for the dielectric loaded square loop is shown in Figure 2.
The dielectric is centered in the square loop. The loop has side lengths s,
"and thus the loop circumference is L=4s. The inhomogeneity has dimensions dl
by d2 by d3 add. a relative dielectric constant Lr=c/t:o. For tne data to be
present here s - 3 in., d -= 2.36 in., d2 = 2.60 in. and d3 = 1.02 in. The
loop is constructed from tin coated copper wire of radius 0.016 in. Figures

. .3 and 4 show the measured and calculated loop conductance versus L in wave-
lengths, and for cr=2. 1 and 10, respectively. Although the susceptance is not

* ".'shown here, the dgreement is equally good...
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Figure la. The original problem. Figure lb. The equivalent problem.
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SQUARE LOOP- '

Figure 2. Geot-try for dielectric loaded square loop.
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A COUPLING Or SMALL ANTENNAS WITH HUMAN BODY

Kun-Mu Chen and Dennis P. Nyquist

Department of Electrical Engineering and Systems Science
"Michigan State University

East Lansing, Michigan 48824

ABSTRACT:

4 The problem of the coupling between the near- zone EM fields of an
electrically- small (whip) ovatenna and the body of a radio operator is studied.
The impedance characteristics of the antenna and the EM fields induced

inside the operatnr's body are determined. The EM radiation from the
combined antenna-body structure is studied.

SUMMARY:

When an electrically-simall (whip) antenna is carried on the back of a
radiio operator, two important questions which arise are: (1) what are the :
effects of the hunman body on the perfornmance of the antennia? and (Z) what arc
the EM fie)ds induced in the operator's body and their pussible biological;•" i C~~eflects 7 All investigation of the currents alnd EM fields inl a radiating stysteml .

• l' .'T i ~ ~consisting cf the smiall auutenna coupled with a biological boldy i.4 llct~i-iisary it)l'

f ] anlswer these quetitio ns.

-I 2Consider ai thin-wire antenna of radius "a" located in free space
adjaccnt to a conducting biological bod) having conductivity u, and pernmittivity

••! € ; ~( r* 'I at; indicated ill Figutre 1, TIIe antennla ils ;mciled ;.t fr'equeliiy tO y al

" slict: generator ol' volL V,. This excitation m aintains a curre" il the
asin the antenna and an induwl, internal electric field 1ý(r- in the body. "(Ar and

!(ri) are co•ot lhd t) one aunil her.

"The i•'d-CEd fichld 1 1a;.-dtwand by 1(r) in the antenna can be expri)r.sd
SlI

"lr) sl (s)
J A

biologival 111dyt

antenna

A Figure 1. GCeioetrical arrat jenliwtnlt of thin-wire antcnu a I
( 11pi•t1illh to colidhletil1i" biological butly.

I1l is i're tai'h --v.1.1 i r d br y th Ih, A i i i ll Ofl It ll vt it *at-i rch oItn r (iranlt" -i~m•" "• • I 1 AA( i.-7(,-G .-. '0,1l.
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-~E r)5 - l \ ) G(r, I' s induced field ma~intained b (1)
I~ ait

while the' scattered field EC maintained by induced conduction and poilarization
currents J ()1a- 4. ju,(t -c(m ,U1I~) =i 7 (r) inl thL' biological body (7- C4uiva-

I let comip'le'i conductivity) is giv en, as indicated by Van B3ladl.l [1), by

L (r)j1~ ) 1.V, M~r, rl) - 'J =scattered field (Z-)
Vb jw.) maintained by

where 13. V. denotes the principal value and G(r, r') is the free-space tensur
Green's function

Th(c, r') - j -)L. Gr l

* d i~~~' jk(2 lV/ii~n s h scala r fre'e- space (irvei''s function with

ku- A l) anld R J iZ- rl In.Il thte biulugical licidy, the itital fic.ld is

El I . at poinits illi the body,

/ ~While the boundary condIitiobn at the surface illr thle aiiti-ini requires

S (11 F,* ... -V 6(: at poinIts cin aitvim encstirfaei'.(4

aSubstituting appropriate. fLurni1S for E'! and IT1 froillc quationsb (I) and (L) ititu

1 ~equiuiajis ( i) tiucl (4) levcd8 ito tllt following p.±i of coutpled hitegral ecitiatimiiw

*1~ V,61 br. (r) oný ,iti'.~ V.U EIe (iv

fcluvigtlciitcd e rimc b .. ,es~ mmOCxeiI2,t dem i h

I '~1~ andt1 ' ' (ic u ed c i e i iitm Hn v i r) (v G (~. I ~v , i r') d ia e 1

foltIm n ccmnpumviltod .mnccim ibi~ici-d mjym iiuccalm ain Glcieri1jm 1, tit ttri it
-tIau.-- il I S llltl'il -. 11 .411' ltltv l it
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Numerical results are obtained for a dipole antenna adjacent toabiological body with a rectangular- cylindrical shape as indicated in Figure 2.
(free- space wavelength X\ 6 m-) by an input current 1. = 1. 0 A. At this
frequency, cr -- 0. 75 mihos and kr = 89. 0 in the biological body. All dimensions
(selected to model a human radio operatar) are- given in the figure. if the II dipole current is approximated by the sinlusoidal distribution I (x) =(1,/sin koh)

t ~~sin ko(11-I-xi, then equation (5) can be solved independently for Xt since its* right-hand side becomes a known impressed field. The magnitude IEI of the
induced field in each of the 28 body partitions used to obtain the numerical
solution is indicated in the figure. The input powec to the antenna is Pin ---5. 2 Wwhile the power d~ssipated in the biological body is Pd = 0- 282 W.

For reference, tLAe magnitude ILI of the 'ield induced in the same body[by a plane wave, propagating in the z-direction and polarized in the x-dirE etionas shown, of power densiiy Sc, :-10 mW/cm2 is indicated in Figure 3. The
dissipated powei is Pd = 12. 9W in this case. Comparison of Figures 2 and 3
shows that the ektctric field induced in the body by the short dipole might reach
haz.~rdous levels if the input power to thce dipole were increased.k

The dipole impedance can be calculated in terms of the assumed
siaiusoidal current and the total field Z, = I,` I Elat its surface by the
variational formula (based on equation (4))

Z = Z +LZ S It() E' (x)dx

an 72 impdac

where ~ ~ ~ poe raio id/P the imedc of for aslae dipole ofe =0)adZi thalf

pertubatio to t stdiole imednc xdhie they-copln wLa ith dechae for~incrasibog
(we ' :) Table s 3 n indicates the dvpnancutesam ofuantities ation location x0 ,
Zvide= inhat imeance arn relaptivoely Pdusi~ = o p ~chlianes in boy P rwaiated powe rresandin va owrriati os P/)1 n / for a ht dipole. ofhaf

lengt - . 1 -- 01 X0n ldlocatoed retharios onalueezs ofdyandi fr I isnfinite that bot
Z IU Trand Ant') ep nsend sto rlyop. x vhl. they, pp. 563-566, N ov. 1961 asin

2. U. Taleoa a ndiae t. dependenceo 1lctronsamieti quantitinued ipnslcaide
arbi--- rarZily- hfixed) bo ipolegical bodiesonn, l e~~~ rngth h = U. 25 X, theor

'"be% 1RE~an Tecns. volnna and22 Irpp Vl.21i P28 , pec. 1974. ,Nw.191
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x (xYz) I i.0A P. 5. Zi W

0 0 0 ino 22

II

= 0.,3 m p14 4 0. 2826 W

! y = 0. 0 I

0. 1 X oZ.56 Z.56 1.90 1.90
.• id 0 . 4 ni 1.43 1.43 2.66 2.66

h .4mL 1. 4 m 1.701.70 z.74 Z.74

LV - y Z.05 2.05 2.14 2.14
: (V, I€ f =50 MHz

X( = 6 m 1.93 1.83 1.3 1.32

I() -- - 0.75 mho 0
a ='89.0 1.361.36 .71 071i- • I ,:89.0 ,

0.84 0.84 0.51 0.51Fd; IEl in front ZI in back
Ayx Az= 0,Zm layer layer

Figure 2. 'luctric field (magnitude in V/m) excited in biological body by
short. dipole antenna (h =01 XL, h/a n/100, Z-- 10.4- j662. W Ohns,
I 1.0 A, P =5. 2 W).

U in

'I o )1

0 " x yo= 0.. 0 .

Z 0.Z Zm 17.0 1O7.0 17.4 17.4

d 0. 4 0.1.0.1iO 20.6 20 .6

1 f 50 Mli 1.1 1 20.,6 20.6

•~~ 4X 4i, .20'•i0=075io.1 20.6 Zo.6

, AV 4 89,7.0 17.0 17.417.4

"" X--. A .. Z Z II I ll, , r,,t II1l in back
"layer layer

.igmri. 4 i'hivt fihld (nmagtL.udle ill V/ni) excitud iull biolgical body by
.inIIr-.-%mv(1 tai , -wave (%vit liiaximall il w r density S 10 lliW/cini . ....
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flt
, P in (,in(W) (W) Pr(W) Pdir Pd/pin

0.1 2.36-j61.4 10.7 -j700.7 5.35 0.565 4.79 0.118 0.106

0.? 2.07- jZZ. 7 10.4- j662. 1 5. ZO0. 282 4.92 0.057 0.054

0.3 1.7Z - j9.10 110. 1 j6,-8. 5.03 0.167 4.86 0.034 0.033

0,. 218 .j28 . 53 9. 61. j640.9 4.81 0. U9 4.72 0.019 0.019

{1.0 0.99C+-. 128 9.32 - j639.2 4.66 0.045 4.6Z 0.010 0.010

Table 1. Dependence of ixnpedances and dissipated and radiated powers
upon dipole location z (h = 0.1 XI , h/a= 100, xo= 0.3 m,
yo 0, Z 0 = 8. 33 - j639. 4 ohms).

I-
"x" O p (ohms) Z in(ohs) P (W) Pd(W) P fW) P/P TPPi/P

p....n.. in. .d r .......

r "
0.0 -4.71 -j13.93.6Z- j653.2 1.81 0.ZI8 1.59 0. 1I3 0. 120

0.1 -Z.06- j55.16..Z7- j654.4 3.14 0.181 Z.96 u. Y! 0.058

0.2 0. Z9- j18.3 8.6Z - j65t.7 4.31 0. L04 4.11 0.050 0.047

0.3 Z.07 - jZZ.7 10.4- j66. 1 5.20 0. 28 4.9Z 0.057 0. 054

0.7 4. ZZ -33.1 12. 6 -j67Z. 4 6. 8 0.6U3 5.66 0.110 0.099

-. i

Table 2. Dependence of impedances and dissipated and radiated pox,-,ers

upon dipole Locationx (h- 0. 1 k . h/a 100, y 0 O, z-0. Z n_, Z B. 33 - -6.-9.-4 l--).u*

x(InI z (ohrn.) Z (ohils) P d(W) (W) I, (W) 14/lr P /, ,

S.,Zin tin(Wr . r in

-0. I-0. 1 - j7. 30 53.0 j 1i. 87 Z6.5 0.948 Z5.6 0.037 0.036

N0.0 -9.75 -2.37 W .44 56.80 31.7 0.964 W. 7 0,0Oi 0.030

0.3 .-2. * i-jl.3Z 70.8 1-l 0. 5 35.4 1.04 34.4 0.OWO 0.030

"" Table 3. Dependence of hnipied; wes and dissipated and radiated powurs
.. i...n dipile louaLL,,* x (h1 - 0. 25 X , h/a 1 00, y 0, z?
0. 1 i, Z- 73.1 - j9'.17 ulhmu).
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•' i EXPERIMENTAL INVESTIGATION OF MANPACK WHIP ANTENNAS:

ANTENNA CHARACTERISTICS AND PROXIMITY EFFECTS

J. W. MINK
COMMUNICATIONS/AUTOMATIC DATA PROCESSING LABORATORY

U. S. ARMY ELECTRONICS COMMAND, FORT MONMOUTH, NEW JERSEY 07703

ABSTRACT

Techniques were evaluated to determine the effects of an operator's
proximity on the performance of VHF manpack antennas. An impedance bridge
of manpack size that can be remotely operated without metallic leads was
constructed and calibrated. The impedance variations due to proximity effects
were systematically investigated throughout the 30 to 80 MHz band for various
antenna configurations. This investigation showed that impedance variations ,
are substantially reduced by exciting the antenna near its center.

DISCUSSION
, The objective of this study is to develop a method for reducing proximity

effects of manpack whip antennas in the VH4 band. To achieve this objective,
an experimental investigation of antenna impedance variations under realistic
operating conditions must be performed, since, in general, the radiating
system is very complex due to coupling between the antenna and surrounding
objects. The impedance measuring system must satisfy the following require-:.' ! ~IiiO~ntS :

a. Measuring equipment must have the same geometrical size and
configuratiur, as the manpack set.

b. Remote operation must be possible without metallic leads, since
they become part of the radiating system and affect impedance measurements.

SA compact, battery operat-d VHF impedance meter was not commnercially
available; therefore, a mneasuring system had to be developed. It was deter- ;

j *., mined that a resonant-bridge impedatice meter was best suited for the measure-ments undertaken in this investigation. An impedance meter which included
. crystal controlled'signal source and batqry was constructed in manpack
size (9.5 x 12.7 x 19. cm). Measurements were .,ade on all adjustable bridge
components in terms of dial readings. From these measuremnents, empirical
equations with minimum square error were obtained I.r each component. Equa-

i, -• tions for calibration of the bridge and the empirical equations for the bridge
components were programmed into a computing calculatoo (This technique

.. 4. enables one to quickly and-accurately tranform dial seLtings into actual im--
. pedance values. One can also program the computer to take into account any

transmiss ion lirn between the terminals of the impedance, meter and the
.IntPfInl oxcitation point.)

A te,;t ;tand that places the impodance meter at a typical operati nq
. ":-14at •vhuvw ciround was constructed entirely of dil oct-ti c-ateria1s. Reiote

liin, i ol t.ht' iI1)e.ldnce me-tor ww'; iccomplish' d by meinon; ci dia,• string,; from

_ _.. -<.. - . -.-



II
teimpedance meter shafts to pdrallel shafts at ground level, then by means

of fiberglass rods along the ground to the operator's position. With this
setup, it was found that the operator could null the impedance meter at dis-
tances of up to 20 feet without the aid of a telescope for observation of the
bridge indicator. At 20 feet, movements of the equipment operator could not
be detected from the antenna impedance measurements.

Various whip-type antenna configurations that may be used for manpack
applications ire showti in Fig. 1. Figure la shows the conventional base-fed
whip, along with a typical current distribution. Due to a current maximum
at its base, this antenna system is very sensitive to any change in surround-
ings near the packset or to any wires, such as the handset attached to the
packset. Such changes cause large variations in the input impedance of the
antenna. High currents on the packset are strongly coupled to the operator's
body which acts mainly as an absorbing element and reduces the radiatecpower from the antenna system [1].

"Figure lb shows the configuration of a center-fed whip that has been
isolated from the manpack by means of a parallel resonant circuit. This
approach is widely used on vehicular antennas, e.g., the AS-1729/VRC center-
fed whip. For manpack applications, it has the advantage of maximum an-.enna
current at the center of the whip (away from the operator) and a minimum cur- 1
rent at the packset. The position of the operator then has little effect on•I •' the antenna system, since coupling to the surrounding objects will be through
the electromagnetic fields only. The major problem with this approach is its
complexity, and therefore the cost of the tuning unit at the antenna basc.,
To isolate the antenna from the packset, the resonant circuit at the antenna
base must have a relatively high Q; hence, it must be tuned for each operating

j 'frequency, which requires an adjustable tuning element or the switching of
fixed tuning elemiients.

Figure Ic shows an antenna configuration that represents a compromise
between the base-fed and t'- center-fed whip. This compromise antenna has
the advdttLdt that no addi. -n.l tuninq elements are required to isolate the
antenna from the packset. lhe excitation point of this antenna is moved
upwards toward the center of the whip, and the packset Is used as part of .-n
asymmetrically fed dipole. The current maximum is moved away from the opera-
tar, as shown by the current distribution (Fig. Ic), and the currents on the
packset are reduced. In this way, . reduction in impedance variations due
to proximity effects is achieved.

The excitation point impedance of this antenna and proximity effects
t .• were systematically investigated as a function of the position of the excita-

tion point, see Fig. Ic. For testing purposes, the whip was constructed uf
HRj-58C/U Coaxial Cable and had An overall length of four feet, with the shield
removed from the upper portion. The asymmetric dipole was formed by attaching
the shield of the cable to the shell of the packset; the excitation point was
"determined by the distance the shield extended above the packset. Using a
coaxial cable enables one to determine the excitation point impedance fromiI measurements at the antenna terminals by a traisformation through a known
length of transmission line.
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"The following set of measurements were performed at each frequency:

a. Tihe excitation point was moved in increments of two inches from
* I the base to the midpoint of thu whip,

* b. For each excitation point and frequency, the proximity effects

were determined by the following set of miieasuremonts:

1. Antenna and packset freestanding

2. Packset freestanding, with handset extended Irom tile lackset

3. Packsst on back of man, with and without handset

4. Packset on back of man,with a second man hslding thie handseL,

This set of measurements was chosen because it represents rnalistic operating"* , :conditions.

A typical set of excitation point impedance measurements no-,.ialized to
50 ohms is shown in Fig. 2. In this f'igure, each curve represents the excita-
tion point impedance of the antenna system for the stated operating conditions.1 as the point of excitation is moved up the whip. The area of the Smith chart
containing all the points for one excitation is miinimized when the point of
excitation is n20 inches from the antenna base. This, then, is tile optimum
excitation point in terms of reducing proximity effects. As ca'i be seen froum

, Fig. 2, the maxivum impedance variations occur for the base-fed whip. A
sui•iuary for all frequencies with the excitation point at 20 inche-, is shown
in Fig. 3. Here each area represents the range of impedance due to proximity

S"effects for that frequency. It was determined with this data that a 50-ohm
transmission line wa: about optimum for transformation of the excitdt.i-,n
point impedance.

Current distribution measurements verified the current distribution shown
in Fig. lc for the freestanding manpack. Figure 4' shows the umesured current
and theoretical current distribution obtaifLd using the "Antennd Modeling
Program" developed by MBA Associates and a wire grid model of the ameanpack set.

The input impedance (Terminals of the antenna system) tfo the findl
(Fig. Ic) antenna cotnfiguration ,;iasured with the packset on a man's hack and
operator holding the handset is shown in Fig. 5. This anLenna was 48 inches
long and was fed 20 inches up thi. whip from the packset. A 50-uhms coaxial
cable was used as the transforming element. As can be seen from this curve
(Fig. 5), the impedance of the at|tenna system was well hehav0d and one should

. be able to match over the frequency hand W: 30-80 M11z in a few %till-hmntls.

"" ,CONCLUSIONS

Impedance variations due to proximity effects were systelaticallYy ivews-
tigated throughout the frequency band from 30 to BO Mllz for various antelun,
configurations. This investigation showed that tile imlped,-nce variaiolis .r|"
substantially reduced by exciting the antenn'. near its center.
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APPLICATION OF ACTIVE-IMPEDANCE MATCHING i
TO ELECTRICALLY SMALL RECEIVING JL..TENNAS*

A. J. Bahr

Remote Measurements Laboratory
Stanford Research Institute

ABSTRACT Menlo Park, California 94025

The noise performance of an active receiving-antenna system con- i
slsting of antenna, active two-port network, and preamplifier Is dis-

." Icussed. The design of the active two-port makes use of contours of I "
constant noise temperature superimposed on a Smith chart. Experimental
results are presented for a simple activI antenna composed of a short

' monopole and a negative-impedance converter.

SU•UARY

4 For a passive small-antenna system, Wheeler has shown that the
efficiency and/or bandwidth of the system is ultimately limited by the
size of the antenna. 1  However, the performance limitations of a small
antenna are modified if active circuits are introduced into the loading
or matching networks associated with the antenna. The most common
active-antenna arrangement consists of an amplifier integrated into an

antenna., This arrangement was used as long ago as 19281 and has been
studied extensively in more recent times by Meinke and his co-workers. 2 13

Most known methods of obtaining electronic amplification have been tried
in this connection, including the use of tunnel diodes 4 , 5 and parametric

amplifiers .6 In many cases, one of the more important features of the
amplifier (besides providing gain) is its ability to transform (or iso-
"late) the impedance oi the antenna. This feature can be used to obtain
very large operating oandwidths with a small antenna. 7

the In this paper-we focus on the impedance-transforming properties of I
the active network. We assume that the addition of active circuitry to
the antenna does not alter such intrinsic properties of the antenna as
field pattern or gain. In this situation the active network can be
thought of as a matching network and/or amplifier that connectr the

- antenna to the remsinder ox the receiver system. The design of the

active antenna then reduces to finding the linear, active, two-port net-

work that, when inserted between the antenna and RF preamplifier, mini-
"'. .1 mires the system noise figure aver some prescribed bandwidth.

A schematic diagram of the system we wish to analyze is shown in

Figure 1. "•he antenna is represented by its Thevenin equivalent circuit

STlis work was supported by the Department of the Army, U.S. Army

Research Office, under Contract DAIIC04-75-C-0023.
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composed of voltage source, V, and output (or radiation) impedance
R + JX The effective antenna noise temperature is T In general, I.
all of these quantities vair with frequency. The active maLching net-

work can be viewed as the combinition of an arbitrary i.near network

having an effective input noise temperature, T and any series reac-

tances, X and XL. that are part of the antenna output impedance and

preamplifier innut impedance, respectively. Thi r •al part of 'i pre-

amplifier input impedance is denoted by R, and tbc output impedance
of the active matching network is Z , which, in ••fect, is a trsnsftrmed
source impedance.

By definition, the noise figure for this system is (assuming a

high gain for the preamplifier)

TN + (TLf

S

where (T) is the effective noise temperature at the input (tecn-

nals 1-1). efAs a result of our analysis, we find that

2(T Q- (T) /G j r-rI + P ] (2)
~~a dL e +R L minI t

S 2

'Sb
CRs ) CT)a)

L -ZTS op RLain(

and Q P ,and r are n•oise parameters foil-the preamplifier, and -

(T ) nis its minimum noise tumperature (ioe., for noise match). The
quan y tl is the transducer vain of th6 active network and is given by

2

"S 2

- L

•where X is 'fie ratio of the magnitude of the open-circuit output voltage

.4A of the netwolk (at terminals 2-2) to the magnitude of the open-crcuit•'-14 output voltagi:.- ý the source (at terminals 1-1).

in the. p -pla'inr, These (R) i then iso iurcerssae 2, r noi~ ise manch

V'1 L min

F n! tf ht p-camplirienr. These 166. are sht-ýFni itt Figure 2, w~iit-it is an ex-

-- 01I



SWe can now use these loci to design an active matching network for

-" Ia short monopole antenna (1/16-wavelength long at 30 MOz). If we

assume that T << T , (R) = R = 50 0, and (TL) 0.5 TO, we can I
satisfy the condition TS opt L

S ,(T) Te(3 10 16/f T(6

L eff S 0 6

if
B 0 o.5/Y (7)

SI,,E (6) fis the frequency in hertz and T i the reference tempera-
00ture 2880K. This equation defines a 3-dB signal-to-noi.se bandXidth

" where F !g 2. Now, we further assume that.the active network can be

represented as a pure series impedance so that K 1. Hence, according
.. to Eq. (7), the design locus must lie to the left of B = 0.5 circle in Iq
S~Figure 2. A suitable, but arbitrary, cho.i;.e for this design iocus is".

." a portion of the circ~le 1 1 - rL[ 4.Tto

We attempted to realize the desired design locus by using a ncga-

tive-impedance converter (NIC) circuit of the type shown in Figure 3 to ii
synthesize the required active series impedance. We designed a suitable

amplifier and measured its input and output impedances and current gain
as functions of frequency. From these data we were able to calculate
the required NIC feedback impedance, .Z . However, we found that Z Fi

can only be approximated by a passive circuit. Using the approximate

Z , we calculaLed that Z = Z + Z1  should follow the dashed curve

-,-.1 shown in Figure 4.

For comparison, our experimental results are shown by the solid

curve in Figure 4. The discrepancy between theor-y and experiment at
low frequencies is probably due to inaccuracies in our theoretical

antenna model at these frequencies (e.g., stray capacitance). Both

theory and experiment agree well at high frequencies, but, because Z

is not correct at these frequencies, we have B < 0.5. FB

Using the expe'imental data shown in Figure 4, we can use Eq. (2)
to calculate (T) . These "experimental" values of (T ff are com-
pared with T in•igure 5. As predicted, we see that (Lf < T at

the lower frequencies, and vice versa at the higher frequennies. The
noise temperature without matching, (T)'f. is also shown in the figure

L eff
for comparison. This comparison indicates thn.t active matching should

improve the system noise figure over the whole operating band. however,
oxperiLentally, improvement was only obtained in the lower half of the.

band. It is not possible to pinpoint the source of this discrepancy
because of the uncertainties concerning the true values of TS, TN, and

the antenna impedance.

Hence, we have shown that transformation of a passive antenna

impedance into an active impedance promises the realization of very

201
La.mt S '• • 1

• ,



--" broad signal-to-noise bandwidths in a receiving system that uses arn I
electrically small antenn'&. The limitations of this technique will

involve questions of the noise contributed by the actice network and of

stability. Our future work will be aimed at incorporating stability and

noise parameters directly in the design procedure, evaluating various

active-matching networks, and developing computer-optimized design pro-

caeures.
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EILSC'TRICA LL Y SMALL A N ENNAS WITH LOADING
MIATERIALS AIND WITH ACTIVE ELEMENTS

John A. M. Lyon and Ralph E. Hiatt
The L~adiation Laboratory

j*.Department of Electfieaýl and Computer Engineeri.-ig
The University of Michigan

I 6

Abstract, This paper roviewvs work done at the University of Michigan on electrically
small antennias. Ferrite and dielectric loadings of rectangular slot radiators are dis-
nuesed. Results on the loading of spirals are also given. Electronic tuning of mono-
poles and folded mrouopoles over a ground plane utilizing active 'devices is also presented.

I . Introductica

This paper constitutes a Gurvey of work done over several years. Initially die-
lectrics aud ferrites were used as loading for slots, helices and spirals. The improve-
meats and limitations obtained with loading were observed. Later, studies were mnade

__o equivalent circuits and.models for mionopole and folded monopole antennas. Elec-
troric tuning was used with these ant-unas to permit operation at reduced size for a
given frequency.

4Any reduced size antenna sufVfers from the bd!,iec limitationg. (1) and 1.9). How-A
evar, some loaded antcnnas provide a tolerable comproinise betxveen size, bazidwidthi,

I efficiency requirements and radiation patterns. Loaded slot antennas are discussed
follow.-d Ly a discussio~a of spiral antennas and thin by electrically tuned foldf.A mono-
poles.

HI. Loaded Slot Antennas

Slot antennas have been used to mcet a variety of applications where flushi mount- .2

I ing is required. The slot antennas we have studied were backed by a cavity and our ob-
jective was to rer~uce the size of the cavity by dielectric or ferrite loading. Any such
reduction is, of course, accompanied by decreased bandwidth and/or efficiency. For

* several al-plications, ho-.;ovor, the size reduction advantages appear to oluwoigh the
. cost.

In an early .atudy (3) ;! derailed analysis was made of tWe aperture admittance of
* rectangular cavity antemnas taking into account material loading and the effect of higher

order modes. The geometry involved is shown in Fig. 1. Aperture admittance Cawn
was callculatedt; this provided the information to caleglate bandwidth, efficiency and

r ,,w'resonant frequency. Using the simplified equivalent circuit of Fig. 2, it -ias found that
the bandwidth of the loaded slots could be calculated with an accuracy '.ha( agreed with

41;1 experimental results within 20 percent. The equivalent circuit models a ferrite loaded
I;~ ~cavity backed by a short circuit, led by a coaxial probe and radiatingr through the open

aperture. The subscripts of Fig. 21, p and A, refer to the probe and the aperture. The

?I
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•..•efficiency was ualc~ulated using Elie basic variational data. Predictions of effiolenoy

based on calculations agreed within 10 percent with measured results.

It is interesting to compare the results of dielectric filled sl and ferrite filled
slots. In our work on fvrrite filled slots, material loading havi% a magnetic Q of
approximately 35 has been isud';-. Many workers in the field have made use of dielec-
trio filled slots where the dielectric has an electric Q of 200 or more. !a either case,

Sthe miaterizzl 'loadintg tends to reduce the size of the slot Liatenna. We found, however,

-, •that for, a respoetable efficiency, tkhe magnetic Q of the ferrite can be considerably

"lower than the electric Q of the dielectric. This corresponds to saying that there is a
much better impedance match at the aperture of the ferrite filled slot zntenna than there is
at the aperture of the dielectric filled slot anterna. The efficient radatica of energy from a
dielectric filled slot antenra requires a relatively high electric Q.

A number of rectangular cavity slot aitennas have been constructed anu experi- •
, mental data have been obtained with ferrite po~vder, solid ferrite and solid dielectric

material. Some typical results are given in Table I.

TABLE I

PERFORMANCE COMPARISON OF RECTANGULAR
CAVITY SLOT ANTENNAS

N

Loactnz_ Air Ferrite Powder Ferrite Solid Di iectric

Size (inches) 30 by 7 by l0 12 by 3 by 4 5 by 2 by 12 12 by 3 by

Volume (cubic inches) 2250 144 15 180

41 Bandwidth
at VSW•I = 3 22 MvIlz 19 MIz 10 MHz

at VSWl = 6 50 MHz 34 MHz 18IHz

Ewiieiency 90 percent 65 percent 30 percent 85 percent

"Directivity 5.8 db 5 db 5 db 5 db
3 3

Wright. (pounds) 25 ~ 16z- 3.6 14.5
'4 4

V ICquency (IIMz) 300 320 35.7 316

4% Slots loaded with dielectric material are now being used in a novel and important
* application 14); In the March 1976 isrue of Microwaves there is a report on the success-

ful use of such slots with a microwave thermograph to detect and locate hot spotF below
*'ý' hLuman body smin. The hot spots are indicative of the possible presence of cancer cells.4 The thermograph is similar to a sensitive radio astronomy receiver; it can detect

- We have defined magnetic Q as p'ii/;" and electric Q as e/"
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-~~ signals with a sensitivitY of 0. 10K. The tests have been made at S band (3.3 Ml~)
~ I using X band waverguide slots (U. Wx. 9"1) loaded with a dielectric. The antennas used

are almost identical ti) those used by Lyon and Ibrahim (5) it their study of miniaturized
slot elements in an array.

It was interesting to notle that for some of the ferrite used the relative piermeabil-
ity decreasced with increasing frequency. (See Fig. 3.) This offex s the possibility of

achieving more bandwidth that' expected of materials with constant permeability.1
III. Loaded Helical and Bpi ral Antennas

*We studied the loading of helices, lu.g c.onical spirals, Arcbixnedeant spirals a-ld
iX equiangular spirals. A major part. of this work was experimental. We were concerned

entirely wvit h uperation in the 1 A. or endfire mode. For cylindrical helices we found
4 that ferrite lceading reduced the efficiency by a factor of 1/2. Hlowever, the necessary

diameter for endfire was also reduced by about the same factor. We were never able
to reduce the radiio6i aryhelical antenna by amultiplicative factor smaller than 1/2 no
iaattor how high we went wvith pi' or c'

In one experimental study of loog conical spiral antenna tu log cnclsia

antennas were desigmued for the same frequency coverag ý. flefilar feeds were used.
One of these was unloaded. The second loaded with ferritc had a diameter at the base
one-half of that of the air-filed one. The axial heigght of the loaded one was about half
that of tho unioaded or air-fille~d one, Thte ioaded one ;,ad nine Lurns wherieas tht,
unloaded one had five turns. The small antenna contained powderect ferrite which was
inserted within tne conical structure. The powdered ferrite material was retained by
put~ing a thin sheo' of polyeth.1lene plastic over the smaller log conical spiral. The fer-.
rite poveder completely filled all space Inside the spiraled conducting ec mentr.. Ferrite

* ~extends just outsidJe of the conducting elemnents sinc the supporting structure extends
appreximately 1/8"1 beyond tho metal conducting elements. This ferrite-loaded antenna

operaed wih VS r caacteristics as shown in Fig. 4 which also shows the VSWA o
the same antenna without loading.4

The. efficiency of th~e laiger log conical antenna without ferrite was compared
WithL that of the srn-al! ferrite-filled log conical antenna. The small ferrite- filled log
coni.~al antenna had an efficie.ncy of 23 percent at 403 Me 3ioinpared to an efficiency of

92 percent for the large log conical antenna at the same frequency. This decrease in
efficiency is accomranmcd by a decrease in lineal antenna dimensions of approximately
a factor ' f two and a volume decrease of about a factor of 7. This means that a much
smaller autenna of the logr conical type can be made at the sacrifice of aprroximately

mauce is as good as that of the corre-sponding air-filli-d log conical antenna.

The VSWR of a cavity-backed bifilar equiangular spiral was measured both with
and witil.out ferrite loading. The feed was of the "infinite balun" type. The VS W-? for
various conditions is sh.. ---u in Fig. 5. The cavit-y was fully loaded w ith the ferrite

Z* 207
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loaded case p:oduecd a reduction of the lower cutoff frequency by a factor ef approxi-
matýly 2. The introduction of the ferrite powder introduced a narrowbanding effect due
to the fact that the magnetic Q becomes small above 700 MHz. It is expected that with
the development of wideband, high Q ferrites, moderate widebanding -f the spiral
antenna could be achieved- With presently available materials, a 2 to 1 size reduction
"is possible. With such a reduction good axial radiation patterns hrive beer n'iaintained.

IV. Voltage Tunable Antennas '

The tunable feature when applied to a small antenna will, in many cases, provide
" an adequate substitute for a broadband antenna. The frequency filtering of a narrow

band but tunable antenna can reduce noise and in this way frequency filtering may be

made to eciupensate for the loss of spatial filtering; electrically small antennas are, of I
necessity, -tot highly directive, Studies were made of the impedance characteristics
offered by electric inonopoles as well as folded monopoles over a wide frequency range.
Impedance information gaincd was then used tc synthesize an adequate circuit model of
a parti-cular antenna. The circuit model is then used in conjunction with a voltage coa-S - trolled tuning urnit in order to nmeet a prescribed frequency bandwidth. IL is possible to

us:, voltage tuning by active elements on a sniall antenna for some frequencies without
any substantial degradation of the signal-to-,)ise ratio.

The small antennias studied herein were simple or folded electric monopoles.
S•Calculations and measurements of impedances were made. The impedance char cter-

- istics ware helrful i••ie'"cting an adequate circuit model. Some of, ne untcenas became
capacitive as the frequency applied was made lower, whereas others became inductiveas the frequency became lower. Equivalent circuits for short *antennas may at times be
useful in considering teLChniques that may improve the performnaa..e At ary one irequen-

cy, the equivalent circuit for a short antenna can be reproset-ed by resistance and
either capacitance or inductance. If one wishes such a simple equivalent circuit over a
band of trequencies, both parameters would have to be properly frequency derendent.
It is possible to devise an equivalent circuit using only frequency indepeadent circuit

elements- if more elements are used. Fig. 6 shows the njeazured impedance of a folded

monopole over a large ground plane. Below 100 Mi-z, it is seen that the impedance is'.- "l : largely inductive.

• j An electronic tuning unit as shown In Fig. 7 was a.scrabled and used to tune a

folded monopole. Fig. 8 shows the results of tuning thi.- foided d*ipole. Also a foldred

monopole was used for dual frequency use; this hat separate cltanaes at each end.

V. Conelusifons *

Physically small antennas can be designed for successful oneration. In general
.• •' " loading restricts the bandwidth although spirals and -3inilar types continue to be rea-•oa -

ably broadbanded. Active element antennas have been developed which iar essentially

narrow banded. lowever, since these are tunable they are adaptahI '. wideband usage.
The filter characteristic of such antennas is also useful fr'om noise comn iderations.
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SHORT, ACTIVE, HIGH-FREQUENCY ANTENNA

V I AS AN E-FIELD PROBE*

[• - ,Edwin F. Laine

Lawrence Livermore Laboratory, University of California

Livermore, California 94550

ABSTRACT

The Lawrence Livermore Laboratory has developed a short, active, high-

frequency antenna for use in subsurface geophysical exploration. The
antenna, which uses dual-gate metallic-oxide field-effect transistors

MOSFETs), is used essentially as an E-field probe. Using sophisticated

data-analy'sis techniques, information provided by the antenna system can be

use.d to examine the characteristics of subsurface geological media.
;r

SUMMARY

The short, active antenna described here was designed for use in underground

geophysical investigations. The antenna system is used to measure the
power received from an adjoining hole transmitting a high-frequency

continuous-wave or swept-frequency signal transmitted through the earth.
SBy ;.asuring the received power and its relative phase shift (using the

transmitted power as the reference), the conductivity and relative dielectric

of the earth in a path between the two holes can be calculated. Sophisticated

data -analysis methods, adopterL from the medical profession, can then be used
to reconstruct the characteristics of the media between the two holes.

The rcceiving antenna is electrically short (0.25 m) for the highest

frequency used (typically 0.5 to 50 MHz); therefore, radiation. resistance
. is very low and the short antenna looks capacitive (i.e., its capacitive

. reactance is very high). To obtain the almost open circuit voltage of the

1 'F

*This work was p!,_formed lunder the auspices of the U.S. Energy Research and
Development Administration under contract #W-7506-Ing-48.
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antenna, it is necessary to have a low-capacity input arm:plifier that
exhibits a very high reactive impedance for the highest frequency used.

This is accomplished by using dual-gate metallic-oxide field-effect transistors

(MOSFETs). A schematic diagram of the antenna system is shown in Fig. 1. The

newer dual-gate models have a very low reverse-transfer capacity (0.05 pF)

and a low gate-to-source capacity (3.0 pF). The transistor selected (3N200)

has back-to-back diodes to protect the gates from damage. The antenna is a
25-cm-long wire-probe capacity coupled to gate 1 of Ql, which is an impedance

converter, or source follower. Feedback from the source to gate I bootstraps

the input impedance to a high level by reducing the input capacity. Q2 is a
conventional, moderate-gain, wide-band amplifier. It is followed by amplifiers

Q3 and Q4 interconnected to form a Darlington pair to drive a 50-a output

cable. The dc operating voltage is fed down the output signal cable. The
radio-frequency choke, Ll and CIO, form a filter to eliminate signal feedback

into the supply voltage at the amplifier. The signal and dc voltage are
- similarly .ecoupled and separated at the other end cf the cable. 4

-I

Active circuitry is constructed on a p~rinted circuit board and housed in af water-tight brass casing. The wire antenna is housed in a tubular nylon

container along with a sm~all top-loadi,;g disc of copper (Fig. 2). A lifting
,.• handle is provided so a dacron messenger cable can be used to relieve strain:

•.- ~on the signal cable when the antenna is used in deep holes. The entire .

S~~22-in,-long u,,t was made a uniform diameter (2 in.) to prevent snagging

along rough sides of uncased drill holes. It was also made heavy enough
;•. to sink easily in water-filled holes. The coaxial connectin|g cable is

•'threaded through randomly spaced ferrite beads for the first 50 ft. to
•T suppress shield currents.

S•,!-•Each antenna probe is calibrated in a parallel-plate transmission line
SL-: using a network analyzer. One channel records parallel-plate voltage versus

frequency while the other channel does the same for antenna output. Typical
•,.• .•4•probe-calibration curves are shown in Figs. 3 and 4.
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This first model is an engineering protutype mnodel. Newer more simplified

models are currently being tested. The active circuitry has less components
and the frequency response .has been extended to 50 MHz.

In all these models the noisq levels of the antenna circuitry are only a
few db above the noise level of the test instruments; Network Analyzer
(-90 dbm) or -100 dbm for a Spectrum Analyzer "with a 1 KHz bandwidth.

- I
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'XCEIUITS F!ROM TI111 DISCUSSIONS

The following excerpts from the technical discussions conducted during the

4. , Workshop are based on tape recordings. For coherency, they have been ordered

according to subjects, rather than in the sequence in whicn the discussions
took place. When possible, contributors are identified. The editors apologize* Ifor any omissions or incorrect quotations. Comments by the editors which are
not excerpts of the discussions are marked by (E).

VEHICULAR ANTENNAS FOR HF SKY-IU'VE TRANSMISSION I.
I HF sky-wave transmission is of potential importance for ground-to-air

communication with relicopters flying Lt very low altitudes (nap-of-the-earth
S! flights), and for ground-to-ground commUnication in mountainous terrain (E).

A-frequency tand about 2 MHz wide is usuflly a~ailable for HF sky-wave
^ • communicationi within the 2 to 8 MHz range. The location of this "window"

deppnds on the ionospheric conditions, and in general, can be predicted rather '1
relijbly from ionospheric observations (Brae).

Question (Lane): Which antenna configLration.for vehicular applications
should be selected to provide efficient higi angle sky-wave radiation?

$ Comments:

' / - or helicopter applications, a vertical loop antenna, the so-called

"Tranline antenna, was recommended (Bruno). (This antenna is described
in the papers by Brunner and Gruber, p. '29, and by Medgyesi-Mitschang
and Brune, p. 135. These papers had not yet been presented when the). [ question was raised.)

,-- \ vertical single-turn loop antenna for jeeps is presently under develop-
* ment at ECOM. This so-called roll-bar antenn• consists of a rigid metal 1 .

rod, having the shape of an inverted U, which extends from the rear
-bumper over the top of the jeep to the front bumper, where the feed point
of the antenna is located. The loop is closed underneath the jeep by the

•Z outar conductor, of a coaxial cable; which connects the feed point of the
antenna with the transceiver set located in the rear of the jeep. The
coaxial cable section provides an impedance transformation, which facili-
tates the matching of the antenna to the transceiver, The roll-bar anten-
"na has shown a substantial improvement in sky-wave transmission over that

• .4 provided by a standard 15' Army whip antenna. This improvement was ob-
tained even though this new antenna could not be completely matched to the
GRC-106 Radio Set used in the experiments (Czerwinski).

.. ------Paterson antennas (which are vertical loop antennas) provide good sky-
,It wave communication, but because of their size are more suitable for base
ZA .stations than for vehicular applications. These antennas are described in

detail in the August .1967 issue of e'.• (comment by Belrose). The
effectiveness of a Patterson antenna in yielding reliable high angle sky-
wave transmission has also'been observed at Georgia TLch, where a'i antenna
of this type provided consistently better communication over d 22 km

. ground distance than a resonated monopole antenna (Jenkins).
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----- Measurements with horizontal loop HF antennas installed on the roofs of
cars have shown that the performance of such antennas is superior to that 4

~ j of commercially-avallable center-loaded whips (see for example, W. S.4
Bridges, QST, -luly 1968) (Belrose). Since horizontal loops do not radiate
in the vertical direction, the imnroved performance is probably due to low
internal antenna losses thigh Q) (E).

INTERACTION OF ANTENNAS WITH THEIR PLATFORMS

Army antennas are usually operated under conditions where their electri-
cal properties (current distribution, imnpedance characteristic, radiation
pattern, and efficiency) are strongly affected by their platform environments,
i.e., the structures on which the antennas are mounted, such as tanks, heli- 4
copters, and shelters. The presently used-center-fed VHF whip antenna
AS-1729/VRC was designed to have minimum interaction with its platform. With*
the trend toward smallsr and smaller antennas, the decoupling of antennas from
their platforms is no longer feasible. Small antennas have strong near fields,

and when the near field region is close to the platform, interaction with theantenna increases accordingly. In the limiting case, the antenna deoenerates

to a coupling element between the transceiver and the platform which functions I
as the actual antenna. The conditions then become similar to those described

_ . I in the paper by Ikrath, p. 159 (E).

Due to the structural complexity of t pical Army platforms, any analytic-
numerical study of the interaction between antenna and platform has to rely,
to a large extent, on computer modeling. A number of comments concerned
computer modeling codes and their underlying analytic approaches (E).

The wire grid model illows efficient handlinn of structures which can be
modeled by up to ^250 elements, assuming the storage capacity of modern com-
ruters. If symmetry relations can be utilized, the upper bound in the number
of elements can be increased correspondingly. The number of 250 elements is
not a limit in principle, but rather a practical limit. If more elements
are required, data storage discs or tapes may be employed. However, the
transfer into and out of discs or tapes is time consuming, i.e., expensive,
and in addition, may lead to errors (Mittra, Hansen, Medgyesi-Mitschang).

In applying the method of moments, the cell size should oe chosen to
• provide at least 5 to 6 elements per wavelength. Empirically, this appears to

be the absolute minimum to obtain acceptable accuracy -v4 en conventional basis
"functions are used. Special techniques allow a reducticn in the number of

* •elements in certain cases. Also, the use of variable cell size (i.e., adjust-
-I'. ~ing the cell size over a given structure in accordance with local accuracy

requirements) would be acceptable and would presumably make the program less
expensive to run; but a program based on non-uniform cell size is more diffi-

4- cult to write IMittra).
S"In general, a wire grid structure of 250 elements will not be sufficient

to model Army platforms such as tanks or helicopters with acceptable accuracy.
A problem with wire grid models is that--if the loop size is not small compared
to the wavelength--the model tends to predetermine the direction of the current

4 ... distritution. Moreover, the loops may produce fictitious resonances. Far
field data, as for example scatter characteristics of helicopters or radiation
patterns of tank antetnas, may be obtained with acceptable accuracy. But the

218

N 4 *1 mn mm m I n em numm ~ • •IllI j'



V,-! computation of quantities strongly influenced by the near field, such as the

-input impedance or current distribution of antennas in 0lose proximity to aN\ J structurally complex metal body, must be treated with a great deal of caution

(Mittra, Hansen, Goubau, Schwuring; see also paper by Wang, p. 147).

Obviously, very good results can be expected in the case of structures
which are composed of linear conductors such as whips, loops, wire grid
counterpoises, etc. (E).

For modeling structures with extended conducting surfaces, the patch ]
model approach should be considered. This technique requires the same input;
should be more accurate; is just as easy to apply, and at least as efficient
as the wire grid model. At present, general compu-er codes for patch modeling ! I
are not available. Development of such codes was recommended (Harrington). i I
Codes for wire grid modeling, on the other hand, are already in existence and
have been widely tested and used. Examples includ,& the MRA prcgram, the codes
developed at Ohio State and Syracuse Universities, the Lawrence Livermore
programs, and others (E).

A patch model approduh hds in el'Tet Leein used li the numerical method
developed by Harrington for computing the fields of bodies of revolution.

• This method uses a Fourier expansion for the aziniuthal field distribution and
- thus reduces the computational problem by one dimension. Tne method should

give very accurate results at reasonable cost (Mittra). In the study described

in the paper by Medgyesi-Mitschang and Brune, p. 135, this method has been
employed to model helicopters. It was pointed out that, in addition to numeri-
'cal efficiency, the method facilitates determination of ground effects (re-
flection coefficient method) and their dependence on !light altitude, since
certain integrals can be evaluated in closed form. For details, see'the
paper cited above (Medgyesi-Mitschang).

INTERACTION OF IIUAN BODY WITH MANPACK ANTENNAS

In the two theoretical papers which apply, to this subject, Newman p. 165
and Chen & Nyquist, p. 171, the human body is modeled by dielectric and

moderately conducting bodies. In both papers, the interaction is formulated,,..-t in terms of volume currents in the body. The question was raised (Mittra) i

whether formulation in terms of electric and magnetic surface currents had
been considered (assuming homogeneous electrical properties within the body). .
Newman commented that in their study both approaches had been considered. InS , the volume current approach, the number of unknowns is roughly ýroportionalI

to the volume of the body; whereas in. the surface current approach, the num-
ber of unknowns is proportional to the surface of the body. Thus for bodies.• • with linear dimensions on the order of a wavelength, the volume current tip-

proach requires many more unknowns than the surface current approach. However,
both aporoaches .lead to matrix sizes which cannot be handled efficiently. At
larger wavelengths, the volume current approach becomes more competitive. For
bodies with dimensions on the order of a quarter vwavelength or less, i.e.,
body sizes which can be treated accurately within the practical limit of 250
unknowns, the volume current approach requires about as many, or less, unknowns

r , than the surface current approach andyields as good, or better, results.

The fdllowing comments based on experimental studies on body effects

were contributed:
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- ---- Microwave irradiation experiments on rats under semi-far field conditions
have indicated that the bone structure in biological budies has a ten-
dency to focus radiation and thus magnify the effects of irradiation. It
appears extremely complicated to model biological structures with accept-
able accuracy, and very difficult to draw conclusions. Even hazard levels
appear to be rather arbitrary. Studies in cooperation with biologists
to determine what constitutes a hazard by EM radiation are under way
(contributor unidentified).

----- Experiments with manpack sets indicate that the spinal column is a rather
good conductor of electricity and does much to enhance or subtract from
radiation, depending on excitation. Development of a rodel of the human

SP body, more detailed than the currently used homogeneous model appears
desirable. Under the conditions considered, for example, in the paper
by Chen & Nyquist, n12% of the power radiated by a manpack antenna would I
be absorbed by the operator's body. Experiments indicate that the actual
percentage is higher (contributor unidentified).

' J IGROUND EFFECTS

The electrical properties of antennas which are in close proximity to the
ground are very difficult to compute. Available computer codes which take
ground effects into account, usually by employing the reflection coefficient

-- method, yield good approximations for the far field, but fail for near field
calculations, in particular, they are unreliable for calculating the input
impedance of the antenna, which requires application of the ,igorous Sommerfeld
theory. This theory, however, involves slowly converging integrals and is
computat.onally inefficient (E).

The question was asked (Schwering) whether there is a technique available
which combines both accuracy and computational eficiency inthe modeling of near-S[. field ground effects. Apparently no such technique is avai lable atthe present time

.• (Mittra). According to the latest information, work in this area is uncer

way at Lawrence Livermore Laboratories. LLL has found that in the case of a
vertical electric dipole and a ground of large refractive index, the Norton
formulas yield remarkably accurate results for the electric field strength,
even for distances from the antenna substaniia'ly smaller th3n one wavelength,
which in theory is the limit of the range of validity of Norton's approxima-
tion (Hansen, Medgyesi-Mitschang).

An example of the Lomputational difficulties encountered in assessing
ground effects accurately was discussed in connection with the paper by Lane,
p. 81. The antenna considered was a ground-based vertical antenna, with a
ground stake or a single wire counterpoise. In this case. a laborious semi-

.- ,• empirical method utilizing several approaches and involving curve-fitting was
developed which gave good results in the MF and HF ranges. A compuler program
using thie reflection coefficient method turned out to be very inaccurate (Lane).

An interesting experimental study on directional dtfects produced by small
counterpoises consisting of a few short radial wires was reported by Belrose.
The system studied used a 110" high center-loaded whip antenna radiating above
sandy soil at 3.8 MHz; a counterpoise of a few symmetrically arranged radial
wires X/4 in length -ias used.
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- For counterpoises of three or more radials, little directivity was ob-
* served in the horizontal plane. When the number of radial wires was reduced

to two, the field strengt in the plane normal to these radials was marginally
stronger (by 1.5 to 2 dB) thap in the plane containing these radials. When

4,' only one radial was used, its orientation relative to the direction of inci-
* dence had a significant effect on the received signal strength. When the

radial was oriented towards the direction of incidence, the signal strength
was found to be 10 dB higher than when the radial was directed away from it.
Similar directivity effects should be expected for vehicular antennas placedSon one of the "corners'. of the body of the vehicle. -he. study was conducted
"experimentally; a theoretical confirmation was not attempted (Belrose).

It appears that the theory of grou'd screens consis.ing of a few short
* wires is not well developed (lipsen).

BANDWIDTII OF SMALL ANTLANAS

Antennas used for Army tactical communications are usually of simple

configuration, typically whips or loops. If these antennas are electrically
small and operated in impedance match, as required to obtain high efficiency
in the transmitting case, they are ir.herently narrow band devikes. rhey may
be tuneable over a wide frequency band, but their "instantaneous" bandwidth is
small. However, there are Army applications where large instantaneous band-
widths are required. Examples are spread spectrum techniques and fast fre-

* quency hopping (FFH). The broad bandwidth requirement in these cases holds
for both transmission and reception* (E).

Broad instantaneous bandwidth and small antenna size are conflictinp
requirements. The use of active antennas may provide a solution to this
problem, as demonstrated for HF receiving antennas by the paperz presented atI'• this conference. Active transmitting antLAnas of rather small size and large
bandwidth (but rather low power and efficiency) have been described by Mclean,.
et.al.t,§ The study of active antennas is thus of significant interest for
Army tacticalcommunications. In the case of transmitting'aptennas, the
suppression of harmonics will be a problem; however, at the comparatively low
power levels of typical tactical radio communication equipment (I-50 W), this
"problem is not "ikely to be critical CE).

The question wa.. asked (Goubau) whether there is proof of the generally-
accepted assumption that the bandwidth of a small.antenna is determined by

V :•w . the ratio of stored e;iergy and radiated plus internal-loss power (antenna Q).

Instead of requiring broad band antennas, one may, of course, also
consider fast (i.e., electronic) tuning methods for FFH.

-T. S. M. Maclean and P. A. Ramsdale, "Short active aerials fo,-
q, transmission," International Journal Electronicc, vo'l. 34, no. 2,

pp. 261-269, 1974.
"..i • • T. S. M. Maclean and.G. Morris, "Short range active transmitting

antenna with very large height reduction," IEEE Transactions Antennas
& Propagation, vol. AP-23, pp. 286-287, March 1975.
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This assumption is certainly correct if the antenna behaves as an ordinary

LC circuit, as for example in the case of a small whip or loop. However, is
it also correct when the antenna consists uf a system of closeIy-coupled
m.smal fer radiating elements? The multi-ejementt monopole antennas described in

the paper by Goubau, p. 6S, have a bandwidth vtnich is a multiple of that of
a single monopo'e of the same overall dimensions.

The oucstion, in effect, remained unanswered. A pcssible approach was
poir ted out by Tai, who suggested that a study of the location of the poles
and zeros of the impedance function of radiating systems is likely to provide
useful information on the bandwidth problem. Fano in his papers on circuit
theory*gives a good definition of bandwidtn fromi the impedance point of view.
His method could possibly ba extended to the theory of broad band antennas,
when more is known about the poles and zeros of their impedance function.

ACTIVEI RAC IVING ANTiiNNAS

Responding to a request by the discussion moderator (Mittra), Lindenmeier
discussed in some detail the difference iii matching conditions for small
passive and active atennas. In particular, he explaineo the relationship
between the signal-to-noise bandwidth of a receiving system (i.e., frequency
band in which S/N varies within a factor of 2), and the external noise level.
He showed that an optimumt zntenra height (see Meinke,p. 35) can also be).;•,, •defined for bruail-band antennas. Any larger antenna would increase the S/N

ratio at the most by 3 dB. Due to the high external noise temperature in the
HF and lower frequency bands, active antennas which combine small size and
extremely large bandwidth can be designed. In Lindenmeier's words, "Active' receiving antennas live on the high external noise temperature." Since it

i! ~ is not possible to sunmlarize Lindenm~ier's theory in a few -entences, reference "

is made to the pertinent literature.

The optimum size cf an active receiving ant.enna as defined by Meinke and
Lindenmeier depends on the external noise temperature and. the noise tempera-
ture of the active devices used in the preamplifier. Several comments centered
around these two noise quantities;

R. M. Fano, "Theoretical limitations on the broadband matching of
arbitrary impedances," R.L.E. Technical Report No. 41, January 2, 1948.

H. Lindenmeier, "Optimum bandwidth of ;ignal-to-noise ratio of receiving
systems with small antennas," Archiv fur Elektronik und dbertragungs-

ri, technik, pp. 358-367, September 1976.

tH. K. Lindenmeiar, "Relation between minimum antenna height and bandwidth
of the signal-to-noise ratio in a receiving system," Presented at the
1976 'nternational IEEE/AP-S Symposium & USNC/URSI Meeting, Oct. 10-15,
1976, Amherst, Mass.; published in Symposium Digest.

iH. K. Lindenmeier, "Design of electrically small broadband receiving
"antennas under con-ideration of nonlinear distortions in amplifier
elements," Presented at the 1976 International IEEE/AP-S Symposium

- USNC/URSI Meeting, Oct. 10-15, 1976, Amherst, Mass,; published in
--Symposium Digest.. -
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-The range over which the external noise level varies is very wide. The
*"• CCIR curves conmmonly used to indicate uppe, and lower limits may not be

applicable in all situations (Bedard).

- The CCIR curves have been found to give good predictions in open terrain
(in southern Germany). On the other hand, cities have aa incredibly high
noise level; Munich was cited as an example (Meinke).

----- Modern low noise transistors seem to have r-eached a fairly uniform noise
temperature; all of these transistors are ,n practically the same class.
Future developments, of course, may result in improvements which would
allow further reduction in the optimum height of active receiving antennas.
But it iS felt that the hoptdefined today is already a basic quantity
(Mei nke).

------Coooling cf the preamtplifier would be an effective way to achieve a low
V electronic noise tempe-ature, and thus reduce the optimum antenna size.

The system ncise temperature, of course, would be above the preamplifier.
noise temperacure. Whether cooling is a reasonable approach from an
engineering point of view is debatable, but substantial improvements can
t3 achieved by this method (Bedard).

Further Comments

_ - -Bedard pointed out and Lindenmeier confirmed the parallelism of the two
active antenna methods described by tleinke-Lindenmeier, pp. 35 and 105,
and by Welker-Bedard, p. 183, respectively. The first method applies to
whip antennas and uses a high-impedance voltage umplifier; the second

S method applies to loop antennas and employs i low-impedance current ampli-
* fier. Both methods make use of the basic condition that the internal

' (electronics) noise of the active device should riot exceed the external
I• noise received by the antenna. Both approaches result in very broadband
I-. antenna designs, but at large dynamic ranges have to cope with the prob-

lem of nonlinearity. The noise temperature in the case of the Meinke-
*.: Lindenmeier antennas should be in the order of several hundred degrees

Kelvin; in the case of the Welker-Bedard antennas, in the order of several
degrees Kelvin (due to cooling). Hence, whereas the Meinke-Lindentncier

-, I= antennas can be used up to higher frequencies, the Welker-Bedard antennas
j•-. 'can be used down to dc.

------The use of active antennas is likely to allow the design of antenna arrays
with closer element spacing th& onsidered up tn now. The reason:
reduced coupling between elemen's. Work conducted at Ohio State University

* in this area looks encouraging, but has not been carried through suffi-
ciently far to permit definite conclusions (Walter in response to Bedard).

- The advantages of using active rather than passive elements in arrays
,may also be seen •ron the DF-array discussed in Lindenmeier's paper,
P. 105. In addition to a substantial reduction in the height of the
element antennas (in comparison tc a passive array of equivalent sensi-

It •i tivivy), the mutual coupling between elements is significantly smaller
Y ".for two reasons: lower element heir'ht and the use of active, i.e.,

unmatched receiving networks (Lindennmeier).

S--The S/N ratio of receiving antennas may be improved by the use if direL-

-. tire arrays. Directivity in the case of electricalisyjmall antennas
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-4 implies the use of super-directive arrays. Theoretical work on such
arrays has been performed at Ohio State University. For example, it has
been shown that circular arrays as small as 0.1 X in diameter may yield
directivities up to 15 dB. The arrays considered consisted of passive
elements. The use of active elements Should facilitate the design 3f
receiving arrays by teducing inter-element coupling (Walter and Newman
"in response to Lane).

ACTIVE TRANSMITTING ANTENNAS

"was No papers were presented on active antennas for transmission. The topic:. was only touched upon during the discussion sessions. 'According to Meinke,

not much can be gained by using active devices integrated with transmitting
antennas, at least not such fundamental improvements as were achieved in the
case of receiving antennas. Solution of the tuning problem becomes easier
and a somehwat better efficiency may be obtained if only a few components (and
no transmission lines) are present between the power amplifier and the antenna.
But no dramatic improvements are expected. The sippression of harmonics will
be a problem, especially when the allowable limits on harmonic radiation are
set in (absolute) field strength. The problem wi;l be very difficult to solve
for high power broadcast antennas, but for the moderate power commonly used
in Army tactical communications (1 - 50 W), the suppression of harmonics should
"not pose a major problem (Meinke).

TRANSCEIVER ANTENNAS

Transceivers for tactical radio communication require antennas for both
transmission and recept.on, as opposed,,for example, to direction-finding,

J intercept, and navioation equipment, which operate with receiving antennas
"only. Since the electrical requirements for transmitting and receiving anten-
nas are basically different--a fact very much in evidence in the case of

S" electrically small antendas--the following question was raised: Is it more
advantageous in the case of tactical transceivers to use t'o separate antennas

_t optimized for transmission and reception, or a single antenna, possibly with
two different feed networks, to be switched with the mode of operation? Tac-Stical communication transceivers are usually operated in semi-dupley, i.e.,
they are alternately used for-transmission and reception (at the same frequen-
cy), but are not concurrently onerated in both modes (E).

At the University of Munich, experiments were made-with U. S. Army stand-
ard communication manpack sets and two separate (though by necessity closely-
spaced) antennas, i.e., a small active receiving antenna and a largcr prssive
transmitting antenna. Improverm.nts were obtained in comparison to conven-
tional (single) Army whip antennas. These improvements, however, were brought
about solely by the active receiving antenna; the transmitting antenna did not
contributa noticeably to signal enhancement (Meinke).

The question was asked (Mittra): If a somewhat larger transmitting
4 !-•antenna is needed anyway, why not use it for reception also? No harm would be

done by exceeding t 1he optimum antenna height as defined by Meinke. *In the
ensuing discussion, the following observations were contributed:
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-----An active antenna which is too efficient may cause intermodulation prob-V -lems in the presence of strong transmitters (Gibson).
I- n the case of a duplex or semi-duplex com,-inication system employing
di,:ersity reception, one transmitting antenna would be used at each sta-

tion with several receiving antennas. No advantage is to be gained by
trying to combine the transiihitting with the receiving antennas (Linden-". ' meier) i

-The use of separate antennas would help to decouple receivers from trans-
k ~mitters; in certain cases, it may just be more practical to use two3

antennas (Lindenmeier)..

Editors' Comment. The use of only one antenna for transceivers has the advan-
tage of structural simplicity. Furthermore, if this antenna is ronnected to
a conventional variable-reactance tuning system designed to provide maximum
efficienry in the transmit mode, then feeding the receiver through the same I
network (in the same tuning state) would not necessarily degrade the S/N ratio
in comparison to that obtained with an active antenna, but might actually "
slightly enhance it. We are considering here the VHF-FM band. The instantan- i

. eous bandwidth is, of course, narrow, particularly in the case if an elec-
trically small antenna. But since a variable tuning network *is needed in the
first place--to cover the specified frequency band in the transmit mode--,
no advantage in principle is seen in using a separate antenna for reception,
even if it is very small and has - very wide (instantaneous) bandwidth, Of
course, practical aspects, as for instance,;the problems involved in realizing
an efficient passive variable tuning systpm operating over. a large frequency
band or the possibility of improving the.S/N rat;o of a given receiver by con-
aecti. g it to an antenna with an integrated hiV!, Quality preamplifier, may
create conditions where theuse of separate antennas would improve the system

. performance. In other words, for a . n transceiver, it is -entirely possible
that the S/N ratio can be increased by tHe use of an active ancenna for recep-

. tion, as demonstrated by Meinke's experiments (see above).

D•IFINITTONS AND STANDARDS FOR SMALL ANTENNAS

The term "electrically sr,,all antenna" cormmonly refers to a radiating
diameter X/H. n the case of monopole dntennas, the "image" is to be con-

sidered as part of the antenna.. A more stringent definition requires linear
dimensions smaller than X/lO•.

"Comment by Schroeder. If small antennas have a broad bandwidth, as for exam-
ple, the passive antenna described by Goubau, or the active antennas discussed
by Meinke and Lindenmeier, then the above definitions need clarification:
Should the condition that the linear dimensionis be sidller than )/Ii or X/lO,
be applied at the lowest frequency of the band, at the center frequency, or
where?. 'i

Schroeder furthermore suggested that an attempt be made to define active
N. antennas. The standard dictionary of the IEEE does not offer such a definition.

"•-r.,in•ons a) to the need for, and approach to, defining active antennas dif-
• widely..22
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-"•- ansen contended that the problem is no longer relevant. Every receiving
antenna is active, since it is always connected to an amplifier; and
with recent designs, it is very difficult to determine where the antenna

j • terminates and the receiver begins.

----- Gibson suggested that a performance standard for active receiving
antennas be agreed upon. This standard should consider the whole system,
including the receiver. For example, the S/N ratio of a given system
might be compared to the S/N ratio of a stdndard reference system to
provide an overall performance rating expressible in dB.

------ Cottony: Related that a Standard on integrated antennas is already in
1. ,existence. It has been prepared by the IEEE receiver group.

------- Note by editors; Any definition of active antennas would necessitate a
redefinition of antenna performance parameters. The antenna panel of
The Technical Cooperation Program (TTCP), a working group set up by the
defense departments of English-speaking nations, has been studying this
question and seeking guidance from both the IEEE and the IEE. A final
report has nn" yet been issued.

Gibson expanded his above remarks concerning a performance standard for active
receiving antenna systems. An example for a reference standard would be a
dipole antenna with a noise-free receiver operating under an assumed sky
temperature Of 290' K. Using the SiN ratio as the basis for comparison, the
performance of any given antenna-receiver system could then be measured against
the S/N ratio achievable with the reference standard. The figure of merit

• (performance in dB below standard) would involve all pertinent parameters,
such as efficiency, noise figure, directivity, sky temperature, etc.

In response to a question by Walter regarding reference standards used by
systems engineers, Gibson explained that for satellite communication systems,
the G/T ratio is commonly used as performance parameter, i.e., the overall gain
divided by the system temperature. However, for ground-based vehicular and
airbo;-ne antennas, a performance standard which refers to a sky temperature
of 29Cu K, rather than 00 K, appears more suitable (Gibson).

The comment was made that in the lower HF range and below the external
noise temperature is so nigh that inconveniently large numbers would be ob-

if tained with the above suggested standard. Instead, the use of the equivalent
noise field strength, which should be more convenient, was recommended. At
higher frequencies where the external noise is low, it would be appropriate to
"base the performanc: standard on the noise figure, as suggested (Lindenmeier).
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CONCLUSIONS AND RECO*1ENDATIONS

The presentations and discussions of the Workshop clearly demonstrate
that the present state-of-the-art in electrically sm.llI antennas i., not suf-
ficiently advanced to meet the requirements of Army tactical comaunicationsSsystems. We are referring here, specifically, to the requirements of reaso~n-
able efficiency and--in future systems--large instantaneous bandwidth. These
requirements pose a difficult problem in the design of transmitting antennas,
or more generally, the design of passive antennas for transceivers. The situ- I
ation is different for antennas used solely for reception. For these antennas,
the important performance parameter is not the radiation efficiency, but the
S/N ratio; and, due to recent advances in active antenna techniques, thp
bandwidth problem can be regarded as solved.

The complexity nf the problem in the case of passive antennas, arises
from the fact that the requirements of large instantaneous bandwidth and high 'efficiency are in conflict with the constraint that the antenna system be smallcompared to a wavelength. However, small antennas mounted on helicopters,

• Itanks, or shelters interact strongly wiih their platforms. The dimensions of
these platforms are on the order of a wavelength in the upper HF and lower VHF

(•" bands, ,e., at about the center of the frequency tange commonly used for
tactical communication. Therefore, the-actual radiating cystem, i.e., the
combination of antenna and platform is not at all small in comparison with a
"wavelength in these Army applications. There appears to be no compelling
reason why small antennas, or systems of small antennas, installed on plat-
"forms with dimensions ini the order of a wavelength could not have good effi-
ciency and large bandwidth. The fact that there are no efficient wide band
vehicular antennas in existence should not be taken to mean that they are

• infeasible.

Although the problem of small, efficient vehicular antennas is the most
urgent one at the present time, there are other problems involving small an-
"tennas for which an entirely satisfactory solution has not as yet been found.
One of these problems is the development of antennas (including their tuningS• }systems) for manpack radios operati'ng in the VHF-FM range from 30 to 90 MHz.

Since these antennas are used at the front lines, the requirement for low
"visibility is extremely important; and, since the available power is small,
their radiation efficiency must be high. The problem is complicated by the
"fact that the radic operator is within the near field region of the antenna.

*He may stand, walk, or lie prone on the ground. In all these situations, an
adequate transmission range is a necessity which imposes very demanding re-
quirements, not so much on the antenna itself, but on the tuning syztem. Sub-
stantial progress has been made recently in the design of manpack antennas;• -•but more work must be carriedou to-achieve a better understanding of prox-

..' imity effects and--as far as possible--a reduction in their detrimental influ- 1
- .'. ence on antenna performance. The manpack antenna problem and various possblbe

approaches to its solution were discussed in detail at a previous Workshopheld at ECOM in 1968.

E. Berman, Editor, Proceedings of Antenna Workshop,. U. S. Army Electronics
Command, Fort Monmouth, N. J., 1.3-15 February 1968 (AD 833046 L).
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"Another problem to beimentioned in this context is the reduction of ground
losses of small ground-ba-ed tactical HF antennas. Since these antennas must
be transportable and eassi.y installed, their ground systems cannot be bulky.

To meet the ArmX-7s requirements in the :tea of tactical communication
antennas in the neatfuture, 'ntensified research efforts taking different
paths of approach Aill be necessary. A number of problems ind approaches
which in the opt4ýton of the editors merit special attention are listed below
together with if'few explanatory comments:

(1) ,oi.Anteraction of an electrically small monopole, or loop antenna,with
a (metal) platform, having dimensions in the order of a wavelength.

.-'m The question of the extent and general direction in which typicalSv~~~'Ymy -ltos (and the location of an antenna on such platforms) modify input

impedance, radiation, and antenna efficiency should be systematically investi-
gated. The goal is to determine how platform effects can be utilized to im- A
prove antenna performance, possibly over an extended range of frequencies.

(2) Interaction between several small antennas iounted on the same [platform.

Information should be derived on input impedance, radiation patterns,and the efficiency of the total system, including antennas, platform, and the

network interconnecting the antennas. The objective of this study will be
ontimization of system performance by the use of several strategically-placed
smiall antennas and the systematic utilization of platform effects. The goal
will be to achieve reasonable efficiency and broad bandwidth, :n addition to
predictable, and in certain casLs, steerable, patterns. An exploratory study
related to Droblems (1) and (2) is presently under consideration at ECOM,
where a spherical platform (or a hemisphere on a ground plane) excited by
small antennas is analyzed. Such platforms allow a rigorous analytical treat-
ment yielding qualitative information on interaction effects between small
antennas and actual platforms, and an estimate of the order of magnitude of
these effects. A similar study involving larger antennas was recently reportedin the literature.*

in (3) Development of a computer modeling code based on the patch model

Typical Army antenna platforms such as helicopters. tanks, and I
armored personnel carriers, are complicated in structure. Hence, theoretical
"studies of platform effects, such as those suggested in (1) and (2), must, to
a large extent, rely on computer modeling. Available computer codes, based

F. M. Tesche and A. R. Neureuther, "The analysis of monopole antennas
located on a spherical vehicle: Part I, Theory," IEEE Transactions on

F. M. Tesche, A. R. Neureuther, and R. E. Stovall, "lhe analysis of mono-

pole antennas located on a spherical vehicle: Part II, Numerical and
Experimental Results, IEEE Transactions on Electromagnetic Compatibility,
vol.-EMC-18, pp. 8-15, February 1976. ..
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on ",he wire grid model, require substantially more elements for niumerically
accurcte modeling of Army platforms than can be handled economically with
most of' today's computers. The patch model approach can be expected to poo-
"vide impr,wed accuracy at substantially reduced cost. Dovenpmenv of a versa-
tile code based opi this approacn is desirable. I

i~i. • :(4) Developmnent of an economical experimental. method for measuring

plitform effects on antennas and antenna systems by use of scale
P. :nmurels.

Such a method would offer not only an alternative to the conputer '
modeling approach to problems (1) and (2),.but is also needed to estalflish I J
a data base of controlled experiiuental results, against which the accLracy of 4
newly-developed computer codes can be checked.

(5) Investigation of mul.i-element monopole antennas.
large banawidth and high efficiency, despite comparatively small size. Hlow.

Sever, if present experimental models were scaled into the VHF range, the. I
., "would be too large for placement on Army vehicles. At present, there is io

F theory available to predict their performance if their electrical size were
reduced. A theory of multi-element antennas is therefore desirable. A
number of different antenna configurations based on the iame principle shoild
be investigated.

(6) Fundamental study on the b andwidth of electrically small antennas.
" The commonly accepted notion that the bandwidth of electrically .

plus internal loss may require revision. There appears to be no proof of Ithis hypothesis except for the case of antennas of simple cornfiguration (whips
Sur loops), whose input impsdance can be described by a simple LC circuit with

a single resonance. Iti contrast, Goubau's antennas have several resonances
within the operating band.

(7) Study of active transmitting antennas.,

far The state-of-the-art in the area of active receiving antennas is
far advanced; but there is much too little information available on active

.. • ' transmitting antennas to predict their potential for Army applications. The
FIL subject was only very briefly touched upon during the discussion sessions,

and no papers on active transmitting antennas warc submitted for presentation.
"Although it is unlikely that drastic improvements in antenna performance wIll I
be obtained, there is the possibility that the use of active monopoles and

• ... loops for transmission will facilitate efficient broad-band excitation of
!.r .. '( platforms, such as tanks and helicnpters. "
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S8) Development of very fast electronic tuning ind switching circuits
for small antennas.

The availability of such circuits would permit the use of fast fre-
queticy hopping (FFH) techniques, without necessitating antennas with large
instantaneous bandwidth.

(9) Study of proximity effects on manpack antennas.

A better understbnding is needed of the effects of interaction of
manpack antennas with the hLman body, with manpack attachments, such as the
microphone cord, and with the ground. Experimental evidence
indicates that the nonuniform distribution of conductivity and permittivity
throughout. the body significantly affects interaction. Taking thebe inhomo-
geneities into account may render numerical modeling inefficient, and an
"experimental study appears to be the more proilsin_ approach at the present
time. With regard to the investigation of ground effects, see Item (10).

(10) Development of an efficient numerical method for calculating ground
effects on near-earth antenna5.

( !In many situations, Army tactical communication antennas radiate in
t• close proAimity to the earth's surface. Currently-available computer codesfor the study of such -itennas use upproximations to take earth effects into

account. A consequence is that they become inaccurate when the antenna height
above grouni is decreased substantially below a quarter wavelength. (Computed
radiation patterns .nay still be acceptable, but quantities strongly influenced
by the antenna near field, such as the current distribution and input imped-
ance, become unreliabie.) On the other hapd, codes using the rigorous Somnmer-
feld integrals are usually numerically inefficient. A numerical method which
combines high accuracy with numerical efficienicy is needed for near-earth
antenna studies.

t Note that small phase errors in the ground-reaction field strength may
result in substantial errors in the input resistance and radiation efficiency
of small antenras. (Since their input- impedance is usual,,, purely reactive,
even a small phase error can lead to a large error in input resistance.)
"Hence, accuracy requirements may be stringent.

Specific applications include the investigation of earth effects on
manpack antennas and the design of lightweight, transportable HF-whip antennas
and their ground systems, which may typically consist of a few short radial

. '-~ wires. The effectiveness of a small counterpoise in reducing HF ground losses
can be inferred from a recent study* on near-earth dipole antennas, which 4
shows that the major poavtion of these losses occurs within a radial distance

C. M. DeSantis, P. V. Campbell, and F. S.hweting, "An array-technique

for reducing ground losses in the HF-rarie," IEEE Transactions Antennas
& Propagation, vol. AP-21, pp. 769-773, November 1973.
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"1 �t <0.1 X about the antenna. Availability of an efficient computer method
which accurately includes ground effects would facilitate the design of

•.,• I •small tactical HF-antennas. For example, a trade-off study in terms of

factors such as weight, ease of installation, and antenna efficiency could
be conducted very economically.
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