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Performance of a Meandered Line as an
Electrically Small Transmitting Antenna

Thomas J. Warnagirissenior Member, IEEEand Thomas J. Minardo

Abstract—For antennas to radiate at maximum efficiency, a resonant quarter-wave vertical. It can be seen that this
their dimensions must be on the same order as the radiated difference amounts to less than 0.4 dB [4].
wavelength. At frequencies below 30 MHz, antennas with efficient Because of this theoretical near-gain equivalence of an

radiation are often too large for mobile and portable applications. .

Smaller antennas can be made to radiate efficiently by use electrically small antenna to a full quarter-wave antenna, much
of matching networks. For installation convenience and ease has been tried to improve their bandwidth and radiation resis-
of adjustment, these networks are usually placed between the tance. Most improvements have concentrated on the addition
transmitter and the antenna input; but it has been found that = of various types of loading to electrically small antennas. The

for best radiation efficiency, matching network elements should 45445 have included capacitive, inductive, and resistive loads
be placed at points on the antenna structure. Unfortunately, . . - ' ’
installed at various points on an antenna.

such matching networks must be tuned for each transmitting o i ) k ] ]
frequency and, when mounted on the antenna, they cannot easily ~One additional technique for increasing the terminal resis-
be tuned. A meander element antenna was found to presenttance (maximum current point) and, therefore, its radiation
some electrical and mechanical properties allowing convenient efficiency, is antenna folding. This is a technique that seems
placement of tuning elements when configured as an electrically o neficial to radiation resistance without decreasing antenna
small transmitting antenna. Some simplified design guidelines - « - .
were derived from experimental data. banFiW|dth. Seeley had_ found that “capacitive top loading and
folding may be combined to produce a small broad-band

Index Terms—Antennas, electrically small antennas. antenna with high-radiation resistance” [5].

l. INTRODUCTION B. Antenna Radiation Resistance and Input Impedance

T ITS operating frequency, an electrically small antenna Kraus and others have also shown .that the rad'a“o.” re-
is much shorter than a quarter wavelength. It has opstance and, consequently, the input impedance (maximum

casionally been pointed out that such an electrically smgﬁlrrent_point) of a foIded_ gntenna can be quite high and made
antenna, free of dissipation, could take from a radio wave'S" higher by the addition of more folded elements. Most

and deliver to a load an amount of power independent 8 the folded (monopole) antennas described in the literature

the size of the antenna [1]. But the characteristics expect%r resonant structures of at least 1/4 wavelength, although

of an electrically small antenna are low-radiation resistang’aamson [6f] derlver(]j a STt of gene_rf]l equanons f or IfOI((jjed
and large reactance and, therefore, very small instantaneS‘UlIéennas ofup t?]t ree eeme?ts wit ser.|§s drebactlxe fo ? q sd
bandwidth with respect to the impedance of normal radio n any case, the important factor provided by the folde

equipment [2]. It's the matching of the antenna imped(,j“j[éructure is that the cancellation of opposite polarity currents

to the radio equipment that can significantly affect the over pm the various elements generally results in a higher average

system performance [3]. This is especially important for trangppedance along the folded element as the number of folds

mitting antennas since a good impedance match is essential fGr¢ases: Folding offers the possibility of reducing the size of

maximum power transfer and, hence, efficient radiation. an antenna while $t||| mglntglnmg a high-radiation reS|sta|jce
at resonance. If this folding is applied to small antennas (i.e.,

less than 1/4 wavelength), the increasing input impedance due
A. Improvements for Electrically Small Transmitting Antennag current cancellation may offset the reduction of radiation
It has been shown that an electrically small vertical antenrig@sistance resulting from the antenna size reduction. Work by
properly designed and installed, approaches the gain of a fifeeleyet al. [5]-[9] seems to confirm this, but no specific
size resonant quarter-wave antenna. For example, the pod@ta is presented as proof. Kraus did describe a four-element
gain for a very small antenna, a monopole less than 138 wavelength folded dipole of having an input impedance of
(0.31 m) above a ground plane at a 40-m wavelength, agpproximately 2252 at the antenna current maxima [10]. This
1.5. This increases slowly to 1.513 for an 11 ft (3.35 mip much higher than would be expected for a single-element
antenna. These gains are to be compared to about 1.62 3t wavelength antenna. What apparently has not been heavily
investigated is the effect on radiation resistance of electrically

Manuscript received October 27, 1995; revised August 18, 1998. This wo?lléna” antennas of many folds.
was supported by the U.S. Army Communications and Electronics Command,

Ft. Monmouth, NJ. C. Meander Antennas
The authors are with the Communication Engineering Department, Division . . .

10, Southwest Research Institute, San Antonio, TX 78228 USA. A meander antenna is an extension of the basic folded
Publisher Item Identifier S 0018-926X(98)09689-6. antenna to include a large number of folded elements in

0018-926X/98$10.001 1998 IEEE



1798 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 12, DECEMBER 1998

MAST

N LINES
o /‘/ (ELENENTS)

Impedance
versus

Frequency
Markers (A)

1 - 8.21 MHez
2 - 21.13 MHz
3 - 29.85 MHz
4 - 37.65 MHz

START 6. 20@ 208 MHz STOP 128.@29 883 MHz
RF INPUT FEED

Fig. 1. Prototype antenna electrical configuration.
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[J ; A’ I but had npt s_hown that radiation efficiency is maintained as
antenna size is greatly reduced [7]. Rashed’s work addressed
veraus / f l } analysis of a fairly simple meander antenna consisting of no
freaueney f l f more than six or seven elements. Meander antennas of great
1 I size reduction B = <0.5) were not addressed.
| Another interesting property of meander antennas is the
{ number of resonant modes beyond the lowest resonant fre-
J quency. Apparently, as a consequence of the various current
cancellation and reinforcements, a larger number of higher
i frequency resonances can occur on a meander monopole
AL § 2 1> v antenna than on a simple monopole of the same length. Since
e L T e | these resonances often result in low voltage standing wave

) ) _ratio (VSWR) at these frequencies, it should be possible to
Fig. 2. Impedance and VSWR as a function of frequency for a 23-ling, 5. o se of these resonances using the same tuning elements

meander antenna (connection #1).

used to tune the lowest resonant frequency. This would allow

fewer tuning elements to tune an electrically small antenna
various linear patterns (see Fig. 1). Folding the elements inh@er a given frequency range. Investigation of these resonances
meander produces resonances at frequencies much lower & multielement (23 wire lines) monopole meander antenna
resonances of a single-element antenna of equal length. Rasf®¢h above a ground plane revealed that almost any frequency,
et al. had found that the meander antenna size reduction fact@WR, and bandwidth could be obtained by appropriately
# depends primarily on the number of meander elemenigerconnecting the meander elements. Figs. 2 and 3 show se-
per wavelength and the spacing of the element widths leicted VSWR and impedance test results for various meander
the rectangular loops wher@ = [/L with a conventional element connections on the same meander antenna test model.
monopole of lengthL having the same resonant frequencs an example, note the test results shown in Fig. 3. For
as a meander antenna of lendgthThey had developed anthis test, approximately 20 MHz of low VSWR instantaneous
approximate analysis of this antenna using numerical methdundwidth was obtained at a center frequency of 58 MHz.
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Fig. 4. Prototype antenna electrical and mechanical configuration.
Il. EXPERIMENTAL INVESTIGATION RF COAXIAL INPUT

Investigation at Southwest Research Institute (SwRI)
of small-scale meandered antennas hinted at high-input /\/ CENTER POLE
impedance for antennas much shorter than a quarter wave-
length. The input impedance of a meandered 17.25 in antenna
with 21 elements (#26 AWG wire lines) was tested over a 3 ft
x 4 ft ground plane. Measured impedance at first resonance .

(20.1 MHz) was 21.92. This is much higher than would be == ==~—~ i [ et a4 LINES
expected from a monopole antenna 0.03 wavelengths long.
The basic electric structure is shown in Fig. 4.

Of course, this may not have been the maximum antenna
current point. Webb and others have measured input imped-
ances of only a few2 for conventional monopoles of this

size. Other meandered designs tried at SwWRI were fed at Lp 3FT J > le—0.25 FT
bottom of the meander folds. This produced an impedance ’1

transformation that could not be predicted with any certainty: —— — PN

For monopoles 0.03 wavelengths long, the bottom fold feet————— H :}' — _‘\i‘/“ o

points were usually at points 10-20% of the total antenna
length and produced a 2:1 VSWR bandwidth of 2—4% d&f9- 5. A 14.2-MHz meander dipole.
center frequency. This 2:1 VSWR bandwidth was about
twice as wide as bandwidths reported for reactively loaddg@nsistors (FET's), or even mechanical switches. Fig. 6 shows
monopoles 0.06 wavelengths long [4]. the basic electrical configuration of the meandered antenna
A dipole 3 ft in overall length was fabricated having a firsétructures, and Fig. 7 shows the physical configuration. The
resonance center frequency of 14.2 MHz. VSWR bandwidgyitches can be placed near the base of the structures for
of 2:1 was measured over 6.5% of the center frequency (f&sy access and efficient bypassing of conductive control lines.
Fig. 5). When tested for radiation efficiency using the Wheeldhe grounded mast allows the first meander element to be a
method, this antenna exhibited a radiation efficiency of 80bégh-strength conductive mast that can be directly connected
[11]. This is much higher than would be expected for a loadd@ the ground plane. This also offers increased safety to

dipole of 0.05 wavelengths in overall length. equipment connected to the antenna from lightning strikes.
_ . Series RF switches or shorting switches between elements
A. Meander Antenna Configurations are possible or a combination of series, shunt, and shorting

Although meandered antenna structures have been investiitches can easily be accommodated at the base of the
gated by others, there have been no known attempts to cantenna structure for optimization of antenna bandwidth, tuned
struct practical meandered antennas for tunable applicatiofigquency, or VSWR. Wide spacing between the elements
SwRI has developed several basic meander structures that lend high RF voltage points allows transmission of high-power
themselves to switch tuning; switch tuning being the low-losgithout arcing. The meander antenna appears to be equivalent
connection or disconnection of elements at various points ekectrically and physically to a vertical monopole and so
the antenna to optimize performance. Practical RF switchegn be optimized for any electrical feature of a monopole.
can be solid-state devices such as p-i-n diodes, field efféd previously described, dipole configurations can also be
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Fig. 9. Number of lines for a typical meander antenna as a function of
antenna size reduction factor.

B. Meander Antenna Design

The meander design information supplied by Rashed and
Tai was minimal, but proved a starting point [7]. As a result,
several meander antenna test models were built and their
resonant frequency and VSWR measured. From this test data
and that supplied by Rashed and Tai, it was possible to
generate a set of rudimentary nomographs for design of any
meander antenna of the = 2 type per Rashed and Tai (two
folds per three lines as shown in Fig. 1). Fig. 8 shows the
expected antenna size reduction for a typieal= 2 type
meander antenna as a function of the line-spacing to line-
diameter ratio. Note that the reduction factor does not change

constructed consisting of two monopole meandered structugggatly for line-spacing to line-diameter ratios exceeding about
end-to-end fed through a balun or unbalanced at their comm2® Fig. 9 shows antenna size reduction fagtas a function

point (see Fig. 5).

of the number of antenna lines. The nomograph of Fig. 9
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applies to antennas with high line-spacing to line-diametes] K. Fujimoto, A. Henderson, K. Hirasawa, and J. R. Jan8mall
i 20 Antennas New York: Wiley, 1988, pp. 4-9, 37, 236—-239.
ratios 20). 1as i
. é4] J. Sevick, “The W2FMI ground-mounted short vertical,” Tine ARRL
These nomographs are only useful for determining the” antenna Anthology: American Radio Relay Leagulewington, CT:

lowest resonance for a meander antenna of a particular size and Amer. Radio Relay League, 1978, ch. 1, pp. 25-29.
; ; e E. W. Seeley, “An experimental study of the disk-loaded folded

elemen.t spacing. The higher .fre.que.ncy resona.nce.s are dlﬁ!cm monopole,” IRE Trans. Antennas Propagatvol. AP-4, pp. 27-28,
to predict because of the variation in current distribution with 335 1956.
frequency on an antenna with more than three or four folds (sit€l 2- w. HagiSm “Molmfglilwith LT‘Q’EC%S Bo?diggggEE Trans.

: e ntennas Propagatvol. -11, pp. —400, July .
or elght elements). Althoqgh these resonances are dlﬁlcuIF | J. Rashed and C.-T. Tai, “A new class of resonant antendEEE
predict, they are movable in frequency and VSWR by changing  Trans. Antennas Propagatol. 39, pp. 1428-1430, Sept. 1991.

the ground plane size, feed point, and/or electrical length of thi! J. A. Seeger, R. L. Hamson, and A. W. Walters, *Antenna miniaturiza-
. . . tion,” Electron. Designvol. 3, pp. 64—69, Mar. 1959.
antenna. So, by placing a number of switches at key points, g g.w. Seeley, D. Burns, and K. L. Welton, “Cap-loaded folded antenna,”

band of interest could statistically be covered with acceptable IRE Nat. Convention Rec., Naval Ordinance Lab., Corona, CA, pt. 1,

: - pp. 133-138, 1958.
low VSWR at most if not all frequencies. [10] J. D. Kraus,Antennas. New York: McGraw-Hill, 1950, p. 418.

[11] H. A. Wheeler, “Small antennaslEEE Trans. Antennas Propagatol.
lIl. CONCLUSIONS AND OBSERVATIONS AP-23, pp. 462-469, July 1975.

Meander antennas of many elements appear to offer good
radiation efficiency with considerable size reduction compared
to conventional half- and quarter-wavelength antennas. Al-
though the VSWR bandwidth of meander antennas is bet
than many electrically short antennas, it can also be improv
by switching the phase relationship of the various elemen
Switching can be accomplished mechanically or by electrical
controlled switching elements (p-i-n diode switches, FE
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