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Discrete Multiloop, Modified Multiloop, and
Plate-Loop Antennas—Multifrequency and
Wide-Band VSWR Characteristics

Hisamatsu Nakand-ellow, IEEE Mitsutoshi Fukasawa, and Junji YamaudWliember, IEEE

Abstract—Three types of loop antennas are presented: discrete
multiloop (ML), modified ML, and plate-loop (PL) antennas. The
discrete ML and modified ML antennas are composed ofV square
loops. The N square loops of the modified ML antenna are con-
nected by wires at the loop corners. The analysis of the discrete ML
antenna shows that one of théV loops resonates when its circum-
ference is approximately one wavelength. It follows that the dis-
crete ML antenna hasN minima in the frequency response curve
of the VSWR. In contrast to the discrete ML antenna, the modified
ML has a VSWR with a wide-band frequency response: approxi-
mately 16% with N = 7, which is more than 2.5 times as wide as hI l e
that for a single-loop antenna(IN = 1). Further analysis reveals
that the PL antenna has a VSWR bandwidth similar to that of the / G.P. of infinite extent
modified ML antenna. The maximum gain of the PL antenna is ap- X
proximately 9 dB, which is very close to those of the discrete and
modified ML antennas.

(@)

Index Terms—Broad-band antennas, loop antennas, multifre-
quency antennas, wire antennas.
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. INTRODUCTION U coaxial line

N MOST applications, the loop antenna is composed of ()

a single round- or square-shaped wire [1], [2]. Althoug
some investigations have been performed for antennas wh |
the number of loops located in the same plane is more than t f
[3], a detailed investigation of such multiloop (ML) antenna | ¢, Cn ,
is required to aid in their design. For this requirement, th O, y o y
paper presents three types of loop antennas and reveals t
theoretical radiation characteristics. Special attention is paid (11::')-—| I L
the VSWR'’s of these antennas. =

First, an antenna of composed &f loops, which are dis-
crete, is investigated. This kind of antenna is designated a X X
discreteML antennaThe discrete ML antenna is excited using © (d)
proximity coupllng from arL-shaped wire (5|mply called ad" Fig. 1. Configuration and coordinate system of a discrete multiloop antenna

wire”) [4]-[8]. Note that the feed energy is transferred to the di$aying a ground plane of infinite extent. (a) Perspective view. (b) Cross-sectional
crete ML antenna by thé wire without any physical contact. view. (c) Top view ofV' loops. (d) Top view ofZ-shaped wire.

The antenna characteristics, including the input impedance, ra-

diation pattern, and gain, are evaluated using the method of Qs gified ML antenna. The VSWR, radiation pattern, and gain
ments [9], [10]. Multifrequency (multiresonant) operation is resre discussed. It is revealed that the modified ML antenna has a

vealed as a function of the number of loops, - wide-band VSWR frequency response, unlike the discrete ML
Second, the investigation is directed toward a modified Mbienna.

antenna in which the corners of tié loops are connected by Finally, a plate-loop (PL) antenna is presented. Theire
wires. The method of moments is again used for analyzing t€,sed for feeding the PL, as in the discrete and modified ML
antennas. The PL antenna is regarded as a modified ML an-
tenna with infinite loopg N = o). The analysis of the PL
Manuscript received May 16, 2001. S antenna is performed using the finite-difference time domain
The authors are with the College of Engineering, Hosei University, Koganea,_.DTD) method [11]-[13]. Itis found that the VSWR frequency
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Publisher Item Identifier S 0018-926X(02)02612-1. response is close to that of the modified ML antenna.
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Fig. 2. Frequency response of a discrete multiloop antennaMita 3. (a)
Input impedance. (b) VSWR relative to a S0line.

Il. DISCRETEMULTI-LOOP (ML) ANTENNAS

ic)
A. Configuration and Numerical Method

) ) ) ) Fig. 3. Current-amplitude distributions of a discrete multiloop anteffia,
Fig. 1 shows the configuration of a discrete ML antennaith N = 3. (a) At f; = 2.552 GHz. (b) Atf. = 2.980 GHz. (C) Atfs =

N discrete loops are located at the same heiglithese dis- 3-624 GHz.
crete loops, supported by a spacer of relative permittigjty

are backed by a conducting plane of infinite extent. Tthe j, 5re fixed throughout this paper; ~ 1 (honeycomb spacer)
loop ¢ = 1,2....N, counted from the outermost loop) has &ngp = 0.1)s.

square shape of side lengfh (circumference of’; = 45:).  The distance between the outermost and innermost loops is
In this paper, the number of loop¥;, is chosen to be odd, and(c, — ¢;)/8 = 4 mm = 0.04)3, and the middle loop circum-
hence the middle loop is theV + 1)/2th loop. The discrete ference 014 v)/2 = (Cv + C1)/2 = 1.03)3. The loop-wire
ML antenna is excited using ah wire along the middle loop. radius pi.op and L wire radiuspy, are chosen to be the same:
The L wire, whose vertical and horizontal line lengths are, r oop = Pz = 0.002)3 (these values are also used for modified
spectively,Ly and Ly, is connected to the inner conductor ojj|_ antennas in Section I11). The number of loop§, loop cir-
a coaxial line at point” (feed point). The feed poirf isonthe cymferences’; except fori = 1 and N, and center-to-center
w-axis: F(x,y,z) = F((Cn + C1)/16,0,0). Note that thel  gjistance between adjacent wirdsare varied subject to the ob-
wire is coupled to the loops without any physical contact (profactives of the analysis. These are a functiodNof
imity coupling) [4]-[8].

Based on the circumference of a conventional single-loop an-
tenna for axial beam radiation [1], the outermost and innermost Ci=[(N—-9C1+ (- 1)CN]/(N - 1) 1)
loop circumferences of the discrete ML antenfiaandC\y, are d=(C; —Cn)/8(N - 1) 2
chosen to be slightly larger and smaller than one wavelength at a
test frequency, respectively. In this paper, these circumferenéeglysis of the ML antenna is performed using an electric field
are arbitrarily chosen to b€; = 1.19A;3 andCx = 0.870)3 integral equation [9]. Applying the Method of Moments (MoM)
(these are also used for modified ML antennas in Section II[),0] to the integral equation, the current along the wire is numer-
where\; is the free-space wavelength at a test frequency ofi@lly obtained. The antenna characteristics are evaluated on the
GHz. Note that the relative permittivity, and antenna height basis of the obtained current distribution.
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Fig. 4. Radiation patterns of a discrete multiloop antenna Witk 3. (a) At f; = 2.552 GHz. (b) At f> = 2.980 GHz. (c) Atf; = 3.624 GHz.
B. Discrete 3-Loop Antenna 1.023)2.980 at f2, andC3 = 1.051\3 624 at f5, where); is the
_ . wavelength at frequency GHz.
First, the number of loops is chosen to Bé = 3. Fig. 3 shows the amplitude distributions of the currepks,
From (1) and (2), the loop circumferences; and ad- (current! = I, + jI;|I| = (I? + I?)*/?), along the three
jacent wire distanced are given as(Ci,C2,Cs,d) = loops at each frequencf(i = 1,2,3) mentioned above. The

(1.19X3,1.0313,0.870A3,0.02)3). The length of thel wire |argest current flows along the loop whose electrical length is
is chosen to by + Ly = 0.051A3 + 0.199\3 = X3/4. approximately one wavelength at that frequency. That is, one of
Figs. 2(a) and (b) show, respectively, the input impedangge three loops resonates fat Detailed calculations reveal the
Zin(= Rin + jXin) and VSWR relative to 5@ (VSWR;0)  fact that the currents along the left and rightlirected wires of
as a function of frequency. To verify the validity of the the resonant loop (for example, the curreftsy and X in
theoretical results, experimental results (dashed lines) are gtsg. 3(a)) have an in-phase relationship. In addition, the calcula-
presented in Fig. 2(b). For this experiment, a large conductifigns show that the currents along theirected top wire (for ex-
plane of 53 x 5A3 is used to approximate the theoreticahmple Y 1r andYr re in Fig. 3(a)) have an opposite-phase re-
ground plane of infinite extent. Note that the same conductingtionship with respect to the amplitude minimum pdiat The
plane is used for the following experiment work. currents along thg-directed bottom wire [for exampl&s 1r

As seen from Fig. 2(b), three minima of tASWR;o are andY’ rg in Fig. 3(a)] also have an opposite-phase relationship
obtained at three frequencigs(i = 1,2,3) : fi = 2.552 with respect to the amplitude minimum poi. Due to these
GHz, fo = 2.980 GHz, andfs = 3.624 GHz. This reveals phase relationships, the maximum radiation occurs irtde
that, at eaclyf;, one of the three loops has an electrical length oéction, withz-directed polarization, as shown in Fig. 4, which
approximately one wavelengtti; = 1.012\, 552 at f1,C> = are obtained at the aboyg(i = 1,2,3).
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The radiation field in Fig. 4 is decomposed inkp and £ (theo.
components using the spherical coordinéfes), ¢). Itis found )
that the radiation patterns for the copolarization componer
(&5 in the ¢ = 0° plane andE, in the ¢ = 90° plane) do g sl
not significantly change af;(i = 1,2,3). This is due to the
fact that the largest current, which obviously makes the great
contribution to the radiation pattern, always flows along a re 3t
onant loop (the loop with an electrical length of approximatel
one wavelength at the corresponding frequency). Further ¢
culations show that the gaifi is approximately 9 dB at each 1
resonant frequency;: G = 9.01 dB at f;,9.02 dB at f5, and

8.60 dB atfs. 2.2 24 26 28 3.0 3.2 34 36 3.8

VSWR

C. Discrete 5- and 7-Loop Antennas frequency [ GHz ]

Inthis section, discrete 5- and 7-loop antennas are analyze« (a)
obtain five and seven minima in the VSWR frequency respons 7,
respectively. Note that thé wire for the feed has the same
values used foiV = 3 : Ly = 0.051 3 andLg = 0.199)5.

Fig. 5(a) shows quintuple-frequency operation of the dis j’ St
crete 5-loop antenna. The antenna has ¥#WR;, minima
at five frequenciesf;( = 1,2,...,5). As in the discrete
3-loop antenna, at a giverf;, one of the five loops has 3
an electrical length of approximately one wavelength. Th - u
theoretical and experimental results are in good agreeme ey
The antenna shows a gain of approximatély= 9 dB at A A A A A 4 A
eachfi : (Cl,G) = (1.012)\2_55,8.99 dB) at fl = 2.55 R S S T e
GHz, (Cs,G) = (1.009\2.725,8.76 dB) at fo = 2.728 GHz, 22 24 26 28 30 32 34 36 38
(Cg,G) = (1.014)\2_952,8.80 dB) at fg = 2.952 GHz,
(C4,G) = (1023)\3232,902 dB) at f4 = 3.232 GHz, and

Multifrequency operation is also found in a discrete 7-loop
antenna, as shown in Fig. 5(b). The gain for the discrete 7-l0opjg. 5. vSWR relative to a 50 line. (a) A discrete multiloop antenna with
is approximately 9 dB, as is the case for the discrete 3-loop aiNd= 5. (b) A discrete multiloop antenna with' = 7.
5-loop antennas. In other words, the number of loops does not
significantly change the gain at each resonant frequency.

2
2
>

frequency [ GHz ]

connection wires at the four corners of the loops. The connec-
tion wires make the current distribute along all three loops (see
Fig. 8), which differs from the current distribution along the dis-
crete ML antenna, Fig. 3(a). The bandwidth fo&f @WR 50 = 2
In Section Il, it is found that discrete ML antennas have mubriterion is 14. 9%. Further investigation reveals that the VSWR
tifrequency operation corresponding to the number of laBps bandwidth is 15.8% fofV = 5 and15.9% for N = 7 with an
showing an almost constant gain. In this section, a modified ML wire of the same length.261X5 for each case. These band-
antenna shown in Fig. 6 is analyzed. The modified ML antenmadths are more than 2.5 times as wide as the bandwidth of
has the same structure shown in Fig. 1 except that the cornera ¢fingle-loop antenna (5.7%). Note that #i8WR;, for the
the IV loops are connected by wires. In the following analysisjngle loop is presented by the “single-loop” line in Fig. 7(a),
the radii of these connection wires are taken to be the samendre the loop circumference is the same as that of the center
those of the loops (i.ep100p, = 0.002)3). The configuration pa- loop for the discrete ML antennas in Sectiondl:= 1.03A3.
rameters, including’,, Cn, pr, h, ande,., and the coordinates If further reduction of the VSWR is required, the lengths of
of the feed pointt” are defined in Section II.A. The loop cir- the L wire componentsly- andL ;;, must be changed. Fig. 7(b)
cumference€’;(i = 2,3,... N — 1) and adjacent wire distanceshows an example faV = 3, whereLy + Ly = 0.045)3 +
d are again defined by (1) and (2). 0.220\3 = 0.265)3, which is slightly longer than that of the
The solid lineA -ML in Fig. 7(a) shows the theoretical fre-above caséLy + Ly = 0.057A3 + 0.204A3 = 0.261A3).
guency response of theSWR;, for N = 3, together with The frequency bandwidth for ¥SWR;9 = 1.5 criterion is
the experimental result (dashed line), where theire has a calculated to be 5.5%.
total length of approximately one quarter-wavelength at 3 GHz: The gain and radiation pattern are also analyzed fofLthi&e
Ly + Ly = 0.057A3 + 0.204\3 = 0.261A3. It is found having a length 06.261 X3, which yields the VSWR curves in
that the frequency response of tHEWR;, is smooth, unlike Fig. 7(a). The analysis reveals that the gaing¥oe 3, 5, and7
those shown in Figs. 2 and 5. This smoothness results from #sea function of frequency show similar behavior. The maximum

I1l. M ODIFIED MULTILOOP ANTENNAS
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(© (d

Fig. 6. Configuration and coordinate system of a modified multiloop antenna
having a ground plane of infinite extent. (a) Perspective view. (b) Cross sectione - [ | | ]
view. (c) Top view of N loops. (d) Top view ofL-shaped wire.

20
gain is approximately 9 dB, as in the discrete ML antennas. Thi ; ¢
gain drop from the maximum gain is small (approximately 1 dB) A
within the frequency bandwidth for €SWR;, = 2 criterion.

Fig. 9 ShOWS t,he radiation patterns @t = 3 at, 3_GHZ' Note Fig. 8. Current distribution of a modified multiloop antenna with= 3 at 3
that the radiation patterns f&¥ = 5 and7 are similar to those gHz.
in Fig. 9.

The electric fielde and magnetic fieldh obtained in the
time-domain are Fourier-transformed # and H in the
frequency domain, respectively. The antenna characteristics

So far, multifrequency operation of a discrete ML antenna amgle calculated on the basis of thdseandH. For example, the
wide-band VSWR characteristic of a modified ML antenna havadiation field is calculated by using the equivalence principle
been discussed. Inthis section, a PL antenna, shown in Fig. 1§1i4], where the electric current densiff;(= n x H) and
analyzed. The PL antenna corresponds to the structure whentfegynetic current densifyl,(= E x n) are integrated over an
number of loopsV, is infinite in the modified ML antenna case,equivalence surface, whereis the outward unit vector normal
or to a microstrip patch antenna with a square hole in the pateti.the equivalence surface. The current that is necessary for
The PL antenna is excited using anwire as the discrete andthe input impedance calculation is obtained by integrating the
modified ML antennas. For analysis, the finite-difference timmagnetic fieldH around thel. wire at the feed point. The gain
domain method [11] is adopted. The antenna analysis spac&sigs calculated using the radiation field, input impedance, and
subdivided into many Yee cells [12], each having side lengtharrent at the feed point.

AL, Ay, and A, and truncated with Liao’s second-order ab- The parameter€’; andCy defined in Section II.A are used
sorbing boundary condition [13]. The cell size in this paper i®r the width of the PLIW = (C; — C)/8 = 0.04)5. Fig. 11
chosento be\, = A, = A, = 0.0065)3. shows the components of the electric current dendity(=

IV. PLATE-LOOP(PL) ANTENNA
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Fig. 9. Radiation patterns of a modified multiloop antenna with= 3 at 3 (© (d)

GHz.
Fig. 10. Configuration and coordinate system of a plate-loop antenna having
a ground plane of infinite extent. (a) Perspective view. (b) Cross-sectional view.

J.x + J,y, with x andy being unit vectors) along the loop(c) Top view of plate loop. (d) Top view of-shaped wire.
at f = 3 GHz. In this case, thé wire has a total length of
approximately one-quarter-wavelength at 3GHz + Ly =
0.058X3 + 0.197A3 = 0.255)3). Itis found that the current is
concentrated along the conductor edges.

Fig. 12(a) shows the theoretical and experimental results of
the VSWR;0. The frequency bandwidth for €SWR5o = 2
criterion is calculated to be 16.7%, which is slightly larger than
the value of 15.9% obtained for a modified ML antenna with
N =T

The radiation pattern of the PL is similar to that of the mod- :
ified ML antenna. Owing to the similarity of the radiation pat- o .
terns and input impedances of the PL and modified ML an-
tennas, the gain characteristics are also similar. The bandwidth el
for a 3-dB gain drop criterion is calculated to be approximately
35 % with a maximum gain of approximately 9 dB.

So far, the width of the plate has been fixed tdtie= 0.04\3
and a VSWR frequency bandwidth of 16.7% (fovaWR = 2
criterion) has been obtained. Note that the VSWR bandwidth
increases a®’ is increased. For example, when the width is in-
creased tdV = 0.065)\3, the VSWR bandwidth increases to
21.5% withLy + Ly = 0.064A3 + 0.190A3 = 0.254 3. Also,
note that, as seen from Fig. 12(b), a wide VSWR characteristic ¥
similar to that in Fig 12(a) is obtained with a feed wire whose 1]
horizontal section is parallel to theaxis [15] (see the inset of
Fig. 12(b), wherd.y + Ly = 0.084\3 +0.171A3 = 0.255A3).  Fig. 11. Electrical current density along a plate loop;| @)|, and (b)|J,|.

Jx| { ASm)

{Am)

=
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