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Coupling Between Transmission Line Antennas:
Analytic Solution, FDTD, and Measurements
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Abstract—Transmission line antennas are widely used elements. of FDTD will not be discussed or illustrated here as it is
Analytical formulations for the coupling between transmission \ell documented and has been successfully applied to a
line antennas, e.g., loops and inverted-L’s, are developed. Fur- variety of problems. The FDTD method is based on Yee's

thermore, corrected current distributions that exhibit nonzero lqorith 3 d is th hi ined in 4 d s
input current at the antiresonances of such elements are derived. 2/90MNM [3] and is thoroughly examined in [4] and [5].

The analytical results are compared with finite-difference time- In this paper, an efficient technique that calculates the two-
domain (FDTD) calculations and measurements. Also, the physics port network parameters of a system of two antennas is

of coupling is discussed. Finally, an FDTD technique that effi- developed. Furthermore, the behavior of coupling is discussed

ciently computes the two-port network parameters_of a system 5.4 physical interpretations are provided.
of two antennas is developed based on a source with an internal

resistance.

Index Terms—FDTD methods, mutual coupling, transmission Il. DEFINITION OF MUTUAL COUPLING

line antennas. The mutual coupling between two antennas was initially
modeled using theZ parameters of the equivalent two-port
network. Assuming that;(0;s;) is the current distribution

_ ) _in the first antenna due to an applied voltagesat= 0 and

RANSMISSION line antennas are widely used WIrgs_ 1 (s2) is the electric field intensity produced by this current

antennas. Due to their low profile they find a varietjong the second antenna, the mutual impedaficebetween
of applications in different areas of communications SuGRe two antennas is written as

as missile telemetry, mobile telephony, aeronautical mobile 1 59
communications, and airborne platforms (such as helicopters, Ty = — / E, 1(s2)15(0; s2) dso (1)
airplanes, missiles, etc.). Different shapes and configurations Lindio

such as inverted-L, inverted-F, loop (‘towel-bar”), and wherel>(0; s2) is the current distribution in the second antenna

antennas have been used to shift the resonance of the tr?pu%- to an applied voltage across its terminals-at= 0 and
mission line antennas. Also, other designs such as pIar}ar

. . 1 and; » are the input currents of the antennas. Equation
inverted-F antennas_(PIFA) have been proposed n order(_fL was first derived by Carter [6] and assumes that the field
reduce the size and increase the bandwidth of the antennaég \(s2) is known

Transmission line antennas were analytically analyzed bygepai noff and Fris [7] generalized the definition of (1) by
Kn‘_\g ‘f.jmd Harrison [1] who derived formulas for the drlV'”Qntroducing one more integration in order to comphBte; (s2).
point mpedance of such eIements.lAIso, Wunscra'l. WEr€ " consider the free-space transmission fa@ts;, s2) between
able to derive closed-form expressions for the driving poi o antenna elementds; and ds,, which is defined as the

|mpedqnc_e of_a small inverted-L _antenna [2]' Even ,thoug tio of the electric field intensity at along the tangent to the
transmission line antennas are widely used in today’s CORye

o . . ementds» to the moment of the current at flowing through
munication systems, they have not been extensively discus éj?alemen'dsl. Then the electric field intensitg, . (s2) can
in the literature, especially in terms of analytical formulationSe written as >
and measurements. In this paper, the coupling between two .
transmission line elements such as loops and inverted-L'’s, Eur(s9) :/ 12 T(sr. 32)L,(0: 51 dsn. @
is analytically formulated by using two different integral ’ 511

defin[tions of the mutug : impgdance. These two defi.nitions Efonsequently the functidfi can be obtained from the electric
?E&Fg;ngng?;rg dtgﬁ ?r?esino;l tl,:i:‘eﬂurcei%Ifslegtreorggr%nztr'g;ovrvﬁtehfieId of an infinitesimal electric current elemeit Finally, the

: : yuc are comp . generalized definition formula for the mutual coupling between
numerical computations obtained by finite-difference time-

domain (FDTD) and also with measurements. The theorvy\/l0 antenna elements is obtained by substituting (2) in (1)

I. INTRODUCTION
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.z ‘ etc. Obviously, a loop antenna becomes a short-circuited
=~ b, I—» transmission line (SC-TL) antenna after the use of image
,,,,,,,,, $52 theory. The mutual impedance between two SC-TL antennas

will be computed in two ways.
The first approach is based on the assumption that one an-
1.(2) tenna is located at the far-field of the other antenna. Therefore,
Qage plane the electric field involved in (1) is the far-zone field of the
SC-TL antenna. The electric field of a SC-TL antenna in the
far-field can be deduced by the vector potential derived by
King for a transmission line antenna [1]. A SC-TL antenna
X exhibits A, and A. components of the vector potential, as
it consists of currents along the and z directions. These
L two componentsd, and A, can be deduced from King's
L) 1,2 d formulations. Additionally, the electric field components in
: the far field can be written in terms of the vector potential
components as [8]

] _(__@__ _______ Ep >~ —jwA (4)

Iy , By~ —jwAy. (5)

: However, the calculation of the mutual impedance involves
the tangential components of the electric field to the branches
of the SC-TL antenna, which are th&, and £, components.
induced EMF metho@8]. The accuracy of the first approachThese Cartesian components can be computed by performing
based on (1), depends on the knowledge of the electric figltoordinate transformation of the spherical components given
radiated by one antenna and the current distribution on th¢ (4) and (5). Obviously, the integration of (1) can be
other antenna. However, the electric field radiated by complg¥parated into four integrals

wire antennas, especially in the near-field zone, is not usually 59
known. On the contrary, the accuracy of the second approach, 7, = / E.lo.dz, aty=d, z=-b/2 (6)
based on (3), depends only on the knowledge of the current 0

Fig. 1. Loop antennas and their images.

T . 0
distributions al_ong the two anten_nas,_whlch are usually known I = Fulods, aty=d, o=by/?2 )
or easy to derive even for multijunction wire antennas. 59
—0/2
IIl. ANALYTICAL FORMULATION OF COUPLING I =/ Eplpde, aty=d, z=0 (8)
b/2
In this section, the mutual coupling between two wire 2/2
antennas is analytically formulated. The approach followed I :/ Eolodz, aty=d, z=so 9)
herein is based on the induced EMF method and involves —b/2

either the single or double integration described by (1) agthare £

] ; : »1 and E_; are the electric field components in
(3), respectively. The interference between wire antennas t far-field zone of the first SC-TL antenna. Moreover, the

are mounted on infinite ground planes can be analyticallyieqrations of (6)-(9) can be carried out numerically if the
computed by using image theory. Therefore, by applying, rent distribution along a SC-TL antenna is known. Different
image theory a rectangular loop antenna becomes a tWo-Wl{@,ent distributions of SC-TL antennas are examined later in
short-circuited trqnsmssmq Ilng, and an _|n\{erte_d—L antenpgs paper and their advantages and disadvantages are outlined.
becomes a two-wire open—cwcu_lted transmission line. It should o second approach for computing the mutual impedance
be pointed out that the mutual impedarite of two antennas payyeen two loop antennas is based on (3), which consists of

placed on an infinite ground plane is equal to one-half of the o pje integration. In the case of SC-TL antennas, there are
Z12 of the equivalent problems computed by image theorKNo transmission factor&. andT.

S ) . . ., s currents exist along the
Furthermore, application of image theory in the case of f|n|&e and » axes, respectively. The factdF, expresses the field

ground planes should give fairly accurate results as the mutgglan infinitesimal current element along theaxis, andZ.

coupling is not greatly influenced by the finite dimensions Qf,resses the field of an infinitesimal current element along

the ground plane, provided the ground plane is not very smgll . ayis. Notice that the transfer function considers only

or the feed is not very near one of the edges. the tangential components of the electric field to the wire

) antenna, which, in this case, are the and £, components.

A. Mutual Coupling Between Rectangular Loop Antennas Therefore, theZ’. function has two components nameily,,
Two loop antennas along with their images are shown and 7., and theZ, function has also two components.,.

Fig. 1. These configurations of the loops are often referrethdZ,... The mutual impedance of two loop antennas can be

in practice as “towel bar” antennas and find wide applicatiazalculated from (3) by double integrating the product of the

in airborne platforms such as helicopters, airplanes, missilégnsfer functions and the currents of the respective SC-TL
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antennas. The integration can be separated into 16 differéftof a SC-TL antenna were derived by King as

integrals. i .
30/32b <1 B S1n(2/3$e)>7 X; =, Z,tan(S3s.)

= cos?(fs.) 20se

B. Mutual Coupling Between Inverted-L Antennas (13)

The mutual coupling between two inverted-L anténnaghere 7, is the characteristic impedance of the two-wire
can be formulated following a similar procedure to the ongansmission line model. The input resistance and reactance
illustrated for the loop antennas. The details of the formulatif} 5 Sc-TL antenna can be referred to the maximum current
are described in [9]. of a SC-TL antenna as follows:

Ri|Li|* = Ra|lo|*,  Xi|Li]* = Xa|Io|? (14)

where[; is the input current and, is the maximum current.

o ) _ Considering that the currents and I, according to King’s
The current distribution of a shunt-driven reactively tergerivations are

minated transmission line was developed by King [1]. In I

i i - i Li=1, In=—%— (15)
this paper, only loop and inverted-L antennas are examined. i =4g, Lo cos(f3s.)
Their current distributions can be derived using either King' ¢
derivations or the transmission line theory for a short and op
circuited lossless transmission line [10]. Moreover, addition
terms in these current distributions are added to treat tﬁg:30[32b2<1
parallel type of resonances (antiresonances).

IV. CURRENT DISTRIBUTIONS ALONG
TRANSMISSION LINE ANTENNAS

t?lne input resistance and reactance of a SC-TL antenna referred
gcr the maximum current become

- m;;—f)) . Xo=cZosin(fs.) cos(fs.).
(16)

A. Current Distribution of a Loop Antenna The radiated power may be expressed in terms of either the

Following either King's formulations or the transmissionmpUt voltage or the maximum current as

line theory for a short-circuited lossless transmission line, the P = lGin — lRajg (17)
2 2

current distribution along a loop antenna can be written as ) . ) )
whereG; is the input conductance, i.e., the reciprocal of the

I.(z) = Iy cos[B(s. — 2)]. 0<2< s (10) input resistanceR; and R, is the radiation resistance. At

I, = L(0) = Iycos(Bs.), I, =I.(s.)=1I, (11) resonance, the maximum stored magn_enc enétgyshould

be equal to the maximum stored electric enefgy The loop

where s, is the actual length of the loop antenria= 6/2 antenna will be treated again as a short-circuited transmission
is its height, ands. = s, + h its effective length derived by line (SC-TL) antenna. Considering the first parallel resonance
King showed to account for the variation of the transmissiodf the SC-TL antenna, = A/4 the maximum magnetic energy
line parametersk, L, G, andC near the end of the line.  can be obtained from

This current distribution can be used in conjunction with 1

A4 1
_ 2 _ 2
the induced EMF method to compute the self and mutual Em = QL/O ()] dz = Te LMo (18)

impedances of loop antennas. The accuracy of the reS'\'/UﬁereL is the wire inductance per unit length ahg:) is the

obtained by the induced EMF method, depends greatly on &, \soidal current distribution along the antenna. Similarly,
accuracy of the current distribution. The current distribution %e maximum electric energy can be obtained from

(10) gives accurate results at all frequencies, except the ones R

, : 1 /4 1
where the input currenf, becomes zero. This occurs when the & = —O/ V()2 dz = —CAV?2 (19)
effective length of the antenna is an odd multiple of quarter- 2 Jo 16 ‘
wavelength, i.e.cos(fs.) = 0; these frequencies correspondvhere C is the capacitance per unit length akdz) is the
to the parallel resonances of the loop (antiresonances). Corsirusoidal voltage distribution along the antenna. Equating
quently, the division with the input currents, that is involvethe magnetic and electric energies, the following relation is
in (1) and (3) does not give valid results at the antiresonanaststained:
of either antenna. This problem can be treated by adding a
guadrature term that will prevent the current from vanishing. Vi _ \/Z -7 (20)
The approach illustrated below follows the approach presented Iy C o

by Friis and Schelkunoff [7] for dipole antennas. In order for .

the current on a loop not to vanish at its parallel resonances,so{ﬂq”arly' it can be shown that (20) holds at all the parallel

appropriate weighted sinusoidal term is added to the Curréﬁ{sqnances of the antenna. Furth'ermore, using (17) and (20),
the input conductance can be written as

distribution ! )
I R, VA
I.(2) = Ipcos[f(s. — 2z)] + jplosin(Bs.) 0< z< s, Gi = RGW = 72 R = Ry’ (21)
(12) Combining (21) and (14), the following relationship is derived:
|I7| _ Ra Ra

The only remaining task is to determine the values of the =, [ (22)
coefficientp. The input resistanc&; and the input reactance ol R; Zo
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where R, is the radiation resistance of a SC-TL antenna at
its parallel resonances, i.&, = (2n+1)A\/4,n =0,1,2- -,
which can be written according to (16) as

R, = 303212, @3)
s
Moreover, when the SC-TL antenna operates at one of its

antiresonances, the corrected current distribution described by
(12) becomes

i = jplo. (24) Fig. 2. Augmented system of two generic antennas with voltage sources.
From (22)—(24) the coefficient can be written as
272 . . . . . .
R, _ 30570 (25) FDTD simulations is that in some applications, e.g., resonant

P Zo Zo lossless structures, tens or even hundreds of thousands of time
Notice that (25) is correct only at the antiresonances of &feps may be required for the transient fields to decay.
SC-TL antenna. However, the standard current distributionA novel, effective, and very simple excitation technique to
is significantly affected by the correction term only at thémplement for reducing the FDTD simulation time is based on
antiresonances. Therefore, (25) can be used to provide valdesource with an internal resistance. Initially, this method was
of p at all frequencies. Hence, the corrected current distributigied in [11] to excite microstrip patch antennas. In addition,

can be written as the expression for a voltage source with an internal resistance
.303%02 in parallel with the free-space capacitance of the FDTD cell is
L(2) = Tocos[B(sc — 2)] +J Zo fosin(fsc) given in [12]. However, the advantages of this method were

0<2<s.. (26) Iillustrated and outlined explicitly only in [13]. Besides, when a

Furthermore, the input resistance of a SC-TL antenna, referfdg@Plém involves the calculation of the network parameters of

to the corrected current at the input terminal, can be deducdgystem of antennas, then a modifieq approach should b? used.
from (14) and (16), i.e., The augmented system of two generic antennas along with the

) 5 voltage sources is shown in Fig. 2. This system can be thought
M) ol of as the cascade connection of three two-port networks, as
2fs2 |Z:? illustrated in Fig. 2.

|1o|? 27) The proposed approach requires to initially compute¥he

R, = 30/3252<1 —

X; = .Zysin(Bs.) cos(Bs.)

|Z;]2 parameters of the entire system including the antennas and
where; is the corrected input current of the SC-TL antennée load resistors. Then, the parameters of the system are
given by converted to ABCD parameters. It can be readily shown that
303262 the ABCD matrix of the overall antenna systetBCD,,,; can

0/3<b
1; =1.(0) = Ipcos(fs.) + j
Z0

—1
Notice that the input resistance and reactance of a loop antenna |:Aant Bant:| _ |:AR51 BR51:| |:Atot Btot:|

Ipsin(f3s.).  (28) be computed by the following expression:

is equal to one-half of the input resistance and reactance of |[Cant Dant Cr,, Dr, Ciot Dot
the corresponding SC-TL antenna given by (27). Ar., Br, -1
X (29)
Cr., Dr.,

B. Current Distribution of an Inverted-L Antenna The computedABCD,,, matrix of the two antennas can be

The formulation of the current distribution of an inverted-leonverted (if needed) to any other type of two-port network pa-
antenna is not described here as it follows similar methodologéymeters using the appropriate conversion formulas. Following
with the loop antenna [9]. Note, that the derivation of thghe method described, computation of the ABCD parameters of

corrected current distribution for an inverted-L differs to thahe two antennas can lead to great savings in the computational
of the loop only in the fact that the inverted-L exhibits ajme.

sinusoidal current distribution.

V. EFFICIENT COMPUTATION OF VI. DISCUSSION ON THEBEHAVIOR OF MUTUAL COUPLING

TwO-PORT NETWORK PARAMETERS Here the coupling between two side-by-side dipoles is

The computation of the input impedance of an antenna examined in order to discuss the physics of coupling between
the network parameters of a system of antennas by FDTiire elements and draw some general conclusions. The admit-
involves the Fourier transform of the input voltages angince(Y) parameters can be used to model the two dipoles
currents. Therefore, using a transient excitation (pulse) the a two-port network. The mutual admittandgs and Yo,
impedance or the network parameters can be determined owlich express the coupling between the two dipoles, are equal
a frequency band by fast Fourier transforming (FFT) the timéoar reciprocal systems. The mutual admittaiée is chosen
domain data. The basic requirement for the FFT to work e be used in the following formulation. Using the sinusoidal
to allow enough simulation time for the transient phenomemarrent distribution for a very thin dipole [8] (ideally zero
to decay. However, one of the main difficulties involved imliameter) along with the definition of thé parameters it can
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be shown that the mutual admittankg (w) can be written as ;¢

3l 31 A
lel'rn (CU) sin /_1 sin /—2 10° F ! !
V=0 2 2 i g
2= ’

(30)

IOQ(CU)
I()l (w)

Ygl (w) = [

Magnitude
=

where Y11, (w) is the self admittance of antenna 1 referred
to the current maximum andy; (w) and Ip2(w) are the am-
plitudes of the sinusoidal current distributions of the dipoles. 10’

tem{ff

A similar expression forY12(w) can also be derived. It can F — Analytical (Corrected current)

be concluded from (30) that the coupling between the two [ == peoacs Standardeurrent) - o

dipoles depends ol (w) and the faCtOBin(%) Sin(%)- 100500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Therefore, the coupling can be intenseYif;,,(w) is large; Frequency (MHz)

i.e., antenna 1 operates near one of its odd resonances, or if (a)

the product of the sinusoids is large. The sinusﬁi«(%) o

peaks when the length of antenna 1 is an odd multiple of | W )

half-wavelength, i.e., antenna 1 operates at one of its odd res- gy | ‘

onances (or series resonances). Similarly, the sintsiam@éfé—z)
peaks when antenna 2 operates at one of its odd resonancgs3®|
Combining the above, the factein(Z)sin(22) may peak 8
when the operating frequency is close to one of the od

resonances of either antenna. However, if one of the antenngs,, |
operates at one of its even resonances (or parallel resonancgs)
then its respective sinusoidal term vanishes and therefore the-6o -

coupling Y12(w) or Y31 (w) also vanishes. Summarizing, the

90

. . . . 90 | —_ Analytical (C ted t)
interference between the two dipoles can be intense if the T Analytical (Standard current) |

operating frequency is near one of the odd resonances of either,, L _  Measurements s

antenna. Another important conclusion is that the factor of the ¢ 500 1000 1500 2990 2509 °700 3600 4000 4500 5000
. . . . . requency (MHz)

two sinusoids describes the behavior of coupling.

The conclusions asserted by this example can be gener- ()
alized for any kind of antenna. An antenna has two typé&#- 3. Inputimpedance of two identical loop antennas. (a) Magnitude. (b)
of resonances: the series and the parallel type of resonanE88%®:
The series type of resonances are more broad band than the
parallel type of resonances (antiresonances), and they are much VII. RESULTS
easier to match as they exhibit input resistances close to the
characteristic impedances of standard transmission lines. On
the contrary, the antiresonances are extremely narrow band andoop antennas are widely used transmission line antennas.
exhibit very large values of input resistances that are difficd this section, the mutual coupling between two loops is
to match with practical transmission lines. Consequently, @amalytically computed. Moreover, the analytical results are
antenna usually is operated at one of its series resonancesipared with the corresponding FDTD calculations and
where it provides a good match to a transmission line angigasurements. In order to validate our approach, a geometry
therefore, can radiate efficiently. Thus, if no coupler is used @ two identical loops mounted on a finite ground plane (often
match an antenna to its feeding transmission line, the anteraterred to in practice as “towel bar” antennas) is initially
will radiate effectively only at or near its series resonancegxamined (see Fig. 3). The two loops are 10 cm long, placed
Moreover, when an antenna operates at one of its antirdsem above the ground plane, the distance between them is
onances, it does not only transmit power inefficiently, butO cm and their wire radius is 0.4 mm.
also receives inefficiently, according to reciprocity theorem. First, FDTD was used to calculate thé parameters of
Therefore, it can be concluded that the coupling between tte two loops without any modeling of their wire radius.
antennas that are connected directly to their transmission ling®p antennas are extremely resonant as they exhibit a short-
(no matching circuit is used) can be intense at or near ogiecuited end. Therefore, a voltage source with an internal
of the series type of resonances of either antenna, providedistance?, = 50 2 was used in order to calculate efficiently
it is not near an antiresonance of the other. On the contratlye Y parameters of the two antennas and reduce substantially
the coupling between such antennas is low at or near die computation time. In the FDTD simulation the cell size
of the antiresonances of either antenna, independently of thas 2 mm, the computational space was 22020 x 26
electrical length of the other. These conclusions are vetglls, and the computational time was 4 000 time steps.iThe
important because they describe the behavior of coupling goarameters were converted foparameters by assuming that
predict the locations of possible peaks and nulls. the characteristic impedance of the transmission line i§250

Loop Antennas on Ground Planes
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In order to compare the accuracy of the different current -10 —————— : ‘ — —
distributions, i.e., standard versus corrected, the analytically ,,[ /
computed input impedance of the two identical loops is
compared with measurements in Fig. 3. The magnitude of *°[
the input impedance computed using the standard current-4
distribution blows up at the antiresonances of the loopsg 5, |f
whereas the corrected one provides levels that remain finit"é,
and close to the measured ones [see Fig. 3(a)]. On the othaér ™ |
hand, the phase of the input impedance is the same for both-7
current distributions as the resonant frequencies are the sameg |:
for both of them [see Fig. 3(b)]. Notice, that the analytically _90: ,,,,,,,, Analytical (Far-Field)
computed input impedance does not agree very well with ~ | == 4pabtical (TearFicld) ]
the measurements at the higher frequency band and the'® 5 Toss 1500 2000 2500 3000 3500 4000 4500 5000
resonances are shifted. This error is attributed to the formulas Frequency (MHz)
derived by King that compute the self impedance of a loop (@)
and will be readily explained later in this section. It should
be emphasized that although the analytical calculations 10 ,
apply image theory, i.e., infinite ground plane, that does not g
significantly affect their accuracy because the input impedance
is not strongly influenced by the ground plane dimensions -%°|
as other antenna characteristics such as the patterns. 40

Additionally, the coupling between the two loops was ana%
Iytically computed by three different approaches by aSSumin%-so i
that the ground plane is infinite. The radius of the wires was wl
taken into account only in the computation of the characteristic
impedanceZ; in (20). The first approach is based on the -7
assumption that one of the loops is located at the far-field zone , // " Aoaistical (Near-Field) |
of the other loop and their mutual impedance was computed o _wem_ " -~ Measurements ]
as described in Section Ill. The second approach uses the © 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

) . Frequency (MHz)
near fields produced by the loops in order to calculate more
accurately the mutual impedance and it is also discussed in (b)
Section Ill. In both approaches the current distribution of (1 jg- 4. 512 of two identical loop antennas. (a) Standard current distribution.
(which vanishes at the antiresonances of either loop) wik Corrected current distribution.
used and the self impedances were calculated by the formulas
derived by King. The third approach computes the mutuaiethod is used along with the corrected current distribution it
impedance by using the near-field formulation along witleads to valid results at all frequencies as it does not vanish
the corrected current distribution of (26) that is valid at alit the antiresonances. The calculations of this method along
frequencies. Moreover, the self impedances of the loops wevith the FDTD results and measurements are demonstrated in
calculated by referring them to the corrected input currefig. 5(b). Evidently, the near-field method combined with the
as presented in Section IV. All the integrations involved igorrected current distribution is the most accurate approach of
the calculation of the mutual impedance were carried otie three analytical methods. It should be also pointed out that
numerically by using a 16-point Gaussian quadrature. the two methods (far-field and near-field methods) that use the

Fig. 4(a) illustrates the results of the first two analytical agtandard current distribution cannot be applied to accurately
proaches and compares them with the FDTD calculations aswimpute coupling between two unequal loop antennas. In
measurements. Obviously, the FDTD results exhibit excellesiich a case, the resonances of the antennas will be different;
agreement with measurements. Moreover, $he parameter thereby, invalid results will be obtained at the antiresonances
computed by the analytical far-field method does not agreé either antenna. Therefore, the results will be greatly dis-
very well with the measured data. However, as expectadrbed at and near these frequencies yielding poor accuracy at
the analytical near-field method gives improved accuracy aadsubstantial part of the bandwidth under examination.
compares fairly well with measurements. The discrepancyAfter validating our procedure and establishing the most
between measured and analytically computed coupling is maecurate way to analytically compute coupling, the geometry
profound at the higher end of the band and is due to the shiftaff two different loop antennas, shown in Fig. 5(a), was ana-
the analytically predicted resonances of the loops (see Fig. §ked. TheS parameters were computed by FDTD following
As already stated above, the source of this error will be idea-procedure similar to the previous case. All the simulation
tified later this section. Furthermore, the analytical solutioqmrameters, including cell size and total number of time
based on the noncorrected current distribution do not give valiteps, were the same as previously. In addition, the mutual
results at the antiresonances of the loop antennas [observeitiygedance of the two loops was analytically computed by
deep nulls in Fig. 4(a)]. On the contrary, when the near-fiebmbining the near field method with the corrected current
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distribution. The analytically computef;, is illustrated in
Fig. 5(a) along with the FDTD results and the measuremenggtter as the length of the legs of the loops becomes smaller.

Obviously, the FDTD computations compare very well wittconsequently, it is suggested that the analytical procedure
the measurements. Also, the agreement between the analy§tguld be used to compute tite parameters between two
and measured data is very good in the lower frequency baPps only when the length of the legs of the loops is small
but it deteriorates at the higher band. This can be partiaf@mpared to the wavelength.
attributed to the failure to predict accurately the resonances of
each antenna at the higher frequencies. It should be pointed

B Inverted-L Antennas on Ground Planes

out that King derived the current distribution of a loop anten
based on the assumption that the length of its two legs is smallnverted-L antennas are widely used transmission line anten-

compared to the wavelength. This assumption assures thatris. In this section, mutual coupling between two inverted-L’s
current along the two legs is constant. However, in the geots- analytically computed. Additionally, the analytical com-
etry analyzed above, the length of the legs of the loop is 1 quatations are compared with the respective FDTD results
or A/6 at 5 GHz. Therefore, at the frequencies close to 5 GHand measurements. A geometry of two identical inverted-L's
the length of the legs is comparable to the wavelength. THi® cm long placed 1 cm above a finite ground plane is
fact causes the disagreement exhibited mainly at the higher examined here (see Fig. 6). The distance between them is 10
of the band, between the analytical and the measured datacm and their wire radius is 0.4 mm.

To verify our interpretation, another geometry was analyzed.First, FDTD was used to calculate thé parameters of
This geometry was exactly the same as the one illustratedtlive two inverted-L’s. The procedure followed to compute the
Fig. 5(a) except that the length of the legs of the loops wasupling as well as the simulation parameters were the same
smaller; the legs were 4 mm long (2.5 times smaller thamith the ones described in the analysis of the loops. In addition,
before). Fig. 5(b) shows the analytically computad param- the analytical computations were performed for the same three
eter for the second geometry and compares it with the FDTdases as for the identical loop antennas, namely: a) far-field
results and measurements. It is evident that the agreemapproach with standard current distribution and b) and c¢) near-
between the analytical results and the measurements becofiedg approach for standard and corrected current distributions,
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respectively. The analytical calculations along with the FDT2] M. Piket-May, A. Taflove, and J. Baron, “FD-TD modeling of digital

results and the measurements are demonstrated in Fig. 6. signal propagation in 3-D circuits with passive and active loat=EE
Trans. Microwave Theory Teghvol. 42, pp. 1514-1523, Aug. 1994.

[13] R. J. Luebbers and H. S. Langdon, “A simple feed model that reduces
VIIl. CONCLUSION time steps needed for FDTD antenna and microstrip calculatitBEE
Trans. Antennas Propagatvol. 44, pp. 1000-1005, July 1996.
In this paper, the coupling between transmission line type

of antennas, such as loops and inverted-L’s, was analytically
formulated. The analytical formulations were based on differ-
ent definitions of coupling and the use of image theory. Th
definition of coupling as derived by Carter is not very use
as it requires the knowledge of the field radiated by one of tl
antennas. However, the definition of coupling by Schelkung
and Friis is more versatile as it requires only the knowledge
the current distributions along the two antennas. Furthermo
corrected current distributions that exhibit nonzero input cu
rent at the antiresonances of such antennas were develg
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in order to compute accurately the coupling between su In August 1996, he joined the Telecommunica-
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glements at all frequencies. The coupling _between two 100P DiGraduate Research Assistant in computational electromagnetics for the
inverted-L antennas was computed analytically and by FDTBdvanced Helicopter Electromagnetics (AHE) Program.

The FDTD results always exhibited excellent agreement with
the measurements. Also, the analytical computations compared
fairly well with the FDTD and measured data. Notice, that
these formulations can be easily extended to analytica
formulate the coupling between any type of transmission li
antennas, e.g., inverted-F'3{ antennas, etc. By formulating
the coupling between two dipoles, the physics of coupli
was discussed and conclusions for the general behavior
coupling were drawn. It was shown that the coupling betwe
two antennas depends on the electrical length of either elemée™7 / {G o with P 5

; ; i i ; e ineering, West Virginia University, Morgantown.
An interesting observation is that the series type of resonan: / gince 1383 e hasg b with thﬁ Dep%rtmem of
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peaks and nulls illustrated in Figs. 4 and 6 alternate frequen@ég). His research interests are in low- and high-frequency computational
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