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Abstract-Interaetfon between the neawone EM field of a radiating

antenna and a neighboring biological body is mmtyred by considering the

antenna current and the induced electric field in the body as unknown

fUOCtiOOS. A SkulftmlCOUS pti Of COU@~ t@iSCM iuts@ t?i@iOOS is

developed for these unknown functions. These equations are solved

numerically by the method of moments using pufse function expansions for

the unknowns and delta functions for testing. A monopole antenna coupled

** a ~-cY~dri~ WY model fs used for ~ expe~n~
verification of theoretical resuk Accuracy of the numericaf solution is

subatantfated by good agreement between tbe numerfcal and experimental

reaufts obtained for the antenna impedance and cument dfstributionj as

weU as the induced electric field in the body. Electromagnetic (EM)

radiation effects in various computer nxxfefs of tk human body are

investigated to make a reatktic assessment of potentbd radiation hararck

associated with the eoupkd antenna-body system. It is found that an

operator in the immediate vichdty of fdgb-power traoamittem may be

exposed to barmfuf levels of radiation.

I. INTRODUCTION

T HIS RESEARCH was performed to assess the poten-

tial biological hazard associated with back-pack or

portable transmitters, CB radios, etc. Although the EM

field excited in a biological body by plane-wave illumina-

tion has been successfully quantified [ 1]– [4], the interac-

tion between the near-zone field of an antenna and a

biological body is not well understood. Nyquist et al. [5]

have studied this problem by assuming that the current

distribution on the antenna is a known function. This

assumption simplifies the problem considerably. Results

obtained using this approach may not, however, be accu-

rate for situations where the body is in near proximity to

an antenna. The inaccuracy results from the fact that the

current distribution on the antenna is perturbed by the

EM field scattered by the biological body. This effect

becomes very strong when the spacing between the an-
tenna and body is small. In the theory presented here, the

antenna current is no longer assumed known. The electric

field induced in the body and the current distribution on

the antenna are, therefore, both unknown functions. In

other words, the antenna and the body are considered as a
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coupled system which is excited by a generator connected

to the antenna.

A coupled antenna-body system consisting of a center-

fed thin-wire dipole antenna adjacent to a conducting,

polarizable body is analyzed. By using the image tech-

nique, this method can be extended to deal with thin-wire

monopoles. A simultaneous pair of coupled, tensor in-

tegral equations is developed for the antenna current and

the induced electric field in the body. These equations are

solved numerically on a computer using the method of

moments. Numerical results have been obtained for the

induced electric field in the body, the antenna current, the

antenna impedance, radiation-zone fields of the antenna-

body system, the specific absorption rate (SAR) and the

total power absorbed by the body.

Experiments have been conducted with a monopole

antenna-body system operating at 600 MHz for which a

plexiglass container filled with saline solution is used to

simulate a biological body. Good agreement is achieved

between the theoretical and experimental results for the

impedance and current distribution of the antenna and

the induced electric field in the body. A theoretical analy-

sis of several realistic antenna-body models is made at 27

MHz, 80 MHz, and 90 MHz. The former is the CB radio

frequency and the others are the near-resonant frequen-

cies with respect to the height of a human adult. Several

important observations drawn from this study are pre-

sented at the end of this paper.

II. THEORETICAL ANALYSIS

Simulation of the exact conditions that exist in practical

situations, such as the operation of a CB radio or a

back-pack transmitter, is very difficult, Initially, the case
shown in Fig. 1, where an arbitrarily shaped, thin-wire

antenna is closely coupled to a biological body of simple

geometry, is analyzed. At a later stage it will be necessary

to specialize this situation to that of Fig. 2 to achieve

greater mathematical simplicity. This approach can also

be extended to a monopole antenna-body system over an

infinite ground plane.

Consider the situation of Fig. 1 where a biological body

is exposed to the near-zone EM field of an antenna. As a

result, conduction and polarization currents are induced

in the body which depend upon the physiological parame-
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Fig. 1. A thin-wire antenna coupled to a biological body of volume Vb.
This situation is also defined as antenna-body system.
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Fig. 2. A thin-wire, linear, center-fed dipole antema coupled to a
biological body of volume Vb.

ters, body geometry, the antenna-body configuration, and

the frequency of the antenna. These induced currents in

the body produce a scattered EM field. The total EM field

in space is the sum of the incident field maintained by the

antenna and the scattered field from the body. Since the

current and charge on the antenna are always maintaine~

in su~h a way as to satisfy the boundary conditions for E

and H fields at the antenna surface, these quantities will

be perturbed from their free-space values in the presence

of a biological body. The perturbation in general becomes

stronger as the antenna-body spacing is reduced.

For the system shown in Fig. 1, Maxwell’s equations for

all points in space exterior to the antenna are

Vxi(?)=–jcopofi(F) (1)

vxii(7)=u(7)E(7 )+j@e(?)J5(7). (2)

We assume that the total EM field in space is the sum of

two fields

{~, &} =incident EM field of the antenna

{~’, fib} = scattered EM field from the biological body.

Therefore

i(7)= &(7)+ ib(F) (3)

Iq;)=iiq;)+iiq;). (4)

For points exterior to the antenna, we will have the

following equations for the incident EM field

v xi=(?)= –j(Jpo*(F) (5)

Vxl%y; )=jcdeoi=(;). (6)

Similarly, for the scattered field from

write
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the body we can

(7)

vxtib(?)=~q(;)+jaeoib(;) (8)

with the condition that (1) and (2) are satisfied identically.

By using (6), (8) and superposition, (2) is satisfied with

~~(?) =r(l)~(;) = equivalent current density (9)

which describes induced conduction and polarization cul--

rents immersed in unbounded free space, where

~(l)=u(~) +jco{c(l) –CO} = complex conductivity.

(10)

The solutions for the incident electric field from the

antenna and the scattered electric field from the biological

body, using free-space tensor Green’s function [6], are

written as

@(O=J XOf’.~(~>0~’ (11)
a~t

+++

@(7)=PvJ- @’)”G(7, 7’)dv’– 1 ;;:::) (12)
v~

where I = the identity tensor; 6(7, F’) = –jtipo[r

+ V V/k~ ]GO(~, 7’)= tensor Green’s function; GO(F, p) =:

exp(–jkO 17–7’1)/4717-?’1; k. =ttJ G ; 7 is a field

point; ?’ is a source point interior to V~; s’ is a source

point along the antenna axis; and F’ is a unit vector in the

axial direction at s’. The symbol PV denotes the principal

value of the integral carried out by excluding an infinitesi-

mally small volume surrounding the field point. For point,

~ exterior to Vb, the field in (12) is given by the tensor

integral only. using (3), (11), and (12) we obtain the

following tensor integral equation:

“G(F, 7)dY’=J I(S’)S’.G(7, S’)dr’ (13)
ant

where ? 10Cak3 a pOint inside vb.

Next we satisfy the boundary condition for the ~ field

at the surface of the antenna. The boundary condition for

tangential field at points along the surface of the perfectly

conducting antema excited by a slice generator leads to

F“{E’(S)+F’(S) }=-VJ3(S) (14)

where V. is the driving-point input voltage, s is a field

point on the antenna surface, and S is a unit vector at s

tangential to the antenna surface. Consequently, we ob-

tain

~.~ ~(.’)~’~(.?.’)f+~J~J ~(~)~(~)
ant v~

“(?(s, 7) w’= – Vofs(s).

Equation (13) yields three scalar integral equations

(15)

while
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(15) is a fourth such equation. We can establish the

uniqueness of the solution by noting that there are four

coupled unknown functions described by four simulta-

neous integral equations.

The solutions for induced electric field in the body and

antenna current, obtained through (13) and (15), are de-

pendent upon how accurately the delta function can be

approximated in numerical analysis. However, in the case

of a linear dipole antenna, we can overcome this problem

effectively by exploiting the Hallen-type integral-equation

formulation for the antenna current [7]. Consider the

configuration of Fig. 2. The vector potential at the surface

of the antenna, maintained exclusively by the antenna

current, can be approximated by

where

1(x’) antenna current;

K.(x, x’) exp( –jkOR)/R;

R={(x–x’)2+a2}1’2

x’ a source point along the antenna axis; and

x a field point at its surface.

This approximation is valid for thin-wire antennas. Simi-

larly, the line charge density will produce scalar potential

+“(x). Using the Hehnholtz integral for Q“(x), the con-

tinuity equation and the boundary conditions l(h) =

1( – h) = O, one can easily obtain

Since

q(x). – Wp –j@A:(x)

we can use (16) and (17), as well as the boundary condi-

tion for the electric field at the surface of the antenna, to

obtain

(:+~:)J::(x’)Ka(x, x’)dx’

where TIO=m and E:(x) is the x-component of the
scattered electric field at the surface of the antenna due to

induced conduction and polarization currents in the bio-

logical body. Using Lagrange’s variational method, the

solution to (18) is obtained as

~’Xx’)K.(x,x’)dx+~ coskOx+BsinkOx
–h

=–j~Vosinkolxl (19)

where x locates a point on the antema surface.

Equation (19) is Hallen’s integral equation for the an-

tenna current with an additional forcing function due to

the term involving E:. Finally, for the case shown in Fig.

2, (13) can be written as

where 7 locates any point inside V~. Equations (19) and

(20) are solved numerically by the method of moments.

The antenna is partitioned into N. segments and the body

is subdivided into N~ subvolumes. Pulse function expan-

sions are used to approximate the antema current and the

induced electric field in the body as

I= 1 ~=1

where

11 antenna current at the 1th partition;

En induced electric field in the nth subvolume

{
P,(x)= *) x m (Ax),

O, otherwise (
P.(7)= 1’ ~in (Av)n

O, otherwise.

(Ax), and (AV). represent the lth segment of the antenna

and the n th subvolume of the body, respectively. Point

matching (19) at each partition of the antenna and equa-

tion (20) in each subvolume of the body, subsequent to

exploiting the pulse function expansions, leads to a system

of linear algebraic equations for unknown currents and

fields. This system is demonstrated below:

N= 3N~

lL1. .

where j(xl) = – (j27r/qo) sin k.] xl 1, and xl is the central
coordinate of the Zth segment. The elements of the (Na +

3N~) X (N. + 3N~) matrix are available elsewhere [8]. These
equations are solved numerically by digital computer.

Once the antenna current and the induced electric field in

the body are known, the antenna impedance, the ab-

sorbed power density, the radiation-zone field, etc., are

easily computed.

III. EXPERIMENTAL STUDY

Experiments were conducted to verify the numerical

results obtained from the computer program. A 600-MHz

monopole antenna-body system was chosen for this study.

A rectangular cylindrical plexiglass container of dimen-

sions 12.5 cm X 6.25 cm X 1.56 cm filled with 0.5 N saline

solution was used to replicate a biological body. A general

experimental setup and the corresponding computer model

is shown in Fig. 3. This study consists of three distinct

parts.
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Fig. 3. (a) The theoretical model and (b) the corresponding geometri-
cal setup used in the computer-aided numerical solution.

A. Perturbation to Input Impedance of the Antenna

A biological body in the neighborhood of an antenna

affects the antenna impedance. The perturbation ZP in the

input impedance of the antenna is defined by ZP = Zti –

Zo, where ZO is the impedance of the antenna immersed in

unbounded free space, and Zi. is its impedance when a

biological body is placed in close proximity.

The input impedance is measured by using a vector

voltmeter [8]. Induced voltages from an electric field probe

and a magnetic field probe installed in the feeding coaxial

waveguide are measured by the voltmeter. The complex

ratio of these phasor voltages (using predetermined

calibration factor) gives the input impedance at the probe

location. This impedance is finally transformed to the

driving-point impedance.

The perturbation ZP is plotted as a function of the

spacing between antenna and body. The results are shown

in Figs. 4 and 5, respectively, for a short monopole and a

near-antiresonant-length monopole. There is good agree-

ment between theory and experiment, especially for an-

tenna-body spacings greater than 10 cm. For smaller

spacings, the trend in variations is in good agreement. In

this region, the electric field is a rapidly changing spatial

function and we therefore expect some inaccuracy in the

results due to relatively-slow convergence of the numerical

solution.

B. Antenna Current Distribution

The current distribution along the antenna is measured

by an H-field probe which transduces a voltage induced

by the magnetic field at the surface of the antenna; this

voltage is thus proportional to the antenna current. Con-

struction of the probe is based on the technique employed

by King [7]. Current distributions in free space and in the

presence of the biological body are indicated for quarter-

wavelength and near-antiresonant monopoles in Figs. 6

and 7. Normalized antenna current distributions have

been plotted, where the maximum value of the corre-

sponding free-space distribution is used for normalization.
There is a remarkable agreement between theory and
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Fig. 4. Perturbation ( ZP = RP +jXP ) in input impedance versus the

spacing d between the antenna and the body. ZP = Zti – 2., Zh = input
impedance of the antenna with coupfing and ZO = the free-space
impedance. (a) Perturbation RP to antenna resistance. (b) Perturbation
XP to antenna resistance.

RP (ohm! f =6111MHz Xp (ohm)
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Fig. 5. Perturbation (2P= RP +jXP ) in input impedance versus the
spacing d between the antenna and the body. 2P= Zti – ZO, Zti = tk
input impedance of the antenna with coupling and ZO= the free-spaoe
impedance. (a) Perturbation R. to antenna resistance. (b) Perturbation
XP to antenna resistance. -

experiment. The current distribution

monopole is distinctly different from

tribution, a significant observation.

C. Induced Electric Field in the Body

along the longer

the free-space dis-

In order to determine the induced electric field in the

body, the first step is to replace the saline solution by a

synthetic jelly-like substance commonly referred to as

phantom material. The conductivity of this compound is

determined by its salt content. One face of the container is

slotted to receive the electric field probe, so that field is

measurable along two columns (co1. 1 and CO1.2 shown in

~ig. 3). The probe has been designed specifically for

E-field measurements inside biological systems [9]. The

results of experiments are compared with theory in Fig. &

Relative values of the electric field are plotted as a func-

tion of the vertical displacement along the two columns.

There is good agreement between theory and experiment.

A prominent effect verified experimentally for this case is

that the field in the outer column is greater than that in

the inner column,

Experimental accuracy of all the above methods was
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Fig. 6. EM eoupting effect on the antenna current distribution for an
antenna of height h= AO/4. Geometry and electrical parameters corre-
spond to Fig. 3.
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Fig. 7. EM coupling effect on the antema current distribution for an
antenna of height h = 0.445A0. Geometry and electrical parameters
correspond to Fig. 3.

verified by comparing the theoretical and experimental

results obtained for the antenna impedance, the antenna
current and the near-zone electric field of a monopole in

free-space. Very good agreement was achieved for each of

the above quantities.

IV. STUDY OF SOME ANTENNA-BODY COMPUTER

MODELS

In this section some important antenna -

body coupling problems are solved numerically. Firstly,

we have studied an antenna-body system with a rectangu-

lar-cylindrical body and a quarter-wavelength dipole (or

monopole for grounded systems). The dimensions and

weight of the model have been chosen to approximate that

[B
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A
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Fig. 8. Distribution of induced electric fields inside the biological body
of Fig. 3 when irradiated by the impressed field from the antenna of
height h= 0.25A0 at WI MHz.

of a human adult. Secondly, we have attempted to de-

termine the nonsymmetric current distribution anticipated

when an antenna is located asymmetrically with respect to

the body. Thirdly, the radiation field pattern of some

antenna-body systems have been plotted and, finally, the

case of an antenna coupled to a realistic human-body

model has been investigated.

A. 27-MHz Antenna-Be@ System

A rectangular body of dimensions 170 cm x 20 cm X 20

cm and an antenna of height h =2.77 m is chosen. The

system is operated at 27 MHz, the CB radio frequency.

Conductivity and relative permittivity of the body are 0.62

S/m and 113.0, respectively. The weight of the body is

150 lb (68 kg). In Fig. 9 an isolated antenna-body system

is indicated. The specific absorption rate (SAR) and the

induced electric field are indicated at each cell location,

based on antenna input power of 1 W. The total power

absorbed by the body is 0.00644 W. In Fig. 10, a quarter-

wavelength, monopole antenna illuminates the same bio-

logical body which is now in direct contact with ground.

In this case the power absorbed is 0.084 W, nearly 14

times that of the previous example. Nearly 8.5 percent of
the antenna input power, therefore, is absorbed by the

body when it is in direct contact with ground.

The numerical accuracy of our computer program is

tested using this model. In Fig. 9, if the body is placed

very far from the antenna, then 1) the impressed EM field

will be approximately a transverse plane wave in the

region that forms the biological body, and 2) the antenna

and body will be essentially uncoupled so the antenna

current will be essentially the free-space current which, to

a first approximation, can be assumed sinusoidal.

In the test, the value of the driving current at the

antenna input is determined, based on the sinusoidal

current assumption, such that an impressed radiation in-
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Fig. 9. Distribution of induced electric fields and the specific absorp-
tion rate at the central location of each cell of the body for an isolated
antenna-body system. Antenna is driven by an input power of 1 W.

Fig. 10. Distribution of induced electric fields and the specific absorp-
tion rate at the central location of each cell of the body for an
antenna-body system over infinite ground plane. Anterma is driven by
an input power of 1 W.

tensity of 10 mW/cm2 is produced at 100 m from the

antenna. Next, the body is placed at this location, accord-

ing to the geometry of Fig. 9, and the antenna-body

coupling problem is solved using our computer program.

The power absorbed in the body, with the driving current

of the antenna set to the above-determined value, is found

to be 11.65 W, This figure agrees very well with the 12 W

predicted by Massaudi et al. [4] for a body of similar

dimensions irradiated by a 10 mW/cm2 uniform plane

wave.

The manner in which the power absorbed by the body

varies with the antenna-body spacing is best described by

Fig. 11. In this figure, the power Pa (watts) absorbed by

the body has been indicated as a function of (d/d~) on a

log–log graph. d is the spacing between the antenna and

the body and d~ is the minimum spacing, which in our

analysis is 0.25 m. Three configurations are studied. Curve

Idr

=.?J@

r-062 S/m

{, .113

f 27 6!Hz

h 0.25A0

e 1.7m

‘m .O.25m

P,,, 7,86 x )0%

.Power Obsorkd at this Iomt ion i, CornDared\

tO thot Of :!o,so”dl, et, 01, (Q> for o body
of neorlv the some he19ht ond height

1 10 ( drem) lW Km

Fig. 11. Power absorbed in the body versus the antenna-body spacing
for the 27-MHz antenna-body systems. The height of the body is 1.7
m and its weight is approximately 150 lb.

A represents the isolated antenna-body system of Fig. 9,

curve B represents the monopole-body system of Fig. 110,
and curve C represents a monopole-body system similar

to that in Fig. 10 with the body separated from ground ‘by

a 5-cm air-insulation gap. In all cases, the values of the

absorbed power are relatioe in the sense that they are

based on a fixed value of antenna input power. Even

though the choice of antenna input power is arbitrary we

have chosen the fixed input power as the power needed to

produce 10 mW/cm2 intensity at 100 m from the dipole

antenna in free space. This choice enables us to compare

the absorbed powers for various antenna-body configura-

tions and spacings to the 11.65-W figure at 100-m spacing,

which was itself compared to the result of Massoudi et al.

[4].

B. 90-MHz Antenna-Boc& System

A human-body model of an average adult (height= II.7

m and weight 179 lb) is chosen for investigation of elec-

tromagnetic coupling effects. The conductivity inside the

body is assumed uniform. The coupling problem based on

a quarter-wave monopole interacting with the body over

infinite ground is formulated. The results, which are based

on antenna-body spacing of 20 cm, are presented in Fig.

12. The absorbed power is 0.5216 W when the power

input to antenna is 1 W. This strong coupling is due to the

fact that at 90 MHz the body achieves a near-resonant

condition. In such a situation, more than 50 percent of the

input power is absorbed by the body. Furthermore, it is

observed that greater absorption occurs in the legs.

C. 80-MHz Antenna-Body System

This system is indicated in Fig. 13(a). The shape of the

body has the approximate appearance of a human adult.

The objectives are to determine the effects of coupling

upon the current distribution along an antenna in near
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Fig. 13. The 80-MHz antema-body system using a near-antiresonant
length antenna at 80 MHz. (a) Antenna-body system configuration
showing the center of the antenna located at top-of-head level. (b)
Current distribution of antenna in presence of body and in free space
when h is near antiresonant length.

proximity to a biological body, and to predict the radia-

tion pattern maintained by this antenna-body system.

Uniform conductivity and permittivity is assumed. For
the first objective, an antenna of half-length 0.382X0 is

chosen, where A. is the free-space wavelength. The center

of the antenna is located at head level as shown in Fig.

13(a), and the antenna-body spacing is maintained at 20

cm. The current distribution calculated numerically for

this system is indicated in Fig. 13(b). The current disl.ribu-

tion on the antenna is no longer symmetric. This effect is

not as strong for antennas with h < Ao/4. The radiation

patterns maintained by antenna-body systems consisting

of the same body but with antenna heights of h = O.125A0

and h = 0.25A0 are presented in Fig. 14. The presence of a

body at 20 cm provides a system effect similar to that

A h0125~0Xo--O17m

8 h025 AwXo=-O. ]7m

C h~0125k0. xo=085m

TheW curves represent relative

“aIueS of Er !. H-plane ($ = W“l

c

‘@

Fig. 14. Radiation field pattern maintained by dipole antenna coupled

to the human body model in H-plane of the dipole (geometry, dimen-

sions and parameters are same as in Fig. 13(a)).

obtained when a director element is used in a parasitic

antenna array. These patterns are indeed dependent upon

the antenna height, the frequency, the spacing and the

geometrical configuration of the antenna-body system.

V. SUMMARY

The scope of this study includes an analytical and

experimental investigation of the following phenomena: 1)

the current distribution on an antenna located in near

proximity to a conducting, polarizable biological body; 2)

the perturbation to the input impedance to the antenna

due to the neighboring biological body; and 3) the induced

electric field distribution inside the body.

Experimental verification of three primary aspects of

the theory developed in Section II was made, and the

results were found to be in good agreement. Numerical

accuracy of the analytical method used to solve the cou-

pled, integral equations for the field inside the body and

the current on the antenna was tested on a cylindrical

model of height 1.7 m and weight 150 lb. This was

accomplished at a frequency of 27 MHz, which is the CB

radio operating frequency.

Results from the above test and the experiments carried

out in this study provide a high level of confidence in

predictions made on the basis of the numerical results.

The important observations drawn by analyzing various

antenna-body systems (which contain biological bodies of

human-adult size) can be summarized as follows.
1)

2)

3)

EM-coupli&g is increased considerably when a body

is allowed to make direct contact with the ground

(compared to bodies isolated from ground).

About 8.5 percent of the input power is absorbed

by an average human adult while standing at a

distance of 20 cm from a quarter wave antenna

operating at 27 MHz.

If a frequency of 90 MHz (which makes the adult

height nearly equal to a resonant length) is used,

slightly over 50 percent of the input power is

absorbed by the body spaced 20 cm from the

antenna.
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4) The power absorbed by a human adult standing at

a distance of 20 cm from the antenna when its

input power is 30 W (140 W) at 90 MHz (27 MHz)
is the same as the power that would be absorbed

from the exposure to 10-mW/cm2 plane-wave

irradiation.

5) For antennas of height h> &/4, the current is

perturbed quite appreciably from its free-space dis-

tribution when in near proximity to a biological

body. Also, a nonsymmetric antenna-body config-

uration produces a nonsymmetric antenna current

distribution.

6) The body may act as a director element when

placed close to an antenna. This has been demon-

strated in the case of an 80-MHz antenna-body

system.
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Short Papers —..

On the Odd-Mode Capacitance of the Coupled

Microstriplines

S. S. BEDAIR

Absfnret-llris short paper aims to recognk the correct decomposition

for the total odd-mode capacitance of the coupled rnierostripffttea and

present an fmproved expression for the gap capacitances. llre nkd proce-

dure utiffrea the reardts which were obtained earfier by the conforrnrd

mappfrlg techsdques.

In recent years,

I. INTRODUCTION

a number of papers have reported the use of

single microstfipline as an intermediate step for designing cou-

pled microstriplines [2]–[5]. Garg and Bahl [5] successfully used

Manuscript received April 29, 19S0; revised July 10, 1980.
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an approach to obtain coupled capacitances by suitably dividing

the total capacitance into a parallel plate and fringing ones. The

design equations presented by Garg and Bald [5] are believed to

be the most accurate so far. However, in these equations the

decomposition of the total odd-mode capacitance is not i~a

accordance with electromagnetic field theory, in that the basic

capacitances Clo and C12 in Fig. 1(a) are not functions of the

appfied voltage on any of the conductors [1]. Therefore, the

even-mode capacitance must appear in the expression for the

odd-mode capacitance Fig. 1(b).

II. CALCULATION OF THE ODD-MODE CAPACITANCE

The breakup of the odd-mode capacitance into parallel plate

fringing and gap capacitances is shown in Fig. 2. The odd-mode

capacitance may be written as

CO= CP+ CJ+ C; + Cga+ C’d (1[)

where ~, Cf, and C; are the same as those given by Garg and
Bahl [5]. Cgd maybe calculated exactly using the results obtained

for the corresponding coupled striplines shown in Fig. 3, except
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