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TRANSMISSION LINES, INPUT IMPEDANCE,
MATCHING

Introduction

A wansmission line is made of two or more conducting strips or wires, along
which electrical signals travet with a velocity that is very large but finite. The transmis-
sion takes a certain amount of time, which becomes significant for high-frequency
signals or fast pulses, and this delay affects the performance of the system.

Theoretical developments most often consider a lossless line, made with perfect
electric conductors (PEC) and ideal insulating materials (perfect dielectrics), An ideal
transmission line is formed by two metallic conductors, assurned to be straight and
infinitely long, which are embedded in a homogeneous lossless dielectric. The conduc-
tor cross sections and the material parameters do not vary along the line (uniformity),
so the transverse and the longitudinal dependences of the fields can be separated [1].
The tongitudinal behavior defines the propagation of signals in terms of the transverse
voltage and the current.

The frequency range over which a transmission line can be used is limited when
higher order modes excited at discontinuities start o propagate or to radiate. The simul-
laneous propagation of several modes, with different velocities, produces a distortion of
the signal, while radiation reduces the amplitude of a signal propagating along the line
and can be the cause of spurious coupling.

The concepts derived when considering ideal lines remain approximately valid.
with minor changes, for practical lines actually encountered in applications. Bending
the lines does not cause major effects as long as the radii of the bends remain suffi-
ciently large and the line cross section is not significantly altered.

Real materials are always slightly lossy and part of valuable signals is always
ransformed into useless heat. The main loss coniribution is produced by Joule heating
in the conductors, which all have some resistivity. No conduction current ¢an flow
across vacuum, and this is approximately also true for air, On the other hand, some
current can flow across insulating material; it is most often negligible but increases
when the material is damaged or wet.

Taking resistive and dielectric losses into account, an extremety short section of
transmission line can be represented by the equivalent circuit of the figure 1.1,
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Fig. 1.1 liquivalent cizcuit of a lossy ransmission line of length dz.

The application of Kirchhoff's lemmas to the equivalent circuit provides the two
transmission line equations, which involve partial derivatives of the voliage and the
current with respect to both the time and the position along the line. It is not possible to
obtain a time-domain solution for the gencral case of the lossy line.

Alternating Currents in Complex Notation

The transmission line equations include both space and time derivatives. Their
resolution becomes much simpler when the time derivative is removed. A voltage u,
having a sinusoidal time dependence of angular frequency @ = 2nf . is expressed by

w{z,0) = V2 Uplz)cos (ot +4,) (.

where Uy is the effective amplitude and ¢, is the phase. The sine-wave time depen-
dence can be expressed in complex notation, with Equation (4.10) writien as:

u(z.1)=Re[vZ U(z)exp (jor)] with U(z)=Up(z)exp|jo.(2)] (1.2)
The current J is similarly expressed in complex notation:
iz} = Rc[«f?f l(z]exp(jmr)] with {(z)= IU(Z)CXP[j‘I)f(l)] (.3

To distinguish complex variables (frequency domain) from real quantities and
thus avoid confusions al! complex quantities are underlined (IEC regulations)

Voltages and currents become complex functions called phasors. Their real pan
provides the value at time ¢ = 0, and the imaginary partat r=-T/4 where T'=1/f is
the period. The derivation with respect to time yields a muftiplying factor ja: all time
derivatives od/dr of time-domain equations are replaced by jw in complex notation,
also called frequency-domain notation (it would bv completely incorrect, of course, to
introduce complex quantities in time domain expressions or to encounter time deriva-
tives in frequency domain formulations).
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Equivalent circuit and transmission line equations in complex notation

The cquivalent circuit of the transmission line (Fig. 1.1) can be put in a more
general form (Fig. 1.2), with a linear series impedance Z'= R'+joL’ and a lincar shunt
admittance Y= G'+j0C". The equivalent ¢circuit ¥'Z' is more general and can also be
used Lo simulate other propagation phenomena — fer instance, a wave traveling in zn
homogeneous lossy medium or still propagation in metallic or dielectric waveguides.

I2) dz fz+dz) -
U J. +Q(2+dz) -« |

Figure 1.2 Equivaleni circuit of a lossy transmission line of length dz

The two transmission line equations then become, in complex notation, two total
differential equations of first order:

di(z)

=P U =G el and d%fz) ~Z'1(z) = ~(R +joL)I(z)

(1.4)

The combination of the two equations (4.13) yields second-order differential
wave equations either for the voltage or for the current:

il 2 4 L C NN A FA Y (0 {1.3)

Solving (1.5) yields the voliage and the current phasors on a lossy transmisston
line.

U)=U,e F+y_ o™ 1(:)=Zl (L e ¥y ™) {1.6)
L

where the propagation factor Y and the characteristic impedance Z. are:

1=VZ¥=a+ip 4 :ézi\/z
z =

(L7,

Foran LC line with R and G components related to losses, the atienuation
factor o and the phase-shift factor B are given by
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a= J%\/(R” +0' L 624020+ RG-0'C [

B= J%\/(R‘z +m2L‘2)(G’2 +0*C? )~ RG+IC [l (1.8)

The first term in eqn. (1.6) corresponds 1o the forward wave, thal travels towards

increasing values ol z while the second term comesponds to the backward wave that
travels in the opposite direction.

The ratio of backward 10 forward waves is the reflection factor plz):

U s U + H
g(z):—zj‘“,ﬁ =5 T =p(0eE (19)
+€ 7 =+

the local impedance  Z(2) is defined as the ratio of voltage to current at a point 2
on the line:

Uiz | Q+Crzz[1+2(l)] _, 1+p(2)
10 Ly e -] T

Z{7)=
Q] (1.10)

Line of finite length

The length of a real transmission line is always finite. The boundary conditions at

its [wo ends specify the two unknowns [/, and §_ and thus determine completely the
voltage, the current and power distribution at every paint along the line. At one end of
the line, sct generally at z = Q, the generator, or source generates the signal transmit-
ted on the line, Atthe other end of the line at x = d a receiver ot termination absorbs
the signal, cither partially or entirely (fig.1.3),

[

— 1=d

Fig. 1.3 Transmission line with generator and load

When the load does not absorb entirely the incoming signal the part that is not
absorbed is rellected and travels back towards the generator. In wrn the penerator
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absorbs part of the returned signal and reflects the remainder of it, As this doubly
reflecied signal reaches the load, part of it is reflected again, and the procedure is
repeated indefinitely (fig. 1.4).

Fig. 1.4 Multiple reflections

This means that an infinite number of signals travel back and forth along the
transmission line, creating a condition of multiple reflections. Al any point along the
transmission ling, the composite forward wave results from the combination of the
infinite series of all the successive forward waves while the COMPOSite reverse wave is
the combination of all reverse waves. The signal levels thus depend on the characteris-
tics of the generator and load, represented by their equivalent circuits.

Boundary conditions at the load

A linear foad is considered, represented by its impedance Z,, and connected at
the end of the linc atz = 4 ( fig. 1.3). The voltage U, across the load is the ransmis-
s10n line voltage, while the current 1, flowing across the load is the output current at
the end of the line

U=tldy V] (.11
L=1d) [A] (1.12)

Taking the ratio of the two quantities, the boundary condition for the local
impedance at the end of the line is obtained

g U@ Ll [lpd)] o epld) o ten o
z(d}"Zt_ l(d) _Xcg+e—zd[l_E(d)] ch_g(d) —t‘l_E

(1.13)

where .= p(d) is the load's reflection factor. This expression provides a relation-
ship for the two unknown constants U/, and {/_. Generally, the ratio [/ /L, = p(0)
is determined. The reflection factor along the line can now be expressed in lerms of the
load impedance
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2yz .2_1 _Zc 2¥(z-d)
=p(He™*" = = l 1.14
plz)=p() ZﬁZce [} (1.14)

The impedance at every point zlong the line Z (z } defined in (1.10) can also be
determined in terms of the load impedance. Carrying out some simple calculations
yields
(Z+2) (2 2Je0" ) 2~ Zanbly (- d)
)ezx(z—d) “c Z.-Z, tanh[z(: —d}]

tY]] (1.15)
and the impedance at the input of the linc is simply obtained by letting z =0

1+p(0) _ Z,+Z. tanh(yd)

=Z(0)=Z =Z. 1€y (1.16)
= = Z, +Z, 1anh(yd)

Matched reflectionless termination

One particular termination presents a definite interest in practice, and that is the
case where Z, = Z,.. As can be scen in (1.14), one then has p| =0, which implies that
L_=0. ie there is no backward wave. All the power carried by the forward wave is
absorbed by the load, that is cailed a marched or reflectionless termination. The local
impedance (1.15) is then everywhere equal to the characteristic impedance of the
trznsmission linc, A transmission line terminated by a reflectionless load is the ideal
situation one generally wishes to obtain for high-frequency operation,

Short-circuit
The introduction of a perfectly conducting plane across the transmission line at
z=d imposes the boundary condition U (d) = 0. This condition is satisfied when

Z,=0, and thus p, = -1. The reflection factor and the local impedance along the ling
then become

pla)=—c 10y (117

Z()=-Z anhfy(z-d)] (9 (1.18)
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Open-ended transmission line

When the conduclors of the transmission line end in the plane z7=d the bound-
ary condition on the current requires that /(L } = 0. This condition is satisfied when
Z, == andthus g, =1 . The reflection factor and the local impedance along the line
then become

p(e) ="

2(z) = ~Z, coth[y(z - 23 I 19 {1.20)

i (1.19)

Reactive terminations

More generally, any purely reactive termination cannot absorb any power. This
only happens when the load impedance has no real component, i.e. when z, =jX,
and in the limiting cases Z, =0 and Z, =vo.

Remark

A short-circuit can be realized by introducing a sharp boundary. such that all ficld
components vanish for z = L. For an open transmission line, on the other hand, the
boundary only involves the current on the conductors. and some of the ficlds extend
beyond the open end of the line’s conductors at z = L. Some electrical energy is thus
stored in the vicinity of the end of the line. Rather than an ideal open-circuit, one then
has a capacitive termination. When the frequency is large enough, open-ended trans-
mission lines also radiate part of the signal.

Computation of the input impedance

The impedance at the input of a wransmission line is given by eqn.(1.11). The
expressions contains hyperbolic functions of complex numbers, difficult and tedious to
determine without the help of a computer, A software (IP) was developed for this very
purpose for a calculator [1] and Ifor PC [2]. To obtain the input impedance to a circuit
made with cascaded transmission lines, with series and shunt components, one answers
questions put forth by the program. The load is specified, either by its impedance or by
its admittance. The operator can connect a section of transmission line (defined by its
characteristic impedance or admittance, propagation factor and length), a series or shunt
connected component (defined either by its impedance or its admittance). The
calculations then yield the input impedance to the assembly, and the process can be
repeated any number of times — allowing thus to analyze quite complex structures,
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Examples of Application

Question 1 : A joad of impedance £ =200 -j 150 Q is connected 1o a
telephone line with a characteristic admivance Y. =000156 +j 0.00i44 S. One
wishes to know the input impedance at 1 kHz at a distance of 5 miles from the termina-
tion, the propagation factor being y=0.1243 + j0.1347.

Answer 1 : These quantities are introduced into the program, and the result of the
calculations is then displayed : Z ;= 392.0681 — j 249.695 Q.

Question 2 : The operaticns that are traditionatly made on the Smith chart [1} can
similarly be made on the computer, following exactly the same sequence of operations
(but here with lossy lines). An example outlined in [1] presents all the various situations
which one might encounter (Fig. 1.5).

30 +j20Q tine 1

ling 2

Figure 1.5 Assembly of lossy lines with series and shunt COMPORENts

Three sections of lossy transmission lines, with different parameters, are
cornected with two complex impedances, one of them in series, the other one in shunt.
The assembly is terminated by a complex load impedance. The input impedance 1o this

assembly is to be found with the following parameters for the three sections of trans-
mission lines

Line a B Ge B, d
# Np/cm radfem Siemens Siemens cm
1 0.1 1.25 0.2 0.0016 2
2 0.05 1.5 0.05 0.00166 4
3 001 1.2 a.01 0.00008 10

Answer2: Point A is simply the load impedance, Z 1 =100 +j150 Q2. The
impedance at the input of the first section of line , at point B, is calculated on the
computer, yielding :

Zp = 27437 + j 32.461
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The next operation is the addition of the series impedance, giving at point C :
£ = 57437 + j52.461

This ts the load impedance at the end of the second section of transmission line.
The characteristic admittance is introduced in the program, and the input impedance to
this section obtained :

Zp = 24327 +j21.906

We now add a parallel admittance, which is simply done in the computer
program, yielding:

Zr=347605-76.82744

This is the load impedance terminating the third line section. The input
impedance of the complete assembly is then obtained by cascading this section of ling,
yielding :

Zr = 51958 - j41.348

Remark

By using this program, a rather complicated problem involving lossy lines, series
and shunt connected elements was solved. The process parallels the use of the Smith
chart, but is extended to a problem that cannot be solved simply on the Smith chart.
This program may thus run a quick analysis of a transmission line layaut and determine
the effectiveness of some matching design or the sensitivity 10 one of its parameters. On
the other hand, the procedure is still rather lengthy and it would take some time to ana-
lyze the response of a transmission line assembly over a broad range of frequencies or
10 optimize a design,

This program couid also be incorporated into a more complete computing
scheme, to provide data over a range of frequencies and parameters — because carrying
out the complete sequence of computations for every case would tend to be lengthy and
boring, and errors may well occur during the process.

Matching

The power transferred from a generator to a load depends on the gencrator, the
load, and the connecting transmission line. At any given frequency, the maximum
power transfer is obtained at the conjugare march when the impedance of the termina-
tion seen across the transmission line is the complex conjugate of the generator
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impedance. Unfortunately, this condition is strongly dependent on phase shift and can
only be satisfied over a namrow frequency range or with a short connecting line.

When the bandwidth requirements of the conjugate match are not satisfied, cne
musl instead use the reflectionless match, in which reflections are reduced as much as
possible. For high frequency applications, maiching practically always implies reducing
reflections, because requirements are specified in terms of a maximum reflection.

The presence of reflections is unwanted in most high frequency applications, as
reflections produce bothersome echoes (fig. 1.4), locally increase the amplitude of the
fields (which may cause breakdowns in high power systems) and detunes the signal
generators. Therefore one of the most important parts in the design of any high
frequency systems involves maiching.

For the sake of completeness, one must also mention the existence of a third
matching concept. used to provide the lowest possible neise figure when amplifying
very small amplitude signals. In this case, one looks neither for the largest output power
nor for the lowest reflection but the target is to maximize the signal-to-noise ratio.

By connccting reactive (lossless) elements and sections of transmission line in
frort of the load. onc tries to bring the input impedance of the assembly as close as
possible to the characteristic impedance of the line, One first assames that lines are
lossless and that purely reactive elements arc used. The effect of losses in real elements
is evaluated in a later section with CAD simulation programs [3].

Matching with Series Components

The insertion of series components within a transmission line is considered in
program IP [2]: 10 obtain a reflectionless match, the input impedance must equal the
characteristic impedance of the line. To obtain this result, a section of transmission line
is inserted, with a length such that the real part of the input impedance is the character-
istic impedance of the line. Reflectionless maching is then achieved by adding a reac-
tance. Two possibilities exist (Fig. 1.6), one using an inductance, the other a capacitor.
The program IM determines the electrical length d of the transmission line, given by

X, Z,t .JRLZE[(R,_ —z. )P+ xﬁ]
Z
|2, - R Z

tanfd = (121

The % sign indicates that there are two solutions, and one obtains in this manner
the two line lengths d; and d,. The reactance that must be connected is then given by
the imaginary part of the input impedance calculated with eqn. (1.15).

TRANSMISSION LINES, INPUT IMPEDANCE, MATCHING 1

Figure 1.6 Matching with series or with shunt reactive elements

Matching with Shunt Components
The same approach is followed when matching with shunt elements, the trans-
mission lines being related by dy=d; £ M4, ds=dy+ W4 (Fig. 1.6).

The computer program provides a large flexibility, as the load and the transmis-
sion line can be specified in terms of their impedances as well as their admittances.
Distances are specified in “units of length” that may be selected arbitrarily — but must
then he used consistently.

Shunt susceptances are often preferred 1o series reactances for matching because
matching stubs are easily realized in many technologies. A capacitance is a short open-
ended stb, while inductances are realized with short short-circuited stubs,

The developments given here consider matching with lossy lines and purely
reactive (lossless) components. When losses are present in either the line or the maich-
ing elements, the computations become more complex: the effect of losses can be
evaluated with program IP.

Perfect matching conditions can only be achieved at a single frequency, because
the phase-shift provided by the seciion of the line and the shunt susceptance (or the
series reactance) are both frequency dependent. This means that reflections will
increase as one moves away from the design frequency.

Example of Application

Question: we wish to match a load impedance Z; = 127 +j22 £ to a transmis-
sion line having a characteristic admittance Y. = 0,023 8, considering the four possible
approaches, shunt and series, capacitive and inductive reactances. and compare the
length requirements for all of them. The wavelength is A =10 cm.
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Answer: Introducing the values in the program IM readily provides the four
desired responses as follows

Length of line  Reactance

Sedes tnductance 0.8967 cm 49,3708
Series capacitance 42186 cm —49.3708 O
Shunt inductance 1.7186 ¢cm -38.2850 2
Shunt capacitance 3.3967 cm 38280 Q

For this particular sitnation, matching with inductances requires shorter sections
of line, the shortest one being for a series inductance. The best choice depends, obwvi-
ously. on the parameters of the load. More information about matching techniques can
be found in several books [3-6)

Quarter-Wave Transformer

One can also match with a single section of transmission line of characteristic
impedance Z, in front of the termination. This technique is generally used 10 match
resistive terminations and also to make transitions between different transmission lines,
i1 which cascs the load impedance is purely real Z L=Ry (Fig. L7).

z & A

-+ Ayi—

Figure 1.7 Matching with a quarter-wave transformer.

The transformer scction is a quarter of a guided wavelength (Ag/4) long, and its
charactetislic impedance is the geometrical mean of the impedances on its two sides:

Z, =7 R, (122)

Unfortunately, the transformer can only be a quarter wavelength long at a single
frequency, which is its design frequency fy. Its matching properties progressively
degrade as frequency changes. Therefore, the band over which the quarter-wave trans-
former can effectively match a load is limited. Maiching over a broader frequency
ranges requires muitiple section transformers. The width and length of successive
sections are adjusted in such a way that the reflections at successive steps tend to cancel
out not ai a single frequency but at several frequencies within the band of operation.
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Broadband Matching

The matching processes are frequency-limited because all clements have a
frequency-dependent behavior. Matching over broader frequency bands is achieved
with multistage configurations, which provide a larger number of paramelers.
Calculations become involved, and require computer optimization techniques [3].

The optimization scheme generally used is sketched in Figure 4.18, which shows
the main steps of the computer optimization process. First, the operator introduces the
impedance of the termination that is to be matched and defines the input impedance thas
should be achieved (frequency range and maximum reflection 1olerated). A configura-
tion for the matching structure should also be provided, indicating where reactive
elements and transmissicn line sections can be placed. Some approximate values should
be provided for the matching elements, to be used as a starting point for the optimiza-
lion process carried out by the computer [7].

Specifications:
imum reflection,
frequency band

Comparison of
Approximate Analysis values obtained
design ™ o circuit - with
T specifications
Optimization are the
toop Nf“’ values specifications
of elements satistied ?

Figure 1.8 Optimization process used for broadband matching.

The computer analyzes the circuit built with the approximate values, it
determines i1s input impedance over the specified frequency range and compares it with
the specified requirements. When the specifications are met, the process stops. When
not satisfied, parameter values are modified and the new circuit is analyzed.

In the gradient search, parameters are slightly modified one afier the other and
the new resulis carefully monitored, trying to reach a minimum. The process is repeated
either until the desired requirement is satisfied or over a specified number of cycles,. If
the precess does not converge, this means that the configuration selected is not
adequale and another one must be chosen. The matching process is physicaily limited:
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for instance, one cannot match a high-Q} cavity over a wide bandwidth (at least, not
when using lossless components only). The matching structure may also become too
cumbersome and may not fit within the available space.

Matching optimization processes do not always converge toward the most favor-
able situation because one might encounter local minima. Also, one may not have any
approximate values (o start the optimization process. Another approach selects the
matching components at random (Monte Carlo process) within specified ranges. The
result oblained is compared 10 the previous one and the best of the two is retained. The
random approach docs not converge in a regular fashion.

It is often interesting to combine the two approaches to reach an optimal
situation. The stochastic approach determines the general area in which the optimum
could be located, and the gradient search pinpoints its actual position,
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Annex: Transmission Line Software (in FORTRAN 77)

120

136

161

171

172

implicit real*8{a-h,0-2)

call clear

print*, ' LOSSY TRANSMISSION LINES *
print*, ' SELECTION ICTP COURSE -
print*

print*, 'By Fred E. Gardiol, Professor, LEMA'

print*, ‘Laboratoire d"Electromagnetisme et d"Acoustigue’
print*, "Ecole Polytechnique Federale, ELB-Ecublens’
print*, *CH-1015 LAUSANNE, Switzerland’

print*

print*, "This software is a complement to'

print*, "the book "Lossy Transmission Lines" published '
print*, ‘by ARTECH HOUSE, Inc. in 1987"

print*

print*, "1 Microstrip '

print*, 2 Input Impedance '

print*, '3 Reactive Matching '

print*, '4 Transformers °

print*

print*, 'Punch the number next to the desired program '
read*, ivar

print*

go to (136,161,171,172)ivar

print*

call MS
print*

go to 100

print*
call IP
print*
go to 100

print*

call RM
print*

go to 100

print*

call TM
print*

go to 100
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100

301

302

303
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print*

print*

print*, "Do you want to use another program? yas=1"
read®, in

if{in.eq.1) go to 120

stop

end

subroutine IP

complex gammal,Z,ZC,2P,ZS,egl,th
call clear

print*," INPUT IMPEDANCE"

print*

print*, "The program IP determines the impedance at the input'
print*, "of an assembly of cascaded transmission line segments’

print*, 'shunt and series impedances, connected to a load’
print*, "impedance or admittance’

print*, 'NOTE : the unit of langth can be chosen arbitrarily'
print*, ‘as long as it is used consistently’

print*

print*, 'impedances are in OHMS '

print*, "admittances are in SIEMENS'

print*

print*, 'if you want to introduce a load impedance, punch 1"
print*, 'if you want to introduce a load admittance, punch 2 *
read®.in

if(in.eq.1) go to 302

if(in.ne.2) go to 307

print*

print*,’enter the real part of the load admittance '
read*, GL

print*,"enter the imaginary part of the load admittance '
read*, BBL

Z = emplx(1.,0.)/emplx(GL,BBL)

go to 303

print* 'enter the real part of the load impedance '
read*, RL

print*,'enter the imaginary part of the load impedance '
read*, XL

Z = cmplx(RL,XL)

print*, 'if you want to connect’
print*, * - @ section of transmission line,'
print*, ' in terms of line impedance,  punch 1"

304

305

312

306

307
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print*, ’ - a sec*ion of transmission line,’

print*, ' in tesms of line admittance  punch 2 '
print*,’ - @ serles-connected impedance, punch 3'
print*, ' - a series-connected admittance, punch 4'
print*, - a shunt connected impedance, punch 5'
print*, ' - a shunt connected admittance, punch 6 °
read*,ivar

go to (304,305,306,307,308,309) ivar

goto 311

print*,'anter the real part of the line impedance '
read*, RC

print*,’enter the imaginary part of the fine impedance *
read*, XC

ZC = emplx{RC,XC)

goto 312

print*,"enter the real part of the line admittance '
read*, GC

print*,"enter the imaginary part of the line admittance '
read*, BC

2C = cmplx(1.,0.)/cmplx(GC,BC)

print*,’enter the attenuation per unit length alpha '
read*, alpha

print*,"enter the phaseshift per unit length beta *
read*, beta

print*, 'enter the length of the transmission line section '
read*, TRL

gammal = cmplx(alpha*2*TRI, beta*2*TRL)

egl = cexp{garmmal)

th = (egl-cmpix(1.,0.))/ (egl+cmpix(1.,0.))

Z = ZCH{Z+ZC*th)/(ZC+2*th)

goto 310

print*,'enter the real part of the series impedance *
read*, RS

print*,"enter the imaginary part of the series impedance '
read*, XS

Z =2 + cmplx({RS,XS)

goto 310

print*,"enter the real part of the series admittance '
read*, GS

print*,'enter the imaginary part of the series admittance '
read*, BRS

Z5 = cmplx(1.,0.)/¢mplx(GS,BBS)

I=7+125
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goto 310

print*,'enter the real part of the shunt impedance '
read*, RP

print*,"enter the imaginary part of the shunt impedance '
read*, XP

ZP = cmplx(RP,XP)

Z=0@P)/IP+17)

goto 310

print*,'enter the real p st of the shunt admittance '
read*, GP

print*,'enter the imaginary part of the shunt admittance *
read*, BP

ZP = cmplix(1,,0.)/cmplx{GP,BP)

2= (2P} /(P + I)

goto 310

print*
write{6,123)Z
format(2x,'input impedance = ',f3.4, +j°,f9.4" chms'/)

print*

print*,'do you want to add another element 7'
print*.'if yes, punch 1 if no, punch ¢ '
read*,in

if(in.eq.1) go to 303

print*

print*,'do you want to analyze another case ?'
print*,'if yes, punch 1 if no, punch 0 '
read*,in

if(in.eq.1) ga to 301
returmn
end

subroutine MS
call clear
print*, '"MICROSTRIP LINE'

print*

print*, ‘The program MS, based on equations (3.102-3.106)
print*, "calculates the characteristic impedance, the'

print*, 'wavelength and the attenuation of a microstrip line,’
print*, 'made of a thin flat conductor deposited on top of a'
print*, 'metal-backed dielectric substrate.’
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print*

print*,'enter strip width w in millimetres '
read*, ww

print*,'enter strip thickness b in millimetres *
read*,b

print*,'enter substrate thickness hin mm. '
read*,h

print*,"enter relative permittivity epsilon '
read* eps

print*, 'enter dielectric loss tangent tand '
read*,tand

x=h
if({(ww.lt.h/6.283)) x = 6.28319%ww
w=ww + (b/3.14159)*(1 + log(2*x/b))

print*,'lower end of the frequency band in GHz 7 *
read*,fmin

print* 'upper end of the frequency band in GHz ? *
read*, frmax

print*,'frequency step, in GHz 7’

read*, df

call clear
write{6,100)

format{ ' MICROSTRIP LINE',/)

write(6,122)ww,h,b,eps tand

format(2x,'w =".§7.3,' h = " f7.3," b = ",f9.5,
‘epsr='f7.3 " tan d = ',9.5/)

write(6,101}

format(7x,’f'.6x, eff eps’,5x,"wl",7x,'Zc",Bx, att "}
wnite{6,102)

format{5x,'GHz’, 1 8x,'mm’ 6x, ohims', 7x,'dB/m",/)

nf=1
if(df.gt.1d-5) nf = (fmax - fmin + 0.00001)/df + 1

do 153 if = 1,nf
f=if-1
f = fmin + f*df

el =(eps +1)/2

o2 = ((eps - 1)/2)/(1 + 12*h/W)™0.5

eeo = el + e2

if(w.lt.h) eeo = eeo + {(eps -1)/2)*0.04*({1-w/h)**2)
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if(w.lt.h) zo = 59.94%og({8*h/w)+(w/{4*h}))
if(w.ge.h) zo = 376.6/((w/h)+1 -393+0.667*log({w/h)
+1.444))

2 = Zo/sqrt(eeo)

do152i=1,20

fd = 2/{2.513274*h)

G =0.6 + 0.009*z

ee = eps - (eps - eeo)/(1 + GH(f/fd)**2)
z = zo/sqrt(ee)

continue

wl = 299.7925/(f*sqrt(ee))
a=27.3*((ee-1.)/{eps-1.))*(eps/ee)*(tand/ (wi*1d-3}}
a=a+ 8.686*8.240996*sqrt(f)/(w*z)

write(6,123)f,ee,wl,z,a
format(5{2x,f8.3))

continue

print*

print*,"do you want to analyse another case 7'
print*,"if yes, punch 1 if no, punch ¢
réad*.in

if(in.eq.1) go to 304

continue

retumn

end

subroutine RM

complex ZL.XJ,ZIN

XJ = empix(0.,1.)

call clear

print*,'REACTIVE MATCHING'

print*

print*, ‘The program RM determines : °

print*

print*, " the length of transmission line to be placed *
print*, ' in front of the load and the value of the reactive’
print*, " element that must be connected, either in series’
print*, " o in parallel, to provice a reflectiontess match.”
print*, ' (section 7.2)"'

print*

print*, 'if you want to introduce a load impedance, punch 1"
print*, 'if you want to introduce a load admittance, punch 2 '
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read*,in

print*

go to (302,303)in
goto 304

print*,'enter the real part of the load admittance *
read*, GL

print*,’enter the imaginary part of the load admittance '
read*, BBL

RL = GL/(GL**2 + BBL**2)

XL = -BBL/(GL**2 + BBL**2}

go to 305

print*,'enter the real part of the load impedance '
read*, RL

print*,’enter the imaginary part of the lcad impedance ’
read®*, XL

ZL = cmplx(RL XL)

print*

print*, 'if you want to specify the line impedance, punch 1
print*, 'if you want to specify the line admittance, punch 2 *
read*,in

print*

go to (306,307 )in

go to 304

print*,’enter the line admittance '
read*, GC

IC=1./GC

go to 308

print*,‘enter the line impedance *
read*, ZC

print*
print* "enter the wavelength (in arbitrarily chosen units) '
read*, wi

beta = 6.2831853/wl
print*

p = sqrt(RL*ZC*((RL-ZCY**2 + XL**2))
d = XL*™2 + RL**2 - ZC*RL

A= (ZCYL + pi/d
ZIN = cmplx{ZC,0.)*(ZL + cmplx(ZC*A,0.))/
(cmplx(ZC,0.) + ZL*emplx(0..A))

21
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XM = aimag(ZIN)
if (XM.ge.0.) d2 = (1./beta)*atan{A)
if (XM.It.0.) d1 = (1./beta)*atan(A)

B = (ZC*XL - p)/d

ZIN = emplx(2ZC,0.)*(ZL + cmplx(0.,2C*B))/
(emph{ZC,0.} + ZL*cmpix(0.,B))}

XM = aimag(2IN}

if (XM.ge.0.}d2Z = (1./beta)*atan(B)

if (XM.It.0.)d1 = (1./beta)*atan(B)}

if (XMIE0.) XM = - XM

if (d1.0.0.)d1 = d1 + 3.14159/beta
if (d2.1t.0.) d2 = d2 + 3.74159/beta
d3 =d2 +0.5*3.1415%/beta
d4 =dl +0.5*3.14159/beta

if (d3*beta.gt.3.14159) d3 = d3 - 3.14159/beta
if (d4*beta.gt.3.14159) d4 = d4 - 3.14159/beta

print*, 'to use a series inductance, punch 1'
print*, "to use a series capacitance, punch 2'
print*, 'to use a shunt inductance, punch 3'
print*, "to use a shunt capacitance, punch 4 '
read*, ic

go to {309,310,311,312)ic

go to 304

call clear

write(6,124)

format(//,' MATCHING WITH SERIES INDUCTANCE",/)
wtite(6,196)2L,ZC

format(2x,'ZL = ",£10.5," + j ",f10.5,/,

' ZC =105/}

write(6,128)d1

write(6,129)XM
9o to 304

call clear

write(6,125)

format(//,' MATCHING WITH SERIES CAPACITANCE",/)
write(6,196)ZL,2C

write(6,128)d2

write{6,129)XM

go to 304

n
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call clear

write(6,126)

format(//,’ MATCHING WITH SHUNT INDUCTANCE',/)
write(6,196)2L,2C

XM = ZOH*2/XM

write(6,128)d3

write{6,130)XM

go to 304

call clear

write(6,127)

format(//,' MATCHING WITH SHUNT CAPACITANCE',/)
write(6,196)ZL,ZC

XM = ZC** 2 /XM

write{6,128)d4

write(6,130)XM

format(2x,'length of trm. line = ' ,f12.4,' length units')
format(2x, 'series reactance =',f12.4,' ohms')
format(2x,'shunt reactance ='f12.4," ohms')

print*

print*,"do you want to match another load 7°
print*,'if yes, punch 1 if no, punch 0 '
read*,in

if(in.eq.1) go to 301

retum

end

subroutine T™M

complex 2L, XJ,ZIN

XJ = cmplx(Q.,1.)

call clear

print*,"TRANSFORMER MATCHING'

print*

print*, “The program TM determines - '

print*

print*, - in the case of a quarter wave transformer, '
print*, ' the length of transmission line to be placed *
print*, ' in front of the load and the characteristic'
print*, * impedance of the quarter wave section (sec. 7.3.1 Y
print*

print*, '- in the case of the generalized transformer,’
print*, ' the length and the characteristic impedance’
print*, ' of the transformer section (sec. 7.3.2)'
print*
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print*, ‘if you want to introduce a load impedance, punch 1'
print*, 'if yoy want to introduce a load admittance, punch 2 '
read*,in

print*

go to (302,303 )in

go to 304

print*,’enter the real part of the load admittance ’
read*, GL

print*,’enter the imaginary part of the load admittance '
read*, BBL

RL = GL/(GL**2 + BBL**2)

XL = -BBL/(GL**2 + BBL**2)

go to 305

print*,’enter the real part of the load impedance *
read*, RL

print*,"enter the imaginary part of the load impedance '
read*, XL

ZL = cmplx(RL XL)

print*

print*, 'if you want to specify the line impedance, punch 1°
print*, "if you want to specify the line admittance, punch 2 °
read*,in

print*

go to (306,307)in

go to 304

print*,’enter the line admittance '
read*, GC

ZC =1./GC

go to 308

print*,’enter the line impedance
read*, ZC

print*

print*,'enter the wavelength {in arbitrary length units) *
read*, wi

beta = 6.2831853/wl

print*

ZIN = RL
d=0.
XA = abs(x|)
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if(XA.lt.1.d-9)go to 312

print*, 'to use a quarter wave transformer, punch 1*
print*, ‘to use a generalized transformer, punch 2
read*, ic

go to (309,310)ic

go to 304

call clear
write(6,124)
format{//," MATCHING WITH QUARTER WAVE TRANSFORMER',/)

p = ZC*H*2 - RL™*2 - XL*#*2

d = sgrt{p**2 + 4*(XL**2)*2C**2)
A = (p + d)/(2*XL*ZC)

B = (p - d)/(2*XL*ZC)

AA = (1./beta)*atan{A)
BB = (1./beta)*atan(B)

if{aa.lt.0) go to 311
ZIN = emplx(ZC,0.)*(ZL + cmplx(0.,ZC*A))/
(cmplx{ZC,0.)+Z*cmpix(0.,A}}

d=aa
goto 312

ZIN = cmplx(ZC,0.)*(ZL + cmplx(ZC*B))/
{empix(ZC,0.) + ZL*cmplx(0.,B))
d=hb

ZX = sqrt(dble(ZIN)*ZC)

wi4 = wird.

write(6,195)2L,IC

format(2x,'ZL = .F10.5," + j " F10.5,/,
1 2C =" £10.5,/)

if{XA.gt.1.d-9)write(5,126)d

format(2x, transmission line length = *,d10.3," length units")
write(6,127)ZX

format(2x, characteristic impedance = ',d8.3,' chms'}
write(6,128)wid

go to 304

write(6,130)
format{2x, there is no solution for this set of parameters’,/)
go to 304
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call clear
write{6,125)

format(//," MATCHING WITH GENERALIZED TRANSFORMER',/)

V =ZCHRL + XL**2/(RL/ZC - 1))

if (V.It.0.) goto 315

ZX = sqrt(V)

d = (1./beta)*atan((ZX/XL}*{1-RL/7C}}
if(d.t.0.) d =d + 3.14159/beta
write(6,195)ZL,2C

write(6,128)d

format(2x, 'length of transformer = *,d10.3," length units')
write{6,129)7ZX

format(2x,’characteristic impedance = ',d8.3," chms’)

go to 304

print*

print*,"do you want to match another load 7*

print*,'if yes, punch 1 ifno, punch 0 *
read* in

if(ir.eq.1) go te 301

return

end

subroutine clear
character i,j k|
t=char(27)
j=char(91)
k=char(ichar('2'})
I=char(74)
write{™ " i jk,|
return

end

LESSON 2 : THURSDAY 2 FEBRUARY 1995

FINITE DIFFERENCES IN THE TIME DOMAIN
(FDTD)

Introduction

Finite differences in time domain (FDTD) provide an approximate “full wave”
solution to Maxwell’s equations. It has been used in many electromagnetic problems,
wicluding: scattering and radar cross-section (RCS) calculations. electromagnetic pulse
penetration problems, transients, inverse problems, and recently, planar microstrip
circuil and antenna problems. With current advances in computer technology (ie.
memory, speed, graphical interfaces, massively parallel processing), FDTD becomes a
sertous approach to solve complex electromagnetic problems. Some of its more salient
features include the ability to handle various types of discontinuities (even time-depen-
dent ones) within the resolution of the FDTD mesh and the ahility to solve transient
problems. The method can also provide frequency-demain information with the use of a
Fourier transform and can solve both “closed” and, with the addition of absorbing
boundaries, “open” problems.

The FDTD method was first presented to the electromagnetics community by
Yee in 1966 [2.1]. In his paper, Yee solved the transient scattering of a cylinder in two
dimensions. Maxwell’s equations were solved by using the central difference approxi-
mation for both the partial space and time derivatives and incorporating the appropriale
boundary conditions in 2 “leapfrog” algorithm. In this algorithm both space and time
are discretized and the soluticn is obtained by “marching™ in time. It should be noted
that other finite difference schemes can be used to solve time-dependent Maxwell’s
equations. For example, algorithms which have been nsed to solve the time-dependent
equations of fluid dynamics have been successfully employed [2.23].

Principle of the method

The method is briefly outlined in this section to provide a general understanding
of its basic principles. To show how the technique works, the FDTD algorithm is
applied to the time-dependent source-free Maxwell's curl equations in free space — the
approach can also be extended to consider more complex media with various boundary

conditions.

ua_‘!g;'_)z_vw(r.r) £ aEé:"') =V xH(r) (2.1)
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The curl operations yield ix scalar partial derivative equations, which become in
the rectangular coordinate system

o 9z dy SR TR M ”az‘ay dx
OE M, O, OB, oM M, 35 _ o, oW,

£ = - gE—= =

ot dy oz ot dz ox ot dx dy
(2.2)

Similar expressions can be obtained in other coordinate systems, but they are

considerably more complex, 5o that the FDTD approach usually considers square of

cubic discretization schemes. Space is divided into cubic cells like the one shown in
figure 2.1.

(i-1ik)

(i.j-Lk-1)

¥ (i fk -1}

Figure 2.1 Yee's FDTD mesh.

The time and spatial denivatives are then approximated by central differences, i.e.
the partial derivatives arc replaced by finite differences in time and space. The two
expressions on the left in eqn. (2.2) then take the form of egn. (2.3)

In eqn, (2.3) the electric field and the magnetic field are calculated on alternate
time steps and depend only on information obtained in the previous time step.
Similarly. the central difference approximation is used for the remaining four equations.
The indices (i, j, k) denote position and the index (1) denotes the time step. The quanti-

lics Ax, Ay, and Az are the physical distances between nodes in the i, j, and k directions
respectively.
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Usually one takes Ax = Ay = Az for all nodes, so that the FDTD mesh is cubic.
Non cubic mesh configurations have also been investigated.

HIHi, o, kD) - B, k+)
At
Effij+h k+1)-EF (i j4h k) ER(i L k+)- EM LG k4
Az H Ay

EM{ivhj k) BF b k)

At
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e Ay EAz

(2.3)

More detailed discussions can be found in a large number of references [2..9,
2.21, 2.27]. We consider first the time dependent, source free, differential Maxwell's
equations in free space:

Time is stepped (or marched) in At intervals, but again, however, deviations may
occur in particular situations. To insure the stability of the methed, Taflove [2.3] has
established a relationship between distances between nodes and the time step size. The
[ollowing condition must be satisfied:

1

Ax)_2 + (Ay)_2 + (AZ)_1

Vi O S \/( (2.4)

where v, is the maximum phase velocity.

Resolution of the problem

The structure to be analyzed is first discretized by an FDTD mesh. I it is an
“open” problem (where the structure is residing in an infinite medium} the mesh must
still remain finite. This implies that some kind of boundary condition must be applied
on the sides of the mesh to simulate an infinite medium, so that an outward traveling
wave that encounters the mesh boundary is not reflected. In the situation of a “closed”
problem, such as a closed cavity, the mesh is terminated on the cavity boundary.

Initially, afl the field quantities are set equal 1o zero. An excitation is provided at
some input points to the mesh. These input points could form a plane in front of an
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object (as in a scattering problem), some sort of prescribed field distribution under a
microstrip linc or in a coaxial cross section. The excitation is a function of time.
A Gaussian pulsc is often used, with parameters selected to cover a desired frequency
spectrum. Afier the initial injection of the pulse into the mesh, time is stepped until all
field quantities return to zero.

A time harmonic function, discretized in ‘ime, is used to perform narrow band
analysis. In this case, time is stepped uniil all field quantities vary in a time harmonic
manner. This may take several complete frequency cycles, depending on the quality
factor (QQ) of the structure [2.4].

Ouiput data are determined at some observation point(s), where the desired field
components are recorded as a function of time. If transient information is required, no
further processing of the data is needed. On the other hand, frequency-domain informa-
tion is obtained by performing a Fourier transform on the response function,

Applications

Initial activities in FDTD centered around scatiering and penetration problems,
Three years after Yee's pioneering paper, FDTD was used 1o solve scatiering in a time
varying irhomogeneous medium [2.2]. Following these two publications, FDTD lay
dorman, at least in the open literature, until the mid-1970's, Probably the reason for
this resting period was the fact that FDTD requires vast amounts of memory and
compultational time. By the mid-1970's, computer memory had advanced 1o the point
where FDTD could be wilized. Taflove and his co-workers applied FDTD 1o scattering
of 2-D diclectric circular cylinders [2.3] and the scattering of 2-D PEC square and
circular cylinders {2.12]. Three dimensional (3-D) FDTD was used to predict the tran-
sient response of a F-111 aireraft [2.5, 2.6] and the scattering of other electrically large
structures {2.16].

Penetration studies are also well represented in FDTD literature.
Electromagnetic coupling into complex cavities [2.11), heavily shielded cavities [2.13].
cylindrical “missile-like” cavities [2.7), lossy dielectic spheres [2.8], and even missile
guidance sections [2.10] have been analyzed using FDTD. In addition, induced
currents on wires placed in the interior of cavities have also been calculated [2.22).

In “open” problems, such as scattering and penetration problems, the mesh must
be terminated by appropriate absorbing boundary conditions (ABCs). These boundary
conditions have been the subject of investigations [2.9, 2.36]. Tt was noted that
frequency domain data derived from the time domain by means of a Fourter transform
are “‘very sensitive to numerical errors, notably those resulting from the imperfect
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treatment of the absorbing boundary conditions” [2.23]. FDTD numerical experiments
involving varying the distance of the absorbing boundary from the scatterer led
Kriegsmatin et. al. to formulate an “on-surface radiation condition” {(OSRC) [2.20]. Eor
a certain class of geometries, this technique collapses the absorbing condition on the
surface of the scatterer.

It was only recently that FDTD was used (o analyze more “traditional”
microwave structures. Gwarek used FDTD to solve arbitrarily shaped 2-D microwave
circuits [2.17, 2.24]. Choi and Hoefer applied FDTD to determine the eigenvalues of
various dielectrically loaded cavities, a fin line in a cavity, and microstrip in a cavity
{2.18]. Characteristics of microstrip lines, discontinuities, hybrids. and bends have
been the subject of many recent publications {2.23. 2.25, 2.26, 2.33, 2.35, 2.37].
Slotlines and coplanar waveguides have also been investigated [2.32]. Even microstrip
paich antennas have been analyzed successfully {2.31, 2.37, 2.42].

Effect of dispersion

Fundamentally, the FDTD method assumes that the properties of the media under
study are frequency-independent. In reality, however, real materials have frequency-
dependent characteristics, in particular when they exhibit losses. In several technical
journals an open question was addressed to time domain experts, asking how
frequency-dependent characteristics of materials could be taken into account in an
FDTD analysis {2.29, 2.30]. An interesting approach was put forward by Luebbers et.
al. {2.38]. In their methed, frequency information of the material is Fourier transformed
to a time domain function and is incorporated into the FDTD formulation,

Computation Requirements

Efforts to improve the modeling of structures. to reduce meimory requirements
and execution time have been and will continue to be active areas of research. FDTD
algorithms were also derived in generalized curvilinear coordinates [2.14, 2.34] and
spherical coordinates [2.15]. Utilization of these techniques circumvent errors which
are tntroduced by the “staircase” approximations required when employing rectangular
grids. In addition, non-uniform grids in rectangular coordinates have been studied
[2.39, 2.41]. The structure can be divided in fine grids in areas where the fields change
rapidly, while a coarse grid is used in the remaining part of the structure, thus saving
memory space, Computational savings were also oblained by including edge singulari-
ties directly in the FDTD algorithm [2.40).
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Sufficiently large computer resources are now available, and a fair amount of
experience has been gained by many users of FDTD. More complex structures, such as
printed circuits inside of r enclosure, are the subject of current investigations. FDTD is
not restricted to reclangular enclosures, in contrast to some integral and waveguide
methods. FDTD offers enough flexibility to model three dimensional circuits residing
an arbitrary shaped three dimensional cavites (within the resolution of the mesh?).

Of course, like any other method, FDTD also presents drawbacks. The first and
foremost problem is that of computer memory. A very large number of cells is required
to model an electrically large three dimensional structure. Each cell requires 6 real
memory locations, one for each field component. As individual field components do not
share the same spatial coordinates, interfaces and boundaries may be inadequately
defined, which ultimately degrades the solution. It was feared that the excitation of
microstrip circuits could not be handled properly. However, it was recently demon-
strated that coaxial excitations {2.42} can be success{ully modeled.
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LESSON 3: FRIDAY 3 FEBRRUARY 199§

VARIATIONAL PRINCIPLES : FINITE
ELEMENTS

Introduction

The finite element method (FEM) is a powerful analysis technique that was
originally used by the civil and mechanical engineering community to solve problems
of structures, heat transfer, mass transfer, elasticity, and fluid mechanics. Cross fertil-
ization between engineering disciplines took place, and FEM also began to be utilized
in electrical engineering problems around the late 1960's, to calculate propagation
constants of diclectrically loaded metallic waveguides with an arbitrarily cross section.
Since then, FEM has been constantly refined for elecirical engineering problems as
evidenced by the large number of papers on the subject.

The FEM is usually concerned with finding solutions to Maxweil’s equations
within finite volumes. Consider a vector field within a volume which is enclosed by a
surface, in figure 3.1. In order 1o obtain a unique vector field, both the curl and the
divergence of the field must be defined at every point within the volume, and both the
normal and tangential components of the field must be defined on the surface enclosing
the volume.

av

v

Figure 3.1 Volume V enclosed by surface dV.

The goal of the FEM is to determing a unique vector field satisfying Maxwell's
equations for piven geometry and boundary conditions,
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Variational Principle

The fundamental principles of the FEM are presented here — more detailed
explanations can be found in the many publications devoted to this topic (for instance
[3.14, 3.17, 3.24, 3.34]). The FEM for electromagnetic problems requires a description
of the gcometry, Maxwell’s equations and appropriate boundary conditions. Maxwell’s
equations in time harmonic form in a medium with permittivity € and permeability p
are given, in complex notation, by

VXE() = -jout(r)  V-E(r) = 0
3.1

VxH(r) = jweE(r)  V-H(r) =0

where E(r) and H(r) are respectively the electric and the magnetic phasor-vectors
(complex vector quantities) and there are no free charges. For complex structures —
inhomogeneous media or oddly-shaped boundaries — these equations cannot be selved
analytically and an alternate approach is based on a variational expression. As an
example, a variational formulation for the magnetic field for three dimensional
problems is given here:

F(ﬂ}=JVLQ(VXH)-(VXH*)‘“"HH’EJW (3.2

Equation (3.2) is stationary with respecl to perturbations about the true magneltic
field solution and can be related to the stored energy.

Triangular division

Once a variational form has been obtained, the entire surface or volume is
divided into finile elements. These finite elements may, for example, be wriangles in the
case of a surface, or tetrahedrons in the case of a volume (Figure 3.2).

2

Figure 3.2 Some simple finite elements: the triangle for surfaces and the tetrahedron
for volumes.
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The field is then expressed by algebraic functions whose domain of support is
over a single finite element. The functional is ther minimized with respect to the alge-
braic functions. This produces a sparsely populated matrix. When dealing with a large
number of unknowns, special sparse matrix solvers can be employed, saving consider-
able amounts of memory and CPU time.

Survey of Applications

The early papers on FEM mainly concentrated on the solution of waveguide
prebiems. Formulations were first given for waveguides with arbitrary cross sections
and dielectric fillings [3.1]. Silvester provided numerical results when he solved for the
cutoff frequencies for T-septate and vaned rectangular waveguides [3.2). Then, exam-
ples of rectangular waveguides that were partially filled with dielectric began 1o appear
in the literature [3.3, 3.5). These canonical problems were of particular interest because
results could be checked against analytic solutions. Modal behavior of what is essen-
tially shielded microstrip lines were investigated by several researchers [3.4, 3.5, 3.6].
A practical example of a dissipative surface waveguide was studied when a guiding
structure consisting of a railroad track with a dielectric insert was investigated [3. 101, In
addition, different algebraic functions were considered to approximate the field over a
finite element [3.9].

Until this point, however FEM formoelation was in terms of longitudinal field
components (Ez, Hz). Konrad gave a general three component vector variational formu-
lation [3.8] which opened the way for true vector three dimensional problems. Although
some attempls to solve three dimensional problems were made prior to the general three
component vector formulation [3.7], these were limited in scope because of the their
scalar formulaton.

Attention began te shift toward three dimensional problems. Dielectrically loaded
cavities were studied by using tetrahedrons as the finite elements [3.1{]. In addition to
solving dielectrically loaded cavities, Webb, Maile, and Ferrari presented scattering by
simple three dimensional objects in waveguides [3.13]. Cavities with circular symme-
try, such as a linear accelerator cavity, were investigated by Davies et. el. [3.12].
However, it soon became apparent that the FEM formulation was plagued by serious
problems. In the case of longitudinal field formulation these problems were mathemati-
cal singularities. In the case of vector formulation these problems were “spurious solu-
tions". These spurious solutions would be found to be mixed and interlaced among the
true physical solutions.
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Since the mid 1980°s the majority of FEM papers in the literature have dealt
almost exclusively with this problem of spurious solutions. It is interesting 10 note that
in his original paper on the vector variational formulation, Konrad recognized the exis-
tence of spurious sclutions and suggested rigorous enforcement of the boundary condi-
tions to eliminate them. However, it was reported that this atiempt was not adequate.
Many different methods have been suggesied to climinate spurious solutions. Some of
these suggestions include: the use of a penalty function to enforce a divergenceless
field [3.15, 3.19], the use of divergence-free fields to expand the field [3.22), forcing
the solution of the FEM to be non-divergent [3.31], the use of special finite elements
[3.16, 3.21], methods to confine the spurious solutions to a particular frequency range
[3.18, 3.20], the use of discrimination techniques to separate “real” from “spurious”
solutions [3.25], FEM formulation in terms of all six field components [3.32], modifi-
cations 1o the governing vector equations [3.36], and the use of tangential finite ele-
ments [3.26, 3.38] (previous finite elements were “nodal” finite elements).

FEM has been used in the quasi-TEM analysis of transmission lines. Pantic and
Mittra employed a variational formulation which was based on Poisson’s equation and
also incorporated singular and infinite elements in their analysis [3.23]. Skin-effects in
quasi-TEM analysis have also been accounted for [3.27]. Singular elements have been
used in modeling waveguides which have “sharp metal edges” [3.30, 3.37], dielectric
waveguides have been investigated using infinite elements [3.33] and efficient methods
employing hermitic pelynomials have been used in solving rectangular and ridged
waveguide problems [3.28]. In an interesting approach, Csendes and Lee combined the
planar waveguide model of microstrip circuits and the “iransfinite element method™ to
predict the performance of several practical MMIC structures [3.29).

Scattering produced by three dimensional obstacles in waveguides have been
investigated by Ise, Inoue, and Koshiba. In their first approach, they employed tetrahe-
dral linite elements and a penalty function to eliminate sputious solutions [3.35]. Their
second approach used reclangular parallelepipedic edge elements [3.39].

Recently, Hewleti-Packard has released a software package named the “High-
Frequency Structure Simulator” (HFSS), which was developed at Anasoft Corporation
{3.40]. HFSS can find scatiering parameters and field distributions of enclosed three
dimensional passive microwave circuits. HFSS uses FEM to model these complicated

three dimensional structures. HFSS possesses advanced solid modeling capabilitics and
post data processing.

However, as with most general purpose codes, accurate results are obtained at the
expense of memory and CPU time. A specific approach aimed at and optimized for a
particular class of problems should be more computationally efficient,

VARIATIONAL PRINCIPLES : FINITE ELEMENTS 4]

A final word should be said about the so-called boundary element method
(BEM). Many authors present it as a version of FEM. Although specialized to problems
defined on surfaces [3.41], it has also been claimed that it reduces to an integral equa-
tion approach combined with the method of moments [3.42]. Additional evidence
reduces BEM to field related principles combined with a generalized mode-matching
method has also been presented [3.43).

Example of application to an electrostatic problem

Te illustrate the basic principle of the FEM, we consider here the resolution of
Laplace’s equation, which is encountered in electrostatic and magnetostatic problems,
as well as in the determination of the transverse dependence of the fields in TEM
transission lines. The potential @ is a solution of the equation

V=0 (3.3)

The variational principle derived from eqn. (3.3) is in this case
2
F(®)= _|' Vo[ dv (3.4)
v

The unknown potential & within each triangular region (two-dimensional case)
with corners P, Q and R (figure 3.3) is approximated hy a polynomial expansion in
terms of the coordinates x y and z. A first order polynomial provides the simplest pos-
sible choice

Figure 3.3 Polynomial approximation on a triangle

Dxv) =Lx + My + N (3.5
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The coefficients L, M and N are direcdy related to the potentials on the three
corners of the triangle. The first two terms are :

- tI’P()’Q ‘YR)’f‘bQ()’R o)+ g(3p - ¥q)
Xp(.'VQ —,VR)*' XQ()’R —)’P)+XR()’P —J’Q)

L

¢p(IQ “'IR)"“DQ(XR _XP)+¢R(XP ‘IQ)

(3.6
_VP(XQ ‘"XR)+.VQ(XR - xP)*YR(XP —XQ)

M=

The value of N is not determined, because this parameter does not appear in later
developments. The contribution of this particular triangle to the function F(®) in
eyn.(3.4) is then given by

where Spgg is the area of the triangle. Summing the contributions of all the triangles
within the cross-section yiclds an approximation for F(®) that is a function of the
potentials & at the corners of all the triangles. Since the smallest possible value for
this function must be determined, its derivative with respect to every one of the s is
sel equal 1o zero

(D, @p..... D)
ob,

This provides a sysiem of ¥ linear equations with N unknowns, N being the
number of corners of triangles not located on a metal boundary, Since the potential at
any one point appears only within the expressions from the trtangles adjacent to this
point, the corresponding matrix is sparse, The system may be solved by matrix nver-
sion or other switable algorithms,

=0 (3.8)
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ANTENNAS AND ARRAYS

Definitions

Antennas are devices that provide a transition between a guided wave — travel-
ing along a transmission line or in a waveguide — and a radiated wave, traveling in free
unbounded space. There are many ways Lo make transitions, and therefore many kinds
of antennas. The simplest one is just a piece of metallic wire, called a dipole. Flat metal
plates also radiate, in a direction perpendicular to their surface (patch antennas).

Open waveguides can radiate directly into space {(zpertures). Their radiation
characteristics can however be significantly enhanced by providing a tapered section
which ensures a smooth transition from the waveguide to free space, making a horn
(there are shape similarities between electromagnetics and acoustics).

All antennas radiate waves towards some preferential directions in space. They
may be more or less “directive” depending on their symmetry and their dimensions, as
compared to a wavelength of the signal, Dipoles possess a cylindrical symmetry and
therefore their radiation is independent of the azimuthal coordinate. The radiation is
however dependent on the elevation, decreasing to zero on the axis of the dipole. Homs
generaliy direct the wave in the direction perpendicular to their opening.

The half-power beamwidth (3-dB) & of an antenna generally mects the follow-
ing requirement:

azA/D  [radians] “.1

where D is the “major” dimension of the antenna and A =co/f is the signal wave-
length. This means that a small antenna cannot provide a narrow beam. When one
wishes to obtain a narrow beam while keeping the antenna size reasonable, one must
use small wavelengths, and thus high frequency signals. This requirement is particu-
larly important for radars, and led to the development of the field of microwaves, and
more recently 1o the expansion within the millimeter wave region.

For broadcasting and mobile telephones, every point at ground level should
receive the signal, in this case broad {or ominidirectional) beams are required and low
directivity (small) antennas are used.

In most other communication links, on the contrary, one wishes to transmit a
signal from a transmitter to one single specific recciver — but not to (loed the
surrounding countryside. Narrow beams are then required, so that high-directivity
antennas must be used. It is imporiant to guarantee the confidentiality of communica-
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tions — a hot topic! A signal reaching a wrong receiver may also perturb the reception
of the lauer, in particular if the perturbing signal has a large amplitude. By
concentrating the energy of the signal into a narrow beam and pointing it in the right
direction, the power required to ensure the transmission is reduced. By reciprocity, the
same holds true for the receiving antenna, which should only receive signal from a
small region of space, in which the transmitter is located.

Simple metal antennas like dipoles and patzhes radiate most efficiently at or near
of a resonance, when their size D is approximately equal to a half wavelength (A/2).
The beamwidth is then about two radians, very wide, and such an antenna has a very
small directivity: it is suitable for broadcasting, but not communication links.

There are two ways to make high-directivity antennas with low directivity radiat-
ing elements:

® by combining the radiating clement with a focusing device in the same manner
as is done in telescopes for lightwaves. Mirrors and lenses are used for this
purpose: for antennas, parabolic reflectors are most often used (dishes).

® by combining the signals radiated by several elements in such a way that the
waves add up in the direction of the link and cancel each other out in the other
dircctions. The assembly of radiating elements is called an array.

0
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-80 90
[dB1-30 -20 -10 Q

Figure 4.1 Radiation patiern of an antenna array, showing main beamn and sideiobes

The radiation of an antenna occurs mostly in a “main beam”™ in which most of the
power of the signal is concentrated (Fig. 4.1). It is surrounded by sidelobes, which
result from the incomplete canceling of the signal in the other directions. Sidelobes are
generally unwanted, and the main 1ask in antenna design is the reduction of sidelobe
amplitude. As a rule, if the antenna size remains the same, any reduction of the sidelobe
level also widens the main beam,
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ANTENNA DESIGN USING PERSONAL COMPUTERS

Software packages were developed and are commercially available. As an exam-
ple. the following sections are based on the softwares developed by Professor David
Powar at the University of Massachusetts {Amherst) and published by Artech House in
1985 under the title above. This set of programs is user-friendly and deals with most
usual types of antennas. It is particularly useful 10 provide a general understanding of
the basic characteristics of antennas, providing gain, beamwidth and. in some cases,
antenna patterns. As pointed out by the author, however, simple approximations were
used for some developments. to ensure that suitable responses would be obtained in a
reasonable time on a personal computer. For more accurate computations, the use of a
more powerful mainframe computer would be advisable.

The book contains 19 programs, grouped in 4 chapiers

GENERAL APPLICATIONS

TLINE — TFransmission Line Design

This program calculates the characteristic impedance and the aticnuation of
coaxial lines, two-wire lines, microstrips and striplines, for geometrical dimensions and
material properties specified by the user. Both the dielectric and the conductor losses
are taken into account, For microstrips and striplines, the dimensions necessary Lo
obiain a specified impedance arc also determined.

DIRECT — Directivity Calculations

This program determines the maximum directivity of an arbitrary antenna
pattern. specified by the product of an element factor by an array factor. The number of
array elements. their spacing and the phaseshifts between adjacent elements determine
the array factor. The elements can be chosen as isotropic radiators (omnidirectional),
short dipoles (placed collinear or parallel to each other) and half wave dipoles. The user
can also define other patterns by entering a user-defined function. The program carries
out the numerical integration of the pattern and determines the maximum directivity.
The user selects the number of integration points and can thus check the convergence.

LINE — Line Source Patterns

The radiation pattern of an eleciric line source of arbitrary length L (fig. 4.2) is
determined and plotted in polar coordinates, indicating the main beam position and the
3-dB beamwidth. Five distributions of the current on the wire can be considered:
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uniform, triangular, cosine, cosine squared and cosine on a pedestal. It is possible in
this manner 10 see how the pattern changes with the current distribution and the length
of the radiating line.

Y J L2
Figure 4.2 Line source

FRIIS -— Link Calculations

This program performs communication link calculations, including the losses
resulting from impedance and polarization mismatches. The power received is calcu-
lated as a function of the power fed to the transmitting antenna, the gains and
mismatches of the two antennas, the range and the frequency. The polarization
mismatch is determined by introducing the axial ratios of the antennas and the angular
alignment.

SWGDS — Surface Wave Propagation Constants

g

surface wave

air

- dielectric

T  [1icla]

Figure 4.3 Dielectric slab on top of a ground plane

When a diclectric slab is placed on top of a ground plane, surface waves can
propagate over and within the structure, and knowledge of their propagation character-
istics is imponiant in the design of surface wave antennas and printed antennas. When
the signal frequency, the dielectric thickness and its permiuivity are specified, the
program determines the number of propagating surface wave modes and their propagat-
ing constants.
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WIRE ANTENNAS

DIPOLE — Thin-Wire Dipole Characteristics

The input impedance is determined for a thin wire dipole of specified length and
radius at a specified frequency. A Galerkin moment method is used for the analysis, and
the uses specifies the number of piecewise sinusoidal (PWS) modes to be used. The
dipole may be loaded with lumped loads at mode terminals and the feed point may be
placed at any mode terminal. The program provides the mode currents, the radiation
efficiency and the gain at broadside.

FLDDIPOL E' ~— Input Impedance of a Folded Dipole
A folded dipole is made of a dipole connected to a second wire conductor,
making a rectangular loop (fig. 4.4).

Figure 4.4 Folded Dipole

The program uses the same resolution technique as (k¢ previous one o determine
the input impedance of the folded dipole, as a function of frequency, dipole length, radii
of the two conductors and conductor spacing. The feed point is at the center of the
dipole and there is no provision for lumped loading.

YAGI — Yagi-Udda Design

Yagi-Udda arrays are well known from their use with television receivers. They
are formed of a dipole fed by a signal source and an array of rods (Fig. 4.5). A slighdy
longer rod placed on one side of the driven dipole acts as a reflector, while a series of
shorter rods on the other side perform the 1ask of directors.

The program calculates the gain, the back-to-front ratio and the input impedance
of a Yagi-Udda array. The lengths and the spacings of the reflector, feed element, and
directors are specified arbitrarily by the user. It is however assumed that 211 the direc-

} Some operaling systems do not accept names with more than 8 ietters, in which case the full name must
be truncated.
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tors have the same length and spacing. A method of moments procedure is used for the
calculations.

Figure 45 Yagi-Udda Antenna

LPDA — Log-Periedic Dipole Array Design
A log-periodic array of dipoles (fig. 4.6) provides antenna operation over a broad
frequency handwidth. All the elements of the array are connected to the signal source,
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Figure 4.6 Log-periodic array of dipoles

The design of a log-periodic array must meet a specified gain over a frequency
range, specificd by its lower and upper frequencies. The program detcrmines the
required number of dipoles, their lengths, spacings and radii. The mutual coupling
between radiating elements is not taken into account,
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ARRAYS

ARRAY — Pattern of a Uniform Array

Asetof N identical and equally spaced isotropic elements is considered, with
uniform amplitude and linear phase taper. The scan angle and the beamwidth of the
main beam are calculated and printed, while the radiation pattern is drawn, Even though
this is the simplest possible design for an array, it has considerable practical and tutorial
significance, as it can be used 1o visualize the effect of element spacing and phasing on
beamwidth, beam pointing and side'obe levels.

NARRAY — Pattern of a NON-Uniform Array

This program similarly provides the pattern, scan angle and beamwidth of an
array, but this time every element of the array can be arbitrarily situated and fed an arbi-
trary current. Inputs to the program are the frequency, the number of elements and, for
each clement, tocation, real and imaginary paris of the cument. This is a very versatile
program. but the user must enter a large amount of data.

CHEBY —Chebyshev Array Element Weights

Chebyshev synthests yields the best possible compromise between sidelobe level
and beamwidth by setting all the sidelobes at the same level. The clements are equally
spaced. but fed currents having different amplitudes {weights). The user is requested to
specify the number of elemenits, the spacing between elements in wavelengths and the
sidelobe level in dBs. The element weights are calculated for all the elements and the
resulting maximum directivity and the 3-dB beamwidth are determined. The array
pattern obtained can also be plotted.

TAYLOR -— Taylor-N-Array Element Weights

This program synthesizes a reduced sidelobe array using the Taylor-N technique.
The approach is somewhat similar to the Chebyshev synthesis, but the relationship
between beamwidth and sidelobe level is not optimal (but close 10 it), and it decreases
away from breoadside. This results in a current distribution that may be easier to realize
than the one for a Chebyshev array. The user is requested to specify the number of ele-
ments, the spacing between elements in wavelengths, the sidelobe level in dBs, and the
desired value for the N coefficient, The weights are calculated for all the clements and
the resulting maximum directivity and 3-dB bandwidth are determined. The array
pattern obtained can also be plotted.
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WOODLAW— Woodward-Lawson Array Pattern Synthesis

This method determines the relative current amplitudes that must be fed to the
elements of an array to obtain a specified pattern, for instance a constant field pattern
over a specified range, and zero elsewhere. The desired radiation pattern can be speci-
fied in either piccewise form or in sampled form. The element coefficients are printed

out and the radiation patiern can be plotted to determine how well the requirement is
met.

APERTURE ANTENNAS

APERTURE — Characteristics of Linear, Rectangular, and Circular Apertures
The half-power beamwidth, the sidelobe level and the directivity are calculated in

terms of [requency and dimensions for linear, rectangular and circular apertures with

uniform, triangular, cosine or cosine squared field distributions in the aperture.

HORN — Analysis and Design of Sectoral and Pyramidal Horns

Al microwave [requencies the systems are often connected by waveguides
(p'umbing), and then the easiest way to provide radiation is to flare the end of the
waveguide to realize a horn. One can either change one dimension onty — the width or
the height — in which case one obtains a sectoral horn, or change both transverse
dimensions o make a pyramidal hom (Fig. 4.7).

Figure 4.7 E-plane, H-plane sectorzl horns and pyramidal born

The antenna directivity is calculated and the E- and H-plane patterns are plotted
for E- or H-plane sectoral horns and for pyramidal horns . The program uses rigorous
expressions in terms of Fresnel integrals for the directivity and the far fields. The
maximum phase error at the aperture edges and the optimum aperture size for maxi-
mum gain are also determined, The program cam also design a pyramidal hom corre-

sponding 10 a desired pain and waveguide size, while corrugated homs can also be
censidered,
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REFLECTO R! — Design of Prime-Focus Paraboloid Antenna

The performances of a prime-focus fed paraboloid antenna are determined in
terms of frequency, dish diameter, F/D ratio (focal distance/dish diameter) and the
characteristics of the feed. The program compultes the spillover efficiency, the taper
efficiency, the aperture efficiency and the directivity.

MSANT — Design of Rectangular Microstrip Antenna

Microstrip antennas (printed patch antennas) have become very popular due to
their versatility, maggedness and ease of fabrication. The program uses a version of the
cavity model, valid for patch antennas on thin substrates, to determine the resonant
frequency, the radiation resistance, the input impedance at the feed, the frequency
bandwidth and the radiation pattern of a rectangular patch antenna. The user must
specify the length and width of the patch, the dielectric constant and the thickness of the
substrate, its loss tangent and the distance from feed 10 edge.

Remarks

The programs listed above were written in BASIC A, but can also run with other
versions of BASIC. In all programs, the user is asked to answer a sequence ol ques-
tions, to fully characterize the antenna to be analyzed or designed.

More information on mizrostrip patch antennas can be found in [2, 3], and a
powerful computer program based on integral equation technique for the analysis of
antennas printed on thick patches is now available [4].
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INTEGRAL EQUATION TECHNIQUES

The determination of the electromagnetic fields created by known currents in a
homogeneous structure, i.e. formed of a single uniform medium of propagation, is
directly provided by integral equations. Integral equation techniques can also be
extended (o analyze heterogencous media, formed by the juxtaposition of several
uniform media of propagation, by intreducing equivalent sources. In the particular case
of stratified media formed by a superposition of uniform layers, the stratified character
of the structure can be taken into account in the integral formylation. The techniques
developed are then applied to the analysis of printed circuits and antennas

Electromagnetic fields are generated by known impressed sources, represented by
electric or magnetic surface currents. Since Maxwell's equations are linear, the resulting

fields arc expressed by superposition integrals of the known sources, weighted by
Green's functions, which are space domain impulse responses.

1. HOMOGENEQUS MEDIUM

Maxwell's Equations and the Potentials

We consider a lossless homogeneous medium defined by a real permittivity €
and a real permeability p. It is assumed that this medium does not contain either free
charges or currents. Maxwell's equations are given in complex notation by:

VXE=-jopH V.E=0
VxH = jueE V-H=0 (5.1

where the time-domain electric field of a signal of frequency f=w/2r is expressed, in
terms of the complex phasor-vector E

E{r.t)= Re[vV2E(r)exp( joor)] (5.2)

A bold character is a vector, while underlining indicates that a quantity is com-
plex. The expression E(r) is thus a complex vector, called a phasor-vector, and is a
function of position r. The spatial dependence of the field is entirely contained in E(r).
A phasor-vector can be developed either in terms of its three spatial complex compo-
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nents (for instance, in a rectangular system of coordinates) or in terms of its real and
imaginary parts:

E(r)=e,E.(r)+e,E,(r}+e,E,(r)=E,{r)+E(r) (5.3)

Maxwell's equations are partial derivative equations in three-dimensiona] space.
The two cur] {V %) expressions (left-hand side) specify relationships between spatial
variations of a field (electric or magnetic) and the time-derivative (jo) of the other. The
divergence (V-) expressions (right-hand side) indicate that there are no free charges.

The two Maxwell curl equations (on the left-hand side in Eqgn. 5.1) are first-order
partial derivative equations involving two different fields. One can combine them and
obtain second-order equations in terms of either the electric or magnetic fields, which
are called wave or Helmholtz equations:

VxVxE = -V’E = w%pE  and VxVxH = - V’H = w’euH

(5.4)
Two potentials are often used to simplify further developments, namely the
magnetic vector potential A and the electric scalar potential V, which are defined by:

HH=VxA and E+jopA =-VV (5.5)

The quantities A and ¥ are specified through differential operators: their defi-
nition is incomplete because one can add a constant term to Y and, similarly, a curl-
less (solenoidal} vector o A, without modifying the fields. Thus the potentials can be
selected in a way that facilitates the resotution of the problem considered.

The potentials can be introduced within Maxwell’s equations {5.1), which then
yield two expressions containing both A and ¥. As one would generally prefer equa-
tions involving a single variable, the two expressions are combined and simplified
through the introduction of a particular relationship called the Lorent: Gauge 15.1]:

V-A+joepV =0 (5.6)

Thus, the two following wave equations for the potentials are then obtained:

VA+o'pA =0  and V¥V +olpV =0 5.7

Spherical Waves in Free Space

Since waves are actally excited by localized sources, radiated fields are solu-
tions of wave equation in spherical coordinates. The expression for the Laplace
operator V7 is then rather compiex, but one obtains a simple expression when a purely
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radial dependence is considered and the vectors are expressed by their rectangular
components. The resulting magnetic vector potential and the electric scalar potential are
given by:

A() = A, exp(—jofen 1)

r

and  V(r)= Y,

exp(—jmﬁﬁ r)
r

(5.8)

To have a non zero solution one must have A, and ¥V, different from zero and
the two potentials become singular at the origin of the coordinate system (r = {}), with
first-order poles (in r™'). This means that sources are Jocated there: an inflinitesimal
electric current gﬁ. called Hertz dipole (source of the magnetic vector potential) and a
point electric charge g (source of the electric scalar potential).

Carrying out the developments with source terms, Equation (5.8) yields:

ij cxp(-jm@ r) 9 exp(—jw@ r)

s— = and  ¥(r)=

n = r dne r {5.9)

The vector potential A(r) is parallel to the Hertz dipole at the origin of the

cordinate system. This result is specific 1o the particular selection of vector potential
that was madc when introducing the Lorentz gauge.

A(r} =

When the sources are not localed at the origin but at some point r', the resulting
potentials are stmply given by a linear translation. To do this. the radial coordinate + is
simply replaced by the expression ir - r'l

o cxp(mjmqfep - r']) q exp(—jm«/eu Ir- r'F)
=gy ————— U gy v = L ZRTOVERITTTY
4n [r-r| 4re [r—r|
(5.1

Then the electric and the magnetic fields are obtained by introducing the poten-
tials obtained by using Equation (5.10) into Equations (5.5) and (5.3) and carrying out
the calculations.

The electric and the magnetic fields also become singular at the location of
sources, hut stnce space derivatives are involved in their determination the poles are of
second or third order. Calculations will be more difficult for the fields than for the
potentials, even though the two approaches should eventually provide the same finite
values. High-order poles introduce mathematical convergence prohlems that become
particularly severe when expressions must be evaluated numerically.
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Green’s Functions
The magnetic vector potential produced at point r by a current density J(r'}) is
expressed in integral form by:

A(r)=f;J‘ (e Yexp(=joen fr —r')
v

Ir—rf

dv' = J. Hr)Gy(r-r)av' = J® G,
v

(5.11)

This expression is a superposition integral in the space domain I® G4, where
the Green’s function is the space-domain “impulse response”. The primed coordinate
' specifies the location of the current density (sources) within the volume V", while the
unprimed coordinate r is the position of the observer. The convolution of the Green's
function G 4;(r—r'} with the current density J(r') yields the potential A(r).

In {ree space, the Green's function for the vector potential is scalar, given by:

. exp{~joyfen jr-r)

Gulr-r) =
Gl ) 47 Jr—r|

(5.12)

The exponential in the numerator takes care of the non zero propagation time,
while the denominator represents the amplitude decay as the wave spreads out over a
sphere of expanding area as it propagates away from the source point.

The cormresponding magnetic field is obtain through derivation (5.5):

1 -

H(r) = —VxA(r} = Gyy(r- )@ J(r)

H (5.13)

The Green's function EH_, linking the magnetic ficld to the current is a tensor

or dyadic, because the phasor-vectors J and H are not directed in the same direction,
It is represented by a 3 x 3 matrix and is provided by:

—_ 1 - ,
Gyylr—r') = —Vx[TUG,(r-7)]
H (5.14)
where U is the unit 3 x 3 dyadic and the differential operator V operates only on the
unprimed coordinates.
The electric field produced by an electric current density is obtained with (5.1):
E(r) = —— VxH(r) = Gg, (r—r')®J(r')

e (5.15)
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The electric field Green's function G g7+ linking the electric field to the current,
is also a tensor or dyadic. It is derived from the Green’s function for the potential by:

- 1 -
Ggylr-r) = —(V¥.+0%uT| G, (r-r
el e ( H ) Yas ) .16

Carrying out the derivations with respect to r yields a 3 x 3 matrix for the
dyadic Green's functions. Some terms of the matrix have a third order pole at r=r'.

The electric scalar potential produced at point r by a charge density p(r') is
similarly expressed in integral form by:

1 IE(r')exp(—jm@k—r‘D

Vi) = o

e v = fvg(r')gw(r-r')dv =p®Gy,

(517

The primed coordinate r' specifies the location of the charge density {sources)
within the volume V', while the unprimed coordinate r is the position of the observer.
The convolution of the Green's function Guy{r~r') with the charge density p(r')
yields the potential V{r). The Green's function for the scalar potential is given by:

G 1 cxp(—jm,fcu r- r‘|)
2LV, T
4me [r—r

q(r—~r') =

1 .
= e Gayr-r")
(5.18)

INHOMOGENEOUS STRUCTURES

Surrounding

Medivm Boundary

Figure 5.1 General inhomogeneous struclure
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Figure 5.1 shows a general heterogeneous structure, An inner domain contains a
homogeneous dielectric, while another tegion is filled with conductor. The surrounding
region is generally filled with air and is bounded by an outer enclosure, which can
cither be the sphere at infinity (open) or a metallic box.

Metallic Boundaries

The expressions derived until now provide the potentials and the fields produced
by any combination of clectric currents and charges located within a homogeneous
medium. This means that when a distribution of currents and of charges is entirely
specified (over all space) and when the surrounding medium is homogeneous, the
potentials and, later on, the fields can be determined.

In many real-life problems, however, one considers metal surfaces (strips and
patches) which are surrounded by inhomogeneous media. To satisfy the boundary
conditions at the metal or at the dielectric inlerfaces, charges must be present and
currents must flow on the conductors, but their distribution is not known beforehand.

On the surface of a good conductor, the tangential compenent of the electric field
must satisfy a boundary condition, a suitable approximation of which is given by [5.2]:

nx(E-ZpJ,) = 0 (519

where J is the surface current density, Z, is the metal surface impedance, taking the

finite conductivity of the metal into account, given by

Z, = joufo = (1+j)ouj2o

where [ is the permeability of the metal and ¢ is its effective conductivity, which must
take into account the effect of surface roughness:

(5.200

The boundary condition applies to the total electric field, which is the superposi-
tion of the field E®*° produced by an excitation and the scatiered or induced ficld E>®
produced by currents und charges on the conductors.

Metallic surfaces can be handled in two quite different manners, depending on
symmetry considerations.

The conductivity ¢ in most metals is so large and the electric ficld becomes
vanishingly small inside the conductor (because the current density J must remain
finite) that one sels & =< and then also E =0 within the conductor: this is a perfect
electric conductor (PEC).
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On the surface of a PEC, the tangential component of the electric field must be
continuous. Since there is no field inside, the tangential component must also vanish
outside, and the surface impedance Zg, in Equation (5.20) is equal to zero. Thus the
electric field E is normal to the PEC boundary. The surface of a PEC generally
supports an electric surface current J;.

The dual of the PEC is the perfect magnetic conductor (PMC), characterized by
a vanishingly small internal magnetic field H = 0, in ferromagnetic materials for which
the permeability jt is exwremely large. In this case, the magnetic induction B must
remain finite. When no current flows on the surface of a PMC, the tangential compo-
nent of the magnetic field is continuous and must vanish. The magnetic field H s

normal 1o the PMC boundary. In addition, the concept of the PMC remains useful to
consider open circuit conditions.

Some structures possess a very large metallic ground plane, that extends under
the complete circuit, and one can theoretically assume that it extends to infinity in the
transverse dircetions. In addition, a ground plane made of perfect electric conducior
(PEC. Ziy=0) behaves like a perfect mirror for the fields, and one can replace it by
equivalent image sources (Fig. 5.2).

The two structures have the same fields above the ground plane and one can
therefore replace the original structure by the equivalent structure with image sources.
The Green’s functions for the potentials and for the fields are therefore modified by
adding the contribution of the images, provided by a vertical translation 2# and changes
of sign Lo account for the potarity and the direction of the components.
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Figore 5.2 Equivalent images with an infinite ground plane.
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The boundary condition on an infinite ground plane is thus included in the modi-
fied Green's functions, and there is no need then to determine the surface current. This
reduces the number of equations to be solved, at the cost of a slight increase in the
complexity of the Green’s functions. When a modified Green's function satisfying a
boundary condition is used in a superposition integral, any field obtained with this
integral also satisfies the boundary condition.
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Effects produced by edges of a real ground plane, which reflect and diffract the
waves, cannot be taken into account, because the infinite ground plane considered has
1o edges. Other approaches are required 10 account for them.

When metallic boundary conditions cannot be included in the Green's functions,
the metallic surfaces can be replaced by sheets of surface currents and charges.
Adequate distributions of surface currents and charges must be selected so that the
resulting total ficlds meet the ccnditions on the conductor boundaries.

Dielectric Media
The analyses of electromagnetic wave propagation considered an unbounded
homegeneous medivm in which the distributions of the fields were obtained by solving

the wave equation for a homogeneous medium. This led to the definition of homoge-
neous Green's functions,

We consider now a structure made with several media, which are individually
hemogeneous but whose combination forms an inhomogeneous structure {(Fig. 5.1).
One must individually solve Maxwell’s equations (or the wave equations) within each
medium and then satisfy the boundary conditions, that require continuity of the tangen-
tial field components at the interfaces. This leads to a highly complex problem that can
only be solved with advanced computer techniques. It is hardly worth mentioning that
the homogeneous Green’s functions previcusly defined are not valid in an inhomoge-
neous slructure.

Two approaches extend the range of the previously described iechniques (o cover
inhomogeneous structures.

® The first approach introduces “induced sources”, replacing dielectrics by volume
or surface polarization currents. The medium is then everywhere an homogeneous free
space, in which the previously defined Green's functions can be used, but the polariza-
tion currents are new unknowns that must be determined.

®  The second approach, valid in stratified media only, defines a modifted Green's
function in which the effects of the dielectric interfaces and ground plane are included.

A dielectric layer can be viewed as a distribution of polarization sources in free
space (volume equivalence principle). Within the substrate, one replaces the dielectric

by air, introducing at the same time an equivalent volume polarization current J given
by [5.3):

J = jog, (e, ~1)E (521
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where E is the total eleciric field existing in the dielectric, of relative permittiv-
ity &. In this manner one obtains a homogeneous free space in which the Green's
functions defined in Section 5.2 can be used. Then the unknown polarization current
must be numerically determined, together with the unknown conduction surface
currents on the metaltic surfaces [5.4].

Huygens principle offers an aliernative 10 the volume formulation for dielectrics
in which one replaces the dielectric layers by magnetic and electric equivalent surface
currents [3.5]. As in the previous section, one replaces, within the substrate, the dielec-
tric by air; but on the air-diclectric interface one introduces equivalent surface electric
and magnetic currents J_;. M, as follows:

Ja=nxH and My =-nxE {5.22)

These currents radiate into an homogeneous medium, air, crealing scattered fields
that, when added to the excitation fields, reproduce the original total fields in the air
and give null ficlds in the substrate.

Replacing a dielectric by polarization currents provides the only rigorous way to
deal with edge clfects due to finite dimensions of substrate and ground planes. The
same approach can also analyze arbitrary distributions of permittivity and thick conduc-
tors. However, the use of equivalent polarization currents and free-space Green's func-
tions yields problems of great numerical complexity that involve very large linear
systems of equations [5.6]: atlthough, since the available computer power increases at a

tremendous rate, this drawback may no longer be too significant for small-sized
problems.

Stratified Media Green’s Function

At the beginning of the twentigth century, the German physicist Arnold
Sommerfeld [5.7] formulated rigotous expressions for fields produced by a wire above
a transversely infinite lossy ground, based on the concept of the Sommerfeld identity

Extending his approach, the boundary conditions for stratified dielectric layers
(Fig. 5.3) and the ground plane can be included in the Green's functions, yielding
Sommerfeld integrals or Hankel transforms [5.8]. This approach implicitly assumes that

the diclectric slab and the ground plane must both extend to infinity along the
lransverse directions
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Figure 5.3 Swatified Media

A Sommerfeld integral $q(F) takes the general form:

$.(5)= [BP(89)™" E(g)era(~ &7~ en kot (529

where C is a carcfully selected integration contour in the complex plane of the integra-
tion variable . For instance, the Sommerfeld identity (Eqn. 5.13) is the Sommerfeld
integral Sol(§2-w2ep)y-1/2] integrated over the infinite real axis. The functions to be
integrated generally possess singularities and sometimes also exhibit a diverging behav-
ior for increasing values of the argument (Fig. 5.4).

Iy Singularity
Divergent altemnating
‘;::‘ | bebavior__
| 7\ -
| S~ u .
Imaginary
par

Figure 5.4  Example of integrand in Sommerfeld integral.

The functions to cannot be integrated analytically and their diverging behavior
precludes the direct use of a numerical integration scheme. Their badly behaved depen-
dence led to the development of spectral domain approaches [5.9], in which the trans-
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verse coordinate description of the structure is iransformed by a two-dimensional
Fourier transform. Asymptotic expansions were also developed 10 determine the far-
field distribution [5.10].

The first atempts to evaluate numericalty Sommerfeld integrals in the space
domain were carried out by Mosig [5.11], who introduced bending-around-the-poie
and averaging technigues (o take care of the singularity and of the diverging behavior at
infinity. This approach led to efficient and accurate computer algorithms. Similar tech-
niques to evaluate Sommerfeld integrals were developed by other authors [5.12].

Many other approaches have recently become available to accurately compute
Sommerfeld integrals [5.13, 5.14], and clesed form asymptotic approximations have
been develaped [5.15]. The complex image method, based on exponential approxima-
tions with Prony's method or with pencil of functions [5.16] provides an acceleration
by a factor of 10-15 times with respect 1o numerical integration but requires some “fine
tuning” [5.17].

Statement of the Problem

One must still determine which distribution of the currents flowing on the
conductors produces a total field that satisfies all the boundary conditions. To do this,
the Green's function equations are introduced into the boundary equations, using either
homogencous or inhomogencous, either for the electric field or for the potentials.

In the electric field integral equatiorn formulation (EFIE) the electric field
produced by the surface currents is replaced by its expression eqn. {5.19) to yield ;

nx(gexc + Escal _ Zmi;) - HX(EHC +Q,EJ' ®15 _Zm J_S) =0 520

The field at the surface of the conductors is determined by the current flowing
within the very same conductors: one must in particular determine the effect of a point
upon itself — in which case the distance from source to observer vanishes. Some
components of the dyadic Green's function EE, show singularities of the Ir - r'I-3
type, which precludes a direct evaluation in the space domain of the superposition
integral [S.18].

The eifect of strong singularities for the electric field can be circumvented with
the spectrai-domain approach. The whole plane of the interface (assumed to be infinite
in the two transverse directions) is considered and a two-dimensional Fourier wransform
is applied to the boundary condition [5.19].
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The currents on the upper conductor are also expressed by a Fourier transform,
and all subsequent developments are carried out in the transformed spectral domain,
This method was used to analyze antennas [5.20] and is particularly useful with geome-
tries where the Fourier transform can be defined.

Another manner to avoid strong singularities is to use the magnetic vector poten-
tial A and of the electric scalar potential Y inthe mixed potential integral equation
formulation (MPIE). The boundary value equation then yields, after some develop-
ments:

o[£ + 108, @1, +¥(G, ©4,)~Zua,| =0 525

continuity equation. This formulation is a logical extension of the MPIE introduced by
Harringten [5.21] for wire antennas in free space. Caleulations in the space domain are
always possible if the potentials A and V are introduced because then Green's func-
tions only exhibit mild singularities of the | r - ¢* |- type, which can casily be elimi-
nated when computing the superposition integrals.

where the surface charge density g, is associated 1o the surface current through the

Green’s functions for the potentials exhibit azimuthal symm try. depending on
the x, y coordinates only through the radial distance p=4x? +v2. Therefore, they
can be computed and stored in one-dimensional tables when analyzing a single-layer
structure.

The surface current J,. that one wishes to determine. appears within SUperposi-
tion integrals, which cannot be stmply inverted extract J,. and more involved devel-
opments are required. In the method of moments (MoM) [5.211, the unknown current is
expanded over a set of basis functions, and the same is done for the unknown surface
charge density:

M M
JS = Zgl !Sl‘ .q..s = Zg‘ gsi
i=1 i=1 {5.26)

The basis functions J,; form part of a complete set, and the charge densities q,
are related through the continuity equation. The unknown coefficients o, have o be
determined from the boundary conditions. For obvious practical reasons the series must
be truncated and the number of terms M necessary to achieve the desired accuracy
determined through successive computations.

For conductors having a simple geometry trial functions may be defined over the
whole surface and are then called entire domain basis functions. For instance, the
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current on a rectangular patch is expressed by a two-dimensional Fourier series, while
series of Hankel functions are used with cylindrical or annular patches.

Irregular geometries, on the other hand, are divided into rectangular or triangular
subsections. Within each subsection, the current either varies linearly as a function of
position or is expressed by a more involved polynomial expansion. Overlapping
roofiops covering two adjacent cells are often used to develop the surface currents in
perpendicular directions, yielding pulse doublets for the associated surface charge
density (Fig. 5.5).

Figure 5.5  Definition of reclangular subsectional basis functions:

Elecmentary cells can be all rectangular with the same size, rectangular with
difterent sizes [5.22], or still take a triangular shape. The actual selection results from a
compromise between computation complexity and ability to represent accurately the
actual conductor shape. Combinations of different ¢cell shapes and of subdomain and
cnlire domain basis functions have also been considzred.

The boundary condition cannot be exactly satisfied at every point on the conduc-
tot, so in practice one multiplies it by a “test function™ and integrates it over the domain
of this test function. In this manner, one satisfies the houndary condition in a “weak
sense” because only a weighted average value is controlled. The test function set may
be identical to the basis function set, thus leading to a Galerkin procedure. Another
common choice, when subsectional basis functions are used, is to integrate the
boundary condition along segments joining the centers of adjoining subdomains (razor
test procedure). In all cases, one obtains a set of M linear equations for the M
unknowns, which is symbolically written in the following matrix form:

[2MM][e] = (1] 5.27)
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where the vector [¥] represents the excitation. This matrix equation is solved to yield
the current and charge distributions on the microstrip patch or strip. Then the quantities
of interest to characterize circuits (impedance or scattering matrix) and those for anten-
nas (gain, radiation patiemn) are determined from the current distribution.

Numericat Aspects

Most techniques used to analyze antennas and circuits require the resolution of
systems of linear equations. If the number of unknowns is not 100 large, this is done by
matrix inversion. Standard software packages provide algorithms to do this.

When the number of unknowns becomes very large, matrix inversion requires an
extremely large memory space and becomes either impractical or extremely time
consuming. However, the matrices have a block structure including null submatrices
and regions where numbers are negligibly small, so iterative techniques like overrelax-
ation or biconjugate gradient methods can be successfully implemented.

Moreover, some discretization schemes yield symmetric matrices that have
Toeplitz properties, while reciprocily properties of the electromagnetic fields introduce
redundancies in the matrix elements. One may take advantage of these properties to
reduce the size of the system and, thus, the memory size and the computation time.

The resolution of the matrix equations, even with accelerating techniques, takes
considerable more computing time than the evaluation of Sommerfeld integrals. As a
result, the gain in time provided by fast evaluation techniques like the complex image
method is not significant when compared to the total computer time required [5.17].

Integral equation techniques produce results with errors well within manufactur-
er's tolerances for the substrates, and since full wave solutions are completr, they
model all physical parameters that affect the antenna performance. This high accuracy
and reliability comes at the expense of increased computer processing time. However,
as more powerful computers become readily available, the suitability of full wave anal-
ysis for microstrip antennas and circuits is obvious,

Input Impedance

The computations described in the previous sections yield the surface current
density on the microstrip upper conductor (strips and patches) resulting from a specified
excitation, most often a unit current (1 A) injected by the feed system. The volitage
appearing across the conductors of the input port is then the input impedance, which is
determined by integrating the electric field obtained by the method of moments [5.22].
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Theoretical developments traditionally considered coaxial feeds, often modeled
by a vertical filament of unit current terminated by a point charge acting on some point
of the upper conductor. This simple model does not take into account the self term of
the input impedance because the charge distribution is singular, Therefore, one can
introduce an auachment mode between the coaxial pin and the upper conductor, which
becomes an additional unknown in the procedure, thus increasing its complexity [5.23].

Undue complexity can be avoided by modeling the coaxial probe by a vertical
current filament of unit density acting on the center of an clementary cell and spreading
the associated point charge with a constant density over the entire cell. The continuity
equation is satisfied globally over the complete cell but is not satisfied locally. The
input impedance is obtained by integrating the electric field 1angent (o the vertical fila-
ment between the ground plane and the upper conductor, which leads to a quadratic
form for the computation of the impedance.

More recently, line feeds were also considered in some detail and several
approaches for its analysis were proposed. In the two-paint impedance average, the
potential is calculated at several points on the feed line and divided by the current
distribution on the line. The line can alse be terminated by a coaxial probe and
deembedding used (o find the impedance on the line. The three-point method compares
three samples of the current distribution and approximates the amplitudes of the
forward and reverse traveling waves an the line. It can be improved upon by using a
singular value decomposition. Finally, Prony’s method also determines the characteris-
tics of higher order modes. A recent publication compares these approaches [5.24].

An amtenna may have more than one connection to the feed network: for instance,
in the cases of dual polarized antennas and antenna arrays (Chaps. 6 and 7). In this case,
one sequentially feeds the different ports and determines the voltages appearing across
each of them. This provides the impedance matrix, in terms of which one can determine
the scauering matrix [5.25].

Far-Field Pattern

When the electric surface current on the microstrip upper conductor is known, the elec-
tric and the magnetic field can be determined everywhere in space, making use of the
Green's function formulations. To determine the far-field radiation pattern of the
antenna, however, calculauons are considerably simplified by using asymptotic tech-
niques, such as the steepest-descent method (5.26]. The application of this method to

the Sommerfeld integrals used in the analysis of microstrip patch antennas is presented
in some detail in [5.13].
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CAD Software

A CAD tool, called “Ensemble”, for the analysis of multilayer antennas with
vertical probe was recently reported [5.27]. It consists of a graphical user interface and
a full-wave simulator based on the integral equation formulation and moment method
approach described here. The simulator is modular, accurate, versatile, efficient, and
adaptable 1o different antenna substrate configurations. A simulation program has been
developed to analyze two-layer microstrip structures with complex permittivity sub-
strales and imperfect conductors that are fed by microstrip lines and coaxial probes, The
program uses a mix of rectangular and triangular cells to diseretize the structure, which
allows the user to model irregularly shaped radiating elements and feed networks, A
sophisticated attachment mode is used to satisfy the continuity of the currem at the
Junction between the probe feed and the paich.

MININEC

Introduction

The Numerical Electromagnetics Code (NEC) [5.28] is probably the most
advanced computer code available for the analysis of thin wire antennas. It is a
computer code offering a comprehensive capability for the analysis of the imeraction of
clecttomagnetic waves with conducting stnictures. The program is based on a numeri-
cal solution of integral equations for the currents induced by an excitation field on a
structure made of smooth surfaces and thin wires.

A NEC model may include nonradiating networks and transmission lines, perfect
and lossy conductors, lumped elements and ground planes, which may either be perfect
or lossy conductors. The excitation may be an applied voltage or an incident plane
wave, The program delermines the induced currents and charges, and then the near or
far zone electric and magnetic fields. Other antenna parameters like the gain and direc-
tivity, power efficiency and coupling can then also be determined,

In many problems, however, the extensive capability of NEC is not required,
either because the structure considered is not very complex, or because a simplified
model is sufficient to obtain the information required. In addition, NEC requires access
to a large main-frame computer and a FORTRAN compiler.

The MININEC sysiem offers many of the NEC options, but makes use of a
BASIC language that is compatible with most popular microcomputers. It is suitable for
“small” problems on small computers compatible with the IBM PC format. The Naval
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Ocean Systems Center (NOSC) has made the code available to the public {5.29]. The
MININEC system is also distributed commercially by Artech House [5.30] and version
3.13 and GRAPS 2.0 is included in the CAEME Software Book [5.31]. Added features
were provided by the Applied Computational Electromagnetics Society (ACES).

Overview

MININEC is a method of Moments code for the analysis of thin wire antennas
using a Galerkin procedure suggested by Wilton [5.32]. The Electric Field thin wire
integral equation is solved for the wire currents. Because it is written in BASIC, it is
limited to less than 75 unknowns and 10 wires, depending on the computer memory
size and the BASIC compiler (larger problems can be solved with NEC, which however
is not as user-fricndly and might tend to intimidate a beginner).

Since electromagnetics can hest be understoed with graphical means, the package
GRAPS [5.33] is included in CAEME as an adjunct to MININEC. Plotters supporting
the HPGL command set and printers with Epsom-compatible dot matrix capability can
be used as cutput devices for GRAPS. The exccutable version of the codes requires a
math co-processor.

Method of Resolution

MININEC uses a numerical solution method of an integral equation of electric fields
nresented by Harrington [5.21]. The following assumptions are made:

®. The wire radius is very small with respect to the wavelength (< 0.001 1) and
with respect to the wire length,

®. The wire is subdivided into short segments, and the wire radius must also
remain small with respect 1o the length of any segment. One can then assume
that the currents are directed along the wires and that there are no circumn(feren-
tial currents flowing around the wires.

The electrie field is obtained from the scalar electric potential and the magnetic
vector polential, calculated by potential equations derived from the Helmholtz wave
equations for known current and charge distributions. The electric field on a wire is
produced by three sources: (1) current and charges on the wire and on nearby wires, (2)
incoming waves from distant or nearby radiators, and (3) local sources of electric ficlds
on the wire.
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The currents on the wires are not known beforehand, but are actually the
unknowns that must be determined in the problem. This is done by imposing the
boundary condition on the conductors, i.e. by letting the tangential electric field
components vanish on the perfect electric conductor (pec) surfaces. For thin wires, the
total axial electric field, resulting from the three sources mentioned previously, must
equal zero on the wire surfaces. This provides an integral representation for the currents
and charges, which is solved by the method of moments (MOM), also known in linear
algebra as the method of equality of projections.

The MOM solution in MININEC replaces the unkrown currents by complex
constants or “current pulses” centered on the ends of the segments. The charges are also
complex constants (pulses), centered on the middle of the segments. The integrals are
solved by numerical integration for the complex matrix constants that describe the
unknown currents, yielding mutual and self interaction terms: electric field on one
segment produced by the current on an other segment and by the cutrent on the same
segment. These terms form an “impedance matrix™, and the currents are then obtained
by matrix inversion.

Ground planes are taken care of by the method of images. Lumped impedances
can be added at junctions hetween connecting segments.

When the currents and charges on the wires are known, the electric and the
magnetic fields can be determined, both in the near and in the far zones. The quantities
of interest in antenna design can then also be obtained,

Modeling and Limitations

Methods of moments are approximations: the currents are discretized as a set of
pulses, that are only an approximate representation of the actual currents. The following
items determine how closely the computer solution can represent the actual perfor-
mance:

® The numericai methods employed and how well these methods are imple-
mented on the computer,

® The inherent accuracy of the computer (rounding errors},

® How well the antenna bcing modeled conforms to the simplifying assumptions
of the electromagnetic formulation of the program.

® The user's experience in recognizing problem areas (for instance, the wire
sections should be shorter in locations where the current is expected to have
strong variations, and may be longer elsewhere).
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The user should always remain fully aware of potential difficulties in the model-
ing process, from initial setup to output interpretations. A new user should gain experi-
ence by running MININEC for a number of problems and comparing the results
obtained with other computer solutions or with experimental datz. When some confi-

dence has been gained through experience, new problems can be tackled, but always
with care and caution.

Some practical advice:

® Usc between 10 and 20 segments on a halfwave dipole for accurate input
impedance and power gain,

® Antiresonant dipole solutions {full-wave) will not converge.

® The wire radius must not exceed I/ 1000, otherwise the thin-wire criteria are
violated.

® The scgment length should be at least 10 times the radius.
® The segments should not be shorter than 10-4 wavelengths.

® Resulis given by MININEC may not be accurate when the spacing between
parallel scgments is less than 1710,

® Collincar connecting segments of different radii (tapered wires) seem to be
accurately modeled as long as requirement 3 is satisfied.

® Loop aniennas approximated by polygons show accurate input impedance
from 7 wavelengths down to 0.01 wavelengths.

® Near field calculations for a short vertical whip antenna agree within 10% of
measured fields for distances as close as 0.01 wavelength. When the observa-
tion distance is at one radius from the wire surface, MININEC's near-field
calculations fail and must not be used.

A well known antenna manufacturer indicates that in the design of Yagi anten-
nas, MININEC results for gain and pattern were found to be within 1 dB of the
measured values. The input impedance is not predicted as accurately, because feed
systems are generally too complex 1o be accurately modeled with MININEC.

T6
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Examnple of Application : Thin Wire Half Wave Dipole

1. Start MININEC by selecting option C in the main CAEME menu. Set the
CAPS LOCK key on (MININEC only responds to instructions in capital
letiers). Answer the questions as they are presented,

2. To the question DO YOU WANT TO CREATE A GEOMETRY FILE?
answer by typing N. Output should go to the console, C. MININEC asks for
the frequency in MHz; The default value is 299.8 (1 metre wavelength),
obtained by the ENTER key. This is a convenient choice which allows the
geometry of the wires to be put in wavelengths. Length units are always in
metres in MININEC.

3. The ENVIRONMENT can be selected as FREE SPACE (1) or a ground plane,

perfect or lossy (-1). select |, FREE SPACE. The next question is DO YOU
WISH TO LOAD A GEOMETRY FILE?, and the answer is Y. Name of the
geometry is DIPOLE.INP {provided on the disk).

4. The screen scrolls off the wire coordinates, assuming the standard rectangular

coordinates X, Y, Z. The dipole selected has 20 segments, 19 pulses (current
sample points) and two open ends. Pulse 10 is the center pulse, which will be
excited by a voliage generator. To the CHANGE GEOMETRY? question, type
N. The number of sources is 1. The PULSE NO., VOLTAGE MAGNITUDE,
PHASE? response is 10, 1, (. Any value of voltage source will provide the
current shape and the correct input impedance, and specific feed point values
are of concern only for arrays with multiple feeds.

5. The NUMBER OF LOADS response is 0, and we want the current computed,
C. The matrix is then filled and factored with MININEC providing the timing
data. For this small problem the time is quite short, but when larger geometries
are considered, the computing time becomes substantial. VOLTAGE,
CURRENT, IMPEDANCE and POWER are displayed. If you want (o save the
impedance data for later convergence tests, you could choose (but not now} Y
and a file name (suc as DIPOLEZ). The question NEW OR OLD FILE will
either start the file (N), if this was the first case, or (0) add impedance data to
an ongoing study. Here we choose N for the answer to the SAVE
IMPEDANCE TO A FILE? question,

6. The current values are then listed, starting from zero at the open ends of the
dipole and taking its maximum value at the pulse 10, at the center feed point.
The phase distribution is fairly uniform, as would be expected for a standing
wave pattern. It is not necessary to save the currents at this point. so choose N.
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7. Let us create a horizontal (azimuth plane) far field pattern for the dipole by
choosing P from the MININEC MENU. We take the pattern in dBi (dBs with
respect to an isotropic radiator) and type D. The ZENITH ANGLE? query
refers to the theta angle in the spherical coordinate syste.n. Our sample dipole
lies along the Y axis. centered about the Z-X plane, and we select g = 90° by
typing 90,0.1. The AZIMUTH ANGLE? is the f angle of the spherical coordi-
naie system. To ha ¢ a complete coverage without break, we must take it from
0° 10 361°, which gives as instructions, with a step of 10: 0,10,37. For a
smooth printout, I° steps would be recommended. The FILE PATTERN
question is answered N because our plot (DIPOLE.OUT) is already prepared
for this demonstration. If you answer Y, you will be prompted for an output
lile and should then use DIPOLE.OUT. This file will now serve as input to the
post processor which creates a data file for plotting.

8. The pattern values scroll by, showing -147 dBi for the endfire nulls and 2.15
dBi for the broadside maxima, as expected. (-147 dBi is not exactly zero, but is
the smallest value that can be numerically obtained from MININEC on a PC).
Let's quit, Q, and look at the current and far-field plots.

9. After Q, the post processor automatically runs (or type MNPOST at the DOS
prompt) and requests MININEC output data file. The cutput file/s you used for
MININEC should be used in this program for plotting. Follow the steps in the
post processor to generate a name.DAT file for use in GRAPS, For this
particular example. type Control C to get out of MNPOST.

10. Choose Option B from the submenu or type GRAPS from the DOS prompt
for the plotting program and choose F1 to select the name you will piot. The
name is DIPOLEP. Notice that the name of the file appears at the bottom right
of the screen, and the GRAPH TYPE is automatically set to POLAR. Press F3
for a screen plot (it the circles come out as ellipses, the vertical or the horizon-
tal size controls must be adjusted). The broadside direction is vertical and the
cndtire is horizontal. This particular plot was drawn with 361 points and is
smooth. Then clear the screen by pressing F10 and then F 10 select a new file
for plotting. Type DIPOLEC to retrieve the currents setup for the demonstra-
tion. and press F3 1o display the plot on the screen. Pressing F10 will retum to
the GRAPS main menu. Press F10 again and ENTER to leave GRAPS.
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LESSON 6: WEDNESDAY 8 FEBRUARY 1995

ATMOSPHERIC PROPAGATION

The atmosphere is not homogeneous

Contrary to popular belief, the diclectric permittivitty of air is not identical to o,
nor is its refractive index exactly equal 10 1. In many practical applications, this approx-
imation is quite sufficient but, when considering long propagation paths in the atmo-
sphere (tens of kilometers or more) the variation of the refractive index with altitude
plays a significant role. The propagation paths are no longer straight, but become
curved trajectories, lengthening the transmission range.

The refractive index of air # was determined experimentally, and is approxi-
maiely given hy the following expression, valid for radio waves:

T9p 1le 3810°),
S Y R AN LA | 1
n ( 7 ~ + 7 } 0 (7.0

where T is the absolute temperature in Kelvin, p the air pressure in millibar ct e the
partial vapor pressure in millibar. For light waves, the terms in e are left out.

The observation of the atmosphere led to the definition of a “standard atmo-
sphere™, which is a statistical average (fig. 7.1).
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Fig. 7.1 Standard Atmosphere

The analysis of radio wave propagation in the atmosphere must determine how
waves travel in helerogeneous media.
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Propagation in stratif.ed media

A continuous variation can be replaced, in first approximation, by a set of
discrete but closely placed steps (fig. 7.2), and the standard expressions for transmis-
sion and reflection considered at each step. Accurate results may tequire many steps,
and thus significant computation time and memory space requirements. In some
particularly favorable cases, for instance when the variation occurs in one coordinate
direction only, one can take the limit of vanishingly short steps and obtain an exact
expression.

AE

£]

Fig. 7.2 Suaircase Approximation

Determination of the path
For isotropic and lossless media, the angles of incidence @, and of transmission
8¢, both defined with respect to the normal to the interface, are related by Snell's law:

YE H) sin B, = Yealky sin By o2

where the indices 1 and 2 refer to the media on both sides of the 1-2 interface (fig.7.3).
Applying eqn. (7.2 to the successive inerfaces, one gets :
ny sin By =ny sin O; =nj sin B; =n3 sin 65 =, .. (7.3

where the media are assumed 1o be non magnetic, and the refractive index is defined as

n = Y&‘.;‘ ;EU .
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Fig. 7.3 Multiple interfaces and continuous variation

To find the propagation in a medium with continuous variation, the with of each
layer is reduced down 1o zero. There are no longer any reflected waves, ard only the
pi th follewed by the transmitted ray has o be considered. Taking the limit is here quite
straightforward, and yields :

n(y ) sin B(y ) =ngsin B (7.4)
Total reflection (tangential horizontal path) is obtained for :

7 (¥mayx ) =ngsin 6, (7.5)

Propagation over a spherical earth

The previous section considered flat interfaces, but radio wave propagates over a
spherical carth, where the refractive index is a function of the radial coordinate r, the
origin being located at the center of the earth. A somewhat similar situation is encoun-
tered in graded index optical fibers, where the index is a function of the radial circular
coordinate p (however the sizes involved are different).

Over the interfaces between the successive media i-1-niet ny, g, Snell's
law is applied, yielding :

ni18in@ ) = n;sin ©; (7.6)
nisin 8] = iy sin 0, (7.7)

It was assumed that the curvature radii are very much larger than the wavelength,
in which case Snell's law remains valid,
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Fig. 7.4 Transmission across spherical {or cylindrical) shells

The two angles 9; and ] are not equal, so that these two equations do not have
the same values (in contrast with eqn, 7.3).. If the trajectory (straight) in medium / is
extended, and a perpendicular line drawn to the center, it is apparent that the projection
of the two radii on the perpendicular yields :

rsin®; =r, sin 0, (7.8)
Combining equations (7.6), (7.7) and (7.8) then yields for a continuous variation:
n(r)rsin 8(r ) = ngrg sin By (1.9)

The expression is rather similar 0 (eqn, 7.4), containing in addition the radial
coordinate.

To study the propagation of radio or light waves in the atmosphere, the curved
trajectories of the ra» s should be determined, which would be a rather complicated
process. It is possible to simplify it considerably with some simple approximations,
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Straight propagation over a fictitious spherical earth
Equation (7.9} is expressed in terms of the grazing angle a =900 -8 :
nthy(a+h)cosoh)=ngacosoyg (7.10)
where a is the earth radius (6400 km), h the altitude above sea level, et o the angle of

the trajectory with an horizontal line at sea level. Since point-to-point radio propagation
is generally very close 1o horizontal, some approximations can be made:

2
hyp-aly - (%
(4 8) (-8 =no (130 .

This expression is developed and only the first-order terms are retained:

%(az- odl= % +n - np)

(7.12)
The refractive index curve is then replaced by its tangent (fig. 7.1), vielding:
od =l Hn-ng)zh vhg,n=">
Hlot-adl=gn-noi=g ehdpn = (7.13)

Considering the last term on the right hand term in eqn. (7.13), one notices that it
corresponds to propagation in an homogeneous medium (the term in n - nghas disap-
pearcd, but over a spherc of radius ke, where k is approximately equal to 4/3 for a
standard atmosphere. The original problem, of curved rays over the real earth (which
has the radius a ) is replaced by straight rays over a “modified earth™ having an eguiva-
lent radius ka (fig. 7.5). Straight lines are much easier to draw.
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Fig. 7.5 From curved to straighl propagation paths.

The topographic profile belween the two antennas is then drawn on a chart come-
sponding 10 the modified earth. It is then possible to check whether the straight path is
free from obstructions.

It should be noted that the “standard atmosphere” is not the same everywhere, so
that the factor & may actually be different from 4/3 in some parts of the world.
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Effect of groumn reflection: Fresnel ellipsoid

Ground reflections contribute additional propagation paths between the two
antennas, and reflected rays may thus interfere with the direct ray, either increasing or
decreasing the amplitude of the received signal. To avoid such effects, it is
recommended that there be no obstructions either within the Fresnel ellipsoid (fig. 7.6),
which has the two antennas at its foci, and whose small half axis is given by:

b(m] =274 4 /f—”%a "‘_giz]]
(7.14)

where d is the distance between the two antennas (in kilometers) and where f is the
signal frequency (in MHz).

Fig. 7.6 Fresnel ellipsoid

It is not always possible 10 select a path that is free from obstructions. In this
case, the signal received is somewhat attenuated, by an amount that can be evaluated by
considering how much of the ellipsoid cross-section is covered. The transmitted signal
amplitude can then be increased to compensate for the attenuation resulting from
scattering over obstacles.

Real atmosphere: anomalous propagation effects

One must still note that the standard atmosphere is a fiction, an approximate
statistical representation of the actual profile, which may vary considerably with atmo-
spheric conditions. In particular, inversion layers in the atmosphere may considerably
modify wave propagation, acting as wave guiding channels (anomalous propagation).
In the vicinity of such channels, silent zones appear, where signals mysteriously disap-
pear, and may appear again as mirages at some further places. Anomalous propagation
is encountered over hot desert areas and coastal zones, where different winds blow at
different altitudes, coming from the coast or from the sea. Some (but of course not all)
of the mysterious effects observed in the ill-famed “Bermuda triangle” are believed to
result from anomalous propagaticn conditions,



