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Lateral Electromagnetic Waves and Pulses
on Open Microstrip

RONOLD W. P. KING, LIFE FELLOW, IEEE

.&tract —The propagation of lateral electromagnetic waves and pulses

on microstrip is investigated further. Interference patterns generated by

the superposition of the Iateraf and direct waves afong the air-substrate

surface are shown. The field generated by the pufse excitation of a

horizontal dipole on the air-substrate boundary is shown to consist of a

lateral-wave pulse and a slower direct-wave pulse. Their differences

in shape and decay rate are clarified. It is shown that the shape of a

Gaussian pnlse propagating along an open microstrip transmission tine is

closely related to the shape of the Iateraf electric-field pulse generated by a

Gaussian current pulse in a dipole the air-substrate boundary.

I. INTRODUCTION

I N A RECENT paper [1] the electric field generated by a

horizontal electric dipole on the air-substrate boundary

of open microstrip (Fig. 1) was calculated from the exact

integrals subject to the inequalities

k:< Ik;l << Ik;l (1)

where k ~ is the wavenumber of air, kl the wavenumber of

the dielectric substrate, and k2 the wavenumber of the

conducting base. It was shown that each component of the

field consists of two parts: a lateral wave that travels in

the air and a direct wave that travels in the substrate. Since

the two waves travel with different velocities, viz., c = 3 x

108 m/s in the air and u = CCZli2 in the dielectric with the

relative permittivity cl,, the superposition of the two must

yield interference patterns. Such a pattern was shown

[1, fig. 2] for an air-distilled water boundary when the

water is a half-space. Since the formulas for the two-layer

region [1, eqs. (57)–(59)] are quite similar to those of the

three-layer microstrip [1, eqs. (44), (45), and (55)], it was

concluded that similar patterns must exist in the mi-

crostrip. It is shown below that this is true.

Of considerable interest is the relation between the

electromagnetic field generated by a horizontal electric

dipole and that of a rnicrostrip transmission line. Each

element of current in the stripline corresponds to a hori-

zontal electric dipole and the superposition of contribu-

tions from all such elements constitutes the field of the

transmission line. The study of this superposition is greatly

simplified for single-pulse propagation so that this case is

examined in some detail for a Gaussian pulse. The changes
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Fig. 1. Unit electric dipole on plane boundary z = O between air and a
sheet of dielectric with thickness I over a conducting ground plane.
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Fig. 2. Interference patterns of lateraf- and direct-wave components

of EO

in shape attributed to dispersion along the transmission

line are shown to correspond closely to the similar changes

for the propagation of a lateral-wave pulse.

II. INTERFEItENCE PATTERNS IN

MICROSTRIP FIELDS

In order to show actual interference patterns in mi-

crostrip, calculations have been made from the complete

formulas (44) and (45) in [1] for the components of the

electric field tangent to the air-substrate boundary, that

is, from the formulas for EIP(p, O,O) = E2P(p, O,O) and

EI+(P, 7T/2, o) = -%.( P, 7T/2, O) on the boundary z = O be-
tween the substrate and the air when the relative permittiv-

ity of the substrate is cl, = 11.8 and its thickness is 1= 0.25

mm. Graphs of 20 log10 IEIP( p, O,O)I as a function of the

radial distance p are shown in Fig. 2 at the frequencies

~ =5, 10, and 20 GHz. AlSO shown are the separate magni-

tudes of the parts of the field due to the lateral wave alone

and due to the direct wave alone. It is seen that in the

vicinity of the radial distance where these two parts have
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Fig. 4. Interference patterns between direct and lateraf waves due to

horizontal electric dipole on air-dielectric surface of rnicrostrip.

equal magnitudes, sharp intertelence patterns occur. It is

also clear that at distances beyond the point of intersec-

tion, the lateral wave dominates. A similar pattern for

~I+(p, m/2,0) is shown in Fig. 3 at ~ =50 GHz. An
alternative representation is in Fig. 4, where the frequency

is the variable and the radial distance is the parameter.

The shorter the radial distance to the point of observation,

the higher the frequency at which interference occurs.

III. THE PROPAGATION OF PULSES ON MICROSTRIP

A simple way in which to show the properties of mi-

crostrip under transient conditions is to superimpose a
suitable set of frequencies that combine to form a wcll-

shaped pulse [2]. This is illustrated in Fig. 5, which shows a

pulse formed by the superposition of the following set of

frequencies: 50 MHz to 50 GHz at 50 MHz intervals with

Gaussian amplitude weighting. (Note that with 1 = 0.25

mm and cl. = 11.8, the condition kll <1 is satisfied over

I

a .2

0

I I [ I I
-1.25 -.625 0 .625 125

Tnme m seconds (x 10-’0)

Fig. 5. Input signal: superposition of continuous-wave (CW) signals at

50 MHz intervals from 50 MHz to 50 GHz; Gaussian amplitude
weighting. Taken from Gufla [2].

the entire range of frequencies.) The propagation of this

pulse along the boundary between air and a dielectric

half-space can be observed by evaluating the field due to

the superposition of the same set of frequencies at succes-

sive radial distances. The results at four radial distances

are shown in Fig. 6(a) and (b) when cl, =11.8. At the

shortest radial distance (top in Fig. 6(a)), the component

pulses due respectively to the superposition of the lateral

waves in air and the direct waves in the dielectric are also

shown. Tlhis separate evaluation is not necessary at larger

distances from the source since the two pulses become

separated because they have different velocities, viz., the

velocity of light c = 3 X108 m/s in the air and the velocity

u = cczlf12 in the dielectric. Close to the source the lateral-

wave pulse is much smaller than the direct-wave pulse. As

the radial distance is increased, the lateral-wave pulse

grows relative to the direct-wave pulse. Note that the two

shapes are quite different: the direct-wave pulse. corre-

sponds closely to the initial pulse in Fig. 5; the lateral-wave

pulse suggests the derivative of the initial pulse. The rea-

son for thlese differences is explained later.

The same initial pulse can be applied to microstrip by

the same procedure, viz., the evaluation of the field at

successive distances due to the superposition of the fields

generated at the selected set of frequencies. The initial

pulse and the propagated pulse at different radial distances

from the source are shown in Fig. 7(a) and (b) for a

microstrip with a substrate of thickness 1 = 0.25 mm and a

relative perrnittivity cl, =11.8. At the shortest radial dis-

tance the separate lateral-wave and direct-wave pulses are

shown along with their superposition in the total transient

field. The general behavior of the two pulses is quite

similar to that along the two-layer region shown in Fig.
6(a) with certain significant differences. Most conspicuous

is the shape of the lateral-wave pulse, which has an addi-

tional peak presumably due to reflection from the conduct-

ing base. There is no corresponding change in the direct-

wave pulse. These differences are explained later. The

lateral-wave pulse travels more rapidly than the direct-wave
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Fig. 6. Pulse propagating along ai–dielectric bounday; data taken Fig. 7. Pulse propagating along microstnp; data taken from Gulls [2].

from Gulls [2]. (a) Top: p = 1 mm. Bottom: p = 4 mm. (b) Top: p = 8 (a) Top: input signal. Bottom: p = 4 mm. (b) Top: p = 8 mm. Bottom:
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pulse and arrives correspondingly earlier. For example, at

P = 4 cm, the lateral-wave pulse arrives 3.45x 10-10 s
before the direct-wave pulse since the two velocities are

c= 3X108 m/s and u = c/~= 0.87 x108 m/s.

IV. THE PROPAGATION OF A GAUSSIAN PULSE

ALONG THE BOUNDARY BETWEEN AIR AND

A DIELECTRIC

In the preceding section the propagation of a single

pulse along the boundary between air and a dielectric

half-space and along the air-substrate surface of open

microstrip is examined simply by the superposition of a

selection of frequencies that together constitute a single

pulse at the source point. A more fundamental alternative

involves the derivation of explicit formulas for the propa-

gation of pulses along these boundaries when the exciting

source is a horizontal dipole located on the same bound-

aries. From such formulas an understanding can be gained

of the reasons for the differences in the shapes of the

pulses and their rates of decrease in amplitude with dis-

tance from the source.

In a recent paper [3] the transient electromagnetic field

of a vertical electric dipole located on the boundary be-

tween two dielectric half-spaces is determined when the

dipole is excited by a Gaussian current pulse. The corre-

sponding field of a horizontal electric dipole is readily

obtained [4] from that of the vertical dipole. The compo-

nents of interest here are

and

pl = p/ctl

7’ = (1 – p/c)/tl

=t’–pl

1()t–%x
T!= c

tl “

41

pl, = pc’/=/ctl (5)

T: = (t – pw/’c),/tl

= t’.– plc (6)

(7)

The functions V and U are the parabolic cylinder func-

tions defined in [5].

The dominant parts of (2) and (3) are the same. They

consist of the first square bracket which contains two

terms. Tlhe second of these is a Gaussian pulse which

decreases with radial distance from the source as l/p2. The

first term~ is the time derivative of the Gaussian pulse. It

decreases with radial distance as l/p so that it dominates

except close to the source. This means that what starts as a

Gaussian pulse quickly changes to a pulse shaped like the

derivative. The two formulas also have in colmmon the

term with parabolic cylinder functions and an explicit

l/fi decrease with radial distance. Note, however, that p

also occurs in the arguments of the parabolic cylinder

functions. This entire term is significant onl,y at large

distances, where it approaches a l/p2 dependence on the

distance.

The ex:pressicm (3) for EIP( p, O,O; t) includes a second

Gaussian pulse which decreases as l/p2C and travels in the

dielectric with the velocity cc- 1/2. It arrives later than the

~–1/2

{[ 1E1:(p,O,O; t) = – ~we1E3,2 ~ –~+~ e-’”
o 1

-. @/2

[

1.87 V(I0, fi-T’) – 2.64T’V( – 1,@T’)

+‘~ 1.05u(0, -+ZTf)+2.90TII( -1, -JZT’) II

(T’>0
T’<. O

(2)

– T,2/2

+ ‘~
1.87V(0, lfi~’) – 2.64T’V( – 1, fiT’)

1.05U(0, – I@ T’) +2.90 T’U(– 1, – @T’) I

(T’>(I

T’<: ()
(3)

where tl is the half-width of the normalized Gaussian
pulse in air and at even moderate radial distances it is

pulse,
much smaller. Also in (3) are two terms that involve the

error function and that decrease with distance as l/P3 and

‘–t2/f? l/p3c 3/2. They contribute to the initial rise of the pulse and

f(~)=~ (4) give the entire static field that persists after both pulses
have passed. Although not evident in (2) because of the
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approximation involved in the steady-state formula, there

is actually also a similar second pulse in the complete

transient for El=(p, O,O; t).

The transient field given by (2) and (3) for the dipole

with Gaussian pulse excitation is in complete agreement

with that determined by the superposition of a set of

frequencies as detailed in Section III. The constructed

pulse shown in Fig. 5 is not a Gaussian pulse but in its

main peak is sufficiently like one so that the field gener-

ated by it closely resembles that of a Gaussian pulse. Since

explicit formulas are available for the components of the

field generated by a Gaussian pulse, these can be used to

explain the properties of the field generated by the pulse

shown in Fig. 5. In particular, the fact that the single pulse

in Fig. 5 generates two field pulses of which the first is like

the derivative of the generating pulse and the second is like

the generating pulse itself is clarified by comparison with

the formulas for the Gaussian pulse.

V. THE TRANSIENT ELECTRIC FIELD GENERATED IN

OPEN MICROSTRIP BY A HORIZONTAL DIPOLE

EXCITED BY A GAUSSIAN PULSE

The steady-state formulas for the electric field generated

by a horizontal electric dipole on the air-substrate surface

of microstrip are given by (44) and (55) with z = O in [1].

The Fresnel-integral term is omitted for simplicity since its

contribution is important only at large distances. In the

direction @= O along the axis of the dipole, the compo-

nents are

where 1 is the thickness of the substrate and

p’= p,/c p: = ~fev, = &2/c. (lo)

When the dipole is excited by the normalized Gaussian

pulse ~(t) with its Fourier transform ~~ u), viz.,

– ~2,tf

f(t)=> ~(ti) = e-’’’2’~/4 (11)

the transient field is given by

EIP(p’, O,O;t)=-&Re J@ ~~P(P’ojo;@)e-m2’2/4e-z@’~~
—cc

where with

~=t—p’ Tc=t—& (13)

and from [3, eqs. (51), (52), and (56)],

lCO

J

27
ll=Re — iae

–u2t:/4e–lUTda = — e—T2/t;

2’7T -~ Gt:

lCC

J

1
12=Re — –LJ2tf/’ e–iar du = —T2/t;

277 .We
—e
h6

(14)

(15)

Similarly,

(17)

E1z(p’, O,O; t) = & Re~m &(p’,O, O; ti)e-’’2r4e42-dti’ dti
—m

()

Po~ &+L_—
2TCC2 p’ p’z -

(18)

With the values for the integrals given above,

l/21

[

2 4T2
~lp(P’to>o; t) =~: –— —

27TCC c Gt;p’ + Gt;p’

(19)

( 4T2
f%z(P’*030; t) =@ ~

2!76c2 ~t:p’ Gt;p’

2’r

-[(-

IJO _
~1121 I. II I,

)

)
+ fit~p,2 e-’’/’:. (20)

—+—
= 2mc c – p’ – p’z p’, With the notation

( )1

!-’ = T/tl T,’ = Te/tl
+2c3/, ~ + & (12)

P;2 P:3 PI= P’/q = P/ct~ p,, = p:/t, = p+2/ctl (21)



KING : LATERAL ELECTROMAGNETIC WAVES AND PULSES ON OPEN MICROSTRIP 43

t in ps
~
0
(x 0,1

w

p .50mm
al
.2
Go
z 120 f60
u

200

.-J -Ooi t in ps
..

:--0.2

<
;%-O,3

2

%

p=6#25mm

1 , , p:lOmm
\

/’ \ ‘\,

0 -20”0 1, %’60 80
,’ t in ps

“’—

0.05

v

p:100mm

o
280 300 340 360 380

-0,05

[

t in ps

-0,10

L-

Fig. 8. Radial lateral-wave pulse on surface of microstrip with 1=1.5
mm, cl, = 13, due to Gaussian current puke with half-width tl = 20.8

ps in horizontat dipole on surface.

these formulas reduce to

EIp(p,o, o; t)

1 ~ – 1/2

(

2 47’2 2T’ 1

-)

~,2——

27i&*co Cy –~+ p~ – p; ‘~ ‘-

[

~3/2 T–v2 z
–T:2+

=V2

+—— —(l+erf~;]
21rEco c%; ~e P:, I

17 –1/2 2

=.

27rw60 c%; [ I;(1-27’2)+ ~-~ e-””

[

~3/* =–v2 z
–T:=+

#*

+—— —(l+erf ~:)
21rcco c%; Xe

1

(22)
P;.

[

1 rl/2 (1-27’*) T’
E1z(p,O,O; t) = ——

1

+ ~ e-’”. (23)
7K60 ,Cy PI

As in the two-layer formula, the second pulse of the form

exp ( – ~c’2)/p~c does not appear in the formula for

EIZ(P, 0, O; t) because of the approximations involved in
the frequency-dependent formula.

The Gaussian current pulse on the horizontal dipole is

shown at the upper left in Fig. 8. It has the half-width

tl= 62.5/3 = 20.8 ps. Following it is shown the radial

electric-field pulse that occurs on the surface of the dielec-

tric at distances of 6.25 mm and 10 mm. (Note that the

exciting Gaussian current pulse has its central maximum at

the reference time t = O.) The pulse arrives at p = 50 mm

at a later time and has the shape shown on the lower left in

Fig. 8. The pulse at 100 mm is shown at the lower right. As

soon as the l/p term becomes dominant, the shape changes

only slightly as the pulse advances with the velocity c =

3 X 108 m/s.

The graphs in Fig. 8 show only the lateral-wave pulse

because the time scale does not extend to the time of

arrival of the direct-wave pulse. The complete field includ-

ing both pulses is shown in Fig. 9, where the time scale is

adjusted for each distance. At p =10 mm, the lateral-wave

pulse is relatively small compared to the direct-wave pulse

t,=6& =20,8ps

3 - 6,, =13

2 _ p:lOmm

1 - Lateral wave pulse

~
o 0 1
$ 60 80 400 120 140 i60 1;30
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Fig. 9. Radiaf electric-field pulses on surface of open microstrip with

I =1.5 mm, q, =13, due to Gaussian current pulse with half-width
tl = 20.8 ps in horizontal dipole on surface.

which travels in the substrate with the slower velocity

- 1~~ At p = 50 mm, the pulses are of comparablev = Cclr .

size and already quite widely separated. At p ==100 mm,

the direct -wave pulse is smaller than the lateral-wave pulse.

The more rapid decrease of the direct-wave pulse with

distance is a consequence of the fact that its radial depen-

dence is l/p2 whereas that of the leading term in the

lateral-wave pulse is l\p.

The graphs in Figs. 8 and 9 showing the lateral-wave

and direct-wave pulses generated on microstrip by a hori-

zontal dipole excited by a Gaussian current pulse are

consistent with the corresponding graphs in Fig. 7(a) and

(b). The explicit formula (22) shows the underlying com-

plexity of a lateral-wave pulse propagating along mi-

crostrip and the surprising analytical simplicity of the

direct-wave pulse. It is interestifig. to inquire into the

physical phenomena underlying these striking differences

between the direct- and lateral-wave pulses.

The structure of microstrip provides the essential prop-

erties for the propagation of two very different types of
surface waves. First, the boundary between air and a

dielectric with quite large relative permittivity is the appro-

priate structure for the propagation of a lateral wave or

pulse in the air. Second, the dielectric layer on a highly

conducting plane is the essential medium for so-called

“trapped” surface waves in the dielectric with an associ-

ated evanescent wave in the adjoining air. These were first

analyzed by Attwood [6]; they are described in detail by

Collin [7]1.

A horizontal electric dipole on the air-dielectric surface

generates a lateral wave with all six components of the

electromagnetic field. These are conveniently grouped as a
lateral wave of electric (TM) type with cylindrical compo-
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nents ~p, E:, and B+, and a lateral wave of magnetic (TE)

type with the components BP, B=, and E+. They have

significant values in the air, on the boundary, and in the

dielectric into which they travel from the air in a direction

almost vertically downward. When a current pulse is im-

pressed on the dipole, a lateral-wave electric-field pulse

travels in the air to the point of observation at p = L. A

similar pulse traveling down into the dielectric is reflected

at the metal surface with a reversal in direction. It arrives

at p = L delayed by the extra time of travel over the

distance 21 with the velocity CC~112. The two pulses and

the single pulse resulting from their superposition are

shown in Fig. 10 with L = 50 mm, cl, = 13, and tl = 20.8

ps. The resultant pulse is seen to virtually duplicate the

pulse for p =50 mm in Fig. 8. Minor differences are due to

small multiple reflections.

A horizontal electric dipole on the air–dielectric surface

of microstrip can also generate “trapped” surface waves.

These are of TM and TE types. The former have the

components E, ( EP with $ = O), E,, and BP (B@ with

~ = O); the latter, Bx, B,, and Ey. The cutoff frequencies
are defined by

2y, 21 n
——

y= 2{~ ‘
n = 0,1,2,... (24)

c

where only odd TE modes and even TM modes are possi-

ble for a dielectric of thickness 1 on a conducting plane.
Thus, only the TMO mode has no cutoff; the lowest

possible TE mode, TEI, has the cutoff frequency

fc= c =14.4GHZ forl=l.5mm, ~1, =13.
41{~

(25)

The three TM components of the direct-wave field in the

dielectric are the same as the components of the TMO

mode. At a distance x = p = L, the field on the surface

z = O consists of a direct Gaussian pulse that travels the

distance L and a TMO reflected pulse that traverses the

zigzag distance 4{- = ~~. With L = 50

mm and 1 = 1.5 mm, the zigzag path has a length 50.36

mm. The direction of the electric vector is reversed at each

of two reflections at the metal surface and left unaltered

by one perfect internal reflection at an angle greater than

the critical angle at the air surface. Thus, the multiply

reflected pulse arrives delayed by only 4.3 ps and with

equal amplitude and the same shape at p = L = 50 mm,

z = O. The superposition of the two identical pulses that

arrive almost at the same time yields a very slightly broad-

ened direct pulse with doubled amplitude. This explains

the factor 2 in the term for the direct-wave pulse in (22) as

compared with the direct-wave pulse in (3). It also explains

the nonappearance of the thickness of the dielectric in the

formula for the direct-wave pulse. At distances L>> 1,

there is no significant time delay and the TMO” trapped”

pulse is multiply reflected without decrease in amplitude

or change in shape.

The formulas for the electromagnetic field generated by

a horizontal electric dipole on microstrip are derived from

general integrals that include the lateral wave and all

“trapped” surface waves in the dielectric. The condition

kll <1 that is imposed in order to obtain simple formulas

means that the multivalued tan kll is replaced by kll. In

effect, this is equivalent to requiring the frequency to be

low enough so that all higher “trapped” surface waves in

the dielectric do not propagate. Thus, kll = ac~j21/c <1 or

f < c/2 m~{21 is equivalent to f < fC where f< is given by

(25). With cl, =13 and 1=1.5 mm, f <8.8 GHz < fC =14.4

GHz.

The range of frequencies with significant amplitudes in a

Gauisian pulse of half-width tl is utl <2.6 or f < 2.6/2~tl.

With tl= 20.8 ps, f <20 GHz. Since all frequencies in the

pulse with large amplitudes are below f,, none of the

higher “trapped” surface-wave modes will propagate and

contribute to the field in the dielectric.

VI. MICROSTRIP TRANSMISSION LINES

A microstrip transmission line consists of a long metal

strip of width w bonded directly to the surface of the

substrate. In its simplest form, its thickness is small com-

pared to the skin depth, so that currents are uniformly

distributed through it. When the thickness is significantly

greater than the skin depth, separate currents can be

defined on the top and bottom surfaces of the strip and on

its edges. Since each element of current is, in effect, a
horizontal electric dipole, the field generated by the cur-

rent along the entire length of the transmission line must

consist of a suitable superposition of the fields of all the

dipoles. This suggests that the physical meaning of the

numerically determined currents in and electromagnetic
field of specific microstrip transmission lines [8] should be

illuminated by relating them to the fields of their dipole

sources.

The complete frequency-dependent electric field on the

surface of the air–substrate boundary due to a horizontal

electric dipole is given in [1]. It consists of the components

EP(P, +,0), E@(P, +,0), and E=(P, 0,0). Formulas for the
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Fig. 11. (a) Electric-field lines in microstrip transmission line if this
could support a pure TEM mode; A = 1~~~ is distance between

successive maxima. (b) Magnetic-field lines associated with electric
field in Fig. n(a).

associated magnetic field are not given, but all three com-

ponents BP(p, @,O), B@(p, @,O), and Bz(p, $,O) are in-

volved.’ AIthough not independent, the complete field con-

sists of an electric (TM) part including EP, E,, and B+,

and a magnetic part with BP, B,, and E+. Formulas for the

field in the air above the boundary surface have not been

derived, but the closely related field for the two-half-space

problem is available [9]. It consists of a lateral wave that

travels in the air near the boundary. Associated with it is a

downward-traveling wave in the dielectric. Except quite

close to the source, the electric-type components dominate

because they decrease with radial distance as I/p whereas

the magnetic-type components decrease as I/pz.

If a pure TEM mode could propagate in the x direction

along a microstrip transmission line, the electric-field lines

would have only Ey and E, components that form loops

that extend from the charges on the surfaces of the strip

conductor to charges of opposite sign on the conducting

base, as shown in Fig. n(a). With a traveling wave along

the line, there are cross-sectional planes at intervals of a

wavelength A = 2m/k where the transverse electric field

has a positive maximum. Halfway between these are nega-

tive maxima; i.e., the direction of the electric vector’ at

each point in the plane is reversed. The’ electric field is zero
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Fig. 12. (a) Electric-field lines in air and dielectric substrate generated

by currents and charges in microstrip transmission line; A i; distance
between successive maxima. (b) Magnetic-field lines associated with

electric field in Fig. 12(a).

at a quarter wavelength from a maximum. The associated

magnetic field is also transverse, It forms closed loops

around the strip conductor, as shown in Fig. l].(b). For a

lossless line, the traveling-wave magnetic field is in phase

with the electric field, so that the cross sections of maxi-

mum magnetic field coincide with the cross sections of

maximum electric field.

A graph of the numerically evaluated electric field [8] of

an actual microstrip transmission line is shown in Fig.

12(a). III the cross sections x = O, X /2,. .-, where the

magnitude of the transverse electric field is maximum, this

is essentially like that of the TEM mode in l?ig. 11. In

these cross-sectional planes, the field is entirely transverse.

However, it does not remain purely transverse in cross-sec-

tional planes between these maxima. A longitudinal com-

ponent EX appears. It has its largest value in the planes

x= A/4, 3A/4,. . . . where Ey = E= = O. As shown in Fig.

12(a), the complete electric-field lines combine the three
components EX, Ey, and E=. The loops formed by them

include some for which one end terminates on the strip

conductor, the other end on the conducting base; and

loops that begin and end on the conducting base. The

associated magnetic-field lines are shown in Fig. 12(b). In

the planes x = O, A/2, the field is like that of the TEM line
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in Fig. 1l(b). Between these planes a longitudinal compo-

nent of B appears and the magnetic lines form axially

extended loops that link the currents in the strip

twice— once in each direction.

The horizontal component EX in the air is the lateral-

wave component EP( p, O, z) generated by all of the longi-

tudinal currents in the strip. The lateral-wave components

E,( p, O, z) and B+( p, O, z) = BY combine with the compo-

nents E= and BY of the TEM field. The lateral-wave

component BP( p, m/2, z) = BX provides the longitudinal

magnetic field that occurs in Fig. 12(b). The lateral-wave

components B=( p, 7r/2, z) and E@(p, 77/2, z) = E.v combine

with the TEM components B, and Ey. The complete field

in the air above a microstrip transmission line can be

regarded as a suitably proportioned combination of the

TEM field E.v, E, and BY, B= with the lateral-wave field

EX, Ev, E, and BX, By, B,. This combination is, of course,

complicated by the different phase velocities for the lat-

eral-wave and the TEM components. The effect is to make

the combination—the quasi-TEM mode—frequency de-

pendent.
It is perhaps well to point out that any “ trapped”

surface-wave modes that may exist in the dielectric can

contribute nothing significant to the field in air because

they are evanescent there. The entire field in the air is due

to the superposition of all of the lateral-wave and TEM

components generated by the current elements in the

transmission line.

VII. GAUSSIAN PULSE PROPAGATION ON AN OPEN

MICROSTRIP TRANSMISSION LINE

It is shown in Section V that a horizontal electric dipole

located on the surface of microstrip and excited by a

Gaussian current pulse generates an electric field outward

along the axis of the dipole that consists of a lateral-wave

pulse that travels in the air with the velocity of light and a

slower direct-wave pulse that travels in the dielectric. The

shapes of these pulses are shown in Figs. 8 and 9. A

Gaussian current pulse applied at one end of a microstrip

transmission line not only generates a field like that de-

scribed above, but also moves along the strip conductor

with the velocity of a TEM wave. The radial electric field

that travels along the conductor induces a current in it. It

follows that at a given point along the transmission line,

the arrival of the Gaussian current pulse is preceded by the

superposition of all of the currents induced by the radial

electric field that is generated continuously by the ap-

proaching pulse. At successive distances this has the forms

and relative amplitudes shown in Fig. 8. The pulse that is

actually observed at the given point is the superposition of

all of the induced currents and the currents that constitute

the original pulse. This composite pulse is spread out over

a much longer time than the original Gaussian and its

shape is determined in no small measure by the distribu-

tion in time of the radial electric field at the point of

observation.

Such a pulse has been calculated by Leung and Balanis

[10] by first determining the “effective” wavenumber k(o)

13

11 –

9 –

f in GHz
Fig. 13. Effective permittlvity of microstrip with cl, = 13, f =1.5 mm;

taken from Leung and Bafams [10].
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Fig. 14. Pulse at x =50 mm due to Gaussian pulse with half-width

tl =20 ps at x = O: taken from Leung and Batanis [10].

= ( u/c)~- by the spectral-domain method. The

effective permittivity CI,eff ( u ) as evaluated by them as a

function of the frequency is shown in Fig. 13 for a sub-

strate with the thickness 1=1.5 mm and a relative permit-

tivity cl, = 13. A Gaussian voltage pulse V(t, x = O) with a

half-width tl = 20 ps applied to the microstrip transmis-

sion line at x = O is next substituted in

lm
~(t, x = ~) = ~f_ fi(u, x = ())e/[”t-k(u)Ll~~ (Zfj)

m

to determine the voltage pulse at x = L. In (26),

F(o, x = O) is the Fourier transform of the Gaussian volt-

age V(t, x = O). A graph of the pulse V(t, x = L) with

L = 50 mm as computed from (26) Ty Leung and Balanis

is shown in Fig. 14. Also shown in dotted line is the pulse

that would arrive at x = L if the line supported only

the pure TEM mode with the wavenumber k =

(u/c)iG, where Clreff,,atiC is the effective static per-
mittivity of the line.

In Fig. 14, the center of the Gaussian pulse on the TEM

line arrives at x =50 mm after t= 490 ps—the correct

length of time to traverse 50 mm at the velocity u =

c/{= where 61,eff,,,,,C = 8.65. It is seen that a signif-

icant part of the actual pulse arrives earlier than any part

of the Gaussian pulse and a major part later. The actual

pulse is spread out over a much greater time interval than

the Gaussian and its shape is very different. A comparison

with Fig. 8 shows that its shape is actually very much like

that of the radial electric field close to the source dipole,

e.g., at P = 6.25 mm. Clearly the longitudinal lateral-wave
electric field is of major importance in pulse propagation

on microstrip transmission lines. It provides the long-range

collinear coupling among the current elements that does

not exist in a TEM line.
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Results similar to those of Leung and Balanis [10] have

been obtained by other authors [11], [12]. Notably the

numerically calculated propagation of a Gaussian pulse in

Fig. 3 of Li et al. [11] is represented by curves like those in

Fig. 14 and closely resembling the changes in pulse shape

with increasing distance of travel shown in Fig. 8 for a

lateral-wave pulse.

VIII. CONCLUSION

A detailed analysis of the transmission of the electro-

magnetic waves and pulses generated by a horizontal elec-

tric dipole on the surface of a dielectric-coated conducting

plane has been carried out. Relatively simple formulas

have been derived for the three components of the electric

field on the surface of the dielectric. The coexistence of a

lateral wave and a direct wave leads to interference pat-

terns in the frequency domain and a succession of two

pulses with quite different shapes in the time domain. The

significance of the lateral wave in providing strong long-

range coupling among collinear elements in wave and

pulse propagation along microstrip transmission lines has

been demonstrated.” Its existence is not obvious in numeri-

cal analyses such as the spectral-domain method, although

its properties are necessarily included in any approach

to microstrip that accurately satisfies the boundary

conditions.
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