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A New Microstrip Dispersion Model
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Abstract —A new unified analysisteehnique k presentedfor dispersion

in microstrip at high frequencies. The technique exploits the fact that the
dispersion in microstrips is due to coupling between a surface-wave mode

and the LSE mode of au appropriate model of the microstrfp. The analysis
uses an effective dielectric constant (EDC) approach to evaluate the mode

coupling in the LSE model. Unlike previously reported models; all the

parameters of the model are exactly determined from the the quasistatic

parameters of the microstrip, which takes the fringing field into aeeount.

Approximate closed-form equations are derived for the prediction of

microstrip dispersion. The results agree within 1.!50 percent with the

experimental and previously published data over a wide useful range of

microstrip dimensions and substrate permittivities.

I. INTRODUCTION

Numerous papers have appeared dealing with a rigorous solu-

tion of the dispersion problem of microstrip lines. There have

been highly sophisticated techniques using the spectral domain

approach in conjunction with the Riti-Galerkin method [1], [2]

or the eigenmode analysis [3]. But these methods depend on

time-consuming evaluation of the final relations. Moreover, these

rigorous analyses fail to provide any closed-form solution useful

for design purposes. As a result, there have been quite a few

empirical and semi-empirical attempts at the problem, based on

several hypotheses, experimental results on several materials [4],

[5] and curve fitting, etc., leading to closed-form equations useful

for design purposes. As far as frequency and substrate dielectric

constant are concerned, each of these empirical equations has its

own range of vaSidity.

It has been reported by severif authors that the surface wave

plays an important role in microstrip dispersion [6], [7]. But

Getsinger’s model [4] does not take the effect of the surface-wave

mode into account. Moreover, Getsinger’s model depends upon

experimental data for its complete characterization.

There have been many different approaches to the dynamic

problem of microstrip characteristic impedance [8]. These ap-

proaches can be divided into two categories. In the first category,

the frequency dependence of the characteristic impedance is

evaluated using an equivalent parallel-plate waveguide model of

the microstrip, of which all the parameters are determined em-

pirically. Although such a model was first proposed by Kompa

and Mehran [9] and the frequency dependence of the effective

width of the model was experimentally verified [9], it was subse-

quently corrected by Owens [10]. In a later report, Owens’
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equation was corrected by Pues and Van de Capelle [11]. Still, it

can be shown that the derivations of the equations defining the

frequency-dependent effective width of the parallel-plate wave-

guide model and frequency-dependent characteristic itrtpedance

of the microstrip [9]–[11] are based on contradictory assumptions

[12].

In the second category, microstrip characteristic impedance is

calculated by solving the field problem in the spectral domain

[13], which is supposed to have a very high degree of accuracy.

Recently, Jansen et al. [14] argued for the power current formula-

tion of microstrip characteristic impedance. This has also been

supported by Getsinger [15]. According to their formulation, the

characteristic impedance is evaluated as the ratio between twice

the average power flowing through the microstrip to the square of

the total longitudinal current. But the results obtained using

Jansen’s [14] and Getsinger’s [15] models differ significantly.

Keeping all the above limitations of the existing theories in

mind and with the intension of achieving analytical simplicity

and mathematical rigor, the present work considers the dispersion

in a microsttip line as a coupling between the surface-wave mode

and the LSE mode of art appropriate model of the micros trip

line. The parameters of the model are obtained from the static

TEM parameters (characteristic impedance and effective dielec-

tric constant) of the actual microstrip. This inherently takes the

effect of fringing field into account. Art EDC concept [16] is used

to evaluate the mode coupling.

Although it does not completely follow from theory that the

dispersion phenomena in the two structures must be identical, the

validity of the model is established by the agreement of the

computed results within 1.5 percent with those from existing

theories and experiments.

Using the power–current definition, closed-form expressions

are derived from the model for the frequency-dependent char-

acteristic impedance and the effective width of the equivalent

parallel-plate model for the microstrip.

II. ANALYTICAL MODEL

The conventional microstrip line structure is shown in Fig.

l(a). For the ease of analysis, this is distorted to result in the

model shown in Fig. l(b). The distorted version preserves all the

quasistatic characteristics of the original microstrip, but does not

have arty fringing field. The effective dielectric constants (1 and

c II of Sections I and II, respectively, are obtained from y-di-

rected resonances of the structures shown in Figs. l(c) and (d),

respectively. 61 corresponds to the parallel-plate waveguide mode

of the dielectric-filled portion of the model and cII to the lowest

order surface-wave mode of the microstrip.

The parameters u and v are obtained by forcing the model to

have the same electrical characteristics as the original microstrip.

Evaluation of the Dimensions of the Model

Let the static TEM parameters, effective dielectric constant

and the characteristic impedance, be c,(O) and 20, respectively.
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Fig. 1. (a) Microstrip line, (b) proposed equivalent model of microstrip, (c)
structure for analyzing y variation in region I, (d) structure for analyzing y
variation in region II, (e) equivalent model at zero frequency.

For a given w/h and c,, these parameters are computed using

empincaf relations [17], [18].

The per-unit-length inductance L,ti and the per-unit-length

capacitance CU can be written as

Zom
LU =

c

and

(1)

(2)

where c is the velocity of electromagnetic wave propagation in

free space.

The inductance and capacitance per unit length for the LSE

model shown in Fig. l(e) can be written as

(3]

(4)

where pO and c~l are the permeability and permittivity of free

space, respectively.

On equating the equivalent parameters

where rIO is the free-space wave impedance =120 T L?

qoh

(

f,

)

—-m .
‘=2 ZO(C, –1) m

(6)

The dielectric filling factor is given by

uh u

‘=uh+uh= U+v’

Using (5) and (6) gives

Cc(o)–lq=
(r–l

(7)

(8)

Equation (8) gives the same filling factor as the original rnicro-

strip, which is not the case in Getsinger’s model [4].

Effective Dielectric Constants C1 and <11 from y-Directed Reso-

nances

a) Evaluation of 61: Considering Fig. l(c), the y-directed reso-

nance gives

(l/yY)t~(y,h)=O (9a)

where yY is the y-directed wavenumber. The solutions for (9) are

a function of the frequency and the substrate height h. For a

lossless ground plane and strip and 2fih < A., which is the case

for the general frequency range of rnicrostrip operation

y,= o. (9b)

Since
.

(lo)

it follows that, for the above-mentioned condition

e~=cr. (11)

b) Evaluation of C1l: The quantity of 611 can be derived by

solving the eigenvalue equation of the layered structure shown in

Fig. l(d). For such a structure

EJ=A
(

k: –
Cr(Y)

where

%(y)= cosh(yyy)>

and

(12)

(13)

%(Y)=~yexp[-Y,O(Y -h)], h<y<m (14)

k, is the z-directed propagation constant,

Matching the field components E= and lYX at y = h, we obtain

~si~(YJh)+y,ocosh(y,h)=O.
1

(15)

The phase constants y, and Ypo are related via

Y;o=(c. –l)k; +y; (16)

where k. is the free-space propagation constant. The solutions of

(15) and (16) yield y, and the effective dielectric constant C1l of

region II is given by

(17)

Therefore, we notice from (17) that 611 is a function of frequency.

LSE Model

Up to this point of the analysis, we have completely defined

the different parameters of the LSE model. The electric and
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magnetic fields for this model can be written as: ~

HzU=,4Usinh(yUx)
\

(18)

E,u= J~”—AUcosh(yUx)

1’

O<x<u

()
HXU= – + AUcosh(yUx)

(19)

(20)

Hz”= A”sinh(y”(u+u-x)) ) (21)

~opOAOcosh(yU(u + uE,o,= —
Y,

–x))

I

(22)
U<x<u+u.

()
H,U=– : Aucosh(yU(u+u– x)) (23)

The propagation constants are related by

in region I and by

y;+y; +<l,lk; =O (25)

in region II. In (24) and (25), yZ is the propagation constant in

the z-direction, which applies to both regions I and II.

In order for the HZ and E,, fields to be continuous at the

interface between the two regions I and II, the following condi-

tions are imposed on (18) tlu&@ (23):

AUsinh(yUu) =AUsinh(yOu)

+cosh(yUu) =:cosh(yUu),

Dividing (26) by (27), the following transcendental

obtained

Yut*(Yuu)+ Y.t~(Y.~)=o

which together with the relation

yu2=(c1–cll)k:+y:

(26)

(27)

equation is

(28)

(29)

derivable from (24) and (25), deterr&ines the solution for the

wavenumbers yU and yv. Once yU and yU are obtained, the

frequency-dependent effective dielectric constant of the micro-

strip is given by

(30)

Equation (28) has the same form as [4, eq. (8)]; however, it does

not contain any unknown parameter as [4, eq. (8)] does.

Closed-Form Solution

If the approximation

(31)

is made in (15), it gives the equation

Y;+ azyj+alyy + a. = O (32)

az = (2p + qp2 – r)/p2 (33)

al= (2pq + 1)/p2 (34)

a. = q/p2 (35)

where

p=h/3 (35a)

q=(tr–l)k; (35b)

r= (h/C, )z. (35C)

The error in (31) is less than 0.75 percent for 0<0.8.

Solving (32) and using (1T gives

tII = c, +(sI + S2 – a2/3)\k~ (36)

where

s,= [Tf2 + (TJ: + T?;)l’2]1’3 (37a)

s~ = [TJ2 – (q; -t Tl;)l’2]1’3 (37b)

and

ql = al/3– a~)9 (38)

%= (Ul% –3ao)/6–a~/27. (39)

In general, the approximation (31) is valid within the highest

frequency range of microstrip operation which is the cutoff

frequency of TEl mode and given by

fcm, = c
4h~ “

(40)

Using the same approximation of (31), (28) gives

(%-W))2-
( )

~+(fr–e~l) (%-~.(f))
uvk;

+ 3(fr–c11) ~o’ (41)

U(u+u)

and solving (41) gives

( 3
(e(f)=%- fr–cll+—

uvk; )

Expanding the square root binomially up to the second term and

using (5) and (6) gives

where

f,=&
2pOh

(44)

(45)

A study of (43) shows that the frequency dependence of c,(~)

is asymptotic at zero and infi&e frequencies and c,(~) goes

from a value of c,(O) at zero frequency to t, at infinite frequency,

in agreement with theory [19].
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Fig. 2. Microstrip dispersion for standard open microstrip transmission line for w = h = 1.27mm. l/~(f) plotted as a function of
frequency for c, -2.65, 4.20, 8.875, and 20.00.

III. CHARACTERISTIC IMPEDANCE

Knowing the modal field expressions from (18) through (23), it

is possible to compute the frequency-dependent characteristic

impedance of the microstrip. For reasons outlined above, we

assume the following definition:

(47)

where P is the total average power flowing through the micro-

strip and 1, is the total longitudinal current. Computing P and

1, from (18) through (23) results in the frequency-dependent

characteristic impedance

(48)

where We(f), the

equivalent parallel

given by

we(f)

2
[{

sinh(2yUu)

4 Y.

frequency-dependent effective width of the

plate waveguide model for the microstrip, is

The right-hand side of (49) converges to W,(O), the static TEM

effective width, as the frequency approaches zero.

IV. COMPARISON WITH OTHER THEORIES AND

MEASUREMENTS

The theory developed in the present work is compared with the

experimental results of Cohen [20] and the theory developed by

Schneider [6]. This is shown in Fig. 2 for open microstrip lines

with W= h =1.27 mm and c, = 2.65, 4.20, 8.875, and 20.00. It

can be observed that the present theory is closer to the experi-

mental data of Cohen [20], which agrees accurately with the

full-wave theory of Mittra and Itoh [21].

A second comparison of the present theory with other theories

and experimental data is shown in Fig. 3, for W/h >1 and

c,= 10.1. Curve 2 is due to Edwards and OWens [5] ad is

obtained from curve fitting to experimental data. Curve 1 is due

to Schneider [6] and the present theory. The maximum deviation

between the curves is less than 1.50 percent.

The last comparison of the present theory with experiment is

shown in Fig. 4 for W/h <1. The experimental points are due to

Denlinger [19]. Fig. 4 shows that the present theory has better

agreement than Schneider’s [6] theory with the experimental

results.

The computed results for ZO( f ) as a function of frequency

using the present model are shown in Fig. 5 and compared with

Getsinger’s analytical and experimental results [15], for h = 6.35

mm and W = 2.54, 6.35, and 12.70’ mm on alumina substrate of

c, = 9.74. The static TEM parameters of the microstrip were

calculated using Hammerstad and Jensen’s [22] highly accurate

formulas for microstrip. Although Getsinger’s LSE model agrees

reasonably with his experimental results, the discrepancy between

the present model and Getsinger’s model is due to the error in the

computation of static TEM parameters in his model. For exan-

ple, the characteristic impedance of the microstrip with W= 2.54
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Fig. 4. Mcrostrip dispersion foropen microstnp trmsmission line for
w/h = 0.54134,Z. = 51.6!2.

mm, h= 6.35 mm, and c, =9.74 is 72.50 Q. But in Getsinger’s

work [15], itisshowntobe70 Q. Moreover, inthe present model

Zo(j) increases very slowly with frequency as predicted by

Bianco et al. using two other models [23]. Besides making many

other approximations, Getsinger’s model does not include the

modal coupling. In the present model, coupling with a

surface-wave mode is taken into consideration using an effective

dielectric constant approach. Since the effect of a surface wave is

more pronounced for high-impedance lines, the discrepancy be-

tween Getsinger’s and the present model reduces for low-imped-

ance lines as observed in Fig. 5. Therefore, it is believed that the

present model will give better results.

V. CONCLUSIONS

In the preceding sections, dispersion in the open microstnp

line has been analyzed using the effective dielectric constant

concept to evaluate the coupling between a spurious surface-wave

mode of the rnicrostrip and the LSE mode in an appropriate

model of the microstrip which preserves all the quasistatic char-

acteristics of the microstrip. The results obtained by using this

theory agree within 1.5 percent with other empirical and serni-

empincal theories. Although the method has been verified for

2.65 <c, <20,0.544 W/h< 2.5 it is expected to be valid outside
these ranges, because the model is quite general.

Fig. 5. Variation of characteristic impedance with frequency for open micro-
strip w = 2.54, 6.35, and 12.70 mm, h = 6.35 mm, 6,.= 9.74.

Since, in determining the mode coupling, only the lowest order

surface-wave mode has been considered, the present equations

will be valid up to the onset of the TEI surface-wave mode, which

is the highest frequency limit for microstrip operation. The accu-

racy of the method can be improved by computing the quasistatic

parameters more accurately.

Using small argument approximations of certain transcenden-

tal functions, closed-form equations are derived. These may be

useful for many design purposes. None of these equations require

any empirical constants to be derived from experimental results

or curve fitting.

Assuming a power–current relations~p, an expression for the

frequency-dependent characteristic impedance has been found

that fits the other theories which assume the same definition for

the characteristic impedance. In addition, the derived expression

for the frequency-dependent effective width of the equiwdent

parallel-plate waveguide will be useful in analyzing microstrip

discontinuities and evaluating microstnp power handling capabil-

ity.
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Microwave Point Contact Diode Responsivity
Improvement through Surface Effects

in Vacuum
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AND M. RAVFOGEL

Abstract —Resorption of air atoms from point contact diode surfaces via

exposure to vacuum can give rise to significant changes in electronic

characteristics. In the example considered, exposure of an X-band detector

to a modest vacuum gives rise to a resporssivity increase of about 80

percent for video and heterodyne detection. Experiments indicate that

vacuum resorption of minority surface impurities increases the barrier

Mamrscnpt received January 4, 1984; revised May 10, 1984.
The authors are with the Department of Electrical and Computer Engureer-

mg, Ben-Gunon University of the Negev, Beer-Sheva, Israel 84120,

height and decreases tunneling probability, thus increasing diode nonlinear-

ity and making the diodes more nearly “i deaL” The resulting relative

increase of the thermionic emission current should decrease the effective

shot-noise temperature, thns increasing the signal-to-noise ratio (SNR)

even further.

I. INTRODUCTION

Recent experiments with light emitting diodes (LED’s) [1] and

photodiodes [2] have indicated that, despite “hermetic sealing,”

immersion of such devices in even modest vacuums for several

hours or even days gives rise to resorption of surface-adsorbed

gases from passivation layers and to subsequent semiconductor

free charge carrier diffusion and redistribution which signifi-

cantly alter diode electronic and optical properties. Changes in

the current–voltage (1– V) and capacitance-voltage (C– V) char-

acteristics reflect the loss in charge which previously had been

contributed by adsorbed gas atoms that had now been desorbed.

Resulting free charge redistribution can alter significantly the

effective junction depletion layer width both at the surface and in

the bulk. For surface-emitting LEDs, these can involve signifi-

cant wavelength tuning through changes in surface bandbertding

[1], [2]. For photodiodes, significant quantum efficiency improve-

ment is obtainable as a result of reduced sin-face recombination

[3]. In view of such significant alterations in p-n optoelectronic

diode properties under vacuum, a preliminary investigation was

launched as to effects of vacuum on electronic and microwave

detection properties of point contact diodes. In the latter, the

metal-semiconductor surface is much more exposed than in

evaporated metal Schottky barrier devices. The experimental

results indicate significant changes in point contact diode elec-

tronic properties have indeed occurred. In vacuums on the order

of only 0.05 torr, microwave responsivity is on the order of 80

percent greater than that in the open air, for both video and

heterodyne detection.

II. EXPEfUMf3NTS

The diodes used in these experiments were thermocompression

bonded IN23C point contact cartridge mixer X-band detectors

manufactured by Microwave Associates, Inc. (The choice was

based entirely on convenience-these were available in quantity

in our facility.) Like the diodes of [1]–[3], they are supposed to be

“hermetically sealed.” Nevertheless, these point contact diodes

also exhibited significant changes resulting from prolonged ex-

posure to vacuum conditions. Since internal fabrication details

are unknown to us, this work will concentrate on changes in

diode parameters brought about by a vacuum environment, rather

than on the actual parameters themselves. The diodes were placed

in a 3-cm-diameter cylindrical experimental metal cell attached to

a vacuum system, described in detail in [1]. Diode length was

aligned parallel to the incident RF electric field. Closing this cell

was a glass window of 2-cm diameter through which the X-band

radiation could propagate into the cell. The aperture diameter

was sufficiently large so as to permit propagation through it at

these wavelengths. All experiments, including those at atmo-

spheric pressure air, took place with the diodes in the experime-

ntal cell. The only difference in the experiments was the air

pressure within the cell.

Forward and reverse 1– v characteristics are compared at

atmospheric pressure air and under vacuum conditions in Figs. 1

and 2. Although reverse-bias conductivity y decreases in vacuum,

the opposite is true under forward-bias conditions. Since device
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