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A New Dispersion Model for Microstrip Line reference. However, by collecting data from several numerical meth-
ods, Kuester and Chang [10] have shown that the total dispersion
A. K. Verma and Raj Kumar disagreement, i.eg.a(f) — e (0) at 8 GHz is as large as 25%.

Even the best agreement between the variational method of Kowalski
Abstract—This paper presents the phenomenological dispersion law and Pregla [11] and the SDA of Capelle and Luypaert [12] is about
and a new logistic dispersion model (LDM) for the microstrip line 204 only. Yamashita and Atsuki [13] have found close agreement

which has a root-mean-square (rms) accuracy ok 1% and a maximum . . - .
deviation of <2% for any W/h ratio, any permittivity, and at any of their integral-equation method only with the results of Kowalski

operating frequency. The model is also applicable to the conductor of and Pregla [11]. Usually, the choice of the basis function influences
finite thickness. The eight existing dispersion models have also beenthe accuracy of the SDA. The basis function adopted by Jansen [14]

compared against the experimental results and against the spectral- provides dispersion results having a variation of 1%—2% against the
domain analysis (SDA) over a wide range of parameters. experimental results.

Index Terms—Dispersion, microstrip. Mirshekar and Davies have expanded the singular current density
on the microstrip line in terms of Legendre polynomials [16], which
resembles the longitudinal current density distribution of discrete
modes of microstrip line determined by Capelle and Luypaert [12].

Several closed-form dispersion models for the microstrip line haWde have compared the results of the SDA of Mirshekhar-Davies
been proposed in the literature either based upon some kind of mo¢&DA MD) [16] with results of Kowalski and Pregla, and summarized
coupling phenomenon or based upon the curve fitting of dispersiby Hoffman [17], for2.5 < ¢, < 40 and0.1 < (W/h) < 5. Both
data obtained from the rigorous theoretical formulations [1]-[8pumerical techniques show root-mean-square (rms) deviation within
The coupling between the quasi-TEM mode afidl, surface- approximately 1.7% for the rangeb < e. < 40,0.5 < (W/h) < 5.
wave mode suggests that with increasing frequency, more and mdhe deviation increases with an increase in relative permittivity of
electromagnetic energy is confined to the dielectric region undée substrate. For the narrow line, i.el}’/h) = 0.1, the maximum
the strip conductor. Thus, we can view concentration of the elect@igviation is 2.3% at, = 40. This comparison has been done in the
field lines below the conducting strip with increasing frequency dgequency range of 0-90 GHz. We have also compared the results
a phenomenon responsible for the dispersion in the microstrip lifif. the SDA MD with the results of the SDA used by Kobayashi
This point of view suggests the phenomenological dispersion law ad@d Ando by using the closed-form expression for current density
a logistic growth model for dispersion in the microstrip line. on the strip conductor [15]. Again, for the range< e. < 8 and

Atwater [9] has noted that the available dispersion models have< (W/h) < 2, agreement is good. However, for the narrow line,
not been evaluated against a common full-wave program. He Hes. (W/h) = 0.4, maximum deviation is in range of 3.72%-6.57%.
expressed a need for such comparison in order to determine vaIid'i-ﬂﬁ deviation increases with an increase in relative permittivity. This
of various closed-form dispersion models over a broad range of g&mparison has been done in the frequency range of 0-300 GHz,
rameters. The accuracy of dispersion models against the experimeftal< (W/1) < 2, and2 < e, <128. We have also found that the
results has also been examined [9]. However, separate informatigiPersion results of the SDA MD agree within approximately a 2%
regarding narrow and wide microstrip lines have not been presentgd19€, With dispersion results obtained by the SDA of Capelle and
Thus, there is a need for a fresh evaluation of the existing dispersiofyPaert, the integral equation method of Yamashita and Atsuki, and

models against the available experimental results and also againti& variational method of Kowlaski and Pregla. _
common full-wave program. We can next evaluate accuracy of the SDA MD against the

In view of the above discussion, Section Il of this paper attemp?gperimental results which have been obtained from the graphical
to establish a standard reference for comparison of the dispersfitia of Edward and Owens [28] and Leseal. [19]. The measurement
models. Section IIl presents a new logistic dispersion model (LDM§Sults have been obtained in the frequency range of 0-18 GHz on
for the microstrip line for both zero and finite conductor thicknesseS2PPhire, alumina, and barium tetratitand@eTi; Oo ) substrates. The
Finally, Section IV compares nine dispersion models; namely, tif&@ximum deviation of the SDA MD against the experimental results
models of Kirschning and Jansen (K-J) [8], Yamaskital. (Yam.) is shown in the Table I. The rms and maximum deviations of SDA
[7], Kobayashi (Kob.) [3], modified Kobayashi (Mod. Kob.) [4],MD are 1.0% and 1.5%, respectively. The deviation is higher for
Hammerstad and Jensen (H-J) [6], Getsinger (Get.) [2], Pramanfdk/?) < 0.5 and ate, = 9.14. .
and Bhartia (P-B) [5], Schneider (Sch.) [1], and the current LDM Keeping in view the above d|scu55|op, we can conclude that the
against the experimental results and a common spectral-domaiA MD could be used as a theoretical standard reference for
analysis (SDA) program. One of this paper’s reviewers had point@be comparison of all closed-form dispersion models. However, the

out to the authors that the K—J model has been derived in a manfndard itself has a deviation in the range of 1%-2% against the
close to the present LDM [23]. experimental results and other full-wave results. Thus, any model with

a deviation 0f<1% could be treated as satisfactory and any model
Il. REFERENCESTANDARD FOR COMPARISION OFDISPERSIONMODELS ~ With deviation above 2% should be treated as not very satisfactory.

For the systematic evaluation of the closed-form dispersion moddi©" determination of accuracy of the closed-form dispersion models, a

one of the full-wave-analysis algorithms should be taken as a standgﬁ,ﬁarence standard for the static value of effective relative permittivity

e (0) is also needed. Verma and Sadr [20] have compared)
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TABLE |
Max. % DevVIATION OF DISPERSION MODELS AGAINST EXPERIMENTAL RESULTS OF [18] AND [19]

SDA | K-J [ Yam. [ M. Kb. | Kb. | H-J | Get. | P-B | Sch. | LDM
o) | 8 | M | W (@ e | =] B
9.14 [ 1.20 | 1.29 | 0.94 1.95 091123 1-1851-263 1 1.91 0.47
498 | 0.69 | -0.75 | -1.22 -0.74 1.3 116 | -2.8 | -3.07 | 8.12 | -0.91
941 {1.259 ] 0.47 |-0.73 | -1.92 0.47 1941 0.88 | 0.58 | 2.09 | 440 | -1.09
11.6) | 0.818 | 0.44 | -0.70 | -2.08 | -0.46 |1.55|-0.67|-0.72 | 2.01 | 2.88 | 1.40
0.371 1 0.52 | 1.27 | -0.71 1.45 2921 097 | 1.22 | 3.87 2.31 0.89
0218 {120 | 0.57 | -1.2 0.79 1.84 1 0.84 | 0.93 | 3.11 0.95 | 0.59
0.145 | -0.73 | 0.49 | -1.28 0.69 1.62 1 0.47 | 0.47 | 0.645 | 0.45 | -0.71
0.40 | 0.86 | 1.06 | -1.41 1.15 2571 0.95 1 096 ;: 3.19 | 2.01 1.30
10.15] 0.90 | 1.02 | 1.15 } -1.6 1.39 2201 1.76 | 1.76 | 2.70 | 4.28 | -1.56
22311 149 {-1.14 | -2.69 -1.07 1.45 [ -1.61 | -3.02 | -1.37 | 6.647 | -1.31
37.0 1.0 0.94 | -1.37 ] -3.83 -1.08 214 7 1.77 | 1.73 | 2.63 4.29 2.00

€y

:—[E

relative permittivity with frequencyx [Effective relative permittivity The inflection frequency; could be determined from the coupling
at the given frequencyk [Remaining fractional relative permittivity frequencyfir,tm given by Kobayashi [3]
of the substrate].

This statement could be written as _
tan" ! |e Seft\D) T~ (0) !
dfe;;f )~ Kea(f) [— el )} (1) ; . e — e (0) ©
€ L, TM = Uo
M 2why/er — €er (0)

where K is the proportionality constant. The positive proportionality

constantX” is structure dependent. Its estimation will be examinegherer, and# are velocity of light in the free space and thickness

later. The solution of (1) leads to the logistic dispersion equation f the substrate, respectively. The static relative effective permittivity
€r

et (F) = S (2) €n(0) could be obtained from either the accurate closed-form

14 Me=HJ expressions of Hammerstad and Jensen [6] or by the variational

The dispersion expression should meet the following physicalethod [21]. To take into account dependence of the inflection
conditions given by Schneider [1]: frequency onWW/h ratio of the microstrip line, Kobayashi has

Initial conditions (f — 0): (i) e#(f) — e(0) and (i) suggested the following empirical relation féy:
(deeg (f)/df) — 0.

End Conditions (f — o0): (i) ex(f) — € and (i) fi= frrm . )
decr (f)/df 0 W
(deet (f)/df) — 0. \/§<1+—>
Using the initial condition, we get h
M= M 3) We have observed thdt is also a function of relative permittivity
e (0) of the substrate and the simple empirical expression (7) does not meet

The operating frequency in (2) could be normalized by the our requirement. Thus, we have modified the expression of inflection
inflection frequencyf;. Thus, the logistic dispersion equation reduceequency to
to
€ fk TM
() = ' _ 8
€eff (f) — 1+_/7\r[€_r\7(f/fi). ( )
This expression meets the physical conditions of Schnieder, except

N A
a0 t)
the second part of the initial condition. The proportionality constant . .
K is structure dependent, i.e., it depends uponig: ratio and where the parameter$ and B have been empirically determined by

relative permittivity ¢, of the substrate. It is also a function Ofcomparisqn of the present LDM against a large number of dispersion
frequency. Thus, it is difficult to determine a universal value oqata obtained from the SDA MD [16]. Both the parametersléié:

constantk. However, on computation o (f) by the SDA MD dependt_ant. Howeverd is also dependent upoe.. The curve-fit
and estimating the inflection frequency by (8), we can estimate tfEPressions for parameﬂte‘m and B are summarized below.
value of K by (5). The frequency-dependent behaviorfofcould ~ ©arameter A-For 1.05 < e < 10

be disregarded in the favor of the average valueloffor each W

structure. At the inflection frequency, we g&t= In(M). However, A=ar+b z=logy, <7> 9)
this expression gives negative value for, which is not acceptable. '

Instead ofAf, we can use the empirical fact¢2 — M) so thati’ 1) (a) For—1 < 2 <0, i.e., (0.1 < (W/h) < 1)

becomes positive and its value comes into the range of the estimated . . )

value. Thus, the estimated empirical expressionfois given by @ =—0.1122¢, + 1.428 = 0.0649¢, +0.3136.  (10)
(Beeqr (0) — FT)} 2) For0 < =z <0.7,i.e.,(1 < (W/h) <5

(5)
eerr (0) a = —0.0927¢, +0.9081 b= 0.0648¢, + 0.3142.  (11)

(4) fi=

K =1In |:
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3) For0.7 <z < 1,ie., ((W/h>5)), A=0095.

» <200,z > —1,ie,(W/h >01), A=
09Fsor 10 < e < 20.0,2 > —1, e, (W/h > 0.1), A (L= wme 0.4, sAMO)
For 20.0 < ¢, < 30.0, (W/h) > 0.6. —+ w/me 6.4, LOM
—¥- W/hi- 4.98, SDA(MD)
1 —0.1435 - W/hte 4.08, LDM
4={0.11639 <1) —0.095 | (e, — 20)40.95. (12) "
h 0.5} 7€ W/M- 0.10, 8DA(MD)
—O- W/hi* 0.10, LDM
For30 < ¢ < 200, (W/h) > 0.6 “
T\ 01435 .© p
A=1.1639 <7> ) (13 %
%
Parameter B: For -1 < =z < 0, i.e.,, (0.1 < (W/h) < 1)) a
B = —1704Ts (14) o2 !
-0.6
For0 <z <0.3,ie.,(1 < (W/h) <2)
B=0.5(0.84¢ 17", (15)
Forz > 0.3, i.e., (W/h) > 2) -1
_ o)
B = 08 (16) | 1 1 1 1 1 L 4
Correction Factor in LDM: As mentioned above, the present dis- 0 2 4 ] 8 10 12 14 ¥
persion model given by (4) does not meet the second part of ﬁequency(GHz)

Schneider’s initial condition. Nonfulfillment of this condition gen-

erally results into a higher value for the effective relative permittivit¥ig. 1. % deviation of the SDA MD and LDM against experimental results
calculated by the present model. Thus, a small correction term in thie= 9.4 L,11.6 ||).

LDM is needed to improve the dispersion results in some range of

microstrip parameters. However, as the dispersion expression is @iich is a function of the conductor thicknessand the operating
variational in nature, a correction term may also degrade the effectiygequency #

relative permittivity in some other ranges. The form of the correction

t
term could be obtained from the first derivative of (4) in whigh (er —1)
i i id sianifi i et (1,0) = e (t = 0, f = 0) — h (21)
is replaced by(e, — €. (0)) in order to avoid significant change in off (1, V) = €eft ) W
the nature of the LDM. Thus, the correction factie, ( f) could be 4.6 ?
written as )
. . We(t,0) =W
MK (e — eeﬁ(()))ef(K/(f/fi)) f Wealt: f) =W+ 61(7;2 #2)
Sy = MG Qe (£). 72 1+ (4)
MK (¢, — eop (0))e (E/(F/5)
_ MK e,,ﬁEr«)()fe/f-u P <i>’ F>Ji fo= Co (23)
14+ Me—K({f/f))2 fi 2W.4(t.0) feuit (£,0)

(17) whereC, is the velocity of light. The stati&V.,(¢,0) ande. (¢, 0)

The final form of LDM becomes can be obtained from Garg and Behl [2P].,(t. f) has been adopted

. from Owens [24].

) = Ty are x0T

— EA=.(f) (18)
IV. AccurAcY OF CLOSED-FORM DISPERSIONMODELS

where in the range of < e < 20 We have compared the eight dispersion models against the avail-

W W able experimental results in the 2-18-GHz frequency range on
E=0, for 01<--<5 and E=1, for —->5  gaophire and alumina substrates [18] and on the high permittivity
(19) (e, = 37) barium tetratitanate substrate [19]. The dispersion models
have been compared against the SDA MD [14] over a wide range
and in the range 020.0 < e < 200 of parameters. The maximum deviation of each dispersion model
W w on three substrates for several linewidths is given in the Table I.
E=1, for 0.1<--<1 and E=0 for, - 2 1. Fig. 1 compares the LDM and results of the SDA MD against the
(20) experimental results [18], [19]. The LDM has a better agreement with
experimental results as compared to the SDA MD. In the whole range,
Finite Conductor ThicknessThe LDM has been obtained fromthe rms deviation of the SDA MD, K-J, Mod. Kob., and LDM are
the phenomenological dispersion law and, therefore, it is also apithin 1%. The maximum error of the SDA MD and LDM is 1.4%,
plicable to the microstrip line with a finite strip-conductor thicknesahereas maximum deviation of K-J and Mod. Kob. is 1.3% and
t. Thickness of the strip conductor could be accounted for in tHe95%, respectively. All other models have a higher deviation. For
calculation of statie.q (¢, 0) [22]. Thee.s(t,0) could be used in the the wide line, i.e.(W/h) = 9.14, the LDM has a maximum deviation
above expressions in place af; (0). The W/h ratio in the above- of 0.47%, whereas the K-J and Mod. Kob. models have maximum
mentioned expressions could be replaced byWhe (¢, f)/h ratio, deviation 1.3% and 1.95%, respectively. Kirschning and Jansen have
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TABLE I
DEeviATION OF DisPERSIONMODELS AGAINST SDA MD (h = 0.02 cm, 0 < f < 100 GHz)
Maximum Deviation

€ % K-J | Yam. | Mod. Kob. | Kob. | H-J | Get. | P-B | Sch. | LDM
0.10 2.49 | 2.02 2.53 254 | 235 1.74 | 276 | 2.24 | 1.47
2.2 1.00 0.35 | -0.08 0.49 0.72 | 6.50 | -292 | 047 | 2.23 | -1.24
16.0 0.28 | 0.37 0.53 -0.97 1 -0.71 | -2.44 | -2.69 | 4.26 | -1.01
0.10 2.50 | 1.80 2.72 275 | 1.60 | 1.60 | 6.02 | -3.40 | -1.28
9.8 1.00 0.18  -2.37 0.58 192 |-4.36 | -4.79 | 2.28 | 4.16 | -1.38
10.0 0.5 0.73 0.93 -1.54 | 177 | -2.59 | -3.20 | 843 | -1.37
0.10 2.46 | -1.76 2.50 297 | -2.66 | 230 | 6.94 | -7.49 | -1.65
20.0 1.00 0.16 { -2.79 0.58 2.50 | -4.60 | -4.50 | 2.80 | 4.55 | 1.70
10.0 0.61 | 0.83 1.00 -1.70 | 230 | -2.50 | -3.20 | 8.93 | -1.39

RMS Deviation
220 { 0.1 ~100.737 { 0.751 0.845 0.951 | 0.853 | 1.382 | 1.301 | 1.829 | 0.851
980 [ 0.1 ~10]0.683 [ 1.017 0.861 1.444 | 1.564 | 1.866 | 2.253 | 4.393 | 0.921
20.00 | 0.1 ~ 10} 0.716 | 0.139 0.877 1.482 | 1.563 | 1.982 | 1.609 | 4.186 | 1.115

—— W/M+0.8,1-10GHz
~— W/Me10,1%0GHz
¥ W/Me10.F-10aHz
20 S W/M0.0,1-100QHz
¢ W/Ni1.0,4-300GHZ
—O— W/h1-10,1-%00GHz

[261L W/h=0.4,t-0.2rmm
PM, W/h=0.4,t=0.2mm
(281, W/h-0.4,=0.01
PM,W/h=0.4,t=0.0"mm
(261, W/h=2,t=0_2mm
PM.W/h=2 t=0.2mm
[26),W/h=2,t=0.0tmm
PMW/h=2 t~0.0wnm

% Deviation

Effective dielectric constant, e.;¢(f)

AR EE RN

1

16 20

1 b i i

20 60 80 1o 140 170 200 0 6
Relative Permittivity (¢,) Frequency(GHz)

Py
o

Fig. 2. 9% deviation of the LDM against the SDA MD. Fig. 3. Comparison of dispersion results of the present model LDM, i.e., for
finite strip thickness against [25].

also reported the accuracy of their model around 1%—2% against the

experimental results. e- = 11.7 has been tested against the variational conformal mapping
Table 1l shows the maximum and rms deviations in the dlspersn[)?P

models against the SDA MD. It is obvious that fdg#’/h) = 0.1,

the LDM has better performance. In the whole range, the LDM

has a maximum deviation of 1.70%, whereas K—J and Mod. Kob. V. CONCLUSION

have deviations of 2.76%. The rest of the models have higherin this paper, we have presented the LDM, which has rms deviation

deviations. Accuracy of the LDM has been further tested in the rangéthin 1%, maximum deviation<1.4% against the experimental

20 < e <200,0.6 < (W/h) < 20. The results shown in Fig. 2 results fore,, < 37, and frequency up to 20 GHz. For any permittivity

indicate that for most of the cases, deviation in the LDM is within 1%t any operating frequency and ak/% ratio, the LDM has rms
The SDA MD is not valid for the microstrip line with finite deviation of about 1% and a maximum deviatiai2%. The LDM is

conductor thickness. Therefore, the LDM for< ¢ < 0.2 mm on also applicable to the microstrip line with finite conductor thickness.

results is good i.e., within 1.2%.
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It has an accuracy comparable to the existing dispersion models o] T. C. Edwards and R. P. Owens, “2-18 GHz dispersion measurement on
a much wider range of parameters. The present model is open in 10-100¢2 microstrip lines on sapphire|EEE Trans. Microwave Theory

nature, i.e., it can be adopted by any design engineer to achi
better accuracy in the model to match his measurement results for

Tech, vol. MTT-24, pp. 506-513, 1976.
1}@ Y. S. Lee, W. J. Getsinger, and L. R. Sparrow, “Barium tetratitanate
ny mic technology,”|EEE Trans. Microwave Theory Techvol. MTT-27,

specific substrate. The designer has to simply recalculatei thad pp. 655-660, July 1979.
B parameters against the experimental results and curve fit the d&@ A. K. Verma and G. H. Sadr, “Unified dispersion model for multilayer
by linear or power regression, as presented in this paper. Moreover, Microstrip line,” IEEE Trans. Microwave Theory Techvol. 40, pp.

the LDM is very simple and fast for computer-aided design (CAD),,

1587-1591, July 1992.
E. Yamashita, “Variational method for the analysis of microstrip line

application and, with some modification, it could be adopted to model * transmission lines,lEEE Trans. Microwave Theory Techol. MTT-16,
the dispersion in other planar transmission lines. The LDM is also pp. 329-535, Aug. 1968.
suitable for effective presentation in classroom teaching. [22] I.J.Bahland R. Garg, ‘Simple and accurate formulas for microstrip with

finite strip thickness,Proc. IEEE vol. 65, pp. 1611-1612, Nov. 1977.
[23] M. Kirschning, Ph.D. dissertation, Dept. Elect. Eng., Duisberg Univer-
ACKNOWLEDGMENT sity, Duisberg, Germany, 1984.
[24] R. P. Owens, ‘Predicted frequency dependence of microstrip charac-

The authors express their gratitude to the reviewers for citing [23] teristics impedance using the planar waveguide mod#éttron. Lett,
and improvement in the paper's discussion of the proportionaIiLg vol. 12, no. 11, pp. 269-270, 1976.

constant. They are grateful to the reviewer who insisted upon t

e5] C. Shih, R. B. Wu, S. K. Jeng, and C. H. Chen, “Frequency-dependent
characteristics of open microstrip lines with finite strip thickneHsSEE

incorporation of the conductor thickness in the model. The authors  Trans. Microwave Theory Teghol. 37, pp. 793-795, Apr. 1989.
are also thankful to Prof. E. K. Sharma for careful reading of the
manuscript.
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