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Model of Thin-Film Microstrip Line for
Circuit Design

Frank Schnieder and Wolfgang Heinrjc®enior Member, IEEE

Abstract—An equivalent-circuit model for the thin-film mi- Wy
crostrip line (TFMSL) is presented in this paper. Its elements are K\;ljt
calculated using closed-form expressions and, thus, this model can e BCB | -
easily be implemented in common circuit design tools. For typical 7 -

TFMSL dimensions, it holds from dc up to the submillimeter-wave
frequency range. The model is validated by comparison to elec-
tromagnetic full-wave simulation data. Typical errors of phase
constant and characteristic impedance are below 2% and 3%,
respectively. Regarding attenuation, deviations below 8% are Fig. 1. TFMSL: cross section with dimensions and material parameters (for
found. the carrier substrate, 3§@m-thick silicon withs, = 11.67, x = 20 S/m is
assumed).

wg K

carrier substrate ‘

Index Terms—Equivalent-circuit model, losses, microstrip, mul-
tichip modules, thin-film circuits.

|I. INTRODUCTION I

HIN-FILM _mic_rostrip “nes_(TFMSLS_) find more ar?d Fig. 2. Distributed equivalent-circuit model of the TFMSL.
more applications, especially in Si-based monolithic

microwave integrated circuits (MMICs) [1], [2] and as transgactrical behavior. Small dimensions increase conductor loss.

mission lines in multichip modules (MCMs) [3]. They arep q (g the relative large/ h, ratio, finite metal conductivity and

miniaturized microstrip lines (MSLs) located on top of th‘?nternal inductance have to be taken into account. Therefore, in

substrate. One special advantage is that the ground mefglk tr\s| case, phase constant and characteristic impedance

lization of the TEMSL shields the line from the substralge,ate considerably from the lossless case and show the typ-
effects. Therefore, e.g., low-resistivity silicon substrates Ca | increase toward lower frequencies known from CPWs [7].
be used without deteriorating microwave performance. SiNg§, the other hand. because TEMSL line dimensions remain
high-quality polymers, €g., poly|m|de or Benzocyclobutengma” compared to wavelength, the quasi-TEM approximation
(BCB), are available as dle_zlectrlc layers, attenu_anon of Suﬁ%lds well and dispersion due to nonquasi-TEM behavior plays
TFMSLs is comparable with coplanar waveguides (prﬁ)minor role
in GaAs MMICs. Since transversal dimensions can be scaledy ¢ g the quasi-TEM behavior, a distributed equivalent-cir-
down, miniaturized TFMSLs show excellent low-diSpersivg, i model can be used for describing the TFMSL with good ac-
properties and can be used up to the submillimeter-wave rar&ﬁacy. The circuitis shown in Fig. 2. The elements of the equiv-
[4]. o __alent circuit are related to different physical effects and can be
However, for a broad utilization of TFMSLS, one needs sinyatarmined separately. As a consequence of its simple structure,

plified models for circuit design. For conventional MSLS, a Vas,nyersion between circuit elements and complex propagation
riety of closed-form models are available in the literature and aﬁantities has a one-to-one correspondence

software packages [5], [6]. However, since dimensions of theAS well known from quasi-TEM theory, capacitance and con-

TEMSL and conventional MSL differ considerably, applym%luctance are related to the electrostatic case and, thus, constant

the common MSL models to TFMSLs yields significant errorsyitn frequency (except for non-TEM contributions), whereas

For conventional MSLs, the dielectric is identical with the Cifnductance and resistance are determined by magneto-quasi-

cuit substrate. Height and \,Nidth of the _signal conductor are Yatics. Therefore, the latter guantities vary with the longitudinal
the range of hundreds of micrometers (in MMICs, the substrgi, ¢ gistribution, which is frequency dependent due to the
thickness varies from 254 to 1@@n). For TFMSLs, on the other skin effect.

hand (see Fig. 1)3 these values are arpun@pi)and, thus, in .. The procedure in determining the equivalent-circuit elements
the order of magnitude of the metallization thickness. These d}fzv I/ O &' was as follows. First. the element values were

ferences in geometrical dimensions cause discrepancies in g teq from the results of electromagnetic simulations by a

full-wave mode-matching method [7] that rigorously takes into
Manuscript received July 16, 1999. This work was supported by the Deutsd@@count conductor and dielectric losses. This provided both
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technik, D-12489 Berlin, Germany. ased on these results, closed-form approximations were de-
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for conventional MSLs available in the literature. Extendinwith
these descriptions, an efficient model for the TFMSL was

established, which is suitable for practical circuit design. <ﬂ>4 < w )2
Accuracy of the new model is established by comparing tr&e_ 14 1 1 hs 52 - hy
line parameters to numerical full-wave simulation results. B 49 w\?t
The paper is organized as follows. Sections Il and |1l describe <h_> +0.432
derivation of the formulas for the equivalent-circuit elements, ° 3
i.e.,C’,G' andL’, R', respectively. In Section IV, accuracy and +L ‘Indl+ < w )
limitations of the model are discussed and Section V presents 18.7 18.1 - hs
conclusions.
and
[I. CAPACITANCE C’ AND CONDUCTANCE G e —0.9) 0053
: . . . . b=0.564 | —— .
Checking accuracy of the conventional microstrip approxi- < e +3 )

mations ofC’ for the TFMSL structure, one finds that the for-
mulas available in the literature hold with good accuracy and doThis holds for conventional MSLs. Regarding TFMSLs, the
not need major modifications. Hence, the issue of this sectififiite thickness of the signal conductor has to be taken into ac-
is selecting suitable expressions rather than developing a re@nt, which usually is included by an effective increase in con-
approach. Nevertheless, for the sake of clarity, the formulas &éctor width. When using (1) and (2) fer> 0, the widthw
briefly described below in order to provide the reader with tHef the line is replaced by an equivalent conductor widt}.
Comp]ete set of information and to avoid doubts as to deﬁnﬁ.gain, the two cases with and without dielectric have to be dis-
tions of parameters, etc. This is considered to be essential ipguished. Approximating the MSL characteristic impedance
the new model being useful for computer-aided design (CAMjithout line substrate, i.es,. = 1,¢ > 0, weqo [according to
implementation. (3)]isto be used[5, p. 165], whereas &r> 1, weqz, as shown
Generally, the capacitanc® of quasi-TEM lines can be cal- in (4), has to be applied as follows:
culated by means of a Schwartz—Christoffel conformal mapping
procedure. However, in contrast to the CPW case, this method

is difficult to apply to the microstrip geometry because the in—weqo —w4 t ml1+ 4 -exp(1) ©)

terface between the dielectric layer and air does not coincide 7f t - coth? < 6.517 - ﬂ)

with an electrical field line. In the literature, several approxi- h hes

mate solutions for that problem are available [5], [6]. Mostly, Weap — W 1

the formulas of Hammerstad and Jensen [8] are used because,z =w + —— 1t ———— ] (4)
. . . 2 cosh ( &y — 1)

they promise the highest accuracy for a broad range of applica-

tions.

Based on (1)—(4), characteristic impedance and effective rel-
éa‘tive dielectric constant of the lossless microstrip in the case
> 1 andt > 0 can be described by

In the lossless case with= 0 ande, = 1 (for parameter
definition, see Fig. 1), i.e., for a line structure with zero met
thickness and without substrate, the formula for characteristic

impedance reads [5, p. 156] VA
7z, = Lo(weqz) 7 (5)
5 Er, eff, O(wqu)
7o Fl N hs 2- hs VA (w ) 2
Zro=7—In¢ —+ 1—|—< (2) o —e .| ZLO\eq0) | 6
prs w w Ep eff E1,eﬂ,0(u}qu) ZLO(wqu) ( )
with These quantities can be expressed in terms of the line
elements: The capacitance per unit length of the line without
B\ 07528 dielectric substrates{. = 1) is given by the characteristic
Ly =64 (27 —6) -exp {— <30.666 . —S> } impedanceZ, and free-space light velocity [6, p. 380]
1
= 7
and e Zro(Weqo) 0
_ ko Accordingly, the capacitance per unit length of the line with
=Ny dielectric substrates{, > 1) is
Including a dielectric substrate, i.e., for > 1, the effective C' =¢ren-Ch. (8)

relative dielectric constant of the MSL is
, The conductance per unit lengfd accounts for the dielec-
er+1 L e 1 <1 4 10 - A, ) - @) tric loss of the substrate, described by the dielectric-loss tangent

Erefl,0 = " 2 w tan &, . For the calculation of?, only the part of the capacitance
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that is filled with dielectric substrate has to be considered. Thus, 39 <weq0 ) ?
one has [5, p. 126 R B
15 p. 129] ae(f) =0.1589 - A- s() | s .
hs . ZL Weq0
v E,,, eff — ]_ / 32 + <—q>
Cl=——"—.¢.-C) 9 hs
; er—1
for
which results in a conductance per unit length of w
— <1
) ) hs —
G' = w-CL-tan(s.). 10
w - CL - tan(s.) )

The capacitance and conductance values calculated in thi Rs(f) - Zyp - er enr

?f) = 7.0229-107%.A-

way agree very well with values from numerical full-wave sim<‘ hs

ulations (error below 1%). As expected from quasi-TEM theory, 0.667 . Wead
due to its electrostatic originty’ and, thus(=’ /w are frequency | Weqo ' hs
independent up to the begin.ning of the non-TEM dispersion h, Weqo +1.444
(well beyond 100 GHz for typical TFMSLS). hs

for
Ill. RESISTNACER' AND INDUCTANCE L’ W
In contrast to the capacitance, line resistaf¢eand induc- hs ~
tanceL’ exhibit a considerable frequency dependence. This hgith 7, according to (5)e,. .x according to (B)weqo according
havior can be explained by the change of current-density distg- (3), and ’
bution in the nonideal conductors, which is due to the varying

current penetration into the conductors when increasing the fre- A=14 hs [1 n 125 . <2 : hsﬂ
guency from dc to the skin-effect range. The frequency depen- Weq0 w t
dence ofR’ and L’ can be subdivided into the following three [7 f o

ranges (see [7]). Rs(f) = .

1) Atlow frequencies near dc (all conductor dimensions are

small compared with skin dept), the current density is 1 1€ inductance per unit lengili can be subdivided into an

homogeneous over all conductor cross sections external and internal part. In the skin-effect range, the external

2) In the skin-effect range (all conductor dimensions aiic?ductanceL; covering the magnetic field outside of the con-
large compared with skin dep#f), the current flows only uctors is almost identical with the value in the lossless case
in a shallow area at the conductor surface. and, hence, frequency independent. One has

3) Between the two aforementioned regions, there is a tran- , 1
sition range. Due to the great differences in line dimen- Lo = 6(2).—0(/1 12)
sions (metallization thickness aboutuin, ground con- '
ductor width well beyond ]_Qbm), this frequency range with C(/, aCCOfding to (7) Under skin-effect conditions, the in-
may be W|de|y expanded_ For these frequenciesl some @[nal indUCtanCéIi, describing the magnetiC field inside the
mensions are larger thanothers are smaller. Therefore conductors, is related to the resistance by (13) as follows:
a simple approximation of the physical behavior as in the R _(f)
dc or skin-effect region is not possible. Li(f) = % (13)
For R and L/, we found significant deviations between the
conventional microstrip approximations and the actual values, ;
particularly in the intermediate frequency range. AccordingI{/‘,ange 1S
modified formulas had to be dev_eloped, \_Nh_ich are _presented L. =L +1L (14)
below. We start from the dc and skin-effect limits (Sections 111-B ’ ’ )
and llI-A, respectively) and then derive an approximate formulgith the subscripse denoting the skin-effect range.
for the entire frequency range in Section I1I-C.

Thus, the total inductance per unit length in the skin-effect

B. DC Limit

A. Skin-Effect Limit The line resistance in the dc rangg, consists of two parts,

In the skin-effect range, several approximations for the lifBat of the signal and that of the ground conductor, denoted by
resistanceR’ are available in the literature (e.g., [5], [6], [9]).the indexesu andg, respectively,
We choose the formulas by Gupta [6, p. 108] and use them to

describe the resistance (the subscsiptienotes the skin-effect Rpo = Fpc,w + finc, (15)
range) with
, 1
R.,=2-7Zp a.f) (11) DC,w = T
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and 100
) _ 1
DC,g —

|=Libra »mode matching =new model |

K-wg -t

Determining the inductance is more difficult. However, since é
we have a homogeneous current distribution in the dc range, § 10
the total inductance may be derived analytically. Djordjevic and =
Sarkar provide a closed-form expression [9] as follows:

— 1 2
&2. = K(w, t) - _ . .
2.7t w w - wg 0.01 0.1 1 10 100 1000

LbC =
1 Frequency (GHz)
'Krn(wv tv wg, tv hs +t) + w—92 . Ks(wgv t)

(16) Fig. 3. Resistance per unit lengRi as a function of frequency: comparison
of new model with results of full-wave simulations (mode matching [7]) and
Libra (TFMSL according to Fig. 1 withv = 8 um, h, = 1.7 um, ¢t = 0.8
with um, wg = 88 pm, conductivity of the metallizatior = 2.5 - 107 S/m, BCB
with e, = 2.7 andtan 6. = 0.015).

K(a, b)

_ Re{4 ' [K4(a) n K4(jb)] 3 approximations fo?’ andZ’, as shown in (17) at the bottom of

this page, and as follows in (18) [9]:
. . 1 3
-[K4(a+Jb)+K4(a—Jb)]}+§-7r-a-b D)= + Li( fse — Li( fse .

K,.(a,b,c d, h)
Ly it
:Re{—K4@1+z2—z3—z4—jm h

(18)

(a/2) §(b)2) (c¢/2) §(d/2) In these equationgfy and fs. denote the frequency bound-
Ne1m—(a/2) ls2=—iv/2) |23 (e/2) Z4:_j(d/2)} aries between the dc and intermediate ranges and between the

o o |nter_medle:;[eban;jgskm-deﬁzegt rgnge?, ITespectlvely. They are ap-

K4(z) = 53 [111( ) — ﬁ} proximated by (19) and (20) [9] as follows:
2R13C waC g

wherez is a complex numbet,,, is the solution of a definite Jo= (19)
fourfold integral. Inserting all the combinations of the integra- o (RDC w T e, g)
tion limits K, results in a sum of 16 terms of the functiéit. 10. t

i ; ; , 1.6+ b
C. Resulting Quasi-Static Formulas for the Entire Frequency 14+ —
Range e = - hs (20)

As shown in the previous section® and L’ can be cal-

culated in closed form on a physical basis both in the dc andNote that we use (11) and (5) fdt,_ and Zr, which are
skin-effect ranges. In the transition region, however, the situdifferent from those used in the original Djordjevic and Sarkar
tion is more complicated and simplifying assumptions cannpaper.

be applied. Hence, we start from the known dc and skin-effectin Figs. 3 and 4, typical curves @’ and’ as a function of
limit, as given above, and describe the intermediate-frequerfegquency are plotted comparidg andZ’ from our model with
range by purely numerical formulas fitted to the full-wave sinmthe full-wave simulations. Also, results of the microstrip model
ulation data [7]. Djordjevic and Sarkar suggest the followingsed in the commercial microwave circuit simulation software

f
JLofie (L) |
Rge(fse . fse fse fse RDC_ ‘
14‘x/;f_ V/;;i_____
17)

R/(f) = bC + 0.2 1y < fw
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dispersion formulas known from the literature are included. As
a consequence, the new model can be used for TFMSLs, as well
as for conventional MSLs.

500

{*Libra -+mode matching = new model

400

. Regarding dispersion of the effective relative dielectric con-
% i stant, we refer to Kirschning and Jansen [5, p. 179], [6, p. 28],
T 900 which yields
-

200 Fe= Er, eff, dynamic _ Er _< Ep _1>/ (1+P)

Er, efl, static Er,ell,0 Er ell,0
1o L— (24)
0.01 0.1 1 10 100 1000
Frequency (GHz) with e, o, ¢ according to (2) and

1.5763
Fig. 4. Inductance per unitlengfly as a function of frequency (other data as . . . . . f-hs
in Fig. 3). P=pP1-P2 {(0.1844 +P3-P4) 10

w
LIBRA and ADS of HP-EEsof are included (LIBRA and ADS P1 =0.27488 + <h—>
give identical results). It can be seen that the LIBRA model fails §
to describe the inductance increase at lower frequencies, which

is caused by the nonideal conductors and is, indeed, negligible | 6315 0.525

for conventional MSLs (see Fig. 4). The principal characteristics . f-hy 20
are closely related to that of the CPW [10], [11]: In the skin-ef- 140.157- m)
fect frequency rangel/ increases with decreasing frequency w

due to the growing internal part. At lower frequencies then, the ~ — 0.065 683 - exp <—8-7513 : h_)

current distribution in the conductors, particularly the grour;%

conductor, become more and more homogeneous. This causés 0.33622 -

changes in the magnetic-field distribution, which lead to a furpg — 0.0363 - exp <—4.6 . ﬂ)

ther increase irl.’. hs
RegardingR’ in Fig. 3, the LIBRA results coincide with the f-h, 497

full-wave data only in the skin-effect range. The modified for- ql—exp |- <m)

mulation proposed in this paper, on the other hand, fits the ref-

erence data with good accuracy. Hor- 0, the ./ value ofthe pg —1 4 2751 . {1 —exp [— ( ° )8} } .

full-wave analysis is somewhat larger than that of our model. 15.916

T_he reason is that, for the mode-matching appro_ach, m_agnth:e termZ’ e translates into a similar correction factbrZ for

sidewalls had to be assumed, whereas the solutiohferin .- o teristic impendance (see [6, p. 29])

(16) refers to the structure without lateral boundaries, as de- T

picted in Fig. 1. Fz- Zr, dynamic _ Eryefto " Fle—1 1 (25)
Once the equivalent-circuit elemer®8, L', C’, andG’ are 7o static Eremo—1 VEe

given, the propagation quantities, i.e., complex characteristic ] ] ) )

impedanceZse, attenuatiom®, and effective relative dielec- Using (24) and (25), the corresponding dispersion corrections

tric constant¢c. ., can be easily determined. The supersaript for L/ andC’ can be derived as follows:

[1 — exp(—0.03442 - ,)]

denotes the respect to the equivalent circuit FL—F g Ve (26)

Ze'c _ (R/ +j W L/) (21) F_C = F_E, (27)

t (G'+j-w-C) FZ

V=4 B =R’ Fjw L) (G +j-w-C) The dynamic values o’ andC’ are calculated according to

(22) L/‘lyﬂamiC = Llstatic - F_L and Ccllynamic = Cétatic - F.C. For

o ) the static quantities, the expressions férandC’ in (18) and

€ & = </3' 'c°> i (23) (8) have to be inserted.
’ w

IV. ACCURACY AND LIMITATIONS

D. High-Frequency Dispersion In developing the simplified description based on the cross
The closed-form approximations presented thus far rely section in Fig. 1, several assumptions had to be introduced
a quasi-TEM description. Therefore, the transverse charactathich restrict the range of validity. These limitations are sum-
istic dimensions such as signal conductor wigthnd substrate marized in the following. First, it should be mentioned that the
heighth, have to be small enough compared to the wavelengtlgnal and ground conductor have the same thickness. Although
A = Xo/+/&r (usually, alimit of 1/10 is assumed). In order to exthe influence of this simplification is limited because signal
pand the validity range of the new model to higher frequenciesgnductor thickness dominates the behavior, this condition



SCHNIEDER AND HEINRICH: MODEL OF TFMSL FOR CIRCUIT DESIGN 109

If these relations are violated, accuracy deteriorates.
Two further effects are to be discussed in this context, which

is not always fulfilled in practice and could be the subject of 12: ~—Libra =mode matching = new model
future work. -
Additional limitations for the model stem from the approxi- & 10
mate formulas used, as there are § 8
Loro L 1<e, <205t < w; £ 6
2r = hy ~ 0.012 - = ’ o °
wg > w+6-(hs +1). a
03]
a
i

are related to the ground conductor width and the influence of 0 -
the substrate below the ground conductor: 1 10 100 1000
Regarding ground-conductor widthy, one should note that Frequency (GHz)

wg has a strong influence dif at low frequencies. It may cause
changes of more than 100% in the dc limit. However, this efig. 5. _ Effective relative c_iielectric constant as a funqtion of freque_ncy:
fect can be neglected in the propagation quantities becauseﬁ:%?&sgf gf new model with results of full-wave simulations ([7]) and Libra
' ’ ata see Fig. 3).

low frequencies, one has- L' « R’ and the propagation con-
stanty ~ y/jw - R’ - C” becomes almost independenidf The 10
same arguments hold for the characteristic impedance. This ap
plies, however, only to the dc limit fat’, but not to the interme-
diate-frequency range (betwegpandf..), where one needs an
accurate description because L’ <« R’ is not fulfilled there.
Considering the line geometries of Figs. 3 and 4, for instance,
the frequency withR’ = w - I is 6.6 GHz and, thus, located
well within the intermediate range.

In most applications, the thin-film microstrip version is
placed on top of a carrier substrate. The ground conductor

|~—Libra ~mode matching =new mode! | &

Attenuation (dB/mm)

of the TFMSL shields the transmission-line against the car- ol - —
rier substrate. For nonideal conductors, this shielding effect 1 10 100 1000
vanishes if the skin depth becomes large compared to metal- Frequency (GHz)

lization thicknesg. Following quasi-TEM theory, this affects
only the magnetic field and, consequently, line inductafte F'9-
and the resistanc&’ of the ground conductor. The transverse

o

Attenuation against frequency (other data as in Fig. 3).

electric field, on the other hand, is determined by electrostatics. ~Libra
Thus, capacitancé€” and conductancé&’ remain unchanged ~<mode matching
as far as the conductivity of the ground metal is nonzero. One = new model

concludes that the conductivity of the carrier substrate may
have an influence od/ and R’ at low frequencies, i.e., for
6 > t. In this case, a part of the ground current flows within
the carrier substrate, which causes small changés ehd L’
at low frequencies (aroungy). This effect can be neglected,
however, if conductivity of the carrier substrate is considerably
lower than that of the ground metallization.

In order to check accuracy of the new model, we compared !
the resulting propagation quantities with full-wave simulation 1 10 ‘ 100 10000
data [7]. An example is shown in Figs. 5-7. Additionally, Frequency (GHz)
the results of the microstrip model used in Libra or ADS
from HP-EEsof are included for comparison. A more Sy$sg 7. characteristic impedance (real and imaginary part) as a function of
tematic investigation considering various common TFMStequency (other data as in Fig. 3).
structures (withw = 8,...,140 pm, hy, = 1.7,...,50 um,
t=0.8,...,3.5 um) yields the following deviations: ever, the accuracy is sufficient for application of the TEMSL
model in practical circuit design.

Real {Z} (Ohm)
(wyo) {Z} Bew

Aj
B8
The largest deviations occur in the intermediate-frequency re- « Modeling of the TFMSL requires modifications of the

gion between dc and skin-effect range, where purely approxi- conventional microstrip tools available in a variety of soft-
mate formulas describe th& and L’ behavior. Overall, how- ware packages. This is a consequence of the difference in

AZp
4y,

‘<2%, ‘

< 3%, ‘%‘ < 8%.
@ V. CONCLUSIONS
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transverse dimensions, particularly the fact that the ratio[8] E. Hammerstad and O. Jensen, “Accurate models for microstrip com-

t/hs between strip thicknegsand substrate heiglit, is
much larger than for standard microstrips.

What is necessary for the TFMSL is a more detailed de-
scription of nonideal conductivity and finite metalliza-

tion thickness, which influences line inductance and req;

sistance.
Taking these effects into consideration, an extended mi-

crostrip model is presented, which includes the TFMSL[11

case, but of course, holds for conventional microstrip
structures as well. The model uses closed-form expres-
sions and can be easily implemented in common software
tools. The frequency range of validity extends down to dc.
For typical TFMSL dimensions, the upper limit reache
well into the submillimeter-wave range.
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