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Dispersion Characteristics of Open Microstrip N

Lines Using Closed-Form Asymptotic Extraction -~
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Abstract—A full-wave spectral-domain method with an asymptotic Fig. 1. Geometry of a multilayer microstrip line structure.
extraction technique is formulated for multilayer microstrip lines. This .
formulation provides a simple closed-form representation of the asymp- 10 verify the accuracy and speed of the proposed method, com-
totic part of the impedance matrix by using Chebyshev polynomial basis putations based on this method were compared with other available
functions with the square-root edge condition and the asymptotic behavior regylts. There is good agreement between the proposed method and

of the Green's function. The formulation is applied to open microstrip 1o ayailable methods. The proposed method significantly reduces
lines. Numerical results, in the form of the effective dielectric constants,

are presented for the dominant mode. It is shown that the proposed the central processing unit (CPU) time and increases the reliability
method significantly reduces the computational time and improves the and accuracy.
accuracy over the conventional spectral-domain approach (SDA).

Il. CLOSED-FORM ASYMPTOTIC EXTRACTION

Index Terms—Accleration technique, microstrip lines, spectral-domain
q P P OF THE SPECTRAL-DOMAIN GREEN'S FUNCTION

approach.
The cross section of a general planar microstrip structure is shown
in Fig. 1. The strip conductor is assumed to be negligibly thin and the
. INTRODUCTION line lossless. The substrate and superstrate materials are lossless and
The spectral-domain approach (SDA) is the most popular technigsetropic. The open microstrip lines in [4] can be accurately modeled
for calculating the dispersion characteristics of open microstrip liney lettinghv s — oo, considering only one substrate and superstrate
[1] because it is easy to formulate and is a rigorous full-waviea Fig. 1. To calculate the effective dielectric constant (dispersion
solution for simple and uniform planar structures. The SDA has beeharacteristic), the proposed method in this paper is formulated to
extensively studied and refined to find well-suited basis functions thatlude any number of substrate or superstrate structures. However,
have the ability to accurately represent and resemble the longitudit@berify the authors’ method, an open microstrip line is used and the
and transverse current densitiek (and .J..) while minimizing the results are compared with previously published data [3], [4], [6].
computation time [2]-[5]. As an initial step to investigate the asymptotic closed-form ex-
However, there are still slight discrepancies of the relative effectitmction for the impedance matrix elements, the authors extract the
permittivity between many numerical results obtained by variowsymptotic behavior of the Green's function, with respectato
methods [6]. These discrepancies are critically dependent on #he&suming thata is sufficiently large, one can make the following
type of basis functions used and the truncation error due to thpproximation:
finite upper limit (instead of infinity) for the numerical integration B > N o 9
in the evaluation of the impedance matrix elements. Although the i = /@ + /3% =k = laf, i a” > (erer —ei)ko (1)
basis functions are carefully chosen to effectively represent the coth (vih;) = coth (|a|h;) = 1, if |alh; >3 (2)
expected current densities, lengthy computation time is required for a4+ 82 ~ o2 ©)
the numerical integration in the evaluation of the impedance matrix . ) L .
elements to achieve the desired accuracy. wherea., 3, and~; are the wavenumbers in ttig 2, andy directions,
In this paper, as one possible technique for overcoming this, tFSPectively [1].
authors present a closed form for the asymptotic part of the spectrap!"C€ (2) is in error by about 0.5% fpr|; = 3, coth (|alhi) ~ 1
impedance matrix to evaluate the relative effective permittivity in sir{S a good apprquaﬂon fthi > 3. Using the above approxma— .
gle conductor, open microstrip lines. Using the asymptotic techniq9ns, asymptotic expressions of the recurrence Green’s function in
the asymptotic part of impedance matrix elements is recognized [g]scan E’e der;ved_ as follows [aftfr corgectl_ng for the nj)lsprlnis in [7]
being integrable in closed form by introducing Chebyshev polynomidiNere; )/ 1iz(;) s replaced by ;) /a, ;) in (9a) andey ;) /oy
basis functions with the square-root edge condition.

is replaced bya ) /u? ;) in (9b)]:
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where The second integral of (11) can be presented in the following form
1 if o> 0 after replacingt = wa, /2:
Sgn(a):{—l, if o < 0. J (E)J (ﬂ)
_ OO 0 2 0 2 d
It is interesting to note that from (4) to (6), only the adjacent layers Too = /{} @ @
on either side of the center conductor affect the asymptotic Green’s < To(t) Jo(t)
function. In order to increase the computation speed, a standard =/ , T (12)
woy f2

asymptotic technique is applied to convert the slowly converging
impedance matrix elements used in the SDA into the sum ofwehere.Jo(«) is the Bessel function of the first-kind order of 0.
rapidly converging term and a slowly converging term (tail integral) The products of the two Bessel functions(t) - Jo(¢t) can be

as follows: represented by an integral using the formula [9, formula (5.43.1)]
me ~ ’ N‘/m 4 N*z ) — NTSj 3 ij do 2 /2
/D Jom (@)[G:z(a B) — G2{a B)] T (a) da Jo(t)- Jo(t) = = / Jo(2t cos ) df. (13)
Jeo'sl . . . i 0
+/) Tem(@)GZ(a f) T () da (") substituting (13) in (12) and replacing = 27 cos f, the authors
where the upper limit of the first integral has been chosen to be @ptain the following formula:
finite value «,,. All other impedance matrix elements,..., Z., 9 pm/2 oo Jo(€)
and Z,,,. are treated in a similar manner. Too = — /0 / e dg ds. (14)

Subtraction of the asymptotic terms from the Green’s functions )
makes the integrands of the first integrals of (7) decay faster fdsing the following formulas [10, pp. 45, 48]:

large a so the integrals can be truncated at an upper limijt > Jo(€) 1= () .
which can be numerically calculated. It is now recognized that by / Tdﬁ = / fflﬁ - [’Y'HH (5)] (15)

using the asymptotic Green’s function and Chebyshev polynomial 2 - b1 N2k
basis functions with the square-root edge condition in [8], the second “1-Jo(©) de = z Z (-1) (7Z) : (16)
integral of (7) can be represented by the following form: 0 3 T8 k+ D+ DI
e T, (ﬂ) I, (ﬂ) the authors can write the integral of (12) as follows:
Im,n :/ 2 2 do (8)
N [a%

- ) (_1),,. <wau cos 9)21‘74_2
1| & 2

where J,, () is the Bessel function of the first kind. Similar forms Too = p / k+1)[k+ 12 6
are used for the other tail integrals fdt,,, G327, Jon G220, 0
and J.,G T

k=0

With the aid of the integration formula of [9, p. 404], the asymptotic 2 /”/2 o dn [ (o cos ¢ 70 an
integral I,,,,, of (8) can be written in closed form as T Jo ! 2 ’
. [m=n)n With the aid of two formulas [11, formula (4.224.6)] and [11, formula
s o S B (3.621.3)], the integral of (12) can be finally expressed as follows:
i m?2 — n?  fwory \(2F+2)
e (—1)* (%) (2k + 1)1t (wa )
provided thatRe (m + n) > 0, w > 0. Ioo= - CBIGCY 5 —v—In (——)(18)
The basis functions of the dominant mode in the spectral domain k=0 (k+ 1) [k + D220k + D] 4
are represented only py ey_en-order Bessel functions. Considering tQiich converges uniformly for all real values.
(8) and (9) can be simplified further as The above series is very highly convergent ifo(,/2) < 3,
wao wa 1 and only the first few terms (typically less than six) are necessary.
2 2 _ )5, m=n owever, for a,/2) > 3, more terms are needed in the series
- Jm( )Jn ( ) da =< 2m (20) H f ded in th i
o a 0 evaluation of (18).
, m#n
provided thatRe (m + n) > 0, m, andn are even. IIl. NUMERICAL RESULTS

This closed form adds to the computational efficiency becauser .heck the validity of the authors’ improved computational

;he tl_ntegral IS z€ro v(\j/heng 7 In']; I tt_he ba_5|s l?nd We:ghtlng {nethod the effective dielectric constants of an open microstrip line for
unctions are zero-order Bessel functions simultaneously (as 19r/h, =1 (e = 8, ur = 1) were calculated and tabulated in Table

matrix element”;.), the closed-form solutior_1 of (9) cannqt be gseql_ Muller's Method was used to find the root of the characteristic
because Ren + n) = 0. In that case, the integral df. is split equation representing the dominant mode. The authors compared the
into two parts as follows: results with those of [3], [4] using the conventional SDA and by
using variational conformal mapping in [6]. The agreement is good,
although there are slight discrepancies. To illustrate how the upper-
oo ~ N limit «,, affects the effective dielectric constant, Table | also includes
+ / (L1 ()G (a, B)J5 ()] da. (11)  the results for different upper limits,,. It is seen that the effective
o dielectric constant rapidly approaches a constant valuexfor- 30
The first integral of (11) can be solved numerically, as is done for tifead/mm).
first integral of (7). However, the second term of (11) is not available The effective dielectric constant is insensitive to the upper-limit
in the literature. Therefore, other methods are advanced in this paper if a., > 30 (rad/mm). Thus, the authors confirm that this limiting
to evaluate the second integral of (11). value ofe..q can be regarded as an improved result. The numerical

711 ~ /0 o ()G (e, 3)J5 ()] dar



460 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 3, MARCH 1997

TABLE | ACKNOWLEDGMENT
COMPARISON OF THEEFFECTIVE DIELECTRIC CONSTANT €,..¢ BETWEEN THE

PREVIOUS AND THE PRESENTMETHOD PB (6, = 8, w/h = 1,1, = 1.0) The authors would like to thank Dr. J. F. Harvey of the Electronics

V) VER PYEYS T VR VER Division, Army F_Qe_search Office (ARO), and Dr. J. W Mink, formerly
METHOD 0.005 0.05 0.1 0.3 0.7 1.0 of ARO, for their interest and support of the project.
[3] 5.468 6.124 6.742 7.620 7.898 7.945
[61 5.471 6.130 6.753 7.654 7.914 7.948
[4] [ M=4 5.4678 6.1272 | 6.7576 7.6591 7.9164 7.9562 REFERENCES
"“; arsa | 61313 | 67560 | 76513 | 7.9125 | 7.9539 [1] T. Itoh and R. Mittra, “Spectral domain approach for calculating the
o 2'4723 s 1515 1 67570 | Tes4s | To14i | 78546 dispersion characteristics of microstrip line$£EE Trans. Microwave
PB 20 | 5.4753 | 6.1316 | 6.7572 | 7.6550 | 7.9149 | 7.9554 Theory Tech.yol. MTT-21, pp. 496-499, July 1973. _
30 | 54752 | 61316 | 6.7572 | 76551 | 7.9151 | 79556 [2] M. Ko_ba_yashl, Long_ltudlnal and transverse_ current dlstrlbu_tlons on mi-
40 | 5.4752 | 6.1316 | 6.7572 | 7.6551 | 7.9151 | 7.9556 crostriplines and their closed-form expressioiEE Trans. Microwave
PB: Park-Balanis Mcthod, Basis Function:M=5 N=4 Theory Tech.yol. MTT-33, pp. 784-788, Sept. 1985.

[3] M. Kobayashi and F. Ando, “Dispersion characteristics of open mi-
crostrip lines,”IEEE Trans. Microwave Theory Teclgl. MTT-35, pp.
784-788, Feb. 1987.

M. Kobayashi and T. lijima, “Frequency-dependent characteristics
of current distributions on microstrip linesJEEE Trans. Microwave

Theory Tech.yol. 37, pp. 799-801, Apr. 1989.

TABLE 1
COMPUTER TIME ON A SUN SPARC STATION FOR THE CALCULATION OF THE
EFFecTIVE DIELECTRIC CONSTANT WITH TwO DIFFERENT TECHNIQUES

(4]

SDA without The improved Computational [5] J. S. Baghy, C.-H. Lee, Y. Yuan, and D. P. Nyquist, “Entire-domain
acceleration(®) Method(®) Efficiency basis mom analysis of coupled microstrip transmission lin€SEE
o = 1000(cad/mm) | aw = 30(sad/mm) (g) Trans._ Microwave Theory Techupl. 40, pp. 49-57, Jan. 1992_. '

i R RTYrevE BT Tecond 25173 [6] C. Sh_lh,_ R. B. Wu_, Qnd C. H. Chen, “A _fuII-wave_ analysis of mi-
(? - ) &6 7;63) ° '(6 :572) ® : crostrip lines by variational conformal mapping techniquEEE Trans.
w7 e 355 06‘0 — 78 ceonia T Microwave Theory Techyol. 36, pp. 576-581, Mar. 1988.
h ) ’ ' ’ [7] J. P. Gilb and C. A. Balanis, “Pulse distortion on multilayer coupled
{_refr) (5.7728) (5.7697)

microstrip lines,” IEEE Trans. Microwave Theory Techupl. 37, pp.
1620-1628, Oct. 1989.
[8] —, “Asymmetric, multi-conductor, low-coupling structures for high-

integration in the evaluation of the impedance matrix elements was
performed by using Gaussian quadrature. The interval of numerical
integration is subdivided into small intervals. Gaussian integration il
used over each subinterval. The authors found that the number[ﬂf]
basis functionsM = 5, N = 4 is sufficient to accurately represent
the surface current density in the entire range frbfi\; = 0 to
h/do = 1.

(11]

speed, high-density digital interconnectdEEE Trans. Microwave
Theory Tech.yol. 39, pp. 2100-2106, Dec. 1991.

G. N. Watson,A Treatise on the Theory of Bessel Function€am-
bridge, U.K.: Cambridge Univ. Press, 1962.

Y. L. Luke, Integrals of Bessel Functions.New York: McGraw-Hill,
1962.

. S. Gradshteyn and I. M. RyzhikTable of Integrals, Series, and
Products. New York: Academic, 1980.

C. A. Balanis,Advanced Engineering Electromagneticdew York:

. . . . 2]
Table Il illustrates a comparison of the computation time betwedh Wiley, 1989,

the conventional SDA without asymptotic extraction technique and
the proposed method for the calculations of effective dielectric
constant forw/h = 1 andw/h = 0.1 (h/X¢ = 0.1). For both
techniques, the quasi-TEM [12, p. 450] effective dielectric constant
was used as the initial value. Starting with this initial trial solution,
the results shown in Table Il converge with an accuracy of*10
after the seventh iteration far/h = 1 and after the sixth iteration
for w/h = 0.1. The integration of the impedance matrix elements in
the conventional SDA requires truncation at a high value of the upper-
limit o, to provide sufficient accuracy, which results in a significantly Abstract—This paper presents for the first time a computer-aided
greater amount_Of computer time than the proposed me”_]Od' A_S shq Qign-oriented (CAD) analytical formula for the determination of the

in Table Il, the improved method reduces the computational time BMaracteristic parameters of asymmetrical coupled lines of a conductor-
26 times (forw/h = 1) and 49 times (forw/h = 0.1) than the backed coplanar type. Closed-form expressions are developed for eval-
conventional SDA. uating the self and mutual static capacitances based on a sequence of

conformal transformations. The derived formulas show excellent accu-
racy compared to the results produced by a spectral-domain approach.

Characteristics of Asymmetrical Coupled
Lines of a Conductor-Backed Coplanar Type

Kwok-Keung M. Cheng

IV. CONCLUSION . . .
. ) Index Terms—Asymmetrical coupled lines, coplanar waveguide.
In this paper, the authors have shown that a rigorous full-wave

spectral-domain approach using the closed-form asymptotic extrac-
tion technique (with choice of Chebyshev basis functions) results in I. INTRODUCTION
accurate results and significant savings in computation time over thesgypled transmission lines are used extensively in filters,

conventional SDA. By using the accurate numerical evaluation ghpedance matching networks, and directional couplers. The main

the finite integral and the closed-form asymptotic extraction formulggyantages of asymmetrical coupled lines [1] is that they offer added
the computational efficiency has been increased while the results
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