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Frequency- and Time-Domain Analyses of
Nonuniform Lossy Coupled Transmission
Lines with Linear and Nonlinear Terminations
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Abstract—A new technique for the frequency- and time-do-
main characterization of nonuniform coupled transmission — ~— N
X . . X ; B line 1 ]
lines is presented in this paper. In the frequency domain, a
method-of-moments-based approach is used to compute the " " ~—
2N x 2N scattering parameter matrix of the N-coupled lines \/_
using special frequency-dependent basis functions that give good " ‘_hiz_,,——-—\ .
accuracy over very large bandwidths. In the time domain, the .
structure’s S-parameters are used as its Green’s function and
are combined with source and terminating load conditions to
obtain its transient response. The proposed method can account o
for loss and is particularly suitable for wide-band microwave — e ——
component designs and ultrahigh-speed/large-bandwidth digital line N -
interconnects, including nonlinear terminating loads. A detailed
formulation of both the frequency- and time-domain approaches
is presented. Several examples of two- and three-line structures T
are analyzed and the results are compared to published results = z=
and other computer-aided-design simulations. ) ) o
. . . . Fig. 1. N-coupled nonuniform transmission lines.
Index Terms—Coupled lines, nonuniform lines, transient anal-
ysis, transmission lines.
L Zen Zrat Trat
=1 ]
I. INTRODUCTION E, V\ : ) B
ODAY'S technological trend towards higher performing 7o : Vi Lo
microwave and digital circuits at increasingly smalle ISI:I—FM "
sizes poses new challenges to both the microwave & & () - Vi : Vi (=) B
high-speed VLSI designers. One aspect of these challenges . ' :

in the fact that nonuniform transmission structures must oft

Vi -
be used to reduce circuit sizes, to increase circuit bandwid I”..%jé Sy _'\Vi%im
to reduce discontinuity effects, and to optimize the overeEN@i::) o EIN
circuit performance. While several alternative technique _
are available for modeling and analyzing single nonuniform (@
lines, the same cannot be said of multiple coupled lines where
significantly less work has been carried out and where 1 &) it o &l
computer-aided-design (CAD) suitable methods are curren 1t_ el
available. In fact, aside from [1], where several piecewis_L @ Zell) e =
uniform multiconductor transmission-line segments have be Lell) a
cascaded, or [2] and [3], where a moment-method approe= o0 . Wb ' M0, aedl)
with spatially fixed basis functions has been suggested, lit! . ) .
other literature is available on the subject. Moreover, both ' ' )
these approaches have limitations that make them impracti Zh -@ Znt) -J_
CAD tools, particularly when analyzing a large number of line= aft) Mt Val® o) —

and at high frequencies. This latter problem is of particuli

interest to high-speed digital-circuit designers who deal with (b)

) ) . Fig.2. Circuitsfor: (a)5-parameter calculation and (b) transient response with
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In this paper, two new efficient and robust approaches for the Port 2
frequency and transient analysis of multiple-coupled nonuni-
form transmission lines are proposed. In the frequency domain,
a method-of-moments approach is used to compute the scat-
tering parameters of the nonuniform structure under an arbitrary
reference impedance system. This approach uses basis function
derived from the structure’s own propagation characteristics;
hence, building-in the proper frequency dependence. The ac-
curacy of this technique is demonstrated by several examples
and its efficiency is shown through an optimization of an ul-
trawide-band coupler design. In the time domain, the coupled
nonuniform transmission lines are subject to arbitrary wave-
form excitations and linear or nonlinear terminating loads. For
this analysis, the time-domain scattering parameters, obtained
by a Fourier transform of the frequency-domain data, are uséd 3. Tapered microstrip line geometii§?(0) = 10 mil, W (I) = 40 mil,
in a convolution algorithm to obtain the transient behavior 6f = %9 # = 10 mil, andl = 5 mm.
the structure. Since the frequency-domgiparameters include
loss, dispersion, and discontinuity effects, the transient response
will also include these effects without any particular effort. Sex T TR B e B e N B
eral examples are provided to validate the proposed approa i
and the results are compared to those in the literature or obtait 6
by commercial software packages.

Il. THEORY

Consider the section a¥-coupled nonuniform transmission
lines shown in Fig. 1. In general, this structure could reprt
sent part of a multiport microwave circuit or interconnectiol
lines used in a high-speed digital circuit. Since it is a passi

dB(S21)

--------- 2 basis functions

2N -port network, this structure is accurately and convenient ™ [ ; T3 basis unctions ’
characterized by its frequency-domafirparameters. Fig. 2(a) Mo

shows a typical setup fof-parameter calculation. Once the ™ [ ]
frequency-domairt-parameters are known, they can be tran: [

formed to the time domain and used to simulate the transie ™ ~ ; R 1'0 R 1'5' e 2'0' e 2'5 '

response of the structure, as shown in Fig. 2(b). The followir Frequency (GHz2)
sections detail the formulations used for both the frequency- and @
time-domain analyses of the nonuniform structure.

N L L L L L L
A. Frequency-Domain Analysis

Consider the section a¥-coupled nonuniform transmission L ]
lines shown in Fig. 2(a). Such a structure is of interest in mal [ ! A ! ]
microwave applications, such as couplers, filters, and matchi
circuits, where frequency bandwidth and smooth transitions ¢ -0
of particular importance. As a passi2év-port network, this
structure is best characterized by its frequency-donsajpa- g Lk
rameters. Considering quasi-TEM mode propagation, the d &
tributions of the current and voltage waves in the coupled lin
are governed by the well-known telegrapher’s equations, whi

a5 B [P 2 basis finctions

relate the individual line voltagds;( f, ) and currents;( f, z) *++* 3 basis functions -
by L ——— MD3 b
2 ]
alfv e
) Jk _
Z YIS ) Vil 2) (1a) > 5 10 15 20 25
Frequency (GHz)
(b)
V;(f, =)
f’ Z Zﬂ‘ (f, 2)Ix(f, 2) (1b) Fig.4. Frequency-domain analysis of a linear microstrip taper. (&) Return loss.

(b) Insertion loss.
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derivative of the resulting expression with respect tthe fol-

- lowing equation is obtained:

~ PV(f, z)  d(Z U/, 2) aV(f, 2)
4Dl ......... > T 4D2> 27N %) 922 + 9z Oz

—— +@%}9=6N(a

e immagupH i g where the derivatives of the matrix and vector quantities are
hm i e given by the derivatives of each of their entries. Next, expressing

I(f, »)interms ofV(f, z) by using (1a), the following second-

@ order differential equation for the complex voltage vedtaran

be obtained:

g PV 027 oV

Portl //é
022 Oz Oz

YV =0y 3)

whereZ, Y, andV are frequency- and-dependent quantities.
Note that an alternative option would be to use the identity that
would yield to a differential equation of the form

*V v —

—— = 2, 27— — ZYV =0y.

922 L 9z N

(®) Equation (3) has been retained because it results in a computa-

Fio 5. Shielded i led microstrio | Front viewe tionally more efficient implementation. This equation can now
F19. 2, Shielded asymmertic coupled mizrostip fines. (@ | imq = be solved for the voltage distribution, from which the current
107 Q-'m, tan § = 0.001. (b) Top view:W,(z) = 150(1 — 2z/31) um, distribution can be computed as per (1b). To perform this
Wa(z) = 5(2) = 50(1 + /1) pm. solution, a method-of-moments approach is used where only

V(f, ) is expanded in terms of forwart, and backwardB,,

where f is the frequency; is the direction of propagation, Propagating waves as follows:
Z7k(f, z) andY7*(f, z) are the entries of the frequency and
position dependent per-unit length impedance and admittance
matricesZ(f, z), Y(f, z). These entries are given in terms of
the coupled linesRLGC matrices byZ(f, ) = R(f, 2) +

JwL(f, z)andY (f, z) = G(f, 2)+jwC(f, z)withw = 27 f.  wherea/ andb’ are the unknown coefficients associated with

In general, these matrices are obtained by a two—dimensiofd ,th basis function on thgth line, andN, is the number
(2-D) solution of Maxwell's equations at some positions alongf forward and backward waves used for the computation. The
the propagation axis. Depending on the nature and geometrjtequency-dependent basis functions are givedr b, f) =

of the structure being analyzed and the desired accuracy, Qe ()= andB,,(z, f) = ¢*()* wheren =1, - - -, N,, and

of several alternatives quasi-static or full-wave solution techye defined over the entire domain< z < I. The set ofy,
niques may be used. These techniques will not be discussegdflies represents the propagation constants of the modes sup-
this paper and we will simply assume that these matrices gj§rted by theN-line structure computed at specified points

known at some discrete positions along the propagationzaxiszjong thez-axis of propagation. They can be computed from the
In previous works [2]-[5], (1a) and (1b), without any further; 5ndy matrices by [8]

manipulations, were solved by a method-of-moments approach,
where both of the unknown current and voltage distributions 7 = diag(EZYE™") = diag(HY ZH™) (5)
on all lines were expanded in terms of a set of suitable basis

functions. In [2] and [3], Chebyshev polynomials were used fQjhere E and H are the eigenvectors of th&Y andY Z ma-
this purpose, while in [4] and [5], a set of forward and backrix products, respectively. By computing the vectoat an ad-
ward propagating waves were used as the basis functions. E@@ate number of points along thexis, and interpolating the
fact that bothV” and I are independently expanded in termsesulting values, any desired number of basis functions can be
of basis functions introduces redundancy in the system sifggmed.

both quantities are already coupled through the telegrapher'ssypstituting (4) in (3) leads to the following equation:
equations. The redundancy thus introduced leads, as expected,

and as shown in [6], to ill-conditioned matrices. Therefore, iy

order to make full use of the coupling betwe®nand I in a Z (Z7' 9 = Z vy = Y) e

method-of-moments formulation, (1a) and (1b) are manipulateet

as follows: first, multiplying (1b) byZ~'(f, =) and taking the +(Z7 e+ 2 e — Y ) b =0y (6)

Ny
V(£ 2) =Y @nFu(z )+ b Bulz, f) 4
n=1



370 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 3, MARCH 2000

whereZ;t = (0Z7*(f, »)/9=). Testing (6) withF,.(z, f) matrices atz = 0 and~» = [, respectively. To compute the
andB,,(z, f)(m =1, ---, N, —1) leads to a matrix equation scattering parameters, as shown in Fig. 2(a), the structure is
whose entries are given in terms of the following inner productsxcited by two voltage vectorB, = (E;, E», ---, Ex) and
E; = (Ent1, Eny2, -+, Ean) through theZ?, and Z%;
(Z7teEmme, ) port impedances, respectively. Thus, the equations obtained are

<Zp—le:|:'ynz7 C:I:'ymz>

<Yej:%z7 eiwmz> 7 Eo =V(f,0)+ Z:1(f, 0) (13a)
E (f7 l) - ref‘[(fv ) (13b)
with the inner product being defined by -
Using the expansion df described in (4) and combining (13)
_ /’l F(2)g(2) d ®) with (1) leads to a set ¢f N equations as follows:
]\Tg
wherel is the length of the structure. Using the above definition, Z (Ia+ 2% Z(f, 0)™Y) @,
the terms of (7) are easily calculated from knowledgeZoft n=1
andY” at discrete:-points with linear interpolation in between, + (]d — W ZZ(f, 0)—1) b, =Eo (l4a)
i.e.,Z7Yz) = ALz + B! andY (z) = Ay z+Byforz <z < N,
Zit1- With this interpolatian;l(z) = A; andY},.(z) = 4; Z e Iy + mZls Z(f, 1) 1) @n
in the interval[z;, z;4+1]. Finally, the matrix equation obtained =
after testing (6) can be written in two blocks as follows: 4 el (Id N ANYAS 1)—1) b, = E;.  (14b)

[K(m, n)}an + [H(m, n):|5n —0y (9a) By expiting iny one port at atime, the systemd¥,/V linear
equations given by (9) and (14) is solved for the voltage vector

n=1 iy
N, V(f, z). Once the voltage is known at all ports of the structure,
Z [P(m, n)}an + [Q(m, n)}gn =0n (9b) theS-parameters can be extracted using the definition
n=1 . .
1 + ~250m Vrnn - 72]6mErnn Rn
where Srnn = ( c ) c - (15)
Enn an
N;,—1 . .. .
] —— —— whereé,, is the angle ofZ™, is its real part,V,,, is the
K = R Toin+ R Tii» (10a m ref) m. . LT
[ (m, n)_ ; 0, L0 8, 214, (102) voltage at portn when the port: is excited, andF,,,, is the

N.—1 excitation voltage used,,,,, = 1 whenm = n and zero when
[Him. )] = Z R Uoin + B, Thisn (100) 770

. N1 B. Time-Domain Analysis
|:P(m7 n)| = Z R Toi,n + R Tiin (10C)  Consider the section g¥-coupled nonuniform transmission
’ lines shown in Fig. 2(b). Such structures arise frequently in
;e high-speed digital circuits where bus lines have to be deformed
[Q(m’ ”)_ - Z R07 nm Uoi,n + Rh nmT1i,n  (10d) to meet spatial constraints imposed by chip sizes and pin-to-pin
spacing. In this case, the interest is in the transient response of
with the structure to various combinations of excitation pulses and ar-
‘ ‘ ‘ bitrary terminating loads at its ports. This transient response will
Toin =72B. — 4, AL — B, (11a) be computed based on the time-dom&iparameters resulting
Uoi,n =72 BL + v AL — B} (11b) from a Fourier transform of the corresponding frequency-do-
T a2 Al g (11c) main data, Whlch, in turn, are computed using the above-de-
li,n = YAz y scribed technique. While a general approach can be developed
and for this purpose, it is much more efficient to consider the two
types of terminating loads, namely, the linear and nonlinear, sep-
Ret  _ T (@b d _ ) arately. The following sections present the detailed formulation
o, nm—/ 2Pe 2, p=1(0,1) ‘ . .
2 or the transient analysis of each of these two cases.
a=(+,-); b=(+ -). (12) 1) Linear Terminations:When dealing with linear loads, it

is possible to do much of the work in the frequency domain since
Since there ar&N,N unknowns and only2(N, — 1)N their frequency-domain impedances are readily available. For
equations (9), additional2N equations are needed tothis reason, we start by finding a frequency-domain representa-
solve the system. These equations are derived frdion of the transient excitation signal. This is a relatively easy
the additional boundary conditions imposed on strutask since, in most cases, the Fourier transformati¢n) of

ture. Let 2%, = diag(ZL;, Z%;, ---, ZY.) and Z!; = the transient voltage soureét) can be calculated analytically.
d1ag(ZrJ;;r1 Zrﬁf“, , Z21) be the normallzmg impedanceFor example, the frequency representatiéfpy) of a pulse with
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amplitudecy, delay timety, rise timet,., fall time ¢, and width 2) Nonlinear Terminations:The main problem with non-

tw IS given by linear terminations resides in the difficulty in modeling their fre-
juta quency-domain behavior. Therefore, we must characterize such
E(w) = C_g e (C*Jwtr - 1) loads by their time-varying diagonal impedance matfi).
w tr This matrix is commonly obtained from the nonlinearitiésV’

—Jjw(t -+t

_emin) (et —1)|  (16)
ts
forw > 0 and E(0) = (eo/4)(t, + 2t, + t;). Referring to
Fig. 2(a) and denoting the incident waves vectorAfyw) and
the reflected waves vector §(w), we can write the following
equations for the total voltage and current values at the various V(t)=E(t) - Z()I(1). (23)
ports:

characteristics using a Newton—Raphson. Note #{a} is not

the Fourier transform of th&(w) used in the linear loads case,
but is rather the instantaneous impedance matrix seen at the
ports of the structure. It relates the instantaneous voltage, cur-
rent, and source vectors at the ports by

B _ B At the same timeV/(¢) andI(¢) satisfy a relationship similar to
V(w) = R{/? (Z24A(w) + Zoot B(w)) (17a) that of (20), but at each instant, namely,

ref e

rel

V(t) = 2/ (Z(t) + E(t)) (243)
T(w) = R? (A(w) — B(w)) (17b)

ref
where Zyet = diag(Zeet1, Zret2, -+ > Zreeron) is the diagonal I(t) = ZM? (Z(t) _ E(@) (24b)
normalizing impedance matrix used for theparameter com-
putation.Z* . = conj(Z.r) is the complex conjugate df,.; where the normalizing impedance matrix must be real, i.e.,
andR,.; = real(Z,¢) is the real part of,.;. On the other hand, Z..s = Z]; = R.es. Combining (23) with (24), we derive the

from the definition of theS-matrix, A(w) and B(w) must also basic generalized equation relating the instantaneous incident
satisfy and reflected wave vectors as follows:

Bw) = S(w)A(w) (18) A(t) = Tinst () E(t) + Dinst () B(2). (25)

where S(w) is the frequency-domairs-parameter matrix of Again, note that this equation has the same form as (20), but is
the structure. In theory, the only requirement in computing tht its Fourier-transformed version since it holds at each instant
S-matrix is that all entries of,.; have positive real parts. Thisin time. The instantaneous transmission and reflection coeffi-
condition will ensure time-domain computational stabilitycient diagonal matrice®,.:(t) andl'i,s () are found to be
Equations (17) and (18) hold for any passive multiport network.

-1
To include the effects of the sources, given by the veEtar), Tinst () = Zrle/f (Z(t) + Zref) (26a)
and terminating loads, given by the diagonal maffix), the iy
following additional equation can be obtained using Kirchov’'s Linse (1) = Tinsi(t) (Z(t) - Zref>Zref : (26b)

I t th ts: o
aw at the ports To solve forV(¢) and, subsequently(t), an additional rela-

V(w) = E(w) — Z(w)I(w). (19) tionship betweenm(t) and B(t) is needed. Here we can make
o _ _ use of the frequency-domain characterization of the nonuniform
Substituting (17) in (19) gives coupled-line structure by writing the time-domain equivalent to
A(w) = T(@)E(w) + Nw)B(w) (20) (18 namely,

where B(t) = S(t) « A(t) 27)

. A— where = denotes the convolution product defined in discrete
T(w) = R (Zw) + Zip) ™ (1) oy P
is a diagonal matrix of transmission coefficients and q
X(gp)*xY(q) = X(p)Y(q—p)AT. 28
P(w) = T(w) (Z() — Zue) B2V (21b) (9)*Y(q) pz:% (p)Y (g —p)AT (28)

is a diagonal matrix of reflection coefficients. Combining (18Vsing this numerical form of the convolution, (27) becomes
and (20) with (17a) and solving fdr (w) gives _ _ _

B(t) = S(0)ATA(t) + M(t) (29)
Viw) = R_.Y 2(Z;;f + ZrefS(w))

refl

where M (t) is a2N quasi-independent voltage source vector
'(Id _ F(w)S(w))_ T(WEw). (22 considered as a memory te(m cpntaining the history of the net-
work up to time(¢ — 1), and is given by

The transient respondé(t) of the multiport structure can now -1
easily be recovered frof(w) by an inverse Fourier transfor- M(¢) = Z S(¢& — pYA(p)AT (30)
mation. =0
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Fig. 6. Analysis of the asymmetric coupled microstrip lines of Fig. 5z¢(dependent entries of the inductance and capacitance matrices per unit length. (b)
z-dependent entries of the resistance matrix per unit length. (c) Reflection coefficient at (@it 1d) Transmission coefficient between ports 351;. (e)
Isolation coefficient between ports 4-3;,.

whereAr is the time step chosen for the simulation grislthe  where the terns, is given byS, = S(0)Ar. With A(t) and

normalized time variable given ky= t/Ar. Next, combining B(¢) given by (31) and (29), respectively, the instantaneous

(25) and (30), the following expression fdi(t) is derived:

A(t)

(Za = Tt (8)50) ™ (Tt (VE(E) + Dino (VM (2) )

voltage and current vectors are directly computed using (24).

3) Features of the Proposed Approachihe above formula-

(31)

tion offers the following advantages.

 Since theS-parameters used in our approach are general-
ized (i.e., not modal), any passive multiport network can
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be easily incorporated in the time-domain simulation. Th

is particularly useful for modeling discontinuities, nonuni A W
formity, and any configuration where a modal analysis i

not possible. In fact, this technique could be used to sir ~ Part 1
ulate the function of a time-domain reflectometer (TDR
that can be coupled to full-wave frequency-domain fiel
solvers in order to locate discontinuities and help optimiz ~ Fort3
transition designs. Furthermore, by using stand#iuoh-

rameter cascading techniques, complicated networks ¢

be modeled by a single equivalent multiport network an
analyzed efficiently in the time domain. >

» The fact that the5-parameters can be computed under ¢ 2=0 z=1
arbitrary reference systeii..; gives us added flexibility
in the types of passive networks that can be analyzegy. 7. Geometry of the tapered three-line microstrip structore= 4.2,

More specifically, although mos$-parameter calcula- H =20 mil, W(z) = Wo(1+22/1), 5(z) = 0.5 Wo(1+2/1), W, = 0.24
tions are carried out in a fixed S0-eference system, we ™™ andi = 20 mm.
can easily incorporatg-parameters under other arbitrary
normalization systems by using the following renormal- 1) Tapered Microstrip Line: The first structure is a conven-
ization formulas. Le¥, = diag(Z,1, Za2, -+, Zan) b€  tional linear microstrip line taper with the dimensions shown in
an arbitrary diagonal normalizing impedance matrix witfig. 3. This transition has been analyzed by the present approach
R, = Real(Z,) and Z; = conj(Z,). Suppose that we using two and three basis functions, as well as by a popular
have a set ofS-parameters in this reference system, i.ecommercial circuit simulatorThe results obtained are shown
S(w, Zs), and letZ,er = diag(Zyer1; Zrer2s *++5 Zregn)  inFig. 4(@) and (b). The rapid convergence of the proposed tech-
be the diagonal impedance matrix of the desiresique can be seen as excellent agreement with the circuit simu-
new reference system witl,.; = real(Z.;) and lator is obtained over the entire frequency band with only three
Z%, = conj(Zw.t). Through matrix manipulations, onebasis functions. While these results are indicative of the accu-
can show that th&-matrix in this new reference systemracy of the proposed approach, its advantages can be best seen
S(w, Zwt) as a function of that in the original referenceyy considering multiple coupled lines.
systemS(w, Z,) is given by 2) Nonuniform Asymmetric Coupled Microstrip Line¥o
best illustrate the ability of the proposed method to handle ar-
S{w, Zyer) = Ri{f (U + Zeer) M (W — ;“‘ef)Rr_ei/2 (32) bhitrary coupled transmission lines, including loss, the asym-
metric structure of Fig. 5 is considered. First, theependent
where RLGC matrices of the structure were computed at>2dosi-
tions using a 2-D quasi-static finite-element solution at each po-
U = R;Y2(Z 4+ ZaS(w, Za)) (I — S(w, Z,))"" RY/? sition2 These same parameters were also computed via the more
(33) rigorous full-wave solver and were found to have very little
andl, is the identity matrix of ordeV. dispersion for thel(z), C(z) andG(z) matrices over the fre-

* In light of the above discussion, a particular case of iquency range of 0—-10 GHz, with( =) having negligible values.
terest is the incorporation of measurgcparameters of a However, conductor lossed(z) were found to be significant
passive multiport circuit in a transient analysis involvingnd frequency dependent of the folin= Ry+/ f(GHz), with
the circuit. The approach provides, therefore, a good ideminant diagonal terms. Thedependant inductance and ca-
terface between the time-domain algorithm and measunedcitance parameters are shown in Fig. 6(a) while the entries of
data. the symmetric resistance mati,, computed aff = 1 GHz,

are presented in Fig. 6(b). The structure has then been simulated
IIl. RESULTS using the proposed approach andStparameters were com-

Port 4

Port 2 Port 5

quency and t|r_ne dgmams. The results of.the frequency-dom%ted by 21 cascaded sections of uniform asymmetric coupled
analysis are given in terms of the scattering pgrameters r_:mdmgs having different strip widths and spacing. Thearame-
g_roup_ed in Section 1lI-A. The results of transient _analy5|s at&rs of each uniform section are computed using (A.2) and the
given in terms of the voltage waveforms at the various ports gl o 5_narameters of the nonuniform structure are obtained
each structure considered and are presented in Section III—Bby simple multiplication of the correspondifgmatrices. The

] magnitude o511, S13, andS; 4 for both lossy and lossless cases,
A. Frequency-Domain Results

To illustrate the accuracy and efficiency of the proposedlHP ” Des MDS). Buildi o Analvai o
approach for thes-parameter calculation, several nonuniforrrp_iewlett_;;rg’ig?geSaiffgOssftgz iggoS)y uilding and Analyzing Circuits,

Strucwres. were analyzed- A deta”eq discussion of the I‘ObUStZI—th Frequency Integrated Simulator (HIFIS), Integrated Microwave Tech-
ness of this technique can be found in [6]. nologies Inc., Montréal, P.Q., Canada, 1997.
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Fig. 8. Frequency-domain analysis of a nonuniform three-coupled line structure. (a) Magnittideasfd S1-. (b) Magnitude ofS13 and.S14. (¢) Magnitude
of Si5 andSys.

and using the proposed approach as well as the cascading tgecbach and those of the circuit simulator. Good agreement
nigue, are shown in Fig. 6(c)—(e). Good agreement between beween both simulations is seen. It should be noted that
two sets of results is observed. only five basis functions were used in this simulation.

3) Three Nonuniform Coupled Microstrip Linego further 4) Nonuniform Ultrawide-Band Directional CouplerSince
illustrate the advantages of the proposed approach, consitder proposed approach is both efficient and accurate, it can
the three-line structure shown in Fig. 7. The choice of thisasily be used to optimize the design of nonuniform line
structure is motivated by the need to compare our resuttsuplers, filters, and matching circuits based on nonuniform
with those of circuit simulator having a built-in model forlines. To illustrate this, we consider a nonuniform directional
uniform three coupled lines. To analyze this structure, weupler whose performance is given in terms of its electrical
first computed the values of the 8 3 L and C matrices parameters, namely, coupling profile, characteristic impedance,
at ten equidistant points along theaxis using a finite-el- phase velocity, and electrical length. The synthesis of such
ement approach. Using these line parameters, the structcweplers can be done using the technique described in [7]. The
was simulated between 1-10 GHz. The same structure vgsticular coupler considered here is a 80t4-dB coupler
approximated in the circuit simulator by ten cascaded semvering the frequency range of 3-20 GHz. Using a phase
tions of uniform three coupled microstrip lines and analyzeetlocity of 0.98 x 10° m/s the coupling profile, i.e., the
over the same frequency range. Fig. 8(a)—(c) show varioosupling factor as a function of positiok(z) and the length
S-matrix entries versus frequency as obtained by our apwere determined. Given the coupling factor at each position



BOULEJFENet al: FREQUENCY- AND TIME-DOMAIN ANALYSES OF NONUNIFORM LOSSY COUPLED TRANSMISSION LINES 375

P B o e e e e e L e B e L {070 L L ) B B L L NI BLALENLEN BELENLENL N RN
A3 \-\ PEN 1 0s | | ]
L £ 1 C | | — VL(SPICE) ]
14 F ] L 1| --+--v2(sPICE) j
: 1 oMt "l‘ —— V1 (MDS) ]
& 15§ 1 2 ¢ S EEEEE V2 (MDS) ]
2 r ] -E:’/ 03 \ | —— V1 (approachy |
2 6k 1 2 -
= -18 ‘ ‘ = S I O Ml V2 (approach) ]
g _t 1 Eoaf ]
T | 7 r ]
Optimized : \ o1 | 1
-18 [ R 7 [ ]
[ R ] I ]
L Py ]
ol | ] 0r ]
: i 1 r .
_20:.\....|,.,,|,, ,|,";\, 1 _01'...|...|...|...|...|...|...|...'
5 10 15 20 25 0 02 0.4 0.6 08 1 1.2 14 1.6
Frequency (GHz) Time (ns)
(@) (@)
14 dB Ultrawideband stripline 0k - L L L .
directional coupler °f ' T T ]
05 F \ ——VIGPICE) | ]
[ --+--V2(SPICE) ]
04 [ —s— V1 (MDS) .
g i - --V2(MDS) ]
3-2067z, Er=9.2, 203 [ V1 (approach) § 5
B=100mil, L=12.5mm =) A A N V2 (approach) | ]
(b) 5 0z 7]
Fig. 9. Ultrawide-band 14-dB 3-20-GHz directional coupler in edge-couple 4 [ .
striplines. (a) Simulated coupling coefficient. (b) Layout of the optimized [ ]
coupler. r ]
0Fr z ]
volt : Ce T ]
A 01 1 S S T N S S S !
Vo 0 04 08 12 16
Time (ns)
(b)
H H ; t
d i wd f, Fig. 11. Transient analysis of a linear microstrip taper under: (a) resistive and

(b) reactive terminations.

Fig. 10. General description of the excitation pulses used in the transient

simulations.
50 Q, 50 pF
E(t) Vi Vy P

and a constant 50+ characteristic impedance, the22 L and

C matrices are computed as follows: +
Lo L G, C e o
o 0 m o 0 m )
L= |:Lrn LO :| and U= |:Crn C(0 :| Vs Ve
500 50Q
where
\/E Fig. :_L2. Configuration of a nonuniform three-line structure terminated by
Lo(z) = 5 (Ze(z) + Zo(2)> reactive loads.
Lon(z) = \f_ (Ze(z) - Zo(z)> where
c
Ve
Co(z) = and Z,(z)=Zo

and

Cn(2) = Ver

2c

2c <Ze1(2) + Zol(z)> Z(2) = Zo
(

1 1 Zy = 50 2 andc s the velocity of light in the vacuum. Onde
andC are calculated, the present approach is used to compute
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Fig. 13. Transient analysis of the configuration of Fig. 12. (a) Response at nodes 1 and 4: near and far ends of the driven line. (b) Response atshodes 2 and
crosstalk on middle line. (c) Response at nodes 3 and 6: crosstalk on the far line.

Et) \ Vi sired frequency responge;(w) is obtained. The curve labeled
500 100 “fitted” in Fig. 9(a) shows the coupling obtained as a result of
1=30 cm . a polynomial fitting of K(z). Note that given the limited accu-
¢ Ve Vs . . . . .
% 4 racy of this fitting, the resulting coupling deviates slightly from
the original form. By manually adjusting few coefficients in the
Vs Ve fitting polynomial, the performance of the coupler can be im-
75Q 10Q

proved substantially, as shown by the curve labeled “optimized”
in Fig. 9(a). The layout of this optimized coupler, implemented
in edge-coupled stripline, is shown in Fig. 9(b). Clearly, further

Fig. 14. Configuration of a nonuniform three-line structure terminated bymprovements can be achieved if the entire optimization proce-

nonlinear loads (diodes). dure is automated and driven by a good optimization algorithm.

the coupling factor as a function of frequenéyw). Fig. 9(a) B- Time-Domain Results

shows the results of this analysis as the curve labeled “Uysal"To validate the proposed approach for transient response
[7]. It can be seen from this curve that the ripple in the couplingalculation, coupled- and single-line structures were analyzed
coefficient is as high a&1.5 dB. To optimize this performance,under different excitations and linear and nonlinear termi-
the coupling profilek((») must be represented by a polynomiahations. The excitations are all in the form of pulses that
whose parameters can be subsequently adjusted until the alte- described by a delay timg, rise timer,, fall time f;,
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Fig. 15. Transient analysis of the configuration of Fig. 14. (a) Response at nodes 1 and 4: near and far ends of the driven line. (b) Response athodes 2 and
crosstalk on middle line. (c) Response at nodes 3 and 6: crosstalk on the far line.

duration or widthw,, and an amplitud&),, as shown in Fig. 10. bility, we consider an arbitrary three-line structure with the fol-
All results are compared to those obtained by a commerclaling position dependent andC matrices [9]:

time-domain CAD program. Ly L, O Co C, O
1) Tapered Microstrip Line:This structure isthesameasthe = |L, L, L. C=|C, Co Cn
one analyzed in Section IlI-A and shown in Fig. 3. The taper is 0 L, Lo 0 C,. Co

excited at the port 1 by a pulse havidgg= 150 psy = 60 ps,f;
=60 ps,wy = 0.6 ns, and’/, = 1 V. The simulation duration is
set to 1.7 ns with a time step of 10 ps. First, the structure is ter-
minated by resistive loads at both erdg = Z, = 50 §2) and
analyzed by our approach as well as by SPICE, using ten cas-
caded uniform transmission-line sections, and MDS, using its

where
Lo(z) =lo (1 + k1(2))
L (2) =k1(2)Lo(2)
ki =0.1 (1 +0.6 sin (7rz + 7r/4) )

built-in taper model. The results of these analyses are summa- lg =387 nH/m
rized in Fig. 11(a) and show that all three solutions are virtually C _ 1k
identical. Fig. 11(b) shows similar results, but with the structure 0(2) _CO/( - 2(”))
terminated by a reactive load at the second pst£ 50 2//4 C(2) = — ka(2)Co(2)

pF). Again, good agreement between the solutions is observed.
2) Three Coupled Lines with Arbitrary Loadsto further

ko(2) = 0.15(1 0.6 sin (72 + 7/4) )
validate the proposed transient analysis method and its flexi-

co =104.13 pF/m
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E'+Z0 H 1z ! E1-Z0 H1Z.1 Al _ [diag(Eo) U (A2)
(B = ZLH A Z YW (=) (B4 Z G H 1 Z2 W] |B) | On diag(E;) '

R,, =Ry = Go =G, =0. advantages and features of the current approach have also been

Fig. 12 shows the configuration of the three-line structure witighlighted.
linear terminating loads at all ports. The first line of this struc-

ture is excited by a pulse describeddyy= 5 ns,r, = 0.5 ns, APPENDIX
ft =0.5ns,wg = 10 ns, andV, = 1 V. The results of this sim- DERIVATION OF THE GENERALIZED S-PARAMETERS FOR
ulation are shown in Fig. 13(a)—(c) and include a comparison UNIFORM COUPLED LINES

with a SPICE simulation using 40 cascaded uniform coupled,, jhe case of uniform coupled lines, an analytic solution for

three-line sections. The SPICE representation of each of thﬂ?&rS—parameters can be obtained. In [8], a method for calcu-
sections is based on the modal decomposition described in []191-[ng the modab-parameters has been presented. This method
Itshould be noted that agreement seen in these figures could 9, e that the structure is excited by modal voltages and cur-
be achieved until such a high number of sections were useq §s and is terminated by modal matching impedances. Based
SPI.CE' . . on this method, and using a simplified version of the current
Fig. 14 shows the same three-line structure, but terminatgdynique, one can derive the generalized ingarameters of
with three nonlinear loads. The structure is excited in a siMiniform coupled lines. For this purpose, (15) can still be used,

ilar fashion to the linear termination case, and the results of tg?cept that the port voltagds,,, are now simply deduced from
analysis are shown in Fig. 15(a)—(c). These figures also shgyy following equation: "

the transient responses obtained by using two different SPICE — 1 _ —
models. The first model is based on cascading 40 uniform sec- V(f,2)=E (W(_Z)A + W(Z)B) (A-1)
tions, the minimum required for conversion, as described abowhere A and B are two voltage vectors associated
The second model is based on cascading 40 cells of lumpedth the incident and reflected waves, respectively.
element networks representing the self and mutual terms lbycan easily be shown that these vectors satisfy the
lumped inductance and capacitance elements. Itis seen fromshstem of equations, shown in (A.2), at the top of
results that while both our approach and the first SPICE modhbls page, whereW(z) = diag(e™?, ¢72%, ..."N%),
give comparable results, the second SPICE model fails to cdfy;, = (diag(¥))"*EZH !, andE and H are as defined in
verge to these results even when the number of cells is increagéil. Using the solution of (A.2) under different excitation for

It should be noted that in the above analyses, the lines wéhe vectorsd and B in (A.1) and substituting the resultinig, .,
assumed to be lossless because of the limitation in the SPI&pression in (15), the generalized liseparameters of the
models. However, our approach can easily account for camiform coupled lines are obtained.
ductor or dielectric losses in arbitrary nonuniform structures.
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