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Optimum Termination Networks for Tightly
Coupled Microstrip Lines Under Random
and Deterministic Excitations

Smain Amari and Jens Bornemann

Abstract—A general method to determine the termination network of
multiple coupled lines for lowest input return loss is presented. Each line is
connected to the ground and its nearest neighbors by resistors whose val-
ues are determined by minimizing the reflected power. It is demonstrated
that under these conditions the optimum termination network depends
on the excitation. The inequality of the modal propagation constants
requires that the length of the lines be properly taken into account when
designing a termination network which ensures maximum power delivery
to the loads. Matching networks for five and seven coupled transmission
lines under different excitations are presented. For the more practical
case of unknown excitations, a design procedure based on minimizing
the reflected power for independent random-incident voltage variables is
presented.

Index Terms—Coupled transmission lines, microstrip circuits, termina-
tion network.
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Fig. 1. System of coupled microstrip lines with its termination network.

|. INTRODUCTION

Systems of coupled lines play a major role in modern microwave
integrated circuits. They are used in microwave couplers and filters
or simply as a means of channeling electromagnetic energy between
different parts of a microwave circuit. Proper design of the trans-
mission section and loads is essential to any effective exchange op)
energy and information.

Maximum power delivery through a section of a transmission line
requires proper matching of the load to the transmission line. Ideally,
a termination network consisting &f (IV + 1)/2 resistors, such that
the load admittancgYr] is equal to the characteristic admittance
matrix [Y-] of the coupled lines, ensures zero reflection [1]. However,
due to practical limitations, it is not always possible to terminate
the lines in their characteristic admittance matrix, as this leads to a
matrix-like termination network interconnecting all lines and ground
with each other, thus requiring three-dimensional (3-D) installations
of load resistors. Instead, a more practical termination network has
been suggested in [2] where each line is resistively connected to
ground and only to its nearest neighbors (see Fig. 1).

However, with respect to the design of such a network, there are3)
several options for calculating the individual load resistances.

1) Minimizing the Sum of the Magnitudes of the Entries of the Volt-
age Reflection MatriXpy]: The resistances are then obtained
by minimizing the positive definite quantity [2]

J=N i=N

R=3 > vl

j=1 =1

@)

However, by eliminating the information contained in the
phases of the reflection matrix, this procedure does not ta'I&e
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advantage of the destructive interferences that take place.
It is conceivable that very small total reflections can result
from elementary reflections, which are themselves large, but
interfering destructively.
Minimizing the Sum of the Squares of the Total Reflected Volt-
ages from the Loaddn this case, a modified version of (1) is
minimized as follows:
=N

=S

=1

J=N 2

> vl
j=1
Equation (2) now involves the magnitudes of the total reflected
voltages on each line. Therefore, we are including—to our
advantage—the phases of the individual reflected voltages and
their destructive interference. Moreover, we are including the
finite length of the transmission-line section, thus taking into
account mode coupling between the lines. [Other criteria, such
as minimizing the reflected voltage on a given line only, lead
to expressions similar to (2).]

Minimizing the Total Reflected Power from the Load#is

is the approach we are proposing in this paper. The reader
might feel that this is an immediate disadvantage, since well-
matched termination networks are known to becitation
dependentHowever, we counteract this objection by assum-
ing—in Section II-B—an arbitrary distribution of exciting
waves in order to find the optimum termination network.

)

Il. THEORY

. Deterministic Excitation

Fig. 1 shows a system of coupled lines of lendthalong with
realistic termination network in which the ends of the lines are
connected to the ground and only to their immediate neighbors
according to [2].
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In microstrip transmission-line design, it is usually assumed thegsults in
the structure is excited with a frequency low enough so that only
the fundamental transmission-line modes are propagating. Then the
voltages and currents on the lines can be expanded in terms of the YellpvIMVIIQT My ] V2] (11)
eigencurrent and eigenvoltage matri¢@$,], and[M ] [2]-[4]:

Per = 4 Re [V 301 T [Q 1AL P o0 ]”

inc

Here, [V? ] is the incident voltage at the generator. Equations (10)

inc

I() =M KT — M MK~ and (11) are identical only if the length is reduced to zero or if
[,( ) [, ,I][Q,Jr” X,Jr] [ _’][Q l[ ‘i ) all propagation constants are identicalk (= Strwm). In the latter
[V ()] = [Mv][QTIIE™] + [Mv][Q™]IKT] (4) case,[Q1] and [Q] are equal to the identity matrix multiplied

by e*ifrEmML: their position in (11) is inconsequential, since they
where[Q*] = diag [exp (43 2)]. The propagation constants of  commute with any matrix, and by movirj@*] to directly multiply
an N-line coupled-line systemk(= 1 --- V) as well as the matrices [()~], and noting thafQ*][Q ] is the unit matrix, we get (10). In
[Myv] and[;] are obtained from the spectral-domain solution of thgeneral, however, the reflected power depends on the lehgthd

two-dimensional (2-D) multiple coupled-line problem, e.g., [4]-{6lthe propagation constants, and consequently, requires a different
[K*] are expansion coefficients used in the spectral-domain aBrmination network.

proach. The incident and reflected voltage waved &fe][Q ][ K]
and[My][Q ][I ], respectively. Using the boundary conditions at

the terminations Ill. ARBITRARY EXCITATIONS

It is not practical to terminate the network with loads which ensure
I(z=0)=[Y,][V(:=0)] =0 (5) minimum reflection only for a well-specified excitation unless the
network is itself dedicated to such a voltage distribution. In general,
we get the reflected currents and voltages in terms of the inciddfg Network is excited by waves of arbitrary (stochastic) distribution.
voltages It is, therefc_)rt_e, important to design a terml_n_atlon network which
reflects a minimum power under these conditions.
[Viet] = [pv][Vinc ©) A simple mpdel of the random dis_,trit?ution of the incident voltages
on the lines is assumed. The excitations on the lines are taken as
[Lrer] = [Ye][pv][Vine] @) independent random variables with the same distribution. Absent of
any othera priori information about the nature of such a distribution,
where we assume a discrete random voltage on each line, which, similar to
situations in digital signal transmission, takes on the valsésor
(Yol = [M/][Mv]~". (8) —1V with equal probabilities of 1/2. Note that a more complicated
probability density of excitations can be incorporated, but would
differ only in the generation of the input voltage vector.
Note that (8) is identical to [1, eq. (8b)]. The reflection coefficient The termination network is now determined by requiring the

matrix is reflected power averaged over the ensemble be minimum:
[pv] = ([Ye] + [Y2]) " ([Ye] = [Y2]). (9) Prer = minimum. (12)
. The notationX stands for the average &f over the random variable
The average power reflected from the load is then [Vincl.
| - T i In this simple model, the ensemble average in (12) is obtained
Prer = 3 Re[Vinc]” [pv]” [Yel[pv][Vinc] (10) by adding the weighted contributions from all possible values of the
) . voltages on the lines. Since all the probabilities are taken equal to 1/2,
where the superscrig’ denotes the transpose of a matrix. they can be factored out. If a more complicated probability density of

In the ideal, though nonpractical structure of a matrix-like tefthe excitations is assumed, (12) should be implemented accordingly.
mination network (see Section .. vanishes since the reflection

coefficient matrix[py] vanishes, and the termination network is
independent of the excitatidiin.]. However, in the practical case of
Fig. 1, a well-matched termination network—obtained by minimizin ) o
(10)—depends on the nature of the incident wave. For example,%if Five Symmetric Lines
only theith line is excited, then minimizing the reflected power We first consider a termination network for five coupled symmetric
is equivalent to minimizing([pv]” [Yc]lpv])i; which, in general, lines, a structure which was also investigated in [2]. Our results
depends or. Therefore, only if the incident voltage wave at thefor the propagation constants of the five modes, computed through
loads is known can a matching termination network, which guarantebge spectral-domain immittance approach [6], compare well with
maximum power delivery, be designed through (10). those presented in [2]: (2.9300, 2.6603, 2.6375, 2.6363, 2.636 35)
However, in most situations, the excitations are only known at tlegainst (2.9117, 2.6551, 2.6372, 2.6368, 2.6367). To further check our
launching point, i.e., at the generator. Consequently, for transmissiaaede, we also computed the characteristic impedance of an isolated
line structures, which support propagating modes other than pumérostrip line of width 0.02 mm on a substrate of thickness 0.1
TEM, the propagating wave will have a different distribution whemm and dielectric constant 12.9. At 5 and 50 GHz, we obtain 80.71
it reaches the loads. Especially in this non-TEM case of tightgnd 82.25¢2, which compare well with 78.9 and 842 reported
coupled microstrip lines, the length of the transmission-line sectiam [2]. The discrepancies between our results and those in [2] are
is of fundamental importance, as large differences between the mobelieved to be caused by the number of basis functions. We used
propagation constants are typically observed. two basis functions (with the edge condition) on each line. It was
The reflected power from the loads, in terms of the incident voltagdso necessary to sum a large number of terms because of the strong
at the other end (generator), can be derived similarly to (10) andupling between the lines. However, for the demonstration of this

IV. RESULTS
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TABLE |
ENTRIES OF TERMINATION NETWORK [€?], OF FIVE-LINE GEOMETRY. (SEE [2] FOR LINE PARAMETERS)
equation (1) equation (2) equation (10) Elements from
R;jindependent R;; independent random characteristic
of excitation of excitation excitation matrix {Y¢]
Ry 129.05 136.48 125.11 126.24
Rio 75.20 80.88 76.26 76.24
Ros 319.48 345.12 313.08 368.60
Ry3 82.14 108.13 80.83 77.81
R33 331.98 288.35 374.90 633.41
R34 82.14 60.77 80.83 77.81
Ryy 319.48 345.12 313.08 368.60
Ry5 75.20 126.76 76.26 76.24
Rss 129.05 136.48 125.11 126.24
Pr% 0.107 1.56 0.102 0.125
method, the actual values are of secondary importance. The major 100
point here is the fact that the propagation constants are different for ]
different modes. 1
A variety of strategies to calculate the termination networks were s 80 ; L
investigated: PO
1) minimizing the total reflected power; % 63_'-:-_
2) minimizing the sum of the squares of the reflected voltages (2); : “ 4
3) minimizing the sum of the squares of the entries of the voltage £ 407 '."_
reflection matrix (1). e 1\
In the last two cases, the termination network is independent of the & 20 ‘\f“
excitation; however, this is not the case when the total reflected power 1 1
is minimized. In all cases, the minimizing procedure is based on a n: Vs
gtrJ:dsi;l:Ewton method and a finite-difference approximation of the 000 002 004 006 008 0.10

dL

Fig. 2 shows the total reflected power as a functiopf:, ¢] =
Y., (in siemens) for different incident waves. In the first caskig. 2. Reflected power from a termination network for different form of

(dashed lines), the lines are only connected to the ground—tH[%?demexc'tat'ons as a function bf;z, (in siemens). Dashed lines correspond

. . . a network with resistors connecting the lines to the ground only (1: line
are not interconnected, whereas in the second case (solid lingg) excited; 2: line three excited; 3: line two excited). Solid lines correspond
nearest neighbors are interconnected by the resistors obtained ftora network with resistors connecting adjacent lines as well as the ground

the admittance matrif’c]. It is clearly seen that the minimum of theplane (4: all lines excited; 5: line two excited; 6: line three excited).
reflected power is achieved at valuesafr,, which are dependent
n the nature of the incident wave. I . - .
on the nature of the incide .t ave .column of Table I. It is interesting to note that the minimum is
Table | shows a comparison between (1), (2), and (10) wit] .
. S ._regched with unequal values d@®i» and R4s on the one hand,
respect to the entries of the termination network and the associaté ol
. . and R-3 and R34 on the other hand. For reference, the termination
reflected powers. The sum—not the reflected power—given in (1) 1S . -~ N .
L . S L2 etwork obtained from the characteristic admittadéeis given in
minimized, with a minimum of 0.006, when the termination networ .
. . olumn five.
is chosen according to the second column of Table I. However, t . L . .
. . o hen the total reflected power is minimized, the optimal termi-
reflected power obtained from this network depends on the excitation.,. . .
o L . nation network depends on the incident wave. Assuming a random
If a random excitation is assumed, a minimum of 0.107% reflectionis .., .. n . L
. S . excitation, the minimum reflected power is 0.102% of the incident
achieved (column 2). This is comparable to the value obtained from ) . .
. S .._..power. The corresponding network is that of column four in Table I.
direct minimization of the reflected power under the same excitatign. = . . : .
: : . - 7 This minimum is of the same order as the reflected power, resulting
(column 4). When only line one is excited, the direct minimization ST . s .
. . from when the termination is that given by the characteristic admit-
of the reflected power according to (10) leads to practically zerg . .
. anceY (0.125%) where the lines are connected to the ground plane
reflected power, whereas (1) gives 0.14%. . ; .
S ; . - and only nearest neighbors are interconnected (column five).
If the termination network is determined from (2), a minimum S . L
. . . ) . . When only one line is excited, the reflected power is minimized
reflected power of 1.56% is achieved with the resistors in the thir . L - . . .
when the excited line is terminated in a resistance approximately

equal to that obtained fron¥, with the other lines disconnected
1IMSL User’'s Manual IMSL Math/Library, Version 1.1, p. 802, Dec. 1989. from the ground plane.
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TABLE I
TERMINATION NETWORK FOR SEVEN ASYMMETRIC LINES
equation (10)
equ. 1 equ. 2
line 1 line 4 random
excited excited excitation
Ri1 88.57 79.77 86.52 0.0069 87.54
Ryy 178.40 38.54 175.17 175.17 163.55
Rog 219.49 180.03 0.01 0.06 240.12
Rog 124.02 90.92 114.54 114.54 101.72
Rs33 139.36 139.40 0.05 0.17 146.48
R34 122.77 49.84 82.07 82.07 97.44
Rus 179.26 144.12 0.10 998.14 241.23
Rys 99.09 51.38 75.06 75.06 80.87
Rss 145.75 129.20 0.10 0.16 162.75
Rsg 178.22 90.60 177.94 177.94 147.08
Reg 343.87 346.66 0.05 0.07 390.29
Rg7 68.43 69.46 63.92 63.92 62.63
R77 82.88 71.42 0.05 0.45 81.57
Pr% 1.92 6.82 2.107° 6.1075 1.61
0.104- 1.647
> — ]
0.102] \ 1.62] //\
0.100 N 5 \
PR \ T;l.(,s_/\ l
& 0.098 & \ / \/
g ] E .
g ] \ 1,58 ANy
0.096] \ ] \ /
0.094 —d 1567 \ /
0.092+—————f—+—+—+— T+ 154+
0 2 4 6 0 2 4 6

L/ L

Fig. 3. Minimum reflected power as a function 6f/ Ao when a random Fig. 4. Minimum reflected power as a function 6f/ Ao when a random
voltage is launched on five symmetric lines at a distadcefrom the voltage is launched on seven asymmetric lines at a distdndeom the
termination network. termination network.

The effect of the length of the transmission section on the terminglightly higher than the value obtained from direct minimization of
tion network was also investigated. For a random-incident excitatithe reflected power (1.61%, column six). When only line one is
at the generator, Fig. 3 shows the minimum total reflected power @xcited, the same network reflects 0.72% of the incident powers,
a function of L/ Ao (\o is the free-space wavelength). The curve i¥hereas direct minimization leads to less thaim 19 under the same
periodic only if the modal propagation constants are commensura@&citation. Under a random excitation, the network obtained from (2)
i.e., their ratios are rational numbers. leads to a minimum reflected power of 6.82% (column three).

If the total reflected power is minimized, the resulting network
depends on the nature of the excitation. The results are summarized
in columns four through six of Table Il. Similar to the case of five

We finally consider a system of seven asymmetric coupled lines asgmmetric lines, the lines are connected to the ground plane and only
their termination networks. The dimensions of the lines are=w).6  to their immediate neighbors. When only mode 1 is excited, the total
mm, we = 0.4 mm, ws = 0.45 mm, w4 = 0.5 mm, ws = 0.5 mm, reflected power is 4.8%, when the termination is obtained from the
wes = 0.35 mm, andw; = 0.3 mm. The substrate is 1-mm thick characteristic matriX (not shown in Table I). This minimum drops
with e, = 12.9. The line separations arg, = 0.2 mm, so3 = 0.1  to 2.10°% when the termination network is optimized with respect
mm, s34 = 0.2 mm, s45 = 0.1 mm, s56 = 0.2 mm, andsgr = 0.1  to the resistors connecting the lines to the ground plane while keeping
mm. At 1 GHz, the effective dielectric constantsa( = (3x/ko)?, the interconnections between neighbors equdltg = —1/[Yc], ;,
where ko is the free-space wave number) of the seven modes ae- j| = 1.
found to be 10.1521, 8.0913, 7.3149, 7.0151, 6.9742, 6.9553, andNote that the different propagation constants and interactions
6.9512, respectively. between lines are fully taken into account. Even if a resistance of the

The termination network obtained from (1) comprises the resistaermination network is optimized to be close to zero (e.g., columns
of the second column of Table Il. The reflected power from thi®ur and five of Table Il), it means that for the given excitation, a
termination network under a random excitation is 1.92%, which &hort needs to be placed between the respective line and ground. This

B. Seven Asymmetric Lines
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Fig. 5. Diagonal elementB;; of optimal termination network under random
excitation as a function of/Xq.

can be viewed as if the shorted line is part of the matching networlAn FD—FD Formulation for the Analysis of the Optical
required to minimize crosstalk between the remaining lines. However, Axis Misalignment Effect on Propagation
pn the other hgnd, if the shorted line is now excited, the termina.tion Characteristics of Anisotropic
is bound to _fall. This fact support_s our proposal for a termination Dielectric Waveguides
network designed for random excitations.
The depgndence qf the total reflected power on .thg length of  carlos Lénidas da S. S. Sobrinho and #iti J. Giarola
the transmission section, when a random voltage is incident at the
generator, is shown in Fig. 4. The curve is periodic only if the
modal propagation constants are commensurate. As an example of thhstract—A finite-difference frequency-domain (FD—FD) formulation is
dependence of the individual elements of the termination network @eveloped to study the dispersion characteristics of anisotropic dielectric
the line length, Fig. 5 shows the required variationfaf , Raz, Rss, waveguides with their optical axes not aligned with the coordinate-
Rus Re- Ree and R of the asymmetric seven-line structure i system axes. In this analysis, the optical axes are initially assumed
44, 1155, S166, | T Y o ; Mo be aligned with the coordinate-system axes such that the electric-
order to maintain optimum performance. It is interesting to note thgérmittivity and magnetic-permeability tensors are diagonal. The optical
the load elemenfiss is much more sensitive to the line length tharaxes of the anisotropic dielectric are then rotated an anglé (or ¢) with
the other resistances. Since all the excitations are assumed ha\r/ﬁ*?ﬁelct to the COOV(’I'”?‘I?‘SYSteIm a;:es. WT"E the FD-FD formulation
equal probability, this effect is attributed to the fact that line numb&gVeloped is general, it is applied here only to waveguides containing
A . . . Uniaxial anisotropic dielectrics. The results show that accurate optical-axis
six is one of the narrowest (0.35 mm) with closest coupling distanggentation is important in the design of dielectric waveguides.
(0.1 mm) to its immediate neighbors. Line number seven, although cal axial misali
the narrowest, is immediately coupled only to line number six, and'mdex Terms—Optical axial misalignment.

does not show as strong a sensitivity.
I. INTRODUCTION

V. CONCLUSIONS Various methods have been used in the analysis of the propagation

An analysis of the termination networks which lead to maximurgharacteristics of dielectric waveguides, with applications in inte-
power delivery, or minimum total reflected voltage, is presented féfated circuits in the millimeter and optical frequency bands. Among
tightly coupled microstrip lines. Since an ideally matched matrixhese methods, the following are of interest:
type termination network can not be constructed, a terminationl) the finite-difference frequency-domain (FD—FD) formulation
network which minimizes the reflected power is designed instead. [1], [2];

Even when the individual entries of the reflection matfix-];; 2) the two-dimensional (2-D) finite-difference time-domain (2-D
are not small, it is possible to considerably reduce the reflected FDTD) method [3];

power or voltage by adjusting the phases and magnitudes of the3) the finite-element method (FEM) [4];

individual reflected waves. Since the termination network which 4) the transmission-line method (TLM) [5].

insures minimum power reflection depends on the nature of thewhile the FD-FD, FEM, and TLM in the frequency-domain

incident excitation, the terminologgdaptive termination networls  methods are equivalent, this is not true for the FD—FD and 2-D
arguably more appropriate. For unknown excitation, which is usually
the case in practice, a termination network based on random excitatioManuscript received December 12, 1995; revised June 20, 1997. This work
is proposed. was supported in part by the Brazilian agencies CNPq, TELEBRFINEP,
and CAPES.
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