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Analysis of Millimeter Waveguides on Anisotropic
Substrates Using the Three-Dimensional
Transmission-Line Matrix Method

Ceyhun Bulutay, Student Member, IEEE and Sheila Prasad, Senior Member, IEEE

Abstract— Three-dimensional condensed asymmetrical node,
variable grid, transmission-line matrix (TLM) method has been
used in analyzing several millimeter waveguides on anisotropic
substrates. The dispersion characteristics of image guides to-
gether with field and energy confinement properties at millimeter-
wave frequencies have been investigated. Edge coupled microstrip
line on a uniaxial substrate is analyzed for the even and odd mode
dispersion characteristics. Finally the same analysis is repeated
for bilateral fin liries on uniaxial/biaxial substrates. The results
obtained using other computational techniques are included in all
of these cases to assess the competence of the method.

I. INTRODUCTION

T MILLIMETER-WAVE frequencies, planar guided
wave structures have proven their superiority with their
inherent compatibility with microwave electronic circuitry.
These promising transmission lines can be classified as
[1]: Planar and quasi-planar lines (microstrip like transmission
lines, fin lines), dielectric guides (dielectric slab, image line,
insular guide etc.), H-guides (groove guide, through guide
etc.). Most of these planar transmission lines cannot be treated
analytically other than with oversimplified conditions. On
the other hand, several computational techniques have been
successfully applied to the exploration of these structures [2].
In this paper, the three-dimensional, asymmetrical con-
densed node variable grid transmission line matrix (TLM)
method has been developed as a tool for analyzing millimeter
waveguides (possibly on anisotropic substrates). Due to its
time domain formulation, TLM is free from costly matrix
operations such as matrix inversion or eigenvalue computation.
Moreover, it is superior to other time domain methods such
as the finite-difference time-domain technique that is limited
by a Courant stability criterion whereas the TLM:-is inherently
stable due to its physical foundation [3]. The most appealing
feature of TLM for millimeter-wave engineering is the wide
vatiety of geometries that can be examined without requiring
any reformulation. In particular, metallic strips and symme-
try planes cause no modification in the algorithm and are
welcomed by the method.
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It is to be noted that H-guides are not treated in this
paper since they are not compatible with microwave integrated
circuits. However, the ficld and energy confinement as well as
dispersion characteristics of image guides are investigated in
detail. The ability of the TLM to accommodate anisotropic
media has been utilized in the investigation of the dispersive
behaviour of edge coupled microstrip lines on a uniaxial
substrate. The more general case of biaxial substrates have
been treated together with uniaxial ones for the bilateral
fin lines. The results obtained using other computational
techniques are also included in all of these cases providing
an objective comparison to prove the validity of this work.

II. THREE DIMENSIONAL TRANSMISSION
LINE MATRIX METHOD

Although the physical basis of TLM lies in Huygen’s
principle of wave propagation [3], the underlying mathematical
concept of transmission line modelling can be illustrated as
shown in Fig. 1.

The voltages and currents in the transmission line lattice
have to simulate the actual physical variables everywhere over
the computation domain. For this reason it may be appropriate
to rename the technique “TLM—The Equation Simulator.”

Maxwell’s equations in their differential form are point
relations whereas both the finite-difference time-domain and
the expanded node TLM method cannot allocate all six com-
ponents of the fields to a single point in space. This can cause
errors in defining the position of the boundaries and dielectric
layers. Vital quantities such as Poynting’s vector cannot be
represented accurately. For these reasons the condensed node
schemes that have been recently proposed are of primary im-
portance [4], [5]. The asymmetrical version of the condensed
node TLM has been preferred in this work for which the final
form of the equivalent circuit is shown in Fig. 2. It possesses

Differential Equations
+
Boundary Conditions

Actual Physical Problem Transmission Line Matrix

Fig. 1. Schematic illustration of transmission line modelling.
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Fig. 2. Lumped equivalent circuit of an asymmetrical condensed node.

the additional feature of variable grid size and is essentially an
18 port circuit. The lengths of the connecting link lines that
also manifest the variable grid formulation are indicated in
Fig. 3. The characteristic admittances at the shunt nodes and
the characteristic impedances at the series connected nodes
~ must satisfy the following relations:

Yw = YO/N:z:la
Za: = ZO/Nmra

Y, = Yo/Nys,
Zy = Z()/Nyu,

Y. =Yo/N.y ()
’Zz = Zo/Na (2)
In order to satisfy Maxwell’s two curl equations, the trans-

former ratios in Fig. 2 must be determined from the following
equations.

Ny = VNwlerr Ny: vV NyuNyb;
N, =+/N,Nyu 3)
The classical foundations of the TLM method can be found
in several well written papers such as [6] and will not be given

in this paper. However, the final set of equations used in this
work for a general anisotropic medium can be listed.

Yo = Yo/N,,
Zz = ZO/N:u

Yy = Yo/Ny,
Zy = ZO/Ny’

Y; - YO/Nz (4)
Z,=2Zy/N. (5)

Y = Ydm + GO«: + Yy +Y,

Nyu]

Fig. 3. The link lines associated with a general variable grid condensed node.
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. where
Ydi = Yo4(€1~i - 1) (6)
}/;2 :Ydy+G0y+Yz+Ya:
where
GOi = YbUz’Zmlr Al (7)
Yis=Ye:+Go. + Y, + Y,
where .
Zmi = Zoh(pri = 1) ®
Ztl = Zmz + Zy + Zx‘ . (9)
Ztg - Zmz + Zy + Zz (10)
N1:Nya N2:Nz, N3:N$ (12)
D; = Zuj + 1/ (N2Ye) + 1/ (N?Yyy) (13)
Yei = Y Ys; DiN2N? (14)
Zai = Zue(Ne/Ni) + Zyj/ (N2 D:Yir) (15)
Zsi = Zu(Ne /Ny + Zy;/ (N}D:iYy;)  (16)
qui = (Nk/(N]Nz))2
© (YeilZai + Z4i) | (YeiZaiZiyi + Zai + Zbi))
(17)
D} =Y + 1/(N?Z;) + 1/ (N2 Z4) (18)
Yai = Yu(N;/Ne)* + Yir/ (NED}Zw)  (20)
Yoi = Y2 (N;/N;)? + Yo / (N2 D} Z15) @
Zeq’i = (N]/<N®Nk))2
. (Zci(Yai + vai)/(ZciYai)/bi + Yai + Ybl))
(22)
Zyi = 2/(Yei + Yegi) (23)
Yi =2/(Zogi + Z1s) 24
a; = Zm' (25)
bi = Zm(Nk/Nz)(l — quiNiZZtiZai)/(Zai + Zbi)) (26)
¢i = (N /Nj) Zus (1 = Yoqi Zu N7 Zi [ (Zai + Zi))  (27)
di = Z0iYeqilNj Zoi [ (Zai + Zbi) (28)
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fi = Z0iYeqilN; Zbi [ (Zai + Zii) (29)

e = (ci/Ni — b; /Nj) [ Z; (30)

Ji'= Yu » (31)

ki = Yoi(N;/N2) (1 = ZeqiNZYe;Yai/ Yai + Yoi))  (32)
1; = (N;/N:i)Y,s (1 — ZeqiYuilN Yoi)(Yai + Y1) (33)
9i = Y0iZeqiNiYoi/ (Yai + Yai) (34)

hi = YyiZeqiNiYai/ (Yai + Yoi) (35)

it = (L/ N = he/ N Yo (36)

where the indices i, j, k have to be changed as for

i =1, j=2 and k=3
for

=2, j=3 and k=1
and for

i=3, =1 and k=2.

With these equations the compact representation of the
18 % 18 scattering matrix is given as in [4]:

In using the matrix, the Y values over the first row multlply
the corresponding columns, similarly the Z values to left of
the first column also multiply the related rows and hence, say,
S7; = Zyd;Yy. It must be further pointed out that when the
total voltages and currents are used instead of the incident
and reflected voltage waves, the need for the above 18 x 18
matrix is avoided. Another advantage of this formulation is the
ultimate need for the total voltages and currents since they are
the quantities equivalent to the fields E and H. The reflected
waves can in turn be obtained from the total and incident
voltages. This allows a three times reduction both in size and
the overall computation time.
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Wrh=2.25
d/h=0.5
a/h=1 3.5
b/h=8.0

€, =3.8
€4=1.5

Fig. 4. Insulated image guide structure.

III. ANALYSIS OF PLANAR MILLIMETER WAVEGUIDES

A. Insulated Image Guide

The insulated image guide traps most of the energy inside
the upper rectangular dielectric away. from the conducting
ground plane when €, > ¢, in effect decreasing the conductor
losses which cause problems at millimeter-wave frequencies.
The geometry and the physical dimensions of the shielded
image guide used in this work are given in Fig. 4.

- A magnetic wall has been used in the implementation due
to the symmetry of the structure. Fig. 5 shows the dispersion
characteristics of the ;' mode and also compares the results
with the finite difference method [7] that was specifically
devised for these applications. The deviation in the high end
of hk, is due to the dispersion degradation of the TLM
method and it can be avoided by decreasing the unit mesh
length. Such an adjustment was done at hk, = 1.75 which
resulted in perfect agreement between the two results. About
the discrepancy around hk, = 1.5 see the discussions and
conclusion section.

Different field plots have been generated to investigate the
physics behind the wave guiding phenomenon (Fig. 6-9).
Strictly speaking these are the transverse field distributions of
an insulated image guide based cavity. An equal grid prototype
of the structure had to be developed for the correct 3-D
representation of the distribution. Due to the relatively coarse

1 2 3 4 s 6 7 8
Y, Y. Y. Y Y, Yy
1 a; —1 ay c2 ¢ bs b3 g1 —g1
2 ai a1—1 ¢ ca b3 b3 ¢n —g1
3 b1 by ax~—1 ‘a2 c3 c3 —h1 hi
4 by by az a2—1 c3 c3 —h hy
5 c1 c1 bo by az—1 as 51 —4
6 ci c1 bo bo az a3—1 101 —t1
7 Zy dy di =fa —=fa e3 es l—j31 n
8 Zx =—di =di fa fo —es —es g1 1—-hn
9 Zy ey el —dy —da f3 fa k1 -k 1
10 ZZ —e; —e1 do dy ~—fz —fz -kt k1
11 Zz fi f1 —ey —ex —dz —da I —~I1
12 Zx —fi -fi €9 e ds ds -1y I
13 ay a1 co c2 b3 bs a —-g1
14 b h a3 az c3 c3 —h h1
15 1 a by b as a3 i1 —i3
16 Zm. —d1 —di  fa fo  —es -—es J1 —J1
17 Zme —e1 —e1 da da —fs —fz -k ki
18 Zmy —fLr —f1 e €2 ds ds =l L

17

9 10 11 12 13 14 15 16 18
Yie Ydy de

i =l hs —hs a1 e bs -1 —ia.  —hs
i —ig hy . —hs ai co bs —-g1 —19 -hg3
—g2 g2 —i3 i3 by az c3 hy g2 i3
—92 92 —i3 i3 b1 az cg hy 92 13

ha: —hy —g3 g3 e by a3 —iy  —hs —g3
ha —h2 —gs g3 o1 bo a3 —iy =ha —g3
—ly lp ks ks —di. fa —es —Ji lo ks
—J2 Jj2 B3 I3 e —da fz —ki  jo ls

jo l—32 I3 —Iz —e1 dz —fs ky —j2 I3
—k2 k2 1—33 33 f —ea —d3 —=h ke 73

ko —ka 3 1-—3j3 —Hfi e ds i —k2  —j3
i2 —i2 hs —=hs a1—-1 «c2 bs —g1 =iz —h3
g2 92 —i3 ig by az—1 c3 hi g2 iz

hy —h2 —g3 g3 c bp az—1 =—t1 ~—hz —g3
Jjo =2 I3 =l —e1 da —fs kv 1—j2 =l
kr —k2 J3 =js —h ez d3 I —ko 1—7J3 -



1122 ‘ IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 6/ 7, JUNE/JULY 1993

Dispersion Characteristics of Insulated Image Guide
18 . -

17l Solid: Ey11 by TLM
- Dashed: Ey11 by FD
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05 1 15 2 25 3 " Fig. 8. [E, magnitude distribution over the transverse plane of the insulated
hko image guide.

Fig. 5. E’! mode dispersion characteristics of insulated image guide. Solid
line; TLM, Dashed line: Finite Difference [7].

Energy Density

mesh size the amplitude variations contain some marginal
rapid variations. Eigenfrequencies have been chosen to be in
the single moded region of the dispersion characteristics.
The effect of the upper dielectric is iilustrated in Figs. 6
and 7 whereas Fig. 8 shows the F, field distribution across
the transverse plane. Finally, the energy density distribution
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Fig. 9. Energy density distribution over the transverse plane of the insulated
image guide.

on the transverse plane is shown in Fig. 9. It justifies the fact
that the high permittivity slab guides most of the energy (away
from the bottom conductor) according to design.

IV. EDGE COUPLED MICROSTRIP LINES ON SAPPHIRE

Transverse Plane

Anisotropy has usually been considered to be undesirable,
Fig. 6. E, magnitude distribution over the transverse plane of the image  causing complexity in the theoretical formulation; however,

guide (i.e. without the upper dielectric of the insulated image guide). most microwave substrates exhibit anisotropic behavior which
is more pronounced at millimeter-wave frequencies. Moreover,
it can have a significant advantage in the design of directional
couplers. The main degradation for the directivity of a coupler
has been found to be the unequal phase velocities of even
and odd modes. Fortunately, the phase velocity equalization
can be achieved by the use of anisotropic materials where
N a uniaxial material with higher permittivity is parallel to the
&\\\@;\\%\\*\ L ground rather than perpendicular to it [8].

With this motivation, the TLM method equipped with
different perpendicular and parallel permittivity stubs is used
for the analysis of the structure given in Fig. 10. The use
of electric and magnetic walls for even and odd modes is
illustrated in Fig, 11. The chosen grid size Al = 0.25 mm

Transverse Plane : corresponds to a time step of At = Al /c = 0.83 ps. Fig. 12
. o . and 13 show the dispersion characteristics of this structure
Fig. 7. E, magnitude distribution over the transverse plane of the insulated

image guide. Observe the effect of the upper rectangular dielectric when Obtair}ed by TLM as well as those obtained by Fourier series
compared to Fig. 6. , techniques [9]. )
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a=8.5 mm
‘H=1.5
B=4.5
B W=1.5
s=1.5
AT T 11'6
W s W .
h a - J (Sapphire)
9.4
Fig. 10.. Edge coupled microstrip lines on sapphire.
Electric Wall for odd modes
Magnetic Wall for even modes
v
Fig. 11. The use of electric and magnetic symmetry planes for the even

and odd mode analysis of edge coupled microstrip lines. Also the transverse
variable grid allocation is illustrated but not drawn to scale.

V. BILATERAL FIN LINES ON ANISOTROPIC SUBSTRATES

Bilateral fin lines on uniaxial and biaxial substrates have
been analyzed using the tool that has been developed and
compared with the published results of other full-wave tech-
niques. The treatment, however, can be extended to all types
of fin lines such as unilateral, insulated or antipodal fin lines
without any difficulty since the metallizations have no effect
on the form of the scattering matrices of the nodes.

Edge Coupled Microstrip lines on Sapphire

8 0dd Mode Dis:persion ‘Characteristics s
16 / ;
N 14 / PN
I
% /
g
o Solid: TLM |
2 ‘
g ¢ - Dashed: Fourier Series
6
P} R i &
)

[ 02 0.4 0.6 0.8 1 12 14
Beta (1/mm)

Fig. 12. Odd mode dispersion characteristics of edge coupled microstrip
lines on sapphire. Solid line: TLM, dashed line: Fourier Series [9].
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Edge Coupled Microstrip lines on Sapphire

[ Even Mode Dispersidn Charaéieristicé Ty 1

Frequency, GHz
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[ /' Dashed: Fourier Series
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Fig. 13. Even mode dispersion characteristics of edge coupled microstrip
lines on 'sapphire. Solid line: TLM, dashed line: Fourier Series [9].

A. Bilateral Fin. line On Uniaxial Sapphire
A powerful technique based on the spectral domain pro-

~cedure in conjunction with the Galerkin method has been

used in [10] to obtain the characteristics of the fin lines, It
is observed that, armed with the dominant mode excitation
scheme, the TLM method can achieve these results with good
accuracy. The physical dimensions of the bilateral fin line,
embedded in WR-28 rectangular waveguide, are shown .in
Fig. 14(a). In addition, the placement of electric and magnetic
walls as shown in Fig. 14(b) not only reduces the computa-
tional process but also favors the dominant mode excitation
thereby resulting in fast convergence. The Al value is chosen
as 0.127 mm; however, due to the particular variable-grid
formulation chosen to yield fast exécution speed, an integer
multiple of Al must coincide with the physical dimensions,
and thus, d = 1.016 mm (= 8Al) can be obtained instead of
the actual value d = 1.0 mm.

The frequency dependent behavior of the effective permit-
tivity is given-in Fig. 15 as well as the results obtained in [10].
The permittivity values are extracted using e.pr = (84/08,)".
It is observed that the x and y components of the electric field
just at the edge of the fin when excited in a standing wave
distribution yield a good agreement with results reported in
[10] even for small values of the observation. period.

-g— =3.556 mm
b=3.556
ay =0.127
d=1 3 >
9.4 Electric k
Wall Magnetic
[_1;.6 wall
@ (b)

Fig. 14. (a) The geometry of the bilateral fin line on uniaxial sapphire.
(b) The use of symmetry planes favoring dominant mode excitation and also
yielding fast convergence. )
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Bilateral Fin line on Unfaxial Sapphire

2.5

Solid: TLM
/ Dashed: Spectral Domain

Epsilon Eif.
&

10 15 20 25 30 35 40
Frequency, GHz

Fig. 15. Effective permittivity of the bilateral fin line on uniaxial sapphire.
Solid line: TLM, dashed line: Spectral Domain [10].

B. Bilateral Fin Line On Biaxial PTFE

The TLM method described above can be applied to biaxial
substrates without any additional cost. The dimensions are
preserved to be the same as the previous case and sapphire is
replaced by biaxial PTFE cloth (Fig. 16). The same boundary
conditions as in Fig. 14(b) and the same excitation scheme is
used. The results in Fig. 17 show good agreement with [10].

— =3.556 mm

b=3.556 ctseis
72
a, =0.127 oz
X * 55555
A
sz

d=1 ik
i
G302
2.45 757

-~ 2a
2.95 ~ X
2.89 b
'
substrate=PTFE

Fig. 16. The geometry of the bilateral fin line on biaxial PTFE cloth. (The
dimensions are the same as those in Fig. 14(a)).

Bilateral Fin line on Biaxial PTFE

12 /
1 S |
g Solid: TLM
Y : .
5 Dashed: Spectral Domain
ﬁg 0'6 ‘." .
w 7
04 / : ' {
0.2 /
0
10 20 30 40 50 60 70 80
Frequency, GHz
Fig. 17. Effective permittivity of the bilateral fin line on biaxial PTFE cloth.

Solid line: TLM, dashed line: Spectral Domain [10].
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VI. DISCUSSIONS AND CONCLUSION

Even though the physical phenomena must be the main
purpose of a scientific work, the capabilities of the compu-
tational tools must also be well explored. In the quest for
the solution of Maxwell’s equations, it has been accepted
that none of the techniques can be superior to the others
in all aspects. The TLM method is no exception. So, it is
in order, to caution about the usage of the technique in the
characterization of millimeter waveguides. The primary output
of any TLM application is a time waveform corresponding
to the impulse response of the examined system. However,
this time sequence can only be monitored for a finite time
interval. In turn, its Fourier transform will not consist of a
line spectrum (indicating the eigenfrequencies) but rather a
superposition of sin(z)/z functions that may interfere with
each other [6]. The error in the eigenfrequencies, associated
to the finite observation window is inversely proportional to
the distance between the two neighboring spectral peaks. In
tracking the dispersion characteristics of a particular mode, a
non-uniform convergence behavior is encountered depending
on the contributions from the nearby modes. As a matter of
fact, in the case of the insulated image guide considered in the
previous section, the dispersion curves of the E1! mode and
El' mode intersect at hk, = 1.5 [7]. In view of the above
discussion, the deviation of the TLM solution around hk, =
1.5 in Fig. 5 can be attributed to the strong overlap of these
two modes. To avoid this problem the closeby modes must be
suppressed while favoring the targetted mode by means of well
chosen excitation scheme. Obviously, this necessitates some
insight about the ‘mode distribution. Alternatively, as a more
systematic approach, the well developed signal processing
techniques also offer remedial solutions to the truncation
error and hence to non-uniform convergence. About this same
problem, it has been claimed that for the Method of Lines
(MoL), the optimum convergence is always assured if the strip
edges contained in the structure are located in the right way
between the discretization [11]. Thus nonscillating curves are
expected from the MolL. _

As mentioned previously, Finite Difference (in the fre-
quency domain) and Spectral Domain Approach (SDA) have
also been applied successfully to the millimeter waveguides. A
common drawback of these two techniques as well as the MoL
is that they lead to an eigenvalue equation or the computation
of the zeros of a matrix. However, TLM is virtually free from
any matrix operation due to its time domain formulation which
circumvents the possible numerical instabilities. The memory
requircment of TLM is larger than the other techniques due
to the storage of the incident voltage waves filling all the
computation space. However, this storage is static in the sense
it is only for future usage not for any matrix operation. To
give an idea, the structures considered in this paper have
been analyzed with a memory requirement less than 3 Mbytes.
An appreciable portion of the execution time is spent on the
memory fetch cycles rather than arithmetic operations as in
other techniques.

Other significant advantages of the TLM method are its
versatility and inherent superiority in time domain problems.
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However, in this work the frequency domain performance
of the TLM is manifested in the analysis of millimeter-
wave planar and quasi-planar waveguides taking into account
anisotropy with no additional complexity. Among the different
varieties of the guided structures analyzed, no change in the
algorithm is needed ‘due to the versatility of the method
whereas in Spectral Domain Approach a lengthy and non-
trivial analytical formulation is required for each structure.
By the availability of wideband matched loads, the TLM will
also have a potential application in linear/nonlinear microwave
device characterization. With these features TLM will be
a strong candidate as a general purpose, 3-D field based,
microwave circuit simulator.
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