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Efficient Hybrid TLM/Mode-Matching
Analysis of Packaged Components

Mario Righi, Member, IEEE Jonathan L. Herring, and Wolfgang J. R. Hoefesllow, IEEE

Abstract— A combination of the transmission-line matrix
(TLM) method and time-domain mode-matching method is
proposed. The resulting hybrid algorithm takes full advantage of
time-domain methods for regions with highly complex geometries
while exploiting the efficiency of analytical formulations for the
more regular regions. The computational aspects and the errors

/ Metallic box

involved in the procedure are investigated. The approach is 13.2
demonstrated with the analysis of a packaged microstrip line
containing a via-hole, and results are compared with independent 1'%

measurements. While the planar circuit is discretized by a TLM
mesh, the field in the package is decomposed into modal fields.
The two sub-domains are joined by modal diakoptics. Thus, we
obtain not only a significant reduction in computer time and
memory, but also gain new physical insight into the physics
of package resonance.

Index Terms— Mode-matching methods, packaging, trans-
mission-line matrix methods. Fig. 1. Geometry of a packaged microstrip via-hole (including
coax-to-microstrip transitions) [6]. Square coaxial characteristic impedance
50 €2, microstrip characteristic impedance 5@)% via-hole size: 0.8x 0.8

mm. All other dimensions in the figure are in mm.
I. INTRODUCTION g

I HE use of shield§ arqund micr(_)wave COMPONEeNtS & cryres. In addition, their time-domain capabilities allow

. pecomlng mcreasm_gly Important in ordgr to protect th{?ransient analysis as well as the inclusion of nonlinear and
circuit from harmful environments and to satisfy electromaql—me_varymg components inside the package. However, it is
netic compatibility (EMC) and electromagnetic interferenChecessary to discretize the entire structure, which often leads
(EMI) requirements [1]. The effect of the package and ity 5 heavy computational load. Alternatively, semianalytical

interaction with the circuit it shields is extremely importanf,othods can take advantage afpriori knowledge of a

may be exploited and incorporated into the design of & mes in analytical form while discretizing more complex
complete circuit to be used as an additional filter [2]. subsections for numerical treatment [5].

The full-wave analysis of such a problem is complicated g the structure shown in Fig. 1 [6], most of the computa-

by the complex geometry under study. The transition frofh,5| space enclosed by the package is empty. Such situations
the input coaxial line to the planar circuit, the planar circuilre harticularly suitable for a hybrid procedure. If the package

it§elf apd 't.he trapsition to the oqtput coaxial line, are agg of regular shape, a modal approach can be applied [7]-[9].
discontinuities which must be considered when studying their

interaction with the package. Fully numerical methods, such as
the transmission-line matrix (TLM) [3], and finite-difference _ o ) ) _
time-domain (FDTD) method [4] allow the global analysis N time-domain diakoptics, a sub—vplume is cha_rac_tenzed
of the structure including transitions, planar circuit, and trfé One or more reference planes by its time-domain impulse

package, and are thus, ideal methods for the solution of sUg§PONse. In general, each reference plane intersects many
cells in the cross section and the ports on each of these cells

_ _ , _must be terminated in an appropriate manner. A cell-to-cell
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2) The voltages incident on the interface plane at time
1 2 3 N t = kAt are represented in terms of a sum of modes,
Fig. 2. Discrete spatial Fourier transformer represented by the coupling ~ €ach with amplituded;, (k) given by
matrix [C].
4 T rori
[A*(R)] = [CT" [V (R)]- )
of applying a modal approach to the TLM and FDTD method
have been proposed. 3) Each modal transmission line is now excited with an
The first way involves pre-computing, either numerically ~ incident time-domain waveform given by, (k). The

or analytically, the time-domain modal-impulse response of  reflected wave is given by the convolution of the incident
the portion of waveguide of interest. While in the frequency ~ wave with the modal impulse respongék):

domain, the reconnection process is performed by multiplying

the incident wave with the reflection coefficient of that one- Al (k) = J(k)* AL (k- K). 3)

port, it requires in the time domain the convolution of the

incident wave with the impulse response of the same eIement4) The reflected mode amplitudes are then superimposed,
This procedure has been used successfully in the TLM [10], sampled, and re-injected into the TLM mesh

[11] and FDTD method [12]-[14].

More recently, an alternative approach has been proposed
[15] for the FDTD method in which each modal transmission

[V7(R)] = [ClA(R)]- (4)

line is modeled with an independent one-dimensional (1-D) , )
FDTD algorithm. This amounts to computing the convolution 2 The whole process can be described in compact form as

as the simulation proceeds. follows:
In both cases, a three-dimensional (3-D) problem is reduced )
to a number of 1-D problems. V7 (k)] = [C][J ()] + [C1F [V (k = k)] 5)
In this paper, we make use of the first approach. The
essential steps are outlined below. where the link—line voltages have been gathered in the

1) A transformer is first introduced to convert the electro-  arrays [Vi(k)] and [V"(k)]. The time-domain modal

magnetic field from a TLM representation to a mode  Green’s functions contained in the mati¥] can be
representation, as shown in Fig. 2. The coupling matrix ~ precomputed by a separate TLM simulation, or, more ef-
[C] is computed only once at the beginning of the proce- ficiently, they can be analytically generated. The choice
dure. Its elements are computed based on a knowledge in the number of modes depends on the distance of the
of the modal field distribution and on the discretization reference planes from the closest discontinuity and on
used: the spectrum of the excitation.

Modal decomposition and synthesis is performed over a
Crn i = / I (t) @ e (r') dit? 1) plane, and therefore, the complgxity is proportional to the
’ number of nodes in the cross section and the number of modes
included in the boundary conditions (BC's). The complexity
where®,,,,(r) is the mode eigenfunction, the integratiorinvolved in each convolution is proportional to the length
domain S is the waveguide cross section, afigd;(r) of the modal discrete time-domain Green'’s function. For the
is the TLM impulse basis function [16]. In the TLM hybrid approach to be advantageous, the computational effort
method, the link—line voltages are a linear combinatiorequired for the interface connecting the two sub-volumes
of the electromagnetic fields. This allows us to operataust be less than that required to simulate the sub-volume
directly on the voltage pulses rather than first extractingpresented by the interface. The approach becomes more
the equivalent fields. attractive as the size of this sub-volume increases.
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I1l. GENERATION OF ANALYTICAL MODAL Since the termination does not couple modes, the inci-
TIME-DOMAIN GREEN'S FUNCTIONS dent TE and TM modes can be terminated with the wave

For the rectangular waveguide cross section shown in Fig!rgpedancesZTE,_ and_ZTM’ respectl\_/ely. For the TLM volt-
ge pulses on link—lines with real impedangg, a nonzero

and modeled with the symmetrical condensed node, there ? d dent reflect Hicient b lied:
two voltage pulsesV, andV,, for the vertical and horizontal requency-dependent refiection coetiicient must be applied.
polarizations. AT = D) Al = Zre(w) = Zo
To generate the modal time-domain Green’s functions an- TE " TE Zre(w) + Zo T
alytically, the incident and reflected voltage waves for both _ Zpm(w)—Zo

polarizations must be related through the time-domain modal- v =Towlw) Ay = Zom(w) + Zo M (12)

Impulse responses at the termination. For example, for SIOecm(:l’he reflected-mode field amplitude is transformed back into

TEp, and TM,,,, mpdes' smultapeously .|nC|denti upon thGt’he reflected-mode voltage-mode amplitude by means of (7)
reference pla_ne at time m_staﬂtwnh am_pllt_udesATE and and (8) written for the reflected, rather that for the inci-
Ay, respectively, the horizontal electric-field component igent “wave. The complete transformation from the incident-
given by mode voltages to the reflected-mode voltages in the frequency
pi [ _Jkke Jwitky 4\ (W) domain becomes (13), shown at the bottom of the page,
e g2 ™ g2 TTE from which the corresponding time-domain expressions can
. (NTY be obtained through an inverse Fourier transform (IFT) as
X sin (—) (6) )
b follows:
Similar expressions are obtained for the other components. AT (1)
The corresponding spatial variations in the link—line voltage [Ai(t)}
pulses are given by [3] z

(11)

[ ) x| [AE=E)

_L@y(t’) Xm(t/)}*b;(t_t,)} (14)

; 1 where* denotes convolution. The modal time-domain Green’s
Vyle, y, 8) == [Ey(t) = ZoHa(1)] function for the vertical-to-vertical voltage polarizatiop,, (t)
Al | /mmx nmy is
=5 () e (57) .
2 @ . Xyy(t) = F7 [xyy(w)]. (15)
Jkiky Jwpks
o i 2 Tn(t) = 2 e(?) The expressions for the other terms are similar.

: The causality of the time-domain signals in the IFT is
szkac 7 Jwe,fy 7 . . .
- Z e () + =2 ATt (B) enforced by imposing symmetry on the magnitude and an-

‘ o nw’f tisymmetry on the phase of,,(w) and the other terms [17].

= A, (t) sin (T) cos (T) @) The convolution process in (14) simultaneously matches the

‘ Al vertically and horizontally polarized voltages. The terminat-
Vilz,y, t) = > [E(t) + ZoHy(t)] ing condition is, therefore, imposed upon all four transverse
Al mrz . /0wy electromagnetic-field components at the same time, thus im-

=5 cos (T) sin (T) proying the performance 01_‘ the BC_. _Equation_ (14) can also

hky jouk, be interpreted as the reflection-coefficient matrix of a two-port

X {— 2 () + 02 Y ALR(D) element (one port consisting of the vertically polarized mode

" ek and the other port consisting of the horizontally polarized
+ 7 {J kZ? Y AT (t) — Jw]; x gm(t)}} mode). The cross-modal terms;..(t) and x., (t) are equal,
¢ as reciprocity implies.
— A (1) cos (mm:) sin (@) (8) A similar approach to generate time-domain responses from
‘ ‘ a / frequency domain data for two-dimensional (2-D) problems
where A, and A; are the amplitudes of the voltage-modéas been used in [18]. In the present approach, the IFT is
configuration. Solving (7) and (8) for the TE- and TM-fieldcomputed by considering the frequency-domain function as a

amplitudes give continuous function rather than a periodic one. The continuous
‘ ko AL — ko A time-domain function is later sampled to obtain the discrete
= s = Fedy) (9 Green’s function. For th t application, thi h
TE = SA1 (wp 1 ko2 reen’s function. For the present application, this approac

leads to a more robust algorithm.
@

b = _.2(/“’“4; — kyAZ)_ (10) The reflection coefficient for TLM voltage waves of any
JANweZ, + k) termination which does not couple modes can be directly

Lrp(w)k? 4+ Dom(w)k2 {-Trew) + Frv(w) Mk,
4] E 2 4]
Ar ] [ {=Pop(w) + Poni(@) Yhoky,  Dre(w)k2 + Pou(w)k2 | AL
k2 k?

[ vy o

X
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Fig. 4. Segmentation of the structure in Fig. 1 and for the application of the modal approach.

derived from the load it presents to the TE and TM modes. transfer function. These techniques would lead to a reduced

the case of a termination which does couple modes, (11) atmmputational load during the convolution process, thus im-

(12) must be written in a matrix form with size consistent witproving the efficiency of the procedure.

the number of modes coupled. The corresponding time-domain

expression in (14) will then become a larger full matrix with

elements describing the mode-to-mode time-domain coupling. V- ERRORSINVOLVED IN THE MODAL APPROACH

In this case, the computational load increases, but it still The modal approach introduces the following errors: trun-

remains much lower than in a full Johns matrix approaatation in spacial frequency and truncation in time of the

[10]. However, it is most efficient to model the discontinuityGreen’s function. The truncation error in spacial frequency

region (and the way modes are coupled) with the TLM, whilarises because the response can take into account only the

analytically describing the adjacent uniform sub-volumes. first P modes excited by the discontinuity. However, it is
The closed-form expressions for the Johns matrix in tlebear that the significance of the higher order modes on a

frequency domain (13) opens the possibility for further treaspecific plane is reduced as the distance of the plane from

ment of the Johns stream such as a recursive convolutitie discontinuity is increased. The finite number of modes

[19], the use of digital filters [20], or the use of equivalentaken into account makes the BC's artificially lossy. The

lumped-element circuits [21], to model the Johns matrixchoice of the location of the BC's, balanced by the number of
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Fig. 5. Time-domain waveforms for the packaged microstrip via-hole. Comparison between the full TLM and the segmented domain results. (a) Signal
at the input port and (b) signal at the output port.

modes and the visualization of the amplitude of each mode,If the above guidelines are followed, modal diakoptics do
ensures that this error is negligible. Another important effenpt introduce any significant additional error in the frequency
appears when a mode containing significant energy is misseahge of interest.

In this case, the simulation is still stable, but resonances

can be suppressed. An extreme case when just three modes V. APPLICATION TO THE PACKAGED PROBLEM

are included in the BC's will be shown in the following pyeyigusly, the hybrid approach has been used for absorbing
section. _ o o BC's (ABC'’s), where the Green’s function represents the
The truncation error in time occurs because it is oftefine-domain impulse response of a semi-infinite section of
desirable to reduce the computational effort in the convolutiq,[;laveguide_ The performance of modal ABC’s approaches the
by using an impulse response which is shorter than thgit of floating point precision, e.g., a return loss of 120 dB
total simulation time. This means that only the time histony single precision, and 300 dB in double precision.
covering the lastV, steps of the field penetration into the For this application, we obtain the modal Green’s function
boundary is taken into account. The late elements of th¢ a waveguide stub. The short-circuited BC (SBC) differs
impulse response are the terms containing the informatifiem the ABC in the following properties: it is not absorbing
relative to the frequencies close to the cutoff frequency feut purely reactive and it is placed parallel to the propagation
that specific mode. Therefore, the truncation of the impulgkrection in the microstrip rather than perpendicular to it.
response worsens the performances of the BC's around theswiith reference to Fig. 1, the modal decomposition is per-
frequencies. The length of the impulse responses must therfdened in the planed A’ [7]. The TLM voltage impulses on
such that there is no significant energy remaining. this plane represent the near field and the radiated field by the
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Fig. 6. Magnitude of theS-parameters for the packaged microstrip via-hole (including coax-to-microstrip transitions).

TABLE |
COMPARISON OF MESH Size AND CPU TIME FOR THE ANALYSIS OF THE PACKAGED MICROSTRIPVIA-HOLE. SMULATION WAS PERFORMED FOR16 000 TME STEPS

Package Mesh Size CPU Time Memory
Full TLM simulation 25 by 50 by 125 157 min 13 Mbytes
Segmented domain TLM simulation 25 by 15 by 125 62 min 6 Mbytes
{modes up to TEY;3 and TMY;)
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Fig. 7. Magnitude of th&-parameters for the packaged microstrip via-hole (including coax-to-microstrip transitions). Modes up to the “11” order are included.

transitions and the discontinuities of the planar circuit into theubs. On the other hand, the analytical generation of the
package. The field in thez-plane is decomposed into TE andnodal Green’s function can be computed by using the stub
TM modes with respect tg (TEY and TMY). impedance for the TE and TM modes in (11) and (12), and
The modal Green'’s function of the waveguide stub can llee computational load does not depend on the length of the
generated analytically or by a separate TLM simulation of thatub. The segmentation process is summarized in Fig. 4.
stub. The TLM simulation of a waveguide stub requires the The structure in Fig. 1 is considered a&at-2 port element:
discretization of the whole stub and two separate simulatiotvgo ports are the input and output coaxial lines, while the other
must be performed for the excitation of the vertical anin ports represent TE and TM modes in the interfacgéA’,
horizontal voltage pulses. Since there is no coupling betweehich are terminated by multiplying the outgoing waves by the
modes, all modes can be processed in these two simulatioeslection coefficient of the waveguide stub. Modal diakoptics
The procedure can be computationally intensive for lorglows the same segmentation in the time domain. In this way,
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Fig. 8. E, field at time-step 200 (when the Gaussian pulse enters the microstrip circuit) at different distances from the surface of the microstrip.

the efficiency of a modal approach and the capabilities ofc@ax-to-microstrip transitions and the planar circuit. The TLM

time-domain method are combined. computational volume is, therefore, reduced by a factor of
three. The feature nearest to the SBC's is the microstrip-to-
VI. NUMERICAL RESULTS coax transition which is just five cells away. The time-domain

The packaged microstrip via-hole has been discretized wifgveforms at the input and output coaxial ports in the two
a uniform TLM mesh of sizeAl = 0.2 mm. A simulation Situations are shown in Fig. 5.
has been performed for the full and segmented structureThe two time-domain waveforms overlap, thus confirming
terminated with modal short-circuit BC’s (SBC). The SBC’'¢he accuracy of the modal SBC. After the main pulse has
have been placed at one-third of the box depth, confining tteached the coaxial ports, the field inside the package keeps
standard TLM mesh to the complex region comprising thénging for a very long time. The metallic box behaves like a
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high-quality resonator from which the energy is slowly draine@ihe coax-to-microstrip transition is realized by extending the
through the two coaxial ports. center conductor 1.6 mm into the package and connecting it
A large number of time steps is, therefore, necessary vertically. The strip is longitudinally indented by 0.2 mm to
accurately characterize the resonance effect. In this case, dkieid contact with the package walls. An edge correction [22]
simulation has been extended to 16 000 time steps to obtamoften required in simulations of microstrip circuits but it has
a negligible Gibbs’ error due to the truncation of the timeno significant effect here, as the sharp features in the response
domain waveforms. The correspondifigparameters obtainedare dictated by the package. In the segmented domain, the
with the full and the segmented domain simulations using tfength of the Green’s function was 2000 time steps. Note that
above time-domain waveforms are shown in Fig. 6. both memory and CPU time are significantly reduced when
The results obtained with the hybrid approach (whether ntihe hybrid approach is used.
merically or analytically generated modal Green'’s functions) The package is a highly resonant structure where the sta-
overlap those obtained with a full TLM simulation of thebility of the BC’s is heavily tested. Resonating structures
problem. The comparison with the measurements performedaire, in fact, among the most critical structures for which to
[6] validates the approach. Note that the resonances are figgnerate BC’s, and long-term stability may be difficult to
predicted since they are related to the package dimensiomshieve [23]. Instabilities have been recently reported for BC’s
The difference in the transmission coefficient visible at lowgrlaced parallel to the main propagation direction of the wave
frequencies is believed to be due to the square coaxial lif#]. However, during simulations with modal diakoptics, we
used in the simulation instead of the round coaxial line uséa@ve never encountered instabilities, neither with analytical
in the measurements. Nevertheless, the overall agreememaswith TLM-generated Green'’s functions. The stability of the
excellent. SBC is a critical factor in the simulation of resonant structures,
In the TLM simulation of the segmented structure, all of thespecially when active elements are included in the planar
modes excited by the structure up to thEY; andTMY; have circuit.
been considered in the terminating conditions. The comparisorilo further test the stability of the SBC, the number of modes
of mesh size and central processing unit (CPU) time onhas been reduced to the first three modes excited in the package
100-MHz HP-735 workstation for the two TLM analyses i§TM{,, TEY,, andTMY,). Surprisingly, the simulation always
summarized in Table I. The modal boundary treatment aloremained stable. The surprise resides in the fact that by
requires 10 min, which is equivalent to a layer of about foueducing the number of modes in the SBC'’s, causality in the
TLM nodes above the microstrip in the package. This loagrcuit may be violated. In fact, by reinjecting the reflected
could be reduced by exploiting a more efficient modal analydield composed of only a few modes in the computational
and synthesis. domain, some energy may reach the output port of the structure
The TLM model exploits symmetry about the center dbeforethe main wave propagating along the microstrip does.
the structure and separate meshes (each of 30 x 25 Stability may be due to the fact that the modes not included
nodes) have been used for the input and the output feettsthe SBC are incidentally matched by the characteristic
These feeds have been modeled with square coaxial crimmpedance of the TLM link lines. This termination, although
section of 10x 10 nodes with a 4< 4 nodes inner conductor not a rigorous termination for the modes, behaves mainly as
giving a characteristic impedance of 50 The feeds have an ABC. TheS-parameters obtained with only the first three
been terminated on single reflection-coefficient BC= 0 modes in the SBC are shown in Fig. 7.
matching the outgoing TEM waves. The microstrip width Note that the resonance due to the modes with order “21”
is 2.4 mm, giving a characteristic impedance of 5®5 has been lost. This resonance has been numerically suppressed
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by eliminating the corresponding Green’s function. It also3]
appears that the package (its cutoff frequency occurs at 6 GHz)
supports several resonant frequencies up to 20 GHz (operatipg
frequency range of the planar circuit). Among the possible
resonant modes only two (the “11” and “21” modes) couplels]
to the microstrip circuit by virtue of symmetry. These results
show that the number of modes is important since too few of
them may lead to stable, but wrong, results. (6]

In order to visualize how the higher order modes decay away
form the surface of the microstrip, the, field component has
been plotted at several distances above the surface of the stm)
at an instant in time (Fig. 8).

Note that the singular fields at the microstrip edges quicklys8l
decay when the sampling plane moves away from the strip.
At 1.9 mm above the surface of the planar circuit, the field igg)
still complex but amenable to an expansion into a relatively
small number of modes.

In order to confirm that modal diakoptics applied along aoj
plane parallel to the propagation direction of the field in the
microstrip actually correctly matches all the resonances, the
steady-state field variation with frequency along-directed [11]
line placed adjacent to the via (obtained from the full structure)
has been plotted in Fig. 9. [12]

Away from the resonant frequency the field tends to ex-
ponentially decay away from the strip. It is then possible to
clearly recognize four resonances in the range from dc to 23,
GHz, labeledA, B, C, and D with different characteristics.
Resonanced (at 15.6 GHz) has a “11” variations in the
z—z plane and has nein-type variations with respect tg.
Whereas, resonandg (at 21.5 GHz) exhibits a half-cycle in
y. Such plots can be used to identify package modes Whiﬁfg]
interfere with the correct operation of the circuit.

The fact that the results obtained with the hybrid approach
identifies all of the resonances clearly shows that the SBql%]
accommodate modes with arbitrary orientation.

[14]

[17]
VILI.
Hybrid approaches combine the features of different meth-
ods to produce a more efficient asthart solution of elec- [18]
tromagnetic problems. By combining TLM for modeling the
more irregular sub-volumes with modal characterization of
homogenous sub-volumes, we have been able to modelld
typical packaged component with less than half the computing
resources. In addition, the modal approach sheds some light
onto the physics of the packaged resonances, thus helpi#
the designer to develop better packages. For the optimiza-
tion of the package size, for example, it is straightforwargti)
to analytically generate the modal Green’s functions for a
modified package and to interface them with the planar circuit.
Comparison with measurements available in the literatufz)]
validate the approach.

CONCLUSION
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