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'George Green Institute for Electromagnetics Rebeativersity Park, University of Nottingham,
Nottingham, NG7 2RD, UK

2Dipartimento di Elettronica, Politecnico di Torindprso Duca degli Abruzzi, 24, 10129 Torino, Italy

Abstract- The simulation of complex digital systems incogdorg ICs, lumped components,
and field phenomena is a necessary activity foryragpplications. Predicting the practical
behavior of systems based upon just schematicalitidiagrams (which indicate topology)
fails to include the consequences of field effeg@thich require geometrical information),

which given the ever increasing frequencies of moddigital systems, are of paramount
importance. On the other hand, comprehensive stronlaf IC packages using full-wave

models is prohibitively computationally expensivaendatime consuming to complete.
Embedding behavioral level descriptions of comm@kectronic components within a full-wave
field solver circumvents these problems, and forthe subject of this paper. The
Transmission-Line Modeling (TLM) method is used #ee full-wave solver, and two

behavioral models, “macro” and “IBIS”, are embedd#d the TLM to model the sources and
loads presented by complex ICs. The two methodemfesenting the IC behavior are then
illustrated and compared with a canonical testcstne.

1. INTRODUCTION

Behavioral models seek to reproduce the input/dugout nonlinear behavior of digital integrated
circuits (ICs). For example, IBIS (Input/Output Barf Information Specification) standard [1][2] daebes
a component by using a collection of voltage andecu lookup tables. Macromodels on the other hand,
rely on a local linear state-space parametric ssmtion of the currents as a function of theaggs [3].
Both descriptions hide the IC internal structured agnable the insertion of active components as
sub-structures within circuit simulators or fullvea solvers. The last option greatly increases the E
simulator capacity where the ideal diode is they dually inserted nonlinear device. Also, a widetestion
of systems can be efficiently modeled. This is bzimmercially and technologically essential foriaate
prediction of electromagnetic compatibility andradgintegrity of high-speed electronic applications

The Transmission-Line Modeling (TLM) [4] method @f§ a suitable environment for incorporating
active non-linear models. The method exploits timal@gy between field propagation in space and
voltage/current propagation in a transmission-limswork. It has the advantage of calculating field
components at the same time and at the same Incatith guaranteed stability due to the underlying
electrical circuit formulation [4]. Coupling IC batioural models can be realised in two ways: either
through an external link to a circuit simulator Isues SPICE [5], or by direct embedding [6]. Thestfir
approach gives access to a wide range of modeltheiéSPICE libraries. Unfortunately, the calculatio
speed is hindered due to the repeated need toan86KCE for every time-step of the EM solver. The
second option removes the slow speed problemriddhe subject of this paper which builds upon the
previous macromodel research [7] to include an I@Scription of a component. Since the IBIS stashdzmr
widely used in industry, it offers a wide devicdes#ion that can be inserted without the need ®ths



SPICE libraries. The paper is organized as folld®ection 2 reviews the IBIS component descriptidwiev
section 3 develops the new IBIS-TLM interface. Hinaection 4 provides a comparison of the TLM-$BI
and TLM-macromodel hybridization before concludingh a discussion on the topics raised and further
research suggestions.

2. REVIEW OF IBIS

The IBIS file of a component contains a collectafnookup tables of voltages (V) and currents @png

with temperature ranges, package parameters @esest inductance, and capacitance), die capacjtance
voltage ranges and pin configurations. The tableBnd the I-V relationship of the pullup/pulldown
transistors’ and clamping diodes of the generiddsuthown in Figure 1. This representation enatiles
consideration of the input and output ports of aplex device while removing the need to model the
internal device structure.

Pullup and Pulldown
transistor

Figure 1 — IBIS buffer representation. I-V tables ae stored for each of the components (pulldown angullup
transistors and the clamping diodes).

Depending on the input or output port, the |-V &abtliffer. For a receiver, only one or both of ¢theemping
diodes are actually necessary. For a driver, thmpging diodes along with the transistors are cemsil The
inclusion of all or just some of the clamps/trattsis is device dependant. Reference [2] contaies th
methodology behind the IBIS |-V tables and theiges It also details on how the current is deteechias a
function of the incident voltage. We will assumethe following that the IBIS current is calculateslin[2]
and focussolely upon the interface of IBIS with TLM.

3. TLM - IBIS INTERFACE

TLM is based upon the analogy between the propamyatf electromagnetic fields and voltage impulses
traveling on transmission-lines. In its simpleginiocthe TLM method discretizes a homogenous spéoe in
cubes of sideAl, termed nodes. \Voltage impulses scatter at eade according to network theory and
subsequently propagate to the neighboring nodeanyAbne time-step there are two quantities pragson
each transmission-line connecting to each node,réflected voltage Vand the incident voltage 'V
Repetition of this scatter-propagate procedure igessan explicit and stable time stepping algorithiat
mimics electromagnetic field behavior [4]. For guirposes, this description of TLM is adequate.

Figure 2a shows the new IBIS-TLM interface. It detssof a 1D TLM line, called ‘circuit TLM’, linkig the
3D TLM mesh to the IBIS model. The circuit TLM cants the IBIS package components through the R
resistance and 4 impedance, calculated from the inductance and ci@pae package values. It also
includes the IBIS die capacitance C_comp throughTthM link-node impedanceZcomp The circuit TLM

is connected to the TLM mesh at the boundary ofngles cell. The cell is defined by the free space
impedance ¢ which entails a change in impedance at the cdiumed his is solved using the standard TLM



formulation[4]. On the other side, the circuit TLM is interfacedtie IBIS component description. At that
level the situation is complicated by the non-lmeature of the IBIS termination. Figure 2b presethie
Thevenin circuit at the interface. For the casa dalriver, \b,, is the IBIS source voltage,is the current
provided by the IBIS load, while \is the reflected voltage from the TLM node intenfy with the IBIS
boundary. The subscrigtdenotes the TLM time-step.
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Figure 2 — IBIS-TLM interface: a) Circuit TLM. At is the temporal sampling of the TLM model.

a)
b) Thevenin circuits for the IBIS driver and load interfaces.

For the driver, the non-linear equation at therfatze between IBIS and TLM at time-ste[s

2,V -izZ Vo=V =0. @)

C_comp Tk

The conventional Newton-Raphson method is usealie dor the unknown quantities énd V) using the
IBIS lookup tables to definegiven V[2]. Knowing V, the reflection of the IBIS terminatiat the TLM port
can be calculated as

|<Vi =V V'V, (2)

where the IBIS term (M) is now injected onto the TLM node. In this mantiee IBIS termination is
completely defined from the TLM perspective. Eqoiasi 1-2 are repeated for each time-step of the TLM
simulation. In a similar fashion, the load intedas given by

2V -izZ Vi =0, 3)

C_comp_k
where it is seen the IBIS voltage and TLM voltage dhe same. The incident TLM voltage is

V'=V,,, -V, since the IBIS source term is no longer predequations 1-3 allow the embedding of an

IBIS description of a component as a boundary dandio a TLM node. The Newton-Raphson procedure
typically converges within 5-10 iterations, so fdimited computational impact in comparison to thieM
simulation.

4. MACROMODEL AND IBIS COMPARISON

In this section we provide full-wave simulation ults obtained with a simple microstrip test struetand

the embedding of the macromodel and IBIS behavim@dels. The macromodel-TLM hybridisation [7] is
based on the Z-transform TLM formulation [8]. TAiEM form enables a device insertion at the nodderen
through a current source or the component of thedectance device-oriented. The macromodels are
generated from the Mlog (Macromodeling via Parametric Identificationlddgic Gates) software [3] using
the HSPICE model supplied by the IC manufacturée models are established with a sampling fime
different from the TLM time stept, they are thus resampledAa



Figure 3 describes the test structure. It consibts SN74AHC1GUO4 single inverter IC [9] that disve
50Q microstrip line loaded by a second SN74AHC1GUO4 T@e strip is 0.8mm wide, 100mm long,
zero-thickness and perfectly conducting. The satestis 0.4mm thick with a relative permittivity = 4.24
and assumed lossless. For IBIS-TLM, the dielegiemmittivity of the substrate is included throudje use
of stubs [4]. The configuration is surrounded bytchad boundary conditions in the lateral and tae$aand
a perfect electric conductor at the substrate base.

View: YZ View: XZ
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Figure 3 — Test structure. 5@ microstrip track on FR4 substrate of height 0.4mmand track width 0.8mm. The
driver inverter feeds the line atx, and the load inverter is placed ak + 100mm.

The behavioural models are embedded in a single TeM at the cell boundary for the IBIS-TLM and
through a current source at the cell centre fomtiaeromodel-TLM. The driver and receiver are lodaae
thex =0 (10.4) anc = 100 (110.4) mm nodes for the IBIS (macromodel) $aton. The macromodels are
created under the power supplyedV= 4.4V, Vs = OV. It has to be noticed that the macromodel inas
internal link between receiver and driver for agdnlC, so it is not possible to measure both atstime IC.

Figure 4 presents the results for both full-wavawations with \¢c = 4.4V, the spatial samplingl =
0.4mm, the temporal steyi = 0.67ps, and for a 10MHz signal.
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Figure 4 — Rising and falling edges of the voltagder macro and IBIS models embedded into the TLM fill-wave
model of Figure 3.Al = 0.4mm,At = 0.67ps.



The results indicate a close match between thentaelling methods for the rising edges at the drared
receiver, with a slight overshoot for the IBIS-TLWhe falling edges do not match as closely, butstae
behaviour is observed. The differences can be mqulaby 1) the package parameters and die capeeitan
(only for IBIS model) that differ and 2) the prose® generate the models. For example, to check the
macromodel behaviour (before running the EM simoigt HSPICE simulations have been carried out. One
with the transistor description of the IC; the atbae with the driver and receiver macromodels. f@seilts
suggest a model limitation as the ripple presemcéhe falling edge of the driver does not appedh the
transistor description model. In fact, the macroeisd@re generated under long transmission-line thyses
while we are dealing here with a short transmissiioa (propagation delay about 0.67ns).

5. CONCLUSION

The paper reported on the use of behavioral mouig¢hsn the full-wave field solver TLM. The formulan

of the new IBIS component description when embediaéal a TLM node was given. It was seen the
behavioral component descriptions can be placedratde centre or boundary, and that the choicedastw
the two does not affect the results. IBIS compomescriptions are widely available from IC manuiizets,
and so, by successfully embedding an IBIS model TitM, the paper has demonstrated the wide scape fo
using behavioral models inside field models. Thausion of a complete IC port using only a singleVli’
node, minimizes the runtime of the numerical siriala while allowing the modeling of complex
components and devices. Future work will look giezimental validation of the results and the embegld
of more complex structures, attempting to formrk Ibetween the input and output ports on a single |
using the IBIS model.
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