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Behavioral Models of I/0O Ports From
Measured Transient Waveforms

Igor S. StievanpMember, IEEEIvan A. Maio Member, IEEEand Flavio G. Canaver&enior Member, IEEE

Abstract—This paper addresses the development of accurate for detailed reference transistor-level models. Besides, since the
and efficient behavioral models of digital integrated circuit ports  structure of the parametric models is partially selected by the
from measured transient responses. The proposed approach isjjangification process itself, they automatically include all sig-

based on the estimation of parametric models from port voltage ... . .
and current waveforms. The modeling process is described nificant physical effects relating input and output waveforms.

and applied to the modeling of output ports. Its feasibility is In this paper, we shortly review the modeling of IC ports
demonstrated by the identification of a real device from actual via the identification approach and apply it to the modeling of

measurements, and by the comparison of the predicted device an IC output port from measured transient waveforms, thereby
response with the measured one. demonstrating the feasibility and advantages of the method. The
Index Terms—Circuit modeling, digital integrated circuits, elec- process for the construction of IC port parametric models is out-

tromagnetic compatibility, I/O ports, macromodeling, radial basis  |ined in Section Il, and the modeling example involving a real
function models, signal integrity, system identification. device is described in Section Il

I. INTRODUCTION Il. M ODELING PROCESS

XTENDED band behavioral models of digital integrated Since in system level SI and EMC simulations, the aim is
circuit (IC) ports are key elements for the simulation othe prediction of signals on board and on cables, for a specified
sensitive signal integrity (SI) and electromagnetic compatibilit@gic activity of their drivers, the internal operation of ICs is ne-
(EMC) effects in fast digital circuits. The most commorglected. Thus, the device ports act as receivers or signal pattern
approach to behavioral modeling of IC ports is via simplifiegenerators loading the interconnect. The required IC models,
equivalent circuits, because they allow physical insight ari@erefore, are relations between the voltages and the currents of
facilitate the implementation of models. An important examplée IC ports for a known internal logical activity. The generic
of the equivalent circuit approach to behavioral modeling is thgodel is a constitutive relation of the form
widely adopted input/output buffer information specification .
(IBIS) [1]. IBIS offers high numerical efficiency, large data i(t) = F(v(t), w(?)) @)

library and commercial software tools handling models a’Wherei(t) andu(t) are the port current and voltage, respectively,
complex modeling problems.

. P ) . F'is a nonlinear dynamic operator andt) is an extra input
The equivalent circuit approach to behavioral modeling, ho"H’eeded to specify the port transitions

ever, has also inherent limitations. In fact, the estimation of |, the identification approach addressed in this paper, the
model parameters is readily done by means of virtual meas%‘ﬁ'eratorF in (1) is a (discrete-time) nonlinear parametric

ments only (i.e., if the transistor-level model of the device Fodel, and its construction relies on the well-established

available). In addition, the circuit structure defining the modef, o of system identification [2]. For the problem at hand, the
decidesa-priori the physical effects to be considered, leaving, 1hjete modeling process can be divided into three parts: A)
no possibilities to reproduce other effects inherent to a specifi, gejection of a suitable parametric model; B) the estimation

device. _ , , of the model parameters; C) the implementation of the model as
An alternative approach to behavioral modelmg' of IC ports ﬁsubcircuit of a circuit simulation environment. In this section,

models. In this approach, the parameters of a suitable moggiy t horts. Input ports can be handled by a simplified version

are estimated from the voltage and current waveforms meg+ne process for output ports, and are explicitly addressed in
sured at the device ports. The modeled device is considerggl
as a black-box, i.e., in principle, no knowledge of the internal
structure is required and the modeling information is completely Model Selection
contained in the device external responses. Owing to this fea- . . A
. . ) The structure of a generic output port is shown in Fig. 1,

ture, parametric models can be effectively estimated frommea- =~ _~. . .

. : where is the buffer input voltage (i.e., the output of the func-
sured transient responses or from simulated responses compyte . ) :

Ional part of the IC) @, is the input of the last inverter stage,

_ _ _ v and+¢ are the voltage and current at the buffer output pin,
Manuscript received May 29, 2001; revised June 10, 2002. __respectively, and/;; and V,, are the power supply voltages
The authors are with Politecnico di Torino, Dipartimento di Elettromca( d in thi h | behavi f thi

Torino, ltaly (e-mail: stievano@polito.it). assumed constant in this paper). T e external behavior of this
Digital Object Identifier 10.1109/TIM.2002.808019 structure can be described by a constitutive relation of the form
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Via © * * fied model holds only for logic state transitions spaced enough
in time, so that every new transition starts after the previous one
has been completed. However, since the above validity condi-
tion is satisfied in properly working digital circuits, it does not

T limit the use of the model in EMC simulation problems.
Ves © ¢ ¢ . . . i
This subsection describes the estimation of the parameters of

Fig. 1. Generic multistage output buffer and its relevant electric variables. model (2), i.e., the parameter vect®s and®, of submodels

11 andis, respectively, the dynamic ordeyand the weight co-
i = F(v, ), i.e., v, is used asv of (1). Several parametric efficientsw; andw,. o
models (or, more properly, several model representations) cad e vector of paramete®,,, n. = 1, 2 defining the RBF
be exploited to represent the abdveperator (e.g., see [4] for Submodels,,, is computed from a set of port transient voltage
a comprehensive overview of nonlinear parametric models usaf current waveforms (named identification signals) by means
in system theory, neural networks and other technical areas). fbft Suitable estimation algorithm [5], [6]. According to the def-
typical output ports of CMOS devices, we obtain good resultition of i1 (i), its identification signals should be obtained by
by using Gaussian radial basis function (RBF) model represdftcing the port in the high (low) logic state and by recording
tations [4]. This choice leads to accurate and simple models, tH Port current response (submodel output) to a voltage signal
can be easily implemented in circuit simulators and whose ggubmodel input). The design of the input identification signal,
rameters are readily estimated by standard algorithms [5], [6}:€- the voltage signal stimulating the output port, is a key point

The construction of two input models, however, requires t{¥ the modeling process. Such a signal should be able to ex-

knowledge of some internal variable, like, that is not directly Cite every possible dynamic behavior of the modeled port taking
measurable. In order to be able to estimate the model from &@ce in the frequency bandwidth and in the current and voltage

ternal measured transient waveforms only, we use a two-pidg@ges of interest [2]. For linear systems, this is accomplished
model representation, where the change of logic state is &¥-Using white noise or pseudorandom binary signals as input

U

B. Parameter Estimation

scribed by the switching between the two submodels. identification signals. For nonlinear systems, instead, only qual-
Such a representation is itative guidelines are available for the design of input identifica-
tion signals, leading to noisy multilevel signals. Taking into ac-

i(k) = w1(k)ir (k) + wa(k)ia(k) (2) countthatthe input identification waveform must be obtained in

) a real measurement setup, we look for the simplest input iden-

wherei(k) is the sampled output current waveforatd) = iification signal ensuring successful estimation. Our optimum

i(t = kT), T being the sampling time}y (k) andws (k) are  chojces are voltage waveforms composed of three to six level
time-varying weight sequences for state switchings, and sypynsitions spanning the range of operation voltages[Ve. —
modelsi, (k) andi, (k) are RBF parametric models accountingy 7, + A], whereA is the accepted overvoltage. The flat parts
for the port behavior in the High and in the Low logic stategf the waveform should last enough time to allow the port to
respectively. Submodeis (k), n = 1, 2 are defined by [4] reach steady-state operation, whereas the edges are linear and
in(k) = fu (O, %0 (k) gi\r/te rise/fall times comparable to the switching times of the
= Z Unj exp{_(xn(k)_cnj)T(xn(k-)_cnj)/(z/gg)} O_nce the identification signals have_ been obtained, the esti-
J mation of the model parameters requires the knowledge of the
) ) T model dynamic order, that defines the size of the regressor
Xn (k)= [in(k=1), .oy in(k=r), v(k), ..., v(k=7)] vectors of (3). The dynamic order is an inherent property of
O, =1, .oy cly, oo, Bal” 3) themodeled system, and it should be estimatedori directly
from the system response [7]. We carried atgriori dynamic
wherer is the dynamic order of the model, and vec®y, col- order estimations for several example CMOS output ports, and
lects the unknown submodel parameters. we always found- values in the range 1-2. This means that, for
It can be shown that this time-varying two-piece representaractical purposes, models can be estimated by postulating the
tion arises as an approximation of a single-piece time-invariarglue ofr, and the accuracy of the estimated models indicates
RBF model predicting the output currenas a function of the whether or not the assumedsalue is sufficient.
evolution ofv and of the (not measurable) input voltagd 3]. For a givenr value, we estimate the parametersipfsub-
Model (2), however, can be estimated simply frefi) and models by means of the algorithms of [5], [6]. The algorithms
i(t) transient waveforms and inherits most of the strengths afe based on the observation that, for known positions (centers
the mentioned single-piece RBF model. Its estimation is easy;) and spreadings (scale paramejgs¥of the basis functions
and, even with few basis functions (e.g., [5, 20]), estimatew®mposing the model, the linear coefficients; are the solu-
models track accurately the behavior of most output buffer ctiens of a standard least square problem. In order to estimate
cuits. Moreover, since the single-piece RBF model holds for ghe centers, every point explored by the regressor vegi()
bitrary loads, the accuracy of the two-piece model turns out to Issconsidered as a possible centgy, and the common scale pa-
fairly insensitive to the loads it drives. Of course, such a simpliameters,, is preset to a value ensuring a good overlapping of all
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basis functions. Then, for models composeg of 1, 2, 3--- Then, the continuous-time variablds replaced in (5) and
basis functions, the following steps are repeated: (2). This is achieved by approximating the difference operator
« a model withp functions is built by adding a new basisin (5) with the differential one (e.gz(t) ~ (1/T)[z(k) — z(k—
function to the model withy — 1 functions; the center of 1)]). In such a way, the following continuous-time state-space
the added basis function is the poigi(%) giving rise to representation arises:
the largest decrease of the model fitting error;

« the statistical significance of the new model is assessed t(y% vi(t) = % Ay (t) + % e-f1(®1, x1(1))
computing suitable statistical indexes, and the process |s d/ 1 1
terminated when the most significant model is reached. 7 y2(t) = T A,yo(t) + 7 e, f2(@1, x2(t))
In [6], the estimation process is improved by allowing for the) d 1 1
elimination of basis functions already included in the model] —z(t) = = A,z(t)+ = e.v(t)
The estimation of submodels andi, by means of such algo- ,dt r T
rithms is very efficient; it takes a few seconds on a Pentium PC i(t) = wi(t) f1(®1, x1(8)) +w2(1) f2(O2, x2(1))-
to estimate submodels with some tens of radial basis functions. (6)

As a last step of the estimation process, the weight coeffi-F. llv. the first th in(6). defining the stat i
cientsw; andws are obtained from a set of switching experi- inally, the first three rows in (6), defining the state equations,

ments by linear inversion of (2), i.e. are synthesized by means of RC circuits Wlt_h cpntrolled sources,
and the output equation, i.e., the last one, is simply synthesized

[m(k)] _ [il(k) ,L-Z(k)}—l [ia(k)} as a current controlled source.

4

wa (k) ia(k) i2(k) w(k) “ l1l. M ODELING EXAMPLE
where waveformdi,, v,} and{i,, v,} are switching signals The proposed approach has been tuned by applying it to the
recorded while the output port drives two different loads [loashodeling of several virtual devices, that are either transistor-
(a) and load (b)] and complete state switchings are causedleyel models of typical CMOS output buffers [8], or transistor-
variations of the logic input. level models of commercial drivers and receivers [3], [9]. In

In principle, there are no restrictions on load (a) and load (rder to verify its practical feasibility, i.e., that measurement
which can also be real sources stimulating the output port. Tegors and noise do not prevent its application to measured data,
best loads would be those allowidg,, v, } and{i,, v, } to ex- we verify it on a real device: the output port of a NAND gate
plore the widest possible region of the: plane. We use the of an HC7400 IC connected as inverter, i.e., our device under
same loads recommended by IBIS to characterize port switchedeling (DUM). Such a device is both sufficiently simple and
ings, i.e., load (a) is a resistor and load (b) is a series connectiepresentative to be an easy and significant test case.
of aresistor and &, battery. Within the class of resistive loads, Inthis example, the identification signals for the estimation of

it can be proven that this is the best possible choice. model (2) are excited and measured by means of the test fixture
shown in Fig. 2. The equivalent circuit used to describe the test
C. SPICE Implementation fixture is shown in Fig. 3. In this equivalent, DUM represents the

The last part of the modeling process is the synthesis of the 88—% be!ng fmr?deled% Fhe SMdD Irejiztjc;r of 51'9 2, tek:m.indl’
timated discrete-time model defined by (2) and (3) as an equ|§—t € pin of the port being modeled, afidandT; are the input

alent circuit to be implemented in standard simulation en\)"i"-nOI output terminals used_ to stimulate the circuit via soufges
ronments. This synthesis is carried out by converting the dgr)dS 2, fespectively. Terminalg andT’ are connected to SMA

crete-time model into a continuous-time state-space represet, wnectors on the back of the board of Fig. 2, that are used to

tion and by replacing the state equations with their equivale'mect the signals of sourc, and to connect scope probes. The

circuits. Such a process is detailed below. scope probes detect the voltage wavefoufis andvs(t), and

Submodelsi, (k), n = 1, 2 in (3) are rewritten in the fol- the_zIILpr%ser:_(;e |?_take_n |nt|0 ‘chou%t lzjy_thg Sh;mt ﬁaga@txors
lowing discrete-time state-space form e identification signals described in Section II-B are gen-

erated as follows. The port respons¢s) andi(t) are obtained
Yulk) —yu(k—=1) = Auyn(k—1)+epin(k—1) from the voltages recorded via the probes connected to termi-
nalsT andTs. The scope is a Tektronix TDS380 with 400 MHz
z(k) — 2(k - 1) = Acz(k—1)+ew(k—1) bandwidth (2 Gs/s sampling rate), and the probes are passive
in(k) = fa(On, xu(k)) voltage probes P6114B (attenuation factok 1Mput resistance
- T ) (5,) 10 M2, nominal value of the parasitic capacitance 14.1 pF).
wherex,, (k) = [y,, (k), v(k), z" (k)" e, is ther x 1 matrix  cyrrent;(1) is indirectly obtained from the voltage drop on the

~ . : :
e, =[1,0,...,0]" andA, is ther x r matrix SMD series resistoR, (see Fig. 3) as
00 i(t) = Cy dv(t)/dt + [v(t) — va(1))/ Rs.
1 -1 0
A, = } ) ) - In this application, the port switching times are sufficiently slow

to allow the modeling of the SMD resistor by means of the ideal
0 T . | elementRR,. However, an accurate characterization of the SMD
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0 50 100 150 200 250
time ns

I  Rs T DUM

<
Fig. 2. Test fixture for the experimental characterization of the output port: £ _oo}
the HC7400 IC. The DUM is the port being modeldt, is the SMD resistor, -~
and7, T, andT, are the terminals shown in the equivalent circuit of Fig. 3. —40F

0 50 100 150 200 250

R, @) ime ns
”“@_]_ W, ~@1> t

Fig. 4. Measured switching identification signalgt) and i(¢) for the

Sa| Gy —|—> vz Gy T> v 51 estimation of submodel,.
L o s o—1oI
= 4
Fig. 3. Equivalent circuit of the identification setug, = 100  andC),, = 3r
14.1 pF represent the SMD resistor and the passive voltage probe, respective > of
S, andS; are the sources of the identification signals. =

resistor by means of a network analyzer is needed for devic . . L : .
that exhibit faster transition times. 0 20 40 time ,?SO 80 100
The identification signals for the estimation of the RBF sub
modelsi; andi, are generated by using a multifunction wave-  40f
form synthesizer connected &s while the port being mod-
eled is set, via the sourc&, to either the High or the Low g 201
logic output state. The generatsy is tuned to obtain a voltage ~
waveformo(t) with the required shape, i.e., a multilevel wave-
form spanning the range of possible operating voltages. As i 2o} ) ) ) ) .
example, the identification signals for submodgbbtained in 0 20 40 60 80 100
this way are shown in Fig. 4. The waveform generator to excitc time s
such signals is not a critical element. In this setup, the blo?‘@. 5. Measured identification signals for the estimation of weight
S producing the waveform of Fig. 4 is a Rhode and Schwactaefficientsw, andw, while the port is connected to load (a), i.e., the series
AFS multifunction generator connected to a suitable stub ef@nnection off. = 100 £ and a 50 coax resistor.
ment (i.e., a 2—-6 m long RG58 cable) and generating a 20-MHz
square wave with adequate duty-cycle, offset and amplitude. In arhe recorded identification signals are sampled by a sampling
setup for routine measurements, the waveform generator copétiodI” = 200 ps (1350 samples) and are processed by the esti-
be provided by a dedicated circuit composed of discrete logitation algorithm [6] to compute the submodel parame®s
gates. n = 1, 2. Then the weight coefficients are computed by using
As a second step, the switching signals for the estimatitine switching signals and the estimated submodggls = 1, 2
of weight coefficientsw; andw,, are obtained by replacing as explained in Section II-B. For this example, model (2) is esti-
So with a 502 coax resistor and with a 6Q-carbon resistor mated in some tens of seconds on a Pentium Il PC, and its sub-
connected td/;; as load (a) and load (b), respectively, and bynodels turn out to have dynamic order one< 1) and five basis
driving (via S;) the port to produce a high pulse. Fig. 5 showRinctions each. The model is implemented as a SPICE subcir-
the identification signals for the above switching experiment obuit by the procedure described in Section II-C and is validated
tained while the port is connected to load (a). by predicting the responses of test circuits different from those
It is worth noting that an accurate characterization of loadisvolved in the generation of the identification signals.
and instruments (blockKs in the setup of Fig. 3) is not needed. As an example, Fig. 6 shows the measured and the predicted
OnceSs is tuned to produce the desired shape of the port voltagesponses of the modeled port when it sends a pulse on the se-
waveformu(t), the port current waveforri{(t) required for the ries connection o2, and an open-ended RG58 coaxial cable.
estimation process can be accurately measured by means offthe accuracy of the model is clearly appreciable. In all tests
voltage drop on the series resisi®y, only. carried out, the model turns out to accurately reproduce both
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