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Behavioral modeling of IC memories from
measured data

Igor S. StievanoSenior Member, IEEE Luca RigazioMember, IEEE, Flavio G. Canaverokellow, IEEE,
Telmo R. CunhaMember, IEEE, José C. Pedrdrellow, IEEE, Hugo M. Teixeira,Student Member, IEEE,
Antonio Girardi, Roberto Izzi, Filippo Vitale

Abstract—This paper addresses the generation of behavioral structures and to provide general modeling guidelinesHer t
models of digital ICs for signal and power integrity simulations.  computation of model parameters from both numerical simula
The proposed models are obtained by external measurementsijnng and real measurements. However, the inherent it

carried out at the device ports only and by the combined . th timati f del ters f d dat
application of specialized state-of-the-art modeling teuniques. In the esimation of model parameters from measured data are

The present approach exploits a behavioral formulation, lading ~Scarcely addressed by the current literature.
to models reproducing all the behavior of the IC ports as the The aim of this paper is to provide a unified modeling

1/0 buffers and the core power delivery network. The modelirg . L
procedure is demonstrated for a commercial NOR Flash Memory framework for the combined application of state-of-the-ar

in 90 nm technology housed by a specifically-designed testtixe. techniques to the generation of behavioral models of digita
ICs from real measured data. The step-by-step modeling
Index Terms—Digital integrated circuits, /O ports, power de- Procedure and the setup required to collect the responses fo
livery network, circuit modeling, macromodeling, power integrity. ~ parameter estimation is thoroughly described.

All the results presented in this study are based on the
measurements carried out on a 512Mb NOR Flash memory
l. INTRODUCTION in 90 nm technology produced by Numonyx, which is repre-

Nowadays, the modeling of the external behavior of higlsentative of a wide class of memory chips. The test board that
speed digital integrated circuits (ICs) is of paramount intias been developed to carry out the measurements used in the
portance for the simulation of many advanced electronmodeling process is also described. The board, that allbess t
applications. In particular, the availability of computetal accurate modeling of both the IC core power delivery network
models of ICs that account for the behavior of both thand the 1/O ports at the same time, can be easily adapted to
power delivery network and the 1/0 ports of devices is highliest different ICs.
desirable. The models are used in a system level simulation
to predict the integrity of the signals flowing through the
system interconnects and the switching noise generated by
the current absorption of the circuits, that can interfene o wires
the stable functioning of the entire system. A typical eximp i rtr—
of devices that demand for the availability of reliable misde N A A B A N A
is represented by the class of digital memories, that arelwid vss vDD  VSSQ Do VDD D1
used in modern electronic equipments and that are often
provided by external suppliers along with low-order or jadrt PKG
models only.

Within this framework, the modeling from external mea-
surements appears to be a very promising strategy to handle
the IC complexity and to provide the designers with a useful
tool for model generation. The modeling of the power deliver
network of ICs is addressed in [1], [2], [3] and the modeling
of 1/0 ports in [4], [5], [6], [7], [8]- In these contribution
most of the efforts are made to define and improve the model
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[1. IC MACROMODELS a Norton equivalent where the short-circuit current getoera

This section focuses on the available resources for tHgés) accounts for the internal switching activity of the device
modeling of the external behavior of the 1/O ports and th@"d the equivalent impedancg (s) accounts for the passive
core power delivery network of a digital memory circuit likdntérconnect structure and body diodes (see Fig. & is
the IC shown in Fig. 1. The structure of the models and t{&!ght to remark that this assumption holds when the physical
data required for the estimation of the model parameters &ignension of the silicon die and the frequency bandwidth of
shortly outlined in this section. interest are compatible with lumped modeling. When these

In the schematic of Fig. 1, that represents the typicgpr_\ditions are met, this simplification is the best solution
structure of a packaged memory IC, the core power deIive‘??t'mate the model parameters from external measurements.
network is the structure defined by the VDD and VSS balls The estimation of model parameters amounts to computing
that carry the energy to the memory matrix, the digital dirgu the short-circuit current source via the transient measarg
and possible additional analog blocks within the die via tHf the current drawn by the IC core during normal opera-
VDDn and VSS: pads. On the other hand, the high-speed |yépn and the short-circuit admittance via frequency-damai
buffers are defined by thesDballs connecting the D@pads Measurements (e.g., via the scattering parameter response
of the die. In this class of devices, the buffers are supgied Of the VDD-VSS structure). It goes without saying that the
a dedicated power structuriee., the so-called power rail, that frequency-domain measurements do not directly provide a
consists of two on-chip traces connecting pairs of VDD&hd computational model that can be directly used in a simufatio
VSSQu. Also, a limited number of buffers (in general fromenvironment like SPICE. Experience, supported also by the
one to four) is supplied by two adjacent VDR@nd VSSQ. evidence that the die is electrically small, teaches us tthat
pads. interpretation ofZ.(s) and its conversion into an equivalent

From the above structure, it is clear that a behavioral mod@lcuit is rather straightforward. For the class of devices
of the memory IC is represented ki) a dynamical model for at hand, the behavior of the equivalent impedance can be
the core power network that reproduces the port constiutigffectively approximated byZ.(s) = 1/sC + r + sL, being
relation of the two terminal circuit elements defined by thé/sC' the main contribution of the core power network at die
VDD and VSS balls(ii) a set of dynamical models for the /0level andr + s L the effects of the IC package.
buffers that include the effect of their dedicated powersyp A
structure and that describe the port constitutive relatimithe taa(t) vDDQ
three terminal circuit elements defined by the,I¥DDQ and
VSSQ balls andiii) the possible coupling between the buffer
and the core power delivery networks. However, for the class
of devices at hand, the latter coupling contribution turas o A(s)
to be extremely low and is neglected as verified by a set of
on-chip measurements carried out on the same memory chip
considered in this study (see Fig. 2).

Fig. 3. Model structuresa) Norton equivalent for the VDD-VSS core power
delivery network; §) nonlinear dynamical model for the 1/O buffers.g.,the
DO ball of Fig. 1).

B. 1/O buffers

‘ Different approaches are used to obtain behavioral models
10 10° of the 1/O ports of a digital IC. The most common approach
f MHz is based on simplified equivalent circuits derived from the
internal structure of the modeled devices. This approaatide
Fig. 2. On-chip measurement of th; scattering parameter accountingto the 1/O Buffer Information Specification [4], [5], which
for the coupling between the buffer and the core power dgliveetworks of g widely supported by electronic design automation tools
the example test chip considered in the study. and dominates modeling applications. However, the growing
complexity of recent devices and their enhanced featukes li
) pre-emphasis and specific control circuit, demand for refine
A. Core power delivery network ments of the basic equivalent circuits. In order to fadiita
According to [1], [2], [3], the models for the core powerthe modeling of these features, alternate methodologissda
supply of ICs are defined by simplified - physically inspired en the estimation of suitable parametric relations havenbee
circuit equivalents that attempt to describe the diffetdatks proposed [6], [8], [9]. These methodologies are aimed at re-
involved in the power delivery network of the digital IC. Aproducing the electrical behavior of device ports (see Biy.
common assumption in these approaches is the descriptwathout any use of physical insights and of equivalent dircu
of the core power delivery network of the IC by means afepresentations. The advantage of these approaches irelies




the flexibility of the mathematical description of modeldtwi connected to the VDD ball. The VSS ball is connected to a
respect to the circuit representation and on the compuatatiSsMA connector via an on-board trace, that is represented by
of model parameters from the responses recorded at th&umped equivalent in the Fig. 4.
device ports only. Furthermore, the parametric approaches
offer simple and well-established procedures for the estton IC (die+package) board (trace+probe)
of model parameters from real measured data.

For the case of output buffers, the common assumption in
the current state-of-the-art solutions is the descriptibthe

i i i
! I
I I
port electrical behavior of the circuit via the followingaw 14" Zi(s)y vss s Iw(g—’— E
piece relation: i ; : ~ :
E i i J_l/sc SMA, = |
, : 2 Lz =1sor 1 [ :
i(t) = wH(ﬁ)ZH(U(t),Udd(t),%U(t),%vdd(t),j?...) + : sl E i — !
. 2 ! ] 3 !
wr (t)ir(v(t), vaa(t), %U(t), %Udd(t), % o) o T T !
1
where v, vqq andi are the buffer output and power supply probe tip
port voltage and current variables, with associated rafsre T
1 490
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directionswy andwy, are switching signals accounting for the i |
device state transitions arg andi;, are nonlinear dynamical - ! coax .
relations accounting for the device behavior in the fixechhig i =10 cable cope
and low logic states, respectively. A similar relation refdr L 7
the power supply current and a simplified model structure,
that can be considered a$ a subclass of eq. (1), can be adopibe.ql. Simplified equivalent of the setup used for the messent of the
for the alternate case of input ports. The readers shouét redwitching current of a digital IC and the equivalent impetiamf the core
to [6] for additional details. power delivery network (top panel). Specifically desigrie@ current probe

The estimation of model (1) amounts to computing th&'d 'S schematic (bottom panel).
parameters of submodelg andi; and the weighting signals . . _ .
wy and wy from suitable port transient responses. In thisbltn_th(él st_:heme_ OJ. F'%' 4, the trans;en; ;:meml?) 'Sd
study, the state-of-the-art modeling procedure suggestgt 0 alneaRin fg n _|r(tec measturgmer;ho € V(t) age Arop
has been considered and further improved. The propo oSS — resistor mounted on the connector S

models are obtained from the device responses recordethdu s method, following the standard for the measurement

the normal activity of the IC mounted on a real board, thdist::]e clolndl;]ctedbemlssmln tOdeCS in the Ir_an_?edfrom SC tof
avoiding specific modeling setup and test fixtures. z [11], has been selected among a limited number o

possible alternative techniques, since it is simple to enpnt
and has proved to demonstrate accurate results in practical
applications [12].

This section summarizes the procedure for the estimation ofThe reconstruction of the source teutt) from the transient
the models shown in Fig. 3 and highlights possible diffi@siti current measuremei, () is obtained in the Laplace-domain
in the computation of model parameters from real measurgg means of the backward application of the current division
data. rule (see Fig. 4):

IIl. M ODEL ESTIMATION

A. Core power delivery network. As) ~ Lo (s) Ze(s)+ R4+ 7+ sL

The generation of the Norton equivalent of the core power Ze(s)
delivery network requires the estimation of the equivalent The previous equation accounts for the contribution of
impedance and of the short-circuit current source of Fig. 3the current generatod(s) to the external current only. For

The computation of the current source is the most criticlle sake of simplicity, the ideal supply voltage battergtth
step of the modeling process and special care must be takeovides a contribution fos = 0 (i.e.,for DC), is replaced by a
in collecting, interpreting and processing the measurdd. dashort-circuit current. Also, the contribution of the cajpacce
From a theoretical point of view, the determination of the (' in the scheme is neglected. As this capacitance is much
term would require the measurement of the current flowiranaller than that ofZ. (i.e.,, C)) and, moreover, is masked
through an ideal short-circuit terminating the VDD and VS8y C and cannot be easily (if even possible) separated, it
balls on the left panel of Fig. 1. However, in practice, théisba was decided to simplify the model by not considering e
cannot be shorted and the circuit operation of the die mustpacitance. For the class of devices at hand, the abové-simp
be assessed with the device mounted on a board. Figuréications do notimpact on the accuracy of results and prawvide
shows the equivalent circuit, in the Laplace domain, of thdear view of the phenomena and a better understanding of the
setup for the external current measuremdpis The external behavior of the external measured current. It is ought taar&m
power supply provided by a voltage regulator and a possiliteat equation (2) is well-conditioned and turns out to beustb
shunt capacitance is simply represented by an ideal battewymeasurement noise, since the transfer function arisorg f

)



the example devices of this study does not increase at high-
frequency, thus does not amplify the measurement noise.

The information needed to process the measured current
via (2) is the equivalent circuit of the board trace and the
Norton equivalent impedancg.(s). The lumped equivalent
of the board trace can be estimated from the measurement
carried out on a test structure or on a board implementing the
setup of Fig. 4 without the IC mounted on it. In the latter ¢ase
the measurement of the scattering parameter response of the
structure seen from the connector SiMéan be processed to

fit the measured data to the response of the lumped equivalle;%t 5

IC (die+package) board (probe+supply)

_____________________________

Simplified equivalent of the setup used for the measent of

Similarly, the equivalentimpedancs, (s), can be obtained by the port transient voltage and current of the /O buffer of igital IC.
using the same setup of Fig. 4 from the S11 measureméntrent is indirectly measured through the voltage drop e seriesRs

of the scattering parameter response of the structure sép s

from the connector SMAwith the IC mounted on the board.

As an alternative, the measurement of the on-chip scatterin
parameters of the core power delivery network of a memory1)
chip has been proposed in [3], where partial results are
available for the same test vehicle considered in this study
Once the port impedance at die-level is known, the actual
impedance at the IC port is obtained by taking into account
the package effects via electromagnetic modeling.

B. 1/O buffers.

For conciseness, this section concentrates on the step-by-
step modeling procedure for the generation of IC output port
behavioral models. As outlined in Sec. 1I-B, a behavioral
model of an input port can be considered as a special case
only (see [6] for additional details).

In order to devise a robust modeling procedure from real
measurements carried out on a test board, the general two-
piece model structure defined by (1) is particularized as
follows.

Z(t) = wH(t)[isH(Udd*U)+idH(Udd*U;%---)] +
wL(t)[isL(U) + idL(U, d/dt)]
idd(t) = wH(t)isH(Udd — U) + idH(Udd — U, % .. )
3)

In the above equation, the output port current is a weighted
combination of two submodels accounting for the buffer
behavior in the fixed high and low logic staté®(, i, of (1))
that are split into the sum of a stati¢y ;, and of a dynamic
iqp,1, CONtributions to facilitate model estimation and to make
the modeling procedure more robust. Also, the specific &oic
of the variables in (3) as well as the model structure for the 2)
description of the power supply current have been adopted
to facilitate the parameter estimation from measurememnts b
incorporating in the model equations the typical operatibn
CMOS output buffers. Specifically, the main contribution of
the power supply currenty; of a CMOS buffer is the one
drawn during the driver operation in the high output state
and therefore provided by the corresponding contibution of
the output port current model in the high state.

Once the model structure (3) is assumed, the model param-
eters can be obtained via the following procedure that isdbas 3)
on the ideal setup shown in Fig. 5.

=47Q).

Estimation of the buffer static characteristicén prin-
ciple, the estimation of the device static characteristics
ismg,r, can be done by collecting a number of voltage-
current pairs{v,i} that are observed while an ideal
voltage source is applied to the output port of the buffer
and the source produces a DC sweep. However, to
simplify the modeling setup and to avoid dedicated test
fixtures for the extraction of the static curves only, a
different solution has been proposed: the buffer under
modeling is driven to produce a periodic “01” bit pattern
on a transmission line load that is plugged into the
SMA; connector of Fig. 5. A transmission line load
forces the port voltage and current waveforms to produce
a stepped response like the one shown in Fig. 6. Hence,
the static values of the buffer characteristics are ex@rhct
from the flat parts of the responses [10], as shown in
Fig. 6. It is worth noticing that the number of static
points used to approximate the static characteristics of
the buffer is defined by the number of steps that are
in general3 - 5 for typical buffer circuits loading0 2
distributed interconnects. Also, no specific care must be
paid in designing the distributed load. A simpie 2
coaxial cable or the shunt connection of two cables are
sufficient to generate a set of responses with some steps
like the one of Fig. 6. The only design parameter is
the line length, that decides the timing of reflections
and the duration of the flat responses, and that must
be chosen on the basis of the device transition times.
Roughly speaking, a device wiid0 ps rise time would
require al.5 + 3 m long transmission line.

Estimation of the dynamical submodelBhe parametric
models used fotizy andigyz in (3) are discrete-time
parametric representations based on composite local lin-
ear state-space (LLSS) models [13], whose parameters
can be estimated by standard algorithms as in [14]. The
device responses used to feed the estimation algorithm
are the slices of the voltage and current responses of
Fig. 6 recorded while the buffer is in the high (low)
logic state (see the portion of the signals highlighted
with the labels(b) and (d)).

Computation of weighting coefficientsThe weighting
signalswy andwjy, are computed after the estimation of



@ (b) @ () post-processing the voltagét) and curreni(t) responses and
(1) _ ) thus by re-aligning the reference plane to the output teaain

ZIIZIIZZIIIIII;ITTZI of the IC.

) I—| SR I R B IV. MEASUREMENTS RESULTS

t This section collects the results of the real measurements

_ ! L state 7| | H state and data processing carried out on the example memory chip

i(t) L I T O P B R mentioned at the end of Sec. I. The results are based on a test

________ il |_I N board that has been suitably designed for the estimatiolmeof t
model parameters. Additional details on the identificatidn

’ |_I R I I I o the Norton equivalent of the IC core power network and on

the buffer models are included as well.

— — t
Fig. 6. Typical voltage and current transient response filtput port of a A. Test board

digital buffer obtained as suggested in step 1) of the mndedrocedure. The Figure 7 shows the board designed for model estimation
horizontal dotted lines correspond to the static pairs that can be extracted | . . . '
from the flat parts of the responses. Also, the differentesliof the signals It implements the basic features required by the ideal setup
highligh?ed in the Figure are used to compute the paramefef3) (see text Of Fig_ 4 and Fig. 5. The board is Composed of a genera|_
for details). purpose control circuitry for the operation of the devicelein
test, and of a measurement board holding the IC under test and
_ _ ) the measurement fixture. The measurement board is connected
the submodels; .. andiqp, 1 from the portion of the tg the control board via a pair of 40-pin QTE connectors, and
port responses of Fig. 6 occurring during state switchingan pe replaced to test different ICs. The memory controller
as discussed in [6], [7] (see the slices labeled With implemented in a FPGA, has been designed to allow the
and (c) in the Figure). In our problem, this amountsnemory to operate at 66MHz and perform repeatedly the basic
to solving the single linear equation (3) of the outpUycles Program, Erase, Read
current wherev and i are the advocated voltage and

current responses recorded during a single transition
event andw;, is assumed to bev;, = (1 — wgy). In
principle, such an assumption can be removed and two
sets of port responses can be used to compute two
independentwy and wy, signals. However, the latter
simplification benefits the quality of the complete model
since it reduces possible ill-conditioning or inaccuracie
of the solution of the linear problem arising from noisy
measured data or from the approximated responses of
the static and the dynamic submodels in (3).

4) Model implementationFinally, the last step of the
modeling process amounts to translating the model
equations in a Slr.nUIatlon enVIr.onment'. This can b ig. 7. Measurement board for the modeling of the core povedivety
done by representing the equation (3) in terms of 8Ruwork and the buffers of the example test case. The keyeeitstof the
equivalent circuit and then implementing such circuietup of Fig. 4 and Fig. 5 are clearly highlighted in the pietu
as a SPICE-like subcircuit. The circuit interpretation
of model equations is a standard procedure that isThe indirect measurement of the transient currents via
based on the use of controlled-current sources for tkee voltage drop on series resistors was carried out with a
static contributions, and on resistors, capacitors, ah@Croy WavePro 7300A scope (3GHz bandwidth, 10GS/s).
controlled source elements for the dynamic parts [6]. AR reduce the effects of the measurement noise, the memory
an alternative, model (3) can be directly plugged intbuffers have been forced to produce a periodic bit pattern
a mixed-signal simulation environment by describingnd the averaging feature of the scope has been set (16
model equations via metalanguages like Verilog-AM®aveforms were considered for the average). The frequency-
or VHDL-AMS. In this paper, the obtained models hav€lomain scattering measurements for the computation of the
been implemented in SPICE. Norton equivalent impedance of the core delivery network

Sh@s been carried out via a Agilent Vector Network Analyzer

Itis v_vorth n_otmg tha}t the ideal setup of Fig. 5 assumes th NA) E5071B (300 kHz to 8.5 GHz),
the series resistoR; will be mounted as close as possible t
the IC in order to neglect the possible effects of the boacktr )
connecting the DO ball to the SMD component. However, - Core power delivery network
needed, the effects of a possible board trace that is suffigie ~ As outlined in the previous section, the connector SMA
long to perturb the measured signals can be de-embeddedriy 7 has been used to measure both the frequency-domain



network function and the switching current of the IC core
power network. 200 ’ |
As an example, Fig. 8 shows the impedance seen by tl € 150
connector that has been recorded with and without the I'e 100
mounted on the board. This Figure also compares the measu --*
ments with the responses of the lumped simplified equivale 50
circuits of Fig. 4 that has been estimated via simple fitting
The measured transfer functions in Fig. 8 shows some spgirio
resonances in a frequency region abdve MHz that does not
need to be modeled by a lumped equivalent accounting for tt
behavior of the IC. These effects are determined by the te g
fixture and by the package, and do not belong to the supp 8 _
structure of the silicon device, that is generally domiddiga =
smooth capacitive behavior, as observed in a set of systema <, 40
on-wafer measurements carried out on the same test case |~

s -80
10
o —— measurement f MHz
S - - -fitting
(2]
[=)
=) Fig. 9. Portion of the measured transient curreént(t) carried out on
a the example commercial memory chip (top panel) and its edlamplitude
é’ 10° spectrum (bottom panel).
10 10° 10°

current mA

Phase deg

10 10° 10
f MHz (log scale)

20
Fig. 8. Impedance seen from the connector SMAFig. 4 with and without E 0
the IC mounted on the board. Solid lines: real measurememiedaout on Q
the test board of Fig. 7; dashed lines: prediction obtainedthe simplified _ 20
lumped equivalents of Fig. 4. The values of the circuit eletsgvere estimated g —40

via simple fiting ¢ = 0.6Q, L = 5.8nH, C = 19.15pF, Z.(jw) =
1/sC+r+sL,r=0.1Q, L=5nH, C = 3.45nF) -60

ss

-80

Figure 9 shows a slice of the measured transient curre
iss(t) observed during the erase operation phase and | f MHz
frequency-domain spectrum. As outlined in Sec. II-A, the
responseé,;(¢) of Fig. 9 is used to compute the Norton currenfig- 10. Top panel: measured transient currignft) of Fig. 9 (solid black
Sourceu() via equation (2). Figure 10, in which the measuref{e) St st cuni() of he Norton saunalert compute i
response and the estimation of the short-circuit curreat &pectrum of the measured and computed currents.
shown, confirms the feasibility and the robustness of the

proposed approach. It is worth noticing that the processing

leading to the curve of Fig. 10 is robust to measuremefiia |0ad to be connect to the SMA connector of Fig. 4 is
noise_. This can be apprec_iated by the magnitude of the BaNg{o¢ critical. An open ended line with characteristic impeca
function defining (2) that is shown in Fig. 11. and line length that allows to observe a limited number
reflections and steady state operation during the flat parts i
C. 1/O buffers adequate for model estimation. In this specific example, the
The model of the output buffers is based tip andi; shunt connection of two 2.3m long RG58 coaxial cables is
submodels (see eq. (1)) defined as sum of a static andised. The{i, v} pairs corresponding to the flat parts of the
dynamic part. The static part is extracted from the measuredveforms of Fig. 12 are shown in Fig. 13, which proves
responses of Fig. 12, that are obtained by driving the buffdre excellent accuracy of the static behavior extracted by
to produce a periodic '01’ sequence on a transmission litieis approach. The remaining model parameters, includiag t
load. It is worth to remark that the design of the transmissi@ynamic parts of submodels and the weighting signals are
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Fig. 11. Magnitude of the transfer function defined in (2) @hd values \
obtained from the fitting of Fig. 8. -15- X
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estimated as suggested in [7] from the edges of the waveforn -25 o o5 I s 5

of Fig. 12. As an example Fig. 14 shows the sigagl(t) for
the up () and the down ) state transition events computed by
linear inversion of model equation superimposed to a ptessilfyig. 13. Static characteristics of the DQuffer. Solid lines: transistor-level

. . . . . . esponse; gray stars: region explored by ##),i(t) samples of the transient
S|m_ple analytical ap_proxmatlon of the signal. It is Womﬁesponses of Fig. 12; Circles: static points extracted fiteercurves of Fig. 12.
noting that, to possibly reduce the effects of measurement

errors, the analytical approximation of the weighting sigioy

means of smooth functions contribute to the improvement of 1pmmmimin, B —w, (r)
the model accuracy. Also, due to the typical smooth sigmoidag gl \ Cw. () i
shape of the weighting signals, the approximation carrigd o Yo H

0.6’ \

by means of a tanh function and two gaussian functions ha : W, (1) approx.

LT
been proven to be enough to provide accurate results. 0.4F ;/ w,, (1) approx.
0.2¢ 2 il
or 3 S
(Q e, wY —-——m-—-....._‘
> 0 2 4 6 8 10
= t ns
e
Fig. 14. Weighting coefficientvy () estimated during the upl) and the
down (|) transition events.

0 100 200 300

cable terminated by & pF capacitor. Both the response of the
estimated model and the reference response of the high-orde
transistor-level model of the buffer provided by the foundr
are shown in the Figure.

The very good agreement among the curves of Fig. 16,
for different loading conditions, confirms the strengthgod
proposed methodology in generating accurate models from
measured transient responses. Such models can be easily ob-
Fig. 12. Responses obtained by driving the buffer(@Fig. 5 to produce tained by the proposed measurement setup and can effgctivel

a periodic "010’ bit pattern on suitable transmission limad. The dashed replace the hardly available and less efficient transistael
lines highlight the steps of the voltage and current resp@adlowing for the models of ICs.
extraction of the static parts of submodejs andiy,.
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As already done for the power supply case, Fig. 15 show
the amplitude spectrum of curreift).

The waveforms corresponding to the validation of the com:
plete buffer model built in this way are shown in Fig. 16.
This Figure compares the measured and predicted respons
of the modeled buffer for two loads different from those
involved in the parameter estimation process. The first tes
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corresponds to the buffer connected to a resistive laad, 80

the series connection of the SMBg resistor of Fig. 5 and
a 50 Q) termination plugged into the connector SMAN the
second test, the load consists of4an long RG58 coaxial Fig. 15.
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Amplitude spectrum of currenft) of Fig. 12.
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Fig. 16. Port voltage responses of the DO buffer for the twiidaton
tests considered in the study. Top panels: buffer perfansiate switching

on the series connection of the SMD resisity of Fig. 5 and &0 2 resistor;
Bottom panels: buffer connected to a distributed load (sgefor details).

V. CONCLUSIONS

This paper addresses the generation of a black-box model

of the 1/0 buffers and the core power delivery network of
a digital IC. The proposed model can be obtained from
measurements carried out at the IC ports via a simple magelin
extraction procedure. The feasibility of the advocatedeagh
was demonstrated through the modeling of a commercial IC
memory from measured data carried out on a specifically-
designed test board.

Acknowledgements

The research leading to these results has received funthng the
European Community’s Seventh Framework Programme FP7-ICT
2007-1 under the MOCHA (Modeling and CHAracterization foP S

- Signal and Power Integrity Analysis) grant n. 216732. Tiassio,
Leo Craft, Andrea Vigilante, Corrado Villa, Daniele Vimattand
Riccardo Muzzetto (Numonyx) are gratefully acknowledgedro-
viding the example test chip and the support for the desigthef
test board used in this study.

REFERENCES

“Integrated Circuits Electrical Model (ICEM)”, Inteational Electro-
technical Commission (IEC) 61967, March 2001.

C. Labussiere-Dorgan, S. Bendhia, E. Sicard, J.Tao, .HQuaresma,
C. Lochot, B. Vrignon, “Modeling the electromagnetic enuss of a
microcontroller using a single model,”IEEE Transactioms EMC, Vol.
50, No. 1, Feb. 2008.

I. S. Stievano, I. A. Maio, L. Rigazio, F. G. Canavero, Rzil A. Girardi,
T. Lessio, A. Conci, T. Cunha, H. Teixeira, J. C. Pedro, “Glatarization
and modeling of the power delivery networks of memory chifspc.
of 13-th IEEE Workshop on SP§trasbourg, F, May. 12-15, 2009.
I/O Buffer Information Specification (IBIS) Ver. 5.0, othe web at
http://www.eigroup.org/ibis/ibis.htm, Aug. 2008.

P. Pulici, A. Girardi, G. P. Vanalli, R. 1zzi, G. Bernard5. Ripamonti,
A. G. M. Strollo, G. Campardo, “A Modified IBIS Model Aimed atgal
Integrity Analysis of Systems in Package,” IEEE Trans. Orc@is and
Systems, Vol. 55, No. 7, Aug. 2008.

I. S. Stievano, I. A. Maio, F. G. Canavero, “Mog, Macromodeling
via Parametric Identification of Logic Gates,” IEEE Trarigats on
Advanced Packaging, Vol. 27, No. 1, pp. 15-23, Feb. 2004.

I. S. Stievano, I. A. Maio, F. G. Canavero, “Behavioral dets of IC
output buffers from on-the-fly measurements,” |IEEE Tratisas on
Instrumentation and Measurement, vol. 57, No. 4, pp. 855-2608.
B. Mutnury, M. Swaminathan, J. P. Libous, "Macromodgliaf nonlinear
digital I/O drivers,” IEEE Transactions on Advanced PackggVol. 29,
No. 1, pp. 102-113, Feb. 2006.

I. S. Stievano, I. A. Maio, F. G. Canavero, C. Siviero, f&@aetric Macro-
models of Differential Drivers with Pre-Emphasis,” IEEEahsactions on
Advanced Packaging, Vol. 30, No 2, pp. 238-245, May 2007.

[10] I. S. Stievano, L. Rigazio, I. A. Maio, A. Girardi, R. lgzF. Vitale,

T. Lessio,"Modeling of IC power supply and 1/O ports from reaee-
ments,” Proc. of thel8-th IEEE Topical Meeting on Electrical Perfor-
mance of Electronic Packaging and Systems, ERER®Btland (Tigard),
Oregon, pp. 85-88, Oct. 19-21, 2009.

[11] “International Electro-technical Commission, IEC9%Y Part 4: Mea-

surement of conducted emission <¥150 2 direct coupling method,”
2006.

[12] F. Fiori, F. Musolino, “Comparison of IC Conducted Esien Mea-

surement Methods,” IEEE Trans. on Instrumentation and Measent,
Vol. 52, No. 3, pp. 839-845, June 2003.

[13] I. S. Stievano, C. Siviero, F. G. Canavero, I. A. Maiogliavioral mod-

eling of digital devices via composite local-linear stafgace relations,”
IEEE Transactions on Instrumentation and Measurement,57%INo. 8,
pp. 1757-1765, Aug. 2008.

[14] V. Verdult, L. Ljung, and M. Verhaegen, “ldentificatioof compos-

ite local linear state-space models using a projected gnadiearch,”
Int. J. Control, vol. 65, no. 16/17, pp. 1385-1398, Nov. 2002



