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Abstract This chapter outlines the structure of the modern integrated circuits
(IC) and the necessity of the I/O buffers circuit for ensuring reliable chip-to-chip
communication in high-speed digital communication I/O links. Nonlinear circuit
simulation based on dc and transient analysis is discussed in order to properly figure
out the importance of these algorithms by addressing their convergence issue and
computational cost for signal integrity simulation. Moreover, the nonlinear dynamic
intrinsic and extrinsic characteristics of the I/O buffers circuit are identified and
analyzed. Moreover, this chapter describes IBIS and Mpilog modelling algorithms
at circuit level and explains the reason behind the adoption of these modeling tools
at different computer aided design (CAD) tools and design houses as opposed to the
SPICE transistor level models in the simulation of printed circuit board
(PCB) performance for signal and power integrity simulation. The different design
steps of the system identification framework are detailed in the context of accurately
capturing the nonlinear dynamic behavior of the I/O buffers electrical circuit. With
the aim of analyzing the origins of behavioral modeling developed for output
buffer/driver to capture its nonlinear and memory effects and in a way to establish a
link with their modeling approaches through large-signal equivalent circuit model
and parametric curve fitting techniques, a comprehensive overview of the mathe-
matical modeling framework based on system identification theory is presented in
this chapter. For sake of simplicity, the methodology is firstly described for
one-port active devices. Then, it is extended to two-ports covering the black-box
and the gray-box formulations and identification for modeling the driver’s nonlinear
dynamic behaviors where the state-of the-art Input/output Buffer Information
Specification (IBIS) and parametric modeling are analyzed and discussed.
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1 SI Simulation of Digital Transmission Link

Mobile phones, embedded systems, memory interface (DDR4), etc. are integrating
an increasing number of sophisticated and heterogeneous functions, such as GPS,
video cameras, sensors, etc. This revolution increase of system complexity, the
development of new dense 3D packaging structures and the increase of signaling
rates [1-5]. The complexity, large integration, and the fast switching signals require
the accurate prediction of the whole system performance in the early design stage.
The digital chip’s processing is carried out within the logic core [1]. However, the
I/O buffers are much larger than the core cells and they are required to bond the die
to the package and the outside interconnects [S]. This transmission link within
the IC introduces distortion into the propagating electrical signals. In fact, it can be
decomposed as an active part representing the I/O buffers that interface the logic
core and the passive package and drive the multi-conductor interconnected structure
of the PCB interconnects as depicted in Fig. 1.

The I/O signals get out from the chip #1 by means of output buffer/driver
characterized by a highly nonlinear dynamic behavior. After propagating through
IC’s package then the PCB, which are usually modeled as passive distributed
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Fig. 1 SI simulation at the PCB level begins with electrical descriptions of the IC die involved,
the IC packages, and the traces on the PCB
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Fig. 2 Pin to die connection in a simple IC. The I/O buffer model sections: a Nonlinear active
section. b Linear package network section

transmission line elements, the signal reaches the chip #2 where the input
buffer/receiver detects the transmitted input signal with the above mentioned
imperfections according to the switching point voltage. A more detailed description
of the I/O buffer enclosed in its package is shown in Fig. 2 [1-5]. The IC die
connection pads are connected to the IC pins using very fine wires. The values of
lead resistance, lead inductance and package capacitance are different for each pin
on the IC because the pin to die connecting wires are different lengths and different
geometries [1-4].

The components on the die also have parasitic capacitance associated with them,
so the model of say an input pin on even a simple IC, is quite complex. In the active
section, the last stage’s large transistors are arranged as a pull-up (PU) and a
pull-down (PD) network. They impose the dominant electrical behavior of the
device, while the pre-drivers stage act mostly as highly nonlinear voltage transfer
characteristics followed by a resistive path feeding the gate capacitances of the last
stage. On the other hand, the passive section structure is extracted from the asso-
ciated small-outline IC package category [2—4, 6], from Spectre simulator. The first
element, C,4, stands for the capacitance associated to the pad where the bond wire
attaches the die to the package. After that, the quantities L, and R, are respectively
the lumped bond wire inductance and resistance. Besides, the inductance Ly, the
coupling capacitances Cy; and Cy;r and the resistance Ry represent the lead frame
equivalent lumped model. Finally, Cy;, models the capacitive coupling between the
lead frame solder pad and the PCB backplane ground.

Due to the high switching frequency that is always being pushed to higher limits,
and to the current intensity that is needed to source a generalized set of external ICs,
output buffers are forced, in most cases, to distort the I/O signals due to their
nonlinearity and dynamics. Thus, they constitute the IC bottleneck in terms of
switching speed. In this concern, SI is a very important task of ensuring sufficient
fidelity of a signal transmitted between a driver and a receiver for proper func-
tioning of the circuit (e.g., the signals over the high-speed bus between a processor
and its chipset). A signal with good integrity characteristics is defined as one
observed at the receiver within the desired time window and with adequate
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amplitude levels. The ideal voltage waveform in the perfect logic world and the
distorted signal—in terms of amplitude and time deviations—by the active driver
and the package dynamics of Fig. 2 are illustrated in Fig. 3 where the different
manifestations of SI degradation are [2, 3]:

— A high logic level lower than the minimum high acceptable level, Vi,

— A low logic level higher than the maximum acceptable low level, V;,,

— Excessive signal delay—a rising/falling (¢,/ty) edge shows skews longer than the
acceptable timing windows,

— Overshoot, undershoot and glitch—ringing, long settling time.

These effects are aggravated with the increase of the driver’s clock frequency
and the mismatch load with external interconnects. At the receiver’s input, voltage
above the reference value V;y is considered as logic high, while voltage below the
reference value Vj; is considered as logic low. Any delay or amplitude’s distortion
of the waveform will result in a failure of the data transmission. For instance, if the
signal in Fig. 3 exhibits excessive ringing into the gray zone while the detection
occurs, then the logic level cannot be correctly received.

Signal integrity (SI) analysis aims to ensure reliable high-speed data transmis-
sion by evaluating the three main issues. Firstly, the reflections that occur because
of interconnect discontinuities such as impedance mismatch, vias, and other line
discontinuities. Secondly, the noise induced by neighboring connections (cross-
talk), produced in a signal line by other lines as inductive and capacitive couplings.
Thirdly, the disturbance on power distribution by switching of the digital devices
introduces a noise in a signal line that manifests itself by the voltage drop along the
inductive path of the power supply network for the IC and its packaging. This noise
is also called power and ground bounce, Al (i.e.V, = L(di/dt))-noise or
Simultaneous Switching Noise (SSN) [3-5]. Moreover, SSN is the main sources for
the electromagnetic emission of an IC. This is due to the parasitic inductance of the
Vpp and Vi line cause voltage bounce. To simplify the SSN analysis of the
chip-package interface shown in Fig. 4, we reduce the block diagram of
chip-package to a simple circuit model.
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Fig. 3 Ideal the logic core signal and real waveform at receiving gate
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Fig. 4 Die-package interfaces and the electrical equivalent circuit

2 Transient Simulation of Nonlinear Circuits

All ST time-domain tools use iterative circuit-solution techniques pioneered by the
simulation program with integrated circuit emphasis (SPICE). An understanding of
how SPICE operates therefore tells you a lot about how signal-integrity
time-domain analysis algorithms behave. The core of SPICE is the
Newton-Raphson algorithm (NRA) which is a guess-and-iterate routine. The dc
analysis and algorithm convergence is crucial to perform additional transient, ac or
harmonic balance analysis. The study of the dc bias point by SPICE is fundamental
to the operation of the other types of simulation. The NRA is a numerical method
for solving nonlinear set of equations that describes the electrical circuit behavior
based on nodal analysis. NRA consists of linearizing the system to numerically find
the root of the function f{x;,;). The Taylor series expansion of f(x; 1) is [7, 8].

Fgr) =F() +F () (st —x) =0 (1)
where f (xp) = 9ffox. The iteration step is retrieved so that
_ f ()
Tt =X = (2)

where x;,; and x; are the values at the next and current iterations, respectively.
NRA is recursive f{x;) and f(x) needs to be evaluated at each iteration and compared
to the previous result in order to determine the direction and the amplitude of the
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Table 1 Newton-Raphson

: Xo = intialguess, k = 0
algorithm

flw)
/)

Repeat x; 41 = x; —

k=k+1
Until ||x¢4 1 — xk|| <threshold

next iteration until the algorithm converges. Therefore f(-) must be continuous with
continuous derivatives. Table 1 describes the main instructions used in NRA.

The extension to the multidimensional case NRA requires the linearization
the function relationship f : R" — R™ relating the input the vector vy € R" to the
output the vector f(vx) € R™ of current or voltage defined branches using the
Jacobean matrices. If v, € R" and F is differentiable at v, then its first derivative is
given by the Jacobian J(vy).

V1 Vi

sy = | XX T (3)
V1 A% Vi % %,
vy Tt Ox,

In this case, the linear map described by J(vy) is the best linear approximation of
f(+) near the point v;

Virr =vi — I () F(wi) (4)

where v, and v, are the voltages at the next and current iterations, respectively.
The function describing the circuit behavior has to be monotonic and differentiable
and some shape should be avoided in order to ensure convergence even with
inadequate guess of the initial conditions as shown in Fig. 5.

For instance, in Fig. 5a, the function is not monotonic, and the selecting of the
initial condition has led the NRA to the convergence to the wrong solution. For this
reason, it should be better to always question the results of the simulators because
they can converge and giving non-physical results. Accordingly, the model equa-
tions of the nonlinear electrical elements such as nonlinear current or voltage
sources, for diodes, transistors, and memristors must be continuous and differen-
tiable with easy and fast derivative calculation based on the built-in derivative in

(a) Looking for this root. (b) Failure to converge

v

Fig. 5 a NRA convergence of non-monotonic function. b NRA divergence with monotonic
function
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SPICE in order to avoid singular Jacobean calculation. The computation of the dc
steady state assumes that voltage and current sources are fixed at their initial values,
all capacitances and inductances are considered as open circuits, and short circuits,
respectively [7-10]. Moreover, the good initial guess constraint not only the con-
vergence but also the number of iterations to reach the exact the numerical solution
as shown in Fig. 6. For instance, the starting guess x, was close enough to the
solution pointed in red. However, the NRA diverges at the first iteration although
the function was smooth and monotonically increasing giving a SPICE error
message. An updating of the initial values of the circuit’s operating point to x,” has
led to the convergence of the NRA after only two iterations.

Consequently, the improvement of the function modeling the nonlinear two-port
and multiport active and passive electronic device is of paramount importance in
assessing a high speed convergence of the NRA for dc analysis. Moreover,
updating the initial guess can also solve the problem for escalating from the
divergence problem as shown in Fig. 7. Once the dc steady sate point is determined
for all the node in the circuit, the SPICE algorithm can perform time step integration
for transient simulations. In fact, the natural home for nonlinear dynamical phe-
nomena is the time domain, because we can capture transients, and therefore the
energy storage or memory effects, as well as the steady state behavior.

The time step integration will be illustrated based on the nonlinear dynamic
circuit as shown in Fig. 8. It is composed of a time varying input current source.
G is the internal current source conductance, Q. iS a nonlinear capacitance rep-
resented as a charge-voltage (Q-V) dependence, and Iy; is a nonlinear current
source [11].
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The nodal analysis of this circuit leads to the ordinary differential equation,
(ODE):

dOni(v2(1))

GVQ([) + dr

+Ine(v2(1)) = Is(1) (5)
The time-step integration is the most adequate method to numerically solve the
ODE of circuit analysis. It only solves directly a discretized version of the ODE (2.5).
If the simple forward Euler discretization rule of the time derivatives computed at time
instant, #,, and for a sufficiently small dynamic step h,, = t,,,1 — t, = t, — t,—;. This
would lead to the following form to explicitly retrieve v,(z,,) at each time-update:

One(v2(t+1)) = ha(Ls(ta) = Ine(va(t)) = Gv2(tn)) + On(v2(82))  (6)

That can be written as follows:

Va(tni1) = Oyt [a(Is(tn) — Ine(va(tn)) — Gva (1)) + One(v2 (1)) (7)

Unfortunately, although much simpler and faster to implement and evaluate than
the backward Euler rule, this explicit form is rarely used since it usually leads to stiff
problems. So, the Backward Euler rule is generally preferred:

OnL(va(ta)) — OnL(v2(ta-1))
hy,

Gvy(t,) + +Ine(v2(tn)) = Is(tn) (8)

Which leads to the following implicit form that must be solved with a nonlinear
numerical solver as the NRA:

hn(GVZ(tn) + INL(VZ(tn))) + QNL(V2 (tn)) = hnIS(tn) + QNL(VZ(tnfl)) (9)

This shows that the circuit’s response at any instant 7, is algebraically obtained
from the solution of a nonlinear equation, if the excitation is known at that instant,
h,Is(t,), as well as the system state, Qn;(v2(f,—1)), or memory as shown in Fig. 9.
[5, 11].

The SPICE engine iteratively computes step-by-step the state of the circuit at all
future points in time. As the NRA has converged to a satisfactory set of node
voltages, v,(%,), it evolves to a new time step t,,1, by incrementing the amplitude of
the time-varying input signals. The value of the new capacitor voltages and inductor
currents are attributed as fixed quantities to the implicit algebraic Eq. (9) and
iterates the other node voltages and currents to find a complete solution for circuit
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Fig. 9 Simplified SPICE flow of the transient analysis

behavior at time t,.,. The current—voltage relationship across a capacitor, C,
1(t) = C dV.(t)/dt is discretized, then, the stored voltage V.(#,) on a capacitor at
time 7, is advanced according to the flowing relationship [1, 5]:

Fn

VL‘<tn+l) = Vc(tn) + C

L(t,) (10)
Similarly, the current flowing, I;(t,), through an inductor at time ¢, is advanced
according to the flowing relationship:

Ity 1) = oo + 2 Vi) (1)

SPICE updates the new capacitor voltages and new inductor currents as fixed
quantities and iterates the other node voltages and currents to find a complete
solution for circuit behavior at time #,,1, [7, 11].

2.1 Hierarchy of Modeling Approaches

The SI performance evaluation of high-speed digital systems is usually carried out
in a time domain simulation that allows the detailed analysis of the interactions
between the digital IC peripheral devices. Hence, Behavioral modeling I/O device
circuits to accurately capture their nonlinear dynamic behavior will result in an
efficient use of CAD tools by providing the valid and appropriate large-signal
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behavioral models of the main connected sub-circuits [7]. Different abstraction
modeling hierarchy of the active semiconductor devices is depicted in Fig. 10. The
modeling hierarchy begins at the bottom with the TL detailed semiconductor
physics model. It ends at the top by a high-level abstraction that describes the
terminal behavior through black-box or equivalent circuit behavioral functions.
Since there are too many nonlinear interactions taking place at the system-level, the
CAD simulation using TL models which is based on NRA takes a long time to
converge and uses too much memory to run [8]. A solution to this simulation
bottleneck is to generate reduced-order behavioral models that describe the essential
behavior of the complex active circuit [9, 10]. The CAD models can be classified
according to the level of physical information used in model description.

Firstly, the physical model is the most accurate solution, and usually it is con-
sidered as the reference for the device. Unfortunately, the model discloses the
internal details of the device. In addition detailed physical descriptions are generally
large in size and slows down the simulation. Secondly, the equivalent circuit
models are composed of electrical elements such as resistors, capacitors, inductors,
and nonlinear current or voltage sources, which can characterize the electrical
properties of transistors. Compared with physical device models, the equivalent
circuit models require much less computation power. Thirdly, the behavioral model
consists in set of mathematical expressions that capture the observed I/O data
relationship, describing the essential device behavior based on system identification
techniques. The main goal is to enable circuit designers to capture high-level
descriptions of components that allow faster simulation and to hide intellectual
property. Therefore, circuit designers can send a black-box model to the system
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Fig. 11 Types of large-signal Convergence Operating Range
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design team reducing overall time-to-market and thus generating additional rev-
enues. A more complete classification can derived, as shown in Fig. 11.

3 System Identification Framework

Behavioral modeling approaches can also be classified according to the level of
physical information used in the model mathematical formulation (i.e.
physics-based (transparent) or black-box (opaque) model’s structure). Both the
black-box and gray-box approaches use system identification theory tools to gen-
erate their model functions or to extract their parameters [9].

3.1 Device Characterization

The model maker generally has two sources of information; a priori knowledge
concerning the I/O buffers (i.e. physics, design circuit, and application) and a
representative experimental data of the active device nonlinear dynamic effects.
Furthermore, the performance of behavioral model’s construction is influenced by
two key aspects: the observation and the formulation. The observation refers to the
accurate acquisition of the signals at the input and output ports of the device under
modeling (DUM) as shown in Fig. 12. The formulation corresponds to the choice

- e b= -

the two-port model -
@ (L) _|>_ - wz2(t)
_|>°_ —E:—

Fig. 12 Generic structure of i () I: i2(t)
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of a suitable mathematical relation that describes all the significant interactions
between the DUM’s I/O signals. Accordingly, sufficient background and a priori
knowledge of the DUM is required to observe the right behavior and choose the
adequate formulation.

The terminal currents i;(f) and i»(f) can be expressed in time domain as a
function of the two-port terminal voltages v,(¢), v,(7), and their successive higher
order derivatives

The system identification tool does not provide foolproof that always and
directly leads to the optimum results. On the basis of the a priori knowledge, the
excitation signal is designed to reflect the observed behavior under a specific
excitation, the I/O buffer simulation setup is selected, the measurement procedure is
specified and the operation range is defined. For instance, the model structure
defined by the nonlinear multivariate functions F(-), F,(+) has to be optimized and
identified according to the following modeling framework as depicted in Fig. 13
which has an interactive logical flow [12-16]. As arrows point out, the model
construction’s steps can be recursive and iterative. For instance, if the model’s
accuracy is not satisfying, various model structures and identification signals should
be tested and the process repeated. It is worth noting that the DUM’s behavior can
be attributed to many sources so that different simulation setups and excitation
signal can be used to extract the adequate behavior and then combine them to
construct the complete interaction between these effects.

( Nonlinear Device to be Modeled ) ( A priori Knowledge )

Device Characterization )4—

Model Structure Formulation )4—

_b( Parameters Extraction )47

g ( Parameters Validation )4—)

Model Accepted ?

~

( Model Implementation )

Fig. 13 Behavioral modeling framework based on system identification
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The gathered set of measurement results is a good representation of the device
behavior only if the identification signal is properly designed cover the frequency
and magnitude ranges of interest which is important both for convergence of the
behavioral model when used in the simulator. Besides, although the circuit termi-
nations have no impact on the modeling process of linear circuit, the choice of
terminations in nonlinear behavioral modeling directly affect the generalization
property of the model. In fact, the model accuracy needs to be assessed by sub-
jecting it to various boundary conditions (i.e. I/O signals or terminations). Finally,
the resulted model is implemented in the CAD library [8, 15, 16].

3.2 Model Structure Formulation and Extraction

The behavioral modeling activities are not only restricted to replicate the I/O data with
general curve fitting methods for given infinite order and complexity [16]. In fact, it
involves more challenging tasks as model structure formulation and optimization by
means of nonlinear multidimensional function approximation to reduce the model
identification and running complexities. This achieved by analyzing the observed I/O
signal and investigating the device physical structure and operation in order to
develop a model that is coupled with measured quantities. Furthermore, the model
extraction heavily depends on the approximation methods used in the model for-
mulation and the followed identification algorithm of its functions and parameters. It
is worth noting that not only special care should be taken regarding the simulation
setup but also the ability to perform the model extraction from laboratory measure-
ments by collecting the required data from the available equipment and instruments.
The recursive or direct model formulation depends on how deep the memory effect is
exposed by the DUM behavior excited with suitable excitation signal.

3.3 Model Implementation and Validation

The extracted model must be exported to the format suitable for the use in most
modern circuit simulators. An improved behavioral modeling can be achieved by
formulating them in language native to the simulator so it eases its implementation
and interpolation by different circuit simulators. Besides, the model validation
involves various procedures to evaluate how the model relates to the measurement
results and the intended usage. It amounts of verifying the correctness and the
validity range of the behavioral model in the practical condition application. This
requires the selection of metrics to quantify the model accuracy while using
boundary conditions that have never been used in its extraction. If the model fails to
meet the requirements, the model’s identification procedure has to be restarted from
an earlier step as shown in Fig. 13. Various factors can lead to a deficient model:
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— The driver’s measurements do not provide sufficient information or are too
noisy.

— The selected model structure (i.e. linear vs. nonlinear) is inappropriate to rep-
resent the driver’s behavior.

— The chosen order (i.e. number of basis function and the memory length) of the
model is too low or too high.

— The model’s identification algorithm failed to extract all the parameters
correctly.

The model’s extrapolation assesses the predictive capabilities of the constructed
model by subjecting it to excitation signal’s magnitude and frequency ranges higher
than the one used in the characterization and extraction steps while loaded by
different terminations. In such case, the implemented model’s convergence during
the transient simulation should be also verified. This is because simulators solve
nonlinear algebraic equations using iterative NRA. In fact, the simulator can
extrapolate the value of the dependent variable (output of the model) according to
the definition given for the functions F(-), F»(-) and cannot encounter the solution
of the nonlinear numerical problem and thus will never converge.

4 Driver’s Behavioral Modeling Methodologies

Measured or simulated nonlinear behavior can be expressed by a series of equations
in time or frequency domain using voltages, currents or incident and reflected
waves at all ports. If one performed an infinite number of measurements by
changing the environment (i.e. power supply levels, biases, load impedances, etc.),
the resulting infinite table of realizations would describe this device completely.
However, performing a finite set of observations that can be interpolated with
confidence using mathematical modeling and function approximation is more
practical.

4.1 Mathematical Modeling and Function Approximation

Parametric behavioral models are based on approximating the device’s behavior
by a simpler function over some defined region and to some specified accuracy.
When a function is fitted to measured data, various candidate basis functions can be
selected from a large set, such as the polynomial family, rational functions, splines,
and neural networks which are discussed in [11, 16]. In one-port networks, the input
and output signals (i.e. voltage, current or incident and reflected waves) that enter
and exit the one terminal network as shown in Fig. 14.

In a memoryless or static system,—in which no charge or magnetic flux storage
elements (no capacitors or inductors) exist, so that the voltages and currents at any
instant do not depend upon previous values of voltage or current-, the output of the
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Fig. 14 One-port active y(t)
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one-port device, y(¢), can be uniquely defined as a function of the instantaneous
input signal x(z), and the model can be reduced to y(¢) = f(x(¢)) or y = f(x) since
the dependence on time is immaterial. However, the output buffers, as all active
electronic circuits, present memory effects. The output now depends also on the
input, or output past and system state. The I/O relation becomes an operator that
maps a function of time x(#) onto another function of time y(¢). Thus, the input—
output mapping of the device can be represented by the following forced nonlinear
ordinary differential equation [17]:

f<y(t), dfi(;), . d%”, X(0), d’:i(t’), drdytft)) 0 (13)

This states that the output and its time derivatives can be nonlinearly related to
the input and its time derivatives. By assuming the back-ward discrete-time
approximation of the continuous-time derivative of a signal (t):

dz(

) o L) o~ ) = 1 G0 k1) (1)

T, T,

o~

the discrete time version of (2.1) can be expressed in the recursive form:
y(k) = frly(k = 1), y(k — q1), x(k), x(k — 1), x(k — g2)] (15)

The sampling period is Ty. The present and sampled output y(k) depends in a
nonlinear way, on the output past y(k — ¢q), the present input x(k), and its past
x(k — q2). Nevertheless, such a system; fading memory, can also be represented
with any desirable small error by a non-recursive, or direct form, where the relevant
input past is restricted to ¢{0, 1, 2, ..., gp}:

y(k) = folx(k), x(k = 1), ..., x(k —gp)] (16)

Similarly, the behaviors of active devices, (e.g. I/O buffers) encountered in the
high-speed digital I/O link are described by nonlinear ODE. The behavioral mod-
eling task amounts of capturing the essential observed dynamics by constructing the
function,f(-), which maps the (¢> + ¢; + 1) independent variables into the depen-
dent variable. This function can have a direct or recursive formulation, fp(-) and
fr(+), respectively. The following subsections presents the parametric and the
equivalent circuit model used in representing the nonlinear functions fp(+) and fz(+),
respectively [16, 17].
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4.2 Parametric Functions

In the first case, the direct form of a memory polynomial that interpolates fp(-)
functions can be written as:

Y
yk) =Y ai(g)x(k —q) +
g=1
0 0
ZZ (g1, @2)x(k — qi)x(k — q2) + ... (17)
o o
Z Z (q1y - gn)xk —q1) ... x(k — qn)
q1=0 N=0

where the an(q1, ... , qy) are the polynomial coefficients that can be estimated in a
direct way by a simple least-squares method. The last equation can be written in
matrix form Y = F . A. In which A is the vector of the model coefficients, Y is the
vector of the output data samples and F is the matrix that contains the mixture
elements of the input signal x. The least-squares method can be used to find the
polynomial coefficients by:

A= (F'F)"'Fiy (18)

where F denotes the conjugate transpose of the matrix F. Although simple in
concept, this finite impulse response (FIR) polynomial model architecture is known
for its large number of parameters. For similar approximation capabilities and many
fewer parameters, the recursive polynomial infinite impulse response (IIR) structure
can be used, but its stability should be verified at the model extraction and vali-
dation steps. In the second case, the functions fp(.) and fz(.) are built using the
ANNs. The recursive structure is illustrated in Fig. 15 in which the dynamic
mapping depends on the past values of both the I/O signals. The ANN input-output
mapping, with N neurons, and {q;, g.} /O dynamic order is mathematically
described by:

(k) = 32 @y (k — @)+ 3 oan(@)x(k — ) + B,
¢=1 4=0 (19)

YK) = B+ % sty (1)1t (1))

where 0,,,(q), %,(q), dyo(n), are weighting coefficient, B, and B, are bias parameters
and ¢(-) is the activation function. Figure 15 shows that the model output y(k) is
built from the addition of the activation functions ¢(u,,(k)) and the weighted out-
puts. The input u,(k)are biased sums of the various delayed version of the input x(k)
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Fig. 15 General structure of a recursive ANN

and output y(k) weighted by the coefficient oy,(gq), and ay,(g), respectively.
The ANN model is nonlinear in the parameters o,,(q) and o,,(g) and linear in the
parameters oy, (n), and B,. Various nonlinearities, ¢(-), can be used as activation
functions. For instance, the hyperbolic tangent function is defined as:

e —e*

) =S (20)
The ANN’s activation functions are bounded in output amplitude. Thus they do
not share the catastrophic degradation of polynomials outside the training zone,
during circuit simulation that could escalate to divergence problems. Since, the
ANNs model is usually considered as nonlinear with respect to all its parameters
[16, 17], a nonlinear least squares algorithm is used for training by minimizing the
mean square error (MSE) cost function between the model and the TL outputs as

shown in Fig. 16.This means to find:

@mm{%z(y(@ - y<k>>2} e

Adjust
Parameters (
(k) g O B
——— | Newural Network > (.) I Z
Inpraet Output MSE
idetification
*

signal
\, y(k) (+)

Desired output
identification signal

Fig. 16 Training scheme of an artificial neural network
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where y(k) is the sampled output signal, N is the total number of samples and y(k) is
the model response to the sampled input signal x(k). It is worth to note that the
problem (21) is nonconvex and the solution obtained by means of the optimization
algorithm can get stuck in local minima. Thereby, a good initial estimate of the
model’s parameters is crucial, since the initial starting point determines in which
local minima the algorithm will end up which will affect the model generalization
capabilities.

The ANNs and the polynomial expansion have been proven to universally
approximate any continuous multivariate function with any degree of accuracy
provided that enough neurons and dynamic orders are considered which defines the
number of the ANN’s weights and bias coefficients, and so its complexity.
However, there is no way to know a priori the numbers of neurons or dynamic
orders required for representing a specific system or the modeling improvement
gained when these parameters are increased. Beyond that, the instability issues that
the recursive ANNs may show while the training or circuit simulation, the ANNs
model’s identification may suffer from other drawbacks involving over-fitting and
the difficulty to physically interpret the model itself.

4.3 Scattering Functions

For linear dynamic devices (e.g. filters, package, etc.), S-parameters provide a
black-box behavioral model in frequency domain. They are small signal repre-
sentation of the transmission and reflection coefficients of a DUM at the input and
output ports, and are defined in terms of a given reference source and load impe-
dances, usually 50 Q, as shown in Fig. 17.

The two-port reflected waves b, and b, can be related to the incident waves a,
and a, at the I/O ports, respectively, by the S-parameter matrix:

(22)

by = Sna; +Snpa b S S| [aq
c =|lc|=|c¢c ¢ ¢
by = Sn1a1 + Snaz by Sy Sm| L@
In the large-signal case some of the energy is reflected and transmitted at har-
monics of the fundamental frequency. The S-parameters can be extended as a

Fig. 17 Two port T a8 i
s (G
S-parameters characterization ; =
for the active device —E:— 1o
b Ve v = : Vs e
= de, fo ' | V2 de, fon? S
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function of the dc bias point and the measurement frequency. We can also introduce
the port indices i and j and write the two port equations in summation.
The S-parameter dependence on bias point and frequency f;, of the source frequency
is expressed as:

2

b; = Zsij(VDCa fo)a; (23)
i=1

The recorded large-signal and frequency-domain data from the TL simulation, or
tailored measurement setup performed with a Vector Network Analyzer (VNA), of
the active DUM (e.g. a diode or MOSFET transistors) can be fitted to an equivalent
circuit model in terms of resistors, capacitors, inductors, and voltage controlled
current sources or voltage controlled voltage sources, etc. In fact, the measured
S-parameter data are converted into Y-parameters. Then, the circuit is extracted by
fitting the data into the adequate equivalent network structure for the input and
output ports. Finally, the overall equivalent circuit can be run in a SPICE based
tool, and the S-parameters can be calculated and compared with the measured
values. The implementation of this extraction technique is outlined in Fig. 18.

The physical knowledge can help to further reduce the model order and achieve
a lower complexity by only maintaining the necessary information needed to
describe the DUM. Qualitative and quantitative considerations on the validity of the
circuit models extracted can be drawn by simulating the large-signal frequency
domain (e.g. Harmonic Balance) to compare the output spectrum and transient
response (e.g. SPICE) to compare the time domain signal or the eye-diagrams. The
reduced-order and physically inspired model will help the semiconductor designer
to evaluate the impact of the device characteristics affecting the communicating
signals. These measurement-based models are usually implemented as simple look
up tables (LUT) which are interpolated for any input condition to perform SI

—% D‘“ :D;é ﬁ Bias-Dependent S-parameters
V. I>-—é|_ [>D Characterization

iL(:L = i2() Y-Parameters conversion

- T +
/-—Pvz(t,{/— /—Tvg(f)ﬁ Data fitting and Circuit
1 1

Extraction

1Va(HI v2(t) (V)
‘ fj i “ Frequency and Time Domain
\-_y [ Validation ]
f

(GHz) timme (ns)

Comparision

Fig. 18 Implementation diagram of the equivalent circuit extraction technique based on
frequency domain measurements
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simulation. The constructed model should balance the trade-off between accuracy,
parameter estimation, and running complexity.

4.4 Egquivalent Circuit Based Functions

An alternative approach to describe model structure is based on the equivalent circuit
or the device physical properties. The equivalent circuit behavioral models can be
seen as gray box modeling approach which naturally produces more efficient
behavioral model by enhancing the accuracy level and reducing the complexity of
the black-box model. The driver’s behavioral models must be able to represent in the
time domain the port’s voltage and current or incident and reflected wave rela-
tionship in frequency domain. Therefore, their topology is of double-input
double-output nature. This is a generalization of single-input single-output recur-
sive or direct models of Egs. (3) and (4) of the one-port first example. If the input and
the output are components of the incident and reflected waves, then Eqs. (3) and (4)
represent a nonlinear generalization of the linear scattering matrix. If they are stated
as voltages and currents, we end up with a nonlinear generalization of the nonlinear
admittance or impedance matrix formulation. To illustrate the principle, the two-port
large-signal model of a MOSFET is considered as represented in Fig. 19.

The simplified scheme consists of the parallel connection of a charge and current
source. They are the device’s state functions that reproduce the two ports electrical
behavior and can be extracted based on equivalent circuit or black-box model
identification providing large-signal data from time domain or frequency domain
measurements [18, 19]. The terminal currents can be expressed in the time domain
by:

i (t) = (v (2), va(0) + 8 (v (1), va(1))
c (24)
ia(t) = i5 (v (1), va(1)) + 5 (1 (1), va(1))

and the displacement current at the I/O ports are defined as follows:

() i2(t)
4 © o Ky K3 )
ii(v,va) ii(v,va) Y ¥y i2(vv2) i2(01,02)
y —
vi(t) / va(t)
|
Gilv,v2) Qi(v1,v2) Q:(v1,72) G2(v1,v2)

Fig. 19 Nonlinear equivalent circuit model [19]
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i(v1(2), va(r)) = S0 i) -

d
1
{ (1(1), va(1)) = LG

Defining: Cj(v1(t), v2(2)) = 9Q:(v1(2), v2(?)) / 9v;, (24) is rewritten as:

&.

v (¢
(

a (26)

=

i1(1) = i (v1,v2) + Cr1(v1, ) & <>+c12<v1,v2>
i(t) = 5(vi, v 2)+C21(V17V2) (vl,vz)

The nonlinear functions #(-), C11(+), Ci2(-), C21(+) and Cny(-) that describe the
two port’s large-signal model are single-valued. This results into a set of two
equations with six unknowns, which can be solved if we have three distinct
(independent) measurements by which the instantaneous terminal voltages remain
unchanged. This imposes special experimental conditions on the large-signal
measurements, such as the presence of a load pull system [19]. The extraction of
Cy, and i, have shown a good agreement with reference results, obtained by
standard dc and S parameter measurements on the same device [20]. In this
equivalent circuit model there is no feedback element that represents the depen-
dency of the input and output port variables. In general, this feedback element is
reflected by the recursive model formulation.

5 Digital I/O Buffer Behavioral Modeling Approaches

The most popular driver behavioral models is the large-signal equivalent circuit
IBIS model. Nevertheless, with the continued transistor scaling and the increase of
the maximum operating frequency, other approaches, which are based on para-
metric modeling, appeared to complement the IBIS model and proved to be more
accurate in SI simulation. This section presents the linear interpolation concept for
bi-dimensional function and the generation procedures of the IBIS and parametric
modeling [11-13] are presented as an illustration of the gray-box and black-box
approaches.

5.1 Mathematical Formulation

The driver’s basic structure where the last stage comprises the largest PU and PD
transistors, with power and ground clamping diodes for electrostatic discharge
(ESD) protection, as shown in Fig. 20. Assuming a constant power supply voltage,
Vpp, the two port driver have quite distinct characteristics: while the input of the
predriver is controlled by the IC core circuitry, whose output is just a data signal of
quantized values “1” or “0”, the output port drives high output currents i, (when
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Fig. 20 Basic structure of the two port I/O buffer

compared to the almost negligible, and non-accessible, current i; of the input port)
due to the large size of the last stage transistors.

For this reason, the model concentrates only on the output port’s nonlinear and
dynamic voltage-current relationship, adopting the following event-driven and time
domain form:

iz(tv n) = F(Vl(n)a V2(t)7 de(t)/dta ceey diZ(t)/dtv ) (27)

where F(-) is a suitable multidimensional nonlinear function. The event n defines
the up and down transitions that mark the change between the driver’s High, “H”,
and Low, “L”, logic states. In order to ease the process of modeling and simulation,
we will use an interpolation technique [21] for approximating the nonlinear
multi-dimensional function F(-), which leads to the following model structure:

iz([) = WL([).iL(Vz(t), d/dl) +WH(I) . iH(Vz(l), d/dl) (28)

where d/dt represents the dependency on the successive derivatives of the output
currents, ir(f) or ig(f), and of the output voltage v,(r). The local models iz (-) and
iy (+) are appropriate multi-input single-output nonlinear functions. They model the
nonlinear dynamic admittance of the PU and PD devices of the driver’s last stage.
The output current of the local models are scaled using the stepwise weighting
functions w;(f) and wg(#) that capture the timing behavior of the variable v, (¥), as
the IC core sends the bit patterns ‘01’ and ‘10’ (i.e. the driver is changing from the
L to H states for the up transition and from the H to L states for the down transition).
Assuming that the interpolation is linear, so that, the switching between the PU and
PD devices is ideal and symmetric, the timing functions are complementary [21]

{mm Lt i (29)

WH(Z) =1- WL([)

The driver last’s stage can be considered as a unilateral device such that the
effect of v, variation, due to the loading PCB traces impedance mismatch, on the v,
is negligible. The last stage buffer’s current-voltage relationship can be
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approximated by model (30) relating i>(r) and v,(¢) and their successive derivative
based on the observed I/O signals from transient simulation, it is fair to assume that:

o dv (1) dvy(t) dvy)
lz(t) = H(Vg(l‘), & ar o ap >

where H(-) is the large-signal current source function that describes the voltage
transfer characteristics (VTC) of the driver last stage while it drives a load.
According to the polarity of the buffer (inverting/not inverting). Thus, the functions
wr(+), wu(+) and i (+), ig(-) can be extracted based on the observation of accessible
output signals. Conceptually, the two previous driver’s behavioral modeling
approaches [11-15] share the same model structure (28) but only differ in the
mathematical formulation and the identification process for modeling the local
models, i7(-) and iy (-). Firstly, IBIS separately extracts the nonlinear static function
which is implemented as LUT and then the dynamic is assumed to be linear and
modeled as lumped capacitor. However, the last stage large-signal behaviors were
simultaneously extracted in the parametric approach using dynamic I/O data that
was fitted by ANNs or spline functions [11, 12].

(30)

5.2 IBIS Behavioral Modeling

The IBIS model is a set of specifications describing the I/O buffers model
extraction and formatting data based on simplified equivalent circuits [22].
The IBIS driver’s description is generally divided into four elements as shown in
Fig. 21 [22]. These are the PU and PD transistors, ESD clamp diode with current—
voltage (I-V) dc static table. Then, to better capture the interpolation between local
models (ir(-) and ig(+)), IBIS version 2.1 provides the transient behavior at up and
down transitions by the means of timing voltage (V-t) data. Also IBIS provides the

Pull-Up Dl’m Power Clamp
r -V ! 4 V"
" l l RLC Package
ir(t) R L
L va(t) =
Coomip :

Pull-Down Device _| _ Ground Clamp

Fig. 21 Key portions of the active intrinsic parts of IBIS [22]
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Fig. 22 Simulation setup for the generation the four I-V curves for IBIS

lumped RLC package model and the pad capacitor. These elements are represented
as text files.

In order to generate the four I-V curves that describe the IBIS driver’s last stage,
we slowly increase the voltage and measure the current and voltage with an
ammeter and voltmeter connected at the driver’s output port as shown in Fig. 22.
They are PU, PD, ground clamp and power clamp curves. The PD curve is a result
of subtracting the ground clamp I-V curve from the logic-low -V curve, since this
is where the PD transistor is active as shown in Fig. 23a. Similarly, the PU curve is
generated by subtracting the power clamp I-V curve from the logic-high I/V curve,
since this is where the PU transistor is active as shown in Fig. 23b. The full range of
the measurement is from —Vp,p to 2Vpp which is the possible range of voltages that
the output could see in a transmission line environment.

The ground clamp curve is derived from the ground relative data gathered while
the driver is in the high impedance state and illustrates the region where the ground
clamp diode is active. The range is from —Vpp to Vpp. The power clamp curve is
derived from the Vpp relative data gathered while the buffer is in a high impedance
state and shows the region where the power clamp diode is active. This measure-
ment ranges from Vpp to 2 Vpp. The PU and power clamp curves are Vpp relative,
meaning that the voltage values are referenced to the Vpp pin since the currents

(a) i2 (A) (b)
A
0.34

0.2

01+

T t
4 2V
0.2 1+

Fig. 23 IBIS output buffer static I-V characteristics a PD I-V, b PU -V
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depends on the voltage between the output and Vpp pin and not the voltage
between the output and ground pins.

IBIS model also provides rising and falling V-t waveforms. These curves can be
recorded from SPICE simulations when the buffer output is terminated with 50 Q
and dc voltage source, Vp, for the up and down step excitation at buffer input as
shown in Fig. 24. The dc I-V curves and the timing data are used to calculate the
step input describing functions (SDFs), where the effect of package parasitic are
ignored. The SDFs are computed using linear inversion.

[WH@} _ { i, (v2) i, (v2) ] [ iz‘vm)] (31)

WL(I) iL‘VDD (Vz) iH,VDD (VZ) iz-VDD (t)

The model (28) can be adapted to a one waveform condition by considering
assumption (29). In order to maximize the correlation of the complete behavioral
model, IBIS adds the linear capacitive effect to model the additional output dynamic
of the driver’s last stage [22-25]. Besides, the predriver’s nonlinear dynamics are
encapsulated in the timing behavior of the extracted four tables V-t. Data provided
by IBIS, in accordance to the assumed equivalent circuit, must be translated into an
executable model in order to be used in circuit simulation environments. IBIS
driver’s model is popular and widely used as it is commercially available, has large
sets of libraries, and run faster than actual driver’s TL models. However, IBIS
models have inherent limitations. Most importantly, the IBIS model structure is
derived under some assumptions, thus, it can work only for limited data rate input
range. In fact, the hard algorithm implementation of the SDFs should provide the
synchronization and concatenation of the elementary timing functions to reproduce
the desired bit sequence. The model’s formulation, extraction, and implementations
issues in IBIS generation algorithm limit its use under high data rate excitations.
This issue is called overclocking [24]. Besides, the physical effects to be considered
are decided a priori when the simplified equivalent circuit is defined. For instance,
IBIS models fail to accurately capture the driver’s nonlinear memory effects as it
relies on static characteristics and lumped linear capacitance Copmp [14].



40 W. Dghais and M. Alam

i2(t)

va(t)

Fig. 25 A functional form reproducing an observed nonlinear dynamic electrical behavior of the
device

5.3 Black-Box Parametric Modeling

A second possible alternative to driver’s behavioral modeling is via parametric
curve fitting techniques as illustrated in Fig. 25. The parametric approaches [11-13]
confirm the importance of using nonlinear dynamic local models to develop more
effective behavioral model [23-26]. They use ANNs to mimic the nonlinear
dynamic I/O data collected by exciting the output port with a piecewise linear
voltage with various amplitudes and rise/fall times, along with superimposed white
noise [23-26]. Thus, the model adopts a discrete-time recursive structure of the
form while the input is kept at H and L logic states:

ij(t) = £(0), xj(k)); j=L, H (32)

(k) = [ij(k = 1) ooy ik = r), va(k) ooy va(k = )]

The regressor vector x; collects the instantaneous I/O signals, and their delayed
versions. ©); is the vector of unknown parameters, and f;(-) is a generic nonlinear
scalar function modeled by recurrent ANNs with various activation functions such
as radial basis function (RBF) [23], sigmoid basis function (SBF), polynomial
functions as the spline function with finite time difference [25] or rational basis
functions [15]. The advantage of this approach relies in the flexibility of ANNs
against the rigid representation adopted by IBIS [22]. Thus the modeled device is
considered as a black-box and does not disclose the IP. The nonlinear function f;(-)
interpolates the actual performance of the circuit from the observed behavior which
can be obtained from measurements or simulation data. Moreover, the basis
functions used in the parametric models should be complete to approximate devi-
ce’s complex nonlinear behavior. Besides, it is preferable that the set of functions
composing fi(-) are orthogonal so the model’s parameters are extracted indepen-
dently. In order to obtain the optimum model which use less neuron and time delays
to accurately approximate the function f;(-), many training data sets have to be tried.
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The design of the excitation signals is a matter of repeated estimation experiments.
The described parametric approaches [23-25] follow back-box identification by
treating the number of state variables as an unknown. However, the physical
knowledge via the equivalent circuit topology can be used to prune and reduce the
order of the parametric model. As an example, in the case of a one-port nonlinear
resistor, i;(¢) =fpi(vi(f)) and in the case of a nonlinear capacitor
i1(2) = fp1(v1(¢), dvi(¢)/dt). As the derivative is related to the concept of a time
delay and by considering, the terminal currents can be expressed as a function of the
terminal voltages and their first derivatives. This can be generalized for an electrical
two-port by discrete form equations

{ll(k) :fDl [vl(k)v vl(k - 1)7 VZ(k)a VZ(k - 1)] (33)

Then, the modeling problem is simplified by the equivalent circuit knowledge
(24) and it is transformed to find the functional relationships fpi(-) and fp,(-) by
fitting the measured time domain terminal currents to the already determined
independent and state variables. In the general case, the model complexity can be
reduced by determining the optimum sets of independent variables and states to
predict accurately the device dynamics from the collected time series data which is
representative of the device behavior. The initial set of independent variables from
which the model is built consists of the measured terminal voltages and currents and
their time derivative. In principle, one could use all the possible independent
variables in an arbitrary fixed order, but this would result in models that are
needlessly complex. There are more rigorous methods for selecting a subset of
independent variables from which to construct the model whose output response is
single-valued function [8]. The technique for finding this subset is the so-called
‘false nearest neighbors’ method or information theory [27].

Once the dynamic order is selected of fpi(-) and fp,(-), the modeling task is
essentially a function approximation problem. After the parameters extraction, the
model has to be synthesized as an equivalent circuit to be included in the simulators
by converting the estimated discrete-time domain model into a continuous-time
domain state-space realization [23]. Such an approximation is described below for
the simple case.

i) = (65, [iftk = 1), v2(k), valhe = 1)]") (34)

This relation is written as a state space realization, with the auxiliary variables
z1(k) = i(k — 1) and z5(k) = va(k — 1).

k) —zi(k—1) = f(6;,x(k—1)) —z(k—1)
k)—Zz(k—l) = Vz(k—l)—ZQ(k—l) (35)
(1) = (6}, x(k))
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where x(k) = [z,(k), v2(k), z2(k)]T. The model’s discrete-time representation is
restored to its continuous-time form:

d [Zl(ﬂ _1 [ﬁ(@h%‘(ﬁ) —z(1)
W] T ) - @) (36)
i(1) = £}, x,(1))

This state-space equation can be implemented as a voltage-controlled current,
and charge sources or current controlled flux source in any CAD tools enabling the
time derivatives in each time step of terminal voltages and currents in fitting
functions to be evaluated.

6 Conclusion

The evaluation of the signal integrity is of a paramount importance with the recent
trends in IC design characterized by the downscaling of the package integration and
the clock frequency. As a result, the number of failures caused by SI problems is on the
rise because existing modeling methodologies for I/O buffers cannot address these
issues effectively. In order to overcome the TL limitations, behavioral modeling
appears to be effective. Such high-level abstractions are developed to characterize the
device behavior by subjecting it to various types of excitation to find out the different
sources of nonlinearity and dynamics and their effects on device’s behavior. This
enables fast and accurate prediction of magnitude and timing waveform quality
degradation due to these physical imperfections. In addition, nonlinear behavioral
models can be classified in two types according to the physical knowledge reflected in
the model generation’s process such as the black-box and gray-box techniques.

Since the correct operation of I/O buffers is crucial to reliably transmit data
through the high-speed digital link, developing an efficient model to accurately
simulate their nonlinear dynamic behavior is a challenging task that is motivating
several research activities. In fact, the previously neglected nonlinear dynamic
effects in the active I/O buffers should be captured in the supplied model to the
designer in order to perform accurate time domain simulation. Various method-
ologies can be followed to select the behavioral model’s structure and different
techniques can be used to extract its functions and parameters. Furthermore, the
issues of the interaction among the design of experiment, data analysis, model
generation, and validation necessary for good black-box and gray-box behavioral
modeling are reviewed in this chapter.
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