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Abstract—In this paper, a modeling technique using spline
functions with finite time difference approximation is discussed
for modeling moderately nonlinear digital input/output (I/O)
drivers. This method takes into account both the static and the
dynamic memory characteristics of the driver during modeling.
Spline function with finite time difference approximation includes
the previous time instances of the driver output voltage/current to
capture the output dynamic characteristics of digital drivers ac-
curately. In this paper, the speed and the accuracy of the proposed
method is analyzed and compared with the radial basis function
(RBF) modeling technique, for modeling different test cases.
For power supply noise analysis, the proposed method has been
extended to multiple ports by taking the previous time instances
of the power supply voltage/current into account. The method
discussed can be used to capture sensitive effects like simultaneous
switching noise (SSN) and cross talk accurately when multiple
drivers are switching simultaneously. A comparison study between
the presented method and the transistor level driver models indi-
cate a computational speed-up in the range of 10–40 with an error
of less than 5%. For highly nonlinear drivers, a method based on
recurrent artificial neural networks (RNN) is discussed.

Index Terms—Black-box model, finite time difference,
Input/output buffer information specification (IBIS) models,
Radial Basis Function (RBF), Recurrent Neural Network (RNN),
Simultaneous switching noise (SSN), Spline function.

I. INTRODUCTION

S IGNAL integrity (SI) and timing analysis of large digital
systems in today’s world is becoming more and more com-

plex both in terms of CPU memory required and time consumed
for simulation. One method to reduce this complexity is to use
macromodels of the subcircuits constituting these large digital
systems. Digital integrated circuits or digital drivers play an im-
portant role in these large digital systems and, therefore, accu-
rate modeling of the digital drivers to capture their nonlinearity
is a big challenge. This is important for efficient SI and timing
analysis.

Black-box modeling techniques are helpful in modeling
digital driver circuits since they are independent of the knowl-
edge of the internal logic of the driver. Fig. 1 shows a two-port
black-box circuit model of a digital buffer with information
about its input and output voltage–current characteristics and
no information about its internal circuitry. There have been
a few techniques proposed in the past for modeling digital
driver circuits [1], [2]. The most popular among them is the

Manuscript received March 1, 2004; revised September 9, 2004.
B. Mutnury and M. Swaminathan are with the School of Electrical

and Computer Engineering, Georgia Institute of Technology, Atlanta,
GA 30332 USA (e-mail: gt0715b@prism.gatech.edu; madhavan.swami-
nathan@ece.gatech.edu).

J. P. Libous is with the IBM Technology Group, Endicott, NY 13760 USA
(e-mail: libousjp@us.ibm.com).

Digital Object Identifier 10.1109/TADVP.2005.848396

Fig. 1. Two-port black-box model of a digital driver.

Input/output buffer information specification (IBIS) model.
IBIS has large set of libraries, offers high computational effi-
ciency, and has commercial software tools to handle complex
modeling problems. Even though IBIS is commercially pop-
ular, it has many limitations. The fundamental limitation of
IBIS is that the physical effects to be considered are decided
a-priori when the equivalent circuit is defined, leaving little or
no possibility for including the effects inherent to the device.
IBIS models also fail to capture the dynamic characteristics of
the driver accurately as the modeling technique relies primarily
on static characteristics [3].

Another popular modeling method is the use of radial basis
function (RBF) for representing the driver input/output be-
havior. RBF models approximate driver circuits accurately
and have been applied to complex circuits with multiple ports
[4]–[6]. However, RBF modeling method has limitations due
to the localized behavior of these functions. As the number of
basis functions increase, RBF models become complex, and
this is particularly true for complex driver circuits [7]. The
complexity of the RBF parameter estimation increases as the
modeling technique is extended to multiple ports. This creates
two problems: 1) nonconvergence in SPICE simulations due
to the ill-conditioned matrix and 2) a simulation result that is
slower in computational speed than the transistor level model.

In this paper, an alternate approach using spline functions
with finite time difference approximation is proposed for ac-
curately modeling moderately nonlinear digital driver circuits.
This method takes into account both the static and the dynamic
characteristics of the drivers such as the current–voltage rela-
tionship and memory effects. To estimate power supply noise
and cross-talk accurately, the method has been extended to mul-
tiple ports. However, for highly nonlinear circuits, this method
has problems with accuracy. To alleviate this problem, a method
based on recurrent artificial neural networks (RNN) is proposed
and briefly discussed.

This paper is organized as follows. In Section II, spline
function with finite time difference approximation modeling
technique is explained in detail. Section III explains modeling
of preemphasis driver circuits. In Section IV, extension of the
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above modeling method to multiple ports is explained in detail.
SPICE netlist generation is described in Section V. A brief
description on RBF modeling technique is provided in Sec-
tion VI. Different test cases that validate the accuracy and speed
of this method are discussed in Section VII along with a speed
versus accuracy comparison between the methods presented
and actual transistor level driver models. Limitations of spline
function with finite time difference approximation technique in
modeling highly nonlinear driver circuits with RNN modeling
technique as probable solution is discussed in Section VIII.
Section IX summarizes the work with a conclusion.

II. SPLINE FUNCTION WITH FINITE TIME

DIFFERENCE APPROXIMATION

The output current of any driver can be expressed as a func-
tion of the output voltage using static characteristics. Let sub-
models and represent the static characteristic relation
between the driver output current and the driver output voltage
for a driver when the driver input is set HIGH and LOW, respec-
tively, as shown in (1)

(1)

where, s are constants, is the driver output voltage, and the
value of is usually less than 5.

The static submodels and can be estimated by con-
ducting a dc sweep at the output of the driver for both driver
inputs HIGH and LOW, respectively. Fig. 2(a) and (b) show the
dc variation of the driver output current for different dc output
voltage values for an IBM driver (AGPV3V2) when the driver
input is held HIGH and LOW, respectively. It can be seen that
Fig. 2(a) and (b) can be expressed as static relations using (1).
Static characteristic models do not, however, capture the non-
linearity associated with the dynamic response of the driver. As
the driver excitations become faster and faster, static character-
istic submodels deviate from the original response. This is due to
the fact that dynamic characteristics of the driver become more
predominant as the excitations become faster. Fig. 3(a) shows a
piecewise-linear (PWL) voltage source connected at the output
of an IBM driver (AGPV3V2) when the driver input is held
HIGH. The accuracy of the static model can be determined from
Fig. 3(b), where it can be seen that the static model deviates from
the original current response generated from the PWL voltage
source connected at the output of the driver. Since the deviation
is the result of failure in capturing the dynamic characteristics,
static modeling in (1) can be modified to include the previous
time instances of the driver output current so that dynamic be-
havior of the driver can be captured [7].

When the driver input is set HIGH, the current at the output
can be expressed as submodel as shown in

(2)

(a)

(b)

Fig. 2. (a) Static relation between an IBM driver output current and output
voltage when the input is HIGH. (b) Static relation between an IBM driver output
current and output voltage when the input is LOW.

Submodel at time instance can be expressed as (3)

(3)

Incremental change in the driver output current is the dif-
ference between the present instance ( ) and previous time in-
stance ( ) values of submodel as shown in (4) and (5)

(4)

(Or)

(5)

Once is calculated, first derivative of driver output current
can be approximated using (6) as

(6)

where, is the sampling time. The effect of dynamic behavior
when the driver input is HIGH is captured in , similarly the
effect of dynamic behavior when the driver input is LOW is cap-
tured by . Therefore, dynamic behavior can be added to
static submodels and as shown in (7)

(7)

where and are constants whose magnitude can be estimated
by calculating the error between and transistor level
driver output current values for inputs HIGH/LOW, respectively.
It is important to note that there is no limitation on the number
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(a)

(b)

(c)

Fig. 3. (a) PWL voltage source connected at the driver output for input HIGH.
(b) Output current from an IBM transistor level model (straight line) and from
static characteristics model (dotted line). (c) Output current from an IBM
transistor level model (straight line) and from static characteristics with finite
time difference approximation model (dotted line).

of previous output current time instances that can be added to
the static submodels as shown in (8). In general, spline
function with finite time difference approximation models need
one previous time instance to accurately model the driver output
voltage characteristics

(8)

It can be seen from Fig. 3(c) that with the inclusion of one pre-
vious time instance of the driver output current (AGPV3V2), the
modeled and simulated output current values match accurately.
Once and are estimated for input HIGH and LOW, respec-
tively, the relation between driver output current and voltage can
be expressed as shown in

(9)

where, and are the weighting functions that help and
transition from one state to another. Since, two unknowns

exist, weighting functions and can be found by linear in-
version of (9) for two different loads as shown in (10). Fig. 4(a)
and (b) show an example of the weighting functions and
generated for IBM driver (AGPV3V2) model for a load of 50

(a)

(b)

Fig. 4. (a) Weighting function w that helps submodel f to transit from HIGH

to LOW. (b) Weighting function w that helps submodel f to transit from LOW

to HIGH.

Fig. 5. A two-tap FIR driver pre-compensation scheme.

and 50 1.5 V. Spline functions with finite time difference
modeling technique is insensitive to the load connected at the
driver output for a range of loads determined during the con-
struction of the macromodel

(10)

III. MODELING OF PREEMPHASIS DRIVER CIRCUITS

Preemphasis (Precompensation) drivers are important in SI
analysis of large digital systems. Preemphasis drivers are effec-
tive in driving signals though lossy transmission lines. These
drivers boost the magnitude of high-frequency spectral compo-
nents of signals, thus, ensuring that the signal reaches the re-
ceiver without affecting the logic even after attenuation. Pre-
emphasis drivers are useful in reducing intersymbol interfer-
ence (ISI). Fig. 5 shows a two-tap finite-impulse response (FIR)
driver precompensation scheme, and its corresponding output
waveform can be seen in Fig. 6. The amount of precompensa-
tion is shown by the parameter R in Fig. 5 which varies from
0.0 (no precompensation) to 1.0 for higher levels of precom-
pensation. Preemphasis drivers usually incorporate four voltage
levels: HIGH, LOW, Strong HIGH, and Strong LOW. Preemphasis
comes into effect only when the signal bit makes transition from
one state to another. For example, in Fig. 6, when the signal
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Fig. 6. Input and output voltage waveforms for a two-tap FIR pre-
compensation driver.

(a)

(b)

Fig. 7. (a) Weighting function w for IBM preemphasis driver. (b) Weighting
function w for IBM preemphasis driver.

makes a transition from LOW to HIGH state, the signal level is
boosted to a higher magnitude to reach strong HIGH. When the
signal bit stays at the same logic level, pre-compensation stays
the same and the signal stays in HIGH state. The same theory
holds good for HIGH to LOW transition.

Modeling of preemphasis drivers is similar to modeling or-
dinary single-ended drivers. Submodels and in (8) that
model the driver nonlinearity for input HIGH and LOW states, re-
spectively, have to be carefully estimated. In case of a two-tap
FIR precompensation driver, estimates the driver nonlinearity
for HIGH state and estimates the nonlinearity for LOW state,
but care should be taken in ensuring that the range of submodels

should be from Strong LOW to Strong HIGH states. This
ensures that submodels can capture the nonlinearity of the
driver with preemphasis when the output voltage swings from
Strong HIGH and vice-versa. The weighting functions that are
calculated from linear inversion of (10) take into account the ef-
fect of preemphasis. Fig. 7(a) and (b) show the weighting func-
tions and for IBM driver (BBPICMPTERM_A) for two
different sets of loads as explained in the previous section. It can
be seen from Fig. 7(a) and (b) that the weighting functions take
into account the effect of preemphasis.

Fig. 8. Driver with a nonideal power supply v is connected to a transmission
line.

IV. EXTENSION TO MULTIPLE PORTS

The method discussed in the previous section can be ex-
tended to multiple ports. Fig. 8 shows a scenario where the
power supply is nonideal. To incorporate the effect of the power
supply node , a new relation should be drawn between driver
power supply current ( ) and driver power supply voltage.
However, the driver power supply current is not only a function
of driver power supply voltage but also a function of driver
output voltage ( ), as shown in

(11)

where, and are the power supply sub-models that re-
late the power supply current to power supply voltage for driver
inputs HIGH and LOW respectively. In (11), weighting functions

, , and help sub-models and in tran-
sitioning from one state to another [11]. Sub-models and

can be expressed as a combination of static sub-models
( and ) and dynamic sub-models ( and ), as
shown in

where (12)

The static submodels and are calculated through a
double dc sweep at driver output and at driver power supply.
This relationship can be shown as

(13)

where ’s are constants; 1, 2; 1; 1.
The dynamic submodels and can be expressed as

(14)

In (14), dynamic characteristic submodel ( ) constants
, , and are estimated by connecting PWL

voltage sources both at driver output and at driver power supply
and measuring the error between static power supply current
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(a)

(b)

Fig. 9. (a) PWL voltage sources connected at the driver output to calculate
the dynamic characteristics of spline function with finite time difference
approximation. (b) PWL voltage sources connected at the driver power supply
node to calculate the dynamic characteristics of spline function with finite time
difference approximation.

(a)

(b)

Fig. 10.(a) Driver output current current from transistor level driver (straight
line) and spline model with finite time difference approximation (dotted
line) when the driver input is HIGH. (b) Driver power supply current from
transistor level driver (straight line) and spline model with finite time difference
approximation (dotted line) when the driver input is HIGH.

and transistor level driver power supply current. Fig. 9(a) and
(b) show PWL voltage sources connected at driver output and
power supply, respectively, for IBM driver (HSTL_A) when the
driver input is held HIGH. Fig. 10(a) and (b) shows the resul-
tant IBM driver output current and the power supply current re-
spectively. It can be also seen from Fig. 10(a) and (b) that the

(a)

(b)

(c)

Fig. 11. (a) Weighting functions w that help submodels f and f

transition from one state to another. (b) Weighting functions w that help
submodels f and f transition from one state to another. (c) Weighting
functions w that help submodels f and f transition from one state to
another.

spline model with finite time difference approximation models
the driver output and power supply current accurately. In (13)
and (14), , , , and are all constants and
depend on the driver being modeled. Terminating the driver
with two different loads results in two equations of (11) and
since, three unknown weighting functions exist, one method for
solving the problem is by assuming . Thus,
weighting functions , , and can be calculated
once and are estimated for two different loads [11].
Fig. 11(a)–(c) show the weighting functions , , and

, respectively, for the IBM driver.
Similarly, driver output current is not only a function of driver

output voltage but also a function of driver supply voltage. The
procedure for estimating driver output current is similar to es-
timating driver power supply current. Equations (15)–(18) pro-
vide the relation between driver output current in terms of driver
output voltage and driver power supply voltage.

(15)

(16)
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Fig. 12. Circuit equivalent representation of dynamic characteristics.

(17)

where 1, 2; 1, and 1

(18)

where , , , and are constants.

V. SPICE CIRCUIT IMPLEMENTATION

A SPICE equivalent circuit for the spline function macro-
model with finite time difference approximation can be gener-
ated using voltage-dependent current sources and voltage-de-
pendent voltage sources. The weighting functions , ,

, , and that are calculated by linear inversion
of (11) and (15) can be represented using a PWL voltage source.
A voltage-dependent current source has been used to represent
submodels , , , , and . The dynamic behavior of the
driver has been captured using state equations. Assuming

(19)

Since (20)

(21)

Fig. 12 shows the equivalent circuit representation of (20) and
(21) for capturing the dynamic characteristics (previous time in-
stances). The value of capacitor “C” is based on the sampling
time step. Depending on the driver, “C” can vary from 5 to
100 pF. Similarly, the above technique can be used to capture
the previous time instances for , , and . The SPICE
netlist can also be generated for capturing other previous time
instances of , , , and in a similar manner.

VI. RBF MODELING METHOD

As a comparison, in RBF modeling method, a nonlinear re-
lation is drawn between the driver output current and the driver
output voltage using radial basis functions in a piece-wise (P-W)
equation as shown in (22) [10]

(22)

(23)

where is the driver output current, and and are the
RBF submodels that relate the driver output current to the driver

output voltage for driver input HIGH and LOW, respectively. The
functions and are nonlinear dynamic parametric models.
They consist of sums of Gaussian basis functions that depend on
the past (dynamic order of the model) samples of the output
current and present and past samples of voltage . Submodels

and are parameterized using effective estimation algo-
rithms [8], [9]. A more in-depth explanation of the modeling
technique is available in [10]. The time varying weighting func-
tions and help in transitioning submodels and from
one state to another. The weighting functions and are
computed by linear inversion of (22), for two different loads.
Submodels and can be expressed as shown in (23), where

is the number of basis functions needed for or to ac-
curately model the digital driver. is the asymptotically in-
creasing or decreasing basis function and is the weight of
the basis function. The centers of the basis functions are de-
fined by and the width or the spread parameter is defined by

[10]. The regressor vector collects the past samples of the
driver output voltage and the driver output current along with the
present sample of the driver output voltage as shown in (24).

(24)

VII. TEST RESULTS

In this section, the accuracy and the simulation speed between
the method proposed and transistor level driver models has been
studied for different test cases.

A. Two Port Macromodels

Example 1: A test vehicle was designed to verify the accu-
racy of spline model with finite time difference approximation
method. The proposed method was also compared with the RBF
based model. The driver used was an IBM encrypted SPICE
transistor level model (BagpV3V2) with a 1.5-V power supply
and consumed 800 KB of memory. The IBM driver was con-
nected to a 75- ideal transmission line with a delay of 0.2 ns.
The transmission line was terminated with a 1-pF load. A pulse
with 0.2 ns rise time and a period of 2 ns was used. The near
and far end voltage waveforms on the transmission line were
measured as shown in Fig. 13. RBF model used ten basis func-
tions to model and eight to model . The dynamic order
used for RBF model was 1. A third-order spline function with
one previous time instance was needed for submodels and

to accurately model the driver. The values of and were
sampling time which was 20 ps. IBM transistor level driver

model took 15 min 34 s for simulation, RBF model took 35 s,
and spline model with finite time difference took 14 s for sim-
ulation. All simulations were carried out on a SUN ULTRA-10
workstation.

The amount of simulation time consumed by IBM transistor
level driver model (BagpV3V2), RBF model, and spline model
with finite time difference approximation were compared when
the rise time of the driver was reduced. The rise time of the
driver was decreased from 1 ns to 0.2 ns, and the simulation
time consumed for all the three models are plotted as shown in
Fig. 14. It can be seen that both RBF and spline models are faster
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Fig. 13. Near end V (t) and far end V (t) voltage waveforms for IBM driver (straight line), Spline function with finite time difference (dotted line) and RBF
model (0).

Fig. 14. Simulation time consumed as the driver rise time decreases by transistor level IBM BagpV3V2 driver ( ), RBF model (�), and spline model with finite
time difference approximation (*).

than actual transistor level driver model. It can also be noticed
that spline model is two to three times faster than RBF model.

Example 2: In this test case, crosstalk between transmission
lines was calculated using both IBM transistor level driver
model (HSTL_A) and spline model with finite time difference
approximation. The accuracy of the spline model in capturing
sensitive effects like crosstalk was tested using this example.
The test setup consisted of 11 identical drivers, each of them
connected to a 25- -element transmission line which was
terminated using a 1-pF capacitance. All the transmission line
models were generated using H-SPICE field solver. The trans-
mission lines were microstrip structures with distance between
adjacent lines being 0.6 mm. All the drivers except driver 4
and driver 8 were switching simultaneously. The drivers have

an input rise time of 0.1 ns at 400 MHz. Driver 4 was set idle
at zero level and driver 8 was set idle at 1.5 V. The voltage
waveforms at the near end of the transmission lines connected
to drivers 4 and 8 are shown in Fig. 15. It can be seen that
spline model with finite time difference accurately captures the
crosstalk between transmission lines accurately. A third order
spline function with one previous time instance was needed for
submodels and to accurately model the driver. The value
of and was sampling time which was 10 ps.

Example 3: A test case was designed to test the accuracy of
spline function modeling technique in modeling preemphasis
driver circuits. Spline function modeling technique was used to
model an IBM driver (BBPICMPTERM_A) that had a power
supply voltage of 1.2 V and a rise time of 50 ps. The driver
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(a)

(b)

Fig. 15. (a) Crosstalk effect at the near end of transmission lines for driver
4 from IBM transistor level driver model (straight line) and spline function
with finite time difference approximation model (dotted line). (b) Crosstalk
effect at the near end of transmission lines for driver 8 from IBM transistor
level driver model (straight line) and spline function with finite time difference
approximation model (dotted line).

(a)

(b)

Fig. 16. (a) Voltage waveform at the near end (V ne(t)) of the transmission
line from IBM transistor-level driver (straight line) and spline function with
finite time difference approximation model (dotted line). (b) Voltage waveform
at the far end (V fe(t)) of the transmission line from IBM transistor-level driver
(straight line) and spline function with finite time difference approximation
model (dotted line).

was connected to a 50- ideal transmission line with a delay of
0.5 ns which in turn was terminated with a 2-pF capacitance. A
random bit pattern (010101100111 ) was given to the driver,
and voltage waveforms at the near end and far end of the trans-
mission lines were measured. It can be seen from Fig. 16(a) and

(b) that spline function with finite time difference macromodel
accurately captures the nonlinearity of the driver. A third-order
cubic polynomial was used in submodels and . The value
of and were 10 sampling time and 9 sampling time, re-
spectively. A sampling time of 10 ps was used for this test case.
Spline function with finite time difference macromodel was 47
times faster than the IBM transistor-level driver model.

B. Four-Port Macromodels

Example 1: In this test case, an IBM driver HSTL_B
was connected to a plane pair which was modeled using the
cavity resonator method [12]. In cavity resonator method, the
impedance between two ports on the plane can be expressed as

(25)

The equivalent circuit for (25) can be implemented by using
parallel resonant circuits and ideal transformers [12]. The plane
pair was 10 6 cm in length and width. It had five ports on each
plane, and Gnd as shown in Fig. 17. Ten drivers were con-
nected at port 1 and all the drivers were connected to 25- ideal
transmission lines which in turn were terminated using 1-pF ca-
pacitance. All transmission lines were terminated at port 3. The
power supply ( ) was at port 4. Two additional ports were
used for probing. All 10 drivers were identical. The resulting
simultaneous switching noise (SSN) was calculated using both
actual transistor-level driver model and spline function with fi-
nite time difference approximation model. Fig. 18(a) shows the
near end and far end voltage waveforms on transmission line 1.
It can be clearly seen that the modeled and the transistor-level
model waveforms match accurately. A third-order spline func-
tion with two previous time instances was used to model sub-
models and . Fig. 18(b) shows the SSN at ports 1, 3, and
5, respectively both for modeled and actual simulated cases, and
again it can be clearly seen that the noise is estimated accurately
using the spline function with finite time difference approxima-
tion method. Spline function model was eight times faster than
the IBM transistor level driver model.

Example 2: A comparison study was done between sim-
ulation time taken by the IBM transistor-level driver circuit
(HSTL_A) and spline function with finite difference approx-
imation model when the number of drivers switching was
increased from 1 to 32. Fig. 19(a) shows the plot for simula-
tion time consumed versus number of drivers switching, and
Fig. 19(b) shows the percentage peak noise error when the
number of drivers switching is increased from 2 to 32.

It can be seen that when 32 drivers are switching, the spline
model is 25–30 times faster than the transistor-level driver cir-
cuit. All the simulations were carried out on a SUN ULTRA 10
machine for 30-ns time period. The percentage peak noise error
between the transistor-level model and spline function model
was calculated when the number of the drivers switching was
increased from 1 to 32. It can be clearly seen that when 32
drivers are switching, the percentage peak noise error is less
than 4.5%. From these results it can be seen that spline model
with finite time difference approximation method can accurately
model SSN and reduce the computation time.
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Fig. 17. Plane pair model generated using cavity resonator method. Both planes have six ports each.

(a)

(b)

Fig. 18. (a) Near end (V ne(t)) and far end (V fe(t)) voltage waveforms on
transmission line 1 for IBM transistor-level driver model (straight line) and
spline function with finite time difference approximation model (dotted line). (b)
SSN at ports p1, p2, and p5 when ten identical drivers were switching together.
SSN from actual transistor-level driver model (straight line) and spline function
with finite time difference approximation model (dotted line).

(a)

(b)

Fig. 19. (a) Simulation time versus number of drivers switching for transistor
level driver (0) and spline model with finite time difference approximation (*).
(b) Percentage peak noise error versus number of drivers switching for spline
model with finite time.

VIII. LIMITATIONS

Spline function with finite time difference approximation has
some limitations. When the transistor-level driver circuit models
are highly complex, the proposed method cannot capture the
high nonlinearity present in the driver. Hence, spline function
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with finite time difference models are more suitable for moder-
ately nonlinear drivers. One solution for modeling these highly
nonlinear driver circuits is the use of RNN. RNN models are
artificial neural network models that are used to model highly
nonlinear patterns with memory or feedback. RNN functions
can model the nonlinearity of these complex drivers. Submodels

and in (8) can now be expressed using RNN functions as
shown in (26) as follows:

(26)
where

(27)

In (26) and (27), and are weights associated with the neural
network, represents number of hidden neurons, represents
number of outputs, and is the regressor vector as shown in (24)
[13]. In RNN training, all weights in all of the layers are adjusted
until the required accuracy is achieved; but in RBF training,
however, the RBF centers are picked one at a time from the
data set minimizing the least mean square error (LMSE) until
the required accuracy is achieved. RBF functions use localized
Gaussian functions where as RNN uses globalized hyperbolic
tangential functions. RNN use back propagation through time
(BPTT) algorithm to estimate the weights [15]. This algorithm
takes into account the feedback effect of the output in training
the neural network, which makes RNN functions more robust in
modeling highly nonlinear signatures. Depending on the non-
linearity of the driver to be modeled, neural networks can be
extended to include multiple hidden layers and increase hidden
neurons.

Example 1: An IBM (SDRAM) transistor-level driver model
was connected to a 50- ideal transmission line and terminated
with a 2-pF capacitance. The driver was given an input pulse
with 0.2-ns rise time at 200 MHz. The voltage waveforms at
the near and far end of the transmission lines were measured
from RBF and spline function with finite time approximation
models. A fourth-order polynomial was used in spline function
with finite time difference model. Submodels and in RBF
models needed eight and nine basis functions, respectively. It
can be seen from Fig. 20(a) and (b) that both models failed to ac-
curately capture the nonlinearity of the driver. For RNN model,
submodels and needed theee hyperbolic tangent functions
each with two previous time instances of driver output current
and output voltage. It was found that RNN model gives high ac-
curacy for the same test case as shown in Fig. 21(a) and (b).

Example 2: In this test case, four IBM drivers (DDR2) were
connected to a small plane pair modeled using cavity resonator
method. IBM DDR2 driver has a power supply voltage of 2.5 V
and it is usually driven at 250 MHz with a rise time of 1.25 ns.
The plane pair had dimensions of 6 4 cm with four ports on

plane and four ports on Gnd plane. All the drivers were iden-
tical, driving ideal 50- transmission lines and were connected

(a)

(b)

Fig. 20. (a) Near end (V ne(t)) voltage waveform on transmission line for
IBM transistor level driver model (straight line), RBF model (circles), and
spline model with finite time difference approximation (dotted line). (b) Far
end (V fe(t)) voltage waveform on transmission line for IBM transistor-level
driver model (straight line), RBF model (circles), and spline model with finite
time difference approximation (dotted line).

(a)

(b)

Fig. 21. (a) Near end (V ne(t)) voltage waveform on transmission line
for IBM transistor-level driver model (straight line) and RNN model (dotted
line). (b) Far end (V fe(t)) voltage waveform on transmission line for IBM
transistor-level driver model (straight line) and RNN model (dotted line).

at port 1. The power supply node was at port 3. All the transmis-
sion lines were terminated at port 2 using a 2-pF capacitance and
port 4 was used for probing. Fig. 22 shows the plane pair used to
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Fig. 22. Plane pair model generated using cavity resonator method. Both
planes have four ports each.

Fig. 23. SSN at ports p1, p2 and p4 when four identical drivers were switching
together. SSN from actual transistor-level driver model (straight line) and RNN
model (dotted line).

model the power supply noise when four drivers are simultane-
ously switching. The IBM driver was modeled using RNN. The
regressor vector consists of present samples of power supply
voltage and driver output voltage and past samples of driver
output current, power supply current, power supply voltage, and
output voltage. The RNN model for subfunctions require
one hidden layer with two hidden neurons. BPTT training algo-
rithm was used to estimate the weights of the RNN model [15].
It can be seen from Fig. 23 that RNN model captures SSN accu-
rately when all four drivers are switching simultaneously. RNN
model is 6–7 times faster than the transistor-level model when
the time domain simulations were carried out for three cycles.
The computational time speed up between the RNN model and
actual transistor-level model increases with the increase in com-
plexity of the circuit.

IX. CONCLUSION

A modeling method using spline function with finite time
difference approximation has been proposed in this paper. Al-
though RBF modeling technique is accurate, it becomes com-
plicated to parameterize RBF models when the method is ex-
tended to multiple ports resulting in SPICE convergence prob-
lems. It has been shown in this paper that spline function with
finite time difference modeling technique is simple and accurate
for modeling the driver circuits discussed. It can be extended to
multiple ports and can accurately capture sensitive effects like
SSN and crosstalk accurately. Spline function with finite time
difference approximation models are faster than transistor-level
driver models, consume less memory, and are less susceptible to
numerical convergence problems with SPICE. For highly non-
linear drivers where spline models with finite time approxima-
tion fail to capture the nonlinearity, RNN models can be used as
a good replacement to spline models.
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