ABSTRACT

VARMA, AMBRISH KANT. Improved Behavioral Modeling Based on the Input Output
Buffer Information Specification. (Under the direction of Professor Paul D. Franzon).

High level behavioral modeling is widely used in lieu of low level transistor models
to ascertain the behavior of I/O drivers and receivers. IBIS (Input Output Buffer Infor-
mation Specification) is one of the most widely used methodology to model digital drivers
as it satisfies the basic requirements of a behavioral model such as intellectual property
protection, simple structure, fast simulation time and good accuracy.

As driver technology gets increasingly complicated and rise time of input signal gets
increasingly smaller, important phenomenae such as simultaneous switching noise (SSN)
becomes a major consideration when simulating multiple I/O drivers in the integrated
circuit. Misrepresentation of noise might result in overestimation of signal strength and
quality resulting in a high bit error rate and poor signal to noise ratio at the receiver end.
This might lead to total failure of the system. With the size of the transistor shrinking,
more and more I/Os can be accommodated on the chip, resulting in a greater probability of
more drivers switching simultaneously, hence increasing the problems of SSN furthermore.

Experiments show that IBIS models over-represents noise in the quiet line when
placed in an environment where multiple drivers were present and switching simultaneously.
A thorough analysis is performed to determine the inadequacies in IBIS with regards to SSN.
A method is presented for compensating for the missing information by complimenting the
IBIS model with a black box that is simulator independent, without compromising with the
speed that IBIS enjoys over the transistor models.

Model validation and system level tests are done with the IBIS model in conjunc-
tion with the black-box by passing a pseudo random bit sequence (PRBS) at the input.
Eye diagrams are used to determine the quality of the received signal at the input for the
behavior models as well as transistor models. These tests demonstrated a better response of
the behavior model than the plain IBIS model when compared to the circuits with the tran-
sistor model. The enhancement of the IBIS models resulted in at least a 20% improvement

in the simulation accuracy with behavioral models.
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Chapter 1

Introduction

1.1  The future of Signal Integrity

The general trend in I/O signaling is to move towards serial I/Os to help achieve
faster data transfer as well as an increase in bandwidth [8]. Fast 10Gb/s signal speed through
the serial link brings a faster edge rate in through the chip [9]. With a faster edge rate,
the otherwise transparent interconnects are not merely interconnects any more but behave
more like a transmission line [10]. With transmission lines in the signal path, signal integrity
issues such as timing, noise and electromagnetic interference are significant.Designers have
to be aware of all the different ways they have to deal with such problems, specially when

using behavioral models for I/O drivers.

1.2 1I/0 Buffer Modeling

Transistor-Level SPICE simulation of drivers and receivers are common in the
Signal Integrity (SI) world, but more and more designers are looking for an alternative.

The main reasons for this are:
e size of drivers and receivers;
e time to complete simulations ;
e limited, if any, Intellectual Property (IP) protection, and

e accuracy of simulations.



These reasons have become common with multi-Gigahertz data rates, shrinking design
cycles and tighter budgetary constraints, an overall design environment that has increasingly
become more and more difficult in the last few years.

Perhaps the most important development in the field of SI analysis in the last
decade or so was the development and consequently, the enhancements of behavioral mod-
eling, most specifically, the Input Output Buffer information Specification (IBIS) standard.
As driver and receiver circuitry became more complex, extracting the netlist from their
IC design and then encrypting them became even more complex. With a number of sub-
tleties involved in using the encrypted models along with the other board and/or system
components, the task of simulation of the entire system for the purpose of signal integrity
became complicated for the average PCB designer. IBIS provided a way to describe the
necessary behavior of the I/O buffers in a text based table format that is easy to parse by
simulators and hence fast. IBIS models, and in general, all behavioral models do not dis-
close proprietary information and hence there is no need to encrypt them. Today, all good
SI simulators have a capacity to simulate behavioral models as more and more designers
demand their inclusion as part of the standard tools to simulate board level and system
level designs. The International Technology Roadmap for Semiconductors (ITRS) predicts
that due to their simplicity and speed of simulation, the behavioral modeling techniques
will continue to be in demand in the near future, though they would have to be improved

to describe the package and power and ground structures better [11].

1.3 Motivation

1.3.1 Noise

With data speed increasing and signal integrity a top priority, high level behavioral
models were found to be seriously lacking in representing noise [12], in particular, simul-
taneous switching noise (SSN), also known as ground bounce, or simultaneous switching
output (SSO). Noise has gained importance also because signal level and supply voltage
continue to decrease [13].When system architects use behavioral models, signals have to be
delivered as they are in actual systems and not devoid of the noise that might be present
in real life scenarios. Misrepresentation of noise might result in overestimation of signal

strength and quality resulting in huge bit error rate and poor signal to noise ratio at the



receiver end. This might lead to total failure of the system.

1.3.2 High-Speed I-O Buffers

The need to support the high bandwidth has resulted in an exponential growth
of backbone equipment. The trend has been to move to serial I/O standard (serial link)
from parallel I/O standard (LVTTL) [14]. New data transfer standards such as SERDES
(Serializer /Deserializer), LVDS (high speed differential) and others have been developed
for error free transfer of data at these high bandwidths. With this shift, a similar shift
in behavioral modeling methodology must be made, which will bring more complexities to

behavioral modeling.

1.4 Brief Overview of Research and Novel Claims

The focus of this research is to be able to better understand how behavioral macro
modeling works and then to come up with ways to improve upon the currently available
technology.

The end result of this research would comprise of a system that would create accu-
rate models that are not only good standalone but are equally useful in a large network that
has multiple drivers switching simultaneously along with all the other parasitics involved.

We would demonstrate novelty in these distinct areas of research:

e A key issue in behavioral models is the depiction of simultaneous switching noise
(SSN). Previous solutions have struggled to address this growing problem and have
proposed methodologies that have extracted the signatures of the missing current at
the VDD node - but have demonstrated the usefulness in a narrow and restricted
environment [15]. These current signatures are obtained at a certain power/ground
voltage and with varying voltage at the power and ground rails, current signature
would change, thus rendering the correction inaccurate. Moreover, implementation
of the method proposed in [15] requires a large scale modification of not just the
IBIS specification but also the simulators that can simulate IBIS models. The macro-
modeling methodology proposed here will allow for a more robust solution where the
correction is a function of the variation in the voltage levels at the power and ground

pins - thus useful even when the supply rails are effected by SSN.



e Another reason for behavioral (IBIS) models to show discrepancies regarding SSN
is the fact that all the Voltage-Current (V/I) tables (used to model the pullup and
pulldown devices) in the models are formed with a certain fixed value for the gate-
source voltage of the active device. This voltage is a function of the power and ground
voltage and should fluctuate with the power and ground voltage. While the circuits
with transistor model of the I/O buffer reflects this phenomena, the circuits with
IBIS models lack the effect. This effect is known as the Gate Modulation effect. It is
imperative that there is a compensation that takes into consideration this effect and

account for this variation in the system simulations.

e System level validation of the improved IBIS models will be done using a 512 Mb
DDR2 SDRAM from Micron Inc. Simultaneous Switching Noise (SSN) simulations

will also be performed

e Another important consideration that is unique regarding this methodology is its
simplicity with respect to the other technologies without sacrificing accuracy. The
black-box that is proposed in this work acts unobtrusively with the IBIS model without
disturbing the circuit structure and physical aspects of the IBIS model.

1.5 Dissertation Outline

Chapter 2 is a review of the state of the art in behavioral modeling of input output
buffers. It discusses the work of other groups in the academic world and the industry to
improve the overall behavioral modeling scene. Some issues with behavioral modeling is
also discussed in detail.

Chapter 3 discusses SPICE to IBIS (S2IBIS), a computer program written during
the course of this research work. This program is used industry wide to make IBIS models
using transistor netlists of I/O drivers. A brief discussion of how the various I/V and V/T
curves are captured as text and organized and presented as tables in the model. All the
IBIS models used for this research are made using S2IBIS (version 3).

Chapter 4 takes a look at noise in IBIS models. Simulation experiments are done
to assess the effect of SSN on systems with IBIS models. It also details a preliminary
solution to improve an IBIS model without modifying the model itself.

Chapter 5 discusses the 2 main reasons why an IBIS model is unable to perform



SSN simulations. This chapter also consists of a method to build a black-box that com-
pensates for the missing information in the IBIS model. The black-box complements the
IBIS models unobtrusively and when used, does not compromise the speed that IBIS enjoys
over the transistor models. Simulation results of the tests performed with the black-box are
included.

Chapter 6 describes how S2IBIS (version 3) was used to make a voltage mode
pre-emphasis I/O driver. The IBIS model is validated against the transistor level model of
the voltage mode pre-emphasis driver.

In chapter 7, system validation of the improved behavioral model using S-Parameter
model of a Ball Grid Array (BGA) package is performed. IBIS models of a DDR2 SDRAM
I/O driver was used to perform the system tests. The IBIS model was constructed using
the transistor model of the driver with the help of S2IBIS3. Details of the IBIS model
as well as the black-box are provided in this chapter. Equivalent system level simulations
were done with SPICE models of the driver to compare with the IBIS model results. Tests
are performed in various modes starting with a simple point to point system without any
package parasitics. More complex structures are added to this basic system to build up a
complete system. IBIS and SPICE simulations are compared by observing the eye-diagram
at each step of building this system.

Chapter 8 details how this work can be taken forward and concludes the disserta-
tion.

The dissertation also includes the MATLAB scripts used in Chapter 4 to generate
the black-box components as an appendix. Also included as an appendix is the IBIS model

of a pre-emphasis driver as discussed in Chapter 6.
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1.7 Abbreviations

AMS Analog-Mixed Signal

ANN Artificial Neural Network

BGA Ball Grid Array

BIRD Buffer Issue Resolution Document

CCCS Current Controlled Current Source

CML Current Mode Logic

CMOS Complementary Metal-Oxide Semiconductor
DAC Digital to Analog Converter

DFE Decision Feedback Equalization

DDR Double Data Rate



ECL
EDA

FPGA
Gb/s
HSTL
IBIS
IST
ITRS
LVDS
LVTTL
MSE
NMOS
PDN
PMOS
PRBS
PWL
QDR

RBF
RNN
S2IBIS
SBF
SERDES
SDRAM
SI
SPICE
SSN
SSO
SSTL

Tf

Emitter Coupled Logic

Electronic Design and Automation

Field Programmable Gate Array
Giga bits per second

High-Speed Transistor Logic or High-Speed Transceiver Logic

Input Output Behavior Information Specification
Inter Symbol Interference

International Technology Roadmap for Semiconductors
Low Voltage Differential Signaling

Low Voltage Transistor-Transistor Logic

Mean Square Error

Negative Metal Oxide Semiconductor

Power Distribution Network

Positive Metal Oxide Semiconductor
Pseudo-Random Binary Sequence

Piecewise Linear

Quad Data Rate

Radial Basis Function

Recurrent Neural Network

Spice to IBIS

Sigmoidal Basis Function

Serializer /Deserializer

Synchronous Dynamic Random Access Memory
Signal Integrity

Simulation Program with Integrated Circuit Emphasis
Simultaneous Switching Noise

Simultaneous Switching Outputs

Stub Series Terminated Logic

Fall Time



Tr
VCCAP
VCCS
VCVS
VM

Rise Time

Voltage Controlled Capacitance
Voltage Source Current Source
Voltage Controlled Voltage Source
Voltage Mode



Chapter 2

Review of State of the Art

2.1 Behavioral Modeling of I/O Drivers

Behavioral modeling of I/O buffers began in the early 1990s when simulating board
level designs with huge transistor netlists started to become a time consuming and difficult
task leading to the development of various vendor specific behavioral models that could
simulate the buffers instead of requiring the spice netlists [16]. Because these were vendor
specific and hence tool dependent models, a need for a common standard was felt. Engineers
at Intel Inc. came up with a new method to model that was formatted in human readable,
ASCII text format and invited Electronic Design Automation (EDA) vendors to make a
standard that all designers can use, irrespective of the simulations tool they are using. This
standard was known as Input Output Buffer Information Specification (IBIS, discussed in
detail in section [2.3) and remains as the most dominant, if not the only standard that is
being used widely to model I/O buffers behaviorally. The reason for this widespread use
of IBIS could also be attributed to the S2IBIS (SPICE to IBIS) tool provided to the SI
community by North Carolina State University [17] (discussed in chapter [3).

With the passage of time, the driver netlists expanded, growing not just in size
but also in complexities, requiring the designers to encrypt the driver netlists to protect in-
tellectual property (IP). Encryption tied the user with a particular simulator as encryption
method are not standardized, hence preventing interoperability between tools from multiple
vendors [18]. Encryption also has an effect on simulation speed as it slows down the simu-
lations considerably. An alternative to encryption was to distribute an IBIS model of the

driver as they do not disclose propriety information to the end user. Hence IBIS provided
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designers and model makers 1) Fast simulations, 2) IP protection and 3) Accuracy, making
it a popular alternative to SPICE netlists, encrypted or otherwise.

Other methodologies have come to the forefront, specifically behavioral macro-
modeling using parametric models [5, 19,20, 21, 22, 23, (24, 25, 26, 27, 28, 29, 30, 31, 32]
and behavioral macromodeling using spline functions and finite time difference approxi-
mations [6], [33],[34] and [35]. Unlike IBIS, these modeling methodologies do not have a
physical circuit based structure and use mathematical curve fitting techniques to construct
a behavioral model. Both these methodologies are discussed in detail later in the chapter.
Also noteworthy is the existence of VHDL-AMS and Verilog-AMS as languages to make
behavioral models of I/O buffers but they are used more with IBIS than by themselves
[36]. Also - VHDL-AMS and Verilog-AMS are new standards and there are a very limited
number of simulators that can handle these languages as well as model makers that can
make useful models using these languages [37]. log-AMS as languages to make behavioral
models of I/O buffers but they are used more with IBIS than by themselves [36]. Also -
VHDL-AMS and Verilog-AMS are new standards and there are a very limited number of
simulators that can handle these languages as well as model makers that can make useful

models using these languages [37].

2.2 Issues with Behavioral Modeling

2.2.1 Noise Issues

Faster devices with sub-nanosecond rise time and higher pin counts on the die
results in more outputs switching together and faster. With a large number of devices
switching, voltage glitches are induced due to an inductive voltage drop in each of the
devices. As shown in fig. [2.1, switching causes the load capacitance to discharge itself
causing stored charge to flow to the ground. This causes current surge in the power-ground

loop, resulting in a reduced voltage available at the chip level [38].

dl
VDD,on,chip = VDD — L x (%) (21)
where
L= Lvss + LVDD - 2Mfudd;uss (22)

The resulting noise due to the power-ground rail collapse is known as Simultaneous
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Figure 2.1: Simultaneous Switching Noise in an output driver

Switching Noise, (SSN) or Simultaneous Switching Output (SSO) noise or Ground and
Power bounce [39], [40],[41] .

The main issue of concern with SSN is the induction of substantial voltage in the
quiet lines in the chip (drivers that are not switching), as shown in fig. [2.2, causing them to
change state erroneously. Noise in the quiet line worsens with the increase in the numbers
of switching drivers (fig. and the decrease in the rise time (fig. [2.2(b)) of the input
signal. Hence with the faster devices and higher pins on the die, noise effects will get more
pronounced.

With the increased usage of behavioral models of input output drivers in lieu of
transistor models, it is important that accurate noise representation is made when a system
simulation is performed with the behavior models. A lack of accurate noise analysis would
result in an unrealistic simulation and might cause the entire system to fail after the chip is
manufactured. A lack of accurate noise representation might also lead a designer to assume
worst case scenario resulting in an over constrained design environment.

IBIS has been shown to lack the ability to represent SSN accurately [3], [42],
[43] and [12]. Various solutions have been suggested [42], [44] including one by the IBIS

committee, [4], [45] discussed in detail later in the chapter.
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Figure 2.2: Maximum Noise in a quiet line with increasing switching drivers (a) and in-
creasing rise time (b) in a 1.8v system

2.2.2 Advanced Driver/Receiver Circuits

Another reason to have a better macromodeling methodology is the fact that sig-
naling technology has changed and moved on from simple voltage mode single ended driver-
receivers to more complex voltage mode and current mode differential drivers. These drivers
work at both high speed and low voltage. At multi-gigahertz frequency range, short inter-
connects act as coupled transmission lines causing severe electromagnetic coupling issues

(e.g. crosstalk) in single ended drivers [46]. Current mode logic (CML) buffers eliminate
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these coupling issues as they are differential. Differential buffers overcome these problems
by transmitting a pair of signals that are equal but of opposite polarity. Differential re-
ceivers look for the difference between the two signals. Any noise that is present in the
system is present in both the signals. Hence when the difference of the two signals is taken
as the received voltage, the common noise is rejected.

Driver-receiver technology has moved on from Low Voltage Transistor-Transistor
Logic (LVTTL) technology to Emitter Coupled Logic (ECL) which, though an improvement
on LVTTL being CML, still had issues like very high currents and negative power supply and
then to Low Voltage Differential Signal (LVDS) which, as discussed above, was good for SI
simulations and reduced power dissipation. Soon after LVDS came similar technologies like
Low Voltage Power Emitter Coupled Logic (LVPECL) that has a larger differential voltage
swing but less power efficient and Pseudo Current Mode Logic (PCML) that works on a
higher power supply (3.3V) but using lower voltage swing allowing for faster switching and
Hyper Transport Technology I/0 that is an enhanced version of LVDS with a larger voltage
swing. Similar advances have been made in high speed memory support and applications
that interface with memory chips. The High Speed Transceiver Logic (HSTL) and Stub-
Series Terminated Logic (SSTL) are new low-voltage I/O standards that are currently in use
with memories such as Quad Data Rate (QDR) or Synchronous SRAM and DDR SDRAMs
respectively.

With the move towards high-speed multi-gigabit serial transceiver links, also known
as serializer-deserializer or SERDES [14], there will be a need to model advanced drivers
that can perform transmitter or receiver side equalization such as driver side pre-emphasis

or receiver side decision feedback equalization (DFE).

Transistor Models

Figure 2.3: IBIS share in the SI/EDA industry (taken from [1])
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The increasing number of complex I/O signaling methods has made it harder
for existing behavioral modeling methodologies to develop ways to model them. This has
resulted in an increased use of transistor models and a decreased industry share of behavioral
(IBIS) models, as shown in fig. [2.3] The main reason for this shift is shown in a survey in
[1] which states that the increasing use of transistor models is because of unavailability of
accurate behavior models of the advanced drivers. The survey also states that the users do
not see transistor models as a long term solution to model high speed I/O drivers, and the

sole reason for that is that the transistor models are too slow for system simulations.

2.3 1IBIS (Input-Output Buffer Information Specification)

IBIS is the oldest and most widely used behavioral modeling technique. It has
been made into an industry standard (EIA standard 656 -A). An IBIS model constitutes of
a set of V-1 tables that describe the static characteristics of the buffer and a set of V-T tables
that represents the dynamic information of the buffer. These tables and other information
is in a human readable text based format. A section of an IBIS model of an output driver

is presented here:

[Model] driver
Model_type Output

Polarity Non-Inverting
C_comp  5.00pF 5.00pF 5.00p
[Temperature Range]  27.00 100.00 0.0
[Voltage Rangel 3.30V 3.00V 3.60V
[Pulldown]
|[Voltage I(typ) I(min) I (max)

-3.30 -1.94A -1.61A -2.12A

-3.10 -1.78A -1.48A -1.94A

-2.90 -1.62A -1.35A -1.76A

-2.70 -1.46A -1.22A -1.59A

-2.50 -1.30A -1.10A -1.41A

-2.30 -1.14A -0.97A -1.23A

Fig. shows the block diagram of a CMOS buffer. An IBIS model can be

generated either

1. by measurement - which requires having a well-controlled environment and measure-
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Figure 2.4: Block Diagram of a CMOS buffer structure in IBIS

ment devices [47] or

2. by using the SPICE generated netlist running multiple SPICE simulations to get the
necessary IV and VT table data.

Power

pullup ower_clarp

* l,: o | Outpust Fin
pulld ci d'darrpT C_phg —I'

Figure 2.5: IBIS Output Behavioral Model

The generation of IBIS models is facilitated by S2IBIS3 [17], a tool that runs
multiple spice simulations to compile the IBIS model. Components of an output IBIS
model is shown in fig. 2.5. SPICE to IBIS is discussed in detail in chapter 3.

There are various papers that have done extensive reporting on IBIS models.
Tehrani et al [2] and Wang et al [48] and then later Jung et al [49] describe different
methods to implement an IBIS models in circuit simulators. These are the only publicly
available papers that illustrate the complex issue of how simulators interpret IBIS models.
They describe methods to convert IBIS models into analog spice behavioral model that
could then be used as an element (for example the B-element in HSPICE (Synopsys) and

TLSIM (Cadence)) and could be simulated with other available elements in a simulator.
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These papers were written before most simulators started supporting the IBIS model and
hence were used not just to understand how simulators interpret the IBIS model, but also
let users convert the IBIS model to equivalent analog SPICE model that could be used in
simulators that were not able to work with IBIS models. Most of the other IBIS related
papers compare the performance of IBIS with SPICE. These comparisons vary from correla-
tions of IBIS models with transistor level models [50] to complex issues such as the response

of IBIS models to simultaneous switching noise (SSN) [42],[43] and [3].

Pwr_pin Pwr Clamp_pin
]
Is high R high I
Driver
Cutput
Is low R low ——
C_comp

Gnd_pin Gnd Clamp_pin

Figure 2.6: IBIS equivalent electrical Model from [2]

Tehrani et al were the first to publish an approach to construct a SPICE behavioral
model (fig. [2.6]) from IBIS data that can be used directly in SPICE. The SPICE behavioral
model consists of both static and dynamic information. The static information comes from
the I-V tables in the IBIS models where as the dynamic data, that contains information
about the switching of the devices, is from the V-T table in the model. The main equation

in all the papers [2],[49] and is of the output current Iy, given by:

Tiotal(t) = (t) * fu(t) + B(t) * fi(t) (2.3)

where f;, and f; are the pullup and pulldown characteristics of the device and will contribute

to the pullup current source and pulldown current source as shown in [Equation 2.4 and

Equation 2.5.
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Ipullup = a(t) * fh(t) (2.4)

Ipulldown = ﬁ(t) * fl(t) (25)

The authors assumed that the switching coefficients o and § in the driver are

related by the equation

a=1-0 (2.6)

where the argument provided by them was that in the beginning of a low to high transition,
the total current is provided by the pulldown device and hence, @« = 0 and § = 1. Similarly,
in the high to low transition, & = 1 and g = 0. This relationship is not always true though,
as both the pullup and pulldown devices don’t switch on or off simultaneously. For example,
in the middle of a high to low curve, it is not necessary to have both o = 0.5 and = 0.5
as the NMOS transistor might be ‘less” on than the PMOS transistor (or vice versa). The
values of a and (3 in this case are derived from one V-T table, hence to obtain both « and
[, the authors had to come up with another relationship between o and 3. Wang et al [48]
remove this dependency and base their algorithm on two V-T curves. Hence they get two
equations to calculate o and S.

In [47], Zak et al described in detail how to construct an IBIS model through mea-
surements. They obtained an IBIS model of a Thin Quad Flat Pack (TQFP) bi-directional
buffer and tested it against an IBIS model obtained through simulations. The authors
reported good signal integrity results correlation between the 2 models.

Brewster and Thompson [50] completed a comprehensive test of an IBIS model
of a 2.5 Gbps LVDS buffer and compared it minutely with a transistor level model of the
same buffer. They constructed the IBIS model through simulations of the transistor level
netlist using SPICE simulations and completed all the tests using Cadence tools. They
used a very rigorous set of metrics to compare the results and to come to a conclusion.
They also performed 3Gbps tests and obtained good results with the transistor and IBIS
models. They also observed that SPICE simulations with the transistor level netlist took
them more than 3 hours to run while IBIS simulations were completed in a little less than a
minute. They did not perform any simultaneous switching noise (SSN) simulations in their

experiments.
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A different comparison is done in an Altera white paper [51] where IBIS models
for Stratix-1I drivers for Altera and Virtex -4 drivers from Xilinx are compared against each
other. Signal integrity tests are performed and comparisons for LVDS simulations at 1.3
Gbps and HSTL simulations at 600 Mbps are completed and compared against one another.
As per their conclusions, Altera Stratix II FPGA buffers perform significantly better than
the Xilinx buffers. In [52], a white paper from Mentor Graphics, the authors introduces
new approaches for LVDS IBIS modeling and validates these models against transistor
level models. They propose several ways to model the LVDS buffers under various loading
conditions. Traditionally, LVDS buffers are modeled in IBIS by decoupling the 2 output
terminals and dealing with each of them separately - assuming one terminal is equal in
magnitude but opposite in polarity to the other terminal. This was done because IBIS was
specifically designed for single ended buffers. In reality, though, both the LVDS outputs are
not independent of each other as described by Tambone [53]. Hegazy et al in [52] describe

a new way to model true differential buffers. This method is corroborated by Muranyi in

[54].

2.3.1 Recent proposals to modify IBIS standard

Realizing the shortcomings of IBIS, particularly in the area of noise representation,
many studies [3], [42], [43], [44] have been performed to improve upon the original IBIS.
These studies and research are independent from the changes that the IBIS committee [55]
makes to address other technological issues with IBIS. While some propose a solution that is
added on to the IBIS models and does not need to change the way IBIS models are created,
[42], [3], there are others that propose to overhaul the IBIS model itself [4], [45]. There
is also a macromodeling methodology proposed by Telian et al at Cadence [1] that is not
sufficient as is, but can be modified or added upon in the future to address signal integrity
issues. In [56], Radhakrishnan realized that with rising edge rates, SSN/SSO would be a
problem with IBIS models. He looks at the packaging as a possible area of improvement.

Unger [3] proposes an enhanced 2 waveform behavioral model that uses a new
multiplier in the current equation. Recall that the total current in IBIS models is a function
of the switching coefficients, o and 3 in eq. [2.3. He got better results when the above

equations was changed to

Liotai(t) = Kssnr(Vdd — Vss) x a(t) « fr(t) + Kssnf(Vdd — Vss) = 3(t) « fi(t)  (2.7)
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where Kssnr(Vdd-Vss) and Kssnf(Vdd-Vss) are the new multipliers controlled by the power
and ground voltages (Vdd and Vss).

As a result of this relationship, any voltage drop in the Power and Ground rail
also effects the current. His representation includes a pre-stage capacitance between the
power and ground rails shown in fig. The results show a vast improvement in the
correlation of the models with SPICE transistor level models (fig. [2.8). The downside
to his implementation was that it required that the core IBIS equations in the simulator
be changed. Before this could be proposed, many more tests have to be done and more
exploration is needed. Even if the IBIS committee approves of the change, it would be up
to the simulator companies to adopt the change in their IBIS element in the simulator.
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Figure 2.7: Enhanced two Waveform Behavioral Model including Vdd-Vss Capacitance
from [3]

Chen proposed that SSO simulations with IBIS can be improved by adding C ;.
that accounts for the on-chip power and ground capacitance. The inclusion of capacitance
between the power and ground rail models the parasitics between the pullup and pulldown
rail. This approach is similar in substance to the idea of a pre-stage capacitance proposed

by Unger in [3].

BIRD 95

Another solution that was proposed recently involved adding a [composite current]
keyword in the IBIS model that would include a table of the total current that flows at the

VDD node in the driver circuit as a function of time [4]. This total current would come
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Figure 2.8: Quiet line output for SSN simulations with lumped package model. Green is
transistor model, blue is normal IBIS and red is enhanced IBIS. (from [3])

from either simulations or measurement of the transistor level model. This was proposed
to the IBIS committee in the form of a Buffer Issue Resolution Document (BIRD) and was
called BIRD 95. The idea behind a current Vs time (I Vs T) table in the IBIS model is
that the simulator would calculate the total current that is flowing through the IBIS model
provided when hooked up in a circuit, subtract it from the total current provided in the
1 Vs T table and then add the difference to the total current that flows through the IBIS
model.

The main reason proposed was that the IBIS model does not include any predriver
current information - hence it usually underestimates the current flowing in the actual
driver. The proposal is summed up in fig. 2.9 In the figure, the I Vs T* is the difference
in current that is added on to the IBIS model. In [15] good correlation is achieved using
the I Vs T table along with a frequency-dependent impedance derived with the correct DC
voltage applied at VDD pin and open-load condition. This impedance is named Zvddq by
the authors and represents one portion of the on-die parasitics of the driver (fig. .
It is used in parallel with the I Vs T* current source in the circuit shown in the figure.
Zvddq value is achieved by obtaining Z11 coefficients across the power and ground plain
and achieving the impedance (L,C,R) values through it. Results achieved through only the
I Vs T table implementation with current IBIS was not so satisfactory. Hence Zvddq plays
an important role in making the IBIS model complete and better represented.

Fig. shows the output waveform of one of the drivers switching from low to
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Figure 2.9: Implementation of BIRD 95 from [4] (a) without Zvddq implementation and

(b) with ZVddq

high in a system to simulate SSN with 4 drivers, 3 of which are switching simultaneously

while the fourth is quiet. The system has R-L lumped elements on power and ground to

model the power and ground pin and package parasitics. As can be seen, an I vs T table in

the model has an effect on the switching time of the curves. Another point to note is that

the I vs T table in the IBIS model will be generated for a single driver. It would not have

any information on how the table, and the model would behave should there be more than

one drivers switching. In other words, the enhancement to IBIS is not completely network

independent.
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Figure 2.10: Output voltage for rising edge in a 4 driver system with I Vs T table imple-
mentation. Red curve is transistor model, green is IBIS, blue is IBIS with IT table and
brown is IBIS with IT table and frequency dependent impedance, ZVDDQ

BIRD 97

Another BIRD that deals with the issue of an inadequate IBIS models as far as
power and ground bounce is concerned is BIRD 97 [45]. An IBIS model has Voltage-
Current (V-I) tables that are extracted for a single gate voltage inside the driver. With
varying power /ground voltages due to noise, the gate voltage varies as well, hence producing
a different characteristic curve for the device in the driver. While this effect is captured in
HSPICE simulation of the driver netlist, the IBIS simulation solely depends on the one V-1
table (pullup or pulldown) that is provided in the model. The higher the noise, the higher
is the mismatching between IBIS and Spice results.

The consequences of this worst case scenario representation could severely restrict
a designer’s options when designing with IBIS models. This effect is well known as the
“gate modulation effect”. The suggested solution in the BIRD is to add new keywords that
scale the V-I table with respect to the power supply variations in the power and ground

plane.
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2.3.2 Inclusion of SSN Effects in IBIS models

As the main topic of interest is SSN in behavior models (IBIS), it is interesting
to note that there is a way to include SSN/SSO effects in an IBIS model, at least theo-
retically. This can be done while making the model empirically, through measurements.
By taking measurements in noisy conditions, the V/I and V/T tables can retain the in-
herent SSN voltage characteristics. When used in SSN simulations, they would produce
valid SSN simulations. The main issue with this method is to create a realistic enough SSN
situation with sufficient 1/Os switching producing enough power supply fluctuations. Also,
this method would be hard to implement if the IBIS model is obtained through simulations
using transistor netlists and models. The method is discussed in the IBIS Modeling Cookbo

2.4 Parametric Macromodeling of I/O Buffers

In the last few years, there has been a multi-prong effort to come out with a
better and more robust method of macromodeling complex I/O drivers. The main motive
among these groups is to focus on a methodology that uses the black box approach that
models the drivers without necessarily knowing what’s inside these drivers. The two groups
that have done considerable work in this area are the EMC group at Politecnico di Torino
in Ital and a group at the Packaging Research Center (PRC) at Georgia Tec. Both
these groups divide the model into a static and a dynamic part. The static part of the
model is obtained by applying a simple DC sweep at the output and observing the current
there. This is very similar to how IBIS gets its static characteristics through the V/I table.
The input is kept either high for rising characteristic or low for the falling characteristics.
The differences in their modeling methodology are apparent only in the dynamic section
of the model. The group at Italy started out with using Gaussian Radial Basis Functions
(RBF)[24],[5], moving on to sigmoidal basis function [28], which are more suitable for
fitting the actual relations of the ports and are more simple and effective macromodels. In
contrast, the group at Georgia Tech modeled the dynamic section of the model by using
Finite Time Difference Approximations and then moved on to recurrent neural network to
generate their models. The Georgia Tech approach is discussed in the next section. In

this section, a brief study of how the Italian group (Stievano et al) came up with a new

"http://www.emc.polito.it/
*http://www.prc.gatech.edu/
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way to model drivers and receivers using parametric modes. Parametric values are derived
by fitting a form of discrete-time models involving present and past samples of input and
output variables [57], [31],[28],[29],[26],[24],[25],[5]. Here is a step by step analysis of their
method.

1. The first step in this methodology is to characterize the circuit by its constitutive rela-
tion. This is a relationship between the ports and should describe the output currents
(for instance) as a function of all the voltages nodes in the model, for example as in
[31] the authors describe this constitutive relation of the LVDS circuit as the a relation
of the output current as a function of the common voltage (Vc) and the differential
voltage (Vd) of the differential circuit. Another way to describe the constitutive rela-
tion of the same circuit would be the relationship of the output current with respect
to the output voltages. In [24], the authors describe the functional form of receiver
to be modeled as a relation between not only the input port voltage and current but
also the voltage and current of the power supply port. This is done because the model
would carry additional information on the effects of the power supply noise and other

electro-magnetic interference the receiver might experience.

Eq. [2.8/ gives the constitutive relation for the LVDS driver with 2 output terminals.
It can be observed that the output currents at each terminal is a function of both the

terminal voltages.

ang L= Ao v2) (2.8)

o = iom(v1,v2) i9 = dar,(v1, v2)

i1 = i1 (v1,02)

The output current for each terminal is divided between 2 sub models, one for the

high logic state (H) and the other for the low logic state (L).

2. Combine high an low partial models (or sub models) by means of time-varying weight-
ing coefficients wy(t) and wiz(t) that accounts for the logic state transitions of the
sub models and help the sub models i, and i,; in transitioning from one state to

the other.

i1 =wig(t) * i1 (v, v2) + wip(t) * i1z (v1, v2)

io = wap (t) * igm (v, v2) + war(t) * iar, (v1, v2)



25

In eq. 2.9, it can be seen that the representation is only approximating the external

device behavior without any information about the internal details of the driver.

Steps 1 and 2 are crucial in the process of making the model since if the initial
representation of the model is erroneous, the end result (model) would be erroneous

as well. These two steps are together known as the process of model selection.

3. Obtain parametric relations of the sub models i,z and i,; by summing static and

dynamic effects.

H = ilH(statie) (Ul, 1}2) + ilH(dynamic) (Ula V2, %) (2 10)
4 .
dt

)

log = Z.2H(static) (Ulv UQ) + Z.2H(dynamic) (Ula V2,

Vag o——

Figure 2.11: Setup for generation of identification signals, from [5]. (a) setup for generation
of identification signal for sub models i1 and i1, (b) setup for generation of identification
signals for weight coefficients w1y and wqy,.

Similar equations hold for i,z (v1,v2). The parameters of the above equations are

obtained by fitting their response to estimation signals also known as the identification
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signal as shown in fig. [2.11. These responses are representative of the driver that is
being modeled. The estimation signals of a driver are obtained by exciting its output
terminals with suitable voltage waveform. In the case of a differential driver, [31] the
authors supply differential voltage on the 2 outputs. The output terminal currents
are taken to be the static part of the above equation. This is done at a fixed logic
state of either high or low with a DC sweep done at the output. For dynamic models,
defined as sub models with static characteristics plus parametric correction (or sub
models that includes separate dynamic information) [25], the dynamic parameters of
the above equations are a little more complex to achieve. The estimation signals are
the same as for the static case but with wide random steps (for non-linear parametric
models) or pseudo-random bit sequence (for linear parametric models). These signals
are obtained by recording i;(t) and iz(t) (at the output) when the driver is either
low or high and the voltage source at the output (refer fig. apply a staircase
waveform. The parameters are estimated by fitting the estimation signals to an RBF

representation.

The weight coefficients w1 and wyy are then estimated by applying a second set of
identification signals. As shown in figure the identification signals are the
voltage and current responses during state transitions for 2 different load conditions.
In [31] the authors describe the modeling of a differential driver and receiver circuit.
The modeling of the receiver follows the same method as for the driver (discussed
above). The authors note that the modeling process for receivers is relatively easier
as compared to drivers, a fact also noted when creating IBIS models. Receiver models

are only critical where clamping structures are present in the models.

R

v(i) C

= | za(t)

Figure 2.12: RC equivalent circuit for (d/dt)x(t) = (1/T)[v(t) — z2(t)], (T = RC), from [5]

4. The obtained models in the form of differential algebraic equations can then be used
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in circuit simulations. They are implemented by either 1) Converting the equations
to equivalent circuits and then use a spice simulator for simulations. [28],[29],[5] as
in the circuit shown in fig. or 2) use them as they are by implementing them in
Verilog or VHDL-AMS modeling language and creating a behavioral model to be used
by either directly in a simulator or in another behavioral model that accepts Verilog

or VHDL-AMS models such as IBIS [29],[31].

In [5], the authors model a multistage output buffer using the Radial Basis Func-
tion (RBF) technique by drawing a relation between the driver output current and output
voltage similar to equations in eq. 12.9.

In [30], Stievano et al perform system level simulations with the parametric macro-
models and generate eye diagrams to show that the generated macromodels are accurate

for system simulation even for long bit sequences.

2.4.1 Temperature Dependence

Stievano et al also discuss the role of temperature in modeling of I/O ports in [57]
and [29] by including an extra variable T in their model selection step (1 and 2 above). An

example of a model representation is

i(k;T) = wy(k;T) %ty (k;T) +wy (ks T) % do(k,T) (2.11)

To derive the dependency of the parameters on T, the linear parameters of the
sub models is estimated for several drivers at different temperatures. The authors find that

the parameters dependence on T can be approximated by a piecewise linear function [29].

2.5 Spline Functions and Finite Time Difference Approxima-
tion

Researchers at Georgia Tech are working on an alternate way to produce models
using Spline functions and Finite Time Difference Approximations based on a method that
uses Radial Basis Function (RBF) [6]. This modeling methodology uses the previous time
instances to capture dynamic characteristics of digital drivers. This is used in conjunction
to the static characteristic modeling. The static part of the methodology is similar to the

method discussed in the previous section.
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1. Non-Linear relation is drawn between driver output current and voltage.

io(k) = w1 (k) f1(vo(K)) + w2 (k) f2(vo(F)) (2.12)

2. In the above equation (eq. [2.12), f; and fy are sub models that relate the output
currents and voltages when driver is set high (f;) and low(fy). f; and fo have both

static and dynamic information in them. They can be represented as follows:

fi(vo(k)) = fs1(vo()) + fdr(vo(k))
fa(vo(k)) = fs2(vo(k)) + fda(vo(k))

3. Static values can be obtained using DC sweep and using nth order cubic spline. For

(2.13)

example a third order polynomial fit would look like:

filv) = alv? + blvz2 + c1v; + dy (2.14)
f2(v) = agv? + bav? + cov; + da
where fj is for input set to high and fs is for input set to low. In fig. 2.13, it can be
observed that just the static solution would have left out a lot of important information
from the model. The dynamic solution is obtained using the static method (spline)
along with finite time difference approximation. Just one previous time instance is
used in this example. The authors claim that more accuracy can be achieved with
more number of previous time instances but, of course, increasing the computational

time for calculation of the coefficients and hence reducing the essential charm of the

macromodel.

4. Dynamic values for this modeling methodology are obtained by including the previous

time instances of the driver output current using the formula.

fi(t) — ilt(t —At) AAi;h _ i, (2.15)

And then implementing it using the circuit shown in fig. [2.14

The authors [6],[35] estimate the dynamic characteristics constants by connecting
PWL voltage sources at the output and power supply nodes of the driver and mea-
suring the error between the static power supply current (from the model) and the

power level current of the reference circuit (transistor level circuit).
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Figure 2.13: Static (a) and Dynamic (b) representation for the Spline functions and Finite
Time Difference Approximation modeling methodology.
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Figure 2.14: Circuit representation of dynamic characteristics from [6]

5. wi and wo are used for transitioning from 1 logic state to the other. They are obtained

by estimating sub models (f; and f3) for 2 loads and by linearly inverting
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io(k) = wi (k) f1(vo(k)) + w2 (k) fa(vo(k))
by using

-1

w1 _ fia  foa ig (216)

wa Jin fa ("
6. Both the rising and falling currents that are obtained from this methodology are

represented as PWL voltage source.

7. In the final step of this method, SPICE Macromodel is generated using Voltage Con-
trolled Voltage Sources (VCVSs - E elements in HSPICE) and Current Controlled
Current Source (CCCS - F elements in HSPICE).

e Static Characteristics can be represented using VCVS

e Dynamic Characteristics represented using state equations and consequently, a
circuit implementation is made to represent the state equations as shown in fig.

2.14 .

e Non-Linear relation between driver o/p current and voltage is now a sub circuit

as below:

.subckt driverl outl gnd

.ends (driverl)

In [35],[34] the authors also mention that the method of preparing behavioral level model
using Spline and Finite Time Difference Approximation is good for simple drivers and is
not good for complex transistor level models. This is because the current method could
not capture the high non-linearity that is present in the driver. In the same paper [35], the
authors propose a new method for creating behavioral models for highly-non-linear driver
circuits. They call this method of modeling Artificial Neural Network (ANN). Using this
method, they describe the two sub models f; and fo using Recurrent Neural Network (RNN)

functions. A RNN is a special type of neural network having the capability of learning and
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then representing dynamic system behavior [35]. They can efficiently model systems with
feedback or memory. In and [35] the authors show that RNN can be used to capture
power supply and ground rail noise that is caused due to simultaneous switching noise
(SSN). Implementation of the models made using RNN are done in similar fashion i.e by
representing the weight w; and wy as PWL voltage source. Sub models for driver output,
power supply node and ground port are represented using voltage dependent voltage source
and voltage dependent current source. This is very similar to their modeling methodology
described in [6]. The only difference is that for RNN, f; and f, includes power supply voltage
and ground voltage instead of being a function of only the output voltage. A RNN network
with 2 hidden neurons was required to model the driver output current for [35]. In [33],
the authors report 5 hidden neurons and 2 previous time instances were used to produce
the characteristics of the receiver input while 5 hidden neurons were used to model the
static characteristics of the receiver output. A delay element is also used in the receiver
output. Similarly, the driver output current can also be modeled for driver input LOW as
reported in [35]. The Gatech method described in [33], [34], [6] and [35] is not intuitive
enough for a SI engineer to make behavioral model out of circuit level design. Unlike an
IBIS model that can be obtained with minimal knowledge about how to create the model
using tools like S2IBIS3, using the spline with finite time difference approximations method
and the recurring neural network is difficult, even though the results described in the above

mentioned papers show satisfactory results with a variety of driver-receiver circuits.

2.6 Summary

After a thorough review of all the available methodologies, it can be concluded that
there is a need for a better solution in this relatively new field of behavioral macromodeling
of I/O drivers. With a clear prospect of more complex I/O buffers and systems in the

future, it can be said that

1. A more comprehensive solution to I/O macromodeling is needed. One that uses the
circuit structures of the drivers while keeping the behavioral model as a black-box for

it to be fast and also to protect proprietary information.
2. A simple to use but accurate extraction methodology is required

3. To be able to perform system level simulations with long bit stream in a realistic
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environment, system level simulations need to be performed with the new macromodel

and compare against the standard transistor models.

The parametric macromodeling methodology (using RBF or SBF) and the macro-
modeling method using spline functions with finite time difference approximation are purely
mathematical behavioral models [5], [58], [29]. As they are mathematical, largely based on
various curve fitting techniques, they are abstract and do not have a definite circuit repre-
sentation. For a model maker, these models are hard to understand, and hence hard to fix

should a bug be found.
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Chapter 3

SPICE to IBIS, A Macro-modeling
Tool to Develop IBIS Models

3.1 Introduction

As discussed in Chapter [2, behavioral modeling of input output (I/O) buffers is
fast becoming popular with system level designers as well as chip designers. One of the most
widely used behavioral modeling methodology is IBIS (Input/Output Buffer Information
Specification) which is a Standarcﬂ in the industry to model I/O buffers. At the same time,
the popularity and use of transistor level models to design and simulate digital circuitry is
time tested and widespread. To bridge the two worlds of system level design and simulation
and circuit level design and simulation, SPICE to IBIS (S2IBIS) was written. Now in its
third release, S2IBIS is a tool that uses a SPICE netlist of an I/O buffer and generates its
IBIS model. The third version was developed as part of this dissertation.

An IBIS model constitutes of a set of VI tables that describe the static charac-
teristics of the buffer and a set of VT tables that represents the dynamic information of
the buffer. S2IBIS sets up multiple SPICE simulations that derive all the static and dy-
namic characteristics of the model, collects the information, processes it and presents it in
the prescribed IBIS format as set by the IBIS committee [55]. This chapter includes how
the various voltage sweeps are setup as well as the other subtleties that are involved with

S2IBIS. This chapter also covers S2IBIS3 - the latest addition to the S2IBIS tools family.

'EIA standard 656 -A
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One of the major issues that concerns model developers is the non-convergence of a spice
netlist during simulations for IBIS models. S2IBIS3 resolves this issue, allowing the model-
ing engineer to choose the voltage range with which to sweep the device. S2IBIS3 conforms
to IBIS version 3.2 with backward compatibility to all the previous versions and is more

accurate and easy to use and modify than S2IBIS2.

3.2 A Brief History of SPICE to IBIS

In the early 1990s, when the focus of the electronics industry was shifting from
the microwave to the digital realm, professors at North Carolina State University ([59])
got together to work on digital macromodeling. The first translator from SPICE to IBIS
was a part of this effort. It was a pragmatic effort to help achieve a permanent behavioral
modeling methodology. The instant adoption of this program as well as fast evolution of the
IBIS standard prompted a revision of S2IBIS as well. This resulted in S2IBIS (version 2).
S2IBIS2 was used by the industry for a long time but IBIS had move on at a considerable
pace and models created using S2IBIS2 were found to be incomplete or inaccurate or both,
thereby generating the need for the next generation of the SPICE to IBIS tool.

Researchers (Professors M.B. Steer, and P. D. Franzon and their students, A.
Glaser and S. Lipa) at NCSU volunteered to write these tool as a freeware to serve the
tool’s purpose of helping to develop IBIS models industry wide. S2IBIS has also been used

as a seed for companies to modify for their own flavor of SPICE.

3.3 S2IBIS2

An IBIS model can be generated either 1) by measurement - which requires having
a well-controlled environment and measurement devices [47] or 2) by using the SPICE
generated transistor netlist running multiple SPICE simulations to get the necessary IV
and VT table data.

SPICE to IBIS (version 2) is a software written in C programming language that
uses the SPICE netlist of a buffer and generates its IBIS model. S2IBIS2 conforms to
IBIS v2.1 specifications. The user sets up a S2IBIS command file that accepts the required
user inputs to generate the IBIS model of the buffer. S2IBIS supports HSPICE, PSPICE,
SPICE2, SPICE3 and SPECTRE.
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Figure 3.1: IBIS Output Behavioral Model
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Figure 3.2: S2IBIS tool flow

S2IBIS2 generates the required VI curves for the model. These are the pullup,
pulldown, power clamp and ground clamp curves shown as current sources in fig. 3.1. It
also generates the VT curves for all output models. These are the Rising Waveforms and the
Falling Waveforms. To derive all these curves, S2IBIS2 makes multiple SPICE simulation
runs with different settings and extracts the relevant information from the SPICE output.
For each component that needs to be evaluated, the command file has a header that provides
all the default values such as the temperature range, voltage range, all the reference values
and the packaging details. The command file also provides the pin list which describes the
pin and connects the pins to their models. The command file also describes each model
specified in the pin list with the exception of the reserved model names POWER, GROUND
and NC.

Fig. 13.2] shows a block diagram of the S2IBIS tool flow. The parser parses all
the information from the command file (.s2i file) that has been specified by the user. The
program then sets up all the file names and the SPICE files that are run once SPICE is
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invoked. As soon as the SPICE output files are created, they are examined for any errors
or aborts. If there are no errors, the VI and VT tables are extracted from their respective
files and formatted according to the IBIS specification. The last step is to print the IBIS

model into a file.

3.4 S2IBIS3

S2IBIS2 was written in C programmable language along with Lex and Yacc (for the
purpose of parsing the command file). As such, different operating systems needed different
versions of the tool. Moreover, S2IBIS2 could generate IBIS V2.1 or lower generation models
only whereas IBIS itself had evolved to Version 3.2. As such, S2IBIS3 was developed.
The programming language used to develop S2IBIS3 is Java which makes it a) easy to
understand, b) platform independent and c) ideal for future enhancements. S2IBIS3 is also
backward compatible to all versions of IBIS. A key feature that has been implemented in
S2IBIS3 is the capability of handling convergence issues with HSPICE. Non-convergence
occurs because the SPICE netlists are not accurate for the voltage range that they are
swept with. If non convergence is detected, the user is asked to enter new sweep values for
the beginning and the end of the sweep. SPICE is again run with the new values and if
again faces non-convergence, comes back and asks for new values again. This procedure is
repeated until SPICE converges or user aborts.

S2IBIS3 not only creates IBIS Version 3.2 compliant models (with support for
keywords such as [Series Mosfet]), but also more accurate models as well. Most notable
among the improvements was the correct implementation of the clamp subtraction algo-
rithm. S2IBIS2 did not perform the algorithm correctly as it only performed it within power
clamp and ground clamp specific ranges for pullup and pulldown respectively. S2IBIS3
subtracts the clamp current from the entire Vgnd to 2*Vecc range. This prevents double
counting of clamp currents in the simulators.

S2IBIS3 also includes a few extra commands to give more control to the user. Key
words such as [ExtSpiceCmd] was added to append external spice setup command to the
spice simulation files. Also, the VI table code was modified to make sure 100 entries are
present in the table to make the model more accurate.

Table points to some of the main differences between S2IBIS2 and S2IBIS3.

The next section describes how the V/I and V/T tables are derived for the IBIS
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Table 3.1: S2IBIS2 Vs S2IBIS3

Variables s2ibis2 s2ibis3
IBIS Versions Ver 2.1 and 1.0 Ver 3.2, 2.1 and 1.0
GUI GUI hard to implement GUI next step
Platform Dependence Platform dependent Platform independent
Programming Language C, Lex, Yacc Java
Convergence No solution for convergence Improved Convergence
Command File Uses a command file Uses same command file
structure as s2ibis2
Accuracy VI tables inaccurate Accurate
Data Points less data points more data points
Simulator support HSPICE, SPECTRE HSPICE, SPECTRE, ELDO

model using S2IBIS3.

3.4.1 Pullup and Pulldown curves

Both the I/V tables (Pullup and pulldown curves) are derived for output and I/O
models. Only pulldown curves are extracted for open-drain models while pullup curves are
extracted for open source models. For both pullup and pulldown curves, S2IBIS3 connects
an input voltage source and an output voltage source. The input voltage is set so the output
tries to drive high (for the pullup curve) or low (for the pulldown curve). The output voltage
is swept from (Vgnd - Vee) to 2% Vee using a DC sweep, and the output current at each
output voltage is recorded at the pad (current going into the pad is considered positive
in IBIS). No package information (R_pin, L_pin and C_pin) is included in the DC sweep.
Pulldown I/V data is referenced to ground while pullup I/V data is referenced to Vec.

V;‘,able = V;:c — Voutput

If the driver has an enable input (3-state buffer), the sweep is performed a second
time with the driver disabled. This gives the performance of the clamping structure that may
be present. The curve with the driver disabled is then subtracted from the pullup/pulldown
curves in the entire range of the pullup/pulldown curve resulting in a curve that models
the performance of only the driver. Fig. [3.3 shows the pullup and pulldown curves for the

typical corner case of a voltage mode cascaded inverter driver using S2IBIS3.
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S2IBIS3 performs these sweeps for all corners (Typical, Minimum and Maximum).

0.3 T T T T T
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Voltage (v)

Figure 3.3: Pullup (blue) and Pulldown (green) curve of an IBIS model created using
S2IBIS3.

3.4.2 Clamp curves

Power and ground clamp curves are derived for input models and the output
models with enable inputs. To find the power and ground clamp curves for input models,
S2IBIS3 attaches a voltage source to the associated pin and sweeps the voltage source. The
current at each voltage point is recorded.

To find the clamp curves for the ‘output’ models with enable inputs, a voltage
source is attached to the associated pin, the driver is disabled (using the voltage source
attached to the enable pin), and the output voltage is swept. The resulting current at each
voltage point is recorded. The sweep range for ground clamp curves is (Vgnd - Vce) to

(Vgnd + Vce), and Vee to 2*Vee for power clamp.

3.4.3 Ramp rate

Ramp rates are derived for all output models and is obtained using the transient
analysis. It is specified as a ratio of voltage change to time fraction (dV/dt).

Rising ramp rate data is obtained by placing a load resistance (Rload) from the
output to ground then applying the appropriate input to the buffer so that the output
switches from low to high. Falling ramp data is obtained with the load resistor tied to logic

high (Vec). Rload is specified in the command file. If it is not specified, it defaults to 50 €.
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It should be noted that no packaging parasitics are involved in the simulations.
The output waveform is then examined to find the 20% and 80% voltage points (dV), and
the time between them (dt).

3.4.4 Rising and Falling Waveform curves
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Figure 3.4: 2 rising (a) and 2 falling (b) curves of an IBIS model created using NCSU
S21BIS3.

Rising and Falling waveforms are produced for output models when they are re-
quested with the [Rising Waveform| and [Falling waveform] commands. As shown in fig/3.4,
a minimum of 2 rising and 2 falling waveforms are recommended to fully describe the switch-

ing behavior of the device. In the figure, 1 rising (in fig. 3.4(a)) and 1 falling (in fig. |3.4(b))
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waveforms are derived by having the driver drive 50 €2 high (Vcc). The other curve in fig.
@ and fig. @ is derived by having the driver driver 50 2 low (Gnd).

A variety of loads (R_fixture) can be used in S2IBIS3 to obtain rising and falling
waveforms as a total of 100 waveforms are allowed in the IBIS specification. Deriving rising
and falling waveforms is similar to deriving ramp rates. Some designers and model makers
use the [Ramp| data instead of the V/T curves (Rising and Falling Waveforms) as the
ramp rate is sufficient for current mode logic (CML) (non-push/pull) drivers and eliminates
charge storage and over-clocking issues. Also, the ramp rate is much simpler to adjust and
correlate as it is linear.

S2IBIS3 is available for public downloacE. The program has been downloaded

available to help setup, run and use the program?®.

nearly 1000 times and is used in the chip deiiﬁn industry worldwide. An FAQ is also
All IBIS models used in this dissertation (Pre-emphasis driver, DDR2 driver,
CMOS Cascading Inverter driver) are created using the S2IBIS3 program. The IBIS model

of a voltage mode pre-emphasis driver is attached as an appendix in this dissertation.

3.5 Summary

This chapter discussed the North Carolina State University’s S2IBIS tools that
were written to convert SPICE transistor level netlists into IBIS models. Now in its third
revision, S2IBIS can be held responsible for the widespread use of IBIS as a behavioral
modeling methodology. A brief discussion on how data for the V/I and V/T tables are
derived from numerous simulations is made. A comparison of S2IBIS2 and S2IBIS3 is also
done. S2IBIS3 is used throughout the EDA industry worldwide and is used for constructing
all the IBIS models used in this work.

% Available at http://www.ece.ncsu.edu/erl/ibis/s2ibis3/s2ibis3.htm
3 Available at http://www.ece.ncsu.edu/erl/ibis/faq/S2IBIS3_FAQ.htm
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Chapter 4

Noise Issues with IBIS Models

4.1 Introduction

This chapter investigates how well IBIS can model simultaneous switching noise
(SSN), also known as ground bounce, or simultaneous switching output (SSO). SSN occurs
because of voltage glitches induced due to an inductive voltage drop when I/O drivers switch
simultaneously [41].

The experiments done to determine the usefulness of IBIS models for SSN simula-
tions is followed by a preliminary method to accommodate SSN information in circuits that
use IBIS models and improve the noise simulations that are done with the models. The
solution involves placing voltage controlled capacitances at the power, ground and output
nodes of the driver. Equivalent circuits with transistor netlists and IBIS drivers (with and
without improvement) are compared for simultaneous switching noise.

The solution presented in this chapter is a way to adequately represent SSN with-
out either changing the methodology of creating the IBIS model or the internal structure of
the model itself. This is important as to propose a change in the way the model is created
would mean not just effort to convince the IBIS committee on the benefits of making a
change to the model, but also time as any change to the modeling methodology typically

takes months before it is either accepted or rejected.
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4.2 Comparing SPICE and IBIS

To test how simultaneous switching noise is represented in circuits with IBIS mod-
els, a test involving 4 cascaded non-inverting CMOS drivers is setup. Fig. [4.1 shows the
buffer circuit. These drivers use the same power - ground plane through LC circuits that
models the power and ground plane parasitics as well as pin - package parasitics. The
inductance and the capacitance used as lumped parasitics are 2nH and 2pF respectively.
The drivers are connected to 50 ohm ideal (lossless) transmission line and terminated with
50 ohms resistors. Simultaneous switching inputs were applied on 3 drivers and the fourth

driver is connected to ground to simulate a quite line.

A Al el e
M v M2 X M5 ‘ ‘ ME

Frg Parastics
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Giet Ling.

Wwire Bond and Pin
Parasitics

Figure 4.1: Test setup to compare circuits with IBIS and SPICE models for I/O drivers. 3
buffers are given simultaneously switching inputs and the 4th input is grounded to simulate
quiet driver.

IBIS model of the cascading inverting driver is created using S2IBIS3 (chapter 3,[17])
and a similar circuit to fig. is setup using the IBIS models and given similar inputs.

SPICE simulation show that while the first three driver show expected non-inverting
output, as shown in fig. [4.2 | the fourth driver has noise (fig. [4.3] top ). This noise is di/dt
noise that is present in the plane due to multiple drivers switching simultaneously. Due to
this switching, Vss rises and Vdd droops resulting in changed I/V characteristics. These
observations are shown in the bottom plot in fig. [4.3. Tt can be observed from the plots that
the IBIS driver signals (dashed lines in figs. [4.2, are under-representing the actual noise
in the system This result is not surprising as IBIS does not model the well known “feed-

back effect”, in which the collapsing voltage rails reduce driver di/dt. The consequences
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of this worst case scenario representation could severely restrict a designer’s options when

designing with IBIS models.

IBIS Vs SPICE

2.0

(V)

[ T T T T T T T 1
0.0 500p 1n 1.5n 2n 2.5n 3n 3.5n 4n
i(s)

Figure 4.2: Output from the switching drivers. The response from IBIS modeled drivers
(dashed) does not capture SSN effects when compared to the transistor modeled driver

(solid)

4.3 A Solution for better SSN Representation

With the knowledge of why SSN is not represented properly while using IBIS
models, a new method is proposed that would help the designer include SSN information in
the circuit with IBIS models representing the drivers and receivers. This method does not
involve modifying the IBIS modeling methodology nor is it a part of the S2IBIS tool, but
complements the IBIS driver as a separate subcircuit that users would add in conjunction to
the B element!| in their circuit. The subcircuit consists of three separate Voltage Controlled
Capacitances (VCCAPs) that are placed between the power and ground rails, the output
and the power rail and the output and the ground rail (fig. [4.4). These VCCAPs are a
function of the power and ground voltages and the output voltage respectively. Capacitance

across nodes varies linearly between a desired range depending upon the voltage across the

The IBIS buffer element in HSPICE
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Figure 4.3: IBIS (dashed) and Transistor (solid) model response in the quiet line (top) and
Pwr-gnd (bottom).
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Figure 4.4: Placement of Voltage Controlled Capacitances (VCCAPs) in the circuit de-
scribed in fig. 4.1

control nodes [60]. By providing voltage controlled capacitances, more coupling is achieved
between the power and ground power voltage levels with the output voltage level. Depending

upon the circuit, the designer can choose to base the capacitances on one of three available
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nodes. An ideal situation would be to compile a library of drivers and the best combination
of VCCAPs that would work with that circuit. This way, the designer would not have to

experiment with various permutations and combinations to arrive at the best result.

4.3.1 Simulation Results

Figs. [4.6 and [4.7 show the simulation result for the voltage mode cascaded
CMOS drivers. Fig. [4.5 shows output from a switching driver. It can be observed that the
response with the circuits with VCCAPs (dashed lines) has improved considerably when
compared to the response to the circuit with plain IBIS models (dots). The mean square
error of the response of the circuit with VCCAPs is approximately 15-20% less to the
response of the circuit with plain IBIS models. Fig. [4.6] shows the response of a quiet
driver while fig. [4.7 shows the power (top) and ground (bottom) signals of the HSPICE
simulations with transistor models, plain IBIS models and IBIS models with VCCAPs.
Similar improvements are observed in these figures. The values of the VCCAPs used are in

the range of 0.5pF to 5pF.

1.5

.Hul“m.~

1.0 -

0.5 -

)

0.0 -

-0.5-

0.0 5n 10n
t(s)

Figure 4.5: Output from the switching drivers. The response from corrected IBIS drivers
(purple dashed) shows a better response than plain IBIS (blue dots) when compared to
transistor modeled driver (solid)
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Figure 4.6: Quiet line output from the switching drivers. The response from corrected IBIS
drivers (purple dashed) shows a better response than plain IBIS (blue dots) when compared

to transistor modeled driver (solid)

(v)

(V)

Figure 4.7: Power (top) and ground (bottom) response. The response from corrected IBIS
drivers (purple dashed) shows a better response than plain IBIS (blue dots) when compared

to transistor modeled driver (solid)
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4.3.2 Challenges

This method of improving simulation accuracy with IBIS models has some chal-

lenges such as,

e Extra capacitance at the output node affects the Tr and Tf of the resultant curve.
Proper compensation needs to be made at the die capacitance to account for the extra

capacitance.

e Difficult to obtain the capacitance values and to predict the voltage range for their

use.

4.4 Summary

As shown in this chapter, an IBIS model can be complemented to produce more
accurate results by providing SSN information that is present in high speed simulations.
On an average, circuits with VCCAPS have a mean square error that is 15 to 20% lower
when compared with hspice circuits than circuits without VCCAPS.

It should be noted here that this method was considered to be a first step and a
stepping stone to a more versatile and better defined black box type approach that could be

fitted to any driver structure and any kind of model. By tweaking certain parameters, the

black box could be molded for any given model. The following chapters (chapter 5,/chapter 6|
and chapter 7) detail a more elaborate and thorough method to improve behavioral models
of I/O drivers used in the high speed design world.
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Chapter 5

Improving Behavioral 1/0O Buffer
Modeling based on IBIS

5.1 Introduction

As discussed in chapter 2 and [chapter 3| high level behavioral modeling is widely

used in lieu of low level transistor models to ascertain the behavior of I/O drivers and
receivers. IBIS (Input Output Buffer Information Specification) is one of the most widely
used methodology to model 1/O drivers as it satisfies the basic requirements of a behavioral
model such as IP protection, simple structure, fast simulation time and reasonable accu-
racy. As driver technology gets increasingly complicated and rise time of input signal gets
increasingly smaller, important considerations such as simultaneous switching noise (SSN)
becomes a major consideration when simulating multiple I/O drivers in the IC. With the
size of the transistor shrinking, more and more I/Os can be accommodated on the chip,
resulting in a greater probability of more drivers switching simultaneously, hence increasing
the problems of SSN furthermore. Chapter [4 details how IBIS falls short of becoming a
complete I/O behavioral model when simulating for SSN. This chapter addresses the prob-
lem by assessing what is missing in IBIS. A method is presented for compensating for the
missing information by complimenting the IBIS model with a black box that is simulator
independent, without compromising with the speed that IBIS enjoys over the transistor
models.

With shorter rise times and fast and advanced drivers, behavioral models for I/O
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driver are expected to perform SSN simulations in a system level test setup. The inability of
the IBIS models to perform SSN simulations is because the IBIS models are incapable of

accounting for the following 2 distinct phenomena when compared with transistor models:

1. Transistor models of 1/O buffers include circuit information for power-ground distri-
bution network (PDN), control circuits and pre-driver circuits in addition to the main
driver. The currents generated by these circuits (such as the pre-driver current and
the crossbar current) have an effect on the performance of the main driver [4]. IBIS
models of the I/O buffer consists of the static and dynamic information of the main
driver only - hence behaves differently when simulated in a network environment with

multiple drivers switching.

2. SSN causes the local power and ground signals to bounce (also called rail collapse),
thereby affecting the gate-source voltage of the pull-up and pull-down devices [45].
While transistor models are capable of dealing with this fluctuation, the IBIS model
is not. This is because the Voltage-Current (V-I) tables in IBIS are constructed
for a single gate-source voltage preventing any feedback effect in the IBIS model

simulations.

This chapter addresses both these deficiencies of IBIS by introducing a black-box
that can be used in conjunction with IBIS. The black-box consists of SPICE primitive
constructs and can be used with any simulator of choice. This allows the model maker to
introduce SSN modeling capability for their models without changing the internal structure
of the IBIS model and without waiting for any fix in the simulator as a result of a change in
the IBIS specification. This enhancement of behavioral modeling using IBIS gives the user
a physical circuit based model that they can understand and modify if need be unlike other
purely mathematical behavioral models [58], [5] and [29] that are abstract, hence hard to
fix should a bug be found.

All simulations in this chapter are performed in HSPICE version 2004.03 on a SUN
SPARC Sun Blade 100.

5.2 1IBIS Deficiencies

Behavioral models of I/O drivers such as IBIS are a high level description of the

drivers with the intention of accurately representing the important and useful aspects of
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the driver. This results in faster and cost effective simulations. It is, however, easy to
oversimplify the behavior model rendering it inaccurate and incomplete. This section looks
at some of the issues in the IBIS model that are overlooked during model construction when

comparing it with the transistor level model of an I/O driver.
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Figure 5.1: Tri-State Driver Schematic.

5.2.1 Pre-Driver, Crossbar and Termination Currents

Transistor models of I/O drivers consist of more than just the pull-up and pull-
down devices. As shown in fig. [5.1, which is a basic schematic of a tri-state driver, power
distribution network circuits, pre-driver circuits and control circuits are primary blocks of
circuit that are included in the I/O drivers other than the pull-up and pull-down devices
[61]. On the other hand, IBIS models contain Voltage - Current (V-I) and Voltage - Time
(V-T) tables to describe the pull-up, pull-down and clamp devices along with some package
information. As such, there is a lack of accurate current information in an IBIS model
resulting in driver performance that is inconsistent when compared to the transistor netlist
simulation. Fig. (5.2 shows the output current of a rising edge of an I/O driver for both
transistor level netlist and IBIS model. The zoomed part of the figure shows that the current
profile in the transistor level model starts almost 500 picoseconds before the current in the
IBIS model demonstrating the fact that there is some missing current in the IBIS model
and that the missing current is related to the activity in the driver before the pull-up device
(in this case) becomes active. Similarly, the leakage (crossbar) current through the pullup
and pulldown devices during switching and the termination current at the output of the

driver are important questions that are not completely answered in an IBIS model.
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Figure 5.2: Rising edge current at the output pin of an I/O driver demonstrating the lack
of pre-driver current in IBIS models (broken line) when compared to the transistor model

(solid line).

5.2.2 Gate Modulation Effect

The power and ground bounce due to SSN affects the gate-source voltage of the
pull-up and pull-down devices in an I/O driver (refer fig. [5.1). This gate voltage fluctuation
should result in a variation of current flowing through the pull-up and pull-down devices -
thereby affecting the current flow in the overall driver. IBIS models do not reflect this.

Fig. [5.3 shows the characteristic (Ids Vs Vds) curves of an NMOS device for dif-
ferent Vgs values (figure shows 3 characteristic curves for Vgsl, Vgs2 and Vgs3 for demon-
stration purpose) as per Eq. [5.1] which is the spice level 1 MOS transistor model. This
makes the transistor model current a function of both Vgs and Vds (Eq. [5.2).

When the power and ground sources bounce, the Vgs values vary allowing the
transistor models to adapt by making the device stronger or weaker (by shifting vertically
on the characteristic curves). On the other hand, each VI table in the IBIS models (pull-up,
pull-down, power-clamp and ground-clamp) represents only one of the characteristic curves
shown in fig. 5.3l As such a fluctuation in the power and ground source does not produce

the same effect in an IBIS model (Eq. [5.3). This effect is also known as the gate modulation
effect.
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Figure 5.3: Iz Vs Vg, Characteristic curves for NMOS transistors. While transistor level
models jump from one curve to the other with a change in Vgs, IBIS models confine to one
curve (in this case, at Vgs2).

w 1
Ids = ,UfnCoacf[(Vgs - V;th)vds - ivdzs](l + AVvds) (51)
Ids(trans) = f(%m Vds) (52)
Lisapis) = f(Vas) (5.3)

Fig. 5.4l shows the effect of gate modulation effect by increasing the number of
drivers between transistor level drivers and IBIS model drivers, both switching from low
to high. In the transistor level model (fig. M), the output voltage deteriorates with
the increasing drivers whereas the IBIS model circuit (fig. ]54—(b)D shows relatively low
degradation of the output signal thereby not allowing for a realistic simulation in the circuit
with the IBIS model.

When these 2 problems in IBIS are combined, accurate simulations for simultane-

ous switching noise become a challenging prospect.
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Figure 5.4: Effect of modulation of the gate voltage as a result of the power and ground
bounce. With the increase in number of drivers, SSN deteriorates, affecting the voltage
response at the output pin in (a) transistor level models. Similar circuit does not elicit
same response in circuits with IBIS level models (b).

5.3 Black-Box Modeling of Error Function

The thesis behind this work is that without the necessity of changing IBIS mod-
els and the simulators that deal with them, the model user can use the macro models for

simultaneous switching noise simulations as well as any other complex system level simu-
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lations. This is done by complimenting the IBIS model with a black-box that contains the
error function between the original IBIS and the transistor netlist model as shown in fig.
5.5 (right). The black box is generated automatically using a MATLAB script for both
the issues discussed in Section [5.2. The error function contains spice primitives making it

compatible with most simulators.

Global Power Plane

PWR
I ouT
Black Box

_|

Macromodel

Global Ground Plane .

Figure 5.5: Black-box modeling approach. Breakdown of various components of the pro-
posed macro model (within the box with dashed lines), (left) and high level overview of the
macro model with the IBIS element and the black-box (right).

Previous solutions have tried to address the problem of insufficient representation
of the extra current in IBIS model and have proposed methodologies that have extracted
the signatures of the missing current at the VDD node. However they have demonstrated
the usefulness in a restricted environment [15]. These current signatures are obtained at
a certain power/ground voltage. However, with varying voltage at the power and ground
rails, current signature would change, thus rendering the correction inaccurate. The macro
modeling methodology, described in this chapter, allows for a more robust solution where
the correction is a function of the variation in the voltage levels at the power and ground
pins - thus useful even when the supply rails are affected by SSN.

Fig. [5.5 (left) shows the various components of the macro model that is being
proposed in this chapter while fig. [5.5] (right) is a high level overview of the macro model.

The following sections describe the methodology of obtaining the parameters of

the black-box for both the deficiencies discussed in Section [5.2.
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Correlation between Vdd-Vgnd and Rising and Falling edges
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Figure 5.6: (a) Power droop and ground bounce correlate with the switching of the buffer
. (b) There is a high correlation between the difference in current (solid line) at the Vdd
pin between the transistor level model and the behavioral (IBIS) model and V(Pwr - Gnd)
(broken line) of the IBIS model circuit.

5.3.1 Pre-Driver Current Error Correction

The crossbar current along with all the other currents that is absent from the IBIS

model can be estimated by comparing 2 similar circuits - one with an IBIS model of the
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driver and the other with its equivalent transistor model. The difference current is then
compared to the difference in the voltage levels between the Vdd and Vgnd (Vdiff = Vdd-
Vgnd). It is observed that this difference in voltage level only occurs during a transition
in the voltage level at the buffer output (fig. [5.6(a)). As the buffer switches, it draws (or
sinks) current from or to the power supply. Fast changing current passing through the
package parasitics generate a drop in the power signal and a bounce in the ground signal
[41], [38]. When the difference current at the Vdd pin (Idiff) is compared against Vdiff, a
correlation is observed (fig. @) between the difference in current values of the transistor
level model and the behavioral (IBIS) model and the difference of voltage levels in the power

and ground pins of the IBIS model as shown in (Eq. [5.4)

Laiffvdd = Tirans,wdd — Liviswdd = f(Vddrprs — Vgndiprs) (5.4)

where Vdd;prs and Vgndrprg are voltage at the power and ground of the IBIS circuit.

The proposed error correction for pre-driver current can be done by carrying out
the following steps:

Step i): Setup circuit for rising and falling I;4ns 040 and ILipispdq: The
correlation in Eq. [5.4 is captured in an nth order polynomial (fig. W) that can be used
to recreate the difference in current. This is done by using a circuit with a single driver
(using an IBIS model for the driver) and another circuit with the transistor model of the
driver. Full package parasitics are used to obtain the current at the power pin in both the
circuits. The output of the buffers are terminated in 50 €2 load to the ground. The circuit
is subjected to both rising and falling input waveform to obtain polynomial coefficients for
both the cases. The rise (and fall) time of the transition pulses should reflect the maximum
speed of operation for the buffers. Rise time and fall time for polynomial generation for
this work was 0.1ns. Care should be taken to run the simulation for as long as it takes
for the output signal to become stable. It is also important to make sure that the IBIS
model and the transistor model response are well aligned with each other. Misalignment is
a common problem as the simulators behave differently with the IBIS model in sending the
input signal to the model. If any misalignment is detected, the input signal can be adjusted
to get perfect alignment.

Step ii): Obtaining the polynomial coefficients for VCCS implementa-
tion: Once IBIS and transistor circuit SPICE output is obtained (.tr# files for HSPICE)
for both rising and falling cases, it is read into MATLAB using the HSPICE toolbox [62].
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The MATLAB script (Appendix A) is used to find the difference in the current at the power

pin for both the circuits for the rising and falling cases as shown below:

diff_current_Tran_IBIS_rise = Ivdd_Tran_rise - Ivdd_IBIS_rise;
diff_current_Tran_IBIS_fall Ivdd_Tran_fall - Ivdd_IBIS_fall;

and using the difference current for rising and falling (‘diff_current_Tran IBIS_ rise(fall)’) to

obtain the polynomials:

poly_coeff_rise = polyfit(pu_pd_IBIS_rise,diff_current_Tran_IBIS_rise,order);
poly_coeff_fall = polyfit(pu_pd_IBIS_fall,diff_current_Tran_IBIS_fall,order);

where ‘pu_pd IBIS rise(fall)’ is the power-ground voltage of the IBIS model circuit and
‘order’ is the desired order of the polynomial. The correlation is captured in an nth order
polynomial (fig. that can be used to recreate the difference in current. Both the rise
and fall polynomials can be obtained using the same script in one run. The script obtains
the polynomial of up to the fourth order automatically. In most cases, the second or the
third order polynomial is sufficient for obtaining the pre-driver current error correction.

Step iii): VCCS implementation: Once polynomials for the rising and falling
curves are obtained, the extra current that needs to be injected in the IBIS model is done
using Voltage Controlled Current Sources (VCCS). VCCSs are commonly available as spice
primitives in most circuit simulators.

GRisepoly risePoly O POLY(1) VDD GND SCALE=1 0.15682 -0.37351 0.26511 -0.0589
GFallpoly fallPoly O POLY(1) VDD GND SCALE=1 -0.1586 0.22681 -0.11049 0.0186

Fig. W compares the recreated difference current using the polynomial with
the original. It can be observed that the current function generates very accurate difference
current. The MATLAB script generates these polynomials for both the rising edge as well
as the falling edge. Standalone tests of just the rising and falling edges show that the
corrected IBIS waveforms are, in most cases almost 30 percent and in some cases more than
50 percent more accurate than standalone IBIS. It should be noted here that system level
simulations are not possible with 2 different current sources supplying current for rising
and falling edges separately. As a first step towards such simulations, one single voltage
controlled current source was obtained that captured the correlations for both rising and
falling edges (fig. m) in a single polynomial. Tests with only one polynomial show an
improvement of nearly 20 to 25 percent (Table[5.1).
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Figure 5.7: (a) The correlation in fig. 5.6(b) is captured in a 2rd order polynomial that can
be used to recreate the difference in current. (b) Comparison between the curves obtained
using the polynomial and the actual current curve of the rising waveform of a sample driver.

5.3.2 Gate Modulation Effect Error Correction

As discussed in Section[5.2, gate modulation error correction is a function of the
power and ground voltage. As in the case of the pre-driver error correction where the current

supply of the power pin was adjusted using the power and ground voltage (Eq. [5.4), the
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gate modulation concerns the total output current of the I/O driver. The difference current
at the output is a function of the power and ground voltage as shown in (Eq. [5.5) and fig
’5.8. This correction is improved by using a scaling coefficient K in (Eq. [5.6)

Liiffout = Tirans,out — Livis,out = f(Vddrprs — Vgndrprs) (5.5)
Ipy = K X Igiftout (5.6)
where v
inst
K= Nx = (5.7)
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Figure 5.8: The difference current at the output between IBIS model drivers and transistor
model drivers have a high degree of correlation with the voltage difference at the power and
ground pin in both the rising (top) and falling (bottom) transitions.

In most cases, Vyom (in Eq. [5.7) is the normal value at which the I-V tables in the
IBIS models are created. Vi, is the instantaneous (real time) voltage between the power
and ground nodes of the I/O buffer. This voltage is not constant as the Vg, but reflects
the noise due to switching in the local power and ground nodes as shown in fig/5.6(a). N (in
(Eq. [5.7)) is a user dependent factor for adjusting the K factor and is usually the number
of the drivers that are switching simultaneously in the system. SPICE implementation of

the K factor is done in the following way:
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Ek1l k1 0 vol
Ek2 k2 0 vol

> (v(VDD1,GND1)-v(GND1)) /vcc’
24x(v(k1)-1)°

where ‘vec’ is the voltage at which the IBIS models were created (Vyom), ‘VDD1’ and
‘GND1’ are the local power and ground. The number of drivers used is 4 - hence N=4
(though this number is not always going to be the number of drivers as K is not linearly
proportional to the number of drivers).

The proposed error correction for the rising and falling edges individually for the
“gate modulation effect” can be done by carrying out the following steps:

Step i): Setup circuit for rising and falling Ijyqnsour and Iips oue: The
correlation in Eq. (5.5 is captured in an nth order polynomial that can be used to recreate
the difference in current. This is done using a circuit with IBIS model and another circuit
with the transistor model as described in Section [5.3.1. For gate modulation effect, the
current at the output of the driver instead of the power node is collected.

Step ii): Obtaining the polynomial coefficients for VCCS implementa-
tion: Once IBIS and transistor circuit SPICE output is obtained (.tr# files for HSPICE)
for both rising and falling cases, they are read into MATLAB using the HSPICE toolbox.
The MATLAB script is used to find the difference in the current at the power pin for both
the circuits for the rising and falling cases as shown below:

diff_current_Tran_IBIS_rise = Iout_Tran_r - Iout_IBIS_rise;
diff_current_Tran_IBIS_fall Iout_Tran_f - Tout_IBIS_fall;

Polynomial coefficients are obtained using the polyfit function in MATLAB as
shown below. In the code, order is the order of the polynomial. For this work, 2"¢ order
polynomials were used in the VCCSs. It should be noted that it is not necessary that a

higher order polynomial would improve accuracy in the simulations.

poly_coeff_rise
poly_coeff_fall

polyfit(pu_pd_IBIS_rise,diff_current_Tran_IBIS_rise,order);
polyfit(pu_pd_IBIS_fall,diff_current_Tran_IBIS_fall,order);

Step iii): VCCS implementation: Once polynomials for the rising and falling
curves are obtained, the extra current that needs to be injected in the IBIS model is done
using Voltage Controlled Current Sources (VCCS). The VCCS for gate modulation effect
correction is placed between the output and the ground node using the methodology de-

scribed in Section [5.4.1.
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Gphase2risel ph2risel O POLY(1) vdd_delayed O scale=3 -0.0573 0.0681 -0.0203
Gphase2falll ph2falll O POLY(1) vdd_delayed O scale=3 0.02154 -0.0259 0.0077

While these steps describe the details to obtain the black-box parameters for the
rising and falling edges separately, the method also holds if a single polynomial is required
for both the edges. The only difference in the extraction process would be that a 010 pulse
would be supplied to the input of the driver instead of rising or falling inputs in the step i)
of the process.

As Lgifout is the difference between the SPICE and IBIS model currents at the
output, hence in effect, the error correction used for gate modulation effect not only corrects
for the voltage fluctuations in the power and ground but also corrects for other effects such
as the lack of termination currents in the IBIS models. Results with and without the gate

modulation effect is discussed in Section

5.4 Achieving Improved Accuracy For System Level Simula-

tions

The previous section described how a single polynomial for both the edges and
separate polynomials for each edge can be obtained. Even though a single polynomial for
both rising and falling edges gives a good result when compared to the plain IBIS models,
much better results can be achieved when using 2 distinct polynomials - one for rising
and the other for the falling edge for each error correction described in Section 5.3l This
is because each transition is dealt with individually rather than collectively by one single
polynomial. Separate polynomials for rising and falling edges can be used by utilizing
behavioral SPICE constructs to determine the edge of the input signal. A delayed input
is used to detect the rising and falling edges as shown in fig. [5.9. The rising edge (nrise)
is detected by inverting the delayed input and performing a logical and operation with
the original input. The falling edge (nfall) is detected by inverting the original input and
performing a logical and operation with the delayed input.

Once an edge is detected while simulation, the corresponding VCCS current is
used to boost the current in the power supply loop (for the pre-driver current) and the

output pin loop (for the gate modulation effect).



62

IN
IN_DELAYED
Rising Edge - IN_DELAYED
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Figure 5.9: Detecting (a) the rising edge (nrise) and (b) the falling edge (nfall) for system
level simulations. The black-box uses behavioral constructs to detect an edge. When an
edge is detected, the appropriate flag is raised, allowing the right circuit in fig. [5.10]to be
used to simulate.

5.4.1 Circuit Implementation

The circuit used to implement the VCCS for each edge for the pre-driver current
is shown in fig. [5.10. As a standalone current source cannot be included in a behavioral
scenario in the SPICE netlist, a closed loop circuit has to be created with resistance of 1

ohm. The circuit implementation is

Rrise rise_node O 1
Rfall fall_node O 1
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The current flowing across the resistors 'Rrise’ and "Rfall’ is used as the amount of current

that is added across the power and ground terminals as shown in this SPICE code:

GvccsRise VDD_VCCS GND_VCCS vol
GvccsFall VDD_VCCS GND_VCCS vol

>(v(nrise,gnd)>0)7 -i(Rrise):0’
>(v(nfall,gnd)>0)7 -i(Rfall):0’

where ‘GvcesRise’” and ‘GvceesFall” are the Voltage Controlled Current Source (VCCS) el-
ements in HSPICE [60], ‘nrise’ and ‘nfall’ are the rising edge and falling edge detecting

signals.

Rise_node Fall_node

Vdd Vdd

10 vces 10 vces

(a) (b)

Figure 5.10: Circuits in black-box used to implement VCCS for (a) rising edge and (b)
falling edge.

In a similar way, the circuit implementation for the gate modulation effect is done
using circuit similar to fig. [5.101

Rgate_rise gate_rise 0 1
Rgate_fall gate_fall 0 1

The current flowing across the resistors ‘Rgate_rise’ and ‘Rate_fall’ is used as the
amount of current that is added across the output terminal and ground terminals as shown

in this SPICE code:

Ggateout_r OUT_VCCS VDD_VCCS vol
Ggateout_f OUT_VCCS GND_VCCS vol

>(v(nrise,gnd)>0)? -i(Rgate_rise)*v(k2):0’
>(v(nfall,gnd)>0)? i(Rgate_fall)x*v(k2):0’

where ‘OUT_VCCS’ is the output terminal, ‘GND_VCCS’ is the local ground terminal and
‘k2’ is the scaling coefficient described in Section [5.3.2. Test results on I/O drivers with

separate polynomials for each edge are presented in the Section [5.6]
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Figure 5.11: Improvement in simulation accuracy is judged using area under the difference
curve of plain IBIS and transistor level models (top) and corrected IBIS and transistor level
models (bottom).

5.5 Metrics

To quantify the improvement in simulation accuracy by using the black-box in

conjunction with the IBIS model, various metrics were used. These include:

1. Area under the difference curve: The improvement in simulation accuracy is
estimated by comparing the area under the difference curve between the output voltage
of plain IBIS and transistor level model and corrected IBIS and the transistor level
model as shown in fig. It can be observed in the figure that the bottom curve
(with error correction) has less area when compared to the top curve (plain IBIS
without error correction), thus signifying that the corrected IBIS curve overlaps with
the transistor model curve to a greater degree when compared to to the plain IBIS
curve. This metric is used extensively throughout this work. Table 5.1/ summarizes

the improvement numbers for 2 drivers using the area under the difference curve.

2. Mean square error: For this method of assessing simulation accuracy, the error is
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estimated using the following formula:
| N
Mean Square Error = - Z;mms,i ~ Yiransi)? (5.8)
1=

where Yrprs; and Yipans,; are individual output voltage values for the IBIS model
circuit and transistor model circuit respectively. Table gives the improvement
numbers for 2 drivers using the mean square error between plain IBIS and corrected

IBIS and transistor model.

3. Maximum noise in the quiet line: Maximum noise in the quiet line when multiple
drivers are switching simultaneously can affect system performance and operation as
a high voltage spike in the quiet line can reach the minimum voltage threshold and
trigger a false signal. Fig. [5.21] displays the bar graph for 2 drivers used in the tests

(next section).

4. Delay: Delay in the rising edge of the output signal at 90% of the signal strength is
recorded for the transistor, plain IBIS and corrected IBIS circuits. Fig. [5.22] shows
the delay bar graph for the 2 drivers that are used in the experiment. The graph
shows the relative percentage error of the IBIS models with respect to the transistor
model. The delay for the corrected IBIS models are divided between the 2 correction
factors that were used - namely pre-driver current error correction (phasel) (discussed

in Section [5.3.1 ) and gate modulation effect error correction (phase 2) (discussed in

Section[5.3.2).

A summary of all the metrics is available at the end of this chapter.

5.6 Test Results

In this section, comparative test results are presented using transistor level models,
plain IBIS models and improved IBIS models. The tests are performed on 2 drivers. The
first one (driver 1) is a simple voltage mode CMOS cascading inverter driver (as described
in [12]) and the other (driver 2) is a real life 512MB DDR2 voltage mode driver (part no.
MT47H128M4BT-5E) from Micron Inc [63]. Memory I/O controllers use voltage mode
drivers (HSTL, SSTL) and noise (SSN) is of concern in them, as such, tests are done on

voltage mode drivers to prove the methodology described in this chapter.
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Figure 5.12: Setup for testing the improved IBIS models. This setup shows lumped parasitic
elements at both power and ground pins.

Test Setup: Tests were done with lumped elements modeling the power and ground
package parasitics in 2 different combinations. In the first case, the inductance (which is
the primary cause of SSN and is used here to model it) was placed only on the power
pin (as described in [15]) while in the second instance, both the power and ground pins
were connected to inductance (as described in [12]) (fig. [5.12). In the second instance,
only self inductance was used and mutual inductance was ignored with the assumption that
the result in all the three cases (original (plain) IBIS, corrected IBIS and Transistor), even
without mutual inductance, should produce similar results. Values of resistance (R) and
inductance (L) in fig. [5.12 are 0.1 ©2 and 1nH respectively.

Results for both the setups are provided for each test described in this section.
Tests were performed with 3 drivers switching simultaneously and 1 quiet driver. Decoupling
capacitors are also used as a part of the solution to improve SSN response of the IBIS models.
The power supply and rise (fall) time used for all the tests was 1.8 V and 100 picoseconds
respectively. For the IBIS models, the C_comp was split 25%, 75%, 0% and 0% between
pull up, pull down, power clamp and ground clamp.

This section is divided in 3 further sections following the different stages of work

performed to achieve the final result. The first section gives the results of the tests done
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with only one polynomial for both the edges for the pre-driver current error correction
described in Section the second section includes the result when 2 polynomials, one
for each edge, were used for the pre-driver current error correction. The third section has
results with the gate modulation error correction with separate polynomials for each edge
as described in Section Results in this section also include effects of the pre-driver

error correction in addition to the gate modulation error correction in the black-box.

5.6.1 Same Equation for Rising and Falling Edges for Pre-Driver Current

Error Correction

In this section, results with only one polynomial in the black-box are presented.
Section [5.3 listed methods of obtaining polynomials for error correction VCCSs for each
edge. To be able to use these polynomials, the edges need to be detected first. Instead,
if only one polynomial is used for error correction, edge detection is not required. This
polynomial was obtained by having a 010 pulse at the input of the driver while obtaining the
polynomial (step i of Section[5.3.1). The MATLAB script generates the required polynomial
which can be used in the VCCSs.

Tests were performed on both the drivers for this arrangement with and without
ground parasitics. Simulation accuracy goes down when only one polynomial is used for a
0-1-0 pulse for both edges (when compared with a 0-1 rising edge simulation or a 1-0 falling
edge simulation). This is because both the edges have to be taken into consideration by a
single polynomial. Even then, an overall improvement of, on average, 30% is observed in
table Similar observation can be made from table[5.2.

Fig. [5.13 shows the output voltage and voltage difference between IBIS and tran-
sistor response of a MICRON DDR2 driver (driver 2) for (a) no parasitics on the ground
pin and (b) parasitics on power and ground pins.

Fig. shows the eye diagram of the system level tests with transistor model,
plain IBIS and corrected IBIS with only 1 polynomial for both the edges. The input
supplied is a 512 bit PRBS with 0.1ns rise and fall time and 1.5ns bit period. As can be
observed in the circled portion, the bottom figure shows that plain IBIS is idealizing the
output response. The top figure is showing the corrected IBIS response overlayed with the

transistor response.
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Figure 5.13: Voltage (top) and voltage difference (bottom) between plain IBIS and transistor
(blue dashed) and corrected IBIS and transistor (red dots) of a MICRON DDR2 Voltage
mode driver, (a) with parasitics only on power pin and (b) parasitics on power and ground
pin. The error correction is achieved with only one polynomial for both the edges.
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Figure 5.14: Eye Diagrams comparing the corrected IBIS and SPICE transistor models with
only 1 polynomial for both edges in the black-box (top). Comparison of the plain IBIS and
transistor models shows inaccurate IBIS curve (bottom)
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5.6.2 Different Equations for Rising and Falling Edges for Pre-Driver

Current Error Correction

The tests performed in this section involve black-box with separate polynomials
for rising and falling edges to compensate for the pre-driver current error correction. Fig.
’5.15] shows the pulse response for driver 1 with (a) parasitics on power pin only and (b)
parasitics on power and ground pins. In both the figures, the top figure is the voltage
response, while the bottom figure is the voltage difference between the plain IBIS response
and transistor model response (blue dashes) and corrected IBIS response and the transistor
model response (red dots).

An improvement of 10-12% can be achieved over the method described in Section
’5.6.1 with separate polynomials for the rising and falling edge. An overall improvement in
simulation accuracy of 35-40% can be achieved with this correction over plain IBIS.

Fig. |5.16(a) shows the voltage and current at the power pin. The corrected IBIS
voltage curve at the power pin follows the transistor curve closely whereas the plain IBIS
curve shows substantial noise in both the curves. Fig 5.16(b) shows the voltage in the quiet
line. The plain IBIS voltage curve is overestimating the noise by more than 60% when
compared to the transistor model response. Such a noise level could send a false ‘high’
signal when actually the line is quiet. The corrected IBIS response is more comparable to

the transistor model response.
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Figure 5.15: Voltage (top) and voltage difference (bottom) waveforms at the output pin of
a cascading inverting driver (a) with only power pin parasitics in the test circuit and (b)
with power and ground pin parasitics in the test circuit. The error correction used includes
separate polynomial for the rising and falling edges. Plain IBIS (vout_only) is denoted
using blue dashed line, corrected IBIS (vout_vces) is shown as red dots and transistor model
waveforms are shown as solid black lines.
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Figure 5.16: (a): Vdd - Gnd voltage (top) and Vdd current (bottom) for test setup with
parasitics on both power and ground pins of a CMOS cascading inverting driver. (b): Quiet
line voltage for the same setup. Plain IBIS is denoted using dashed line, the corrected IBIS
is shown using dots and transistor model waveforms are shown as solid lines.
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5.6.3 Different Equations for Rising and Falling Edges for Gate Modula-

tion Effect Error Correction

Fig. [5.17/show the improvement in voltage response in the MICRON DDR2 voltage
mode driver with the gate modulation effect error correction along with the pre-driver
current error correction. The error correction VCCSs are implemented using 2 separate
polynomials, one for each edge. Fig. @ shows the voltage response of the driver
without package parasitics at the ground pin. Fig. ’5T(b)‘ shows the voltage response of
the driver with package parasitics at the ground pin.In both the figures, the plot at the top
shows the output voltage of the transistor model (solid black line) , plain IBIS (blue dashes)
and the corrected model (red dotted line). The bottom plot shows the voltage difference
between the transistor model output and the plain IBIS output (blue) and transistor model
output and the corrected IBIS output (red). As can be observed, the voltage difference
between transistor model and corrected IBIS is lower than the voltage difference between
transistor model and the plain IBIS in both the cases ((a) and (b)).

Similar results are observed in driver 1. There is almost an eight percent jump in
simulation accuracy (in the case of parasitics on power pins only) for the MICRON driver
(driver 2) (table[5.1). For the other case, the improvement is almost 2 percent. The simple
CMOS driver also improves - though not significantly. A reason for this is that the cascaded
driver is a straightforward driver without any complexities of a regular driver. As such a
simple compensation done using the error correction described in Section[5.6.2]is sufficient
to correct the model.

Fig. 5.18(a) show the Vdd-Gnd voltage (top) and the power pin current (bottom)
for the MICRON driver. It can be observed that the corrected IBIS model follows the
transistor model response closely when compared with the plain IBIS model.

Fig. ]W(b)‘ shows the voltage induced in the quiet line as a result of SSN. Again,

the corrected model shows a more realistic picture of the voltage levels in the quiet line.
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Figure 5.17: Voltage (top) and voltage difference (bottom) of a MICRON DDR2 Voltage
mode driver, (a) with parasitics only on power pin and (b) parasitics on power and ground
pin. The gate modulation error correction is achieved with separate polynomials for each
edges. Both error corrections are included in this figure.
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Figure 5.18: (a): Vdd - Gnd voltage (top) and Vdd current (bottom) for test setup with
parasitics on both power and ground pins of a MICRON DDR2 driver. (b): Quiet line
voltage for the same setup. Plain IBIS is denoted using dashed line, corrected IBIS is shown
as dots and transistor model waveforms are shown as solid lines. Both error corrections are

included in this figure.
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5.7 Results Analysis

Results presented and discussed in the previous section represent only a small
number of the actual tests performed to test the blackbox. This section details the results
with the use of tables and bar plots and performs analysis of the results achieved.

Table[5.1 shows the percent improvement in simulation accuracy for driver 1 (volt-
age mode cascading inverter) and driver 2 (DDR2 SDRAM driver). The improvement is
assessed using the area under the error curve. The error is the difference between the plain
IBIS and transistor models and corrected IBIS and transistor models. The percent im-
provement is calculated with respect to the plain IBIS model simulations. The 3 stages of
development is tracked in this table. The third column in the table shows the improvement
from implementing the pre-driver current correction using only 1 polynomial, the fourth
column gives the improvement from implementing the pre-driver correction with 2 polyno-
mials, one with each edge. The fifth column is the implementation of the gate modulation
effect (in conjunction with the pre-driver current correction) using 2 polynomials. Fig.
is the corresponding bar graph of the percent improvement in error curve. It can be observed
that the improvement gets better with each phase of correction for both the drivers.

Table [5.2 summarizes the percent improvement in simulation accuracy using the
Mean Square Error method. Fig. [5.20 is the corresponding bar plot to determine the
simulation accuracy, using the Mean Square Error metric. As can be seen, the improvement
in simulation accuracy also shows considerable improved using this metric.

Tables 5.3 and [5.4] give the maximum noise in the quiet driver for the MICRON
DDR2 and the cascade inverter driver respectively. Fig. [5.21 shows a summary of the
maximum noise in the quiet line for the 2 drivers for both the cases of parasitic arrangement.
It can be observed from the bar plot that the plain IBIS models has the largest noise when
compared to the transistor models and the corrected models. After the correction, the noise
in the quiet line is of comparable level to the noise in the transistor model.

Tables[5.5/and [5.6 presents the absolute delay of the rising edge of the plain IBIS,
the corrected IBIS model (phase 1 and phase 2) and the transistor model. Fig. [5.22/shows a
summary of the relative percentage error in the delay of the rising edge of the plain IBIS and
the corrected IBIS models with respect to the transistor model simulation. Delay is recorded
at 90% of the signal level for the rising edge of the output and reference (input) signal. The

corrected IBIS model delay is taken for both the phases of improvement described in Section
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[5.3. It can be observed that the output after phase 2H has the least delay error for both
the drivers tested. In the plots, phase 1 represents the pre-driver current error correction.
The delay in the corrected model for both drivers are similar to the transistor model delay
(relative percentage errors minimum). The same can be observed in the tables with the
absolute delay values. Delay was measured at 90% signal level as that is a more stringent
requirement when compared to (for example) delay at 50% signal level. Another observation
that can be made from tables|5.5/and (5.6 is the value of the delay itself. A delay of 0.9 ns
for the transistor model MICRON driver includes the signal propagation delay of the driver
itself. A delay of only 0.6 ns (in the case of plain IBIS) can result in a glitch in the system
resulting in faulty signaling at the output.

Table 5.1: Percent Improvement in Simulation Accuracy over plain IBIS models (Area
Under Error Curve)

Test Setup Driver Pulse Pulse Pulse
(1 polynomial) (2 polynomial) (2 Polynomial with
Gate Modulation)

Pkg on power pin driver 1 32.56% 42.14% 43.159%
driver 2 35.31% 38.38% 46.39%

Pkg on power pin  driverl 28.47% 42.41% 45.05%
and gnd Pin driver2 20.08% 32.77% 34.54%

Table 5.2: Percent Improvement in Simulation Accuracy over plain IBIS models (Mean
Square Error)

Test Setup Driver Pulse Pulse Pulse
(1 polynomial) (2 polynomial) (2 Polynomial with
Gate Modulation)

Pkg only on power pin driver 1 19.58% 26.10% 26.38%
driver 2 53.99% 61.15% 72.75%

Pkg on power pin driverl 16.72% 22.24% 23.07%
and gnd Pin driver2 26.63% 56.05% 57.29%

Tmplementation of gate modulation error correction and the pre-driver current error correction.
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Table 5.3: Maximum Noise (v) in the quiet line (Micron DDR2 SDRAM Driver)

Test Setup Transistor Plain IBIS Corrected IBIS Corrected IBIS
1 Polynomial 2 Polynomial

Pkg on power pin 0.011 0.029 0.009 0.013
Pkg on power pin 0.047 0.062 0.033 0.029
and gnd Pin

Table 5.4: Maximum Noise (v) in the quiet line (Cascaded Inverter Driver)

Test Setup Transistor Plain IBIS Corrected IBIS Corrected IBIS

1 Polynomial 2 Polynomial
Pkg on power pin 0.016 0.0479 0.02148 0.0139
Pkg on power pin 0.029 0.128 0.0324 0.0348

and gnd Pin

Table 5.5: Absolute Delay (s) with respect to Input Signal (Micron DDR2 SDRAM Driver)

Test Setup Transistor Plain IBIS Corrected IBIS  Corrected IBIS

phase 1 phase 2
Pkg on power pin  9.22E-10 6.41E-10 8.40E-10 8.94E-10
Pkg on power pin  9.10E-10 6.90E-10 8.57E-10 8.62E-10

and gnd Pin

Table 5.6: Absolute Delay (s) with respect to Input Signal (Cascaded Inverter Driver)

Test Setup Transistor Plain IBIS Corrected IBIS Corrected IBIS

phase 1 phase 2
Pkg on power pin  3.90E-10 2.56E-10 3.57TE-10 3.68E-10
Pkg on power pin  3.88E-10 2.57E-10 3.38E-10 3.48E-10

and gnd Pin
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Figure 5.19: Percentage Improvement in Simulation Accuracy over plain IBIS models (Area
under the error curve) in (a) MICRON DDR2 and (b) Cascaded Inverter driver.
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Figure 5.20: Percentage Improvement in Simulation Accuracy over plain IBIS models (Mean

Square Error)) in (a) MICRON DDR2 and (b) Cascaded Inverter driver.
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Figure 5.21: Maximum noise in quiet line in (a) MICRON DDR?2 and (b) Cascaded Inverter
driver.
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Figure 5.22: Delay in the rising edge (relative % error) for (a) MICRON DDR2 and (b)

Cascaded Inverter driver.
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5.8 Summary

A black-box modeling approach has been proposed, implemented and tested in
this chapter. The methodology proposed keeps the IBIS model as the base modeling engine
maintaining the physical, circuit based structure of the IBIS models, thus allowing the
model user to modify or debug the model.

The black-box consists of behavioral SPICE constructs to compensate for the
missing currents in a traditional IBIS model. The parameters of the proposed black-box are
obtained automatically using a MATLAB script (Appendix A). Using the black-box with
the IBIS model does not incur any significant simulation time overhead.

An improvement in simulation accuracy of more than 40% was achieved using a
black-box approach. The parameters of the black-box are obtained using SPICE primitives,
as such the usage of the black-box does not require special handling by the simulator and
can be used in a simulator of choice. Also, as the black-box is separate from IBIS models,

no changes have to be made to the IBIS model.



84

Chapter 6

Modeling of Voltage Mode
Pre-Emphasis Driver in IBIS

6.1 Introduction

High speed data transfer through lossy channel requires special processing of the
transmitted signal [64], [65], [66]. The lossy channel causes attenuation and dispersion
of the signal resulting in Inter Symbol Interference (ISI). Pre-emphasis of high frequency
signals equalizes the attenuation of the lossy line thus giving a flat frequency response and is
widely used in the high speed digital design industry. This chapter consists of the behavioral
modeling and validation of a voltage mode pre-emphasis driver using Input Output Buffer
Information Specification (IBIS) with the help of North Carolina State University’s S2IBIS3
program.

Transistor level models are slow and cumbersome to perform simulations with
complicated drivers for long periods of time for multiple 1/Os. Also, transistor models
discloses the proprietary information of the I/O circuits. Behavioral modeling is used to
overcome these shortcomings, but as technologies become increasingly complex, as they
have been in the recent years, it is imperative that behavioral modeling methodology, such
as IBIS, keep up with the growth and be able to accommodate the new 1/O standards and
technologies. One of the new technologies in use today is pre-emphasis which is used to
equalize the lossy channel from the transmitter end. The losses in the transmission channel

occur due to skin effects and dielectric losses. Pre-emphasis is used in the flattening of
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the channel response and requires attenuating the low frequency signal components while
boosting the high frequency components.

Public domain tools such as Spice to IBIS (S2IBIS) have helped model makers
to make IBIS models that have been used and distributed widely for a number of years.
The availability of a systematic method to design complicated drivers for one of the latest
multi-Gigahertz I/O signaling method will help model makers to make behavior models of
similar drivers that will allow faster, more accurate simulation environment. This chapter
describes how S2IBIS3 was used to make a voltage mode pre-emphasis 1/O driver. The
IBIS model is validated against the transistor level model of the voltage mode pre-emphasis
driver.

All simulations in this paper are performed in HSPICE version 2004.03 2005 on a
SUN SPARC Sun Blade 100.

6.2 Theory and Background

Fig. 6.1/ shows the single bit response of a voltage mode IBIS driver before and
after the lossy channel. As can be observed, there is a significant dispersion and attenuation
with the IBIS model response resulting in ISI. Behavioral modeling is done using S2IBIS3
(described in chapter[3).

/Response before RC line
71N
1

S
s \'».,::.ﬁ_asp_o_nse after RC Line

Figure 6.1: Single Bit Response of an IBIS model of a voltage mode driver at the near end
(dot-dash line) and the far end of the lossy line (dash line).
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6.2.1 Voltage Mode Pre-emphasis Driver

A Voltage mode (VM) pre-emphasis driver as discussed in [7] is used to create the
behavioral model for this work. This driver is a multi-stage driver with one main and one
boost driver. The driver does not need a clock to get the delayed bit required to implement
the pre-emphasis. Instead of the clock, long channel transistors are used to delay the input
by 1 bit to detect the 0 (low) to 1 (high) or a 1 (high) to 0 (low) transition as described in
fig.

The driver circuit with pre-emphasis is shown in fig. [6.2. Pre-emphasis is achieved
using a 1-tap FIR filter and a simple DAC. Transistors P1 and N1 are turned on only when
there is a transition in the input level. The pullup transistor, P1 turns on when the input
makes a 0 to 1 transition, thereby sourcing more current in the driver circuit. It stays on
for exactly the period determined by the delay cell. Similarly, for the 1 to 0 transition, N1
turns on helping to sink extra current through the large pulldown transistor. The capability

to detect edges comes from the delay cell and the NAND gates (fig. [6.2) as shown in the

Dout Rin
Di 1-Tap 4 DAC Receive
Filter —

Boost Buffer:
On only when a
Dout transition from 031
or 10 is observed,
injecting more
current in the buffer

timing diagram in fig. [6.3|

Main Buffer:
Voltage mode, non-
inverting buffer

Figure 6.2: Voltage Mode driver circuit with pre-emphasis (adapted from [7]).
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IN_DELAYED IN_DELAYED

Rising Edge IN* IN_DELAYED Falling Edge
Detection Detection IN* IN_DELAYED

Figure 6.3: Edge detection for FIR filter. Rising edge (left) and Falling edge (right).

6.2.2 Choice of Pre-Emphasis Driver

The pre-emphasis driver that was chosen for this work does not have a clock
input and gets the delay for the filter from the delay cell that is formed with long channel
transistors. Without a defined clock, it is hard to model the driver as there is no good
way of finding out how much delay will occur for pre-emphasis to take place. IBIS hard
codes the delay, as such it becomes easier for the designer to make a behavior model of the

pre-emphasis.

6.3 IBIS Modeling Procedure

Fig 6.4 shows the response of an IBIS model of a simple voltage mode driver to
a 64 bit, 2Gb/s PRBS input at the end of a lossy channel. It can be observed that the
IBIS model driver is suffering from attenuation resulting in ISI and would result in faulty
signal detection at the receiver end as is demonstrated by the eye diagram. To improve
the response, equalization of the channel is needed at the transmitting end. This section
details how VM drivers that include pre-emphasis can be modeled as IBIS models using
plain IBIS models of the main and boost buffers and constructs, provided within IBIS, that

would model the pre-emphasis behavior.

6.3.1 Generation of Main and Boost Driver models

Generation of the main and boost drivers is done using S2IBIS3. Care is taken to
separate the main driver from the boost driver. If it is known that the boost driver is a

known fraction of the main buffer, only the main buffer is modeled using S2IBIS3. Once the
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Figure 6.4: IBIS model response without pre-emphasis to a 64 bit PRBS input sequence at
2Gb/s.

main buffer model is obtained, it can be scaled to the desired factor and used as the boost
buffer. Care should be taken to scale all the waveforms and ramp values in the model.

Another way to model the pre-emphasis driver is modeling the pullup and pulldown
of the boost and main drivers separately using open drain and open source models as
explained in [67]. The main driver is broken down as pullup only (Open Source driver) and
pulldown only (Open Drain driver). Similarly, the boost drivers are modeled separately as
Open Source and Open Drain drivers. The pre-emphasis driver in [7] uses this method. As
there were no control I/Os that would switch the main and boost on or off, the transistor
level circuit was manually separated between main and boost drivers in the VM driver that
was used for this paper.

Care should be taken while disconnecting the main and the boost drivers as over-
simplification of the stages would have an impact on the rising and falling waveforms as

well as the pullup and pulldown voltage levels of the IBIS models.
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Figure 6.5: Timing Diagram for Pre-emphasis implementation. Pre-emphasis is achieved
by combining the boost driver (scaled to be 50% of the main driver) to the main driver.
The resulting signal is shown at the bottom.

6.3.2 Use of Driver Schedule to model Pre-emphasis Behavior

Once the main and boost buffers are obtained, the [Driver Schedule] keyword
is used to schedule the two buffers. Depending on the way the drivers are designed, there
could be several methods in which [Driver Schedule] could be assigned.

The [Driver Schedule] keyword is placed in the top level model from where
it refers to the main and boost buffers. Complete directions for using the keyword can be
obtained from the IBIS specification [55], [68]. The keyword contains 5 columns with the first

column reserved for the names of the main and boost models. The other 4 column contains
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the delays associated with each model. The Rise_on_delay represents the delay after the
rising edge of the input stimulus is detected. This is the delay after which the the pullup
curve is switched on and the pulldown curve is switched off. Similarly, Rise_off _delay
is the delay after the rising edge of the input stimulus is detected after which the the
pullup curve is switched off and the pulldown curve is switched on. The Fall_ on_delay
and Fall off_delay represent equivalent delays for the falling edge of the input stimulus.
A sample combination of the main and boost models can be presented like this:

[Driver Schedulel]

| Rise_on_delay Rise_off_delay Fall_off_delay Fall_off_delay

main 0.0ns NA 0.0ns NA
boost NA ins NA ins

The main buffer is given a delay of Ons for the rising and falling edge for the
Rise_on_delay and Fall_on delay respectively, while the other columns have 'NA’ (Not
Available). The Ons delays signifies normal buffer operation [69] as the rising edge triggers
the pullup curve and the falling edge triggers the pulldown curve, without any delays.

The boost buffer, however, behaves as an inverted, delayed version of the original
model. This is achieved by assigning the Rise_off_delay and the Fall off _delay columns
with a delay value Ins. That is, once a rising edge is detected, after delay of 1ns, the
pulldown curve is turned on, at the same time, the pullup curve is turned off. Similarly,
once the falling edge is detected, after a delay of 1ns, the pullup curve is switched on and
the pulldown curve is switched off. In fig. [6.5, (c), (d) and (e) parts are achieved using the
[Driver Schedule] keyword.

For the purpose of implementing pre-emphasis for this work, the following [Driver
Schedule] combination was used.

[Driver Schedule]
| Rise_on_delay Rise_off_delay Fall_off_delay Fall_off_delay

BH Ons ins NA NA

MH Ons 12ns NA NA
BL NA NA Ons ins
ML NA NA Ons 12ns

where: BH= Boost High, MH= Main High, BL= Boost Low and ML= Main Low
The pullup and pulldown of the main and boost drivers were modeled separately

in this driver as described above.
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6.3.3 Making the Complete Model

Once the main and boost models are ready, the top-level model is assembled.
In the top-level mode, once the simulator encounters the [Driver Schedule] keyword, it
would use the pullup, pulldown and clamp curves from the main and boost curves. For
situations where the simulators do not support the the [Driver Schedule] keyword, the
top-level models need to contain a working model of the entire driver without the effect of
pre-emphasis.

Precaution should also be taken to correctly assess the value of the C_comp [70].
For this work, a C_comp of 0.5 pF was used throughout the tests.

Fig. (6.6 shows the response of the resultant IBIS model of the VM pre-emphasis
driver. Top figure shows the simple VM driver without any pre-emphasis, while the middle

figure is the same driver with pre-emphasis.

Graph0
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Figure 6.6: Driver behavior without pre-emphasis (top) and with pre-emphasis (middle).
Input signal is also shown (bottom)

6.4 Test Results

6.4.1 Test Setup

A simple test structure as shown in fig. with a transmitter and a receiver

was formed to perform simulation test of the pre-emphasis driver as the transmitter and a
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capacitive load. The interconnects were modeled as distributed RC lines with 100 segments.
The length of the channel is 10mm and the resistance and capacitance in each segment are

8.6 2 and 11.2 fF. The load capacitance is 110 fF.

6.4.2 Analysis

To test the IBIS model of the VM pre-emphasis driver, a 64 bit PRBS input was
given to both the IBIS model and the transistor model driver. The eye diagram at the
input of the receiver of the IBIS model (fig. shows a marked improvement over the
eye of the simple driver (fig. and comparable to the eye of the transistor model driver
(from [7]) (fig. which was subjected to the same PRBS input . The degradation
that can be observed in the eye diagram of the IBIS model could be because of how the
behavioral model was constructed. The IBIS model was constructed for a 50 2 load. The
load connected for the system test with RC interconnect model was greater [7] than the one
for which the behavioral (IBIS) model was created. Another reason could be an inaccurate
C_comp of the entire pre-emphasis driver (discussed in the next section).

Fig. [6.8 shows the response of the IBIS and transistor models at the near and the
far end of TX-RX test system.

Table 6.1 compares the simulation time for simulating the IBIS model and the
transistor model of the pre-emphasis driver. The IBIS model simulation takes approximately
10 times less time when compared to the transistor model simulation. The simulation time

was obtained for a single driver.

Table 6.1: Simulation Time Comparison between IBIS and transistor model of pre-emphasis
driver

Test Setup SPICE IBIS

Single Driver 1.94s  0.22s
Driver with Bus  2.66s  0.23s
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Figure 6.7: Eye diagram simulation results for IBIS (a) and Transistor model (b) of a
pre-emphasis driver at the receiver input for a 64 bit PRBS input at 2Gb/s.
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6.5 Issues and Challenges with IBIS modeling of Pre-emphasis

Driver

Behavioral modeling of modern high speed drivers can be a challenging task. Some
of the points to keep in mind when modeling an IBIS pre-emphasis driver are listed here:

C_comp determination: Main and Boost buffer c_.comp may have to be determined
separately and added up to account for c_comp in the top level model. A few methods are
discussed in [70] about how c_comp should be calculated and applied to a pre-emphasis
IBIS model.

Separate Main and Boost buffers in spice netlist: Pre-emphasis models are made
from 2 or more separate drivers. To be able to build a behavioral model of all the involved
drivers, the transistor model drivers need to be made available explicitly. Modeling of the
different type of drivers is hard where a homogeneous mix of main and boost drivers are
present. Another obvious related problem is when the transistor level netlist is encrypted.

A solution to the above problem is to ’derive’ the boost buffer from the main buffer
by scaling the available curves by the amount of pre-emphasis needed.

Hard coded delay value (bit period) in the IBIS model: The bit period of the input
pulse is hard coded in the IBIS model in the [Driver Schedule] keyword. Every time the
bit period changes, the IBIS model would need to be altered.

6.6 Summary

An IBIS model of a voltage mode pre-emphasis driver was constructed and vali-
dated. The behavioral model is made with the help of S2IBIS3, a tool that creates IBIS
models using the transistor models of the drivers. A simple transmitter, receiver circuit
is used to validate the behavior model of the pre-emphasis driver. The IBIS model of the
pre-emphasis driver is attached to this dissertation as an appendix (Appendix B).
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Chapter 7

System Level Validation of
Improved Behavioral Model

7.1 Introduction

Chapter[4/showed that Input Output Buffer Information Specification (IBIS) mod-
els are incapable to simulate simultaneous switching noise (SSN) by themselves when used
in an environment where multiple I/O drivers are switching. This is because IBIS models
are created at a constant power/ground voltage and the tables are unable to deal with volt-
age and current fluctuations in the network. Also, the transistor models of input-output
(I/0) buffers have more circuit information than just pullup and pulldown devices of an I/O
driver, whereas IBIS models have only static and dynamic information of how the drivers
behave. Chapter[5 developed a methodology for improved behavioral modeling based on
IBIS. This was done using a black-box that complimented the IBIS model by adding some
of the missing information in the model. The black-box uses SPICE primitives found in
most SPICE engines, hence was simulator independent.

Some results using lumped R-L-C model for the package parasitics were also pre-
sented in chapter (5. The package was used to simulate SSN in the power-ground network
due to multiple drivers switching simultaneously (fig. [5.12).

This chapter describes the process of building the black-box for the DDR2 SDRAM
I/O voltage mode driver from MICRON Inc. [63] along with a Ball Grid Array (BGA)

package obtained from Xilinx [71]. It also describes system level simulations and validation
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of the improved behavioral model using S-Parameter model of the BGA package. The IBIS
model of the driver was constructed using the transistor model of the driver (encrypted)
from Micron with the help of S2IBIS3. Equivalent system level simulations were done with
transistor models of the driver to compare with the IBIS model results.

Tests are performed in various modes starting with a simple point to point system
without any package parasitics. More complex structures are added to this basic system to
build up a complete system. IBIS and SPICE simulations are compared by observing the
eye-diagram at each step of the process of building this system.

All simulations in this chapter are performed in HSPICE version 2004.03 on a SUN
SPARC Sun Blade 100. IBIS models are simulated using the B-element in HSPICE.

7.2 Test Details

For the system level tests, a 128 bits Pseudo Random Bit Sequence (PRBS) was
generated for the input to the system. Bit time of the generated sequence was 1ns with a
rise and fall time of 0.1ns. Tests were performed with both lossless transmission line (T
element in HSPICE) and lossy transmission line (W element in HSPICE). Results for the
near end node and the far end node of the transmission line are presented.

In the end, results and conclusions from simultaneous switching noise (SSN) tests
using the plain IBIS model, IBIS model with black-box and transistor level models with
multiple drivers switching simultaneously are also presented. SSN simulations are performed

with the BGA package at the power and ground nodes.

7.3 1IBIS Model and Black-Box Details

The IBIS model of the DDR2 SDRAM I/O driver from Micron Inc. was made
using the North Carolina State University S2IBIS3 program (discussed in chapter [3). The
black-box to perform error correction for SSN simulations is made by following the procedure
described in chapter 5]

The following SPICE code is used to implement the first phase of the error cor-
rection part of the black-box (pre-driver, crossbar and termination current):

Edge detection: A delayed input is used to detect the edges.

Enrise nrise 0 vol=’(((vcc-v(IN_VCCS11,0))*v(IN_VCCS1,0)))’
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Figure 7.1: Voltage (top) and current (bottom) of a MICRON DDR2 Voltage mode driver,
with s-parameter package model on the power pin.

Enfall nfall 0 vol=’(((vcc-v(IN_VCCS1,0))*v(IN_VCCS11,0)))’

EdelayR1 nrise_delayed O DELAY nrise O TD=0.35n
EdelayF1l nfall_delayed O DELAY nfall O TD=0.35n

VCCS implementation: A third order polynomial was used to represent the Voltage

Source Current Source (VCCS) for the correction.

GVCCSRisel risePolyl O POLY(1) VDD1 GND1 SCALE=1 0.1568 -0.373 0.265 -0.0589
GVCCSFalll fallPolyl O POLY(1) VDD1 GND1 SCALE=1 -0.1586 0.2268 -0.11 0.0186

Rrisel risePolyl 0 1
Rfalll fallPolyl O 1

GvccslRise VDD1 GND1 vol=’(v(nrise_delayed,gnd)>0)?7 -i(Rrisel) : 0’
GvccslFall VDD1 GND1 vol=’(v(nfall_delayed,gnd)>0)7 -i(Rfalll) : O’

The second phase (Gate Modulation Effect) of the error correction was imple-
mented using the SPICE code as follows:
Obtaining the scaling coefficient K:

Ek1l k1 O vol
Ek2 k2 0 vol

> (v(VDD_VCCS1,GND_VCCS1)-v(GND_VCCS1)) /vcc’
24x(v(k1)-1)°
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Figure 7.2: (a): Vdd - Gnd voltage (top) and Vdd current (bottom) for test setup with
s-parameter parasitics on power pins of a MICRON DDR2 driver. (b): Quiet line voltage
for the same setup. Plain IBIS is denoted using dashed line, while the corrected IBIS is
shown as dots. Transistor model waveforms are shown as solid lines.

VCCS Implementation: A second order polynomial was used to represent the

Voltage Source Current Source (VCCS) for the correction.

Gphase2risel ph2risel 0 POLY(1) vdd_delayed O scale=3 -0.0573 0.0681 -0.0203
Gphase2falll ph2falll O POLY(1) vdd_delayed O scale=3 0.02154 -0.026 0.0077
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Rph2risel ph2risel 0 1
Rph2falll ph2falll O 1

Gph2outirise 0UT1 VDD1 vol=’(v(IN_VCCS1,gnd)>0)? -i(Rph2risel)*v(k2) :0°’
Gph2outifall OUT1 GND1 vol=’(v(nfall_delayed,gnd)>0)?7 i(Rph2falll)*v(k2) :0’

The gate modulation correction is done by adding a VCCS between the output and
the ground nodes of the driver. Detailed description on how the black-box was implemented
is available in chapter [5.

An improvement of 66.54% in simulation accuracy was achieved with the blackbox.
The improvement was measrured using the area under the error curve method discussed
in section 5.5l A decoupling capacitor of 38pF per driver was used with the models in the
system level tests as a part of the black-box.

Fig. [7.1lshows the voltage and current profile of the output pin of the plain and
corrected IBIS models and the transistor model. It can be observed in the voltage curve
that the black-box improves the performance considerably. Fig. 7.2 shows the power-ground
voltage and current of one of the pins of the I/O driver for the 3 cases. Validation of the

IBIS model and the black-box is performed in the next section.

7.4 Model Validation

Vdd

PR

In ouT 50 0hms Tline

GHD R_load

Figure 7.3: Test setup for IBIS model validation.

Before system tests can be performed with the behavioral model (IBIS), it is
important to check the model for accuracy when compared directly to the SPICE netlist of
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the I/O driver. Another reason to perform this test is to make sure that the black-box does
not affect the normal behavior of the behavioral model when put in a system without any
noise. The black-box should only act as supplement to the main model when fluctuations

in the power/ground voltage is detected.

S
2.0 -
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0.0 in 2n 3n 4n 5n 6n
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Figure 7.4: Validating the plain IBIS models (blue dashes) and the corrected IBIS model
(purple dots) against the transistor model (solid line). The top figure is the output voltage
while the bottom figure is the input.

The test setup for model validation consists of the I/O driver connected to an
ideal 50 © transmission line and terminated with a 50 €2 load (fig. [7.3). The driver was
connected to the power and ground directly, i.e. without any package parasitics. The driver
was given a pulse (01010) with a 0.1ns rise/fall time with the bit period of 1ns.

Fig. shows the output of the driver at the near end of the transmission line.
It can be observed that the plain IBIS model, the corrected IBIS model and the transistor
model are comparable and the IBIS model and the black-box is valid for further system
level tests.

Fig. [7.5 shows the eye diagram for the output of the driver (near end of the
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Figure 7.5: (a) Eye diagram validation for the corrected IBIS model (purple, top), plain
IBIS model (blue, middle), and transistor model (black, bottom). (b) Overlay of the 3
models. No package was used to validate the models.

transmission line) for a 128 bit PRBS with 0.1ns rise and fall times and 1ns bit period for
the case where there are no package parasitics at either the power or ground pin or at the
output pin. Fig. 7.5(b) shows a good overlay between the plain IBIS, improved IBIS and

the transistor level models.
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7.5 System Simulation and Results

Vdd

PWR

IN
PRBSI | I

3 - " Stripline

ouTr
GND BGA package 50 Ohms

LS

v

10” long 12 mil wide

Figure 7.6: Test setup for System validation of IBIS model.

This section describes the system level tests performed with the plain IBIS model
and the improved IBIS model and their comparison with the transistor level models. Fig.
[7.6 shows the layout for the tests that were performed on the models. A similar circuit was
constructed for the transistor level model of the Micron I/O driver. The package model
used for simulation is a s-parameter BGA package and is used at the power/ground pin and
the output pin. Tests are done with a) ideal transmission line (T element) as well as b)
lossy 10” long 12mil wide stripline transmission line using RLGC model (W element). All

the tests are performed with a receiver load of 50 §2 termination.

7.5.1 S-Parameter Package at power/ground, Ideal Transmission Line

As a first step towards building a realistic system, the power and ground on the
chip are connected to the power and ground plane through BGA package S-Parameter
model. The driver model which is connected to a lossless 50 2 transmission line model at
the output. The system is terminated using a 50 §2 resistor.

Fig. m shows the eye diagram at the output of the plain IBIS model, improved
IBIS model and the transistor model of the driver (near end of the transmission line)
individually. Fig. @ presents an overlay of the eye diagram for a comparison between
the 3 models. It can be observed that the corrected model gives more realistic simulation

results and follows the transistor curve in the eye diagram.
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Figure 7.7: System simulation with power/ground package model, ideal transmission line.
(a) Eye diagram for output for plain IBIS (blue, top), improved IBIS (purple, middle) and
transistor model (black, bottom). (b) Overlay of the 3 model outputs
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7.5.2 S-Parameter Package at power/ground, Lossy Transmission Line

This section presents the results of the driver model which is connected to a 10”
w element stripline model at the output. The power and ground on the chip are connected
to the power and ground plane through BGA package S-Parameter model . The system is
terminated using a 50 € resistor.

Fig. shows the eye diagram at the output of the plain IBIS model, improved
IBIS model and the transistor model of the driver (near end of the transmission line)
individually. Fig. m presents an overlay of the eye diagram for a comparison between
the 3 models.

7.5.3 S-Parameter Package at Output, Power and Ground, Lossy Trans-

mission Line

In this section, BGA package was also applied to the output of the I/O driver
instead of connecting the output directly to the W-element stripline. Fig. [7.9 shows the
results of the output from the plain IBIS, corrected IBIS and transistor model circuits. It
can be observed that the eye opening of the improved IBIS model resembles closely with

the transistor model eye opening.
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Figure 7.8: System simulation with power/ground package model, lossy transmission line.
(a) Eye diagram for output for plain IBIS (blue, top), improved IBIS (purple, middle) and
transistor model (black, bottom). (b) Overlay of the 3 model outputs
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Figure 7.9: Same setup as fig. [7.8 except there is BGA package at output. (a) Eye diagram
for output for improved IBIS (purple, top), plain IBIS (blue, middle) and transistor model
(black, bottom). (b) Overlay of the 3 model outputs.
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7.6 SSN Simulation and Results

Figure 7.10: Setup for SSN simulation with BGA package at power and ground nodes.

Simultaneous switching noise (SSN) simulations were performed with the plain
IBIS, improved IBIS and transistor level models with the BGA package at the power/ground
pins. Tests were performed with 4, 8 and 12 buffers switching simultaneously with 1 quiet
driver as shown in fig. [7.10. The drivers were connected to 50 €2 ideal transmission line.
128 bit PRBS input with 0.1ns rise and fall time was given to the switching drivers. Fig.
7.11(a)| shows the eye diagram of one of the output for for the 3 types of models. Fig.
7.11(b) shows the eye diagrams overlayed on top of each other. As can be observed, the
improved IBIS model closely resembles the transistor model eye diagram. The eye opening
for the improved IBIS model is almost 40% better for a voltage value of 0.7v when compared

with the plain IBIS model.

7.6.1 Simulation Time

Fig. [7.12Ishows a plot of the total CPU time for SSN simulations for the 3 type of
models. The corrected IBIS model (IBIS with the black-box) has an overhead of nearly 45
seconds on an average for 4, 8 and 12 drivers switching. This simulation time overhead is
still low when compared to the simulation time for transistor level models. The transistor

model for the MICRON driver took nearly 4 hours of CPU time to simulate 12 drivers
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Figure 7.11: SSN Simulations with 4 drivers, 3 switching and 1 quiet. (a) Eye diagrams
for output for corrected IBIS (purple, top), plain IBIS (blue, middle) and transistor model
(black). (b) Overlay of the 3 types of models.

switching simultaneously with s-parameter package models while the IBIS models took an

average of 3 minutes of simulation time to simulate the 12 drivers.
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Figure 7.12: Simulation time (total CPU time) for SSN simulation for plain IBIS, Corrected
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7.7 Summary

An IBIS model of a DDR2 SDRAM driver was created using an encrypted tran-
sistor netlist from MICRON Inc using S2IBIS3. For accurate SSN simulations with an IBIS
model, an error correction black-box was also created for the same model using the method
discussed in chapter [5. The error correction black-box was created using a s-parameter
model of a BGA package.

System level simulations were performed with the improved IBIS models with a
BGA package s-parameter model. An RLGC model of a stripline was also used to simulate
a lossy transmission line. Eye diagrams of the 3 model types were observed for simulation
accuracy. In each of the cases observed, the improved IBIS model (plain IBIS + black-box)
gave better results consistently when compared with the plain IBIS model.

SSN simulations with the BGA package was also completed with 4, 8 and 12
drivers switching simultaneously. An improvement in simulation accuracy of over 40% was

achieved with little overhead in total cpu time for the simulations with the improved IBIS.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

Time to perform system simulations using transistor level models has forced system
designers and model makers to look towards behavioral models of I/O drivers. These
behavioral models are not just fast, they hide intellectual property, are accurate enough
and could be constructed with relative ease.

However, with the increasing pin count and shorter rise time of signals, issues
like simultaneous switching noise (SSN) have started to become a cause for worry in using
behavioral model. The reason for unsatisfactory behavior of these models is that they are
created in an isolated environment devoid of any noise source or realistic behavior of the
network in which they would be plugged in.

The behavioral modeling methodology that has been investigated in this research
is Input Output Buffer Information Specification (IBIS) which is the dominant way to model
I/0 drivers. 2 distinct reasons have been specified in this work that are responsible for the

way IBIS models behave when subjected to SSN.

1. Missing pre-driver, crossbar, termination (and other) currents
2. Gate Modulation Effect

Experiments show that IBIS models over-represented noise in the quiet line when
placed in an environment where multiple drivers were present and switching simultaneously.
Fig. shows that noise in the quiet driver in the circuit with IBIS models was consid-

erably higher than equivalent circuit with transistor models. This would result in faulty
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system. If the designer is not aware of this issue, an overly pessimistic design might result
due to high noise in the quiet line.

An assessment of the current profile at the output port and the power/ground
loop revealed that IBIS models had insufficient current when compared to the transistor
models. The reason for this insufficiency was that IBIS model creation process could not
accommodate the effect of circuit structures other than the pullup and pulldown devices that
make the active part of the driver. Also, the modeling process could not accommodate the
power /ground bounce effects in the model itself as only a finite number of voltage/current
tables could be accommodated in an IBIS model.

To address the inadequacies in IBIS, a black-box that could work in conjunction
with the IBIS model was proposed. The black-box contained mainly of Voltage Controlled
Current Sources (VCCS) that pumped in extra current in the power/ground loop as well as
at the output pin. The amount of current needed was estimated during the model creation
period by finding out the difference in current between transistor and IBIS models. It was
realized that the amount of deficient current was a function of the power/ground fluctuation
in the IBIS model and that a relationship could be established between the missing currents
and the power/ground variations. This relationship was captured in several polynomials
and along with some control signals, comprised of the black-box. With the use of the
black-box, a behavior model that was created standalone, without any effect of noise in the
system and environment, could be used for system simulations in which multiple drivers are
switching simultaneously.

This black-box consisted of SPICE primitives, hence could be simulated in any
simulator.

Model validation and system level tests done with the IBIS model and black-box
combination (or macromodel) demonstrated a better response of the behavior model than
the plain IBIS model when compared to the circuits with the transistor model.

This enhancement of the behavioral models was independent of the model itself.
That saved it from passing through any scrutiny from the regulatory bodies that monitor
the model specification changes. Also, as mentioned above, any simulator that can simulate
IBIS models could be used to simulate the enhanced IBIS model.

The enhancement of the IBIS models resulted in a substantial improvement in
the simulation accuracy with behavioral models. By observing the area under the error

curve between the plain IBIS models and transistor models and corrected IBIS models and
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transistor models, an improvement of more than 20% and in some cases, an improvement
of more than 40% was observed with the corrected models. Other metrics such as mean
square error, maximum noise in the quiet line and maximum delay in the output signal also
showed similar results. Table[8.1 shows a summary of all the metrics used in this research
to judge the improvement in the various drivers. The numbers in the table shows the final
results obtained after the different stages of improvement.

To construct the black-box, a set of MATLAB scripts were coded that read the
SPICE output files to obtain the current profiles at the desired node. The MATLAB scripts
could also analyze the results of a system simulation if the user so desires.

This dissertation also looks into behavior modeling of state of the art drivers for
multi-gigahertz signaling standards such as SERDES. The driver that was modeled for this
work was a voltage mode pre-emphasis driver with asynchronous delay. Modeling was done
using SPICE to IBIS tool that was coded to make IBIS models from SPICE netlists. Step
by step instructions on how to model the pre-emphasis driver is also presented. Results
showed that the behavioral model of the pre-emphasis driver was accurate and valid for

system level tests.

8.2 Contributions

Specific contributions that were made during the course of this research are:

1. A systematic, robust methodology to improve behavioral modeling methodology based

on IBIS was proposed, implemented and tested.

e Performed tests on IBIS models to show that IBIS has limitations when SSN is

concerned. (section 4.2)

e The causes for problems in IBIS were identified. Pre-driver current and gate
modulation effect were isolated as the main reasons for an incomplete and inad-
equate IBIS model. (section 5.2)

e A black-box was proposed to be used with the IBIS models. This black-box
contained SPICE primitives, hence could be used with any simulator that can

simulate IBIS models. (section 5.3])

e MATLAB scripts were written to implement the black-box. These scripts gen-
erate the required polynomials for the VCCSs in the black-box. (Appendix A)
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Metric Description Driver 1 Driver 1  Driver 2  Driver 2
PP PGP PP PGP

Al

Area  Under S 43.16%  45.06%  46.39%  34.54%

Error Curve A

Mean Square 26.38% 23.07% 72.75% 57.29%

Error

Noise in - 0.0139 0.0352 0.0130 0.0290

Quiet line (v) (0.0479)  (0.1280)  (0.0290)  (0.0620)

Max  Delay = 5.64% 10.30%  3.03% 5.27%

(Relative % (34.35%) (33.76%) (30.47%) (24.17%)

Error)

Plain IBIS values in ()

Driver 1 = CMOS Inverter Chain Driver
Driver 2 = MICRON DDR2 SDRAM Driver
PP = Package on power pin only

PGP = Package on power and gnd pin only
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e Multiple tests were performed to do rigorous testing on the black-box. System
level tests were performed to validate the methodology. These tests were per-
formed by passing a pseudo random bit sequence (PRBS) at the input. The bit

sequence had a rise and fall time of 0.1ns with a bit period of 1ns. (section 5.6)

e Various metrics were used to judge the performance of the enhanced IBIS mod-
els. A new metric that judges the error by getting the area under the voltage

difference curve was devised.(section 5.5)

2. Modeled pre-emphasis driver for high speed serial link communication. The behavior
model of the pre-emphasis driver takes 90% less time to simulate in a system level

test with lossy lines when compared to the transistor model. (chapter 6)

3. Wrote the S2IBIS tool that can create IBIS models. All IBIS models in this disserta-
tion are created using S2IBIS3. S2IBIS3 is used worldwide by SI engineers and model
makers to construct IBIS models from transistor netlists. (chapter 3)

8.3 Future Work

During the course of this research, some specific areas of interest were identified

where future research is warranted.

e Better Fitting Algorithm: Polynomial fitting was used to obtain the relationship
between the power/ground voltage and the current difference between IBIS and tran-
sistor models. Better techniques such as Radial Basis Functions (RBF) or Sigmoid
Basis Function (SBF) could be used that could reduce any error in generating a better

correlation and hence more accurate polynomial coefficients.

e Enhance Black-box: The black-box could be enhanced for more accuracy. Spe-
cific areas that could be investigated are the Miller Capacitance effects to properly
represent the capacitance between the gate and the drain of the MOS device. Miller
capacitance affects the rise time of the device hence accounting for it in behavior

models would allow them to be matched better with the transistor level models.

Another way to enhance the black-box is to apply voltage divider techniques at the
power /ground nodes to control the amount of current entering/leaving the IBIS ele-

ment in the simulator (for ex. B-Driver in HSPICE).
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e Power Distribution Network: An IBIS model only consists of information about
the static and dynamic characteristics of the active driver. As we have seen in fig.
transistor models of I/O drivers includes power distribution network, pre-driver
circuits and control circuits. A way to include effects of these peripheral circuits in
circuits with behavior models is to have s-parameter models of these circuits included

in the black-box.

e Automation: The generation of the black-box can be automated with least user
interaction by include the methodology in an executable tool like NCSU S2IBIS3.
The MATLAB scripts can also be made executable to help users generate the black-

box easily.

e S2IBIS3 Improvements: While S2IBIS has already been adopted by a large number
of users worldwide, there are some improvements that could be made to improve it.

A brief list of some of the improvements are:

Parser integration for automatic validation of the output IBIS files

Project manager for file and library maintenance.

— More Flexibility

define sweep range

choose between TYP, MIN and MAX process corners

— Graphical User Interface to plot graphs
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Appendix A

MATLAB Code for generating
Polynomials for VCCS

%This is first of the 2 matlab scripts to develop SSN compatible yA
%IBIS models. This file generates polynomial coefficients to compensate 7%
%hfor current deficiency due to power/gnd collapse in IBIS models. /A
HINPUT: IBIS.trO, SPICE.trO. Both these files are output with 1 driver %
%only. b
%0UTPUT: Polynomial coefficients for the desired order. yA
%Author: Ambrish Varma yA
%August 06 o
%This code uses the hspice toolbox from MIT yA

#HSPICE toolbox code(*.c) recompiled for 32 bit application on a intel 7%
Jmachine (same was tried on an AMD machine but memory errors resulted.) %
ToToToToToTo o o Too o ToTo o o ToTo o Jo o o To To o o To o o Jo o o Jo Jo Jo o To o o JoTo o o To Jo o To o o To o o o To o o To o o To o o o To o o Jo o o Jo T o o o
%format long e
format short e

% Setup directories

% dir =[’../6MICRON/1phase/POLY/’];

b

% ibis_rising =[dir,’ibis_single_forpoly.tr0’];
% ibis_falling =[dir,’ibis_single_forpoly.tr2’];
% spice_rising =[dir, ’spice_single_forpoly.tr0°’];

% spice_falling =[dir,’spice_single_forpoly.tr2’];
dir =[’../6MICRON/REAL_PKG/1phase/POLY/’];

ibis_rising =[dir,’ibis_single_forpoly.tr0’];
ibis_falling =[dir,’ibis_single_forpoly.trl’];
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spice_rising =[dir,’spice_single_forpoly.tr0’];
spice_falling =[dir,’spice_single_forpoly.trl’];

ibis_in_r =loadsig(ibis_rising);
spice_in_r =loadsig(spice_rising);

ibis_in_f  =loadsig(ibis_falling);
spice_in_f =loadsig(spice_falling);
% End Setup directories

%BEGIN READING IN RISING VALUES

TIME_sp =evalsig(spice_in_r,’TIME’);

TIME_ib =evalsig(ibis_in_r,’TIME’);
Vout_IBIS_r = evalsig(ibis_in_r, ’vout_only’);
pu_pd_IBIS_r=evalsig(ibis_in_r,’pu_pd_only’);

Vout_T_r =evalsig(spice_in_r,’vout_t’);
I_VDD_IBIS_r=evalsig(ibis_in_r, ’i_vdd_o’);
Iddq_T_r = evalsig(spice_in_r,’iddq_t’);

%END READING IN RISING VALUES

%#BEGIN READING IN FALLING VALUES
Vout_IBIS_f =evalsig(ibis_in_f, ’vout_only’);
pu_pd_IBIS_f=evalsig(ibis_in_f,’pu_pd_only’);

Vout_T_f =evalsig(spice_in_f,’vout_t’);
I_VDD_IBIS_f=evalsig(ibis_in_f, ’i_vdd_o’);
Iddq_T_f =evalsig(spice_in_f,’iddq_t’);

%END READING IN FALLING VALUES

figure

subplot (221)

%plot (TIME_sp, Vout_ONLY,TIME_sp, Vout_T, TIME_sp, vout_vccsl)
plot(TIME_sp, Vout_IBIS_r,TIME_sp, Vout_T_r)

legend (’vout\_only’,’vout\_t’);

title(’Original Tran & IBIS VOLTAGE Curves (R)’)

hfigure

subplot (222)

%plot(TIME_sp, I_VDD_0,TIME_sp, Iddq_T, TIME_sp, i_outl_vccs)
plot(TIME_sp, I_VDD_IBIS_r,TIME_sp, Iddq_T_r)

legend (’iout\_only’,’iddq\_t’);

title(’Original Tran & IBIS CURRENT Curves (R)’)

subplot (223)
%plot (TIME_sp, Vout_ONLY,TIME_sp, Vout_T, TIME_sp, vout_vccsl)
plot(TIME_sp, Vout_IBIS_f,TIME_sp, Vout_T_f)
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legend (’vout\_only’, ’vout\_t’);
title(’Original Tran & IBIS VOLTAGE Curves (F)’)

subplot (224)

%plot(TIME_sp, I_VDD_0,TIME_sp, Iddq_T, TIME_sp, i_outl_vccs)
plot (TIME_sp, I_VDD_IBIS_f,TIME_sp, Iddq_T_f)

legend (’iout\_only’,’iddq\_t’);

title(’Original Tran & IBIS CURRENT Curves (F)’)

array_size_r=size(Vout_T_r,1);
array_size_f=size(Vout_T_f,1);

#Figure out the amount of shift needed

midpoint_r = Vout_T_r(1)+(Vout_T_r(array_size_r) - Vout_T_r(1))/2;
midpoint_f = Vout_T_f (array_size_f)+(Vout_T_£(1)

- Vout_T_f(array_size_£f) )/2;

i=1;

while (Vout_IBIS_r(i)<midpoint_r)
i=i+1;

end

TIME_ib(i);

i_f=1;

while (Vout_IBIS_f(i_f)>midpoint_£)
i_f=i_£+1;

end

=1L

while (Vout_T_r(j)<midpoint_r)
j=j+1;

end

j_f=1;

while (Vout_T_f(j_f)>midpoint_£f)
j_f=j_f+1;

end

TIME_sp(j);

suggested_time_to_shift=TIME_sp(j)- TIME_ib(i);
disp([’Suggested time to shift for rising: °’,
num2str (suggested_time_to_shift)])

suggested_time_to_shift_f=TIME_sp(j_f)- TIME_ib(i_f);



disp([’Suggested time to shift for falling: ’,
num2str (suggested_time_to_shift_£)])
1o To oo ToTo o To o o ToTo o o To o o ToTo o o To o o ToTo o To T o o To o o To o o

tstep=TIME_sp(2)-TIME_sp(1);

time_to_shift_r = 200e-12;

time_to_shift_f = 200e-12;
data_pts_to_shift_r=abs(round(time_to_shift_r/tstep));
data_pts_to_shift_f=abs(round(time_to_shift_f/tstep));
disp([’actual time shifted (rising): ’, num2str(time_to_shift_r)])
disp([’actual time shifted (falling): ’, num2str(time_to_shift_£)])

if data_pts_to_shift_r==0,
data_pts_to_shift_r=1;

end

if data_pts_to_shift_£f==0,
data_pts_to_shift_£f=1;

end

%IRISING
if time_to_shift_r<0,
shifted_Vout_T_r=Vout_T_r(l:array_size_r-data_pts_to_shift_r);
shifted_Iddq_T_r=Iddq_T_r(l:array_size_r-data_pts_to_shift_r);
for i=l1:data_pts_to_shift_r,
shifted_Vout_T_r=[shifted_Vout_T_r(1);shifted_Vout_T_r];
shifted_Iddq_T_r=[shifted_Vout_T_r(1);shifted_Iddq_T_r];
end
else
shifted_Vout_T_r=Vout_T_r(data_pts_to_shift_r:array_size_r);
shifted_Iddq_T_r=Iddq_T_r(data_pts_to_shift_r:array_size_r);

for i=l:data_pts_to_shift_r-1,

shifted_Vout_T_r=[shifted_Vout_T_r;shifted_Vout_T_r(array_size_r

-data_pts_to_shift_r)];

shifted_Iddq_T_r=[shifted_Iddq_T_r;shifted_Iddq_T_r(array_size_r

-data_pts_to_shift_r)];
end
end

%KFALLING

if time_to_shift_£<O0,
shifted_Vout_T_f=Vout_T_f(1l:array_size_f-data_pts_to_shift_f);
shifted_Iddq_T_f=Iddq_T_f(l:array_size_f-data_pts_to_shift_£f);
for i=1:data_pts_to_shift_f,
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shifted_Vout_T_f=[shifted_Vout_T_f(1);shifted_Vout_T_f];
shifted_Iddq _T_f=[shifted_Vout_T_f(1);shifted_Iddq_T_£f];
end
else
shifted_Vout_T_f=Vout_T_f(data_pts_to_shift_f:array_size_f);
shifted_Iddq_T_f=Iddq_T_f (data_pts_to_shift_f:array_size_f);

for i=l:data_pts_to_shift_f-1,
shifted_Vout_T_f=[shifted_Vout_T_f;shifted_Vout_T_f(array_size_f
-data_pts_to_shift_£)];
shifted_Iddq_T_f=[shifted_Iddq_T_f;shifted_Iddq_T_f(array_size_f
-data_pts_to_shift_£)];
end
end

%hPLOT Y%
figure
subplot (221)

plot(TIME_sp, Vout_IBIS_r,TIME_sp, shifted_Vout_T_r)
legend (’vout\_only’,’vout\_t(shifted)’);
title(’Shifted Tran & IBIS VOLTAGE Curves (R)’)
hfigure

subplot (222)

%plot(TIME_sp, I_VDD_0,TIME_sp, shifted_Iddq_T, TIME_sp, i_outl_vccs)
plot (TIME_sp, I_VDD_IBIS_r,TIME_sp, shifted_Iddq_T_r)
legend(’iout\_only’,’iout\_t(shifted)’);

title(’With Shifted Tran CURRENT Curve (R)’)

subplot (223)

plot (TIME_sp, Vout_IBIS_f,TIME_sp, shifted_Vout_T_f)
legend (’vout\_only’,’vout\_t(shifted)’);
title(’Shifted Tran &IBIS VOLTAGE Curves (F)’)
hfigure

subplot (224)

plot (TIME_sp, I_VDD_IBIS_f,TIME_sp, shifted_Iddq_T_f)
legend(’iout\_only’,’iout\_t(shifted)’);

title(’With Shifted Tran CURRENT Curve (F)’)

%hPLOT %%

%Current Difference b/w IBIS and SPICE
diff_current_t_i_r = shifted_Iddq_T_r-I_VDD_IBIS_r;
diff_current_t_i_f shifted_Iddq_T_f-I_VDD_IBIS_f;

figure



subplot (211)
plotyy (TIME_sp,diff_current_t_i_r,TIME_sp,pu_pd_IBIS_r)

title(’Diff Current and PU\_PD\_ONLY Vs Time (R)’)

subplot (212)
plotyy (TIME_sp,diff_current_t_i_f,TIME_sp,pu_pd_IBIS_f)
title(’Diff Current and PU\_PD\_ONLY Vs Time (F)’)

%legend (’diff\_current\_t\_i’,’pu\_pd\_only’);
hfigure

% plot(pu_pd_only,diff_current_t_i)

% title (’PU\_PD\_ONLY Vs Current Difference’)
/A

% hold on

%polynomial fitting and evaluation.
%order=4;

% Rising
ssnl_poly_coeff_save_r=zeros(4,5);

ssnl_poly_coeff_save_f=zeros(4,5);

for order = 1:4,

figure
disp(’--————-————-mmmm oo ”)
disp([’Order : ’ num2str(order)])

ssnl_poly_coeff_r = polyfit(pu_pd_IBIS_r,diff_current_t_i_r,order);
ssnl_poly_eval_r = polyval(ssnl_poly_coeff_r,pu_pd_IBIS_r);

ssnl_residual_r=diff_current_t_i_r-ssnl_poly_eval_r;

%table = [pu_pd_only,diff_current_t_i,ssnl_poly_eval,ssnl_residuall

for j=l:order+1,

ssnl_poly_coeff_save_r(order,j) = ssnl_poly_coeff_r(j);

end

% Falling

ssnl_poly_coeff_f = polyfit(pu_pd_IBIS_f,diff_current_t_i_f,order);
ssnl_poly_eval_f = polyval(ssnl_poly_coeff_f,pu_pd_IBIS_f);
ssnl_residual_f=diff_ current_t_i_f-ssnl_poly_eval_f;

%table = [pu_pd_only,diff_current_t_i,ssnl_poly_eval,ssnl_residuall

for j=1l:order+l,
ssnl_poly_coeff_save_f (order,j) = ssnl_poly_coeff_£f(j);
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end

plot (pu_pd_IBIS_r,diff_current_t_i_r)
hold on

plot(pu_pd_IBIS_r,ssnl_poly_eval_r,’:or’,’LineWidth’,2)
titlestr =

[’PU\_PD\_ONLY Vs Current Difference, Order :’,num2str(order)];
title(titlestr)

ToToTotoTo o ToTo o oo ToTo o o o To o o o o To o o

%R°2 = 1 - (residual/S)

%S = sum((y-yBar)."2);

%yBar = mean(y);

Do ToTo s To oo ToTo o o To o o Jo o o ToTo o o To o o
diff_current_t_i_bar_r=mean(diff_current_t_i_r);

S_r = sum((diff_current_t_i_r-diff_current_t_i_bar_r)."2);
r_sq_r=1-sum((ssnl_residual_r)."2)/S_r;

%debug disp([’Sum of Residual: ’ num2str(sum((ssnl_residual)."2))])
%debug disp([’S: ’> num2str(S)])

disp([’r-Squared (rising): ’ num2str(r_sq_r)])

diff_current_t_i_bar_f=mean(diff_current_t_i_f);

S_f = sum((diff_current_t_i_f-diff_current_t_i_bar_f)."2);
r_sq_f=1-sum((ssnl_residual_f)."2)/S_f;

%debug disp([’Sum of Residual: ’ num2str(sum((ssnl_residual)."2))])
hdebug disp([’S: ’ num2str(S)])

disp([’r-Squared (falling): ’ num2str(r_sq_f)])

disp([’Coefficients for rising edge are : 7,
num2str(ssnl_poly_coeff_r)])
disp([’Coefficients for falling edge are : ’,
num2str (ssnl_poly_coeff_£)])

end

%Validating polynomial results

JRising

polyl_r=
ssnl_poly_coeff_save_r(1,1)*pu_pd_IBIS_r+ssnl_poly_coeff_save_r(1,2);
poly2_r=

ssnl_poly_coeff_save_r(2,1)*pu_pd_IBIS_r. 2+ssnl_poly_coeff_save_r(2,2)*
pu_pd_IBIS_r+ssnl_poly_coeff_save_r(2,3);

poly3_r=

ssnl_poly_coeff_save_r(3,1)*pu_pd_IBIS_r. 3+ssnl_poly_coeff_save_r(3,2)x*
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pu_pd_IBIS_r. 2+ssnl_poly_coeff_save_r(3,3) poly4_r=
ssnl_poly_coeff_save_r(4,1)*

pu_pd_IBIS_r. 4+ssnl_poly_coeff_save_r(4,2)*pu_pd_IBIS_r. 3+
ssnl_poly_coeff_save_r(4,3)

figure

plot (TIME_sp,polyl_r,TIME_sp,poly2_r,TIME_sp,poly3_r,TIME_sp,poly4_r,
TIME_sp,diff_current_t_i_r)
legend(’polyl’,’poly2’,’poly3’,’poly4’,’0Original’);

%Falling

polyl_f=ssnl_poly_coeff_save_f(1,1)*pu_pd_IBIS_f+
ssnl_poly_coeff_save_£f(1,2);
poly2_f=ssnl_poly_coeff_save_f(2,1)*pu_pd_IBIS_f. 2+
ssnl_poly_coeff_save_f(2,2)*

pu_pd_IBIS_f+ssnl_poly_coeff_save_£f(2,3);

poly3_f=ssnl_poly_coeff_save_£f(3,1)*pu_pd_IBIS_f. 3+
ssnl_poly_coeff_save_£f(3,2)*

pu_pd_IBIS_f. 2+ssnl_poly_coeff_save_f(3,3)polyd_f=
ssnl_poly_coeff_save_f(4,1)*

pu_pd_IBIS_f. 4+ssnl_poly_coeff_save_f(4,2)*pu_pd_IBIS_f. 3+
ssnl_poly_coeff_save_f (4,3)

figure

plot (TIME_sp,polyl_f,TIME_sp,poly2_f,TIME_sp,poly3_f,TIME_sp,poly4_f,
TIME_sp,diff_current_t_i_f)

legend (’polyl’,’poly2’,’poly3’,’poly4’,’0Original’);

- %
%This is second of the 2 matlab scripts to develop SSN compatible yA
%IBIS models. This file generates polynomial coefficients to compensate %
%for Gate Modulation deficiency in IBIS models. pA
%INPUT: IBIS2_single_forpoly.tr0,1,2,3 and YA
%SPICE2_single_forpoly.tr0,1,2,3 yA
%0UTPUT: Polynomial coefficients for the desired order for rising, yA
%falling for ngp (no gnd par).

%iAuthor: Ambrish Varma b
%Sep 06 b
%This code uses the hspice toolbox from MIT pA

#HSPICE toolbox code(*.c) recompiled for 32 bit application on a intel %
/#machine (same was tried on an AMD machine but memory errors resulted.) %
Yoo 1o oo oo ToTo o o o To o To o o To o o o o ToTo o o o To o o o o To o o o o To o o o Jo To o o o Jo To o o o o To o o o Jo To o o o Jo Fo o o o Jo Fo o o o To o

format short e

dir =[’../6MICRON/REAL_PKG/2phase/POLY/’];
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ibis_rising =[dir,’ibis2_single_forpoly.tr0’];
ibis_falling =[dir,’ibis2_single_forpoly.trl’];
spice_rising =[dir,’spice2_single_forpoly.tr0’];

spice_falling =[dir,’spice2_single_forpoly.trl’];

ibis_in_r =loadsig(ibis_rising);
spice_in_r =loadsig(spice_rising);

ibis_in_f  =loadsig(ibis_falling);

spice_in_f =loadsig(spice_falling);

% End Setup directories

%BEGIN READING IN RISING VALUES

TIME_sp =evalsig(spice_in_r,’TIME’);

TIME_ib =evalsig(ibis_in_r,’TIME’);
Vout_IBIS_r = evalsig(ibis_in_r, ’vout_only’);
pu_pd_IBIS_r=evalsig(ibis_in_r,’pu_pd_only’);

Vout_T_r =evalsig(spice_in_r,’vout_t’);
I_VDD_IBIS_r=evalsig(ibis_in_r, ’i_vdd_o’);
Iddq_T_r = evalsig(spice_in_r,’iddq_t’);
Tout_IBIS_r = evalsig(ibis_in_r,’iout_only’);

Tout_T_r evalsig(spice_in_r,’iout_t’);
%END READING IN RISING VALUES

%BEGIN READING IN FALLING VALUES

Vout_IBIS_f =evalsig(ibis_in_f, ’vout_only’);
pu_pd_IBIS_f=evalsig(ibis_in_f,’pu_pd_only’);

Vout_T_f =evalsig(spice_in_f,’vout_t’);
I_VDD_IBIS_f=evalsig(ibis_in_f, ’i_vdd_o’);
Iddq_T_f =evalsig(spice_in_f,’iddq_t’);
Tout_IBIS_f = evalsig(ibis_in_f,’iout_only’);
Iout_T_f = evalsig(spice_in_f,’iout_t’);
%END READING IN FALLING VALUES

figure

subplot (221)

plot (TIME_sp, Vout_IBIS_r,TIME_sp, Vout_T_r)

legend (’vout\_only’,’vout\_t’);

title(’Original Tran & IBIS 0/P VOLTAGE Curves (R)’)

hfigure

subplot (222)

Yplot (TIME_sp, I_VDD_0,TIME_sp, Iddq_T, TIME_sp, i_outl_vccs)
plot (TIME_sp, Iout_IBIS_r,TIME_sp, Iout_T_r)

legend (’iout\_IBIS’,’iout\_t’);

title(’Original Tran & IBIS O/P CURRENT Curves (R)’)

subplot (223)
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%plot (TIME_sp, Vout_ONLY,TIME_sp, Vout_T, TIME_sp, vout_vccsl)
plot (TIME_sp, Vout_IBIS_f,TIME_sp, Vout_T_f)

legend (’vout\_only’,’vout\_t’);

title(’Original Tran & IBIS 0/P VOLTAGE Curves (F)’)

subplot (224)

%plot(TIME_sp, I_VDD_0,TIME_sp, Iddq_T, TIME_sp, i_outl_vccs)
plot (TIME_sp, Iout_IBIS_f,TIME_sp, Iout_T_f)

legend (’iout\_only’,’iout\_t’);

title(’Original Tran & IBIS O/P CURRENT Curves (F)’)

array_size_r=size(Vout_T_r,1);
array_size_f=size(Vout_T_f,1);

#Figure out the amount of shift needed
midpoint_r = Vout_T_r(1)+(Vout_T_r(array_size_r) - Vout_T_r(1))/2;
midpoint_f = Vout_T_f (array_size_f)+(Vout_T_f(1) -

Vout_T_f (array_size_f) )/2;

i=1;

while (Vout_IBIS_r(i)<midpoint_r)
i=i+1;

end

TIME_ib(i);

i_f=1;

while (Vout_IBIS_f(i_f)>midpoint_f)
i_f=i_f+1;

end

N

while (Vout_T_r(j)<midpoint_r)
j=j+;

end

j_f=1;

while (Vout_T_f(j_f)>midpoint_£f)
j_f=j_f+1;

end

TIME_sp(j);

suggested_time_to_shift=TIME_sp(j)- TIME_ib(i);
disp([’Suggested time to shift for rising: °’,
num2str (suggested_time_to_shift)])



suggested_time_to_shift_f=TIME_sp(j_f)- TIME_ib(i_f);
disp([’Suggested time to shift for falling: ’,
num2str (suggested_time_to_shift_£)])

Voo loToToToTo oo o o o To To To oo o o o o To ToTo oo o o o o o To T o o oo o

tstep=TIME_sp(2)-TIME_sp(1);

time_to_shift_r 200e-12;

time_to_shift_£ 200e-12;
data_pts_to_shift_r=abs(round(time_to_shift_r/tstep));
data_pts_to_shift_f=abs(round(time_to_shift_f/tstep));

disp([’actual time shifted (rising): ’, num2str(time_to_shift_r)])
disp([’actual time shifted (falling): ’, num2str(time_to_shift_£f)])

if data_pts_to_shift_r==0,
data_pts_to_shift_r=1;

end

if data_pts_to_shift_£f==0,
data_pts_to_shift_f=1;

end

%HRISING
if time_to_shift_r<O0,
shifted_Vout_T_r=Vout_T_r(l:array_size_r-data_pts_to_shift_r);
shifted_Iout_T_r=Iout_T_r(l:array_size_r-data_pts_to_shift_r);
for i=1:data_pts_to_shift_r,
shifted_Vout_T_r=[shifted_Vout_T_r(1);shifted_Vout_T_r];
shifted_Iout_T_r=[shifted_Vout_T_r(1);shifted_Iout_T_r];
end
else
shifted_Vout_T_r=Vout_T_r(data_pts_to_shift_r:array_size_r);
shifted_Tout_T_r=Iout_T_r(data_pts_to_shift_r:array_size_r);

for i=1:data_pts_to_shift_r-1,

shifted_Vout_T_r=[shifted_Vout_T_r;shifted_Vout_T_r(array_size_r

-data_pts_to_shift_r)];

shifted_Tout_T_r=[shifted_Tout_T_r;shifted_Iout_T_r(array_size_r

-data_pts_to_shift_r)];
end
end

%AFALLING
if time_to_shift_£<0,
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shifted_Vout_T_f=Vout_T_f(1l:array_size_f-data_pts_to_shift_f);

shifted_TIout_T_f=Iout_T_f(l:array_size_f-data_pts_to_shift_f);

for i=1:data_pts_to_shift_f,
shifted_Vout_T_f=[shifted_Vout_T_f(1);shifted_Vout_T_f];
shifted_Iout_T_f=[shifted_Vout_T_f(1);shifted_Iout_T_f];

end

else
shifted_Vout_T_f=Vout_T_f (data_pts_to_shift_f:array_size_f);
shifted_Tout_T_f=Iout_T_f(data_pts_to_shift_f:array_size_f);

for i=1:data_pts_to_shift_f-1,
shifted_Vout_T_f=[shifted_Vout_T_f;shifted_Vout_T_f(array_size_f
-data_pts_to_shift_f)];
shifted_TIout_T_f=[shifted_Iout_T_f;shifted_Iout_T_f(array_size_f
-data_pts_to_shift_f)];
end

end

%/HPLOT%%

figure

subplot (221)

plot (TIME_sp, Vout_IBIS_r,TIME_sp, shifted_Vout_T_r)
legend (’vout\_only’,’vout\_t(shifted)’);
title(’Shifted Tran & IBIS O/P VOLTAGE Curves (R)’)
hfigure

subplot (222)

plot(TIME_sp, Iout_IBIS_r,TIME_sp, shifted_Iout_T_r)
legend (’iout\_only’,’iout\_t(shifted)’);

title(’With Shifted Tran 0/P CURRENT Curve (R)’)
subplot (223)

plot(TIME_sp, Vout_IBIS_f,TIME_sp, shifted_Vout_T_f)
legend (’vout\_only’,’vout\_t(shifted)’);
title(’Shifted Tran &IBIS VOLTAGE Curves (F)’)
hfigure

subplot (224)

plot (TIME_sp, Iout_IBIS_f,TIME_sp, shifted_Iout_T_f)
legend(’iout\_only’,’iout\_t(shifted)’);

title(’With Shifted Tran 0/P CURRENT Curve (F)’)

%HPLOT%%
%Current Difference b/w IBIS and SPICE

diff_current_t_i_r = shifted_Iout_T_r-Iout_IBIS_r;
diff_current_t_i_f = shifted_Iout_T_f-Iout_IBIS_f;
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figure
subplot (211)
plotyy (TIME_sp,diff_current_t_i_r,TIME_sp,pu_pd_IBIS_r)

title(’Diff Current and PU\_PD\_ONLY Vs Time (R)’)

subplot (212)
plotyy (TIME_sp,diff_current_t_i_f,TIME_sp,pu_pd_IBIS_f)

title(’Diff Current and PU\_PD\_ONLY Vs Time (F)’)
% Rising
ssn2_poly_coeff_save_r=zeros(4,5);

ssn2_poly_coeff_save_f=zeros(4,5);

for order = 1:4,

figure
diSp(’ ———————————————————————— ;)
disp([’0Order : ’ num2str(order)])

ssn2_poly_coeff_r = polyfit(pu_pd_IBIS_r,diff_current_t_i_r,order);

ssn2_poly_eval_r = polyval(ssn2_poly_coeff_r,pu_pd_IBIS_r);
ssn2_residual_r=diff_current_t_i_r-ssn2_poly_eval_r;

for j=1l:order+1,
ssn2_poly_coeff_save_r(order,j) = ssn2_poly_coeff_r(j);
end

% Falling
ssn2_poly_coeff_f = polyfit(pu_pd_IBIS_f,diff_current_t_i_f,order);
ssn2_poly_eval_f = polyval(ssn2_poly_coeff_f,pu_pd_IBIS_f);
ssn2_residual_f=diff_current_t_i_f-ssn2_poly_eval_f;

%table = [pu_pd_only,diff_current_t_i,ssn2_poly_eval,ssn2_residuall

for j=1l:order+l,
ssn2_poly_coeff_save_f (order,j) = ssn2_poly_coeff_£(j);
end

plot(pu_pd_IBIS_r,diff_current_t_i_r)
hold on

plot(pu_pd_IBIS_r,ssn2_poly_eval_r,’:or’,’LineWidth’,2)
titlestr =

[’PU\_PD\_ONLY Vs Current Difference, Order :’,num2str(order)];
title(titlestr)
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%R°2 = 1 - (residual/S)

%»S = sum((y-yBar)."2);

%yBar = mean(y);

Voo toIoTo oo to FoTo oo to Foto o oo Foto o oo o
diff_current_t_i_bar_r=mean(diff_current_t_i_r);

S_.r = sum((diff_current_t_i_r-diff_current_t_i_bar_r)."2);
r_sq_r=1-sum((ssn2_residual_r)."2)/S_r;

%debug disp([’Sum of Residual: ’ num2str(sum((ssn2_residual)."2))])
%debug disp([’S: ’ num2str(S)])

disp([’r-Squared (rising): ’ num2str(r_sq_r)])

diff_current_t_i_bar_f=mean(diff_current_t_i_f);

S_f = sum((diff_current_t_i_f-diff_current_t_i_bar_f)."2);
r_sq_f=1-sum((ssn2_residual_£f)."2)/S_f;

%debug disp([’Sum of Residual: ’ num2str(sum((ssn2_residual)."2))])
%debug disp([’S: ’ num2str(S)])

disp([’r-Squared (falling): ’ num2str(r_sq_f)])

disp([’Coefficients for rising edge are : ’,
num2str(ssn2_poly_coeff_r)])
disp([’Coefficients for falling edge are : ’,
num2str(ssn2_poly_coeff_£)])

end

%Validating polynomial results

JRising

polyl_r=ssn2_poly_coeff_save_r(1,1)*pu_pd_IBIS_r+
ssn2_poly_coeff_save_r(1,2);
poly2_r=ssn2_poly_coeff_save_r(2,1)*pu_pd_IBIS_r. 2+
ssn2_poly_coeff_save_r(2,2)*
pu_pd_IBIS_r+ssn2_poly_coeff_save_r(2,3);
poly3_r=ssn2_poly_coeff_save_r(3,1)*pu_pd_IBIS_r. 3+
ssn2_poly_coeff_save_r(3,2)*

pu_pd_IBIS_r. 2+ssn2_poly_coeff_save_r(3,3)*pu_pd_IBIS_r+
ssn2_poly_coeff_save_r(3,4);
poly4_r=ssn2_poly_coeff_save_r(4,1)*pu_pd_IBIS_r. 4+
ssn2_poly_coeff_save_r(4,2)*

pu_pd_IBIS_r. 3+ssn2_poly_coeff_save_r(4,3)*pu_pd_IBIS_r. 2+
ssn2_poly_coeff_save_r(4,4)*pu_pd_IBIS_r+
ssn2_poly_coeff_save_r(4,5);

figure

plot (TIME_sp,polyl_r,TIME_sp,poly2_r,TIME_sp,poly3_r,TIME_sp,poly4_r,
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TIME_sp,diff_current_t_i_r)
legend(’polyl’,’poly2’,’poly3’,’poly4’,’0Original’);

%Falling

polyl_f=ssn2_poly_coeff_save_f(1,1)*pu_pd_IBIS_f+
ssn2_poly_coeff_save_f(1,2);
poly2_f=ssn2_poly_coeff_save_f(2,1)*pu_pd_IBIS_f. 2+
ssn2_poly_coeff_save_£f(2,2)*
pu_pd_IBIS_f+ssn2_poly_coeff_save_f(2,3);
poly3_f=ssn2_poly_coeff_save_f(3,1)*pu_pd_IBIS_f. 3+
ssn2_poly_coeff_save_£(3,2)*

pu_pd_IBIS_f. 2+ssn2_poly_coeff_save_f(3,3)*pu_pd_IBIS_f+
ssn2_poly_coeff_save_£f(3,4);
poly4_f=ssn2_poly_coeff_save_f(4,1)*pu_pd_IBIS_f. 4+
ssn2_poly_coeff_save_f(4,2)*

pu_pd_IBIS_f. 3+ssn2_poly_coeff_save_f(4,3)*pu_pd_IBIS_f. 2+
ssn2_poly_coeff_save_f (4,4)*pu_pd_IBIS_f+ssn2_poly_coeff_save_f(4,5);
figure

plot (TIME_sp,polyl_f,TIME_sp,poly2_f,TIME_sp,poly3_f,TIME_sp,poly4_f,
TIME_sp,diff_current_t_i_f)

legend (’polyl’,’poly2’,’poly3’,’poly4’,’0Original’);



142

Appendix B

IBIS Model of VM Pre-Emphasis

Driver

| ke otttk ok ok sk sk sk sk sk ok ok sk sk sk sk s s o o sk sk s ok ok ook ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk s o sk sk ok ok ofok ok ok ok ok ok ok sk ok ok ok ok ok ok
| IBIS file pre_emph_driver_no_m.ibs created by s2ibis3 version 1.2

| North Carolina State University, ERL, 2006

| stk otttk ok ok sk sk sk sk sk sk sk sk sk sk sk sk ook o ok ok ok koo ok sk sk ok sk sk sk sk sk sk sk sk sk sk sk s s sk ok ok o ok sk ok ok ok ok ok ok ok ok sk sk ok sk ok ok ok ok
[IBIS ver] 3.2

[File name] preemph5.ibs

[File Rev] O

[Date] ©Nov 27, 2006

[Source] NCSU - ERL Labs.

[Notes] this is a model based on the pre-emphasis driver

designed by LZhang.

[Disclaimer] This file is only for demonstration purposes.

[Copyright] Copyright 2006 NCSU - ERL Labs.

I

| >k 3k 3k 3k 5k >k >k 3k 3k >k >k >k k 3k 3k >k >k >k 3k 3k 3k >k >k >k 3k 3k >k >k %k 5k 3k 3k >k >k >k 5k 5k 3k >k >k >k >k 3k >k >k >k 3k 3k >k >k >k >k %k 3k >k >k %k >k %k 3k >k >k >k >k >k >k >k %k >k %k >k >k

| Component Pre_emphasis

| sk ok ko sk o ok ok sk ok ok ok ok ok o ok oK ok o oK o oK ok o ok ok K ok ok ok K ok ok ok oK ok o sk ok o ok ok K ok ok ok K ok oK ok o oK oK ok oK o K ok
[Component] Pre_emphasis

[Manufacturer] ERL NCSU

[Package]

| variable typ min max
R_pkg 2.0000m 1.0000m 4.0000m
L_pkg 2.0000nH 2.0000nH 2.0000nH
C_pkg  2.0000pF 2.0000pF 2.0000pF

[Pin] signal_name model_name R_pin L_pin C_pin



vdd vdd POWER
gnd gnd GND

[in in dummy
out out ltap_vm

|

|

[Model] 1tap_vm
Model_type Output

Polarity Non-Inverting

C_comp 400.0000£fF 100.0000£fF 100.0000£fF

|

[Temperature Range]  25.0000 100.0000 0.0

[Voltage Rangel 1.8000V 1.7000V 1.9000V

|

[Pulldown]

[Voltage I(typ) I(min) I (max)

|
-1.80 -1.3820mA -1.5440mA -1.3640mA
-1.74 -1.4010mA -1.5500mA -1.3850mA
-1.68 -1.4190mA -1.5540mA -1.4050mA
-1.62 -1.4350mA -1.5550mA -1.4230mA
-1.56 -1.4500mA -1.5510mA -1.4400mA
-1.50 -1.4610mA -1.5440mA -1.4550mA
-1.44 -1.4690mA -1.5320mA -1.4660mA
-1.38 -1.4740mA -1.5160mA -1.4740mA
-1.32 -1.4730mA -1.4930mA -1.4770mA
-1.26 -1.4660mA -1.4640mA -1.4740mA
-1.20 -1.4530mA -1.4290mA -1.4650mA
-1.14 -1.4320mA -1.3870mA -1.4480mA
-1.08 -1.4020mA -1.3370mA -1.4230mA
-1.02 -1.3640mA -1.2810mA -1.3880mA
-0.96 -1.3160mA -1.2180mA -1.3440mA
-0.90 -1.2580mA -1.1480mA -1.2900mA
-0.84 -1.1920mA -1.0730mA -1.2260mA
-0.78 -1.1170mA -0.9925mA -1.1530mA
-0.72 -1.0340mA -0.9087mA -1.0720mA
-0.66 -0.9465mA -0.8226mA -0.9844mA
-0.60 -0.8546mA -0.7355mA -0.8922mA
-0.54 -0.7607mA -0.6488mA -0.7974mA
-0.48 -0.6667mA -0.5638mA -0.7016mA
-0.42 -0.5740mA -0.4814mA -0.6067mA
-0.36 -0.4841mA -0.4026mA -0.5139mA

-0.30 -0.3976mA -0.3278mA -0.4241mA
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-0.24
-0.18
-0.12
-0.06
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02
.08
.14
.20
.26
.32
.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98
.04
.10
.16
.22
.28
.34

[NO R O R (O I o I NS T N B i i i L i e T e ol ol ol e lNeolN ool ool ool ool ool

7

O O O O O O O O OO OO OO OO OO OO OOOO O OO OO0 OoOOoOOoO oo

-0.3147mA
-0.2350mA
-0.1574mA
-79.9400uA
20.4400pA
7.7700uA
.1470mA
.2082mA
.2622mA
.3094mA
.3502mA
.3849mA
.4135mA
.4357mA
.4516mA
.4624mA
.4699mA
.4755mA
.4798mA
.4834mA
.4866mA
.4893mA
.4918mA
.4942mA
.4964mA
.4985mA
.5005mA
.5025mA
.5043mA
.5062mA
.5080mA
.5098mA
.5115mA
.5133mA
.5150mA
.5167mA
.5183mA
.5200mA
.5217mA
.5234mA
.5256mA
.5295mA
.5378mA
.5525mA

-0
-0
-0

.2570mA
.1899mA
.1257mA

-63.0000uA

-0.3373mA

-0.2531mA

-0.1704mA
-86.9800uA

-0.1869nA -9.6260pA
60.4500ul 85.2200uA

O O O O O O OO O OO OO0 OO0 OO ODODOODOOODOOOOOOOOOOoOOoOOo

.1143mA
.1621mA
.2042mA
.2411mA
.2730mA
.3002mA
.3229mA
.3410mA
.3547mA
.3644mA
.3713mA
.3764mA
.3804mA
.3837mA
.3865mA
.3890mA
.3913mA
.3934mA
.3953mA
.3972mA
.3990mA
.4007mA
.4023mA
.4039mA
.4055mA
.4070mA
.4086mA
.4101mA
.4115mA
.4130mA
.4145mA
.4160mA
.4178mA
.4205mA
.4255mA
.4343mA
.4475mA
.4647mA

0.1614mA
0.2293mA
0.2895mA
0.3425mA
0.3888mA
0.4287mA
0.4621mA
0.4886mA
0.5080mA
0.5213mA
0.5303mA
0.5369mA
0.5419mA
0.5460mA
0.5495mA
0.5525mA
0.5553mA
0.5578mA
0.5602mA
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

5625mA

.5646mA
.5667mA
.5688mA
.5707mA
.5727mA
.5746mA
.5764mA
.5782mA
.5801mA
.5819mA
.5836mA
.5854mA
.5871mA
.5889mA
.5906mA
.5925mA
.5951mA
.6006mA
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3.

[Pullup]
|[Voltage

.40
.46
.52
.58
.64
.70
.76
.82
.88
.94
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54

60

.80
.74
.68
.62
.56
.50
.44
.38
.32
.26
.20
.14
.08
.02
.96
.90
.84
.78
.72
.66

.5730mA
.5982mA
.6269mA
.6585mA
.6927mA
. 7290mA
.7673mA
.8073mA
.8491mA
.8921mA
.9363mA
.9814mA
.0270mA
.0740mA
.1210mA
.1690mA
.2170mA
.2650mA
.3130mA
.3620mA
.4110mA

=, PR, RrR,RER, R0 00000000 0O OoOOo

I(typ)

.8220mA
.7670mA
.7120mA
.6570mA
.6010mA
.5450mA
.4880mA
.4310mA
.3740mA
.3160mA
.2570mA
.1980mA
.1390mA
.0790mA
.0180mA
.9573mA
.8957mA
.8337mA
.7711mA
.7081mA

O O O OO R P RERLPREPRRBPRRREBERRBRB R B

R P PP, PO 0O 0000000000 O0oOOoOOoOOo

.4849mA
.5075mA
.5320mA
.5583mA
.5861mA
.6155mA
.6464mA
.6788mA
.7124mA
.7472mA
.7832mA
.8203mA
.8584mA
.8975mA
.9376mA
.9786mA
.0210mA
.0630mA
.1070mA
.1510mA
.1970mA

O O OO OO0 KF P RFEP P, PP PP P P B &

I(min)

.8180mA
. 7460mA
.6760mA
.6070mA
.5380mA
.4710mA
.4040mA
.3370mA
.2720mA
.2070mA
.1430mA
.0790mA
.0160mA
.9537mA
.8919mA
.8308mA
.7702mA
.7103mA
.6509mA
.5922mA

P PP PP RPPRPRPRPRRPRPRPROOOOO0OOCOOOOO

.6122mA
.6311mA
.6561mA
.6858mA
.7192mA
. 7556mA
.7947mA
.8360mA
.8792mA
.9242mA
.9706mA
.0180mA
.0670mA
.1160mA
.1660mA
.2160mA
.2660mA
.3170mA
.3670mA
.4180mA
.4690mA

O O OO, P FHF FPFRFEPFFP PP PP P B B B B B

I (max)

.8600mA
.8080mA
. 7560mA
.7030mA
.6490mA
.5950mA
.5410mA
.4850mA
.4290mA
.3720mA
.3150mA
.2560mA
.1970mA
.1370mA
.0760mA
.0150mA
.9523mA
.8890mA
.8248mA
.7598mA
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.60
.54
.48
.42
.36
.30
.24
.18
.12
.06

.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02
.08
.14
.20
.26
.32
.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98

O O OO O O o o o

63.4800uA

11

-61.3900uA

.6447mA
.5808mA
.5165mA
.4519mA
.3871mA
.3223mA
.2573mA
.1924mA
.1277mA

.5300pA

.1195mA
.1744mA
.2259mA
.2742mA
.3191mA
.3607mA
.3989mA
.4337mA
.4651mA
.4931mA
.5178mA
.5390mA
.5569mA
.5718mA
.5838mA
.5935mA
.6016mA
.6085mA
.6144mA
.6197mA
.6244mA
.6287mA
.6326mA
.6362mA
.6395mA
.6426mA
.6454mA
.6481mA
.6507mA
.6531mA
.6554mA
.6576mA

.5340mA
.4766mA
.4199mA
.3639mA
.3087mA
.2544mA
.2011mA
.1488mA
97 .7800uA
48.1000uA
0.1074nA

-45.9100uA
-89.1700uA
-0.1298mA
-0.1678mA
-0.2031mA
-0.2357mA
-0.2657mA
-0.2929mA
-0.3175mA
-0.3394mA
-0.3586mA
-0.3751mA
-0.3890mA
-0.4004mA
-0.4095mA
-0.4167mA
-0.4225mA
-0.4274mA
-0.4316mA
-0.4355mA
-0.4390mA
-0.4423mA
-0.4453mA
-0.4482mA
-0.4509mA
-0.4534mA
-0.4559mA
-0.4581mA
-0.4603mA
-0.4624mA
-0.4644mA
-0.4666mA
-0.4713mA

O O O O O O O O

O O O O O O O o o

.6939mA
.6272mA
.5597mA
.4915mA
.4226mA
.3531mA
.2830mA
.2125mA
.1417mA
70.7700uA

6.3110pA

-68.9300uA
.1345mA
.1967mA
.2555mA
.3109mA
.3629mA
.4114mA
.4564mA
.4979mA
.5358mA
.5702mA
.6010mA
.6283mA
.6520mA
.6722mA
.6891mA
.7030mA
.7144mA
. 7238mA
.7318mA
. 7386mA
.7446mA
. 7499mA
. 7546mA
. 7589mA
. 7628mA
. 7663mA
. 7696mA
.T727mA
. 7T756mA
.7782mA
.7808mA
. 7832mA
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2.04 -0.
2.10 -0.
2.16 -0.
2.22 -0.
2.28 -0.
2.34 -1.
2.40 -1.
2.46 -1.
2.52 -1.
2.58 -1.
2.64 -1.
2.70 -1.
2.76 -1.
2.82 -1.
2.88 -1.
2.94 -1.
3.00 -2.
3.06 -2.
3.12 -2.
3.18 -2.
3.24 -2.
3.30 -2.
3.36 -2.
3.42 -2.
3.48 -2.
3.54 -2.
3.60 -2.
[Ramp]
| variable

6600mA
6710mA
7220mA
8017mA
8976mA
0060mA
1230mA
2450mA
3690mA
4920mA
6100mA
7160mA
8060mA
8790mA
9370mA
9810mA
0140mA
0380mA
0530mA
0620mA
0640mA
0620mA
0570mA
0480mA
0370mA
0250mA
0110mA

typ
dv/dt_r 19.4760m/39.7616p

dv/dt_f 15.6000m/55.3333p

R_load = 50.0000

[Driver Schedule]
| [DS] is used here to handle the 1-tap pre-emphasis

| for more info see:

.4977mA
.5581mA
.6367mA
.7297mA
.8356mA
.9521mA
.0760mA
.2060mA
.3370mA
.4660mA
.5890mA
.7010mA
.8010mA
.8870mA
.9590mA
.0180mA
.0660mA
.1030mA
.1310mA
.1500mA
.1620mA
.1680mA
.1690mA
.1650mA
.1580mA
.1480mA
.1350mA

min
13.7400m/56.7884p
12.6000m/77.0000p

. 7854mA
. 7876mA
.7908mA
.8147mA
.8829mA
.9732mA
.0780mA
.1930mA
.3140mA
.4380mA
.5630mA
.6840mA
. 7960mA
.8920mA
.9710mA
.0320mA
.0780mA
.1130mA
.1370mA
.1530mA
.1610mA
.1640mA
.1620mA
.1560mA
.1480mA
.1370mA
.1240mA

max
23.3520m/36.3872p
18.0000m/57.5000p

| http://www.eda.org/pub/ibis/summits/jan05/muranyi.pdf

| or:

|http://www.eetimes.com/issue/dc/showArticle. jhtml?articleId=60300186

|
| Model_name

I
boost_high

Rise_on_dly Rise_off_dly

Os

NA NA

Fall_on_dly

Fall off_dly
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main_high
boost_low

main_low

|********************************************************************

|********************************************************************

[Modell

Polarity

|C_comp
C_comp

Ons
NA
NA

main_high
Model_type Open_source

5.
000

Non-In
0000£fF
OfF

[Temperature Range]
[Voltage Rangel

[Pullup]
|[Voltage

.80
.74
.68
.62
.56
.50
.44
.38
.32
.26
.20
.14
.08
.02
.96
.90
.84
.78
.72
.66
.60
.54
.48
.42

I(

el el eolNelNelle e RNe RN N e e e e e N N e Y

typ)

.0042mA
.9437mA
.8832mA
.8227mA
.7611mA
.6995mA
.6368mA
.5741mA
.5114mA
.4476mA
.3827mA
.3178mA
.2529mA
.1869mA
.1198mA
.05303mA
.98527mA
.91707mA
.84821mA
.77891mA
.70917mA
.63888mA
.56815mA
.49709mA

12ns
NA Ons
NA Ons

NA NA
1.0ns
12ns

Model main_high

verting
5.0000£fF 5.0000fF
0000fF 0000fF
25.0000 100.0000
1.8000V 1.7000V
I(min) I (max)
1.8180mA 1.8600mA
1.7460mA 1.8080mA
1.6760mA 1.7560mA
1.6070mA 1.7030mA
1.5380mA 1.6490mA
1.4710mA 1.5950mA
1.4040mA 1.5410mA
1.3370mA 1.4850mA
1.2720mA 1.4290mA
1.2070mA 1.3720mA
1.1430mA 1.3150mA
1.0790mA 1.2560mA
1.0160mA 1.1970mA
0.9537mA 1.1370mA
0.8919mA 1.0760mA
0.8308mA 1.0150mA
0.7702mA 0.9523mA
0.7103mA 0.8890mA
0.6509mA 0.8248mA
0.5922mA 0.7598mA
0.5340mA 0.6939mA
0.4766mA 0.6272mA
0.4199mA 0.5597mA
0.3639mA 0.4915mA
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.36
.30
.24
.18
.12
.06

.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02
.08
.14
.20
.26
.32
.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98
.04
.10
.16
.22

0.42581mA
0.35453mA
0.28303mA
0.21164mA
0.14047mA
69.4800uA
12.5300pA
-67.3900uA
-0.13145mA
-0.19184mA
-0.24849mA
-0.30162mA
-0.35101mA
-0.39677mA
-0.43879mA
-0.47707mA
-0.51161mA
-0.54241mA
-0.56958mA
-0.59290mA
-0.61259mA
-0.62898mA
-0.64218mA
-0.65285mA
-0.66176mA
-0.66935mA
-0.67584mA
-0.68167mA
-0.68684mA
-0.69157mA
-0.69586mA
-0.69982mA
-0.70345mA
-0.70686mA
-0.70994mA
-0.71291mA
-0.71577mA
-0.71841mA
-0.72094mA
-0.72336mA
-0.7260mA
-0.7381mA
-0.7942mA
-0.88187mA

0.3087mA
0.2544mA
0.2011mA
0.1488mA
97.7800uA
48.1000uA
0.1074nA
-45.9100uA
-89.1700ulA
-0.1298mA
-0.1678mA
-0.2031mA
-0.2357mA
-0.2657mA
-0.2929mA
-0.3175mA
-0.3394mA
-0.3586mA
-0.3751mA
-0.3890mA
-0.4004mA
-0.4095mA
-0.4167mA
-0.4225mA
-0.4274mA
-0.4316mA
-0.4355mA
-0.4390mA
-0.4423mA
-0.4453mA
-0.4482mA
-0.4509mA
-0.4534mA
-0.4559mA
-0.4581mA
-0.4603mA
-0.4624mA
-0.4644mA
-0.4666mA
-0.4713mA
-0.4977mA
-0.5581mA
-0.6367mA
-0.7297mA

0.4226mA
0.3531mA
0.2830mA
0.2125mA
0.1417mA
70.7700uA
6.3110pA
-68.9300uA
-0.1345mA
-0.1967mA
-0.2555mA
-0.3109mA
-0.3629mA
-0.4114mA
-0.4564mA
-0.4979mA
-0.5358mA
-0.5702mA
-0.6010mA
-0.6283mA
~0.6520mA
-0.6722mA
-0.6891mA
-0.7030mA
-0.7144mA
-0.7238mA
-0.7318mA
-0.7386mA
-0.7446mA
-0.7499mA
-0.7546mA
~0.7589mA
-0.7628mA
-0.7663mA
-0.7696mA
-0.7727mA
-0.7756mA
-0.7782mA
-0.7808mA
-0.7832mA
-0.7854mA
-0.7876mA
~0.7908mA
-0.8147mA
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.28
.34
.40
.46
.52
.58
.64
.70
.76
.82
.88
.94
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60

[Ramp]

| variable

dv/dt_r
dv/dt_f£
R_load = 50.0000

.98736m
.1066mA
.2353mA
.3695mA
.5059mA
.6412mA
.7710mA
.8876mA
.9866mA
.0669mA
.1307mA
.1791mA
.2154mA
.2418mA
.2583mA
.2682mA
.2704mA
.2682mA
.2627mA
.2528mA
.2407mA
.2275mA
.2121mA

typ

[Rising Waveform]

R_fixture=
V_fixture=

|time

0.0S
10.
20.
30.
40.
50.
60.
70.
80.

10pS
20pS
30pS
40pS
51pS
61pS
71pS
81pS

50.

0000

1.8000

V(typ)

[ o T = = S S S

A

19.4760m/39.7616p
19.4820m/45.2483p

L7740V
LTT740V
L7740V
LTT740V
L7740V
LTT740V
L7740V
LTT740V
L7740V

.8356mA
.9521mA
.0760mA
.2060mA
.3370mA
.4660mA
.5890mA
.7010mA
.8010mA
.8870mA
.9590mA
.0180mA
.0660mA
.1030mA
.1310mA
.1500mA
.1620mA
.1680mA
.1690mA
.1650mA
.1580mA
.1480mA
.1350mA

min

V(min)

L7790V
.T790V
L7790V
.T790V
.T790V
.T790V
.T790V
.T790V
.T790V

N e

13.7400m/56.7884p
13.7160m/59.2896p

.8829mA
.9732mA
.0780mA
.1930mA
.3140mA
.4380mA
.5630mA
.6840mA
.7960mA
.8920mA
.9710mA
.0320mA
.0780mA
.1130mA
.1370mA
.1530mA
.1610mA
.1640mA
.1620mA
.1560mA
.1480mA
.1370mA
.1240mA

23.3520m/36.3872p
23.3460m/43.3631p

V(max)

L S S N

max

L7710V
LTT710V
L7710V
LTT710V
L7710V
LT710V
LTT710V
LTT710V
LTT710V
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90.91pS
.10nS
.11nS
.12nS
.13nS
.14n8S
.15nS
.16nS
.17nS
.18nS
.19nS
.20nS
.21nS
.22nS
.23nS
.24nS
.25nS
.26nS
.27nS
.28nS
.29nS
.30nS
.31nS
.32ns
.33nS
.34nS
.35nS
.36nS
.37nS
.38nS
.39n8
.40nS
.41nS
.42nS
.43nS
.44nS
.45nS
.46nS
.47nS
.48nS
.49nS
.51nS
.52nS
.53nS

O O O O O O OO OO OO OO OO OO0 OO OOOOODOO0OODO0OOOO0OOOOOOOOOOoOOo

R e e T e = T e = S o e e e N S N e e e e e e e = T e e = T = T e e e e e e S e S N N =

L7740V
LTT40V
L7740V
LTT730V
LTT730V
.TT750V
L7780V
. 7820V
. 7860V
. 7900V
. 7920V
. 7940V
L7950V
L7970V
. 7980V
. 7990V
L7990V
L7990V
L7990V
. 7990V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V

N T e e T T T e = T T S e e e e N N e e e T e T e e e = = T e e e S e e e o S N = e

L7790V
.T790V
L7790V
.T790V
L7790V
.T790V
.T780V
L7780V
L7780V
. 7800V
.7810V
. 7830V
. 7860V
. 7880V
. 7890V
L7910V
. 7920V
.7930V
. 7940V
. 7940V
. 7950V
. 7950V
. 7950V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V

e S S T o T e S o S S e O T e S e S e e T = STy

L7700V
.T700V
. 7690V
LTT710V
L7750V
L7790V
. 7860V
. 7920V
. 7950V
L7970V
.8000V
.8030V
.8040V
.8040V
.8040V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
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.54nS
.55nS
.56nS
.57nS
.58nS
.59nS
.60nS
.61nS
.62nS
.63nS
.64nS
.65nS
.66nS
.67nS
.68ns
.69nS
.70ns
.71nS
.72nS
.73nS
.74nS
.75nS
.76nS
.77nS
.78nS
.79nS
.80nS
.81nS
.82nS
.83nS
.84nS
.85n8
.86nS
.87nS
.88nS
.89nS
.90ns
.91nS
.92ns
.93nS
.94nS
.95n8
.96nS
.97nS

R e e T e = T e = S e e e e N S N e e e e T e e = e e = T = T e e e e e e S e S N N =

.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V

N T e e T T T e = T = S e e e e N N e e e T e T e e e = T = T e e e S e e e o S N =

. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
.7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V

e S S T o T e S o S S e O T e S e S e e T = STy

.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
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0.
0.
1.
I

[Rising Waveform]
R_fixture=
V_fixture=

[t
I
0.

10.
20.
30.
40.
50.
60.
70.
80.

©
o

O O O O O O OO O OO OO OOO0OOOO0O OO oo oo

98nS
99nS
00nS

ime

0s

10pS
20pS
30pS
40pS
51pS
61pS
71pS
81pS
.91pS

.10nS
.11nS
.12n8S
.13nS
.14n8S
.15nS
.16nS
.17nS
.18nS
.19nS
.20ns
.21nS
.22nS
.23nS
.24nS
.2bnS
.26nS
.27nS
.28nS
.29nS
.30nS
.31nS
.32n8
.33nS
.34nS

1.8000V
1.8000V
1.8000V

0.0V
-3.9430uVv
1.6090uV
1.5900uV
2.4320uVv
-0.7165uVv
-10.6400uV
-8.8310uv
-3.4130uVv
2.0050uV
0.1348mV
0.2481mV
27.7800uVv
-0.7822mV
-1.7110mV
-2.4170mV
-3.1230mV
-1.1650mV
2.6870mV
7.5060mV
12.5600mV
17.6100mV
22.6600mV
26.9800mV
29.1100mV
30.3400mV
30.9900mV
31.4500mV
31.9100mV
32.3700mV
32.8300mV
32.8500mV
32.7300mV
32.6000mV
32.4800mV

1.7960V
1.7960V
1.7960V

V(min)

0.0V
-3.0700uv
2.2900uVv
1.1550uVv
2.2080uVv
2.6590uVv
-0.7195uV
-5.4370uV
-11.3300uVv
-14.2100uV
-17.1000uVv
-11.0700uVv
21.6900uVv
0.1199mV
0.1567mV
0.1731mV
31.6300uV
-0.5896mV
-1.1790mV
-1.7680mV
-2.1430mV
-2.1290mV
-1.5890mV
1.0340mV
3.6560mV
6.2790mV
8.9020mV
11.5200mV
13.7700mV
16.0100mV
18.2500mV
20.5000mV
22.7400mV
22.7200mV
22.7500mV

1.8050V
1.8050V
1.8050V

V (max)

0.0V
-3.8860uVv
2.1590uV
2.8170uV
-0.1276uVv
-12.3300uVv
-15.5100uV
-8.8730uVv
41.5100uVv
0.2246mV
0.1728mV
-0.7340mV
-1.9290mV
-2.8890mV
-3.0320mV
-2.8010uVv
5.5580mV
12.2100mV
18.8600mV
25.5100mV
31.2900mV
34.4700mV
36.2100mV
37.0900mV
37.6900mV
38.2900mV
38.8800mV
39.4800mV
39.4800mV
39.2900mV
39.1000mV
38.9000mV
38.7100mV
38.7100mV
38.7800mV

153



O O O O O O OO O OO OO O OO0 OO OO OO OO0OO0OOOOOOOOOOOOOOOOOoOOoOOo

.35n8
.36nS
.37nS
.38nS
.39nS
.40ns
.41n8S
.42nS
.43nS
.44nS
.45nS
.46nS
.47nS
.48nS
.49nS
.51nS
.52n8
.53nS
.54nS
.55n8
.56nS
.57nS
.58nS
.59nS
.60nS
.61nS
.62nS
.63nS
.64nS
.65nS
.66nS
.67nS
.68nS
.69nS
.70ns
.71nS
.72nS
.73nS
.74nS
.75nS
.76nS
.77nS
.78nS
.79nS

32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.

3600mV
3500mV
3900mV
4300mV
4600mV
5000mV
5000mV
4900mV
4800mV
4700mV
4600mV
4600mV
4600mV
4600mV
4600mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4600mV
4600mV
4600mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4600mV
4600mV
4600mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4600mV

22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.

7900mV
8200mV
8400mV
8700mV
9000mV
9100mV
9100mV
9100mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV

38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.

8500mV
9200mV
9900mV
9800mV
9600mV
9400mV
9100mV
8900mV
8900mV
9000mV
9000mV
9100mV
9200mV
9200mV
9200mV
9200mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9200mV
9200mV
9200mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9200mV
9200mV
9200mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
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0.80nS
0.81nS
0.82nS
0.83nS
0.84nS
0.85nS
0.86nS
0.87nS
0.88nS
0.89nS
0.90nS
0.91nS
0.92nS
0.93nS
0.94nS
0.95nS
0.96nS
0.97nS
0.98nS
0.99nS
1.00nS
I

I

32.
32.
32.
32.
32.
32.
.4700mV
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.

32

4600mV
4600mV
4700mV
4700mV
4700mV
4700mV

4700mV
4700mV
4600mV
4600mV
4600mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4700mV
4600mV
4600mV

End [Model] main_high

22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22.

9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV
9000mV

38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.
38.

9100mV
9200mV
9200mV
9200mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9200mV
9200mV
9200mV
9100mV
9100mV
9100mV
9100mV
9100mV
9100mV
9200mV

|****************************************************************

Model main_low

|****************************************************************

[Model]

Model_type Open_drain

Polarity Non-Inverting

| C_comp 5.0000fF 5.0000fF 5.0000fF

C_comp O0O000fF 0000fF

|

|

[Temperature Range]  25.0000 100.0000

[Voltage Rangel 1.8000V 1.7000V

[Pulldown]

[Voltage I(typ) I(min) I (max)

|
-1.80 -1.7966mA -1.5440mA -1.3640mA
-1.74 -1.8213mA -1.5500mA -1.3850mA
-1.68 -1.8447mA -1.5540mA -1.4050mA
-1.62 -1.8655mA -1.5550mA -1.4230mA

0.0
1.9000V
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.56
.50
.44
.38
.32
.26
.20
.14
.08
.02
.96
.90
.84
.78
.72
.66
.60
.54
.48
.42
.36
.30
.24
.18
.12
.06

.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02

-1.885mA
-1.8993mA
-1.9097mA
-1.9162mA
-1.9149mA
-1.9058mA
-1.8889mA
-1.8616mA
-1.8226mA
-1.7732mA
-1.7108mA
-1.6354mA
-1.5496mA
-1.4521mA
-1.3442mA
-1.23045mA
-1.11098mA
-0.98891mA
-0.86671mA
-0.7462mA
-0.62933mA
-0.51688mA
-0.40911mA
-0.3055mA
-0.20462mA
-79.9400uA
-20.4400pA
77.7700uA
.1911mA
.27066mA
.34086mA
.40222mA
.45526mA
.50037mA
.53755mA
.56641mA
.58708mA
.60112mA
.61087mA
.61815mA
.62374mA
.62842mA
.63258mA
.63609mA

O O O O O O OO OO OO oo oo

6

O O O O O O OO OO OO O o oo

-1.5510mA
-1.5440mA
-1.5320mA
-1.5160mA
-1.4930mA
-1.4640mA
-1.4290mA
-1.3870mA
-1.3370mA
-1.2810mA
-1.2180mA
-1.1480mA
-1.0730mA
-0.9925mA
-0.9087mA
-0.8226mA
-0.7355mA
-0.6488mA
-0.5638mA
-0.4814mA
-0.4026mA
-0.3278mA
-0.2570mA
-0.1899mA
-0.1257mA
-63.0000uA
0.1869nA
0.4500uA
.1143mA
.1621mA
.2042mA
.2411mA
.2730mA
.3002mA
.3229mA
.3410mA
.3547mA
. 3644mA
.3713mA
.3764mA
.3804mA
.3837mA
.3865mA
.3890mA

8

O O O O O OO OO OO OO o oo

~1.4400mA
~1.4550mA
-1.4660mA
~1.4740mA
-1.4770mA
~1.4740mA
~1.4650mA
~1.4480mA
-1.4230mA
-1.3880mA
~-1.3440mA
-1.2900mA
~1.2260mA
-1.1530mA
~1.0720mA
~0.9844mA
~0.8922mA
~0.7974mA
~0.7016mA
~0.6067mA
~0.5139mA
~0.4241mA
~0.3373mA
~0.2531mA
~0.1704mA
-86.9800uA
9.6260pA
5.2200uA
.1614mA
.2293mA
.2895mA
.3425mA
.3888mA
.4287mA
.4621mA
.4886mA
.5080mA
.5213mA
.5303mA
.5369mA
.5419mA
.5460mA
.5495mA
.5525mA
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.08
.14
.20
.26
.32
.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98
.04
.10
.16
.22
.28
.34
.40
.46
.52
.58
.64
.70
.76
.82
.88
.94
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60

P P, R, R, R, PP, R R R R R R PR OO0 0000000000000 0000OD0OO0ODO0ODO0ODOOOOoOO-°o

.63934mA
.64246mA
.64532mA
.64805mA
.65065mA
.65325mA
.65559mA
.65806mA
.6604mA
.66274mA
.66495mA
.66729mA
.6695mA
.67171mA
.67379mA
.676mA

.67821mA
.68042mA
.68328mA
.68835mA
.69914mA
.71825mA
. T449mA
.T7766mA
.81497mA
.85605mA
.90051mA
.9477mA
.99749mA
.04949mA
.10383mA
.15973mA
.21719mA
.27582mA
.3351mA
.3962mA
.4573mA
.5197mA
.5821mA
.6445mA
.7069mA
.7706mA
.8343mA

R PR, RPr RO OO0 OO0 OO OO0 0000 OO OO OO OO0 O0ODO0ODIODODOOOOOOOOOOoO

.3913mA
.3934mA
.3953mA
.3972mA
.3990mA
.4007mA
.4023mA
.4039mA
.4055mA
.4070mA
.4086mA
.4101mA
.4115mA
.4130mA
.4145mA
.4160mA
.4178mA
.4205mA
.4255mA
.4343mA
.4475mA
.4647mA
.4849mA
.5075mA
.5320mA
.5583mA
.5861mA
.6155mA
.6464mA
.6788mA
.7124mA
.7472mA
. 7832mA
.8203mA
.8584mA
.8975mA
.9376mA
.9786mA
.0210mA
.0630mA
.1070mA
.1510mA
.1970mA

R PR, PR R, RPR R PR OO0 0000000000000 0O0000O0O0O000O0O00OO0O0OO0OO0OO0OOoOOoOOoOOo

.5553mA
.5578mA
.5602mA
.5625mA
.5646mA
.5667mA
.5688mA
.5707mA
.5727mA
.5746mA
.5764mA
.5782mA
.5801mA
.5819mA
.5836mA
.5854mA
.5871mA
.5889mA
.5906mA
.5925mA
.5951mA
.6006mA
.6122mA
.6311mA
.6561mA
.6858mA
.7192mA
. 7556mA
.7947mA
.8360mA
.8792mA
.9242mA
.9706mA
.0180mA
.0670mA
.1160mA
.1660mA
.2160mA
.2660mA
.3170mA
.3670mA
.4180mA
.4690mA
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[Ramp]

| variable typ
dv/dt_r 15.6000m/55.0000p
dv/dt_f 15.6000m/55.3333p
R_load = 50.0000

|

[Falling Waveform]
R_fixture= 50.0000
V_fixture= 0.0

| time

I

0.0S 32.4700mV
10.10pS 32.4700mV
20.20pS 32.4700mV
30.30pS 32.4700mV
40.40pS 32.4700mV
50.51pS 32.4700mV
60.61pS 32.4700mV
70.71pS 32.4500mV
80.81pS 32.4200mV
90.91pS 32.4300mV
0.10nS 32.4700mV
0.11n8S 32.8000mV
0.12nS 33.2700mV
0.13nS 33.2800mV
0.14nS 30.7100mV
0.15n8S 27 .4400mV
0.16nS 24.1700mV
0.17nS 18.5400mV
0.18nS 13.6100mV
0.19nS 10.0000mV
0.20nS 6.3950mV
0.21nS 3.5270mV
0.22n8 2.8730mV
0.23nS 2.2190mV
0.24n8S 1.5650mV
0.25nS 0.9116mV
0.26nS 0.4120mV
0.27nS 0.3748mV
0.28nS 0.3375mV
0.29nS 0.3003mV
0.30nS 0.2631mV
0.31nS 0.1985mV
0.32nS 51.8000uVv

12.6000m/61.6667p
12.6000m/77.0000p

V(min)

m

O O L, NN WP O N

in

.9000mV
.9000mV
.9000mV
.9000mV
.9000mV
.9100mV
.9100mV
.9100mV
.9100mV
.9000mV
.8700mV
.8600mV
.8600mV
.9000mV
.0600mV
.3700mV
.4900mV
.5500mV
.1700mV
.5000mV
. 7400mV
.9400mV
.1100mV
.3700mV

.8620mV
.8180mV
.6760mV
.8350mV
.9940mV
.1530mV
.3120mV
.9784mV
.8136mV

18.0000m/50.8333p
18.0000m/57.5000p

V(max)

max

38.9100mV
38.9200mV
38.9100mV
38.9200mV
38.9200mV
38.9200mV
38.9100mV
38.8600mV
38.8300mV
38.9900mV
39.4000mV
39.7500mV
38.7500mV
34.0900mV
28.5300mV
22.9700mV
15.8100mV
10.4100mV
7.3860mV
4.3600mV
1.9900mV
1.5880mV
1.1860mV
0.7837mV
0.3816mV
94.8200uVv
0.1537mV
0.1162mV
91.4300uVv
70.8300uV
50.2200uVv
29.6200uVv
9.0160uV
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.33nS
.34ns
.35n8
.36nS
.37nS
.38nS
.39nS
.40ns
.41nS
.42nS
.43nS
.44nS
.45nS
.46nS
.47nS
.48nS
.49nS
.51nS
.52n8
.53nS
.54nS
.55n8
.56nS
.57nS
.58nS
.59nS
.60nS
.61nS
.62nS
.63nS
.64nS
.65n8
.66nS
.67nS
.68ns
.69nS
.70nS
.71nS
.72nS
.73nS
.74nS
.75nS
.76nS
.77nS

37.8700uV
29.6700uv
23.3700uVv
17.0700uVv
10.7700uV
.4700uv
.4600uVv
.8820uV
.3030uv
.7237uV
.1447uv
.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

.0V

O O O O O O OO OO OO OO OO O OO ODODOOODOOOOO0OO0OOOOOOO Nk

.6487mV
.4838mV
.3190mV
.2552mV
.2252mV
.1952mV
.1652mV
.1351mV
.1047mV
74.0900uV
43.5100uVv
12.9200uV
-17.6600uV
-14.7100uV
-0.5894uV
13.5400uV
27.6600uV
37.0150uVv
14.8000uV
-2.6470uv
—-20.0900uV
-37.5300uV
-29.3700uV
-12.6900uV
4.0030uV
20.6900uVv
37.3800uV
29.2200uV
12.7700uV
-3.6710uVv
-20.1200uV
-36.5600uV
-28.5700uV
-12.4300uV
3.7150uv
19.8600uV
36.0000uVv
27.9300uV
11.7900uVv
-4.3550uV
-20.5000uV
-36.6400uV
-28.5700uV
-12.4300uV

O O O O O O O o o

O O O O O O O O OO OO OO O OO OO ODODODODODOOOOOO0ODO0OOLODLOLODLOLOODODODOOO P NW

.2850uV
.5120uv
.7390uV
.9662uV
.1932uV
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
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[Falling Waveform]
R_fixture=
V_fixture=

[t
I
0.

10.
20.
30.
40.
50.
60.
70.
80.
90.

0.
0.
0.
0.
0

.78nS
.79n8
.80nS
.81nS
.82nS
.83nS
.84nS
.85n8
.86nS
.87nS
.88nS
.89nS
.90ns
.91nS
.92ns
.93nS
.94ns
.95nS
.96nS
.97nS
.98nS
.99nS
.00nsS

ime

0s
10pS
20pS
30pS
40pS
51pS
61pS
71pS
81pS
91pS
10nS
11nS
12nS
13nS
14nS

O O O O O OO OO OO OO OO OO OoOooooo

T e = T T T e Y S S S S =

.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V

V(min)

.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
. 7990V
L7990V
. 7990V
.8000V
.8010V

3.7150uVv
19.8600uV
36.0000uV
27.9300uV
11.7900uV
-4.3550uV
-20.5000uVv
-36.6400uV
-28.5700uVv
-12.4300uV
3.7150uv
19.8600uV
36.0000uVv
27.9300uV
11.7900uVv
-4.3550uV
-20.5000uV
-36.6400uV
-27.9400uV
-10.9500uV
6.0320uV
23.0200uVv
40.0000uV

. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V
. 7960V

T e R T T = =S SN,

O O O O O O OO OO OO0 OO OO OoOooooo

T e S S Sy B e )

.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V
.0V

.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8050V
.8060V
.8070V
.8070V
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.15nS
.16nS
.17nS
.18nS
.19nS
.20ns
.21nS
.22n8
.23n8
.24nS
.25n8
.26nS
.27nS
.28nS
.29nS
.30nS
.31nS
.32nS
.33nS
.34nS
.35n8
.36nS
.37nS
.38nS
.39n8
.40ns
.41nS
.42n8
.43nS
.44ns
.45n8
.46nS
.47nS
.48nS
.49ns
.51nS
.52n8
.53nS
.54nS
.55nS
.56nS
.57nS
.58nS
.59nS

R e e T e = T e = S e e e e N S N e e e e T e e = e e = T = T e e e e e e S e S N N =

.8020V
.8030V
.8030V
.8010V
L7970V
L7940V
L7910V
. 7880V
. 7850V
. 7820V
. 7800V
LTTTOV
LTTTOV
LTT760V
LTT760V
LTT750V
LTT740V
LTT40V
LTT740V
L7740V
LTT740V
L7740V
L7740V
LTT40V
L7740V
LTT40V
L7740V
L7740V
LTT40V
L7740V
L7740V
LTT740V
L7740V
L7740V
LTT40V
L7740V
LTT40V
L7740V
LTT740V
L7740V
.TT740V
L7740V
LTT740V
L7740V

N T e e T T T e = T = S e e e e N N e e e T e T e e e = T = T e e e S e e e o S N =

. 7950V
. 7960V
. 7960V
. 7960V
L7970V
. 7980V
. 7980V
. 7990V
. 7990V
. 7980V
. 7960V
. 7950V
. 7930V
. 7920V
. 7900V
. 7880V
L7870V
. 7850V
. 7840V
. 7830V
. 7820V
. 7810V
. 7810V
. 7800V
. 7800V
. 7800V
. 7800V
.T790V
.T790V
.T790V
.T790V
.T790V
.T790V
L7790V
.T790V
L7790V
.T790V
L7790V
.T790V
.T790V
.T790V
.T790V
.T790V
.T790V

e S S T o T e S o S S e O T e S e S e e T = STy

.8070V
.8030V
. 7980V
. 7920V
L7870V
. 7820V
. 7800V
.T780V
.T760V
.T730V
L7720V
L7710V
LTT710V
L7710V
LTT710V
L7710V
LTT710V
LTT10V
LT710V
LTT710V
LT710V
LTT710V
L7710V
LTT710V
L7710V
LTT10V
L7710V
LTT710V
LTT10V
LTT710V
LTT10V
L7710V
LTT10V
L7710V
LTT710V
L7710V
LTT710V
L7710V
LTT710V
L7710V
LTT710V
LTT10V
LTT710V
LTT710V
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0.60nS 1.7740V 1.7790V 1.7710V
0.61nS 1.7740V 1.7790V 1.7710V
0.62nS 1.7740V 1.7790V 1.7710V
0.63nS 1.7740V 1.7790V 1.7710V
0.64nS 1.7740V 1.7790V 1.7710V
0.65nS 1.7740V 1.7790V 1.7710V
0.66nS 1.7740V 1.7790V 1.7710V
0.67nS 1.7740V 1.7790V 1.7710V
0.68nS 1.7740V 1.7790V 1.7710V
0.69nS 1.7740V 1.7790V 1.7710V
0.70nS 1.7740V 1.7790V 1.7710V
0.71nS 1.7740V 1.7790V 1.7710V
0.72nS 1.7740V 1.7790V 1.7710V
0.73nS 1.7740V 1.7790V 1.7710V
0.74nS 1.7740V 1.7790V 1.7710V
0.75n8 1.7740V 1.7790V 1.7710V
0.76nS 1.7740V 1.7790V 1.7710V
0.77nS 1.7740V 1.7790V 1.7710V
0.78nS 1.7740V 1.7790V 1.7710V
0.79nS 1.7740V 1.7790V 1.7710V
0.80nS 1.7740V 1.7790V 1.7710V
0.81nS 1.7740V 1.7790V 1.7710V
0.82n8S 1.7740V 1.7790V 1.7710V
0.83nS 1.7740V 1.7790V 1.7710V
0.84nS 1.7740V 1.7790V 1.7710V
0.85nS 1.7740V 1.7790V 1.7710V
0.86nS 1.7740V 1.7790V 1.7710V
0.87nS 1.7740V 1.7790V 1.7710V
0.88nS 1.7740V 1.7790V 1.7710V
0.89nS 1.7740V 1.7790V 1.7710V
0.90nS 1.7740V 1.7790V 1.7710V
0.91n8S 1.7740V 1.7790V 1.7710V
0.92nS 1.7740V 1.7790V 1.7710V
0.93nS 1.7740V 1.7790V 1.7710V
0.94nS 1.7740V 1.7790V 1.7710V
0.95n8 1.7740V 1.7790V 1.7710V
0.96nS 1.7740V 1.7790V 1.7710V
0.97n8 1.7740V 1.7790V 1.7710V
0.98nS 1.7740V 1.7790V 1.7710V
0.99n8 1.7740V 1.7790V 1.7710V
1.00nS 1.7740V 1.7790V 1.7710V
I

I

End [Model] main_low
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Model boost_high
| sk sk koo ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk s s ok ok sk o o ok ok ok sk ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok

[Modell

Model_type Open_source
Polarity

|C_comp
C_comp

boos

5.
000

t_high

Non-Inverting

O0OO0OfF
OfF

[Temperature Range]
[Voltage Rangel

[Pullup]
|Voltage

.80
.74
.68
.62
.56
.50
.44
.38
.32
.26
.20
.14
.08
.02
.96
.90
.84
.78
.72
.66
.60
.54
.48
.42
.36
.30
.24
.18
.12

I(

17.
17.
16.
16.
15.
14.
14.
13.
13.
12.
12.
11.
11.

[E
o

P N W W oot oy N 0O 0 O ©

typ)

6500mA
1200mA
5900mA
0600mA
5200mA
9700mA
4300mA
8800mA
3200mA
7600mA
2000mA
6300mA
0500mA
.4700mA

.8860mA
.2960mA
.7000mA
.0990mA
.4930mA
.8830mA
.2670mA
.6470mA
.0240mA
.3970mA
.7670mA
.1360mA
.5040mA
.8730mA
.2430mA

5.
0000f

25.0000
1.8000V

17.
16.
15.
15.
14.
14.
13.
12.
12.

11

10.

—_
o

O F,r P, NN WP OO O NN 00 O ©

OOOOfF
F

I(min)

2900mA
6300mA
9700mA
3200mA
6800mA
0400mA
4100mA
7900mA
1700mA
.5500mA
9500mA
.3500mA

. 7490mA
.1580mA
.5710mA
.9900mA
.4130mA
.8410mA
.2740mA
.7120mA
.1550mA
.6040mA
.0590mA
.5200mA
.9890mA
.4650mA
.9500mA
.4440mA
.9493mA

5.

0000fF

100.0000
1.7000V

NN WS OO O N 0 0 O ©

OOO0OfF

I (max)

.1000mA
.6000mA
.0900mA
.5800mA
.0600mA
.5300mA
.0000mA
.4600mA
.9200mA
.3600mA
.8100mA
.2400mA
.6600mA
.0800mA
.4900mA

.8890mA
.2810mA
.6650mA
.0400mA
.4070mA
. 7660mA
.1160mA
.4590mA
.7940mA
.1220mA
.4450mA
.7610mA
.0730mA
.3820mA

0.

0
1.9000V

163



-0.06
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02
.08
.14
.20
.26
.32
.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98
.04
.10
.16
.22
.28
.34
.40
.46
.52

NNNDNDNDMNMDMDNMDMNMNNNARr PP, PRP,PPRP,PPRPPRPRPRPRPRPRPRPRPRPRPRPRPRRPRPRRPRPRPRPRPPOOOOOOOOO0OO0OO0OO0OO0OOoOOoOOoao

0.6182mA
45.4600pA
-0.5979mA
-1.1640mA
-1.6980mA
-2.2000mA
-2.6700mA
-3.1080mA
-3.5130mA
-3.8860mA
-4.2260mA
-4.5340mA
-4.8090mA
-5.0520mA
-5.2620mA
-5.4400mA
-5.5880mA
-5.7090mA
-5.8070mA
-5.8870mA
-5.9560mA
-6.0150mA
-6.0670mA
-6.1150mA
-6.1570mA
-6.1960mA
-6.2320mA
-6.2660mA
-6.2970mA
-6.3260mA
-6.3530mA
-6.3790mA
-6.4030mA
-6.4260mA
-6.4490mA
-6.4720mA
-6.5380mA
-6.8030mA
~7.2160mA
~7.7150mA
-8.2790mA
-8.8840mA
-9.5070mA
-10.1200mA

0.

4673mA

0.5225nA

.4463mA
.8670mA
.2620mA
.6320mA
.9760mA
.2940mA
.5860mA
.8530mA
.0940mA
.3090mA
.4980mA
.6620mA
.8010mA
.9160mA
.0070mA
.0800mA
.1380mA
.1860mA
.2280mA
.2660mA
.3010mA
.3330mA
.3630mA
.3910mA
.4170mA
.4420mA
.4660mA
.4890mA
.5100mA
.5310mA
.5510mA
.5710mA
.6040mA
. 7430mA
.0450mA
.4400mA
.9070mA
.4390mA
.0200mA
.6340mA
.2600mA
.8790mA

0.6905mA
17.3900pA
-0.6724mA
-1.3120mA
-1.9180mA
-2.4920mA
-3.0320mA
-3.5380mA
-4.0110mA
-4.4500mA
-4 .8550mA
-5.2260mA
-5.5630mA
-5.8650mA
-6.1330mA
-6.3680mA
-6.5680mA
-6.7370mA
-6.8760mA
-6.9910mA
-7.0860mA
-7.1660mA
-7.2350mA
-7.2950mA
-7.3490mA
-7.3970mA
-7.4400mA
-7.4800mA
-7.5160mA
-7.5490mA
-7.5810mA
-7.6100mA
-7.6370mA
-7.6630mA
-7.6880mA
-7.7110mA
-7.7330mA
-7.7600mA
-7.8930mA
-8.2480mA
-8.7230mA
-9.2770mA
-9.8830mA
-10.5200mA
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.58
.64
.70
.76
.82
.88
.94
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60

[Ramp]

| variable

dv/dt_r
dv/dt_f 0.1868/85.0978p
R_load = 50.0000

-10.
-11.
-11.
-12.
-12.
-12.
-12.
-12.
-13.
-13.
-13.
-13.
-13.
-13.
-13.
-13.
-13.
-12.

7100mA
2300mA
6900mA
0800mA
3900mA
6500mA
8400mA
9900mA
0900mA
1600mA
1900mA
2000mA
1900mA
1700mA
1300mA
0800mA
0200mA
9600mA

typ

[Rising Waveform]

R_fixture=
V_fixture=

| time

0.08
10.
20.
30.
40.
50.
60.
70.
80.
90.
0.10nS
0.11nS
0.12nS
0.13nS

10pS
20pS
30pS
40psS
51pS
61pS
71pS
81pS
91pS

50.

0000

1.8000
V(typ)

[ e e = T S e S e e N =

0.1868/0.1054n

.6510V
.6450V
.6410V
.6550V
L6690V
.6820V
L6950V
. 7080V
L7210V
. 7330V
.T430V
. 7520V
L7620V
L7710V

-9.4740mA

-10.
-10.
-10.
-11.
-11.
-12.
-12.
-12.
-12.
-12.
-12.
-12.
-12.
-12.
-12.
-12.
-12.

0300mA
5400mA
9900mA
3900mA
7300mA
0200mA
2600mA
4500mA
6100mA
7200mA
8000mA
8500mA
8800mA
8900mA
8800mA
8500mA
8100mA

m

in

0.1322/0.1239n
0.1323/0.1125n

V(min)

N e = T T T = = =N

.6820V
L6770V
L6710V
.6830V
.6940V
. 7020V
L7110V
. 7200V
. 7280V
. 7360V
. 7410V
. 7460V
.7510V
. 7560V

-11.
-11.
-12.
-12.
-13.
-13.
-13.
-14.
-14.
-14.
-14.
-14.
-14.
-14.
-14.
-14.
-14.
-14.

0.2238/97.2637p
0.2238/79.2444p

1500mA
7600mA
3200mA
8100mA
2100mA
5400mA
8100mA
0100mA
1500mA
2600mA
3200mA
3500mA
3600mA
3400mA
3100mA
2700mA
2200mA
1600mA

m

V(max)

O e S = Gy B e N

ax

.6320V
.6250V
.6220V
.6390V
.6560V
.6740V
.6930V
L7110V
. 7300V
L7470V
L7610V
.T750V
. 7880V
.8020V
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.14nS
.15n8
.16nS
.17nS
.18nS
.19nS
.20ns
.21nS
.22n8
.23nS
.24nS
.26nS
.26nS
.27nS
.28nS
.29nS
.30ns
.31nS
.32nS
.33n8
.34nS
.35nS
.36nS
.37nS
.38nS
.39n8
.40nS
.41nS
.42n8
.43nS
.44n8
.45nS
.46nS
.47nS
.48nS
.49nS
.51nS
.52nS
.53nS
.54nS
.55nS
.56nS
.57nS
.58nS

R e e T e = T e = S e e e e N S N e e e e T e e = e e = T = T e e e e e e S e S N N =

LTT790V
L7820V
. 7850V
.T870V
. 7900V
L7930V
L7930V
. 7940V
. 7950V
L7960V
. 7960V
L7970V
L7970V
. 7980V
. 7980V
. 7990V
L7990V
L7990V
L7990V
. 7990V
L7990V
. 7990V
L7990V
L7990V
.8000V
.8000V
.8000V
.8000V
L7990V
L7990V
. 7990V
L7990V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
L7990V
. 7990V
.8000V
.8000V
.8000V
.8000V

N T e e T T T e = T = S e e e e N N e e e T e T e e e = T = T e e e S e e e o S N =

.7610V
. 7630V
. 7640V
. 7660V
. 7680V
. 7700V
. 7700V
. 7700V
. 7700V
L7700V
. 7700V
. 7700V
. 7700V
. 7700V
. 7700V
. 7700V
. 7700V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
L7710V
.T710V
L7710V
.T720V
L7710V
.T710V
L7710V
.T710V
L7710V
L7710V
L7710V
.T720V
.T720V
.T720V
.T710V
L7710V
.T710V

e S S T o T e S o S S e O T e S e S e e T = STy

.8130V
.8160V
.8190V
.8220V
.8250V
.8280V
.8290V
.8300V
.8310V
.8320V
.8330V
.8330V
.8340V
.8340V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
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.59ns
.60ns
.61nS
.62nS
.63nS
.64nS
.65nS
.66nS
.67nS
.68nS
.69nS
.70nS
.71nS
.72n8
.73nS
.74nS
.75n8
.76nS
.77nS
.78nS
.79nS
.80nS
.81nS
.82ns
.83nS
.84nS
.85nS
.86nS
.87nS
.88nS
.89ns
.90ns
.91nS
.92n8
.93nS
.94nS
.95n8
.96nS
.97nS
.98nS
.99ns
.00ns

m— P O O O O O OO OO O OO O OO OO0 O0OO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0OOOO0OOOOOoOOoOOoOOo

Rising Waveform]

e T e = T e T e T e T T e T = e e e e e e e N N e T e e T = T e T o e e e e S S ST S

.8000V
.8000V
.8000V
.8000V
.8000V
L7990V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V
.8000V

N e e e = = T T e e S e e e e N e e e e e = T e T e S S e e S S S N = = T S ==Y

L7710V
.T710V
L7710V
L7710V
L7720V
.T720V
.T720V
.T710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T720V
L7720V
.T710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T720V
L7710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7710V
.T710V
L7720V
L7710V
L7710V
L7710V
.T710V
L7710V
.T720V

L S T S e S S S S S S O T T S e S S S O N S S

.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
.8350V
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R_fixture= 50.0000
V_fixture= 0.0

[time V(typ) V(min) V(max)

|

0.0S 0.0V 0.0V 0.0V
10.10pS =77.7100uv 1.3560mV -1.2850mV
20.20pS -10.2400mV -9.1730mV -11.8800mV
30.30pS -9.3750mV -8.3220mV -10.9400mV
40.40pS -8.0730mV -7.6080mV -8.5880mV
50.51pS -5.4730mV =7.3050mV -1.9800mV
60.61pS -2.8720mV -7.0030mV 4.6270mV
70.71pS -0.2720mV -6.7010mV 11.2300mV
80.81pS 2.3280mV -6.3990mV 17.8400mV
90.91pS 8.2520mV -4.2650mV 29.2200mV
0.10nS 24.1500mV 3.3610mV 54.9200mV
0.11nS 40.0400mV 10.9900mV 80.6100mV
0.12nS 55.9300mV 18.6100mV 0.1063V
0.13nS 71.8300mV 26.2400mV 0.1320V
0.14nS 88.9400mV 35.0000mV 0.1575V
0.15nS 0.1097V 47.1900mV 0.1823V
0.16nS 0.1305V 59.3700mV 0.2071V
0.17nS 0.1512V 71.5500mV 0.2319V
0.18nS 0.1720V 83.7400mV 0.2567V
0.19nS 0.1912vV 95.8000mV 0.2787V
0.20nS 0.2059V 0.1075V 0.2919V
0.21nS 0.2206V 0.1192V 0.3051V
0.22nS 0.2353V 0.1309V 0.3184V
0.23nS 0.2500V 0.1426V 0.3316V
0.24nS 0.2626V 0.1532V 0.3427V
0.25nS 0.2693V 0.1606V 0.3473V
0.26nS 0.2760V 0.1679V 0.3519V
0.27nS 0.2827V 0.1753V 0.3564V
0.28nS 0.2894V 0.1826V 0.3610V
0.29nS 0.2950V 0.1891V 0.3647V
0.30nS 0.2974V 0.1930V 0.3660V
0.31nS 0.2998V 0.1968V 0.3674V
0.32nS 0.3022V 0.2007V 0.3687V
0.33nS 0.3046V 0.2045V 0.3700V
0.34nS 0.3066V 0.2078V 0.3710V
0.35n8 0.3073V 0.2093V 0.3713V
0.36nS 0.3079V 0.2108V 0.3716V
0.37nS 0.3086V 0.2123V 0.3718V
0.38nS 0.3092V 0.2139V 0.3721V
0.39nS 0.3098V 0.2152vV 0.3724V



O O O O O O OO O OO OO O OO0 OO OO OO OO0OO0OOOOOOOOOOOOOOOOOoOOoOOo

.40nS
.41nS
.42nS
.43nS
.44nS
.45n8
.46nS
.47nS
.48nS
.49nS
.51nS
.52n8
.53nS
.54nS
.55n8
.56nS
.57nS
.58nS
.59n8
.60ns
.61nS
.62nS
.63nS
.64nS
.65nS
.66nS
.67nS
.68nS
.69nS
.70nS
.71nS
.72n8
.73nS
.74n8
.75n8
.76nS
.77nS
.78nS
.79nS
.80nS
.81nS
.82n8
.83nS
.84nS

O O O O O O OO OO OO OO OO OO OO OOOOOOO OO O0ODO0OO0ODODOOOOOOOOOOOoO

.3101V
.3103V
.3106V
.3108V
.3110V
L3110V
.3110V
L3110V
L3111V
L3111V
L3111V
L3112V
L3113V
L3113V
L3113V
.3113V
L3113V
L3112V
L3112V
L3112V
L3113V
.3113V
L3113V
L3113V
L3113V
L3113V
L3113V
L3113V
L3112V
L3113V
.3113V
L3113V
.3113V
L3113V
L3113V
L3113V
L3113V
L3113V
L3112V
.3113V
L3113V
.3113V
L3113V
.3113V

O O O O O O OO O OO OO O OO0 OO O OO OOOO0OOOOOOO0OOOOOOOOOOOoOOoOOo

.2159V
.2166V
.2173V
.2180V
.2186V
.2188V
.2190V
.2191V
.2193V
.2195V
.2197V
.2200V
.2201V
.2202V
.2202V
L2202V
.2202V
.2202V
.2202V
L2202V
.2203V
.2204V
.2204V
.2205V
.2204V
.2204V
.2204V
.2203V
.2203V
.2203V
.2204V
.2204V
.2205V
.2205V
.2205V
.2204V
.2204V
.2204V
.2203V
.2204V
.2204V
.2204V
.2205V
.2205V

O O O O O O O O OO OO OO O OO OO OO OOOO OO OO O0OO0OO0ODODOLOOOOOOOOOOoO

L3725V
L3726V
L3727V
.3728V
.3728V
.3728V
.3728V
.3728V
.3728V
.3728V
.3728V
L3729V
L3729V
.3730V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
.3730V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
.3730V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
.3730V
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0.85nS
0.86nS
0.87nS
0.88nS
0.89nS
0.90nS
0.91nS
0.92nS
0.93nS
0.94nS
0.95nS
0.96nS
0.97nS
0.98nS
0.99nS
1.00nS
I

I

O O O O O O O O OO OO O o o o

L3113V
L3113V
L3113V
L3113V
L3112V
L3113V
L3113V
L3113V
.3113V
L3113V
.3113V
L3113V
L3113V
L3113V
L3113V
L3113V

End [Model] boost_high

|*****************************************************************

Model boost_low
| sk sk ok sk sk ok sk sk ok sk sk ok K ok ok 3k ok ok 3 ok 3k 3 ok K 3k ok 3 ok ok 3 ok ok 3 ok 3K 3 ok 3K 3k ok 3 oK ok 3 ok K 3 ok 3 3k ok 3k 3k ok 3 ok ok 3 ok K K ok 3k K oK

[
[Modell]

boost_low

Model_type Open_drain

Polarity
|C_comp
C_comp

I

I

Non-Inverting

5.0000fF

OOOOfF

[Temperature Range]
[Voltage Range]

[Pulldown]
|[Voltage

-1.80
-1.74
-1.68
-1.62
-1.56
-1.50
-1.44
-1.38
-1.32

I(typ)

.7710mA
.8880mA
.0010mA
.1090mA
.2090mA
.2990mA
.3740mA
.4310mA
.4660mA

25.0000

O O O O O O OO OO OO OO oo

5.0000fF

OOOOfF

1.8000V

I(min)

.7110mA
. 7450mA
. 7670mA
. 7760mA
. 7680mA
. 7420mA
.6950mA
.6250mA
.5290mA

.2204V
.2204V
.2204V
.2204V
.2204V
.2204V
.2204V
.2204V
.2204V
.2205V
.2204V
.2204V
.2204V
.2204V
.2204V
.2204V

100.0000
1.7000V

O O O O O O O OO OO OO o o oo

5.0000fF

OOO0OfF

I (max)

.6910mA
.8210mA
.9480mA
.0720mA
.1890mA
.2980mA
.3930mA
.4730mA
.5310mA

L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
L3729V
.3730V
L3729V
L3729V
L3729V
L3729V
L3729V
.3730V

0.0

1.9000V
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R R R R R, R O0OO00000000OO00O0O0O0OO0O0O O

.26
.20
.14
.08
.02
.96
.90
.84
.78
.72
.66
.60
.54
.48
.42
.36
.30
.24
.18
.12
.06

.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60
.66
.72
.78
.84
.90
.96
.02
.08
.14
.20
.26
.32

NNNDNNDNNDNDDNDMNDMNDMNDMNDMNOMNMNMNNES,E R, RPRRPR OO

-7.4740mA
-7.4490mA
-7.3870mA
-7.2810mA
-7.1290mA
-6.9250mA
-6.6690mA
-6.3600mA
-6.0010mA
-5.5960mA
-5.1520mA
-4.6800mA
-4.1880mA
-3.6880mA
-3.1890mA
-2.6990mA
-2.2230mA
-1.7630mA
-1.3190mA
-0.8837mA
-0.4487mA
0.1256nA
.4373mA
.8288mA
.1780mA
.4870mA
. 7590mA
.9960mA
.2000mA
.3710mA
.5070mA
.6080mA
.6780mA
. 7270mA
. 7620mA
. 7900mA
.8120mA
.8310mA
.8480mA
.8630mA
.8780mA
.8910mA
.9030mA
.9150mA

NNNNNMNNDMNDMNMNNDMNMDMNNDMNNMNNNRAR,R, PR, PR, PR, PR OOO

-7.4050mA
-7.2500mA
-7.0630mA
-6.8430mA
-6.5870mA
-6.2970mA
-5.9730mA
-5.6190mA
-5.2360mA
-4.8300mA
-4.4060mA
-3.9700mA
-3.5290mA
-3.0890mA
-2.6560mA
-2.2340mA
-1.8290mA
-1.4400mA
-1.0670mA
-0.7067mA
-0.3539mA
1.4470nA
.3394mA
.6434mA
.9145mA
.1550mA
.3660mA
.5500mA
.7080mA
.8410mA
.9490mA
.0320mA
.0930mA
.1360mA
.1680mA
.1930mA
.2130mA
.2300mA
.2450mA
.2590mA
.2710mA
.2830mA
.2940mA
.3040mA

W W W WwwwwwwwwwihhdhNdDNDNNNDRE ==, OO

~7.5620mA
~7.5620mA
~7.5230mA
~7.4410mA
~7.3090mA
~7.1240mA
-6.8820mA
~6.5830mA
-6.2300mA
-5.8260mA
-5.3800mA
~4.9000mA
~4.3970mA
-3.8830mA
-3.3680mA
-2.8600mA
~2.3640mA
-1.8830mA
~1.4140mA
-0.9521mA
~0.4859mA
44.4600pA
.4772mA
.9067mA
.2920mA
.6360mA
.9410mA
.2090mA
.4430mA
.6410mA
.8040mA
.9270mA
.0140mA
.0740mA
.1170mA
.1490mA
.1750mA
.1970mA
.2160mA
.2330mA
.2480mA
.2630mA
.2760mA
.2890mA
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.38
.44
.50
.56
.62
.68
.74
.80
.86
.92
.98
.04
.10
.16
.22
.28
.34
.40
.46
.52
.58
.64
.70
.76
.82
.88
.94
.00
.06
.12
.18
.24
.30
.36
.42
.48
.54
.60

W W WWWWOWOWWWWNNDNNDNNNDNNDNNNDNNDMNMNDMNMNMNMNMNNRP PP PR,PPR,PPRE PR R R R

|
[Ramp]
| variable

R_load = 5

.9270mA
.9380mA
.9490mA
.9600mA
.9700mA
.9810mA
.9910mA
.0010mA
.0110mA
.0210mA
.0300mA
.0400mA
.0510mA
.0650mA
.0930mA
.1620mA
.2950mA
.4910mA
. 7360mA
.0180mA
.3300mA
.6660mA
.0250mA
.4020mA
. 7970mA
.2070mA
.6310mA
.0650mA
.5080mA
.9590mA
.4160mA
.8780mA
.3440mA
.8130mA
10.2900mA
10.7600mA
11.2400mA
11.7100mA

©O© ©W 00 00 NN NO O Oror O DWW WwWwwWwwwWwwwwww NN pNDNDNDNDN

typ
dv/dt_r 89.4000m/80.0342p
dv/dt_f 89.4000m/0.1160n

0.0000

© © © 0 0 NN NOO O OO BB P WWWWNNNDNNNDNDNNNDNDNDNDDNDNDNDDNDDNDND

.3140mA
.3240mA
.3330mA
.3420mA
.3510mA
.3600mA
.3690mA
.3770mA
.3860mA
.3940mA
.4040mA
.4150mA
.4340mA
.4740mA
.5520mA
.6750mA
.8410mA
.0380mA
.2610mA
.5030mA
. 7630mA
.0370mA
.3270mA
.6310mA
.9480mA
.2780mA
.6190mA
.9710mA
.3330mA
.7040mA
.0850mA
.4750mA
.8730mA
.2790mA
.6920mA
.1140mA
.5420mA
.9780mA

70.8000m/89.4000p
70.8000m/0.1528n

© © 000 NN O O Or01 O DWW WwWwwwWwwwwwwwwwowwwwow

0

0.

.3020mA
.3140mA
.3250mA
.3370mA
.3480mA
.3590mA
.3700mA
.3810mA
.3910mA
.4020mA
.4120mA
.4230mA
.4330mA
.4430mA
.4550mA
.4720mA
.5130mA
.6130mA
. 7890mA
.0290mA
.3190mA
.6470mA
.0070mA
.3920mA
.8000mA
.2260mA
.6690mA
.1270mA
.5960mA
.0740mA
.5580mA
.0470mA
.5400mA

.0300mA
.5300mA
.0300mA
.5300mA
.0200mA

max
.1014/74.7380p
1014/0.1037n
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I
[Falling Waveform]
R_fixture= 50.0000
V_fixture= 0.0
[time V(typ)
I

0.0S
10.10pS
20.20pS
30.30pS
40.40pS
50.51pS
60.61pS
70.71pS
80.81pS
.91pS
.10nS
.11nS
.12nS
.13nS
.14nS
.15n8
.16nS
.17nS
.18nS
.19nS
.20nS
.21nS
.22n8
.23nS
.24n8
.25n8
.26nS
.27nS
.28nS
.29n8
.30ns
.31nS
.32nS
.33nS
.34nS
.35n8
.36nS
.37nS

©
o

O O O O O O OO OO O OO OOO0OO0OO0OO0OO0OO0OOOOOoOOoO oo

O O OO O O O OO O o o

N W Wwdd o 0
O Wk~ O© N Www

O O O O OO F F NNMNNMNNMNNMNWOGO N O

L3113V
.3246V
.3181V
.2903V
.2634V
L2391V
L2149V
L1907V
.1665V
.1433V
.1235V
.1036V

.7500mV
.8900mV
.0300mV
.1600mV
.2900mV
.4200mV
.5600mV

.3170mV
.9700mV
.6220mV
.2740mV
.9270mV
.8870mV
. 7720mV
.6560mV
.5410mV
.4250mV
.2300mV
. 7960mV
.3620mV
.9275mV
.4933mV
.2010mV
.3343mV
.4675mV
.6008mV

V(min)

O O O O O O O OO o oo

B = = NN WS oo N O
O P 00NN PNO WO O

R R, R, PR, NDNNDOWwS DO o

.2204V
.2307V
.2327V
.2152V
.1986V
.1844V
.1701v
.1559V
.1417v
L1279V
.1155V
.1031V

.7000mV
.3100mV
.9700mV
.8200mV
.6700mV
.5200mV
.3700mV
.1900mV
.9600mV
.7300mV
.5000mV
.2700mV

.9480mV
.3620mV
.7770mV
.1920mV
.6060mV
.0430mV
.5450mV
.0470mV
.5490mV
.0510mV
.6730mV
.6560mV
.6400mV
.6230mV

V (max)

L3729V
.3882V
L3TTTV
.3428V
.3087V
L2768V
.2448V
L2129V
.1809V
L1511V
L1275V
.1040V
.4000mV
.8400mV
.5700mV
.1400mV
.7200mV
.2900mV
.8700mV
.8030mV
.8150mV
.8270mV
.8390mV
.8510mV
.0900mV
.0070mV
.9240mV
.8420mV
.7590mV
.6060mV
.2440mV
.8816mV
.5193mV
.1570mV
=77.2600uV
72.3900uV
0.2220mV
0.3717mV

O O O O O O O O O o o o

=N W W O
~ OB R~ N0 O

O OO, P P F P, NNMNDWHDH OO =
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O O O O O O OO O OO OO O OO0 OO OO OO OO0OO0OOOOOOOOOOOOOOOOOoOOoOOo

.38nS
.39n8
.40nS
.41nS
.42nS
.43nS
.44n8
.45n8
.46nS
.47nS
.48nS
.49nS
.51nS
.52nS
.53nS
.54nS
.55n8
.56nS
.57nS
.58nS
.59n8
.60nS
.61nS
.62nS
.63nS
.64nS
.65nS
.66nS
.67nS
.68nS
.69nS
.70nS
.71nS
.72nS
.73nS
.74nS
.75n8
.76nS
.77nS
.78nS
.79nS
.80nS
.81nS
.82nS

0.7340mV
0.7757mV
0.5425mV
0.3092mV
76.0300uV
-0.1572mV
-0.2914mV
-0.1287mV
33.9900uv
0.1967mV
0.3594mV
0.4395mV
0.1881mV
-63.3700uV
-0.2310mV
-0.3210mV
-0.1783mV
-35.5900uV
0.1071mV
0.2499mV
0.3237mV
0.1907mV
57.7700uv
-75.1900uv
-0.2081mV
-0.2782mV
-0.1596mV
-41.0100uv
77.5900uV
0.1962mV
0.2581mV
0.1501mV
42.0800uV
-65.9400uV
-0.1740mV
-0.2306mV
-0.1332mV
-35.8000uV
61.6200uVv
0.1590mV
0.2100mV
0.1217mV
33.4600uV
-54.8300uV

.6060mV
.5280mV
.2670mV
.0060mV
. 7453mV
.4843mV
.3070mV
.3807mV
.4544mV
.5281mV
.6018mV
.6192mV
.3915mV
.1640mV
12.2000uV
-79.1900uV
10.4600uV
.1001mV
.1898mV
.2794mV
.3206mV
.2162mV
.1118mV
.4780uVv
-96.8900uV
-0.1550mV
-74.3400uV
6.3160uVv
86.9700uV
0.1676mV
0.2084mV
0.1294mV
50.4400uVv
-28.5300uV
-0.1075mV
-0.1499mV
-82.6500uV
-15.3800uV
51.8900uV
0.1192mV
0.1541mV
91.9700uVv
29.8700uVv
-32.2300uV

O O O O O OO OO0 K FP K-

~N O O O O O O

0.5213mV
0.5832mV
0.3816mV
0.1800mV
-21.5400uV
-0.2231mV
-0.3348mV
-0.1766mV
-18.5200uV
0.1396mV
0.2977mV
0.3781mV
0.1487mV
-80.7100uV
-0.2336mV
-0.3145mV
-0.1793mV
-44.0900uVv
91.1400uVv
0.2264mV
0.2967mV
0.1726mV
48.3800uV
-75.8000uVv
-0.2000mV
-0.2651mV
-0.1528mV
-40.6000uVv
71.6300uV
0.1839mV
0.2425mV
0.1404mV
38.2600uV
-63.8600uV
-0.1660mV
-0.2194mV
-0.1267mV
-34.0700uV
58.5900uVv
0.1513mV
0.1997mV
0.1155mV
31.3200uV
-52.8700uVv
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[Falling Waveform]
R_fixture=
V_fixture=

|t
|
0.

10.
20.
30.
40.
50.
60.
70.
80.

©
o

O O O O O O O O O o

.83nS
.84nS
.85nS
.86nS
.87nS
.88nS
.89nS
.90ns
.91nS
.92nS
.93nS
.94nS
.95n8
.96nS
.97nS
.98nS
.99ns
.00ns

ime

08

10pS
20pS
30pS
40pS
51pS
61pS
71pS
81pS
.91pS

.10nS
.11nS
.12nS
.13nS
.14n8S
.15nS
.16nS
.17nS
.18nS
.19nS

-0.1431mV
-0.1894mV
-0.1095mV
-29.7000uv
50.1400uVv
0.1300mV
0.1718mV
99.5100uVv
27.2300uVv
-45.0500uVv
-0.1173mV
-0.1552mV
-89.7800uv
-24.3800uV
41.0200uV
0.1064mV
0.1037mV
-0.1032mV

.8000V
. 7980V
.8100V
.8090V
.8080V
.8080V
.8080V
.8080V
.8080V
.8060V
L7990V
L7930V
. 7860V
. 7800V
LTT720V
L7630V
. 7540V
. 7450V
L7360V
. 7280V

N e e T e T e e e = T e o T N e e S P S S S S

-94.3400uV
-0.1273mV
-72.6000uV
-17.9500uVv
36.6900uV
91.3400uV
0.1199mV
70.3300uV
20.7300uVv
-28.8700uV
-78.4700uV
-0.1046mV
-60.3000uVv
-16.0100uV
28.2800uV
72.5700uV
71.3800uV
-66.2400uV

L7710V
L7670V
. 7800V
.T790V
.T790V
. 7800V
. 7820V
. 7830V
. 7840V
. 7850V
. 7840V
. 7830V
. 7830V
. 7820V
. 7810V
.T790V
L7760V
.T740V
L7710V
. 7690V

e e e e T e T T = T e e e e N S S

-0.1371mV
-0.1811mV
-0.1046mV
-28.1800uVv
48.2800uV
0.1247mV
0.1647mV
95.2600uV
25.8100uVv
-43.6400uV
-0.1131mV
-0.1494mV
-86.3300uV
-23.2600uV
39.8200uV
0.1029mV
99.9000uVv
-0.1013mV

.8350V
.8350V
.8470V
.8450V
.8430V
.8400V
.8370V
.8340V
.8310V
.8250V
.8120V
. 7990V
. 7860V
.T730V
. 7600V
. 7460V
. 7320V
. 7180V
. 7050V
.6920V

L S e N S = Sy Sy T N o SO T S G S

175



O O O O O O OO O OO OO O OO0 OO OO OO OO0OO0OOOOOOOOOOOOOOOOOoOOoOOo

.20nS
.21nS
.22nS
.23nS
.24nS
.25nS
.26nS
.27nS
.28nS
.29nS
.30nS
.31nS
.32n8
.33nS
.34ns
.35nS
.36nS
.37nS
.38nS
.39n8
.40nS
.41nS
.42nS
.43nS
.44nS
.45nS
.46nS
.47nS
.48nS
.49nS
.51nS
.52nS
.53nS
.54nS
.55nS
.56nS
.57nS
.58nS
.59nS
.60nS
.61nS
.62nS
.63nS
.64nS

R e e T e = T e = S e e e e N S N e e e e T e e = e e = T = T e e e e e e S e S N N =

L7190V
L7110V
. 7030V
L6950V
.6880V
.6840V
.6800V
L6760V
.6720V
L6690V
.6670V
.6640V
L6620V
.6600V
.6580V
L6570V
.6560V
.6560V
.6550V
.6550V
.6540V
.6530V
.6530V
.6520V
L6520V
.6520V
.6520V
.6520V
.6520V
.6520V
.6515V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V

N T e e T T T e = T = S e e e e N N e e e T e T e e e = T = T e e e S e e e o S N =

. 7650V
L7610V
L7570V
. 7530V
. 7490V
. 7450V
L7410V
L7370V
. 7330V
. 7290V
. 7250V
L7210V
L7170V
L7120V
. 7090V
. 7060V
. 7040V
.7020V
. 7000V
.6980V
.6960V
.6940V
.6930V
.6910V
.6900V
.6890V
.6880V
.6880V
.6870V
.6860V
.6855V
.6850V
.6840V
.6840V
.6840V
.6830V
.6830V
.6830V
.6830V
.6830V
.6830V
.6820V
.6820V
.6820V

e S S T o T e S o S S e O T e S e S e e T = STy

.6850V
.6780V
L6710V
.6630V
.6570V
.6540V
.6510V
.6480V
.6450V
.6420V
.6410V
.6390V
.6380V
.6370V
.6350V
.6350V
.6350V
.6340V
.6340V
.6340V
.6330V
.6330V
.6330V
.6330V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
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.65nS
.66nS
.67nS
.68nS
.69nS
.70nS
.71nS
.72nS
.73nS
.74nS
.75nS
.76nS
.77nS
.78nS
.79nS
.80nS
.81nS
.82nS
.83nS
.84nS
.85n8
.86nS
.87nS
.88nS
.89nS
.90ns
.91nS
.92ns
.93nS
.94nS
.95n8
.96nS
.97nS
.98nS
.99ns
.00nsS

[ I T = T T = T e T = T e e S e e e e S e e T e T = T = T T e e O e e e S S e

.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V
.6510V

|End [Model] boost_low
[End]

N e e e e = T e T e = = S S e e S N N N T e e el e = = T T = S S S

.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6810V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6820V
.6810V
.6810V
.6810V
.6820V
.6820V
.6820V
.6820V
.6810V

e S e S S e T T e S oS S O e G S S S S O e S S

.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
.6320V
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