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Abstract

With increasing speed requirement for high-performance digital systems, digital cells have
become more and more “analog” in nature. These analog behaviors determine the overall perfor-
mance of a digital cell, like rise time, fall time and delay time. To address these analog concerns,
we use a set of existing cell-level analog synthesis tools, ASTRX/OBLX, and apply it on digital
cell synthesis.

In this research we focus on the synthesis of single input, single output case of a buffer cell for a
better understanding of the synthesis approach. Multiple input case can be solved base upon this
approach. We use a piecewise linear drive curve table to efficiently estimate the transient behavior
for a digital cell switching. A drive curve table can estimate a transient response within +/-3% of
simulated response from HSPICE.

Results show that this method can optimize a digital cell to perform with specified rise, fall, delay
time but with minimum area and dynamic power consumption. Moreover, the switching edge
slopes can be controlled by the user to minimize switching current, which usually contributes to
inductive noise spike at the power supply lines.
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1 Introduction

11 Motivation and Goal

As the speed requirement for digital systems keeps increasing and the device sizes keep decreasing,
the detailed analog behavior of digital cells becomes significant in digital cell synthesis. Switching
transitions can no longer be treated as step functions. Inductive noise spikes degrade signal integrity.
Slower switching time also increases the short circuit power dissipation. In order to meet the timing
specifications of the whole system, each individual digital cell must switch fast enough so that even
the critical path can settle within a clock cycle. One way to reduce the switching time is to increase
the width/length ratio of a transistor. This will increase the current driving capacity for charging up a
capacitive load faster. But another concern that arises is the power consumption. Larger devices
result in increased gate capacitance which contributes to the capacitance-discharge power (CVZ).
Recently, power consumption has become a focus of attention, in part due to the increasing impor-

tance of portable systems. Smaller power consumption means longer operating life for the same bat-

tery.

A transistor sizing tool needs to be able to address these different concerns to get an optimal solution
according to the needs of a particular circuit. For example, to synthesize an output pad driver which
drives an offchip capacitive load, we need to control the rate of current switching to reduce the
inductive noise arises from the bond wire. When designing a clock buffer, we may focus more on

the delay time and power dissipation issues.

There have been several previous attempts to develop optimization techniques for transistor sizing,
some of which are described in [1, 2, 3, 4, 5, 6, 7, 8]. TILOS [1, 2] iteratively identifies a critical
delay path and uses a heuristic method to reduce the delay. In [3], Shyu ef al. use TILOS to obtain an
initial sizing of the circuit and then solve the problem with mathematical programming techniques.
MOSIZ [4], performs the transistor size optimization as a two-step iterative process. It first assigns a
timing delay, Ti, for each stage i. It then sizes the transistors in each stage to meet the delay. The par-

titioning of the task into two steps reduces the computational complexity. Cirit [S] and Marple [6]
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solve the problem using the method of Lagrangian multipliers. MOGLO [7] and iCONTRAST [8]

use a modified delay model for CMOS inverters driven by ramp inputs [9] to accurately predict the

timing delay.

To optimize high-speed integrated circuits, accurate modeling of signal path delays in the circuit is
of special importance. Most of the approaches mentioned above model the delay of a CMOS gate as
the Elmore time constant [10] of an equivalent RC network. However, the Elmore delay model
assumes that the inputs are step functions. The estimation of delay will be off much more if the
inputs are slowly-changing ramp functions, which can be the case in real life. Moreover, when esti-
mating the power consumption of CMOS circuits, none of these approaches consider the short cir-
cuit (totem pole) currents. The short circuit power dissipation [11] becomes more significant when
the gate input rises slowly. Process and operating environment variations are also not taken into
account by these previous attempts. This is critical for consistent performance under manufacturing
process and operating environment variations. Inductive noise in bond wires is another area that has
received attention recently. The inductive part of the power and ground wiring can create noise

spikes when large number of digital gates switch simultaneously.

In this work, we adopt a strategy of using piecewise linear input and output voltage waveforms in
order to efficiently estimate the transient behavior of digital drivers; e.g. clock drivers and pad driv-
ers. This method is integrated into existing tools ASTRX/OBLX [12, 13, 14] to optimize digital
driver circuit design. ASTRX/OBLX are tools for linear analog circuit synthesis. ASTRX accepts a
netlist for a circuit and performance specifications, and converts them into a set of circuit evaluation
codes. OBLX compiles these codes into an optimization engine to decide the device sizing and oper-
ating bias points. Our basic goal is to look at how a specific approach to cell-level analog synthesis -

- ASTRX/OBLX -- can be applied to high-performance cell-level digital synthesis.
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12 Report Organization

Chapter 2 presents the synthesis style in ASTRX/OBLX. Chapter 3 discusses the digital cell synthe-
sis details of our approach and chapter 4 gives circuit synthesis results. Finally, chapter 5 summa-

rizes the work and overall conclusions and chapter 6 contains the references.
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2 Background: Synthesis Style

2¢1 ASTRX/OBLX

ASTRX/OBLX are tools for cell-level analog circuit synthesis. Given a circuit topology and a set of
performance specifications, ASTRX/OBLX can find the sizing and biasing for an optimal design.
ASTRX is the compilation phase that generates code to implement the cost function, which predicts
the circuit performances. To evaluate this cost function, ASTRX will compile in the appropriate
links to the encapsulated device evaluators and linear circuit evaluation (AWE). This cost function
code is then compiled and linked to OBLX, the solution library, which uses simulated annealing to
numerically find its minimum, thereby designing the circuit. The synthesis architecture is shown in

Figure 2.1.

2+1°1 Device Encapsulation

ASTRX/OBLX uses a compiled database of industrial circuit simulation (e.g. SPICE) models to
predict currents and small signal model parameters for devices as a function of their terminal volt-
ages. These provide the accuracy of a general purpose simulator while making the synthesis tool

independent of low-level device modeling concerns. In this manner, the models are completely inde-
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Figure 2.1 Synthesis Architecture in ASTRX/OBLX [14]
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pendent of the synthesis system and can be as complex as required. ASTRX/OBLX uses device

models adopted from the circuit simulator SPICE 3 [15] from Berkeley.

2¢1-2 Asymptotic Waveform Evaluation

Asymptotic Waveform Evaluation (AWE) [16] is used to evaluate circuit performance. AWE is an
efficient approach for the analysis of arbitrary linear circuits. By matching the‘ initial boundary con-
ditions and the first 2¢—1 moments of the actual circuit transient response to a reduced g-pole
model, AWE can predict small-signal circuit performance over a wide range of frequencies using a
lower order linear model. AWE is a general pole/zero extraction technique that can be applied to any

linear or linearized circuit.

2¢1-3 Simulated Annealing

Simulated annealing [17] is the optimization technique that will find the optimal circuit design in the
solution space defined by the cost function. This method has controlled hill-climbing to escape local
minima and is starting-point independent. Annealing can optimize a cost function even if it is with-
out derivatives. Although annealing typically requires more function evaluations than local optimi-
zation techniques, it is now achieving competitive run-times on problems for which tuned heuristic

methods exist [18].
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3 Digital Cell Synthesis Strategy

31 Transient Behavior Estimation

In the synthesis of digital circuits, timing performance is always one major concern. Rise time and
fall time of each individual digital cell along critical paths determine the maximum clock speed of
the whole system. It is important for the optimizer to have a good estimate of the transient perfor-
mance of a circuit in the synthesis process, so that it can optimize the circuit accordingly. Embed-
ding a device level simulator like SPICE in the optimization loop will give accurate timing
performance during the synthesis. However, transient analysis in a SPICE simulation can take sub-
stantial time to complete. Therefore, this approach is only appropriate for optimization engines
which require relatively few evaluations, like gradient descent search methods. In ASTRX/OBLX,
simulated annealing is used for optimization and S.A. needs to take many (10,000-1,000,000) evalu-
ations to complete the synthesis process. In this project we have chosen to trade model accuracy for
evaluation speed. Two different delay models are discussed in this section. The first method is used

by many people in digital circuit synthesis and the second method is used in this research work.

3¢1+1 The Distributed RC Model

The distributed RC model has been used in many digital circuit synthesis tools to predict propaga-
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Cy
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Figure 3.1 Electrical Model of a MOSFET
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Figure 3.2 RC Delay Model for the Pulldown Delay

tion delay [3, 4, 5, 6, 7, 8]. It gives a rough estimation of the delay time with little computation. The
MOSFET model is shown in Figure 3.1. The capacitances Cy, Cg, and Cj;, are all proportional to the
transistor length, and the channel resistance R, is proportional to transistor length and inversely
proportional to the transistor width. Figure 3.2 illustrates the distributed RC model [10] used to
compute time delays for logic gates. The discharge time at Node 3 is
Trf = (R1+R2)C2+ (R1+R2+R3)C3.R1, R2, and R3 are the channel resistances and C1, C2 are the

node capacitances.

However, this model is not accurate when the input does not switch fast enough to force all the
active transistors to stay in the linear region. In Figure 3.2, if the input to Q2 is a slow rising ramp
function, Q2 will be in the saturation region for a while and then move to linear region. The transis-
tor Q2 acts like a current source in the beginning, but like a varying resistance later. The distributed

RC model deviates from SPICE simulations by 10 to 20 percent in this case [19].

3+1<2 Piecewise Linear Drive Curve Table

For a single stage, single input, single output digital cell, we can model it as a variable dependent

current source driving the output capacitance load as in Figure 3.3. This current source varies
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Q2 Vin I(Vin, Vout)
_L < E ) Vout

Figure 3.3 Current Source Model for an Inverter

Vout Vout in uA

5V 0 | -10{ -2501} -500 }-700

3775V | 100 | 50 | -150 } -400 ;-600

2.5V | 200{ 100 { -100 { -300; -400

1.25V | 350{ 250 50 -200; -250

OV | 450} 350 § 150 50{ 0
0V 1.25V 2.5V 3.75vV 5V
Figure 3.4 Drive Curve for an Inverter Figure 3.5 A 5 by 5 Drive Curve Table

Vin

according to the input and output voltages. A drive curve [20] represents the relationship of Vout

versus Vin for different values of output load current in Figure 3.4.

A 5 by S piecewise linear drive curve table shows the output load current for different combinations

of Vin and Vout in Figure 3.5. We can find the transient behavior of the output node provided with

dVout
dt

rate of change of Vout. I(Vin, Vout) is updated whenever Vin or Vout changes to a new boundary

this table, Vin, and the output capacitance. Using the equation ! (Vir, Voust) = C

, we can get the

value and a piecewise linear Vout is obtained.

In this work, the 5 by 5 drive curve table is used for most of the synthesis results. Higher dimension
tables can be used to improve result accuracy, at the expense of CPU run time. Nonetheless, as will

be shown in chapter 4 result accuracy saturates with the table dimension. Once the saturation point

Synthesis of High-Performance Digital Cells in ASTRX/OBLX 8



is reached, further increase in the table dimension does not improve the result accuracy. For the

cases of multiple stages, they will be considered in section 3.5.

32 Switching Slope Control

The total capacitance load associated with an integrated circuit rises as the chip size grows larger
and the I/O count increases. A larger current is required to charge and discharge this capacitive load.
As the speed requirement of a digital circuit increases, the speed at which this current is switched
also increases. Inductive noise spikes, which come from v = Lg , degrade signal integrity [21] as
shown in Figure 3.6. This is particularly bad for the power and ground lines as the current from
many outputs must return through fewer power pins. This problem is also severe for off-chip drivers

and clock drivers as they need to drive large capacitance loads.

One way to reduce the inductive noise is to have better packaging to minimize the wire inductance.
However, this is often unacceptable because of the available technology and packaging cost.
Another way is to control the switching slope of all output pad drivers such that the g term will be
acceptable, while the delay time of the circuit will still meet the performance specification. This is a
particularly difficult problem at the worst-case corners of the manufacturing process, e.g., at the
“fast-fast” process corner in Figure 3.8. With the piecewise linear drive curve table, we can find the
complete transient response and control the switching slope as one of the optimization goals. The

switching slope is just the AA? at the mid-point between the power supply rails.

On Chip Circuits | Bond Wires | P. C. Board
= ;
FI\ N
o511
T
B
dl

Figure 3.6 Inductive Noise Spike from V = LZ{;
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