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ABSTRACT

In this paper, a study towards building a complete analytical
delay model of an FPGA considering process variation is
presented. The model could allow designers to gain insight
into how transistor-level design parameters (e.g. transistor
size, Vg4 and V}y,) affects nominal delay and delay distribu-
tion. We extract the entire FPGA circuits into very simple
primitives , inverter and pass transistor. A script translates
block level critical path generated by VPR [1] into transistor
level netlists which could be used for both HSPICE and our
analytical model. An investigation of yield enhancement by
varying transistor size, V4 and V;j, could be achieved.

1. INTRODUCTION

As semiconductor feature sizes continue to scale down, pro-
cess variation becomes a critical issue. Most of the literature
concerning the design of FPGAs has employed optimisation
of delay models in order to minimise delay [1]. This ap-
proach has two shortcomings, firstly that this gives little in-
formation about the effect of different parameters on the de-
lay function, and secondly effects of process variations are
not considered. This work presents a closed-form analytic
delay model which includes statistical variation.

In an integrated circuit, sources of variability include im-
perfections in: [2]

e photolithography and etching leading to deviation of
device width and length

e the deposition and growth process, as well as chemical-
mechanical planarization, film thickness cannot be con-
trolled in a uniform manner

e properties of transistors being affected by the temper-
ature of the annealing process.

In this work we limit our study to variation in threshold volt-
age (V;1,) which has one of the largest contributions to sta-
tistical delay distribution.

Unlike ASIC, critical path of FPGA could not be pre-
dicted before the real circuits are implemented. However,
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Fig. 1. Primitives of FPGA

for both deterministic delay optimisation and yield enhance-
ment, the critical path is needed. Therefore, to use multi-
ple most representative benchmark circuits to evaluate yield
performance of FPGA becomes a common way. The author
employ the same strategy in the proposed research.

The rest of this paper is organized as following. Section
2 introduces primitive circuits for modelling FPGAs. A de-
tailed delay model is introduced in section 3 and variation of
Vi1, is presented in section 4. A complete workflow of yield
enhancement is described in section 5 Finally, conclusions
and future work are discussed in section 6.

2. DELAY PRIMITIVES

An island-style FPGA is normally composed of logic blocks,
connection blocks and switch boxes [1]. These can be built
from the primitives illustrated in figure 1.

The pass transistor is used to build multiplexers for look-
up tables (LUT), connection boxes and tristate buffers. The
inverter can be used as buffers or sense buffers. Sense buffers
always follow pass transistors to restore the threshold volt-
age drop introduced when a high input is present. The sense
buffer is an inverter, with the P/N ratio adjusted to move its
switching point to compensate for the pass transistor thresh-
old voltage drop.
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Fig. 2. RC model of cascading multiple stage pass transis-
tors

At the transistor level, PMOS transistors are used as pull-
up devices in inverters, serving to charge load capacitances.
NMOS transistors are used in two different ways: pass tran-
sistors and pull-down circuits in inverters. The equivalent
resistance of a pass transistor and inverter are different due
to the body effect in the former.

3. MODEL

In our model, all the primitive circuits are modelled as an
equivalent RC network. The formula for deriving equivalent
resistance is [3]
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For multiple cascaded pass transistors in figure 2, El-
more delay model could be applied,
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4. VARIATION OF V-

To understand the delay distribution, it is necessary to model
how V;;, changes with transistor size.

For short channel transistors, variability of threshold volt-
age is predominantly determined by the transistor’s geome-
tries, in particular effective channel length [4].

A well known relationship between threshold voltage
variance and area of active region can be expressed as,
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where Aay, is a technology conversion constant (in mV ym),

and W L is transistor active region area. In TSMC 0.18um
technology, gate oxide thickness (t,,) is 4nm and Aay, is
7.00 mVpm. Figure 3 shows how V;j, changes with transis-
tor width. Figure 4 presents V};, distributions for transistor
widths of 2, 10\ and 20 A respectively.
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5. WORKFLOW OF YIELD ENHANCEMENT
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Fig. 5. Workflow of Yield Enhancement

Figure 5 presents the whole workflow of yield enhance-
ment. Blocks with blue words represents existing work. The
analytical delay model is in progress as described in section
3. For the part of process variation profiles, a technique us-
ing ring oscillator array to abstract process variation profiles
from real FPGA was introduced in [5]. In [2], Pang et al
made a thorough study on process variliabity in 90nm tech-
nology by building a real test chip. Based on these work, it is
feasible to develop a reasonable within-die variation model.

Several works show that adjusting on transistor sizes,
vgq and Vi, would reduce yield loss significantly. Yield en-
hancement using sizing scheme was introduced in [6]. In
[7], Bijansky et al study an FPGA architecture with dual

voltage supply wherein the supply voltage for individual CLBs

can be assigned after fabrication. Post-manufacturing tun-
ing can increase the yield up to 10x with conventional de-
sign. An process variation tolerant architecture with adap-
tive body bias compensation was described in [8], with such
scheme, delay variation is reduced by 30% and the leakage
variability is reduced by 78%. In our work, a universal de-
lay model would be built to cover all the above works within
a framework, which delivers much more insights for FPGA
architect.

6. CONCLUSION AND FUTURE WORK

A delay model for PMOS and NMOS transistors based on
RC analysis have been derived and can be used to model
an FPGA. And a workflow targeting for yield enhancement
based on such delay model is described.
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In future work, we will explore the following issues.

e Model the effect of input slope on primitive delay. At
the first stage, a delay model for primitives is derived
for a step input. Experiment shows input slope greatly
affects propagation delay. To investigate the real cir-
cuits path delay is not as simple as to sum up indi-
vidual delay of primitives. They correlate with each
other very much.

e Study how multiple process parameters can affect V;,,
e.g. flat-band voltage, gate oxide thickness, substrate
dopant, channel length through the short-channel ef-
fect and reverse-short-channel effect, and channel width
through the narrow-width and inverse-narrow-width
effect [9]. We can also include more fundamental
physical parameters to improve accuracy and robust-
ness and understand how process technology affects
FPGA architectural level performance.

e Finally, after gaining more insight into how process
parameters affect the performance of an FPGA, it may
be possible to develop better process variation tolerant
architectures.
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