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1 Introduction

High-performance processors are required for real-time processing in real-world intelligent systems such
as intelligent robots and intelligent vehicles. Performance requirements for the processing cannot be
achieved using state-of-the-art general purpose processors. Therefore, developments of special purpose
procegsors are important.

The special purpose processors can be realized using application-specific integrated circuits (ASICs)
and field-programmable gate arrays (FPGAs). The main problems of ASIC-based realizations are a high
cost and a long time-to-market. FPGA-based realizations can overcome the problems because a cost for
mask development is not required and realizations based on configurations are possible.

A typical FPGA is based on a cellular array structure. A cell consists of a programmable logic block
and a programmable switch block. The logic block is based on lookup tables. The switch block is based
on complex crossbar switches and programmable switches. Performance of the FPGA is low compared
to that of the ASIC because of the following reasons:

e High power consumption and large area of FPGA switch blocks because there are many power-
consuming buffers and configuration memory bits in the switch blocks.

e Large propagation delay between logic blocks because a logic block is connected to another logic
block via many slow switch blocks.

To overcome these problems, this research proposes the following reconfigurable VLSI based on fine-
grained architectures:

e Low-power field-programmable VLSI (FPVLSI) using a fine-grained VDD-programming scheme.
e High-performance FPVLSI using fine-grained logic blocks.

e Area-efficient multi-context FPGA (MC-FPGA) using fine-grained switch elements.
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Fig. 1: Architecture of the low-power FPVLSI using
multiple supply voltages. Fig. 2: Layout of the low-power FPVLSIL

2 Low-Power Field-Programmable VLSI Based on A Fine-Grained
Supply-Voltage-Programming Scheme

Figure 1 shows an architecture of the low-power FPVLSI. A fine-grained VDD-programming scheme is
proposed in the FPVLSI to reduce power consumption under a speed constraint. In the fine-grained
VDD-programming scheme, each of the FPVLSI cells has a voltage selector to select a low supply voltage
or a high supply voltage. Cells on non-critical paths use a low supply voltage for low power. On the
other hand, cells on critical paths use a high supply voltage to meet the speed constraint.

To reduce power consumption of level converters required in a typical VDD-programming scheme,
the proposed scheme is level-converter-less by using dynamic-circuit-based logic blocks. In a high-supply-
voltage block using low-voltage-swing inputs, level converters are required to prevent direct current in
the high-supply-voltage block. Level converters in the typical multiple-supply-voltage scheme cause short
circuit current overhead. The power consumption of level converters is significant in field-programmable
devices using multiple supply voltages because level converters are required in every cell. Therefore a
level-converter-less multiple-supply-voltage scheme is important. The scheme can be realized using CMOS
dynamic circuits because there is no direct current in dynamic circuits in ideal cases, regardless of voltage
swings of their inputs. The dynamic circuits operate in precharge-evaluation cycles that are controlled by
a clock signal. The clock signal switches off a pMOS pull-up transistor and an nMOS pull-down transistor
in evaluation and precharge cycles, respectively. Therefore, there is no direct current path from VDD to
ground during both precharge and evaluation cycles.

Figure 2 shows a layout of the FPVLSI designed in a 0.18-pm CMOS design rule. For evaluation using
ecliptic wave filter, FFT and FIR, power consumption of the proposed FPVLSI is 17% or less compared
to that of the static-circuit-based FPVLSI using multiple supply voltages. Power consumption of the
proposed FPVLSI is 32% or less compared to that of a dynamic-circuit-based FPVLSI using a single
supply voltage.

3 High-Performance Field-Programmable VLSI Based on Fine-
Grained Logic Blocks

Complex switch blocks cause low speed performance in the FPGA. Complexity of the switch block can
be reduced using a bit-serial architecture because serial data transfer using a single wire leads to a simple
switch block. To exploit this advantage, an FPVLSI based on a bit-serial architecture was proposed
in a related work. However, coarse-grained logic blocks in the previous FPVLSI have a low utilization.
To improve an utilization ratio of the logic block, logic block granularity of the proposed FPVLSI is
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Fig. 3: Detailed structure of a cell in the Fig. 4: Switch element block

high-performance FPVLSL

minimized to use a 2-input 1-cutput structure.

Since the FPVLSI is targeted for digital signal processing applications, required functions for logic
blocks in the FPVLSI are as follow:

e Adder function to be a basic arithmetic operator for arithmetic operations in the digital signal
processing applications.

e Arbitrary logic function to achieve flexibility.
e Delay function for storage and timing adjustment in bit-serial operations.

In designing a fine-grained logic block, there are two major concerns as follows:

Functionality: The higher functionality of the logic block requires the larger number of inputs and
outputs for the logic block. This increases the complexity of the switch block. On the other hand, the
higher functionality of the logic block reduces the number of logic blocks required for implementing a
targeted function, and reduces the total delay. Based on this observation, a fine-grained logic block
architecture with a functionality of a bit-serial adder is presented. Since a bit-serial adder requires no
carry ripple as required in a bit-parallel adder, it can minimize the number of inputs and outputs of the
logic block.

Area-efficient implementation: To implement an arithmetic function area-efficiently in the fine-
grained logic block, an implementation using LUTs only is not suitable since it requires relatively large
LUTs. Two 3-input 1-output LUTs are required, one for a 3-input 1-output sum function, another one
for a 3-input l-output carry function. Therefore, the logic block is implemented based on a hybrid of
programmable hardware and a dedicated carry logic. The use of the dedicated carry logic greatly reduces
the number of configuration memory bits of the LUT to implement a bit-serial adder.

Based on this observation, the functionalities of the fine-grained logic block are specified as follows.

e 1-bit addition with carry storage
e Arbitrary 2-input 1-output logic function
e Programmable delay

The FPVLSI consists of a mesh-connected cellular array where each cell is connected to only four
adjacent cells. A cell has a logic block and a switch block as shown in Fig. 3. The logic block is based on
a 2-input LUT and a carry logic. The logic block is programmable for logic, arithmetic and delay mode
based on a MODE register. The proposed FPVLSI is compared with typical FPVLSI using coarse-grained
4-input 2-output logic blocks. Under the same area constraints, throughput of an adder tree and a sum
of absolute differences using proposed FPVLSI is two times and three times higher than the one using
the typical FPVLSI, respectively.
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4 Area-Efficient Multi-Context FPGA Based on Fine-Grained
Switch Elements

Complex switch blocks reduce area efficiency in the FPGA. The area inefficiency can be improved using
a dynamically-reconfigurable VLSI that effectively reuses limited hardware resources in.time. One of
the popular dynamically-reconfigurable VLSI is a multi-context FPGA (MC-FPGA). The MC-FPGA
has multiple memory bits per configuration bit to form configuration planes for fast switching between
contexts.

An area of the MC-FPGA is still large compared to the FPGA because the MC-FPGA has a larger
number of memory bits, especially in its multi-context switches. To reduce the number of memory
bits in the switches, a fine-grained switch element using SRAM memory bits is presented based on
the fact that there are redundancy and regularity in configuration bits between different contexts. To
achieve compactness and low static power, switch elements using non-volatile functional pass-gates are
also presented. The functional pass-gates are based on a ferroelectric capacitor or a floating gate MOS
transistor. Figure 4 shows fine-grained switch elements in a switch element block. A single switch element
is sufficient to realize switches using configuration bits with a high degree of redundancy. On the other
hand, switch element blocks are used to realize switches using configuration bits with a low degree of
redundancy.

Figure 5 shows a basic architecture of proposed MC-FPGA consists of adaptive multi-context logic
blocks interconnected by the switch element blocks. The main component of the logic blocks is a locally
controlled multi-context multi-granularity LUT (MCMG-LUT). The MCMG-LUT is programmable as a
4-input LUT (using four different configuration planes) or a 5-input LUT (using two different configuration
planes). Without changing the number of memory bits, the size of an MCMG-LUT can be increased by
reducing its number of different configuration planes. The size represents the number of computation
data that are selected as inputs of an LUT. An MC-FPGA using a global control signal is not area-
efficient because redundant configuration data is stored in the MCMG-LUTs. Each locally controlled
MCMG-LUT has a programmable LUT-size controller for efficient mapping without using redundant
configuration data. To reduce area overhead of the size-controllers, the switch element blocks are used
to form the controllers that are only required if there are different configuration planes.

An 8-context MC-FPGA test chip using SRAM-based switch elements is designed in a 0.18-um CMOS
design rule. A chip micrograph for the test chip is shown in Fig. 6. The test chip is measured and its
context switching time is only 3.67ns. A minimum clock period of the test chip is 3.24ns. The proposed
MC-FPGAs are compared with a typical MC-FPGA using coarse-grained switches, under the constraint of
using 8 contexts. Areas of the proposed MC-FPGAs using switch elements based on SRAM, ferroelectric
capacitor and floating gate MOS transistors are 45%, 37% and 5% of the area of the typical MC-FPGA,
respectively.
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5 Conclusion

Three reconfigurable VLSI based on fine-grained architectures are proposed to improve performance of the
FPGA. For future works, low static power architectures and CAD tools for the proposed reconfigurable
VLSI should be focused. The static power will be a serious problem in a deep submicron era. The major
source of the static power is volatile configuration memory such as SRAM bits. Configuration memory can
be realized using non-volatile devices such as ferroelectric capacitors and floating gate MOS to reduce the
static power during standby. CAD tools such as a mapping software are important to improve usability
of the proposed reconfigurable VLSIs. Supply-voltage-assignment algorithms are important to obtain
an optimal VDD-assignment for the proposed VDD-programming scheme. Mapping algorithms for the
fine-grained logic blocks are important to increase degree of parallelism in the high-performance FPVLSI.

Mapping algorithms that consider redundancy of configuration data are important to exploit features of
the proposed MC-FPGA.
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