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SUMMARY A fine-grain bit-serial multiple-valued reconfigurable
VLSI based on logic-in-control architecture is proposed for effective use
of the hardware resources. In logic-in-control architecture, the control cir-
cuits can be merged with the arithmetic/logic circuits, where the control
and arithmetic/logic circuits are constructed by using one or multiple logic
blocks. To implement the control circuit, only one state in a state transi-
tion diagram is allocated to one logic block, which leads to reduction of
the complexity of interconnections between logic blocks. The fine-grain
logic block is implemented based on multiple-valued current-mode circuit
technology. In the fine-grain logic block, an arbitrary 3-variable binary
function can be programmed by using one multiplexer and two universal
literal circuits. Three-variable binary functions are used to implement the
control circuit. Moreover, the hardware resources can be utilized to con-
struct a bit-serial adder, because full-adder sum and carry can be realized
by programming in the universal literal circuit. Therefore, the logic block
can be effectively reconfigured for arithmetic/logic and control circuits. It
is made clear that the hardware complexity of the control circuit in the pro-
posed reconfigurable VLSI can be reduced in comparison with that of the
control circuit based on a typically sequential circuit in the conventional
FPGA and the fine-grain field-programmable VLSI reported until now.
key words: multiple-valued current-mode logic, fine-grain reconfigurable
VLSI, direct allocation, control circuit, sequential logic circuit

1. Introduction

Reconfigurable VLSIs such as field-programmable gate ar-
rays (FPGAs) are widely used to implement special purpose
processors. The advantages are low-cost for small volume
products and short time-to-market. However, there are prob-
lems of large delay time and large area in comparison with
application specific integrated circuits due to low utilization
of a logic block and complexity of an interconnection net-
work [1]–[3].

On the other hand, fine-grain bit-serial reconfigurable
VLSI has potential advantages in that fine-grain pipelining
and high utilization of a logic block make performance and
parallelism high. Localized data transfer architecture based
on direct allocation of a control/data flow graph (CDFG) is
also introduced to reduce the complexity of switch blocks
and interconnections [4]–[6].

Ordinary processor architecture requires some control
and some data. Control circuits drive control signals of the
datapath component in each clock cycle. Therefore, not only
data-path architecture but control architecture gives signifi-
cant impact on performance of the whole system [7].
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In the direct allocation, each node in a CDFG corre-
sponds to processing in each arithmetic/logic circuit. There-
fore, dynamic data-path control is not required for sharing
hardware resources. However, the utilization ratio of arith-
metic/logic circuits sometimes becomes low, because the
processing of each node in a CDFG is not always required
to be executed by the corresponding arithmetic/logic circuit.

To solve the problem, hybrid programming scheme
based on wired programming and dynamic data-path con-
trol programming is effective. In wired programming, in-
terconnection programming is done according to direct al-
location of a CDFG. On the other hand, multiplexer con-
trol signals are applied to arithmetic/logic circuits step by
step in dynamic data-path control. In dynamic data-path
control, logic-in-control architecture is proposed to design
high-speed dynamic control. Distributed control is intro-
duced to make interconnections between arithmetic/logic
circuits and control circuits very short. The control cir-
cuits are constructed by using the same logic blocks used
in the arithmetic/logic circuits. To implement the control
circuit, sequential logic circuit design based on a state ma-
chine model is introduced. Also, direct allocation such that
only a single state in a state transition diagram of the se-
quential circuit is allocated to one logic block is introduced
to reduce complexity of interconnection between multiple
logic blocks [8], [9]. Moreover, the utilization ratio of the
fine-grain logic block can be increased.

The proposed fine-grain logic block is designed based
on multiple-valued current-mode logic (MVCML) circuit
technology. The MVCML circuit technology can be effec-
tively employed for implementing high performance circuit
modules and reducing the circuit area in comparison with
CMOS implementation [10]–[12].

In the logic block, an arbitrary 3-variable binary func-
tion and a bit-serial addition can be realized by using the two
universal literal (UL) circuits, a multiplexer and a D-flipflop
(D-FF). An arbitrary 3-variable binary function is used to
implement both of the logic and control circuits. The bit-
serial addition can be effectively employed for reduction of
the hardware complexity of the arithmetic circuit such as an
adder, a subtractor and a multiplier. The UL circuit can be
shared as a common hardware resource for an arbitrary 2-
variable binary function and a full-adder. Therefore, the UL
circuits can be used to implement the arithmetic/logic and
control circuits, which leads to high utilization ratio of the
logic block.

It is made clear that the hardware complexity of the
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control circuit can be reduced in comparison with that of the
control circuit based on a typically sequential circuit in a
conventional FPGA, a fine-grain field-programmable VLSI
(FPVLSI) reported until now and a reconfigurable VLSI us-
ing encoder-less logic blocks.

2. Review of the Fine-Grain Bit-Serial Field-
Programmable VLSI and the Multiple-Valued
Current-Mode Logic Circuit Technology

In Field-Programmable VLSIs (FPVLSIs) proposed in [4]
and [6], bit-serial architecture and localized data transfer ar-
chitecture based on direct allocation of a CDFG is effec-
tively employed for reducing the complexity of intercon-
nections. In the direct allocation of a CDFG, each arith-
metic/logic circuit executes only a single node as shown in
Fig. 1. The arithmetic/logic circuit is realized by using one
or multiple cells, where the cell consists of a logic block
and switch block. Each edge of a CDFG corresponds to
the data transfer between the arithmetic logic circuits. The
complexity of logical connections between arithmetic/logic
circuits becomes almost same as that of a CDFG. More-
over, the connection can be implemented by a single inter-
connection in bit-serial architecture. Therefore, the logical
data transfer can be usually done by using the localized data
transfer network. The performance evaluation was done for
the FPVLSIs. In the application of 16-point FFTs, the total
throughput of the FPVLSI proposed in [6] is evaluated to be
9 times higher than that of the conventional FPGA under the
condition of the same chip area. Moreover, in comparison
with the FPVLSI, the fine-grain FPVLSI of [4] can achieve
higher performance in a 6-input addition and an absolute
differences and addition computation.

Fine-grain multiple-valued reconfigurable VLSIs based
on the MVCML circuit technology have been proposed to
achieve a high-performance reconfigurable computing [12],
[13]. In the MVCML circuit, the logical value can be rep-
resented by a current signal. Therefore, linear summation
can be realized simply just by wiring, which leads to re-
duction of the number of active devices as well as wiring
complexities. Moreover, the MVCML circuit can be effec-
tively employed for reduction of the number of intercon-
nection switches in the reconfigurable VLSI. Differential-
pair circuits (DPCs) are used to realize a high-performance
threshold detector, because the DPCs make a signal voltage
swing small yet current-driving capability large.

Figure 2 shows a basic structure of the MVCML cir-
cuit. A linear summation result of a multiple-valued signal
enters to the comparator. The output of the DPC used in
the comparator is represented by a complementary voltage
signal (VG,VG) is applied to the output generator. Then, a
binary current signal (0, I0) is generated, where (0, I0) is
corresponding to the logical value (0, 1). The voltage swing
of the DPC output is an important parameter for reliability
and performance. If parameters of pMOS transistors used
in the DPC are set to make the voltage swing too small, the
output current signal is not equal to 0 or I0. On the other

Fig. 1 Direct allocation of a control/data flow graph.

Fig. 2 Basic structure of the multiple-valued current-mode logic circuit.

hand, if the voltage swing is large, the circuit reliability can
be improved, but delay time becomes large. In our recon-
figurable VLSI, the voltage swings are designed to be more
than 0.3 V which is large enough to make the desired current
output.

The multiple-valued reconfigurable VLSI proposed in
[12] are constructed by using UL-based cells which are ef-
fectively employed for implementing arithmetic/logic cir-
cuits. The architecture is same as that of the FPVLSIs. In
the UL-based cells, an arbitrary 2-variable binary operation,
an addition and a subtraction can be programmed. Also, an
nxn-bit multiplication can be programmed by using 4n cells.
As a result, the area-time product of the UL-based cell can
be improved in comparison with CMOS implementation. In
the following sessions, design of a multiple-valued cell suit-
able for both of arithmetic/logic and control circuits is pro-
posed.

3. Architecture of the Reconfigurable VLSI Using
Multiple-Valued Differential-Pair Circuits

As shown in Fig. 3, the proposed reconfigurable VLSI con-
sists of many identical cells, where each cell can be con-
nected to its eight adjacent cells through 1-bit programmable
switches. The cell consists of a logic block and a switch
block. Bit-serial architecture is introduced to reduce the
complexity of interconnections. Therefore, highly parallel
cell array can be constructed. Moreover, a high bit-level
utilization ratio of the cell can be achieved, because the bit-
level utilization ratio does not depend on word length.

A behavioral description given by a CDFG specifies
the sequences of operations to be performed by the recon-
figurable VLSI. Direct allocation of a CDFG can make
the interconnection between arithmetic/logic circuits very
simple. Wired programming based on direct allocation of
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a CDFG is effectively employed for reduction of the com-
plexity of interconnections. However, the utilization ratio of
arithmetic/logic circuits sometimes becomes low, because
the processing of each node in a CDFG is not always re-
quired to be executed by the corresponding arithmetic/logic
circuit. On the other hand, dynamic data-path control makes
it possible to improve the utilization ratio of arithmetic/logic
circuits as shown in Fig. 4, although additional hardware re-
sources such as multiplexers and switch blocks are neces-
sary to keep the performance. Hybrid programming scheme
based on wired programming and dynamic data-path con-
trol programming is introduced to increase the utilization
ratio of arithmetic/logic circuits with small overhead of ad-
ditional hardware resources.

As shown in Fig. 5, the given CDFG is divided into
some subgraphs which are defined as macro nodes. We ap-
ply dynamic data-path control for nodes in a macro node
to increase the utilization ratio. Each processing element
(PE) composed of an arithmetic/logic circuit and a control
circuit executes only a single macro node. Between the
macro nodes, direct allocation is introduced. Distributed
control is introduced to make interconnections between con-

Fig. 3 Block diagram of the proposed reconfigurable VLSI.

Fig. 4 Allocation based on resource sharing.

Fig. 5 Hybrid programming based on wired programming and dynamic
data-path control programming.

trol circuits and arithmetic/logic circuits short, which leads
to smaller propagation delay of control signals in compari-
son with centralized control.

4. Design of the Proposed Logic Block

Figure 6 shows the proposed logic block. In the logic block
operations, there are a control mode and an arithmetic/logic
mode. One of the operation modes is selected by program-
ming configuration data. The control mode is selected when
a control circuit is implemented, and the arithmetic/logic
mode is selected when an arithmetic/logic circuit is imple-
mented.

4.1 Control Mode

Let us consider design of a sequential logic circuit based on
a Moore-type state transition diagram to design the control
circuit. If we introduce the Moore-type sequential logic cir-
cuit, its output function will be very simple. To implement
the sequential logic circuit, only one state is allocated to a
delay element in one logic block. Only one delay element
corresponding to the present state is set to “1”, and all the
others are set to “0”. Then, the number of logic blocks be-
comes the same as that of states. However, complexity of
interconnections between logic blocks will be same as that
of transition paths between states in the state transition dia-
gram.

Figure 7 (a) shows a design example of the sequential
logic circuit, where state transition is done by only one tran-
sition path. Assume that the present state is S 0 and the input
x = 1 arrives. Then, the logical value “1” stored at the delay
element for S 0 is sent to the delay element for S 1 through
an AND gate. Figure 7 (b) shows another design example
of the sequential logic circuit, where there are two or more
transition paths which originate from all the states S 0, S 1

and S 2. The output of the state transition function is gener-
ated by State Transition Circuit with four inputs. If there are
two or more transition paths entering to one state, the delay
elements allocated to the original states and x are connected
to State Transition Circuit.

The logic block consists of an encoder, a pro-
grammable logic module (PLM), and a D-FF. Now, let

Fig. 6 Logic block.
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(a) State transition from one state

(b) State transition from three states

Fig. 7 Fundamental operation of a sequential logic circuit.

Table 1 Truth table of the encoder.

x1 x2 x3 x4 y0 y1 y2

0 0 0 0 0 0 1
1 0 0 0 1 0 0
0 1 0 0 0 1 0
0 0 1 0 1 1 0
0 0 0 1 0 0 0

us consider reduction of the number of inputs of the pro-
grammable logic module to make the size of the logic block
smaller in comparison with that of State Transition Circuit.
There are two cases in the four inputs from the adjacent logic
blocks. One is the case where only one of them is “1”. The
other is the case where all of them are “0”. The number of
inputs of the programmable logic module can be reduced by
using the simple encoder. Table 1 shows a function of the
encoder. The encoder outputs y0, y1 and the cell input x0

are applied to the programmable logic module in which any
3-variable binary functions can be programmed.

The output of a sequential logic circuit is generated by
an OR gate connected with the delay elements correspond-
ing to the states whose outputs are “1” in a Moore-type state
transition diagram. The output circuit becomes very simple
in comparison with that of a Mealy-type sequential logic cir-
cuit.

Figure 8 (b) shows a design example of a sequential
logic circuit for the state transition diagram of Fig. 8 (a). The
number of states is the same as that of logic blocks. Two
outputs of the logic blocks corresponding to the states S 1

and S 2 are connected to an OR gate to generate the final
output of the sequential logic circuit y.

As shown in Fig. 9, a programmable interconnection
network is used to transfer the sequential logic input which
enters into all the cells in the sequential logic circuit. Final
output of the sequential logic circuit with 16 states is gener-
ated by the control signal output circuit.

4.2 Arithmetic/logic Mode

As shown in Fig. 10, the programmable logic module con-
sists of two universal literal (UL) circuits, two multiplexers
and a D-FF. Inputs y0 and y1 are represented by binary cur-
rent signals. The two inputs are linearly summed by wiring
so that the summation result of a multiple-valued signal S is
applied to the UL circuits. In the programmable logic mod-

(a) State transition diagram

(b) Designed sequential circuit

Fig. 8 Example of a sequential logic circuit by using the logic blocks.

Fig. 9 Network for the control circuit.

Fig. 10 Programmable logic module.

ule, any 3-variable binary functions and a bit-serial adder
can be programmed.

An arbitrary 2-variable binary function can be pro-
grammed in the UL circuit. Any 2-variable binary logic
functions are expressed by a 4-valued universal literal shown
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in Table 2, because two binary inputs x = {0, 1} and y =
{0, 2} can be converted to a 4-valued input S . Also, full-
adder sum and carry can be programmed in the UL cir-
cuit, because three binary inputs x = {0, 1}, y = {0, 1} and
C = {0, 1} can be converted to one 4-valued input S with-
out losing input information. Therefore, the UL circuit can
be shared as a common hardware resource for an arbitrary
2-variable binary function, full-adder sum and carry, which
leads to high utilization ratio of the logic block. Also, this
circuit can be used to make 1-clock delay by using the D-FF
provided for the bit-serial adder.

A low-power and compact UL circuit can be imple-
mented by using a series-gating differential-pair circuit [12].
Figure 11 (a) shows the circuit diagram of the UL circuit,
where the inputs are represented by (S , S ), and where the
complement S is defined as 3-S . A 4-valued universal lit-
eral can be realized by programming two line exchangers
and two threshold values T1 and T2, where two switching
patterns shown in Fig. 11 (b) can be programmed in the line
exchanger 1 and the line exchanger 2, and where the thresh-
old values T1 is selected from 0.5 and 1.5 and T2 is selected
from 1.5 and 2.5.

Table 2 4-valued universal literal.

(a) Circuit diagram

(b) Switching patterns of the line exchanger

Fig. 11 Universal literal circuit.

5. Evaluation

A test chip based on a 90 nm CMOS design rule is imple-
mented to confirm the operation of the universal literal cir-
cuit. The supply voltage is 1.0 V. As shown in Fig. 12, a
desired input/output waveform of a bit-serial adder using
two universal literal circuits can be observed, where the fre-
quency is 10 kHz.

The prototype of the reconfigurable VLSI is designed
based on a 65 nm CMOS design rule as shown in Fig. 13,
where the supply voltage is 1.2 V. These chips are imple-
mented based on full-custom design. The 16 × 32 cellu-
lar array is constructed in the prototype chip. The cell size
is 19 µm × 36 µm. The inputs and outputs of the proposed
cells and the circuit modules used in the cell are represented
by complementary dual-rail voltage signals, which leads to
highly immune to common mode noise.

The performance of the cell is evaluated based on
HSPICE simulation using a 65 nm CMOS design rule. Ta-
ble 3 shows the comparison result of propagation delay be-
tween two adjacent cells, power consumption and the num-
ber of transistors. Power consumption of the proposed cell

Fig. 12 Waveform of the bit-serial adder using two UL circuits in a chip
based on a 90 nm CMOS design rule.

Fig. 13 Chip layout based on a 65 nm CMOS design rule.
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Table 3 Performance comparison.

Encoder-less cell Proposed cell

Propagation delay
0.42 0.41

[nsec]
Power consumption

175 210
[µW]

The number of
568 689

transistors

(a) State transition diagram

(b) Control circuit by using the proposed cells

(c) Control circuit by using the encoder-less cells

Fig. 14 Example of the control circuit.

becomes 1.2 times higher than that of the encoder-less cell,
and the number of transistors becomes 1.2 times larger. On
the other hand, the complexity of interconnections in a con-
trol circuit can be greatly reduced.

Let us consider a simple example of the state transi-
tion diagram of Fig. 14 (a). Only five cells are sufficient to
construct the control circuit in the proposed reconfigurable
VLSI as shown in Fig. 14 (b). On the other hand, there are
many cells used to relay data signals in a reconfigurable
VLSI using the encoder-less cells as shown in Fig. 14 (c),

Fig. 15 Ordinary sequential logic circuit.

Fig. 16 Cell used to relay data signals.

Fig. 17 Fine-grain bit-serial FPVLSI.

where an ordinary sequential logic circuit is designed as the
control circuit of Fig. 15 [14]. Moreover, the data transfer is
done through the switch block in the cell as shown in Fig. 16,
which leads to serious degradation of delay time. Therefore,
it is clear that the performance of the control circuit can be
improved in the proposed reconfigurable VLSI.

The number of transistors of the control circuit in the
proposed reconfigurable VLSI is compared with those in a
conventional FPGA and a fine-grain FPVLSI. We select the
architecture of Xilinx XC4000E as a typical conventional
FPGA. The logic block contains two 4-input look-up-tables
(4-LUTs), a 3-LUT and two registers. As one of the highest
performance fine-grain reconfigurable VLSIs, we select the
bit-serial fine-grain FPVLSI reported in [4]. In the FPVLSI,
a cell can be connected to its four adjacent cells as shown
in Fig. 17. An arbitrary 2-variable binary function including
the full-adder sum function can be programmed, and one
D-FF can be used. The ordinary sequential logic circuit of
Fig. 15 is designed by using the FPGA and the FPVLSI as
the control circuit.

Figure 18 and Table 4 are the evaluation results under
the assumption that the number of cells are equal to that of
states only in the proposed reconfigurable VLSI, where a
sequential logic input is applied to the control circuit. The
transistor counts of the FPGA and the FPVLSI are evaluated
by counting the number of transistors, where those logic
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Fig. 18 The number of transistors comparison.

Table 4 Ratio of the number of transistors.

2 states 4 states 8 states 16 states Average

FPGA 1 1 1 1 1
FPVLSI 0.23 1.79 2.08 1.86 1.49
Proposed 0.44 0.88 0.88 0.88 0.77

blocks, switch/connection blocks are shown in Refs. [15]
and [4], respectively. In the typical sequential circuit, the
total number of state and external input variables is m + k,
if the number of states and external inputs are 2m and k, re-
spectively. An m+ k-variable logic functions are required to
be provided for the state-transition and output functions of
the sequential circuit, which can be designed using multiple
LUTs in logic blocks. In the FPGA design, a cell is com-
posed of a logic block, a switch block and two connection
blocks. In the evaluation, we assume that the whole cell is
used as a part of the sequential circuit if the LUT or the reg-
ister in the cell is used, because interconnections between
the logic circuits and registers in the sequential circuit will
be complex. The average transistor count of the proposed re-
configurable VLSI can be reduced to 77% and 47% in com-
parison with those of the FPGA and the FPVLSI, respec-
tively. The number of transistors in the FPVLSI increases
greatly as the number of states becomes large, because many
cells are required to relay data signals.

6. Conclusion

In this paper, we propose the reconfigurable VLSI based on
logic-in-control architecture to reduce propagation delay of
control signals and hardware complexity of a control circuit.
The multiple-valued current-mode circuit technology is in-
troduced in implementing of the fine-grain logic block. To
simplify the complexity of interconnections between cells in
the control circuit, direct allocation of a state transition di-
agram is introduced. Moreover, high-utilization ratio of the
logic block will be achieved in both of the arithmetic/logic
and the control modes.

As future work, the number of interconnection
switches in the switch block will be reduced if the inputs and
outputs of the logic block can be represented by multiple-
valued current signals. Also, it is necessary to make system
level evaluation through practical applications such as image

and signal processing. To make CAD tools for high utiliza-
tion ratio of hardware resources in the hybrid programming
is an interesting issue.
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