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Abstract — In recent, asynchronous design has been
resurged to exploit potential advantages of asynchronous
VLSI such as; high-performance, low power consump-
tion, timing fault tolerance and design cost reduction.
This paper describes our first design and implementation
of DINAMIK project which aims to show realizability of
potential merits of asynchronous VLSI and to establish
the design methodology. In the design, ease of design(high
modularity) and delay insensitivity was especially empha-
sized while power consumption, performance and area op-
timization were ignored as the first stage of the project. To
achieve our main purpose simple architecture and a pes-
simistic delay assumption has been selected. DINAMIK
has been fabricated as a SOG using 0.6� technology.

I. I NTRODUCTION

Advances in semiconductor processing technology
and increasing social demands for ultra-high speed
information processing caused by emerging multime-
dia communication technologies require revolutionary
change of VLSI design style. In other words, these ad-
vances in various technologies force VLSI to exhibit
higher speed operation and thus better performance,
more functionality, lower power consumption in shorter
developing cycle time. Though synchronous VLSI is
dominant in current digital circuits, it is nearly im-
possible to satisfy above requirements due to the ex-
istence of global clock. More specifically, while bet-
ter performance requires higher operation frequency,
higher frequency makes the clock distribution more dif-
ficult or even impossible. Moreover, the more func-
tionality requires the more transistors in a chip and
the bigger area which results in not only more seri-
ous clock distribution problem but more clock driving
power and hence more power consumption, since clock
driving power increases in proportion to the area of a
chip. If we adopt a different algorithm in a part of
chip or processing technology for better performance
or any other reason, whole chip has to be redesigned

due to the timing dependency between front-end de-
sign and back-end design, in consequence long devel-
oping cycle time is required. An asynchronous VLSI
that is not driven by a global clock but is driven by
transition of signals has been resurrected as an alter-
native of synchronous ones to overcome above short-
comings. An asynchronous VLSI has the following po-
tential advantages over synchronous counterpart; high-
speed operation with ultra high-speed devices, ease of
design(high modularity), low power consumption. In
recent, many researches have been performed to show
the advantages of asynchronous circuits, in universi-
ties and advanced companies, AMULET1, 2 and 2e for
low power consumption[1], TITAC1 and 2[2], and mi-
croprocessors designed in Caltech[3] for high perfor-
mance are some of examples. A 16-bit microproces-
sor called DINAMIK(Delay INsensitive Asynchronous
MIcroprocessor in K-JIST) has been designed and im-
plemented. The DINAMIK project aims to show the
feasibility of asynchronous microprocessor. Section II
describes the data transfer methods using dual-rail en-
coding method and modified four phase protocol. Basic
control scheme of DINAMIK, say micropipeline, is ex-
plained in section III. Working modules and C-element
adopted in DINAMIK are shown in section IV. Archi-
tecture, Design and Implementation flow are shown in
section V. Evaluation results and conclusions are ex-
plained in section VI and VII.

II. DATA TRANSFERMETHODS IN ASYNCHRONOUS

CIRCUIT

An asynchronous circut can be considered as a set
of working modules transferring control information
and data each other through not global synchronization
but local synchronization. In an asynchronous circuit,
to communicate between two modules, ‘request’ and
‘acknowledge’ signals are used, so called handshak-
ing protocol, for local synchronization. There are sev-
eral protocols used in an asynchronous circuit. Two-



phase protocol and four-phase protocol are commonly
used[4]. Since gates and wires have unbounded delay in
a delay insensitive asynchronous circuit, we use dual-
rail encoding method in data line and data processing
logic[4]. To transfer data between two modules, a com-
bination of modified four-phase protocol and dual-rail
encoding method is used in DINAMIK.

A. Dual-Rail Encoding Method

To represent 1-bit data in dual-rail encoding method,
two physical lines are used[4]. For example, a logical
data, D is represented by two physical data lines, D1
and D0. The following equation shows this encoding
scheme;
D = 0() (D1,D0) = (0,1)
D = 1() (D1,D0) = (1,0).
In particular, (0,0) represents a space which allows us
to identify consecutive 0’s or 1’s. (1,1) state is not used.
Data transferring starts from the (0,0) state. If a state
is changed from (D1,D0) = (0,0) to (0,1)/(1,0), which
notices the arrival of logical data ‘0’/‘1’.

B. Modified Four-Phase Protocol

Modified four-phase protocol is a combination of
four-phase protocol and dual-rail encoding as shown
in Figure 1. Four phase protocol consists ofsending
data, receiving data, invalidating dataandconfirming
the invalidation of dataphases. Insending data phase,
a sender loads valid data on dual-rail data lines. These
data are processed in the data processing logic between
the sender and the receiver. After transmission and pro-
cessing time, the receiver knows that all the data lines
has valid data. At this time, the receiver saves the data
in the local storage. When data are completely saved,
the receiver sends an acknowledgement signal to the
sender using a physical acknowledgement line. This
phase is areceiving data phase. After receiving of ac-
knowledgement, the sender invalidates the current data
loaded in dual-rail data lines. We call this phase as an
invalidating data phase. And after propagation delay
time of data lines, the receiver knows that there is no
valid data. At the same time, the receiver sends ac-
knowledgement signal to the sender, as aconfirming
the invalidation of data phase. By this procedure, two
working modules can communicate independently with
delay variation of data lines and control signals. In DI-
NAMIK 2n+1 wires are required,2n for n-bit data and
1 for acknowledgement signal.

III. M ICROPIPELINE

Though we do not use the micropipeline[5] as it orig-
inally proposed, micropipeline gives us basic idea on
control mechanism between working modules. Here
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micropipeline and its difference from control scheme
used in DINAMIK will be briefly discussed. In mi-
cropipeline it is assumed that upper bounds of wire and
gate delays are known and hence maximum local delay
between two consecutive working modules can be esti-
mated. Thus local synchronization can be realized by
delay padding insertion rather than dual-rail encoding.
In micropipeline2+n wires are used,n wires forn-bit
data,1 for request and1 for acknowledgement signals.
Compared with a synchronous pipeline, micropipeline
needs local synchronization through handshaking be-
tween higher and lower stages. A C-element, described
as an AND gate marked ‘C’ in Figure 2, plays very im-
portant role in an asynchronous circuit. If all inputs
of C-element is ‘1’(‘0’), the output is ‘1’(‘0’), respec-
tively. Otherwise the previous output is preserved. In
Figure 2, ‘C’ of each ‘REG’(register) represents that
‘REG’ can save the current input data. ‘Cd’ means
that data capture has been completed. ‘P’ means that
the state of the register is changed to transparent mode
so that the register can receive next data. ‘Pd’ means
that the state of the register is changed completely into
transparent mode. When input data are valid and value
of ‘C’ is changed, the register saves current input data
and notices that to higher and lower stage by changing
of ‘Cd’. After delay time specified in ‘Delay’ in Figure
2, lower stage meets the same condition and saves pro-
cessed data. Lower stage also works with same proce-
dure. Thus, the input value of ‘P’ of the higher register
is changed. Consequently, the higher register goes to
transparent mode and prepares to save next new data.
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IV. WORKING MODULE AND C-ELEMENT

A working module consists of registers, register con-
trol logic and data processing logic. An asynchronous
circuit can be divided by several working modules.
Each working module has a unique interface protocol.
Hence each working module can be designed indepen-
dently. In merging working modules, simple interfaces
among them, actually only wiring, need to be taken into
accounts rather than considering complex timing issues
for the interface. This feature discloses high modularity
hence ease of design, in asynchronous design.

As mentioned before, Muller C-elements are indis-
pensable in asynchronous circuits. However, Muller
C-elements were not available in the implementation,
we implement these based on R/S Flip/Flop as shown
in Figure 3. In Figure 3 , lower part shows Flip/Flop
C-elements used in DINAMIK. From timing diagram
shown in Figure 3, we know that the output of Flip/Flop
type C-element is the same as that of Muller C-element.

V. A RCHITECTURE, DESIGN AND IMPLEMENTATION

FLOW

Pin description of DINAMIK is shown in Figure 4.
All instructions are shown in Table I. DINAMIK uses
three operands for each operation. The size of each in-
struction is 16-bit. Specially, ‘HALT’ instruction can
stop all working modules of DINAMIK. Figure 5 shows
the floor-plan of DINAMIK. We used VHDL for logic
design. COMPASS ASIC Synthesizer and Gate-level
simulator were used for design and simulation respec-
tively. After that, SYNOPSYS Synthesizer tool was
used for synthesis with 0.6�, KG75000 gate library
supported by SamSung Electronics. With CADENCE
VerilogXL tool we performed simulation. Before lay-
out, we did not know the wire delay information. Thus,
we verified DINAMIK with only gate delay informa-
tion. After gate level design is completed, layout of
DINAMIK was performed in SamSung. After layout,
we verified DINAMIK with gate and wire delay infor-
mation. Delay insensitivity allowed DINAMIK to pass
the simulation in one time verification with wire delay.
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TABLE I
INSTRUCTIONS

Type Instructions
Data Transfer MOVI, MOVE, LD, ST
Arithmetic ADD, ADDC, SUB, SUBB
Logic AND, OR, NOT, XOR
Shift,Rotate SHL, SHR, ROL, ROR
Branch JMP, JZ, ZB, JC, JO
Status CLC, STC, CLO, STO
Halt HALT

Characteristics of DINAMIK are shown in in Table II.

VI. PERFORMANCEEVALUATION

The first chip of DINAMIK works correctly with
variable supply voltages from 2.0V through 8.0V and
temperature from0�C through100�C. This fact shows
that delay insensitivity characteristic of DINAMIK and
hence timing fault tolerant with delay variance in layout
design, fabrication process and operating environment.
Performance of DINAMIK is summarized in Table III.
For the performance evaluation we set a testing board
shown as Figure 6. During the evaluation, ‘MOVI’ in-
struction is loaded on instruction line. Then, instruc-
tions loaded on instruction line are always valid. An os-
cilloscope in Figure 6 checks the cycle time of ‘MOVI’
instruction. At the same time, the input voltage and
temperature are changed to verify the delay insensitiv-
ity. DINAMIK shows the 10% performance variation
with temperature. Figure 7 shows the demonstration
board.

TABLE II
CHARACTERISTICS OFDINAMIK

Process 0.6� CMOS, 2-layer, SOG
Die size 5mm * 5mm
Gate Count 52,168
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TABLE III
PERFORMANCE OFDINAMIK

Vol. I(mA) C(ns) MIPS W(mW) MIPS/W
2.0 0.03 200 5 60 83.33
3.0 0.06 125 8 180 44.44
4.0 0.11 100 10 440 22.73
5.0 0.15 85 11.76 750 15.68
6.0 0.20 75 13.33 1200 11.11
7.0 0.26 75 13.33 1820 7.32
8.0 0.31 75 13.33 2480 5.37

VII. CONCLUSIONS

We have designed and implemented a delay insensi-
tive asynchronous 16-bit microprocessor. Delay insen-
sitivity is shown in design phase(specially from VHDL-
level to gate-level and from gate-level to layout level),
fabrication phase(difference between expected and ac-
tual delay information), and performance evaluation
phase(with the variation of the input voltage and tem-
perature). Measured speed and power consumption of
DINAMIK is not comparable to synchronous counter-
parts. This is caused by unreasonably pessimistic delay
model, while this delay assumption shows high relia-
bility to timing variance. This observation suggests that
there is tradeoff between performance indices and reli-
ability.
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