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ABSTRACT

A low-power amendment to the globally-asynchronous,
locally-synchronous paradigm (GALS) is presented.  A
proposed socket interface provides locally dynamic
voltage scaling (LDVS) adapted to the actual processing
rate requirements for each module. Local clock
generation by ring oscillators tracks the local device
speed at the local supply voltage. Asynchronous I/O
handshakes provide  the elasticity required to permit the
substantial intra-die delay variations present in low
voltage, deep sub-micron digital designs to give high
yield. By the proposed socket interface, synchronous
design methodology can be continued at module level
including use of industry standard HDL-based synthesis
tools, while module reuse and system design can be
substantially simplified.

I. INTRODUCTION

Synchronous design and test methodology is
mandatory in current industrial quality ASICs and SoCs.
State-of-the-art HDL-based verification, synthesis, layout
and test tools efficiently support the synchronous design
flow, while new methodologies and standards emerge for
designing reusable cores to increase the design
productivity. Synchronous design methodology has
several proven qualities and has come to stay. However,
as the semiconductor technology scales down and
complexity increases, fully synchronous designs will
eventually not be feasible on the chip level. For increased
design productivity, simplified system design, higher
yield, lower energy consumption and higher
performance, it is imperative to depart from the fully
synchronous chip design paradigm, and replace it with a
globally-asynchronous  locally-synchronous paradigm
(GALS). As will be discussed below, the GALS principle
and the voltage scaling principle, may join forces to
provide the required performance at minimum energy for
each module, locally adapted to actual process
parameters and temperature.  Low-voltage digital deep
sub-micron designs suffer from intra-die parameter

variations, i.e. substantial delay variations over the chip
[6]. The asynchronous handshake mechanisms between
the modules in GALS represent the elasticity and the
encapsulation required to design and optimize each
module separately, in contrast to the fully synchronous
design paradigm which ultimately requires chip level
timing optimization.

The paper is organized as follows: In the first part, we
review the Semiconductor Industry Roadmaps from
1994, 1997 and 1999 regarding their predictions about
design methodology, to identify a sudden breakthrough
for  the GALS concepts in the 1999 Edition. Then, the
GALS concept from its origin in the 1960s to more
recent contributions is briefly reviewed. Furthermore,
various aspects of the application of the voltage scaling
principle are discussed, including validation of a
performance model at gate and module level,  and a
discussion concerning intra-die delay variations at low
voltage supplies.

In the second part, we present key elements of the
Socket Interface concept, proposed and established in the
WIRAC research project [7]. The Socket Interface
supports GALS and module level local dynamic voltage
scaling (LVDS) to provide rate-adaptive  energy saving,
while continuing to adhere to the established
synchronous HDL-based synthesis design flow at module
level. Finally, we identify obstacles and future challenges
towards the implemention of  the proposed Socket
Interface.

II. MOTIVATION FOR  GALS

A. The 1999 Roadmap urges development of GALS
methodology.

Four years ahead, in year 2005, the expected on-chip
global clock rates are approaching 3 GHz in ASICs and
SoCs. The switching time of the fastest buffered global
signal will be more than 100 times higher than the gate
delay, thus fully synchronous operation on-chip will be
very challenging and will imply multi-cycle latencies in
the interconnect, according to 1999 ITRS Roadmap [9].



The previous roadmaps have not been discussing such
design issues. While concerning several researchers at
that time [17], the increasing gap between interconnect
delay and gate delay related to scaling was not an issue
in the first 1994 SIA Roadmap, even though it was
indeed well-known, e.g. by the book of Bakouglu [16] in
1990. Moreover,  the 1997 edition just briefly compared
interconnect delay and gate delay, only to address the
need for interconnect technology improvements without
discussing future design obstacles for the fully
synchronous design paradigm.

However, the 1999 ITRS edition imperatively
expresses both short-term and long-term needs for design
methodology and tools to cover asynchronous, multi-
cycle paths as well as locally synchronous, high-
performance near-neighbor communication. The ITRS
editions are based on concensus within the leading
industry experts and the research community world-wide.
Therefore ITRS’ recognition of the globally-asynch-
ronous locally-synchronous (GALS) design paradigm
definitely is a strong incentive to further and enforced
research on related GALS design methodology and tools.

B. The renaissance of self-timed locally synchronous
regimes with stoppable clocks.

The idea of self-timed locally synchronous modules
with stoppable clocks dates back to the 1960s with
several design projects conducted by Charles L. Seitz
[18]. The GALS concept was the topic of the PhD Thesis
of  Chapiro in 1984 [10], and several contributions have
since then been reported, among them
[11][12][13][14][15].

When Seitz back in 1980 [18] discusses local
stoppable clocks and stretchable clocks, it is interesting,
from a technological and historical point of view, that his
motivations are strikingly relevant to the  design
challenges of this decade’s  complex ASICs and SoCs:

• Global clock distribution with  problems related to
skew limitations and electromigration. By means of
such local clocks, these problems will be significantly
reduced.

• Performance spread and yield problems due to
variation in process parameters, aging, temperature
and supply voltage. Seitz argues for using local ring
oscillators as clock sources, since “on the same piece
of silicon these variable factors are nearly the same
for the clock and for the system”.

• Design complexity management. Seitz’ self-timed
locally synchronous modules with asyncronous
communication encapsulate and hide details of the
underlying physical implementation, which is not
relevant to the system architects. By such design
abstraction “free of hidden rules”, Seitz introduces a
system design domain similar to that of a

programmer, called the sequence domain abstraction.
This is in many aspects relevant to today’s discussion
about increasing the design reuse to meet the
productivity gap and time-to-market requirements,
and the need for new abstraction levels to manage
complexity.

C. Current GALS methodology research.

Today, several research groups work on complete
design methodology for globally asynchronous on-chip
communication networks [12][13][14][15][23], which
may connect both locally-synchronous and entirely
asynchronous modules. Muttersbach et al [14] give a very
clear overview of GALS, present problems to be solved,
and propose solutions very instructively.

III.  MOTIVATION FOR GALS-LDVS

Digital design for low power consumption by using
low supply voltages was exploited already in the 1970s
in digital wrist-watches [21]. In the 1990s,  however,
design methodology to reduce power consumption was
systematically reviewed and enhanced by Chandrakasan
and Brodersen [1], among several others. Several
researchers argued for utilizing the voltage scaling
principle leading to a quadratic reduction in energy per
operation, and to treat actual supply voltage as a design
variable [1][2]. Use of complete systems with variable
supply voltages has been demonstrated in academia, e.g.
[8][19][20]. Recently, voltage scaling is introduced in
several consumer products for mobile computing based
on e.g. Transmeta’s Crusoe microprocessor [26].

A. The performance model for voltage scaling
 applied at gate level and at module level.

As shown in Figure 1, we have validated by
measurements on several test chips [5] that the simple
model of delay vs. supply voltage [3] given by
tpd = k·Vdd/(Vdd-Vt) ��ZLWK� � ������IRU�WKH�$06������P
process, is quite accurate for simple CMOS inverters. It
is also rather accurate for various cells using different
circuit techniques, if increased threshold values due to
the body effect of stacked devices are used.

Since digital systems are collections of such cells, one
may expect that the inverse of the delay model can be
applied as a model for performance versus supply
voltage. We have demonstrated the validity of this
performance model at module level [5] as shown in
Figure 2, by scaling and overlaying the performance
model to the plot of measurements of maximal sample
rate vs. Vdd from [22] of complete digital filters
functions, implemented in the 0.8 µm AMS technology,
DQG�ZKHUH�ZH�KDYH�XVHG� � � � ����� DV� DERYH��.DL�&KHQ
DQG�&KHQPLQJ�+X�KDYH�UHSRUWHG� �� �����WR�EH�YDOLG�IRU



subhalf-micrometer MOSFET’s for a wide range of
technologies from Leff = 0.4 µm down to Leff = 0.1 µm
[4].

B. The justification of using ring oscillators as local
clocks.

The performance model is strikingly accurate, and is a
clear justification of the principle of using a ring
oscillator as clock source, since the cells in the ring
oscillator follow the same delay model as the complex
module itself. Some special functions, like certain sense
amplifier topologies used in RAM, do not follow this
performance model, and have to be characterized
carefully, or must be completely avoided if the
performance model is applied at  the module level.

C. Extended voltage scaling for reducing the local
speed vs. global speed mismatch.

Liu and Svensson [2] even suggests more aggressive
voltage scaling as a means to alleviate the mismatch
between the MOS device speed and the global signal
speed, since this
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Figure 1: Validation of the delay model at cell level.
Dotted line curves: Measured delay vs. supply voltage
for different circuit techniques (5 = CMOS inverter
chain). Lower solid line curve: delay model with no
body effect (inverters). Upper solid line curve: Delay
model with increased threshold voltages (due to stacked
devices) [5].

mismatch increases dramatically due to the technology
scaling.

In this way synchronous design methodology can be
utilized further, without need for special high speed
interconnect since the clock rate is lower, while
parallelism may compensate for degraded performance

due to voltage scaling.

D. Low voltage means increased delay sensitivity and
intra-die delay variations.

By reducing the supply voltage the delay is increased,
while the energy per operation is quadratically reduced.
However, an unwanted side effect of voltage scaling is
that delay sensitivity to process parameter variations,
temperature and supply voltage fluctuations increases
substantially. The required design margins are
dramatically higher, compared to designing at
conventional supply voltages [2][6]. Furthermore, intra-
die variations can not be ignored. Highly pipelined
designs, and designs with a large number of critical paths
and with a small logic depth are most sensitive to
uncorrelated gate delay variations in state-of-the-art and
future technologies [6]. Supply voltage regulation
techniques can be used to compensate for process
parameter variations for maintaining given throughput
performance requirements, but this implies ultimately
local supply voltage regulation mechanisms to track
intra-die variations.

IV.  THE PROPOSED SOCKET INTERFACE

As a part of the  Wideband Radio Access project
WIRAC [25], supported by the Norwegian Research
Council’s Basic Telecommunication Research
Programme, we have studied implementation issues
concerning low-power digital design and digital signal
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Figure 2: Validation of the performance model at module
level. Dotted line curves: Test chip measurements of
maximal sample rate of three different wave digital filter
architectures [22]. Solid line curves: The performance
model, expressed as the inverse of the simple delay
PRGHO��ZLWK� � ��������VFDOHG�WR�WKH�PHDVXUHG�YDOXHV�DW��
V), see [5].

processing in wireless terminals [27]. Before presenting
the Wirac’s Socket Interface as a general vehicle for



implementing rate-adaptive energy-minimal systems by
means of state-of-the-art HDL-based synthesis design
flow, we will discuss key elements in multiple supply
voltage systems and present some results and conclusions
from test chip measurements.

A. A model of an integrated radio access system

An integrated digital tranceiver may be partitioned as in
Figure 3,  where   all  the  modules  with  their  individual
performance and latency requirements are clustered into
separate supply voltage regions, thus giving potentially
the lowest energy per operation while satisfying the
performance requirements. The different regions are
communicating through logic level shifters, as presented
below.
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Control bus
and data bus
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Figure 3: A model of a wideband radio access system
using multiple supply voltages and logic level shifters.

B. Characterization of the level shifter cell.

We have evaluated different logic level shifter
topologies. The well-known topology reported by Vittoz
in 1977 [21], and utilized in [1], based on cross-coupled
PMOS devices, was chosen  due to its circuit and
conversion symmetry. The cell was characterized by test
FKLS� IDEULFDWLRQ� DQG� PHDVXUHPHQWV� LQ� ���� P� $06
technology, showing good agreement with simulation
UHVXOWV��7KH� WRSRORJ\�ZDV� DOVR� VLPXODWHG� LQ����� P�DQG
����� P� SURFHVVHV� IURP� $OFDWHO� 0LHWHF�� 6XFK� OHYHO
shifter translates a logic “1” between two regions of
different supply voltages Vdd1 and Vdd2.

Table 1: Delay measurements of  an inverter (INV) and
a level shifter (LS).

Vdd1 [V] 0.9 1.0 1.1 1.3 1.5 1.7 2.2 2.7 3.3
tLS  [ns] 83 22 9.6 6.8 6.1 5.9 5.5 4.7 4.8

t INV [ns] 252 37 12 3.4 1.8 1.2 0.7 0.5 0.4
t LS /t INV 0.3 0.6 0.8 2 3.4 4.9 8.4 10 12.9

Table 1 shows the propagation delay tLS of a level shifter
(LS) which translates an input swing of Vdd1 to  output
swing Vdd2 = 3.3 V, compared to the delay of an inverter
tINV at Vdd1. The delay of the LS is 0.3 – 2.0 times the
delay of an inverter for low voltages Vdd1 = 0.9-1.3 V.
Table 2 shows that the energy WLS per level shifting
operation (from Vdd1=1.1V  to Vdd2) is about 2 times that
of an inverter WINV supplied by the highest supply
voltage Vdd2. Thus, level shifting from a low voltage Vdd1

to a high voltage Vdd2  represent a delay cost (calculated
at Vdd1)  and  translation energy cost (calculated at Vdd2)
corresponding to about two inverters in series.  In
contrast, level shifts from high to low voltage do not
require level shifters, but can always be performed
directly by an inverter or buffer supplied by the low
supply voltage.

Table 2: Measurements of energy per operation of an
inverter and a level shifter (LS).

Vdd2 [V] 1.3 1.5 1.7 2.2 2.5 2.8 3.1 3.3 4.0
W LS [pJ],
energy per

LS op.
0.22 0.35 0.45 0.73 1.1 1.4 1.8 2.2 3.7

WINV [pJ],
energy per
INV op.

0.37 0.87

  WLS /WINV 2 2.2

C. Means to generate different local supply voltages

From above, we have concluded that the cost of level
shifters is not an obstacle for introducing a multiple-
supply voltage methodology. However, regulating and
distributing different supply voltages to the different
regions in Figure 3 are regarded as more challenging.
Different scenarios have been considered:
1. Almost all modules of the chip run at a fixed low

supply voltage to minimize power consumption.
Parallel processing is utilized to fulfill the
performance requirements, as described by [1]. Some
very few modules related to the analog front-end,
minimum latency DSP functions and fast i/o
interfaces require higher supply voltages. The higher
supply voltage level may be generated by voltage
doublers or triplers. Voltage doublers were already
used in commercial wrist-watches in the 1970s [21].
Favrat et al [7] have described efficient voltage
doublers with external or fully integrated capacitors.
We have studied their proposed topologies to specify
and design an on-chip dynamically programmable
generator to provide  local supply voltage of  1x, 2x
or 3x of the low input supply. No test design chip has
yet been fabricated.

2. Two or more different supply voltages are available



and distributed on-chip, while the actual supply
voltage for each module can be selected by means of
DC switches, i.e. large transistors with low RDS(ON).
This method is considered to be a viable alternative to
the dynamically programmable generator described
above, but performance degradation due to IR drop,
and other practical aspects of this method, have to be
studied further.

3. DC/DC buck converters like in [1][8][20][24]  can
provide finer regulation of the supply voltage than the
two methods above, but require large external
components for the low-pass filter [24], so they are
not suited for several locally controlled on-chip
voltage supply generators.

The candidate methods for local supply voltage
generation should be explored further including their
suitability for future technologies, because it is only by
local supply voltage selection rate-optimal energy saving
can be attained.

D. Data-flow oriented processing

Typically in many signal processing system, e.g. as in
Figure 3, many tasks are performed at a fixed rate (or at a
temporally fixed rate). Each processing element or
complex module, see  Figure 4, receives an input data set
and produces an output data set at this fixed rate. The
input and output data sets may be passed along with
handshake signals which implement some given
protocol, such that e.g. the processing does not start
before the module has input data ready. The fixed rate
requirement or the fixed average rate requirement can
dynamically be configured, by the special control signal
RATE-REQUIREMENTi. From a system point of view,
faster operation of the processing element than given by
the  rate requirement does not give any better system
performance, while slower operation than the
requirement can of course not be tolerated. We have

Processing element

RATE REQUIREMENTi

REQi
ACKi

DATAi DATAi+1

ACKi +1

(e.g. a DSP module) REQi +1

Figure 4: The prosessing element (e.g. a DSP module)
executes its calculations fast enough to satisfy the actual
performance requirement.

encapsulated all implementation details in the model in
Figure 4. In Figure 5 some of the hidden details are
revealed.  The control signal RATE-REQUIREMENTi can
be used to scale down the local supply voltage such that

the locally generated clock rate is just high enough to
perform the actual processing task and to produce output
data at the given rate. The energy per operation will
therefore be regulated to the lowest possible value for the
actual rate-requirement, the given technology parameters
and temperature, since the local clock is generated by a
ring oscillator which  tracks these local conditions.

Furthermore, the number of clock periods required
per processing operation can be predefined, and the local
clock can be stopped after the operation is performed. By
stopping the clock when no data processing is performed,
the power consumption will be further reduced. The
clock stopping control circuit will, however, include e.g.
counters  which represent some contribution to the power
consumption.

RATE REQUIREMENTi

REQi
ACKi

DATAi DATA i+1

ACK i+1

REQ i+1

TEST BUS

Vdd gen.Clk gen.

Synchronous
module

BIST

LS

Figure 5: A synchronous version of the actual prosessing
element (DSP module) is inserted into the Socket
Interface.

The synchronous module in Figure 5 can be
generated by state-of-the-art HDL-based synthesis tools
including built-in self-test support, and can be “inserted”
into the Socket Interface. The socket interface provides
level shifting of all data inputs to convert from the low
voltage data signals outside the socket, to the module’s
actual supply voltage level.

A clock signal with the correct frequency given by
the logical depth of the synchronous module and by the
actual supply voltage level, is active for a predefined
number of clock periods for the actual task. The
synchronization tasks related to the asynchronous
interfaces can be performed as proposed by [14].

V. CONCLUSION

We have described GALS-LDVS, a low-power
amendment to the GALS paradigm where locally rate-
adapted dynamic voltage scaling can be provided by
means of the proposed Socket Interface.  Local clock
generation by using local ring oscillator tracks the local
device speed.  The module’s speed is proportional to the



device speed with the same dependence of local power
supply level, process parameters and temperature
variations. Asynchronous I/O handshakes support  the
elasticity required to permit low voltage intra-die delay
variations, thereby increasing the performance yield.
By exploiting the proposed methodology, synchronous
design and HDL-based synthesis flow support can still be
advocated, and design reuse and system design can be
substantially simplified.

Further research will focus on
• fail safe synchronization methods [14] when voltage

scaling is applied,
• generation and regulation of  local supply voltages,
• utilization and enhancements of synthesis tools and

layout generator tools to support the proposed Socket
Interface for the GALS-LDVS methodology, and

• development of GALS-LDVS applications.
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