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Abstract—Adaptive control of the power supply is one of the
most effective variables to achieve energy-efficient computation.
In this paper, we describe the development of a high-performance
asynchronous micropipelined datapath that provides robust inter-
faces across voltage domains, performing appropriate voltage level
conversions and operating between stages with fanout-of-four de-
lays differing by almost two orders of magnitude. With software-
specified throughput requirements, the power supply of the data-
path is scaled from 2.5 V to 650 mV using an on-chip dc—dc con-
version system. Because of the asynchronous design style, the pro-
cessor operates continuously during the voltage scaling transitions.

Index Terms—Asynchronous circuits, dynamic voltage scaling,
low-power design.

1. INTRODUCTION

OWER consumption has become one of the most im-

portant issues in processor design, not only in portable
battery-powered applications, but in high-performance desktop
and server applications because of packaging and cooling
requirements. Dynamic (or adaptive) voltage scaling (DVS)
has been widely studied as one of the most effective means of
achieving energy-efficient design [1]. Our design uses software
to specify datapath pipeline throughput requirements; a control
system automatically scales the voltage to just achieve these
requirements. Because of the asynchronous design style, the
datapath operates continuously during the voltage scaling tran-
sitions. We employ an on-chip dc—dc converter that combines
linear regulators and switched-capacitor power supplies, using
only on-chip components.

Multirate signal processing applications, such as software
radio [2], provide the ideal vehicles for exploring performance—
power tradeoffs with adaptive voltage scaling. Vector (or
stream) dataflow architectures are the natural choice for such
applications and benefit considerably from deep pipelining.
Building on earlier work [3]-[5] in exploiting the inherent
latching properties of dynamic logic to build fine-grained
asynchronous pipelines, we develop pipeline circuits which
exploit self-resetting techniques to achieve high performance.
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These circuits introduce robust interlocking to allow for fast
or slow environments, to function in the presence of aggres-
sive adaptive voltage scaling, and to handle level conversion
between different voltage domains.

II. OVERALL CHIP ARCHITECTURE

The design contains three custom 1K-by-16-bit self-resetting
low-power SRAMs with pulsed wordline decoding [6]. Each
SRAM has associated with it an address-generation unit that
consists of a datapath and an asynchronous burst-mode con-
troller designed using generalized C-elements (gC) [7]. Ad-
dress generation and array access are pipelined such that the
array can supply the datapath with operands without limiting
throughput.

The prototype datapath in this test chip is a 16-bit carry-
lookahead (tree) adder, implemented with seven (micro)pipeline
stages. The basic asynchronous pipeline structure supports a
mixture of static and dynamic logic, using single-rail imple-
mentation, with a uniform design for the pipeline controls. The
pipeline circuits are designed to operate across all process cor-
ners from 2.5 V down to 650 mV and continue to correctly hand-
shake with the SRAMs operating at 2.5 V. Additional pipeline
stages are used to perform the voltage level conversions across
voltage domains, in this case between the datapath and SRAMs.
For maximum testability, scannable latches are included in each
pipeline stage. In addition, we have placed pads on the critical
signals of the pipeline to allow time-domain “picoprobing” of
the waveforms on the test chip.

An instruction unit broadcasts the (VLIW-like) instruc-
tion word for the vector (or stream) operation to each of
the units. The instruction word consists of the starting and
ending addresses for each of the SRAMSs and the required
throughput performance for the datapath unit. The power man-
agement system scales the supply for the datapath to meet the
throughput requirement specified in the instruction word. An
on-chip 40-MHz 6-bit flash analog-to-digital converter (ADC)
allows noninvasive transient monitoring of the power supply
to test the power management system functionality. Detailed
discussions on the power management system, including the
dc—dc converters, can be found in [8].

III. ASYNCHRONOUS MICROPIPELINES

Fig. 1 shows a single stage of a linear pipeline; the top half of
the figure contains the control circuits (or local “clock” genera-
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tional “phases” for the domino levels: precharge, evaluation,
and hold [4], [5]. Each stage cycles through these three phases;
after evaluation completes, the stage “self-resets” into the hold
state. When the successor stage evaluates, the current stage is
triggered to precharge and then subsequently self-resets into the
evaluation state. The evaluation of a given stage triggers the pre-
decessor stage to complete its entire next cycle: precharge, eval-
uation of a new data item, and hold. This approach provides high
concurrency and reduced cycle time as compared with designs
which do not allow a stage to precharge before the successor has
finished evaluating [3].

One micropipeline stage consists of n (n > 1) dynamic
levels. For optimal performance, n should be the same across
stages (i.e., balanced). The controller has n domino buffers

¢
(b) Self-Resetting PC Control Circuit ©

Fig. 2. Negative edge detector and self-resetting EVAL control circuits of
pipeline controller.

which are sized to match the worst case precharge and evalua-
tion delay of the corresponding logic stages. The outputs of the
first and last of these dynamic buffers along with the request
from the preceding stage and the acknowledgment from the
successor stage are processed by four submodules within the
controller (as shown in Fig. 1), described below. Unlike [4] and
[5], the pipeline structure uses a pulse-mode protocol [9] for
the acknowledgment signal.
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Fig. 3. Enhanced voltage level-shifting circuit.
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Fig. 4. Die photo of the asynchronous DVS prototype chip in a TSMC
0.25-g¢em process.

Self-Resetting Pulse Generator: This circuit [9] acts on the
TAKEN signal, converting a0 — 1 — 0 event on TAKEN
into a pulse which constitutes the ACK signal back to the pre-
decessor stage as shown in Fig. 2(a). The pulse triggers the
precharge of the previous stage.

Self-Resetting PC Control: This circuit acts as a “pulse-
catcher” for the ACK signal from the successor stage and is
implemented as shown in Fig. 2(b). Precharging starts once the
ACK pulse is captured and it is deasserted by TAKEN going
to logic one when precharge finishes.

Self-Resetting EVAL Control and Negative Edge Detector:
The EVAL signal is asserted when precharge completes and is
deasserted at the end of evaluation, putting the current stage
in hold. Logically, this function could be implemented using
an inverter. However, slow precharge of the predecessor stage
would lead to false evaluation of old data. To avoid this problem,
the EVAL should be asserted only after the predecessor stage
is precharged, which is accomplished with the more complex
circuit structure of Fig. 2(c).

For correct functionality, the delay blocks in the control spine
must track the worst case delays of the corresponding logic
stages. We achieve this by duplicating the critical path of the
corresponding logic circuit, adding timing margin, and testing
thoroughly after extraction across all process corners. The close
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Fig. 5. Full-supply performance of the datapath adder; the measured local

circuit cycle time is 1.3 ns, which corresponds to approximately eight FO4
delays.

proximity and equivalent layout of the matched delay element
to the corresponding logic minimize the effects of intrachip
process variability and ensures that the matched delay elements
experience similar temperature and power-supply variations.

Static logic can replace levels 2 to n — 1 (as shown in Fig. 1)
for n > 3. However, the last level has to be modified to “clock”
the evaluate foot device by the REQ, signal, rather than
EVAL, so as to maintain the monotonicity of the output signal.
Beginning the pipeline stage with domino logic prevents the
corruption of data when the predecessor is precharged. For
n = 2 pipelines, the first domino level can be eliminated since
the predecessor will not be able to precharge before valid data
is successfully captured in the latch.

The circuit in Fig. 3 is used to provide low-latency voltage
conversion, that is, to convert a digital signal with a logic one
value of V4 to a signal with a logic one value of V. This circuit
differs from the “traditional” level shifting circuit [10] by the ad-
dition of devices M4 and M5 and the associated feedback. These
devices ensure the pFET pull-up networks are transiently dis-
abled when the state of OUT/OUT is changing as a result of
the switching of IN/IN, reducing the latency of the level con-
verter. Low latency voltage conversion is necessary to prevent
the voltage interfaces from becoming a throughput bottleneck.
Furthermore, to ensure the pipeline functions correctly across
voltage domains, certain elements of the controller must always
be run at the full Vpp supply.
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Fig. 6. Datapath functionality with scaling supply. (a) Supply voltage as measured by the on-chip ADC. (b) Picoprobed waveform for one of the PC control

signals of the datapath.

Throughput (7") is defined as the number of data items pro-
cessed by the pipeline per unit time. When there are only a few
data items in the pipeline, the throughput is said to be data-lim-
ited. When the number of data items in the pipeline becomes
too high, the pipeline becomes congested and the throughput is
limited by the rate at which empty stages (or holes) can move
from right to left. These throughput expressions are given by

K

G-K
Taata—limited = 57> Tholelimited =
G,

ot ey
where K is the average number of data tokens in the pipe and
G is the number of pipeline stages. The forward latency % is
defined as the time it takes one data token to move from one
stage to its successor. The reverse latency ¢, is the time it takes
a hole to move from one stage to its predecessor.

When the equations (1) are equal, the throughput is optimal
and we can calculate K ,¢imq and maximum throughput as

2)

Koptimal =

where #.yle is the circuit cycle time.

Dynamic voltage scaling is used to adapt this raw throughput
capability to the sample rate demands of the signal processing
application. More power must be burned to accommodate
high bandwidth (high sample rate) signals but the “intrinsic
bandwidth” of the pipelines (as characterized by cyc1) can be
reduced (saving power) in the case that low-bandwidth (low
sample rate) signals are being processed. Note that the ability
to perform this optimization continuously and without having
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Fig. 7. Performance—power scaling of the asynchronous datapath.

to stop execution is a feature of the asynchronous nature of the
chip and is not easily achieved with synchronous techniques.

IV. RESULTS

Fig. 4 is the die photo of the 9 mm? chip as fabricated in the
TSMC 0.25-pm mixed-signal process. We present measured
results on the full-supply performance of the datapath and
performance-supply scaling. Comprehensive test results for the
on-chip dc—dc conversion system are presented in [8].

In Fig. 5, we show the control signals PC and EVAL and
the handshaking signal ACK of three consecutive pipeline
stages. These signals are directly measured on-chip using
GGB picoprobe Model 34A. Ringing in the signal is actually
due to the relatively long ground wire of the probe. This is
verified by a cleaner signal when the measurement is done
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using signal-ground probe. The signals were captured when
the internal supply voltage was at 2.48 V, showing a cycle time
of 1.3 ns.

Fig. 6 shows the supply voltage measured from the ADC
output and one of the PC signals measured on-chip. The system
is running four instructions, each specifying a different perfor-
mance. The system continues to function during supply-voltage
transitions and the PC signal amplitude and period scale accord-
ingly.!

Fig. 7 shows the power and performance of the processor with
voltage scaling of the datapath. The supply voltage is measured
by the on-chip ADC. At the full supply of 2.48 V, the datapath
adder runs at 1.3 ns (770 MHz) and burns 195 mW. At the supply
of 650 mV, the circuit cycle time is about 21.06 ns (47.5 MHz)
and power consumption is 850 pW.

V. CONCLUSION

We have described the design of a high-performance asyn-
chronous micropipelined datapath that allows “just-in-time”
energy-efficient operation through on-chip dynamic voltage
scaling in a stream-based dataflow architecture. The asyn-
chronous circuits enable this by providing robust interfaces
across voltage domains, performing appropriate voltage level
conversions, and allowing uninterrupted operation during
voltage-scaling transients. We have demonstrated a high-
throughput pipeline architecture in this context that achieves a
circuit cycle time of about eight fanout-of-four delays (FO4),
allowing 1 Gsample/s throughput at 2.5-V supply in a 0.25-pm
CMOS process.

IIn Fig. 6, we have chosen to “reset” the datapath between instructions,
causing the pipeline to stop “ticking” at certain intervals.
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