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ABSTRACT 

System level optimization will be required for the 
implementation of ultra low power portable devices. 
Often, system properties such as data distribution or net- 
work configuration can be exploited to minimize computa- 
tional switching. Embedded power supply systems 
configured in performance feedback also minimize 
energy dissipation under varying temperature, process 
parameters and computational workload. If the power dis- 
sipation of digital processors can be scaled to low enough 
levels, self-powered techniques can be used to achieve 
“infinite” lifetime and low-maintenance wireless operation. 

1. Introduction 
Energy efficient system design requires systematic 

optimization at all levels of design abstraction ranging 
from process technology and logic design to architectures 
and algorithms [I 1. Significant advances have been made 
in reducing the energy consumption of digital processors 
over the past few years [2], and this paper explores some 
of the emerging trends in energy efficient computing. As 
an application driver, we will focus on an ultra low power 
wireless camera (Figure 1). This camera transmits com- 
pressed video data over a wireless link (with a variable 
bandwidth up to 1 Mbps) to a fixed base station. Many of 
the design issues faced in the context of our wireless 
camera are common to those in other wireless applica- 
tions. Total system power (computation and communica- 
tion) averaged over the normal operating conditions of 
the device should be minimized to maximize battery life- 
time. The system should also be designed to service time 
varying data rates and quality of service requirements; 
embedded power supplies, which adapt supply voltages 
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Figure 1. Portable video camera in a networked 
environment 
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on demand, can save significant power in such systems. 

The main application specific issues of our camera 
have to do with the asymmetry between a camera and 
the receiving base-station, which may be communicating 
with several cameras. The base-station is assumed to not 
be battery operated and this creates opportunities to 
design a system with skewed computational burdens, 
favoring the low power cameras. 

2. Network Driven Optimization 

Increasingly, portable devices are being operated 
within a networked environment, which gives them 
access to high powered compute servers through a com- 
bination of wired and wireless channels. This environ- 
ment with distributed resources can be exploited to 
reduce the power dissipation in the portable by transfer- 
ring large amounts of computation typically performed at 
the portable to the high powered servers on the network. 

The camera described in the previous section must 
encode the video stream before it can be transmitted 
across the bandwidth-constrained wireless channel. Most 
video compression algorithms use some form of block- 
based scene motion estimation/compensation to remove 
the temporal correlation inherent in natural video 
sequences. The algorithms vary from low-complexity 
approaches such as conditional replenishment (Le., sim- 
ple frame differencing) to full search approaches. There is 
an inherent trade-off between the amount of computation 
and the rate of compression for conventional video com- 
pression algorithms-- the ones which achieve high rates 
of compression are computationally intense, whereas the 
computationally simple algorithms tend to not produce 
acceptable rates of compression. 

An important observation, that can save significant 
power in the camera, is that the motion of objects is con- 
tinuous from one frame to the next in natural sequences. 
Thus, knowing the location of an object in a few previous 
frames, it is possible to predict its location in the current 
frame (i.e., it is possible to predict the motion vectors of 
the current frame based on the motion vectors of the pre- 
vious frames). It therefore is possible to remove the 
motion estimation computation from the portable encoder 
and perform it at the receiving base-station (or at another 
server on the network). Since the base-station only has 
access to the previous reconstructed frames, it must per- 
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Figure 2. Network Driven Motion Estimation 

form motion estimation on these previous frames and 
predict the motion vectors of the current frame from these 
motion vectors of the previous reconstructed frames. 
These predicted motion vectors are transmitted through a 
Iow-bandwidth reverse wireless link to the encoder, where 
the remainder of the compression algorithm is performed. 
This algorithm, shown in the flow graph in Figure 2, is 
called network-driven motion estimation and illustrates 
tlie effective reworking of a conventional video compres- 
sion algorithm so that the computationally demanding 
tiask of motion estimation can be performed at a high 
plowered network server [3]. 

A video compression system which employs net- 
work-driven motion estimation performs nearly as well as 
one which performs the motion estimation computations 
alt the encoder using full search computation. This is illus- 
trated in Figure 3, which shows the number of bits 
required to code each frame of a video sequence using 
encoder-based motion estimation, conditional replenish- 
ment, and network-driven motion estimation. Network- 
driven motion estimation compresses the images much 
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Figure 3. Bit rates for different video algorithms 

more than conditional replenishment, while using the 
same amount of encoder power. Alternatively, network- 
driven motion estimation1 achieves nearly the same com- 
pression rates as encoder-based motion estimation while 
using over two orders of magnitude less computation at 
the encoder. 

3. Energy Scalable Computing 

In many applications, such as the wireless camera, it 
is desirable to design digital processors that allow a 
trade-off between the quality of service (QoS) provided 
and the energy consurned to process a sample. This 
allows the user to evaluate the application’s requirements 
and set the desired quadity while minimizing the energy 
consumption. We have developed an energy scalable 
encryption processor where the level of security (i.e., 
quality) and energy consumed to encrypt a bit can be 
traded-off dynamically based on demand. Since transmit- 
ted data streams can often be partitioned into different 
priority levels, an energy scalable processor ensures that 
important information is adequately protected, while sac- 
rificing some security for low priority data in order to 
reduce the total system (energy. 

The energy scalablle encryption processor in this 
work is based on a variable-width quadratic residue gen- 
erator (QRG). The QRG is a cryptographically-secure 
pseudo-random bit generator that is based upon the work 
in [4]. The QRG operatcs by performing repeated modu- 
lar squarings. The modlular squaring is performed using 
an algorithm based on Takagi’s iterated radix-4 algorithm 
[5] which requires (log:? Q)/2 iterations to compute the 
result P = X. Y mod Q. The least significant log210g2 Q bits 
of each result can be extracted and used as a strong 
reproducible pseudo-random source for applications such 
as a stream cipher or key generator. 

Figure 4. Energy scalable encryption processor 
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Energy scalable computing requires dynamically 
reconfigurable architectures that allow the energy con- 
sumption per input sample to be varied with respect to 
quality. In the case of the QRG the quality scales sub- 
exponentially with the modulus length, while the energy 
consumption scales polynomially. A fully scalable QRG 
architecture was developed where the width ( w  = log2 Q) 
can be reconfigured on the fly to range from 64 to 512 bits 
in 64 bit increments (Figure 4) [6]. The design makes 
extensive use of clock gating to disable unused portions 
of the QRG. Hence the switched capacitance of the QRG 
is minimized and energy scalability is achieved. 

Further energy/security scalability can be achieved 
through the use of an adaptive supply [7]. Rather than 
designing a system with a static supply to meet a specific 
timing constraint under worst case conditions (i.e., estab- 
lishing the feedback around the power converter to fix the 
output voltage), it is more energy efficient to allow the 
voltage to vary such that the timing constraints are just 
met at any given temperature and operating conditions; 
this is accomplished by establishing the feedback around 
a fixed processing rate or delay. In this example, when 
operating at a reduced width, the number of cycles 
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Figure 5. Power dissipation for fixed and variable supply 

Figure 6. Encryption processor with embedded supply 

required per multiplication is reduced and therefore the 
supply voltage can be reduced for a given throughput. 
The supply is varied using an embedded custom DC/DC 
converter. The use of an adaptive supply enables us to 
substantially reduce the energy consumption as the multi- 
plier width is varied (Figure 5). Figure 6 shows a die 
photo of the scalable encryption processor with embed- 
ded power supply. 

4. Self-powered Computing 

Based on continued advances in power management 
techniques, it is projected that the power consumption of 
future low to medium throughput DSPs will be scaled to 
10's to 100's of pW. At these low power levels, an inter- 
esting question arises: can we use ambient energy 
sources to power electronic systems? Ambient energy is 
energy that is in the environment of the system and is not 
stored explicitly, for example in a battery. The sources of 
ambient energy available to the system depend on the 
application. This includes solar power (e.g., used in elec- 
tronic calculators), electromagnetic fields (used in RF 
powered ID tags, inductively powered smart cards, or 
noninvasive pacemaker battery recharging), thermal gra- 
dients, fluid flow, and mechanical vibration. 

Figure 7 is a detailed block diagram of our self-pow- 
ered system [8]. This approach involves transduction of 
mechanical vibration to electrical energy. A moving coil 
generator is used which consists of a mass attached to a 
spring, which is attached to a rigid housing. The genera- 
tor and rectifier subsystem is shown at the top. Trans- 
former X1 (with a 1 : l O  turns ratio) converts the output 
voltage of the generator Vgen to a higher voltage that can 
be rectified by the half-wave rectifier formed by diode D1 
and capacitor C1. Note that with proper electromechani- 
cal design, the transformer can be eliminated. Voltage Vi, 
is the time-varying input voltage to the regulator. 

Critical Path 

Figure 7. Vibration based self-powered system 
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The regulator consists of five main subsystems: a 
K O ,  frequency comparator, pulse-width modulated 
(IPWM) waveform generator, bootstrap detection circuit, 
and a Buck converter. An external input provides the per- 
formance constraint: the rate at which the load circuit 
niiust produce results. The load circuit in this case is an 8 
bit FIR filter. The DSP rate command is delivered in the 
form of a clock, f,f, the rate at which new input samples 
aire fed to the DSP. Its period therefore corresponds to the 
total delay between valid output samples of the DSP. To 
alchieve the lowest possible power consumption, the con- 
verter downconverts Vi, to the lowest voltage at which the 
CSP can run and still produce correct results at the rate 
set by fief. 

The overall control scheme is similar to a PLL. The 
rate fief is compared to the output of a voltage-controlled 
cascillator, f,,,. The VCO is a ring oscillator consisting of 
tlhe DSP critical path padded with a few inverters. It is 
powered from the regulated output voltage Vout Thus it is 
ai. replica of the circuit whose power supply is being con- 
tirolled with some delay margin to account for processing 
nnismatches. The controller adjusts Vout until the period of 
f!,,,, is short enough to satisfy the performance demand 
but not so short as to waste power. 

An important difference between the self-powered 
system and a battery-powered system is that the former 
rlequires a backup power source. This is necessary since 
art startup the voltage regulator must derive its power from 
some source and the generator output is too uncontrolled 
to be used. The source could be a very small battery or a 
previously charged large capacitor, but it need not pro- 
vide much energy since it is only used during the startup 
transient of the system. The bootstrap detect block 
switches the controller to V,,, when the output voltage is 
deemed stable. 

A prototype regulator and low-power DSP load have 
been fabricated and tested with this generator. One exci- 
tation of the generator produces 23ms of DSP operations, 
c,orresponding to 2,340 free operations. The clock rate is 
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adjustable from 5 0 0 k H ~  to 1 MHz for the supply voltage 
varying from 0.9V to 1.1'V. Figure 8 shows the closed loop 
regulation of the generator output. 

5. Conclusion 
Extremely low power operation can be achieved for 

digital circuits by aggressively reducing the supply volt- 
age. To maximize energy savings, power supply circuits 
should be designed to meet a fixed processor perfor- 
mance and m a fixed voltage specification. If the power 
dissipation of digital processors can be scaled to a low 
enough level, the concept of embedded power supplies 
can be extended to self-powered systems. Design of effi- 
cient generators and regulators can enable low-mainte- 
nance wireless operation. Minimizing computational 
switching is another approach to reduce power and tech- 
niques exist to accomplish this at many levels of design 
abstraction. At a system level, networking can be 
exploited to save power by optimum partitioning of the 
computation. These emerging techniques can save 
orders of magnitude of power dissipation. 
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