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DESIGN TECHNOLOGIES FOR LOW-POWER VLSI

MOTIVATION

In the past, the major concerns of the very-large-scale integration (VLSI) designer

were area, performance, cost, and reliability; power consideration was mostly of

only secOndary importance. In recent years, however, this has begun to change and,

increasingly, power is being given comparable weight to area and speed considera-

tions. Several factors have contributed to this trend. Perhaps the primary driving

factor has been the remarkable success and growth of the class of personal comput-

ing devices (portable desktops, audio- and video-based multimedia products) and

wireless communications systems (personal digital assistants and personal commu-

nicators) which demand high-speed computation and complex functionality with

low-power consumption.

In these applications, average power consumptiOn is a critical design concern.

The projected power budget for a battery-powered, A4 format, portable multimedia

terminal, when implemented using off-the-shelf components not optimized for low-
power operation, is about 40 W. With advanced nickel—metal—hydride (secondary)

battery technologies offering around 65 W hr/kg (1 ), this terminal would require an

unacceptable 6 kg of batteries for 10 hr of Operation between recharges. Even with

new battery technologies such as rechargeable lithium ion or lithium polymer cells,

it is anticipated that the expected battery lifetime will increase to about 90-110 W

hr/kg over the next 5 years (1) which still leads to an unacceptable 3.6—4.4 kg of

battery cells. In the absence of low—power design techniques, current and future

portable devices will suffer from either very short battery life or very heavy battery

pack.

There also exists stroag pressure for producers of high-end products to reduce

their power cansumption. Contemporary performance optimized microprocessors

dissipate as much as 15—30 W at 100—200 MHz clock rates (2)! In the future, it can

be extrapolated that a 10-Cm2 microprocessor, clocked at 500 MHz (which is a not

too aggressive estimate for the next decade) would consume about 300 W. The cost

associated with packaging and cooling such devices is prohibitive. Because core

power consumption must be dissipated through the packaging, increasingly expen-

sive packaging and cooling strategies are required as chip power consumption in-

creases. Consequently, there is a clear financial advantage to reducing the power

consumed in high-performance systems.

In addition to cost, there is the issue of reliability. High-power systems often

run hot, and high temperature tends to exacerbate several silicon failure mecha-

nisms. Every 10°C increase in operating temperature roughly doubles a compo-

nent’s failure rate (3). In this context, peak power (maximum possible power dissi-

pation) is a critical design factor, as it determines the thermal and electrical limits of
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designs; impacts the system cost, size and weight, dictates specific battery type,

component and system packaging, and heat sinks, and aggravates the resistive and

inductive voltage-drop problems. It is therefore essential to have the peak power
under control.

Another crucial driving factor is that excessive power consumption is becom-

ing the limiting factor in integrating more transistors on a single chip or on a

multiple—chip module. Unless power consumption is dramatically reduced, the re—

sulting heat will limit the feasible packing and performance of VLSI circuits and
systems.

From the environmental viewpoint, the smaller the power dissipation of elec-

tronic systems, the lower the heat pumped into the rooms, the lower the electricity

consumed and, hence, the lower the impact on global environment, the less the

office noise (e.g., due to elimination of a fan from the desktop), and the less

stringent the environment/office power delivery or heat-removal requirements.

The motivations for reducing power consumption differ from application to

application. In the class of micropowered battery-operated, portable applications,

such as cellular phones and personal digital assistants, the goal is to keep the battery

lifetime and weight reasonable and the packaging cost low. Power levels below 1—2

W, for instance, enable the use of inexpensive plastic packages. For highwperform—

ance, portable computers, such as laptop and notebook computers, the goal is to

reduce the power dissipation of the electronics portion of the system to a point

which is about half of the total power dissipation (including that of display and

hard disk). Finally, for high-performance, nonbattery operated systems, such as

workstations, desk-top computers, and multimedia digital signal processors, the

overall goal of power minimization is to reduce system cost (cooling, packaging,

and energy bill) while ensuring long-term device reliability. These different require—

ments impact how power optimization is addressed and how much the designer is

willing to sacrifice in cost or performance to obtain lower power dissipation.

The next question is to determine the objective function to minimize during

low-power design. The answer varies from one application domain to the next. If

extending the battery life is the only concern, then the energy (i.e., the power-delay

product) should be minimized. In this case, the battery consumption is minimized

even though an operation may take a very long time. On the other hand, if both the

battery life and the circuit delay are important, then the energy-delay product must

be minimized (4). In this case, one can alternatively minimize the energy/delay ratio

(i.e., the power) subject to a delay constraint. In most design scenarios, the circuit

delay is set based on system-level considerations, and hence during circuit optimiza-

tion, one minimizes power under user~specified timing constraints.

SOURCES OF POWER DISSIPATION

Power dissipation in Complementary Metal—Oxide-Silicon (CMOS) circuits is

caused by three sources: (1) The leakage current which is primarily determined by

the fabrication technology, consists of reverse bias current in the parasitic diodes

formed between source and drain diffusions and the bulk region in a MOS transistor

as well as the subthreshold current that arises from the inversion charge that exists

at the gate voltages below the threshold voltage; (2) the short-circuit (rush-through)
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current which is due to the DC path between the supply rails during output transi-

tions; and (3) the charging and discharging of capacitive loads during logic changes.
The diode leakage occurs when a transistor is turned off and another active

transistor charges up or down the drain with respect to the first transistor’s bulk

potential. The resulting current is proportional to the area of the drain diffusion

and the leakage currentdensity. The diode leakage is typically 1 pA for a Lam

minimum feature size. The subthreshold leakage current for long-channel devices

increases-linearly with the ratio of the channel width over channel length and de-

creases exponentially with VGS-Vn where VGs is the gate bias and V, is the threshold

voltage. Several hundred millivolts of “off bias” (say, 300—400 mV) typically reduces

the subthreshold current to negligible values. With reduced power supply and device

threshold voltages, the subthreshold current will, however, become more pro-

nounced. In addition, at short channel lengths, the subthreshold current also be-

comes exponentially dependent on drain voltage VD, instead of being independent

of V055 (see Ref. 5 for a recent analysis). The subthreshold current will remain 103—
105 times smaller than the “on current,” even at submicron device sizes.

The short-circuit (crowbar current) power consumption for an inverter gate is

proportional to the gain of the inverter, the cubic power of supply voltage minus

device threshold, the input rise/fall time, and the operating frequency (6). The

maximum short-circuit current flows when there is no load; this current decreases

with the load. If gate sizes are selected so that the input and output rise/fall times

are about equal, the short—circuit power consumption will be less than 15% of the

dynamic power consumption. If, however, the design for high performance is taken

to the extreme where large gates are used to drive relatively small loads, then there

will be a stiff penalty in terms of short-circuit power consumption.

The short-circuit and leakage currents in CMOS circuits can be made small

with proper circuit and device design techniques. The dominant source of power

dissipation is thus the charging and discharging of the node capacitances (also

referred to as the dynamic power dissipation) and is given by

P = 0.5CVfidE(sW)flm [1]

where C is the physical capacitance of the circuit, Vdd is the supply voltage, E(sw)

(referred as the switching activity) is the average number of transitions in the circuit

per l/fclk time, and f,“{ is the clock frequency.

LOW-POWER DESIGN SPACE

The previous section revealed the three degrees of freedom inherent in the low-

power design space: voltage, physical capacitance, and data activity. Optimizing for

power entails an attempt to reduce one or more of these factors. This section briefly

discusses each of these factors, describing their relative importance, as well as the

interactions that complicate the power optimization process.

Voltage

Because of its quadratic relationship to power, voltage reduction offers the most
effective means of minimizing power consumption. Without requiring any special

circuits or technologies, a factor of 2 reduction in supply voltage yields a factor of 4
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