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1. Introduction

The prevalent use of portable devices such as cellular phones, pagers, and handheld personal

digital assistants has transformed power into a critical design parameter in microprocessor design. In

the past, power used to be an after-design consideration as designers spend most of their efforts in

creating small high-speed circuits that can meet the required specifications. Today for many portable

devices, power dissipation has become the limiting factor in going towards higher speed and more

functionalities.

A significant portion of mobile electronic devices make use of digital signal processing

algorithms which can be more efficiently implemented using Digital Signal Processors (DSPs). Most

commercial DSPs currently in use only support fixed-point implementation. But certain signal pro-

cessing applications such as voice and image recognition programs are much easier to develop using

FP representation due to FP’s support for wider dynamic range. Thus we expect more and more

embedded processors will include a floating-point unit on-chip.

Previous low-power studies [Nagamatsu95] [Wailee97] have shown that datapath elements

constitute a large amount of power dissipation in DSPs, from 39% to 50% of the total power. With

the added complexity, the floating-point (FP) unit datapath consumes even more power than its inte-

ger counterpart. Therefore, reducing power dissipation in the FP datapath is going to be a major

challenge in designing low-power portable microprocessors.

There have been numerous low-power circuit techniques proposed in the literature and many

have shown to be very effective in minimizing the power consumption of datapath elements. Never-

theless, there is a limit in most of these techniques and some of them such as the scaling of supply

voltages may soon reach a stage of diminishing returns.

In this work, we investigate different ways of minimizing FP power dissipation by consider-

ing the rcprcscntation of FP numbers. In particular, we study the relationship between the accuracy

of FP programs and the number of bits in the representation of their data. Our results show that many
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programs, particularly those dealing with human sensory data, suffer no loss of accuracy with

reduced bitwidth in the mantissa. This gives us various ways of exploiting this reduced bitwidth

requirement to minimize power dissipation in the FP unit. The basic idea here is to reduce waste, in

this case unneeded number of bits in the FP representation.

In most cases, the FP unit consumes significantly more power than the integer unit. How-

ever, with reduced data bitwidth, we found that some speech recognition program and image pro-

cessing program could actually use less power using FP representation. For example, the speech

recognition program Sphinx requires only 5 bits of mantissa and 6 bits of exponents to maintain 90%

of recognition accuracy. For example, according to [Meier96], the average energy per multiplication

for a 32-bit Wallace Tree multiplier in a 0.Su CMOS process is 650pJ while that for an 8-bit Wallace

Tree multiplier is 50pJ. Our results show that a reduced bitwidth FP multiplier consumes around 270

pJ per multiplication, 50% less than that of a 32-bit integer multiplier!

The next section provides some background on FP representation while section 3 shows the

power dissipation in different blocks of a FP multiplier so we can gauge the effectiveness of our

power minimizing techniques. In section 4, the different dimensions of the FP representation that we

can explore for power reduction is reviewed. Then in section 5, the technique of exploiting narrow

width operands is reviewed and the potential power reduction due to narrow width operands in

SPECfp95 is shown. Section 6 describes a more aggressive power reduction technique in which

extra bits in the input operands are dropped based on accuracy analysis of the applications, Section 7

gives information on related works to this research and section 8 concludes the materials presented

in this paper. Lastly, the appendix gives a brief introduction to digit-serial computation which can be

used to exploit the reduced bitwidth requirement of programs.
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2. Background

2.1. Floating-Point Representation vs. Fixed-Point Representation

FP representation is by far the most widely used representation for real numbers. FP num-

bers provide a wide, dynamic range of representable real numbers, freeing programmers from the

manual scaling code necessary to support fixed-point operations. For instance, an 1EEE single preci-

sion number and an integer on a 32-bit machine both require 32 bits of storage for their representa-

tion. However, the dynamic range provided by the FP representation (- 1.99999988 x 2127 to

1.99999988 x 2127) is substantially wider than that provided by the integer representation ( -231+1 

231).

On the other hand, FP hardware is very power hungry. In addition to performing the basic

addition and multiplication operations as in the integer unit, the FP unit must process the exponents

of the input operands as well as provide rounding to the final result. For example, FP multipliers are

some of the most expensive components in a processor’s power budget. This has limited the use of

FP in embedded systems, with many low-power processors not including any floating point hard-

ware.

For an increasing number of embedded applications such as voice recognition, vision/image

processing, and other signal-processing applications, FP’s simplified programming model (vs. fixed-

point systems) and large dynamic range makes FP hardware a useful feature for many types of

embedded systems. Further, many applications achieve a high-degree of accuracy with fairly low-

resolution sensory data. Leveraging these characteristics by allowing software to use the minimal

number of mantissa and exponent bits, standard FP hardware can be modified to significantly reduce

its power consumption while maintaining a program’s overall accuracy.
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2.2. The IEEE 754 Standard

There are two different IEEE standards for FP computation. IEEE 754 is a binary standard

that requires the radix(base) to be 2. IEEE 854 allows either radix 2 or radix 10 representation. 

far, IEEE 754 is more popular and most desktop microprocessors support the IEEE 754 standard.

One of the main concerns of the IEEE 754 Floating Point Standard [IEEE754] is the accu-

racy of arithmetic operations. IEEE-754 specifies that any single precision floating point number be

represented using 1 sign bit, 8 bits of exponents and 23 bits of mantissa. With double precision, the

bitwidth requirements of exponents and mantissa go up to 11 bits and 53 bits respectively. An IEEE

single precision number is represented in Figure 1.

31 30 23 22 0

exponent

FP value = (-1)s x 2exp°nent X 1 .mantissa

mantissa

Figure 1: Representation of single precision IEEE number

In addition to specifying the bitwidth requirement for floating point numbers, IEEE-754

incorporates several additional features, including delicate rounding modes and support for gradual

underflow to preserve the maximal accuracy of programs. The implementation of an IEEE compliant

floating point unit is not always easy. In addition to the design complexity and the large area it occu-

pies, a floating point unit is also a major consumer of power in microprocessors. Many embedded

microprocessors such as the StrongARM [Dobberpuh196] and MCore200 [MPR97] do not include a

floating point unit due to its heavy implementation cost.
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3. Power Consumption of Single Precision Floating-Point Multiplier

To attack the power problem of the FP unit, we first need a good estimate of the power dissi-

pation in different blocks of the unit. Since multiplication is one of the most frequent operations in

signal processing applications and the multiplier is by far the most power hungry unit, we will look

at the power dissipation of a single precision 1~ multiplier in this section. In subsequent sections, we

will use the FP multiplier as an illustration of the power reduction techniques, but the techniques

apply to other blocks of the FP unit as well.

The FP multiplier (Figure 2). can be divided into three major functional blocks: (1) the 

8/.._
Exp a /

Exp b 8 / =
/

s=gn b sign

Wallace
Tree
Multiplier

.Rounder.24

Exponet
Adder/
Subtracter

Normali-
¯ zation
Unit

8-bit
Adder

Figure 2: Block Diagram of Single Precision FP Multiplier

tissa multiplier, (2) the exponent unit, and (3) the rounding unit (including normalization). Figure 

which is based on [Santoro91], shows one possible mantissa dataflow of FP multiplier, The top sec-

tion (Multiply) accepts two normalized mantissas and use some type of reduction structure which

produces the product in carry save form (two 2n bit numbers). These two numbers are then added 

the CPA add section to produce a complete 2n bit product. If the resulting product is in the range 2

<= product < 4 (overflow), the constant (-n+l) i s added to the product and the result i s t runcated to
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Figure 3: Mantissa Data Flow of FP Multiplier

n-2 bits to the right of the decimal point. A normalization shift (Normal) of 1 to the right is then nec-

essary to restore the rounded product to the range 1 <= rounded product < 2, with an appropriate

adjustment of the exponent. If the original 2n bit product is in the range 1 <= product < 2 (no over-

flow), then the constant (-n) i s added. Further, i f t he addition of 2(-n) causes the rounded product to

be equal to 2, then a normalization shift of 1 and an exponent adjustment is necessary.

To estimate the power consumed in each of the three blocks, we synthesized a behavioral

model of a FP multiplier using a standard ASIC design flow and then performed power simulation

using a transistor-level simulator. Even though most FP units in desktop workstation are custom

designed, our design provides a reasonable estimate of the power dissipations of different blocks

inside a FP multiplier.

The behavioral model of the FP multiplier is written in Verilog and is based on the design of

Aurora III developed in University of Michigan. The model is synthesized using Synopsys’ Design

Compiler and Foundation Library. Then the synthesized netlist is fed into Duet’s physical design tool

Epoch to generate the physical design in a 0.5u CMOS process. A ~PICE netlist with all the capaci-
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tance information back-annotated is dumped from Epoch and is then used by PowerMill to perform

power simulation. One hundred random vectors are used to generate the power estimates.

Table 1 summarizes the average power consumption of the FP multiplier. The mantissa mul-

Table 1: Power Consumption of Single Precision FP Multiplier

tiplier consumes two-third of the power dissipation, followed by the rounding unit which accounts

for more than a quarter of the power dissipation. Note that the power dissipation varies for different

data sets. Nevertheless, the mantissa multiplier always consume more power than the other two

blocks. Obviously, reducing power dissipation in these two units should be our first priority. In the

following sections, we examine different power reduction techniques specifically targeted at these

two functional blocks.
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4. Attacking Floating-Point Power Dissipation at a System Level

Considering the IEEE representation of FP numbers as described in Figure 1, there are four

dimensions that we can explore (Table 2). Each of these dimensions allow us to make trade-off

between program accuracy and the power consumption of the FP unit.

Table 2: Design Dimension for FP Representation

4.1. Change of bnplied Radix

As shown in Figure 1, the implied radix of the IEEE 754 standard is 2. Nevertheless, a dif-

ferent implied radix, usually a higher radix which is a power of 2, can be used. Historically, the IBM

360 mainframes used a radix of 16 to reduce the complexity of shift logic.

From a power perspective, a higher radix means less types of shifts and potentially less num-

ber of normalizations shifts. There are basically two types of shift operations in FP operations: nor-

malization shifts and pre-alignment shifts. Normalization shifts are needed after any arithmetic

operations to make sure that the final representation is canonical. Pre-alignment shifts are needed

only in FP additions and subtractions to ensure the two operands have the same exponent. Other

researchers [Pillai97] have extensively evaluated the best shifter configuration for doin~ pre-ali~n-

merit shifts.
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