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CHAPTER 1

INTRODUCTION

1.1 Motivation

Low-power design of digital signal processing (DSP) systems 1s critical in supporting
next generation wireless applications. Energy efficient implement@tion of VLSI systems is
also important to reduce packaging costs, improve reliability, and iincrease operational life
of the circuits. The three components of power consumption in d;gital VLSI circuits are
dynamic power dissipation, short circuit power dissipation, and 1eékage power dissipation.
The dynamic component is the dominant source of power dissipation and depends on the

circuit parameters as follows [1]:
P =tCLVafs, | (1.1)

where ¢ is the transition activity, Cy, is effective load capacitance, V4, is the operating
supply voltage, and f; is the clock frequency.

Since the dynamic power dissipation depends on the square of the supply voltage, ag-
gressive scaling of supply voltage has been widely used to reduce ﬁhe power consumption

in VLSI circuits. However, scaling of the supply voltage Vi incteases the circuit delay



T4 as shown below:

CrVaa
B(Vag — Vo)’

Td = (12)

where o is the velocity saturation index, § is the gate transconductance, and V; is the
device threshold voltage. The increased circuit delay results in loss of system throughput.
Hence, power reduction in conventional voltage-scaled systems is limited by a minimum

supply voltage Vyq—criz at which the throughput requirements of the system are just met.

1.2 Algorithmic Noise Tolerance

Recently, voltage overscaling (VOS) [2] in combination with algorithmic noise-tolerance
(ANT) has been proposed as a means of achieving significant power savings over and be-
yond that achievable by voltage scaling alone. VOS refers to the scaling of supply voltage

beyond Vg4, without sacrificing the throughput, i.e.,

V;id - KvosV;id—crita 0 < Kvos < 17 (13)

where K,,, is ’ghe VOS factor. VOS makes the critical path delay Ty > T, where T
is the clock period. This results in input-dependent (hence intermittent or soft) errors
whenever paths with delays greater than T are excited, leading to a severe signal-to-noise
ratio (SNR) loss.

Energy-efficient means of compensating for these soft errors is achieved via ANT [2],

[3]. The ANT technique uses an error control block that mitigates the effect of soft errors
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Figure 1.1 A soft DSP with a generic algorithmic noise tolerance (ANT) scheme.

occurring at the output of a DSP block with VOS. Figure 1.1 shows a soft DSP system

using a generic ANT scheme. In prediction based ANT schemes [2], a linear predictor is
used as the error control block to restore the SNR in a narrowbénd frequency-selective
filter. The adaptive error-cancellation [3] based ANT scheme m(;dels the error using an
adaptive filter and cancels the estimated error from the output o% main DSP.

The prediction and adaptive error cancellation based techﬁiques are suitable for
frequencyv-selective filtering. In this thesis, we employ a novef ANT scheme referred
to as reducrd precision redundancy (RPR) to significantly reducé the power dissipation
in the butterthv functional unit of a fast Fourier transform (FFT) Processor.

As supplt voltage 1y, approaches the threshold voltage V}in future technologies,
voltage scalne and. in particular, VOS, may not remain a viable means of power reduction
due to the resulting severe delay penalty. However, the soft errofs also occur if the clock
frequency is increased beyond a critical frequency fe-s; (frequency bverscaling). Therefore,
ANT schemes can be used in the design of high-speed DSP systerﬁs with marginal penalty
in power. Further, ANT schemes can be used to mitigate the effects of deep submicron

noise and process variations [2] resulting in robust DSP systems{



1.3 Arithmetic Units

Power consumption in a given DSP datapath is determined by the power dissipated
in the arithmetic units present in the datapath. Therefore, minimizing the power con-
sumption of arithmetic units is of great importance. Since performance is often limited
by arithmetic units’ speed, it is also important to maximize speed. Frequently, the com-
promise between these conflicting demands of low power dissipation and high speed can
be accomplished by selecting the arithmetic unit that has the minimum power-delay
product.

Extensive studies have been done to compare a variety of adders [4] and multipliers
[5] based on their power-delay product. However, it was shown in [2] that the frequency
of soft errors due to voltage overscaling mainly depends on the path delay distribution of
the arithmetic units. Specifically, it was shown that delay imbalance in arithmetic units
increases the achievable power savings. Therefore, to select a suitable arithmetic unit for
a soft DSP system, we not only need to consider the power-delay product but also study
the delay imbalance of the arithmetic unit. In this thesis, we study the delay imbalance

»

of various adders and multipliers and determine the soft DSP friendly architectures.

1.4 Thesis Organization

The rest of this thesis is organized as follows. In Chapter 2, we introduce the novel
reduced precision redundancy (RPR) technique for mitigating the degradation in SNR

due to VOS. An FFT multiplier architecture that employs the proposed RPR scheme



is presented. Extensive simulation results show the achievable p}ower savings using the
proposed scheme. |

In Chapter 3, we show how delay imbalance helps voltage éverscaling. We study
the delay imbalance present in a variety of adders and multipliers and show that the
arithmetic units with higher delay imbalance perform better with VOS. We use the result
of the comparison to further improve the power savings achieved 1n the FFT architecture
with the RPR scheme. |

In Chapter 4, we present the conclusions and outline possible future work.



CHAPTER 2

LOW-POWER FFT

A low-power implementation of the fast Fourier transform (FFT) is critical in sup-
porting next generation wireless LAN and wireless access systems. These systems are
based upon orthogonal frequency division multiplexing (OFDM) [6], [7] requiring FFT
processors in the transceivers. In the past, aggressive scaling of the supply voltage has
been employed to reduce the power consumption in FFT processors [7], [8] so as to meet
the stringent power budget of such systems. However, as described in Chapter 1, scaling
of the supply voltage V4 increases the circuit delay 7,4, resulting in processor throughput
loss. Hence, we apply VOS to achieve power savings over and beyond that achievable by
voltage scaling alone.

In this chapter, we introduce a novel ANT scheme referred to as reduced precision
redundancy (RPR) [9], [10] to restore the performance degradation at the output of
the FFT proce;ssor due to VOS. We present the proposed technique in Section 2.1. We
describe the architecture of a typical FFT processor in Section 2.2 and identify multipliers
as the major sources of power consumption in an FFT butterfly. In Section 2.3, we
describe how RPR can be applied to FFT multipliers. Simulation results are presented

in Section 2.4 and conclusions are in Section 2.5.
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Figure 2.1 Overview of the proposed algorithmic noise tolerance (ANT) scheme using re-
duced precision redundancy. f

2.1 Reduced Precision Redundancy

In this section. we describe the reduced precision redundancy (RPR) based ANT

scheme. The proposed soft DSP system is shown in Figure 2.1, where a reduced precision

replica operates in parallel with the main system with VOS in order to detect and correct
errors. We first describe the error characteristics of the output of the main system due

to VOS and then present the proposed scheme.

2.1.1 VOS error characteristics

Voltage overscaling introduces input-dependent soft errors whenever a path with delay
greater than the clock period Ty is excited. Since most of the arithmetic units employed
in DSP systems are based on least significant bit (LSB) first computation, soft errors

appear first in the most significant bits (MSBs), resulting in errors of large magnitude.



These errors, though they degrade the performance severely, are desirable as they are

easier to detect if the correct MSB information is known.

2.1.2 Reduced precision system

The reduced precision system is a replica of the main system but with reduced preci-
sion operands. For a given set of inputs X, the output of reduced precision system Y, is
generally not equal to the correct output ¥ (the output when the main system operates
with Vyg = Vgg_crir) due to truncation. However, since VOS causes large errors, we can
employ Y, to detect errors in Y,. For example, an error in Y, is said to have occurred if
the difference |Y, — Y;| is greater than a threshold Th. In the event an error is detected,
the output of the reduced precision system is declared as the actual output.

. Y, #[¥-Y|<Th
Y = (2.1)
Y, if|Y,—-Y.|>Th.
To ensure that ¥ =Y, when Y, =Y, i.e., the output of the main system is chosen as the

final output when there is no soft error, Th is chosen as
Th=max|Y - Y,|. (2.2)
allX

The analysis above assumes that the reduced precision system does not suffer from
soft errors. This assumption is valid as long as the critical path delay of the reduced

precision system is smaller than the clock period T,. This is guaranteed if the delays



of adders and multipliers decrease linearly with decrease in pre¢ision, which is indeed
the case for array architectures. For example, if the precision is ilalved in the standard
0.25-um CMOS technology, then using a velocity saturation indéx of = 1.2 in (1.2),
we see that the supply voltage can be reduced up to Kys = 0.44 before the critical path
of the reduced precision system is violated. Further, to achieve the goal of reducing the
power and maintaining the SNR, the reduced precision system should consume minimal
power. Therefore, for a given value of K,,s, we choose the smallesti precision that achieves
the specified SNR. ’

Note that precision reduction has been employed to reduce }éower [11], [12] in DSP
systems before. In these systems, power is traded off with SN R Our technique differs

from those in [11], [12] in that the SNR of the original system is maintained.

2.2 FFT Algorithm and Architecture f

We consider an FFT processor that implements a radix-2 de¢imation—in—time (DIT)
algorithm. The processor’s datapath computes one complex radix—Z DIT butterfly per
cycle [8]. The DIT butterfly calculates two outputs, ¥; = Xl-}-WXz and Y, = X, - WX,
from two inputs X; and X5, and a twiddle factor W as shown 1n Figure 2.2, where sub-
scripts 7 and ¢ stand for real and imaginary components, respecti%vely. It is assumed that
appropriate pipelining has been employed to route data betwee;n the memory and the
functional units in order to maximize throughput. A VLSI implerhentation of such a pro-

cessor [8] shows that, apart from the main memory, multipliers are the largest functional



Figure 2.2 Decimation-in-time butterfly.

units. Therefore, we employ VOS in the multipliers while exploiting the algorithmic
properties of an FFT computation to correct the errors.

In this paper, we consider a 64-point FFT processor with 16-bit precision operating on
10-bit fixed-point complex inputs. These parameters are typical for an FFT in a wireless
local area network (WLAN) orthogonal frequency division multiplexing (OFDM) modem
[6]. Four Baugh-Wooley multipliers along with two adders multiply W and X,. Then,
four adders generate Y7 and Y;. Since, the fixed-point data format requires the eventual
truncation of butterfly outputs when writing the outputs back to memory, it was shown
in [8] that calculating all 32 bits of the multiplier output is unnecessary. Therefore, only
the partial products needed to compute 20 MSBs are calculated to reduce area and power

consumption.

10
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Figure 2.3 Path delay distribution of an 8 x 8 Baugh-Wooley multiplier.

2.3 Multiplier with Reduced Precision Redundancy

2.3.1 The FFT multiplier

It wa~ shown n [2] that the frequency of errors in a voltage ovérscaled system depends
upon A',.. and on the path delay distribution of the arithmetié units. The path delay
histogram for all possible input combinations of an 8 x 8 Bauégh—Wooley multiplier is
shown in Figure 2.3. It is seen that about 14% of the input combinations excite paths
with delavs greater than 75% of the critical path delay. Theref;)re, VOS can introduce
severe SN R degradation that may not be efficiently compensatedg for by ANT techniques.

The multiplier used in an FF'T processor is more amenable to i/oltage overscaling than

a general purpose array multiplier due to the fact that in FFTsf the real and imaginary

11
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Figure 2.4 Multiplier with reduced precision redundancy.

parts of the twiddle factor take only N/2 + 1 distinct values where N is the length of
FFT. For example, in a 16-point FFT with 8-bit precision, the twiddle factor components
take only 16/2 + 1 = 9 distinct values of the possible 28 = 256 values. Figure 2.3 also
shows the path delay histogram of the multiplier with one operand taking only the nine
possible twiddle factor values. It is easily observed that there is a significant reduction
in the percentage of longer paths. In particular, now only 8% of the input combinations

excite paths with delays longer than 75% of the critical path delay.

2.3.2 Reduced precision multiplier

In order to compensate for the loss in SNR in a voltage overscaled n x n multiplier,
we introduce reduced precision redundancy in the form of (n — r) x (n — r) multiplier as
shown in Figure 2.4. The operands to the reduced precision multiplier are the same as the
operands to the main multiplier but truncated by r bits. The output ¥, of the reduced

precision multiplier is 2n — 2r bits wide and provides the MSB information required for

12



error control. Therefore, in the subtractor, these bits are used as the MSB bits and
this is denoted as left shift in the figure. As discussed in Section‘;2.2, the output of the
multiplier needs to be truncated by ¢ bits to save area and power.{i Therefore, outputs of
both the multipliers are truncated by ¢ bits and the final outputiff is 2n — t bits wide.
Note that the left shift and the truncation operations do not req@ire any hardware.

The output Y, of the reduced precision multiplier is subtracted from the output Y, the
main multiplier with VOS and the absolute value of the result |Y, — Y,| is compared with
the decision threshold Th. One of Y, and Y; is selected as the ﬁﬁal output ¥ according
to (2.1). From (2.2), the maximum difference between the reduced precision output and

full precision output at Vyg_..i: is used as the decision threshold which is computed next.

2.3.3 Decision threshold and comparator

The input to the reduced precision multiplier suffers maximﬁm truncation when all
of the r truncated bits are 1 and the amount of maximum truncdtion is equal to 2" — 1.
Since the largest number in magnitude that can be represente(i using n bits in two’s
complement is —27~!, the maximum difference occurs when bofh the input operands

have a value equal to (—2"~! + 2" — 1). Therefore, the decision threshold Th is given by

Th=|(-2""1—2"+1)(-2""1-2"+1) - (—2“—1)(—2”—1)1, (2.3)

which simplifies to

Th= (2" —2" = 2% 4271 —1). (2.4)

13
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Figure 2.5 Comparator |Y, — Y| > Th when Th = 277t

Since the outputs of the multipliers are truncated by ¢ bits,

Th= (2" —2"— 2% 4+ 271 —1).277, (2.5)

For large n and r = n/2, 2"*7 > (2"42% —27+14.1). Therefore, Th can be approximated

as

Th = 27+, (2.6)

The advantage of choosing T'h according to (2.6) is that the comparator can be realized
with the simple circuit shown in Figure 2.5 instead of a 2n — ¢ bit full adder.

Based on simulation of an FFT processor with n = 16, we find that r = 7 provides
the best trade-off between the ability to restore SINR and the area overhead due to
additional hardware. This choice of r also satisfies the assumption r ~ n/2 made above.
The proposed technique involves a hardware overhead of about 40%. However, in Section

2.4.2, we show that the power savings achieved through VOS more than compensate for

this overhead.

14



2.4 Simulation Results

In this section, we describe the metrics for algorithmic perfofmance and power con-
sumption used for evaluating the proposed FFT butterfly architecture; then we show the

power savings achievable through the proposed RPR technique.

2.4.1 Performance metrics

The output SNR of the conventional FFT processor is deﬁned as

truncl

2 :
SNRREF = 10log ( 20—5 > ; (27)

where o7 _,., is the variance of truncation error due to fixed-point data format and o2 is
variance of the FFT outputs in the absence of truncation error. The output SNE of the

voltage overscaled FF'T processor is given by

2 :
SNRyos = 10log (—5-”—) , (2.8)

2
Otrunc? + O-vos

where o, 1~ the variance of truncation error due to fixed-point data format and o2,
is the variance of the soft error introduced at the output due to VOS. The output SIVR

of the voltage overscaled FFT processor with reduced precision redundancy is defined as

0'2 ’
SNRANT = 10log ( J ) y 2.9
O-grunc2 + O-J%INT . ( )

15



where 02, is the variance of truncation error and ¢% v is the variance of the residual
error at the output. Since we wish to meet the SN R specification of the reference system,

SNRANT Z SNRREF. Therefore,
atzrunCQ + Uﬁos S at2¢unc1' (210)

We achieve this by increasing the internal datapath width to 23 in the DIT butterfly of
Figure 2.2.

The power dissipation in the butterfly functional unit viz. four multipliers and six
adders, is estimated through the gate-level power simulator MED [13]. If Pggp is the
power dissipation of conventional butterfly at Vzs_.i+ and Payr is the power dissipation
of the voltage overscaled butterfly with the proposed ANT technique, then the power
savings P, is given by

_ Prer — Pant

Py = —EL T ZANT o 100%. (2.11)
PREF

Since dynamic power dissipation depends on the square of the supply voltage, Payr =
K2 (Prer+ Poyerhead), Where Poyerheqq is the power dissipation overhead due to the ANT

scheme. Therefore,

Poyer
Praw = [1 K2, (1 + TM’L;EN x 100%. (2.12)

16
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Figure 2.6 SNR vs. Ky for 0.25-um CMOS technology with o = 1.2. The corresponding
power savings are shown in parentheses. :

2.4.2 Performance of RPR

The FFT processor used in simulations has typical WLAN OFDM parameters [6] with
FFT length N = 64, FFT precision n = 16 bits and input precisioﬁ of 10 bits. The inputs
to reduced precision multipliers are truncated by » = 7 and the internal truncation ¢ is
set to 9 bits for the voltage overscaled butterfly with ANT While} the reference butterfly
has internal truncation of 12 bits.

Simulations are performed with 1000 random complex inpﬁts of length 64 using
0.25-um CMOS technology and velocity saturation index o = 1.2. Figure 2.6 plots
SNR vs. K, for the simulation with the corresponding power savings shown in paren-
theses. The SNR of the original system when Vg = Vagocrit (i{.fe., VOS is not applied

yet) equals 55 dB. It is seen that the requirement SNRan7T > SNRggr is satisfied

17



until Ky, = 0.65, which corresponds to approximately 44% power savings. Note that
SNRyos, the SN R of the reference system under VOS but without ANT, falls off rapidly
with decrease in K.

As a comparison, simulation results show that about 27% power savings can achieved
with respect to Prgr by directly reducing FFT precision of the original system by 1
bit without VOS. This, however, results in an SNR loss of 3 dB, which fails to meet
the SN R requirements. Thus, the proposed scheme achieves substantially more power
savings without any loss in SNR.

The achievable power savings through the proposed scheme depend on the length and
the precision of FF'T. This is mainly due to the variation in the path delay distribution of
the FF'T multiplier with the variation in length and precision as described in Section 2.3.
Figure 2.7 shows the variation of power savings with FFT precision n and FFT length
N. For a given precision, the power savings decrease with increase in FFT length as this
leads to an increase in the percentage of longer paths that fail to compute at a specific
value of Kyo,. Similarly, for a given FFT length, the power savings improve with increase

in FF'T precision.

2.5 Conclusions

In this chapter, we have shown that VOS and reduced precision redundancy reduce

the power dissipation of the butterfly functional unit of an FFT processor by 44% over

18
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Figure 2.7 Variation of power savings with FFT precision n and FFT block length N.

present day voltage scaling. Reduced precision redundancy in mulﬁpliers has been shown

to effectively compensate for the soft errors introduced due to VOS.
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CHAPTER 3

SOFT DSP AWARE ARITHMETIC UNITS

The effectiveness of an ANT scheme depends, to a significant extent, on the path
delay distribution of the architecture. Specifically, the achievable power savings improve
with decrease in the number of input combinations exciting long paths of the circuit. In
other words, delay imbalance helps voltage overscaling. However, past work on low-power
arithmetic unit design has focused on delay balancing by adding additional delay circuits
to reduce glitching power [14], [15]. In this chapter, we derive the conditions under which
VOS provides higher power savings than reduction of glitches by adding delay circuits.
In order to derive the conditions, we assume that ANT techniques exist for effectively
controlling the errors due to VOS and that the ANT schemes consume relatively small
amounts of power.

Further. there are several arithmetic unit architectures that have inherent delay bal-
ance. Note that we use the term “inherent” to distinguish the delay balanced architec-
tures that result from delay optimization or other optimization techniques from those
architectures that are delay balanced by adding delay circuits. Therefore, to compare
various arithmetic unit architectures, we explore the path delay distribution of the ar-

chitectures. We use this information to obtain the power-delay product for each of the
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architectures in the presence of voltage overscaling and, hence, in the presence of errors.
Note that the path delay distribution also depends on the input sfatistics which, in turn,
are dependent on the application. To make comparisons independent of the application,
we assume that all inputs are equally likely to appear. This ass@mption is not valid for
many applications; however, it is needed for the ease of comparisc}n. Further, we assume
that only the frequency, and not magnitude, of errors introduced by voltage overscaling
is important. This is justified as the currently known ANT schefnes do not make use of
the erroneous value in any way and the architectures use LSB—ﬁrét computations leading
to MSB errors.

Section 3.1 compares delay balancing with VOS and derives thé condition under which
VOS provides higher power savings. Section 3.2 derives the Condi‘;ions under which delay
imbalanced architectures are better than inherently delay balancea architectures. Section
3.3 presents the comparison between three types of adders. Secﬁion 3.4 compares three
types of multipliers and uses the result in the FF'T processor, deScribed in Chapter 2, to

achieve additional power savings. Section 3.5 presents the conclﬁsions.

3.1 Delay Balancing vs. VOS

Delay balancing is a popular technique for reducing the glitching power. In this
section, we derive the conditions under which voltage overscaling provides better power

savings than delay balancing.
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Figure 3.1 Delay balancing to reduce glitches: (a) delay imbalanced circuit and (b) circuit
with delay balancing.

Delay imbalance of the signals in a circuit causes spurious transitions or glitches
and, hence, unnecessary power dissipation. Most of these glitches can be eliminated by
introducing delay circuits in faster paths to balance the delays. Figure 3.1(a) shows a
typical delay imbalanced circuit, in which one of inputs to blocks f, and f; arrives earlier
than the other. Figure 3.1(b) shows the corresponding delay balanced circuit where
appropriate delay circuits have been added to make the arrival times of inputs to f» and
f3 similar.

Let Pyiten1 and Pysepy denote the power dissipations in the delay imbalanced circuit
due to useless and useful transitions, respectively. Further, let m; denote the ratio of

useless transitions to useful transitions in the delay imbalanced circuit. Then,

Potiten1 = ma Puseful- (3.1)
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The total power dissipation is the sum of the glitching power and the useful power.

Therefore,

Ptota.ll = (]- + ml)Puseful- (32)

If the delay imbalanced circuit is voltage overscaled such that the voltage overscaling

factor is K., then the power dissipation is
Piotativos = Kfos(l + ml)Pusefulv (33)

where K, is assumed to include the overhead due to the ANT scheme.
After the addition of delay circuits as shown in Figure 3.1, let my be the ratio of
useless transitions to useful transitions. Delay balancing only reduces useless transitions;

therefore, my < m;. The total power dissipation in the circuit with delay balancing is

Ptota.l? = (]- + m2)Puseful~ (34)

Voltage overscaling is an useful option if

R‘,otall'uos < Ptotal2- (35)

Substituting (3.3) and (3.4) into (3.5), we get

1+ mo
K308< 1+m1'
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(a) (b)

Figure 3.2 (a) Circuit I with delay imbalance and (b) circuit II with inherent delay balance.

Typical values of K2, reported in [2], [3], [9] and [10] range from 0.4 to 0.6, while up

to 36% power savings has been reported using delay balancing [15]. Therefore, }j’r—zf =

0.64 which is greater than typically reported value of K2 .. Therefore, in general, VOS

provides higher power savings than reduction of glitching power through delay balancing.

3.2 Inherent Delay Imbalance

In this section, we derive the conditions under which delay imbalanced architectures
perform better in terms of power-delay product than inherently delay balanced architec-
tures. Consider the two circuits shown in Figure 3.2. Circuit I is delay imbalanced in the
sense that C is excited with probability p < 1 and C; > C,. Circuit II is delay balanced
with both paths excited equally often and, for simplicity, the two paths have the same

capacitance Cs. Further, circuit II is assumed to have better power-delay product than

circuit I.
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Prrrir < Prmp ] (3.7)

Since circuit 11 is inherently delay balanced, it is faster than circuit I at the same supply
voltage Vyq, i.e.,

T > TIT- (38)

Using the delay equation given in (1.2), it can be inferred that
Cy > Cs | (3.9)

Now, given (3.7) and (3.8), it is possible that one of the following two conditions
holds: P; < Prr or Pr > Pyr. Let us first consider the case where P; < Pr;. Using the

power equation given in (1.1), it can be inferred that
01 + 02 < 203. (310)
Inequalities (3.9) and (3.10) jointly imply that

Cy > Cs > Cs. } (3.11)
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Let Va1, Viae, and Vg3 represent the supply voltages at which the paths with capacitances

C1, Cs, and Cj, respectively, have the same delay 7.,. Then,

Vaar > Viaz > Vaas- (3.12)

If circuit I is operated at Vg with a clock having period 7.,, then soft errors appear
whenever the path with C] is excited, i.e., with probability p. However, using (3.10) and

(3.12), it can be shown that

(Cr+Co)Viy < 2C5V i
= PIvos < PII

= PIUosTcp < PIITcp (313)

Now, if an ANT scheme, which provides adequate error control when error probability
is p, can be designed for circuit I, then voltage overscaling circuit I to V4 makes it better,
in terms of power-delay product, than circuit II.

If, instead, P; > Py, then Cy 4+ Cy > 2C5 and it is not possible to infer whether VOS
is useful. In this case, whether circuit I can be made better than circuit II will depend
on the actual values of Cy, Cy and Cj.

To summarize, the conditions under which VOS is useful are:

(1) At same Vyq, delay imbalanced circuit consumes less power than inherently delay

balanced circuit, i.e., P;r < P;;.
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(2) ANT scheme provides adequate error control when error probability is p.

In Sections 3.3 and 3.4, we show that both the conditions are satisfled by typical

delay imbalanced adders and multipliers.

3.3 Adders with Voltage Overscaling

The following types of adders [16] are investigated:

e Ripple carry adder

e Carry select adder

e Carry lookahead adder

All the adders used are 16-bit wide. The critical path delays for the adders are obtained

in terms of full adder delays [16]. Table 3.1 shows the delay of the adders relative to the

delay of the ripple carry adder. The carry lookahead adder has s‘igniﬁcantly less critical

path delay than the ripple carry adder due to faster carry propaga,tion.

The power dissipation for the adders is obtained from [4]. Tabie 3.1 shows the relative

power consumption for each of the adders with respect to the ripple carry adder. Both

Table 3.1 Power and delay for 16-bit adders from [4] relative to ripple carry adder.

Adder type Power | Delay | Power x Delay |
Ripple carry adder (RCA) 1.00 | 1.00 - 1.00
Carry select adder (CSA) 1.85 | 0.39 - 0.73
Carry lookahead adder (CLA) | 1.46 | 0.28 041

27



100

I T T T g E— | T T T 7
-~ Ripple carry : S : : : LT
~ — Carry select : e : : : : A
90H - — Carrylookahead |- - -- Baeen P LRI TR O e PR N R Tk LRRRR T
- > P ; ; : . s .
. : , - 7
. : L : . . ; L N
80F - v ........ S s e s PR P : I/-
c : : A : : : : ’ c
:g /7 /
<] . Sl : : ¥ : /- ;
B 70 T e e R TRRRREE D SRCERRRRRS e / ........ =
= : P : : . Ly : 1
= ! o ; : : : C/ : 7o
a 60k e Teeeeans P .......... ......... .......... .......... /, ‘‘‘‘‘ ........ .
£ : s : : : : ’ A
8 : : : : s S
@ . i : : : : VA i :
é 50k ........ ,‘ ..................... R R ~/ ........ -
= g : ; : o, : ) :
£ : i : : : s : 1 :
£ 40k e, Foeeeai e PO P s / ........ 4
8 : it : : : 7 ; s :
‘g_ ; i : . : 7 K : :
€ 3okt [ . Lo R, [ Lo T . N S, -
5 ; A . : : 7 o : :
& 7 : : : // : s : :
0k ..... .......... .......... .......... / ....... ...... / .......... ........ o
N4 : : :/ : K4 :
L : : : s 4 : : :
10k / ......... ST LTl L SR R -
N : e - - : N :
! : : P L : : :
! : B - L : : : '
ol ezl T i ; ; .
0 10 20 30 40 50 60 70 80 90 100

% of critical path

Figure 3.3 Cumulative path delay distribution of 16-bit adders.

the carry select adder and the carry lookahead adder consume more power due to the
additional fast carry propagation circuits. Table 3.1 also shows the power-delay product.
It is seen that the carry lookahead adder is, by far, the best adder among the adders
considered.

The: cumulative path delay distribution for eéch of the adders is obtained by simulation
with a large number of input combinations. With voltage overscaling, the critical path
delay T¢, increases as governed by (1.2) and becomes greater than the clock period Ts.
Figure 3.3 plots the total number of input combinations that are able to complete the
addition within the given clock period against 100 x (T/T,).

Figure 3.3 enables us to obtain the frequency of errors or the error rate if the VOS

factor is known. Further, from (1.1), we can obtain the power dissipation for a given V.
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Figure 3.4 Power-delay product vs. error rate.

Figure 3.4 plots the power-delay product against the error rates‘;due to VOS. It is seen
that the carry select adder and the carry lookahead adder are 1;10t suitable for voltage
overscaling as the error rates increase rapidly with VOS. Howeve#, the ripple carry adder
is amenable to VOS and performs better than the carry lookahead adder if the error
rate > 7 x 107, Therefore, if we have an ANT scheme at thé algorithmic level that
can tolerate an error rate greater than 7 x 107, then the ripple éarry adder is the most

energy-efficient adder for the application.

3.4 Multipliers with Voltage Overscaling

The following multipliers are investigated:
e Baugh-Wooley multiplier [16]
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e Booth-encoded carry save array multiplier (BCSA) [17]

e Booth-encoded carry save array with carry lookahead adder as vector merging adder

(BCSA+CLA)

The BCSA has a ripple carry adder as the vector merging adder while the BCSA-+CLA
is delay optimized by using a carry lookahead adder as the vector merging adder. We
consider 16 x 16 multipliers in this thesis. The power dissipation is estimated using the
gate level simulator MED [13]. The critical path delay is obtained in terms of full adder
delays. The power and delay for the multipliers relative to the Baugh-Wooley multiplier
are shown in Table 3.2. The BCSA+CLA multiplier has the lowest power-delay product
and, hence, is the fastest, most efficient multiplier among the multipliers considered.
The cumulative path delay distributions for the multipliers are plotted in Figure 3.5.
It is seen that BCSA is the most amenable multiplier to VOS followed by Baugh-Wooley
and BCSA+CLA multipliers. The corresponding plot of power-delay product vs. error
rate is shown in Figure 3.6. It is seen that the power-delay product of BCSA drops
rapidly as the error rate is increased. For error rates greater than 4 x 10~%, BCSA has
lower power-delay product than BCSA+CLA. The Baugh-Wooley multiplier does not

perform as well as BCSA because it has a higher percentage of longer paths. Now, we

Table 3.2 Power and delay for 16 x 16 multipliers relative to Baugh-Wooley multiplier.

| Multiplier type | Power | Delay [ Power x Delay |
Baugh-Wooley multiplier 1.00 1.00 1.00
Booth-encoded carry save array (BCSA) 0.85 1.03 0.86
BCSA with carry lookahead adder (BCSA+CLA) | 1.16 0.44 0.51
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utilize this result to further improve the energy efficiency of the FET processor described
in Chapter 2. )

We showed that up to 44% power savings can be obtained by using RPR technique in
Baugh-Wooley multipliers of an FFT butterfly. As we have seen from Figure 3.6, BCSA
performs better than Baugh-Wooley multipliers in the context of soft DSP. Therefore,

we replace the Baugh-Wooley multipliers in the FFT processor by BCSA multipliers.

Simulation results show that an additional 18% power savings can be obtained.

3.5 Conclusions

In this chapter, we have derived the conditions under which VOS provides higher
power savings than delay balancing, and we have shown that typical arithmetic units
satisfy these conditions. We have compared the performance of several adders and mul-
tipliers in the context of soft DSP. We find that if certain error rates can be tolerated by
algorithmic noise tolerance techniques, then the ripple carry adder performs better than
the carry lockahead adder and the Booth-encoded carry save array multiplier performs
better than the delay optimized Booth-encoded carry save array multiplier with carry
lookahead adder. The main conclusion of this chapter is that if we have a sufficiently
powerful ANT scheme, then the power-delay product alone cannot be used to choose
arithmetic unit architectures, but the error rates have to be considered. The translation
of error control capability of the ANT scheme to the required reliability at the arithmetic

unit level is an open problem that needs to be addressed.
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CHAPTER 4

CONCLUSIONS AND FUTURE;WORK

4.1 Summary

The contributions of this thesis are as follows:

We have introduced a novel algorithmic noise tolerance scheme referred to as re-

duced precision redundancy.

Reduced precision redundancy provides 44% power savings in the butterfly func-

tional unit of an FF'T processor.

We have derived conditions under which VOS provides higher power savings than

delay balancing.

We have shown that power-delay product along with error rates provides a suitable

metric for comparison of arithmetic units in the context of soft DSP.

The highly delay imbalanced ripple carry adder has the best performance when

error rates greater than 7 x 10™* can be tolerated.

The Booth-encoded carry save array multiplier has the best performance when error

rates greater than 4 x 1075 can be tolerated.
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e Reduced precision redundancy provides 18% additional power savings when the
Baugh-Wooley multiplier is replaced by the Booth-encoded carry save array multi-

plier.

4.2 Future Work

Reduced precision redundancy has been used in frequency selective digital filters [9]
to achieve significant power savings. This technique is applicable to both narrowband
and wideband filters, unlike prediction and adaptive error cancellation techniques that
are applicable only to narrowband and wideband filters, respectively. Therefore, RPR
has the potential to be adapted to several other DSP algorithms. Designing novel DSP
architectures using RPR can be the focus of future research.

Algorithmic noise tolerance techniques mitigate the effect of hardware errors on the
system performance. In addition to VOS, there are other sources of intermittent errors
such as process variations, deep submicron (DSM) noise, and delay faults. ANT tech-
niques can be used to combat process variations and, hence, improve process yield. They
can be used to design robust systems by reducing the effect of DSM noise and delay

faults.
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