ANALYSIS OF SWITCHING ACTIVITY IN DSP SIGNALS IN THE PRESENCE OF NOISE
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Abstract—Input switching activity is one of the deciding
factors for power consumption in digital signal processing
components. For accurate power estimation, it is essential
to have knowledge about the switching activity in the input
signal, including how this activity changes in different
environments, e.g., in the presence of noise. The Dual
Bit Type (DBT) method aims at characterizing the bit-
level switching activity in a signal, using signal statistics.
However, the DBT method requires that the correlation
coefficient and switching activity for the most significant
bit of the signal are available. In this paper we give
an expression for direct calculation of the correlation
coefficient for the most significant bit in a signal, using the
word-level correlation coefficient. Using simulation results
we examine the accuracy of the given method to calculate
the switching activity and correlation coefficient for the
most significant bit. Furthermore, we derive expressions
for accurately calculating the variance and word-level
correlation coefficient for a correlated signal, when an
additional noise of a given variance is added to the signal.
This can be used to estimate the bit-level switching activity
in a signal in the presence of noise. Finally, based on this we
study the impact the additional noise has on the switching
activity of the resulting signal.

Index Terms—switching activity, DSP signals, dual bit
type, bit-level switching activity

I. INTRODUCTION

Through the last decade, power consumption in
CMOS VLSI circuits has become a major design con-
straint. In order to design circuits for low power, it is
now essential to be able to accurately estimate power
consumption at different design stages, at circuit and
logic level as well as at architectural level. Since dy-
namic power consumption in a CMOS VLSI circuit
depends on the number of signal transitions at its capaci-
tive nodes, accurate estimation of the bit-level switching
activity at the primary inputs is a key requirement in var-
ious power estimation techniques. The input switching
activity can subsequently be used directly or indirectly
to calculate the number of transitions of all nodes in the
circuit [1].

The Dual Bit Type method introduced in [2] aims
at characterizing the bit-level switching activity in a
data word, using the word-level statistics of data, i.e.,
mean, (i, variance, o2, and temporal correlation, p. The
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method is based on the assumption that the binary
representation of real world signals can be divided into a
few regions, with well defined switching activity for the
bits in each region. In [2] the binary representation of a
word is divided into three regions: the most significant
bit (MSB) region or sign region (S), the uniform white
noise (UWN) region, and an intermediate region. The
bits in the UWN region, which are defined to last
from the least significant bit to a certain breakpoint P,
exhibit random switching with switching activity equal
to agywny = 0.5. Switching activity for the bits in the
S-region, which lasts from the most significant bit to
another breakpoint Py, is a constant, while the switching
activity in the intermediate region is assumed to decrease
in a linear manner from ayw N to ayrsp, where aywn
and apssp are the switching activities in the UWN and
S regions, respectively.

Experiments have shown that the method presented
in [2] to calculate the regions boundaries, P, and
P, is not accurate for highly correlated signals. The
work in [3], which builds on the principles of [2], has
however developed expressions which take correlation of
data into account when defining the mentioned regions.
Accurate estimation of bit-level switching activity, using
expressions in [3], requires accurate estimation of passp
and ajrsp, where pyrsp and ajrsp are the temporal
correlation and the switching activity for the most sig-
nificant bit, respectively. In [3] the method presented to
calculate aprsp and pprsp is based on knowledge of
a signal generation model. pyrsp in [2] was acquired
using simulation.

An exact method to calculate the bit-level correlation
factor pprsp was presented in [4]. It is again based on
knowledge of a signal generation model. The estimation
method calculating apr s p assumes, however, that pyrsp
is equal to the word-level correlation p. This is not
accurate in many cases. In [5] an accurate analytical
expression for calculating aj;sp using the word-level
correlation p is presented. In this paper we use this
expression for ajrsp to derive an expression for direct
calculation of passp. We also use simulation to examine
the accuracy of this method to estimate ajs;sp and
PMSB-

Furthermore, signals are often subjected to noise from
different sources, e.g., quantization noise from fixed
point DPS realization, wired and wireless communica-
tion channel noise. This changes the word-level signal
statistics, o2 and p. As mentioned above, the methods
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for calculating the bit-level switching activity require
that o2 and p are available. Motivated by this we derive
expressions for accurately calculating 02 and p when
an additional noise of a given variance is added to
the signal. This makes accurate estimation of switching
activity possible in such conditions. We also discuss how
such additional noise impacts the switching activity in
the signal.

The organization of this paper is as follows. The data
model we use, and the method for calculating the bit-
level switching activity, are described in Section II and
III, respectively. In Section IV our expression allowing
direct calculation of pprsp from p is derived and using
simulation, the accuracy of the given method to estimate
aysp and ppyrsp is examined. In Section V we derive
expressions for accurately calculating ¢ and p for a
noisy signal z(n), and discuss how this additional noise
impacts the switching activity of a signal. Finally our
main conclusions are summarized in Section VI.

II. DATA MODEL

In a wide spectrum of DSP applications, the input data
signal z(n) can be assumed to have a Gaussian distri-
bution with mean ., variance 0’3, and lag-1 correlation
p [4]. Here p, = E[2(n)], 02 = E[(2(n) — p.)?], and
P = w The signal z(n) could, e.g., be
the resulting signal when an original correlated signal
d(n), with a given p, is subjected to an additive white
noise w(n):

z(n) = d(n) + w(n). (1

The lag-1 switching activity of the ith bit of the W-bit
signal z(n), «;, is defined as a probability:

a; = P(zi(n) # zi(n—1)) 2)

As a particular case, we consider the channel estimator
of a wireless receiver. The input to this module is a
signal d(n), resulting from a transmitted pilot signal
which typically has passed through a Rayleigh fading
channel. The resulting signal is a complex valued signal
that can be described as two independent Gaussian
random processes with zero mean. Assuming isotropic
scattering for the fading environment, the fading is
said to have a Jakes spectrum, and the autocorrelation
function for the faded pilot signal is given by:

Ry(k) = E[dn)d(n+k)] =02 Jo(2nfpkT.i3)

where Jj is the zeroth-order Bessel function of the first
kind, T is the sample period, and fp is the maximum
Doppler frequency (fp = (v/c)- f., where v is the speed
of the mobile terminal, and f. is the carrier frequency).

In our experiments to follow, we will use a Rayleigh
fading simulator, described in [6], to generate correlated
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Fig. 1. Bit-level switching activity «; for data streams with different
p.

data d(n), with varying Doppler rate D = fpT,. We use
sample period Ts = 25us, and carrier frequency f. =
2G Hz in our experiments. We emphasis, however, that
although we use this simulator to generate the correlated
signal d(n), the theoretical methods presented in this
paper are not limited to this particular case.

III. WORD-LEVEL SWITCHING ACTIVITY

Figure 1 shows the simulated bit-level switching ac-
tivity for several different data streams, with different
correlation coefficients p. Here ¢+ = 0 is the index of the
least significant bit. We have performed the simulations
in the SystemC design environment, [7], using the signal
model (1). The original signal d(n) is generated for
D = 0.0005 and 0% = 0.5 for all curves. To this we
add noise signals w(n) with o2 = 5-1076, 5. 1075,
5-107%, 0.005, 0.05, and 0.5 resulting in z(n) signals
with different p used as input to the simulations. As
the figure shows, the switching activity for each case
can be divided into three regions as predicted by the
dual bit type method; The uniform white noise region
(UWN) (0 < i < Fy), where bits have random switching
with a; = 0.5, the sign (S) region (P} <1¢ < W), with
switching activity aassp, and an intermediate region (I)
(Py <@ < Pp) where switching activity decreases from
aywn to apyrsp. [2] simplifies the switching activity
in the intermediate region by saying that the switching
activity in this region decreases linearly from apywn
to aarsp, which can be seen from Figure 1 to be a
reasonable approximation. This approximation can be
summarized by the following switching activity model:

0.5 _ 1< Py
di =14 05+ (amsp —0.5)=% Py <i<P
QMSB i > P

“)
Figure 2 a) illustrates how regions for a W-bit signal
according to the above model are divided.
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Fig. 2.  Signal representation format. a) Integer format b) Decimal
number format

Considering a W-bit signal z(n), represented as
[20...2w—22w_1], where zy/_1 and z( are the most and
least significant bits, respectively, the two’s complement
representation of z(n) is given by:

W2
z2(n) = —zw_1(n)2W T+ Z 2i(n)2"  (5)

1=

The value of z(n) is an integer number in the range
—oW-1 < z(n) < 2W=1 _ 1. For the integer signal
z(n) in (5), [3] defines the region boundaries, Py and
P; as:

Py = ROUND[logy (o - (1 = puss))]  (6)

P = ROUND[10g2(6U /1 — pMSB)] @)

where ROUND defines a rounding operation. pp;sp is
the lag-1 correlation coefficient of zy,—1, and is defined
by:

Elzi(n)zi(n — 1)] — E*[zi(n)]

o2
Elzi(n)zi(n —1)] — p2
_ @12 ©
pzi _pzl

where p., = P(z; = 1) = Elz(n)] , and o2, =
El(2:(n) = p.,)?] = ps, — b, [81.

Real world signals are typically represented with an
integer and a fractional part (W; and W, respectively),
separated by a binary point (.). Figure 2 b) illustrates
such a format, with W; = 1 and Wy = 15. In order to
generalize the expressions (6) and (7) to this condition,
we have extended the model in [3] by letting the W-bit
signal z(n), with W; and Wy parts, be represented as
[20 " 2wp—1 - 2Zw—w; -+ 2w—22w—1]. Then the two’s
complement representation of z(n) is given by:

w—2
z(n) = —zw_1(n)2" "t 4 Z 2(n)2="r (9)
i=0

where W = W; + Wp.

In order to use the above expressions to calculate
the region boundaries, the signal described by (9) must
be scaled so that the format for the signal becomes

equivalent to the format of the signal described by (5).
To do so the signal must be scaled by 277, where W is
the number of bits to the left of the binary point (z(n) is
shifted Wy bits to the right.). The resulting expressions
after such an adjustment become:

Py = ROUND[log, (o - 27 - (1 — parsp))]  (10)

P, = ROUND[log, (60 - 27 - \/T — pyrsp)] (1)

IV. ACCURATE ESTIMATION OF &p\/SB, PMSB

It can be seen that accurate estimation of bit-level
switching activity, «;, using (4), (10), and (11) requires
accurate estimation of pprsp and aprsp (p; and oy
when ¢ = W — 1). However, the present methods to
calculate ajrsp and pyrsp ([3], [4]) are either based
on the assumption that pyssp is equal to the word-level
correlation, which as mentioned earlier is not accurate in
many cases, or are based on knowledge about the signal
generation model in use. In [5] an accurate analytical
expression for calculating aprsp based on the word-
level correlation is given by:

1
aMSB = ;cos‘l(p) (12)

It is also shown in [5] that the probability of a given bit ¢
having the value 1 in a two’s complement representation
of a zero-mean Gaussian signal is p; = 0.5. Further, in
[4] an expression for the bit-level switching activity is
given as:

i = 2pi(1—pi)(1—pi) (13)
Now, as p; = 0.5, aprsp in (13) becomes:

apmyse = 0.5(1—pumss) (14)

By substituting apssp in (14) with (12), we can hence
find an expression to calculate py;sp directly:

2 . _
pusp = —sin”!(p) (15)

Figures 3 and 4 show the simulated results along with
calculated results for ajysp and prrsp, respectively.
For simulations the signal model (1) is used, with
D = 0.0005, 03 = 0.5, and different values for aﬁj.
Simulations are run in the SystemC environment [7].
The results show a close match between simulated and
calculated results. a; and p;, for the MSB, are simulated
based on (2) and (8), respectively.
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V. SWITCHING ACTIVITY OF A CORRELATED SIGNAL
WITH ADDITIVE WHITE NOISE

Signals in a communication system are often sub-
jected to noise. For example, fixed point realizations of
DSPs, i.e., reduction in the level of precision of the DSP
operations, introduce additional additive noise to the
signal being operated on. In [9], it is shown how a small
increase in this noise will decrease the performance of
the channel estimation in a wireless receiver, leading to
a considerable increase in the required estimator com-
plexity if a given performance for the channel estimation
must be upheld. In that regard, for the designer to be
able to see how such additional noise will impact the
power consumed by the corresponding DSP module,
it is also important to analyze how such additional
noise impacts the switching activity in the input signal.
Another example of how noise can be added is through
signal transmission over a suboptimal channel, wired or
wireless.

To accurately estimate the switching activity in the
input signal z(n) = d(n) + w(n), we thus need to
calculate the pprsp and oy s for the signal z(n). Here

w(n) is the noise signal being added to the signal d(n),
for instance due to a fixed-point DSP realization. The
variance of w(n) will depend on the number of bits in
the realization [9].

In the following we will first present the expression
for calculating p for the correlated signal d(n), described
in Section II, and then derive expressions for accurately
calculating 0% and p when noise w(n) is added to d(n).
We end this section by presenting simulation results,
showing how the noise w(n) added to the signal d(n)
impacts the switching activity in the signal.

The lag-1 autocorrelation of d(n) normalized w.r. to

o? using (3), is given as:

Ra4(1
Pd = Z(Q ) = J0(27TD)

Since pq is now available, p4,,s, and g, can
be calculated using (12) and (15) respectively. From
this, the region boundaries in the input signal can be
calculated. To calculate the same information for the
noisy faded signal z(n), we need to calculate o, and p,
when the signal w(n) with a given variance is added
to the signal d(n). Assuming d(n) and w(n) to be
independent, we have

o, = Uﬁ—l—oi,
and
R.(k) = Ra(k)+ Ru(k).

When w(n) is white noise, we have R, (k) = o2 d[k],
and we can easily find that
_ _paog

b= or (16)
Again we want to evaluate the accuracy of the derived
analytical expression through a comparison with simula-
tions using our signal model (1). Figure 5 shows a good
match between simulated p,, and p, calculated using
(16). The results are shown for different signals with
Doppler rates of D = 0.0005, D = 0.005, D = 0.05,
and D = 0.2, with variance of the noise added to the
signal d(n) being varied in each case. The variance of
d(n) is ¢ = 0.5 in all cases.

Figure 6 shows the switching activity as function
of bit position, for a fading signal of Doppler rate
D=0.0005 as o2 added to the signal is varied. Results
are shown both for the analytical expression derived in
this section and from simulations. The curves demon-
strate the accuracy of the used method to define the
region boundaries. As we can see the breakpoints (i.e.,
the region boundaries) of the calculated and simulated
curves show good agreement.

Figure 7 compares the word-level switching activity
using the calculated method with simulated results.
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different values is added to the original signal with D=0.0005. *Sim’
and Cal. stand for the simulated and calculated case, respectively.
For the calculated case «; for the regions Wyw N, W, and Ny are
estimated using (12) and (4), and the region boundaries are calculated
using (10) and (11). Word length, W = 16 and W = 3.

Word-level switching activity for the simulated results
is the sum of the simulated switching activity for all
the bits in the word, and for the calculated method
it is the sum of switching activity for all the bits in
the word using (4) and (12). The figure shows good
agreement between the curves for most p values. When
p is very high (above 0.999) the difference in word-
level switching activity increases. This is because the
intermediate (I) region in these cases is wide, and
the switching activity in this region does not decrease
linearly from ayyw to aprsp, as assumed in (4). Thus
the deviation is larger, as can be seen from the curves
in Figure 6.

Figure 7 also shows that the word-level switching
activity increases significantly when p decreases. A de-
crease in p corresponds to an increase in noise variance
o2 (16). With decreasing p equal to 0.99998, 0.99990,
0.9990, 0.991, 0.91, 0.78, and 0.53, the corresponding
increasing noise variances are 5- 1076, 5-107°,5.1074,
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Fig. 7. Simulated word-level switching activity along with calculated
word-level switching activity, for different p.

0.005, 0.05, 0.158, and 0.5. As the figure shows, for an
added noise variance of o2 = 0.005, the word-level
switching activity is increased to twice its initial value.
The signal model used for simulations in Figures 6 and
7 is the model described in Section IV.

VI. CONCLUSIONS

In order to design circuits for low power, accurate
estimation of power at different design stages has be-
come important. As dynamic power consumption in
CMOS VLSI circuits depends on the amount of signal
transitions at the capacitive nodes, accurate estimation of
the bit-level switching activity at processing units’ inputs
is a key requirement in various power estimation tech-
niques. The DBT method aims at characterizing the bit-
level switching activity in a signal, using signal statistics.
However, the method requires that the correlation coef-
ficient and switching activity for the most significant
bit of the signal (aprsp and parsp, respectively) are
available. In this paper we have given an expression for
direct calculation of pjrsp using p, based on a model
for calculation of ajp;sp presented in [5]. Comparing
analytical results against simulation results we show
that the given method to calculate apssp and passp is
highly accurate. Furthermore, we derive expressions for
accurately calculating 02 and p for a correlated signal,
when an additional noise of a given variance is added to
the signal. These expressions are used to estimate bit-
level switching activity in a signal, in the presence of
noise of a given variance. The switching activity of a
signal at the word-level is then the sum of the activities
of all the individual bits constituting the signal. Using
this method, and by adding noise of different variance to
a correlated signal, we show the significant impact that
additional noise can have on the switching activity in the
signal. These results make it possible for the designer
to model the actual input switching activity in different



real life noisy environments, enabling realistic power
consumption estimation.
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