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Figure 2: Reducing switching activity by optimizing numberrepresentation.

-1 to 0 will result in all of the bits toggling). This is the dynamic range of the signal and the signal correla-
especially significant when the dynamic range of the tion coefficient. Figure 3 showsthe ratio of the number
signals being processed is much smaller than the peak of transitions required in the two’s complementrepre-
value for the bit-width used since a lot of the msbbits sentation to that required in the sign-magnitude repre-
will perform sign-extension. Even whena signal spans sentation as a function of the signal correlation and
the entire bit-width, scaling operations can reduce the normalized dynamic range. The normalized dynamic
dynamic range. range of a signal is defined as 3 * o / Peak Amplitude

aaNet see Cabins 5 and the numberof transitions is the sum of the transi-
An approach to minimizing the switching activity in tions for all the bits per clock cycle (i.e., numberof

the msbsis to use a sign-magnitude representation, in transitions = ¥ oj, 0 <i <15). The biggest advantage
which only one bit is allocated for the sign and the rest for using sign-magnitude is when the dynamic rangeis
to the magnitude [1]. In this case, only one of the msb mail and the signal has a large negative correlation.
bits will toggle when the signal switches sign, aS—_Sign-magnitudeis clearly useful for driving large bus-
opposedto the two’s complement representation—seg, where the overhead for converting back to two’s
where dueto sign-extension severalofthebits will—complement is quite insignificant compared to the
switch. Toillustrate this, consider Gaussian data —_—requction in capacitance switchedin the large busses.
applied to foo data-bus, which has ameanof0—The schemepresentedhere is only one example of
and a 360 = 2" (the upper breakpoint which represents—coding data for reducing power. There are several
the dynamic range of the signal lies at loga(30)= 11 other schemes which can be used suchaslog repre-
bitsin this case). Figure 2a showsthetransition proba- sentation, gray-coding [2], conditional inversion coding
bilities (both the 0->1 and 1->0) vs. bit position number [3], etc.
for two’s complement representation as a function of
the first order correlation coefficient. A p=0 indicates
that the data is uncorrelated and therefore the transi-

tion probability for the msb’sis 1/2 (i.e., there-is a 50%
chancethe outputis going to transition between posi-
tive and negative). A large positive correlation coeffi-
cient implies that the signal changes very slowly and
therefore switches sign very infrequently. Similarly, a
negative correlation coefficient with a large magnitude
implies that the signal changessign frequently. In two’s
complementrepresentation, bits 11 to 15 are used for
sign-extension.If a sign-magnitude representation is
used (Figure 2b), the higher orderbits will have a low

_ =i o

9.0

i SS
#Transitionsin 2’scomplement/signmagnitude 
 

transition activity and bit 15 (the sign bit) will have the eo 103 102 aaa 1
sameactivity as the two’s complementcase. Signal Dynamic Range / Peak Amplitude

The reduction in the numberof transitions for sign- Figure 3: Activity reduction using sign-magnitude.
magnitude over two’s complementis a function of both
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Figure 4: Number Representation trade-off in arithmetic computation: accumulator example.
While sign-magnitude has some advantagesin

terms of the numberoftransitions on busses, addition/
subtraction operationsaredifficult to implement. How-
ever, in several applications, that require multiple addi-
tions inside a sample period (e.g., Multiply Accumulate
Units or DSPfilters), an architecture optimization can
be usedthattradessilicon area for lower switching
activity without altering the throughput. Toillustrate this
consider a CDMAradio correlator example in which
the correlation length is 1024; the samples, whoseval-
ues ranges from -7 to +7, are accumulatedat 64Mhz.

Ontheleft side of Figure 4, is a conventional archi-
tecture for an accumulator that uses two’s complement
representation. The accumulated result is transferred
to an accumulatorregister at 64Khz. In this architec-
ture the msb-bit, bit 3, is tied to bits 4-13 of the adder
input for sign-extension and therefore the adder has
high switching activity in the msb-bits (dueto glitching)
whenthe input changessign frequently.

Another approachis to use a sign-magnitude rep-
resentation (right side of Figure 4). Here two accumu-
lator datapaths are used, one that sums all positive
numbers and onethat sumsall negative numbers. The
latched sign-bit (from the input register) is used to gen-
erate gated clocks that enables the positive datapath
latch or the negative datapath latch (this ensures that
this scheme doesnotincreaseeffective clock load). At
the end of 1024 cycles,the positive and negative accu-
mulated values are transferred to separate registers. A
subtract operation is then performedat the low-fre-
quency andthereforeis quite negligible in terms of
capacitance overhead. Infact, the higher orderbits (3-
13) only need an incrementer (as opposedtoafull-

adderin the two’s complementcase), reducing the
numberof gates that are switched in the accumulator.
The sign-magnitude implementation, however,
requires controlcircuitry (overhead capacitance) to
generate the timing signals for the various latches in
the implementation.

By keeping the computation for positive data and
negative data separate, the power is not very sensitive
to rapid fluctuations in the input data. Table 1 shows
the power numbers for various input patterns. Again,
the biggest advantage is when the sign togglesfre-
quently. For the case when the input changes very
slowly, the sign-magnitude implementation consumes
more power(15%) due to the capacitance switched by
the control overheadcircuitry. For the radio example,
data comingin to the accumulator tends to be random.
Table 1. Numberrepresentation trade-off for arithmetic.
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3. Time-sharing of Resources

Onestrategy for implementing signal processing
algorithms is the direct mapping approach, where
there is a one to one correspondence between the
operations on the signal flow graph and operators in
the final implementation. Such an architecture style is
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conceptually simple and requires a small or no control-
ler. Often, however, due to area constraints orif very
high-throughputis not the goal (e.g., speech filtering),
time-multiplexed architectures are utilized in which
multiple operations on a signal flowgraph can be
mappedonto the samefunctional hardware unit. Given
that there is a choice between time-multiplexed and
fully-parallel architectures, as is the case in low to
medium throughput applications, an important ques-
tion which arises is what architecture will result in the

lowest switching activity. To first order, it would seem
that the degree of time-multiplexing would not affect
the capacitance switched by the logic elements or
interconnect. For example,if a data flowgraph hasfive
additions to be performed inside the sample period,it
would seem that there is no difference between an

implementation in which one physical adder performs
all five additions or an implementation in which there
are five adders each performing one addition per sam-
ple period. It would seem that the capacitance
switched should only be proportional to the numberof
times the additions were performed butthis is not the
case since resource sharing can destroy signal corre-
lations and increase switching activity. To demonstrate
this trade-off, consider two examples of resource shar-
ing: sharing busses and sharing execution units.

First consider two implementations of two 8-bit
counters clocked every cycle one with bus sharing and
one without. In the parallel implementation, the two
counters are driving two separate busses running at
frequency f while the time-multiplexed implementation
has a single shared bus runningat twice the fre-
quency. For the parallel case, the activity is easy to
compute. The numberoftransitions for each bus =
=1+1/2+ 1/4+...+ 1/128 =2since the Isb of the

counter switches every cycle, the 2nd Isb switches
every other cycle, etc. Therefore, the total numberof
transitions per cycle is approximately 4 for the parallel
implementation.

Figure 5 showstheplot of the average numberof
transitions for the time-shared case as a function of the

skew betweenthe counter outputs. The figure also
shows the numberof transitions for the non-time-

shared implementation, which is independentof the
_ counter skew. As seenfrom this figure, except for one
_ value of the counter skew (whenthe skewis = 0), the
' Parallel implementation has the lower switching activ-

__ ity. This example illustrates that time-sharing can mod-
__ ify the signal characteristics and cause anincreasein
_ the switchingactivity.

10.0

2@ooOo
4.0

bus sharing

No bussharing
N°

#ofbustransitions 
0

0 50 100 150 200 250

Skew Between Counter Outputs
Figure 5: Time-sharing can increaseactivity.

The second example is a simple second order FIR
filter which will demonstrate that time-multiplexing of
execution units can increase the switched capaci-
tance. The FIR filter is described as follows:

Y=ajeX+a,;eX@l+a,eX@2=A+B+C (EQ2)

where @ represents the delay operator and A = a « X,
B= a, ¢ X@1 and C= a e X@2.Also let O1=A+B.
The value of the coefficients are: ag = 0.15625, a, =
0.015625, and a> = -0.046875.

Onepossible implementation might be to have two
physical adders, one performing A + B= O1 and the
other performing O1 + C. An alternate implementation
might be to have a single time-multiplexed adder per-

of:
B

Cc IN2
Adder-TM

Time-multiplexed
Implementation

 

TransitionActivityoSSs2ON

oiv 
Sum OutputBit #

Figure6: Activity trade-off for time-multiplexed
hardware: adder example.
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Figure 7: Reducing switching activity by re-ordering inputs.

forming both additions. So, in cycle 1, A+ Bis per-
formed, and in cycle 2, O1 + Cis performed. The
topologies for the two cases are shownin Figure6.In
the first implementation, the adders can be chained
andtherefore the effective critical path can be reduced
(chaining tworipple carry adders of N bits has a delay
= (N+ 1) e Delay of onebit); it is clear that this will
result in extra glitching activity but since the objective
here is to isolate andillustrate the activity modification
only due to time-multiplexing, the first implementation
is assumed to be registered. The transition activities
(obtained using IRSIM assuming speech input data)
for the two addersfor the parallel implementation and
the averagetransition activity per addition for the time-
multiplexed implementation are shownin Figure 6.

The results once again indicate that time-multi-
plexing can increase the overall switching, activity. The
basic ideais that in the fully-parallel implementation,
the inputs to the adders change only once every sam-
ple period and the source of inputs to the adders are
fixed (for example, /N1 of adder1 always comesfrom
the output of the multiplier a9 * X). Therefore, if the
input changesvery slowly(i.e., the input data is very
correlated), the activity on the adders become very
low. However, in the time multiplexed implementation,
the inputs to the adder changetwice during the sample
period and more importantly arrive from different
sources. For example, during thefirst cycle, /N2 of the
time-multiplexed adderis set to B and during the sec-
ond cycle, /N2 of the time-multiplexed adderis set to
C. Thus, evenif the input is constant (which implies
that the sign of X, X@1 and X@2 are the same)or
slowly varying, the sign of B and C will be different
since the sign of the coefficients a, and ao are differ-
ent. This will result in the input to adder switching more
often and will therefore result in higher switching activ-
ity. That is, even if the input to the filter does not
change, the adder canstill be switching. For this
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example, the time multiplexed adder switched 50%
extra capacitance per addition compared to the paral-
lel case (even without including the input changes to
adders or the multiplexor overhead).

4. Optimizing Ordering of Operation

The switching activity can be reduced by optimiz-
ing the ordering of operations in a design.Toillustrate
this, consider the problem of multiplying a signal with a
constantcoefficient and assumethat the multiplication
is decomposedinto IN + IN >>7 + IN>>8. Figure 7
showsthe results of two alternate implementations for
the two required additions.In the first implementation,
IN and IN >>7 are added first and the sum (SUM1) is
then added to IN >>8.In this case, the SUM1transition

characteristics is very similar to that of the input IN
since the amplitude of IN >>7 is much smaller than IN
andthe 2 inputs have identical sign-bits. Similarly
SUM2is very similar to SUM1 since SUM1 is much
larger in magnitude than IN >>8. In the second imple-
mentation, the two small number IN>>7 and IN>>8 are

addedfirst and the output SUM1 is then addedto IN.
In this case, the output of the first adder has a small
amplitude and therefore lower switching activity. The
second implementation switches 30% less capaci-
tance thanthefirst implementation for this data.

5. Voltage Scaling
Since the dominant component of powercon-

sumption for a properly designed CMOScircuit is pro-
portional to the square of the supply voltage, operating
circuits at the lowest voltage is the key to minimizing
the energy consumedperoperation. However, the
individual circuit elements run slowerat lower supply
voltages and this must be compensatedfor through
appropriate architectural design. One important class
of applications are those which have no advantagein
exceeding a bounded computation rate, as found in
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Figure 8: Effect of threshold reduction on the delay
for various supply voltages.

real-time signal processing. For such applications, we
have previously presented an architecture driven volt-
age scaling approachin which parallel and pipelined
architectures can be used to compensatefor
increased delays at reduced voltages [4][5]. As the
amountof parallelism increases, the amountof over-
headcircuitry also increases and results in an optimum
level of parallelism for low-power. The optimum volt-
age correspondingto this level of parallelism was
found to be close to 1.5V (= 2V7) using a standard
technologywith high threshold devices (Vz,=0.7V and
V7p=-0.9V).

Reducing the threshold voltage of the device
allows the supply voltage to be scaled down (and
therefore lower switching power) beyondthe architec-
tural optimum without loss in performance. For exam-
ple, a circuit running at a supply voltage of 1.5V with
V7=1V will have approximately the same performance
as the circuit running at a supply voltage of 0.9V anda
V7=0.5V. Figure 8 showsaplot of normalized delayvs.
threshold voltage for various supply voltages.

Since significant power improvements can be
gained through the use of low-threshold MOSdevices,
the question of how low the thresholds can be reduced
must be addressed. Figure 9 showsa plot of energy
vs. threshold voltage for a fixed throughput for a 16-bit
datapath ripple carry adder (which essentially repre-
sents the powerto perform the operation). Here, the
powersupply voltage is allowed to vary to keep the
throughputfixed. For a fixed throughput (e.g., that is
obtained at a 20Mhzclockrate), the supply voltage
and therefore the switching component of power can
be reduced while reducing the threshold voltage. How-
ever, at somepoint, the threshold voltage and supply
reduction is offset by an increase in the leakage cur-

357

1.2um CMOStechnology

Decreasing leakage poweryga | 7Keenoo:

Decreasing switching power
<<

f= 20Mhz 
Figure 9: Compromise between dynamic and leakage

powerdissipation through V,variation.

rents, resulting in an optimal threshold voltage for a
givenlevelof logic complexity. That is, the optimum
threshold voltage must compromise between improve-
ment of current drive at low supply voltage operation
andcontrol of the sub-threshold leakage.Circuits have
been designed with power supply voltages as low as
200mVusing reducedthreshold devices [6].
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