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Abstract-  In this paper a n e w  probabilistic ap- 
proach f o r  determining spurious switching activity 
in data paths  is  presented. Spurious switching acti-  
v i ty  results f r o m  logic paths  w i th  d i ceren t  propaga- 
t i o n  delays. T h e  proposed methodology profits  f r o m  
the regularity of the data pa th  structure.  A ”glitch- 
weight” is computed f o r  each node such  that  reti- 
m i n g  can  be applied t o  the circuit  using glitching 
activity instead of delays. Re t im ing  thus manages  
the placement  of registers t o  compensate dif ferent 
pa th  delays. T h e  methodology i s  especially suited t o  
convert  combinational circuits i n t o  pipelined data 
paths.  B y  considering additional t im ing  constraints 
a design can  be optimized in t e r m s  of t im ing  and 
glitching activity s imultaniously .  S o m e  typical data 
pa th  examples  are given in order t o  show how t o  
apply the proposed methodology. 

I. INTRODUCTION 
In recent years timing optimization and low power 
design methodologies have gained a lot of interest. 
Retiming and pipelining algorithms, usually app- 
lied for improving the speed of a design have been 
found suitable for reducing spurious switching acti- 
vity (gl i tches)  and thereby reducing the power con- 
sumption of a circuit [2]. Speed improvements due 
to  retiming can also be used to scale down the sup- 
ply voltage without a loss in performance [3]. In 
this paper a probabilistic method for estimating 
glitching activity in data paths is described. The 
regularity of data paths is used to  simplify the com- 
putation of a glitch-weight for all nodes of the cir- 
cuit. Retiming is then applied exclusively to  re- 
duce these glitches. Besides power considerations, 
timing constraints can be taken into acco.unt. 

Retiming is only one possible application for the 
presented glitching activity estimation method. It 
may also be applicable for comparing different cir- 
cuit realisations in terms of switching activity as 
well as for resynthesis [5] procedures. 

This paper is structured as follows: In section I1 
the glitching activity estimation method for regu- 

lar data  paths and the determination of the glitch- 
weights will be described. Section 111 compares this 
probabilistic method with an  experimental glitch- 
counting method. In section IV a retiming al- 
gorithm specially suited for minimizing spurious 
switching activity is presented. Section V shows 
some experimental results, a conclusion is given in 
section VI. 

11. ESTIMATION OF GLITCHING ACTIVITY IN 
DATA PATHS 

Glitches at the output of a logic gate can occur 
when the input signals arrive a t  different times. 
The delay since a signal 2, arrives at  the input 
of the gate 1s d(z,). For example, consider a full- 
adder .with three inputs z1,x2,z3 and outputs s 
(sum) and c (carry). For simplicity it is assu- 
med that  P(z , )  = P(5,) is true for every input 
signal, then P ( q )  = is also valid for the 
outputs s and c of the full-adder. On the as- 
sumption that the full-adder is considered as one 
single gate, glitches occur only at the outputs. 

d( 2 1 ) f 4 z 2 )=d( 23) (2,) be the probability that 
a glitch occurs at z, if d ( q )  # d(z2) = 4 x 3 ) .  For 
statistically independend input signals 21, s2,23 
the joint probability is the product of all signal pro- 
babilities: P ( z ~ ) * P ( z ~ ) . P ( z ~ )  = P(zlx2z3). Than 

Let Pgilitch 

is the probability that a glitch occurs a t  the sum 
output and 
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is the probability that  a glitch occurs at the carry 
output. With the above assumptions it is clear that  

is true for both outputs. If all the three input si- 
gnals arrive at different times, the probabilities for 
glitching at the outputs are: 

The signals in a circuit can be considered to be un- 
correlated if all the states of the circuit are equally 
likely. Although in general this might not be true, 
it is a good approximation for data  path circuits. 
Data paths have highly connected signal transition 
graphs (STGs) which include most of the possible 
states. All the states have similar in-degrees (num- 
ber of edges that enter the state). Therefore it is 
a realistic assumption to  consider the inputs of all 
gates or adders in a data  path to  be uncorrelated 

The graph model used throughout this paper is 
equivalent with the graph model in [l]. A network 
contains vertices v connected by directed edges e. 
Each vertex has its specific propagation delay. An 
edge that  goes from vertex U to  vertex U is writ- 
ten U 2 v. Every adder or logic gate in the 
network will be considered as a vertex. For every 
vertex a matrix D(u ,  z) is calculated, where every 
entry d ( u , x )  denotes the propagation delay from 
a primary input U to an input x of the vertex. 
Fig. 1 shows a network example with four verti- 
ces, each with a inertial delay 1 and five primary 
inputs a,  b, c,  d, e. Matrix D ( u ,  z) for vertex v4 is 
given by: 

161 - 

a 1 0 0 0 0  
b 

d e [ 1 D ( u , z )  = c 

where a delay 03 denotes that  there is no connection 
U-z. Now the probability that  a input signal 

a b c d  

Figure 1: An example for different delayed signals 
to  a vertex (v4) .  

to  a vertex changes its value can be  evaluated as 

follows: let Pchange(yIz) be the probability that the 
output y of a vertex changes if input z changes. 
For a path k from a primary input U to  signal yi, 
k : U-yl -+y2 . . + yi-1 - y i ,  the probability that  
yi changes if U changes is: 

P c h a n g e , k ( Y i l U )  = Pchange(~11.) * J'change(Y2 I V I )  
.Pchange( ! /3 lY2)  * *  ' P c h a n g e ( Y i - 1 I Y i )  (4) 

and further: 

P c h a n g e ( Y i 1 U )  = P c h a n g e , k ( Y i l U ) .  ( 5 )  
k 

Now matrix D ( u , z )  of a vertex U is analysed. Glit- 
ches may occur if for any columns z = p and z = z/, 

where p # U and rows U = cy and U = /3, where 
cy # /3: d ( a ,  p,) # d(P,  v). Let zi be an  input signal 
of v with different delay to  all other input signals of 
v. Then the probability that a glitch occurs at the 
output of v can be evaluated by replacing all pro- 
ducts P(x;).P(:;) in (l), ( 2 )  or ( 3 )  with the proba- 
bility that  signal zi changes if the primary input U 

to the path U ------t . . . - x;  changes P c h a n g e ( x i l U ) .  

For the evaluation of the total glitch probability 
PT(v)  a t  the output of vertex v the following al- 
gorithm EG (evaluate glitch probability) can be 
given: 
Algorithm EG: 

FOR( i = 1 t o  N -  1 ) 
FOR( j = 1 to  M )  

FOR( k = 1 to M )  
IF(d(i,j) # d ( i  + 1,lC)) 
PT(v) = & ( U )  + P g l i i c h ( V )  

where ilr is the number of columns and M is the 
number of rows of D ( u , x ) .  The total glitch proba- 
bility is the expected amount of glitching per input 
transition. Note that P T ( ~ )  can be greater than 
one for certain architectures, e.g. the adder chain 
in Fig. 2. 

u u u u u u  
P . p m ) v  0 7 0.257 0.5 7 0.757 1 7 1.25 

Figure 2: Glitch probability in an  adder chain with 
equally distributed inputs. 

For every vertex in the circuit a glitch-weight can 
be  determined. In section IV the sum of the glitch- 
weights of all vertices in the circuit shall then be 
minimized by optimal placement of registers using 
retiming. The switching power caused by a input 
transition a t  gate U connected to  a gate v;, where 
v - vi is the only connection from v to vi is given 
bs: 
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V& is the supply voltage and  CL^, is the input ca- 
pacitance of gate vi. The activity factor CY(.) is the 
sum of necessary output transitions n(v)  per input 
transition and the glitch probability PT(v): 

a(.) = .(U) + P T ( U ) .  (7) 

With the power consumed for charging CI,,,~ caused 
by a spurious transition a t  gate U 

( 8 )  
1 
2 P8p,v* = -v& * CLV, * P T ( V ) ,  

the glitch-weight gv for gate U can be defined: 

i 

Propagation factor pv 5 1 in (9) takes into account, 
that  glitches which are shorter than the propaga- 
tion delay of a gate are reduced in their voltage 
swing and their length [4]. fanout, is the transi- 
tive fanout of gate U .  

111. EXAMPLES 
In this section a comparison is made between the 
proposed methodology of section I1 ancl a expe- 
rimental glitch-counting method. Two data path 
circuits are used for examples: a 5x5-bit array 
multiplier and a 4x4-bit Wallace tree multiplier. 
The glitch-counting tool extracts the timed boo- 
lean functions of every node in the circuit and 
then counts exactly all the spurious transitions 
for a given set of input vectors. For both cir- 
cuits 10000 equally distributed random input vec- 
tors were used. In Fig. 3 and Fig. 4 the results 
of the comparison between the two methods are 
shown. The bars symbolize the average amount of 
glitches a t  the outputs per input transition. 

IV. RETIMING FOR Low POWER 
Spurious switching activity can be drastically re- 
duced by introducing latches or registers in the cir- 
cuit. Different path lengths to  the inputs of a gate 
can be compensated, so that  the input data to  the 
gate is synchronised and glitches cannot appear at 
the output. Another effect is that  latches and regi- 
sters are barriers for glitches as data can only pass 
through when the clock signal appears. Retiming, 
introduced in [l] to  improve the speed of a design 
by rearranging register positions is now applied t o  
reduce the switching activity. 

For simplicity the following retiming .methodo- 
logy is described for acyclic network graphs. The 
method is in general also applicable for cyclic gra- 
phs. 

All primary inputs of the network are virtually 
connected with all outputs by a "dummy-vertex" 

(9) 
Figure 3: Spurious switching activity in a 5x5-bit 
array multiplier. 

Der fransilictn f anout, 1 
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Figure 4: Spurious switching activity in a 4x4-bit 
Wallace tree multiplier. 

with zero popagation delay. To every vertex v in 
the network a vertex-weight . ( U )  is assigned. In a 
first initialization step all . ( U )  are set t o  0. Begin- 
ning at the primary inputs of the network, every 
vertex is observed stepwise in the order of the logi- 
cal depth. I n  every step the glitch-weight is deter- 
minedi. If the glitch-weight for a vertex v is greater 
than a given maximum acceptable glitch-weight cp ,  
the vertex-weight is set to  ~ ( v )  = 1. For every follo- 
wing vertex v3 of 'U .(U,) is also set to  1 until again 
vertex v or a register is reached. Now a new register 
distribution is calculated. For every edge e, U 5 v 
in the network the new register count w,.(e) after 
retiming cart be calculated from the actual register 
count 20 (e) : 

:w,(e) = w(e) + ~ ( v )  - ~ ( u )  

If for any alf the input edges of vertex U ,  where 
gv > cl>> the edge weight w,(e) > 0 and w(e) = 0, 
the input edge is "marked". This means that a 
registar was placed in this edge because of high 
glitching activity at the output of the considered 
vertex. After the new register distribution is calcu- 
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lated, all . ( U )  are set to  0 and the ;algorithm starts 
again at the primary inputs with the observation of 
the vertices. If in one of the retiming steps a register 
is removed from a marked edge so that w,(e) = 0 
leading to g, > cp at the following vertex, the al- 
gorithm stops. In this case the maximum accep- 
table glitch-weight cp  is not feasable. By stopping 
the algorithm for this case, oszillations due to al- 
tering register positions are not possible and the 
algorithm always terminates. If cp  is feasable, the 
proposed algorithm causes that reglisters are placed 
at all inputs of vertices where gu > cp  and glitching 
is reduced. 

A binary search algorithm has been implemented 
to find the minimum feasable glitch weight cp,,,, 
starting with a given initial glitch-weight cZntt. 

Besides low power considerations, timing cons- 
traints can also be involved so that  a timing and 
power optimized design can be achieved. In this 
case the vertex-weight .(U) will be incremented if 
gu > cp or if A(v) > c t ,  where A(v) is the critical 
path delay to  vertex v and ct is the desired mini- 
mum clock period. 

array 
multipl. 

CORDIC 

V. EXPERIMENTAL RESULTS 
The retiming algorithm combined with the gliching 
activity estimation tool was implemented as a pro- 
gran1 and tested on some data  path examples: a 
5x5-bit array multiplier, a 8x8-bit Wallace tree mul- 
tiplier and a cascade of three 4-bit CORDIC stages 
applicable for DSP. The CORDIC was implemen- 
ted with carry-ripple adders and ,with carry-save 
adders. All circuits were implemented in l p m  tech- 

1 17 0.914 
2 30 0.904 
0 0 1.338 

Circuit 

(carry- 
ripple) 

CORDIC 

tree 2.789 
5x5 1.203 

1 8 1.085 
2 16 0.967 
0 0 2.549 

Table 1: Switching power consumption in data path 
circuits with different pipeline stages. 

nology. To show the power saving ef€ect of retiming 
more clearly, latches realised by simple transmis- 
sion gates are used for this experiments instead of 
registers. Thereby additional power consumption 
caused by registers is avoided. Before starting the 

optimization algorithm, the allowed latch stages are 
placed at the primary inputs of the circuits. Hence, 
running the algorithm converts the combinatorial 
circuits into pipelined data  paths. The pipelined 
circuits where then simulated with SPICE in terms 
of switching power. Table 1 shows the results for 
the four circuits with zero, one and two register 
stages. Note that the power consumption per tran- 
sition for two stages of latches in the Wallace tree 
multiplier is higher than for only one stage. In some 
positions where two latches follow each other wit- 
hout any logic in between, they have to be replaced 
by registers which leads to additional power con- 
sumption. In the Wallace tree this additional power 
is more than the power saved due to  glitch reduc- 
tion. 

VI. CONCLUSIONS 
In this paper a new method for fast estimation of 
glitching activity in data paths is presented. The 
regularity of data path circuits allows to simplify 
the evaluation of glitch probabilities. A compari- 
son of the new method with a exact glitch counting 
method shows that the approximation gives quite 
accurate results. A retiming algorithm that uses 
glitching activity for the optimization criteria was 
applied to reduce the switch power consumption of 
data path circuits. 

The presented experimental results show that  
the proposed methodologies can help to achieve si- 
gnificant power savings. Using the regularity of a 
design to simplify the estimation of spurious power 
consumption is a promising approach for future re- 
s ear ch. 
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