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Abstract

Glitches are an important source of power dissipation in
static CMOS ICs that can contribute to as much as 70%
of total power dissipation in certain cases (e.g., arithmetic
modules). Although research into various aspects of glitch
power dissipation hasbeen undertakenin the past, most ap-
proachesto addressing it aread hoc and limited in their ap-
plicability. Inthispaper, we proposea new framework, gate
triggering, for systematically minimizing glitch power dis-
sipationin static CMOSICs. Theframeworkisbased onthe
idea that glitches can be effectively minimized by triggering
logic evaluation at a gate only when all of its inputs have
stabilized. For this purpose, to every potentially glitchy
gate is added a small amount of control logic, which, when
enabled, triggers logic evaluation at the gate. A clocked
delay chain is employed to generate enable signals at the
proper times for all gatesto be triggered. We present an
integer linear programming (ILP) formulation to minimize
the overheads (viz. delay element, control logic, and ex-
trawiring) of our approach subject to a critical-path delay
congtraint. Application of the new approach to test circuits
(such as ripple carry adder and array multiplier) in 1.2u
technology yields 95% or more elimination of glitch power
dissipation with negligible area and timing overheads af-
ter optimization. An added advantage of the approach is
that short-circuit power dissipation at all triggered gates
is also minimized—short-circuit power dissipation in cur-
rent standard-cell based designs can exceed 50% of the to-
tal power dissipation.

1 Introduction

Increasing levels of deviceintegration, die size, and op-
erating frequency, combined with a burgeoning portable
computing and communications market, have made power
dissipation a major concern in VLSl design [12, 13].
Among VLSl technologies, digital CMOS is by far the
dominant one and consumes relatively less power. Com-
plementary static CMOS is a popular digital CMOS logic
style that is being increasingly employed because of itsro-
bustness, which lends itself to design automation, and be-
cause of its amenability to voltage scaling for low power
[13]. Inthislogic style, power is primarily dissipated dur-
ing logictransitionswhen gatel oad capacitanceschargeand
discharge.
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While some logic transitions are necessary and are dic-
tated by circuit functionality, others, such as glitches, are
not. Glitches are spurious transitions that occur before a
gate output reaches a stable value and are caused by unequal
propagation delays of input signals to the gate. Thisis de-
picted in the synchronous sequential circuit, a popular and
structured design style [11], of Fig. 1(c). Also, evident in
Fig. 1(c) isthat glitches multiply asthey propagate through
the combinational logic block. Glitch power is typicaly
significant and can be as high as 70% of total power dissi-
pation in some cases[12]. Aswe go into deeper submicron
technologies, interconnect delays become more predomi-
nant, which leads to differential delays and more glitching
[16].

Glitch minimizationisimportant not only for low power,
but also because of other reasons. Power estimationisadif-
ficult problem because glitch power dissipation is signifi-
cant and is hard to estimate accurately [11, 12]. Thus min-
imizing it will improve the accuracy of power estimation.
Asynchronoussystems need to be glitch-freeto operate cor-
rectly [17], and so aso does the clock-generation circuitry
in a synchronous system [4]. Finaly, glitches are also im-
portant to minimize in high-performance digital-to-analog
converters[19].

Short-circuit power dissipation, which occursbecause of
the DC current that flows from Vpp to Vsg during switch-
ing when both N pull-down and P pull-up conduct simulta-
neously, is another source of concern. Thisis especially so
invery high-performancecircuitsand in standard-cell based
semicustom design, where it can be as high as 50% of to-
tal power dissipation [12, 13]. However, it should be noted
that short-circuit currents virtually disappear when Vpp ~
Vrn + Virp, which is somewhat true for digital signal pro-
cessors, but not so for microprocessors, where Vpp's are
relatively higher.

In this paper, we present a new framework called gate
triggering for minimizing glitch power dissipation in com-
plementary static CMOS ICs which we discuss in the next
section. An added advantage of our approach is that short-
circuit power dissipation at gates that are controlled is also
minimized. Next, in Sec. 3, we discuss approachesto mini-
mizing logic and wiring overheadsin our framework. Sec. 4
presents an integer linear programming (ILP) formulation
to optimize overheads subject to a critical-path delay con-
straint. Application of the new approach to test circuits
(such as ripple carry adder and array multiplier) in 1.2u
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Figure1l: Minimizing glitch power dissipation in asynchronous sequential circuit design and various optimizations: (&) Timing waveform
for the clock signal and derivation of the enable signal for control logic fromit. (b) Control logic comprising n and p control transistors con-
nected to Vss and Vp p, respectively, is enabled when thelast input to the gate arrives. This prevents unnecessary charging and discharging
to Vpp and Vss, respectively, of output capacitance and internal capacitancesin P pull-up and N pull-down and & so prevents short-circuit
current during the time when input signals are unsteady. Note that for this particular control logic, two delay chains are needed, one for the
p and the other for the n control transistor. However, control logic types that control connection to only Vpp or only Vss need asingle
delay chain, but provide alittle less effective glitch power reduction [8]. (c) Glitches occurring in acombinational logic block at the outputs
of gates that have multiple inputs changing asynchronously. (d) Glitches minimized by adding control logic to every potentialy glitchy
gate and enabling it through a delay chain when the last input to the gate stabilizes. (€) Control logic enabled later for certain gates not on
any critical path so asto have synchronous evaluation of a number of gates and thereby reduce the number of delay elements required. (f)
Control logic overhead reduced by sharing control |ogic across multiple synchronously evaluating gates. (g) Control logic for certain gates
not on any critical path added and/or enabled |ater so asto make arrival times of inputs to a fanout gate(s) equal, thereby eliminating delay
element, control logic, and wiring overhead for the latter gate.



technology yields 95% or more elimination of glitch power
dissipation with negligible area and timing overheads after
optimization. Then in Sec. 5 we briefly discuss related pre-
viouswork. Conclusionsarein Sec. 6.

2 Proposed Methodology: Gate Triggering

Thekey ideawe employ to minimizeglitchesistotrigger
logic evaluation at agate only after all of itsinputshave sta-
bilized. For this purpose, to every potentially glitchy gate,
we add somesmall control logic, which, when enabled, trig-
gers logic evaluation at the gate (see Fig. 1(d)). Essen-
tially, this logic controls gate connection to Vpp and/or
Vss. Fig. 1(b) shows one possible type of control logic.
Varioustypes of control logic and their analyses and associ-
ated simulation results are the subject of another paper [8].
In order to enable the control logic for different gatesin the
combinational logic block of Fig. 1(d) at the proper times
(i.e., when the last input to the individual gates has stabi-
lized), we first perform a timing simulation of the combi-
national block. Timing simulation is an essential step in
the design flow of aVLSI chip [18] (e.g., to determine the
critical-path delay in a combinational block, which in turn
determinesthe clock period). Henceit doesnot represent an
extrastep intheapplication of our method. Fromthistiming
simulation, we obtain the delays of different gates and also
the latest times by which the various inputs of a gate will
have stabilized. For instance, in Fig. 1(d), gate g01 has a
delay of five time units, and itstop, middle, and bottomin-
puts will have steady-state values latest by five, four, and
two time units, respectively.

In order to prevent glitches at the output of gate g01,
its control logic can be enabled at time five and should re-
main enabled for at least five time units, which is the de-
lay of the gate, so that the gate logic may evaluate com-
pletely. Thereforewe use an enable signal for the combina-
tional block with ahigh period equal to the maximum delay
for any gate in the block (five units for the combinational
block of Fig. 1(d)). Asshownin Figs. 1(a) and (d), the en-
ablesignal isgenerated by ANDing clock complement with
the clock signal delayed by this maximum delay. Thisini-
tial enable signal is then delayed by various amounts us-
ing adelay chain comprising delay elementsasin Fig. 1(d).
The output of adelay element in this chain providesan ap-
propriately delayed version of the initial enable signal that
can be used to trigger a gate(s). For example, in Fig. 1(d),
gatesg01 and g11, for both of which the last input stabi-
lizes by timefive, are controlled by theinitial enable signal
delayed by fivetimeunits. Similarly, gate g32 isenabled at
timenine, sincethat iswhenitslast input (the bottom input)
stabilizes. In contrast, gate g21 does not need any control
logic or enable signal since both of itsinputs have equal de-
lays.

Using the above approach, al potentialy glitchy gates
are triggered by the enable signal when the last input to

them stabilizes, thus ideally preventing al glitches in the
combinational block. In practice, however, minor or par-
tial glitches may occur dueto the nonideal behavior of tran-
sistors. It should also be noted that short-circuit power dis-
sipation in al triggered gates can be minimized by trigger-
ing them after thelast input has stabilized, since beforetrig-
gering, gate connection to Vpp andlor Vsg is cut off by
the control logic. However, in most cases, it will not be
cost-effectiveto control all gatesin thismanner to minimize
short-circuit power dissipation because of the overheads it
will entail. Rather, it will be best to control few select gates
where potential for glitch and short-circuit power savingsis
maximum.

Themain overheadsof our approach arelogic (delay ele-
ment and control logic) overhead, wiring overhead for gen-
erating and routing the enable signal for potentially glitchy
gates, and a delay overhead because of an increased delay
for the combinational block. The logic overhead for gener-
ating theinitial enable signal using an AND gate and a de-
lay element is minimal. We have observed in our simula-
tionsthat the delay overhead is negligible. Note that reduc-
ing the number of delay elements or the amount of control
logic shouldlead to lower wiring overhead, sinceeach delay
element correspondsto a distinct enable signal to be routed
and each control logic correspondsto an enable signal to be
routed to control it. In the next section, we provide some
ways by which logic overhead, and thus wiring overhead,
can be minimized.

3. Logic and Wiring Overhead Optimization
3.1 Delay Element Optimization

The delay element overhead depends primarily upon the
total delay provided by all delay elements and the number
of delay elements. The number of delay elementsin turn
depends upon the number of delayed versions of the enable
signal needed from the delay chain. Therefore, the number
of delay elements can be reduced by synchronously trigger-
ing with a common enable signal as many gates as possi-
ble after their last inputs have stabilized. For example, in
Fig. 1(e), the set of gates g01 and g11, the set of gates
g02, 912,922, and g32, and the set of gatesg03, g13,
and g23 are al triggered synchronously by enable signals
delayed by five, ten, and fourteen time units, respectively.
Notethat to synchronize, some gatesare triggered later than
normal (such as g32, and g13 in Fig. 1(e) compared to
Fig. 1(d)). Also, note that the gates selected for late trig-
gering are not on any critical path (shownwith bold linesin
Fig. 1(e)) so asnot to increase the overall delay of the com-
binational block. The application of this optimization thus
results in a much reduced number of delay elementsin the
delay chain (threein Fig. 1(e) comparedto fivein Fig. 1(d))
Note that a smaller number of delay elements also meansa
smaller wiring overhead, since a fewer number of distinct
enable signals need to be routed. The delay element we



chose is atransmission gate with appropriately-sized tran-
sistorsto providethe regquired amount of delay. We selected
a transmission gate because it requires less area and con-
sumes very little power. A detailed discussion and compar-
ison of delay elements motivating our choiceis the subject
of another paper ([9]).

3.2 Control Logic Optimization

There are two ways in which control logic may be op-
timized. First, after applying the technique to reduce the
number of delay elements discussed above, we can use the
samecontrol logicto control al gatesthat areto betriggered
simultaneoudly. For instance, in Fig. 1(e), the set of gates
g01 andg11 can becontrolled by the same control logic as
showninFig. 1(f). However, it should be noted that sharing
the control logic in this way may mean that the transistors
of the control logic will need to be sized up (compared to
when no sharing is done) to avoid increase in delay of the
combinational block.

Another way to reduce the amount of control logic isto
schedulethetriggering of earlier gates so that inputsto later
gates are synchronized. For instance, in Fig. 1(g), gates
gl1 and g02 are triggered later than normal and control
logic is added to gate g21 (compare Fig. 1(g) to Fig. 1(f))
sothat all inputsto gatesg12, 922,903, andg23 aresyn-
chronized, thereby obviating the need for controlling these
gatesusing control logic. Note again that the gates selected
for late triggering are those not on any critical path in order
not to increase the delay of the combinational block. This
resultsin less control logic, and possibly less delay element
and wiring overhead, since some enable signals no longer
need to be generated and routed.

Thevariousoptimizationsdiscussed abovearenot exclu-
sive, but may be used in conjunction to various degrees de-
pending upon the combinational logic block under consid-
eration to minimize the total overhead. In the next section,
we formulate this overhead minimization problem asan in-
teger linear program (ILP) subject to a critical-path delay
constraint.

4 |LP Formulation for Overhead Minimiza-
tion
The overhead minimization problem can be stated asfol -
lows:

Problem 1 Minimize a weighted sum of the total amount of
delay and the number of delay elements in the delay chain,
and the number of gatestriggered (which correspondsto the
amount of control logic and wiring required), such that: (1)
there are no glitches, and (2) the critical-path delay of the
circuit does not exceed a specified upper bound.

Clearly, the total amount of delay correspondsto the lat-
est triggering time over all gates, while the number of de-
lay elementsto the number of distinct gate triggering times

(see Fig. 1(g)). No glitching requires that every gate with
asynchronous inputs must be triggered no earlier than the
latest input arrival time for that gate; obvioudly, a gate with
synchronousinputs will not glitch and hence should not be
triggered. The problem of glitch minimization, in which
the amount of glitching is part of the objective to be min-
imized, as opposed to glitch elimination being considered
here, seems to be more difficult, and will be considered in
futureresearch. The second constraint in Problem 1implies
the following theorem.

Theorem 1 There exists a finite set T, of triggering time
instantsfor every gatew in the circuit such that the optimal
solution to Problem 1 is not affected by restricting w’strig-
geringtimeto T,.

Proof Outline: The latest input arrival time for a gate in
theoriginal circuit (beforeapplying theglitch-minimization
technique) and the upper bound on critical-path delay set
lower and upper bounds, respectively, onthetriggeringtime
of the gate. Triggering a gate later than the lower-bound
time, rather than triggering it at the lower-bound time, can
lead to lower overhead only if it satisfies one of the follow-
ing two conditions. (1) The gate triggering time synchro-
nizes with the triggering time of at least one other gate, so
that a common control signal can be used for both gates,
thereby saving adelay element (see Fig. 1(f)). (2) The gate
triggering time is such that the gate output synchronizes
with thearrival of other inputsto somefan-out gate, thereby
saving a control element at the fan-out gate, which does not
need to be controlled (see Fig. 1(g)). There are only afinite
set of triggering time instants that will lead to one of these
two synchronizations. O

Space constraints do not permit us to specify and prove
what the exact finite set of triggeringtimesimplied by The-
orem lisfor agate.

The congtants, variables, expressions, objective (corre-
sponding to Problem 1), and constraints for the ILP and
their descriptions are given for easy reference in Table 1.
Only two points need to be explained, and after that the rest
of theILPiseasily understood by inspection of the detailed
descriptions in the table. First, we need to understand for
each variable the constraints that enforce the values indi-
cated for it in the table. The value of variable I7'}* is en-
forced by constraints Ry, R», and R3, that of LT}" by Ry,
Rs, and Rg, that of A9 by Ry, and that of 4,,; by Rg and
Ry. When gate u istriggered, the value of B,, ; is enforced
by constraints Ry and Ry, otherwise, by constraints R,
Ry5, and R;3. The value of A; isenforced by constraints
R4 and R15, and fi na”y, that of Xi by R16, R17, and ng.

The second point to be understood is the correspondence
between the two principal constraints of Problem 1 (i.e., no
glitches and bounded critical-path delay increase) and the
congtraints of the table. Constraints R; through R; ensure



that a gate is triggered when its inputs are asynchronous.
Congtraints Rg and Ry ensure that whenever agate istrig-
gered, itstriggeringtimeisno earlier than thelatest input ar-
rival timefor thegate, sothat all glitchesareeliminated. We
note that the upper bound on the triggering time for every
gate automatically enforcesthe constraint ontheincreasein
the critical-path delay. The objective function in the table
directly correspondsto the objective in Problem 1.

5 Reéated Work

Glitch and short-circuit power dissipation are discussed
in[12, 13]. Glitch estimation, modeling, and propagation
issues are covered in [3, 11, 16]. The importance of glitch
minimization for various applications is considered in [4,
17,19]. Designingtwo-level glitch-freecircuitsusinglogic
redesign, assuming only one input changes at atime, is ad-
dressed in [6]. Glitch removal through path balancing ob-
tained via, say, transistor sizing or layout changes, is dis-
cussedin[10, 12, 13]; thiscan be cumbersomeandinvolves
trial and error. Furthermore, in deep submicron technolo-
gies, transistor sizing will not be very effectivefor path bal-
ancing since logic delays become relatively smaller com-
pared to interconnect delays. Retiming and buffer place-
ment approachesto filter or reduce glitchesand glitch prop-
agation are described in [2, 7]; these approaches, athough
somewhat effective, entail appreciable area overheads for
flipflops and buffers. Glitch reduction at the RTL level in
control flow intensive designsisgivenin [15].

Therefore, current methods for glitch reduction are ei-
ther (i) not applicablein all contexts, or (ii) can not be auto-
mated and are ad hoc, or (iii) are not very effective, or (iv)
have high area/delay overheads, or (V) restrict the manner
inwhich logic istransformed to a gate realization. Thereis
no methodical, generally applicable approach to minimiz-
ing glitch power dissipation. Our proposed gate triggering
approach in this paper attempts to overcome all the above
limitations of current approaches.

6 Conclusions

Although research into various aspects of glitch power
dissipation has been undertaken in the past, most ap-
proachesto addressing it are ad hoc and limited in their ap-
plicability. This paper presented a new framework called
gate triggering for systematically minimizing glitch power
dissipationin static CMOS ICs. Thelogic and wiring over-
heads of our approach were analyzed and an ILP formu-
lation was given to minimize these overheads subject to a
critical-path delay constraint. Application of the new ap-
proach to test circuits (such as ripple carry adder and array
multiplier) yields 95% or more elimination of glitch and, in
gatesto which applied, short-circuit power dissipation with
very little to negligible area and timing overheads after op-
timization.
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E Yo<i A; Number of distinct triggering E YuevEo<i Aui Number of gatestriggered.
15 0<i<|T| ijesbmthefc”atét . 16 €V 20Li<| Ty | Au, u 9 199
F1r So<icir Xi umber of riggerng

Objective Function

Objective= Cot_delay

E14 + Crum_delay * B15 4+ Cirig

Eis

Opjective1sto minimize tofal overhead comprising total amount of defay 1n the de-
lay chain, number of delay elements, and the number of gates triggered/controlled;
Chiot-delay) Crum-delay, ad Cirig arethe associated weights.

Constraints
] ] ] TheTatest input arrival timeTor
B | Byw =1 o tmetorgen || R | D EOLuE BT e e e ot o
rival times
R L < Ee(u, 1), Thelat?tlnpgt arnvafl time for R B 1 Thereis only one earliest input
3 0<i< |Ti",ueV grarti?/; tiﬁg e one of itsinput 4 au) = arrival time for gate .
i The earliest Tnput arrival fime ™ < Eg(u, i) The earliest input arrival ime
Rs BEa(u) < Bs(v),v € F,)", for gate « can be no later than Rg ut = Gl.n T for gate u has to one of itsin-
ueV any of itsinput arrival times. 0<i<|T" |\ ueV put arrival times.
- Gafe « Ts triggered It its in-
M - A9 > By (u) — Ea(u) o :
u = L) » | puts are asynchronous (i.e., if Gate u cannot be triggered
R7 guribgr M is a sufficiently large | jts |atest and earliest input ar- Rg E7(u) <L ueV more than once.
: rival times are unequal).
Es(u) > Es(v) [T gaie w 1S triggered, it trg-
5(v)— A . -
T Thirig in gering time can be no earlier B -1 Output of gate v can stabilize
Ro z/félv AS), v e B than any of itsindividual input Rio o(w) u €V exactly once.
arrival times.
Tf gate w 1S not triggered (i€,
all itsinputsare synchronous or
P ) its earliest and latest input ar-
Bui > Aui 0<i< |T,| If gae u is triggered & time Ep(u) < E1(u) + M - Ez(u).| (iy4 times are equal), the time
Ri1 = P ¥ = ’ T i, then its ouput stabilizes Ri2 M is a sufficiently large number, hich i abili
uev atimeT, ; + D cv at which its output stabilizes
ust e w cannot be any later than the
sum of its latest input arrival
time and its gate delay.
Tf gate w 1s not triggered (i.e.,
all itsinputs are synchronous or
Eio(u) > Ex(u) — M - E7(u), its earliest and latest input ar- Triggering time T; is not cho-
) = rival times are equal), the time , , - . ;
Ri3 M is a sufficiently large number, | "o output_ stabilizes Ri4 A; < B11(4),0 < i < [T sen(i.e, A; = 0)if no gateis
weV cannot be earlier than the sum triggered at time 7.
of its earliest input arrival time
and its gate delay.
A; > E12(u,i),u €V 'I_'rlgg;nvng:tl me ?’ lls chosen The number of latest triggering
Ris 0<i<|T| (e, A; = 1)if a leat one Rae Bir <1 times can be no greater than 1
gateistriggered at time T’ . '
The Talest triggering time can The Talest triggering time can
Ri7 E14 > E13(1),0 < i < |T] be no earlier than any of the Ris X; <A, 0<i<|T| only be chosen from one of the
gate triggering times. gate triggering times.
Table 1: ILPformulation for minimizing delay element, control logic, and wiring overheads when applying the glitch-minimization tech-

nique of Sec. 2 to acombinational logic block so that no glitches occur and the increase in critical-path delay of the block does not exceed

a specified upper bound.



