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Abstract: We propose a method for power consumption evaluation of CMOS latching circuits, based on the weighting of individual energy-related
parameters. By assigning appropriate weighting factors for clock and data inputs the circuit evaluation can be cairied out in the context of overall
system performance. The clock weighting factor is defined as the power ratio of a complete clocking system and the power needed to drive the
clock inputs in the circuit. This factor is found to be ~1.8 for a representative CMOS technology with optimally designed clock driver. We show
how power parameters of a circuit can be measured and weighted in Hspice environment to evaluate the circuit power, PDP or EDP products.
Finally we present comparative results for some well-known CMOS latching circuit types.

Merjenje porabe moci v pomnilnih strukturah CMOS

Kljuéne besede: mikroelekironika, IC vezja integrirana, 1C snovanje vezij integriranih, moc¢i uteZene, merjenje moci, CMOS vezja integrirana
digitaina, vezja drzaina, CMOS vezja drzalna, snovanje za moc¢i male, optimiranje vezij, vrednotenje zmogtjivosti, PDP produkt odloga modi, EDP
produkt odloga energije, vezja prevesna, Hspice simulatorji, metrika energije

Povzetek: Prediagamo metodo za ocenjevanje porabe moci v pomnilnih strukturah CMOS na osnovi uteZnostnih fakiorjev za posamezne
kategorije moci. Uporaba uteznostnih faktorjev omogoca ocenjevanje vezja v ludi lastnosti celega sistema. Uteznostni faktor za vhod urinega
signala definiramo kot razmerje med porabo moci celotnega podsistema za krmiljenje ure in med mocdjo, ki jo potrebujemo za krmiljenje vseh
urinih vhodov. Za ta faktor ugotovimo, da se giblje okoli vrednosti =1.8 za tipiéno tehnologijo CMOS ob uporabi optimatno nacértovanega
ojacevalnika signala ure. Prikazano tehniko za mejenje uteZzene povpreéne porabe modi, faktorjev PDP in EDP ilustriramo s stavki iz simulatorja
Hspice. Na koncu prilagamo izmerjene vrednosti za nekatere znane izvedbe pomnilnih celic CMOS.

1. Introduction The first section presents a short discussion of perform-

. ance measurement based on power-delay and energy-
Memory cells determine to a large degree the speed delay products. We proceed with individual power
and power qharaotensﬂcs of digital systems. They rep- consumption components of CMOS circuits and show
resent relatively Iarge. cells that are repeated many how they can be monitored in the Hspice environment,
times, consume considerable power because of the Further attention is devoted to the power that is needed
C.!OCk activity and underlay the key qrch[tectural deci- to drive the clock and data inputs of the latching cells.
sions of the system (clock distribution scheme, We calculate the clock weighting factor and show how
static/dynamic operation, pipelining, etc). In order to the data activity can be used as the data weighting
improve the spged and power consumption, a number factor to reflect signal statistics on the cell performance
of CMOS latching schemes have been analyzed and evaluation. In the last section we show the implemen-
new design concepts have been proposed in recent tation details and Hspice code fragments to calculate
years. However, it is frequently very difficult to compare the weighted PDP, EDP or average circuit power. Ex-
the design efficiency of these solutions because we are perimental results’ are presented for some repre-
faced with many parameters that are hard to match. The sentative latching circuits.

ultimate common cost function is therefore the energy
that must be spent to complete the desired function
within the limits of the design specification. Similar 2. The energy metrics

problems as with the circuit comparison are addressed The most common quality measure for logic gates is

also when we try to formulate the cost function for the e L9
circuit optimization. In fact the technique described in the energy consumed by the circuit per switching event,
this work can be applied in both cases. usually called the Power-Delay Product (PDP).

When authors compare new concepts with known cir- T

cuit techniques they rely either on hand calculated data PDP=E,, = ,[ P(t)dt (M

/5/,/10/ or on a number of simulation runs with different

data statistics /12/,/13/. The details of power measuring where T is the duration of the switching event. The

technique are frequently not well documented so that it switching event is normally defined as the low to high

is hard to reproduce the results. and high to low signal transition /1/,/6/. In an ideal
, . CMOS gate without the second order effects this is

Inthe present work we try to provide a realistic measure equal to

of circuit performance based on power consumption

that is weighted against the overall system perform- PDP=C_ -de

ance. Different circuit technigues canbe therefore com- (2)

pared with a single quantitative measurement.
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The problem with PDP is that itignores the actual speed
of the circuit. For a circuit designer the name “power
delay” can be misleading as the calculated value has
no direct relation with the signal delay in the circuit; it is
related to the duration of the switching event that sets
the limits for the power integration interval. Faster cir-
cuits have larger PDP values because of higher currents
involved in the switching process. PDP can be used as
an adequate circuit quality measure only under the
assumption that the duration of the switching event fits
the design specifications and needs no modification. A
typical example are ring oscillators that are usually used
to measure the PDP and speed limits of a logic family.

To combine the circuit speed (or the “specification”
speed), characterized by the signal delay Tspec with the
power consumption it is better to use the Energy-Delay
Product (EDP) as proposed in /4/:

energy signal delay
switching event  swilching event

=PDP-T,

spec

EDP =

(3)

The EDP definition implies that the quality of a circuit
with PDPa and Tsa is equal to the quality of another
circuit with PDPp = PDPa/k and Tsb = k Tsa . In general
the speed/power tradings are not linear /11/ and allow
various circuit techniques with different topologies to
compete for the best solution of a design case.

As the power supply voltage is constant the switching
energy can be calculated from the total charge flow on
the power supply:

T T
PDP = J P(t)dt = V. joldd(t)dt =V, Qg @
o}

The procedure to measure Qsw in Hspice simulation is
presented in section 3. Tspec is measured with standard
.measure statements for delays relevant to the circuit
application.

The power consumption of a CMOS cell can be consid-
ered as the sum of 3 components:

° Internal power (node parasitics and DC currents)
e Power to drive the inputs
¢ Power to drive the loads

Of course itis possible to measure the sum of all power
components from the power supply current lqd, but this
would eliminate the possibility to weight individual com-
ponents. As we deal with the latching circuits it is of
particular interest to weight separately the power con-
sumed by the clock and data inputs. This can be
realised by monitoring some internal circuit currents. In
Hspice the easiest way to do this is to insert dummy
voltage sources of 0 DC volts in the circuit branches, as
presented on fig 1.

All loads associated with core CMOS logic cells are
combinations of some capacitive parasitics to Vdd (Cp)
and to Vss (Cp). Figure 2 shows currents associated
with the switching event on such loads. As we see from
table 1, the power to drive the load can be calculated
either from the power supply current lgd or from the
measurement of the driver current lg. The third possibil-
ity is to measure the input current to the load |i. Because
of opposite polarization the average value of this current
is 0. However in Hspice it is also possible to measure
the absolute current value which would in our case
provide the double of the load power.

As the capacitive load power is reflected on the cell
supply current, the measurement of the lpp on fig. 1
provides the sum of internal cell power and the load

vdr (V)Y Idr vpp ()Y Ipp
Vin Vid
vdd (*) § ldd
DRIVER @ CELL @ LOAD —> \
—3 -
Tin Iid

Fig. 1:

Table 1: Power consumption on the CMOS load

Dummy voltage sources (Vdr,Vpp,Vin,Vid) to determine individual cell power components

| Power monitor | 01 [ 10 } 3 |
—laq - Vaa Via Cn Via Cp V2 - (Co + Cp)
Id . Vdd Vd2d . (Cn + Cp) .0 Vdd . (Cn -+ Cp)
Li - Vau ded (Cn +C) “Vdgd (Cn +Cy) 0
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driver

vd

iy

li=-Ip-In

Idd = -Ip

Fig. 2. Current flows on the capacitive CMOS load

power, The measurement of lid is therefore not needed.
To calculate the last component, the cell input power,
we have two possibilities. One is to build an ideal driving
stage without parasitics that consumes no internal
power and calculate the power from the supply current
Igr of that driver. The second possibility is to measure
the absolute value of the input current lin and divide the
result by 2. This is more convenient as we don "t need
extra device models and can use real circuit compo-
nents to simulate the switching event.

3. Weighting the input power components

If we look at the circuit performance from the system
level we must recognize that the price for various power
components is not the same. To reflect the global
system features such as the clock distribution scheme
and signal statistics, the circuit evaluation function must
be formulated with weighted input power components.

To drive clock inputs in synchronous systems we nor-
mally need special drivers and distribution networks.
The system power penalty is therefore much higher
than the sum of locally measured powers on clock
inputs. To make an assessment of the real power re-
quirement, consider the internal capacitance of an op-
timally designed N-stage buffer /6/ with tapering factor
u and input capacitance Ci. The equivalent gate capaci-
tance is

ul -1

C
u-—1

gate = Ci +U'Ci +U2 ‘Ci+...+UNM1 .Ci = Ci

(5)

We geta similar expression for internal diffusion capaci-
tance if we assume that it is equal to & times the buffer
input gate capacitance:
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load

li=Ip+1In

Idd =-In

Cdift =& Cgate (6)

The optimal buffer drives the load CL = uN - Cj and
dissipates the power

Pariver = (Cgate +Cgis + G, )ng f=

”11 MNJCi VA f

The measured input power in the cells would be that of
the driver load Cr:

Peots =Cp - Vi - T=u" - C;- VG, f (8)

The ratio between the total power consumed by the
driver and the measured power on clock inputs is
defined as the clock weighting factor we:

(UM =1)-(1+8) ()

u - (u-1)

P..
.= F():inver:1_}_

cells

w

The number of stages N depends on the size of the
clock network, while the optimum tapering factor u is
known 1o be close to 3.6 for technologies with 6= 1. For
N values greater than 2 we can then assume uN-1 =uN
so that the clock weighting factor can be approximated
to

1+98
Wy = T4 ——

u—1 (10)
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With §=1 and u=3.6 the calculated value is 1.77. It must
be pointed out that this is still an optimistic value since
we have neglected the wiring capacitance of the clock
distribution network and have assumed an optimal
driver,

Another important issue regarding the input power
measurements is the signal activity alpha, defined as
the number of complete signal transitions per clock
cycle /13/. The clock itself has o = 1 while other input
signals may have various values depending on the
nature of the system. If the signal comes from another
latching cell the maximum value for alphais 0.5, as data
can change once per clock cycle at maximum. A ran-
dom binary signal has o = 0.25. The natural tendency
of binary coded signals is that high-order bits have
lower activity than low-order bits.

The signal activity depends also on the circuit structure:
adder outputs for example may have activities much
higher than 1 due to the carry propagation transients. If
such signals are connected to the data inputs of flip-
flops the toggle power can significantly influence the
selection of the optimal latching circuit.

When we simulate the switching event of a latching
circuit we apply one logic-high and one logic-low state
to the data input for each clock cycle. The signal activity
ofthe data inputin the switching event is therefore equal
to 0.5 (fig. 5). To compensate for the difference between
the real application and the calculated input power in
the switching event we define the data input weighting
factor as

(xsystem

0.5 )

Wd:

It is obvious that some statistical properties of system
signals must be known to make better cell compari-
sons. Ifthis is notthe case, wd = 1 can be used as worst
case input power weight. Methods to determine alpha
are described elsewhere /14/, /15/.

4. The power measurement technique

According to (4) the measurement of average power
consumption of CMOS cells with constant power sup-
ply is reduced to the calculation of the equivalent
charge flow across the power supply. Figure 3 shows
the necessary setup to automate this procedure in the
Hspice simulator /6/. We insert a new node gt, con-
nected to the measuring capacitor Cq and the current-
controlled current source Fp. The later is controlled by
the cell supply current (measured on Vp), multiplied by
the gain factor.

Cq and the gain must be set to scale the voltage Vgt on
node gt in the range of reasonable values for the given
circuit type, otherwise we will experience difficulties with
the numeric precision of the simulator. A good choice
is to use gain = 1 and Cq = 11F, which scale Vgt to 1V
for 1fC of charge flow. The voltage on node gt is then
given by
1t ain 12
Vo (1) = C—qJ.Ogam-!p(t)dt =9 (12)
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The total charge flow across Vp during the switching
event with the duration Tfin is given by

C
—L Vqt (Tfin )

Q
W gain

(13)

JoTﬁn l (tdt = Q, (Thn) =

As we see, Qsw can be measured as the voltage on
node qt at the end of the switching event, muitiplied by
the scaling factor Cg/gain. One should not forget to set
the initial condition on Cq to 0 volts. The whole proce-
dure requires four Hspice statements:

CqqtO1f
Fp 0 gtVp ‘gain’
icV(ah 0

.measure tran Qsw max V(qgt) from=0 to="Tfin’

cell

e v{gt) @
Cy gt 0 1f
Fp 0 gt Vp I

.measure tran Qsw max v(qt) from=0 to="Tfin’

Measuring the equivalent charge flow of a
cell

Fig. 3:

Similar technigue can be used to measure the charge
flow into the cell inputs. In this case we use the absolute
value of the controlling current and divide the result by
2. This is done inside the 'F’ statement by the ‘abs=71’
modifier and the gain multiplied by 0.5. Referring to fig.
4, the charge flow for input Cl would be modeled by

Fc 0 gt Vc ‘gain*0.5*wc’ abs=1

We can get the sum of all charge flows needed for the
cell power calculation if we connect the relevant cur-
rent-controlled current sources to the same node qgt.
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When weighting is required, the gain in the F statement
is multiplied by the corresponding weighting factor. In
this case the voltage Vqi(T) represents the total
weighted switching charge of the circuit. Once Qsw is
known, one can calculate the average power, PDP or
EDP from (3) and (4). The appropriate ‘measure’ state-
ments would be

.measure PWR param = Vdd*Qsw*Sq/Tfin’
.measure PDP param = 'Vdd*Qsw*Sqg’
Vdd*Qsw*Sq*Tspec’

.measure EDP param

With gain=1 the scaling factor Sq is equal to Cq.Tfin is
the duration of the simulated switching event. If EDP is
needed, Tspec is measured within the same simulation
as some combination of the delay times of interest.

Vid

i Vi /
S
ff‘/\' S o a o
L dnver S T Jatch ioad C«)
—~
: iy ey a
I 's

S

z - ) deov{qt) 0
e | ," 3 Cq qu 0110
4’/3\, /T\ //;\ - L__J‘_fq Fp 0 gt Vp i
\\T‘/r; \5/17- \/r-‘ ; Fd O gt Vd wd0.5 abssl
i oo i ' [ Fe 0 gt Ve "wer0.5" abs=1
1 .measure ran Qsw max v{qt) from=0 to="Thn’
Fig. 4:  Measuring the weighted charge flow of a

CMQS latch

To characterize flip-flops and latches the switching ex-
periment must assure both high - low and low — high
transitions ofthe outputs which means that input signals
must exhibit certain waveforms. We recommend the
following rules for the switching experiment:

¢ The circuit must be loaded with realistic loads.

° The initial states of all nodes must be equal to the
final states so that an even number of state transi-
tions is involved.

e Inputs must be driven by realistic drivers. In spite of
the fact that input currents are measured and con-
tribute to the total power consumption the rise and
fall times of ideal voltage sources do not change with
loading. Measurement of circuit speed based on
heavy loading of ideal input signals would give unre-
alistic EDP values because of the nonlinear speed-
power trading in real drivers.
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The power measuring setup for a CMOS latching cellis
presented on fig. 4. Typical waveforms for signals,
power supply current and the simulated switching
charge are presented on figure 5.

Table 2 presents illustrative results for four different M/S
static flip-flop structures. the switched inverter or
C2MOS type /6/ (fig. 6 a), the pass-transistor type /17/
(fig. 6 b}, a variant of the RAM cell type /18/ (fig. 6 c) and
the SSTC type /10/ (fig. 6 d). All circuits were simulated
with minimum size transistors. To make meaningful
evaluations some optimization should be done in the
given system environment. This is especially true for the
flip-flop types ¢ and d.

Table 2:  Simulation results for some minimum-size
static flip-flops

Conditions:
technology 0.6u, typical mean
w/l 0.8u/0.6u, all transistors
Vdd 3V
T 25 deg. C
C 8 fF
We 1.77
W 1
measu- !
red type A type B type C type D
value
AV 1 12 ABE-6W | 10.62E-6 W | 15.48E-6 W | 42.10E-6 W
power
PDP 112E-12Jd | 0.95E-12J  1.39E-12J | 3.79E-12J
EDP | 1.40B-21Js | 0.93E-21 Js | 1.85E-21 Js | 3.50E-21 Js

5. Conclusion

The proposed evaluation technique for CMOS latching
circuits is based on weighting the energy-related pa-
rameters.

Special attention has been paid to the power required
to drive the clock and data inputs. We show how this
power can be weighted to reflect the overall system
performance on the circuit under investigation. Frag-
ments of Hspice code illustrate the calculation of aver-
age power, PDP and EDP products. All these
parameters are measured by the simulation of a simple
switching event along with the delay times.

The technigue can be used to simplify the optimization
process and to improve the comparison of different
latching schemes.
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Fig. 5.  Simulation of the weighted charge flow in a CMOS latch
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