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Abstract—Presented in this paper are 1) information-theoretic integrated circuits in the presence of deep submicron noise is
lower boundson energy consumption of noisy digital gates and 2) a challenging problem because it compels us to address the
the concept ofnoise tolerancevia coding for achieving energy effi- jsq1e5 of energy reduction and reliable operation in a unified

ciency in the presence of noise. In particular, lower bounds on a) At t hin th £l desi
circuit speed f. and supply voltageV,q; b) transition activity ¢ in manner. At present, research in the aréa ot low-power design re-

presence of noise; c) dynamic energy dissipation; and d) total (dy- Volves around the developmentlofv-power desigtechniques
namic and static) energy dissipation are derived. A surprising re- at various levels of the design hierarchy [6]-[Bhwer estima-

sultis that in a scenario where dynamic component of power dissi- tion techniques [9]-[11], and investigating tlmver bounds on
pation dominates,the supply voltage for minimum energy operation power dissipatior{12]-[16]. However, the impact of noise on

(Via, opt) is greater than the minimum supply voltag®/uq, min ) for . : - .
reliable operation We then propose noise tolerance via coding to energy reduction has not been considered so far and, in partic-

approach the lower bounds on energy dissipation. We show that Ular, the fO"OWing important qUeStionS still remain unanswered.
the lower bounds on energy for an off-chip 1/0 signaling example 1) “What is the lower-bound on power dissipation?” 2) “How far

are afactor of 24x below present day systems. A very simple Ham- gre we from these bounds?” and 3) “How do we approach the
ming code can reduce the energy consumption by a factor of8, |\ver hounds systematically in the presence of noise? i.e., how
while Reed—Muller (RM) codes give a 4«reduction in energy dis- . ) "
sipation. do we de_5|gn noise-tolerant low-power VLSI syst_ems_?

The existence of lower bounds on energy dissipation at var-
ious levels of the system design hierarchy was proposed by
Meindl in [14]. Although thermal noise was shown to be the
limiting factor for energy reduction at the devices level, noise
|. INTRODUCTION sources such as ground bounce and cross-talk were not consid-

HE ABILITY to scale CMOS technology has been on red. In [15_]’ the lower bog_nd on power dissipgtion per pc_)le
of the prominent reasons for its widely successful use qr analog circuits and empirical lower bound estimates for dig-
Ital circuits was presented. These bounds were estimated from

ilding low- i ingl | igital VLSI cir-
building low-cost and increasingly complex digital VLS cir p_e desired signal-to-noise ratio (SNR). The bounds in [14] and

cuits. The 1999 International Technology Roadmap for Se ) . .
9y P ’TLlS] are derived under the assumption that to compute reliably,

conductors [1] has identified the ability to continue affordab . . . . L
scaling as one of the grand challenges. The ubiquity of digit%rperequwes reliable/noise-free elements. This assumption is too

systems is also partly due to the reason that, unlike analog &?_nservatwe, especially if energy efficiency is desired and a fi-

cuits that are noise sensitive, digital circuits are inherently infite (but small) probabﬂn_y of error at the output is af:ceptab_le.
The problem of realizing reliable Boolean functions using

mune to noise due to their nonlinear voltage transfer character- . . .
istics. However, noise immunity becomes difficult to achieveeilaOlsy logic gates using hardware redundancy was first addressed

deep submicron (DSM) era due to reduced feature sizes, sm %E\)/O_?dNe'li'mb?nnB[lﬁ]' Th? CO?SUUCSOO erolpos_ed in [17] V\t/as
supply voltages (smaller noise margins), and higher densitt  burld refiable boolean functions by interieaving computa-
nal layers with error correcting layers to keep the probability

These features render DSM technology inherently noisy wit fth Il network und trol. E "

noise comprising ground bounce, IR drops [2], capacitive afl er(rjor ot the O\t/?r? ned cl)r un:j erdcon rol. q rror cc_:trrectl_on

inductive cross-talk [3], charge sharing, charge leakage, proc oneé using triple modufar redundancy and majority voting.
was shown that a given logic function with arbitrarily high

variations, etc. An awareness of this fact has resulted in the re- =~ > . .
reliability can be realized by the proposed construction using

cent interest in deep submicron noise analysis [2]-[5]. _ . . .
Energy-efficient VLSI circuit design is of interest [6] given.nOISy logic gates with probability of errar< 0.0073. In [18]’.
_was shown that the depth of a reliable Boolean function im-

the proliferation of mobile computing devices, the need to i ted with noisv logi i t be hiaher than that of th
duce packaging cost, and the desire to extend operational ”féabq;mene With noisy fogic gates must be nigner than that ot the

VLSI svstems by improving reliabilitv. Desianing low-power €alization of the same with noiseless gates. However, unlike
y y imp g y gning P Von Neumann’s work, it was not shown how the bound on the

depth can be realized. In [19], it was shown that when a given

. . . . logic function is implemented with 3-input logic gates, it is pos-
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was supported by NSF CAREER award MIP 96-23737 and DARPA Contraat?l® to compute rell'ably it < 1/6. It was also shov_vn that, for
DABT63-97-C-0025. the 3-input case, reliable computation is not possibtesif 1/6
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multipliers against faults, and can also be used for noise toler-
j Information ance. In contrast, in this paper we employ error-control codes
e B | Cowenmounos ) to provide the desired level of reliability while explicitly re-
i j ducing the overall energy dissipation thereby approaching the
| Transfer Capacity | lower bound.
R R ’ In summary, the primary contributions of this paper are
twofold: 1) obtaining the lower bounds on energy consumption
of noisy logic gates via an information-theoretic framework
and 2) achieving energy efficiency via noise-tolerant coding in
Fig. 1. Information-theoretic framework for VLS. the presence of deep submicron noise. The rest of this paper is
organized as follows. In Section Il, we provide the necessary
) ) ) information-theoretic preliminaries. In Section Ill, we develop
as a process of information transfer over a noisy channel. 4 information-theoretic view of VLSI systems for computation
[16], we have shown that any system function with infuand  fo|lowed by our main result in Section IV, where we show how
outputY” has a minimuninformation transfer ratgequirement zpsolute lower bounds on energy consumption can be derived.
of R bits/s. Any implementation of the algorithm is viewed as g section V, for off-chip I/0 signaling, we show how the lower
communication channel/network with an information transfgjynds derived can be approached using the concept of noise

the speed, SNR, and the architecture. For reliable information

transfer (or system operation), we ngéd> R [20]. The con-

dition C' > R ensures that it is possible to transfer information

at a rate ofR bits/s with the probability of error (in the informa-  In this section, we describe information-theoretic prelimi-

tion bits) approaching zero, i.e., perfect reliability. In the pastaries such asntropy mutual informationconditional entropy,

we have applied [16] to the framework in Fig. 1 to provide andchannel capacity

common basis to power reduction techniques at various levels

of the design hierarchy such as pipelining, parallel processirfy, Entropy

adiabatic logic, etc. In particular, we have shown that all power Consider a discrete source generating symbolsom the

reduction techniques tend to bridgclose toR. setSy = Xp, X1, --- X;_1 according to a probability distri-
In this paper, we proposediscrete channeiodel for dig- bution functionp(x). A measure of the information content of

ital modules and then develop the capacity formula to calculdtés source is given by itentropy H(X), which is defined as

the lower bounds. In this model, we assume that every timdalows:

module is used, it can make an error with a certain probability 1

€. The2value ot dgpends onthe supply voltay@_d and the vari- H(X) = — Z pi log,(pi) 2.1)

ancess, of the noise voltag&’y. While we consider the module

to be a logic gate and an off-chip wire, it could potentially be a

complete digital system. We then use the discrete channel m%ﬁlerepid:efPr (X = X;)fori =0, ---, L — 1 andH(X) is

to show how the absolute lower bound on energy dissipation Ganyits. Note that we havé — 1 for a single bit line, while an
be obtained by only using the information-theoretic constraint_pit bus hasl, = 2™ — 1.

C > Rto ensure reliability. This definition of the measure of information implies that the
While the information-theoretic framework provides us witlyreater theincertaintyin the source output, the higher its infor-

the lower bounds, it does not indicate how to achieve themation content.

In addition to deriving the lower bounds, we also propose the We define a relatedntropy function(p) as follows:

concept of noise tolerance to approach the lower bound on en-

ergy dissipation. Improving the reliability of noisy logic gates hp) = —p log, (p) — (1 — p) logy (1 — p) (2.2)

by employing error correcting codes was considered by Elias

in [21] with the conclusion that an arbitrarily high level of rewhere 0< p < 1. Similarly, theinverse entropy functioh™(q)

liability can be achieved only when the computational rate ajs defined as

proaches zero. This argument was strengthened in [22], where

it was shown that, except for symmetric gates such as XOR and hHg) ={p:h(p)=¢,0<p < 3} (2.3)

NOT, one cannot do better than repetition coding to improve the

reliability of noisy logic gates. However, by relaxing one of théhere 0< ¢ < 1. The function:(p) is shown in Fig. 2, where

conditions imposed on the encoders and decoders, it was shé@@n be seen that it achieves its maximum value of unity when

in [23] that Reed—Muller codes can be employed to achieve high— 0.5.

levels of reliability without an abrupt drop in computational rate. ) N

Coding schemes have been successfully used to provide f&iltMutual Information and Conditional Entropy

tolerance for computing applications, without considering en- The mutual information/ (X;Y') is defined as

ergy efficiency. Arithmetic codes [24] have been proposed to

improve the reliability of arithmetic units such as adders and I(X;Y)=H(X)—- HX|Y)=H(Y)-H(Y|X) (2.4

! Information

{ ARCHITECTURE
(AR )
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Note that if the stochastic process is independent and identically
distributed (i.i.d), we get
1 H(X
HX) = lim S H(X,, Xo, - X,) = "D ey
n—oo 1, n
(2.8)

which is equal to the entropy per sample.

| D. Information Transfer Rate

1 In [16], we have shown that any system function with input
X and outputy” has a minimuninformation transfer ratee-
quirement ofR bits/s given by

R= f,H(Y) (2.9)
Fig. 2. Entropy functior(p).
whereH (V) is the entropy of the outpdt and f; is the rate at
which the input symbols are being generated. This information
transfer rateR is implementation-independent
Example 2: Consider the 2-input AND gate from Example 1.
Let the rate at which the input is being generafed=-10 MHz.

whereH (X |Y) is theconditional entropyof X conditioned on
Y. The conditional entropyd (X|Y) is given by

HXY)=- > 3 PrX,Y)log,(Pr(X|Y)) (2.5) Forthe same input statistics as in Example 1, the information
YeSy XeSx transfer rate is given by
where the setSxy = {Xo, X1, -+, Xz} and Sy = R =10 x 10° x 0.8112 = 8.112 Mbits/s. (2.10)

{va Yiv Tt Yl\lfl}-

The conditional entropyd (X |Y') can be interpreted as the
residual uncertaintyn X given the knowledge df". In a similar
fashion, the mutual informatioh(X ; Y') can be viewed as the
reducti_on @n uncerta_inty"n X due to the knowle_dge df This £ channel Capacity
reduction in uncertainty [by an amouftX; Y)] in X is due to . i ) o
the information transferred from the input of the channel to its 1€ channel capacity per usg, is obtained by maximizing
outputper useof the channel. The definition of mutual infor-(2-4) over all possible distributions of the channel injitin
mation in (2.4), along with the fact that for a noiseless chann@iner words [20]

H(l_/|X) = 0 provides us with the defin?ng equation (2_.9_) for C, = max I(X;Y). (2.11)
the information transfer rat&. The following example will il- v p(x)
lustrate some of these concepts as applied to digital gates. . . . . .

Example 1: AND GateConsider a 2-input AND gate oper- m;)ltl\pl)vlzlg%gi%wnh the rate at which the channel is usgdin
ating at 100 MHz where both inputs are independent and iden-"’
tically distributed (i.i.d) with the probability of a “1” on each C =C,fe. (2.12)
being equal to 0.5. In that case, the entropy of the input (taken
either as a single 2-bit source wifh = 3 or as two single-bit ~ Example 3: For the AND gate in Example 2, assuming that
sources) is 2 bits. The entropy of the AND gate oufifrom the probability of error for all input combinationsds= 0.1 and

Note that the information transfer rate is dependent on both
the rate at which the data is being generated and the probability
distribution of the input.

(2.1)] is given by switching speed.. = 20 MHz, the capacity of this gate is given
by
H(Y) =—P(0) log, (P(0)) — P(1) log, (P(1) C = max I(X;Y)f.
I—% log, (%) - % log, (%) ?

=[1— h(e)]f., (from Thl, Sec. llI-B)
=[1 — h(0.1)]20 x 10° bits/s
=10.62 Mbits/s (2.13)

—0.8112 bits. (2.6)

C. Entropy Rate where the input distribution is such that the output distribution

Just asentropyis the average number of bits required tds uniform, resulting ip, = 0 and, thereforei(p, ) = 1.
describe the outcome of a random experimemiiropy rate  Note thatf., the speed at which the circuit is operated, is
is the average number of bits per symbol required to descritiéerent from £, the rate at which the source generates infor-
a random process. Formally, tlemtropy rateof a stochastic mation. As we hav&’(10.62 Mbits/s) > R(8.112 Mbits/s), it
process{ X;} is defined by should be possible to achieve an arbitrarily high level of relia-

bility [20]. In practice, the probability of error can be reduced

| by adding redundant bits to enable error detection and correc-
H(X) = lim —H(Xy, X, -~ Xp). (2.7)  tion at the output.
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L E— Proof: The information transfer capacity of aninput,

“\X/é 1-output gate is obtained from (2.11) and (2.4) as follows:

o O = max  [H(Y)— H(Y|X)]. (3.3)
@) VP(JC)

As the gate is symmetric, with error probability we have
H(Y|X) = h(e). AsY is a binary random variable, we have
max H(Y) = 1, which can be achieved by choosing an appro-
I-e © priate input distribution. Substituting in (3.3), we get (3.1)m
Note that Theorem 1 indicates that whes 0 (i.e., a noise-
Fig. 3. Discrete channel models for (a) a noninverting buffer, (b) an invertd€SS gate), the information transfer capacity per@ses max-
and (c) a 2-input AND gate. imum and equal to 1 bit per use. This is same as saying that the
2-input, 1-output AND gate discussed in Example 1, Section Il
It was shown in [20] that it is possible to achieve an informasan transfer one bit of information for every use. This is possible
tion transfer rate?, (defined in (2.9) for a digital system [16]) provided the gate is noiseless and that the output distribution is
with a probability of errors approaching zero (via appropriateuniform. This, in turn, implies that the input combination “11”
coding of the inputs) as long @ < C and the information should occur with a probability of 0.5 and the rest of the input
source is an ergodic and stationary process. We assume thacgbinations should occur with a probability of 0.5. Further-
input sources considered here are also ergodic and stationaiftore, this AND gate has a capacity 6f, = 0 if it makes an
error half of the time, i.e = 0.5. An interesting observation
lIl. | NFORMATION-THEORETIC FRAMEWORK FORNOISY VLS|  to be made at this point is thét, > 0 if the AND gate makes
CIRCUITS errors more than half of the time, i.e.;> 0.5. It will be shown

. . _ . . later that for a relatively high value df;4 with respect to the
In this section, we present an information-theoretic fram?foise the value of = 0. i.e. the circuit becomes error-free

work for noisy digital systems. We then employ this framey . case, from (3.1), we see th@t, is equal to unity and

work to calculate the lower bounds on power dissipation f?ﬁe capacityC’ = f. [from (2.12)]. This is consistent with the

single-output gates. conventional measure of capacity as being the maximum rate at
which the circuit can be clocked. Most modern day digital sys-
tems operate in this region, which is also the primary reason for
A discrete channel model for a nOisy noninverting buffer Iﬂ]e h|gh power dissipation of such Systems_
represented by tellis, as indicated in Fig. 3(a). This diagram Theorem 1 seems to suggest that the information transfer ca-
indicates that the probability of the output being correctisel pacity ¢ is independent of technology and circuit implementa-
and the probability that it is incorrect és for all inputs. Such a tjon style. However, this is not the case, because bathd f,
model is also referred to asbénary symmetric chann¢BSC) depend upon the technology and the circuit style. In particular,
[20] Thus, we assume that the magnitude and duration of intWe note thatfc and noise are a function of the Supp]y V0|tage

mittent noise voltage is sufficient to cause logic errors. A noisy, , transistor transconductanée,, and the device threshold
inverter and a noisy 2-input AND gate can similarly be reprempltageV;, as described next.

sented as shown in Fig. 3(b) and (c), respectively. Note that logic

errors can be permanent due to delay faults induced by te€h- Characterization off. ande
nology variations, such as thoselif In that case, for the input
combinations that excite such faults, we obtaia 1.

A. Discrete Channel Model for Noisy Gates

For the remainder of this section and the paper, we will as-
sume that the technology is complementary MOS (CMOS) and
the circuit design style is static with dual NMOS and PMOS
transistor networks. Assuming further that the gates have been

The following theorem quantifies the information transfer catesigned with balanced rise and fall times, the maximum sig-
pacity per us&”, of a single-output noisy gate. naling ratef. at a supply voltagé’,;, equals the reciprocal of

Theorem 1: The information transfer capacity per uSg of  the average propagation delay and is approximately given by
ann-input, 1-output symmetric gate that makes an error wiff25]
probability e is given by

B. Information Transfer Capacity of Noisy Gates

krn,(V;id - V;)Q

Jo= VaaCr,

Cu=1-he) (3.1) (3.4)

whereh( ) is the entropy function defined in (2.2) an, is in whgre o
bits per use of the channel. Furthermore, the output distribution™™ transconductance of the NMOS/PMOS transistor;

that achieves this capacity is the uniform distribution given by Yéd SUPPly voltage;
Vi NMOS/PMOS transistor threshold voltage;

Py =3, fori =0, 1 (3.2) OL load capacitance.
Characterization of is difficult as it requires the knowledge
wherep, ; is the probability of observing thih output combi- of various noise sources and their dependence upon the supply
nation. voltage. As this is an ongoing work [3], [4], in this paper we
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12 ' ‘ Example 4: Capacity of a 2-Input AND Gatelire n CMOS.
1o /\ ﬁ Assume that;y = 1.5V, V;, =05V,on =05V, %, =
A 80 nAIVZ andCy, = 50 fF. Substituting the values &f;; and
o8 : [ \\ . \\ 1 o~ into (3.6), we obtain a value ef= 0.067. From (3.1), with
08 | //" ol - A ] e =0.067, we geC,, = 0.6461 bits/use. The second component
wal . \ /N | 7 f. of the capacity (2.12) needs to be computed. To do this, we
/ . substitute the values df,,, Viq, V3 and Cy, into (3.4) to get
0z / ? /o \ ; f. = 1.07 x 10° uses/s. Therefore, the information transfer
00 b Mgm e capacity of this gate is given iy = C,, f. = 6.84 x 10% bits/s.
vad It can be seen that the AND gate in Example 2 has a relatively

high capacity in spite of the large noise standard deviation of
oy = 0.5 V. Employing the information-theoretic framework

. : . . resented so far, we now determine the lower bounds on energy
will assume that all the major sources of noise contribute a no Sesection IV

voltageVy at the gate output. Therefore, the gate output is In

error whenVy exceeds the gate decision threshold voltége
[25] defined as IV. L OWER BOUND ON ENERGY DISSIPATION FORNOISY

GATES

Fig. 4. FunctionQ(r) and its relation tg..

Vi, = Vaa = Vi, pl + Vin (3.5)  Inthis section, we employ the condition for reliable operation

2 C > R as a constraint while minimizing energy dissipation to
whereV, ,, andV, ,, are the threshold voltages of the PMOS anderive the desired lower bounds. We first formulate the problem
NMOS transistors, respectively. of determining the lower bounds as a constrained optimization

Assuming that a signaling waveform has a certain noiggoblem in Section IV-A. We then determine the lower bound
voltageV added on to it an#y has a normal distribution with on speed of operation of the circuit and the supply voltage in
a variancer%;, it can be shown that the probability of channeSection IV-B. In Section IV-C, we derive the lower bound on
errore equals the shaded overlap area in Fig. 4, and is given tsgnsition activity of a noisy gate. Sections IV-D and IV-E dis-

cuss the lower bounds on dynamic energy dissipation and total

e=Q <2Vdd ) (3.6) (dynamic and static) energy dissipation, respectively.
ON
where the functiom)(x) is the Gaussian pulse (see Fig. 4) anfi- ENergy Minimization Problem
is defined as The three major sources of power consumption in CMOS
o . VLSI circuits are 1) dynamic power dissipatiof’,,), due
Qz) = / Ee*y /2 dy. (3.7) to capacitive switching; 2) static power dissipatiaR, ),

due to leakage and subthreshold currents; and 3) short-circuit
Note that (3.6) provides us with the necessary dependencepofver dissipation £,.), due to direct path currents caused
¢ on the supply voltagé/y,. Fig. 4 indicates that a,, re- due to nonzero rise and/or fall times of inputs. For the sake of
duces the two curves approach each other, thereby increasiimgplicity, we will only consider single-output logic gates to
the overlap and, hence, the probability of channel errdine derive the lower bound on energy consumption. We will also
Gaussian assumption on noise distribution has been shown t@bsume that all the capacitances of the gate are lumped at the
valid for off-chip 1/O signaling [26]. output, though this assumption results in some loss of accuracy.

We summarize all the assumptions made in deriving (3.4) aftle average dynamic power dissipation of a CMOS inverter is
(3.6). given by [25]

1) CMOS technology with fully static design style. 5

2) The low-to-high and high-to-low propagation delays are Payn = 0.5tCLVjafe (4.1)

equal. For smalV;_,, andV;_,, this implies the transcon-

ductance of the equivalent NMOS and PMOS transisto ere

average transition probability;

are equal. c i bei itched:

3) The threshold voltages, ,, = —V;,,, so that with equal VL capa:n anltie e.mg switched,
NMOS and PMOS transconductance, we hayg = a4 SUPply voltage, .
Via/2. f.  rate at which the gate is clocked.

4) The variancer?; of the noise voltag&’y is independent The average static power dissipation is given by

of V34 and has a normal distribution with zero mean. The
noise pulse has a time duration greater than the delay of
the gate. wherel,,; is the average standby current. For a single-output
Note that if any of the assumptions are violated, then theggyic gate, 1, ., is given by [27]
changes can be incorporated into the expressiondiio(3.6)]
andf. [in (3.4)]. We now consider an example, which illustrates I KuC V28 w -V
the application of the concepts presented so far. sub = B pbon ¥y € L )P\ v,

Pstat = Isubvdd (42)

(4.3)
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whereK is a constant dependent on gate topoloiy=£ 1 for

a CMOS inverter)y is the carrier mobility;C,,. is the oxide
capacitancel¥/L is the effective width to length ratio of the
PMOS/NMOS networksyr = kT/q; andn. is a constant.
For a typical deep submicron technology, the value afanges
from 1.4 to 1.5. The average short-circuit power dissipation is
given by [6]

Information
Transfer
Rate: R

Noise Std.
Deviation: Oy

[h®-h(e)1f,= R

lf =

K, : .
P, = tl—g’(vdd —2Vy)3 7 f. (4.4) ; ;
wherer is the “rise—fall time” of the input signal. We assumesig. 5. Relationship between the various parameters involved in the
that the gate is operated at the maximum possible rate givendpymization problem.
(3.4).
We will employ theenergy per information biE,) as the ergy consumption as follows:
measure to compute the minimum energy requirements, where

. N Minimize
E, (in joule/bit) is given by o Piot  Piyn+ Puas + Pac @
"R R ‘
Ptot den+Pstat+Psc i
By, = = 4. subject to
b= 7 (4.5)
. . . . — . = 4.
and R is the information transfer rate. Note th&j is the en- [A(t) = A1 f v V2 (4.8)
ergy required to transfer one bit of information over the channel, f.= M (4.9)

which, in our case, is the logic gat&.is a fixed quantity and, VaaCr

hence, minimizing?;,; also minimizest,. Therefore, our goal There is an intricate relationship betweBn oy, t, Cr,, Vaa,

is to minimize (4.5) subject to the information-theoretic cony,, f., k.., t, ande in (4.7)—(4.9). In Fig. 5, this relationship is

straintC > R.We employ the fact that a more general conditiofiystrated as follows.

for reliable operation id(X;Y)f. > R, wherel(X;Y) is de- « Consider the constraint in (4.8). For a givéh as Vyu

fingd in (2.4). For the special case of a symmetric, single-output g increasedy. increases and, hence, a lower valuet of

logic gate, we get can satisfy (4.8). If the increase ¥y, is offset by the
decrease irt, there will be a net reduction in dynamic
energy consumption despite an increase in supply voltage.

» ForafixedV,, anincrease iif. can be achieved in several
ways. From the constraint in (4.9), it can be seen fhat
could be increased by reducifig, increasingk,,, and
reducingCy, individually or in some combination. Any
reduction inV; will result in an exponential increase in
the static energy consumption and an increasgjrwill
lead to a linear increase in dynamic power consumption.

IX5Y)fe = [HY) - HY[X)]fe = [(py) = ()] /e (4.6)

wherep, is the probability of observing a “1” at the output. If the
input distribution is such that, = 0.5, then we obtain the result

of Theorem 1 and the gate would be operating at capacity. For
the rest of this paper, we assume that transition signaling (i.e., a
“1” is represented with a transition and a “0” is represented with

no transition) is employed at the output of the logic gate, due to These tradeoffs have been studied in [28].

which we obt.amuy =t N . . In this paper, we assume that the transistor transconductance
Lemma 1:The energy dissipation is minimum when

I(X:Y)f. = R. For a symmetric, single-output logic ate|sfixed.Hence,the lower bound is now a functiort 0¥ 4, and
’ e = Jt.rorasy » SING P gic g V;. The problem stated in (4.7)—(4.9) is employed in subsequent
energy dissipation is minimum wheh(t) — h(¢)]f. = R. , . . .
i Lo O sections to derive the desired lower bounds. We first employ
Proof: Let the energy dissipation be minimum whe 4.8) to derive the lower bound on supply voltage, circuit speed
I(X;Y)f.1 = Ry, whereR; > R, andf. is given by (3.4). PRl ge, peed,

Now, SnGe 431 F e canreducg o . such a9 12nton sty e uput o £ ey e g T
I(X;Y)f. = R, thus satisfying the reliability constraint. Note y 9y

. ) . . . dissipation. Finally, we provide a lower bound on total ener
that sincePy,,, and ;.. are directly proportional tg., signaling dissigation by proi;osinga solution to (4.7)—(4.9). ¥

at f. reduces botl¥y,,, and P;.. Keeping the signaling rate at
fe, we can now increask; such that the circuit again operategs. | gwer Bound ory, and Vyq

at its maximum possible speed. Note that increasingduces o L )

both P.,,, andP,... Hence, minimum energy dissipation cannot To maintain rghabmty in mformaﬂon transfer,_ we need to
occur whenI(X;Y)f. > R, which contradicts our initial meetthe constrairi® > R. Employing (4.8), for a single-output

assumption. Therefore, energy dissipation is minimum wh&fMmetic logic gate, we obtain the condition

I(X;Y)f. = R. " [h(t) — h()]f. > R. (4.10)
Using (4.5) and Lemma 1, we now formulate the following

optimization problem to obtain the absolute lower bound on e order that LHS of (4.10) is positive, we need to have e.
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Theorem 2: The lower bound orf. for reliable operation of  Start: Input: R, on and K > 1

a symmetric, single-output, noisy logic gate is given by compute Vg min and fomin using (4.13) and (4.11),
respectively;
fC Hlin - —R . (4-11) t = 05 fc - fc‘nliflt‘/d_d y V‘tld*"”.'n:' ‘/2 - 07
’ 1-— h(é) Ve = Vdd.min/K7 0t = t/K,
) ) compute E; using (4.18); Ep, (1) = Ey;
Proof: From (4.10), since the maximum valuefoft) = i=1;
1, the minimum frequency at which the circuit needs to opera Vloop: repeat _ ]
to maintain reliability is given by (4.11). [ i=itL; ‘/d%,;})t = Vaa;
From Theorem 1, note that the denominator in (4.11) is t Vaa = Vaa +0Vaa; A1)t b
ityC,,. H hery. = i, the gate needs to op- compute tmin using (414); L = bmin:
CapaCIty_ us enc_e, whery. = fc min, g p compute Ej using (4.18); By (1) = Ep; j = 1;
erate at its capacity. tloop: repeat
Theorem 3: The minimum value ol for reliable opera- J=i 4t =t t =1+ 4t
tion of a symmetric, single-output, noisy logic gate, denoted k ift > 05
Vaa. min Satisfies the equation exit
’ ‘/t,apt. - ‘/t;
Vid min — Vi )? RCL compute V; using (4.21);
( i/mm - t) = e 1—h . (4-12) compute Ej using (4.18); Ewn(j) = Ey;
dd, min mlL = h()] until (Ey(j) > Ew(j — 1));
Proof: By substituting (4.9) in (4.11), withV,, = ) EEbv (®) =EEbt<_J —11>}
Vdd, min, W€ get (412) u léntll (—ME(Z) (l> T))(z B ))Y
. byomin A 3
If t_he effect of V; can be neglected, i.e., f; = 0, then we report Eymin, Vid.opt: Viopts topts Vidanin
obtain from (4.12) compute fomin and feop: using
RC{ Vdd,minavdd,oph Vt,npt and topt-

Vad min = ———————- 4.13

dd, min k'rn [1 — h(F)] ( )
If fo = fe,min, Vau = Vaa, min thent = 0.5. However, this
g:ondmon_may not result in minimum energy dissipation. AIE)_ Lower Bound on Dynamic Energy Dissipation
increase iy leads to an increase jfy and, hence, a decrease _ _ _
in ¢. The decrease in can offset the increase ¥y, and f., ~ We will now determine the lower bound on dynamic power
resulting in a net reduction in dynamic energy consumption gissipation of noisy gates. Assuming that< Vg, from (3.4),
we see in the next section. we get

Fig. 6. Plot ofVau versusEqay, .

_ krn, V;id

C. Lower Bound on Transition Activity of Noisy Logic Gates 1. G
L

(4.16)

From (4.1), we see that dynamic energy dissipation is propor-
tional to the transition activity. Also, from an information-the- Substituting (4.14) and (4.16) in (4.1), we obtain the dynamic
oretic viewpoint, it seems that an information bearing signgbwer dissipation as follows:
should have a lower bound on the transition activitthat is
proportional to its information content. This lower bound is de- Py = ht { RCT + h(c):| V3 k. (4.17)
rived in Theorem 4 below. ’ Em Vaa ’

Theorem 4:The lower bound on transition activity at . - .
the output of a symmetric, single-output, noisy logic gate The plot ofEj, = Py, /R versusyuy is shown in Fig. 6. First,

emploving transition sianaling is given b note that the minimum possible supply voltalg; at which
ploying 9 gisg y reliable operation is guaranteedWg;, min = 0.8660 V. Recall

that, atVyg = Vdd, min [from (413)]1 we ha-vefc = fc, min
[from (4.11)] andt = 0.5. Increasing’;, enables the circuit to
be operated faster (highgr) and, hence, permits us to decrease
t. Note that the decrease tnndeed offsets the increase ¥},

From (4.14), we note that reductionioan be obtained by in- till Vdd_: 1_.0782 V. This |_s primarily due to _the _fact that a small
reduction ink(¢) results in a large reduction iharound the

cre_asmgfc. As bothf. and.t con.trlbute to'dynam|c povyercﬁssr rﬁgiont = 0.5. A further increase iy, does not result in a
pation [see (4.1)], net savings in dynamic power dissipation wi

: . . : . sufficient reduction iré. Hence, we see an increase in energy
be achieved only if the reductionroffsets the increase if).. Co S .
S - dissipation beyond’;; = 1.0782 V. The minimum energy is
In the absence of noise, i.e.,= 0, substitutingk = Hf, ound to beEs .. — 20.5 pJ/bit
bits/s andf. = R, f; (R, is the number of code bits assigneé bymin = £0.9 P ’
per symbol) into (4.14), we obtain the lower bound:dor the
noiseless case as follows:

R
t>h7t [f— + h(c):| . (4.14)

Proof: Solving fort in (4.10), provides us with the lower
bound in (4.14).

E. Lower Bound on Static and Dynamic Energy Dissipation

” We now consider the problem of jointly optimizing static

—} . (4.15) and dynamic components of energy dissipation. As the supply
Ry voltage is reduced with technology scaling, it is also required to
Equation (4.15) is the bound in [29] derived for a noiseless busduce the threshold voltage to maintain throughput. Reduction

t>ht [
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in threshold voltage causes an increase in the static power dis-
sipation. In addition to lower supply voltages, the switching ca-
pacitance in deep submicron circuits are also smaller and, hence,
dynamic and static components of power dissipation are of the
same order [27]. We assume that the inputs to the circuit have
zero rise and fall times and, hence, the short-circuit power dis-
sipation is zero. We also assume that the paramgteendCy,

are fixed. The objective then is to find the optimum values of
Vaa andV; such that the sum of static and dynamic power con-
sumption is minimized. The problem is stated as follows:

t decreases
Y increases

Y

Minimize V.m,m."[ y,
-V
Ksa €xXp <K t) Vdd + t‘/deCLfc

sb

R
subject to: bt g o

[h(t) = h()]fe =R (4.19)
f _ krn(‘/dd - ‘/t)Q 2y

ViiCr (4.20) Jo
where K, = 110Cor V2! 3(W/L) and Ky, = nVy. The oo
problem stated in (4.18)—(4.20) is a constrained optimization ke S
problem, which can be solved using the Lagrangian method. .
This, however, leads to a set of nonlinear equations that would
have to be solved using a numerical method. Instead, the solu- b

tion to this problem is found using a two-dimensional search T Tt Ve 1008
procedure as follows. oo
1) For the given values ok andon, with V; = 0, we first

obtain Vyq min given by (4.13). Recall that at this value

of V44, we havet = 0.5. WithVy = Vid, min, Vi = 0,
fe = f. min andt = 0.5, the value of, is found from andV; = 0. With an increase iy, the value ot that satisfies

Fig. 7. Algorithm to obtain the lower bound on total energy dissipation.

Ey = (4.18)

Vi =0 86607V

1
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Fig. 8. Feasible region for the optimization scheme.

(4.18). (4.8) reduces. This is denoted by the paiptin Fig. 8. This
2) The value ofV/,; is now increased in sufficiently small corresponds to step 2 in the search algorithm. Alsd) athe
steps. For eachyy: circuit is operating at a speed greater th@an.;,. The value

2.1) from (4.14), the minimum possible valuetcis of ¢ is now incremented in small steps. Note that this leads to
found: a reduction inf. [from (3.4)] and, hence, an increaselipto

2.2) we now increase in small steps till we see an satisfy (4.9). The transition densitycan be increased till we
increase in total energy dissipation at this valygett = 0.5. This is denoted byt in Fig. 8. This procedure

of V4 due to an increase in dynamic componeri® "epeated until the value dfy, is high enough to make the
dynamic component of energy dissipation dominant.

of energy. -
2.2.1) For each value of we computeV, _The optimum supply a|_1d thr_eshold yoltage values for a
using smgle—out.put gate to obtgln an mforrr_]atlon transfer rate of 8
Mbits/s withopy = 0.3 V is found in Fig. 9. We assume that
ROV knm = 25 x 1078 A/VZ andC), = 50 fF. A relatively small
Vi = Vaa — m (4.21)  value of load capacitandgy, is chosen so that the static power

componentlP,,,; is made comparable t#y,,,. By following
Note that (4.21) is obtained by substithe search procedure described above, we obtdiigd,: =
tuting (4.20) in (4.19) and then solving0.4430 V,V; ,,x = 0.2561 V, andf.. ,,x = 3.9457x 107 Hz
for V. and the lower bound on energy €5 min = 2.0416x 10 ~1*
2.2.2) With values oV, t andV;, the value J/bit. The plot of E;, versusV; for several values oV is
of E, is now computed from (4.18). If shown in Fig. 9. Each curve corresponds to a fixed value of
this value ofE; is lower than the pre- Vv, > V4 in and to each iteration of step 2 in the search
vious value, then go to 2.2, otherwise galgorithm. It can be seen that at eacly, initially, due to low
to 2. t and lowV;, the static component of power is dominant. The
This search algorithm is illustrated as a pseudo-code in Fig. decrease in static power due to an increase,inompensates
The region over which the minimum is searched is shown for the increase in dynamic power due to the increaseé, in
Fig. 8. The search begins (step 1 in the search algorithm) at thsulting in a net decrease in total power consumption. At
point P, at which we havé’yq = Vg min, t = 0.5, f. = fe min  higher values o#/, the energy rises again due to the increase in
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R= 8Mbitsfsec, 6, = 0.9V, K, = 25x10°° AVP, G, = 0.05pF ORIGINAL SCHEME
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Fig. 10. (a) Traditional and (b) proposed schemes for chip I/O signaling.

H h i
0.16 0.18 0.2 022

requires a supply voltage &f,; = 4.8 V to achieve the desired
BERwith E;, = 565 pJ/bit. Next, we propose a noise-tolerant
scheme [see Fig. 10(b)] that achieves 8—+eduction in £,
while achieving the samBER

Fig. 9. Optimum supply and threshold voltage for minimum energ
dissipation.

dynamic power dissipation because of higher values dhe
value oft at the beginning of iteration for a givary, decreases A. Noise Tolerance via Error Control
with the increase iV,;. However, the search for a fixed value

Of Vg always terminates at = 0.5, at whichV; is maximum Fig. 10(b). The forward channel has employed a reduced

for that iteration. . :
We would like to point out that the lower bound we have d v_(_)ltage level Vaa/ K., [where Vuq is the supply voltage in

rived in this section differs from those obtained in [28] in twQ '9- 10(a)], wheref(, > 1is a _constant. The fprward channel
S . . o .15 noisy and makes errors with probabilitygiven by (3.6).
significant ways. First, the minimum energy dissipation denveﬁm

. . . . .__The errors due to noise are handled via error detection using
in [28] does not take into consideration the effect of noise |r1[ . . o
structured codes and error correction using retransmission.

the circuit at low supply voltages. The effects of noise at Iowie_g e \
S N etransmission requests are made over a reverse channel with
supply voltages will dictate the circuit performance and, hence

limit the levels by which we can scale the supply voltage. Se%[gnallng VOItagd/dfl' Due_to the supply voltage being high, the
. ; reverse channel will be virtually noiseless. The reverse channel

ondly, we assume a constant throughButvhich automatically . . . .

) - N .2 will be used infrequently if the errors are infrequent. The

imposes a throughput restriction on the circuit being designed.

ericoder and decoder operatelgy and, hence, are assumed

Significantly higher reductions in lower bounds can be obtain?g be noise free. Hence. enerav savinas would accrue only if
by trading speed for power as done in [28] and [30], where tII[IﬁI ' ’ gy 9 y

effect of threshold voltage variation on the yield due to ener%eler?gu::fg; 'tr;]ethgvzlrjﬁggé Vg::%g Lr;](ath:ni(:)r(\;\;e:rd dg:gggfl ;} d
minimization has been taken into consideration. ' '

the reverse channel. Note that two sets of pins are used in this
scheme, compared with one in the original scheme. It may be
possible to employ more sophisticated bidirectional signaling
In this section, we propose the use of noise tolerance $ohemes as in [31], so that only one set of pins can be used in
approach the lower bounds for high-speed chip I/O signalitige proposed scheme.
schemes. This is conceptually a simple problem, but one ofThe datato be transmitted over the low-supply line is encoded
great importance due to the high-data rates (0.5-2.6 Gh/&3,follows. Everyk bit of the data stream to be transmitted is
low voltage levels (0.7-0.8 V), and noisy board environmentapped onto a code word of lengthbits, wheren > k. Note
[26]. Thus, the problem boils down to the design of low-powethat asn > k, the possible 2 message symbote mapped
transmitter and receiver circuits in the presence of noise. Bato only a subset (with sizé'Rof the possible 2 code words
use the concept of noise tolerance to design complex enefgythe receiving end, the received bit stream is first decoded
efficient digital systems, effective error control techniques thasing a decoder. The decoder declares an error if the received
are inexpensive from an energy point of view are necessasiring ofn bits is not one of the predetermined code words. The
This requires exploration of existing, as well as new, reliabilittransmitter is informed of the error using the reliable high-
improvement techniques from an energy viewpoint. Howeveagverse channel. On receipt of an error signal from the receiver,
the off-chip wire example considered here is similar to thihe transmitter retransmits the message symbol.
binary symmetric channel extensively studied in the area of The simplest possible coding scheme that can be employed is
communications. Many error control schemes are alreadyrepetition codewhere the same information bit is transmitted
available to improve the reliability of this channel. n times and majority logic is used at the receiving end for de-
We make the following assumptions: ©}.. = 50 pF; coding the message bit. We show that this approach (commonly
2) gate capacitanc€, = ./ 5000; 3)onx = 0.3 V; 4) employed in fault-tolerant computing [32]) is highly inefficient
R = 8 Mb/s; 5)k,, = 750 A/V?; and 6) desired bit-error in terms of energy. However, a simple Hamming code [33] re-
rate BER = 10~'*. The traditional scheme [see Fig. 10(a)]sults in substantial power savings.
wherein the desired level of noise immunity is achieved by For any positive integet: > 3, a Hamming code exists with
appropriately choosing the supply voltage to suppress the noiges following parameters:

The proposed noise-tolerant scheme (NTS) is shown in

V. DESIGN OFHIGH-SPEED LOW—POWER CHIP I/O SIGNALING
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e code lengthn = 2™ — 1,
« information symbol lengtht = 2™ —m — 1;
* no. of parity bitsn — k = m.

The BERfor an(n, k) linear code is given by [33]

1 & ) )
BER= — P4 (1 — )™t 5.1
= idil(1-¢) (5.1)

=1

wherec is the error probability per bit over the bus line and is
given in the present context by (3.6); is the number of code
words with weighti in the code.

B. Energy Savings Fig. 11.

To compute the power dissipation, the capacitance of the
bus-line is modeled as a lumped capacitafigg; at the output
of the transmitter buffer. We assume that buffers in both the
transmitter and the receiver are a tapered series of inverters that
are sized to minimize delay. In the case of the conventional
system [see Fig. 10(a)], the energy dissipated per information
bit transmitted is given by

Ey o1g = 0.5V, Cus (5.2)

whereVy, = 4.8 V is the supply voltage at which = 10~#

per bit andC;,,,; is the bus capacitance. It is assumed that the
signal has a transition activity of 0.5. It can be shown (see the
Appendix) that the energy dissipation for the proposed schem&_ 12

L H L N
15 2 25 35 4 45

)
Vg (Volts)

Plot ofV44 versusE, for the traditional scheme and proposed NTS.

25
Vg (Vols)

Plot ofV,4 versudog,, (BER) per information bit for the traditional

[in Fig. 10(b)] is given by unencoded scheme and proposed NTS.
ViuCu I n pa|  Vaalsuw
By poyy = —27%08 | = Ee) |y TEew L g 52 C. Results
bime 1—m[ﬂﬁk k}+ ROl o
o — 1 1 We now compare the performance and energy dissipation of
. <(n — k) <20and + 5 Cm,>> 1 the two schemes discussed above. Fig. 11 shows the plot of
~bd Vaa versus energy dissipation for the traditional and proposed
(53)  schemes. Note, for the samh@,, the energy dissipated in the
where traditional scheme is the least. For the proposed scheme, as we

1,,, off-state leakage current in the buffer;

fs input data rate in bits/s;

C.na capacitance of an AND gate;

C,or Capacitance of an OR gate;

K, factor by which the supply voltage for the forwarcf)
channel in the proposed scheme is scaled down;

pa  probability of error detection, which is given by, =

1- (pc +pe)
wherep, = (1 — €)™ and for Hamming codes [33],

increase the value ef, the number of parity bits in the coding
scheme, the ratia/k decreases and, hence, energy consump-
tion also decreases. Fig. 12 shows the plot of supply voltage
versus bit error rate (BER) for the original and the proposed
chemes. It can be seen that for the safng the BER offered
y the proposed scheme is several orders of magnitude better
than the one offered by the traditional scheme—especially in

the range (1.5-4.8 V). Fig. 13 shows the plot of BER versus en-

ergy dissipation for the schemes considered above. Note that as

expected, to achieve a specified value of BER, the traditional

1

pe =214 (2" —1)(1 -2 ]=(1—¢*" "' (5.4) Sscheme consumes the maximum amount of energy. For the pro-
posed scheme, the energy dissipation required to achieve a de-

In the proposed scheme (5.3), both static and dynamic compgoed level of performance decreasesais increased.

nents of energy dissipation are taken into account as the devic&/e now compare the energy dissipation of proposed schemes

threshold voltage in this case is kept low to maintain throughpwith the lower bounds obtained in Section Ill. From Fig. 6,
at low supply voltage levels. The expression fy ..., also we see that the lower bound equdls = 20.5 pJ/bit. This is
involves energy dissipation in the encoder and decoder circwstsown in Fig. 14 along with the values &% achieved by pro-

where the supply voltage is kept high to maintain high noiggsed noise-tolerant schemes. Also shown is the energy effi-

margins. While we have taken three sources of energy dissipaéncy of an-repetition code witm = 5. Note that repetition

tion into consideration, due to the high value of the off-chip busode does not offer any energy savings as compared to the orig-
capacitance, it is the dynamic component of energy dissipatimal scheme. However, a simple linear code such as the Ham-

that is the primary source of power dissipation for the proposeting code does offer about3reduction in energy dissipation
scheme. while maintaining the throughpub achieve a BER= 1074,
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in [36], [37], where energy-efficient and noise-tolerant dynamic
col- v . R i circuit styles have been proposed. Efficient approaches to noise

: ‘ in the deep micron era would require a judicious combination
of noise tolerance and noise reduction at all levels of the VLSI
design hierarchy.

APPENDIX

In this Appendix, we derive (5.3) that expresses the energy
dissipation per bit for the proposed noise-tolerant scheme. The
total energy dissipation per information bit is given by

Etot = Edyn + Estat + Ec (Al)

Fig. 13. Plot oflog,, (BER) versusE, for the traditional scheme and whereEdyn = Eayn, § + Eayn » is the dynamic component
proposed NTS. - N g ..
of energy dissipation;H4,, s is the energy dissipated over the

forward channelfy,,, isthe energy dissipated over the reverse
channel);F.,; is the static component of energy dissipation;
andE. is the energy dissipated in the encoder and the decoder.

Every time an error is detected with probability;, the
receiver sends a retransmission request over the reliable high
supply voltage ¥;4), reverse channel. Lefv code words

L
—10
tog, fp,]

g be transferred from the transmitting end over the noisy low
o supply voltage Y./ K.) forward channel. The total number
10 R R - z S of transmissions (including retransmissions) over the forward
e channel required to transfé¥ code words is given by

'LOWE:RBOUN?:ZO.SPJ'}M . x . . ‘ . ‘ . Nt — N[]_ —+ Pd —+ p3 —+ pg -+ .- .]7
-16 -15 -14 -13 -12 —1}09"‘[‘,—.}0 -9 -8 -7 -6 -5 N
= . (A.2)
1—pd

Fig. 14. Comparison of lower bound and other schemes for off-chip bus data
communication. Hence, the dynamic energy dissipation over the forward channel

for N code words transferred is obtained from (A.2) and (4.1)

In addition to Hamming codes, the plot of BER verdisfor ~ as follows:
Reed—-Muller (RM) codes [34] is shown in Fig. 14. Note that B N EVLQd
RM codes lead to aboutdreduction in energy dissipation at dyn, fo = 977 pg 2 K2

14 i
the target performance of BER 10™"%, The improvement per- o e, is the number of bits in a code word abg,/ K, is the

formance is primarily due to better error detection capabiliryupply voltage over the forward channel. The number of retrans-

gf R'\g co%as_ ovebr H??E'le COthS'ENOte’h.aISO(’j tgat . Io;/v ission requests made over the reverse channel while transfer-
ound onE, is abou elow the F;, achieved by curren fing N code words is given by

day systems for the target BER 10~!4, This indicates that N
Pd

Cbusn (A3)

substantial energy savings are possible via the use of more so- N, = ] (A.4)
phisticated coding schemes. 1—pd
Hence, the dynamic energy dissipation over the reverse channel
VI. CONCLUSIONS for NV code words transmitted is given by
The main conclu_smns of th|s_pa_per are 1) noise tolera_nce_ is Eayn.re = Npa V2,Chus (A.5)
an attractive technique for achieving low-energy operation in 1—py

presence of noise and 2) lower bounds on energy can be derere the transition activity is 1 due to the assumption that a
rived via information-theoretic concepts. For an off-chip sigetransmission request is made using transition signaling. The

naling, we have shown that the lower bounds are a factor »f 24otal dynamic energy dissipation over the two off-chip lines per
below what present day systems achieve and that a@ergy information bit is given by
reduction can be achieved by employing a noise-tolerant scheme
H H Edyn, fw + Edyn, W
based on simple linear codes. Eayn = N (A.6)
Future work needs to be directed toward deriving the lower

bounds for multiple output functions, obtaining comprehensi\%herek is the number of information bits transmitted per code

noise models, and developing noise-tolerant schemes that 4psd (recall that the coding scheme mapmformation bits to
applicable at various levels of design hierarchy. In [38§o- an7 bit code word). Substituting (A.3) and (A.5) in (A.6) we
rithmic noise tolerancés applied at the system level to obtairP®t

energy-efficient implementation of DSP systems. The issue of 1 1n 1
noise tolerance at the circuit level has been recently addressed ~“" ~ 15, [5 k K2 +

1
pdE:| VdeCbus- (A7)
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