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Temporal Redundancy Based Encoding Technique for

Peak Power and Delay Reduction of On-Chip Buses

K. Najeeb, Vishal Gupta, V. Kamakoti and Madhu Marty

Abstract —Power consumption and delay are two of the mogitant constraints in
current-day on-chip bus design. The two major sesirof dynamic power dissipation on a
bus are theself capacitance and the coupling capacitance. As technology scales, the
interconnect resistance increases due to shrinkimge-width. At the same time, spacing
between the interconnects decreases resulting imnarease in the coupling capacitance.
This, in turn, leads to strongarosstalk effects between the interconnects. In Deep Sub-
Micron technology the coupling capacitance excetws self capacitance, which, in turn,
cause more power consumption and delay on the Resently, the interest has also shifted
to minimizingpeak power dissipation. The reason being that higher peak gro@ads to an
undesired increase in switching noise, metal etaoigration problems and operation-
induced variations due to non-uniform temperature the die. Thus, minimizing power
consumption and delay are the most important desigjectives for on-chip buses.

Several bus encoding schemes have been propogbd Iliterature for reducing crosstalk.
Most of these encoding techniques ugmtial redundancy that requires additional
transmission wires on the bus. In this paper, a m@aporal encoding scheme is proposed,
which usesself-shielding memory-less codes to completely eliminate worst-case crosstalk
effects and hence significantly minimizes powersomption and delay of the bus. A major
advantage of the proposed temporal redundancy basedding scheme is the reduction in
the number of wires of the on-chip bus. This reduactacilitates extra spacing between the
bus wires, when compared with the normal bus, fajiven area. This, in turn, leads to
reduced crosstalk effects between the wires. Topgsed encoding scheme is tested with the
SPEC2000 CINT benchmarks. The experimental resuten compared to the transmission
over a normal bus, show that on an average th@@sed technique leads to a reduction in
the peak-power consumption by 51% (28%), 51% (229d)52% (30%) in the data (address)
bus for 90nm, 65nm and 45nm technologies, resgdgtiFor a bus length of 10mm the
proposed technique also achieves 17%, 31% and action in the bus delay for 90nm,
65nm and 45nm technologies, respectively, when amdpo what is incurred by the data
transmission on a normal bus.

Keywords—Bus Encoding, Crosstalk, Coupling Capacitance, Day, Interconnect, Peak-
Power, Self-shielding codesmporal Redundancy



1 INTRODUCTION

Low-power and high-performance are the most dedieatures for all the components in
Deep Sub-Micron (DSM) microprocessors and SysterCOip (SoC) designs. Global
communication in such systems is typically achiewéth buses. Such buses candpechip
(between different functional block)ff-chip (between different IC's on a PCB) or at the
system level(as a back-plane bus connecting several boara@gh®g. In a microprocessor,
the interconnection networks consume over 50% ef tthtal system power [1]. This is
especially true for global on-chip buses, whichfesufrom higher power consumption and
larger propagation delay with every new generatibthe shrinking technology. In addition,
peak power or instantaneous power minimizationdioichip buses is essential due to the
following reasons: 1) to maintain supply voltageels; 2) to avoid the metal electromigration
problem and thereby increase the reliability; apda3decrease the environmental variation
due to non-uniform temperature on the die. Becafithese reasons, the reduction in power

consumption in a bus has become a serious conaelow power VLSI design.

Two major sources of dynamic power dissipation doua are theoupling or inter-wire
capacitance(C)) and theself or ground capacitance(C,) (Refer Figure 1). Theoupling
capacitanceof an interconnect is the capacitance with respectadjacent interconnects
running in the same metal plane, while fedf capacitancés the capacitance with respect to
metal layers above and below the interconnect. échrtology shrinks, thecoupling
capacitanceexceeds theelf capacitance which, in turn, causes increased delay and power
dissipation on the interconnect lines. To sum uph whrinking of feature sizes, increasing
die sizes, scaling of supply voltage, increasedraannect density and faster clock rates, the

on-chip buses suffer from higher power consumptod large propagation delay due to



capacitive crosstalk [2]-[7]. Since, both power somed and delay incurred by a system bus,
increase with increase in the coupling and the s@lpacitances, minimizing these

capacitances is a major challenge in mod¥®M designs.

The problem of reducing capacitive crosstalk effeach buses depends on the transitions
(toggle in the value) on the bus lines. The busdiare classified aggressor linesand
victim lines depending on the transition activity of the sigtiady carry. The effect of an
aggressor on a victim depends on a number of fgctord not every aggressor will inject an
appreciable amount of noise into a victim. Inifdd, the crosstalk effect may cause a
switching (toggling) wire to inject a noise bump an adjacent silent (hon-toggling) wire
leading to functional defects. ThMiller effect suggests that the crosstalk capacitance varies

with the switching behavior of a victim wire and iteighbors [8].

For example, consider three wires that run in perédr a significant distance with minimum

space. If the middle wire switches from low to hig¥hile its neighbors are simultaneously
switching from high to low, the effective capacitanof the middle wire becomes doubled
compared to the case when the neighbors are Qunahe other hand, if all the three wires are
simultaneously switching in the same direction, ¢bapling capacitance of the middle wire

becomes zero.

It has been shown that the delay and power forng lous is strongly a function of the
coupling capacitance between the wires [5]. Figushiows the effect of coupling for a bus of
width three and varying lengths, implemented6®nm technology. The bus model was
simulated using th&ldo tool of Mentor Graphics. Thé@Snmtechnology parameters for the

above simulation were derived from [9] and areetisin the Table X.



In this paper, a newemporal encoding scheme is proposed, which usssf-shielding
memory-less codes to completely eliminate Class 5 and Classo6stalk effects [5] and

hence significantly minimizes power consumption dethy of the bus.

2 ANALYTICAL MODELS FOR DELAY AND ENERGY
CONSUMPTION

Analytical models for estimating crosstalk relatelay and energy consumption in DSM
buses have been proposed in [5], [10], [11]. Theselels are extensions of the standard
Elmore delay model that account for arbitrary numifdines driven by independent sources
and a distributed coupling component. The effectrahsition patterns is also taken into
account enabling the estimation of the delay onampde by sample basis instead of
considering a single worst case scenario. In thpep the above mentioned analytical models
are used to perform a qualitative analysis of theppsed approach and compare the same
with the normal bus transmission. Figure 3 showsoael for the drivers and buses in DSM
technologies. Consider a bus withlines. Let d = (d!, d?...d") denote the't n-bit data
transmitted on the bus. The delay for transmittimg (t+1" data on the bus is given by the

following formula [5]. Defining T(d:,di+1), 1< k< n, as follows:

T d (A+ M)A, - AA)A, k=1
M: ((+ 2,])Ak _/](Ak—1+Ak+1))Ak 1<k<n
C.R
- @+ M)A, A, A, k=n

where R is the total resistance; @& the ground capacitance, i€the inter-wire capacitance,

M= d¥ | - df and A= (C:—' The propagation delay, T(d.1), for transmitting ¢ is defined
L

as follows:



T(d;,di+1) = max{T(d;,di+q)| Lk < nf

Similarly, the total energy, E{d.1), consumed during the transmission gf ds given by

[11], [12].

n
E(d;,di+1) = D Ex(di,di+1), where

k=1
C ((A+ M)A, - A8,)d2, k=1
C(A+2)A, —A(D, +Ak+1))dtk+1 1<k<n
E (d,,duy) = n
CL ((1+/1)An _AAn—l)dHl k =n

For example, given n = 3;d 010 and d; = 101, then, T(gd+1) = C..Rr(1+4\) and E(ddw+1)

= C.(2+4.). On the other hand, ifid 000 and d; = 111, then, T(dd+1) = G .Rr and
E(d,d+1) = 3G.. During a transmission, a wikein the bus is in one of the following states,
namely, arising (0 - 1) state, afalling (1->0) state or aconstant(0->0, 1>1) state,
depending on the values transmitted on the wkreluring the previous and current
transmissions. The rising, falling and constanttestaare denoted byt), (1) and (-),
respectively. From the above formula, it is seea,ttihe delay and energy consumed by a wire
k during a transmission, depends not only on the stiathe wirek but also on the states of the
lines adjacent to wirk. Table I classifies the crosstalk delay effecaomirek into six classes,
depending upon the state of wkéhe middle wire) and its adjacent wires [5], [1Btom this
table, it is clear that the worst-case crosstalkyd®or transmitting data items is. Rr(1+4))
(Class6 in Table I), followed by Class. Exactly similar classification can be made foergy
consumption on a wirék. Here too, the Clas8 crosstalk on a wire results in maximum

energy consumption, followed by ClassTable Il shows the number of coupling transitions



for different transition patterns. Here again, @lass5 and Clas$ transition patterns yield
maximum number of coupling transitions. This suggésat elimination of Class and Class
6 crosstalk patterns shall reduce both the delayesmsigy consumption of the bus. This is

precisely what is attempted by the technique pregas this paper.

3 PREVIOUS WORK

Many encoding methods have been presented to rédegeower dissipation on buses. The
Bus invert method proposed in [13] achieves a 56@tiction in the maximum number (peak
value) of self transitions and coupling transitiomisen compared to a normal transmission
over an unencoded bus. However, this method faitontrol theaveragecoupling transition
activity leading to less average power reductiohe Tailure is due to the ignoring of the
coupling capacitance between interconnects thattrigsa significant power penalty ddSM
global buses. A bus encoding technique to simatiasly minimize power consumption and
eliminate crosstalk delay is proposed in [14]. Ti@shnique requires large numberesttra
interconnects. For example, it encodes a 32-ba tlata 55-bit data (extra of 23 bits). This
leads to a heavy overhead in terms of routing cetng® Encoder-Decoder (CODEC)
complexity and wire area penalty. In [15], a busasling technique is proposed to minimize
coupling transitions by considering minimization pbwer consumption as the main
objective. This technique does not eliminate clagses and 6 crosstalk patterns. Hence, it is

not much advantageous from the delay perspective.

Another bus encoding technique to minimize bothrgynand delay is proposed in [16], which
can eliminate only the crosstalk classes 4 andee Hhe worst case delay is still due to the

class 5 transitions, which is high. Moreover, ljkd], this technique requires large number of



extra interconnects. For example, like [14] it @hes a 32-bit data to a 55-bit one. The
Odd/Even bus invert technique proposed in [17] ésighed to target minimization of

coupling energy and hence is not very effectivenftbe delay perspective.

The simplest and most effective technique for pnéwg crosstalk delay ishielding This
involves providing a power supply wire, either gnduor VDD, between every two adjacent
wires on the bus, as shown in Figure 4. These antigbltage wires act as electro-magnetic
shields, and prevent activity on one signal wi@rfrsignificantly coupling over to another
signal wire. Though this naive scheme is effectoveemove the crosstalk delay, the routing

congestion and wire area penalty are significaettduthe almost doubled number of wires.

Victor et al. proposed the self-shielding bus emegdechnique [6] to prevent crosstalk delay.
Two versions of the coding technique were proposeinely, thememory-based self-
shielding codeand thememory-less self-shielding coda the memory-based self-shielding
technique, the encoder and the decoder requir@rhgous transmitted data on the bus for
encoding/decoding the current data. Thus, the puosvitransmitted data have to be
rememberedy storing the same in a memory. The encoder @oodder of a memory-less
self-shielding code depend only on the current dataencoding/decoding the same. The
technique in [6] was proved theoretically far bettean just placing shielding wire between
every adjacent wire. A thorough theoretical stuflgelf-shielding codes is presented in [6].
Theoretical bounds on performance in terms of meguchannel width versus data bits are
derived. For example, it is shown in [6] that, B0132-bit data D, any memory-based self-
shielding shall requirat least 40-bits (extra of 8) to encode D, such that, tesulting
transmission avoids class 5 and class 6 cross#dikrps. It is also shown that, a memory-less

shielding shall requirat least46 (extra of 14) bits to achieve the same.



Tiehan et al. [18] proposed a dictionary based éimgpscheme for data buses. This approach
uses an adaptive dictionary encoding scheme fomzation of power. The power reduction
using this technique crucially depends upon théepa in the transmitted data. In [19], an
address bus encoding scheme is proposed. This echemially depends upon the high
degree of temporal correlation in the data transahibver the address bus to reduce the power
dissipation. In the absence of such correlatiomveeh consecutively transmitted data, this
scheme partitions the data to be transmitted iwo parts and transmit the same in two

consecutive cycles, hence resulting in temporalmdency.

In [20], a bus encoding technique using a variagnbioary Fibonacci representation of
integers is proposed and a recursive procedureettergte crosstalk delay free binary
Fibonacci codewords is given. The generated Fioraadewords are similar to that of the
memory-less self-shielding codes given in [6]. #shbeen shown in [6], [20] that-bit
crosstalk delay free binary Fibonacci codewordslmanised to encode lg§m+2) bits, where
Fms2 is the (m+2J Fibonacci number. So, a 32-bit bus can be encodid) 46-bit crosstalk

delay free binary Fibonacci codewords.

In [21], a bus encoding is proposed to obtain 10#rgy reduction alone with delay reduction
of nearly 50%. Bus encoding techniques to redueewtbrst-case crosstalk delay by nearly
50% are proposed in [2], [14]. However, these tepies require large number of extra wires.
For example, the techniques proposed in [2], [1¥] 1] encode a 32-bit data into 52, 55

and 48 bits, respectively.

All the bus encoding schemes mentioned above enggayal redundancythat is, they use
extra bus wires for encoding) and can be maldateshown in Figure 5. In other words,

m > n in Figure 5 for spatial redundancy basedriegles.



Recently, temporal redundancyredundancy in time) based bus encoding technidqaes
minimize propagation delay and/or energy consump#toe reported in the literature. In a
temporal redundancy based bus encoding techniqietaatem is encoded in such a way that

the encoded data is transmitted in two or moreesgice cycles.

In [22], a bus encoding technique based on bothat@and temporal redundancy is proposed
for on-chip delay and energy minimization. In thkeghnique, data to be transmitted on the
bus is classified into different crosstalk clasgds[11]. Thetemporal encodings applied to

only those data that belong to certain crosstalksgs.

A bus encoding technique, based on temporal redwoydalone is proposed in [4], wherein
each 32-bit data to be transmitted is encoded as two P4dhta and transmitted in two
successive cycles. The coding technique does rextthi eliminate all the class 5 and class 6
crosstalk patterns. The encoder circuit detect$agscs or class 6 pattern in advance and
transmits adummydata on the bus to avoid the same. In contrashéoabove-mentioned
approaches, this paper proposes a temporal redeydased coding technique which fully
eliminates both class 5 and class 6 crosstalkitrangatterns. The technique isneemory-

less self-shieldingne.

4 BUS ENCODING USING TEMPORAL REDUNDANCY

The main idea behind the propogethporal redundancipased encoding scheme is to encode
the originaln-bit data packet which is to be transmitted, imo tm-bit data packets, where,

(m < n). The two encoded data packets are traresiaivertwo consecutive cycles the bus.



Though it may seem that this technique will incuage delay overhead, as the number of
transmissions are doubled, it has been provedthimtechnique can reduce the bus delay
significantly when compared to normal transmissionghe bus. The central idea is explained

below.

For the correct operation of buses, the clock pefie should be sufficiently large so that all
the transitions in the bus have enough time todmepteted [5]. During a normal (uncoded)
transmission on a bus, any of the six classesaofition patterns, as shown in Table I, can
appear on the bus. Thus, the clock period shouldrger than the maximum possible delays
of all such classes. From Table I, we can seeth®aClass 6 patterns induce the maximum

delay, which is equal to CL.RT( 1 #)}. Thus, for a normal uncoded transmission ovausa

Tc 2C_ xRy (1+44) 1)
As mentioned earlier, for a temporal redundancetancoding scheme, the size of the bus
reduces from n to m, that is, m < n. By assumirad the new m-bit wide bus occupies the
same interconnect area as that of the originat mdoie bus, the spacing between the wires in
the new bus can be increased. The following foanfEiquation (2)) illustrates the increased

spacing between the wires got by converting-dit bus to anm-bit bus.

n\w + (n-1)S=mW +(m-1)S' @)

where,W is the width of a wireS is the original spacing in thebit bus, andS'is the new
spacing between adjacent wires in the m-bit busehlsing the space between adjacent wires,

decreases the @nd increases the (5], which in turn decreases the valué.of



The encoding technique proposed in this paper esstimat Class 5 and Class 6 crosstalk
patterns are eliminated during the transmission twe bus. Therefore, as seen from Table |,
the worst case delay pattern that can occur omuleas due to the Class 4 transition pattern.
In addition, as two encoded data are transmittechfbral redundancy) for each of the

original data, the proposed scheme shall resalthntter performance compared to the normal

transmission if and only if
CLxRT(1+4A)>2xC| xRy (L+24)+3 (3)
where, capacitance facton’ =§—' c_ andc, are the values of the ground and interwire
L
capacitance, respectively, for the newbit bus and is the delay associated with the encoder

and the decoder. Tteelf capacitanc€, andcoupling capacitanc€, are calculated using the

equations presented in [23] (reproduced here aatifos (4) and (5)).

W S 3.193 S j0.7642 ( T j0.1204
Ci=e | —+2217—> | +1171— > ] L 4
- ( H {S+ 0.702H j :(S+1.51H T +4.532H @)

j0.094

1.144 0.16 1.179
C, - 1141 H + 0.743[ w ] +1.158 w ] x( H ]
| =¢ox s\ H +2.059s W +1.59S W +1.874S H +0.98S (5)

where W is the wire width, H is the dielectric tkness, S is the interwire spacing, T is the
wire thickness and is the permittivity. In the subsequent sectiohshes paper it is shown

that the above inequality (Equation (3)) is ind&ee for DSM buses.

5 CROSSTALK PREVENTING CODE (CPC)BASED TEMPORAL
ENCODING

The encoding scheme presented in this paper isteléras anr( p, g, r)-encoding and is

described as follows: Consider afbit data D = (X, Xa,...,%) Which is to be transmitted on



the bus. This-bit data is partitioned in order into two datassetamely, B = (X1, X2,...,%/2)
and B = (Xn2)+1,.-- %) Of N/2 bits each. The n/2 bits of @re encoded into an m-bit code and
transmitted over am-bit bus, as described in the Algorithm 1 thatdals. The values op, g
andr in the @, p, g, J-encoding are also defined in the Algorithm 1.described in the step

4 of Algorithm 1, the value ah depends on the values of p, g andr.

Algorithm 1 : Encode
begin

1) Partition O in order into.n/2p] number ofp-bit data blocks gdy,..., dn2p. Here,p
need not be a factor af. So, the remaining (n/2[n/2pl *p) bits constitute the
[n/2p" data block;

2) Encode the-bits in each blockid1<i <[ n/2plinto ag-bit code;

3) Encode the (=(n/2 -Ln/2p| *p) ) bits in the block G/2p iNto ar-bit code;

4) All thesel.n/2pl number of g-bit encoded data blocks and ohé encoded  block
are transmitted over the bus wittslaieldingwire placed between every two adjacent
data blocks as shown in the Figure 6. Bhweldingwire carries a logical zero or a
logical one signal permanently, and therefore, névggles. There are at mast/2p|
shielding wires as shown in Figure 6. Hence, tha& ttumber of wires in the new bus

is

m:{LJ(qu)ﬂ (6)

2p

end of Algorithm 1

Similar encoding is done for the n/2 bits in &d these encoded bits are transmitted in the

consecutive cycles following the transmission o€ tencoded B bits. The decoding



procedure is very straightforward as seen in tlgurél 6, wherein, each of thebit data
blocks are decoded inmebit data blocks. The lastbit data block is decoded intogebit data

block, whereg= (n/2L.n/2pl *p).

From Table I, it is clear that, for a Class 5 oa$3l 6 crosstalk to occur; two adjacent lines in
the bus should haveppositetransitions. The presence of the non-toggling Iding wire
between adjacent blocks ensures thatOhass 5 or Class 6 crosstalk can occur in any
transmission that involves wires of two differefdcks The above implies the following

design objective.

Objective 1: Design an encoding scheme that eliminates Classicb Glass 6 crosstalks

within the g-bit blocks and also within the r-blbbk of the bus shown in the Figure 6

The CPC encoding scheme presented below achiezebtve-mentioned objective.

Consider the setiFk > 1 of k-bit binary sequences generated by AlgorithnThe first four
sets k to K are shown in Table Ill. Consider the setif Table Ill. It is interesting to note
that for any two arbitrary 3-bit strings t/7/ Fs, transmittings on a 3-bit bus followed bion
the same shall not lead to any Class 5 or Clasmartsition patterns (i.e. two opposite
transitions on adjacent lines). Similar is the cagh the sequences in the setsaRd . The

following theorems prove some properties of the gtk > 1.

Algorithm 2: CPC Construction

begin
F O {0,1}

forall m>1



if misodd then

Fre1 O {OXx |VXx € Fp} O {11y |V1ye Fn}
else

Frn1 O {1x |Vx € Fy, } O{00y |VOye Fn}

end if

end of Algorithm 2

Theorem 1:
Let | F¢| denote the number of elements in the geTRen, | F| = | Bt |+ | Bz |
Proof: Without loss of generality, l&tbe even. Then, Algorithm 2 implies that i&
constructed by
1) taking all elements of & and prefix the same with a @nd,
2) taking all elements of & starting with a 1 and prefix the same with 1. 8ikads
even,k-1is odd. Again from Algorithm 2, we see that ak thtrings that start with a
1 in R, are those got by prefixing a 1 to all the string&d..
The above two observations imply thb, | = | Fer |+ Rz |, for all even values ok. A

similar proof holds good for odd valueskof

Theorem 2: For any two arbitraryn-bit stringss, t [ Ry, transmittings on anmebit bus

followed byt on the same shall not cause any opposite transiba adjacent lines.

Proof: The proof is by induction om. The theorem is true for,FLet the theorem be true for
all i < k. Consider k1. Since k1 is constructed by prefixin@'s and1's to the strings in &
by induction hypothesis, it is clear that, if dt@bposite transitions should happen on adjacent

wires during two consecutive transmissions of &byt strings in k4, on a (k+1)-bit bus,



then, it must happen on the leftmost (most sigaiftcbit) two lines. This implies that there
should exist at least two strings in.Fwith the two most significant bits &l and 10,
respectively, so that if they are transmitted ofter another, they cause opposite transitions
on adjacent lines. But, this is never the casdrams Algorithm 2, it is clear that, # shall

have strings starting with either 10 or 01, bat both Hence, the theorem.

5.1 Design of the Encoder and the Decoder

Theorem 2 implies thatf all the k-bit sequences transmitted over a kkhis belong td,
then, there would be no Class 5 or Class 6 tramsipatterns on the bu$heorem 2 suggests
a solution to the-to-q bit andg-to-r bit encoding as required by stepand3 of Algorithm 1

that also meets the objective 1 stated earlier.

The idea behind the design of thdéo-q encoding is to map each of th& different p-bit
inputs ontounique g-bit sequences in the set. FSince the mapping has to be one-to-one
(injective), it is straightforward to see thatis the smallest integersatisfying| Fq| > 2P,
Similar technique is employed for tgego-r encoding. As seen aboveis thesmallest integer
satisfyingl Bl = 2%. This and Theorem 2 imply that class 5 and classe6avoided in all
transitions over them-bit bus of Figure 6. The Table IV gives the cadtity of Fq for
different values of}, calculated using Theorem 1.

Given the value o, the choice op is crucial. From the discussion above and Alganith it

is obvious that the values qf g andm depend omp. The value of depends og and hence,

in turn depends op. The following two important factors have to bexswlered for choosing

P.



1) Thep should be chosen such that, there is a signifieadiction inm, the number of
wires in the new bus. The reason is, from Equat®rnt is seen that, as the bus width

decreases, the spacing between the lines incremsesalue ofA decreases, which

shall result in better performance of the bus.
2) The p should be chosen such that, the encoder and deacelenot too complex to
implement.
The construction of the encoder and decoder cg@ah be understood through the following
example. Consider transmission dd3zbit data (n = 32). The encoding scheme partitibies
input into two16-bit data, encodes them, and transmits the enceelsitbn one after another
in two consecutive cycles. Giver= 32 and hence/2 = 16, the Table V gives for each choice

of p, the values ofg, r andm (refer Figure 6).

From Table V we see that the minimum bus-widthSsvhich is got by selectingas 5, 7 or

8. In all these cases, thpeto-g en/decoder becomes complex in terms of delay amekp
consumption. Tables VI and VII compare differentdy of en/decoder circuits in terms of
gate count, number of transmission lines and deptime circuit. Even though some of the
en/decoder circuits consume less number of busrission lines than the 3 to 4 en/decoder
circuit, the corresponding circuit depth and thenber of gates needed to realize them is
significantly larger than what is incurred by #34 en/decoder circuit. Therefore other types
of en/decoder circuits consume more power and hilgigec delay than the 3 to 4 en/decoder.
This justifies the use of a 3 to 4 encoder anddbmesponding decoder for transmission.
Hencep is chosen as 3, which implies that gg4l,r = 1 andm = 26. The Table VIII shows
the p-to-g (3-to-4) encoding using the sequendesF,; . The g-to-r (1-to-1) encoding is

straightforward, wherein, the single bit is tranged as it is. The Boolean equations for 3he



to-4 encoder and decoder are given below. The FigsteWs the gate-level representation of

the above encoder and decoder functions.

Encoder Decoder
O, = at~b.c & 0.0
O, = ab b= Os+~03.0,
O; = atb c= 0O+~0.03
O; = c.(atb)

6 EXPERIMENTAL VALIDATION AND RESULTS

This section presents the delay and peak-powerysinabf a bus during both normal
transmission and the proposed encoded transmisaimh compares the same. For
experimental study, the normal bus is assumed t@Zait wide, and the corresponding

encoded bus i26-bit wide, as described in the previous section.

6.1 Synthesis of the Encoder-Decoder

A Verilog description of the encoder and decodecwi shown in the Figure 7 was taken
through the RTL2GDSII cycle of the Magma Blast Ckigrsion4.1.57design flow using the
CLO13LV(130nm technology) cell library of the TSMC. Talb¥e shows the delay, energy
and area overheads respectively of the encodedecmtier, calculated using the above design

process.

6.2 Peak-Power Analysis



The effect of the proposed encoding scheme ondhk-power consumption of on-chip buses
was studied by simulating the SPEC2000 CINT [24]dbenark suite on the Simplescalar 3.0
[25] architectural simulator. The performance offaetent on-chip buses between the
processor datapath and L1 I-cache/D-cache wereestuBor each benchmark, the first 100
million instructions were fast-forwarded and simida study was done on the next 100
million instructions. The following equation waseasto determine the power consumption

(P) during one data transmission.

P:(NSXCL+NCXCI)XfXV2+Penc+Pdec (7)

where, N is the total number of switching transitions, il the total number of coupling
transitions,f is the frequencyy is the value of the high voltage level,dand Rec are the
power consumed by the encoder and decoder, regglgctlhe coupling transitions per every
bus-line value were estimated as given in Tabl&hke switching transitions per every bus-
line were computed. The values of &hd N were computed by summing up the coupling
and switching transitions over all the bus-linespextively. The values of andV are given

in Table X. The values of R and Rec are taken from Table IX. Thus, the power for each
transmission on the bus is computed and the maxirofitnis value computed over all
transmissions is the Peak-Power. Figure 8 showpdhmentage peak-power reduction due to
the proposed encoding technique in comparisondgmtrmal transmission, for both address
and data buses #bnm 65nmand90nmtechnologies, respectively. The results show timat
an average the proposed technique leads to a readuntthe peak-power consumption by
51% (28%), 51% (29%) and 52% (30%) in the datar@sk) bus foBOnm 65nmand45nm

technologies, respectively. Simulation results stioat the peak power reduction is higher for



the data bus than the address bus because thérataeitted on the latter are temporally
correlated in nature when compared to the dataiméted on the former. In other words, the
Hamming distance between any two consecutive tresssons in an address bus is less when

compared to any two consecutive transmissiongiaita bus.

6.3 Delay Analysis

The delay analysis was based on the technologyneteas taken from the ITRS 2001 [9] for
90nm 65nmand45nmtechnologies. The parameters are shown in Table Xddition, the
Predictive Technology Model [26] was used to calteilthe resistanc&y), self-capacitance
(CL), coupling-capacitanceC() and wire spacingSj values for different technologies. The

value of A was calculated using the capacitance values. Tt@m®sputed values for 32-bit

uncoded bus and the correspondRfbit encoded bus are shown in Tables Xl and XII,
respectively. The wire spacing paramet8!) {or the encoded bus shown in Table Xl was

calculated using Equation (8).

32W +31S = 26/ +25S' (8)

Equation (8) was derived from the Equation (2) blysiitutingn = 32 and m =26.

To measure the performance of the proposed encoaBigICEmodel of a3-bit wide bus as
shown in Figure 3 was developed. The model is #&ilbiged R-C one. The lines were
assumed to be capacitively coupled. The model waslated using the Mentor Graphics
Eldo 6.2.2Spice simulator for three different technologieamely,90nm 65nmand45nm

and for both the normal and the encoded bus models.



The technology parameters were taken from the §a¥jexl and XIl. The delays due to the
encoder and the decoder were taken from the TXlle tompute the total transmission delay
of the encoded bus. The total percentage of deddyation due to the proposed encoded

transmission in comparison to the normal transmissvas computed as given in Equation

(9).

Tim%ncoded B Tim%oded % 100
T

uncoded

Delay Reduction= 9)

The results obtained f@nm 65nmand45nmtechnologies are shown in Figure 9. The graph
indicates that for a bus length 8 mmthe proposed technique also achieves 17%, 31% and
37% reduction in the bus delay 0nm 65nmand45nmtechnologies, respectively, when
compared to what is incurred by the data transomssn a normal bus. Table Xl compares
the proposed approach with the other existing tect®s in terms of interconnect spacing,
redundancy type, number of bus lines, shieldinggation, power and delay requirements.
The comparison results show that the proposed apbrés better than the existing ones
reported in literature, in terms of all the paraengtmentioned above. To sum up, the salient
features of the proposed technique are as follows:
1) Basic en/decoder is a simple combinational circegtlized using 6 logic gates
with a circuit depth of 3;
2) The technique widens the distance between bus hMi¢ghout area penalty,
resulting in less parasitic capacitance betweerlibes;
3) The technique completely eliminates class 5 anssdbawithout using extra wires

for shielding;



4) Total number of bus lines required by the technigukess than the original bus
width; and,
5) The technique is independent of the executing eafidin that causes the bus

transmission.

7 CONCLUSIONS

In this paper, a new temporal encoding schemeused self-shielding memory-less codes to
minimize crosstalk was proposed. The paper predentietailed comparison of the proposed
scheme with existing encoding schemes. The propesedding scheme was tested with the
SPEC2000 CINT benchmarks to study the peak poweswuoption. On an average, the
proposed technique reduced the peak power consampti 51% (28%), 51% (29%) and
52% (30%) in the data (address) bus306nm 65nmand45nmTechnologies, respectively.
The experimental results got by a SPICE simulatbthe DSM bus model show that the
proposed technique achieves 17%, 31% and 37% reductthe busX0mn) delay for90nm,
65nmand 45nmtechnologies, respectively when compared to datassmission without any
encoding. To the best of our knowledge, this isathly temporal encoding scheme reported in

literature that eliminates Class 5 and Class 6statispatterns completely.
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CROSSTALK CLASSES (HERE CAPACITANCE FACTOR A=

TABLE |

S

c-) 18l 12

Crosstalk | Relative Delay on .
Class the middle w>i/re Transition Patterns

1 0 ==).=1),00-0),0).00,=0),
(r,=1),0,=1),0,=1),0,-1)

2 G (1,1,1),(1,1,1)

3 C.(1+)) (=1,1),00,1,2),(=1,1),(4,4,7)

4 C(1+2) (=1,7),(=40,), (0,0 ,1), (0, 0,0),(0,1,0),(8,1,1)

5 C(1+3 (=1,4),(=1,1),(0,1,2),(1,4,7)

6 C.(1+4) (1,4,1),(1,1,1)




TABLE I
COUPLING TRANSITIONS AND CORRESPONDING TRANSITION P ATTERNS [5], [12]

No. of Transition Patterns
Coupling (-*:1-1)
Transitions
-2 (r1,=*%1)
-1 (=), 1)
=))W (=) (= 0,00,
0 (r,=1),0,=1),00,4,7),(=1,1),00,0,7),(=1,0),(1,1,1),

(1,4,0),(8,4,1),(0,4,1),(1,1,1)

1 (=), 0),0,1,0),61,1)
2 (L,=*0),(=1,),00,1,0),(1,1,1)
3 (1,1,7),(=1,1)
4 (4,1,1)

TABLE Il

CONSTRUCTION OF 4-BIT CROSSTALK PREVENTING CODES

F1 F, Fs Fa

0 00 000 0000

1 01 001 0001

11 100 0100

101 0101

111 0111

1100

1101

1111

TABLE IV
SIZE OF SET Fq

q Fq Set Size g| & SetSize
1 2 6 21
2 3 7 34
3 5 8 55
4 8 9 89
5 13 10 144




TABLE V

PARAMETERS FOR CPCT ENCODING

m

31

31

26

27

25

26

0

25

(N~ wNIFRO
RiRlOo|No|M Wkl
olNn|dR|lO|IR|O|lOK

2

olwlo|r|lOo|r|O|O|™

25

TABLE VI

ENCODER COMPLEXITY WITH RESPECT TO pAND q

CPCT Circuit Size | No. of bus | Circuit Delay
Parameters | Encoder Type (#gate trans_mission (Depth of the
D q count) lines circuit)
3 4 3 to 4 encoder 6 26 3
5 7 5 to 7 encoder 46 25 15
7 10 7 to 10 encoder 312 25 21
8 12 8 to 12 decoder 567 25 24
TABLE VII
DECODER COMPLEXITY WITH RESPECT TO pAND q
CPCT Decoder Type Circuit | Circuit Delay
Parameters Siﬁiéﬁgate (Depth of the
D q circuit)
3 4 4 to 3 decodet 7 3
5 7 7 to 5 decodet 118 14
7 10 | 10to 7 decoder 434 19
8 12 | 12to 8 decoder 663 21




TABLE VIII
CPCT Encoding

Data Code Data Code

abc 0,050,041 abc 0,050,04

000 0000 100 0101

001 0001 101 1101

010 0100 110 0111

011 1100 111 1111
TABLE IX

DELAY, POWER AND AREA OVERHEAD OF THE ENCODER AND D ECODER

Circuit |Power | Delay Area
Encoder | 0.8uw | 0.260ns | 18um?
Decoder | 0.9uw | 0.270ns | 21um?

TABLE X
TECHNOLOGY PARAMETERS FOR GLOBAL WIRES DERIVED FROM [9]

Node (nm) 90 65 45
Width (nm) 237 | 160 103
Spacing (nm) 237 | 160 103
Thickness (nm) 498 | 325 236
Height (nm) 498 | 325 236
Dielectric(g;) 2.8 2.5 2.1
Voo (V) 1 0.7 0.6
fox (GHZ) 3.99 | 6.73 11.51
TABLE XI

DENYAANALYSIS OF UNCODED BUS

Node 90nm 65nm 45nm
S(um) 0.237 0.16 0.103
R(/mm) 198.448| 475.624 905.051
C, (fF/mm) 92.025 | 85.666| 74.522
C. (fF/mm) 26.458 | 22.577| 18.259
A 3.48 3.79 4.08




TABLE

Xl

DEY ANALYSIS OF CODED BUS

Node 90nm 65nm 45nm
S(um) 0.351 0.237 0.152
R(Q/mm) 198.448 | 475.624 905.051
C,(fF/mm) | 63.796 | 59.39 | 51.646
C, (fF/mm) | 32.782 | 28.058| 22.757
A 1.95 2.12 2.27

TABLE XIlI COMPARISON OF CODING SCHEMES FOR A 32- BIT BASIC
TRANSMISSION

Approach/| Widen | Spatial/ | No. of Elimin-| Power Delay
Redunda | . Protect- ) ,
Papers | petween en;yn 4 Lines ri(())r?c & to a 32-bit | comparisor
bus lines Class 6 Basic bus| to a 32-bit
Basic bus
Basic bus NA NA 32 no no NA NA
Shielding no spatial 64 high yes yes yes
Bus
[18] no spatial 33 no no 25% | -
[19] no both 33 mediurm yes yes* yes*
[6] no spatial 46 low partial no* yes*
[21] no spatial 48 medium  yes 10% yes*
[3] no spatial 52 medium  yes yes* yes*
[22] no both 35 mediunm yes 51(57)% 24(38)%
(160 nmy | (160 nmyt
[14] no spatial 55 medium  yes 23% yes*
(180 nm)#
[13] no spatial 33 low no 25% no




Approach/| Widen | Spatial/ | No. of Elimin-| Power Delay
Reference Sptggng Temporal Bus Shielding acdllggso; r(':eodr;Jggcr)ig(;? red?nctlon
Redunda | : Protect- : ,
Papers | petween ney Lines ion | & to a 32-bit | comparisor
bus lines Class 6 Basic bus| to a 32-bit
Basic bus
[16] no spatial 55 low class 6 yes* no

24 medium| yes 17(43%) 12(5%)

[4] yes tempora

(65 nm¥ | (65 nm}
Our Yes temporal 26 medium| yes 30(52%) 37(37%)
approach (45 nm¥ | (45 nm}

# a(d%) (k nm): Address bus a% , data bus d%, impiged using a k nanometer technology

* Percentage value not reported



