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Abstract

On-chip buses in deep sub-micron designs consume sig-
nificant amounts of power and have large propagation de-
lays. Thus, minimizing power consumption and propaga-
tion delay are the most important design objectives. In this
paper, we propose a technique for delay and energy efficient
data transmission for on-chip buses and evaluate the effec-
tiveness of our technique by focusing on the L1 cache ad-
dress/data buses of a microprocessor using the SPEC2000
CINT benchmark suit. We show that our technique achieves

( ) of delay improvement along with energy sav-
ings of ( ) over the base case for data transmission
on address (data) bus.

1 Introduction

As VLSI fabrication technologies scaled down to the
deep sub-micron region, the inter-wire capacitance ( ) be-
comes significant compared to the wire-to-substrate capac-
itance ( ). As is the dominant capacitance in deep
sub-micron era, it has two significant effects: large propa-
gation delay due to opposite transitions on adjacent wires
[5, 17, 19] and power dissipation associated with driving
on-chip buses [17]. There are techniques to minimize the ef-
fects of opposite transitions on adjacent wires and/or power
consumption due to capacitive coupling [6, 7, 8, 10, 9,
11, 12, 13, 14, 16, 18, 20]. Many of the techniques use
spatial redundancy to minimize power or delay and hence
have large area overhead. For example, crosstalk avoid-
ance codes [18] eliminate opposite transitions on adjacent
wires completely but require wires to encode -bit data
and a coding technique proposed in [16] is both area and
energy-efficient and eliminates opposite transitions on adja-
cent wires completely but it requires wires for encoding

-bit data.
In this paper we exploit the variable cycle transmission

technique [9] to apply temporal redundancy in the process
of minimizing both delay and energy for on-chip data trans-
mission. Our encoding scheme requires two extra wires to
encode any bit-width data and achieves ( ) of delay
improvement along with ( ) of energy savings over
the base case for data transmission on address (data) bus.

2 Analytical Models for Delay and Energy
Consumption

In order to measure the actual effects of inter-wire ca-
pacitance in deep sub-micron technologies, analytical mod-
els for delay and energy consumption in deep sub-micron
buses have been proposed in [12, 14, 15]. Throughout the
paper we consider these analytical models. Let be a -bit
data present on the bus. By considering , the prop-
agation delay of the RC circuit, for transmitting a -bit data

, can be calculated by [14]

where

where is the total resistance and . Sim-
ilarly, the total energy (due to self and coupling transitions)
consumed during the transition from to is given by
[12, 15]

where

For example, if and , then
and

. On the other hand, if and , then
and . From these

two examples (and hence from the above two equations), it
is clear that the transition patterns, such as (or ),
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Crosstalk Relative Delay Transition Patterns
Class on the middle wire
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Table 1. Crosstalk classes (here )
(or ), (or ), and (or ), of data

not only dictate the propagation delay but also the energy
consumption.

Since the propagation delay is determined by the tran-
sition pattern of the data, transition patterns are classified
into six different classes [9, 14] based on the relative delay
a wire w.r.t. its adjacent wires, which we call as crosstalk
classes. Table 1 shows different crosstalk classes. From this
table, it is clear that the worst-case crosstalk delay for trans-
mitting data items, without any coding, is .

3 Related Work

Bus encoding techniques to eliminate crosstalk classes
and have been proposed in [6, 18]. Note that the technique
proposed in [18] can also eliminate part of the crosstalk
class . From Table 1, it is clear that as a result of elim-
inating crosstalk classes and , the worst-case crosstalk
delay becomes . Though the worst-case de-
lay can be reduced by , these techniques are difficult to
implement and have large area overhead (for a -bit data,
the technique in [18] requires wires without memory and

wires with memory and the technique in [6] requires
wires). Similar to the ideas of [6, 18], a new coding tech-
nique is proposed in [16] to obtain reduction in delay
along with reduction in energy, but it also requires
wires to encode -bit data.

A bus encoding technique to minimize power consump-
tion and eliminate crosstalk classes and is proposed
in [10], which requires wires to encode -bit data.
Coupling-driven bus encoding technique [8] reduces power
consumption by on an average, but it may not elimi-
nate crosstalk class and above and hence it is not much
advantageous from the delay perspective. Another bus en-
coding technique to minimize both energy and delay is pro-
posed in [7], which can eliminate only crosstalk classes
and (but not crosstalk class ) so that the worst-case delay
is still and it requires wires to encode

-bit data.
Odd/even bus invert technique is proposed in [20] to

minimize coupling energy. With half cycle delay of one
of the adjacent wires, it can eliminate opposite transitions
on adjacent wires and achieve power savings. Though
this technique is energy efficient, from the delay perspective

it is not advantageous because the half cycle delay can re-
sult in crosstalk class patterns such as and .
As a result, the net delay for receiving the data becomes

, which is more than that of crosstalk class
. Another technique to minimize power consumption due

to coupling transitions is proposed in [13], but it may not be
easy to implement due to its complex codec circuitry.

A technique close to the topic of this paper is proposed
in [9], where instead of considering the worst-case delay of

, the authors considered variable delay which
is determined based on the data present on the bus and next
data to be transmitted. Based on the crosstalk class of the
next data w.r.t. the present data on the bus, the number of
cycles required to transmit the next data is controlled dy-
namically and hence obtain significant performance bene-
fits. This technique requires one extra wire, which acts as
a shield wire between the actual data and the ready1 signal.
Since the data is transmitted as it is without any coding, this
technique does not provide any energy benefits.

Contrast to the above mentioned works, here we propose
a technique which eliminates crosstalk classes and with
the help of temporal redundancy and uses variable delay for
data transmission so that both delay and energy minimiza-
tion can be achieved. Unlike the technique in [9], where
for crosstalk class it takes the delay of ,
our technique takes the delay of so that we
can even get better performance benefits over the technique
proposed in [9].

4 Our Approach

Basic idea behind our approach is to analyze the
crosstalk class of next data w.r.t. the data present on the
bus and based on the crosstalk class we either transmit the
original data or encode the data into two new data items and
transmit the encoded data. In either case, we use the neces-
sary delay for data transmission.

4.1 Area and Energy Efficient Crosstalk Analyzer

From Section 2, we know that the crosstalk class of next
-bit data w.r.t. the present data on the bus is determined

by the maximum delay among all the wires , .
So, in order to know the crosstalk class, first we have to find
the delay of each of the wires. In [9], a crosstalk ana-
lyzer is designed in such a way that whenever a next data is
received, the analyzer determines the crosstalk class of the
next data by comparing it with the present data on the bus.
This process incurs extra hardware and consumes more en-
ergy as none of the computed data, in the process of finding

1the authors considered 33-bit data with -bit actual data and one
ready signal
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Input: present data and next data
Output: encoded data items and

Table 2. Encoder
a crosstalk class, is reused in the next stage. Generally, in
the process of finding a crosstalk class, the analyzer checks
whether or not there is any opposite transition on the adja-
cent wires (this is needed for crosstalk classes , , and ).
If is the present data and is the next data, then to know
whether or not a wire , , has an opposite transi-
tion w.r.t. wire , it is enough to take the logical
of , , and .
In this process, we can compute the values of adja-
cent bits of only once but use them twice (i.e., for find-
ing crosstalk classes of w.r.t. and w.r.t. ). As
a result, the hardware and the energy consumption for the
crosstalk analyzer is significantly reduced compared to the
similar circuit given in [9]. We obtain the hardware reduc-
tion at the cost of two -bit registers, i.e.,
and , to store the values of adjacent bits of
present -bit data and next -bit data, respectively. When-
ever, a next data is received, we only compute
and move the previous (that of ) to with
the possible exception when the next data is in crosstalk
class or w.r.t. the present data . Since temporal re-
dundancy is used for crosstalk classes and , in such situ-
ations, gets the values of adjacent bits of
(defined in the next subsection).

Our design requires 35 wires for transmitting a -bit
data, which consists of -bit actual data and one ready sig-
nal. The additional wires are: one temporal redundancy
signal for crosstalk class or and one shield wire between
the ready signal and the actual data to prevent opposite tran-
sitions. There is no need of a shield wire between the tem-
poral redundancy signal and the ready signal as the tempo-
ral redundancy signal makes transition only when
the ready signal makes transition and it makes
transition when the ready signal makes transition.

4.2 Variable Cycle Transmission with Temporal
Redundancy

We now present our bus encoding technique, i.e., vari-
able cycle transmission with temporal redundancy (VCTR
technique). In order to facilitate variable cycle transmis-
sion, we use two different clocks with periods

Input: present data and previous data and
Output: decoded data

Table 3. Decoder

and . Whenever a next data is received,
our crosstalk analyzer determines the crosstalk class of
w.r.t. the present data on the bus. If the crosstalk class
of w.r.t. is from the set , is trans-
mitted with a delay of (or )
if the crosstalk class is (or ) and the ready signal
is set and the temporal redundancy signal is reset. If the
crosstalk class is either or , unlike delaying the trans-
mission by the required number cycles (as proposed in
[9]), we encode into two new data items and

(using the coding technique as given in Table 2) in
such a way that the crosstalk class of w.r.t. is
from the set and that of w.r.t.
is (formal proof is given in the next section). Note
that the encoder (given in Table 2) takes different condi-
tions for the boundary values, i.e., when , it checks
only and when

, it checks
. Thus, we transmit with a delay of
and with a delay of . As

a result, the net delay for transmitting two new data items
becomes . During the transmission of ,
we reset both temporal redundancy signal and ready sig-
nal, whereas for transmission, we set both tempo-
ral redundancy signal and ready signal. Clearly, for both
crosstalk classes and , our approach takes
cycles whereas the technique given in [9] takes

and cycles, respectively. So, our ap-
proach not only provides energy benefits (due to elimina-
tion of coupling transitions of crosstalk classes and ) but
also performance benefits.

Decoding the data at the receiver end is a simple pro-
cess (as shown in Table 3). At the receiver end, we store
the value on the bus in a -bit register when the ready
signal is set and the temporal redundancy signal is reset
and the value on the bus is stored in another -bit register

when both ready signal and temporal redundancy sig-
nal are reset. We use the values of these two registers to
decode the actual data. When the ready signal is set and the
temporal redundancy signal is reset, there is no need of de-
coding (because, this situation arises only when the trans-
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mitted data is in crosstalk class from the set ),
so we consider whatever the data present on the bus as the
next data. On the other hand, if both ready signal and tem-
poral redundancy signal are set, we decode the data using
the decoding algorithm given in Table 3. Our decoder is a
simple bit-wise comparison circuit so the delay due to the
decoder can be ignored.

4.3 Correctness of our approach

We now prove that our encoding technique works cor-
rectly for any data and minimizes the delay and the energy
consumption. Let denote the crosstalk class of

w.r.t , denote the delay for transmitting af-
ter , and denote the energy consumption during
the transition from to .

Theorem 1 For any pair of -bit data and , if
, then can be encoded as and

such that

and

Proof. To prove :
Let be the transition pattern over of

length when a -bit data is transmitted after another
-bit data . Assume that

, . Since , there
must be at least wires which have opposite transitions
w.r.t. one or both of their adjacent wires. For simplicity,
assume that there are exactly wires, i.e., wire and wire

, which have opposite transitions w.r.t. each other. Note
that the proof can be easily extended to any number of wires
having opposite transitions w.r.t. one or both of their adja-
cent wires. So, there is no pattern of type or in both

and . Let and
. Since there is no pattern of type

or in both and , according to our
encoding technique, for ,
and , and for , , and if ,

, and if , . Hence,

We know that either or . In either case,
does not have a pattern of type

or . Hence,

To prove :

We know that

From Table 1, it is clear that

To prove :
Since and ,

But . So,

Hence,

To prove :
For simplicity, as in the case of the first proof, assume

that there are exactly wires, i.e., wire and wire ,
which have opposite transitions w.r.t. each other. Let
be the value of -wire at time instant . Assume that

and so that

and . Note that the proof can be easily ex-
tended to the case where and .
Then

where is the energy consumption of first
wires (negative component is the effect of wire on

wire ), is the energy
consumption of wire and wire including the effects
of their other adjacent wires, and is the
energy consumption of last wires including the
effect of wire on wire .

If we assume that
, after simplification, we obtain the following

inequality

Since ,

which is always false. Hence,
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Layer H W S T C L C I
( ) ( ) ( ) ( ) ( ) ( )

MET 5 1.04 0.52 0.52 0.7 34.317 80.478

Table 4. Wire parameters

Figure 1. Distribution of transition patterns

5 Experimental validation of our approach

We now experimentally validate our approach. We de-
sign the crosstalk analyzer, the encoder, and the decoder in
Verilog and synthesize it using the Synopsys Design Com-
piler with oki technology library. We model three
different wire lengths, i.e., 2mm, 5mm, and 10mm, to cap-
ture short, medium, and long wires, respectively, in the tar-
get technology. The Berkeley interconnect model [1] is
used to calculate the ground and coupling capacitance of
the interconnects. In our experimental results, we use the
parameters of metal 5 (shown in Table 4).

We use Simplescalar 3.0 [4] and the SPEC2000 CINT
[2] benchmark suite to simulate the performance of differ-
ent on-chip buses between the processor datapath and L1 I-
cache/D-cache. Transition pattern distributions of both ad-
dress and data buses are given in Figure 1.

We compare the variable cycle transmission with tem-
poral redundancy (VCTR) technique with the base case
(i.e., without any coding), the variable cycle transmission
(VCT) method [9], the crosstalk prevention coding (CPC)
technique [18], and the shielding (SHD) method [3]. We
consider two delays, (single cycle) and

(two cycles; note that while absolute de-
lay is only , but a variable cycle transmis-
sion scheme requires two-cycle delay to be a multiple of
the single cycle period) for the VCTR technique, and based
on the output of the crosstalk analyzer, we consider the ap-
propriate delay. Note that the delay for the base case is

, for the CPC technique and shielding method
the delay is , and for the VCT technique the
delays are multiples of based on the crosstalk
class type.

In the VCT method, the delay between the next data item
and the present data item is determined by the crosstalk
class of the next data w.r.t. the present data item. Note that
in this method, no encoding is applied on the transmitted

Ori. code 000 001 010 011 100 101 110 111
CPC code 0000 0001 0100 0101 0111 1100 1101 1111

Table 5. CPC codes

Figure 2. Normalized delay and energy

data. Though by using the CPC method, one can get -bit
crosstalk-free codes for any -bit data, it is very difficult to
implement the method. As a result, here we consider 3-to-4
CPC coding, where every -bit data is encoded with -bit
CPC code. Table 5 gives a set of CPC codes for 3-bit data.
In order to prevent adjacent bits of different -bit encoded
words to form crosstalk classes and , we use shield wires
between every pair of -bit encoded words. Hence, for a -
bit bus we use wires. In the SHD method, one shield, i.e.,

or , wire is inserted between every two wires so
that the crosstalk classes and are completely eliminated
and hence the worst-case delay becomes .

Main characteristics of different methods are given in
Figure 2. The values present in this table are averaged
across all the benchmarks and normalized w.r.t. the base
case. Compared to the VCT technique, our technique
achieves better performance in both address and data buses
because of two reasons: 1) in the case of crosstalk class ,
the VCT technique considers a delay of ,
whereas our technique encodes the data into two data items
such that the net delay becomes ; 2) after
encoding, for each (or ), gets so that this can
minimize the chances of getting crosstalk classes or for

w.r.t. (though we have not experimentally evalu-
ated). The second reason is especially true, if same adjacent
wires are repeatedly getting opposite transitions. This can
be seen in address bus, where few LSB bits will change
most of the time. That is the reason why, though there are
less number of crosstalk class transitions (from Figure
1), our technique outperforms the VCT technique. From
the delay perspective, our technique achieves ( )
savings for address (data) bus with just two extra wires.
Though the CPC technique and SHD technique give more
delay savings, they requires 22 and 32 extra wires, respec-
tively. From the energy perspective, our technique achieves

( ) savings for address (data) bus compared to the
base case. Since coupling transitions play a major role in
the total energy, though self transitions for our technique are
more than that of the CPC technique in the address bus case,
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Figure 3. Benchmark-wise normalized delay

Figure 4. Benchmark-wise normalized energy

because of less number of coupling transitions, the energy
consumption of our technique is less than that of the CPC
technique. Since no encoding is applied in the VCT tech-
nique, its energy consumption is same as that of the base
case. In the case of data bus, the CPC technique consumes
more energy than that of the base case. The SHD tech-
nique consumes more energy than the base case because
of more coupling transitions. Benchmark-wise normalized
delay and energy consumption (w.r.t. the base case) of dif-
ferent techniques are given in Figure 3-4.

Table 6 gives the normalized area (w.r.t. the base case)
and the power overhead. One can see from the table that
our technique incurs an area overhead of , , and

for , , and bus, respectively. This
is due to the codec (i.e., crosstalk analyzer, encoder, and
decoder) and two extra wires. The absolute area overhead
of our codec is . One can observe that as the
length of the interconnects increases the relative area over-
head of our technique decreases. Our codec can run at a
maximum clock speed of 660 and has power over-
head of .

6 Conclusion

By combining the ideas of variable cycle transmission
and temporal redundancy, we proposed a technique for de-
lay and energy efficient data transmission for on-chip buses
and evaluated our technique by focusing on the L1 cache
address/data buses of a microprocessor and by using the
SPEC2000 CINT benchmark suit. From the results, it is
clear that our method achieves ( ) of delay im-
provement along with ( ) energy savings over the

Method # of Normalized Area Extra
wires 2mm 5mm 10mm Power

Base 33 100 100 100
VCT 34 119 109 106 3.35mW

VCTR 35 133 116 111 2.16mW
CPC 55 177 171 169 1.06mW

Table 6. Codec overhead

base case for data transmission on address (data) bus.
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