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Abstract— In this paper, we present some new crosstalk avoidance coding schemes devoted to on-chip busses. These schemes
consist in encoding sequences of bits on each line of a bus
transferring a packet in order to eliminate worst-case crosstalk
patterns. They permit to improve the delay on the link at the cost
of doubling the number of transmitted bits. The advantage of the
presented solutions is that they have no wiring overhead, so they
are independent from the bus bit-width. The coding schemes
allow an increase of 50% of the data rate for a 1-mm bus.
Moreover, the proposed solutions induce a direction in deepsubmicron noise that can be used to implement a noise-tolerant
system.

I. I NTRODUCTION
In modern CMOS technologies, interconnects are the bottleneck of high-performance chips. Constraints (such as area
or speed) on Systems-on-Chip (SoC) with deep submicron
technologies require having high-speed and low area interconnects. Due to the increasing density of interconnects, to a lower
voltage swing and to an increase of the aspect ratio [1], global
on-chip busses suffer from large propagation delay. The main
contribution to this delay is due to crosstalk, the interferences
due to the coupling capacitance that exists between adjacent
wires. The wire capacitances and the dimensions inﬂuencing
crosstalk are summarized in ﬁgure 1. This phenomenon is
directly inﬂuenced by the coupling capacitances (Cc ) between
the victim wire V and its two aggressors (A1 and A2).
The coupling capacitance between two wires depends on
technology constants but also on the dimensions of the wires,
such as their length, thickness and the spacing between them.
Crosstalk increases the propagation delay on busses. It
introduces a delay factor (g), as shown in Table I, where r
is the ratio between the cross-coupling capacitance of two
adjacent wires (Cc ) and the capacitance of a wire to the
substrate (Cs ) as it is shown by equation 1.
Cc
r=
Cs

(1)

In this table, ↑ represents a rising transition, ↓ represents a
falling transition and − means that there is no transition on
the wire. In the best case, when the three wires are switching
in the same direction, the delay on the victim wire is the delay
without crosstalk (i.e. g = 1), but the bus clock cycle must be
adapted exclusively regarding the worst-case delay (i.e. g =
1 + 4.r) to ensure the integrity of the transmitted data. For
a plausible situation where Cc = Cs , the propagation delay

can be multiplied by ﬁve or more [2]. Other studies [3] use a
parameter r up to 10.
Noise induced by crosstalk represents a second issue in
deep submicron designs. The coupling capacitance between
two adjacent wires introduces a permanent link between them.
A transition on a wire affects the two adjacent wires by
applying to them a voltage peak [4]. With the technology
shrink, crosstalk has a more and more important part in the
general noise level. This is due to the increasing coupling
capacitance between adjacent wires. As a consequence, the
voltage peak induced by cross-coupling is more and more
important compared to the voltage swing on a bus line.
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Fig. 1. A victim wire and two aggressors. The two wire capacitances are
included in this ﬁgure.

TABLE I
E FFECTIVE CAPACITANCE (Cef f ) AND DELAY FACTOR (g) OF THE VICTIM
WIRE AND THE CORRESPONDING TRANSITION PATTERNS .
Cef f
Cs
C s + Cc
Cs + 2.Cc
Cs + 3.Cc
Cs + 4.Cc

(↑, ↑, ↑)
(−, ↑, ↑)
(−, ↑, −)
(↑, ↑, ↓)
(−, ↑, ↓)
(↑, ↓, ↑)

Transition
(↓, ↓, ↓)
(−, ↓, ↓)
(−, ↓, −)
(↑, ↓, ↓)
(−, ↓, ↑)
(↓, ↑, ↓)

Patterns
(↑, ↑, −)

(↓, ↓, −)

(↓, ↑, ↑)
(↑, ↓, −)

(↓, ↓, ↑)
(↓, ↑, −)

g
1
1+r
1+2.r
1+3.r
1+4.r

This paper introduces some simple coding schemes to avoid
worst-case crosstalk patterns. The remainder of the paper is
organized as follows. Section II quickly reviews some of
the existing crosstalk avoidance techniques. Our approach is
explained in section III. We present the experimental results in
section IV and we make an analysis of noise issues in section
V. Finally, section VI concludes this paper and presents future
work.
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II. R ELATED W ORKS ON C ROSSTALK AVOIDANCE
The goal of crosstalk avoidance researches is to eliminate
the worst-case patterns presented in Table I. The different solutions which can be found in the literature for reducing crosstalk
effects can be roughly classiﬁed into two categories: passive
and active solutions. Among passive solutions, shielding is the
most famous technique. It consists in inserting a grounded line
between every couple of wires to avoid worst-case transitions
as it is shown in ﬁgure 2. In fact, all the transitions with two
adjacent lines switching in opposite directions are removed.
The drawback is that it doubles the needed wires. An evolution
of this technique can be found in [5]. The authors propose to
use a repeating pattern to route the signals instead that classical
shielding. They use the pattern V SGSV SGS . . ., where V
represents a V dd wire, S represents a signal wire and ﬁnally
G represents a grounded wire. Even if they propose a solution
to remove wires, this scheme requires additional lines and then
an increase of the interconnect area.

S

0

0

S

Wire transmitting
a signal

Fig. 2.

S

0

S

0

S

Grounded or
Vdd wire

Illustration of the shielding technique.

Duplication of each wire is also used to eliminate worstcase transitions. The acceleration of the signals provided by
this technique is higher than the previous one because all the
patterns with two invariant aggressors are removed. But this
technique also doubles the number of wires.
Another solution is to skew selected bus signals to avoid
switching transitions in the same time on adjacent wires [6]. It
permits to avoid worst-case transitions and to speed-up busses.
But the speed-up is limited due to the time extension needed to
transmit a complete word and this technique requires a careful
design of the transmitter and the receiver.
Active and more complex solutions have been studied in
recent years. Coding is one of these promising approaches.
The basic principle of coding is to transmit codewords instead
of the original words. It has been shown in [7] that a 32bit data word can be transmitted with 53 wires using partial
coding with simple 3-bit to 4-bit memoryless coders separated
by shielding wires. The codecs add latency to the system. In
[3], the authors present a coding scheme which removes all
1 + 4.r and 1 + 3.r patterns. It has 62,5% bit overhead and
a delay improvement of 50% (but the bus length is at least
1cm). In [8], the authors introduce an improvement of their
coding scheme by eliminating 1 + 2.r patterns too. With an
area overhead of about 200%, the scheme can signiﬁcantly
speed-up busses.
Another solution is introduced in [9]. It consists in having
six groups of transition patterns with different propagation
times and a fast clock. A crosstalk analyzer assigns two

consecutive words to one of the six delay groups and adapts
the number of transmission cycles needed to send the word.
This scheme does not eliminate crosstalk patterns but adapts
the length of the transmission to them.
The methods that we propose have no wiring overhead and
do not require careful routing of the clock tree. Basically, we
use temporal coding to avoid opposite transitions on adjacent
wires. The coding schemes are presented in the next section.
III. D ESCRIPTION OF THE C ODES
This paper proposes a new approach to eliminate worst-case
patterns (1 + 3.r and 1 + 4.r). We use temporal coding instead
of word-by-word coding. This technique codes the different
wires independently and exhibits time overhead instead of
wiring overhead. This simple coding can be used with very
large busses as it is independent from the bus bit-width.
The main idea is to increase the number of transmitted bits
on each line of a bus to code worst-case crosstalk free transitions. For example, a binary ”0” can be inserted after each
bit transmitted on each line as it is described in ﬁgure 3 (this
technique is referred after as Code 0). This leads to transmit a
binary word composed of only binary zeros after each word.
This simple technique allows to remove the two last worst-case
patterns at the cost of doubling the number of transmitted bits.
As worst-case pattern are eliminated, the propagation delay is
reduced, enabling the bus to transmit easily two bits instead
of one. This simple method is systematic and does not require
complex codecs. It is also totally independent of the bus bitwidth.
Transmitted data
on the bus
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Fig. 3.
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Encoded data using a zero column after each bus word (Code 0).

The above technique can be modiﬁed to encode two bits
instead of one (this technique is referred after as Code 1) to
decrease the mean activity of the coded sequence. The packet
is partitioned into 2-bit blocks which are encoded using the
static correspondence described in Table II.
It is easy to see that there is no worst-case pattern inside
codewords since the transitions are always rising transitions.
Each coded word begins with a binary logical 0. It ensures
that every transition between encoded words are falling or
static transitions. So there is no worst-case pattern between
encoded words. The worst-case pattern in this coding scheme
is (−, ↑, −). The corresponding effective capacitance of this
pattern is CS +2.CC (g = 1+2.r). A drawback of this coding
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TABLE II
C ORRESPONDENCE BETWEEN THE ORIGINAL 2- BIT BLOCKS AND THE
PROPOSED CROSSTALK AVOIDANCE CODING SCHEME C ODE 1.
Original 2-bit block
00
01
10
11

Code 1
Encoded 2-bit block
0000
0001
0011
0111

scheme is that it has a higher mean activity than the original
non-coded words.
In order to decrease the mean activity of the previous code,
two codes for each 2-bit group can be used (referred after
as Code 2). The two codes are used alternatively on each
transmitted block to decrease the activity and are described
in Table III. An example of the proposed coding scheme is
given in ﬁgure 4. The ﬁrst code has only rising transitions but
the second one involves only falling transitions for all 4-bit
patterns. The mean activity of the random encoded sequence
is the same compared to the non-coded sequence.
TABLE III
C ORRESPONDENCE BETWEEN THE ORIGINAL 2- BIT BLOCKS AND THE
PROPOSED CROSSTALK AVOIDANCE CODING SCHEME C ODE 2.
Original 2-bit block
00
01
10
11

Encoded block
0001
0011
0111
1111

Code 2
Alternative encoded block
0000
1000
1100
1110

CMOS technology and we synthesized the codecs for Code
1 and Code 2 with the high-speed 0.13μm UMC library to
have the area requirements of the codecs. In our experiments,
r is near 3, with Cs =40fF and Cs =14fF. These results were
obtained using metal-2 technology parameters for a 1-mm
wire.
A. Propagation delay
The wires are modeled using the π3 distributed RC model.
All transistors for the 1-mm bus are designed with common
W of 8λ for the PMOS and 4λ for the NMOS. For the 10mm bus, the transistors are 10x wider. The link was modeled
using the technology rules for a metal-2 layer (width: 320nm,
spacing: 280nm) with a power supply voltage of 1.2V . The
drivers and capacitive loads on the wires are modeled using
inverters implemented using the transistors described above.
We measured the total propagation delay of a victim wire in
the situation described in ﬁgure 1. In this test-bench, the input
signals have the same rise and fall times of 0.1ns. The delay
test bench is composed of three wires (one victim wire and
two aggressors). We deﬁne the propagation delay as the delay
between the time the input reaches 50% of its transition and
the time the output reaches 50% of its transition. We measured
the propagation delay of the victim wire for all delay groups
in Table I and with two different wire lengths (1-mm and 1cm). The worst-case results are given in Table IV. No code
was used at this moment. The patterns described in this table
are the inputs of the drivers modeled by the inverters.
TABLE IV
P ROPAGATION DELAY IN NANOSECONDS OF THE VICTIM WIRE AS A
FUNCTION OF THE DIFFERENT TRANSITIONS OF THE THREE WIRES AND
OF THE WIRE LENGTH .

Time

01

10

11

00

00

0011

1100

1111

0000

0001

Coded word

A1
↑
↑
↑
↓
↓
↓
↓
↑

Alternative
coded word

Fig. 4. Encoded data using the alternative coding scheme for one line of the
bus (Code 2).

All these codes are easy to implement because they are
totally static in the way that one (or two) 4-bit sequence
corresponds always to the same 2-bit sequence. A great
advantage of these coding schemes is that they are independent
from the bus bit-width and there is no wiring overhead. They
can be used for very wide busses without any issue since they
are area-efﬁcient. The main drawback of this approach is that
it doubles the data needed to be transmitted on the bus.
IV. P ERFORMANCES OF THE CODING SCHEMES
We have simulated the efﬁciency of our codes with SPICE
using United Microelectronics Corporation (UMC) 0.13μm

IEEE

A2
↑
↓
↓
↓
↓
↑
↑
↑

1-mm wire [ns]
0.17
0.24
0.31
0.47
0.80
1.17
0.18
0.29
0.49
0.60
1.05
1.41

10-mm wire [ns]
0.32
0.52
1.36
1.37
2.44
3.21
0.34
0.55
1.46
1.42
2.51
3.29

The worst-case propagation delay for a non-coded system
is 1.41ns for a 1-mm wire, and corresponds to the pattern
(↑, ↓, ↑). Code 0 and Code 1 permit to avoid slowest transitions
and to have a worst-case propagation delay of only 0.47ns for
a 1-mm wire (pattern (−, ↑, −)). In this case, we have only
rising transitions at the inputs of the inverters in the interesting
part of the data ﬂow. The acceleration of the propagation delay
is 3. The drawback is that our coding scheme must transmit
two bits instead of one. This leads to a bandwidth improvement
of 50%. The last coding scheme Code 2 has a worst-case delay
of 0.60ns because the alternative coding can lead to the pattern
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(−, ↓, −). In this case, the acceleration of the propagation
delay is only 2.35. So, the bandwidth improvement is only
17.5%. In the case of a 10-mm wire, the improvements are
respectively 20% for Code 0 and Code 1 and 16% for Code
2.
The delay improvement of our schemes is expected to grow
in future technologies as the delay ratio r introduced in section
I is expected to grow itself due to the increase of the aspect
ratio of wires [1]. Another advantage of our approach is that it
can be applied to future very large busses as it has no wiring
overhead. So, the additional bandwidth improvement offered
by future large busses is available to our approach.
B. Area requirements
The synthesis results of Code 1 and Code 2 are respectively
given in Tables V and VI for a 32-bit bus. As the encoder
needs two bits to perform the encoding operation and to send
four bits and the decoder needs to do exactly the reverse
operation, the non combinational area is much larger than the
combinational one. But this non combinational area permits
to deeply pipeline the codecs, enabling a low critical path
between two consecutive ﬂip-ﬂops. We can see from this
table that the combinational area requirements is larger for
the Code 2 compared to the Code 1. This is due to the two
alternative operations needed to perform the encoding. The
non combinational area is quite the same in the two cases
because the number of ﬂip-ﬂops remains the same.
TABLE V
S YNTHESIS RESULTS OF THE C ODE 1 CODEC IN THE 0.13μm UMC
LIBRARY FOR A 32- BIT BUS .
Device
Combinational area (μm2 )
Non combinational area (μm2 )
Total area (μm2 )
Critical path (ns)

Code 1
Encoder
Decoder
1635
1856
7051
7714
8686
9570
0.92
0.69

These results must be compared to the interconnect area
gain provided by the independence of our schemes from the
bus bit-width. For example, if we compare them to shielding,
the number of needed wires is quite doubled (for a 32-bit bus,
the wiring overhead is 31 bits). If we consider 32 parallel wires
with the metal-2 rules, the interconnect area overhead due to
shielding is about 186000μm2 for a 10-mm wire (including
the wires and the spacing). The overhead is very much larger
than the codecs area. Even for a 1-mm wire, the area overhead
is quite the same.
V. N OISE A NALYSIS
Crosstalk is the origin of issues with signal integrity. The
voltage peak induced by the transitions of adjacent aggressor
wires can cause a failure in the evaluation of the bit transmitted
by the victim wire. This effect is represented in ﬁgure 5 where
A1 and A2 are the aggressors and Vic is the victim line. The
two aggressors switch in the same direction, causing a voltage
peak greater than V2dd on the victim wire (UMC 0.13μm with

TABLE VI
S YNTHESIS RESULTS OF THE C ODE 2 CODEC IN THE 0.13μm UMC
LIBRARY FOR A 32- BIT BUS .
Device
Combinational area (μm2 )
Non combinational area (μm2 )
Total area (μm2 )
Critical path (ns)

minimum spacing for three 1-mm wires). This spike leads to
a possible mistake in the received word. Even if this situation
can occur in every scheme that is not especially designed
to alleviate this issue, the proposed coding schemes rise the
probability of appearance of such a scenario. In fact, the
proposed coding schemes lead to a uniﬁcation of the switching
directions of the aggressors because they can switch in only
one direction in the same coded 4-bit word. This increases the
excitation level of crosstalk noise.
A possible solution consists in having an error-tolerant
code for the link. A few lines can be added to the bus
because our schemes are area-efﬁcient. This can improve
the noise tolerance of the link against noise [10]. But this
solution increases the power consumption of the transmission
link if low-swing signaling is not used. Moreover, low-swing
signaling decreases the signal to noise ratio. A more simple
solution is to increase the spacing between wires to lower
the coupling capacitance between adjacent wires. We have
simulated the same transitions that exists on ﬁgure 5 but with
a doubled spacing. The result is shown in ﬁgure 6. We can
observe that the voltage peak is clearly reduced.
Increasing the spacing between wires is also expected to
decrease the propagation delay because of a decrease of Cc and
hence a decrease of Cef f . A spacing that is 50% larger than
the minimum one (420nm) and a doubled spacing (560nm)
were simulated. The propagation delays are given in Table VII.
We can notice that the acceleration is much lower than the one
with a minimum spacing (the acceleration decrease from 3 to
2.44 for a 1-mm wire and a doubled spacing for example).
This was foreseeable because these measurements depend on
the comparison between the cross-coupling capacitance (Cc )
and the wire capacitance (Cs ). Since the spacing between
wires is increased, the coupling capacitance that exists between
adjacent wires becomes less important when compared to the
wire capacitance. Since our schemes do not require additional
wires, the area overhead induced by the increased spacing is
reasonable. For example, the area requirement of shielding is
higher. It will add the width of each shielding wire which is
comparable to the minimum spacing.
Another way of dealing with the crosstalk-induced noise
problem is to adapt the receivers. It is more interesting than
increasing the spacing because the waste of area is limited and
the acceleration provided by the coding schemes is conserved.
We can notice that Code 1 has only rising transitions that
can cause an issue if some lines are stable at the binary
zero. Falling transitions on aggressor wires are not an issue if
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Code 2
Encoder Decoder
2749
4417
7086
7419
9835
11836
0.77
0.79

TABLE VII
P ROPAGATION DELAY IN NANOSECONDS OF THE VICTIM WIRE AS A
FUNCTION OF THE DIFFERENT TRANSITIONS OF THE THREE WIRES AND
OF THE WIRE LENGTH WITH DIFFERENT SPACINGS BETWEEN WIRES .

Original switching
threshold of the
receiver

Voltage
peak on the
victim wire

Falling transition on
the aggressor wires

Fig. 5. Voltage peak on a victim wire due to simultaneous transition of two
aggressor wires with minimum spacing.

Switching
voltage of
the receiver

Reduced
voltage
peak on the
victim wire

Falling transition on
the aggressor wires

A1
↑
↑
↑
↓
↓
↓
↓
↑

V
↑
↑
↑
↑
↑
↑
↓
↓
↓
↓
↓
↓

A2
↑
↓
↓
↓
↓
↑
↑
↑

Spacing: 480nm
1mm [ns] 10mm [ns]
0.17
0.32
0.23
0.50
0.29
1.02
0.38
1.04
0.60
1.73
0.85
2.28
0.18
0.34
0.27
0.52
0.42
1.09
0.48
1.07
0.77
1.79
1.02
2.34

Spacing: 560nm
1mm [ns]
10mm [ns]
0.17
0.32
0.22
0.48
0.28
0.0.85
0.34
0.87
0.49
1.38
0.69
1.81
0.18
0.34
0.26
0.50
0.41
0.90
0.41
0.90
0.63
1.43
0.83
1.86

the victim wire is stable to zero. The basic idea is to adapt
the switching level of the receiver by setting the width and
length of the transistors composing it (ﬁgure 7). We take
into account that the transitions are always in one direction,
and transform a disadvantage (a uniﬁcation of the switching
directions) in a fault-tolerant system by applying a unique
direction to the noise. Code 2 has the two possible directions
(one per code cycle). We can replace the receiving inverter by
a Schmitt trigger for example. It has the property of shifting
the switching voltage level but in the two possible directions.
Finally we have a faster system than can be noise-tolerant
because we inﬂuence the noise in only one direction. That
is possible because crosstalk noise is predominant in deepsubmicron technologies. This implementation is also areaefﬁcient as it does not require additional codecs.
VI. C ONCLUSION
A new approach for avoiding crosstalk in busses is presented
in this paper. This approach can increase the bandwidth of a
link by 50% and does not require wiring overhead. It also
has the great advantage to be independent from the bus bitwidth. This approach consists in applying a temporal coding
instead of a word-by-word coding. We propose another coding
scheme (Code 2) that can reduce the activity of the codes. The
proposed schemes are also simple to implement because it is a
systematic approach. Another great advantage is that we control the direction of the crosstalk-induced noise to implement
a noise-tolerant system. The next step of our researches is to
have adaptive coding schemes to reduce the redundancy (four
bits transmitted instead of two) and to improve the bandwidth
enhancement.
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