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Abstract

Commercial designs are currently integrating from 10 to 100 embedded processors in a single system on chip (SoC) and the number is
likely to increase significantly in the near future. With this ever increasing degree of integration, design of communication architectures
for large, multi-core SoCs is a challenge. Traditional bus-based systems will no longer be able to meet the clock cycle requirements of
these big SoCs. Instead, the communication requirements of these large multi processor SoCs (MP-SoCs) are convened by the emerging
network-on-chip (NoC) paradigm. Crosstalk between adjacent wires is an important signal integrity issue in NoC communication fabrics
and it can cause timing violations and extra energy dissipation. Crosstalk avoidance codes (CACs) can be used to improve the signal
integrity by reducing the effective coupling capacitance, lowering the energy dissipation of wire segments. As NoCs are built on
packet-switching, it is advantageous to modify data packets by including coded bits to protect against the negative effects of crosstalk.
By incorporating crosstalk avoidance coding in NoC data streams and organizing the CAC-encoded data packets in an efficient manner,
so that total number of encoding/decoding operations can be reduced over the communication channel, we are able to achieve lower
communication energy, which in turn will help to decrease the overall energy dissipation.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction and motivation

The network-on-chip (NoC) design paradigm is viewed
as an enabling solution [1–3] for the integration of exceed-
ingly high number of computational and storage blocks in
a single chip. The common characteristic of NoC intercon-
nect architectures is that the functional blocks communi-
cate with each other with the help of a routing
infrastructure consisting of switches and links. With tech-
nology scaling and deep sub-micron (DSM) effects, power
consumption is the greatest challenge in today’s multi-core
SoC design. Subsequently, in NoC domain, a significant
1383-7621/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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amount of energy is dissipated by the communication links.
With shrinking geometry, the inter-wire spacing decreases
rapidly [4] while the height and width of the wires do not
scale at the same rate. This in turn tends to increase the
cross-sectional aspect ratio, increasing the effective cou-
pling capacitance between intra-layer adjacent wires with
negative effects on delay, power and signal integrity. The
fact that the dielectric constant does not scale down at
the same rate also contributes to the increase in coupling
capacitance between adjacent wires in the same metal level.
This phenomenon is commonly termed as crosstalk. Shield-
ing can be effectively used to reduce crosstalk, and involves
placing a grounded wire between every pair of signal lines.
Although this is effective in preventing crosstalk within a
bus, it has the effect of doubling the wire count. Layout-
level solutions for mitigating crosstalk, such as wire spac-
ing, have the disadvantage of being dependent on process
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variation, and their wire area overhead is comparable with
shielding [5]. Therefore, doubling the inter-switch wire
routing area following these conventional techniques is
not the optimum solution. In the deep sub-micron
(DSM) technologies crosstalk between adjacent wires is
an issue in NoC communication fabrics as in any other
VLSI system and it can cause timing violations and extra
power dissipation. By incorporating crosstalk avoidance
coding (CAC) in NoC data streams we can reduce the effec-
tive coupling capacitance of the inter-switch wire segments
and hence the communication energy without incurring the
non-optimal wire area overhead of shielding/spacing.
CACs reduce the worst-case switching capacitance of a
wire by ensuring that a transition from one codeword to
another does not cause adjacent wires to switch in opposite
directions [6].

In addition to the reduction of the effective switching
capacitances of the inter-switch wire segments due to incor-
poration of CACs, two more energy dissipation sources
need to be considered. The first one is the codec (coder/
decoder) energy and the second one is the extra energy dis-
sipated by the redundant wires introduced by the coding
schemes. We propose a method to reduce the codec energy
dissipation by modifying the packet structure in a manner
that requires only coding/decoding for the first flit (header)
of each packet. In addition to the energy dissipation, the
timing characteristic of the codec blocks needs to be inves-
tigated. The switches together with the inter-switch links of
a NoC establish a highly pipelined communication med-
ium, with the delay of each stage within the limit of one
clock cycle [7]. The CAC codecs will add extra delay. It
is crucial that the codecs do not introduce additional tim-
ing overhead to the pipelined communication architecture.
We show that through efficient design, the codec logic and
the inter-switch link wires can be combined into a single
pipeline stage that fits within the clock cycle limit generally
accepted for high-performance chips. Thus we avoid add-
ing extra stages of coding and decoding in the communica-
tion pipeline. Our aim in this paper is to study the
performance of NoC architectures in presence of CAC in
terms of energy efficiency, timing and silicon area
overhead.

2. Related work

In recent years, there has been an evolving effort in
developing on-chip networks to integrate increasingly large
number of functional cores in a single die [1,2]. Even before
the advent of the NoC paradigm, different research groups
investigated various coding schemes to enhance the reliabil-
ity of bus-based systems. In [8], the authors proposed to
employ data encoding to eliminate crosstalk delay within
a bus. They presented a detailed analysis of the self-shield-
ing codes and established fundamental theoretical limits on
the performance of codes with and without memory. In [9],
the authors provided a comprehensive study of the capabil-
ity of error correcting codes to reduce the crosstalk-
induced bus delay (CIBD), and proved that Dual Rail
codes can handle crosstalk better than Hamming codes.
The authors of [9] used single error correcting codes (SECs)
to minimize crosstalk. These codes are not as efficient as
CACs in handling crosstalk related effects. In addition, dif-
ferent low-power coding (LPC) techniques have been pro-
posed to reduce power consumption of on-chip buses [10].
But these LPCs aim at reducing only the self-transitions of
a wire. According to Kretzschmar et al. [11], the principal
limitation of the applicability of the LPCs is that, due to
higher power dissipation in the codec blocks, these codes
are energy efficient only if the length of the wire segment
exceeds a certain limit. In [12], the authors presented a uni-
fied framework for applying coding for systems on chips
(SoCs), targeted principally for bus-based systems. In
[13], performance of single error correcting and multiple
error detecting Hamming codes and cyclic codes in an
AMBA bus-based system has been discussed. Error resil-
iency in NoC fabrics and the trade-offs involved in various
error recovery schemes are discussed in [14]. In this work,
the authors investigated performances of simple error
detection codes like parity or cyclic redundancy check
codes and single error-correcting, multiple error-detecting
Hamming codes in NoC fabrics. These codes do not have
explicit crosstalk avoidance characteristics, which are abso-
lutely necessary in the DSM technology.

The objective of this paper is to explore the energy sav-
ings capability of CACs in NoC domain. We characterize
performance of multiple NoC architectures in presence of
CACs.

3. Crosstalk avoidance in NoC links

A few NoC interconnect architectures have been pro-
posed by different research groups [15]. The common char-
acteristic of these NoC architectures is that the processor/
storage cores communicate with each other through
switches. Communication between constituent IP blocks
in a NoC takes place through packet-switching. Generally
wormhole switching is adopted for NoCs, which breaks
down a packet into fixed length flow control units or flits.

The first flit or the header contains routing information
that helps establishing a path from the source to destina-
tion, which is subsequently followed by all the other pay-

load flits. Some common NoC architectures are shown in
Fig. 1.

3.1. Crosstalk avoidance codes

The effective coupling capacitance of an inter-switch
wire segment in a NoC link depends on the transitions in
the adjacent wires. As shown in [16] the worst case switch-
ing capacitance of a wire segment is given by (1 + 4k)CL,
where k is the ratio of the coupling capacitance to the bulk
capacitance and CL is the load capacitance, including the
self capacitance of the wire. By incorporating CACs it is
possible to reduce this switching capacitance to (1 + pk)CL,
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Fig. 1. NoC architectures: (a) mesh, (b) folded-torus and (c) butterfly fat
tree (BFT).

Table 1
FOC4–5 coding scheme

Data bits Coded bits

d3 d2 d1 d0 c4 c3 c2 c1 c0

0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 1 0 0
0 0 1 0 0 0 0 0 1
0 0 1 1 0 0 1 0 1
0 1 0 0 0 0 0 1 1
0 1 0 1 0 0 1 1 1
0 1 1 0 1 0 0 1 1
0 1 1 1 1 0 1 1 1

FOC 4-5 (1)

FOC 4-5 (2)

[7:0]

Input [3:0] Output [4:0]

Input [7:4] Output [9:5]

[9:0]

Input Output

Fig. 2. Combining adjacent sub-channels in FOC coding.
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where p = 1, 2, or 3 and it is referred to as the maximum
coupling. Thus, the worst case energy dissipation of a sin-
gle wire segment in a NoC link is reduced from ð1þ
4kÞV 2

ddCL to ð1þ pkÞV 2
ddCL, indicating a linear increase in

energy savings in presence of CAC with the decrease in
coupling capacitance. There are a number of crosstalk
avoidance codes [6] proposed in the literature to achieve
the above mentioned reduction in effective switching capac-
itance. Here we consider three representative CACs that
achieve different degrees of coupling capacitance reduction.

3.1.1. Forbidden overlap condition (FOC) codes
As mentioned above, a wire has the worst-case switching

capacitance of (1 + 4k)CL, when it executes a rising (fall-
ing) transition and its neighbors execute falling (rising)
transitions. If these worst-case transitions are avoided,
the maximum coupling can be reduced to p = 3. This con-
dition can be satisfied if and only if a codeword having the
bit pattern 010 does not make a transition to a codeword
having the pattern 101 at the same bit positions. The codes
that satisfy the above condition are referred to as forbidden
overlap condition (FOC) codes. The simplest method of
satisfying the forbidden overlap condition is half-shielding,
in which a grounded wire is inserted after every two signal
wires. Though simple, this method has the disadvantage of
requiring a significant number of extra wires. Another solu-
tion is to encode the data links such that the codewords sat-
isfy the forbidden overlap (FO) condition. However,
encoding all the bits at once is not feasible for wide links
due to prohibitive size and complexity of the codec hard-
ware. In practice, partial coding is adopted, in which the
links are divided into sub-channels which are encoded
using FOCs. The sub-channels are then combined in such
a way as to avoid crosstalk occurrence at their boundaries.
Considering a 4-bit sub-channel, the FOC coding scheme is
represented in Table 1. For brevity, the table shows a rep-
resentative section of the entire truth table for a 4-bit wide
channel.
In this case, two sub-channels can be placed next to each
other without any shielding, and not violating the FO con-
dition as shown in Fig. 2. Following this method, a 32-bit
uncoded flit becomes 40-bit long after encoding. Thus FOC
is a (40, 32) code.

The Boolean expressions relating the original input (d3

to d0) and coded bits (c4 to c0) for the FOC scheme are
expressed as follows:

c0 ¼ d1 þ d2
�d3

c1 ¼ d2
�d3

c2 ¼ d0

c3 ¼ d2d3

c4 ¼ d1d2 þ d3
3.1.2. Forbidden transition condition (FTC) codes

The maximum capacitive coupling and, hence, the max-
imum delay, can be reduced even further by extending the
list of non-permissible transitions. By ensuring that the
transitions between two successive codes do not cause adja-
cent wires to switch in opposite directions (i.e., if a code-
word has a 01 bit pattern, the subsequent codeword
cannot have a 10 pattern at the same bit positions, and vice
versa), the coupling factor can be reduced to p = 2. This
condition is referred to as forbidden transition condition,
and the CACs satisfying it are known as forbidden transi-
tion condition (FTC) codes. Inserting a shielding wire after
each signal line can employ the simplest FTC, but causes
unreasonable overhead in redundant wires. For wider
inter-switch links, a hierarchical encoding is more suitable,
where the inter-switch links are divided into sub-channels



Table 2
FTC3–4 coding scheme

Data bits Coded bits

d2 d1 d0 c3 c2 c1 c0

0 0 0 0 0 0 0
0 0 1 0 1 0 0
0 1 0 0 0 0 1
0 1 1 0 1 0 1
1 0 0 0 1 1 1
1 0 1 1 1 0 0
1 1 0 1 1 0 1
1 1 1 1 1 1 1

Table 3
FPC4–5 coding scheme

Data bits Coded bits

d3 d2 d1 d0 c4 c3 c2 c1 c0

0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 1
0 0 1 0 0 0 1 1 0
0 0 1 1 0 0 0 1 1
0 1 0 0 0 1 1 0 0
0 1 0 1 0 0 1 1 1
0 1 1 0 0 1 1 1 0
0 1 1 1 0 1 1 1 1

FPC 4-5
(1)

FPC 4-5
(2)

[6:0] [9:0]

Input Output

Bit 0
1
2
3

Bit 4
5
6

Bit 0
1
2
3
4

Bit 5
6
7
8
9

Fig. 4. Combining adjacent sub-channels in FPC coding.
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that are encoded individually. Considering a 3-bit sub-
channel the coding scheme is expressed in Table 2.

For wider message words the entire flit can be subdi-
vided into multiple sub-channels, each having a 3-bit
width, and then the individual coded sub-words recom-
bined following the scheme shown in Fig. 3. This scheme
of recombination simply places a shielded wire between
each adjacent pair of sub-channels. This ensures no forbid-
den transitions even at the boundaries of the sub-channels.
This makes FTC a (53, 32) code if the uncoded flit had
32 bits.

The Boolean expressions relating the original input and
coded bits for the FTC scheme are expressed as follows:

c0 ¼ d1 þ d2
�d0

c1 ¼ d0d1d2 þ �d0
�d1d2

c2 ¼ d0 þ d2

c3 ¼ d0d2 þ d1d2
3.1.3. Forbidden pattern condition (FPC) codes

The same reduction of the coupling factor as for FTCs
(p = 2) can be achieved by avoiding 010 and 101 bit pat-
terns for each of the code words. This condition is referred
to as forbidden pattern condition, and the corresponding
CAC is known as forbidden pattern condition (FPC)
codes. Considering a 4-bit sub-channel, the coding scheme
is expressed in Table 3. Again, for brevity, the table has
only 8 entries of the entire truth table for all 4 bits. While
combining the sub-channels we made sure that there is
no forbidden pattern at the boundaries. Fig. 4 depicts the
scheme of avoiding forbidden pattern at the boundaries,
considering 4-bit sub-channels. The MSB of a sub-channel
FTC 3-4 (1)

FTC 3-4 (2)

[5:0]

Input [2:0] Output [3:0]

Input [5:3] Output [8:5]

[8:0]

Input Output

Fig. 3. Block diagram of combining adjacent sub-channels in FTC
coding.
is fed to the LSB of the adjacent one. This method is more
efficient than simply placing shielding wires between the
encoded sub-channels and consequently results in lesser
redundancy in terms of wire overhead. This recombination
technique makes the FPC a (52,32) code, if the original flit
was 32 bits wide.

The Boolean expressions relating the original input (d3

to d0) and coded bits (c4 to c0) for the FPC scheme are
expressed as follows:

c0 ¼ d0

c1 ¼ d0d1 þ d2d1 þ d1
�d3 þ d0d2

�d3

c2 ¼ d2
�d3 þ d1d2 þ �d0d2 þ d1

�d0
�d3

c3 ¼ d2d3 þ �d0d2 þ d2d1 þ d1d3
�d0

c4 ¼ d3

In this paper, we investigate the applicability of these
three CAC coding schemes in the NoC domain. Our aim
is to study the energy saving, and timing characteristics
of these schemes at the cost of extra area overhead they
introduce.

3.2. Communication pipelining in NoC in presence of CACs

The exchange of data among the constituent blocks in a
SoC is becoming an increasingly difficult task because of
growing system size and non-scalable global wire delay.
To cope with these issues, designers must divide the end-
to-end communication medium into multiple pipelined
stages, with the delay in each stage comparable to the
clock-cycle budget. In NoC architectures, the inter-switch
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P.P. Pande et al. / Journal of Systems Architecture 54 (2008) 441–451 445
wire segments, along with the switch blocks, constitute a
highly pipelined communication medium characterized by
link pipelining, deeply pipelined switches, and latency-
insensitive component design [17].

The generic communication medium of any NoC fabric
is shown in Fig. 5. Between a source and destination pair
there is a path consisting of multiple switch blocks [7]
involving several inter-switch and intra-switch stages. The
switches generally consist of multiple pipelined stages.
The number of intra-switch pipelined stages can vary with
the design style and the features incorporated within the
switch blocks. However, through careful circuit-level
design and analysis, designers can make each intra-switch
stage’s delay less than the target clock period in a particular
technology node. In accordance with ITRS [18], a generally
accepted rule of thumb is that the clock cycle of high per-
formance SoCs will saturate at a value in the range of 10–
15 FO4 (Fan-out of 4) delay units. We need to ensure that
by adding the CAC codec blocks, the constraints on timing
can still be met.
4. Energy savings profile in presence of CAC

When flits travel on the interconnection network, both
the inter-switch wires and the logic gates in the switches
toggle, resulting in energy dissipation. The flits from the
source nodes need to traverse multiple hops consisting of
switches and wires to reach destinations.

The motivation behind incorporating CAC in the NoC
fabric is to reduce switching capacitance of the inter-switch
wires and hence make communication among different
blocks more energy efficient. So, the metric of interest is
the average savings in energy per flit with coding compared
to the uncoded case. All the schemes have different number
of bits in the encoded flit. A fair comparison in terms of
energy savings demands that the redundant wires be also
taken into account while comparing the energy dissipation
profiles. The metric used in this work for comparison thus
takes into account the savings in energy due to the reduced
crosstalk, additional energy dissipated in the extra redun-
dant wires and the codecs. The savings in energy per flit
per hop is given by

Esavings;j ¼ Elink;uncoded � ðElink;coded þ EcodecÞ ð1Þ

where Elink,uncoded and Elink,coded are the energies dissipated
by the uncoded flit and the coded flit in each inter-switch
link respectively taking into consideration the redundant
wires in the encoded flits due to CAC schemes. Ecodec is
the energy dissipated by each codec. The energy savings
in transporting a single flit, say the ith flit, through hi hops
can be calculated as

Esavings;i ¼
Xhi

j¼1

Esavings;j: ð2Þ

The average energy savings per flit in transporting a packet
consisting of P such flits through hi hops for each flit will be
given as

Esavings ¼
PP

i¼1

Phi
j¼1ðEsavings;jÞ

P
ð3Þ

The metric Esavings is independent of the specific switch
implementation, which may vary based on the design.

In order to quantify the energy savings profile for a NoC
interconnect architecture, we determine the energy dissi-
pated in each codec, Ecodec by running SynopsysTM Prime
Power on the gate-level netlist of the codec blocks. To
determine the inter-switch link energy in presence and
absence of coding, that is, Elink,coded and Elink,uncoded,
respectively, the capacitance of each interconnect stage,
Cinterconnect is calculated taking into account the specific
layout of each topology and it can be estimated according
to the following generic expression:

Cinterconnect ¼ Cwire � waþ1;a þ n � m � ðCG þ CJÞ ð4Þ

where Cwire is the wire capacitance per unit length. wa+1,a is
the wire length between two consecutive switches. CG and
CJ are the gate and junction capacitance of a minimum size
inverter, respectively, n denotes the number of inverters
(when buffer insertion is needed) in a particular inter-
switch wire segment and m is their corresponding size with
respect to a minimum size inverter. However, the inter-
switch wire lengths are not long enough to necessitate buf-
fer insertion in the architectures used in this paper and
hence Eq. (4) reduces to the expression below.

Cinterconnect ¼ Cwire � waþ1;a ð5Þ

While calculating Cwire without any coding we have consid-
ered the worst case switching scenario, where the two adja-
cent wires switch in the opposite direction of the signal line
simultaneously. The typical value of Cwire at the 90 nm
technology used here is 0.22 pF/mm [21]. The parameter
wa+1,a can be calculated depending on the network archi-
tecture used. For mesh architecture the inter-switch wire
length is given by

waþ1;a ¼
ffiffiffiffiffiffiffiffiffiffiffi
Area
p
ffiffiffiffi
N
p
� 1

; ð6Þ

where Area is the area of the silicon die used and N is the
number of individual IP blocks in the SoC. The inter-
switch wire length for folded-torus architecture is twice
that of the mesh as it connects every alternate IP block in
the network. The same inter-switch wire length for the
BFT architecture between levels a + 1 and a is given by
Eq. (7), where levels is the total number of levels needed
for implementing the BFT architecture given by log4 N.
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waþ1;a ¼
ffiffiffiffiffiffiffiffiffiffiffi
Area
p

2levels�a ð7Þ

In the presence of CACs the effective wire capacitance will
be reduced according to the coding scheme and this will
help in reducing the link energy. On the other hand the
additional energy dissipated by the codecs and redundant
wires added by the coding schemes need to be considered
as well. Our aim is to study the effects of all these factors
on the overall energy savings of NoC communication
infrastructures.
5. Increasing energy savings by modifying the flit structure

As shown in Fig. 5, when data routing are performed,
the flits need to be coded and decoded at each intermediate
switch node. These operations will have a significant effect
on overall energy dissipation. If the packet structure can be
modified in such a way that coding/decoding is needed only
at the source and destination nodes, then there will be no
extra power dissipation arising out of the codec blocks in
the intermediate nodes. The original packet structure is
shown in Fig. 6a [15]. If the flit structure is modified so that
only the header flits contain the control information, then
the payload flits need not be coded or decoded at each
intermediate switch node. Eventually, this will help in
reducing the overall communication energy dissipation.
The original and modified flit structures are shown in Figs.
6a and b, respectively.

A new field called flit count is incorporated in the header
flit, which keeps track of the number of payload flits in a
packet. The type field in the payload flits becomes unneces-
sary as the switch knows the number of payload flits that
follow a header from the flit count field in the header.
The pktid field in the payload flits of Fig. 6 links each flit
to a particular packet. After decoding the header flit the
switch knows the number of payload flits to expect from
the flit count and then systematically routes all the payload
flits bearing the same pktid along the path set by the header
flit. This can be done without decoding the payload flits as
CAC encoding of the pktid produces unique identifiers
which can be directly used to link the payload flits with a
particular header. The switches only need a negligible mod-
ification to use the CAC encoded pktid bits instead of the
original pktid for mapping each payload flit to its corre-
Header Type Pktid Addr length Source Addr. Dest. Addr

Type

Type

Type

Pa
yl

oa
d

Pktid

Pktid

Pktid

Data

Data

Data

Fig. 6. Flit structure: (a) or
sponding packet. The payload flits need not be decoded
and encoded at each intermediate switch, thus reducing
the codec overhead and making the incorporation of
CAC schemes in a NoC communication fabric more energy
efficient. The path of the header and payload flits through
the switch blocks in presence of modified flit structure is
shown in Fig. 7.

The energy dissipated by the codec will not be included
for the body flits in Eq. (1) when the modified flit structure
of Fig. 6b is used. Thus, for payload flits (1) will be modi-
fied as follows:

Esavings;j ¼ Elink;uncoded � Elink;coded ð8Þ

Thus the modification of the flit structure increases the sav-
ings in energy at each hop that the flit traverses. Hence the
savings in energy for the whole network will increase by
adopting the modified flit structure.
6. Experimental results and analysis

To study the effects of the CAC schemes on the perfor-
mance of different NoC infrastructures, we considered a
system consisting of 64 IP blocks and mapped them onto
the interconnect architectures, as shown in Fig. 1. This sys-
tem size was selected to reflect the state of the art emerging
SoCs. In [3], Intel has demonstrated an 80-core processor
arranged in an 8 · 10 regular grid built on fundamental
NoC concepts. We characterize the NoCs in terms of three
principal metrics: energy savings, area overhead and tim-
ing. Messages were injected with a uniform traffic pattern
(in each cycle, all IP cores can generate messages with the
same probability). The routing mechanism used for the
mesh and folded-torus architectures was the e-cube (dimen-
sion order) routing and for BFT was the least common
ancestor (LCA) determination [19]. Simulations were per-
formed using 90 nm technology node parameters. The
codec blocks were synthesized with the CMP [20] standard
Header Pktid Flit count Addr length Source Addr. Dest Addr

Pktid

Pktid

Pktid
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d

Data

Data

Data

iginal and (b) modified.



Table 4
Simulation parameters

Architecture Message length
(Flits)

Buffer depth
(Flits)

Number of
ports

Mesh 16 2 5
Folded

Torus
16 2 5

BFT 16 2 6
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Fig. 9. Energy savings profile for a folded-torus based NoC.

Table 5
Average path length distribution

Architecture Length of
interconnect (mm)

Average path
lengths (hops)

Mesh 2.86 7.31626
Folded-Torus 5.72 6.04331
BFT

Level 1 10 1.52242
Level 2 5 1.90302
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Fig. 10. Energy savings profile for a butterfly fat tree-based NoC.
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cell libraries. The parameters used for the purpose of sim-
ulations are listed in Table 4.

6.1. Energy savings profile

The average energy dissipation profile for any NoC fol-
lows a saturating trend with injection load [15]. Conse-
quently, the energy savings profile will maintain the same
trend. The energy dissipation and hence savings in energy
of each inter-switch wire segment is a function of k, the
ratio of the coupling capacitance to the bulk capacitance.
For a given interconnect geometry, the value of k depends
on the metal coverage in upper and lower metal layers [12].
We investigated the energy savings profiles for comparison
at the two representative values of k = 1 and 4. The trend
in the energy savings profile is found to be identical for
both cases and hence the profiles at only k = 1 are shown
in the paper.

Figs. 8–10 show the variation in energy savings per flit
for mesh, folded torus and BFT-based NoC architectures,
respectively, at k = 1.

As seen in Figs. 8–10, maximum energy savings are
obtained for the folded-torus architecture. The energy sav-
ings profile for the NoC depends on the two factors: the
inter-switch wire lengths and the average path length. This
occurs because the savings in energy is only due to reduc-
tion of effective capacitance on the wires, which in turn
depends on the length of the wire and how frequently that
wire is traversed i.e., the average path length of a flit. The
inter-switch wire lengths and the average path-lengths (in
terms of number of hops) for each of the architectures
are listed in Table 5. In accordance with Eq. (7), the wire
lengths in BFT architecture vary with the levels of the
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Fig. 8. Energy savings profile for a mesh based NoC.

Level 3 2.5 1.99958
nodes. The inter-switch wire length in the folded-torus
architecture is twice that of the mesh topology. Although
the upper level inter-switch links in BFT are longer than
those of folded-torus, the number of links spanning the
lower levels is higher and those links are much shorter
[7]. So, the energy savings in folded-torus architecture are
most pronounced as the inter-switch wires are longer than
those in mesh and both have comparable average path
lengths. Though the top level wires in the BFT architecture
are longer than those of folded-torus, because there are
very few hops in that level, the savings are less than that
of the folded-torus.
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Table 6
Gain in energy savings with modified flit structure

Architecture CAC
scheme

Energy savings
with original flit
structure (pJ)

Energy savings
with modified flit
structure (pJ)

Gain in
energy
savings
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However, the energy savings can be considerably
improved by modifying the flit structure as shown in
Fig. 6. As all the routing and control information is con-
tained only in the header flit and the payload flits follow
the already established path, there is no need to code/
decode the payload flits on the fly at every switch. Instead,
it is sufficient to code the payload flits at the source and
decode at the destination switch. Thus, the coding and
decoding overhead is greatly reduced as this process is
now done only at the source and destination switches once
for all the payload flits. The header flit however, still under-
goes coding and decoding at all the switches. With this
modified flit structure, the energy savings for k = 1 are plot-
ted for a mesh architecture in Fig. 11, a folded-torus archi-
tecture in Fig. 12 and for a BFT architecture in Fig. 13.

It is observed that the energy savings can be made more
significant by adopting the modified flit structure with neg-
ligible increment in the complexity of the switch blocks.
Another important point to note here is that the FOC
scheme is the least energy efficient one. FTC and FPC have
very similar energy savings profile and they are better than
FOC. Table 6 quantifies the additional gain in energy sav-
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Mesh FOC 982 1307 33.0
FTC 2134 2614 22.5
FPC 2282 2664 16.7

Folded-
Torus

FOC 2264 2570 13.5
FTC 4675 5128 9.6
FPC 4858 5218 7.4

Butterfly
Fat Tree

FOC 1108 1261 13.8
FTC 2291 2517 9.8
FPC 2382 2562 7.5
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Fig. 12. Energy savings profile for a folded-torus based NoC at k = 1 with
modified flit structure.
ings at network saturation by adopting the modified flit
structure for k = 4.
6.2. Area overhead

While evaluating the performance of CAC schemes we
need to consider the extra silicon area the codec blocks
add to the NoC switch blocks as well as the additional wir-
ing area caused in the routing channels by the redundant
wires. Through RTL level design and synthesis in 90 nm
technology node, we found that the switches, without any
coding scheme consist of approximately 30 K gates. Here,
we consider a two-input minimum-sized NAND structure
as a reference gate. In comparison, the codecs for FOC,
FPC and FTC have around 650, 1000 and 770 gates respec-
tively. Consequently the extra area overhead added by the
CAC codecs is relatively insignificant.

The different CAC schemes add different number of
redundant wires. The (40,32) FOC code adds eight extra bits,
the (53, 32) FTC code adds 21 and the (52,32) FPC code adds
20 additional bits to guard against crosstalk. Traditional
crosstalk avoidance schemes like shielding or spacing double
the routing channel area overhead. This is because, when
using shielding, a ground wire is placed between each signal



Table 8
Critical path delay of codec blocks

Scheme Block Delay (FO4)

FOC Encoder 0.50
Decoder 0.25

FPC Encoder 4.25
Decoder 3.75

FTC Encoder 2.75
Decoder 2.50

Table 9
Inter-switch wire delays

Coding Scheme Architecture Delay (F04)

Uncoded Mesh 0.9
Folded-Torus 3.6
BFT level 1 11.0
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Fig. 15. Pipelined intra-switch stages in presence of coding.
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wire requiring 63 bits for an original 32-bit interconnect.
Spacing out the wires to reduce coupling capacitance also
has the effect of doubling the wiring area. Thus, the wiring
area overhead for implementing these CAC coding schemes
is less than that caused by traditional layout based crosstalk
avoidance schemes. Fig. 14 shows the actual energy expendi-
ture at network saturation for a mesh based NoC along with
the increase in link width for each CAC scheme considering
the modified flit structure. The silicon area overhead in the
switches is summarized in Table 7.

As can be seen from Fig. 14 and Table 6, the savings in
energy is considerable compared to the actual expenditure
and hence the silicon and wiring area overheads are justified.

6.3. Timing

As discussed in Section 3.2 the switches consist of multi-
ple pipelined stages. As shown in [7] one of the possible
implementations the switches may consist of three stages:
(1) input arbitration, (2) routing and (3) output arbitration.
It is already shown in [7] that each intra-switch stage’s
delay can be made less than this target clock period in a
particular technology node. In presence of CAC there
can be additional pipelined stages corresponding to enco-
der and decoder blocks, as shown in Fig. 15.

Through RTL design and synthesis using a 90 nm stan-
dard cell library and Synopsys synthesis tools, we obtain
the delays along the critical paths of each encoder and
decoder for all the coding schemes. The delay values corre-
sponding to all the coding schemes are shown in Table 8. It
is evident that all the coding schemes achieve the target
Table 7
Percentage increase in silicon area of the NoC switches for each CAC
scheme

CAC
scheme

Switch area with CAC
codec

Percentage increase over uncoded
case (%)

Uncoded 30,000 –
FOC 30,650 2.17
FTC 30,770 2.57
FPC 31,000 3.33
delay values within the limit of one clock cycle. Conse-
quently they will not affect the data introduction rate.

However, the delays of the codec blocks are very small.
Consequently the sum of inter-switch wire delay and the
delays of the encoder and decoder is less than the 15
FO4 limit. As a result the CAC encoder, decoder and the
inter-switch wire segments can be merged into a single
pipelined stage. Table 9 shows the delay on the inter-switch
link for all the architectures studied in this paper.

The CAC schemes reduce the effective crosstalk in the
inter-switch wire segments and hence reduce the corre-
sponding crosstalk induced bus delay (CIBD) [9]. The
worst case CIBD for an interconnect without any crosstalk
prevention is (1 + 4k)s0, where s0 is the delay of an isolated
wire. Depending on the particular crosstalk pattern that
each scheme avoids, the worst case delay on the links is
reduced to (1 + 3k)s0 for the FOC scheme and (1 + 2k)s0

for the FTC and FPC schemes. As a result the inter-switch
wire delay in FOC is more than that of FPC and FTC. But
as shown in Table 6 the delays of the FOC encoder and
BFT level 2 2.75
BFT level 3 0.7

FOC Mesh 0.7
Folded Torus 2.9
BFT level 1 8.8
BFT level 2 2.2
BFT level 3 0.6

FTC/FPC Mesh 0.5
Folded Torus 2.2
BFT level 1 6.6
BFT level 2 1.7
BFT level 3 0.4
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decoder are extremely small. Consequently the combined
delay of the inter-switch wire segments and the codec in
FOC is still well within the one clock cycle limit of 15
FO4. Though the critical path delays of the FTC and
FPC codecs are longer than that of FOC, but they are able
to reduce the delay on the inter-switch wires more and
hence they can also be similarly combined with the inter-
connects into a single pipelined stage. This implementation
is more efficient in terms of system latency as no additional
pipelined stages are added to the switch anymore. Fig. 16
plots the latency, measured in clock cycles, in two cases.
In the first case, the encoder and decoder are considered
as individual pipeline stages. In the second case, the enco-
der, decoder and the inter-switch wire segments are merged
into a single pipeline stage, for a mesh based NoC architec-
ture. Merging the CAC codecs with existing inter-switch
stage is a better implementation, as it results in no latency
penalty compared to the uncoded case.

In case of the modified flit structure the payload flits
need not be decoded and encoded at each switch. There-
fore, even if the encoder and decoder are implemented as
separate stages the latency does not increase significantly.
7. Conclusions

Network on chip is emerging as a revolutionary method to
integrate numerous cores in a single SoC. Widespread adop-
tion of NoC paradigm will be possible if it addresses the sig-
nal integrity issues in addition to easing the design process.
By incorporating crosstalk avoidance codes (CACs) in
NoC data stream it is possible to reduce the worst-case cou-
pling capacitance of inter-switch wire segments and conse-
quently the energy dissipation in communication. The
energy savings arising out of incorporating CACs depend
on the distribution of inter-switch wires of different lengths
and the packet structure. We proposed a method of reducing
the energy dissipation by eliminating the need for CAC cod-
ing/decoding of payload flits at intermediate switches
between communicating NoC cores. It is observed that max-
imum energy savings are achieved for folded-torus architec-
ture as it consists of uniformly distributed long inter-switch
wire segments. We show how our method of modifying the
packet structure and reducing the coding/decoding overhead
makes it possible to achieve higher savings in energy in con-
junction with crosstalk protection.
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