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ABSTRACT 

Interconnect fabrics of multi-core systems-
on-chip are confronted with increased crosstalk 
effects and energy dissipation. Crosstalk Avoidance 
Coding (CAC) is a promising way to reduce the 
coupling capacitance of the interconnect wires. We 
propose a method to address both crosstalk and 
energy dissipation in networks-on-chip (NoC) by 
modifying the structure of the data packets and 
reducing the number of coding-decoding operations. 
Our results show that by incorporating crosstalk 
avoidance coding (CAC) schemes in the NoC data 
stream it is possible to save a significant amount of 
energy while communicating between multiple IP 
cores.  

I. INTRODUCTION AND MOTIVATION 
 The network-on-Chip (NoC) design paradigm 
is considered to be an enabling solution [1] [2] for the 
integration of exceedingly high number of 
computational and storage blocks in a single chip. 
The common characteristic of NoC interconnect 
architectures is that the functional blocks (IP blocks) 
communicate with each other with the help of 
intelligent switches and links. Crosstalk between 
adjacent wires is an issue in NoC communication 
fabrics and it can cause timing violations and extra 
energy dissipation. Crosstalk avoidance codes can 
be used to reduce the mutual inter-wire coupling 
capacitance and hence the energy dissipation of wire 
segments. By incorporating Crosstalk Avoidance 
Coding schemes in NoC data streams we expect to 
enhance the system reliability and at the same time 
reduce communication energy, which will help to 
decrease the overall energy dissipation. CACs 
reduce the worst-case switching capacitance of a 
wire by ensuring that a transition from one codeword 
to another codeword does not cause adjacent wires 
to switch in opposite directions [3].  
 Our aim in this paper is to explore the role of 
packet structure and interconnect architecture on the 
energy savings capability of the CAC schemes in 
NoC domain. We show that, by cleverly modifying 
the packet structure in such a way that the control 
information is embedded only in the header flit, the 

energy dissipation corresponding to CAC 
coding/decoding can be significantly reduced.  

II. RELATED WORK 
 In the 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]. The role of communication 
infrastructure on energy dissipation is discussed in 
[4]. Different strategies for power management of 
NoCs, such as power-aware on-off networks [5], and 
dynamic voltage scaling [6] have been addressed 
previously. In addition, different low-power encoding 
techniques have been proposed to reduce power 
consumption of on-chip buses [7]. According to [8] 
due to higher power dissipation in the codec blocks 
these schemes are energy efficient only if the length 
of the wire segment exceeds a certain limit. 
 The objective of this paper is to explore the 
energy savings capability of CACs in NoC domain. 

III. CROSSTALK AVOIDANCE IN NoC LINKS 
 A few NoC interconnect architectures have 
been proposed by different research groups [4]. Fig. 
1 shows two of the most commonly used NoC 
architectures. 

- functional IP - switch

(a) (b)  
Figure 1: (a) Mesh; (b) Torus-based NoCs 

Data exchange between the functional 
blocks takes place in the form of packets. Generally, 
the wormhole switching is adopted for NoCs. This 
scheme divides packets into fixed-length flow 
control units (flits), with I/O buffers storing only a few 
flits. The first flit, i.e., header flit, of a packet contains 
routing information. Header flit decoding enables the 
switches to establish the path and subsequent flits 
simply follow this path in a pipelined fashion.  
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Figure 2: (a) Packet structure; (b) Modified packet structure 

The delay of an inter-switch wire in the NoC 
link depends on the transitions on the wire and wires 
adjacent to it. The worst case delay of a wire 
is( )1 4λ τ+ , where τ is the delay of a crosstalk-free 
wire and λ is the ratio of the coupling capacitance to 
the bulk capacitance [10]. 
 The purpose of the crosstalk avoidance code 
is to reduce the delay of the line to( )1 pλ τ+ , where 
p=1, 2, or 3 and it is referred to as the maximum 
coupling. Consequently the CACs will reduce the 
energy dissipation per line in a NoC link.  
 The generic communication architecture of 
any NoC fabric is shown in Fig. 3. Between a source 
and destination pair there are multiple switch blocks.  

Functional IP (embedded processor)
Switch  

Figure 3: Data transfer in NoC fabrics 

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. 

CAC 
decoder Routing CAC 

encoder

header flits payload flits

Crossbar

Figure 4: CAC coding/decoding for the header flit 
 
As shown in Fig. 2 if the flit structures are modified in 
such a way that only the header flits contain the 
control information then for the body flits we do not 
have to code/decode the data in the intermediate 
switch nodes. Eventually this will help to reduce the 
overall communication energy dissipation. 

IV. CROSSTALK AVOIDANCE CODES 
 A number of crosstalk avoidance codes [9] 
were proposed in literature. Here we consider three 

representative CACs that achieve different degrees 
of delay reduction.  
A. Forbidden Overlap Condition (FOC) Codes  
A wire has the worst-case delay ( )1 4λ τ+  when it 
executes a rising (falling) 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 condition 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 Codes (FOC).  
B. Forbidden Transition Condition (FTC) Codes  
The maximum capacitive coupling and, hence, the 
maximum 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 adjacent wires to switch in 
opposite directions (i.e., if a codeword has a 01 bit 
pattern, the subsequent codeword cannot have a 10 
pattern at the same bit position, 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 
Transition Codes (FTC).  
C. 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 patterns for each of the code words. This 
condition is referred to as Forbidden Pattern 
Condition, and the corresponding CAC is known as 
Forbidden Pattern Code (FPC). 
 In this paper we investigate the applicability 
of these three CAC coding schemes in the NoC 
domain.  

V.  ENERGY DISSIPATION IN A NoC-BASED SoC 
 When flits travel in the interconnection 
network, both the inter-switch wires and the logic 
gates in the switches toggle and this will result in 
energy dissipation. The flits from the source nodes 
need to traverse multiple hops consisting of switches 
and inter-switch wire segments to reach destinations. 
Consequently, we determine the energy dissipated in 
each interconnect, Einterconnect and switch hop, Eswitch. 
The energy per flit per hop is given by 

hop switch interconnectE E E= +
               (1) 

The energy dissipated in transporting a flit through h 
hops can be calculated as 

∑
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Let P be the total number of flits transported, and let 

iflitE  be the energy dissipated by the ith flit, where i 

ranges from 1 to P. The average energy per bit bitE  
is then calculated according to the following 
equation:  
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In presence of CAC coding/decoding the energy 
dissipated in each hop is given by (4) 

, , , ,hop j switch j codec j interconnect jE E E E= + +            (4) 
 When there is no coding/decoding then the energy 
dissipation in each hop is given as 

, ,hop j switch j interconnect,jE E E= +                         (5) 
 In case of the flit structure of Fig. 2(a) energy 
dissipated in each hop for both header and body flits 
is determined by (4). For the modified flit structure of 
Fig. 2 (b) the energy dissipated in each hop for the 
header is determined by (4), while that for the body 
flits is obtained through (5).We determine the energy 
dissipated in each switch and codec by running 
SynopsysTM Prime Power on the gate-level netlist of 
the individual blocks in 130 nm technology node. To 
determine interconnect energy, the capacitance of 
each interconnect stage is calculated taking into 
account the specific layout of each topology [11] in 
the same technology node. 

VI. EXPERIMENTAL RESULTS AND ANALYSIS 
To evaluate the role of the CAC schemes 

discussed above on the energy dissipation 
characteristics of a NoC we consider a system 
consisting of 64 IP blocks and mapped them onto 
MESH-based NoC architecture as shown in Fig. 1. 
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 all simulations was the e-cube  (dimension 
order) routing [4]. The energy dissipation of each 
inter-switch wire segment is a function of λ, the ratio 
of the coupling capacitance to the bulk capacitance. 
For a given interconnect geometry, the value of λ 
depends on the metal coverage in upper and lower 
metal layers [3]. We vary the value of λ from 1 to 4 
[3]. Fig. 5 shows the average bit energy dissipation 
as a function of the injection load of the NoC under 
consideration with λ=1 and λ=4 at 130 nm 
technology node respectively.  

 It is evident from Fig. 5 that when λ=1, none 
of the CAC schemes is really energy efficient. For 
λ=4, FTC and FPC provide with energy savings, but 
FOC does not. 

 
                         (a)                                 (b) 
Figure 5: Bit energy dissipation characteristics for a MESH-based 
NoC (a): λ=1; (b): λ=4. 
The energy savings capability of the CAC schemes 
can be enhanced significantly by modifying the flit 
structure. From Fig. 2 it is evident that the body flits 
contain a single control information field. If we modify 
the flit structures as shown in Fig. 2(b) then no 
coding/decoding is necessary for the body flits at the 
intermediate switches. 
 With the proposed flit structure modifications, 
it is sufficient to code the body flits at the source 
node and decode them at the destination. Fig. 6(a) 
shows the energy dissipation profile of the MESH-
based NoC for the modified flit structure with λ = 1. 

  
                      (a)                                               (b) 
Figure 6: Bit energy dissipation characteristics (a): MESH-based 
NoC with the modified flit structure (λ = 1); (b) Folded Torus-based 
NoC with the original flit structure (λ = 1) 

 It is evident from Fig. 6(a) that by modifying 
the flit structure we can have energy savings for all 
the coding schemes. For λ = 4 we will have similar 
characteristics, with even better energy savings. 
 To evaluate the role of the CAC schemes on 
different NoC interconnect architectures, we consider 
the same system size with 64 IP blocks and mapped 
onto a Folded Torus architecture shown in Fig. 1(b). 
Fig. 6(b) shows the energy dissipation profile of a 
Folded Torus-based NoC with the original flit 
structure of Fig. 2(a). It is evident that even with the 
original flit structure in case of Folded Torus there is 
energy savings for λ=1 for all the coding schemes. 
This happens due to the fact the inter-switch wire 
segments of the Folded Torus are longer than those 
of MESH. Consequently the absolute value of energy 
saving arising out of the coupling capacitance 
reduction of the inter-switch wires is greater than the 
energy added by the codecs. The energy saving is 
more when λ=4. By adopting the modified flit 
structure the CAC schemes would be more energy 
efficient in Folded Torus-based NoC.  
 Table 1 quantifies the energy dissipation 
characteristics of the CAC schemes for two different 
values of λ at throughput saturation for both the 
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MESH and Folded Torus networks considering the 
flit structure of Fig. 2. Table 2 shows the same for the 
modified flit structure. The relative amount of energy 
savings corresponding to each coding scheme is 
denoted by ∆ES in Tables 1 and 2. It is evident from 
Table 1 that in case of the Folded-Torus NoC even 
FOC provides energy savings for both the values of 
λ, with the original flit structure. Table 2 
demonstrates that if coding/decoding is not 
performed at the intermediate switch nodes then all 
the coding schemes have potential for significantly 
higher energy savings. 

VII. TIMING CONSTRAINT 
 In NoC the inter-switch wire segments 
together with the intra-switch stages constitute a 
highly pipelined communication medium with the 
delay of each stage within the limit of one clock cycle 
[11]. By incorporating CAC coder/decoder in the 
switch blocks we increase the number of intra-switch 
stages. We have verified through circuit level design 
and analysis that the delay of these blocks are well 
within this clock cycle limit. Consequently by adding 
the codec blocks we do not violate the pipelining 
property of the communication architecture. 

 VIII. CONCLUSIONS  
 Network on chip is emerging as a 
revolutionary method to integrate numerous cores in 
a single SoC. Widespread adoption of NoC paradigm 
will be possible if it addresses the system level 
reliability issues in addition to easing the design 
process. By incorporating Crosstalk Avoidance 
Codes (CACs) in NoC data stream it is possible to 
reduce the effective coupling capacitance of 
inter-switch wire segments and consequently the 
energy dissipation in communication. The energy 
savings capability of these coding schemes depends 
on the packet structure and the interconnect 
infrastructure. We have demonstrated that by 
modifying the NoC flit structure we can make all of 
these coding schemes energy efficient. Our 
experiments show that by applying CAC schemes 
and modifying the format of the NoC data packets we 
can achieve significant energy reduction, of up to 
25.2% for the 64 IP Mesh architecture, and up to 
32.8% in the case of the 64 IP Folded Torus-based 
NoC. 
 

Table 1: Energy Dissipation values for MESH and Folded Torus NoCs with the original flit structure 
 Average Bit Energy Dissipation (pJ) with the original flit structure at network saturation 
 Uncoded FOC FTC FPC 

λ MESH Folded 
Torus MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) 

1 215.5 312.2 230.4 -6.9 308.7 1.1 216.5 -.5 275.4 11.8 228.1 -5.8 286.9 8.1 
4 253.2 389.9 256.6 -1.3 361.3 7.3 230.2 9.1 311.8 20.0 241.7 4.5 323.4 17.1 

Table 2: Energy Dissipation values for MESH and Folded Torus NoCs with the modified flit structure 

 Average Bit Energy Dissipation (pJ) with the modified flit structure at network saturation 
 Uncoded FOC FTC FPC 

λ MESH Folded 
Torus MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) MESH ∆ES 

(%) 
Folded 
Torus 

∆ES 
(%) 

1 215.5 312.2 195.1 9.5 273.3 12.5 175.7 18.5 234.5 24.9 175.7 18.5    234.5 24.9 
4 253.2 389.9 221.3 12.5 325..9 16.4 189.4 25.2 261.9 32.8 189.4 25.2 261.9 32.8 
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