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Abstract

Multi-Processor (MP-SoC) platforms are emerging as the 

latest trend in SoC design. These MP-SoCs consist of a large 

number of IP blocks in the form of functionally heterogeneous 

embedded processors.  In this new design paradigm, IP blocks need 

to be integrated using a structured interconnect template, for 

example, according to high-performance parallel computing 

architectures. A formal evaluation process is required before 

adopting a specific parallel architecture to SoC domain.  Here, we 

propose an evaluation methodology based on performance metrics 

that include latency, throughput and silicon area requirements. As a 

case study, we present the results of such an evaluation for two MP-

SoC interconnect topologies, i.e., the MESH and the Butterfly Fat-

Tree (BFT). This evaluation methodology can be extended to any 

other SoC interconnect topology without loss of generality. 
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1. Introduction
According to ITRS [1], the realization of complex 

Systems on a Chip (SoCs) consisting of billions of transistors 

fabricated in technologies characterized by 65 nm feature size and 

less will soon be reality. The emergence of SoC platforms 

consisting of large, heterogeneous sets of embedded processors is 

imminent. A key element of such multiprocessor SoC (MP-SoC) 

platforms [2] is the interconnect topology. We specifically 
propose that the on-chip interconnect topology should resemble the 

interconnect architecture of high-performance parallel computing 

systems. The common characteristic of these kinds of architectures 

is that the functional IP blocks communicate with each other 

through the help of intelligent switches. As such, the switches can 

be considered as infrastructure IPs (I2Ps) [3] providing a robust 

data transfer medium for the functional IP modules.

 There are different possible interconnect architectures 

well documented in the parallel processing domain. However, only 

a few of them would be suitable for SoC implementation. One of 

these architectures is the Butterfly Fat Tree (BFT) [4]. Another 

possible interconnect architecture for SoC design is the MESH as 

proposed in [5] [6].  

In this paper, our main contribution is the establishment 

of a performance/cost evaluation methodology for MP-SoC 

interconnects. As a case study this methodology is applied and 

experimental results are shown for the two different MP-SoC 

architectures, mentioned above. 

2. Related Work 
 A few on-chip micro-network proposals for SoC 

integration can be found in the literature. Sonic’s Silicon Backplane 

[7] is one example. Kumar [5] and Dally [6] have proposed mesh-

based interconnect architectures. In this case, the number of 

switches is equal to the number of functional IPs. Guerrier and 

Greiner [8] proposed the use of a tree- based interconnect (SPIN) 

and addressed system level design issues.

In [4] and [9], we have described an interconnect 

architecture for a networked SoC based on a BFT architecture, as 

well as the associated design of required switches and addressing 

mechanisms.  

The precise focus of this paper is to present and discuss a 

formal evaluation methodology allowing for objective comparisons 

of different architectures.  Such an analysis can prove invaluable for 

SoC integrators faced with having to select a suitable MP-SoC 

interconnect template. 

3. Performance Metrics
In a communication-centric design methodology, data is 

transferred among the IP blocks in the form of packets. The need for 

storing entire packets in a switch makes the buffer requirement high 

in the case of conventional packet switching. In wormhole 

switching, the packets are divided into fixed-length flow control 

units (flits) and the input and output buffers should be able to store 

only a few flits. As a result, the buffer space requirement in the 

switches can be small compared to that generally required for 

conventional packet switching. One drawback of this simple 

wormhole switching method is that the transmission of distinct 

messages cannot be interleaved or multiplexed over a physical 

channel. This will decrease channel utilization if a flit from a given 

packet is blocked in a buffer. By introducing virtual channels in the 

input and output ports, channel utility can be increased considerably 

[9]. If a flit belonging to a particular packet is blocked in one of the 

virtual channels, then flits of alternate packets can use the other 

virtual channel buffers, and hence, ultimately, the physical channel.  

It is desirable that a MP-SoC interconnect architecture 

exhibits low latency and high throughput. The additional area 

overhead due to the infrastructure IPs should be reasonably small.

3.1 Latency 

Latency is defined as the time (in clock cycles) that 

elapses from between the occurrence of a message header injection 

into the network at the source node and the occurrence of a tail flit 

reception at the destination node [10]. 

In order to reach the destination node, the flits have to 

travel through a path consisting of a set of stages. Depending on the 

source/destination pair and the routing algorithm, each message 

may have a different latency. We use the average latency as a 

performance metric in our evaluation methodology.   

Let P be the total number of messages reaching their 

destination IPs, and let Li be the latency of each message, where i
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varies from 1 to P. The average latency, Lat, is then calculated 

according to the following:

1

P

iL

Lat
P

3.2 Throughput  

We define throughput [TP] as follows: 

×Total  messages completed Message length
TP

Number of IP blocks Total time

Total messages completed refers to the number of whole 

messages that successfully arrive at their destination IPs, Message

length is measured in flits, Number of IP blocks is the number of 

functional IP blocks, and Total time is the time (in clock cycles) that 

elapses between the occurrence of the first message generation and 

the last message reception.  Thus, throughput is measured as the 

fraction of the maximum load the network is capable of physically 

handling. A throughput TP = 1 corresponds to all end nodes 

receiving one flit every cycle. Realistically, TP < 1 since it is 

improbable that all possible destinations be active at each cycle. 

Accordingly, throughput is measured in flits/second. 

3.4 Area Requirements 

To evaluate the feasibility of these interconnect schemes 

we need to study their silicon area requirements. As the switches 

form an integral part of the active components of these 

infrastructures, it is important to determine the amount of relative 

silicon area they consume. The switches have two main 

components: the storage buffer, and logic to implement routing and 

flow control. The storage buffers are the FIFOs at the inputs and 

outputs of the switch. Another source of silicon area overhead is 

the area for the inter-switch wires, which, depending on their 

lengths may have to be buffered through repeater insertion to keep 

the inter-switch delay within one clock cycle [11]. Consequently, 

this additional buffer area has to be accounted for. 

4. Evaluation Methodology 
 The communication-centric parameters that need to be 

considered when evaluating a MP-SoC interconnect are latency 

and throughput. The area overhead due to the I2Ps should be 

considered as well since their sole purpose is to transfer data 

among functional IP blocks. 

We developed a flit-level event-driven wormhole routing 

simulator to study the characteristics of the communication-centric 

parameters of the interconnect infrastructure.

To estimate the silicon area consumed by the switches, we 

developed their VHDL models and synthesized them using a fully 

static, standard cell-based, CMOS 0.13 m technology. 

5. Interconnect Architectures
In [4], we first proposed a novel interconnect template to 

integrate numerous IPs of an SoC following a butterfly fat-tree 

architecture. In our network, the IPs are placed at the leaves and 

switches are placed at the vertices. Figure 1 illustrates the physical 

placement of a butterfly fat tree with 64 IPs. In the limit, the number 

of switches converges to N/2 for a system size of N, as N grows

arbitrarily large. In the case of 64 IPs the number of switches is 28 

as shown in Figure 1. 

Figure 1: Floorplan of a 64-IP-BFT network. 

In a mesh topology, IP blocks are arranged in a two 

dimensional array structure where each switch (infrastructure IP) is 

connected to four neighboring switches and a functional IP 

module. Figure 2 shows the physical placement of 64 functional IP 

blocks in a mesh based on [5] [6]. In both Figs.1 and 2, the darker 

blocks denote the switches, and the white squares represent the 

functional IPs. It is clear that the number of switches in a mesh is 

equal to the number of interconnected functional IP blocks.

Figure 2: Floorplan of a 64-IP-MESH network. 

7. Case Study
We applied our evaluation methodology to two different 

MP-SoC interconnect platforms, e.g. MESH [6] and BFT [4].

Data were obtained by using a 2500 lines event-driven 

wormhole routing simulator written in C++.     

Uniform, localized, and bit-reversal traffic patterns can be 

chosen as well.  When injections occur, a source IP is selected 

randomly, according to a uniform distribution.  The mean time 

between packet injections can be specified to alter the overall load 

on the network. The destination IP selection depends on the traffic 

pattern adopted.  All packets are assumed to have a constant length. 

Switch parameters can also be specified.  These include 

input/output port buffer depths (in flits), number of ports, and the 

number of virtual channels per switch port. 

All resource contention is handled without bias such that 

granting of resources to packets is done on a first come, first-serve 

basis. The routing algorithms employed are LCA (Least Common 

Ancestor) determination for the BFT and X-Y routing for the 

MESH [10]. 
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7.1 Communication-centric Parameters 

Latency: In Figure 3 we have plotted the average 

latency, varying the injection load and the number of virtual 

channels. Figure 3 indicates a better performance of the BFT in 

terms of latency till the network saturates. 

Figure 3 (a): Latency comparison (varying injection load) 

Figure 3 (b): Latency comparison (varying virtual 
channels) 

Throughput: The throughput of the communication 

infrastructure generally depends on the traffic pattern. Measuring 

throughput under random traffic with uniform distribution 

assumptions is an accepted metric [10] for evaluating parallel 

systems. Figure 4(a) shows the variation of throughput with the 

number of virtual channels for both the BFT and MESH topologies, 

under the stated distribution assumptions. 

Figure 4(a): Throughput comparison under uniform 
traffic.

 It turns out however, that this uniform traffic assumption 

is not very realistic in an SoC environment, since different functions 

will be mapped to different parts of the SoC and they will exhibit 

highly localized patterns. Hence, we studied the effect of traffic 

localization on throughput. We considered a very simple case of 

localization where local messages travel from source to the set of 

the nearest destinations. In the case of BFT localized traffic is 

constrained within a single sub-tree while in the case of MESH it is 

constrained within the four destinations placed at the shortest 

Manhattan distance [10]. We define the fraction of localization as 

the ratio between the local traffic and the total traffic. Fig 4(b) 

shows the effect of traffic localization on throughput for both 

topologies.

Figure 4(b): Throughput comparison under localized 
traffic.

 From Figure 4(b), we conclude that though the BFT has a 

lower throughput under uniform traffic, in the presence of localized 

traffic, its throughput is higher if the fraction of localization is 

beyond 60%.  

7.2 Area Requirements

From our initial implementation, we deduce that within a 

switch the buffer area significantly dominates over the logic [9]. 

The buffer area, in turn, largely depends on the number of virtual 

channels and the flit length. The proposed packets consist of a 

header flit, one or more data flits, and a tail flit. The header, data, 

and tail flit structures are as shown in Figure 5.

Figure 5: Packet structure (a) Header flit; (b) Data and Tail 
flit.

The first field denotes the flit type, namely header, data

or tail. The second field contains the virtual channel identifier 

(VCID). The third field denotes the address length, which is 

dependent on the number of SoC IP blocks. The fourth field 

contains packet length information, i.e., the number of flits in the 

corresponding packet. The next two fields give source and 

destination addresses.

From Figure 4(a), if the number of virtual channels is 

increased beyond four, then there is a trend towards throughput 

saturation. A system with four virtual channels strikes an 

appropriate balance between high throughput and conservation of 

silicon area.

The number of IPs in a single SoC varies from one 

technology node to another, and consequently, the number of bits 

required to address the IPs will also vary. We consider that each 

functional IP block consists of 100K gates [11]. In a networked 

SoC, IPs can be divided into two groups, functional and

infrastructure IPs (switches). Through RTL level design and 

synthesis, we found that the switches consist of approximately 30K 
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gates. Consequently, the distribution of functional and I2Ps

depends on their respective sizes and interconnect topology. 

Letting FIPA  denote the area of the 100K gates functional IP 

blocks and 2I P
A  denote the area of the switches then 

21 2chip FIP I P
Area N A N A

where N1 and N2 are the number of functional and infrastructure 

IPs, respectively, and Areachip is the total area of the SoC under 

consideration. For a BFT, N1 = 2N2 , and for a MESH, N1=N2.

These help us in determining the distribution of functional and 

infrastructure IP blocks in a SoC. 

 Functional IPs govern the number of bits required to 

denote each of address length, source address and destination 

address fields. We have considered each packet to be consisting of 

16 flits [10]. Two bits are needed to specify each of Flit Type and 

VCID, and four bits will be sufficient to denote the packet length in 

each technology node, irrespective of the topologies. The number 

of bits required to denote the flit type, VCID, and the packet length 

are topology- and technology-independent. As the number of 

functional IP blocks varies with interconnect topologies and 

technology nodes, the size of the address length, source and 

destination address fields will vary accordingly.  Table 1 shows the 

number of bits in the header flit in the BFT and MESH 

architectures. The lengths of the body flits (data or tail) are kept 

equal to the header flit length. 

Table 1: Flit lengths in different technology nodes. 

The other contributing factors to the area overhead are the 

inter-switch repeaters. The wire length between switches in the BFT 

architecture depends on the levels of the switches. Consequently to 

keep the inter-switch wire delay within one clock cycle some of 

them need to be buffered [12]. In a MESH, all the inter-switch wires 

are of equal length and their delay is always within one clock cycle 

[12]. Consequently, no repeater insertion is required. 

The inter-switch channel width is assumed to be equal to 

the size of the flit, specified in the last column of Table 1. 

The silicon area overhead in different technology nodes 

can be estimated for both the BFT and MESH interconnect 

architectures, as the sum of the area due to the switches 

( 2I P
Area ) and repeaters ( repeatersArea ).

2overhead repeatersI P
Area Area Area

Figure 6 indicates the silicon area overhead across different 

technology nodes for both platforms.  

 In terms of silicon requirements, both platforms require a 

reasonably low area (from 9% in 130 nm node to 14.2% in 32 nm 

node); however the BFT interconnect architecture offers a more 

efficient alternative than MESH (20% less area on the average). 

Figure 6: Infrastructure IP area overhead comparison. 

8. Conclusions
In this paper, we establish a baseline procedure for 

performance/cost evaluation of the interconnect architectures to be 

adopted by the evolving MP-SoC platforms.  The interconnect 

topologies need to be assessed in terms of two types of metrics, 

communication-centric parameters and the silicon area overhead 

due to the infrastructures. We presented a case study that illustrates 

the evaluation of two different topologies, namely the BFT and the 

MESH.  
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Address

Length

Source

Address

Destination

Address

Header

Flit

Length
Tech.

node

BFT MESH BFT MESH BFT MESH BFT MESH 

130 nm 4 4 9 9 9 9 30 30 

90 nm 4 4 10 10 10 10 32 32 

65 nm 4 4 12 11 12 11 36 34 

45 nm 4 4 13 13 13 13 38 38 

32 nm 4 4 14 13 14 13 40 38 
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