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ABSTRACT 
In this paper we present a novel shared buffer scheme for 
network on chip applications. The proposed scheme is 
based on a dynamically allocated multi queue 
self-compacting buffer. Two physical channels share the 
same buffer space. This in turn provides a larger available 
buffer space per channel. The proposed scheme has 
similar performance using only sixty three percent of the 
buffer size that is used in traditional implementation for 
NoCs. In addition, using same size buffers the proposed 
scheme outperforms existing approaches by 1% to 2% in 
throughput. The proposed scheme also has a better 
utilization of the available buffer space. 
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1. Introduction 
 

As technology allows greater integration 
system-on-chip (SoC) designs have a great potential. By 
the end of this decade SoC will have up to four billion 
transistors [1]. SoCs are anticipated to have a number of 
components (or modules) that will interact to compute a 
solution. These components will need to communicate to 
transfer data and/or control information. Having dedicated 
connections between any given modules could be 
extremely complex as the number of modules increases. 
An alternative could be use an interconnection network 
within the chip. An interconnection network on chip 
needs be restricted in terms of area due to the constraints 
of being in a single chip. Thus, it is extremely important 
to use schemes that require less hardware resources as 
well as provide a good performance. 

Virtual channel multiplexing across a physical channel 
is extensively used to boost performance and avoid 
deadlock. Each virtual channel is realized by a pair of 
buffers located on adjacent communicating nodes. As 
virtual channels are not equally used in many applications, 
if they share a common buffer, the whole buffer space will 
be better utilized. In this paper we present a novel shared 
buffer scheme that is based on a dynamically allocated 
multiple queue (DAMQ) buffer. This scheme provides 
similar performance as statically allocated multiple-queue 
(SAMQ) and DAMQ buffers using less buffer space and, 
therefore, requiring less hardware. 

This paper has been organized as follows. In Section 2, 
background information is provided. In Section 3, the 
proposed buffer scheme is described. Performance 
evaluation results are reported in Section 4. Some 
concluding remarks are included in Section 5.  

 
 

2. Background 
 

Routing and buffer organization algorithms are two 
important design factors of a modern high performance 
wormhole switch for an interconnection network on chip. 
In this section we present a brief review of existing 
routing algorithms and DAMQ buffer schemes which are 
widely accepted as an efficient way to organize a switch’s 
input buffer.  

 
2.1. Existing routing algorithms 

Routing algorithms are used to determine the 
messages path from source to destination. They can be 
implemented in two ways, which are deterministic and 
adaptive ways. Deterministic routing protocol chooses the 
path for a message only by its source and destination. All 
packets with the same source and destination pair will 
follow one single path. The packet will be delayed if any 
channel along this path is loaded with heavy traffic, and if 
a channel along this path is faulty the packet cannot be 
delivered. Thus the deterministic routing protocols are 
prone to suffer from poor use of bandwidth [8]. A 
common deterministic routing algorithm is dimension 
-order routing [9]. Adaptive routing protocols are 
proposed to make more efficient use of bandwidth and to 
improve fault tolerance of interconnection network. In 
order to achieve this, adaptive routing protocols provide 
alternative paths for communicating nodes. Several 
adaptive routing algorithms have been proposed, showing 
that message blocking can be considerably reduced, thus 
strongly improving throughput. [10] Among them, routing 
algorithms based on Duato’s design methodology [11] are 
widely used. These routing algorithms split each physical 
channel into two virtual channel sets, the adaptive and the 
deterministic channels. When the paths of adaptive 
channels are blocked, a packet uses an escape channel at 
the congested node. If there is any free adaptive channel 
available at subsequent nodes, the packet can go back to 
the adaptive channels. As Duato’s adaptive algorithms are 
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widely used, we choose one of them to conduct 
simulations. 
 
2.2. Existing DAMQ buffer schemes 

1) Linked list buffer scheme. In order to let multiple 
queues of packets share a DAMQ buffer, linked lists can 
be used to implement the buffer scheme [3] [7]. The basic 
idea of this approach is to maintain (k+1) linked lists in 
each buffer: one list of packets for each one of the (k-1) 
output ports, one list of packets for the end node interface 
and one list of free buffer blocks. Corresponding to each 
linked listthere is a head register and a tail register. The 
head register points to the first block in the queue and the 
tail register points to the last block. In each output queue, 
next block information also must be stored in each buffer 
block to maintain the FIFO ordering.  

2) Self-compacting buffer scheme. To reduce the 
hardware complexity of the linked list scheme, an efficient 
DAMQ buffer design self-compacting buffer (SCB) was 
proposed by [4]. The idea for this buffer scheme is to 
divide the buffer dynamically into regions with every 
region containing the data associated with a single output 
channel. If two channels are denoted as i, j with i < j, then 
the addresses of buffer regions for the two channels Ai Aj 
will be Ai < Aj. There is no reserved space dedicated for 
any channel. Data is stored in a FIFO manner within the 
region for each channel. When an insertion of the packet 
requires space in the middle of the buffer, the required 
space will be created by moving down all the data which 
reside below the insertion address. Similarly, when a 
reading operation conducted from the top of a region, data 
removed from the buffer may result in empty space in the 
middle of the buffer, then the data below the read address 
is shifted up to fill the empty space.  

3) DAMQ buffer schemes with reserved space for 
virtual channels. A drawback of linked list DAMQ and 
SCB schemes is when several virtual channels 
multiplexing across the physical channel and sharing a 
buffer, the virtual channels which have packets accepted 
in the buffer prior to other virtual channels may hold the 
whole buffer space when the output port to next hop it’s 
destine to is busy. In this case, other virtual channels can 
no longer take flits of other messages that may have free 
next hop. To overcome this problem, two schemes based 
on self-compacting buffer were introduced in [12]. They 
reserve buffer space for the virtual channels on the same 
physical channel; flits heading to one virtual channel can 
never occupy the whole shared buffer space.  
 
 
3. DAMQshared Buffer Scheme 
 

DAMQ allocates buffer space when a packet is 
received. Compared with statically allocated multi-queue 
(SAMQ) scheme, the advantage of DAMQ is its efficient 
use of the buffer space by allocating free space to an 
incoming packet regardless of its destination output port. 
However, because there is no reserved space dedicated for 
each output channel, the packets destined to one specific 
output port may occupy the whole buffer space thus the 
packets destined to other output ports have no chance to 

get into the buffer. This is the case especially for small 
and compact routers with limited buffer space where 
wormhole switching technique and virtual channel 
mechanism are used. In order to overcome this 
shortcoming a new buffer scheme, DAMQ with reserved 
space for all virtual channels (DAMQall) was proposed in 
[12]. DAMQall is based on Self-compacting buffer (SCB) 
scheme. The virtual channels belonging to one 

 
direction of a bidirectional physical channel share a buffer. 
As shown in Figure 1, two buffer slots are reserved for 
each virtual channel before the buffer accepts any 
incoming flit and during buffers operation.  

However, in a wormhole-switched network with 
several virtual channels multiplexing a physical channel, 
routing algorithms tend to choose one set of virtual 
channels over others; thus the traffic load is not evenly 
distributed in the entire buffer space for a physical channel. 
A more efficient approach to use the available buffer 
space is to let the virtual channels belonging to a physical 
channel share buffer with virtual channels of another 
physical channel. As shown in Figure 2. (a), the simple 
switch with four input and four output ports adopts 
DAMQall buffer scheme for the input buffer; there is one 
dedicated buffer per physical channel, i.e. east X, west X, 
north Y and south Y. Each physical channel buffer has its 
own read port and write port, the four virtual channels that 
are multiplexing a physical channel have their own 
reserved space (RS) in buffer.  

 
Our new DAMQshared buffer combines the buffer for 

virtual channels from two different physical channels. We 
combine the buffer space for east X and south Y virtual 
channels to build one physical buffer, and west X and 
north Y forms another buffer group. As shown in Figure 2. 
(b), there are two buffers for four physical channels; each 
buffer is shared by eight virtual channels, and has two 
read ports and write ports respectively. Both buffer groups 
expand towards center of the whole buffer space, till the 
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Figure 1. DAMQall Buffer space at the initial state. 
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tail of one buffer group reaches boundary of another 
group.  

As shown in Figure 3, two buffer slots are reserved for 
each virtual channel before any flit comes in the buffer. 
Virtual channels on X dimension start to occupy the buffer 
from lower end of the whole buffer space while virtual 
channels on Y dimension start using buffer on another end. 
The buffer space of two groups expands and compresses 
in opposite direction. When a buffer group accepts a flit it 
expands, when it dispatches a flit it compresses. One 
register is used to point to the head of each reserved space, 
i.e. the head of the buffer region for each virtual channel. 
If two channels are denoted as Vi, Vj with i + 1 = j, then 
the reserved region for Vj will be placed right after the 
reserved region for Vi.  

 
Size of RS for each virtual channel can be adjusted. We 
choose two flits because two reserved flits scheme yields 
satisfactory performance while keeping more free space 
for sharing in our simulation experiments. The RS is 
always kept if there is no flit or only one flit in the buffer 
region for a specific virtual channel. As shown in Figure 4, 
when the buffer performs shift up or shift down operations, 
the RSs are also shifted. When a virtual channel accepts a 
flit, it first uses its RS. If RS is used up, buffer space of 
the whole group expands toward another group’s buffer 
space to produce a slot. Once the boundaries of the two 
buffer groups encounter, no more flit will be accepted 
unless this flit goes to a virtual channel which has RS 
available. At any time, the number of current flits in 
buffer plus the number of reserved slots equals to the total 
amount of buffer slots. Therefore, one or more virtual 
channels which have the flits come into the buffer at 
earlier time can never deprive the chance for other virtual 
channels which get flits later than them to get buffer. Also, 
in case the earlier coming packets are blocked in the 
buffer, since there is still reserved space for other virtual 
channels, the network traffic will keep flowing; therefore 
the performance of the switch is enhanced. Moreover, as 
virtual channels from two physical channels are sharing 
the buffer, the buffer space is more efficiently used by the 
incoming flits.  

A VLSI implementation of the self compacting buffer 
(SCB) has been reported in [2]. This design needs some 
modifications to be used as shared buffer. Figure 5 shows 

an implementation of the shared SCB. It should be pointed 
out that the buffer is used at both ends by different 
physical channel. The channel pointers keep track of the 
virtual channels (VC) that are used. Since the original 
SCB [2] has capabilities for shifting up and down, this 
feature can be used in the new scheme. Thus, the amount 
of hardware that is needed to implement the new scheme 
is very similar as having two independent SCBs. 

 

 

 

 

 

 

 

 

 

 
Figure 5. DAMQshared buffer organization 

 
As shown in Figure 5, the buffer space at the top and 
bottom of the buffer needs not be shared. These locations 
are used as part of the required reserved space (RS). 
 
 
4. Performance Evaluation  
 

In this section, we describe the results of simulation 
experiments conducted to evaluate the performance of the 
proposed buffer organization scheme. Firstly we describe 
our methodology, configuration of simulation 
environment and the performance metrics we used. Then 
we examine the performance of DAMQshared in greater 
detail on uniform traffic mode.  

 
4.1.  Simulated Network Configurations 

We have carried out our simulations using flexsim1.2 
[6] which is a simulator for flit-level simulation of 
torus/mesh networks. The architecture we simulate is a 
4-ary 2-cube message exchanging system with wrapped 
around channels as shown in Figure 6. Each switch is 
attached to one end-node which has one injection channel 
to the switch and one input channel to receive message 
from network. Physical channels are duplex channels. 
Every end node generates packets with randomly 
determined destination and injects them into the network. 
Other pertinent simulation configuration parameters are as 
follows: 

 Routing flit delay is set to 1 cycle. 
 Data flit delay is set to 1 cycle. 
 Buffers at local end nodes for injection are infinite. 
 Packets size is set to 32 flits. 
 Switching technique used is wormhole. 
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Figure 4. DAMQshared Buffer space status in operations. 
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Figure 3. DAMQshared Buffer space status at initial state. 
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We use adaptive routing protocol to conduct our 
simulations as several researchers have reported the strong 
performance brought by adaptive routing [10]. Duato’s 
routing methodology with dimension order path selection 
is used in our experiments. We set the number of virtual 
channels of one direction of a duplex physical channel to 
four, thus the advantages brought by virtual channel 
mechanism will not be overshadowed by its shortcoming. 
We compared the performance of the buffer schemes 
under uniformly distributed traffic as many other 
researchers [13] [14] also use this traffic mode in their 
NoC works. 

 
4.2. Examined Performance Metrics 

 We vary the applied traffic load, buffer size; study 
their impact on throughput and message latency of the 
network. We set the message length to 32 flits and make 
the network into saturation state by shortening injection 
period for each node namely increasing the traffic load 
rate. Traffic load rate is derived from the following 
formula [6]: 

( ) DSTIPMLNCHLR ××=×  

Where LR is load rate, CH is the number of channels, N is 
the number of nodes, ML is message length, IP is average 
injection period, and DST is average routing distance. We 
compare our new buffer scheme DAMQshared to DAMQall 
[12] and the traditional statically allocated buffer scheme 
(SAMQ) used for virtual channels which is reported in [5]. 
We didn’t include traditional DAMQ scheme in the 
comparisons, because during the simulation process we 
found the whole buffer space for one port is easily 
occupied by the blocked messages which incur deadlocks, 
when the network becomes congested. Two most 
important metrics, network throughput and message 
latency are compared among these three buffer schemes. 
The network throughput (TP) is defined as the number of 
flits received per node per cycle as follows:  

STN
MLMSGNTP

×
×

=  

Where MSGN is the total number of delivered messages; 
ML is the message length, N is the total number of nodes 
and ST is the simulation time (in cycles).  

The message latency is measured as the average time 
span for every packet between the moment it was 
generated and the reception of the whole packet at 
destination. We use average latency (LTNavg) of all the 
injected messages as the performance metric in our 
simulations. This latency is defined as follows: 

∑ =
×=

MN

i
iavg LTN

MN
LTN

1

1  

Where LTNi is latency for Messagei and MN is the total 
injected message number.  

In addition, we compared buffer utilizations among 
these three buffer schemes to get an in-depth 
understanding of buffer usage efficiency. We use average 
stored flits (FLITavg) in the buffers of all the nodes as a 
metric in our simulations. It is defined in the following 
formula: 

∑ ∑ =
×=

ST VN

i
iavg FLIT

ST
FLIT

1 1

1  

Where FLITavg is the average number of flits that are 
stored in the buffer space of all the nodes, FLITi is the 
number of stored flits in VirtualChanneli’s buffer space 
and VN is the total virtual channel count in the network.   
 
4.3.  Simulation results on uniform traffic 

Because of the hardware constrains for network on 
chip systems, a single buffer in NoC systems usually does 
not hold a full message. According to other researchers 
works in the literature [14] [15], we set the buffer size for 
each virtual channel to 4 flits when DAMQall and SAMQ 
are used. Since four virtual channels are multiplexing 
cross one physical channel, the buffer size for each 
direction of a duplex physical channel is 16 flits when 
these two buffer schemes are evaluated. In order to 
examine the performance of DAMQshared with regard to 
the relationship between buffer size and network 
performance, we use four different size 10, 12, 14 and16 
flits buffer. The simulation results of network throughput 
and message latency are shown in Tables I and II, 
respectively. Since there is no significant difference for 
different buffer schemes while the network has low traffic 
load. In our experiments, we compare the performance of 
different buffer schemes when the network starts to 
saturate on traffic load rate 0.2 until it gets severely 
saturated after about 0.5 traffic load is applied. As shown 
in Figure 7, along with the network saturation process, our 
new DAMQshared has higher throughput than both 
DAMQall and SAMQ when they all use same size 16-flits 
buffer. When the network gets saturated, DAMQshared 
achieves the highest throughput while using same size 
16-flit buffer. Furthermore, DAMQshared with 10-flit buffer 
achieves approximately the same maximum throughput as 
SAMQ using 16-flit buffer. With 14-flit buffer, it also 
yields approximately the same throughput as 16-flit 
DAMQall along with the network saturating process. In 
sum, DAMQshared achieves best performance among the 
three buffer schemes we tested. It provides a more 
efficient method for virtual channels to share buffer space 
than DAMQall which also showed advantages over 
traditional SAMQ scheme.   

As to the message latency, DAMQshared managed to 
hold a similar latency as SAMQ until the network is 
congested after about 0.3 traffic load is applied. This is 
shown in Figure 8. When we further increase the traffic 
load after the network gets saturated, DAMQshared shows 
higher latency than both DAMQall and SAMQ. The reason 
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is that DAMQshared holds much more flits in the buffer 
than other schemes when the network goes into saturation 
state. Because message latency is a time span average on 
all the flits that are injected into the network and delivered, 
more flits stored in the buffer means longer time for them 
in the waiting queues especially when the network has 
become drastically saturated. The numbers of average flits 
that are stored in the buffer of all the network channels are 
presented in Table III. The total buffer space (BUFtotal) 
can be obtained by the following formula: 

VBVCPHYNBUF total ××××= 2  

Where PHY is the number of physical channel 
corresponding to each network node, VC is the count of 
virtual channel multiplexing a physical channel and VB is 
the buffer size of a virtual channel. Thus the total 
available buffer space is 1024 flits in our simulations. 
Under a traffic load of 0.5, when the three buffer schemes 
use same size 16-flit buffer, DAMQshared utilizes 56% of 
the whole buffer space while DAMQall and SAMQ use 
43% and 30% respectively as shown in Figure 9. In 
addition, with 12-flit buffer, DAMQshared already contains 
more flits in buffers than SAMQ along with the increasing 
of traffic load. It has also been shown that 10-flit 
DAMQshared contains a similar number of flits as 16-flit 

 

 

SAMQ does, when the network starts to be congested 
after the traffic load of 0.25. However 10-flit DAMQshared 
uses 43% of the buffer space while SAMQ only makes 
use of 30%. Obviously our DAMQshared provides a much 
more efficient utilization of the whole networks buffer 
space. 

It has been shown that DAMQshared provides better 
utilization of the buffer resource. In addition, it should be 
pointed out that the save on hardware cost doesn’t come 
with a sacrifice in network performance. A 10-flit 
DAMQshared buffer achieves approximately the same 
maximum throughput as a 16-flit SAMQ buffer as shown 
in Figure 7. Also, a 14-flit DAMQshared achieves 
approximately the same maximum throughput as 16-flit 
DAMQall buffer. This is to say, to provide a similar 
network performance on very limited buffer resource in 
NoC applications, DAMQshared achieves similar 
throughput with 37% and 13% less buffer space than 
SAMQ and DAMQall, respectively and the control units 
overhead is negligible as mentioned in Section 3.  
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TABLE I. THE PERFORMANCE OF 8-ARY, 2-CUBE NETWORK COMPOSED 
OF BLOCK SWITCHES. SHOWN IS THE THROUGHPUT OBTAINED FROM 
SIMULATIONS WHERE 4 VIRTUAL CHANNELS PER PHY CHANNEL USED 
WHEN UNIFORM TRAFFIC IS APPLIED. 

Applied Traffic Load Rate Buffer 
Type 

BS 
per 
PC .15 .20 .25 .30 .40 .50 .60 

SAMQ 16 .554 .665 .716 .742 .760 .765 .767 
DAMQ all 16 .563 .678 .732 .754 .770 .777 .774 

10 .560 .670 .719 .741 .759 .762 .766 
12 .562 .679 .725 .749 .761 .774 .774 
14 .563 .680 .737 .756 .769 .773 .780 

DAMQshared 

16 .564 .680 .738 .764 .768 .778 .785 

TABLE II. THE PERFORMANCE OF 8-ARY, 2-CUBE NETWORK 
COMPOSED OF BLOCK SWITCHES. SHOWN IS THE MESSAGE LATENCY 
OBTAINED FROM SIMULATIONS WHERE 4 VIRTUAL CHANNELS PER PHY 
CHANNEL USED WHEN UNIFORM TRAFFIC IS APPLIED. 

Applied Traffic Load Rate Buffer 
Type 

BS 
per 
PC .15 .20 .25 .30 .40 .50 .60 

SAMQ 16 107 130 150 162 176 183 188 
DAMQ all 16 103 132 153 167 183 190 196 

10 110 137 159 170 182 190 193 
12 108 138 163 176 191 197 201 
14 108 140 165 182 199 206 210 

DAMQshared 

16 109 139 166 184 203 210 213 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
60

80

100

120

140

160

180

200

220

240

 16flits SAMQ
 16flits DAMQall

 10flits DAMQshared

 12flits DAMQshared

 14flits DAMQshared

 16flits DAMQshared

Applied Traffic Load

M
es

sa
ge

 L
at

en
cy

Figure 8. Comparison on latency between 10-16 flit-buffer 
DAMQshared, 16 flit-buffer DAMQall and 16 flit-buffer SAMQ 

under uniform traffic. 
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5. Conclusion 
 

In this paper we have presented a novel buffer scheme 
based on a DAMQ self-compacting buffer and examined 
its performance thoroughly. The proposed DAMQshared 
scheme has the following features: 

 Less buffer space at similar performance. At a similar 
throughput, DAMQshared needs 37% and 12.5% less 
buffer space than SAMQ and DAMQall, respectively. 

 Better space utilization. DAMQshared utilizes more than 
26% and 13% more buffer space than SAMQ and 
DAMQall respectively in uniform traffic simulations.  

 Higher throughput. It outperforms existing approaches 
with 2% higher than SAMQ and 1% higher than 
DAMQall in uniform traffic simulations when same size 
buffer is used. 

In summary, when an adaptive routing protocol such as 
Duato’s algorithm is used for the NoC, DAMQshared is an 
excellent scheme to optimize buffer management 
providing a good throughput when the network has a 
larger load. It can utilize significantly less buffer space 
without sacrificing the network performance. 

Implementing the proposed scheme in hardware requires 
minor modifications to early implementations of the 
self-compacting buffer [2]. 
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CHANNEL USED WHEN UNIFORM TRAFFIC IS APPLIED. 

Applied Traffic Load Rate Buffer 
Type 

BS 
per 
PC .15 .20 .25 .30 .40 .50 .60 

SAMQ 16 98 165 227 262 298 312 322 
DAMQ all 16 128 239 329 385 434 449 462 

10 107 170 220 241 262 271 276 
12 135 232 304 339 369 381 384 
14 155 280 375 425 468 482 490 

DAMQshared 

16 189 320 446 506 561 579 591 
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Figure 9. Comparison on buffer usages between 10-16 flit-buffer 
DAMQshared, 16 flit-buffer DAMQall and 16 flit-buffer SAMQ 

under uniform traffic 
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