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Abstract
High-speed routers rely on well-designed packet buffers that 
support multiple queues, provide large capacity and short 
response times. Some researchers suggested combined SRAM/
DRAM hierarchical buffer architectures to meet these challenges. 
However, these architectures suffer from either large SRAM 
requirement or high time-complexity in the memory management. 
In this paper, we present scalable, efficient, and novel Data 
Dissemination architecture. Two fundamental issues need to be 
addressed to make this architecture feasible: (1) how to minimize 
the overhead of an individual packet buffer; and (2) how to design 
scalable packet buffers using independent buffer subsystems. We 
address these issues by first designing an efficient compact buffer 
that reduces the SRAM size requirement by (k – 1 )/k. Then, we 
introduce a feasible way of coordinating multiple subsystems with 
a load-balancing algorithm that maximizes the overall system 
performance. Both theoretical analysis and experimental results 
demonstrate that our load-balancing algorithm and the Data 
Dissemination architecture can easily scale to meet the buffering 
needs of high bandwidth links and satisfy the requirements of 
scale and support for multiple queues.

Keywords
Router Memory, SRAM/DRAM, Packet Scheduling

I. Introduction
The phenomenal growth of the Internet has been fueled by the rapid 
increase in the communication link bandwidth. Internet routers 
play a crucial role in sustaining this growth by being able to switch 
packets extremely fast to keep up with the growing bandwidth (line 
rate). This demands sophisticated packet switching and buffering 
techniques. Packet buffers need to be designed to support large 
capacity, multiple queues, and provide short response times. 
The router buffer sizing is still an open issue. The traditional rule of 
thumb for Internet routers states that the routers should be capable 
of buffering RTT_R [11] data, where RTT is a round-trip time for 
flows passing through the router, and R is the line rate. In [23], 
the author claimed that the size of buffers in backbone routers can 
be made very small at the expense of a small loss in throughput. 
Focusing on the performance of individual TCP flows, the author 
claimed in [26] that the output/input capacity ratio at a network 
link largely determines the required buffer size. If the output/input 
capacity ratio is lower than one, the loss rate follows a power-law 
reduction with the buffer size and significant buffering is needed. 
Given everlasting controversy, nowadays, routers manufacturers 
still seem to favor the use of large buffers. For instance, the Cisco 
CRS-1 modular service card with a 40 Gbps line rate incorporates 
a 2 GB packet buffer memory per line card.
In this paper, we briefly review previous work on packet buffer 
architectures and present scalable and efficient hierarchical packet 
buffer architecture. 
This is our first attempt to combine the merits of two previously 
published packet buffer architectures [5-6]. Consequently, the 
SRAM occupancy has been significantly reduced. By fully 
exploring the advantage of parallel DRAMs, we first propose a 
memory management algorithm (MMA) called Random Round 
Robin (RRR). Thereafter, we devise a “traffic-aware” approach 

which aims to provide different services for different types of 
data streams. 
This approach further reduces the system overhead. Both 
mathematical analysis and simulation demonstrate that the 
proposed architecture together with its algorithm reduce the overall 
SRAM requirement significantly while providing guaranteed 
performance in terms of low time complexity, upper bounded 
drop rate, and uniform allocation of resources. In one simulation, 
the proposed architecture reduces the size of SRAM by more than 
95 percent and the maximal delay is only us-level, when the traffic 
intensity is 76 percent.

II. Related Work

A. SRAM and DRAM Technology
Current SRAM and DRAM cannot individually meet the access 
time and capacity requirements of router buffers. While SRAM is 
fast enough with an access time of around 2.5 ns [28], its largest 
size is limited by current technologies to only a few MB. On the 
other hand, a DRAM can be built with large capacity, but the 
typical memory access time (i.e., TRC 1)  is too large, around 40 
ns [28]. Over the last decade, the DRAM memory access time 
decreases by only 10 percent every 18 months [15]. In contrast, 
as the line-rate increases by 100 percent every 18 months [20], 
DRAM will fall further behind in satisfying the requirements of 
high-speed buffers. 
According to our investigation, the current chunk size of DRAMs 
could range from 64 to 320 Bytes. However, given much higher 
price and smaller capacity of low latency DRAM products, 
nowadays, high latency DRAM products such as the DDR3 
actually dominates the market [8, 25], making the typical chunk 
size become 320 Bytes.

B. Packet Buffer Architecture
Bridging the speed gap between the SRAM and the DRAM 
becomes a major challenge. This speed mismatch does not refer 
to the bandwidth but the access time and the concomitant access 
granularity. Due to the variable packet sizes that the IP protocol 
allows, it is common for packet processors to segment packets 
into fixed size cells, to make them easier to  manage and switch. A 
common choice for the cell size is 64 Bytes because it is the first 
power of two larger than the size of a minimum packet (i.e., 40 
Bytes). Thus, a packet buffer should be able to access data at the 
granularity of a cell. This requirement however is not applicable 
to the DRAM. In a cell-based packet buffer where a chunk is 
much larger than a cell, the payload efficiency and the effective 
throughput of the entire system are dramatically reduced.
This prompted researchers to Suggest Hybrid SRAM/DRAM 
(HSD) architecture [27]. To conduct a quantitative analysis, a 
parameter called b was introduced in [9-10, 12, 16-17] to denote 
the ratio of access time between the DRAM and the SRAM. 
Accordingly, the access granularity of DRAM is b times that of the 
SRAM, i.e., b cells. This description is simple and straightforward. 
However, it becomes inadequate under some circumstances.

First, the access time alone cannot determine the access • 
granularity. The minimal access granularity has to be related to 
the other factors, such as the bandwidth, and the frequency.
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Second, the definition of b encounters some troubles in • 
modeling a complicated architecture that consists of multiple 
SRAM and DRAM devices. It becomes meaningless to 
compare the access time of individual memory devices.
Third, the definition of b becomes inapplicable when the • 
allowed minimal access granularity of SRAM is less than a 
cell. Given the same bandwidth, as long as the SRAM still 
adopts the cell-based access, the access granularity of DRAM 
has to be less than b cells, even if the access time of DRAM 
is indeed b times that of the SRAM.

Being aware of these drawbacks, a new description of this 
problem was introduced in [27]. Using the same parameter b, 
it directly refers to the chunk size of a single DRAM. Thus, the 
speed mismatch of SRAM and DRAM now changes into the 
size mismatch of cell and chunk. We use this definition in our 
latter statement and redescribe the previous work in this way for 
consistency.
An additional challenge in designing packet buffers is that we 
need to maintain multiple queues, rather than just one single FIFO 
queue. Intuitively, dispatching and storing packets in multiple 
separate queues entail significant overhead for the memory 
management algorithms. 
In short, the fundamental problem in design a packet buffer is 
to find an efficient way to bridge the gap of size between the 
cell and the chunk. It must introduce minimal overhead while 
satisfying the aforementioned requirements, viz., SRAM-level 
access time, DRAM-level storage capacity, and large-scale 
multiple queuing.

III. Data Dissemination Architecture
In our view, all packet buffering techniques so far have adopted 
a traffic-agnostic approach while designing the packet buffering 
algorithms. We must clarify that even though existing approaches 
do use Q queues, each queue is treated the same by the buffer 
management algorithms. No effort is made to exploit the inherent 
characteristics of the corresponding traffic patterns like the arrival 
rate, burst sizes, transit time requirements through the router, etc. 
However, a traffic-aware approach to the problem, we believe, will 
yield new possibilities for conquering the scalability problem. 
In this paper, we investigate a new dimension to the problem, viz. 
how to extend the packet buffer architectures by using independent 
packet buffer subsystems. The overall packet buffer now takes 
the form of a distributed system composed of several compact 
packet buffers. We profess that the only real requirement for a 
packet buffer is that it should be able to absorb incoming traffic 
at a given rate, and maintain the outgoing traffic at the same 
rate, while still supporting the requirements for the different data 
streams transiting through the buffer. The Data Dissemination is 
implemented as a composition of multiple compact packet buffers. 
Such a distributed system where k independent packet buffers 
work together providing increasing performance but at a linearly 
increasing scale needs to be designed.
This immediately raises the following questions that need to be 
addressed: 

How do we design a compact packet buffer to provide certain • 
buffer characteristics and meet requirements of the data 
streams being buffered while at the same time harness them 
to meet the overall buffer design goals?
How do we design a suitable distributor algorithm and an • 
aggregator algorithm?
How do we achieve a good load-balance in the distributed • 
system whereby we achieve balanced utilization of all the 

resources in the compact buffers?
Deciding on a suitable distributed system architecture that 
achieves the best overall performance while incurring minimal 
overhead is not straight-forward. We must carefully choose the 
granularity of a distributed system. In this we have proposed the 
basic idea of the Data Dissemination architecture. However, a 
fine-grained distributed system which consists of several simple 
compact buffers may yield a cost-effective system in theory but 
not necessarily in practice. 
A large number of subsystems may introduce coordination 
overhead making the load balancing less efficient. This includes 
extra storage of state maintenance and the difficulty in designing a 
high-speed distributor/aggregator with several ports. As a starting 
point, we need a well-designed compact packet buffer which can 
easily be tailored to meet different requirements.

Fig. 1: Fast Batch Load & Random Round Robin

IV. Compact Packet Buffer Design
Addressing the drawbacks of the previous algorithms, we propose 
a new memory architecture that reduces the system overhead in 
term of SRAM size while relying on a nonspecific traffic pattern. 
In [6], we have demonstrated that with a fast batch load scheme 
and Random Round Robin MMA, the required size of SRAM in 
the ingress (also known as tail cache in [27]) can be reduced to 
1/k that of in Nemo. In this paper, we further prove the required 
size of SRAM in the egress (also known as head cache in [27]) 
can be also reduced significantly by using RRR-MMA with an 
extra arbiter. 
As shown in fig. 1, instead of waiting for kb-size of data before 
doing a batch load, per-queue RRR adopts a fast batch load scheme 
that dispatches b-sized chunks of data whenever it is accumulated 
in each queue. These b-sized chunks are dispatched to multiple 
DRAMs on a per-queue Round Robin basis. However, unlike 
previous simple round robin algorithms [9, 11, 17] where each 
queue follows the same Round Robin sequence, the RRR scheme 
randomly selects the starting DRAM of each queue and keeps 
updating it for every k rounds. It is not a truly random algorithm 
[12] as well; because every kb-sized chunk is still processed in 
sequence internally. As demonstrated in fig. 4, i, j, m, and n are 
random numbers that determine the dispatching sequence of a 
queue. Accordingly, log2k bits information has to be attached to 
the head of every kb-sized chunk for the sake of reordering it in 
egress. In this way, RRR avoids the synchronization effect while 
still guaranteeing the in-order processing and uniform allocation 
of kb-size data within each queue. 
Fig. 5 shows the architecture of a packet buffer where k independent 
address bus based DRAMs serve as the main 

Fig. 2: The 5-Stage Architecture of a Compact Buffer
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storage sandwiched between two SRAMs. In the ingress, a bQ-size 
SRAM is maintained as tail cache. The Random.
Round Robin algorithm manages to uniformly dispatch b-sized 
chunks among the multiple DRAMs. Given the possibility that 
multiple chunks could be allocated to the same DRAM in a short 
period of time, intermediate FIFOs (i.e., inner-front-buffer) are 
introduced to hold these chunks temporarily so as to prevent 
unnecessary drops. At the egress we maintain a bQ-size SRAM 
serving as the head cache which is 1/k that of in Nemo.3 Whenever 
the scheduler requests data from a queue, its corresponding b-sized 
data (i.e., the first chunk of this queue in the order of FIFO) are 
fetched from the corresponding DRAM arbitrary. When multiple 
chunks need to be fetched out from the same DRAM (i.e., the heads 
of current active queues locate at the same DRAM chip), conflict 
happens. An arbiter is introduced to solve this problem.
The internal structure of the arbiter is shown in fig. 6. For each 
DRAM, the arbiter maintains a separated request list and k request 
lists in total. Whenever a new request arrives at the arbiter, it will 
first be identified which specific queue it belongs to. Then, its 
current RRR sequence will be derived according to the 
bits information attached to the head of every kb-sized chunk. 
Referring to its round robin counter, the location of its head chunk 
and the corresponding request list can be determined. For every 
round, only the oldest request of each request list can be issued to 
the DRAMs. Since the queuing length of the request lists could 
be different, the delay that a request is satisfied varies. In the next 
section, we will prove that such kind of request queuing delay and 
the queuing delay in the inner-front-buffers can be upper bounded, 
given satisfying certain conditions.
To prevent any blocking of data during the initial stage, as we 
start to write into the packet buffer, packets are written to the 
head cache first; so they are available immediately if a queue is 
read. To accomplish this, the architecture in fig. 2 has a direct-
write path for packets from the writer, to be written directly into 
the head cache.

V. Implementation Issues
In this section, we discuss some implementation concerns and 
their possible solutions.
First, high-speed dispatchers and aggregators are very difficult 
to extend to large scale. The distributed architecture enables us 
to build them in a hierarchal way that each level only handles 
limited number of physical ports.
Second, a centralized queue table has been widely used in a packet 
buffer to track the status of individual logical queues, including 
the memory address of current head/tail of a physical queue, the 
per-queue round robin counters for both ingress and egress, and, 
etc. With the increasing number of logical queues and the overall 
throughput, a centralized queue table could become the bottleneck 
of an entire system.
The proposed Data Dissemination architecture adopts a hierarchical 
structure which reduces the number of physical queues significantly 
leading to a much smaller queue table. Taking the top level queue 
table as an example, it records the mapping information of only 
four compact buffers instead of 40 DRAMs.
To further optimize the system, we propose a pipelined query 
scheme which allows the queue table to be implemented by using 
off-chip memories. Fig. 1 is a simple demonstration. Instead of 
keeping only one FIFO, the system

Fig. 1: Pipelined Query of Queue Table

Fig. 2: Counter Consistency for Pipelined Query

maintains two FIFOs which are used to store the data and control 
information of cells, respectively. Whenever a cell arrives, it will 
be directly dispatched to the data FIFO while its corresponding 
query is issued to the queue table immediately. As soon as the 
queue table returns the result, the control information will be stored 
in the control FIFO. Finally, a cell tagged with the destination 
information can be derived by fetching data from both FIFOs, 
before being forwarding to a dispatcher. On the other hand, being 
aware of the data consistency problem introduced by the pipelined 
query, the system must provide a small fully index table to store 
the most recent updates. Fig. 2, demonstrates how the value of 
counters can be increased without disturbing the pipelined query. 
The depth of these two FIFOs and the entries number of fully 
index table rely on the round trip time of a query, typically less 
than 30. Therefore, they cost just a little and can be implemented 
inside a chip. 
Besides, we also notice that majority of the queue table updates 
rarely. For example, the mapping information of a single logical 
queue can be updated for at most MaxDivertTimes times in its 
entire lifetime. Accordingly, multiple read-only copies of the 
queue table can be maintained simultaneously to maximize the 
throughput. Meanwhile, a queue table can be decoupled into 
multiple sub-tables. For example, the RRin and RRout can be 
maintained by ingress and egress, respectively. These schemes 
could further increase the throughput of a queue table.

VI. Conclusion
Building packet buffers based on a hybrid SRAM/DRAM 
architecture while introducing minimum overhead is the major 
issue discussed in this paper. To distinctly increase the throughput 
and storage capacity of a packet buffer, a parallel mechanism using 
multiple DRAM chips should be deployed. Our analysis shows 
that previous algorithms make very little effects in exploring the 
advantage of parallel DRAMs leading to the requirement of large 
size SRAM and high time complexity in memory management. 
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In this paper, we present novel packet buffer architecture by 
using both fast batch load scheme and a hierarchal distributed 
structure. It reduces the requirement of SRAM size greatly. Both 
mathematical analysis and simulation results indicate that the 
proposed architecture provides guaranteed performance in terms 
of the low time complexity, short access delay, and upper bounded 
drop rate, when a small speedup is provided.

References
[1] A. Willig,"A Short Introduction to Queueing Theory", 

Telecom Networks Group, pp. 19-27, 1999.
[2] B. Agrawal, T. Sherwood,“Virtually Pipelined Network 

Memory”, Proc. IEEE/ACM 39th Ann. Int’l Symp. 
Microarchitecture (Micro ’06), pp. 197-207, Dec. 2006.

[3] B.S. Arnaud,“Scaling Issues on Internet Networks”, [Online] 
Available: http://www.canet3.net/library/papers/scaling.pdf, 
2001. 

[4] Cisco,“Cisco Carrier Router System”, [Online] Available: 
http://www.cisco.com/en/US/products/ps5763/index.html, 
2011. 

[5] D. Lin, M. Hamdi, J. Muppala,“Designing Packet Buffers 
in High Bandwidth Switches and Routers”, Proc. Int’l Conf. 
High Performance Switching and Routing (HPSR ’10), pp. 
32-37, June 2010.

[6] D. Lin, M. Hamdi, J. Muppala,“Designing Packet Buffers 
Using Random Round Robin”, Proc. IEEE Globe Com’10, 
pp. 1-5, Dec. 2010.

[7] D. Lin, M. Hamdi,“Two-Stage Fair Queuing Using Budget 
Round-Robin”, Proc. IEEE Int’l Conf. Comm. (ICC ’10), 
pp. 1-5, May 2010.

[8] DRAMeXchange, [Online] Available: http://www.
dramexchange.com/#dram, 2011.

[9] F. Wang, M. Hamdi,“Scalable Router Memory Architecture 
Based on Interleaved DRAM”, Proc. Workshop High 
Performance Switching and Routing (HPSR ’06), pp. 6-10, 
May 2006.

[10] F. Wang, M. Hamdi, J. Muppala,“Using Parallel DRAM to 
Scale Router Buffers”, IEEE Trans. Parallel and Distributed 
Systems, Vol. 20, No. 5, pp. 710-724, May 2009.

[11] G. Appenzeler, I. Keslassy, N. McKeown,“Sizing Router 
Buffers,” ACM SIGCOMM Computer Comm. Rev., Vol. 
34, No. 4, pp. 281-292, Oct. 2004.

[12] G. Shrimali, N. McKeown, “Building Packet Buffers with 
Interleaved Memories”, Proc. Workshop High Performance 
Switching and Routing (HPSR ’05), pp. 1-5, May 2005.

[13] H. Wang, B. Lin,“Block-Based Buffer with Deterministic 
Packet Departure”, Proc. Int’l Conf. High Performance 
Switching and Routing (HPSR ’10), pp. 38-43, June 2010.

[14] H. Wang, H. Zhao, B. Lin, and J. Xu,“Design and Analysis of 
a Robust Pipelined Memory System”, Proc. IEEE INFOCOM 
’10, pp. 1-9, Mar. 2010.

[15] J. Corbal, R. Espasa, M. Valero,“Command Vector Memory 
Systems: High performance at Low Cost”, Proc. Int’l Conf. 
Parallel Architectures and Compilation Techniques, pp. 68-
77, Oct. 1998.

[16] J. Garcia, J. Corbal, L. Cerda, M. Valero,“Design and 
Implementation of High-Performance Memory Systems for 
Future Packet Buffers”, Proc. IEEE/ACM 36th Ann. Int’l 
Symp. Microarchitecture (Micro ’03), pp. 372-384, Dec. 
2003.

[17] J. Garcia, M. March, L. Cerda, J. Corbal, M. Valero,“A 
DRAM/SRAM Memory Scheme for Fast Packet Buffers”, 

IEEE Trans. Computers, Vol. 55, No. 5, pp. 588-602, May 
2006.

[18] J. Kleinberg, E. Tardos,"Algorithm Design", pp. 758-760. 
Prentice Hall, 2006.

[19] Juniper E Series Router, [Online] Available: http://juniper.
net/products/eseries/, 2011.

[20] K.G. Coffman, A.M. Odlyzko,“Is There a Moore’s Law for 
Data Traffic?”, Handbook of Massive Data Sets, pp. 47-93, 
Kluwer, 2002.

Shaik Gouse Basha has pursuing M.Tech 
CN at QUBA College of Engineering 
& Technology affiliated to JNTUA, 
Venkatachalam, Nellore, Andhra Pradesh, 
India.

  

Syed Abdul Haq received M.Tech 
(computer science engineering) from 
Bharath University Tambaram, Chennai. 
Presently, he is working as Associate 
Professor & HOD at QUBA College 
of Engineering & Technology, Nellore, 
Andhra Pradesh, India. He is having 7+ 
years of teaching experience in the field 
of computer science and engineering. His 
areas of interest are Computer Networks, 
Data mining, and Network Security.


