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Abstract
Trusting on the well-designed packet buffers in the high-speed 
routers in the support of the multiple queues that provide large 
capacity and the short response time. In some researches, it 
is required to suggest the SRAM/DRAM hierarchical buffer 
architectures. The architectures suffer from either large SRAM 
requirement or high time-complexity in the memory management. 
In our research, we introduce the efficient, novel, and scalable 
distributed packet buffer architecture. To make the architecture 
feasible we have two fundamental issues that need to be addressed: 
a) How to minimize the overhead of an individual packet buffer 
b) how to design scalable packet buffers using independent buffer 
subsystems. We direct these problems by initial coming up with an 
efficient compact buffer that reduces the SRAM size demand by 
(k-1)/k. After, we present a feasible way of coordinating multiple 
subsystems with a load-balancing algorithm that maximizes the 
overall system performance. Our load-balancing algorithm and 
the distributed packet buffer architecture can easily scale to 
meet the buffering needs of high bandwidth links and satisfy the 
requirements of scale and support for multiple queues.
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I. Introduction
The remarkable growth of the internet has been sustained by the 
rapid growth in the communication link bandwidth. In the feeding, 
the growth of a crucial role internet router plays a major role 
by being able to switch packets extremely fast to keep up with 
the growing bandwidth. This demands sophisticated buffering 
techniques and packet switching. The traditional rule of thumb 
for Internet routers states that the routers should be capable of 
buffering RTT*R data. We want to claim the size of buffers in 
backbone routers can be made very small at the expense of a 
small loss in throughput. The performance of individual TCP 
flows the author claimed in 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. 
In order to support fine-grained IP Quality of Service (QoS) 
Requirements a packet buffer usually maintains thousands of 
queues. A packet buffer should be capable of sustaining continuous 
data streams for both ingress and egress. The researchers to 
suggest hybrid SRAM/DRAM (HSD) architecture with a single 
DRAM interleaved DRAMs or parallel DRAMs sandwiched 
between SRAMs. Our first attempt is to combine the merits of 
two previously published packet buffer architectures. By fully 
exploring the advantage of parallel DRAMs, we first propose a 
Memory Management Algorithm (MMA) called Random Round 
Robin (RRR). Hence, we devise a “traffic-aware” approach, 
which aims to provide different services for different types of 

data streams. The analysis and simulation works says 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• 
Uniform allocation of resources• 

II. Related Work

A. Technology Backing SRAM/DRAM
Current SRAM and DRAM cannot individually meet the access 
time and capacity requirements of router buffers. A DRAM can 
be built with large capacity that the typical memory access time 
(i.e.,TRC1) is too large and is around of 40 ns. We need to transfer 
a minimum size chunk of data into it to efficient utilization of the 
DRAM module bandwidth. Large memory access time of DRAM 
requires the system to read/write data from/to any memory address 
for at least TRC time units. Our research says that the current 
chunk size of DRAMs could range from 64 to 320 Bytes.

B. Packet Buffer Architectures
The major issues are to arch over the SRAM and DRAM. This 
speed mismatch does not refer to the bandwidth but the access time 
and the concomitant access granularity. The variable packet sizes 
are common for packet processors to segment packets into fixed 
size cells to make them easier to switch and manage. 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. This requirement 
however is not applicable to the DRAM. 
This prompted researchers to suggest hybrid SRAM/DRAM 
(HSD) architecture to conduct a quantitative analysis, a parameter 
called b to denote the ratio of access time between the DRAM 
and the SRAM. The minimal access granularity has to be related 
to the other factors as frequency and bandwidth. According to the 
definition of b, the access granularity of the DRAM should be 10 
cells. The odd situation also happens when a DRAM with shorter 
access time and higher bandwidth is introduced. Moreover, if 
the bandwidth of the SRAM is twice that of the DRAM and the 
access granularity of the DRAM becomes five cells. The access 
granularity of new DRAM depends on the product of both its 
bandwidth and the current access time. Another reference the 
definition of b encounters some troubles in modeling a complicated 
architecture that consists of multiple SRAM and DRAM devices 
where as it an meaningless to compare the access time of individual 
memory devices. 
An additional challenge in designing packet buffers is that we need 
to maintain multiple queues. Dispatching, intuitively and storing 
packets in multiple separate queues entail significant overhead 
for the memory management algorithms.
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1. Hybrid SRAM/DRAM Architecture
Iyer et al. [2] first introduced the basic hybrid SRAM/DRAM 
architecture with one DRAM sandwiched between two smaller 
SRAM memories as shown in the fig. 1. 

Fig. 1: Nemo Architecture

Shuffling packets between the SRAM and the DRAM is under 
the control of a memory management algorithm. MMA is to 
temporarily hold O(b) amount of data for each queue in both the 
ingress and egress SRAM. Since the batch loads are strictly limited 
within each queue, the size requirement of SRAM for the HSD 
architecture is O(bQ). Whenever a FIFO queue accumulates b 
amount of data is transferred to the DRAM through a single write. 
The authors further suggested that the size of the tail SRAM could 
be further reduced to Q(b-1) by introducing a pipeline design.

2. Interleaved DRAM Architectures
The chunk size of b is determined by two factors of the bandwidth 
of the DRAM and its TRC. Shrimali and McKeown [3] proposed 
memory architecture with (b1=64 Bytes) interleaved DRAMs. The 
MMA is based on a randomized algorithm that each cell is written/
read into/from the interleaved DRAM memories randomly. 
Using interleaved DRAMs as well suggested that a per-queue 
Round Robin dispatching scheme could guarantee a maximum 
matching when the system is equipped with a sufficient large tail 
buffer. With per queue Round Robin the high time complexity in 
finding the maximum matching remains. The fact that a single 
chunk could require O (Q) iterations before finding a maximum 
matching, the author acknowledged that the time complexity in 
achieving the maximum matching could be O (Q) in the worst 
case.

3. Parallel DRAM Architecture
Wang et al. [4] proposed a parallel hybrid SRAM/DRAM 
architecture with k DRAM named PHSD. The PHSD reduces 
the time complexity of MMA to O(k) by introducing k arbiters 
working in parallel compared over the interleaved architecture. 

4. Other Approaches
Kabra et al. [5] introduced a parallel DRAM approach that is 
optimized for the fixed departure time. The architecture differs 
from the reservation-based design solution is based on aggregating 
packets into blocks so that the amount of bookkeeping information 
in SRAM is minimized. 
The solution proposed is a virtually pipelined memory architecture 
that aims to mimic the behavior of a single SRAM bank using 
multiple DRAM and SRAM banks. To make the system robust 
to adversarial memory access patterns additional content 
addressable memory devices are introduced making the extended 
memory architecture too cumbrous for pure packet buffering 
applications.

III. Distributed Packet Buffer Architecture
All packet-buffering techniques so far have adopted a traffic-
agnostic approach while designing the packet buffering algorithms. 
No effort is made to exploit the inherent characteristics of the 

corresponding traffic patterns like the burst sizes, arrival rate, 
transit time requirements through the router etc. A traffic-aware 
approach to the problem will yield new possibilities for conquering 
the scalability problem. We investigate a new dimension to the 
problem i.e. how to extend the packet buffer architectures by using 
independent packet buffer subsystems. Hence, overall packet buffer 
now takes the form of a distributed system composed of several 
compact packet buffers. The only real requirement for a packet 
buffer is that it should be able to absorb incoming traffic at a given 
rate. The distributed packet buffer is implemented as a composition 
of multiple compact packet buffers. A distributed system where 
k independent packet buffers work together providing increasing 
performance but at a linearly increasing scale needs to be designed. 
However, the following questions needed to be addressed:

How do we design a compact packet buffer to provide certain • 
buffer characteristics and meet requirements of the data 
streams?
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?

We must carefully choose the granularity of a distributed system 
while incurring minimal overhead is not straightforward. We 
have proposed the basic idea of the distributed packet buffer 
architecture. 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. This includes 
extra storage of state maintenance and the difficulty in designing 
a high-speed distributor/aggregator with several ports.

IV. Compact Packet Buffer Design
We propose a new memory architecture that reduces the system 
overhead in term of SRAM size while relying on a nonspecific 
traffic pattern. We have demonstrated that with a fast batch load 
scheme and Random Round Robin MMA that required size of 
SRAM in the ingress can be reduced to 1=k that of in Nemo. We 
further prove the required size of SRAM in the egress can be also 
reduced significantly by using RRR-MMA with an extra arbiter. 
The per-queue RRR adopts a fast batch load scheme that dispatches 
b-sized chunks of data whenever it is accumulated in each queue. 
The RRR scheme randomly selects the starting DRAM of each 
queue and keeps updating it for every k rounds. As shown in the 
fig. 2 i, j, m, n are random numbers that determine the dispatching 
sequence of a queue.

Fig. 2: Fast Batch Load & Random Round Robin

Fig. 3 shows the architecture of a packet buffer where k independent 
address bus based DRAMs serve as the main storage sandwiched 
between two SRAMs.

Fig. 3: The 5-Stage Architecture of a Compact Buffer
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The Random Round Robin algorithm manages to uniformly dispatch 
b-sized chunks among the multiple DRAMs. The possibility that 
multiple chunks could be allocated to the same DRAM in a short 
period of time, intermediate FIFOs are introduced to hold these 
chunks temporarily so as to prevent unnecessary drops.
When multiple chunks need to be fetched out from the same 
DRAM conflict happens. The arbiter maintains a separated request 
list and k request lists in total. Its current RRR sequence will be 
derived according to the log2k bits information attached to the 
head of every kb-sized chunk. For every round of the round robin 
counter, 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 and the delay that a request is satisfied varies.

V. Performance Analysis
We simulate a compact packet buffer with 10 DRAMs based 
on the system architecture shown in Fig. 3Given the symmetric 
structure, only the simulation results of the ingress are illustrated 
for the sake of simplicity. With the four different chunk sizes 
(64, 128, 320, 640) we can perform tests. We define a time slot 
as the minimum working span where each DRAM is capable 
of processing exactly one cell. The arrival process of individual 
cell submits to Poisson distribution in this paper unless other 
mentioned for at most 10 cells are generated in each time slot 
depending on the traffic intensity. Since we consider fixed size 
cells in the simulations we can generate only two kinds of traffic 
patterns: 

Uniform traffic• 
Unbalanced (hotspot) traffic• 

Analysis of real-life traces indicated that the top 10 percent of 
flows account for over 90 percent of the packets and the bytes 
transmitted. At the egress we can simulate two kinds of output 
behaviors:

Random scheduling • 
Round robin scheduling• 

Figs. 4(a) and 4(b) show the number of backlogged cells in inner-
front-buffers under different traffic patterns.

Fig. 4: b = 5 Cells, 90 Percent Traffic Intensity, 105 Time Slots

We clearly observe that the average queue length is always less 
than 50, while the single inner-front-buffer still attains its peak 
size of around 160. The results are almost the same except that 
the system with uniform traffic suffers from buildup that is more 
dramatic during the initial period. In the beginning of the simulation 
when the tail cache is empty, uniform traffic evenly allocates cells 
among all queues creating less “dispatchable” chunks than the 
unbalanced traffic.

VI. Distributed Memory Hierarchy
The fast batch load scheme and the RRR algorithm reduce the 
SRAM size requirement to 1/k when a small amount of speedup 
is provided. However, it is still a traffic-agnostic approach which 
requires O(bQ)size of SRAM. The scaling limitation remains.

We first consider a simple architecture. Fig. 5 illustrates an 
example of a distributed packet buffer system consisting of three 
compact packet buffers. A dispatching module located between 
the queue table and packet buffers delivers cells according to the 
tags. Queues are mapped to the compact packet buffers and this 
information is tracked in the queue table.

Fig. 5: Distributed Scalable Packet Buffer Architecture

We want build a basic framework that allows logical queues to 
dynamically switch from one physical queue to another without 
any blocking. This distinction for a logical queue can be applied 
at both the ingress and egress, thus leading to combinations of 
states. As shown in the figure 6 the state machine we have defined. 
Although there could be thousands of combinations only reserve 
six critical states. 

Fig. 6: Queue States

They are “unallocated,” “large,” “small,” and three intermediate 
states “large small,” “small-large,” and “large-small-large.” Based 
on the state machine above our advice is to devise a load-balancing 
algorithm. As shown in the fig. 7, the pseudorandom code for our 
algorithm. The algorithm is naturally separated into three tasks 
that are implemented at the distributor, compact packet buffer 
subsystem, and the aggregator, respectively. Whenever the first 
cell of a new logical queue arrives then the distributor maps it to 
a subsystem that is currently the lightest loaded.
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Fig. 7: Load-Balancing Algorithm

If a subsystem is temporarily overloaded, the subsystem can divert 
the newly arriving cells to other subsystems. Diverting can be 
achieved by randomly changing the state of any new arrival cells 
to “large-small” if it is originally served as “small”. But if the new 
arrival cells belongs to a logical queue which is originally served 
by this subsystem only the subsystem will mark the cell and update 
the queue table by changing its corresponding state from “small” 
to “large-small.” Given a distributed system consisted with K 
subsystems then (k-1)/k of the traffic of this “small” logical queue 
can immediately be diverted to other subsystems which helps to 
relieve the burden of the overloaded subsystem. It is a reverse 
process of the diversion described above where an intermediate 
state called “small-large” is introduced. To be more comprehensive 
there is one additional state called “large-small-large” in our state 
machine. With the state of “large-small-large”, it provides us with 
an alternative that any logical queue can be diverted immediately 
at any time to prevent overwhelming of a single subsystem only. 
The purpose of introducing this state is to prevent any subsystem 
from absorbing logical queues that bear considerable amount of 
traffic that cannot be easily handled by a single subsystem.

VII. Experimental Results
As specified in the Table 4 the default for all the experiments. To 
be more specific for each time slot there are at most four cells that 
can be generated, where each of them is generated with a maximal 
probability of 90 percent. In order to observe the dynamic behavior 
of the entire system and the simulations are always separated into 
three phases. 

Table 4: Default Parameters

For the first 0.2*X time slots there is only input without output 
where cells are backlogged. We can create an initial backlog and 
simulate the situation when the congestion happens. Next 0.2*X 
+ 1 timeslot is a full-speed output based on random scheduling 
begins while input maintains. We can monitor the system 
performance in  detail with backlogged cells in the first phase 
especially how the load-balancing algorithm behaves. Next 0.5*X 
timeslot the input stops while only the output maintains fetching 
any backlogged cells. To make it a fair comparison the PHSD 
architecture also consists of 40 DRAMs. A logical queue is always 
mapped to 40 physical queues, which require 2b size of SRAM 
for each. A physical queue inside the distributed buffer requires 
2b size of SRAM. We inject the distributed packet buffer with 
only 100 active data streams to have a clear observation on the 
load-balancing algorithm. It also referred as a large data stream 
contributes 81 times as many cells as that of a small data stream. 
Further increasing the number of active data streams to 4*105. 
We simulate the system performance under both uniform traffic 
and unbalanced traffic. The parallel system always dispatches 
the logical queues in per-queue round robin introducing many 
overheads. Our distributed system that introduces the “traffic-
aware” approach always results in much less active physical 
queues. Since our algorithm does not refer to the physical queues 
assignment status in balancing our curious about the actual 
distribution of active queues. We observe that the unbalanced 
distribution is always trivial for both traffic patterns. 

VIII. Conclusion
Based on hybrid SRAM/DRAM architecture for building 
the packet buffer while introducing minimum overhead is the 
major issue discussed in our paper. A parallel mechanism using 
multiple DRAM chips should be deployed, to distinctly increase 
the throughput and storage capacity of a packet buffer. 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. In our paper, we present novel packet 
buffer architecture by using both fast batch load scheme and a 
hierarchal distributed structure. In simulation, results indicate 
that the proposed architecture provides guaranteed performance 
in terms of the low time complexity, upper bounded drop rate, 
when a small speedup is provided.
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