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Abstract—Data Center switches need guarantee high through-
put, resiliency and scalability for large-scale networks with
constantly floating requirements. Multistage packet switches have
been a pervasive solution to implement high-capacity Data Center
Networks (DCNSs) switches and routers. Yet, classical multistage
switching architectures with their Space-Memory variants have
shown limited performance. Most proposals prove either too
complex to implement or not cost effective. In this paper, we
present a highly scalable packet-switch for the DCN environment,
in which we exploit the Network-on-Chip (NoC) design paradigm
to replace the single-hop crossbars with multi-hop Switching Ele-
ments (SEs). In particular, we describe a three-stage switch with
Output-Queued Unidirectional NoCs (OQ-UDN) in the central
stage of the Clos-network. The design has several advantages over
conventional multistage switches. First, it uses a simple Round-
Robin (RR) packet dispatching scheme and avoids the need for
complex and costly input modules. Besides, it offers better load
balancing, a pipelined scheduling and more path-diversity. We
assess the performance of the switch in terms of throughput,
end-to-end latency and blocking probability using Markov chain
analysis, and we propose an analytical model that integrates the
various design parameters. Through extensive simulations, we
show that the switching architecture achieves high performance
under different types of traffic, and that both the analytical
and experimental results correlate over wide range of evaluation
settings.

Index Terms—Next-generation networking, packet switching,
Clos-network, NoC, OQ, analytical model

I. INTRODUCTION

Data Centre is the nexus from which all the services
Aof the cloud flow and where different types and gen-
erations of switches/routers are used to handle the floating
workload. Given the growing networking requirements, both
today and in-the-future DCN switching fabrics need to rapidly
and reliably scale performance, either on a sustained basis or
when unexpected load spikes place burden on the bandwidth
availability.

The new switching fabrics are expected to improve upon
current solutions in many ways to provide better performance.
As in many iterative design approaches, each switching ar-
chitecture improves on the previous ones at better points
in a hardware cost/performance curve. The common design
trend is founded on building hierarchical switching fabrics as
single stage crossbar switches do not fit for the expansion
of the network substrate. While they can be implemented for
small sized switches, single-stage crossbar switches become
complex, unpractical and unscalable for growing port counts
(beyond 64 ports) [1], [2]. Multistage switches where many

The authors are with the Department of Electrical and Computer Engi-
neering, Institute of Integrated Information Systems,University of Leeds, UK
(e-mail:elfha@leeds.ac.uk; L.Mhamdi}@Ieeds.ac.uk).

smaller crossbar fabrics are cascaded have been typical com-
mercial solutions for high-speed routers [3]. They provide
good broadcast and multicast features, and they can be in-
crementally expanded by simply adding more modules to the
existing design. The three-stage Clos-network [2] is a popular
non-blocking multistage arrangement that is frequently used
for telecommunications and networking systems. Despite their
scalability potential, almost all existing Clos-network based
proposals (from the Space-Space-Space switch — S3 — to the
Memory-Memory-Memory switch — MMM) are too complex
to implement, have non satisfactory performance or require
costly modules [3], [4]. During the on-going research of
packet-switches design, NoC architectures were proposed as a
new functional-level design pattern to mitigate the limitations
of the classical single-hop crosshars, such as the bottleneck of
speedup and scalability in port count. NoCs have interesting
characteristics that offer switching fabrics more flexibility, and
allow them to operate independently of the switch valency.
Moreover, the path diversity that NoC grids provide, help
disperse the traffic load and get it better balanced among many
intrinsic routes [5].

In this paper, we propose the OQ Clos-UDN: A sophisti-
cated switching architecture that defeats several limitations of
the classical multistage packet switches. The current design
brings about a nested three-stage Clos-network switch with
simple FIFO queues at the input modules and a dynamic
packet dispatching scheme. Instead of the conventional point-
to-point connection crossbars, we use OQ UDN modules in
the middle-stage of the Clos-network. The OQ Clos-UDN
switch has many advantages over the Memory-Space-Memory
(MSM) and MMM architectures since it contributes to: (i)
Simplifying the IMs thanks to the NoC central modulest. (ii)
Simplifying the packet dispatching process and avoiding the
need for complex and synchronized scheduling algorithms?.
(iii) Using small and distributed on-chip buffers, and obviating
the need for large crosspoint queues that an MMM switch
require. (iv) Using a pipelined and distributed routing scheme
to move packets across the Central Modules (CMs). (V)
Offering speedup, load-balancing and better path diversity as
compared with crossbar-based switches.

We use Markov chain analysis to derive an analytical model
for the performance metrics of the OQ Clos-UDN switch. In
addition to the throughput and the average packet latency, we
give an estimation for the upper-bound blocking probability

LActually, the Head-of-Line (HoL) problem is hardly noticeable [5] that
it becomes possible to use simple FIFO queues instead of the complex and
costly VOQs.

2The MSM switches call for complex iterative algorithms to find a conflict-
free matching over a high number of input/output modules and port pairs.



inside the CMs under uniform Bernoulli i.i.d traffic. The
analytical model tackles different purposes such as appraising
the impact of the design metrics on the switch performance
and settling optimal values to achieve given performance for
reasonable cost/complexity.

The reminder of the paper is structured as follows. In section
I, we review the state-of-the-art switching architectures and
the evolution of the design process. In section 111, we present
the switch terminology. We focus on the OQ-UDN central
modules, and we justify the implementation feasibility of
the proposed switching architecture. Sections IV and V give
details of the analytical modelling for the performance metrics
of the switch. In section VI, we evaluate the OQ Clos-UDN’s
performance, and we compare it to existent multistage switch-
ing solutions under various traffic types. We also correlate the
analytical models to simulation outputs. Ultimately, section
VIl summarizes the work and concludes the paper.

Il. RELATED WORK

Inspired by Systems-on-Chip (SoC) communications, re-
cent works have proposed the implementation of NoC-based
switching fabrics and have discussed their potential and their
performance. The NoC design brings numerous advantages.
It emerges as a flexible and suitable alternative to single-hop
crossbars offering tolerable latencies and good load balanc-
ing. As for SoC, the NoC paradigm simplifies the hardware
required for the routing functions, and makes the switching
fabric reach high throughput. Besides, it offers a pipelined
scheduling and allows scaling up the switch size for reasonable
costs. Some earlier works [6], [7] evoked Ethernet switches
that have been designed using the NoC concept. Later on, a
single-stage Input-Queued (1Q) Unidirectional NoC crossbar
packet-switch (UDN) was introduced [5], [8]. In 2010, the
Multidirectional NoC (MDN) packet-switch was proposed as
an extension to UDN [9]. More recent results [10] discussed
a possible implementation of a crossbar fabric using NoC-
enhanced FPGA, and evaluated its performance for various
routing algorithms. In [8], Karadeniz et al. suggested one stage
packet switch with NoC fabric. They described a wrapped-
around grid of OQ mini-routers for which they proposed a
low-complexity analytical model.

Despite the high potential of the NoC based crossbar fabrics,
their application has been restricted to single-stage switch
design. In [11], authors first introduced a three-stage Clos
switch with 1Q NoC-based modules (UDN) in the central
stage. The switch has good scalability and parametrization
features. However, on-grid routers of the UDNs modules
require speedup for the whole Clos switch to achieve good
performance. As for single-stage crossbar switches, an output
queuing design scheme contributes to increasing the band-
width, and allows many cells to be simultaneously forwarded
to the same output port resulting in higher throughput [12]. All
in all, adopting OQ Mini-Routers (MRs) in the UDN blocks is
much effective than using 1Q nodes? for the following reasons:
(1) Higher throughput is achieved and the overall packets delay

3The terms mini-routers and nodes are used interchangeably throughout the
paper to refer to on-chip routers.

is shifted by a fixed amount*. (2) The internal links of an OQ-
UDN module run at the same rate as the external line and
no speedup is required. Assuming the technological advances
in the field of memory design and synthesis, it became
possible to implement the OQ-UDN modules for reasonable
costs. Overall, the proposed switching architecture offers great
scalability degree and high performance making it a good
candidate for the next-generation DCN switches/routers.

As part of the performance evaluation process, there is a
great deal of interest in developing analytical models for the
switching architectures as purely simulation analysis is not
only inflexible, but also time consuming. In this paper, we
analyse the performance of the proposed switch but above all,
we focus on the OQ-UDN modules which geometrical features
differ from a simple crossbar. In this context, we review
some works that conferred modelling of NoCs and NoC-based
switching fabrics. In 2009, Elmiligi et al. proposed an empir-
ical model to address the queue size problem in OQ routers
for NoCs using Markov chains analysis [13]. In a different
method, authors in [14] introduced a low complexity analytic
approach for the mean analysis of some performance metrics
of NoCs. In 2010, Suboh et al. used a Network Calculus-
based methodology to evaluate the latency, throughput and
cost metrics of a NoC architecture [15]. In 2012, Fischer and
Fettweis presented an accurate service estimation model for
the 1Q NoC fabrics with RR packet arbitration. Their approach
is interesting as it takes into account the contention of multiple
concurrent inputs and the characteristics of the RR arbitration
[16] to elaborate a delay model. Authors of [17] studied the
flow-control feedback probability between adjacent routers of
a NoC as key step to evaluate the total performance of the
network. In 2015, Karadeniz et al. presented a low-complexity
model for a single-stage switch based on Network-on-Chip and
OQ routers [18]. In a similar way, we propose a detailed model
for the primal performance metrics of the switch; throughput
and packet delay. We also give an estimation for the upper-
bound of the blocking probability inside the central-stage
OQ-UDN modules of the switch. The analytical models give
feedback about the switch behaviour which is useful in the
design optimization loop (specifying the central modules’ size,
the expansion of the NoC modules, as well as the output
buffers capacity).

Next, we provide a full description of the switch design,
the OQ-UDN modules and the packet routing process before
deriving into the analytical modelling and the performance
evaluation.

I11. CLoS-UDN swITCH WITH OUTPUT-QUEUED
MINI-ROUTERS

In this section, we provide a description of the multistage
switch, the central-stage OQ-UDNs and the packet routing
process. We also give a rough estimation of the switch
complexity and we justify its implementation feasibility.

4Unlike with 1Q routers where contention for links causes random delay
variations.
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Fig. 1: (N x N) three-stage OQ Clos-UDN packet-switch architecture

A. Nomenclature of the switching architecture

We describe a three-stage Clos-network switch with output-
queued NoC fabric. The design is a nested network as Fig.1
depicts. The first stage of the switch is made of k Input
Modules (IMs), each of which is of size (n><m). An IM(i) has
m FIFOs® each of which is associated to one of the m output
links that we denote as LI(i, r). An LI(i, r) link connects the
IM(i) to the CM(r). It can receive at most one packet from an
input FIFO, and sends at most one packet to one CM at every
time slot. The middle stage of the switch consists of m OQ
UDN modules of dimension (k < M), each®. The CM(r) has
k output links that we denote as LC(r, j). The LC links serve
to connect a given CM to the different OMs at the third stage.
The last stage has k Output Modules (OMs), each of which
is of size (m < n). An OM(j) has n Output Ports (OPs) that
we denote OP(j, h) for which is associated an output buffer.
Each output buffer can receive at most m packets and forwards
one packet to the output line at every time slot. Although it
can be general’, the proposed OQ Clos-UDN architecture has
an expansion factor ' = 1, making it a Benes lowest-cost
practical non-blocking fabric.

B. The OQ-UDN modules

In what follows, we describe the middle-stage modules of
the OQ Clos-UDN packet-switch. A central-stage OQ-UDN
module is a 2-D mesh fabric that can be fully defined by the

5Because m = n, each FIFO(i, r) of an input module, IM(3), is associated
to one input port.

8Unlike conventional Clos networks, the central modules of the 0Q Clos-
UDN can be of size (k < M) crosspoints, where M refers to the NoC depth
and M < k.

"The multistage switch can be of any size, where m = n. In this case, we
would simply require a packets insertion policy in the input queues in order
to maintain low-bandwidth FIFOs and to avoid the design purpose disruption
(simple input modules). We consider this to be out of the scope of the current
work.

2-tuples (k, M) where k& is the number of LI/LC links, and M
is the depth of the mesh layout (i.e., the number of pipeline
stages, or also expansion factor of the mesh network). The
NoC assimilates k - M mini-routers with two or three 1/Os
(referred to as degree of a MR) depending on its position
on the grid. We implement a deadlock-free routing algorithm
“Modulo XY ” [5] and a credit-based flow-control mechanism
to transfer packets across the mesh. This allows the upstream
MRs to keep track of the free room in each output buffer
downstream, and avoids elastic buffers. In the rest of the
paper, we assume that packets are of fixed-size, and that all
relative routing information are stored to their headers. Next,
we describe the routing process inside the central-stage of the
Clos switch.

C. Routing in the OQ NoC fabric

Packets are dispatched from the IMs to the central stage
modules in a RR manner. At every time step, each input arbiter
among the m arbiters associated to the FIFO queues in an
IM, selects an OQ-UDN module to which it sends the HoL
packet. At their arrival to the selected CM, packets start being
routed locally until exiting the NoC module to the output stage
of the Clos-network architecture. They travel West — East,
West - South, West -~ North, South - East, South -
North and North - South; from the left-most MRs to
the right-most nodes of the OQ-UDN modules until exiting
the central stage to the corresponding OMs. We propose a
dimension order algorithm to forward packets across the NoC
fabric. The routing approach is called “Modulo XY ”, and it
is an advanced version of the classic “XY ” scheme. It routes
packets along one dimension, then along the second dimension

8A UDN module has k input/output ports and M NoC stages. When the
UDN is part of the multistage switch, the term k is reserved for the LI and
LC links that relate the middle stage modules to the first and last stage blocks
— respectively.






























Using the initial input traffic load of the route r and the
number of buffers that a packet runs through, we compute
A(r). Clearly, the probability of availability of the route r
concerns with the remaining subset of queues after we exclude
the first j buffers as (A.3) shows. This means that it depends
onr—{ri}—{rj 1,...ri} =r—rUl Hence, we can write
(A.3) in a different way:

0 1

Prejlej 1...e0)=ay @ vs A(s — rihA (A 9)

SZR,J.

Taking into account that Pr(e;) = A{r1}) = ay, and using
the system of equations in (A.4), we infer (A.1).

Being a probability, the factor A(r — r0l) < 1. Thus
removing A(r —r01) from the right-hand side of (A.1), should
result in the foIIowingOinequaIityl:

X
A= o, @ VA = o, () (A5)
j=1 sZer j=1
Where g = Vs, Is the traffic intensity that comes from
SZR,j

all routes r [Rly; and falls into to queue rj. Finally, we use
P
the general inequality 1 — Q a(j) = (1 —a(i)), and we
=1 =1
derive an upper bound on tShe bIockingsprobabiIity B(r).
0 1

B(n=1- ar (5j)
j=1

xX
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We conclude (16).
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