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Abstract—The optical interconnection and switching
technology has recently gained ground in the data centers
(DCs) globally. In this paper, we propose an optical network
configuration to interconnect the servers of the same rack in a
DC, based on passive optical functionalities. Thus, we focus in
the intra-rack passive optical network and we propose the use
of a number of dedicated wavelengths for the data
communication among the servers through a passive optical
coupler in the data plane. Meanwhile, we adopt a parallel
control plane which is implemented in the optical domain too,
in opposition to the majority of previous studies that performs
the control communication over electrical links. Based on the
software-defined networking (SDN) paradigm, we adopt at the
Top-of-Rack (ToR) switch level, a rack controller which is
responsible for the operational functionalities in the intra-rack
network, such as medium access control (MAC) etc. Moreover,
we introduce an intra-rack MAC protocol in conjunction with
a bandwidth efficient allocation (BEA) algorithm to optimally
and fairly assign to the servers the available intra-rack
bandwidth for synchronous data transmission. According to
the BEA algorithm, both the channels collisions and the
destination conflicts are effectively avoided. The proposed
intra-rack MAC protocol in conjunction with the BEA
algorithm achieves high intra-rack network bandwidth
exploitation that reaches almost 88%, while it manages high
throughput and very low packet delay, as compared with
previous relative study.

Keywords—data center, rack controller, optical intra-rack
network, software-defined networking.

I. INTRODUCTION

The recent big data industry explosion has appeared as
one of the results of the great research interest about large
scale data centers (DCs) globally. The internet applications
popularity has dramatically increased, involving DC
infrastructures to their service [1]. The diverse internet users
applications most usually require immediate responses from
DCs, fact that is of high research interest. On the same time,
the traditional DC networks (DCNs) are based on electrical
Ethernet interconnection and switching technology which
causes significant power consumption problems [2].

On the other side, the optical switching technology arises
as the most promising solution in order to reach high data
rates in the contemporary DCNs. Especially, in [3-5] the
optical circuit switching (OCS) technology has been
proposed for the DCN infrastructure. Nevertheless, the OCS
paradigm suffers from the disadvantages of the circuit
switching implementations, such as the late response at
possible network reconfigurations and for this reason it is not
recommended for DCNs with high traffic variations. In
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addition, the optical packet switching (OPS) technology has
been introduced to studies like [6-7]. However, these
proposals are highly power consuming and for this reason
they can hardly be followed in commercial solutions.

Moreover, the software-defined network (SDN)
paradigm has been proposed for optical DCN environments
[8-9]. The main research interest in this area is the
substitution of the conventional electrical switching fabric in
the inter-rack DCN level by optical switching fabric.
Although the significant performance results for the inter-
rack DCN, the intra-rack communication remains in the
electrical domain. Since the power consumption in Top-of-
Rack (ToR) electrical switches in DCNs is high enough [10],
the optical interconnection in the rack level appears to be a
key factor for the efficient DCNs solutions definition.

In [11], an optical intra-rack DCN infrastructure has been
introduced which additionally occupies a rack controller to
implement the SDN functionalities. In [11], and in the
relative ones [12-13], a synchronous transmission software-
defined MAC (SD-MAC) protocol is introduced which
performs servers grouping to coordinate the transmissions
and receptions during large cycle time periods, providing
high complexitity. ~ Although the intra-rack data
communication is implemented in the optical domain, the
control communication with the rack controller remains in
the electrical domain and it is implemented over an Ethernet
link. This fact causes serious synchronization problems
between the electrical control and the optical data
communication planes. In addition, the absence of any
contention resolution mechanism or acknowledgment
schemes, restricts the SD-MAC protocol reliability.

In this paper, we propose a software-defined optical
intra-rack network architecture that implements both the
intra-rack data communication and the control
communication with the rack controller in the optical
domain, ensuring the required control and data channels
perfect synchronization. Also, we introduce an intra-rack
MAC protocol in conjunction with a bandwidth efficient
allocation (BEA) algorithm to fairly assign the intra-rack
data wavelengths to the servers for synchronous
transmission. The proposed intra-rack MAC protocol with
the BEA algorithm provides reception acknowledgment for
all the transmitted packets, while it guarantees a totally
collision free communication scheme, efficiently avoiding
both the collisions over the wavelengths and the destination
conflicts. The proposed intra-rack network architecture is
totally independent from the inter-rack one, providing high
scalability and efficiency. Also the proposed intra-rack MAC
protocol with the BEA algorithm performance is extensively



compared via simulations with that of the SD-MAC protocol
and it is proven that it provides higher average throughput
and low average packet delay for all offered load conditions.

The rest of the paper is carried out as follows: The
software-defined intra-rack network is described in Section
II. Section IIT presents the intra-rack MAC protocol. The
performance evaluation is given in Section IV. Some
conclusions are outlined in Section V.

II. SOFTWARE-DEFINED NETWORK ARCHITECTURE

The proposed software-defined intra-rack network
architecture is shown in Fig. 1. Each rack includes M servers.
The communication among the servers of the same rack is
performed locally without involving the ToR switch, to serve
the intra-rack traffic. On the other hand, the communication
between servers from different racks is performed through
the ToR switch level to serve the inter-rack traffic.
Therefore, we assume two discrete optical network
architectures: the intra-rack and the inter-rack one. The inter-
rack network uses the set of wavelengths 4; 4;... 4. for the
communication of the rack servers with the ToR switch, as
Fig. 1 illustrates.

The interconnection among servers in the intra-rack
network is based on passive optical functionalities.
Meanwhile, the intra-rack network uses the separate set S of
W wavelengths, S={1i, Z»... Aw} for the data information
exchange among servers in the same rack and they are called
data channels. Also, a dedicated wavelength A is used for the
control information exchange and it is called control channel.

Especially in the intra-rack network, we assume a passive
optical coupler to implement the data communication over
any of the wavelengths from the set S, as over a common
shared access medium. For the communication in the intra-
rack network, each server is connected to the passive coupler
with an optical fiber that uses the set of wavelengths S.

In the ToR side, the software-defined network
architecture includes a rack controller which acts as the
control unit for the intra-rack network transmission
coordination. Thus in the control plane, the rack controller is
responsible for the proposed intra-rack MAC protocol
execution in order to appropriately assign the intra-rack
network bandwidth among the servers. It is worth
mentioning that in the proposed software-defined intra-rack
network architecture, the communication between any server
and the rack controller is performed in the optical domain
over the control channel Ao,

Each server has two pairs of fast tunable optical
transmitters and receivers. The first pair is exclusively used
for the data communication over the intra-rack network and
it can be tuned over the set of wavelengths S. The second
pair is also exclusively used for the communication over the
inter-rack network and it can be tuned over the wavelengths
Ai, ... Az. Also, each server has a pair of fixed transmitter and
receiver for the control information exchange with the rack
controller over the control channel Ao. In other words, each
server has three different network interfaces: the intra-rack,
the inter-rack and that for the communication with the rack
controller, as Fig. 1 presents. Also, each server uses two
pairs of multiplexers (MUX) and demultiplexers (DEMUX):
one pair for the communication with the passive coupler in
the intra-rack network, and another one for the
communication in the inter-rack network.

In each server, the generated traffic is classified
according to its destination server. Thus, the generated
packets that are destined to any server in the intra-rack
network are stored in a first-in, first-out way in the output
electrical buffer for the intra-rack traffic, while the incoming
packets from the intra-rack network are stored in the relative
input electrical buffer for the intra-rack traffic, as Fig. 1
shows. Similar, each server accommodates an input and an
output electrical buffer for the inter-rack traffic.
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Fig. 1 The software-defined intra-rack network architecture.



III. INTRA-RACK COMMUNICATION AND MAC PROTOCOL

In the followings, we focus on the intra-rack network and
we leave the inter-rack one for further investigation.

Let’s denote by L the fiber length in meters between a
server and the passive coupler in an intra-rack network.
Also, let’s denote by v the light velocity in the fiber in m/s.
The propagation delay 7, in seconds between any sever and
the passive coupler is:

T,=

L (M)
v

We assume a common clock in the intra-rack network.
All servers are synchronized to it for the control and the data
packets transmission and reception. The time axis is divided
into contiguous cycles with duration 7. The cycle time
duration consists of two time periods, as Fig. 2 shows: the
first time period is denoted by 7; and is equal to the
transmission time of the largest data packet in the intra-rack
network, while the second time period is denoted by 7 and is
equal to the maximum of the tuning times of the tunable
transmitter 7 and receiver T, respectively, i.e.:

T, =max{T,,, T,,} @)

Software-defined control plane

According to the proposed access algorithm, for the data
packets transmission during the cycle (i+1), the relative
control information must be exchanged between the intra-
rack servers and the rack controller during the previous
cycle i. Especially, at the beginning of the cycle i, let’s say
the time instant ¢, all the servers send a control packet to the
rack controller providing the suitable control information in
order for the rack controller to run the proposed BEA
algorithm for wavelength assignment. Thus as Fig 2
illustrates, a control packet consists of two fields: the source
server id and the destination server id of the relative data
packet that is accommodated at the first position of the
source server’s output buffer of intra-rack traffic.

Thus, the control packet size L. in bits is:

L =2xK bits 3)

where: K is the number of the required bits for a server
identification in binary mode.

If we denote by R the transmission rate of the control
channel as well as of each data channel of the set .S in b/s,
the control packet transmission time 7¢ is:

T, =< (4)

Starting from the beginning of the cycle i at the time
instant let’s say ¢, we define M time slots, where the x-th
(x=1, 2,...M) time slot corresponds to the x-th server for the
control packet transmission. The duration T of each time
slot is equal to 7. plus a guard band time T, as Fig. 2 shows.

At time instant 71=M x T after the cycle beginning, all
the control packets have been transmitted by all servers,
without experiencing any collision over the control channel.
Then, they propagate over the control channel 49 and they

are received by the rack controller at the time instant
(+M*T+T,). By that time instant, the rack controller has
received all the required control information in order to run
the intra-rack MAC protocol and especially the BEA
algorithm to determine the servers data transmissions and
receptions during the next cycle (i+1). The control
processing time by the rack controller is denoted by 7.
The result of the BEA algorithm is being announced by the
rack controller to the rack servers by sending a software-
defined controller response (SDC-R) message over the
control channel 4. This response consists of 7 fields, where
the y-th (y=1, 2,...W) field corresponds to the y-th data
channel of the intra-rack network. In each field, the rack
controller writes the source server id to which the BEA
algorithm has been assigned the relative data channel for
transmission during the next cycle (i+1), as well as the
destination server id of the relative data packet.
The SDC-R message size L, in bits is:

L,=Nx2xK bits )

Also, the SDC-R message transmission time 7> is:
=—" (6)

The SDC-R message propagates over the control
channel 4o and it is received by all rack servers at time
instant (t+MX Ty +2X Tyt Tyt T>). By that time, all the
servers are informed about the servers that have won access
over the data channels of the intra-rack networks during the
next cycle (i+1), according to the intra-rack MAC protocol.
If a server recognizes its id at the source id sub-field of the
y-th (y=1, 2,...W) field of the SDC-R message, it will
transmit a data packet over the y-th data channel during the
next cycle (i+1). Similar, if a server recognizes its id at the
destination id sub-field of the y-th (=1, 2,... W) field of the
SDC-R message, it will receive a data packet from the y-th
data channel during the next cycle (i+1).

Based on this information, at the time instant (¢+171;)
after the beginning of the cycle i, the servers start tuning
their tunable transmitter and receiver to the appropriate data
channel for the transmission and reception over the intra-
rack network during the next cycle (i+1). The transceivers
tuning will have been concluded by the time instant
(t+7, +T,) when the next cycle (i+1) begins.

Intra-rack MAC protocol

According to the intra-rack MAC protocol, all the
servers at the beginning of the cycle i, follow the next
actions to determine the data packets transmission and
reception during the next cycle (i+1).

Especially, the x-th (x=1, 2,...M) server:

e transmits a control packet during the x-th time slot of
the cycle i over the control channel Ao. The control
packet is received by the rack controller along with
the relative control packets from all the rack servers.

e receives at time instant (HMXTt2XT,+TprectT2)
from the control channel 4o the SDC-R message sent
by the rack controller.
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Fig. 2. Cycle structure for the intra-rack communication: The control information is transmitted to the SDN rack controller at the beginning of the i-th
cycle, over the control channel 4y. Afterwards, the SDN controller responses with a SDC-R control message during the i-th cycle, over control channel 4.
The SDC-R message informs about the wavelength assignment by the rack controller. The tunable trasnceivers tuning time 7s follows till the cycle
completion. The relative data packets are transmitted by the servers during the (i+1)-th cycle over the assigned data channels. In the figure, it is assumed that

the servers transmit long data packets of 1500 Bytes over data channels.

e Based on the SDC-R message, at time instant
(t+7,): it tunes its tunable intra-rack transceivers to

the appropriate data channels for transmission and
reception during the next cycle (i+1).

Also according to the intra-rack MAC protocol, the rack
controller runs the BEA algorithm to assign the data channels
bandwidth to the rack servers. Thus, the rack controller by
the time instant (++MxT+7,) when it has received the
control packets from all rack servers, it follows the next
steps:

e In order to avoid any data packet collision due to
the concurrent transmission over the same data
channel, it selects randomly W servers that attempt
transmission during the next cycle (i+1) and it
assigns to each of them one available data channel
from the set S.

e In order to avoid any destination conflict at the
receiver side, it checks if any of the selected source
servers have the same destination. In this case, it
selects randomly one of these source servers and
gives to this server the right to transmit to the
common destination server, while it rejects the
transmission right to the other collided at
destination servers. If there are more servers
attempting for transmission, it selects randomly as
many servers as the rejected servers are, and runs
this step again till no other servers attempting
transmission are available or the number of selected
servers for transmission is higher than the number
W of data channels.

e Then it writes the selected servers ids in the source
id sub-field of the SDC-R message fields that
correspond to the assigned data channels, while it
writes in the destination id sub-field the destination

server id of the relative data packets.

e Finally, it sends the SDC-R message over the
control channel Ao, in order to inform all racks
servers about their access and reception rights
during the next cycle (i+1).

It is worth mentioning that the proposed intra-rack MAC
protocol along with the BEA algorithm totally avoids the
packets collisions over the control and the data channels in
the intra-rack network, while it effectively faces the
destination conflicts, efficiently exploiting the available data
channels bandwidth. Also, the proposed intra-rack MAC
protocol along with the BEA algorithm provides fair access
among all servers over the intra-rack network, since the
transmission access right is granted based on random
selection procedures.

It is evident that the maximum throughput 7%, that can
be achieved by the proposed intra-rack MAC protocol is:

__n
max 71[+T§,

™)

Iv.

In order to evaluate the proposed intra-rack MAC
protocol performance along with the proposed BEA
algorithm, we implemented a discrete time network
simulator based on the C programming language. The
network simulator simulates the servers’ actions in the intra-
rack network as well as the rack controller algorithmic steps
for the BEA algorithm, while it provides predictions for the
intra-network average throughput and average packet delay
performance measures.

PERFORMANCE EVALUATION

For studying comparative results, we choose to compare
the performance of the proposed intra-rack MAC protocol
and the BEA algorithm with that of a relative SD-MAC one



presented in [11]. In order to have a similar base for
comparison, we follow the assumptions of SD-MAC
protocol. Thus, we assume that the intra-rack network
consists of W=8 data channels, while it interconnects M=64
servers. The fiber length in the intra-rack network is Z=10 m,
which means that the propagation delay in the intra-rack
fiber is 7,=50 ns. The tunable transceivers tuning time 7 is
assumed to be 200 ns. The control and each data channel
data rate is assumed to be R,~10 Gbps. The traffic model
considered is similar to that of [11], while the ratio of intra-
rack to inter-rack traffic is equal to 80%.

We define the following performance measures. First,
we define the normalized load as the ratio of the average
throughput obtained over all data channels to the data
channel data rate. Also, we define the average throughput in
b/s of the intra-rack network, as the ratio of the total size of
all data packets sent by all servers in the intra-rack network
during the simulation time to the simulation time. Also, the
average packet delay is defined as the mean time in seconds
between a data packet generation and its reception by the
destination server, during the simulation time. It has to be
noticed that the average packet delay counts in the packet
queuing delay at the output buffer of the intra-rack traffic,
the transmission delay and the round trip propagation delay
time (2xT,).

Fig. 3 shows the average throughput vs the normalized
load for the proposed intra-rack MAC protocol and the BEA
algorithm as compared to the SD-MAC protocol, for M=64
servers, W=8 data channels and R,~=10 Gbps. As it is shown,
the proposed intra-rack MAC protocol and the BEA
algorithm achieves much higher throughput than the SD-
MAC one for the entire normalized load range. For example,
the throughput achieved is higher: 28% for load=0.4, 29%
for load=0.6 and 30% for load=0.8. The higher throughput
level is explained by the fact that the proposed intra-rack
MAC protocol in conjunction with the BEA algorithm
effectively allocates the data channels bandwidth to the rack
servers, totally avoiding both the channel collisions and the
destination conflicts. This is achieved by simply assigning
the available data channels to the servers and allowing the
transmission of only one data packet of those which would
collide at the destination, rejecting the rest of them. This is a
really simple access algorithm with high performance. On
the other hand, the SD-MAC protocol adopts a more
complex access scheme by organizing the rack servers into
transmitting and receiving groups, aiming to reduce the data
channels collisions and the destination conflicts, without
managing to obtain very high bandwidth exploitation. It is
worth mentioning that the proposed intra-rack MAC protocol
and the BEA algorithm for load=0.88 achieves almost 88%
total data bandwidth exploitation that conforms to the results
of (7), while the SD-MAC one reaches only 51.5% for the
same load conditions.

Moreover, Fig. 4 presents the average packet delay vs the
normalized load for the proposed intra-rack MAC protocol
and the BEA algorithm as compared to the SD-MAC
protocol, for M=64 servers, W=8 data channels and R,~=10
Gbps. As it is illustrated, the proposed intra-rack MAC
protocol in conjunction with the BEA algorithm achieves
much lower average packet delay values. For example, the
delay achieved is 3.36 ps for load=0.4, 3.45 ps for load=0.6
and 4.3 ps for load=0.8. These values are almost 98% lower

Throughput (Gbps)
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Fig. 3. Average throughput vs normalized load, for M=64, W=8 and
R,~=10 Gbps, for the proposed BEA and the SD-MAC protocol.

than the relative delay values of the SD-MAC protocol. This
SD-MAC protocol performance is due to the fact that it
assumes long time cycles, which are additionally subdivided
into sub-periods, to organize the servers into transmission
and reception groups and to coordinate the data packets
communication during the whole cycle period, causing long
delays. Also, the adoption that the control communication
between any server and the rack controller is performed in
the electrical domain over a dedicated Ethernet link, burdens
the time framing for synchronization purposes, causing high
delays. On the other hand, the proposed intra-rack MAC
protocol in conjunction with the BEA algorithm eliminates
the total transceivers tuning time, by properly defining a
specific time period for transceivers tuning during the last
part of the previous cycle, after the SDC-R message
reception by all servers. In addition, the proposed intra-rack
network configuration adopts a separate wavelength for the
control communication with the rack controller, exclusively
in the optical domain, managing to ensure synchronization
preconditions and achieving low delay values.

In order to explore the proposed intra-rack MAC protocol
and the BEA algorithm performance for diverse intra-rack
network configurations, we study the throughput and the
packet delay when the number W of data channels varies.
Especially, Fig. 5 shows the average throughput vs the
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Fig. 4. Average packet delay vs normalized load, for M=64, W=8 and
R,~=10 Gbps, for the proposed BEA and the SD-MAC protocol.



normalized load for M=64 servers, R,~10 Gbps and W=4, 8,
12 data channels. As it is observed, the throughput achieved
is an increasing function of W. For example for load=0.8, the
throughput is: 32.5 Gbps for W=4, 64.4 Gbps for W =8 and
96 Gbps for W =12. This behavior is explained by the fact
that as the number of data channels increases, the available
data bandwidth increases too. Therefore, the BEA algorithm
assigns more data channels for transmission, reducing the
probability of a data packet collision. This provides higher
throughput values.

The above results are validated in Fig. 6 that illustrates
the average packet delay vs the average throughput for M=64
servers, R,~=10 Gbps and W=4, 8, 12 data channels. Indeed,
the intra-rack network configuration for load=0.8 achieves
throughput improvement about: 98% when increasing the
number W of data channels from W=4 to W=8, and 50%
when it increases from W=8 to W=12. The relative average
packet delay keeps very low values, lower than 5 ps, for
normalized load conditions up to 0.87. For loads higher than
this threshold, the intra-rack network reaches saturation and
the delay dramatically increases, as Fig. 6 illustrates.

V. CONCLUSIONS

In this paper we focus on the performance improvement
conditions inside the software-defined passive optical intra-
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Fig. 6. Average packet delay vs average throughput, for M=64,
W=4.8,12 and R,~10 Gbps, for the proposed BEA protocol.

rack network of a data center. We propose an intra-rack
network  configuration, based on passive optical
functionalities, that occupies several wavelengths to
guarantee the data traffic communication among servers in
the same rack. The software-defined paradigm is employed
by a rack controller that performs the access coordination
over the intra-rack network. In opposition to other intra-rack
networks, in our study the communication between any
server and the rack controller is performed in the optical
domain over a dedicated wavelength, ensuring the
preconditions for synchronization among the transmissions.

Moreover, we propose an intra-rack MAC protocol in
conjunction with the BEA algorithm, to schedule the data
packets transmission and reception over the intra-rack
network in a per cycle base. Extensive simulation results
prove that the proposed intra-rack MAC protocol and the
BEA algorithm, as compared to the relative protocol of [11],
achieves almost 30% higher throughput and 98% lower
packet delay, grace to the effective data channels allocation
algorithm followed which totally avoids both the data
channels collisions and the destination conflicts. This study
could be extended to topics like the inter-rack network access
coordination and the power consumption restrictions.
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