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Abstract—This paper introduces OCLDN, an agile, pro-
grammable, and scalable optical cloud distribution net-
work, which exploits content distribution networks to
deliver killer cloud and tactile services to end users at very
high speeds, ultra-low latency, and low cost. With OCLDN, a
software-defined-networking-basedmini-cloud data center
is installed at the central office of a next-generation passive
optical network, which includes a cloud-based tactile steer-
ing server, and supports all types of cloud applications.
These applications have stringent quality-of-service (QoS)
requirements and, thus, require a fast, adaptive, and effec-
tive bandwidth allocation mechanism. Therefore, in this
paper, we introduce a new dynamic wavelength and band-
width allocation (DWBA) scheme that meets the QoS re-
quirements of tactile services via dedicating it upstream
wavelength(s), and also enables inter-channel statistical
multiplexing so as to maximize the network throughput
without impairing the QoS requirements for all types of
services. Extensive simulations demonstrate the ability of
the proposed DWBA to outperform existing schemes, and
highlight its effectiveness in meeting the QoS demands
for tactile and non-tactile services.

Index Terms—CDN; Cloud services; DWBA; PON;
Simulations; Tactile internet.

I. INTRODUCTION

C loud computing provides a dynamically scalable in-
frastructure for application, data, and file storage

via a large pool of connected third-party systems rather
than local equipment [1]. Cloud computing is an attractive
paradigm to business owners as it eliminates the require-
ment for users to plan ahead for provisioning, and allows
enterprises to start from the “small,” then provision addi-
tional resources on a per-demand basis [2]. Over the past
decade, many rich cloud services have been made available
in the market to subscribers, such as Software-as-a-Service
(SaaS), Platform-as-a-Service (PaaS), and Infrastructure-
as-a-Service (IaaS). A recent study conducted by Cisco pre-
dicts that by year 2020, 92% of workloads will be processed
by cloud data centers [3].

Although cloud computing offers enormous opportuni-
ties, it has been a setback for some ground-breaking

applications, such as Tactile Internet and Internet of
Things (IoT). Because of the strict delay requirements of
these latency-sensitive applications, the significant delays
resulting from long distances between the end-users’ prem-
ises and cloud servers (which are typically deployed in the
core network) cannot be tolerated. Recent studies showed
that applications requiring cloud access can run up to 20%
more efficiently when the data needed is located near the
end-users’ premises [4]. Therefore, bringing the cloud re-
sources closer to the end-users’ premises has been deemed
a fundamental need to support these foregoing applica-
tions, which are expected to reshape our society with their
great potential impact. Consequently, we have witnessed
several efforts attempting to meet this need. For instance,
“Edge Computing/Fog Computing” has been recently
proposed as a very promising solution, whereby the Fog/
Edge comprises server nodes located near the IoT end-user
applications [5]. However, research in this field has not
fully matured yet, with several open challenges that
must be addressed before the technology is ready for
deployment.

Fortunately, Internet service providers (ISPs) have
already been catering for a similar need via deploying con-
tent delivery networks (CDNs) extensively in their infra-
structure so as to efficiently utilize their resources and
generate more revenue [6]. Using CDNs, ISPs deploy
caches and content streamers closer to end-user premises
to offer enhanced quality-of-service (QoS) support. Thus,
combining cloud computing with CDNs would allow ISPs
to construct cloud distribution networks, so as to offer
QoS-enhanced cloud services to the end-user with technical
and economic benefits to both the ISP and subscribers.

In this paper, we introduce OCLDN, a high-speed,
programmable, and scalable Optical Cloud Distribution
Network architecture that enables ISPs to offer low-
latency cloud services by deploying a next-generation
Ethernet passive optical network (NG-EPON) [7]; the
latter has been taken as an attractive technology for
next-generation cloud access networks [8,9]. In addition,
NG-EPON is suitable for supporting the centralized hub-
and-spoke-based traffic patterns of future enterprise local
area networks [10]. With OCLDN, the ISP would deploy as
part of its CDN amini data center at the central office (CO)
so that latency-sensitive applications data are directly and
quickly served from the CO, and if need be, the data is
fetched from the core servers [11]. Another feature ofhttps://doi.org/10.1364/JOCN.10.000902
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OCLDN is deploying control steering servers in the CO’s
cloud to support machine-to-human, machine-to-machine,
and machine-to-cloud tactile applications. Tactile Internet
has recently been presented as a very promising medium
(and is currently being standardized [12]) to enable haptic
communications through real-time interactive systems
[13]. However, supporting Tactile Internet services re-
quires meeting several design requirements, such as but
not limited to ultra-low latency (round-trip latency of
1 ms), network reliability, data security, and high network
availability [14]. All these require efficient resource man-
agement mechanisms with effective QoS-aware bandwidth
allocation [15].

Therefore in this work, we propose a new dynamic wave-
length and bandwidth allocation (DWBA) scheme that pro-
tects delay-sensitive tactile services by dedicating it
upstreamwavelength(s), and is further enhanced to exploit
inter-channel statistical multiplexing so as to maximize
the network throughput, meanwhile satisfying the QoS re-
quirements for all types of services. Extensive simulations
demonstrate the effectiveness of the proposed scheme com-
pared to existing schemes; results highlight its ability to
meet the QoS demands for all types of service under differ-
ent network scenarios. This work extends our previous
work in Ref. [16], with the following additional contribu-
tions: 1) analytical computation of parameters in the
DWBA scheme, 2) comprehensive description of OCLDN
and the DWBA scheme, and 3) comprehensive performance
evaluation of the scheme and comparisons with other
schemes.

The remainder of the paper is organized as follows.
The OCLDN architecture is discussed in Section II. In
Section III, we present the new DWBA scheme. In
Section IV, we evaluate the performance of the DWBA
scheme. In Section V, we present our conclusions.

II. PROPOSED OCLDN ARCHITECTURE

There have been a few works aimed at supporting cloud
services over passive optical networks (PONs) [8,9].

However, these works propose construction of a single
large-scale server that essentially is a network of distrib-
uted cloud servers comprising the PON’s nodes [i.e., optical
line terminals (OLTs) and optical network units (ONUs)].
This architecture imposes additional delays that cannot be
tolerated by delay-sensitive applications such as Tactile
Internet and mission-critical IoT services. Thus, the pro-
posed OCLDN architecture maintains the centralized
nature of the PON, and exploits the merits of the program-
mable state-of-the-art wavelength-agile (WA) NG-EPON
technology, complemented with an efficient bandwidth al-
location mechanism to support all types of cloud services.

A. Network Architecture

As illustrated in Fig. 1, OCLDN employs a time-
and-wavelength division multiplexing (TWDM) WA-NG-
EPON [7]. This enables the OLT to dedicate/reserve wave-
length channels for tactile traffic (so as to meet their strict
delay requirements), and allows for the design and imple-
mentation of bandwidth allocation schemes that enable
inter-channel statistical multiplexing. This would increase
the network throughput, and reduce the potentially wasted
bandwidth caused by having different cycles over different
wavelengths, which may impair the stringent QoS require-
ments. A typical NG-EPON architecture can support up to
an aggregate data rate of 40 Gbps by multiplexing up to
four 10 Gbps wavelengths, and can have a network reach
up to 100 km [7]. Each ONU can be equipped with either
fixed or tunable transceivers. In the latter case, two tuna-
ble lasers would allow the ONU to transmit over all up-
stream channels, which is the optimal number of lasers
for a PON with four wavelengths as shown in Ref. [17].
However, one of the advantages of the proposed architec-
ture is that it can scale in a “pay-as-you-grow” manner,
such that additional wavelengths and/or transceivers can
be provisioned as needed.

To satisfy the cloud services’ requirements, a mini-data
center is deployed at the CO, which comprises cache,
media, and cloud servers [18]. The mini-data center also

Fig. 1. Proposed OCLDN architecture.
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includes a control/steering server to support cloud-based
tactile applications. Similar to cloudlets and mobile edge
computing, the steering server can perform predictive
real-time execution of tactile applications, which is facili-
tated by its location near the tactile edge [15]. The internal
architecture of the CO is based on the state-of-the-art
CORD architecture (i.e., Central Office Re-Architected as
a Data Center) [19], which employs the network functions
virtualization (NFV) technology that allows it to run soft-
ware on commodity servers, white-box switches, and access
devices instead of closed and proprietary hardware. The in-
terconnection between the OLT and the servers is estab-
lished via a leaf-spine switching fabric, such that the
components are grouped into two virtual racks; two spine
switches are connected to two leaf switches per

virtual rack, a leaf switch is connected to an Internet
router, and the OLT is connected to the ONUs [16]. CORD
also combines NFV with the software-defined networking
(SDN) technology that decouples the network’s control
plane from its data plane, thereby making OCLDN flexible,
programmable, and scalable [20]. Deploying a CORD-based
mini-data center at the OLT would engage the ISPs in the
content delivery of killer cloud services near the end users
and meet their strict QoS requirements. More importantly,
it will allow them to create new sources of revenue.
However, if a needed application cannot be served by the
CO-based server, the data gets fetched from the core
servers. The selection of cloud services that are to be pro-
visioned at the CO versus at the core network is left to
the network operator’s preferences, service offerings, and
geographical location. The interconnection between the
ISP’s cloud and the core cloud servers can be as per
CO–cloud connection standards [9].

ISPs that plan to deploy an SDN-NFV network infra-
structure can adopt OCLDN as part of their future access
deployments (e.g., Verizon and AT&T have already devised
plans for year 2020 to virtualize and control over 75% of
their networks using SDN/NFV [21,22]).

B. QoS Support

As illustrated in Fig. 2, in addition to the legacy data ser-
vices, OCLDN can deliver four classes of cloud-based ser-
vices, namely, Basic, Intermediate, Advanced (as classified
by Cisco [3]), and Tactile. To support these services over
OCLDN, traffic classification and class-of-service (CoS)
mapping are conducted at the ONU based on the traffic
type, characteristics, and QoS requirements, as shown in
Table I. The values presented in the table are deduced
based on studies in Refs. [3,12,23,24]. Here, due to their
strict requirements, tactile services are dedicated a CoS
queue with the highest priority, since constant bit rate

TABLE I
QOS REQUIREMENTS AND COS MAPPING IN OCLDN

QoS Requirements

Service Type Example Applications Data Bit Rate One-Way End-to-End Delay
CoS

Priority

Cloud services

Tactile Telesurgery 10–100 Mb/s ≤0.5 ms (Up. data + Down.
steering/control)

1
Virtual reality

Advanced
Ultra HD video streaming 25–600 Mb/s <100 ms (User-to-cloud) 2

High-frequency stock trading

Intermediate
Voice over LTE 25–34 Mb/s 100–159 (User-to-cloud) 4

HD video streaming

Basic
Music streaming 1–5 Mb/s ≥160 ms (User-to-cloud) 5

Cloud-based learning
management system

Legacy data
services

Voice—constant
bit rate (CBR)

Voice over IP 4–128 Kb/s 100–150 ms (Access delay) 3
Audio conferencing

Video—variable
bit rate (VBR)

Video streaming 20 Kb/s–6 Mb/s 150–250 ms (Access delay) 4
Video conferencing

Best effort (BE)
Email Minimum throughput 6

Web browsing

Fig. 2. Enabled applications using OCLDN.
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(CBR) is a class of service that primarily focuses on voice
traffic and thus cannot be used for satisfying the strict
requirements of tactile services.

As illustrated in Fig. 3, the round-trip end-to-end delay
budget of cloud-based tactile services in OCLDN can be
divided into three budgets: two-way user interface delay
of 0.3 ms, two-way network interface delay of 0.2 ms,
and two-way access delay of 0.5 ms (upstream data +
downstream steering control) [25]. The Intermediate cloud
services and legacy video data services are mapped to the
same CoS since they share similar QoS requirements.
Thus, each ONU would be equipped with six CoS queues.

III. DYNAMIC WAVELENGTH AND BANDWIDTH

ALLOCATION IN OCLDN

QoS-aware resource management in PONs has been
widely investigated in the literature [26]. In addition, sev-
eral dynamic bandwidth allocation (DBA) algorithms for
PONs have been introduced [27–32]. However, to the best
of our knowledge, out of these, only the ones proposed in
Refs. [17,33] are specific to NG-EPON (namely, take NG-
EPON’s requirements into account [34]). However, neither
scheme supports QoS, and no prior work aimed to support
cloud services by deploying a mini data center at the CO in
PON. In addition, only one recent study in Ref. [15] pro-
posed a scheme that employs the Bayesian and maximum-
likelihood sequence estimation (MLSE) to support tactile
services (yet non-cloud based) in TWDM-PON. However,
the proposed MLSE scheme assumes knowledge of the
traffic distribution, which is impractical. Furthermore,
the scheme supports only one type of non-tactile traffic,
and the study does not report the performance of the net-
work throughput. In this work, we propose a novel DWBA
scheme over the NG-EPON-based OCLDN, which supports
all types of cloud and legacy services, and aims at achieving
low enough latency guarantees for tactile and non-tactile
services, while maximizing the network throughput with-
out prior knowledge of the incoming traffic distribution.
The proposed scheme is an offline method (i.e., that waits
until all requests are received at the OLT) that follows the
regular NG-EPON multi-point control protocol (MPCP) in
terms of transmission and grant mechanisms [35]. For the
reader’s convenience, the notations used in this section are
summarized in Table II.

The proposed DWBA comprises two modules: 1) grant
sizing, which is responsible for determining the size of
the grant for each CoS of every ONU; and 2) scheduling,
which schedules the grants as time slots in the upstream
channel. Here, the ONU requests are categorized as either
tactile T (i.e., p � 1), or non-tactile NT (i.e., p � 2,…, jPj).
The key idea is to serve tactile traffic first to meet its strict
end-to-end delay requirement, then serve the non-
tactile traffic (cloud and legacy), while maximizing the
network throughput by enabling inter-channel statistical
multiplexing without compromising the delay require-
ments for all types of services. This is achieved by exploit-
ing the ONU’s capability to transmit over multiple
wavelengths simultaneously using a bank of fixed trans-
ceivers or tunable lasers, which would reduce the overall
cycle time. The latter choice would present trade-offs

Fig. 3. Breakdown of the 1 ms end-to-end delay of tactile packets
in OCLDN.

TABLE II
SUMMARY OF NOTATIONS

Notation Description

N Set of ONUs f1,…, i,…, j,…, jNjg
P Set of priority queues f1,…,p,…, q,…, jPjg
M Set of wavelengths fλ1,…, λk,…, λh,…, λjMjg
Λi Set of wavelengths supported by ONU i, Λi⊆M

d Distance between ONU and OLT (in km)
Dmax

p Maximum delay for priority p packets (in seconds)
Ri,p Requested bandwidth (in bytes) for priority p traffic of

ONU i

ti,p,k Instant start time for priority p traffic of ONU i, on λk
Li,p,k Allocated transmission window length (in seconds) for

priority p traffic of ONU i, on λk
Qi,p Queuing delay of traffic priority p at ONU i (in seconds)
tstrh Dynamically updated transmission start time of

channel λh
Vi,q Set of wavelengths to be allocated for ONU i tactile (T)

or non-tactile (NT) priority traffic
Bcycle Cycle length (in bytes) per wavelength
Tprop Propagation time (in seconds)
Tdata

trans Data packet transmission time in the upstream
direction

Tctrl
trans Transmission time of the control/steering packet in the

downstream direction (in seconds)
TREPORT

trans REPORT packet transmission time (in seconds)
TGATE

trans GATE packet transmission time (in seconds)
Tproc Packet processing time (in seconds)
Tcore Additional time incurred on cloud packets for

contacting a cloud server in the core network (in
seconds)

ρ Hit rate at the CDN server, i.e., the percentage of
requests served by the CO’s servers

α Maximum number of bytes that can be sent over
channel λT

L Maximum load that would sustain the tactile traffic
delay constraint

RTT Round trip time (in seconds)
Tc Default polling cycle time (in seconds)
C Upstream transmission capacity (in bps)
Tg Guard time (in seconds)
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among bandwidth availability, flexibility, and cost. Namely,
having tunable transceivers would allow for inter-channel
statistical multiplexing, yet may have higher cost, whereas
having fixed transceivers would enable lower cost at the
expense of potentially lower network utilization. The
NG-EPON standard recommends the installation of tuna-
ble lasers to achieve maximum bandwidth utilization and
network flexibility [7], which our proposed DWBA exploits.
Nevertheless, the proposed schemewould still operate with
fixed transceivers and would offer delay guarantees for tac-
tile traffic, yet may not achieve high network utilization.
The DWBA also enables the OLT to schedule “contiguous”
time slots using a modified version of the Water-Filling
mechanism [17].

The pseudo-code of the proposed DWBA scheme is given
in Algorithm 1. For simplicity and without loss of general-
ity, wavelength λ1 is assumed to be initially dedicated for
tactile traffic, and wavelength λ2 for non-tactile traffic.
However, the two eventually get shared among all traffic,
as needed. Thus, every ONU includes in its REPORT mes-
sage the aggregate buffers’ occupancies for tactile and
non-tactile traffic (i.e., Ri,T , and Ri,NT , respectively).
As illustrated in Fig. 4, tactile requests are allocated time
slots Li,T using the Gated discipline (i.e., the grant allo-
cated by the OLT is equal to the requested bandwidth sent
in the REPORT message [36], due to their stringent delay
constraints), and non-tactile requests are granted aggre-
gate time slots Li,NT using the Limited with Fair-Excess
discipline so as to ensure fair bandwidth allocation. The
Limited discipline sets a maximum allocated grant size
(so-called minimum bandwidth guaranteed), which typi-
cally is the total bandwidth in one cycle divided equally
among ONUs. This ensures that the bandwidth is not
monopolized by a “greedy” ONU. This allocation, however,
may result in surplus bandwidth, which is fairly allocated
among highly loaded ONUs (i.e., ONUs with request size
greater than the minimum bandwidth guaranteed). For
more detail, we refer the reader to [37]. Consequently,
Li,1,1 � Li,T,1, whereas Li,NT,k is further allocated to each
priority queue Li,p�2,…,jPj,k using the modified-deficit
weighted round robin (MDWRR) intra-ONU scheduler,
which performs excellently in arbitrating multiple CoS
queues (in our case to arbitrate the transmission of all
non-tactile queues) [38].

Algorithm 1: Proposed DWBA Algorithm
1: Wait until all the REPORTs �R1,T ,R1,NT�,…,

�Ri,T ,Ri,NT�,…, �RjNj,T ,RjNj,NT� are received at the
OLT, such that: Ri,T � Ri,1, and Ri,NT � PjPj

p�2 Ri,p
2: Compute the total requested bandwidth for tactile and

non-tactile RT � PjNj
i�1 Ri,T, RNT � PjNj

i�1 Ri,NT

3: Compute Bcycle � �Tc − jNj × Tg� × C∕8
4: if RNT < Bcycle then
5: Bcycle � RNT

6: end if
7: if Bcycle ≤ RT then
8: Perform Limited with Fair Excess grant sizing to

compute Li,NT, and fill grants on λ2
9: Perform grant sizing using the Gated discipline to

compute Li,T, and schedule the transmission lengths
Li,T,1 on λ1, and Li,T,2 on λ2, using the Water-Filling
scheme as in Algorithm 2

10: else
11: α � L�jNj, C,d� × C × Tc

12: if RT < α then
13: Bcycle � 2 × α −RT

14: else
15: Bcycle � RT

16: end if
17: Perform Gated grant sizing to compute Li,T, and fill

grants on λ1
18: Perform Limited with Fair Excess grant sizing to

compute Li,NT, and schedule the transmission
lengths Li,NT,1 on λ1, and Li,NT,2 on λ2, using the
Water-Filling scheme as in Algorithm 2

19: end if

To synchronize the simultaneous transmission of an
ONU over the different channels, we first compute Bcycle,
which is then adjusted based on the size of RNT (see lines
4–6 in Algorithm 1) to identify the real amount of band-
width that is allocated for non-tactile traffic. If tactile traf-
fic is initially granted bandwidth more than the non-tactile
one (see Algorithm 1, lines 7–9), the non-tactile is allocated
a time slot over its dedicated wavelength(s) λ2, whereas tac-
tile traffic is allocated on all wavelengths using a modified
version of theWater-Filling scheme presented in Algorithm
2. This will ensure that non-tactile traffic is sent over its
dedicated wavelength(s) before the tactile traffic is given
access to all the bandwidth resources; otherwise (i.e.,
Algorithm 1, lines 11–18), the non-tactile traffic is given
the opportunity to exploit all wavelengths without violat-
ing the tactile delay constraint. Unlike the original version
[17], the modified Water-Filling algorithm accounts for pri-
ority traffic and for boundary cases, and prevents division
by zero.

Subsequently, the maximum number of bytes that can be
sent over λT, α, is computed. The latter is based on the
maximum load L that would sustain the tactile traffic de-
lay constraint, which is a function of jNj, d, and C (i.e.,
based on a specific network configuration). As a result,
the cycle length per wavelength will be restricted to α;
otherwise, it will be restricted to RT.Fig. 4. Workflow of the proposed DWBA.
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Figure 5 shows how inter-channel statistical multiplex-
ing is enabled via the new scheme. First, as per Fig. 5(a),
when RT > RNT , inter-channel statistical multiplexing is
achieved by having the tactile queue sending over the
Non-Tactile wavelength as much as required to guarantee
its QoS. It is also enabled as per Fig. 5(b) when RNT > RT ,
by having the non-tactile queue sending over the tactile
wavelength up to the predefined threshold α. Alternately
as per Fig. 5(c), when RT � RNT , each would be sending
on one dedicated wavelength.

Algorithm 2: Modified Water-Filling Algorithm
1: For every computed grant Li,q where q is T or NT, sort

Λi in ascending order of tstrh , ∀λh ∈ Λi

2: Initialize Li,q,h � 0 ∀λh ∈ Λi, Vi,q � ∅, and k � 1
3: while

PjΛi j
h�1 Li,q,h < Li,q do

4: Vi,q ← Vi,q ∪ fkg
5: ti,q,k ← tstrk
6: k ← k� 1
7: if jVi,qj � jΛij then
8: tstrz ← tstrz � �Li,q −

PjΛi j
h�1 Li,q,h�∕jΛij,∀z ∈ Vi,q

9: Li,q,z ← Li,q,z � �Li,q −
PjΛi j

h�1 Li,q,h�∕jΛij, ∀z ∈ Vi,q
10: break
11: end if
12: if tstrk−1 < tstrk then
13: remaining ← Li,q −

PjΛij
h�1 Li,q,h

14: difference ← tstrk − tstrk−1
15: if remaining > �k − 1� × difference then
16: tstrz ← tstrz � difference,∀z < k
17: Li,q,z ← Li,q,z � difference,∀z < k
18: else
19: tstrz ← tstrz � remaining∕�k − 1�,∀z < k
20: Li,q,z ← Li,q,z � remaining∕�k − 1�,∀z < k
21: end if
22: end if
23: end while

The load L is obtained via bounding the end-to-end tac-
tile packet delay for ONU i, Di,1, by the maximum delay
constraint Dmax

1 (i.e., Di,1 ≤ Dmax
1 ), which is computed as

follows

Di,1 � Qi,1 � V 0, (1)

where Qi,1 is the average packet queueing delay,
and V 0 � Tdata

trans � 2 × Tproc � RTT� Tctrl
trans.

Using queueing theory, Qi,1 can be approximated for
Poisson-distributed packet arrivals and exponential packet
distribution as follows [39]

Qi,1 � AiX2
i � 3V − L × V∕jNj

2�1 − L� , (2)

where, for a service rate μi � C∕�pktSize × 8�, the data
arrival rate is Ai � L × μi × jNj, with X2

i � 2∕μ2i as the sec-
ond moment of the packet transmission time, and V is the
“server” vacation time such that

V � �Tg � TREPORT
trans � × jNj � 2 × Tprop � Tproc � TGATE

trans :

Consequently, we can estimate the maximum load (line 11
of Algorithm 1) L�jNj, C,d�, under which the delay
constraint of tactile traffic Di,1 ≤ Dmax

1 is always met, as
follows

L�jNj, C,d� ≤ 2�Dmax
1 − V 0� − λX2

i − 3V
2�Dmax

1 − V 0� − V∕jNj : (3)

A. Accuracy of Load Approximation

To evaluate the usability of the approximation obtained
in Eq. (3), we compare analytical results with simulation
results for different network configurations. As illustrated
in Fig. 6, in general, it can be observed that the analytical
and simulation results for L are very comparable. However,
we particularly note that for d � 10 km and 25 km, the val-
ues are much more comparable (with a difference of about
0.1 of load) than for d � 1 km and 5 km (the difference
can reach about 0.2 of load). Hence, this approximation
may not be fit to be used for all configurations. In addition,
the approximation cannot capture the bursty nature
of Internet traffic (particularly for tactile traffic [15]).
Therefore, we conducted a simulation study to extract L
using Pareto-distributed traffic arrivals, and with packet
sizes uniformly distributed between 64 and 1518 bytes;
the results are reported in Table III. The “empty” cells im-
ply that the tactile delay constraint cannot be met for that
configuration. The obtained results can guide network op-
erators in the configuration of future tactile-capable PON
networks.

Fig. 5. (a) Tactile queue sending over both wavelengths, while non-tactile queue sending on one. (b) Non-tactile queue sending over both
wavelengths, while tactile is sending on one. (c) Tactile and non-tactile queues are “protected”, with each sending on its dedicated
wavelength.
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B. Complexity Analysis

The time complexity of Algorithm 1 is dominated by the
Water-Filling performed in lines 9 and 18, which is
O�jMj log jMj� as shown in Ref. [17]. Given that Water-
Filling is performed only once for every ONU (either for tac-
tile or non-tactile), the time complexity of Algorithm 1 is
O�jNjjMj log jMj�, which is very fast and, thus, can run
in every DWBA cycle even for a large network.

IV. PERFORMANCE EVALUATION

To validate the effectiveness of the proposed solutions,
we built a simulator that models OCLDN using OMNET
++ [40]. Tc is set to 2 ms, Tg to 1 μs, each CoS queue size
to 10 MB (as per [17,41,42]), C to 10 Gbps, d to 5 Km, and
jNj to 8; thus L is set to 0.6 according to Table III. Unless
stated otherwise, every ONU is assumed to be equipped
with two tunable transceivers.

To stress test the proposed DWBA scheme, we conducted
extensive simulations; namely, we considered three differ-
ent simulation scenarios based on the traffic configurations
in Table IV. Based on the study in Ref. [3], cloud traffic is
expected to account for 86% of the total access traffic, out of
which 25% is basic cloud traffic, 52% is intermediate cloud

traffic, and 23% is advanced cloud traffic; thus, we apply
these percentages in our simulations. To test the robust-
ness of our scheme in satisfying the tactile traffic delay
requirements for different arrival rates, we vary the per-
centage of tactile traffic among 10%, 50%, and 90%. The
remaining 14% are distributed as follows: 20% CBR,
40% variable bit rate (VBR), and 40% best effort (BE)
[38]. CBR traffic is modeled using Poisson with packet
size fixed to 70 bytes. Previous works assumed different
traffic distributions to model cloud traffic (e.g., uniform, ex-
ponential, Poisson [43–45]). To employ a “realistic” model,
we followed the model used for machine-to-machine and
human-to-human networks, which, as in Refs. [14,46], em-
ploy the bursty self-similar Pareto distribution. Similarly,
as in Refs. [38,47], VBR, BE, and cloud applications can be
characterized by self-similarity and thus aremodeled using
the Pareto distribution with Hurst parameterH � 0.8, and
packet sizes uniformly distributed between 64 and 1518
bytes. Without loss of generality, to reduce the simulation
time, the number of wavelength channels is set to 2, unless
stated otherwise. The steering control packet is of size 64
bytes and is sent over the downstream channel in a TDM
fashion [15]. The weight percentages for the MDWRR
scheme are distributed equally over the five non-tactile
queues. The 95% confidence interval of the simulation re-
sults gave a ≈2% variation, which is statistically insignifi-
cant, so it is not shown in the figures.

We use the following metrics for measuring the perfor-
mance: (1) packet delay, (2) throughput, (3) and packet drop
rate. For tactile traffic, we use the end-to-end Di,p from
Eq. (1), whereas for non-tactile traffic Di,p (i.e., legacy data
and cloud, where p ≥ 1), the one-way upstream delay is
used, which is computed as follows

Di,p � Qi,p � Tprop � Tdata
trans � Tproc � βTcore, (4)

where Qi,p is the average packet queueing delay, and Tcore

is the additional time incurred on cloud packets for contact-
ing a cloud server in the core network. Namely, let ρ be the
hit rate at the CDN server, i.e., the percentage of requests
served by the CO’s servers; thus, β � ρ for cloud packets
and β � 0 otherwise. In our simulations, we set ρ � 0.9
[48], that is, 90% of the incoming non-tactile cloud
traffic is assumed to be served by the mini-data-center,
whereas the remaining 10% is fetched from the core cloud
servers, which adds 3 ms of additional delay; this value is
based on the delay between Inter-route’s European data
centers [49].

A. Comparison with Other Schemes

In this section, we compare the performance of the pro-
posed DWBA scheme with other existing schemes under
Scenario 2 (i.e., the “balanced” one). These schemes are
the state-of-the-art IPACT-ST [50] (which has been used
as benchmark in Ref. [17], too), with wavelengths selected
on a first-available-time basis (as in Ref. [33]), and
amended with strict priority (SP) as a benchmark, as well
as IPACT-ST with MDWRR as its enhanced version. We

(a)

(b)

Fig. 6. L as a function of d, jNj, and C for Poisson traffic.
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note that the IPACT-STwithMDWRR scheme has not been
proposed in the literature; we implement it to provide a
comprehensive comparative study. With the foregoing
scheme, the tactile’s queue weight is set to 0.5, and the re-
maining weight is distributed equally over the other prior-
ity queues, so as to mimic the “protection of tactile traffic”
and weight allocation in our proposed scheme.

As noted in Fig. 7, the predictive scheme exhibits the
worst performance among all other schemes for all metrics.
This is due to the shortcomings of MLSE in not being able
to attain accurate prediction of requested bandwidth due to
the traffic’s bursty nature, which resulted in high delay, low
network throughput, and high drop rate. As for IPACT-ST
with SP, it is able to provide lower delay for tactile traffic
compared to the other schemes, as shown in Figs. 7(a) and
7(b). This is due to the nature of SP, which prevents lower
priority queues from sending traffic unless the tactile
queue is emptied. However, this penalizes lower priority
queues and downgrades their performance, as depicted
in Figs. 7(c) and 7(f), where the low non-tactile packet delay
is at the expense of low throughput and high packet drop
rate. IPACT-ST with MDWRR exhibits a behavior similar
to the proposed scheme in terms of network throughput,
packet drop rate, and non-tactile delay, which is a result
of the adaptively set weights in MDWRR. However, our
DWBA scheme outperforms IPACT-ST with MDWRR in
terms of lower tactile packet delay, support for higher

TABLE III
MAXIMUM LOAD L AS A FUNCTION OF d, C, AND jNj FOR PARETO TRAFFIC

Upstream Speed (Gbps) 1 2.5 5 10 100

Number of ONUs 4 8 16 32 4 8 16 32 4 8 16 32 4 8 16 32 4 8 16 32

Distance (km)

1 0.2 0.1 – – 0.3 0.3 0.2 0.2 0.6 0.3 0.3 0.2 0.6 0.6 0.4 0.3 0.7 0.7 0.5 0.4
5 0.1 0.1 – – 0.2 0.1 0.2 0.1 0.6 0.3 0.2 0.1 0.6 0.6 0.3 0.3 0.7 0.6 0.5 0.4
10 0.1 0.1 – – 0.1 0.1 0.1 – 0.5 0.3 0.2 0.1 0.5 0.5 0.2 0.2 0.6 0.6 0.3 0.3
25 – – – – 0.1 – – – 0.3 0.2 – – 0.4 0.2 – – 0.6 0.3 0.2 0.1

TABLE IV
SIMULATION SCENARIOS

Class of Service Scenario 1 Scenario 2 Scenario 3

Constant bit rate (CBR) 2.52% 1.40% 0.28%
Variable bit rate (VBR) 5.04% 2.80% 0.56%
Best effort (BE) 5.04% 2.80% 0.56%
Basic cloud (CL-B) 19.35% 10.75% 2.15%
Intermediate cloud (CL-I) 40.95% 22.75% 4.55%
Advanced cloud (CL-A) 17.10% 9.50% 1.90%
Tactile cloud (CL-T) 10% 50% 90%

(a) (b) (c)

(d) (e) (f)

Fig. 7. Comparison of DWBA with existing schemes.
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loads (0.4. versus 06, which in this case is about 2 Gbps of
additional tactile traffic), and lower delay for non-tactile
traffic [as shown in Fig. 7(d)]. This is due to the ability
of the proposed DWBA scheme to enable inter-channel
statistical multiplexing, while protecting the tactile traffic
via the parameter α.

We have also measured the maximum packet delay,
shown in Figs. 7(b) and 7(e). As noted, the proposed scheme
provides a maximum delay significantly smaller than that
of IPACT-ST with MDWRR. However, also as noted,
although some packets may exceed the delay budget, our
concern is in the average delay budget, which is typically
the metric used to measure the QoS performance in access
networks [23], particularly for tactile services [14]. This
can be observed via the jitter performance of tactile
streams, which we report in Fig. 8. As noted, the proposed
scheme has the ability to preserve the packet delay varia-
tion for tactile packets, which is manifested by the concen-
tration of most data points around 0.5ms, unlike IPACT-ST
with MDWRR andMLSE, where the tactile delay sequence
presents a wider dispersion, and thus the QoS needs may
not always be met.

All these results highlight the ability of the proposed
scheme in outperforming other benchmark and state-of-
the-art schemes, via supporting tactile services at higher
loads, while attaining high network utilization and meet-
ing the QoS requirements for all types of services.

B. DWBA Evaluation for Different Scenarios

Figures 9-11 show the average upstream packet delay
and network throughput for all traffic classes under all
scenarios, as well as the end-to-end average packet
delay for tactile traffic, respectively. Note that, under
Scenario 1 where the tactile traffic’s percentage is 10%, the
stringent 0.5 ms tactile delay is met at all network loads.
This is because the ONUs are granted bandwidth for tactile
traffic equal to their requests. Hence, since the amount of
incoming tactile traffic is small under Scenario 1, the queu-
ing delay will be minimal. On the other hand, the delay re-
quirements of other CoS queues are met up to a network
load of 0.7 (i.e., high load), since the allowed bandwidth
for non-tactile traffic is limited by α. Thus, higher percent-
ages of non-tactile traffic can be subject to high latency at
high network loads. It can be also observed in Fig. 9(a) that
the BE traffic experiences lower delay than the cloud and
VBR traffic. This is because MDWRR is able to satisfy the
BE traffic (which has a low arrival rate) in the first sched-
uling pass. Conversely, even after MDWRR distributes the
remaining bandwidth over the unsatisfied higher priority
queues, big portions of these higher priority packets that
are still buffered do not get served in the current cycle.
As noted in Fig. 10(a), when the network load is higher
than 0.5, the throughput rate is around 50%. This is be-
cause DWBA aims at primarily meeting the delay con-
straint of tactile services by protecting its wavelength(s)
from being used by the high-loaded non-tactile traffic, at
the expense of obtaining suboptimal network throughput.

In Scenario 2, where the tactile traffic’s percentage is
50%, the delay is met up to load 0.6. This adheres to the
network configuration as per Table III. More importantly,
it demonstrates the proposed DWBA’s ability to meet the
delay requirements by having tactile and non-tactile
services each using one specific wavelength without

Fig. 8. Tactile jitter performance.

(a) (b) (c)

Fig. 9. Average upstream packet delay.
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sharing, due to their traffic loads. As a result, the average
delay of tactile traffic will be similar to the delay that would
be obtained if a dedicated wavelength that keeps the traffic
protected from the other traffic classes is provisioned. The
delays of cloud and data services are met up to a load of 0.9,
which is near optimal.

In Scenario 3, where the tactile traffic’s percentage is
90%, the delay is still met up to load 0.6, which still adheres
to the network configuration per Table III. However, here,
even when the tactile traffic’s percentage is dominant, tac-
tile services can use the non-tactile wavelength(s) as
needed so as not to compromise its stringent delay require-
ment, thereby exploiting the inter-channel statistical mul-
tiplexing aspect of OCLDN. More importantly, our scheme
is able to permit the latter without compromising the re-
quirements of all other types of traffic, which are all met
up to load 0.9. This is because non-tactile services occupy
a very low proportion of the total generated traffic, and
thus the requested bandwidth will not exceed the granted
bandwidth.

We also notice that in both Scenarios 2 and 3, as shown
in Fig. 10(b) and 10(c), respectively, a high throughput rate
of 90% is achieved at high loads. This is because tactile
traffic is granted time slots using the Gated scheme, and it

exploits inter-channel statistical multiplexing to maintain
its performance. On the other hand, the employed schedul-
ing scheme is able to satisfy the demands of all other
traffic types regardless of their loads. This is due to the em-
ployed MDWRR intra-ONU scheduling mechanism, which
adaptively and fairly allocates the bandwidth among all
traffic types.

(a) (b) (c)

Fig. 10. Network throughput.

Fig. 11. Average end-to-end tactile packet delay.

(a)

(b)

Fig. 12. Tactile and non-tactile delays for jMj � 3, 4, 5.
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Finally, we study the performance of our scheme for
higher number of wavelengths, i.e., with jMj � 3, 4, and
5, such that an ONU is equipped with either two fixed
or two tunable transceivers under Scenario 2. As observed
in Fig. 12, as jMj increases, the delays for both tactile and
non-tactile packets decrease, due to having fewer ONUs
sending on the same wavelength. In addition, as jMj in-
creases, installing tunable transceivers yields lower delays
than the fixed ones, yet at the expense of higher cost. This
is because the ONU cannot be allocated a wavelength, even
if the latter has an “earlier” start time than other wave-
lengths, unless it is supported by the fixed transceivers.
This leads to an increase in the cycle time, which leaves
unutilized bandwidth on some channels. More importantly,
as observed in Fig. 12(a), even though deploying more
wavelengths (e.g., jMj � 5) can enhance the performance
of tactile delay, it can be seen that the gain may not be
worth the investment (e.g., the supported load for jMj �
5 is 0.7, vs. 0.6 for jMj � 3). Moreover, the gain in the
non-tactile performance is minimal, as shown in Fig. 12(b).
Thus, interestingly, deploying more channels (which in-
creases the network cost) may not necessarily result in
better network performance. Similar behavior would be
exhibited for more wavelengths and transceivers/ONUs,
as the relative performance would be the same.

V. CONCLUSIONS

In this paper, we introduced a new programmable and
scalable optical cloud distribution network (OCLDN) archi-
tecture that enables the delivery of killer cloud services,
including Tactile Internet in a fast, efficient, and cost-
effective manner. We proposed a new dynamic wavelength
and bandwidth allocation scheme that employs the Water-
Filling technique and an advanced intra-ONU scheduling
discipline to meet the QoS requirements for all types of ser-
vices regardless of their data rates. Extensive simulations
validated the effectiveness of the proposed solution versus
existing schemes, and demonstrated its ability to meet the
stringent QoS requirements for all types of cloud and leg-
acy data services. OCLDN has the promise to be employed
by ISPs as they deliver killer cloud services to users and
add new sources of revenue.
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