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Abstract

With the advent of the 5G era, the rapid growth in demand for mobile content services has increased the need for additional

backhaul investment. To meet this demand, employing a content delivery network (CDN) and optical access solution near the

last mile has become essential for the configuration of 5G networks. In this paper, a cache-enabled architecture using the passive

optical network (PON) is presented to serve video on demand (VoD) for users. For efficient use of mobile backhaul, I propose a

request deduplication scheme (RDS) that can provide all the requested services missed in cache with minimum bandwidth by

eliminating duplicate requests for movies within tolerable range of the quality of service (QoS). The performance of the

proposed architecture is compared with and without RDS in terms of the number of requests arriving at the origin server (OS),

hit ratio, and improvement ratio according to user requests and cache sizes.

Index Terms: Cache, Backhaul, Passive Optical Network, 5G, Request Deduplication

I. INTRODUCTION

The demand for mobile content services in 5G is increas-

ing every year. To service movie and game content smoothly,

which requires high-definition and massive-connectivity, it is

necessary to introduce CDNs that can dramatically reduce

latency by moving a part of the original content to a distrib-

uted cache near subscribers. In particular, if the 5G infra-

structure is fully established, mobile IPTV, YouTube, and

over the top (OTT) services that need large bandwidths will

be major causes of wastage of backhaul capacity.

It is costly for internet service provider (ISP) to comply

with customer requests for mobile backhauls, as such back-

hauls are more capital intensive than fronthaul expansion.

Moreover, it is more difficult to impose a cost of network

usage for powerful content providers, such as YouTube, who

insist on network neutrality [1]. 

Meanwhile, a Passive Optical Network (PON), which

plays a role in the transport network in the last mile, has

been considered for 5G fronthaul. PON, one of the most

promising technological breakthroughs, significantly increases

traffic from Internet subscribers. Recently, a large number of

ISPs have selected it as a high-speed access system owing to

its cost efficiency and ease of maintenance. It has evolved to

the point of providing high scalability with 1:256 splitting

ratios, a 10 Gbps bandwidth, and 100 km service coverage

[2].

With respect to content delivery and request handling for

caching, the 5G fronthaul employing PON has the following

advantages [3]. 

• Single Copy Broadcast (SCB): a downlink signal is

broadcast to all users in the optical network unit (ONU)

throughout a splitter, which makes suitable for transport-

ing real-time broadcasting. 

• Periodical gathering and transmission: user requests

for videos are aggregated and then transmitted at once in
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the ONU. This enables handling of the excessive wast-

age of request packets due to a sudden increase in

requests for popular videos. 

• Centralized processing in OLT: the aggregated requests

arrive in the optical line terminal (OLT), and those are

processed as needed. This means that all collected

requests can be rescheduled before they are sent to the

OS.

Several studies have shown that an improvement in the hit

ratio through optimal caching and replacement algorithms

mitigates wastage of backhaul bandwidth [4-6]. A method

for sharing the caching capability using PON architecture

has been introduced [7]. In this study, the cache placed at

each ONU is moved to the remote node (RN) so that it can

reduce not only the number of local caches but also the bur-

den of backhaul traffic. However, large amounts of power

and space are needed in the RN owing to the added com-

plexity. In [8], to achieve sophisticated design of a control

plan based on cache-enabled PON architecture, software-

defined networking (SDN) was employed to manage video

traffic and the local cache. In [9], an architecture that

enables all ONUs to exchange data with each other without

breaking a passive property of the existing RN was pro-

posed. The studies mentioned above both applied an SDN to

control the cache data. However, for ISPs who do not have

the SDN infrastructure, such a strategy cannot be employed.

 It is preferable for ISPs to review an idea applied to a sys-

tem that is fully proven in the industry and compatible with

the existing system. In this context, this study focused on the

three advantages of a 5G fronthaul employing PON under

the condition of reusing the existing PON system and its

transmission protocol for data and control. 

In the paper, we first present a cache-enabled 5G network

architecture using the commercial PON as a fronthaul. Fur-

thermore, a request deduplication scheme (RDS) is proposed

to effectively remove requests for duplicate videos, which

results in bandwidth savings of the backhaul network. The

performance of the architecture with and without RDS is

compared in terms of the number of arrived requests in the

OS, hit ratio, and improvement ratio according to user

requests and cache sizes. 

II. REQUEST DEDUPLICATION USING PON

A. PON-based Cache-enabled 5G Architecture 

Recently, cloud-radio access networks (C-RANs) are being

used in mobile architecture owing to advances in wireless

technology and the cost efficiency of equipment. In C-RAN,

the digital unit (DU) belonging to the existing base station

(BS) is separated and transferred into the baseband unit

(BBU) located in a central office (CO), such as a virtualized

server [10]. 

Fig. 1 shows a cache-enabled 5G network architecture

using PON. PON herein acts as a bridge between the BBU

pool in CO and the ONU-remote radio head (RRH) as a

fronthaul. In a row, the connecting line between the BBU

pool and the mobile core is called a backhaul, which works

as a gateway where subscriber traffic from various routes is

gathered before it is transferred to the mobile core network.

In the mobile core, the OS that contains many of the origi-

nal videos prepares to stream the video for the requested

users. Near the ONU-RRH, on the other hand, there is a

local cache that copies a part of the popular videos from the

OS so that it can quickly respond to user requests. Whenever

a user requests a video, the ONU-RRH determines whether

the video is present in the cache. The video will be delivered

within a short period of time if found. Otherwise, the request

will be queued in the ONU-RRH and then sent to the OLT

later through the backhaul network. In this case, an addi-

tional delay may be incurred before the movie is shown to

Fig. 1. Cache-enabled 5G network architecture using PON for fronthaul
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the requester. 

In particular, we employ Ethernet PON (EPON) for the

fronthaul, which is commercialized and widely employed.

EPON is supposed to assign the bandwidth of each ONU-

RRH in the manner of time division multiple access

(TDMA) by synchronizing a time slot between them, which

is filled with a burst of Ethernet packets. Accordingly, the

collision never happens even though signals from different

ONU-RRHs are aggregated into a splitter connecting a single

fiber [3]. 

To each uplink data point from each ONU-RRH, a

REPORT message including the request information for both

the bandwidth and video during a time slot is attached. The

REPORT message is originally designed to inform the OLT

of the number of packets that are queued in the ONU. Its

function now extends to convey the request information that

cannot be found in the cache. The requests in the cache are

collected in the ONU-RRH until the REPORT departs and

then sent to the OLT at a scheduled time. Thus, irrespective

of how many requests come in, only a single REPORT is

used to send them, although a waiting time is added to the

request. 

Downlink data from the OLT is simultaneously broadcast

to all the ONU-RRHs connected to the splitter. Upon receiv-

ing the data, it checks if the destination is right by compar-

ing the logical link identifier (LLID) recorded in the

preamble field of the Ethernet packet to its own. If the desti-

nation is wrong, the data is discarded immediately [3]. 

B. Proposed Request Deduplication Scheme 

The work process of the RDS in cache-enabled 5G-PON is

described below. The OLT can handle all the packets going

through both the uplink and downlink. Among uplink pack-

ets, the REPORT is included at periodical intervals, as

shown in Fig. 2. All the requests for the videos in the cache

are queued in the ONU-RRH and sent to the OLT at the

scheduled time. Before the OLT opens all the REPORT messages

in turn, there is no way of knowing whether the REPORT

contains duplicate requests. First, it attempts to find and fil-

ter out duplicate video requests within REPORT 1. At the

same way, deduplication is made for REPORT 2. The fil-

tered requests of REPORT 2 are compared to the ones of

REPORT 1 and then the process of removing duplication is

performed again until REPORT N. In this way, only unique

video requests are sent to the OS that is connected to mobile

core network. 

Due to RDS, which centrally controls upcoming REPORT

messages, it is expected that the number of requests to the

OS can be reduced, which has a substantial effect on the

bandwidth savings of the mobile backhaul. Even when dupli-

cate requests are found, the corresponding service is not

ignored. Only a slight delay is added, which can be handled

by adjusting the latency (or delay) between the OS and the

requester so that it falls into the tolerance of QoS for the

video service. According to the QoS guideline specified in

[11], the latency for streaming the video should be no more

than 4 to 5 s. According to [12], the total transition time for

the webpage to load using a CDN is about 1 s if the request

is made in New York but the origin server is in Singapore. It

is possible to ensure QoS because the delay added by using

RDS is just a half of the polling cycle, which is normally set

to 2 ms in EPON. The effect of the RDS increases as the

number of missed requests increases.

C. Formulation of RDS

In general, user behavior with regard to the VoD service

follows a Zipf-like distribution [13]:

. (1)

P(i) is the probability of a request for an i-th ranked

movie, and i is an integer number from 1 to N. Please note

that the movies are sorted in ascending order of popularity.

Positive real number α is the skew factor that represents the

distortion degree of the function curve. Let N to be the total

number of movies provided by the OS. The constant C can

P i( )
C

i
α

----=

Fig. 2. Work process of the request deduplication scheme (RDS) in cache-enabled 5G-PON
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be found by the fact that summation of P(i) is equal to 1 as

follows: 

. (2)

Assuming the cache are completely filled with S number

of movies, hit ratio H is represented as follows [14]:

. (3)

Let R be the total requests represented as R = Σ
N

i=1Ri

where Ri means the number of requests for the i-th movie,

the number of requests in cache miss RM can be expressed as

. (4)

In a similar way, the number of requests after eliminating

duplicate requests for i-th movie RD can be represented as 

, (5)

where, .

Using (4) and (5), the improvement ratio or the gain when

using RDS ϕ can be found as

. (6)

III. PERFORMANCE EVALUATION

The proposed RDS over cache-enabled 5G architecture

using EPON was simulated using C++programming [15].

The EPON used for the fronthaul consisted of 16 ONU-

RRHs and an OLT connected to a BBU in the CO. The dis-

tance between those was about 30 km with a line rate of 1

Gbps. The cycle time until all REPORT messages were fully

aggregated was set to 2 ms. The requests were generated by

a Zipf-like distribution with a mean arrival rate of 10/s in

ONU-RRH. The skew factor was set to 0.801, but 0.6 and

0.9 were also used for comparison purposes. The OS had

1000 videos to serve in storage, while the number of videos

in the local cache was set to 50 by default. However, it var-

ied from 0 to 1000 for the experiment.

Fig. 3 shows the number of arrived requests at the OS with

and without RDS in accordance with the increase in movie

requests. As can be seen, the difference between the conven-

tional and proposed RDS increases as the number of aggre-

gated requests increases. Furthermore, the gap for cache size

S = 20 is much wider than that of S = 100. This is because a

reduction in the cache size decreases the hit ratio in the

cache so that the chance of duplication is increased with the

total number of requests aggregated in ONU-RRHs.

We now consider how skew factor α affects the perfor-

mance of RDS with various cache sizes. In Fig. 4, the gap

between the two curves is greatest when the cache size is 0.

However, the difference gradually decreases as the cache

size increases and then eventually disappears at S = 1000.

On the right vertical axis, the improvement ratio derived

from (5) represents the gain in RDS compared to the conven-

tional scheme. The curve with α = 0.9 lies above that with α

= 0.6 until the cache size increases to 30. Beyond a cache

size of 30, the two curves intersect. It is noted that with

C
1

Σj 1=

N 1

jα
----

-----------------=

H P i( )
i 1=

S

∑=

R
M

RS i+
i 1=

N S–

∑ 1 H–( )R= =

1 P i( )
i 1=

S

∑–

⎝ ⎠
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N
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R
D
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i 1=

N S–
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Fig. 3. Number of arrived requests at origin server versus aggregated movie

requests when S=20 and S=100.

Fig. 4. Number of arrived requests at origin server and improvement ratio

versus cache sizes when α=0.6 and α=0.9.
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larger α, the frequency to request lower ranked movies is

high. Moreover, if the cache size is too small to serve

requests, missed requests are directly sent to the OLT with

higher possibility of duplications. On the other hand, if the

cache size is high enough to serve most of local requests

(such as beyond 30), the property of long-tail with smaller α

makes high chance of duplication.

Fig. 5 reveals that the skew factors also affect hit ratio of

the RDS according to cache sizes. The curve of the hit ratio

when α = 0.9, which is represented by the solid line is

always above that when α = 0.6. As the cache size increases

to 1000, maximum storage capacity of the OS, the hit ratio

increases steadily, but the slop of the curve when α = 0.9

rises more sharply. The gain in RDS, which is represented by

dotted lines, is inversely proportional to the hit ratio, and its

effect drops sharply as the cache size increases. From the

results, we see that RDS is more effective when the cache

size is small, and the trend of requests is highly concentrated

for popular movies.

IV. CONCLUSIONS

In this paper, a cache-enabled architecture using PON is

presented to serve VoD for users. To save the bandwidth of

mobile backhaul, we propose a request deduplication scheme

(RDS) that can provide all requested services missed in the

cache with minimum bandwidth by eliminating duplicate

requests within a tolerable range of QoS. The performance

of the RDS is compared with that of the conventional

scheme with respect to the number of arrived requests at the

OS, hit ratio, and improvement ratio according to user

requests and cache sizes.
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