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Abstract 
 

One of the most innovative paradigms for the next-generation of wireless cellular networks is 
the cloud-radio access networks (C-RANs). In C-RANs, base station functions are distributed 
between the remote radio heads (RHHs) and base band unit (BBU) pool, and a communication 
link is defined between them which is referred as the fronthaul. This leveraging link is 
expected to reduce the CAPEX (capital expenditure) and OPEX (operating expense) of 
envisioned cellular architectures as well as improves the spectral and energy efficiencies, 
provides the high scalability, and efficient mobility management capabilities. The fronthaul 
link carries the baseband signals between the RRHs and BBU pool using the digital radio over 
fiber (RoF) based common public radio interface (CPRI). CPRI based optical links imposed 
stringent synchronization, latency and throughput requirements on the fronthaul. As a result, 
fronthaul becomes a hinder in commercial deployments of C-RANs and is seen as one of a 
major bottleneck for backbone networks. The optimization of fronthaul is still a challenging 
issue and requires further exploration at industrial and academic levels. This paper 
comprehensively summarized the current challenges and requirements of fronthaul networks, 
and discusses the recently proposed system architectures, virtualization techniques, key 
transport technologies and compression schemes to carry the time-sensitive traffic in fronthaul 
networks.  
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1. Introduction 

The demand for mobile data communications has been rapidly increased in last few years 
due to increased proliferation of smart devices and the number of users accessing 
bandwidth-hungry social and multimedia applications. A traffic forecast predicts that on 
average a cell phone user is expected to download data of around 1 terabytes annually in 2020 
and 60% of this data will be video based [1]. Next-generation cellular networks are expected to 
provide ultra-high reliability, capacity, and connectivity to a huge number of smart devices 
and sensors to the internet, forming an internet of things (IoTs) [2]. The telecom industry is 
thus developing 5G technology with the objective of providing extensive data rates, high 
throughputs, extremely low latencies, large coverage, seamless connectivity, high energy and 
spectral efficiencies [3]. The mobile companies have limited options to upgrade existing 
infrastructure to satisfy the capacity demands, such as by increasing the number of cells [4] or 
integrating the advanced antenna technologies like Massive MIMO [5]. The densification of 
wireless networks with such approaches results in unavoidable inter-cell interferences [6], an 
increase of CAPEX (capital expenditures) and OPEX (operating expenses) of mobile network 
operators (MNOs) due to the deployment of more base stations (BSs) and power requirements 
to operate the BSs at cell sites. Whereas, average revenue per user (ARPU) decreases due to 
users expectations to pay less for more data usage [7]. Therefore, an optimal network 
architecture to deliver more capacity at affordable rates while maintaining the QoS (quality of 
service)  are the requirements of next-generation 5G cellular systems. 
Cloud radio access networks (C-RANs) has been recently proposed to alleviate the challenges 
of traditional radio access networks and to deliver high capacity to mobile users in a 
cost-effective manner [8]. In legacy radio access networks, the base station functions were 
located at a cell site in a unified unit. Whereas in C-RANs, base station functions are 
distributed between the dynamically distributed RRHs, and BBUs which are clustered as a 
BBU pool at a central cloud [9]. The RRH comprises low power antennas and carries all the 
radio frequency (RF) functions required for signal radiation at the cell site. The BBU is 
responsible for managing computational functions of baseband signals at a separate location. 
In such network architectures, cell sites are much simplified as well as power consumption and 
physical space requirements are reduced. The BBUs of several cell sites can interact with each 
other at lower latencies as co-located at a centralized cloud. The base station virtualization 
improves the resources pooling gain at a cloud and enables the deployment of a number of 
RRHs at a cell site as required by the network operator at minimum interferences by adapting 
the collaborative radio techniques such as cooperative multipoint (CoMP) [10]. Moreover, 
C-RANs are cost-effective as the number of base stations required at a cell site significantly 
reduced due to virtualization of baseband functionality at a central cloud rather than at 
different locations [11]. However, despite the potential advantages of C-RAN architecture, 
they come up with emerging implementation challenges. A fundamental challenge in the 
commercial deployment of C-RAN is a communication link between the RHHs and BBU pool, 
known as the fronthaul (FH), which is expected to meet the stringent latency and throughput 
requirements in order to transport the time-sensitive traffic between the RRHs and BBU pool 
[12]. An example of general C-RANs architecture is shown in Fig. 1. 
The mobile network operators, telecom industry, and research community proposed a number 
of solutions to address the diverse challenges of C-RANs and fully exploit the advantages of 
base station virtualization for envisioned 5G cellular networks. To systematically show the 
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recent advancements and ongoing research activities, a comprehensive survey, especially on  
fronthaul networks can serve the researchers to understand the potential of fronthaul networks, 
exploit them further and develop more optimal solutions to make the C-RANs a reality in near 
future. The main contribution of this study can be summarized as follows:  
(1) A comprehensive survey of fronthaul architectures proposed by academia and industry is 

presented, based on different functional splits. The trend lines between the achieved 
latencies and throughputs under different functional split options are discussed. 

(2) The key virtualization techniques for next-generation fronthaul networks are 
comprehensively summarized. Particularly, advantages and role of software-defined 
fronthaul networks in C-RANs are surveyed.  

(3) The research proposals and recent developments in transport technologies to carry the 
massive data over capacity constraint fronthaul link are elaborated.  

(4) Recently proposed compression techniques to transport the time-sensitive traffic by 
efficiently utilizing the limited fronthaul bandwidth are summarized.  

The rest of the study is organized as follows: Section 2 elaborates the main requirements of 
fronthaul networks. Section 3 presents a survey of fronthaul architectures in term of functional 
split proposed by the academia and industry. In Section 4, advantages of virtualization 
techniques and software-defined fronthaul networks are surveyed. In Section 5, recent 
developments in transport technologies including microwave, copper, and optical 
technologies to carry fronthaul traffic in a cost-effective manner are discussed. In Section 6, 
various compression schemes are presented. Section 7 summarizes the paper with some 
concluding remarks. 

2. Main Requirements of Fronthaul Networks 
Although C-RANs brings many advantages for 5G mobile cellular networks, they do come 
with their own challenges and requirements. The virtualization of BSs functionalities and 

Fig. 1. The C-RANs general architecture 
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physical separation of control and data plans in C-RANs imposes stringent latency and jitter 
requirements on the fronthaul link [12]. Fronthaul networks have bandwidth constraints which 
affect the performance gains of spectral and energy efficiencies. In addition, fronthaul is the 
most cost dominant component of C-RANs due to densely deployed RRHs and requirements 
of expensive fiber resources to connect huge numbers of RRHs to the BBU pool [13] [14]. 
Therefore, an optimal functional split between the RRHs and BBU pool is required that must 
meet the stringent delay and capacity requirements in a cost-efficient manner otherwise 
fronthaul would remain a bottleneck in commercial deployment of future 5G cloud radio 
access networks.  
The 3GPP specification [15] defines the several functional splits between the RRHs or 
distributed unit (DU) and BBU pool or central unit (CU) to transport the baseband traffic over 
the fronthaul link. Each functional split has its own advantages and challenges. A high-level 
functional split has more efficient CoMP implementation capabilities, cost-effective and 
provides high multiplexing gains but imposes more stringent bandwidth, latency and jitter 
requirements on the fronthaul link. Whereas, a low-level functional split has flexible time 
synchronization and throughput requirements but requires efficient security mechanisms and 
lacks the implementation of CoMP services.  
A network protocol is required to transport the baseband signals over a high-level FH that 
must satisfy the latency and jitter requirements without under or overutilization of limited 
bandwidth. For this purpose, the telecom industry has defined three leading protocols to 
transport fronthaul traffic, namely OBSAI (open base station architecture initiative) [16], 
CPRI (common public radio interface) [17], or ORI (open radio equipment interface) [18]. 
CPRI receives the highest attention and is adopted by many companies and MNOs because of 
its efficient mapping techniques and interoperability. CPRI is a layer 1 and layer 2 protocol, 
supports the bidirectional transmission of digital radio signals in form of quantized IQ 
(in-phase and quadrature-phase) samples at a constant bit rate along with the specifications of 
data and control planes. The CPRI defined the RF-PHY functional split between the RRHs and 
BBU pool [19] and supports a wide range of data rates from 614.4 Mbps (option 1) to 24.34 
Gbps (option 10). Further, CPRI imposed stringent performance requirements on the FH and 
expecting to achieve one-way delay as low as 100µs and jitter up to 65ns. Further, it requires 
precise time synchronization, special equipment to support an operating range of 10 km with a 
BER (bit error rate) of less than 10-12, and frequency deviations from the CPRI link to the radio 
base station less than 0.002 ppm (parts per million) [20] such requirements can only be 
satisfied through an optical link [21], which further increases the FH deployment cost. In 
uplink transmissions from the numbers of RRH attached to a central BBU pool, an optical link 
can easily overwhelm due to continuous data transmission of CPRI protocol and a large 
number of attached users [22]. For instance, a LTE sector with 20 MHz bandwidth, 2x2 
MIMO configuration, and at CPRI line rate option 3 requires a data rate of 2.4 Gbps on the 
fronthaul link. Whereas, a 5G RRH equipped with 64 or 128 antennas, at CPRI line rate 
options 7 to 10 requires the FH bandwidth in the order of 100 Gbps, which increases the 
CAPEX due to expensive optical-switching equipment and large numbers of high capacity 
optical-interfaces between the densely deployed RRHs and BBU pool [22]. Therefore, 
compression schemes get attention as they are cost-effective and efficient in utilizing the 
limited bandwidth to transport the massive data. This requires the RRHs thus to perform the 
compression of received signals from all users before transmitting on the FH segment, and 
decoding functionalities at the BBU pool [23]. This solution introduces further technical 
challenges such as in densely deployed RRHs, user equipment receiving the signals from the 
multiple RRHs cause’s significant interferences, and require the large-scale pre-coding and 
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decoding schemes as well as precise channel estimation techniques at the BBU pool [24]. Thus, 
efficient compression, encoding, and decoding techniques are required for optical fronthaul 
networks to make them cost-effective. Recent advancements and solutions proposed to 
address the aforementioned fronthaul requirements and challenges in C-RANs are 
summarized in next sections.   

3. Fronthaul Architectures 
In 1G and 2G cellular systems, baseband processing and radio units were co-located as a single 
unit inside a base station. While in 3G and 4G cellular systems, the base station is divided into 
BBU and RRHs, which are located far away from each other. In the 5G systems, the 
functionality of BBUs are separated from the cell sites and relocated to a centralized BBU pool, 
where it serves multiple RRHs and the link between them is named as the fronthaul. Fig. 2 
illustrates the evolution of BSs virtualization from the first generation to fifth generation 
mobile cellular networks. 

 
Fig. 2. Base station virtualization. (a) 1G/2G networks. (b) 3G/4G networks. (c) 5G-CRANs 

3.1 Proposed FH Network Designs by the Academia  
In legacy RAN architectures all base station functionalities are integrated into the BBU 
making RRH relatively inexpensive but in C-RANs to reduce the load of the transport network, 
base stations functionalities are split between the RRHs and BBU pool. The FH architecture 
can be categorized as fully centralized, partially centralized and hybrid centralized [12]. In 
fully centralized architecture, functions of the physical layer (PHY), data link layer (MAC: 
medium access control and RLC: radio link control), and network layer (PDCP: packet data 
convergence protocol) of BSs are moved into the BBU pool, as shown in Fig. 3 (a). Fully 
centralized architecture has the advantages of high data rates, scalability, maximum resources 
sharing, support to CoMP techniques, implementation of scheduling techniques and efficient 
multi-standard operation support as well as RRHs are under low load. In this format, traffic on 
the fronthaul link is very heavy because processing of IQ signals is moved at a central location 
and a RRH has to forward all traffic to BBU pool without any filtration and elimination. A 
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partially centralized scheme is shown in Fig. 3 (b) in which radio functions (RF) and PHY 
functions are shifted to a RRH and upper layer functions remain in the BBU pool. In this 
approach, the burden of a fronthaul link is overcome by moving the baseband functionality to 
the RRHs, but with the functional split of the MAC layer, multi-cell collaborative signal 
processing capabilities (e.g. CoMP) are significantly decreased in this architecture. This 
solution to split base station functionalities is less optimal as compared to fully centralized 
architecture that can support advanced features such as CoMP to deliver signal processing on 
Layer 1, 2 and 3 at a central BBU pool. A third case, known as hybrid centralized architecture 
in between the fully and partially centralization is a scheme in which only cell or user specific 
functions are migrated from the base station and integrated into a separate BBU pool. This 
brings advantages through resource sharing and a reduction in energy consumptions [12].   
Several efforts have been made to choose an optimal functional split to achieve the desired 
performances in fronthaul networks. A trend line is derived in [25] to identify a tradeoff 
between the functional splits and their performances. Different centralization schemes in term 
of throughput and delays are evaluated in this study by varying the video traffic coming from a 
number of users over FH link towards the BBU pool. Fully centralization is suggested as the 
preferred functional split for the operators in term of user’s QoS but at a high implementation 
cost. The partially centralization scheme reduces the cost but also the throughput of the 
network.  The proposed fronthaul functional split [25] is classified into five types and their 
performances are shown in Table 1.  

 
A novel concept of RANaaS (RAN-as-a-Service) to increase the flexibility of fronthaul 
architecture is proposed in [26]. Unlike traditional splitting schemes, on-demand and flexible  
cloud services such as congestion control, MAC and PHY layer management, remote radio 
resource monitoring and network management are proposed and evaluated under different 
network traffic loads. A study [27] analyzed the various functional splits and estimated the 

Functional Split Latencies UL Throughput 
(Mbps) 

DL Throughput 
(Mbps) 

Split A - PDCP-RLC 30 ms 151 48 
Split B - MAC 6 ms 151 49 

Split C - MAC-PHY 2 ms 152 49 
Split D - UE-Cell 250 µs 1075 922 
Split E - BBU-RF 250 µs 2457.6 2457.6 

Fig. 3. Functional split between RRH and BBU Pool. (a) Fully centralized. (b) Partially centralized 

Table 1. Performances of different functional spits in fronthaul networks 
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cost and performances achieved by the functional splits. To achieve high data rates with fully 
centralization approach between the RRHs and BBU pool a two-layered SoftAir solution is 
suggested in [28]. This scheme produces the high throughput under high traffic load but 
re-routing after handovers and paging accuracy are main challenges to be addressed yet.    
 Another comprehensive comparison of different functional splits and their impact on 
fronthaul and backhaul networks is analyzed in [29] and four functional split are categorized. 
Split A is a fully centralized approach. In Split B, received uplink signals are shifted to the 
frequency domain. In Split C, precoding, modulation, and equalization are locally performed, 
while forward error correction coding or decoding and higher layer functions are performed 
centrally. In Split D, all physical layer processing is locally performed while layer 2 and layer 
3 functions are performed centrally. In partially centralization approach, results show that 
performance degrades in term of latency and throughput, as more functionalities are shifted 
toward the RRHs. Another concept of FH functional split is proposed in [30], which utilizes 
carrier aggregation (CA) among macro and small cell carriers. The physical layer and MAC 
layer functions are integrated into the RRHs and the control plane functions are performed in 
the BBU pool. This achieves high-performance gain by reducing the fronthaul burden and 
utilizing resources effectively. A fully centralized C-RAN architecture to serve hundreds of 
RRHs simultaneously and improve the network capacity is proposed in [31], as FH faces the 
huge amount of IQ sampling data when serving a large number of antennas at RRHs. To 
mitigate the huge data load while keeping the collaborative processing gain high, it is 
proposed to divide the physical functionalities into centralized and distributed parts. The BBU 
pool handles the precoding vectors and data symbols of users in the downlink. The RRH 
performs the precoding of user symbols and sends a radio signal over the link to reduce the 
network burden. Recently, a novel concept of fog computing- radio access network (FC-RAN) 
to solve the capacity and resource utilization issues at BBU pool is introduced [32]. Despite 
the innovative functional split design, this study requires more research on different aspects of 
fog computing concepts to make FC-RAN a new split option in future 5G radio access 
networks. 
There is a tradeoff between the split type, throughput, and delays which a functional split can 
deliver in FH networks. A functional split closer to the BBU-RF (fully centralized) can deliver 
maximum throughput but at a high implementation cost and stringent latency requirements. 
The more functionalities are shifted from BBU to the RRHs (partially centralized), the cost 
and latency requirements are less but throughput also decreases. Therefore, more optimal 
functional split techniques and architectures are needed to make C-RANs a reality. 

3.2 Proposed FH Network Designs by Telecom Industry 
Many efforts have been made by the industry for practical deployment of fronthaul networks 
for envisioned C-RANs. In 2010, IBM first time proposed the C-RANs concept and now many 
companies demonstrated the fronthaul integration in LTE-Advanced cellular networks. 
DOCOMO [33] began developing a real experiment setup to upload data from UEs at 2 Gbps 
speed and Samsung is investigating to achieve the uplink data rate up to 7.5 Gbps on a 
stationary device and 1.2 Gbps when device moving at the speed of 100 kilometers per hour 
[34]. The recent developments and industry proposals to advance fronthaul networks are 
summarized in Table 2. 
The mobile operators such as China Mobile and Korea Telecom are planning to deploy 
fronthaul networks commercially by 2020. Field trials are performed by the China Mobile and 
reduced the OPEX and CAPEX by 30% and 53% respectively for new cell sites as compared 
to D-RANs [44]. Korea Telecom together with Samsung is planning to deploy one thousand 
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GPP based server at one BBU pool, each server can manage 144 base stations. Also proposed 
a CCC (cloud communications center) architecture for C-RANs deployments [45]. However, 
achieving the desired capacity and latency requirements of FH are under investigation. 
 

Table 2. Industrial proposals for fronthaul advancements  

4. Virtualizations in Fronthaul Networks 
This section presents advantages of virtualization and recent advancements proposed to 
virtualize the fronthaul networks and computing resources at BBU cloud. The virtualization in 
networks provides flexibility to convert the physical networking model into the program-able 
and centralized management environment to reduce the cost and efficiently utilize the 
resources. An existing infrastructure is upgraded to support new applications without 
hardware up-gradations. SDNs (software-defined networks) and NFV (network function 
virtualization) are two important concepts to implement virtualization in networks and allow 

Year Corpor-
ate 

Proposed 
Technology 

Contribution 

2010 China 
Mobile 

[14] 

FH functional 
split 

A detailed C-RAN architecture is presented, Analyzed the 
technology trends and feasibility of C-RANs functional 
split with experimentations 

2010 IBM  
[35] 

Wireless 
network cloud 

Firstly suggested the concept of fronthaul networks. 
Decreases networking cost and brings the flexibility in 
RANs by separating hardware and software services 

2011 ZTE  
[36] 

Color fiber 
connection,  
WDM/OTN 

Introduces the enhanced and color fiber connections for 
fronthaul transport network, alleviates the fiber scarcity in 
order to fulfill the fronthaul requirements with less number 
of optical cables 

2011
2013 

Alcatel-L
ucent  

[37] [38] 

Virtualized cell 
sites,  Light 

Radio solution 

Reduces the overall resources processing without 
degrading the system performances. All-in-one small 
footprint to host all BBUs in a small box is proposed which 
reduces the cooling and rental cost of the FH networks 

2014 Nokia 
Siemens  
[39] [40] 

Liquid Radio, 
WCDMA 

software suite 

Improves the network utilization by adopting centralized 
FH architecture. Precisely manages unpredictable traffic 
demands and reduces the cost of ownership to facilitates 
the FH demands. 

2015 Ericsson  
[41] 

Automating 
network service 

lifecycle 
management 

Resource prioritization is implemented for FH. The latency 
of mission-critical traffic remain same even network 
reaches maximum congestion level and overloaded.  In a 
demonstration speed of 5 Gbps is successfully achieved  

2016 OSA 
[42]  

Combined the 
SDN, NFV, and 
OpenStack with 
the open source 

software 

Implemented a central cloud network using new entities 
and packet switching design on Linux-based computing 
equipment to achieve high capacity and reduce the 
stringent latency and jitter requirements of fronthaul 
networks 

2017 E-Blink 
[43]  

Wireless 
fronthaul 
systems 

Providing the capacity of 7.5 Gbps from 1 to 3 sectors up to 
400m line of sight communication based on LTE and 
UMTS frequency bands to comply the fronthaul demands 
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services to be automatically configured and executed without increasing the network cost [46] 
because high implementation cost (CAPEX) is a major challenge of FHs in C-RANs.  
Like traditional mobile networks, an SDN-based FH architecture mainly consists of three parts, 
a software controller, southbound and northbound parts. The software controller is responsible 
for controlling APIs, network resources, network operating system and maintaining a global 
view of the network. The southbound part provides an interface using the protocols such as 
OpenFlow [47] or OpenDaylight [48] between the software controllers and SDN 
infrastructur-es. The northbound part provides an interface between the controller and SDN 
applications.  
To take the advantages of SDNs and make the fronthaul segment more virtualized and 
dynamic, an SDF (software defined fronthaul) is introduced in [49]. An SDF is achieved by 
splitting the radio access network functionality into two parts, one of which is processed at the 
base station while the other is executed in a central processing BBU unit. The basic idea of 
using an SDF is to allow the decoupling of a network into data plane (to perform forwarding) 
and control plane (to perform configuration and management) and defining the mechanism 
between the two planes using a well-defined interface. The functions of the control plane are 
centralized in a software-defined fronthaul, which provides APIs (application program 
interfaces) to the operator for the given technology. Using software-based controllers, the 
operator has the options to instruct data plane nodes such as routers to perform data forwarding 
functions according to traffic requirements. To observe the user profiles and traffic load, a 
resource manager is needed with a high capacity switch for real-time reconfigurations. The 
resource manager performs two functions, firstly determining the total number of BBUs which 
are transmitting frames and defining a mapping method between the BBU pool and RRHs, and 
secondly allocates the processing cores to each BBU. After mapping, a resource manager sets 
the switching element to unicast/multicast mode and activate the specific output ports to 
intended recipient RRHs. The BBU pool can serve a number of small RRHs with this scheme, 
ensuring scalability, reliability and high capacity. 
An optimized framework of FluidNet [50] is proposed to improve the performance of C-RANs 
by intelligently reconfiguring the fronthaul between the RRHs and the BBU pool. FluidNet is 
tested in a partially centralized C-RANs, where better performance is achieved by reducing the 
load of RRHs. Results with a test bed consisting of a BBU pool and six RRHs in WiMAX 
show that FluidNet strategies and capability of adaptive reconfiguration achieves 50% 
impro-vement in data throughputs and reduces computing resource utilization in the BBU pool 
by 50% compared to legacy schemes. A software-defined wireless network controller 
(SDWNC) is introduced in [51], which is located within the BBU cloud. It acts as a supervisor 
and administrator node to control and apply the self-healing procedures to all cell sites based 
on the software defined-wireless networks. Due to the SDWNC location in the cloud, an 
optimal decision is made in a very short time to recover the fronthaul failures. It activates the 
self-healing radio procedures for all cell sites in an area affected by a failed cell site and 
deactivates the process after the failure is repaired. The proposed method is verified with 
simulations which indicate that at least 20% fronthaul failure rates can be recovered for any 
network topology. In [52], the author proposed a new packetized version of fronthaul traffic in 
5G cross-haul architecture to integrate existing and new fronthaul interfaces and technologies. 
Unlike existing techniques which only targeted the dynamic reconfiguration of the cognitive 
control planes and small cells, by joining the optical and wireless backhaul and fronthaul 
architectures, a new design of unified data and control plane is proposed for all types of 
fronthaul and backhaul network by applying NFV and SDN principles.  
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A case study [53] analyzed the long-distance optical fiber based FH networks by connecting 
the RRHs to metro-core central offices (MCCO) at minimum latencies. This study proposed 
the flex-grid optical transport networks to handle the low-cost wireless BBUs to transmit the 
OFDM (orthogonal frequency-division multiplexing) signals up to 40 km to provide a 
long-distance reliable connectivity in the fronthaul and backbone networks. RRHs are 
connected to the wireless BBUs which are attached to the MCCO via optical fiber. The 
experimental result shows that hardware virtualization using NFV techniques facilitate the 
efficient long-distance communication and significantly reduces the CAPEX of the FH 
networks. In [54], two SDN based techniques namely, vertical convergence and horizontal 
convergence are introduced to transport the traffic and achieve the flexibility in optical FH 
networks. In vertical convergence, multiple layers of network stacks are converged such as 
optical and radio domains. Whereas, in horizontal convergence, BBUs and networking 
resources are congregated. An OpenDay-light based controller is suggested to implement the 
flexible grid optical networks using the vertical and horizontal converges. This study shows 
that elastic lightpath provision as a C-RAN service can be achieved by adapting the horizontal 
and vertical convergences.  
An SDN based optical access network is experimentally demonstrated in [55] to achieve the 
resources virtualization between the RRHs and BBU pool. The result shows that RRH-BBU 
mapping using the software-based bandwidth allocation techniques improves the CoMP 
performance and utilizes the cloud resources more efficiently. The study [56] proposes a 
mechanism to associate the several RRHs to a single BBU pool. The proposed mechanism is 
emulated on the TWDM optical fronthaul network under different cell conditions. The author 
claims that efficient CoMP services, reduced data transmissions, and low latencies are 
successfully achieved with proposed schemes. A concept of BBU aggregation to multiplex the 
IQ samples of RRHs in time-sensitive fronthaul networks by improving the energy 
efficiencies is proposed [57] and evaluated with different cell sites including heterogeneous, 
micro, macro and pico cells. Numerical result shows that energy consumptions can be 
minimized especially in small cell scenarios by adapting the flexible BBU aggregation 
mechanisms. 
Although SDN techniques of the fronthaul are yet to be defined in the standard, the concept of 
introducing software layer above the control plane can assist a lot fronthaul architecture by 
increasing operability in using different vendor’s software and hardware components. SDF 
will enable the operators to manage fronthaul traffic loads and capacity virtually without 
changing the hardware components. However, a combination of proposed SDN and NFV 
techniques such as FluidNet, SDO, wireless BBUs, and SDWNC can be standardized and 
coupled together to achieve the self-configuration, load balancing, auto-failure detection and 
auto-healing features in fronthaul networks.  

5. Transport Technologies for Fronthaul Traffic 
In C-RAN architecture, the load on the FH link is 50 times higher than the backhaul link, 
which when coupled with the significant traffic demands make the fronthaul interface more 
complicated. For different network operators, the choice of adopting a transport technology 
for a FH segment depends on whether FH is deployed on top of legacy infrastructure or started 
from scratch. Therefore, based on the operator choice and network requirements, there are 
three options for a fronthaul transport link i.e. microwave based, Ethernet based, or optical 
based. A selected FH transport link should be capable of satisfying the stringent delay, jitter 
and throughput requirements in a cost-effective manner. This section discusses the potential of 
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currently available technologies and recent developments to carry the massive and 
time-sensitive traffic in capacity constraint fronthaul networks. 

5.1 Microwave-Based Fronthaul Link 
Typically, microwave can offer 100 Mbps to 1 Gbps data rate for long distances and up to 1 
Gbps for a distance of 1.5 km [58]. A study [59] proposes to apply E-band microwave as a 
transmission medium for FH interfaces at 70/80 GHz. In the laboratory conditions, up to 2.5 
Gbps transmission rate has been successfully achieved for a distance of 1 to 2 km while 
maintaining the delays in the range of few microseconds. Wireless fronthaul equipment has 
been developed by [43] to achieve the data rates up to 7.5 Gbps within the 70 MHz of spectrum 
for one to three sector of LTE. In [60] Wi-Fi standard IEEE 802.11ad has been proposed as a 
potential medium for wireless fronthaul networks that can achieve theoretical throughput up to 
7 Gbps in the laboratory setup but the range of Wi-Fi is very short as compared to microwave 
and limited to indoor communications only.  

5.2 Ethernet-Based Fronthaul Link 
One of a hurdle in commercial deployment of the fronthaul is a high implementation cost of 
the optical link. In an effort to make fronthaul interfaces cost efficient while achieving higher 
throughputs, many proposals have been recently suggested which are based on Ethernet 
switching equipment, such as CPRI over Ethernet (CoE) [61-67]. Because Ethernet is a mature 
technology, highly scalable, up-gradable to higher data rates, inexpensive due to its ubiquitous 
deployment and even for large FH networks, the configuration of Ethernet switches is feasible 
but delay and jitter are the major challenges.  
IEEE suggested two enhancements, i.e. IEEE 802.1Qbu [61], referred as Ethernet preemption, 
and IEEE 802.1QBv [62], referred as Ethernet scheduled traffic, to carry time-sensitive traffic 
in packet-switched networks. These solutions are not proposed directly for CoE enhancements 
but are strongly relevant and applicable to CoEs. The studies [63-64] thus brings attention to 
utilize the IEEE 802.1Qbu and IEEE 802.1Qbv to improve the Ethernet capability to meet the 
fronthaul demands in terms of delays and jitter. This study shows that standard Ethernet 
cannot meet the FH delay and jitter requirements but with the adoption of IEEE 802.1Qbu 
standard, delay within the acceptable range can be achieved. On the other hand, Ethernet with 
IEEE 802.1Qbv is efficient in reducing the jitter in some cases, but not in all, which means that 
coupling preemption and scheduling techniques together can be utilized to achieve desired 
delay and jitter values in Ethernet-based FH networks. Another attempt to investigate the CoE 
networks to evaluate the FH demands was carried out recently [65]. A Comb-Fitting (C-FIT) 
algorithm that is based on traffic scheduling (IEEE 802.1Qbv) is employed to reduce the jitter. 
Authors experimentally proved that packet-switched Ethernet technology is credible to 
transport CPRI traffic between the multiple RRHs and BBU pool while maintaining the delays 
and jitter within the fronthaul requirements under certain conditions such as at a low traffic 
load and low CPRI line rates referred as LER (load to Ethernet ratio). This study shows that by 
adopting the traffic scheduling techniques in fronthaul networks, delays within 100 µs and 
jitter within 65 ns can be achieved in 10 Gbps Ethernet switching networks.  
The IEEE 1904.3 working group [66] is investigating on standardizing the encapsulation 
techniques and transport protocols to carry the radio samples over the Ethernet-based 
fronthaul networks. The objective of this standards also includes a transport mechanism to 
carry a number of radio streams simultaneously over Ethernet link by adapting the radio over 
Ethernet (RoE) techniques. IEEE P802.1CM working group [67] is currently striving to 
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develop the new profiles, features, procedures and standardize the protocols for building a 
packet-switched network to transport FH streams without much delays over Ethernet link. 
Although, the concept of CoE or RoE has been clearly defined but more work is required to 
optimize the delays and jitter requirements to maximize the benefits of Ethernet based 
fronthaul in C-RANs. 

5.3 Optical-Based Fronthaul Link 
Fronthaul transport link is expected to meet both latency and capacity requirements, thus 
optical fiber is the most appropriate option due to its high capacity and capabilities to ensure 
the time synchronization between the traffic flows. Several studies evaluated the 
optical-fronthaul networks to maximize the RRHs per BBU, distances a capacity constraint 
link can support without degrading the performance and to reduce the number of fiber 
resources.  
A TDM based Mobile-PON (passive optical networks) scheduling algorithm and a PHY 
funct-ional split between the DU and CU is proposed in [68] to transport the CPRI traffic over 
the FH segment. This study shows that bandwidth utilization can be improved 10 times as 
compared to legacy PON transmissions with the proposed techniques. The study [69] 
proposed an optical ring topology to support CPRI specifications and fulfill the fronthaul 
traffic demands. In [70] to eliminate the serialization delays in optical bridged networks, a 
novel route optimization technique is proposed to transport the traffic of RRHs at guaranteed 
QoS. The simulation result shows that up to hundred RRHs can be attached to a BBU pool 
while fulfilling the fronthaul QoS requirements. In [71], colored fiber and enhanced fiber 
connect-ions are proposed to build the fronthaul networks to achieve 10 Mbps to 1 Gbps data 
rates in dense areas at low cost.  
A non-hierarchical WDM solution for fronthaul networks is discussed in [72]. This work 
shows that such proposed solutions can improve the network transparency and costs especially 
in clustered based base stations. The author suggested to utilize PONs or metro rings to 
support the CPRI traffic in fronthaul networks and implemented a point-to-point WDM setup 
to show 48 CPRI links per fiber successfully. Coarse-WDM (wavelength division 
multiplexing)-PON is a cost-effective solution but support limited channels. Whereas 
Dense-WDM is a preferred solution that can support dynamic channel allocation techniques 
and up to tens of Gbps data rates with NG-PON (next generation-PON) technology but 
DWDM is cost ineffective. However, E-PON (Ethernet-PON) and GE-PON (Gigabit 
Ethernet-PON) are two cost effec-tive alternative options to achieve data rates from 1 Gbps 
and 10 Gbps respectively. 
ZTE proposed [73] the enhanced fiber connection and colored fiber connections as a feasible 
solution for widespread C-RAN deployments. This solution connects 18 cascaded RRHs with 
one pair of fiber along with the utilization of mature DWDM, OAM (operations, 
admini-stration, and maintenance) and FEC (forward error correction) to fulfill the 
requirements of LTE. A high-capacity optical FH network architecture is implemented in [74] 
based on wavelength sharing in which several cell sites share a single DWDM channel rather 
than several channels. On a single wavelength, four 20 MHz LTE, 16-QAM signals at a 
spacing of 100 MHz can be multiplexed to increase the spectral efficiency in the FH network. 
This work integrated the SCM (sub carrier multiplexing) with DWDM for downlink 
transmission and utilizes ultra-dense WDM allocation over DWDM at wavelength spacing of 
1 GHz. With proposed uplink and downlink techniques, the author claims that a high capacity 
and spectrally efficient optical-FH networks can be realized. A transport network solution 
using DWDM is established in [75] that reduces network complexity, improves load balancing 
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and provide redundant paths along with auto configurations in the network. A study [76] 
proposed the techniques to recuse the existing PON infrastructure to be a bearer for IQ traffic 
between the RRHs and BBUs using DWDM-PON and coherent optical OFDM with small 
channel spacing to reduce the cost of the network. An OFDM-WDM architecture based on 
UniPON is proposed and evaluated in [77]. It is shown that such networks can carry 14 
wavelengths per fiber and reduces the cost because of resource sharing. A recent work [78] 
validates the multi-core fiber (MCF) suitability for fronthaul networks. This study shows that 
worst IC-XT (intercore-crosstalk) reaches up to 9.6 dB. Experiments are performed by 
aggregating three LTE-A carrier’s transmission with radio over fiber technology. The author 
proposed to apply MIMO-MCF mitigation schemes to achieve high throughput and better 
performances than SISO (single input single output) transmission.  
A concept of photonics-aided amplification is proposed in [79] to enhance the SNR, improve 
the throughput and mitigate the cell edge user interferences for next-generation FH networks. 
The experimental results show that throughput of FH networks are doubled and BER is 
improved by 2.5 dB with the utilization of photonics-aided amplification. A feasibility of 
utilizing RoF with WDM is demonstrated in [80]. An experimental setup for sharing 
cloud-based RoF in small cell network is developed for two operator’s coexistences to deploy 
a versatile, power-efficient and cost-efficient fronthaul network. Table 4  summarized the 
recent developments and proposals to utilize the optical fiber as a transport technology for FH.  

 
Table 4. Optical transport technologies proposed for FH networks  

Optical 
Technology 

Contribution Limitations 

TDM-PON 
[68] [69] 

Improves the network performance and 
FH bandwidth 10 times for CPRI traffic to 
achieve the cost-benefits of PON networks 

Increases the complexity of FH 
interface and overhead at 
switches due to scheduling 

TDD-PON 
 [70] 

Transport the fronthaul traffic of 100 
RRHs in a bridged network at guaranteed 
QoS 

Proposed an intelligent optical 
switch architecture which is 
difficult to design  

WDN-OTN  
[71] 

Provide solutions to connect RRHs with 
BBU in dense areas to achieve speeds 
from 10 Mbps to 1 Gbps 

Utilization of WDN-OTN and 
colored fiber with connections 
increases the deployment cost 

Non-hierarchical 
and point-to-point 

WDM 
 [72] 

Improve the transparency and network 
cost especially in centralized base stations. 
Around 48 CPRI flows can be multiplexed 
per optical fiber 

Increases installation cost. 
Traffic monitoring and load 
balancing is required to retain 
the network performance 

DWDM with OAM 
and FEC [73] 

Connect 18 cascaded RRHs per fiber to 
fulfill fronthaul capacity requirements 

High complexity and costly 
systems 

SCM-DWDM [74] High spectral efficiency and throughput Increase the cost 
DWDM 

 [75] 
Reduces network complexity, provides 
load balancing, auto configurations 

Costly and increases the SNR 

DWDM-PON, 
Coherent optical 

OFDM [76] 

Reduces the cost due to the utilization of 
existing PON infrastructure and small 
channel spacing methods 

Complex and costly 

Uni-PON, 
OFDM-WDM  

[77] 

Multiplexed and transported 14 
wavelengths per fiber successfully while 
maintaining the BER within limits  

Increase the complexity and 
causes high attenuation in the 
FH network 

Multi-core Fiber 
[78] 

Proposed MIMO based transmissions to 
achieve better performance and capacity at 

Increases the implementation 
complexity and cost of the 
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To support CPRI traffic over the optical-based fronthaul networks various switching 
equipment has been developed by telecommunication industry. The study [81] developed a 
CPRI Bundle to validate and test the CPRI protocols using programmable high-speed FPGA 
based serial modules. A module is introduced in [82] to reduce the time and cost of testing 
RRHs and BBUs communication based on RF and CPRI protocols with auto detecting and 
auto-configuration feature to reduce the errors and ease the testing. A CPRI MUX is 
developed by [40] to aggregate, encapsulates, and transport the traffic of several RRHs over 
CWDM and DWDM optical links.  A Fat-Tree dynamic routing switch [44] is developed by 
the China Mobile to support more than 10k carriers per BBU pool. The performance of CPRI 
over OTN has been analyzed by [83] using the OTN processors as a switch to map client 
signals into ODU (optical channel data unit) [84].  
To conclude, currently available optical fiber technologies especially CWDM-PON and 
DWDM-PON are the preferred possible solutions for deployment of practical FH networks to 
achieve throughput up to tens of Gbps but at a high deployment and equipment cost while 
E-PON and GE-PON are more cost-effective alternatives to achieve data rates up to 10 Gbps 
at latencies in few microseconds. Ethernet is a cost-effective solution to carry CPRI traffic but 
requires the advanced algorithms like traffic scheduling to route the CPRI streams at low 
latencies in order to meet the fronthaul requirements. Microwave technologies can be utilized 
for short distance located RRHs from BBU pool at a low traffic load to support data rates up to 
1 Gbps. 

6. Compression Techniques for Fronthaul Interface 
A standard solution for fronthaul transport network can be optical fiber to carry the massive 
streams of CRPI in form of IQ samples between the RRHs and BBU pool. In C-RANs, even 
under normal traffic conditions bandwidth required to carry IQ samples is high. For instance, 
as investigated in [83], an LTE macro-base station with limited functionality requires the data 
rates that exceed the 100 Gbps. The problem is more dominant in the case of densely deployed 
RRHs, in which a user equipment with few Mbps of capacity can easily overwhelm the 10 
Gbps of optical capacity even under moderate traffic conditions. Therefore, efficient 
techniques are needed to transport the massive FH data over a capacity-constrained link such 
as the use of non-linear quantization, reducing signal sampling rate, and frequency sub-carrier 
compression or compression of IQ data [14]. IQ data compression is the most preferred 
solution proposed so far due to the fact that it offers efficient capacity utilization and improves 
the network performance as compared to non-linear quantization that increases the interface 
complexity between BBU and RRHs and signals sampling causes performance degradation 
[14]. A network operator needs to either utilize compression schemes or own substantial 
amount of fiber to provide the required capacity. However, by just applying the compression 
techniques in uplink and downlink, the cost of fiber resources and optical equipment can be 
saved. Therefore, IQ compression techniques get much attention of the researcher community 
and industry. Recently proposed compression schemes to improve the utilization of fronthaul 

low inter-core crosstalk  network 
Photonics-aided 

amplification 
 [79] 

Improve throughput, reduces cell edge 
user interferences and SNR. BER is 
reduced 2.5 dB times 

Require complex setup for 
fiber transmission that results 
in high CAPEX 

Cloud RoF- WDM 
[80] 

Provide operators coexistence, reduces 
cost and power utilization 

Require extensive control and 
management protocols at cloud 
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bandwidth while retaining the 3GPP requirements of EVM as low as 8% for 64 QAM and 
BER 1.9 x10-3 respectively [85], minimizing the SNR, maximizing the weighted sum and 
compression ratios are summarized in this section.  

6.1 Uplink Compression 
For uplink compression, RRHs compress the received baseband signals and transmit them to 
the BBU pool where decompression and decoding on received signals are performed. To 
achieve the low BER and SNR, a concept of CCT (charnes cooper transformation) is 
suggested [86] with difference-of-convex programming to devise an algorithm to reduce 
localization errors of the single RRH traffic with the worst-case scenario in capacity 
constrained FH. Distributed compressive sensing and joint recovery techniques are applied for 
compression of IQ data and end-to-end signal recovery algorithm is proposed [87]. A tradeoff 
between the distributed fronthaul load and uplink capacity is analyzed to make the proposed 
technique applicable to practical deployments. A comparison of per active user throughput on 
a fronthaul link as a function of the number of bits per link is performed for various 
compression schemes with variable active users by maintaining the transmitted SNR to 20 dB. 
It is observed that per active user throughput is supposed to increase as the FH load increases. 
It is also induced that the proposed scheme shows performances as high as those of the ideal 
Genie-aided ZF, and as the fronthaul load increases then the probability of RIP (restricted 
isometry property) and of correctly detecting active users is also increases. Hence, results 
provide the foundation to apply carrier sensing schemes on uplinks.  
Unlike the previous schemes in which RRHs and the BBU pool are directly connected, a 
multi-hop fronthaul scenario [88] is analyzed, in which RRHs communicates with BBU 
through intermediate RRHs. In this configuration, multiplexing and forwarding methods may 
become less feasible with densely deployed RRHs. The DPR (decompress process and 
recompress) scheme is proposed to solve this problem, in which every RRH first decompress 
the signal and applies linear processing to decompress the received signals. In this work, the 
advantages of in-network processing are explained with a comparison of the performance of 
multi-hop scheme and DPR scheme. Uplink compression based on uniform quantization and 
OFDM is proposed by [89] in which each UE is allocated orthogonal sub-carriers for 
transmission. This maximizes the system throughput with quantization and wireless power 
control. The results show that significant performance gain is achieved with the proposed 
scheme, which reveals the possibility of supporting dense RRHs deployment with 
compression techniques. 
The SCF (spatial compression and forward) technique is proposed in [90] to manage and 
control traffic from the RRHs for uplink transmissions. The RRHs firs perform linear spatial 
filtering to remove noise in this scheme then compares the signal from the UEs to a minimum 
dimension, performs uniform scalar quantization on outputs, and then forwards the quantized 
bits to the BBU pool for decoding. This scheme with a BBU’s joint resource allocation on 
radio and FH links maximizes the minimum SINR (signal-to-interference-plus-noise ratio) of 
users and reduced the burden on the links.  

6.2 Downlink Compression 
The downlink signals go through channel coding, precoding, separate or joint compression at 
the BBU pool, and decompression at the RRHs before transmission to a particular user in the 
network. An efficient compression scheme is proposed by Alcatel-Lucent Bell Labs that 
decreases the FH interface traffic to 8 Gbps from 18 Gbps at 44% compression ratio [40]. An 
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adaptive compression algorithm is utilized [91] to remove the frequency redundancy and 
achieve the compression ratio 25% to 50% and EVM from 0.5% to 8% for LTE signal over 
CPRI interface. A joint precoding design and compression for multi-cluster C-RANs are 
studied in [92]. The weighted sum rate is maximized between multiple clusters with an 
iterative algorithm which converges to an optimal point of the problem, this inter-cluster 
design based scheme and multivariate compression together improves the performance of 
compression algorithm. The scheme based on block-ergodic channel fading is discussed in 
[93], which considers stochastic and instantaneous CSI (channel state information) for joint 
fronthaul compression design and precoding of C-RAN downlinks. Two different functional 
splits are studied in this research for the RRHs and BBUs at a physical layer to increase 
ergodic capacity and reduces the SNR. 
The lossless compression scheme is utilized in [94] that is adaptive to the network load. To 
reduce the load on a fronthaul link only that information are transmitted which are required to 
reconstruct a control signal at the RRHs. A special constellation coding is employed to 
represent the QPSK, 16 QAM and 64 QAM modulations in the compression method. This 
scheme achieves the compression ratio of 33% at full network load and 7% at a load of 20%.  
An efficient baseband signal compression algorithm to reduce the transport data rates is 
proposed in [95]. It reduces the EVM to 8% as required by the 3GPP system for 64 QAM 
signals and to meet the LTE’s ACLR (adjacent channel leakage ratio) requirements, the 
propo-sed scheme provides the ACLR of less than 45 dB when a relative data rate is higher 
than 27.78%. It also provides very flexible and implementable solutions to various wireless 
systems by changing parameters, without changing the architecture, which results in cost 
reduction.  
The uplink and downlink compressions techniques can be suitable solutions for fronthaul 
networks. The uplink compression is more challenging in fronthaul due to sparsely 
distribution of UE signals. Point-to-point compression in UL is efficient in reducing the 
number of transmissions and improving the throughput while spatial compression can be 
utilized to reduce the SINR. In DL, lossless compression proves promising to enhance the 
weighted sum and detecting the number of active users to allocate the resources accurately 
while the block-scaling with quantization techniques are effective in reducing the EVM and 
SNR at high compression ratios. Therefore, by utilizing efficient compression techniques, the 
load on capacity-constrained FH can be decreased without increasing the number of fiber 
resources. 

7. Conclusion 
In this paper, a survey of fronthaul requirements and recent developments in term of 
architecture, virtualization techniques, transport technologies, and compression techniques are 
presented. These aspects are surveyed to identify the extensive challenges and solutions that 
are recently proposed to make the fronthaul a credible technology for commercial deployment 
of C-RANs in future 5G mobile cellular systems.  
It is concluded that more rigorous investigation is required to transform legacy fully 
centralized C-RAN architecture into partially or hybrid centralization architectures to achieve 
required throughputs and latencies. Software-defined fronthaul networks can be a promising 
solution to provide real-time mobile cloud computing services and virtually traffic load 
management in C-RANs. Novel SDN-based infrastructures and algorithms are still needed to 
achieve the better traffic management, QoS, self-optimizing, self-configuring, and 
self-healing operations under different traffic trends.  
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On the other hand, cost of the fronthaul link can be reduced by adopting technologies such as 
CPRI over Ethernet and microwave for short distance communications. Uplink and downlink 
compression techniques have a high potential to efficiently reduce the fronthaul traffic load 
and save the fiber resources, as they only require extra compression and decompression 
modules at the cost of high complexity in the network.  
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