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Abstract
LTE-A network offers data rates up to 1 Gbps which is 10 × faster than LTE catering to 
growing demand of users. LTE improves user experience by reducing latency and increas-
ing bandwidth efficiency. The emerging services and key enhancements such as Further 
Enhancement of Downlink Multiple-Input Multiple-Output (MIMO), Heterogeneous Net-
works, and Carrier Aggregation (CA) in LTE-A has improved performance of LTE-A net-
works. Scheduling optimization still remains one of the biggest challenges in high speed 
data transmission network. Scheduling in LTE-A networks are performed at various lev-
els; User Equipment (UE), Serving Gateway (SGW), Air Interface and eNodeB. Remote 
Radio Head (RRH) is an extremely specialized device installed at antenna of eNodeB for 
optical to electrical signal conversion, amplification of signals and Uplink and Downlink 
Scheduling. Resource scheduling at Antenna of eNodeB module is constituted as a signifi-
cant research optimization area. This paper proposes a soft computing based scheduler for 
RRH. Results of proposed technique are evaluated on Fairness Index, Throughput, Spectral 
Efficiency and Rank Indicator Distribution. The proposed algorithm aims to improve per-
formance of scheduling. From experimental results, it is observed that proposed model suc-
ceeds to achieve significantly better performance as compared to state-of-art algorithms.

Keywords  LTE-A · RRH · Scheduling · Proportional fair algorithm

1  Introduction

LTE (Long Term Evolution) was introduced in last decade with 100 Mbps maximum 
speed, which was 10 × faster than existing 3G networks. LTE-A (Long Term Evolu-
tion–Advanced)) network offers 1 Gbps data rate which is 10 × faster than LTE. LTE 
improves user experience through increases in bandwidth efficiency and reduced latency. 
The first LTE networks (3GPP release 8) were confined to maximum frequency of 20 MHz 
[1]. But LTE-A increased frequency to 100  MHz by combining frequency of 5 carri-
ers. LTE-A not only allows user more spectrums, it does so more efficiently by increas-
ing number of antenna paths. Various physical layer technologies; MIMO and OFDMA 
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have increased its performance [2]. The support for multimedia applications; (i) Video 
Conferencing, (ii) Audio Conferencing, (iii) HD Video Streaming has made LTE-A most 
significant for users and service providers [3]. Goals, LTE-A was expected to achieve;(i) 
Increased Data Throughput, (ii) Decreased Latency, (iii) Improved Flexibility of Spectrum 
Allocation, (iv) Increased Reliability of Data Transmission and (v) Increase in Communi-
cation Efficiency. Data rate should be increased when require more speed over the inter-
net [4]. Latency is basically time required to travel data from source to destination with 
processing time. Decreased latency means reducing time for data travel and processing. 
Increased or improved flexibility of spectrum allocation means that transmission of data 
should be reliable and reliable data transmission at cell edges. Increase in throughput is 
basically dependent on two parameters. Increase in Transport Block (TB) size which is 
possible if there is an increase in modulation depth. To increase modulation depth, use of 
high modulation techniques is very important. Much advancement is fabricate in mobiles 
and its Networks. A network may be owned by private or Government, that obeys to 4G 
standards. It uses time division duplex (TDD) and frequency division duplex (FDD) modes 
for mobile station (UE) to correspond with base station (eNodeB). Increase in through-
put is also dependent upon an increase in carriers. Therefore it is stated that throughput is 
directly proportional to number of carriers. Flexible spectrum allocation is yet another sig-
nificant means by which throughput can be increased. MIMO is another factor which helps 
increase throughput [5].

Figure 1 illustrate the architecture of LTE with three basic components of LTE (i) UE 
(User Equipment), (ii) eUTRAN and (iii) EPC.

1.1 � UE Architecture

Operators are migrating to VoLTE because it is affordable and more versatile. With appear-
ance of IoT, the number of connected devices is predicted to 28 Billion by 2021. Now in 
this context latency seem more significant than bandwidth. So, a faster backhaul is the need 
of hour. In LTE permittable delay range is 50 ms to 300 ms depending upon standard of 
service. The significant changes were existed in radio access, but in order to access radio 
a device needed. The mobile device is referred to as User Equipment (UE). The internal 
architecture for user equipment in LTE is identical to UMTS and GSM (mobile equip-
ment). The mobile equipment comprises of following modules as shown in Fig. 2. Mobile 
Termination- Handling of all communication functions by module. Terminal Equipment- It 
terminates all data streams and basically it consists of an antenna. Universal Integrated 

Fig. 1   Basic LTE architecture
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Circuit Card- It as commonly known as SIM card. LTE, SIM card can either run an appli-
cation called Universal Subscriber Identity Module (USIM).

In LTE, SIM card can run on an application named USIM. It also has ISIM (IP Multi-
media Services Identity Module). ISIM carries significant information processed in SIP; 
(i) IMPI (IP Multimedia Private Identity), (ii) domain, (iii) IP Multimedia Public Identity 
(IMPU) and (iv) Cipher keys (encryption information). So these applications are processed 
for SIP/IMS procedures consequently VoLTE calls.

1.1.1 � eUTRAN Structure

LTE architecture consists of eUTRAN (evolved Universal Terrestrial Radio Access Net-
work) which consists of only node (eNodeB). It is derived from the UMTS (3G) base sta-
tion “NodeB” with “e” referring to “evolved”. eNodeB communicates with UE directly 
on one side as illustrated in Fig. 1 through an air interface and with EPC (Evolved packet 
Core) on other side with MME, PGW, SGW and PCRF.

The main function of eNodeB is to send/receive radio signals to/from antennas. The 
eNodeB has 4 important interfaces; (i) S1-U, (ii) SGW, (iii) S1-MME and (iv) XZ S1-U 
directly communicates with SGW (Serving Gateway) through routers. S1-MME commu-
nicates from eNodeB to MME and carries control plane information. XZ interface inter-
connects eNodeB through switches and routers. The most complex node in LTE-A is base 
station eNodeB. eNodeB consists of two major elements RRH (Remote Radio Head) and 
(Base Band Unit). RRH (antennas) is also called RRU (Remote Radio Unit) which is vis-
ible parts of mobile network. They are responsible for modulation and demodulation of 
signals transmitted/received over air interface. BBU (Base Band Unit) consists of digital 
modules for processing signals transmitted/received over air interface and acts as interface 
to core network over a high-speed backhaul connection (Fig. 3). 

The Scheduling of uplink/downlink data to/from the UE are considered ad most signifi-
cant research problem in literature. eNodeB scheduling is performed at various levels and 
devices but Remote Radio Head (RRH) scheduling is considered as a critical problem in 
literature [6] [7]. Figure 4 illustrates the RRH. In the proposed model scheduler is deployed 
at downlink channel processor of RRH and a comparative analysis is performed with 
existing models from literature [7] [92] [93]. Extensive literature analysis indicates less 

Fig. 2   Internal architecture of UE
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significant on schedulers is performed in LTE networks, however some significant work is 
performed in RRH for cloud based systems.

1.1.2 � Evolved Packet Core (EPC)

The EPC is also referred to as the Core Network (CN). The EPC is responsible for com-
mand of User and Utility Equipment (UE). EPS consist of 5 components (i) Policy Control 
and Charging Rules Function (PCRF), (ii) Home Subscriber Service (HSS), (iii) Serving 
Gateway (S-GW), (iv) PDN Gateway (P-GW), (v) Mobile Management Entity (MME).The 
Operator can deploy each component as independent physical device, or merge it depend-
ing on needs and availability or.

1.2 � Carrier Aggregation and Radio Resource Management

The major change that LTE-A possesses is support for carrier aggregation (CA). CA basi-
cally increases bandwidth by combining various spectrums of available bandwidth. For 
example, if three spectrums α, β and ɣ Hz and plan to employee them simultaneously like 
αβ and ɣ Hz or α and βɣ Hz or αβɣ Hz. This dynamic allocation of spectrum is signifi-
cant for transferring large chunks of data. LTE supports 8 layers downlink and 4 layers 

Fig. 3   Internal architecture of 
eNodeB

Fig. 4   Architecture of RRH
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uplink. LTE-A radio network reduced latency to 10 ms as compared to LTE. LTE-A also 
provides mission critical public safety communication and cost-efficient connectivity for 
IoT. In wireless systems, there are two types of handover procedures (i) horizontal and (ii) 
vertical handovers. Horizontal handovers procedure is performed between cells of homo-
geneous network. Vertical handover procedure is performed between two cells from differ-
ent networks [7]. The physical components required in handover are UE and RRH (eNo-
deB). Hence efficient is necessary for smooth handover. Extensive literature lacks work on 
smoothening transition process (especially on RRH) and scheduling. Figure  5 illustrates 
various components of LTE-A.

Radio resource management is generalized term to represent all radio related functions 
(Assignment, Management and Scheduling). It is directly related to providing better QoS 
to user. QoS requirement by user are application specific. For example VoIP and brows-
ing requires high data rate with low transmission loss and low latency in contrast to Video 
Streaming Dynamic environment need soft computing based schedulers which have a 
proven their significance [8] and scheduling can be termed as most significant problem in 
LTE.

DCI (Downlink Control Information) is a part of RRM plays important role during 
data transmission. Without DCI, data cannot be decoded. Figure  6 illustrates downlink 
scheduling.

DCI consist of following information (i) Resource block used to carry data (ii) Demodu-
lation scheme to decode data (iii) Resource Allocation (iv) Power Control and (v) CQI 
Report Request. CSI (Channel State Information) is a collective name for several types of 
indicators (i) Channel Quality Indicator (CQI) (ii) Precoding Matrix Indicator (PMI) (iii) 
Precoding Type Indicator (PTI) and (iv) Rank Indicator (RI).

The QoS is directly proportional to scheduling algorithm adopted by NodeB and its sub-
modules. RRH holds a very crucial position. The performance of LTE-A is evaluated on 
various parameters; (i) Throughput, (ii) Spectral Efficiency, (iii) Fairness Index and (iv) RI 
Distribution. The performance of LTE can be significantly improved by selection of most 
optimal scheduling algorithm [9]. Hence, scheduling algorithm selection is based upon 
RRM, data rate, bandwidth availability, application and traffic.

Fig. 5   Components of LTE-A
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2 � Literature

Previous generation, base stations were controlled by control device 2G: Base Stations 
Controller (BSC) and 3G: Radio Network Controller (RNC). The controllers were respon-
sible for setting up radio links to wireless devices via base stations. LTE-A detached this 
concept as it required significant resources. Most applications on device only transmit 
information in bursts with a long timeout. During inactivity, interface between mobile 
devices has to utilize available bandwidth efficiently to reduce power consumption. Packet 
switching generates a lot of load due to frequent switching of unit interface state. So this 
management task was distributed to speed up connection establishment time and reduce 
time for handover which is crucial for real-time services. Thus LTE-A network is a simple 
flat network of interconnected base stations without a centralized controller.

Soomro et al. [10] discussed massive MIMO based upon restructuring of RRH for good 
mobility. They considered two scenarios is placement of RRH in each cell. One was circu-
lar distribution and other was PPP distribution. The results hence obtained were in favor 
of Circular Distribution instead of PPP Distribution. But scheduling algorithm was not 
discussed.

Capozzi et al. [11] discussed various issues while designing a scheduling algorithm. For 
example there are various algorithms which focusses more on fairness index while others 
focusses on throughput, spectral efficiency, latency etc. However research to strike a bal-
ance between all important parameters required to get optimal results. This is due to fact 
that different applications have different QoS requirements.

Monghal et al. [12] introduced a new scheduling algorithm based on PF algorithm that 
tried to balance coverage of network as well as cell throughput. Kwan et al. [26] proposed 
maximize throughput using PF algorithm. Author reports with increase in complexity of 
optimization problem, performance of PF algorithm also increased. A fairness index based 
approach was employed in Proebster et al. [6] and Li et al. [27]. This algorithm actually 
utilize adaptive scheduling which able to dynamically adjust fairness index based upon 
inputs received.

Saeed et al. [13] proposed a new mapping and planning scheme of QoS classes for con-
verted Wi-Fi LTE network to ensure that end-to-end QoS support is provided transpar-
ently. A mapping was created between quality classes of LTE and Wi-Fi service and then 

Fig. 6   Downlink scheduling overview
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a scheduling algorithm was presented. For scheduling, traffic is divided into components 
in real time (RT) and not in real time (NRT) with a complex two-step queuing strategy. In 
first phase, Deficit-Weighted Circular Queue (DWRRQ) and class-weighted average queue 
(CBWFQ) are employed for RT and NRT applications respectively, to separate and transfer 
traffic based on resource requirements. In second phase, Priority Control Queuing (RCPQ) 
is employed for all types of traffic to assign class an appropriate priority level. The evalua-
tion of convergent network performance was performed on various measures (jitter, end-to-
end delay, throughput and packet loss percentage). The simulation results show significant 
improvements on RT with a slight deterioration on NRT applications on new scheduling 
algorithm.

Leinonenet et  al. [14] and Varadarajan et  al.[15] discussed a round robin scheduler, 
which is among the conventional methods of efficiently distributing resources in networks. 
It ensures fairness by giving each client an equal share in transfer time of packet. The pro-
cess frequency, tends to decrease significantly. The algorithm does not take into account 
channel’s circumstances during decision-making process. Not all MS must be positioned 
at base station at same distance. As a result, value of channel far from base station deterio-
rates channel and not all channels can therefore be distributed at same rate. Likewise, the 
algorithm appears to waste resources through resource allocation of programs that are not 
resourceful. Not all clients, for instance, need same type of service, including VoIP, video, 
HTTP and SMS. Service has its own constraints on QoS, such as planned speed and pack-
age size.

Saito et al. [16] worked on CoMP (Coordinated Multipoint) coherent transmission using 
RRH in LTE-A network. The feedback of network was taken through CSI bits but schedul-
ing was not considered. The results could have been better in terms of throughput if soft 
computing based scheduling algorithms could have been employed instead of generic algo-
rithms. Table 1 illustrates scheduling strategies (literature) into major classes.

Downlink packet scheduling approaches can be broadly classified into Content Aware 
and Content Unaware Strategies (Fig.  7). Content aware strategies can be categorized 

Table 1   QoS parameters used by various content unaware scheduling strategies

Scheduling approach Channel parameters QoS parameters

CSI Avg. Data Rate PLR Queue Size Service aware Delay

Delay aware
M-LWDF [17] Yes Yes RT Yes
EXP/PF [18] Yes Yes RT, NRT Yes
EXP-Rule [19] Yes Yes Yes
Queue aware approaches
PFPS [20] Yes Yes Yes
QoS unaware approaches
PF [21] Yes Yes
Max-rate [22] Yes
RR [22]
Hybrid approaches
Fuzzy logic [23] Yes RT
OPLF [24] Yes Yes RT
FLS [25] Yes Yes Yes RT, NRT
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roughly into following subclasses; (i) Quality driven scheduling,, (ii) Proxy driven radio 
resource allocation strategy and (iii) Client driven approach quality driven scheduling 
approach focuses on scheduling strategies for video streaming traffic. Cross layer signal-
ing is used for information of different types of video traffic flow to RAN. The objective 
of using this approach is to maximize user experience and quality of video content while 
considering channel and bandwidth constraints [28–72]. Proxy Driven radio resource allo-
cation strategy uses basic packet scheduler at RAN. The traffic optimization is performing 
these tasks at cross layer module [73–85]. Client Driven Approach utilizes dynamic adap-
tive streaming over HTTP (true client driven approach) [86–91].

Content Unaware Strategies can be further classified (i) QoS aware and (ii) QoS una-
ware strategies. QoS Unaware Strategies, the authors are particularly interested in PF and 
RR Strategies. These two strategies are proposed for use in the simulations by the authors 
in this work. PF is the most researched algorithms in scheduling of LTE based networks. 
This is because of dynamic nature and dynamic data flow types. Soft computing based 
schedulers are best suited for dynamic environments. So PF scheduler was the solution. 
The simplicity and adaptability of PF algorithm made it most significant algorithms to 
employ in scheduling LTE based networks. Also, so far few creditable works are found on 
downlink scheduling in RRH which is considered significant part of RAN (Radio Access 
Network).

3 � The Proposed Optimization Algorithm

3.1 � System Model

A Proportional Fair (PF) Scheduler is deployed at Remote Radio Head (RRH). The simu-
lations are run on MATLAB based academic licensed Downlink System Level Simula-
tor (SLS) developed by University of Vienna. The simulations are run using Round Robin 
Scheduler as well as Proportional Fair Scheduler at various Transmission Time Intervals 
(TTI) with comparative analysis on results. The results are compared on same parameters 

Fig. 7   Classification of downlink packet scheduling approaches
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but did not use scheduling at RRH. This establishes fact that what importance RRH sched-
uling holds.

LTE-A supports heterogeneous coming traffic having varying QoS requirements. Satis-
fying specific QoS requirements of each application is the responsibility of network. Traf-
fic Classifier job is to classify traffic according to type of traffic. Traffic is classified in Real 
Time and Non-Real Time. Real Time Traffic has rigorous throughput requirements and is 
given more priority over Non-Real. The Non-Real Time traffic queue consists of packets 
which have data from delay sensitive applications.

One of the high priority applications is Control data which keeps a track of scheduling 
information. Similarly VoIP can also be accumulated in high priority application. On other 
hand application data such as video streaming which is classified to Non-Real Time appli-
cation should also guarantee a minimum throughput so as to achieve desired quality output. 
Hence, FCFS (First Come First Serve) is applied on UE in first queue and second queue 
handles data which is delay sensitive and have a bound for maximum delay.

Optimizer holds a very important position in data transmission process. It optimizes 
data transferred to other end. In the optimization, priorities of data transmitted is taken 
into consideration. Optimizer calculates Average Throughput and Average delay keeping 
in account channel conditions, priority and type of traffic. It will first check traffic type and 
RB’s will be defined according. Subsequently data will be transmitted after allocation of 
RB’s to traffic. The unused RB’s may be allocated to traffic with lowest priority.

When optimized data reaches scheduler, it is scheduled using a scheduling algorithm. 
The scheduling algorithm may be a Traditional Scheduling Algorithm, Genetic Scheduling 
Algorithm or Soft Computing Based Scheduling Algorithm. In the present research work, a 
soft computing based PF Scheduler is used. The PF scheduler makes scheduling decisions 
based upon CQI and actual packet delay. The main advantage of using PF scheduler is that 
it prioritizes real time applications over others and consequently guaranteeing a bounded 
delay to data packets hence maximizing system throughput. The user prioritization in PF 
algorithm is expressed as:

T denotes the data rate potentially achievable for the station in the present time slot. R 
is the historical average data rate of this station.α and β tune the "fairness" of the scheduler.

3.2 � Simulator Architecture

The simulator is Vienna LTE-A Downlink System Level Simulator developed by Univer-
sity of Vienna. This simulator runs on MATLAB and have standardized scenarios to work. 
The Initialization module performs task of traffic generation and initializing eNodeB and 
UE. Another task which it performs is to create shadow fading using correlated log normal 
model. Traffic Module is used to generate traffic as per user requirement. The generated 
traffic may be Real Time, non-real time, Video, VoIP. It also performs the task of keeping 
a record of packets which are likely to be generated, dropped or scheduled. Traffic Dif-
ferentiator module differentiates one traffic type from the other depending upon the QoS 
requirements.

Scheduling Module schedules traffic based upon the scheduling algorithm used. Each 
scheduling algorithm is used again with each TTI. Resource Allocation Module, resources 
are allocated to data. The resources include the Resource Blocks (RB’s). Another function 

(1)P =
T∝

Rβ
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which it performs is prioritization of UE based upon delay and throughput. System Perfor-
mance Module basically monitors and calculates the system performance. The parameters 
for calculation of system performance includes throughput, spectral efficiency, SINR and their 
mapping with each other. The complete process is illustrated in Fig. 7. The parameters used to 
run the simulation have been listed in Table 2.

As illustrated in Fig. 8, the proposed model takes inputs from the antenna. As soon as the 
input reaches the RRH, it is sent into the default traffic classifier for classifying the traffic into 
real-time and non-real time traffic for an efficient scheduling. The traffic requiring high QoS 
is basically differentiated from the traffic having low QoS requirements. This is essentially 
done by considering two most important factors which are delay and throughput and the traffic 
is further sent for optimization. Then the traffic scheduling is done by the scheduler, process 
of which is explained in Fig. 7. The output hence generated will be compared with existing 
literature.

3.3 � Simulation Environment

This section will analyze, through simulation, performance of soft computing based Propor-
tional Fair Algorithm with comparative analysis between PF and RR scheduler on identical 
scenario.

3.3.1 � Simulation Scenario

This experiment simulate scenario with Micro Sites and Remote Radio Heads (RRH). The 
Micro Sites are arranged to a hexagonal grid with an intercell distance of 500 m. Each site 
is equipped with 3 sector eNodeB’s, each eNodeB deploys one antenna on microsite and 3 
RRH’s. The RRH’s are located 150 m away from microsite and are equidistantly placed on an 
arch of 80 degree.

Simulate at a central frequency of 2.14 GHz and an LTE-A bandwidth of 2 MHz. The total 
transmits power for eNodeB including the RRH is assumed to be 40 watts. The eNodeB on 
microsites employ a directional antenna while remote radio heads are equipped with Omni-
directional antennas. The RRH are assumed to have a delay free connection associated with 
eNodeB. The signal propagation is characterized by a log distant dependent path loss cor-
related log normal shadowing and fast fading. Each UE has 2 receive antennas and employs 
a zero forcing receiver. Within each eNodeB sector assumed 20 active users which are uni-
formly distributed and move at a speed of 5 km/hr. Employed closed loop spatial multiplex-
ing. For responding to transmission mode for LTE-A, the feedback comprises Channel Quality 
Indicator (CQI), Precoding Matrix Indicator and Rank Indicator.

The feedback is delayed by 3 Transmission Time Intervals also known as TTI and com-
puted with perfect channel knowledge. The resources are assigned according to a proportional 
fair scheduler. We have assumed a full buffer traffic model and simulation length of total 10 
TTI. A detailed flowchart of simulation process has been illustrated in Fig. 9.
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4 � Results and Discussion

In this section, results obtained through simulations while we tested different scheduling 
strategies at RRH have been analyzed. The simulation scenario is kept identical and param-
eters are obtained from Vienna LTE-A Downlink System Level Simulator. The scenarios 
are standardized scenarios for Vienna LTE-A Downlink SLS.

While setting parameters for simulation, first task is fixing number of UE’s. As 
described by Taranetz et al. [93], the number of UE’s is 1140 and number of cells is 57. 
The simulations were run at 10 TTI as illustrated in Figs. 10 and 11 earlier, for validation 
on accuracy; the simulations are run at 100 TTI with similar parameters as depicted in 
Figs. 12 and 13.

4.1 � Simulation Results

Simulation is designed, developed and executed according to standardized parameters [93] 
in Table 2, average UE throughput employing RR scheduling is 3.14 Mb/s in contrast for 
PF Algorithm average UE throughput is 3.70 Mb/s which is a significant improvement by 
17.83% as illustrated in Table 6. This is a significant increase over traditional RR Schedul-
ing Algorithm.

To calculate sum throughput, we considered following metrics:

where nsi and nfi are starting and finishing time interval for the flow i. Pti^(m) indicated the 
size of flow and I indicates total number of flows.

The next parameter is Average UE Spectral Efficiency. The results clearly indicated 
that PF scheduler has better Average Spectral Efficiency in contrast to RR Scheduler. It 
means that PF scheduler stands more efficient than RR scheduler in terms of utilizing 
the spectrum available. The results indicate a great deal of improvement while utilizing 
available spectrum. The data transmission is undoubtedly more efficient and optimized. 
It also indicates proficiency of data transmission in allocated spectrum by physical layer 
protocols. Spectral efficiency can be calculated:

Another important parameter to discuss is RI Distribution. RI acts as most signifi-
cant inputs to eNodeB, which will help in selection of transmission layer in downlink 
data transmission which can be Tx Diversity or MIMO. As it is significantly lucid that 
PF scheduler gave more priority to Rank 1 transmission, it means that majority of data 
will be transmitted preferably in Tx Diversity, which is more optimized than MIMO. In 
Rank 2 distribution it can be clearly seen that Rank 2 in RR scheduling is significantly 
high which clearly indicates priority of MIMO over the Rank 2 in PF Scheduling. In 
[3] it has been proved that precoder which maximizes mutual information exchange in 
LTE-A and utilizes full system bandwidth and subframe duration is Tx Diversity, in 
comparison to MIMO.

(2)Sum throughput =

⎛

⎜

⎜

⎝

I
�

i=1

1

nfi − nsi

nfi
�

m=nsi

P
(m)

ti

⎞

⎟

⎟

⎠

(3)Spectral efficiency =
Net data rate

Channel bandwidth
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Fig. 8   Proposed model

Fig. 9   Flowchart of simulation
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Fairness Index is a metric to determine whether an application or a user is getting 
a share of system resources or not. While comparing the fairness index of RR and PF 
scheduling, the fairness index of RR Scheduling is 0.706048 in contrast PF Scheduling 
is 0.711594 which is a marginal 0.78% increase in final value at 10 TTI. The Fairness 
Index is calculated using Jain’s Fairness Index [3].

Here n is number of users, xi is output for ith connection and ⌢c
v
 is sample coefficient of vari-

ation. The range of result is 1/n (worst case scenario) to 1 (bestcase scenario) and it will be 
maximum when all resources will get equal treatment. The fairness index will be k/n when 
k number of users will equally share channel.

To achieve a given fairness level F, one approximate method is to let xk = A.kα, where

and A is an arbitrary factor.
Comparing peak throughput of both scheduling strategies noticed a considerable per-

formance surge of 13.38% while using a PF Scheduler.
The peak throughput is RR scheduling was 7.10 Mb/s whereas in PF Scheduling it is 

8.05 Mb/s thereby a massive 13.3% improvement at 10 TTI. This indicates that flow of 
data is more optimized in PF Scheduling in RRH.

Similar upward trend can be seen in PF scheduler in line of 20% and 12.2% on 
parameters of Edge UE Throughput and Average Cell Throughput respectively while 
comparing with RR Scheduling while numbers of ignored cells were zero and mean RB 
occupancy was 100% in both scenarios as shown in Tables 3 and 4.

(4)

(5)� =
1 − F +

√

1 − F

F

Fig. 10   RR scheduling at 10 TTI
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From [92] it can be analyzed that without giving any importance to scheduling at 
RRH, throughput is 1.4  Mb/s. In proposed work, scheduler like RR outclasses it by 
almost 2.5 times on average throughput. The peak throughput achieved is 7.10  Mb/s 
using RR scheduler and 8.05  Mb/s using PF scheduler. These experiments [92] were 
performed at 1 TTI, experiments were performed at 10 and 100 TTI both in order to 
establish more verified and accurate results.

Fig. 11   PF scheduling at 10 TTI

Fig. 12   RR scheduling at 100 TTI
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While running both simulations at 100 TTI which is supposed more accurate as number 
of iterations has increased tenfold as depicted in Tables 5 and 6, it can be analyzed that a sig-
nificant 20.88% increase in PF Scheduler in contrast to Average UE throughput. A marginal 
3.71% increase can be analyzed in Average UE Spectral efficiency while employing PF Sched-
uler. The rank distribution in PF scheduler is more rational as compared to RR Scheduler.

19.85% increase can be noticed in Fairness Index while using PF scheduling. A negative 
trend of 13% is seen in Peak Throughput while using PF scheduler. This indicated that PF 
scheduler has more consistency as there is less deviation from peak to average throughput of 
PF scheduler as compared to RR Scheduler. A performance increase 20.8, 43.2 and 4.8% in 
Average Throughput, Edge UE Throughput and Average Cell Throughput respectively while 
using PF scheduler.

5 � Conclusion

This paper presented a classification for better understanding of downlink scheduling in 
LTE-A networks. It presented a comparative analysis of generic and soft computing based 
scheduler employed on RRH. RRH in downlink scheduling is least explored research 
areas. The sole purpose was to provide an algorithm for optimized resource management 
and scheduling while downlinking. The results indicate that better scheduling algorithms 

Fig. 13   PF scheduling at 100 TTI
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deployment on RRH has attained significant output from LTE-A. Results were compared 
with existing work and are found significantly better. It has also been proved in the present 
work that soft-computing based schedulers are significantly better than generic scheduler. 
An extensive literature survey states that many components of LTE-A are still unexplored 
like the concept of shadow fading and its effect on LTE-A. Future research goals can be 
enacted on them.

Table 3   Comparison of simulation statistics for RR and PF scheduler at 10 TTI

Parameters Values using RR scheduling Values using 
PF scheduling

Number of UE’s 1140 1140
Number of cells 57 57
Simulation length 10 TTI 10 TTI
Scheduler RR PF
Mode 1*4 CLSM 1*4 CLSM
Average UE throughput 3.14 Mb/s 3.70 Mb/s
Avg. UE spectral efficiency 3.74 bit/cu 3.96 bit/cu
Average RBs/TTI/UE 5.00 RBs 5.00 RBs
Rank Indicator (RI) Distribution Rank 1–60.25% Rank 1–84.24

Rank 2–38.94% Rank 2–15.45
Rank 3–0.81% Rank 3–0.32

Table 4   Comparison of cell 
simulation statistics for RR and 
PF scheduler at 10 TTI

Parameters Values using RR 
Scheduling

Values Using 
PF Schedul-
ing

Fairness Index 0.706078 0.711594
Peak Throughput 7.10 Mb/s 8.05 Mb/s
Average Throughput 3.14 Mb/s 3.70 Mb/s
Edge UE Throughput 0.70 Mb/s 0.84 Mb/s
Average Cell Throughput 62.83 Mb/s 64.05 Mb/s
Ignored Cell (disabled) 0 0
Mean RB Occupancy 100% 100%
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Table 5   Comparison of simulation statistics for RR and PF scheduler at 100 TTI

Parameters Values using RR Scheduling Values Using PF Scheduling

Number of UE’s 1140 1140
Number of Cells 57 57
Simulation Length 100 TTI 100 TTI
Scheduler RR PF
Mode 1*4 CLSM 1*4 CLSM
Average UE Throughput 3.16 Mb/s 3.82 Mb/s
Avg. UE spectral Efficiency 3.77 bit/cu 3.91 bit/cu
Average RBs/TTI/UE 5.00 RBs 5.00 RBs
Rank Indicator (RI) Distribution Rank 1–55.44% Rank 1–66.26%

Rank 2–43.63% Rank 2–32.83%
Rank 3–0.94% Rank 3–0.91%

Table 6   Comparison of cell 
simulation statistics for RR and 
PF scheduler at 100 TTI

Parameters Values using RR 
scheduling

Values using 
PF schedul-
ing

Fairness Index 0.713359 0.854068
Peak Throughput 7.01 Mb/s 6.05 Mb/s
Average Throughput 3.16 Mb/s 3.82 Mb/s
Edge UE Throughput 0.74 Mb/s 1.06 Mb/s
Average Cell Throughput 63.27 Mb/s 66.35 Mb/s
Ignored Cell (disabled) 0 0
Mean RB Occupancy 100% 100%



639Remote Radio Head Scheduling in LTE‑Advanced Networks﻿	

1 3

References

	 1.	 Meredith, J. M. (2015). 3gpp technical specification group radio access network-study on downlink 
multiuser superposition transmission (must) for lte (release 13). Online Document, 3GPP, Technical 
Report, 36.

	 2.	 Hussain, S. (2009). Dynamic radio resource management in 3GPP LTE.
	 3.	 Holma, H., & Toskala, A. (2009). LTE for UMTS OFDMA and SC-FDMA based radio access. Wiley.
	 4.	 Iwamura, M., Etemad, K., Fong, M. H., Nory, R., & Love, R. (2010). Carrier aggregation framework 

in 3GPP LTE-advanced [WiMAX/LTE Update]. IEEE Communications Magazine, 48(8), 60–67.
	 5.	 Marzetta, T. L. (2016). Fundamentals of massive MIMO. Cambridge University Press.
	 6.	 Proebster, M., Mueller, C. M., & Bakker, H. (2010, September). Adaptive fairness control for a pro-

portional fair LTE scheduler. In 21st Annual IEEE International Symposium on Personal, Indoor and 
Mobile Radio Communications (pp. 1504–1509). IEEE.

	 7.	 Shayea, I., Ismail, M., Nordin, R., Ergen, M., Ahmad, N., Abdullah, N. F., &Mohamad, H. (2019). 
New weight function for adapting handover margin level over contiguous carrier aggregation deploy-
ment scenarios in LTE-advanced system. Wireless Personal Communications, 1–21.

	 8.	 Sivaraj, N., & Palanisamy, P. (2016). Soft computing based power control for interference mitigation in 
LTE femtocell networks. Procedia Computer Science, 79, 93–99.

	 9.	 Cisco. (2011). Global mobile data traffic forecast update, 2010–2015. Cisco Visual Networking Index. 
White Paper.

	10.	 Soomro, H., & Habib, A. (2018, January). Impact of remote radio head positions on the performance 
of distributed massive MIMO system with user mobility. In 2018 15th International Bhurban Confer-
ence on Applied Sciences and Technology (IBCAST) (pp. 789–794). IEEE.

	11.	 Capozzi, F., Piro, G., Grieco, L. A., Boggia, G., & Camarda, P. (2013). Downlink packet scheduling 
in LTE cellular networks: Key design issues and a survey. IEEE Communications Surveys & Tutorials, 
15(2), 678–700.

	12.	 Monghal, G., Pedersen, K. I., Kovacs, I. Z., & Mogensen, P. E. (2008, May). QoS oriented time and 
frequency domain packet schedulers for the UTRAN long term evolution. In VTC Spring 2008-IEEE 
Vehicular Technology Conference (pp. 2532–2536). IEEE.

	13.	 Saeed, A. T., & Esmailpour, A. (2019). Quality of service class mapping and scheduling scheme for 
converged LTE-WiFi in the next generation networks. International Journal of Communication Net-
works and Distributed Systems, 23(3), 352–379.

	14.	 Leinonen, J., Hamalainen, J., & Juntti, M. (2009). Performance analysis of down-link ofdma resource 
allocation with limited feedback. IEEE Transactions on Wireless Communications, 8(6), 2927–2937.

	15.	 Varadarajan, B., Chen, R., Onggosanusi, E. N., Kim, I. H., & Dabak, A. G. (2009, April). Efficient 
channel quality feedback schemes for OFDMA systems with different schedulers. In VTC Spring 2009-
IEEE 69th Vehicular Technology Conference (pp. 1–5). IEEE.

	16.	 Saito, K., Kawamura, T., & Andoh, H. (2013, August). Experiments on Coordinated Multipoint Coher-
ent Joint Transmission Using Remote Radio Heads in LTE-Advanced Downlink. In ISWCS 2013; The 
Tenth International Symposium on Wireless Communication Systems (pp. 1–5). VDE.

	17.	 Ameigeiras, P., Wigard, J., & Mogensen, P. (2004, September). Performance of the M-LWDF sched-
uling algorithm for streaming services in HSDPA. In IEEE 60th Vehicular Technology Conference, 
2004. VTC2004-Fall (Vol. 2, pp. 999–1003). IEEE.

	18.	 Basukala, R., Ramli, H. M., & Sandrasegaran, K. (2009, November). Performance analysis of EXP/PF 
and M-LWDF in downlink 3GPP LTE system. In 2009 First Asian Himalayas International Confer-
ence on Internet (pp. 1–5). IEEE.

	19.	 Bae, S. J., Choi, B. G., & Chung, M. Y. (2011, October). Delay-aware packet scheduling algorithm for 
multiple traffic classes in 3GPP LTE system. In The 17th Asia Pacific Conference on Communications 
(pp. 33–37). IEEE.

	20.	 Shih-Jung, W. (2012). A channel quality-aware scheduling and resource allocationstrategy for down-
link LTE systems. Journal of ComputationalInformation Systems, 8(2), 695–707.

	21.	 Choi, J. G., & Bahk, S. (March 2007). Cell-throughput analysis of the proportionalfair scheduler in the 
single-cell environment. IEEE Transactions onVehicular Technology, 56(2), 766–778.

	22.	 Ramli, H. A. M., Sandrasegaran, K., Basukala, R., Patachaianand, R., & Afrin, S. (2011). Video 
streaming performance under well-known packetscheduling algorithms. International Journal of Wire-
less & MobileNetworks (IJWMN), 3(1), 25–38.

	23.	 Sarkar, M., & Sachdeva, H. (2009, October). A QoS aware packet scheduling scheme for WiMAX. In 
Proceedings of IAENG Conference on World Congress on Engineering and Computer Science, Berke-
ley (Vol. 1).



640	 M. S. Ramdev et al.

1 3

	24.	 Svedman, P., Wilson, S. K., & Ottersten, B. (2004, September). A QoS-aware proportional fair sched-
uler for opportunistic OFDM. In IEEE 60th Vehicular Technology Conference, 2004. VTC2004-Fall 
(Vol. 1, pp. 558–562). IEEE.

	25.	 Piro, G., Grieco, L. A., Boggia, G., Fortuna, R., & Camarda, P. (May 2011). Twoleveldownlink sched-
uling for real-time multimedia services in LTE networks. IEEE Transactions on Multimedia, 13(5), 
1052–1065.

	26.	 Kwan, R., Leung, C., & Zhang, J. (2009). Proportional fair multiuser scheduling in LTE. IEEE Signal 
Processing Letters, 16(6), 461–464.

	27.	 Li, W., Wang, S., Cui, Y., Cheng, X., Xin, R., Al-Rodhaan, M. A., & Al-Dhelaan, A. (2013). AP asso-
ciation for proportional fairness in multirate WLANs. IEEE/ACM Transactions On Networking, 22(1), 
191–202.

	28.	 Martini, M. G., Chen, C. W., Chen, Z., Dagiuklas, T., Sun, L., & Zhu, X. (2012). Guest editorial 
QoE-aware wireless multimedia systems. IEEE Journal of Selected Areas in Communication, 30(7), 
1153–1156.

	29.	 Pahalawatta, P. V., & Katsaggelos, A. K. (2007). Review of content-aware resource allocation schemes 
for video streaming over wireless networks. Wireless Communication and Mobile Computing, 7(2), 
131–142.

	30.	 Jiang, H., Zhuang, W., & Shen, X. (2005). Cross-layer design for resource allocation in 3G wireless 
networks and beyond. IEEE Communication Magazine, 43(12), 120–126.

	31.	 Berry, R. A., & Yeh, E. (2004). Cross-layer wireless resource allocation. IEEE Signal Processing Mag-
azine, 21(5), 59–68.

	32.	 Georgiadis, L., Neely, M. J., & Tassiulas, L. (2006). Resource allocation and cross-layer control in 
wireless networks. Foundations and Trends in Networking, 1(1), 1401–1415.

	33.	 Fu, F., & van der Schaar, M. (2010). Decomposition principles and online learning in crosslayer opti-
mization for delay-sensitive applications. IEEE Transactions on Signal Processing, 58(3), 1401–1415.

	34.	 Fingscheidt, T., Hindelang, T., Cox, R. V., & Seshadri, N. (2002). Joint source-channel (de-)coding 
for mobile communications. IEEE Transactions on Communications, 50(2), 200–212.

	35.	 Breddermann, T., Lüders, H., Vary, P., Aktas, I., & Schmidt, F. (2010, January). Iterative source-
channel decoding with cross-layer support for wireless VoIP. In 2010 International ITG Conference 
on Source and Channel Coding (SCC) (pp. 1–6). IEEE.

	36.	 Liebl, G., Jenkac, H., Stockhammer, T., Buchner, C., & Klein, A. (2004, December). Radio link 
buffer management and scheduling for video streaming over wireless shared channels. In Proc. 
Packet Video Workshop.

	37.	 Liebl, G., Jenkac, H., Stockhammer, T., & Buchner, C. (2005). Radio link buffer management and 
scheduling for wireless video streaming. Telecommunication Systems, 30(1–3), 255–277.

	38.	 Pahalawatta, P. V., Berry, R., Pappas, T. N., & Katsaggelos, A. K. (2006, September). A content-
aware scheduling scheme for video streaming to multiple users over wireless networks. In 2006 
14th European Signal Processing Conference (pp. 1–5). IEEE.

	39.	 Pahalawatta, P., Berry, R., Pappas, T., & Katsaggelos, A. (2007). Content-aware resource allocation 
and packet scheduling for video transmission over wireless networks. IEEE Journal in Selected 
Areas of Communication, 25(4), 749–759.

	40.	 Li, F., Liu, G., Xu, J., & He, L. (2009, August). Packet scheduling and resource allocation for video 
transmission over downlink OFDMA networks. In 2009 Fourth International Conference on Com-
munications and Networking in China (pp. 1–5). IEEE.

	41.	 Zhang, Y., & Liu, G. (2013). Fine granularity resource allocation algorithm for video transmission 
in orthogonal frequency division multiple access system. IEEE IET Institute of Engineering and 
Technology Communication, 7(13), 1383–1393.

	42.	 Li, F., Ren, P., & Du, Q. (2012). Joint packet scheduling and subcarrier assignment for video com-
munications over downlink OFDMA systems. IEEE Transactions on Vehicular Technology, 61(6), 
2753–2767.

	43.	 Li, F., Zhang, D., & Wang, M. (2013). Multiuser multimedia communication over orthogonal fre-
quency-division multiple access downlink systems. Concurrency and Computation: Practice and 
Experience, 25(9), 1081–1090.

	44.	 Li, F., Liu, G., & He, L. (2010). A low complexity algorithm of packet scheduling and resource 
allocation for wireless VoD systems. IEEE Transactions on Consumer Electronics., 56(2), 
1057–1062.

	45.	 Li, P., Chang, Y., Feng, N., & Yang, F. (2011). A cross-layer algorithm of packet scheduling and 
resource allocation for multi-user wireless video transmission. IEEE Transactions on Consumer 
Electronics, 57(3), 1128–1134.



641Remote Radio Head Scheduling in LTE‑Advanced Networks﻿	

1 3

	46.	 Li, F., Liu, G., & He, L. (2009, December). Application-driven cross-layer approaches to video 
transmission over downlink OFDMA networks. In 2009 IEEE Globecom Workshops (pp. 1–6). 
IEEE.

	47.	 Omiyi, P. E., & Martini, M. G. (2010, May). Cross-layer content/channel aware multi-user schedul-
ing for downlink wireless video streaming. In IEEE 5th International Symposium on Wireless Per-
vasive Computing (pp. 412–417). IEEE.

	48.	 Karachontzitis, S., Dagiuklas, T., & Dounis, L. (2011, July). Novel cross-layer scheme for video 
transmission over LTE-based wireless systems. In 2011 IEEE International Conference on Multi-
media and Expo (pp. 1–6). IEEE.

	49.	 Lu, Z., Wen, X., Zheng, W., Ju, Y., & Ling, D. (2011, July). Gradient projection based QoS driven 
cross-layer scheduling for video applications. In 2011 IEEE international conference on multime-
dia and expo (pp. 1–6). IEEE.

	50.	 Maani, E., Pahalawatta, P. V., Berry, R., & Katsaggelos, A. K. (2009, September). Content-aware 
packet scheduling for multiuser scalable video delivery over wireless networks. In Applications 
of Digital Image Processing XXXII (Vol. 7443, p. 74430C). International Society for Optics and 
Photonics.

	51.	 Ji, X., Huang, J., Chiang, M., & Catthoor, F. (2008, May). Downlink OFDM scheduling and 
resource allocation for delay constraint SVC streaming. In 2008 IEEE International Conference on 
Communications (pp. 2512–2518). IEEE.

	52.	 Ji, X., Huang, J., Chiang, M., Lafruit, G., & Catthoor, F. (2009). Scheduling and resource alloca-
tion for SVC streaming over OFDM downlink systems. IEEE Transactions on Circuits and Systems 
for Video Technololgy, 19(10), 1549–1555.

	53.	 Khan, N., Martini, M. G., & Bharucha, Z. (2012, June). Quality-aware fair downlink scheduling 
for scalable video transmission over LTE systems. In 2012 IEEE 13th International Workshop on 
Signal Processing Advances in Wireless Communications (SPAWC) (pp. 334–338). IEEE.

	54.	 Appuhami, H. D., Martini, M. G., & Hewage, C. T. (2012, June). Channel and content aware 3D video 
scheduling with prioritized queuing. In 2012 Wireless Advanced (WiAd) (pp. 159–163). IEEE.

	55.	 Juan, H. H., Huang, H. C., Huang, C., & Chiang, T. (2007, May). Scalable video streaming over 
mobile WiMAX. In 2007 IEEE International Symposium on Circuits and Systems (pp. 3463–3466). 
IEEE.

	56.	 Amon, P., Rathgen, T., & Singer, D. (2007). File format for scalable video coding. IEEE Transactions 
on Circuits and Systems for Video Technololgy., 17(9), 1174–1185.

	57.	 Wenger, S., Wang, Y., & Schierl, T. (2007). Transport and signaling of SVC in IP networks. IEEE 
Transactions on Circuits and Systems for Video Technololgy, 17(9), 1164–1173.

	58.	 Fu, B., Staehle, D., Kunzmann, G., Steinbach, E., & Kellerer, W. (2013, November). QoE-aware prior-
ity marking and traffic management for H. 264/SVC-based mobile video delivery. In Proceedings of 
the 8th ACM workshop on Performance monitoring and measurement of heterogeneous wireless and 
wired networks (pp. 173–180).

	59.	 Nasralla, M. (2015). Video quality and QoS-driven downlink scheduling for 2D and 3D video over LTE 
networks (Doctoral dissertation, Kingston University).

	60.	 Khan, N., & Martini, M. G. (2016, September). QoE-based video delivery over LTE hierarchical archi-
tecture. In 2016 IEEE 27th Annual International Symposium on Personal, Indoor, and Mobile Radio 
Communications (PIMRC) (pp. 1–6). IEEE.

	61.	 Khan, N. (2014). Quality-driven multi-user resource allocation and scheduling over LTE for delay 
sensitive multimedia applications (Doctoral dissertation, Kingston University).

	62.	 Perera, R., Fernando, A., Mallikarachchi, T., Arachchi, H. K., & Pourazad, M. (2014, August). QoE 
aware resource allocation for video communications over LTE based mobile networks. In 10th Interna-
tional Conference on Heterogeneous Networking for Quality, Reliability, Security and Robustness (pp. 
63–69). IEEE.

	63.	 He, L., Liu, G., & Yuchen, C. (2014, July). Buffer status and content aware scheduling scheme for 
cloud gaming based on video streaming. In 2014 IEEE International Conference on Multimedia and 
Expo Workshops (ICMEW) (pp. 1–6). IEEE.

	64.	 Li, F., Zhang, D., & Wang, L. (2014). Packet importance based scheduling strategy for H.264 video 
transmission in wireless networks. Multimedia Tools Application, 74(23), 10259–10275.

	65.	 Ju, Y., Lu, Z., Ling, D., Wen, X., Zheng, W., & Ma, W. (2014). QoE-based cross-layer design for video 
applications over LTE-A. Multimedia Tools Application, 72(2), 1093–1113.

	66.	 Rugelj, M., Sedlar, U., Volk, M., Sterle, J., Hajdinjak, M., & Kos, A. (2014). Novel cross-layer QoE-
aware radio resource allocation algorithms in multiuser OFDMA systems. IEEE Transactions on Com-
munication, 62(9), 3196–3208.



642	 M. S. Ramdev et al.

1 3

	67.	 Li, M., Chen, Z., Tan, P. H., Sun, S., & Tan, Y.-P. (2015). QoE-aware video streaming for SVC over 
multiuser MIMO-OFDM systems. Journal of Visual Communication and Image Representation, 26, 
24–36.

	68.	 Ghalut, T., Larijani, H., & Shahrabi, A. (2016). QoE-aware optimization of video stream downlink 
scheduling over LTE-A networks using RNNs and genetic algorithm. Procedia Computer Science, 94, 
232–239.

	69.	 Monteiro, V.F., Sousa, D.A., Maciel, T.F., Lima, F.R.M., Cavalcanti, F.R.P., (2016). A QoE aware 
scheduler for OFDMA networks, Journal of Communication Information Systems 31 (1).

	70.	 Khalek, A. A., Caramanis, C., & Heath, R. W. (2015). Delay-constrained video transmission: Quality-
driven resource allocation and scheduling. IEEE Journal of Selected Topics in Signal Processing, 9(1), 
60–75.

	71.	 Ghoreishi, S. E., & Aghvami, A. (2016). Power-efficient QoE-aware video adaptation and resource 
allocation for delay-constrained streaming over downlink OFDMA. IEEE Communication Letters, 
20(3), 574–577.

	72.	 Nasralla, M. M., Razaak, M., Rahman, I. U., & Martini, M. G. (2018). Content-aware packet schedul-
ing strategy for medical ultrasound videos over LTE-A wireless networks. Computer Network, 140, 
126–137.

	73.	 Kellerer, W., Choi, L.U., Steinbach, E., (2003). Cross-layer adaptation for optimized B3G service pro-
visioning, in: International Symposium on Wireless Personal Multimedia Communications, WPMC, 
Yokosuka, Japan, October 2003.

	74.	 Khan, S., Peng, Y., Steinbach, E., Sgroi, M., & Kellerer, W. (2006). Application-driven crosslayer 
optimization for video streaming over wireless networks. IEEE Communications Magazine, 44(1), 
122–130.

	75.	 Peng, Y., Khan, S., Steinbach, E., Sgroi, Kellerer, W., (2005). Adaptive resource allocation and frame 
scheduling for wireless multi-user video streaming, in: IEEE International Conference on Image Pro-
cessing, ICIP, September 2005.

	76.	 Shakkottai, S., Rappaport, T. S., & Karlsson, P. C. (2003). Cross-layer design for wireless networks. 
IEEE Communications Magazine, 41(10), 74–80.

	77.	 Khan, S., Duhovnikov, S., Steinbach, E., Kellerer, W., (2007). MOS-based multiuser multiapplica-
tion cross-layer optimization for mobile multimedia communication, Advanced Multimedia (2007) 
11.

	78.	 Saul, A. (2008, October). Wireless resource allocation with perceived quality fairness. In 2008 42nd 
Asilomar Conference on Signals, Systems and Computers (pp. 1557–1561). IEEE.

	79.	 Kim, B. J. (2001, June). A network service providing wireless channel information for adaptive mobile 
applications. I. Proposal. In ICC 2001. IEEE International Conference on Communications. Confer-
ence Record (Cat. No. 01CH37240) (Vol. 5, pp. 1345–1351). IEEE.

	80.	 Larzon, L. A., Bodin, U., & Schelén, O. (2002, March). Hints and notifications [for wireless links]. 
In 2002 IEEE Wireless Communications and Networking Conference Record. WCNC 2002 (Cat. No. 
02TH8609) (Vol. 2, pp. 635–641). IEEE.

	81.	 Takacs, A., Kovacs, A., Godor, I., Kalleitner, F., Brand, H., Stefansson, M. Ek, T., Sjoberg, F., (2006). 
Journal of Computing The Layer-Independent Description Concept 1 (2): 23–32.

	82.	 Martini, M. G., Mazzotti, M., Lamy-Bergot, C., Huusko, J., & Amon, P. (2007). Content adaptive net-
work aware joint optimization of wireless video transmission. IEEE Communications Magazine, 45(3), 
1–10.

	83.	 Huusko, J., Vehkaperä, J., Amon, P., Lamy-Bergot, C., Panza, G., Peltola, J., & Martini, M. G. (2007). 
Cross-layer architecture for scalable video transmission in wireless network. Signal Processing and 
Image Communications, 22(3), 317–330.

	84.	 Martini, M. G., & Tralli, V. (2008, March). Video quality based adaptive wireless video streaming to 
multiple users. In 2008 IEEE International Symposium on Broadband Multimedia Systems and Broad-
casting (pp. 1–4). IEEE.

	85.	 Thakolsri, S., Cokbulan, S., Jurca, D., Despotovic, Z., & Kellerer, W. (2011, December). QoE-driven 
cross-layer optimization in wireless networks addressing system efficiency and utility fairness. In 2011 
IEEE GLOBECOM Workshops (GC Wkshps) (pp. 12–17). IEEE.

	86.	 Akhshabi, S., Begen, A. C., & Dovrolis, C. (2011, February). An experimental evaluation of rate-
adaptation algorithms in adaptive streaming over HTTP. In Proceedings of the second annual ACM 
conference on Multimedia systems (pp. 157–168).

	87.	 Tian, G., & Liu, Y. (2013, December). On adaptive HTTP streaming to mobile devices. In 2013 20th 
International Packet Video Workshop (pp. 1–8). IEEE.

	88.	 Thang, T., Ho, Q., Kang, J., & Pham, A. (2012). Adaptive streaming of Audiovisual content using 
MPEG DASH. IEEE Transactions on Consumer Electronics, 17(9), 78–85.



643Remote Radio Head Scheduling in LTE‑Advanced Networks﻿	

1 3

	89.	 Essaili, E.A., Schroeder, D., Shehada, M., Kellerer, W., Steinbach, E., (2013). Quality-of experience 
driven adaptive HTTP media delivery. In: IEEE International Conference on Communications, ICC, 
Budapest, Hungary, June 2013, pp. 2480–2485.

	90.	 Ramamurthi, V., Oyman, O., (2014). Video-QoE aware radio resource allocation for HTTP adaptive 
streaming. In: IEEE International Conference on Communications, ICC, Sydney, pp. 1076–1081.

	91.	 Ramamurthi, V., Oyman, O., J. Foerster, J., (2014). Video-QoE aware resource management at net-
work core, In: IEEE Global Communications Conference, GLOBECOM, Austin, TX, December 2014, 
pp. 1418–1423.

	92.	 Ali, A. H., &Nazir, M. (2019). Finding a Pareto Optimal Solution for a Multi-Objective Problem of 
Managing Radio Resources in LTE-A Systems: A QoS Aware Algorithm. Wireless Personal Commu-
nications, 1–25.

	93.	 Taranetz, M., Blazek, T., Kropfreiter, T., Müller, M. K., Schwarz, S., & Rupp, M. (2015). Runtime 
precoding: Enabling multipoint transmission in LTE-advanced system-level simulations. IEEE Access, 
3, 725–736.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Mandeep Singh Ramdev  is currently pursuing Ph.D. from Chandigarh 
University, Punjab and also working as Assistant professor in Apex 
Institute of Technology. He holds M.Tech in CSE from Punjab Techni-
cal University, B.E. in CSE from Chitkara University and Diploma in 
I.T. from Thapar University. He is member of European Alliance for 
Innovation (EAI) and IAENG. His research interests include DDoS 
Attacks, WiMAX, Distributed Computing and Next Generation Wire-
less Networks.

Rohit Bajaj  received his B-Tech degree from GJUS&T, Hisar and 
M-Tech degree from MDU, Rohtak. He received Ph.D. degree from 
Sai Nath University, Ranchi. Presently, he is an Associate Professor in 
the Department of Computer Science & Engineering, Chandigarh Uni-
versity, Gharuan Mohali, Punjab, India. He has 10 years of experience 
of Teaching and Research as well as guiding Post Graduate & Ph.D. 
Students. He has several papers in referred journals of national and 
international repute to his credit. His research area of interest is Data 
Science,Cloud Computing, Wireless Sensor Networks, Soft 
Computing.



644	 M. S. Ramdev et al.

1 3

Jagpreet Sidhu  is currently working as Assistant Professor (Senior 
Grade) in JUIT, Solan, India. He received his B.Tech degree in Com-
puter Science and Engineering from Punjab Technical University, 
Jalandhar, Punjab, India in 2004 and M.E. degree is Information Tech-
nology from Panjab University, Chandigarh, India in 2010. He has 
completed Ph.D. degree in Computer Science and Engineering from 
Panjab University, Chandigarh, India in 2016, working on trust prob-
lem in cloud computing. He has published many papers in interna-
tional journals and conferences. His research interests include cloud 
computing and trust issues in distributed systems.


	Remote Radio Head Scheduling in LTE-Advanced Networks
	Abstract
	1 Introduction
	1.1 UE Architecture
	1.1.1 eUTRAN Structure
	1.1.2 Evolved Packet Core (EPC)

	1.2 Carrier Aggregation and Radio Resource Management

	2 Literature
	3 The Proposed Optimization Algorithm
	3.1 System Model
	3.2 Simulator Architecture
	3.3 Simulation Environment
	3.3.1 Simulation Scenario


	4 Results and Discussion
	4.1 Simulation Results

	5 Conclusion
	References




