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Abstract

The increasing demand for mobile data traffic brings new challenges on cellular
networks in terms of network capacity and increased data throughput. In order to fulfill
these demands, Heterogeneous Networks (HetNets) has been considered as a promising
solution. On the other hand, Inter-Cell Interference Coordination (ICIC) is a big
challenge toward HetNet deployments; in particular users in edge area of low power
small cell are mostly vulnerable to stronger interference signals from high power macro
cell. To resolve ICIC problem, 3GPP released some technologies based on TDM resource
partitioning, FDM resource allocation along with power control, and still continue to find
out the more suitable solutions. However, to date, a common platform of all possible
solutions, particularly in TDM and FDM based, is not available to readers. In this
context, this paper provides a holistic overview of ICIC strategies in this emerging
wireless system. Towards this objective, the evolution of inter-cell interference
management techniques is thoroughly investigated from TDM based enhanced inter-cell
interference coordination (elCIC) techniques to more advanced Coordinated Multi-Point
(CoMP) transmission/reception, while comparing and contrasting their common features
and differences. Finally, Carrier Aggregation (CA) is explored in detail as an advanced
and challenging mechanism in order to have an efficient resource allocation and inter-
cell interference mitigation in LTE-Advanced HetNet environments.
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1. Introduction

The rapid growth of mobile users demands the fast development of wireless
communication technology. According to Ericson [1], the subscriptions of world-wide
mobile broadband user are expected to grow to 3.5 billion by 2015, which is around two
times higher than the current trends. In addition, according to Cisco [2], global mobile
data traffic is expected to grow up to 11.2 Exabyte per month by 2017. However, in order
to meet these increasing requirements of the mobile data traffic, the 3rd Generation
Partnership Project (3GPP) Release 10 has introduced advanced features of LTE, referred
as LTE-Advanced, which includes the Carrier Aggregation (CA), Heterogeneous
Networks (HetNets), Cooperative Multi-Point (CoMP) communication, enhanced MIMO,
enhanced ICIC. This enhanced system is referred as the LTE-Advanced (LTE-A) system.

HetNets can be realized by overlaying low power small cells, e.g. Pico, Femto, RRH
etc., within high power macro-cell coverage area, thus achieve greater cell splitting gains.
Though HetNets provides significant capacity gain for mobile data traffic, it also brings
heavy interference particularly at user end. In addition, to get more advantages from
HetNets a technique called Cell Range Expansion (CRE) of low power small cell is
applied which offloads more traffic from macro-cell to small cells, but results more
interference scenarios. Moreover, MU-MIMO applications further enlarge the
interference zone, inter-UE interference at base station end. However, from beginning of
LTE standardization 3GPP have been keeping high concentration on ICIC. While Release
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8/9 ICIC works well for homogeneous networks, it falls short of providing significant
gain in a heterogeneous network (HetNet) architecture because it limits range expansion
as it applies only to data channels and not to control channels where interference can
remain significant. Later, Release 10 introduced enhanced Inter-cell Interference
Coordination (elCIC) techniques based on TDM resource partitioning which allows a
number of zero/reduced power subframes of macro-cell those are likely to make interfere
with the UEs associated to small cells. After then, Release 11 revealed the Further-
enhanced ICIC (FelCIC) technique based on transmitter/receiver action which
demonstrates the effective solution that was addressed in Release 10, but also bring some
new challenges. On the other hand, Carrier Aggregation (CA) based HetNets has been
considered as a promising solution of inter-cell interference problem.

The rest of the paper is organized as follows: section 2 presents the motivation towards
this work and also mentions related major works that have been previously performed in
this regard. A basic LTE/LTE-Advanced principle is discussed in section 3. Section 4 and
5 briefly presents heterogeneous networks and cell range expansion technique,
respectively. The detail description of various ICIC techniques including TDM based
solution, FDM based solution and CoMP implementations are presented in section 6.
Finally, section 7 contains the concluding part along the potential challenges of
implementations.

2. Motivation And Related Works

Recently, the concept of HetNets has attracted a lot of interest to optimize the
performance of the radio network. This is due to the fact that the spectral efficiency of
current systems like WCDMA and LTE is approaching theoretical boundaries [14], thus
additional spectrum and advanced network topology are the main resource to improve the
network capacity. But, spectrum has been a scarce resource in the past few years; thus, the
main approach to enhance the performance is to improve the network topology.

Regarding the utilization of HetNets as a way to improve network capacity and
performance in relation to traditional homogeneous network are discussed in [7]-[16]. In
[7], authors discuss a high-level overview of LTE heterogeneous network in terms of air
interface, network nodes, spectrum allocation along with other mechanisms for HetNets
deployments. In [11], the authors described the interference coordination schemes and
technical challenges that arise in heterogeneous networks highlighting the impact of
interference in deployments consisting of cells of different size. Also, authors in [11]
described several techniques enabling the move from macro-only to HetNets including
range extension and enhanced inter-cell interference management techniques over
HetNets. However, in context of ICIC management in HetNets, 3GPP Release 10
introduced ABS/ based elCIC which is an efficient way to enhance network performance,
in particular for cell-edge/expansion area UEs. In addition, authors in [11], [14], [15]
addressed downlink co-channel interference in context of ABS-based elCIC at different
deployment scenarios, where [11] and [12] deals with macro-pico approach and [15]
studies both of the macro-pico and macro-femto approaches. The both studies have been
evaluated in different network architectures, namely centralized and distributed
architecture, and suggest a considerable performance gain by means of HetNets.

On the other hand, interference management schemes based on FDM and scheduling
algorithm are presented in [9], [18]. In [9] authors proposed a dynamic interference
coordination scheme based on the combination of soft frequency reuse and Graph-based
resource allocation on macro-pico scenario. Authors in [18] discussed the key terms of
scheduling through interference avoidance/coordination to mitigate interference in a
multi-cell environment. Carrier Aggregation (CA) based radio resource allocation and
inter-cell interference mitigation has been extensively described in [15]-[17]. In [16],
multi-site CA has been introduced which effectively allows multiple uplink in support of
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Timing Advance (TA) enhanced uplink power control, and resulting avoid the
interference by ensuring coordination among the transmission points. However, to the
best of my knowledge, a holistic survey on inter-cell interference coordination in LTE-
Advanced HetNets with particular focus on TDM based elCIC, FelCIC and carrier
aggregation is not currently available. Therefore, motivated by the urgency to bring all the
possible solutions of ICIC in LTE-Advanced HetNets into a single platform, this article is
prepared.

3. LTE/LTE-Advanced Overview

In early 2009, 3GPP published LTE standard in targets of 4G cellular network which is
referred as Release 8. LTE is based on the OFDMA for downlink and Single-Carrier
FDMA (SC-FDMA) for uplink transmission. Compared to other existing technology LTE
offered higher peak data rates mainly due to unique features, larger system bandwidth and
higher order MIMO technology. However, as other cellular technologies LTE is
continuously worked on in terms of improvements and initial enhancements were
included in Release 9, followed by more significant improvements in Release 10 which is
known as LTE-Advanced [3, 5]. Table 1 shows the spectral efficiency targets of LTE,
LTE-Advanced and ITU requirements for IMT—Advanced.

Table 1: Spectral Performance Target of LTE, LTE-Advanced and IMT-
Advanced Requirement

Sub- LTE- IMT-
Item category LTE (Rel 8) Advanced Advanced
Downlink 16.3 30 15
Peak spectral efficiency (4x4 MIMO) | (8x8 MIMO) | (4x4 MIMO)
(b/s/Hz) Uplink 4.32 (64- 15 6.75
P QAM SISO) | (4x4 MIMO) | (2x4 MIMO)
Downlink cell spectral | (2x2 MIMO) 1.69 2.4
efficiency b/s/Hz/user [ (4x2 MIMO) 1.87 26 26
Microcellular 3 km/h, '
500 m ISD (4X4 M”\/lO) 2.67 3.7
Uplink cell spectral
efficiency b/s/Hz/user (1x2 MIMO) ) 12 18
Microcellular 3 km/h, o%4 MIMO 20 '
500 m ISD (2x ) ] '
Downlink cell-edge user | (2x2 MIMO) 0.05 0.07
spectral efficiency 4x2 MIMO 0.06 0.09
b/s/Hz/user, 5 percentile, (i ) : ' 0.075
10 users, 500m ISD | (4x4 MIMO) 0.08 0.12
Uplink cell-edge user (1x2 MIMO) ) 0.04
spectral efficiency 0.05
b/s/Hz/user, 5 percentile, (2x4 MIMO) i 007 '
10 users, 500m ISD '

3.1. Physical Layer

The basic architecture of LTE/LTE—Advanced consisting two main parts: namely E-
UTRAN and EPC [4]. BS and UE are the part of E-UTRAN. BS in LTE is called eNB
which communicates with UEs and it can serve one or several E-UTRAN cells at a time.
eNBS are directly connected with each other via a logical interface called X2 interface.
On the other hand, EPC is an all-IP based core network to support the E-UTRAN to a
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seamless and uniform experience of UEs. It consists of three main network elements as
MME, S-GW and P-GW. MME is the main control plane which is responsible for user
mobility, intra-LTE handovers and security authentications etc. On the other hand, S-GW
is mainly used for routing user data packet among different LTE nodes and performs
inter-LTE handover as well as inter-3GPP mobility. The interface of MME and S-GW
with eNB is referred to as SI-MME and S1-U, respectively. Finally, P-GW provides the
UEs in access to a packet data network and accomplishes policy enforcement, packet
filtering and perform charging functionalities.

3.2. Transmission Schemes and Frame Structure

LTE/LTE-Advanced has been designed as a highly flexible radio access technology
which effectively supports several bandwidths from 2.5MHz to 20MHz (Release 8).
Radio resources are allocated simultaneously in time and frequency domains. In the
frequency domain, the total bandwidth is divided into sub-channels of 180 KHz; each one
contains 12 consecutive OFDM sub-carriers with 15 KHz equal spacing. Whereas, in time
domain they are distributed into every Transmission Time Interval (TTI), each one lasting
1 ms and also called sub-frame. 10 consecutive subframes are grouped into frame.
Moreover, each sub-frame is made of two time slots with length 0.5 ms, corresponding to
7 or 6 OFDM symbols with normal cyclic prefix or extended cyclic prefix, respectively.
Radio resource of one time slot over one sub-channel is called Physical Resource Block
(PRB) which is the smallest radio resource unit that can be assigned to an UE for data
transmission. However, each radio frame has two 5 ms halves, called acquisition
channels, containing the necessary signals which are used for synchronization, providing
physical cell identity (PCI) and the physical broadcast channel (PBCH). Furthermore,
LTE defines a pilot signal referred to as a common reference signal (CRS), which is used
for mobility measurements as well as for demodulation of the downlink control and data
channels. The CRS transmission is distributed in time and frequency to enable adequate
time and frequency interpolation of the channel estimates for the purpose of coherent
reception of the transmitted signals.

4. Heterogeneous Networks (HetNets)

Heterogeneous Network (HetNets) is being considered as a most promising approach
to enhance network capacity, overall performance, and to increase coverage in a cost
effective way. A HetNet consists of regular macro cells transmitting typically at high
power level, overlaid with low-power small cells such as Pico cell, Femto cell, Remote
Radio Head (RRH), and Relay Node (RN) etc. The incorporation of such small cells
allows offloading traffic from macro cell and providing better network experience by
connecting UEs in small cells with low transmission power. But, this overlaying of macro
cell and small cells results severe inter-cell interference in networks, in particular for cell-
edge users of small cell. Generally, macro cells are normally placed in a cellular network
attending to a prudently network plan, while the placement of low power small cells is
typically based on just a knowledge of coverage issues and traffic densities (e.g. hotspots)
in the network.

Different types of deployment scenarios for HetNets are already available. In
multicarrier deployment, small cells utilize different carrier frequency than the macro cell.
This process effectively reduces ICI but does not ensure proper spectral utilization. On the
other hand, co-channel deployment is utilized by using the same carrier for both of macro
cell and small cell in which the spectral efficiency is increased via spatial reuse and
popular deployment approach in HetNets. Though co-channel approach ensures effective
spectrum utilization but bring high 1CI among the macro cell & small cells.
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5. Cell Range Extension (CRE)

In LTE/LTE-Advanced cell selection is performed based on UE measurements of the
received power of the cell specific reference (CRS) downlink signals. In a heterogeneous
network, there have different types of base stations with diverse transmission powers,
consequently different power level of CRS download signals. Therefore, cell selection
based on CRS signaling power strength would not be optimal as most probably the UE
will choose the higher power macro cell even if the path loss to the small is smaller. This
also would not be optimal in terms of uplink coverage, downlink capacity and
interferences. To optimize the uplink coverage and downlink capacity cell selection could
be done by applying a cell-specific offset to the received signal power upon the estimation
of the uplink path loss. This offset would somehow compensate for the transmitting
power differences between the macro cell and small cell and also extend the coverage
area of the small cells. This extended area is called cell range extension of small cell.
However, ICI is become more severe problem at CRE area which could be mitigate by
using advanced ICIC technology.

6. Inter-Cell Interference Coordination (ICIC) in HeNets

As mentioned earlier that inter-cell interference is the main problem towards HetNets
deployment. To mitigate ICI in HetNets different types of ICI coordination techniques are
available based on TDM resource partitioning, FDM based resource allocation and
controlling of transmission power. In all cases tight synchronization and coordination
between the interfering cells are indeed. In following subsections each of the techniques
are discussed in details.

6.1. TDM based Enhanced ICIC Techniques

TDM based ICIC techniques are targeted to utilize full spectrum at all layers of the
HetNets. The principle of TDM based enhanced ICIC (elCIC) schemes lies to restrict
transmissions in certain sub-frames of the aggressor base station (macro cell) those having
high probability of interference with small cell. 3GPP release-10 introduced several TDM
based elCIC schemes as follows.

6.1.1. Almost Blank Subframes (ABS) based elCIC: An ABS is defined as minimum
transmission subframe, where no data signal will be transmitted from the macro cell but
only transmit the most critical information required for the system to provide support to
legacy LTE (Release 8/9) UEs. Therefore, during ABS, the signals that are mainly sent
are common reference signals (CRS) and other obligatory system information. As a result,
during subframes where the macro-cell transmits ABS, the low power small cells are able
to schedule UEs from a larger geographical area that otherwise would experience too high
interference from the macro layer. This basically implies that using ABS at macro-cell
makes possible to increase the offloading of traffic to the small cell. Moreover, this
concept allows the use of higher values of CRE for the LPNSs.

ABS patterns are configured in semi-statically and signaled between the macro-cell and
small cell over the X2 interface. The macro-cell is supposed to act as the master that
decides which subframes are to be set as ABS depending on different information
regarding the cluster. Moreover, some improvements for the X2 application protocol are
included in the Relleasel0 specification, which makes easier the configuration of ABS
muting pattern among cells. Regarding the Release 10 specification, the macro-cell
supports techniques for the configuration of ABS muting patterns, being able to obtain the
maximum overall system performance while considering also quality of service (QoS)
requirements of individual UEs. An example of X2 signaling to configure the ABS
muting pattern between the macro cell and pico cell is illustrated in fig.1.
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Figure 1. X2 Signaling of ABS Muting Pattern for Distributed Coordinated

As depicted in fig.1, the pico cell initiate ABS request by sending load information (LI)
with information element (IE) to macro cell. The macro-cell answers by sending back
another LI message with IE ABS information which includes the current ABS muting
pattern used at macro-cell. In addition, the macro-cell can ask the pico cell to
communicate the utilization of the allocated ABS resources by starting a resource status
(RS) reporting initialization mechanism. The pico cell responds and provides the required
information with a RS update with IE ABS status. Based on the ABS status from the pico
cell, the macro cell has sufficient information to determine whether to use more or less
subframes as ABS before deciding on a new ABS muting patter. If the macro cell makes
the decision of changing the ABS muting pattern, it informs the small cells within the
cluster by means of an ABS information message.

6.1.2. Reduced Power Almost Blank Subframes (RP-ABS) based elCIC: The ABS
based elCIC incur valuable spectrum loss due to the requirement that the macro cell need
to completely blank the transmit power on PDSCH resource elements in ABS. In this
process LTE radio frames are divided into elCIC subframes and non-elCIC subframes.
While the small cell could use elCIC and non-elCIC subframes, the macro cells could
only use non-elCIC subframes to schedule its users. However, with reduced power almost
blank subframes (RP-ABS) the macro cell doesn’t completely blank the power on eICIC
subframes, as it could use these subframes with reduced power to serve cell center users
in the macro cell. Therefore, it’s effectively utilized the entire subframe, but of course
requires intelligent scheduling and coordination between the macro cell and the
coordinated small cells. The amount of power reduction could be static or dynamic. With
static RP-ABS, the split of elCIC subframes to non-eICIC subframes is usually fixed and
the amount of power reduction could be equal to the range expansion bias and also is
fixed for all elCIC subframes. Whereas in dynamic RP-ABS, the small cell scheduler
must communicate with the macro cell scheduler to exchange the amount of elCIC
resource blocks and the corresponding required power reduction on each elCIC resource
block. Thus, the capacity gain from using reduced power subframes over almost blank
subframes depends on the ratio of elCIC subframes to non-elCIC subframes within a
radio frame and the intelligence of the scheduling and coordination. The macro cell
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scheduler usually allocates the RP-ABS resource blocks to cell centers, where the quality
of RP-ABS resource blocks are ranked in terms of fading and power reduction then
allocated to cell center to achieve the desired quality of experience determined by the
scheduling goal. A typical choice for the power reduction per user is the difference in
received reference powers between the interfering macro cell and the small cell. In order
to have effective coordination, backhaul X2 links between the macro cell and the
coordinated small cells must have relatively low latencies. As the degree of coordination
of scheduling decisions nears perfection, the described dynamic RP-ABS scheme
becomes almost identical to the Coordinated Scheduling feature in Coordinated
Multipoint (CoMP). It is worth noting that achieving perfect coordination between macro
and small cell nodes requires a centralized coordination structure (e.g. cloud RAN).

Zero power ABS Reduced power ABS

5 5
_ O

Subframe Subframe

Figure 2. ABS and RP-ABS Subframes

However, with the use of ABS/RP-ABS muting patterns, more interference
fluctuations occur in the network depending on whether a subframe is being used as ABS
or normal. Therefore, it becomes more difficult for the cells to perform LA procedures
(i.e. selection of MCS) as well as channel aware packet scheduling based on CQI
feedback from UEs. As a result, the network needs to configure restricted CQI
measurements for Release-10 UEs such that they can send the reports corresponding to
both normal subframes and ABS to the eNB. However, Release-8/9 UEs do not support
measurement restrictions, so the reported CQI is done based on an interference estimation
averaged in time domain through a particular time window. Hence, these users may
experience lower performance in network where elCIC is enabled. Moreover, Release10
elCIC schemes cannot able to address interference handling of CRS signals which must
be transmitted to support legacy LTE (Release 8/9).

6.2. Further Enhanced Inter-Cell interference Coordination (FelCIC)

As stated at section 6.1.2, elCIC cannot handle CRS interference of neighboring cells
which could be detrimental for the demodulation of various data and control channels.
Based on the reference signal frequency hopping CRS of neighboring cells are classified
as colliding and non-colliding CRS. While non-colliding CRS interferes with data and
control channel, colliding CRS interferes with other CRS signal which lead poor channel
estimation. However, 3GPP Release 11 introduced FelCIC which can able to manage
CRS interference solution based on the transmitter and receiver actions. The techniques
are described as follows.

6.2.1. Transmitter based FelCIC: The transmitter based FelCIC approach rely on
muting PDSCH resource elements within a small cell ABS that experiences strong
interference from macro CRS. To compensate for the minor PDSCH resource loss a rate
matching is then applied by changing the rate of coding and rate matching. A transmitter
based FelCIC approach is illustrated in fig.3 for the non-colliding CRS case. In
transmitter based FelCIC, the transmitter mutes PDSCH resource elements vulnerable to
strong CRS interference. However, in order to support legacy UEs, this type of muting is
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not currently feasible for the downlink control channels, as PDCCH resource could not be
muted or rate matched.

Aggressor macro cell 1 Aggressor macro cell 2 Victim small cell
Bl N N N 1 _ . .
mom| L] | A N N N L1
A E N N | . L] N
mmm| | 1] Z | BOE BN _BEN B L]
A N K Em HEN ENEEEE -
i | [ 1T] ﬁ | SN BN _BEE B (g}
A N N N L] ENEEEN _
1 11 ' | B0 BN BEN B L1
PDCCH RE . CRSRE Muted PDSCH RE . PDSCH RE without CRS Interference

Figure 3. Transmit-based FelCIC CRS Interference Avoidance

6.2.2. Receiver based FelCIC: The receiver based FelCIC approach eliminate the
dominant CRS interference based on the estimation at UE receiver end. In the case of
non-colliding CRS, this technique is more effective since the UE is able to distinguish the
strong interferers then select the dominant interferer. Once the UE estimates the CRS of
the strongest interferer, it can subtract that from the received signal. It is worth noting that
the UE could perform this process for multiple interferers, but it would require an iterative
process to subtract each interfering signal. However, it is not advisable to cancel the
interference from weak interferers, as it would difficult to estimate such signals; weak
CRS interference does not significantly contribute to the overall interference, so there is
little harm in neglecting it at the receiver. However, in the case of colliding CRS, receiver
based elimination is not effective since the UE may find some trouble estimating the
interfering reference signals as the UE requires information from the network regarding
which cells are suitable for CRS cancellation at the UE.

6.3. FDM Based ICIC

The basic principle of FDM based ICIC is to divide the available spectrum into parts
and the interfering cells will use different frequency spectrum. However, 3GPP release 10
introduced a unique feature called Carrier Aggregation (CA) which enables multicarrier
scheduling in LTE-Advanced system. In this section, the introduction of CA and ICIC in
HetNets using CA are discussed.

6.3.1. Carrier Aggregation (CA): Carrier aggregation (CA) is one of the key features of
LTE-Advanced (Release 10). LTE-A is designed to meet the peak data rates required by
IMT-Advanced: 1 Gbps for the downlink and 500 Mbps for the uplink. This requires UE
access to a total bandwidth up to 100 MHz. Since the maximum supported bandwidth in
LTE is 20 MHz, bandwidth is expanded through aggregating up to five component
carriers (CCs). Moreover, CA is designed to be backward compatible, meaning that both
LTE (Release 8/9) and LTE-Advanced UEs can be supported in the same CC deployed by
the Release 10 eNodeB (eNB). Each CC should inherit the bandwidth configurations of
the Release 8 carriers, for example, it should be in the size of 1.4, 3, 5, 10, 15, or 20 MHz
which are the typical LTE carrier sizes. Moreover, different carriers may be in different
sizes, giving operators flexibility in forming the required bandwidth subject to the
available spectrum constraints. Such spectrum compatibility is of critical importance for a
smooth, low-cost transition to LTE-Advanced capabilities within the network.

62 Copyright © 2015 SERSC



International Journal of Future Generation Communication and Networking
Vol. 8, No. 1 (2015)

6.3.2. CA based ICIC in HetNets: CA based interference management lies on the divide
of the full spectrum into two parts, name primary cell (PCell) and secondary cell (SCell);
illustrates in fig.4. Different deployment scenario is presented to design HetNets by
means of CA which can successfully mitigate the interference effect. Based on the
centralized architecture, the macro cell with full coverage area could serve as PCell and
small cells would serve as SCell. Macro cell is responsible to provide system information,
control signaling and allowed to bandwidth limited data transmission, while small cells
would serve local high rate data transmission. In case of dedicated carriers for macro cell
and small cell this CA technique would be more beneficial.

_PCell  SCell 'P

Figure 4. LTE-A HetNet Multi-site Carrier Aggregation

Nevertheless, there are also drawbacks of this functionality. First of all, requirement of
a centralized architecture; that is less supportive in LTE-Advanced standard system.
Furthermore, multiple Timing Advance (TA) supporting CA capable terminals are
required; this will basically require two transmitters in the terminal which is a challenging
step in implementation.

In an alternative deployment, not necessarily based on a centralized architecture, macro
cell and the small cells might operate with own control signaling on both frequency
layers. Such deployment will require advanced interference management. In this case,
both of macro cell and small cell will allocate different frequency layers for their
respective PCell and SCell. The SCell might not transmit any data or may transmit data
with lower power to avoid interfering with the PCell of the other layer. Depending on the
implementation of the radio resource management and scheduling algorithm, UEs close to
the base station can be scheduled with low power SCell allocations, while cell edge users
are allocated using the PCell. Power variations of the SCell to a single UE can only be
semi-static, since the power difference to the reference symbols needs to be known by the
UE (signaled on slow basis by RRC in LTE) for amplitude modulation. For full protection
of the control region, PDCCH Craoss Carrier Scheduling from the Pcell can be used. If the
Scell’s PDCCH is not used at all, interference on the PCell’s PDCCH is minimized.
Spectrum efficiency also can be increased as frequencies are available at macro and small
cells. Figure 5 demonstrates the cross-carrier scheduling of primary carrier and secondary
carrier in CA based HetNets.
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Figure 5: LTE-A HetNet using CA based Cross-carrier Scheduling

However, this CA based ICIC has some benefits compared to a TDM based ICIC using
almost blank subframes as the Release 8/9 legacy terminals are always supported on the
PCell without performance degradation. Although at least a certain penetration of CA
capable UEs is required. Overall, the level of complexity for network integration, to
support user mobility, the signaling and measurement overhead is likely to be higher in a
co-channel deployment using elCIC. However, one issue of this approach is that
eventually the macro cell might run out of PDCCH resources due to its use of cross
carrier scheduling. PCell and SCell resource allocations have to be signaled separately,
potentially doubling the load on the downlink control channel. On top of this, additional
PDCCH capacity could be required to support future Multi-User MIMO, where resources
are allocated to multiple UEs in the spatial domain.

To reduce the PDCCH load 3GPP Release 11 introduces a new downlink control
channel concept called Enhanced Physical Downlink Control Channel (ePDCCH). The
ePDCCH is a new downlink control channel reusing physical resource block (PRB)
formerly used for PDSCH transmission. This concept provides various benefits over
earlier two techniques. In addition, the general increase of control channel flexibility,
ePDCCH also effectively supports the HetNet scenario as described above. The ePDCCH
could provide downlink control signaling resources within each SCell without the use of
cross carrier scheduling and without interfering with the PDCCH of the other layer’s
PCell. The reliability of the ePDCCH could be increased in case frequency domain
interference coordination is applied between sites. In that case SCell’s ePDCCH resource
blocks are not scheduled in the other layer’s PCell. Figure 6(b) illustrates this principle
that can be applied in case ePDCCH performance is interference limited. However, proper
coordination between the macro cell and small cells also required here.

- primary
£ | o %r;?’:’?gty PCall fi | 4> carrier PCell
Z ——]ePDCCH Z . PDCCH
5 (extention SCell s (aextention ¢ SCell
carrier carrier

//V ePDCCH ~ ePDCCH
|

Figure 6(a): CA based HetNet using Figure 6(b): CA based HetNets
PDCCH using ePDCCH with ICIC
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6.4. Coordinated Multi-Point (CoMP) based ICIC

The fundamental principle of CoMP is utilized multiple transmit and receive antennas
from multiple antenna site locations which may or may not belong to the same physical
cell. CoMP mainly has been targeted to improve cell-edge UE experience, but regardless
the location it use to enhance system throughput of UEs those experience strong signals of
different cells. CoMP mainly categorized as inter-site CoOMP in which the coordination is
performed between cells located at separated geographical areas, and intra-site CoMP
which enables the coordination between sectors of the same eNB. Also, in downlink
scenarios, CoMP transmissions are classified as Coordinated Beam-Switching (CBS-
CoMP), Coordinated Scheduling (CS-CoMP), Joint Transmission (JT-CoMP) and
Dynamic Point Selection (DPS-CoMP). In first two cases UEs data would be available
only at serving cell but coordination is necessary between all of the interfering cells.
Whereas in later two cases, UEs data might be available at more than one cells; by default
at all coordinating cells, but transmission may be occurred at one or more cells. In
addition, depending on coordination architecture CoMP are also divided into two main
schemes, namely Central CoMP and Distributed CoMP. A detail survey report in CoMP
transmission is presented in [25].

In [26]-[31], several techniques available for CoMP technology but all the approaches
require to share some scheduling information regarding the UEs data at coordinating cells.
This sharing results increased complexity and signaling overhead on X2 interface.
However, in downlink CoMP, UEs report Channel State Information (CSI) during uplink
transmission to the cells based on the experienced SINR of respective eNBs. In CoMP
system, to indicate the possible channel states in both transmitter and receiver a set of pre-
defined precoding matrices is used. The Precoding Matrix Index (PMI), which is defined
as the index to the preferred matrix within in a codebook matrix, is reported by UE
together with Channel Quality Indicator (CQI) and MIMO Rank Indicator (RI). CQI and
PMI are parameters determined by UE based on pilot measurements and UEs send to their
serving BS. Moreover, Rl indicates the number of data streams to be transmitted in
parallel for the next transmission over the MIMO channel. These parameters are
transmitted in a quantized manner to eNB targeting to reduce signaling overhead. By
coordinating and combining signals from multiple antennas, CoMP makes it possible for
UEs to enjoy consistent performance and quality when they access and share videos,
photos and other high bandwidth services whether they are close to the center of an LTE-
A cell or at its outer edges.

7. Conclusion

In this article, an extensive survey on inter-cell interference management in LTE-
Advanced HetNets has been performed. The survey has covered all possible techniques of
ICIC in LTE-Advanced HetNets. It has clearly identified the benefits as well as
drawbacks of each the techniques with all possible modifications. The TDM based and
CA based advanced ICIC mechanisms, which examined in this survey, provide a general
framework of solutions that can handle efficiently inter-cell interference as one of the
major issues in the wireless heterogeneous networks.

The TDM based ICIC mechanisms have been thoroughly investigated and categorized
based on a variety of key features. As discussed, co-channel deployment could ensure
proper utilization of the available spectrum but could not able to manage ICIC in a greater
degree. However, the introduction of reduced power almost blank subframes effectively
overcome PDSCH and PDCCH interference of aggressor cells, but fallen short to handle
CRS interference. Whereas, based on the transmitter/receiver action FelCIC is considered
as a promising solution to CRS interference cancellation/avoidance in HetNets. In all of
the cases tight and efficient synchronization between the interfering cells are indeed.
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On the other hand, carrier aggregation has been considered as a most promising
solution to deploy LTE-Advanced HetNets. CA could effectively manage the ICIC by
assigning different component carriers to different cells, but this technique could not
ensure proper spectrum utilization. However, release 10 and 11 introduced cross-carrier
scheduling and enhanced control channel ePDCCH, respectively, which ensure proper
bandwidth utilization as well as effective ICIC in HetNets. CA based ICIC also offers
some benefits over TDM based ICIC in case to support legacy LTE UEs. Finally, CoMP
has been further explored as a complementary scheme for ICIC methods by characterizing
their partially common features. As described, CoMP provides an advanced coordination
framework suitable for high order MIMO-OFDMA systems like LTE-Advanced, but
required low latency X2 interference as well as strict synchronization among the
coordinating cells.
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