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Abstract 
The primary goals of the thesis study were to evaluate the Closed Subscriber Group (CSG) based 

Heterogeneous Network (HetNet) deployments and identify the impact of CSG LPN cells on various 

system performance metrics (cell throughput, UE throughput and interference levels etc.) in contrast to 

the case when Open Access (OA) LPN cells are deployed in the macro cell area. Moreover, we aimed 

to analyze the system performance (metrics) in the presence of Inter-cell Interference Coordination 

(ICIC) techniques based on Time Domain Resource Partitioning (TDRP) and Frequency Domain 

Resource Partitioning (FDRP). As part of the initial objectives, we aimed to characterize the new 

interference scenarios consequent from the presence of CSG cells and contrast the performance of the 

system with the case when we have Open Access (OA) LPNs in the system. Furthermore, we 

simulated cases where the User Equipment (UEs) had the capability to perform Cell-specific 

Reference Signal Interference Cancellation (CRS-IC) in contrast to the studies where the UEs were not 

capable of performing CRS-IC. The simulations were performed in a heavily loaded traffic scenario 

(15Mbps & 10 LPNs per macro cell area) with 20% of the total users clustered around CSG LPNs. It 

was observed that in the presence of UEs capable of performing CRS-IC, incorporation of the CSG 

cells brings about 20% increase in the overall macro cell area T.P for DL and about 47% increase in 

the same for UL. Furthermore, the system capacity (i.e. the no. of UEs supported) was also seen to 

increase (17% for DL and 15% for UL respectively). However for the same scenario, when the system 

contained UEs not capable of performing CRS-IC, CSG cells tend to degrade the system capacity 

(10% degradation), followed by 18% decrease in the overall macro cell area throughput in DL.  This is 

mainly due to high interference (due to CRS transmission) experienced by the un-authorized macro 

UEs in the DL. With regard to the case when ICIC techniques are employed in the system, we 

simulate the Almost Blank Sub-frame (ABS) technique with CSG LPN cells muting their transmission 

in alternate sub-frames and contrast it to the FDRP scenario where the transmission from the LPN 

cells is limited to 50% of the total bandwidth (with no muting employed). In general it was observed 

that, in a macro-femto deployment with CSG cells, ICIC techniques do not improve the performance 

of macro UEs considerably, when compared to the scenario without ICIC schemes in the system (even 

for the case when there is high UE clustering in the CSG LPNs - 60% UE clustering). However, when 

TDRP and FDRP ICIC schemes are contrasted with each other, it was observed that the FDRP scheme 

slightly outperforms the TDRP scheme by providing 12% gain in macro UE T.P in DL, primarily due 

to the fact that no CRS are transmitted in the part of the bandwidth not used by CSG LPNs. 
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Chapter 1 

1. Introduction 
Advancements in the field of Information and Communication Technologies (ICT) have 

revolutionized the conventional wired Public Switched Telephone Networks (PSTN) to ultra-

sophisticated Wireless Broadband Access (WBA) networks. This transformation is a consequence of a 

long aged journey from the naive analog mobile phone systems to the precise benchmarking 

telecommunication systems used today [1]. Technological evolution in this area has revolutionized the 

social behavior of the masses and has lead to the development of information based societies to the 

level of sophistication where “On-The-Go” wireless broadband access is turning into an essential 

facility. Furthermore; the proliferation of bandwidth-hungry devices including: data dongles, smart 

phones, tablet computers, and social networking platforms escalating in parallel with the future vision 

of “The Internet of Things”, advocates the inevitability of a “Connected World” and predicts a hyper-

growth in the demand for multimedia applications and ubiquitous connectivity. 

The predictions on the growth of traffic levels [2][3] question the capabilities of current wireless 

systems and are a major deriving factor in future evolution of the Third Generation (3G) systems with 

the vision to enhance the Broadband Wireless Access (BWA) service experience. In order to 

efficiently support this amplified demand for commercial broadband services, the Third Generation 

Project Partnership (3GPP) initiated the evolution of the Wideband Code Division Multiple Access 

(W-CDMA) based 3G systems by establishing a standardization process with the name of “3GPP 

Long Term Evolution” (LTE). The ascertained design targets for LTE as specified in [4] were divided 

in seven different areas aiming to enhance the overall system capabilities by ensuring peak data rates 

of 100 Mbit/s in the Downlink (DL) and 50 Mbits/s in the Uplink (UL), when operating in 20 MHz of 

spectrum allocation. With the first release of LTE (Release 8) and commencement of network rollout 

for LTE, 3GPP initiated a study item corresponding to the evolution of the recently developed LTE 

standard into LTE-Advanced (LTE-A). The requirements for LTE-A were defined in [5] and aimed to 

comply or even surpass the requirements set by the International Telecommunication Union (ITU) [6] 

to be categorized as an International Mobile Communications Advanced (IMT-A) candidate. LTE-A 

will be able to bring further enhancements in spectrum flexibility, and create possibilities to support 

advanced services and applications by ensuring peak rates up to 1 Gbit/s in the DL and up to 500 

Mbit/s in the UL. Moreover, the system shall bring further enhancements in peak/average spectrum 
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efficiency, delay performance in control and user planes, and support mobility across the cellular 

network for various mobile speeds up to 350km/h [5]. 

1.1 Thesis Overview 
It is widely accepted that with the enhancements begotten by the current generation wireless systems, 

along with the substantial research striving to increase the capacity and data rates in parallel has lead 

the spectral efficiency (bps/Hz) to reach proximate theoretical limits as implied by the Shannon’s 

bound [7][8]. This leaves no room for increasing the data rates by squeezing more bits per Hz, and 

thus it is requisite to find tools and techniques that could derive further increase in data rates by 

improving the Signal-to-Noise-Ratio (SNR). In unison with the techniques integrated in the LTE 

standard aiming to realize this objective (for e.g. Orthogonal Frequency Division Multiple Access - 

OFDMA, transmit/receive diversity, and multiple antenna solutions), there are researches like [9] 

which suggest to transform the conventional homogeneous network topology into Heterogeneous 

Networks (HetNets) which are seemingly reluctant to the strains on signal power caused due to the 

increase in distance from the transmitting point. This approach aims to defy the inverse square law of 

distance by moving the Base Station (BS) closer to users and provide similar Quality-of-Service (QoS) 

throughout the cell. Thus, Heterogeneous network designs address the limitations implied by channel 

capacity to transport information by improving the spectral efficiency per unit area and provide a 

uniform broadband experience to users irrespective of their location in the network. 

However, migrating from the conventional network architectures to HetNets is not an inconsequential 

transformation. Despite of the significant advantages brought about by the HetNet design, this 

renovation also introduces several concerns with regard to the intricate cell access and mobility 

procedures. Furthermore, incorporation and co-existence of cells with varying size and scale 

introduces several new interference scenarios which if not addressed sagaciously, have a tendency to 

degrade the overall system performance1

This thesis mainly relates to the area of Radio Resource Management (RRM) and Inter-cell 

Interference Coordination (ICIC) in HetNets, where we aim to characterize these new interference 

scenarios resulting from the incorporation of BSs of different size and scale to co-exist in the HetNet 

design. As part of our initial studies, we identify the consequential interference scenarios resulting due 

to the placement of Closed Subscriber Group (CSG) femto BSs in parallel with the macro cell grid and 

contrast these scenarios to the case when we have Open Access (OA) Low Power Nodes (LPNs) in the 

system. These case are evaluated for User Equipments (UEs) having different capabilities with regard 

to interference cancellation. In one case we consider the UEs who are capable of cancelling the 

. 

                                                      
1 System performance means the performance metrics of the system, namely the overall cell throughput, UE 
throughput, and UE SINR. 
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interference resulting from the transmission of Cell-specific Reference Signals (CRSs), while in the 

other case the UEs cannot cancel the interference due to the transmission of CRS from neighboring 

cells. Having identified the variations in system performance, we then tend to analyze the affect of two 

major ICIC schemes which respectively belong to different RRM categories segregating the available 

Orthogonal Frequency Division Multiplex (OFDM) radio resource in the system either in time domain 

or in frequency domain respectively. Thus, the major questions answered by this thesis project can be 

delineated as: 

1. What are the potential interference scenarios in a Heterogeneous Network (HetNet) deployment of 

LTE-A, resulting from the deployment of Low Power Nodes (LPNs) with different access rights 

(OA or CSG) and different UE capabilities (CRS Interference Cancellation (CRS-IC) capable or 

CRS-IC incapable) and 

2. What is the impact of Time Domain Resource Partitioning (TDRP) and Frequency Domain 

Resource Partitioning (FDRP) based ICIC mechanisms on the performance (UE throughput and 

UE SINR) of macro UE experiencing high interference from the CSG cells 

We performed several system level simulations to evaluate the system behavior under the presence of 

CSG LPN cells and then conducted analysis of the case when ICIC schemes are employed in the 

system to identify if a macro-femto HetNet deployment with CSG cells benefits from these ICIC 

schemes and how these schemes affect users in different cells and the overall system performance (cell 

throughput, user throughput and interference levels etc.) in general. The detailed project flow is 

articulated by Figure 4.1 in Chapter 4 where we discuss the detailed methodology for the project work. 

1.2 Thesis Outline 
Up till now, we have provided a description about the major goals and objectives of the thesis work. 

Chapter 2 provides a detailed description about the most important concepts associated with the thesis 

project. We discuss the implications brought about by the adoption of Orthogonal Frequency Division 

Multiplexing (OFDM) as the transmission technique in LTE and the highlight the benefits of 

Orthogonal Frequency Division Multiple Access (OFDMA) as the multiple access scheme for DL 

transmissions. The chapter further provides an overview of the major technological components of 

LTE-A and the implications of newly incorporated concepts including Carrier Aggregation (CA) and 

HetNet deployments. We point out several benefits of the HetNet architecture and characterize the 

nature of the new type of LPNs defined by 3GPP to be a part of the LTE-A standard. 

Chapter 3 discusses the primary motivation for our thesis and provides a detailed analysis of similar 

works in the area. We highlight the changes required in system access and mobility procedures as 

constrained by the HetNet design and point out the new type of interference scenarios generated due to 

the incorporation of BSs of different size and scale in the system. Furthermore, the interference 
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management techniques to mitigate the effect of interference and increase the system performance in 

HetNets are also discussed. 

Followed by the literature review and discussion on the primary derivers for the thesis study, we 

provide a detailed discussion of the objectives of the thesis in Chapter 4. We describe the Inter-Cell 

Interference Coordination (ICIC) schemes that are evaluated as part of the thesis and provide an 

overview about the simulator functionality aspects including the propagation, deployment and access 

procedures. Chapter 4 further delineates the scope of the overall thesis by describing the studies 

conducted as part of the thesis work. 

Chapter 5 provides a mathematical formulation of the thesis problem, where we characterize the inter-

cell interference management as a scheduling optimization task and formulate the problem abiding by 

the basic rules of Network Utility Maximization (NUM). The chapter further provides a mathematical 

description of the Time Domain Resource Partitioning (TDRP) and Frequency Domain Resource 

Partitioning (FDRP) ICIC techniques, which are to be evaluated as part of the thesis objectives. 

Chapters 6 to 9 articulate the results of the simulations that have been conducted to achieve the 

objectives set for the thesis work. To identify the implications of CSG cells on various performance 

metrics of the system, in Chapter 6 a system with low traffic load (5 Mbps) is simulated with 2 LPNs 

per macro cell area. Furthermore, the users are able to perform interference cancellation resulting due 

to the collision of Cell-Specific Reference Signals (CRSs). It was found that the presence of CSGs 

brings gains in all the performance metrics of the system (UE SINR, UE throughput, and cell 

throughput etc.) for both UL and DL scenario. 

Having analyzed the impact of CSG cells on the system performance in a system with low traffic load, 

in Chapter 7 a system with a rather more intense scenario is simulated where the traffic load in the 

system is increased to 15 Mbps, with 10 CSG LPN cells per macro cell area. However, the UEs are 

still CRS-IC capable and can perform cancellation of interference due to the CRS transmitted in DL. It 

was found that the incorporation of CSG cells still brings gains in the system performance, even under 

a heavily loaded traffic scenario and thus a hypothesis was made that the major interference comes 

from the transmission of CRS which degrade the overall SINR and throughput of the UEs. 

In Chapter 8, we simulated the exact same scenario as in Chapter 7 to verify the hypothesis made in 

the conclusions of chapter. The system load was maintained to be 15 Mbps per macro cell area, 

however the UEs placed now were not capable of performing interference cancelation resulting from 

the DL CRS transmission. It was observed that when there are CRS-IC incapable UEs in the system, 

the incorporation of the CSGs deteriorate the performance of the system significantly. Reductions in 

all the performance metrics were observed and thus it was proved that the major interference comes 

from the transmission of CRS. As the PRB utilization in the LPNs is not significantly high (less than 

10%), the impact of interference due to the transmissions on the data portion (Physical Downlink 
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Shared Channel - PDSCH) is not significant and thus the interference from CRS is the major source of 

performance deterioration. 

In Chapter 9, the impact of ICIC schemes was simulated to evaluate if enabling ICIC schemes in the 

CSGs results in benefits for the macro UEs which are not able to perform CRS-IC, in terms of SINR 

and throughputs. Furthermore, it was also sought to identify the variations between the TDRP and 

FDRP schemes in terms of their abilities to bring gains in macro UE SINR and also in the overall 

system performance in general. It was observed that in a CSG environment, the ICIC schemes do not 

improve the performance of the system (cell throughput). Furthermore, no significant gains were seen 

in comparison with the case when there were no ICIC schemes employed at the CSGS. The primary 

reason for this behavior is that the PRB utilizations in the CSG LPNs are low (less than 10%) and thus 

the CSGs do not cause significant interference on the PDSCH part of the macro UEs and the major 

interference comes from the transmission of CRS. It was further observed that FDRP scheme showed 

greater tendencies in improving the SINR and throughput for macro UEs. This is primarily due to the 

fact that in FDRP scheme, there is no CRS transmission on the muted PRBs and thus corresponding 

gains in macro UE SINR and throughputs are observed. 

Finally, Chapter 10 provides an overall overview of the contribution of the thesis works by providing a 
summarized version of the findings. We further identify several future work items that could stem 
from the thesis work that has been carried out. 
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Chapter 2 

2. Background and Literature 
 Review 
2.1 Implications of OFDM in LTE 
The aspiration to enhance the spectral efficiency, interference immunity, and thus the data rates of 3G 

technologies was realized in LTE by the use of Orthogonal Frequency Division Multiplexing (OFDM) 

in the DL, and Single Carrier FDM (SC-FDM, in the UL) as the underlying transmission techniques. 

OFDM has proven to be the “transmission-technique-of-the-future”, well suited for systems aiming 

the provision of broadband wireless access services. It is currently being used as the prime 

transmission scheme for the advanced broadband wireless networks including Digital Video 

Broadcasting (DVB-T), and IEEE’s 208.16a-e Worldwide Interoperability for Microwave Access 

(WIMAX). OFDM offers better immunity to multipath fading effects in the channel by dividing the 

available bandwidth into minuscule orthogonal narrow-band subcarriers and transmitting the data on 

more than one sub-carrier in parallel. This makes the bandwidth of each subcarrier to become 

narrower than the coherent bandwidth of the propagation channel, and hence the effects of interference 

caused by a frequency-selective fading channel are transformed in to the effects as imposed by a flat 

fading transmission channel. Thus the transmissions become immune to the time dispersive multipath 

fading channels, providing higher resistance to interference. The benefits of the OFDM scheme are 

further exploited by the LTE standard by adopting Orthogonal Frequency Division Multiple Access 

(OFDMA) as the multiple access scheme for DL transmissions, where each user is assigned a subset 

of subcarriers for use for a specific time period. Researches indicate that OFDMA systems have the 

advantage of exploiting multi-user diversity [10] and performing optimal resource (power and rate) 

allocations among the subcarriers using the “water filling” strategy over the inverse of channel 

spectrum [11].  

Furthermore, the incorporation of OFDMA in the standard provides orthogonality between the users 

within the cell (for both UL and DL) and thus intrinsically removes intra-cell interference. This 

corresponds to a re-use factor of 1 from the frequency planning aspects of the network, and brings 

significant capacity gains in the network when employed with clever interference mitigation 

techniques, as pointed out in [12]. Nevertheless, in a multi-cell environment, the performance of the 
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system is restricted in terms of spectral efficiency and attainable data rates due to the inter-cell 

interference. 

2.2 LTE-Advanced - Technology Components 
and their Implications 

As pointed out in the introductory section of the report, the link performance of LTE is already close 

to the Shannon limit and the ambitiously high data rate targets set by LTE-A require further 

enhancements in the SNR in order to augment the user experience. Thus, the standard incorporates 

several techniques that aggressively aim to increase the SNR experienced by the users (especially 

those at the cell edges) mainly: 

- Enhanced multi-antenna transmission solutions engaging spatial multiplexing and beam 

forming 

- Enabling coordination between different base stations (evolved NodeB, shortened as eNB), 

termed as Coordinated Multi-point Transmission (CoMP), aiming at joint 

transmission/reception and in turn resulting in high cell-edge data rates and multiplied system 

capacity, as discussed in [13] 

- Establishing relay nodes in the system to process the signals on their way to the destination in 

order to diminish the destructive amendments caused by channel variations and obtain better 

SNR values at the receiver 

- Enabling wider band transmissions and enhancing spectrum flexibility of LTE by introducing 

the ability to transmit and receive on multiple component carriers, Carrier Aggregation (CA) 

and 

- Acknowledging the deployment of LPNs in the standard, and thus forming a HetNet setup to 

enable uniform user experience.  

Among all the techniques mentioned above to improve user experienced data rates, carrier aggregation 

and HetNet deployments, has brought the major breakthrough generating a multifold increase in data 

rates. Furthermore, there are proposals and discussions on the capabilities of UEs to perform 

interference cancellation due to the CRS transmission of neighboring cells, leading to overall 

performance improvements of macro-femto HetNet deployments. As these areas are most relevant to 

our work, we elaborate these topics in further detail in the subsequent discussion. 
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2.2.1  Carrier Aggregation 
LTE-A facilitates support for wider bandwidth by enabling aggregation of multiple Component 

Carriers (CC). Carrier Aggregation allows spectrum allocations of up to 100 MHz generating a 

multifold increase in data rates, while preserving compatibility with the conventional Rel-8/9 standard. 

Conforming to the regulatory principles and ensuring spectrum flexibility, different classifications for 

CA are defined in LTE-A. In [14], Mikio et al. characterize these classifications as: Intra-band 

contiguous (operating in the same band with consecutive carriers being aggregated), Intra-band non-

contiguous (operating in the same band, but with non-consecutive carriers being aggregated) and inter-

band non-contiguous (operating in a different band with non-consecutive carriers being aggregated). 

Considering these variations in CA, different deployment scenarios are achievable based on the 

collocation and overlaying possibilities of the available spectrum, as specified by 3GPP in [15]. While 

the LTE-A (LTE Rel-10) UEs are able to conduct transmission and reception on the aggregated 

component carriers (to multiple serving cells), to legacy (Release 8/9) UEs, each Component Carrier 

(CC) appears as a distinct LTE carrier. Thus, the CA facility allows for the co-existence of LTE Rel-

10 and Rel-8/9 UEs in the same cell. As an illustration, the scenario is exemplified in the following 

figure: 

 
Figure 2.1:   Example of carrier aggregation 

Another detail in the LTE-A standard which relates to the CA landscape and is highly relevant to our 

work includes the concept of Cross Carrier Scheduling (CCS). With CCS, it is possible to use the 

Physical Downlink Control Channel (PDCCH) of one CC to schedule the UEs on the Physical 

Downlink Shared channel (PDSCH) of another CC (illustrated in Figure 2.2). However, when CCS is 

enabled, a 3 bit Carrier Indicator Field (CIF) is appended to the payload of PDCCH messages which 

aids in identifying to CC used [14]. 

 
Figure 2.2:   Illustration of cross-carrier scheduling 
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2.3 Heterogeneous Network Design 
As aforementioned in the report, the short comings of homogeneous network architectures and the 

limitations implied by channel capacity on transport of information have lead engineers to advocate 

the divergent suggestion of transforming the current network architectures and define a robust system 

capable of providing uniform user access, irrespective of user location. This approach aims to defy the 

inverse square law of distance by moving the BSs closer to users and provide similar QoS throughout 

the cell. 

The HetNet architecture can be termed as “antonymous” when it comes to accumulating BSss of 

mismatched cell sizes and varying power levels in the network to co-exist. In such a network, BS of 

different size and transmit powers are distributed throughout the network in an unplanned (or roughly 

planned) manner. The approach authorizes the placement of low power base stations, called LPNs 

towards cell edges (or wherever required) to achieve high efficiency, data rate and escalate overall 

system throughput. The system entails the co-existence of a wide range of cell sizes ranging from 

macro cells to pico cells; along with an introduction of femto cells. 

The incorporation of femto nodes (LPNs placed at user’s home) is one of the distinct features of this 

approach, as they are analogous to WiFi access points placed at users’ home or office and are 

configurable by the user [16]. The femto cell access points are connected to the core network via a 

DSL cable and address the problem of low signal strength at cell edges (or wherever require). These 

nodes are capable of operating in three modes: 

Open Access (OA): in which any UE can associate with the node and  

Closed Subscriber Group (CSG): providing additional privacy and user control by letting the owner to 

authorize the access of selected UEs, and providing service only to the authorized UEs. Thus the 

owner can select a certain set of UEs and configure the CSG LPN to provide access only to these UEs. 

Hybrid Access (HA): as the name implies, HA LPNs are a composite of the OA and CSG mode LPN 

which by default work as the CSG cells. However, these LPNs also implement operator anchored 

policies which define the instances when the BS shall switch its mode into OA and provide service to 

the entire set of candidate UEs requesting access from the LPN. 

Thus, the consensus in 3GPP to incorporate HetNet deployments as part of the LTE-A standard as 

specified in [17] makes the homogeneous network architecture to be transformed in to a fragmented 

architecture with higher level of modularization, as articulated by Figure 2.3. 
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Figure 2.3:   Heterogeneous network topology structure utilizing a mix of macro, pico and femto nodes 

In addition to the uniform user experience provision, the HetNets further contribute to augment the 

capacity of the network. Scenarios where the macro BS are heavily loaded and cannot support any 

further active users, can be resolved by adding LPNs in the system which shall aid the macro layer by 

providing service to the nearby UEs and offload the macro cell. This provides a number of benefits: 

- Users can experience high data rates even at the cell edges and   

- More users can be supported by the system (increasing the system capacity) 

- The overall system efficiency and throughput is optimized by the load balancing potential 

brought about by LPNs in the service area.  

Nonetheless, despite of the significant gains introduced by the incorporation of HetNet architecture in 

LTE-A, it also brings along some major concerns with regard to conventional network access and 

management procedures, mobility aspects, and interference scenarios. These issues are further 

highlighted in the subsequent chapter. 

2.4 Implications of Heterogeneous Networks 
The prime motivation for the research in the area of HetNets has been the implications of the 

unconventional network architecture instigating situations which (if not addressed accordingly) would 

lead to anomalies in the network. An example of such instances is the cell selection or user association 

procedure which in a HetNet scenario can lead to a “load imbalance condition” in the system. We 

discuss these anomalies, their implications and measures taken to overcome these challenges in 

HetNets under the following headings. 
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2.4.1 Cell Selection - The Load Imbalance Condition 

Cell selection in cellular networks involves intricate procedures and is perceived to be a sensitive 

matter influencing overall system performance. In a homogeneous deployment, all the cells transmit 

on similar power levels and the cell selection is primarily based on the Reference Signal Received 

Power (RSRP) corresponding to the quality of the received signal by the UE, as: 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝐼𝐼𝐼𝐼) = 𝑎𝑎𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎{𝑆𝑆}�𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅{𝑆𝑆}� (3.1) 

However, in a heterogeneous deployment scenario, the Access Points (AP) of different scale transmit 

at different power levels and there is a wide difference between the power levels of the base stations. 

For instance, in a macro-pico deployment scenario, the power difference between the macro and the 

pico cells is more than 20dB [19]. In such circumstances, the same principal as in (3.1) cannot be 

applied and thus the assignment of UEs to appropriate BSs becomes a non-trivial task. In case of 

HetNets, if the BS-to-terminal association is based on the DL signal strength (RSRP), most of the UEs 

will get associated to the macro cell resulting in resource overloading or congestion. While, in the pico 

cells, the resource utilization shall remain low, as lower number of UEs get associated to it. This shall 

cause load imbalance in the network, corresponding to some of the UEs (associated to the pico cell – 

pico UEs) experiencing high data rates, while others (associated to the macro cell – macro UEs) would 

get relatively low speeds, due to resource congestion (considering a heavily loaded system). 

The matter has been a topic of several researches like [18][20][21][22] and has been evaluated by 

others including [23], which proposes a concept of “Range Extension”; advocating a simulated 

expansion in the range of the low power BS, when making a decision on UE association with the LPN. 

This means, whenever a UE is associating to the LPN, an artificial offset threshold is to be added to 

the actual RSRP value and then the cell association decision shall be taken. While, in case of the 

macro BS, the association decisions shall be based on the actual received signal strength only. The 

concept of Range Extension (RE) enables an optimal association of users throughout the coverage 

area, which shall lead to enhanced system performance and load reduction from the macro cell at the 

same time. However, such techniques require careful evaluation of several parameters when deciding 

on the offset values and agreement on various other parameters, to avoid unnecessary extensions 

leading to flawed user association resulting in unnecessary interference and deteriorated system 

performance. 

2.4.2 Constraints Implied by the Operators 

In general, the wireless network operators relentlessly strive for efficient Radio Resource Management 

(RRM) and resource utilization in the network (corresponding to high system capacity, instigating 
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prospects to support more number of users) to utilize the proportionality between mass service 

provision and revenues. 

Despite of the implications of OFDM technology which enables possibilities to incorporate a re-use 

factor of 1 in the network, the operators’ insatiable desire to increase the capacity and squeeze in more 

number of users with in a limited allocated spectrum has resulted in a demand for intra-cell frequency 

re-use in HetNet deployments of LTE-A. This pronounces the co-channel boundaries within the macro 

cells and places additional constraints on the network with regard to the interference generated due to 

the proximate frequency re-use. 

Furthermore, the operators’ desire for capacity is seen to be conflicting with the users’ desire for 

service quality as the increasing number of users cause congestion in the network (i.e. more 

interference, poor transmission quality and delayed scheduling periods) [24]. This results in increasing 

the blocking probability of the system and leads to users experiencing momentary service outages. 

To address these issues, there is an unremitting need for efficient resource management procedures 

and inter-cell coordination mechanisms which can aid to reduce the interference and provide a balance 

between the capacity (for the operators) and service quality (for the users) in HetNet deployments of 

LTE-A. 

2.4.3 The Interference Problem 

It is implicit from the previous discussion that despite of providing gains in the system performance, 

the co-existence of BSs of various scales brings about several issues and can deteriorate the entire 

system throughput if not addressed skillfully. There is an ongoing research aiming to identify and 

address the new interference scenarios generated in heterogeneous deployments of LTE-A. In Figure 

3.1, we illustrate the primary interference scenarios resulting from the co-existence of dissimilar cells 

within the service area (using a common frequency resource). These interference scenarios can be 

summarized as: 

› Downlink Interference Scenarios: 

› Macro UEs located close to CSGs face high interference due to the transmission from 

the LPN CSG cells 

› CSG UEs located at cell edges experience high interference from the macro BS. The 

interference gets severe if the CSG UE has a low path loss to the macro BS (i.e. the 

CSG cell is located close to the macro BS) 
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› Uplink Interference Scenarios: 

› Macro UEs located close to CSG cells cause high interference for the LPN BS, when 

transmitting to the macro BS. This effect gets severe if the macro UE is located at the 

cell edge and transmits with high power. 

The emergence of these new interference scenarios in HetNets has been extensively discussed in [18], 

where it is acknowledged that the UEs associated to the macro cell (macro UEs), but however having 

low path loss to the LPNs shall generate significant interference in the UL. Furthermore, it is expected 

that the presence of femto cells escalates the interference scenarios, as the femto cells provide access 

only to a limited set of UEs and thus become a cause of interference for the rest of the UEs in the 

macro cell area. If the macro UEs face high interference and are unable to decode the control 

information transmitted on the Physical Downlink Control Channel (PDCCH), or undergo excessive 

un-successful transmissions despite of continuous re-transmission attempts; the UEs declare a Radio 

Link Failure (RLF) condition and experience service outage. Thus, the presence of CSG LPN cells 

brings additional complexity in managing the interference levels below the thresholds set by the 

standard and have a tendency to create coverage holes for the macro UEs. 

 

Figure 2.4:   New interference scenarios in HetNets 

Along with the characterization of HetNet specific parameters in [17]; 3GPP specifies some of the 

major interference scenarios generated in HetNets emphasizing on the difference between interference 

scenarios when contrasted with homogeneous deployments. In [25], Qualcomm analyzed the 

interference scenarios in HetNets and asserted that the interference management mechanisms designed 

for macro-only (homogeneous) deployments would not adequately ease the interference levels and 

fluctuations in HetNets. They further extend their evaluations in [26] and make proposals to create a 

study item in 3GPP to investigate techniques aiming to reduce the interference levels and aid in 

achieving capacity and data rate targets set for LTE-A. 

In the subsequent heading, we discuss some techniques and mechanisms aiming to diminish the effects 

of interference in HetNets using creditable approaches for interference management. 
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2.4.4  Cell-specific Reference Signals (CRS) 

In order to enable efficient reception of data in the DL, the UEs are required to perform coherent demodulation 

as part of the LTE-A Radio Access Technology (RAT) specifications. This requires that the UEs must have 

legitimate estimates of the channel conditions for each sub-frame. Thus, reference symbols are transmitted in 

each sub-frame and are inserted in the OFDM time-frequency grid at known instances for the UEs to 

construct legitimate estimates of the downlink channel [27]. These reference symbols are essential for the 

decoding of DL control/data channels and carrying out accurate Radio Resource Management (RRM) 

procedures including, estimation and reporting of Channel Quality Information - CQI. Furthermore, the UEs in 

the service area distinguish between different cells based on every cell’s identity which is represented by the 

CRSs on the physical layer. Illustrated in Figure3.3 is the structure of DL reference symbols when using 

two antenna ports for transmission. 

 

Figure 2.5:   Orthogonal structure of downlink reference symbols for two antennas [27] 

2.4.5  CRS- Interference Cancellation (CRS-IC) 

Despite the advantage of re-use 1 provided by the OFDM transmission scheme, operators persist to support the 

idea of co-channel macro-femto HetNet deployments, where the femto cells operate on the same spectrum as the 

macro layer. This is primarily due to advantage of cost effectiveness and higher capacity per available spectrum 

(i.e. high spectral efficiency). Under such deployments, the transmission of CRS (occurring at full power targeting 

cell edge UEs) in each sub-frame by all the BSs causes high interference on both the control and data channels of 

the UEs and can create problems in the detection of acquisition signals. Degradation in the reliability of 

control/data channels can in turn lead to excessive re-transmissions and declaration Radio Link Failure (RLF) 

condition by the UEs in the worst case. Furthermore, it is acknowledged in [28] that the network assisted 

deployment solutions like time shifting and muting of BSs do not solve the problem of interference due to CRS 
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transmission and further limits the benefits of range extension for femto cells. Thus, the transmission of CRS 

signals have a tendency to degrade the overall Signal-to-Interference-plus-Noise Ratio (SINR) experienced by the 

UEs. Hence, several researches including [28][29] advocate the cancellation of interference caused due to CRS 

transmissions and propose UE supported mechanisms for CRS Interference Cancellation (CRS-IC). This is due to 

the fact that Interference Cancellation (IC) from CRS is one of the simplest IC techniques to be implemented 

within UEs, since CRSs are transmitted on pre-determined intervals with a determined format, which the UEs can 

reliably estimate or get from neighbor cells, without the need for any strict coordination mechanisms between 

cells. 

2.5 Inter-Cell Interference (ICI) Management 
in Heterogeneous Networks 

The dilemma of ICI can be formulated by a “collision model” (as exemplified in [30]); as per which, 

the interference can be visualized in the form of collisions when two proximate nodes in the network 

use a common resource to communicate with the associated UEs respectively. In [31], Chrysostomos 

et al. pursue a similar approach when discussing the problem of ICI in OFDMA systems. Using the 

same concept, the ICI can be symbolized as a resource collision event, as illustrated in Figure 3.2. 

 
Figure 2.6:   ICI problem represented as a resource block2

Furthermore, as the resource allocation is governed by the schedulers in each cell; in a more specific 

view, the  ICI management problem can be articulated as a multi-cell scheduling optimization task, 

 collision 

Thus, Figure 3.2 refers to the condition when two adjacent cells in a co-channel deployment (operating 

on the same frequency) schedule distinct users on the same frequency resource. While each collision 

incurs a certain “cost” (resulting in low SINR values and thus laying the constraints of re-transmission 

or power increase on the serving BS) for the system, avoiding a collision entails a certain “cost” as 

well (like: power restrictions on neighboring BS or delaying the scheduling of user causing collision). 

                                                      
2In OFDM, Resource Block (RB) refers to the basic unit of resource allocation. It represents the number of 
OFDM sub-carriers allocated to a user for certain period of time. 



 

16 
 

with the objective to schedule non-overlapping resources to individual nodes (temporarily or 

permanently), considering the practical constraints imposed by the network (for e.g. transmit power, 

system throughput, fairness etc.). Thus from the scheduling optimization perspective, the major aim of 

an Inter-Cell Interference Coordination (ICIC) mechanism is to decrease the collision probability of 

resources (i.e. reducing the inter-cell interference) by either utilizing some pre-settled policies (without 

inter-cell communication) or by means of inter-cell agreements negotiated in runtime. 

In order to address the constraints implied by ICI, 3GPP is investigating ICI mitigation techniques as a 

study item with high priority. In one of 3GPP technical specification reports [32], the approaches 

currently being considered for interference mitigation are specified, namely; inter-cell interference 

randomization, inter-cell interference cancellation and Inter-Cell Interference Coordination (ICIC). 

The first approach aims to perform interference suppression at the UE by randomizing the interference 

signals mainly by employing cell-specific scrambling/interleaving techniques. The second approach 

also requires interference mitigation to be taking place at the UE by using multiple antennas at the UE 

and performing spatial suppression. The final approach advocates the mitigation of interference by 

applying inter-cell restrictions in the DL resource management in a coordinated manner by either 

utilizing some pre-settled policies (without inter-cell communication) or inter-cell agreements 

negotiated in runtime. Out of the three mentioned techniques, ICIC has transpired to be the most 

promising and is more commonly employed, also acknowledged by Dongweon et al. in [33]. 

Being a constituent of resource partitioning landscape in multi-cell OFDMA systems, ICIC techniques 

can be build on the resource partitioning granularity offered by the OFDM technology. Since, 

OFDMA provides two-dimensional partitioning of available resources (in time and frequency); ICIC 

techniques can either be Time Domain Resource Partitioned (TDRP) or Frequency Domain Resource 

Partitioned (FDRP). In TDRP, the entire resource set is subdivided into time slots and the BSs are 

assigned distinct timeslots to carry out their transmissions (on the entire available bandwidth 

spectrum) in their respective time slots. The BS waiting for their turn to transmit in their respective 

time slot are said to be “silent” during this time period. However in FDRP, the resource division is 

performed on the granularity of sub-channels. The available spectrum is divided into sub-channels and 

BSs are allocated dissimilar chunks of sub-channels to conduct their transmission, without having any 

constraints on the time access (i.e. all BS can transmit on all time slots). These techniques are analyzed 

by several contributions together with the contributions submitted in [34] and [35]. In [35], it is shown 

by Michael et al. that these techniques differ from each other based on their capabilities to exploit 

multi-user diversity and the available mean transmission power per sub-channel. It is further shown in 

[35] that resource partitioning in time domain (TDRP) out performs FDRP when the system is not 

highly loaded, primarily due to the increased diversity gain. 

To facilitate additional flexibility for controlling inter-cell interference and creating room for 

innovation in ICIC mechanism, 3GPP employed various frequency re-use schemes to be a part of the 
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standard. In addition to the conventional re-use, these include: Re-use Partitioning (RP) and Soft 

Frequency Re-use (SFR), both with the common motive to impose restrictions on the maximum usage 

of resources (power or frequency spectrum). Re-use partitioning aims to limit the re-use of spectrum in 

certain parts of the cell (i.e. cell edge) by making a re-use-n assignment and permitting a re-use-1 in 

cell center region.  Soft frequency re-use however takes a further aggressive approach to re-use the 

spectrum by allowing a re-use 1 throughout the system, but applying strict power restrictions. Arne S. 

describes and analyzes these techniques in great detail in [36] to identify the effects on system 

throughput by employing these techniques in a static deployment. Several works [37][38] 

acknowledge the gains in system throughput and efficiency by the use of SFR and RP respectively. 

However, there are several ways to realize these techniques depending on the performance metric that 

is aimed to be maximized (as discussed in [39] in vast detail). In general, these techniques can be 

categorized to be implemented in a static or semi-static approach according to the resource 

coordination period employed. As specified by 3GPP in [32], in static interference co-ordination, the 

resource restrictions are reconfigured on a time scale corresponding to days (i.e. defining pre-settled 

policies). While, in semi-static interference co-ordination, the time scales are in the order of seconds 

(i.e. negotiating inter-cell agreements in runtime) and resource restriction reconfigurations are event 

driven and can be triggered when exceeding the threshold of some pre-determined variable constraint, 

for instance the traffic distribution (corresponding to load in the cell), cell throughput or interference 

conditions etc. Furthermore, since there is a lack of high capacity backhaul in the CSG LPNs3

In the preceding discussion, the focus has been on the ICIC techniques based on FDRP and avoiding 

RB collisions by coordinating resources on the frequency axis (see Figure 3.2). However, there are 

tremendous amount of works advocating the evasion of Inter-Cell Interference (ICI) by means of 

coordinating resources in time domain (TDRP)

, it is in 

general agreed to keep the complexity of ICIC techniques to be limited to lower complexity heuristics, 

so that they are practically realizable (offering a satisfactory tradeoff between cost and capability). 

4

                                                      
3 CSG LPNs are connected to the core network using a DSL link. 

.  

4 Note: Inter-cell interference coordination mechanisms based on FDRP in general are termed as CA based by the 3GPP, 

which becomes a perplexing terminology since CA when used in the context of UE corresponds to the ability of a UE to 

aggregate multiple sub-carriers and conduct transmission on the entire available bandwidth, as discussed in the preceding 

sections. Thus, in the 3GPP contributions, CA based HetNet deployments refer to the HetNet deployments employing ICIC 

mechanisms which are built around FDRP. Similarly, non-CA based HetNet deployments pertain to the HetNet deployments 

engaging ICIC mechanisms founded on TDRP principles. To avoid uncertainty, in our works, we limit the use of CA in the 

context of UEs only and address CA or non-CA based ICIC schemes as ICIC techniques based on FDRP and TDRP 

respectively. When referring to HetNet deployments employing ICIC mechanisms which are built around FDRP or TDRP 

principles, we shall use (FDRP or TDRP based HetNet Deployments respectively). Furthermore, the ICIC mechanisms 

developed for Rel-10 LTE-A are termed as enhanced ICIC (e-ICIC) mechanisms, as they are formulated considering the 

additional features added in the LTE-A standard to encourage ICIC mechanisms. Thus, e-ICIC mechanisms are supported by 



 

18 
 

TDRP based ICIC mechanisms in general belong to the e-ICIC category and were specified as a study 

item under 3GPP in [41]. Currently, there are three techniques (which do not require the definition of 

additional parameters like signaling elements or control channels in the current 3GPP LTE-A 

specification) being primarily considered for TDRP based eICIC mechanisms, including:  

› Almost Blank Sub-frames (ABS)  

› ABS with time shifting and  

› Using Multi-Media Broadcast over a Single Frequency Network (MBSFN) frames to reduce 

co-channel interference 

In ABS, the macro cell, or the LPNs, or both (on distinct intervals) limit their transmissions to only 

transmitting CRSs, and mute on the portion of sub-frame constituting the data part, thus the 

interference in that sub-frame is limited to the collision of CRS (illustrated in Figure 3.3). The later 

approach enhances the ABS to further avoid the CRS collision by shifting the timing of CRS 

transmission in the macro and LPN cells, thus completely eliminating interference from the sub-frame. 

In the final technique, the macro and the LPN cells coordinate to configure their MBSFN sub-frames. 

Either the macro, or the LPN layer then limits its transmission to CRS in the MBSFN frame, while the 

other treats it as a normal sub-frame and conducts transmission throughout the time slots. 

Contributions by numerous companies have discussed and evaluated these techniques to identify their 

feasibility to suit a particular scenario and evaluated the gains obtained from these techniques with 

respect to the corresponding implementation complexities [42][43][44]. 

 
Figure 2.7:   Almost Blank Sub-frame (ABS) ICIC technique with macro cell muting 

  

                                                                                                                                                                      
Rel-10 UEs and might require additional capabilities in Rel-8/9 UEs to support them. As an example, we refer to the 

following contribution by Qualcomm in [40]. 
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Chapter 3 

3. Problem Statement and 
 Project Scope 
As highlighted in the preceding sections, the ICIC problem addressed in this thesis can be considered 

as a part of general RRM subject, implying to identify the scenarios and strategies leading to 

maximized system performance considering the intricate restrictions on the system resources as 

employed by practical wireless systems. The fundamental questions that are answered by this thesis 

include: 

1. What are the potential interference scenarios in a Heterogeneous Network (HetNet) 

deployment of LTE-A, resulting from the deployment of Low Power Nodes (LPNs) with 

different access rights (OA or CSG) and different UE capabilities (CRS Interference 

Cancellation (CRS-IC) capable or CRS-IC incapable) and 

2. What is the impact of Time Domain Resource Partitioning (TDRP) and Frequency Domain 

Resource Partitioning (FDRP) based ICIC mechanisms on the performance (UE throughput 

and UE SINR) of macro UE experiencing high interference from the CSG cells 

The incorporation of CSG HeNBs (called femtos) in the LTE-A standard induces several concerns 

when it comes to quantifying the interference levels in the system. Since the femtos limit their service 

provisioning to the UEs which are authorized to be connected to it, this type of cells create severe 

interference for the close-by un-authorized UEs. Assuming that the cell selection is based on RSRP, 

the unauthorized UEs located in close proximity to the femto shall receive the best signal strength 

from the femto, and yet shall not be able to connect to it. Thus, these UEs will receive high levels of 

interference from the femtos in the DL and will become a cause of the same for the UL scenario. 

Furthermore, the dilemma undergoes auxiliary extension by the limitations and restrictions imposed 

for the backhaul coordination specific to these cells. It is specified in [45] that in a co-channel macro-

femto deployment scenario, femtos shall have no backhaul coordination capabilities (i.e. no X2 or S1 

interface which shall connect them to other femtos or the macro nodes); limiting the ICIC mechanisms 

supported in such deployments to the static category. Thus, TDRP or power setting solutions (as 

discussed in [46] and several others including [47][48]) are in general sought as a last resort to address 

the problem of interference for such deployments. While, there are others together with [49], which 
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advocate the development of new type of mechanisms implying to change the role of femtos to enable 

better coordination and diminution of interference. 

Thus, the scope of this thesis is: 

- Firstly, to characterize the variations caused in the system performance when CSG femto cells 

are deployed in the system as compared to that of an OA femto cell deployment, under the 

presence of UEs with different interference cancellation capabilities (CRS-IC capable and 

CRS-IC incapable), and   

- Secondly, to identify if employing TDRP or FDRP based ICIC schemes at the femto cells 

benefits the performance of nearby macro-UEs which experience interference from the CSGs. 

Furthermore, we also characterize the performance of the overall system in the presence of 

TDRP and FDRP ICIC schemes. 

3.1 Investigated Scenarios 
In this thesis, the problem of Inter-Cell Interference Coordination (ICIC) is addressed by considering a 

scenario featuring macro-femto deployment and evaluating the Time Domain Resource Partitioning 

(TDRP) and Frequency Domain Resource Partitioning (FDRP) based ICIC techniques to identify the 

case which leads to maximized system throughput subjected to the constraints set by fair allocation of 

resources. The two cases can be distinguished as follows: 

TDRP Case: 

This case corresponds to the TDRP based macro-femto Hetnet deployment scenario, which shall be 

evaluated considering the ABS technique. The muting periods defined by 3GPP are in a ratio of 1:4 

and 1:8 sub-frames, implying that one of the layers (macro or femto) shall mute its transmission in 

every fourth or every eighth sub-frame. However the muting is dependent on the traffic load in the 

layers and in the simulations performed in this thesis, we consider muting the transmission from CSG 

cells for half of the time5

                                                      
5 Note: The choice is motivated by two major aspects: 1) Muting 50% of time shall provide maximum benefit to 
the macro UEs and the benefit of ICIC schemes shall be prominent, and 2) the PRB utilization of CSG cells is 
expected to be significantly low (as they provide access only to a limited set of UEs), and thus muting 50% of 
time shall not result in congestion. 

. This implies that the femtos shall mute their transmission on every second 

sub-frame (i.e. a muting ratio of 1:2 shall be employed). However, the macro cell shall transmit on all 

the time slots, while the femto cells shall mute their transmissions in every 2nd sub-frame. However, 

both type of cells (macro and LPNs) would be conducting transmissions on the entire spectrum 

resource available (i.e. if 10 MHz is available, it will be reused by the CSGs within the macro cell). 

The scenario illustrated in Figure 2.8 exemplifies the muting of the femto cell on alternate sub-frames. 
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Figure 3.2:   Illustration of the FDRP Scenario 

When the CSGs mute their transmissions in the sub-frames, the UEs associated to the CSG cell shall 

only receive CRS to perform the RSRP and RSRQ measurements, but shall not be able to transmit or 

receive any data. 

FDRP Case: 

This case corresponds to the FDRP based macro-femto Hetnet deployment scenario, where we shall 

segregate the total available bandwidth in two segments with one frequency segment allocated to the 

macro layer and the second one to the layer consisted of LPN (femtos). To have a fair comparison 

between the two approaches, this scenario shall be evaluated with bandwidth segregations of 1:2. This 

means that the macro cell shall be transmitting on the entire available bandwidth, while the femto cells 

Figure 3.1:   Illustration of the TDRP scenario 
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shall limit their transmission on 50% of the entire bandwidth (i.e. re-use half of the bandwidth). 

Furthermore, the FDRP case shall not incorporate any inter-frame muting between the layers. The 

scenario is illustrated in Figure 2.9. 

The mathematical formulation in Chapter 5 tends to elaborate that the two cases shall have different 

implications on the system throughput as the SINR for each case is dependent on constraints imposed 

by the muting of the BS or the bandwidth segregations. For each case, there would be differences 

attained mainly imposed by the load in the cell, channel variations and multiuser diversity. 
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Chapter 4 

4. Methodology 
The methodology sought to achieve the thesis objectives is to use system level dynamic simulations 

which model the system considering the practical constraints implied on the system in real time. The 

simulator used as part of the work, takes into account the user distribution, mobility, handover, 

propagation conditions, scheduling, and traffic models (FTP, Web, and VoIP etc.). Furthermore, the 

simulator incorporates detailed modeling of physical, Media access Control (MAC), Radio Link 

Control (RLC) and other entities in the LTE system protocol stack. Further details about the simulator 

functionalities are provided in section 4.1.2. Illustrated in Figure 4.1 is the investigation methodology 

showing step-wise simulation and deployment approach followed to reach the objectives for the thesis 

project. 

 
Figure 4.1:   Investigation Methodology 
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As part of the research methodology, we segregated the scope of the thesis in two major study areas 

which shall be the primary focus of our studies and several studies were carried out in each area to 

achieve the delineated objectives mentioned previously in Chapter 3. These focus-areas can be 

summarized as: 

Focus Area-1: 

Several works have analyzed the presence and effects of OA LPN cells in the system. However, we 

are not fully aware of the variations in the system behavior (w.r.t. the performance metrics) in the 

presence of CSG LPN cells. Thus in the preliminary studies, we implement the CSG functionality in 

the simulator and conduct studies to characterize the variations in the UE SINR, UE throughput and 

the cell throughput. To realistically characterize the variations in the system performance due to the 

incorporation of CSG LPN cells, we simulated various multiple traffic and load scenarios, under 

different number of LPN cells per macro cell area. First, we analyze a system in an average-to-low 

load traffic scenario. We then increase the traffic, and analyze the system performance in a heavily 

loaded traffic scenario. Furthermore, to identify the primary cause of interference (i.e. control signals 

or data signals), we perform studies in a way that initially we place UEs in the system which are 

capable of performing interference cancellation due to the transmission of CRS (CRS-IC capable) in 

DL and identify if there are gains in system performance metrics by the incorporation of CSGs. We 

compare this case with the scenario where the UEs do not have the capability to perform CRS 

interference cancellation (CRS-IC incapable) and identify the impact of CSGs on the system 

performance again. 

Focus Area-2: 

In this area, we mainly analyze the ICIC schemes, where the implementation of TDRP and FDRP 

based HetNets is utilized. We consider a macro-femto deployment and employ the TDRP and FDRP 

based ICIC techniques (as discussed above) to identify the variations in the system performance and 

the effect of these ICIC techniques on the nearby macro UEs which were previously experiencing 

interference from the femto cells. The study was conducted in the presence of Release 8 UEs only. 

This leads to different implications for the two cases. In the TDRP case, when the CSGs mute their 

transmissions in the sub-frames, the UEs associated to the CSG cell only receive CRS to perform the 

RSRP and RSRQ measurements, but are not be able to transmit or receive any data. However, in the 

FDRP scenario, the UEs in both the CSG and macro cells shall receive the data in all the sub-frames 

but only use the spectrum allocated for that particular cell. 

Furthermore, the TDRP and FDRP scenarios were evaluated in the presence of indoor propagation and 

deployment models. In [17], 3GPP has specified various indoor and propagation models which 

characterize the system performance realistically as they make several pragmatic considerations with 
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regard to the deployment of buildings, distribution of UEs and cater for additional penetration losses 

due to the walls of the apartments. 

4.1 Critical Analysis 
In this section we provide a detailed analysis of the methodology followed to obtain results. We 

elaborate on the performance metrics used and discuss the simulation modelling in detail. In general, it 

is to be noted that all the simulation modelling (deployment configurations, mobility procedures, 

propagation models, physical & MAC layer modelling) is compliant to the 3GPP specifications. 

Furthermore, the studies performed in the thesis simulate specific scenarios and cases (with specific 

traffic loads and UE distributions). Changing these parameters might result in different observations. 

However, for each simulated scenario, it is ensured that all the parameters (like BS location, area 

covered, UE location and mobility etc) are kept same by using the same random seed. Furthermore, to 

obtain accurate results, the simulations are run for 4 different seeds and the results are averaged out 

over all the seeds in the end. 

4.1.1  Performance Measurement Criteria 

The performance of the system in the above mentioned cases shall be compared in the presence of 

varying number of femto cells per macro Node and the evaluation shall be based on the overall system 

throughput. However, we shall also consider other performance metrics as part of the radio resource 

performance measurements including6

- UE SINR distributions (both UL and DL) 

: 

- UE throughput (both UL and DL) 

- Cell throughput (both UL and DL) and  

- System energy consumption 

- Interference levels (in UL) 

To analyze the simulation results, we considered several performance metrics including (Interference 

levels, SINR, UE and cell througput) as mentioned in the earlier chapters of the report. Here, we 

elaborate the performance measurement criteria for the various performance metrics considered as part 

of the evaluation procedure. 

 

 

                                                      
6 Note: The performance metrics are discussed in further detail in Section 4.1.1, where we discuss the 
performance measurement criteria 



 

26 
 

UE SINR 

SINR logging for each UE is performed for all the RBs allocated to the UE during transmission. First, 

the average SINR for each codeword is calculated by summing over all the chunks per codeword and 

averaging over the number of chunks. This SINR average is then accumulated for all the code-words 

in the allocated RBs to calculate the average SINR for all the RBs used by the UE for transmission. 

UE Throughput 

For each user, the UE throughput is periodically measured at the receiver side, where the throughput is 

reported as the average number of bits received during the measurement period, which is set to 1 

second in our simulations. 

Cell Throughput 

Cell throughput is the average throughput of the system averaged over all the cells. It is reported 

periodically for each cell, and is measured as the sum of the data transmitted to all the UEs (in the DL) 

or by all the UEs collectively (in the UL) which are currently being served by the cell, averaged with a 

time window of 1 second 

Interference levels 

Interference Levels are measured for the UL only7

 

. It is measured as the average interference in the 
system averaged over all the cells. Within each cell, interference is characterized as the total received 
power over the entire frequency resource (number of sub-bands) subtracted by the power of the 
legitimate signal estimated over the number of sub-bands allocated to the UE to conduct its 
transmission.  The measurements are performed for each sub-frame or TTI and the estimates are 
conducted for each receiving antenna and then accumulated to constitute the total received power or 
the received legitimate signal strength. 

Energy Consumption: 

Energy consumption of the system is measured as the product of average power transmitted by all the 
BSs in the system with the measurement period. The measurement period used in our simulations is 1 
second and the transmission power for each cell is measured as the sum of total power transmitted in 
the DL over a time window of 1 second.  

FTP Delay or User Life Time: 

FTP delay (also called the life time) of each UE characterizes the total time it takes each user to 
download a packet - from the first block of data transferred to the last block (when the packet is 
transferred completely). It further takes in to account the time the user was waiting in the scheduling 
queues. Since each user is allowed to transmit (or receive in the DL case) one packet at maximum and 
then disappear from the system, the FTP delay can thus be referred as the time spent by the user in the 
system. 

                                                      
7Note: The interference is only measured for the UL as the simulator currently does not support the measurement 
 of interference for the DL case. 
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Number of Removed Users: 

It is specified by 3GPP [17] that for non-full buffer traffic simulations, the users that stay in the system 

for more than 32 seconds should be removed from the system to vacate the scheduling queues and 

maintain system stability. The users existing for such longer periods in the system are the ones 

experiencing severe radio conditions and thus instigating multiple HARQ re-transmissions, but yet not 

being able to complete the packet transfer successfully. Thus, the 32 second limit corresponds that the 

users which have throughputs in the order of 0.5 Mbps should be removed from the system as they 

will exist in the system for longer durations, creating scheduling delays and hindering transmissions to 

legitimate users with good radio conditions. We log the number of removed UEs to evaluate the 

performance of the system in terms of system capacity. If for a certain scenario, higher number of UEs 

are removed, this shall indicate that the UEs are experiencing service outage. 

The system parameters, traffic models, user distributions and performance metrics considered for the 

study conducted are elaborated in the following discussion. Furthermore, these models shall in general 

apply to all the studies, unless stated otherwise. 

4.1.2 Simulator Functionality Aspects 

By the start of the thesis work, the simulator had the capabilities to simulate heterogeneous networks. 

However, some of the functionalities required to conduct the aforementioned studies were 

implemented during the course of the thesis project.  

The major functionalities implemented as part of the thesis work, include: 

CSG Deployment, Association and Handover functionality 

This functionality makes sure that each femto cell provides access to only a certain limited number of 

authorized users (called the CSG UEs). These users are created within the radius of the femto cell and 

get associated with it. Furthermore, the CSG UEs can access both the authorized CSG cell and the 

macro cell. The distribution of CSG UEs can also be maneuvered which adjusts the clustering of such 

UEs around each femto cell, to increase the traffic load in the femto cells. However, the macro UEs 

under a CSG deployment are only allowed to have access to the macro cell, even though they might be 

very close to the CSG with very low path loss and good radio channel characteristics. 

TDRP and FDRP based HetNet Deployments: By default, all the cells (macro or LPN), conduct 

continuous transmissions on the entire frequency resource available. However, to simulate the cases 

presented in Figures 4.1 and 4.2, the TDRP and FDRP specific functionalities had to be incorporated 

in the simulator. Thus the TDRP functionality entails that UEs in the LPN cells cannot be scheduled in 

the sub-frames which the BS has to mute its transmission and thus no transmission (on the PDSCH) 

occurs in that subframe. However, for the FDRP scenario, we limit the operation of the entire LPN cell 



 

28 
 

grid to a certain limited number of sub-bands and thus the UEs in the LPN cells can only be scheduled 

on these available sub-bands. 

Indoor Deployment and Propagation Models: We initially based our studies on the propagation 

model named “Model 2”, as specified by 3GPP in [17]. However, to simulate realistic scenarios 

pertaining practical propagation losses and user placement, we later implemented indoor deployment 

and propagation models. Using these models, the placement of UEs could be controlled 

(indoors/outdoors) and the propagation losses are adjusted as per the location of the BS and the UE. 
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Chapter 5 

5. Problem Formulation 
5.1 Network Utility Maximization 
Since the LTE-A standard incorporates OFDMA as the multi-access scheme, the ICIC problem in 

LTE-A can be formulated in line with the principles followed in [50] [51] and can be characterized as 

an optimization task in the area of Radio Resource Management. In a more specific view, since the 

resource allocation is governed by the schedulers in each cell; the ICIC problem basically translates to 

a multi-cell scheduling optimization task, with the aim to schedule non-overlapping resources in 

individual cells, considering the practical constraints imposed by the network (for example transmit 

power constraints, SINR threshold requirements, inter-cell coordination or signaling limitations and 

fairness objectives etc.). Such a problem can thus be formulated in the form of generalized Network 

Utility Maximization (NUM) with the objective (of the optimization task) being to maximize a certain 

utility function exposed to the constraints inflicted by the system (as identified above). 

Conforming to the definitions in [17], we define the system throughput as sum of the user throughput, 

mathematically expressed as: 

 𝑇𝑇.𝑅𝑅𝑠𝑠 =  �
𝑇𝑇.𝑅𝑅𝑆𝑆

𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆(𝑜𝑜𝑜𝑜𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆 )

𝑀𝑀

𝑆𝑆=1

 (5.1) 

Where: M is the total number of users and i is the user index. 

Following the basic postulates of NUM framework, we model the network to consist a set of links L 

(channels or subcarriers) with finite capacities  𝒄𝒄 = (𝒄𝒄𝒍𝒍, 𝒍𝒍 ∈ 𝑳𝑳) bits/s, shared by a set of N sources (BS 

for DL and end users for UL), indexed by S; with each source transmitting at a source rate of  𝒙𝒙𝒔𝒔 

bits/s. Furthermore, each source S transmits using a set 𝑳𝑳(𝑺𝑺) ⊆ 𝑳𝑳 of links and has a utility function 

𝑼𝑼𝒔𝒔(𝒙𝒙𝒔𝒔) and each link l is used by a set of sources 𝑺𝑺(𝒍𝒍) =  {𝑺𝑺 ∈ 𝑵𝑵 | 𝒍𝒍 ∈ 𝑳𝑳(𝑺𝑺)}. 

NUM for such a problem can thus be formulated as  

𝑀𝑀𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑆𝑆𝑀𝑀𝑆𝑆 �𝑈𝑈𝑠𝑠(𝑎𝑎𝑠𝑠)
𝑆𝑆

 𝑜𝑜𝑆𝑆 (𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠) 

subjected to constraints for each source defined as: 
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� 𝑎𝑎𝑠𝑠 ≤ 𝑐𝑐𝑆𝑆
𝑠𝑠:𝑆𝑆 ∈ 𝐿𝐿(𝑠𝑠)

,∀𝑆𝑆 → 𝑓𝑓𝑜𝑜𝑆𝑆 𝑢𝑢𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑢𝑢 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑜𝑜𝑆𝑆 

𝑎𝑎𝑠𝑠 ≤ 𝑐𝑐𝑆𝑆 ,∀ 𝑆𝑆(𝑆𝑆) → 𝑓𝑓𝑜𝑜𝑆𝑆 𝑑𝑑𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑢𝑢 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑜𝑜𝑆𝑆 
 
and a number of constrained functions 

𝑆𝑆𝑢𝑢(𝑎𝑎)  ≥ 0 

𝑢𝑢 = 1,2, …𝐾𝐾 

Where, the constraints are represented by k, and the variables are x (corresponding to the variations in 

traffic load and multi-user diversity differences in TDRP/FDRP based HetNet deployment scenario). 

Thus, the generalized formulation of the optimization problem being addressed in this thesis can be 

summarized as 

                                                    max𝑈𝑈(𝑎𝑎) → 
 
subjected to: 

 
                                                    𝑆𝑆𝑢𝑢(𝑎𝑎)  ≥ 0 

                                                   𝑢𝑢 = 1,2, …𝐾𝐾  

where; 

- Scenario independent constraints are considered to be imposed mainly by restrictions on 

power allocation, scheduling policies, deployment scenario (i.e. number and location of femto 

cells) and 

- Scenario dependent constraints are considered to be imposed mainly by the load in the cell, 

channel variations and multiuser diversity 

Since evaluating resource allocation optimization problems in a multi-cell environments is considered  

as an optimization task which is non-convex in nature [52] [53]; the computational tools provided by 

convex optimization (as discussed in [54]) cannot be employed to solve the resource allocation 

problem in polynomial time and thus, such problems are labeled as NP-Hard by several contributions 

including [55]. Furthermore, the heuristic mechanisms used to obtain near optimal solutions are not 

deemed feasible because of their economic infeasibility and even more due to the absence of CSG-to-

CSG and CSG-to-macro X2 and S1 interfaces respectively, as specified by the standard [45]. 

5.2 Mathematical Formulation 
In this sub-section, we extend the NUM formulation with a mathematical illustration of the 

evaluations being considered as a part of the thesis work. First, we provide a general formulation of 

the problem and then characterize the variations for the different cases (FDRP and TDRP). Since we 

are considering macro-femto HetNet deployment scenario in our studies, a macro user is going to be 

1. Scenario (TDRP/FDRP) independent constraints and 

2. Scenario (TDRP/FDRP) dependent constraints 
→ 

Maximize the throughput of the system considering the 

restrictions imposed by the constrained functions 
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interfered from the contiguous macro cells and even more intensively by the femto cells encapsulated 

by the macro cell area. Similarly, a femto UE shall face high interference from the macro cells and the 

nearby femto cells (under a dense femto deployment scenario). Under these circumstances, we aim to 

identify: 

arg(𝑇𝑇) → 𝑀𝑀𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑆𝑆𝑀𝑀𝑆𝑆 (𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 ) 

Where 𝑇𝑇  represents one of the two techniques: TDRP or FDRP. 

The average system throughput can thus be elaborated as: 

 𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 =

1
𝑁𝑁𝑎𝑎

∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎
𝑁𝑁𝑎𝑎
𝑆𝑆𝑎𝑎=1 + 1

𝑁𝑁𝑓𝑓
 ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓

𝑁𝑁𝑓𝑓
𝑆𝑆𝑓𝑓=1

 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆(𝑜𝑜𝑜𝑜𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆 )
 (5.2) 

Which represents the average system throughput as the sum of the average throughput of all the macro 

cells and the sum of the average throughput of LPN femto cells respectively. Where: 

𝑁𝑁𝑎𝑎 →  𝑁𝑁𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝑀𝑀𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝐵𝐵𝑎𝑎𝑠𝑠𝑆𝑆 𝑠𝑠𝑡𝑡𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆𝑠𝑠 (𝑆𝑆𝑁𝑁𝐵𝐵), 𝑆𝑆𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑆𝑆𝑑𝑑 𝑜𝑜𝑠𝑠 𝑆𝑆𝑎𝑎  
𝑁𝑁𝑓𝑓  →  𝑁𝑁𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝐹𝐹𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝐵𝐵𝑎𝑎𝑠𝑠𝑆𝑆 𝑠𝑠𝑡𝑡𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆𝑠𝑠 (𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵), 𝑆𝑆𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑆𝑆𝑑𝑑 𝑜𝑜𝑠𝑠 𝑆𝑆𝑓𝑓  
𝑁𝑁 → 𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑆𝑆 𝑆𝑆𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝐵𝐵𝑎𝑎𝑠𝑠𝑆𝑆 𝑠𝑠𝑡𝑡𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆𝑠𝑠 (𝑁𝑁𝑎𝑎+ 𝑁𝑁𝑓𝑓) 
𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 →  𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑆𝑆𝑎𝑎 𝑡𝑡ℎ𝑆𝑆𝑜𝑜𝑢𝑢𝑆𝑆ℎ𝑢𝑢𝑢𝑢𝑡𝑡 
𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎 → 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡ℎ𝑆𝑆𝑜𝑜𝑢𝑢𝑆𝑆ℎ𝑢𝑢𝑢𝑢𝑡𝑡 𝑜𝑜𝑓𝑓 𝑡𝑡ℎ𝑆𝑆 𝑀𝑀𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠 
𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓 → 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡ℎ𝑆𝑆𝑜𝑜𝑢𝑢𝑆𝑆ℎ𝑢𝑢𝑢𝑢𝑡𝑡 𝑜𝑜𝑓𝑓 𝑡𝑡ℎ𝑆𝑆 𝐹𝐹𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝐿𝐿𝑅𝑅𝑁𝑁 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠 

Furthermore, the throughput in each cell can be expressed as the average throughput of all the UEs 

associated to that cell. Thus: 

𝑇𝑇.𝑅𝑅𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 =

⎩
⎪⎪
⎨

⎪⎪
⎧

 

1
𝑀𝑀𝑎𝑎

 � 𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎

𝑀𝑀𝑎𝑎

𝑆𝑆𝑎𝑎=1

 ;      𝐹𝐹𝑜𝑜𝑆𝑆 𝑀𝑀𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠

  

 
1
𝑀𝑀𝑓𝑓

  � 𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓

𝑀𝑀𝑓𝑓

𝑆𝑆𝑓𝑓=1

     ;      𝐹𝐹𝑜𝑜𝑆𝑆 𝐹𝐹𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠

� 

Where: 

𝑀𝑀𝑎𝑎 →  𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑆𝑆 𝑆𝑆𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝑈𝑈𝑈𝑈𝑠𝑠 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑡𝑡𝑜𝑜 𝑀𝑀𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
𝑀𝑀𝑓𝑓 →  𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑆𝑆 𝑆𝑆𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝑈𝑈𝑈𝑈𝑠𝑠 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑡𝑡𝑜𝑜 𝐹𝐹𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
𝑆𝑆𝑎𝑎  → 𝑈𝑈𝑠𝑠𝑆𝑆𝑆𝑆 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑡𝑡𝑜𝑜 𝑆𝑆𝑁𝑁𝐵𝐵 
𝑆𝑆𝑓𝑓  → 𝑈𝑈𝑠𝑠𝑆𝑆𝑆𝑆 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑡𝑡𝑜𝑜 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 

Thus, the system throughput expressed in equation 5.2 can be re-written as: 

 𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 =
 1
𝑁𝑁𝑎𝑎𝑀𝑀𝑎𝑎

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎  + 1
𝑁𝑁𝑓𝑓𝑀𝑀𝑓𝑓

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓
𝑀𝑀𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑁𝑁𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑀𝑀𝑎𝑎
𝑆𝑆𝑎𝑎 =1

𝑁𝑁𝑎𝑎
𝑆𝑆𝑎𝑎=1

 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆(𝑜𝑜𝑜𝑜𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆 )
 (5.3) 



 

32 
 

In order to determine the throughput of the users, we use the Shannon’s bound considering the 

practical capacity limitations as followed in [56]. Thus, the bit rate or capacity of a user 𝒊𝒊 on sub-

carrier l can be expressed as: 

𝑇𝑇.𝑅𝑅𝑆𝑆 ,𝑆𝑆 =  ∆𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2(1 +  𝛽𝛽 𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆,𝑆𝑆) 

Where, 

 𝛽𝛽 is a constant related to target BER, with 𝛽𝛽 = 1.5
ln(5BER)�  and  

∆𝑓𝑓 → 𝐴𝐴𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑓𝑓𝑆𝑆𝑆𝑆𝑓𝑓𝑢𝑢𝑆𝑆𝑆𝑆𝑐𝑐𝑠𝑠 𝑠𝑠𝑢𝑢𝑆𝑆𝑐𝑐𝑡𝑡𝑆𝑆𝑢𝑢𝑎𝑎 (𝐵𝐵𝑎𝑎𝑆𝑆𝑑𝑑𝑑𝑑𝑆𝑆𝑑𝑑𝑡𝑡ℎ) 

Having formulated a general expression for the system throughput in equation 5.3, in the following 

discussion we characterize the system throughput for the TDRP and FDRP case respectively. The 

major parameter which causes the variations between the system throughput in the two cases is the 

SINR experienced by each user due to the varying constraints implied on each scheme.  

TDRP Scenario: 

As discussed in Chapter 4, this case compels the CSG LPN (femto) cells to mute their transmissions 

on a certain fraction of sub-frames, the SINR levels shall differ when the femto is active (conducting 

transmissions) or muted (does not schedule any users in that sub-frame) and thus the SINR can be 

described to be constrained by the time period when the femto BS is in active or muted 

state, SINR(TON  , TOFF ). Let us assume that the femto node is active during the period TON  and it 

mutes its transmissions during TOFF , then the SINR of a macro UE during these periods can be 

expressed as: 

𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆 =

⎩
⎪
⎨

⎪
⎧

 

𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  + ∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
 ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝑁𝑁

  

                     
𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
                     ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹

� 

Where: 

𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  →  𝑅𝑅𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑡𝑡𝑡𝑡𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑜𝑜𝑎𝑎 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑁𝑁𝐵𝐵  
𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆 →  𝑅𝑅𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑡𝑡𝑡𝑡𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑜𝑜𝑎𝑎 𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑁𝑁𝐵𝐵  
𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆  
𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎𝑐𝑐𝑆𝑆𝑆𝑆𝑡𝑡 (𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑎𝑎𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆 
𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑓𝑓

′ ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑎𝑎𝑎𝑎𝑐𝑐𝑆𝑆𝑜𝑜 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆 

𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆   →  𝑅𝑅𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑡𝑡𝑡𝑡𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑜𝑜𝑎𝑎 𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 

𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑓𝑓  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆 

𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑡𝑡𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑓𝑓  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆 

𝑁𝑁0 → 𝑅𝑅𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆 𝑆𝑆𝑢𝑢𝑆𝑆𝑐𝑐𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆 𝐼𝐼𝑆𝑆𝑆𝑆𝑠𝑠𝑆𝑆𝑡𝑡𝑠𝑠 (𝑅𝑅𝑆𝑆𝐼𝐼)𝑜𝑜𝑓𝑓 𝑑𝑑ℎ𝑆𝑆𝑡𝑡𝑆𝑆 𝑆𝑆𝑜𝑜𝑆𝑆𝑠𝑠𝑆𝑆 

The femto cells contribute to the interference levels experienced by the macro UEs during the period 

when the cells are actively conducting transmissions (𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝑁𝑁) and vice versa (𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹).   
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Thus, the throughput of a macro UE becomes dependent on the activity periods of the femto cells and 

can be expressed as: 

𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎 =  ∆𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2�1 +  𝛽𝛽 𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆(𝑇𝑇𝑂𝑂𝑁𝑁  ,𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹)� 

𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎 =

⎩
⎪
⎨

⎪
⎧

 

∆𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2 �1 +  𝛽𝛽�
𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  +∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
��  ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝑁𝑁

  

              ∆𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2 �1 +  𝛽𝛽 �
𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 +∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
��                             ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹

� 

Similarly, the users associated to the femto cell can only be scheduled during the periods of activity of 

the femto cell and get served. Thus, the SINR and T.P for a femto UE can be expressed as: 

𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆 = �

𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  +∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
 ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝑁𝑁

  
                                            𝑍𝑍𝑆𝑆𝑆𝑆𝑜𝑜                                               ;     𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹

� 

𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓 =

⎩
⎨

⎧
 
∆𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2 �1 +  𝛽𝛽�

𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  + ∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
��  ;      𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑂𝑂𝑁𝑁

  
                                                                        𝑍𝑍𝑆𝑆𝑆𝑆𝑜𝑜                                                       ;     𝐼𝐼𝑢𝑢𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹

� 

Where: 

𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆  →  𝑅𝑅𝑜𝑜𝑑𝑑𝑆𝑆𝑆𝑆 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑡𝑡𝑡𝑡𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑜𝑜𝑎𝑎 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 

𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓 ,𝑆𝑆 → 𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 𝑜𝑜𝑆𝑆𝑡𝑡𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑁𝑁𝐵𝐵 𝑎𝑎𝑆𝑆𝑑𝑑 𝑎𝑎𝑠𝑠𝑠𝑠𝑜𝑜𝑐𝑐𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑑𝑑 𝑓𝑓𝑆𝑆𝑎𝑎𝑡𝑡𝑜𝑜 𝑢𝑢𝑠𝑠𝑆𝑆𝑆𝑆 𝑆𝑆𝑓𝑓  , 𝑜𝑜𝑆𝑆 𝑠𝑠𝑢𝑢𝑜𝑜𝑐𝑐𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆  

The overall system throughput can thus be expressed as: 

𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 =
 1
𝑁𝑁𝑎𝑎𝑀𝑀𝑎𝑎

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎  +  1
𝑁𝑁𝑓𝑓𝑀𝑀𝑓𝑓

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓
𝑀𝑀𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑁𝑁𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑀𝑀𝑎𝑎
𝑆𝑆𝑎𝑎=1

𝑁𝑁𝑎𝑎
𝑆𝑆𝑎𝑎=1

 𝑇𝑇𝑂𝑂𝑁𝑁 +  𝑇𝑇𝑂𝑂𝐹𝐹𝐹𝐹
 

where it can be seen that the throughputs shall vary significantly on the switching of the BSs, as they 

are averaged over the entire observation interval (TON + TOFF ), while the femtos only conduct 

transmissions during the activity period, TON . 

FDRP Scenario: 

For the FDRP case, we assume that the macro BS can transmit on the total available spectrum, while 

the femto cells shall re-use a certain part of the total available frequency spectrum. Thus we let ∆ff 

represent the sub-carriers available for the femto cells, such that: ∆f > ∆ff. This means that the macro 

UEs scheduled on a RB selected from the frequency band: ∆f− ∆ff shall not face any interference 

from the femto BS, while the macro UEs scheduled on a RB from the band on which the femto cells 

are conducting transmission (∆ff), shall undergo interference from the femtos. 

Assuming perfect inter-carrier orthogonality, in this case the SINR for a macro UE is given as: 
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𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆 =

⎩
⎪
⎨

⎪
⎧

 

𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓𝑎𝑎 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  + ∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
 ;      𝑈𝑈𝑈𝑈 𝑠𝑠𝑐𝑐ℎ𝑆𝑆𝑑𝑑𝑢𝑢𝑆𝑆𝑆𝑆𝑑𝑑 𝑜𝑜𝑆𝑆 ∆𝑓𝑓 − ∆𝑓𝑓𝑓𝑓

  

                   
𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓𝑎𝑎 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑎𝑎 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
                     ;       𝑈𝑈𝑈𝑈 𝑠𝑠𝑐𝑐ℎ𝑆𝑆𝑑𝑑𝑢𝑢𝑆𝑆𝑆𝑆𝑑𝑑 𝑜𝑜𝑆𝑆 ∆𝑓𝑓𝑓𝑓

� 

Thus, the throughput of a macro UE is deemed to be limited by the availability of the spectrum and the 

portion of the spectrum the UEs are being scheduled on and can be articulated as: 

𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎 =  ∆𝑓𝑓𝑎𝑎 𝑆𝑆𝑜𝑜𝑆𝑆2�1 +  𝛽𝛽 𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑎𝑎 ,𝑆𝑆(∆f,∆f − ∆ff)� 

However, for the case of femto UEs all the femto UEs shall experience interference from the macro 

cells and nearby femto cells as the femto BS re-use a part of the frequency band (∆ff) from the total 

available frequency spectrum (∆f). Hence, the SINR for a femto UE can be expressed as: 

𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆 =  
𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓 ,𝑆𝑆

 𝑁𝑁0∆𝑓𝑓𝑎𝑎 + ∑ 𝑅𝑅𝑆𝑆𝑎𝑎′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑎𝑎′ ,𝑆𝑆  + ∑ 𝑅𝑅𝑆𝑆𝑓𝑓′ ,𝑆𝑆  𝐺𝐺𝑆𝑆𝑓𝑓 ,𝑆𝑆𝑓𝑓
′ ,𝑆𝑆𝑆𝑆𝑓𝑓

′ ∈ 𝑁𝑁𝑓𝑓𝑆𝑆𝑎𝑎′ ∈ 𝑁𝑁𝑎𝑎
 

And thus the T.P of a macro UE is mainly limited by the frequency resource available for transmission 

and can be expressed as: 

𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓 =  ∆𝑓𝑓𝑓𝑓 𝑆𝑆𝑜𝑜𝑆𝑆2 �1 +  𝛽𝛽 𝑆𝑆𝐼𝐼𝑁𝑁𝑅𝑅𝑆𝑆𝑓𝑓 ,𝑆𝑆 �∆𝑓𝑓𝑓𝑓�� 

while, the expression for the system throughput remains the same as mentioned in equation 5.3; with 

changes made to the parameters constituting the T.P for the macro and femto cells. 

𝑇𝑇.𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 =
 1
𝑁𝑁𝑎𝑎𝑀𝑀𝑎𝑎

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑎𝑎  +  1
𝑁𝑁𝑓𝑓𝑀𝑀𝑓𝑓

∑  ∑ 𝑇𝑇.𝑅𝑅𝑆𝑆𝑓𝑓
𝑀𝑀𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑁𝑁𝑓𝑓
𝑆𝑆𝑓𝑓=1

𝑀𝑀𝑎𝑎
𝑆𝑆𝑎𝑎=1

𝑁𝑁𝑎𝑎
𝑆𝑆𝑎𝑎=1

 𝑇𝑇(𝑜𝑜𝑜𝑜𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆 )
 

As identified in the above discussion, the variations in the transmission intervals, SINR levels, 

maximum achievable capacity, and thus the system throughput in two cases are expected to be 

significantly distinct. The primary factors causing these variations are the activity periods for the 

TDRP case and the available frequency spectrum for the FDRP case, which causes variations in the 

interference levels experienced by the UEs and also limits the maximum achievable throughput for 

each UE by limiting the available frequency resources. Considering the constraints employed on these 

techniques due to the channel variations and multiuser diversity, the two techniques tend to perform 

quite differently as indicated by the mathematical formulation. 
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Chapter 6 

6. Macro-Femto HetNet Deployment 
with CRS Interference Cancellation 
(CRS-IC) Capable UEs – “Low 
Traffic Load” 

One of the major milestones for the thesis work was to analyze the system performance8

In this study we consider a system with relatively low load (less than 30% in DL and 60% in UL) and 

simulate three different cases in order to conduct the system performance comparison. At first, a 

 of a macro-

femto HetNet deployment scenario incorporating CSG femto cells and to characterize the variations 

observed when contrasted with the macro-femto HetNet deployment consisting of OA LPN cells. Thus 

to achieve the delineated goal, three major studies under different traffic load distributions, and type of 

UEs placed in the system were conducted. The major objective with these studies was to “analyze the 

effects of Close Subscriber Group (CSG) femto cells on different performance metrics in the system, if 

operators allow the deployment of CSG cells”. In these studies we analyzed the system performance in 

different load situations and the type of UEs (CRS-IC capable and CRS-IC incapable) placed in the 

system.  

As explained in Section 3.4 and 3.5, the transmission of CRS signals causes high interference on both 

the control and data channels of the UEs in the DL and creates problems in the detection of acquisition 

signals and reliability of control/data channels which leads to excessive re-transmissions and UEs 

declaring Radio Link Failure (RLF) condition in the worst case. Since, the primary objective with the 

initial studies is to have a basic understanding of the system performance in the presence of CSG LPN 

cells, we assume that the UEs placed in the system can cancel the interference due to the CRS 

transmission of neighbor cells in the DL and consider the effect of CRS in the later studies. In the 

initial study, we analyze the system in an average-to-low load traffic scenario under the presence of 

UEs which are capable of performing IC of due to the transmission of CRS from neighboring cells. 

We then simulate the same scenario but with increased traffic load in the second study and analyze the 

system performance. In the final study, we model the effect of CRS transmitted by the BS in the DL, 

signifying that the UEs are not capable of performing IC and evaluate the system performance again. 

                                                      
8 System performance: the performance metrics of the system, namely the overall cell throughput, UE 
throughput, and UE SINR. 
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system with macro-only deployment (Reference Case - shown in Table 6.1), is simulated which is a 

pure homogeneous network consisting of macro cells only. In the second case, 2 LPNs (of OA nature) 

per macro cell are introduced in the system, which shall aid the macro layer by providing users access 

to the system and aid in reducing the load from the macro cell (called macro offloading) . In the final 

case, the OA LPNs are replaced with CSG cells, which shall only provide access to a limited number 

of UEs (authorized UEs) and the system performance is re-estimated. Furthermore, to investigate how 

the deployment of LPNs impacts the system performance when the UEs were clustering around them, 

we simulate the mentioned cases for different degrees of UE clustering as defined by the 3GPP, under 

the presence of UEs which are able to perform CRS-IC. 

6.2  Simulation Details 

6.2.1 Assumptions 

As mentioned in the introductory part of the chapter, the major assumption made for this study is 

regarding the type of UEs placed in the system. The UEs can (perfectly) cancel the effect of 

interference caused by the transmission of CRS from neighboring BSs in the DL. This means that the 

UEs shall not experience interference due to the CRS on both control and channels in the DL and can 

effectively perform channel estimation. From the system performance perspective in a HetNet 

scenario, the CRS signals transmitted from each cell result in significant interference (especially on the 

control channel transmissions) causing hindrance to decode the control channels by these UEs and 

lead to excessive re-transmissions or frequent Radio Link Failure (RLF) condition declaration.  

6.2.2  Configurations 

3GPP has specified a set of configurations in [17] which apply to the studies aiming to investigate 

HetNet deployments in LTE or LTE-A. The following table lists the configurations which have been 

considered in the first study with some minor adjustments discussed in the subsequent sections. 

 

 

 

 

 

 

  
Table 6.1:   3GPP configurations for HetNets 
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The reference case corresponds to the homogeneous deployment case when only macro cells are 

placed in the system. This case is used as a baseline for comparison with the other cases specified by 

the 3GPP. In configuration 1 and 4a, two LPNs per macro cell are added in the system with random 

placement. Thus, the LPNs can be created anywhere within the macro cell. However, it is ensured in 

our simulations that for different cases the LPNs are created at (random but) same place within the 

macro cell by using the same random seed in the simulations. The PHotzone value shown in Table 6.1 

specifies the ratio of users located in the LPN cells over the total number of users in the network. This 

value is used to set the clustering of users around or within the LPN cells, and the higher the value of 

PHotzone, the more UEs shall be located in the LPNs. However, the rest of the users are spread 

throughout the system in a random uniform distribution. 

6.2.3 CSG User Functional Description 

It is ensured in the simulations that each CSG cell has at least 1 user connected to it at all times, as 

specified by 3GPP. Thus, whenever a user is generated in the system, it is checked if all the CSG cells 

have a user connected to them. In case if a CSG user has finished downloading the packet and has 

disappeared from the system, a newly created user is placed within 15m radius of that CSG. For each 

user, there is a list maintained which keeps a track record of all the cells to which the user has access 

to and thus the user can only access the LPN CSG cells for which it has authorized access and all the 

other macro cells. Thus, CSG users belonging to a certain CSG cell can handover to a nearby macro 

cell if the user receives high signal strength from the macro BS instead. 

6.2.4  Traffic Model 

In our simulations, the users are authorized to transmit File Transfer Protocol (FTP) based traffic with 

Poisson distribution model, as specified by 3GPP in [17]. Users are generated following a Poisson 

distribution with an arrival intensity of λ users per second. Furthermore, each user is allowed to 

transmit or receive one FTP packet at most. Once the packet transmission or reception is completed, 

the user disappears from the system and a new user is generated in its place. Thus, the traffic load per 

cell is kept constant throughout the entire simulation period. 

- λ = 6.56 UEs/sec system wide. (Corresponding to 0.312 UEs/s/cell) 

- FTP Packet Size = 2 M Byte 

With fixed load throughout the simulation period, the traffic generated in the system becomes: 

- 105 Mb/sec System wide 

- 5 Mb/sec per macro cell area 
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In Table 6.2, we illustrate the system parameters common for all the studies that are to be conducted as 

part of the CSG femto cell analysis study, unless stated otherwise. 

6.2.5  System Parameters 

PARAMETER                          VALUE 

DEPLOYMENT 

Number  of macro base stations 7 

Number  of cells per macro base station 3 

Cell radius 167 m 

Macro to macro distance 500 m 

Random micro deployment Enabled 

CSG cell radius 15 m 

TRAFFIC MODEL 

FTP traffic model - 

Type Poisson based 

Packet size (Fixed) 2MB 

Allowed number of downloads per user 1 

CELL SPECIFIC RESOURCES 

Bandwidth (both macro or LPN) 10 MHz 

Number of  Physical Resource Blocks (PRB) 50 

Macro base station output power 40 W 

Low power base station output power 1 W 

PROPAGATION MODEL RELATED VARIABLES 

Propagation model 3GPP model 2 [17] 

Distance dependent macro propagation model 

          MODEL 2 [3GPP 36.814] 

Macro to UE 

(LoS) 103.4 + 24.2 log10(R) 

(NLoS) 141.1 + 42.8log10(R) 

Pico to UE 

(LoS) 103.8 + 20.9log10(R) 

(NLoS) 150.4 + 37.5log10(R) 

Probability LOS 

     𝑎𝑎𝑆𝑆𝑆𝑆 �
0.018
𝑅𝑅

, 1� ∗ �1 − 𝑆𝑆−𝑅𝑅 0.063⁄ �

+ 𝑆𝑆−𝑅𝑅 0.063⁄  

0.5 −𝑎𝑎𝑆𝑆𝑆𝑆�0.5, 5𝑆𝑆−0.156 𝑅𝑅⁄ , 1�

+ 𝑎𝑎𝑆𝑆𝑆𝑆�0.5, 5𝑆𝑆−𝑅𝑅 0.03⁄ , 1� 

Macro to UE 

Pico to UE 
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Table 6.2:   Simulation parameters 

6.2.6  Simulated Configurations 

The configurations used in our simulations are inspired from the ones specified by 3GPP in [17], as 

listed in Table 6.1. However, to have a more detailed analysis, we modify the configurations and 

change the granularity for the clustering of users around the LPNs. The values of PHotzone have been 

adjusted to 0.1 and 0.2 indicating that 10% and 20% of the total users per macro cell area are clustered 

around the LPNs in the Open Access (OA) cases. The same percentage of clustering is also used for 

the CSG LPN case, called CSG-10% and CSG-20% respectively. Thus, in total we simulate 5 cases as 

discussed in the opening paragraphs of Chapter 6, illustrated in Table 6.3 and Figure 6.1. 

 

Penetration loss 20 dB 

Macro shadowing correlation distance 25 m 

Shadow fading standard deviation 7 dB 

Shadowing correlation between base stations 0.5 dB 

        BASE STATION SPECIFICATIONS 

Noise figure 5 dB 

Macro base station output power 40 W 

Low power base station output power 1 W 

Number  of transmit antennas 1 

Number  of receive antennas 2 

UE SPECIFICATIONS 

Mobility of UEs in the system Allowed 
UE speed 0.833 m/s 

Output power 0.2 W 
Noise figure 9 dB 
Number  of transmit antennas 1 
Number of receive antennas 2 
Uplink power control Closed Loop 

Link adaptation Enabled 

MISCELLANEOUS 

Range extension for LPN Allowed 

RSRP offset 6 dB 

Scheduling  algorithm Round  robin 
Cell selection procedure RSRP Based 

Channel quality estimation Enabled 

Link adaptation Enabled 
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Table 6.3:   Simulated configurations 

 
Figure 6.1:   Simulated configurations 

6.2.7  User Distribution 

The UE distribution in the macro and LPN cells for different cases is shown in Figure 6.2. The 

percentage of users for the OA LPN cases, are slightly higher than as specified by PHotzone value due to 

the OA nature of the LPN cells. These cells provide access to all the candidate users requesting to 

access the system from the LPN cell. Moreover, range extension for these cells allows the UEs located 

farther away from the LPN cells to be connected to them. However, for CSG cells, only the users 

which are authorized to access the LPNs are seen to be connected to the LPNs and thus the user 

distribution for the CSG cases is seen to be strict. Furthermore, with the increase in PHotzone value, a 

higher number of users cluster around the LPNs. However, the UEs which are not placed in the hot-

zones are uniformly distributed throughout the system. 
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6.2.8  Physical Resource Block (PRB) Utilization 

The PRB utilization indicates the overall traffic load in the system. If the PRB utilization is high, it 

means that either the system is heavily loaded with UEs or there are a high number of re-transmissions 

in the system due to poor radio conditions causing unsuccessful transmission attempts. Thus a higher 

PRB utilization indicates that the UEs shall experience delays in the scheduling periods and increase 

the waiting time of the UEs to complete their transmission, leading to higher FTP delays and low UE 

throughputs. Since, the system considered is not heavily loaded, in order to make a comparison 

between different configurations, we measure the PRB utilization on macro eNBs only, which can be 

expressed by the following mathematical expression. 

Table 6.4 illustrates the PRB utilization for both UL and DL for all the cases. It can be seen from the 

reference case that the system is not heavily loaded. Furthermore, the addition of LPNs of both OA 

and CSG nature offload the macro cell to some extent, thus reducing the PRB utilization of the macro 

cell and increasing the system capacity. However, it can be seen that OA cells provide a more 

offloading advantage as compared to the CSG cases as the macro PRB utilization for the OA cases is 

less than that seen for the CSG cases. 

 𝑅𝑅𝑅𝑅𝐵𝐵 𝑈𝑈𝑡𝑡𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑎𝑎𝑡𝑡𝑆𝑆𝑜𝑜𝑆𝑆 =  
𝑁𝑁𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝑅𝑅𝑅𝑅𝐵𝐵𝑠𝑠 𝑢𝑢𝑠𝑠𝑆𝑆𝑑𝑑 𝑓𝑓𝑜𝑜𝑆𝑆 𝑡𝑡𝑆𝑆𝑎𝑎𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑜𝑜𝑆𝑆

𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑆𝑆 𝑁𝑁𝑢𝑢𝑎𝑎𝑜𝑜𝑆𝑆𝑆𝑆 𝑜𝑜𝑓𝑓 𝑅𝑅𝑅𝑅𝐵𝐵𝑠𝑠
     (16) 

Figure 6.2:   User distribution 
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Table 6.4:   Macro cell PRB utilization 

6.3  Downlink Results 
In this section, we analyze the performance of the system based on the performance metrics identified 

in Section 4.1.1. We consider each performance metric and perform the analysis to identify the effects 

of CSG cells in the system. In our simulations, it is ensured that all the parameters (like BS location, 

area covered, UE location and mobility etc) are kept same by using the same random seed. 

Furthermore, to obtain accurate results, the simulations are run for 4 different seeds and the results are 

averaged out over all the seeds in the end. 

6.3.1  Cell Throughput 

The cell throughput (shown in Figure 6.3) in the DL depends upon the amount of transmission from 

the base station. If the BS has to serve more number of UEs and is transmitting continuously, high cell 

throughputs are seen. 

LPN and macro Cell Throughput 

The cell throughput for the LPNs and the macro cells are inter-related with each other. If the UEs 

associated to the macro cell attain better radio conditions from nearby LPN BS and are allowed to 

connect to it, the UEs perform a handover to the LPNs. This reduces the load from the macro BSs and 

the LPNs starts to serve these UEs. This causes the LPN BSs to conduct transmission for longer 

durations as there are more UEs to be served in the LPN, and thus increasing the LPN cell throughput. 

However, since the UEs from the macro cell are now being served by the LPNs, this means that the 

periods during which the macro cells are actively transmitting shall reduce, due to a reduction in the 

number of UEs to be served, and thus the cell throughput for the macro cells shall reduce. 

The above mentioned effect can be seen in Figure 6.3, where it is observed that for the OA cases, the 

average LPN cell throughputs are higher than that of the CSG cases due to a higher number of UEs 
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connected to the OA LPNs. However, for the macro cells higher average cell throughputs are observed 

for the CSG cases due to higher number of UEs connected to the macro cells and vice versa for the 

OA cases. The affect can be seen in a pronounced manner by considering the CDF for the macro cells. 

For OA-20% case, the UE distribution is highest in the LPN and there is continuous transmission to 

these UEs from the LPN, resulting in the lowest cell throughput for the macro cell. While, for the 

CSG-10% case, there is minimum offloading of the macro cell and thus the macro cell has higher 

throughputs due to continuous transmission. This is not an alarming situation for system with low 

traffic loads, however if the traffic load in the macro cell is high, the lower offloading of macro cell in 

the CSG cases, shall not reduce the congestion in the macro cell and some UEs can experience service 

outage. 

Macro Cell Area Throughput 

The macro cell area throughput is the combined throughput of the macro cells and the LPN cells and 

denotes the amount of traffic served in the system in total. If the cell throughput is less than the offered 

traffic load (5 Mbps), it means that the system is not able to serve the UEs present in the system and 

some of the UEs are experiencing service outage. However in this study, the system is not congested 

and on average the macro cell area throughput remains the same for all cases; even for the CSG cases 

when the macro cells are not offloaded. The performance of the system in the presence of CSGS is 

seen to be similar to that as for the OA cases. This indicates that, (in a low to average traffic load 

scenario) CSG cells do not cause interference problems for the macro UEs, when the UEs are capable 

of performing interference cancellation due to CRS. Furthermore, from the cell throughputs, it is 

expected that the UEs shall have similar SINR and throughput levels, as in the OA cases, which is 

evaluated in the proceeding sections.  

 
Figure 6.3:   Downlink cell throughput 
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6.3.2 Signal to Interference plus Noise Ratio (SINR) 

The SINR results for the DL case are shown in Figure 6.4 where we illustrate the SINR averages for 

the macro and LPN UEs and the 5th percentile SINR, which shows the SINR for the UEs located at 

cell edges. 

Macro UEs 

In general, it can be seen that, for the OA cases the macro UEs have better SINR conditions as 

compared to the reference and CSG cases. The prime reason for this is the higher degree of offloading 

advantage in the OA cases, which reduces resource congestion from the macro cell and the UEs get 

better service conditions due to higher number of available resources. Furthermore, cell edge macro 

UEs (UEs located near the LPN cells and having low SINR due to interference from LPNs) get 

associated to the LPNs instead and thus the overall average throughput for macro UEs is increased. 

As discussed in Section 6.2.6, the difference between the various simulated configurations is in the 

number of UEs clustering around the LPNs and the nature of the LPNs (OA or CSG). As the 

clustering of UEs around the LPNs increases, the UEs get access to the network through the LPNs 

instead of the macro cells. Thus, the macro cells are said to be offloaded. This effect can be observed 

by considering the UE distribution in Figure 6.2 in parallel with Figure 6.4 where macro UEs SINR is 

seen to be increasing proportionally to the clustering of users. The offloading of the macro cell can 

also be seen from the percentages shown in Table 6.4, where the cases with LPNs illustrate lower 

macro PRB utilization, indicating that the load from the macro cell has been offloaded due to the 

incorporation of LPNs. Furthermore, in the OA cases, there is higher offloading advantage due to the 

nature of the LPNs (providing access to all the candidate UEs), while in CSG-10% and CSG-20% 

case, it can be seen that due to the closed access nature of the LPNs, less number of UEs are connected 

to the LPN and access the network through the macro cell even though they are close to the LPN. Thus 

they suffer from interference from the LPN and a reduction in their SINR values is observed (when 

compared to the OA cases).  

However, despite the SINR degradation, when the CSG case is compared to the reference case, the 

SINR for macro UEs is found to be higher than the numbers observed in the reference case. This 

means that the CSGs do not cause interference to the macro UEs, when they are capable of performing 

CRS-IC and the presence of CSGs brings gain to the overall system capacity. The argument is further 

supported by analyzing the 5th percentile macro UE SINR, where the same trend is observed and the 

SINR for macro UEs in the CSG cases is found to be higher than the reference case. 

Thus it can be said that, with 2 LPNs per macro cell area and UEs capable of performing interference 

cancellation due to CRS transmission, CSG cells do not create interference problems to nearby macro 

UEs and there is a gain in terms of system performance as compared to the reference case. 
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Figure 6.4:   Average UE SINR and 5th percentile SINR 

LPN UEs 

When compared to the macro UEs, the SINR values for the LPN UEs are seen to be high in all cases. 

This is because the path loss from the BS to the LPN UEs is much lower and the UEs get better signal 

strength. Furthermore, when the OA case is compared to the CSG case, it is seen that the CSG case 

slightly outperforms the OA scenario. The 5th percentile values of SINR explain this effect. In the OA 

case, due to range extension, the UEs which are further away from the LPN get associated to it and 

have low SINR values. While for the CSG cases, only the UEs which are located within the radius of 

the CSG cell (15m) and are authorized to have access to the CSG LPN get connected to it. Thus, the 

path loss for the CSG UE is lower than that of the UEs in OA cases, providing better SINR values. 

Hence on average, the SINR for CSG LPN cells is seen to be higher than the OA LPNs. Furthermore, 

an interesting thing to note is that for the CSG cases, higher SINR values for the UEs indicate that the 

UEs do not experience interference problems from the transmission of the macro cells in the DL. 

ALL UEs 

In general, it can be seen from Figure 6.4 that adding LPN cells brings gain to the system in terms of 

SINR, irrespective of the access nature (CSG or OA). The CSG cells do not cause interference 

problems for the macro UEs when they are able to perform CRS-IC and instead bring gains in the 

overall SINR. However, the gain is not as high as OA case because of less number of UEs getting 

associated to the CSG LPNs. Nonetheless, the presence of CSGs aid the macro cell layer and improve 

the overall SINR of the UEs by both enhancing the SINR of UEs connected to the CSG LPNs and also 

the UEs connected to the macro cells. Thus, for the case when the macro UEs have the ability to 

perform interference cancellation on the DL control channels, the incorporation of CSGs improve the 

overall SINR conditions in the system. 
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6.3.3  UE Throughput 

The UE throughputs for the macro UEs and LPN UEs are illustrated in Figures 6.5 and 6.6. In general, 

it can be said that the UE throughput for all the cases follows the SINR distributions and is seen to be 

high for the cases when the SINR for the UEs is high. This indicates that the incorporation of CSGs in 

the presence of CRS-IC capable UEs shall bring an overall gain in the data rates of the UEs. 

Macro UEs 

The user distribution for different cases was shown in Section 6.2.7. It can be seen in Figure 6.5 that as 

the UE clustering around the LPN cells increases, the UE throughput for the macro cell also increases 

(mainly because of the offloading effect as explained in the Section 6.3.2). The macro cell is now 

offloaded as the UEs previously consuming resources from the macro cell access the system through 

the LPNs and thus the macro cell has more resources available, leading to lower scheduling delays and 

increasing the macro UE throughput. It can be seen that in OA-20% case, the macro offloading is 

maximum and thus the macro UE throughput is also maximum (Figure 6.5) as compared to other 

cases. Furthermore, in the CSG cases even though the macro is not offloaded so much, the macro UEs 

do not face interference problems and throughput gains are obtained when compared to the reference 

case, primarily due to the increase in the SINR conditions of the macro UEs as shown in Figure 6.4. 

 
Figure 6.5:   Macro UE throughput 

LPN UEs 

Since there are enough amount of resources available in the LPN cells, the only factor limiting the 

LPN UE throughput is the SINR experienced by the UEs shown in Figure 6.6. Thus, the case with best 

SINR conditions leads to maximum UE throughput in the LPN cells. It can be seen in the figure that 

for the CSG-20% case, maximum UE throughput is observed in the LPN cells, as the UEs have better 
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SINR conditions as compared to the other cases. However, the other cases closely follow the same 

curve (CSG-20%) and illustrate gains in LPN UE throughput. 

 
Figure 6.6:   LPN UE throughput 

All UEs 

In terms of the overall gains obtained in the UE throughput, Figure 6.7 illustrates the CDF of UE 

throughput in the entire macro cell area which shows that incorporating CSG cells in a system with 

low traffic load and UEs being able to perform CRS-IC, provides significant gains in the UE 

throughput as compared to the reference case. The CSG cells under such conditions, do not limit the 

performance of the macro UEs located in close proximity of the LPNs and rather bring gains in the 

macro UE throughput. 

 

Figure 6.7:  DL UE throughput – All UEs 
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6.4  Uplink Results 
In general, the results for the UL scenario are concurrent to the results discussed for the DL case. 

However, the major concern in the UL is the interference experienced by the CSG LPN base stations 

from the nearby macro UEs. Since the CSGs do not offload the macro cell, the UEs remain connected 

to the macro BS and yet are located in very close proximity of the CSG BS. Under such 

circumstances, if the UEs are conducting transmission towards the macro BS, they are expected to 

cause significant interference to the CSG LPNs.  

6.4.1 Cell Throughput 

The cell throughput in the UL depends upon the transmission from the UEs to BS. If the BS is 

receiving transmissions from higher number of UEs, high cell throughputs are seen.  

In general, the performance of the system in the UL is limited due to the limited available power at the 

disposal of UE and thus a difference between the offered traffic and served traffic is seen. The offered 

load in the system was kept to be 5 Mbps per macro cell area, however in Figure 6.8 it can be seen that 

for the reference case, the system can only serve about 4.4 Mbps per macro cell area on an average. 

Thus, the capacity of the system in the UL is limited due to failed transmission attempts and frequent 

re-transmissions. The cell throughput distributions for the UL case are similar to the DL scenario. 

Thus, it is expected that by adding LPN BS, the capacity of the system shall increase and the system 

shall be able to support more traffic (or UEs). This effect is observed in Figure 6.8 where it is seen that 

adding LPNs to the system increases the overall cell throughput. 

As the number of UEs in the LPN increases, there is more continuous transmission to the LPN, 

increasing the LPN cell throughput. Furthermore, the increase in cell throughput also depends on the 

number of UEs being served by the LPNs. For the CSG-10% case, since there are only 10% of the 

total UEs served by the LPN CSG cells, the overall cell throughput is seen to be limited. The affect 

can be seen in a pronounced manner by considering the CDF for the macro cells. For OA-20% case, 

the UE distribution is highest in the LPN and there is continuous transmission from these UEs, 

resulting in the maximum offloading of the macro cell (shown in the CDF) and thus maximum overall 

macro cell area throughput. 

However, the major conclusion made from this analysis is regarding the effect of CSG cells on the 

system performance. It is observed that even for the cases when there is minimum offloading of the 

macro (CSG-10%) case, improvements in the overall macro cell area throughputs are observed and 

thus it can be claimed that the addition of LPN CSG cells increase the system capacity and improve 

the system throughputs. 
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Figure 6.8:   Uplink cell throughput 

6.4.2 Uplink Interference 

As mentioned in Section 6.4, the major concern in the UL was the interference experienced by the 

CSG LPN base stations from the nearby macro UEs, as the CSG cells do not offload the macro and the 

macro UEs become a source of interference for the CSGs. This effect is illustrated in Figure 6.9 where 

we show the UL interference received by the BSs on an average. It can be seen that for the CSG cases, 

the LPNs experience severe UL interference due to the presence of nearby unauthorized macro UEs. 

However for CSG-20% case, the macro cell is offloaded and UEs causing interference are now 

connected to the LPN. Thus, a reduction in UL interference is observed. However, the next step is to 

analyze how this interference affects the CSG cells and identify if there is a significant reduction in the 

SINR of the CSG LPN UEs. 

 
Figure 6.9:   Uplink interference 
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6.4.3  SINR 

The primary concern for the UL scenario is the SINR experienced by the CSG LPN UEs. Since the 

CSG cells face high interference in the UL, thus the CSG UEs are vulnerable to suffer from low SINR 

and thus poor radio conditions. 

Macro UEs 

The macro UE SINR distributions for the UL (shown in Figure 6.10) follow similar pattern as 

observed for the DL SINR. In general, the LPN UEs do not cause significant interference to the macro 

BS in the UL and the major constraint causing variation in the macro UE SINR is the traffic load in 

the macro cell. If there are less UEs in the macro competing for the available resources, the SINRs 

shall be high. Thus an enhancement in the SINR values is seen for the cases when the macro is 

offloaded with more UEs getting clustered around the LPNs. As more UEs get service from the LPN 

cells, there are more resources available in the macro cell, which reduces the congestion from the 

macro cell and the UEs in the macro cell get better SINR conditions. Even though the gains obtained 

in SINR for the CSG cases are not as high as that for the OA cases, yet an increase in system 

performance is observed in contrast to the reference case. 

LPN UEs 

It can be seen in Figure 6.10, that the interference experienced by the LPNs in the CSG cases causes a 

reduction in the SINR for the CSG LPN UEs. It was observed for the DL case that the CSG UEs had 

SINR conditions better than the OA cases, primarily due to their close proximity to the BS. However, 

for the UL, due to high interference seen by the CSG BSs, a reduction in CSG UE SINRs is seen. For 

the LPN UEs, in general the OA cases provide better SINR conditions for the UEs. This is mainly due 

to the macro offloading affect. As the LPNs provide access to all nearby candidate UEs (currently 

associated to the macro), the interference caused by the macro UEs deteriorates as they get handed 

over to the LPNs and thus better SINR are seen for the LPN UEs. Furthermore, these handed over 

macro UEs which get associated to the LPN cell face lower path loss to the BS, resulting in better 

received signal strength.  

However for the CSG cases, the LPN cells do not accept the candidate UEs, willing to connect to them 

(except the authorized ones) and thus such UEs connect to the macro cell instead, causing high 

interference for the LPNs. Nevertheless, even though the LPN BSs in the CSG case face high 

interference from the UEs transmitting to the macro (seen in Figure 6.9), the SINR degradation is not 

significant and the SINR levels are similar to the OA case. This is due to the close proximity of the 

CSG LPN UEs to their BSs (refer to Section 6.2.3 for details about CSG UE placement). Thus, it can 

be said that the CSG LPN BSs experience high interference from the nearby unauthorized macro UEs, 

but the interference does not significantly degrade and limit the performance of the CSG UEs. 
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Figure 6.10:   Uplink UE SINR 

6.4.4  UE Throughput 

As discussed in the results for the DL scenario, to get a high UE throughput better SINR conditions 

and sufficient availability of the PRBs is required. Since, in our simulations the system is not heavily 

loaded, both the requirements are met. Thus, we see high throughput for the cases when UEs are 

clustered around the LPN cells (like OA-20% case) and the macro cell is offloaded the most. The 

results follow the same line of reasoning as provided for the DL case. For the macro UEs, since the 

OA-20% case provides maximum offloading of the macro cell. This case leads to the maximum macro 

UE throughputs, since the macro cell has maximum number of available resources (when contrasted to 

the other cases). Similarly, for the LPN UEs, again the OA cases tend to provide better UE 

throughputs. However the CSG cases also demonstrate higher throughput values due to better 

availability of resources and close proximity of the UEs as explained when discussing the average 

SINR values for the LPN UEs. Thus, it is observed that for the UL scenario, despite of high 

interference seen by the CSG LPNs, the performance of the CSG UEs remains unaffected and the UEs 

in the CSG cases provide similar or better throughputs than for the OA cases. These results are 

articulated in Figure 6.11. 
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Figure 6.11:   Uplink UE throughput 

6.5 Conclusions 
In this section we discuss the major conclusions made from the study. The conclusions are based on 

the performance metrics analyzed as part of the study. 

Downlink: 

In general, the system was not congested and about 95% of the traffic was served in the reference case 

with an offered traffic of 5 Mbps. For such a system, the incorporation of CSG cells in the presence of 

UEs which are capable of performing CRS-IC does not degrade the overall performance of the system, 

but brings gains in the system capacity and user data rates. The gains observed due to the 

incorporation of CSG cells were similar to those for the OA cases. However, the OA cases 

outperformed the CSG scenarios due to higher degree of macro offloading. While, the CSG cells do 

not offload the macro cell and thus for a heavily loaded, CSG cells can limit the performance of the 

system by not offloading the macro cells to reduce congestion. For a heavily loaded system, reductions 

in macro cell throughput are feasible so that more resources can be made available to the UEs, leading 

to an increase in system capacity and a corresponding increase in the over-all system throughput. 

In terms of interference scenarios, SINR levels and user data rates; it was observed that incorporation 

of CSG cells does not cause interference problems for the macro UEs when the UEs are capable of 

performing CRS-IC. We observed about 6% and 12% increase in average macro UE SINRs for the 

CSG-10% and CSG-20% case respectively, illustrating the gains in UE performance. Furthermore, the 

5th percentile SINRs calculated over UEs in the entire macro cell area were seen to be increased by 

33% in CSG-20% case, indicating that there are no interference problems due to CSG cells in the 

presence of CRS-IC UEs. The gains were replicated in the UE throughputs as illustrated by Figure 
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6.12, where it is observed that the gains due to CSGs are very much close to those seen for the OA 

cases. However, due a higher macro offloading advantage, OA cells perform better in all respects, 

when compared to the CSG cells. 

 

Uplink: 

In the UL scenario, the system was seen to be congested and the performance of the reference case 

was limited in the UL as the served load per macro cell was much less than the offered load. Under 

such circumstances, addition of LPNs of both OA or CSG nature increased the system capacity and 

enhance the cell throughputs. Even for the cases when there is minimum offloading of the macro 

(CSG-10%) case, improvements in the overall macro cell area throughputs were observed and thus it 

can be claimed that the addition of LPN CSG cells increase the system capacity and improve the 

system throughputs. The gains brought in the served traffic by the incorporation of LPNs are 

enumerated in Figure 6.13, where it can be seen that the gains in system tend to increase depending on 

the amount of macro offloading.  

 
Figure 6.13: Percentage change in macro cell area throughput - Average 

Figure 6.12: Percent increase - average UE throughput 
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With regard to the interference scenarios in the UL, it was observed that the SINR for the UEs in the 

macro cell is primarily limited by the availability of resources as the CSG UEs do not cause 

interference problems for the macro cell. Thus, higher macro offloading leads to higher number of 

available resources and better performance for the UEs.  

The major question regarding the SINR degradation of the LPN UEs due to high UL interference is 

also answered. It was found that despite of very high interference in the UL, the SINR for the CSG 

LPN UEs does not degrade significantly and is still seen to be quite high9

 

 as compared to that of the 

macro UEs. Thus, the interference caused by the macro UEs in the UL does not limit the performance 

of the LPNs. 

The gains in SINR are reflected in the data rates experienced by the UEs as articulated by Figure 6.14. 

As observed for the DL scenario, the incorporation of the CSG cells brings gains in the system and the 

UEs attain better data rates. However, due to limited macro offloading, the gains are not as significant 

as that for the OA cases. 

Figure 6.14: Percentage increase in UE throughput 

 

 

 

 

 

  

                                                      
9 5th Percentile SINR of LPN UEs is about 18% higher than macro UEs 
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Chapter 7 

7. Macro-Femto HetNet Deployment with 
CRS Interference Cancellation (CRS-IC) 

Capable UEs – “High Traffic Load” 
In the previous chapter we investigated the performance of the system with UEs capable of performing 

CRS-IC, in the presence of CSG LPNs in contrast to the case when the LPNs provided OA to all the 

UEs. We further analyzed the effect of clustering of users around the LPNs resulting in different 

degrees of macro cell offloading. However, all this analysis was conducted under a low load situation, 

where the macro cell had enough capacity (PRBs) to support further users (with some increase in the 

scheduling delays).  

In continuation with the goal to perform a detailed analysis pertaining to identify the effects of CSG 

cells on the system performance, the previous study was repeated with a heavily loaded system and 

some minor adjustments to system parameters discussed in the proceeding sections of the report. 

The primary difference with the previous study is to use a denser LPN grid as part of the HetNet 

deployment, with the placement of 10 LPNs per macro cell area and consideration of a system which 

is heavily loaded (above 95% in DL and 90% in UL). Furthermore, the reference cases have been 

modified and now we use 2 reference cases corresponding to different clustering levels used in the 

simulations. 

7.1 Simulation Details 

7.1.1 Configurations and Deployment Scenario 

The configurations used in the simulations were inspired by the set of configurations specified by 

3GPP in [17] which apply to the studies aiming to investigate HetNet deployments in LTE or LTE-A. 

These have been highlighted in Section 6.2.2 of the report. However, we modify these configurations 

such that, now we have two reference cases with each having hotspots/hotzones in it with differences 

in the percentage of user clustering. The rest of the cases are same as discussed in Section 6.2.6, with 

the difference in the number of LPNs per cell (here we use 10 LPNs/macro cell). The simulated 

configurations and the deployment scenario can be summarized as follows. 
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Table 7.1:   Simulated configurations 

– Reference case : Hotspot – 10% and Hotspot – 20%  

› 10 hotspots per macro cell 

› No LPNs 

› Percentage of UE clustering  10 and 20% 
 respectively 

– Open Access (OA) Case 

› 10 hotspots and 10 LPN cells per macro cell 

› Hotspots co-located with LPN cells 

› Type of LPN cells  Open access 

› Range extension10

– Closed Subscriber Group (CSG) Case  

  6 dB 

› 10 hotspots and 10 LPN cells per macro cell 

› Hotspots co-located with LPN cells 

› Type of LPNs  Closed Subscriber Group 

› Range extension  6 dB 

› Authorized users  Users generated in the CSG 
                      cell only. 

All the above mentioned cases were simulated in the presence of UEs having CRS-IC capability. Thus 
the UEs can perform (perfect) cancellation of CRS from the neighbor cells and efficiently decode the 
DL control and data channels. 

                                                      
10 Section 3.1 provides additional details on the concept of Range Extension (RE)  
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7.1.2 Traffic Model 

We use the same traffic model as discussed in Chapter 6, with some modifications in the arrival 

intensity λ (users per second). To maintain a high load in the system throughout the simulation period, 

the following configuration was used. 

- λ = 19.68 UEs/sec system wide. (corresponding to 0.9375 UEs/s/cell) 

- FTP Packet Size = 2 M Byte 

With fixed load throughout the simulation period, the traffic generated in the system becomes: 

- 315 Mb/sec system wide 

- 15 Mb/sec per macro cell area 

7.1.3 Expected Interference Scenarios 

Having examined the effects of the CSGs in a system with low load (discussed in the previous 

chapter), it can be deduced that there are some scenarios having a tendency to jeopardize the system 

performance. Thus, a denser deployment of CSG cells would further intensify these interference 

scenarios and deteriorate the system performance. Here we highlight the interference scenarios where 

it was expected that the CSG cells shall have negative effects on the system performance and were 

closely investigated as part of the simulations. 

Illustrated in Figure 7.1 are the major interference scenarios expected as a result of denser 

deployments of CSG cells. These can be summarized as: 

In Downlink: 

- UEs belonging to the macro cell but located close to the CSG cells might undergo severe 

interference from the CSG cells 

- UEs belonging to the CSG cells, and (primarily) located at the cell edges. This effect is expected 

to get further pronounced when there is a higher number of macro UEs located in close 

proximity of the  CSG cell 

In Uplink: 

- UEs belonging to the macro cell which are located close to the CSG cells are expected to 

generate significant interference for the LPN cells in the UL 
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Figure 7.1:   Expected interference scenarios 

7.1.4 System Parameters 

The simulation parameters are same as discussed in Section 6.2.5. However, to preserve the stability 

of the system at high system loads, we add another parameter “user removal” in the simulations as 

specified by the 3GPP for non-full buffer traffic simulations in [17]. Enabling this means that users 

that stay in the system for more than 32 seconds should be removed from the system to vacate the 

scheduling queues and maintain system stability.  

The users existing for such longer periods in the system are the ones experiencing severe radio 

conditions and thus instigating multiple HARQ re-transmissions, but yet not being able to complete 

the packet transfer successfully. Thus, the 32 second limit corresponds that the users which have 

throughputs in the order of 0.5 Mbps should be removed from the system as they will exist in the 

system for longer durations, creating scheduling delays and hindering transmissions to legitimate users 

with good radio conditions. 

7.1.5 User Distribution 

The user distribution for different simulated cases is shown in Figure 7.2. The effect of denser 

deployment of OA LPNs for a heavily loaded traffic scenario can be seen very clearly for the OA 

cases where approximately 75% of macro users are offloaded to the LPN cells. Conversely, the CSGs 

do not aid in offloading the macro as they provide access to authorized users only. Thus the percentage 

of macro UEs offloaded to the LPNs in the CSG cases is strict. However, it is implicit that there shall 

be ample amount of resources available for users in CSG cells. 
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Figure 7.2:   User distribution 

7.2 Downlink Results 
In this section we conduct the system performance evaluation for the DL scenario. The performance 

metrics discussed in the previous chapters are investigated individually and their inter-relation is 

discussed. In addition to the performance metrics used in Chapter 6, here we also examine the effect of 

denser deployment of LPN cells on the transmission powers of the base stations. The subsequent 

heading provides a general performance overview. 

7.2.1 Performance Overview 

In general, it can be claimed that in the presence of CRS-IC capable UEs, addition of CSG cells tends 

to improve the performance of the system without causing significant problems for the UEs associated 

to the macro cell even under a denser deployment of the CSG LPN grid. This hypothesis is established 

by analyzing the following parameters. 

FTP Delay or User Life Time: 

FTP delay (also called the life time) of each UE characterizes the total time it takes each user to 

download a packet - from the first block of data transferred to the last block (when the packet is 

transferred completely). It further takes in to account the time the user was waiting in the scheduling 

queues. Since each user is allowed to transmit (or receive in the DL case) one packet at maximum and 

then disappear from the system, the FTP delay can thus be referred as the time spent by the user in the 

system. Thus for a given case, if the UEs experience lower FTP delays, the system performance can be 
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termed as better than the cases with high FTP delays or user life times. The following table illustrates 

the life times for the different simulated cases 
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Average macro UE Life Time (s) 20.25 20 17.02 13.3 1.43 1.40 

Average LPN UE Life Time (s) - - 1.48 1.44 1.36 1.33 

Average UE Life Time (s) 20.25 20 10.67 6.4 1.38 1.36 

Table 7.2:   Downlink UE life time or FTP delay 

It can be seen that the cases with the presence of CSG cells outperform the reference cases leading to 

lower UE life times corresponding to higher UE throughput for both the macro and the LPN UEs. This 

means that the presence of CSG cells increases the capacity of the system to some extent and the 

system can now support more number of users per unit time. However, the OA cases give the best 

performance as a major part of macro UEs (previously) are now being served by the OA LPNs due to 

macro offloading, resulting in very low FTP delays and maximum system capacity. 

Users Removed 

To examine the variations in the system capacity further, Figure 7.3 can be considered where we 

illustrate the number of removed users for the different cases. It can be seen that for the CSG 10% and 

20% cases, the percentage of removed users reduces by 8.5 and 17% respectively. This means that by 

the incorporation of CSGs in the system, the system capacity was improved by the almost 20% in the 

later case. Along the same lines, it can be seen for the OA cases that no users were removed, 

signifying a capacity increase of almost 30%. 

 
Figure 7.3:   Energy consumption of the system 
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Simulating Multiple Loads 

To further analyze the change in system capacity and gains or setbacks observed in the system by the 

addition of CSG LPNs, we conducted simulations for multiple loads. Figure 7.4(a) illustrates the 

differences between the offered load and the served traffic for the simulated cases for the case of 20% 

UE clustering. It can be observed that for the each offered load, the cases when LPNs (OA or CSG) 

are present in the system, the system is able to serve more traffic, corresponding to an increase in 

system capacity. However, the served traffic is limited in the CSG cases by the amount of UEs being 

served by the LPNs. As established from the discussions in Chapter 6, the gains by the incorporation 

of CSG cells are limited by the amount of UEs being served by the LPNs (macro offloading); the 

served traffic becomes limited for the CSG cases, with the increase in offered traffic. However for the 

OA scenario, the served traffic is almost equal to the offered traffic load, due the significant offloading 

advantage, as elaborated in the proceeding sections. However, despite of the macro offloading 

limitations, CSG cells bring gains to the system in terms of system capacity, which indicates that when 

the UEs are capable of performing CRS-IC, CSG cells do not cause interference problems. 

Furthermore, the system performance in terms of user throughputs is also seen to be better for the 

scenarios when LPNs are present in the system. It can be seen in Figure 7.4 (b) that the cell edge (5th 

Percentile) UE throughput is much better for the cases with LPNs in the system, along with increase 

system capacity. The CSG cells provide higher UE throughput as compared to the reference cases with 

the capability to support higher traffic loads. However, the OA case outperforms the CSG cases, with 

much higher UE throughputs at very high served loads. 

Nonetheless, it is worth noticing that in the presence of CRS-IC UEs, CSG cells also provide gains in 

the system capacity and user throughput rather than deteriorating the system performance by causing 

high interference in the DL. 

 

Figure 7.4(a):   Multiple load scenario (offered load Vs served load) 



 

62 
 

 

7.2.2  Physical Resource Block (PRB) Utilization 

As discussed in Section 6.2.8, the PRB utilization indicates the overall traffic load in the system. Since 

we consider a heavily loaded system in this study, the PRB utilization was also calculated for the 

LPNs so that the effect of higher number of users clustering around the LPNs can be analyzed clearly. 

Figure 7.5 shows the PRB utilization for both macro and LPN cells. It can be seen that the system is 

densely populated with users as more than 95% of the PRBs are utilized in for the macro cells in the 

reference case. However, the presence of a denser LPN layer in the later cases offloads the macro cell 

to some extent. For the OA cases, it is observed that the macro cell PRB utilization is reduced by 80% 

due to macro offloading, with all these users served by the LPNs. Conversely, for the CSG cases, there 

is merely 1 to 2% offloading of the macro cell and the offloading advantage in the presence of CSG 

cells in contrast to the OA cases is negligible. 

From the LPN PRB utilization, it is evident that even though in the OA cases there is higher degree of 

macro offloading, there are ample amount of resources available in the LPNs and the LPNs can 

accumulate more number of users. 

 

Figure 7.5(b):   DL cell edge (5th %) UE throughput Vs served 
 

 

Figure 7.6:   DL PRB utilization of macro and LPN cells 
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7.2.3 Cell Throughput: 

As mentioned in Section 6.3.1, cell throughput in DL depends upon the frequency of transmission 

occurring in the cell area. If the BSs in cell area have to serve a higher number of UEs and are 

transmitting continuously, high cell throughputs are seen. 

Figure 7.6 shows the overall macro cell area throughput in DL for all the simulated cases. In general, it 

is observed that irrespective of the percentage of UE clustering, the incorporation of CSG cells in the 

presence of CRS-IC capable UEs benefits the system in terms of served traffic as discussed in Section 

7.2.1. Since, the system is heavily loaded with 98% macro PRB utilization in the reference case, it can 

be seen that the served load is about 38% less than the offered load, meaning that these users are 

experiencing service outage. Addition of CSG cells improves the system capacity by approximately 

10% and 20% for CSG-10% and 20% cases respectively. This indicates that despite of heavy traffic 

load in the macro cells and continuous DL transmissions, CSG cells bring gains in the system capacity 

when the UEs are capable of performing CRS-IC. This further means that the major part of 

interference caused in the DL is (probably) the transmission of CRS signals, which degrades the radio 

conditions of macro UEs by causing excessive interference (this scenario is analyzed in Chapter 8). 

However, as can be observed in Figure 7.6, the gains due to CSG cells are limited, primarily due to the 

amount of UEs provided access by the CSGs. In contrast, the OA cells provide access to all the UEs 

and thus increase the system capacity to the extent that the offered load is equal to the served load, 

thus OA cells provide maximum gains in the system. 

 

7.2.4 Signal to Interference plus Noise Ratio (SINR) 

The SINR results for the DL case are shown in Figure 7.7 where we illustrate the SINR averages for 

the macro and LPN UEs and the 5th percentile SINR, which shows the SINR for the UEs located at 

cell edges. 

Figure 7.7:   Average cell throughput in DL 
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Macro UEs: 

In general, the average SINR for macro UEs tends to increase when there are LPN cells introduced in 

the system (even for the CSG cases). Despite the denser deployment of CSGs (10 LPNs per macro cell 

area), the average SINR of macro UEs is seen to increase. This indicates that the CSG cells do not 

cause interference problems for the macro UEs when the UEs are capable of performing CRS-IC. This 

further implies that the major part of interference faced by the UEs is perhaps removed due to the fact 

that the UEs can perform perfect cancellation of CRS signals transmitted from the neighboring cells. 

However, this shall be confirmed by evaluating the system performance in the presence of UEs which 

are not able to perform IC, which is discussed in Chapter 8. At this point, we observe an increase in 

the macro UE SINR in the presence of CSGs, when compared to the reference cases (Hotspot-10% 

and Hotspot-20%) irrespective of the amount of UE clustering.  

For the OA case, the SINR values are observed to be much higher as compared to the rest of the cases; 

mainly due to macro offloading. It can be seen from Figure 7.2, that for the OA cases, more than 70% 

of the macro UEs were offloaded to the LPN cells causing approximately 80% reduction in the macro 

PRB utilizations (Shown in Figure 7.5). This means that there are ample amount of resources available 

in the macro cell now, with less number of candidate users. Thus, there are less scheduling delays and 

the users get better service conditions. Furthermore, as the macro cell is offloaded, the transmission 

from nearby macro cells is reduced significantly, thus causing less interference for the macro UEs in 

the neighboring cell and increasing the SINR levels. 

Albeit, in the CSG cases the SINR does not increase dramatically, the numbers are yet seen to be 

better than the ones for reference cases. The major reason for this slight increase in SINR values is the 

low amount of macro cell offloading (10 to 20% - seen in Figure 7.2), resulting in only 1% reduction 

in macro PRB Utilizations (Figure 7.5). Thus the conditions for the CSG cases are almost similar to 

the reference cases and the SINR values are observed to be similar to the ones seen in the reference 

cases. However, it is evident that the CSG cells do not deteriorate the performance of the macro UEs 

when the UEs are able to cancel the interference due to CRs. It can be seen in the 5th percentile values 

that the interference for CSG-10% case is same as the reference case (Hotspot-10%). However there is 

a minute increase in interference for the case when 20% of the users are connected to the CSG LPN 

cell layer. Since, the increase in interference is not significant, it can generally be claimed that the 

CSG cells do not cause interference problems for the macro UEs. 
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Figure 7.8:   DL Average UE SINR and 5th percentile SINR 

LPN UEs: 

The effect of macro offloading also plays a role in the SINR values for the LPN UEs. In the OA cases, 

the LPNs provide access to more than 70% of the UEs previously handled by the macro cell. Since 

these UEs connect to the LPN cells instead, they get better service conditions due to the availability of 

high number of resources in the LPNs and the load in the macro cell is reduced. This means that the 

there is less transmissions from the macro cell causing less interference problems for the UEs in the 

OA LPN cells. Thus the SINR of the LPN UEs for the OA cases is observed to be high. 

However for the CSG cases, the macro cell is not offloaded and there are continuous transmissions 

from the macro cell, and thus the SINR for the CSG UEs is reduced in contrast to the OA scenario. 

Nonetheless, the SINR for the CSG UEs is still seen to be high in contrast to the macro UEs, mainly 

because the UEs associated to the CSG cells are located in close proximity of the HeNB and 

experience a less Path loss, resulting in high signal strength. 

All UEs: 

In general, it can be claimed that the presence of CSG cells increase the SINR of the users in the 

system as compared to the reference cases, when the UEs are capable of performing CRs-IC. However 

as the CSG cells do not offload the macro, the gains in SINR are not as significant as the ones 

observed for the OA cases. 

7.2.5 UE Throughput 

The UE throughputs for the macro UEs and LPN UEs are illustrated in Figures 7.8 and 7.9. In general, 

it can be said that the UE throughput for all the cases follows the SINR distributions and is seen to be 

high for the cases when the SINR for the UEs is high. 
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Macro UEs 

The UE throughput for the macro users is shown in Figure 7.8. It can be clearly observed that OA cells 

provide maximum throughput to the macro UEs. The reason follows from the description provided for 

the SINR distributions. For the OA cases, the macro cell is offloaded causing 80% reduction in macro 

PRB utilizations. Hence, the remaining macro UEs attain better throughputs because of i) higher 

availability of resources in macro cell and ii) better SINR conditions caused due to less other-cell 

interference because of CRS-IC capability and less frequent transmission from macro cells. For the 

CSG cases, even though the macro is not offloaded so much, throughput gains are obtained when 

compared to the reference case and the system performance is improved rather than being deteriorated 

in the presence of CSG cells. Furthermore, it is worth noticing that the major gain observed in UE 

throughput for the CSG cases appears for the higher percentiles (above 80%), which means that the 

UEs connected to the LPNs (authorized) are the ones which benefit from the deployment of LPNs. 

However, in the OA cases, the performance of both macro UEs and the LPN UEs is seen to be 

improved. 

 
 

LPN UEs 

The LPN UE throughput distribution for the OA cases follows from the SINR values. The SINR of the 

LPN UEs for these cases are observed to be high (in Figure 7.7) and thus higher throughput values 

witnessed. However for the CSG cells, despite of comparatively lower SINR values, the UE 

throughputs are observed to be comparable to the ones seen for OA cases. The primary reason for this 

is the ratio of resource availability in the CSG cells to the number of candidate users willing to access 

these resources. It can be seen in Figure 7.5 that for the OA cases, the LPN PRB utilization is 5 times 

higher than that for the CSG case. Thus, for the CSG case less competition for resources lead to lower 

scheduling delays and faster resource access for the users, resulting in throughput values which are 

Figure 7.9:   CDF of macro UE throughput in DL 
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close to the ones observed for OA cases (see Figure 7.9) despite of (comparatively) lower average 

SINR. 

 

Figure 7.10:   CDF of LPN UE throughput in DL 

7.2.6 Energy Consumption 

The discussion so far has been focused on the implications of LPNs on the throughput and interference 

levels in the system. However, the incorporation of LPNs further affects the energy consumption in the 

system. Figure 7.10 is a representative of both the transmission power levels and the energy 

consumption of all the BSs in the system in a macro-femto deployment featuring CRS-IC capable UEs. 

The transmission power for each BS is measured over a time window of 1 second and thus corresponds 

to the energy consumption in the system. Energy consumption in the macro cell area is the sum of the 

total energy consumed by the macro cells and the LPNs respectively. The gains in the presence of OA 

cases are clearly observed where the system energy consumption is reduced by more than 5 times. The gains 

are primarily consequent to the better load balancing capabilities brought about by the OA cells. With more than 

80% macro offloading (shown in Table 7.3) due to OA cells, there is a significant reduction in the transmission 

incidence of the macro cells. Furthermore, from the energy consumption and PRB utilization of the LPNs, it can 

be seen that due to a relatively higher PRB utilization, the energy consumption in the LPNs for the OA cases is 

higher than that for the CSG cases. However, higher energy consumption in the LPNs for the OA cases does not 

increase the total energy consumption of the system due to the fact that the maximum transmitted power of the 

LPNs in comparison to the macro BS is very low (23 dB less at minimum). Thus the presence of OA cells 

provides significant gains in terms of overall system energy consumption. In contrast, in the presence of CSG cells 

in the system, there is minute reduction in the PRB utilizations of the macro cells and the transmission incidence 
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of the macro cells is very frequent (almost equal to the reference case), thus avoiding any significant gains in terms 

of energy consumption. 

 
 

PRB Utilization of LPNs in DL 

OA -10 % Case OA – 20% Case CSG – 10% Case CSG 20% Case 

4.15% 4.21% 0.6% 1.27% 

PRB Utilization of Macro cells in DL 

OA -10 % Case OA – 20% Case CSG – 10% Case CSG 20% Case 

15.7% 14.2% 97% 95.5% 

Table 7.3:   DL PRB utilization of macro and LPN cells 

7.3  Uplink Results 
Following the procedure used for the analysis of DL scenario, here we perform the system 

performance evaluation for the UL scenario. In general, the observations made for the UL scenario are 

similar to the trends observed in the DL case and follow the same line of reasoning. However, some 

UL specific interference scenarios are also observed. In this section, we perform a detailed analysis of 

the system based on the performance evaluation criteria discussed in Section 4.1.1. 

7.3.1 Performance Overview 

The performance summary of the system for the UL abides by the same line of reasoning as provided 

for the DL. In general, the addition of CSG cells in a heavily loaded traffic scenario tends to improve 

the performance of the system as compared to the reference cases. However, the gains due to OA cells 

outperform the ones observed for the CSG cases, as these cells let the UEs to connect to the best 

Figure 7.11:   Energy consumption of the system 
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possible serving cell (based on RSRP signal strength), without having any restrictions on the access 

rights. The following discussion provides more insights to the observations. 

FTP Delay or User Lifetime: 

As mentioned in Section 7.2.1, FTP delay (also called UE lifetime), characterizes the total time it takes 

each user to upload a packet. Since each user is allowed to upload one packet (2 M byte) at maximum 

and then disappear from the system, FTP delay can be referred as the total time spent by the user in the 

system. The FTP delays for the UL scenario are illustrated in Table 7.4. It can be seen that the cases 

when LPNs are present in the system provide lower FTP delays and thus users get better data rates and 

shall complete their file transfers much faster in contrast to the Reference cases. This means that the 

system shall be able to support more number of UEs and thus the presence of CSG cells increases the 

capacity of the system to some extent. However, in the presence of OA cells, the UE life times are 

tremendously reduced and very high system capacity can be achieved. In contrast to the DL scenario, 

it is observed that the system performance for UL is quite low due to unsuccessful transmission 

attempts and excessive re-transmissions, resulting in higher user life times on an average. 

It is further to be noted that the average UE life times for the reference and CSG cases  shown in Table 

7.4 are relatively optimistic, because the simulator logs the delay only for UEs which finish their 

upload. For the cases when the macro cell is heavily loaded (i.e. CSG and reference cases), very high 

number of UEs are removed from the system and the simulator does not log the FTP delays for the 

users that have been removed because of low throughput values as explained in Section 7.1.4. 

Therefore the actual delays are expected to be longer than stated in the table.  
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Average UE Life Time (s) 14.86 14.5 12.28 11.4 2.21 2.13 
Table 7.4:   Uplink UE life time or FTP delay 

Users Removed 

As indicated by the FTP delays in Table 7.4, the incorporation of the CSG cells improves the system 

capacity and the number of removed UEs is reduced by 6.6 and 15.3% for CSG-10% and CSG-20% 

cases respectively. However for the OA cases, the increase in system capacity is observed (see Figure 

7.11) to be very high as the number of UEs removed from the system is negligible, leading to a 60% 

increase in system capacity when contrasted with the reference cases. 

It is also worth noticing that the percentage of removed users for cases other than OA is significantly 

high in contrast to the numbers seen for DL scenario and now more than 60% users are being removed 
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from the system in the reference case. Thus, it is expected that the UEs shall have higher average 

lifetimes. However, when the average UE lifetime in DL (Table 7.2) is compared with the UE 

lifetimes observed in UL (Table 7.4), it is observed that the life times for the UL are lower than those 

for the DL, indicating that the system can support a higher number of UEs. This can be confusing; as a 

higher number of UEs is removed in the UL scenario, it is expected that the transmission conditions 

are now more stringent as compared to the DL. The reason for lower average UE lifetimes observed 

for the UL scenario is the due to the fact that the simulator logs the delay only for UEs which finish 

their upload and does not account for the users that were removed because of low throughput values as 

explained in Section 7.1.4. This implies that the FTP delays seen in Table 7.5 are relatively optimistic 

as the users which have been removed from the system have not been taken in to account for the 

calculation of average UE life times. However, the contribution from the removed users is taken in to 

account when estimating other performance metrics for the system (for example, SINR, throughput 

etc.). 

 

Simulating Multiple Loads 

It was observed for the DL scenario that the addition of LPN cells (CSG or OA) brought gains to the 

system capacity for all simulated loads and a higher served load with better 5th percentile UE 

throughput was observed. To analyze if the addition of LPNs improves the system capacity and 

throughput for the UL, simulations with multiple loads were conducted. Figure 7.12 relates the served 

load by the system with the offered traffic. It can be clearly seen that the incorporation of LPNs 

(irrespective of the access nature – OA or CSG) in the network brings significant gains in the system 

capacity by increasing the number of users to be served, which is in line with the discussion in the 

Figure 7.12:   Users removed from the system - UL 
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former sections. It is further indicated by Figure 7.13 that with the increasing served load, the LPN 

cells increase the cell edge throughput of the users in parallel. However, the OA cells bring a 

considerably high increase in the cell edge UE throughput, as most of the UEs are offloaded to the OA 

cells and attain better service conditions, while for the CSG cases limited gains are seen due the lower 

macro offloading advantage. 

 

Figure 7.13:   Multiple load scenario (offered load Vs served load) 

 
Figure 7.14:   Served load VS 5% UE throughput - UL 

7.3.2 Physical Resource Block (PRB) Utilization 

Similar to the DL scenario, the overall system load can be analyzed by considering the PRB 

utilizations for the macro and the LPN cells in UL as illustrated in Figure 7.14. It can be observed that 

the CSG cells do not offload the macro cell significantly and the PRB utilization for the macro cells 

are almost the same as for the reference case. However, in the OA cases the service conditions for the 

UEs in the system become pleasant as 50% of the UEs are offloaded to the LPN cells, causing less 

interference problems for the LPNs from the nearby macro UEs and thus higher SINRs are expected. 
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Furthermore, it is observed from the LPN PRB utilization that for the CSG cases the PRB utilization is 

comparable to the numbers observed for OA cases, despite of lower number of users connected to the 

LPNs (i.e. lower macro offloading). The major reason for this is expectedly the interference caused by 

the nearby macro UEs to the LPNs. The LPNs are expected to face high interference in the UL from 

the unauthorized macro UEs, resulting in more retransmissions from the LPN UEs, longer user life 

times and thus higher LPN PRB utilization. 

 
Figure 7.15:   UL PRB utilization of macro and LPN cells 

7.3.3 Cell Throughput 

The cell throughput distributions for the UL case are similar to the DL scenario and follow the same 

line of reasoning as provided for the DL. Here we provide a brief overview of the same description, 

however for detailed analysis, Section 7.2.3 can be referred. 

The average cell throughput for macro cell area is shown in Figure 7.15. The performance of the 

reference case is limited in the UL and the served load per macro cell is almost 3 times less than the 

offered load. Under such circumstances, addition of LPNs (of both OA or CSG nature) increase the 

system capacity and enhance the cell throughputs. Even for the cases when there is minimum 

offloading of the macro (CSG-10%) case, the overall macro cell area throughput is observed to 

improve by 22%. However, the OA LPNs have the advantage of macro offloading and thus provide 

better service conditions for the UEs and the served traffic becomes equal to the offered traffic. This 

means that there is about 3 fold increase in the served traffic load and the UEs in the macro cell area 

do not experience any service outage. 
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7.3.4 Interference 

The interference received by the BSs in the UL is shown in Figure 7.16. In general, it can be said that 

the CSG cells experience very high (20dB) interference from the nearby macro UEs in the UL as 

compared to OA scenario, thus resulting in relatively poor radio conditions for the UEs associated to 

the CSG cells. 

LPN Cells 

It is observed in Figure 7.16, that the CSG cells receive almost 20 dB high interference from the 

nearby macro UEs and thus performance degradation (in terms of SINR and throughput levels) of 

LPN UEs in the CSG cases is expected. The reason for higher interference in the CSG cases is the 

number of UEs in the macro cell. Since the CSG cells do not offload the macro as seen in Figure 7.14, 

there is continuous transmission from the macro UEs to their BS, causing high interference for the 

LPN base stations. Conversely, the CSG UEs do not create interference problems for the macro cells 

and constant interference levels of -102 dB are observed for both the CSG and reference cases. 

Macro Cells 

In general, the interference received by the macro cells does not change by the incorporation of LPN 

CSG cells, which implies that the CSG UEs do not create interference problems for the macro cells in 

the UL. However, for the OA cases a 7 dB reduction in interference experienced by the macro cells is 

observed. The major reason behind this interference reduction is the inherent OA nature of the LPN 

cells. Since the LPNs in OA case provide access to any candidate UE, there is high macro offloading 

as illustrated in Figure 7.14. This further indicates that the amount of transmission from the macro 

cells shall reduce, since there are 50% less number of UEs to be served (as compared to the reference 

Figure 7.16:   Average cell throughput – UL 
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case) per macro cell area, due to the offloading effect. This means that the transmission from the UEs 

in the macro cell reduces and thus a drop in UL interference experienced by macro cells is observed. 

 

7.3.5 Signal to Interference plus Noise Ratio (SINR) 

The SINR results for the UL scenario are shown in Figure 7.17 where we illustrate the SINR averages 

for the macro and LPN UEs. 

Macro UEs 

The addition of the CSG LPN layer in the network does not affect the SINR of the macro UEs as 

shown in Figure 7.17. The reason for this is the consistency in interference levels for the CSG cases 

and the reference cases shown in Figure 7.16. Since, there is no change in the interference levels for 

the macro UEs, the SINR is also seen to be constant. However in the same figure, we observed a 

decline in interference levels for the OA cases due to macro offloading. Thus, the SINR for the macro 

UEs in the OA cases is observed to increase. 

LPN UEs 

Due to high interference seen in the UL from the macro UEs in the CSG cases, the SINR for LPN UEs 

is observed to be 10 dB lower as compared to the OA cases, where the SINR is seen to be 18 dB. As 

the macro cell is not offloaded in the CSG cases, the macro UEs create excessive amount of 

interference in the UL for the LPN cells and result in relatively poor serving conditions for the LPN 

UEs. The LPN PRB utilization in Figure 7.14 also reflects this affect, where despite of a small number 

of UEs located in the LPN cells, the PRB utilizations are observed to be high. This indicates that the 

users perform several retransmissions and stay in the system for longer durations as shown in Table 

7.4. 

Figure 7.17:   Interference received by BS - UL 



 

75 
 

 

Figure 7.18:   Average UE SINR – Uplink 

All UES 

In general, it can be claimed that the presence of CSG cells increase the SINR of the users in the 

system as compared to the reference cases. However as the CSG cells do not offload the macro, the 

gains in SINR are not as significant as the ones observed for the OA cases. 

7.3.6 UE Throughput 

The UE throughputs for the macro UEs and LPN UEs are illustrated in Figure 7.17. In general, it can 

be said that the UE throughput for all the cases follows the SINR distributions and is seen to be high 

for the cases when the SINR for the UEs is high. Furthermore, the presence of UEs capable of 

cancelling interference due to CRS transmissions entails the PDCCH channels to be received free from 

the impact of CRS interference and thus the UEs can reliably receive the scheduling decisions leading 

to robust transmission. 

Macro and LPN UEs 

It can be clearly observed that for the OA cases the macro users have maximum throughput. The 

reason follows from the description provided for the SINR distributions. For the OA cases, the macro 

cell is significantly offloaded, causing 50% reduction in macro PRB utilizations as shown in Figure 

7.14. Hence, the remaining macro UEs get better SINR conditions and thus better throughput. For the 

CSG cases, a slight increase in throughput is seen, due to the small macro offloading effect. However, 

the CSG cells do not deteriorate the UE throughput in the UL and result in comparatively better 

conditions for the macro UEs in the UL. 
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For the LPN UEs, the throughput follows from the SINR distributions, and the OA cases provide 

about 3 times better UE throughputs due to high average SINR advantage as compared to the CSG 

cases. 

All UEs 

In general, the addition of LPNs can bring significant throughput gains in the UL. Comparing the 

throughput for the UEs in the LPN cases and the reference cases (Hotspot-10% and Hotspot-20%), it 

is observed that the CSG cells bring a twofold increase in the UE throughputs, while the OA cells 

improve the UE throughput by 25 times, resulting in significant performance advantage. 

 

7.3.7 Energy Consumption 

In Section 7.2.6, we observed that the energy consumption of the system is also affected by the access 

nature of the LPNs. In Particular, it was observed that the incorporation of OA LPNs brings significant 

reduction in the energy consumption of the system. Similar observations are made for the UL scenario 

where the addition of LPNs (irrespective of the access nature) reduces the average energy consumption 

of the UEs. However, there more prominent gains are seen for the OA scenario, where Figure 7.19 

shows an 8 fold reduction in the average energy consumption of the UEs is observed. On the other hand, 

CSG cells provide a maximum of 1.2 fold reduction in the average energy consumption of the UEs. The 

gains are primarily consequent to the macro offloading effect where in the OA cases about 74% of the 

UEs get connected to the LPNs due to better RSRP signal strength to the LPNS and the PRB utilization 

in the macro cells reduces by 50% as illustrated in Table 7.5. Due to lower path loss from UEs to LPN 

BS, the UEs transmit at low transmission powers and thus overall gains in energy consumption of the 

UEs are observed. However for the CSG scenario, only 20% of the UEs connect to the LPNs at 

maximum and the UEs connected to the macro transmit at relatively higher power levels, thus the gains 

Figure 7.19:   Average UE throughput – UL 



 

77 
 

observed in terms of average energy consumption are limited.  Thus, in general it is claimed that the 

incorporation of LPN cells causes reductions in the system energy consumption, however the gains 

obtained are a function of the number UEs connected to the LPNs. 

UL macro PRB utilizations 

Hotspot-10% Hotspot-20% OA -10 % OA – 20% CSG – 10% CSG 20% 

88% 88% 38.5% 36.2% 87.2% 87.2% 
Table 7.5:   UL PRB Utilization of macro and LPN cells 

 
Figure 7.20:   Energy consumption of the system 

7.4  Conclusions 
This chapter analyzed the performance of the system in a heavily loaded traffic scenario. System 

performance overview was performed with traffic loads from (15-35 Mbps) and then the case of 15 

Mbps was considered for further evaluation. Thus the reference case entailed the macro cell to be 

overloaded with traffic, so as to evaluate if CSG cells shall intensify the interference scenarios or bring 

gains in the system. The scenario was evaluated in the presence of CRS-IC capable UEs and thus the 

UEs were able to perform interference cancellation occurring from the transmission of neighbor cells’ 

CRS.  

Downlink: 

In general, the reference cases were highly congested with 95% macro PRB utilizations and the served 

traffic was limited to 11 Mbps, indicating that some of the UEs were experiencing service outage. For 

such a system, the incorporation of CSG cells in the presence of UEs which are capable of performing 

CRS-IC does not degrade the overall performance of the system, but brings gains in the system 
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capacity and user data rates. The gains observed were mainly limited by the amount of macro 

offloading and with 20% UE clustering (CSG-20% scenario), the served traffic was increased to 13 

Mbps, causing a 20% increase in the amount of served traffic in contrast to the reference case. 

However, similar to the case of low-to-average traffic load, the OA cases outperformed the CSG 

scenarios, increasing the served traffic load to the offered limit and causing a 36% increase in system 

capacity (with possibility to support more traffic) due to very high macro offloading advantage where 

the PRB utilization of the macro cells was reduced by 80%. 

In terms of interference scenarios, SINR levels and user data rates; it was expected that the 

incorporation of CSG cells shall accentuate the interference scenarios and be a cause of performance 

deterioration of the macro UEs. However as shown in Figure 7.20, it was observed that the CSG cells 

bring gains in terms of SINR and UE throughputs. Thus, a hypothesis is made here that the major part 

of interference in for the HetNet deployments featuring CSG cells comes from the transmission of 

CRS signals, and when the UEs are capable of performing interference cancellation of CRS, the 

incorporation of CSG cells is deemed to be beneficial. However, when contrasted with the OA 

scenario, it was observed that OA cells outperform the CSG cases and provide more than 25 dB higher 

average SINR for the macro UEs and more than 10 fold increase in the average UE throughputs. The 

major cause of the performance advantage was identified to be the offloading capabilities brought 

about by the cells of OA access rights, which are lacked in the CSG variants. 

 

 

Uplink: 

In general, for the UL scenario the system was seen to be suffering from more congestion and the 

performance of the reference case was limited in the UL as about 61% of the total UEs were being 

removed from the system. Furthermore, the served load was reduced to 5 Mbps which is 3 times lower 

than the offered load. In such a scenario the incorporation of LPNs improves the system capacity 

Figure 7.21:   Percent increase SINR and UE throughput 
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irrespective of the cell access nature, as shown in Figure 7.21. It is further observed that the OA cells 

bring significant improvement of 61% in the served traffic and thus the UEs do not suffer from service 

outage. While in the CSG cases, the system is still seen to be congested, as limited gains are observed 

due the lower macro offloading.  

 

With regard to the interference scenarios in the UL, it was observed that the SINR for the UEs in the 

macro cell is primarily limited by the availability of resources as the CSG UEs do not cause 

interference problems for the macro cell. Thus, higher macro offloading leads to higher number of 

available resources and better performance for the UEs. While, the major question regarding the 

interference experience by the CSG LPNs from the nearby unauthorized macro UEs is also answered. 

It was observed that the CSG LPNs experience 20 dB higher interference as compared to the OA cases 

and thus the SINR for LPN UEs in the CSG cases were observed to be 10 dB lower in comparison 

with the cells of OA access nature.  

In terms of the SINR of all UEs in the macro cell area, it was found that for the CSG cases there was a 

slight increase (about 5%) in the average SINR of all UEs as compared to the reference case. Thus, the 

presence of CSG cells does not harm the SINR of the UEs in the system. Improvements in SINR 

resulted in an increased user experience in terms of UE throughput, where a 3 fold increase was 

observed in the UE throughput for the CSG cases. However when contrasted with the OA cases, it was 

observed that the OA cases significantly outperform the CSG scenarios by providing a 25 fold 

increase in the UE throughputs. 

 

 

 

 

 

 

Figure 7.22:   Percent increase in system capacity 
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Chapter 8 

8. Macro-Femto HetNet Deployment with CRS 
Interference Cancellation (CRS-IC) 

Incapable UEs – “High Traffic Load” 

In the previous chapters we analyzed the simulation results of the system in various load and traffic 

situations, in the presence of UEs being capable of performing interference cancellation caused due to 

the transmission of CRS from neighboring cells. In such a setup, it was observed that the incorporation 

of CSG cells do not cause interference problems for the macro UEs, but on the contrary bring gains in 

the system performance. The CRS-IC capable UEs were able to cancel the interference resulting from 

the transmission of CRS signals in the DL and transmission of data from CSG cells did not accentuate 

the interference scenarios in the macro cell area. Thus, a hypothesis was established that the major 

cause of interference in HetNet deployments featuring CSG cells is (probably) the transmission of 

CRS signals. To examine this hypothesis and investigate the effect of CSG LPNs in the system, a 

study similar to Chapter 7 was carried out, but in the presence of UEs which were not capable of 

performing CRS-IC. Thus, the primary goal with the study was to evaluate the impact of CSG cells on 

the performance metrics analyzed in Chapter 7, when the UEs are not able to perform interference 

cancellation. As mentioned in the preceding chapter, we used a denser LPN grid as part of the HetNet 

deployment, with the placement of 10 LPNs per macro cell area and considered the case of 15 Mbps 

traffic load per macro cell area. 

8.1 Technical Overview: 
As mentioned in Section 3.4, the concept of CRS is used to serve multiple purposes including; support 

for UEs to perform channel estimation, representation of cell identity on the physical layer and aid in 

mobility management procedures.  From the system performance perspective, the CRS and PDCCH 

signals transmitted from each cell result in significant interference on both control and data channel 

transmissions towards the UEs associated with the neighboring cells. Thus, causing hindrance to 

decode the control channels by these UEs and leading to excessive re-transmissions or frequent Radio 

Link Failure (RLF) condition declaration. 
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Previously, it was assumed that the UEs were able to (perfectly) cancel the interference generated due 

to the transmission of these CRS signals. Here, we consider the impact of transmission of CRS from 

the cells and assume that the UEs are not able to perform CRS-IC. 

8.2 Simulation Details 
The simulation details for this study are the same as articulated for the preceding study in Section 7.1. 

However, it is expected that the interference scenarios shall be amplified due the affect of CRS (CRS-

IC incapable UEs) and an increase in the FTP delays, and corresponding number of users removed 

from the system is anticipated. Furthermore, we use the same traffic model and system traffic load as 

mentioned in Section 7.1.2. The system parameters and user distributions are also kept to be the same. 

Furthermore, the primary focus of this chapter shall be on the DL scenario, as the uplink results do not 

show significant variations from the results discussed in Chapter 7. Thus, we shall limit the scope of 

the discussion to DL results for this study. For the UL scenario, the results presented in Chapter 7 

remain valid. 

8.3 Downlink Results 
As mentioned in Section 8.1, the primary difference between this study and the scenario discussed in 

Chapter 7 is with regard to the interference cancellation capabilities in the UEs. In this study, the UEs 

are not capable of performing CRS-IC, and thus it is expected to observe more accentuated 

interference scenarios. The following section provides an overall performance overview of the system. 

8.3.1 Performance Overview 

In the foregoing chapters, we established a hypothesis that in the presence of CRS-IC capable UEs, 

incorporation of CSG cells tends to improve the performance of the system without causing significant 

problems for the macro UEs, despite a denser deployment of the CSG LPN grid. Furthermore, it was 

expected that the major part of interference comes from the transmission of CRS from the neighboring 

BS. Thus, when we place CRS-IC incapable UEs in the system, it was identified that even though the 

performance of the UEs connected to LPNs is enhanced due to better resource availability and UE 

proximity; the presence of CSG LPN grid in the system has a significant negative impact on the macro 

UEs resulting in highly deteriorated macro UE performance. 

FTP Delay or User Life Time: 

Analyzing the numeric figures presented in Table 8.1, it is discerned that under the impact of CRS 

signals, in general all the UEs in the system have life times higher than the case when UEs were 
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capable of performing CRS-IC (shown in Table 7.2). This indicates that the reference signals 

transmitted by the BS in each cell, cause interference for the UEs and the UEs undergo re-

transmissions to successfully download a FTP packet. Furthermore, the worst case scenario is 

observed when the LPN grid is of CSG nature. Since, the LPNs do not offload the macro in a heavily 

loaded traffic scenario, the number of macro UEs nearby these LPNs is quite high, and thus the CSGs 

cause high interference for these macro UEs. Figure 8.1 illustrates the increase in lifetimes of UEs 

belonging to the macro BS and the lifetime of total UEs in the macro cell area, called average system 

UE lifetime in the two scenarios (CRS-IC capable UEs and CRS-IC Incapable UEs) for the CSG 

cases. It is observed that the macro UEs suffer from almost a two fold increase in FTP delays, which 

means that the macro UEs experience severe interference from the CSG cells and suffer from poor 

transmission conditions, causing excessive re-transmissions and leading to frequent RLF conditions. 

Similar observations are made for the “All-UEs” case, where the average UE lifetimes are seen to be 

higher for the case when the UEs are CRS-IC incapable. 

Table 8.1 further reveals that for the cases when CSG cells are added to the system, the average UE 

lifetime of the macro UEs are more than twice when contrasted to the reference case. However, we 

still observe that average system UE life times are better in the presence of CSG cells as compared to 

that of the Reference cases. Furthermore, it is interesting to note that there is a very large disparity 

between the lifetimes of macro UEs and the UEs connected to the CSGs, indicating that for the CSG 

cases; only the UEs connected to the LPNs benefit from the setup, while having a negative impact on 

the UEs in the macro cell. However, in the OA scenario, the average lifetime of the LPN UEs and 

macro UEs illustrate a more suitable scenario, where UEs in both macro and LPN grid benefit from 

the deployment setup. 
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Average macro UE Life Time (s) 22.53 22.53 48.48 41.6 1.66 1.66 

Average LPN UE Life Time (s) - - 1.58 1.56 1.55 1.52 

Average UE Life Time (s) 22.53 22.53 17.43 9.41 1.58 1.55 

Table 8.1:   Downlink UE life time or FTP delay 
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Figure 8.1:   DL average UE lifetime for CSG cases 

Users Removed 

By analyzing the FTP delays of the UEs, it was observed that the UEs suffer from poor radio 

conditions and encounter high interference from the CRS signals. These UEs undergo several re-

transmissions and may result in RLF in the worst case. Thus, it is expected to see a higher number of 

UEs being removed from the system. Figure 8.1 advocates this opinion and illustrates the number of 

UEs removed from the system. In contrast to Section 7.2.1 where it was observed that the presence of 

CSG cells increases the capacity of the system. Here it is observed that, in the presence of CRS-IC 

incapable UEs, the incorporation of CSG cells leads to significant overall capacity degradation. It is 

observed that the percentage increase in the number of UEs removed from the system is from 30 to 

50%, which indicates a corresponding reduction in the system capacity by the same numeric figures. 

Thus, in the presence of CSG cells, high interference scenarios are expected (for a heavily loaded 

system) and the overall system capacity is expected to be much less than the reference cases. 

However, for the OA scenario, it can be seen that there is about 32% increase in the system capacity as 

compared to the reference case and the entire traffic goes through the system. This means that the 

presence of OA cells increases the system performance in the presence of both type (CRS-IC capable 

and CRS-IC incapable) of UEs and do not mandate the UEs to have CRS-IC capabilities. 

 Figure 8.2:  DL number of removed users 

 

  

 
CRS-IC 

Incapable UEs 
 

CRS-IC 
Capable UEs 

 

CRS-IC 
Capable UEs 

 

CRS-IC 
Incapable UEs 

 

Average UE Lifetime for CSG Case – All UEs 

 

Average UE Lifetime for CSG Case – Macro UEs 

 



 

84 
 

8.3.2 Physical Resource Block (PRB) Utilization 

The PRB Utilization for the simulated scenario are similar to the ones illustrated in Section 7.2.2. As 

the traffic and load conditions are kept similar to the previously simulated scenario, more than 95% of 

the PRBs are utilized in for the macro cells in the reference case. The presence of a denser LPN layer 

in the later cases offloads the macro cell to some extent (particularly for the OA cases). However, for 

the CSG cases, there is merely 1 to 2% offloading of the macro cell due to the CSG nature of the LPN 

cells. Section 7.2.2 elaborates on the PRB utilizations in further details. 

PRB utilization of macro cells in DL 

Hotspot-10% Hotspot-20% OA -10 % OA – 20% CSG – 10% CSG 20% 

97.8 97.8% 15.7% 14.2% 98% 98% 

PRB utilization of LPNs in DL 

OA -10 % OA – 20% CSG – 10% CSG 20% 

5.83% 5.76% 0.6% 1.47% 

Table 8.2:  PRB Utilization of macro and LPN cells 

8.3.3 Cell Throughput  

As mentioned in the preceding chapters, cell throughput is a representative of the amount of traffic 

supported by the system. If the cell throughput is less than the offered traffic, this means that not all 

the traffic is served in the systems and some UEs are suffering from service outages. The average cell 

throughput in the DL for the simulated scenario is presented in Figure 8.3. In contrast to the results 

observed in Section 7.2.3, here we observe that the addition of LPN cells degrades the overall cell 

throughput which is in line with the discussion in Chapter 8. Since the UEs placed in the system are 

not capable of performing CRS-IC, the macro UEs experience high interference from the CSG cells 

and experience service outages. The performance deterioration is a function of the number of 

authorized UEs. If the number of authorized UEs for each LPN increased, there is a reduction in the 

performance degradation, as observed for the CSG-20% case, where 20% of the total UEs are 

provided access to the CSG cells. With lower number of authorized UEs (CSG-10% case), the nearby 

unauthorized macro UEs experience high interference from the transmission of the CSG cells. 

However, increasing the number of authorized UEs reduces the interference experienced by the macro 

UEs as now the macro UEs can get service from the LPNs instead of the macro cell. Furthermore, it is 

interesting to note that for the CSG cases, the PRB utilization of the LPNs is less than 2%, which 

means that there is no significant amount of transmission on the PDSCH from the LPNs. Thus, it can 

be claimed that the major part of interference results from the transmission of CRS signals and since 

the UEs cannot cancel the effect of CRS, degradation in cell throughputs are observed for the CSG 
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cases. However for the OA scenario, it is observed that the served traffic is equal to the offered traffic 

and thus the UEs are not mandated to have the CRS-IC capabilities. The gains in the OA cases are 

primarily consequent to the macro offloading advantage brought about by the OA LPN cells as 

discussed in preceding sections. 

 

Figure 8.3:   DL average cell throughput 

8.3.4 Signal to Interference plus Noise Ratio (SINR) 

The SINR results are shown in Figure 8.4, where we illustrate the SINR averages for the macro and 

LPN UEs and the 5th percentile SINR, which shows the SINR for the UEs located at cell edges. 

Macro UEs: 

In comparison with the results seen in Section 7.2.4, in general an overall reduction in the SINR values 

is observed due to the impact of CRS signal transmission from both the macro and LPN cellular grid. 

However, for the OA cases the high SINR values are seen due to the macro offloading effect. From the 

PRB utilization shown in Table 8.2 and also illustrated in Figure 7.5, it can be observed that for the 

OA cases more than 70% of the macro UEs were offloaded to the LPN cells causing approximately 

80% reduction in the macro PRB utilizations. This means that there are ample amount of resources 

available in the macro cell now, with less number of candidate users. Thus, there are less scheduling 

delays and the users get better service conditions. 

However, for the CSG cases, we do not observe any offloading in the macro cell, and thus a higher 

number of UEs are closer to the CSG LPNs but associated to the macro cell. Thus, the transmission of 

CRS signals highly affect these unauthorized macro UEs and lead to severe radio conditions causing 

high interference, frequent re-transmissions and numerous RLFs. Hence, the SINR of the macro UEs 

in the CSG cases is more than 5 dB lower than that observed in the reference case. The 5th Percentile 
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values further illustrate the fact that the CSG cells cause very high interference to the macro UEs do 

not having the CRS-IC capability, resulting in very low SINR (8 dB less than the reference case) and 

poor radio conditions. 

 

Figure 8.4:   DL average UE SINR and 5th percentile SINR 

LPN UEs: 

Albeit the CSG cells cause high interference for the macro UEs, they also provide better SINR and 

radio conditions for the authorized UEs. The UEs connected to the CSG LPN cells get better service 

conditions due to the availability of high number of resources in the LPNs. Even though the macro cell 

is not offloaded in the CSG cases and there are continuous transmissions from the macro cell, the 

SINR for the CSG UEs is still seen to be high. Primarily because the UEs in the CSG cells are located 

in close proximity of the HeNB and experience a less Path loss, resulting in high signal strength. 

However, the OA cells provide similar SINR conditions for the UEs and offload the macro to a much 

higher extent. Also due to the fact that range extension is being used, the OA cells mitigate the cell 

edge effect within the macro cell area by accommodating a higher number of macro UEs and 

providing better service conditions for the UEs due to high resource availability, as compared to the 

macro cells. 

All UEs: 

In general, it can be claimed that in the presence of CRS-IC incapable UEs, the addition of CSG cells 

deteriorates the SINR of the users in the system as compared to the reference cases. CSG cells do not 

offload the macro, thus causing high interference for nearby unauthorized macro UEs and leading to 

severe SINR conditions. However, the OA cases provide significant improvements in SINR (10 dB 

higher than reference case) and do not mandate the UEs to have CRS-IC capabilities. 
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8.3.5 UE Throughput  

This section provides an overview of the UE throughputs. In general, it can be said that the UE 

throughput for all the cases follows the SINR distributions and is seen to be high for the cases when 

the SINR for the UEs is high. 

Macro UEs 

Figure 8.5 is an illustration of the macro UE throughput for the simulated cases. It is clearly observed 

that the UE throughputs for the CSG cases are lower than the reference case UE throughput 

distribution. This is consequent from the lower SINR values observed for the CSG cases due to the 

interference caused from the transmission of CRS signals. Since the CSG cells provide access only to 

authorized UEs, there is no macro offloading in the CSG cases, and thus the CSG cells cause 

degradation in the SINR and throughput (more than 100% degradation in average UE throughput) of 

nearby unauthorized macro UEs. The degradation is primarily due to the transmission of CRS signals 

from the LPN cells, as identified in the preceding sections. However for the OA cases, addition of the 

LPN cells causes the macro cells to get significantly offloaded, causing 80% reduction in macro PRB 

utilizations and thus the remaining macro UEs get better SINR conditions (10 dB higher SINR) and 

thus more than 10 fold increase in macro UE throughput is observed.  

 
Figure 8.5:   CDF of macro UE throughput in DL 

LPN UE Throughput 

The LPN UE throughput also follows from the SINR distributions shown in Figure 8.4. The OA cases 

improve the radio conditions in the system by offloading the macro cell and providing access to more 

than 70% of the total UEs. This result in multiple benefits including 1) the UEs get connected to the 

best serving cell based on the RSRP value and 2) the transmission from the macro cells is less frequent 

due to lower traffic load, which leads to lower interference levels in the system. Thus, the UEs for the 
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OA cases attain better throughput. However for the CSG cases, even though the LPN cells do not 

offload the macro cell, the close proximity of the CSG UEs to their respective BS, leads to less path 

loss from the serving BS and thus the UEs attain signal strength high enough to provide SINR 

conditions comparable to the OA cases (see figure8.4) . Thus the UEs associated to the LPNs attain 

high throughput, but on the cost of degrading the performance of macro UEs by causing high 

interference due to the continuous transmission of CRS signals. 

 

Thus, for the CSG cases, the presence of LPNs increases the throughput of UEs associated to the 

LPNs on the cost of performance deterioration of macro UE throughput (by causing very high 

interference). In contrast, the OA cases provide 1 dB higher average LPN UE throughput while 

enhancing the performance of the macro UEs simultaneously. 

8.3.6 Energy Consumption  

The discussion for the energy consumption follows the same line of reasoning as provided in Section 

7.2.6. Here we demarcate the major differences from the previous observations. Section 7.2.6 can be 

referred for more details. As mentioned previously, energy consumption in the macro cell area is the 

sum of the total energy consumed by the macro cells and the LPNs respectively. Figure 8.7 articulates 

the energy consumption of the system where the gains in the presence of OA cases are clearly 

observed as the system energy consumption is reduced by more than 4 times. In contrast to the energy 

consumption of the system with UEs capable of performing CRS-IC, here it is observed that the gains for the OA 

case are slightly lower and the system consumes about 38% higher energy when compared to the OA case with 

Figure 8.6:   CDF of LPN UE throughput in DL 
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UEs capable of performing CRS-IC (in Figure 7.10). This increase in energy consumption is expected, as the 

UEs cannot cancel the interference due to CRS and thus require more power to efficiently conduct the 

transmission. For the CSG cases, there are no changes observed in the energy consumption as the traffic load in 

macro cell is not reduced and there is no reduction in the transmission power utilized. 

 
Figure 8.7:   Energy consumption of the system 

8.4 Conclusions 
In this chapter, we analyzed the performance of the system in the same configuration used in Chapter 

7. However, the UEs placed in the system were not able to cancel the impact of interference caused 

due to the transmission of CRS signals. Thus, the major goal was to evaluate the impact of LPN cells 

in HetNet deployments featuring CRS-IC incapable UEs, and to identify the gains (if any) due to the 

incorporation of LPN cells in such a scenario.  

In general, it was observed that in the presence of CRS-IC incapable UEs, the addition of CSG cells 

degrades the system performance in terms of all the performance metrics analyzed. The variations in 

system capacity and macro cell area throughput are shown in Figure 8.8. Analyzing the system 

capacity, it is found that the presence of CSG cells enhances the cell edge effect in the macro cell area 

and about 20% of more UEs experience service outage (for CSG-10% case) as compared to the 

reference case11

                                                      
11 In the reference case itself, there are service outages in the macro cell area as highlighted in Section 8.3.1 

. Similar observations were made in the macro cell area throughput, where severe 

degradations were observed depending upon the percentage of users provided access to the CSG 

LPNS (authorized UEs). However in contrast, for the OA scenario it was observed that the LPN cells 

bring significant gains in terms of system capacity and cell throughput where we observed the served 

traffic load to be equal to the offered one. This further emphasizes that in the presence of OA cells, the 

UEs are not mandated to have CRS-IC capabilities. 
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Figure 8.8:   Percentage change in system capacity and cell area throughput 

In terms of interference scenarios, SINR levels and user data rates; it was observed that the 

incorporation of CSG cells accentuates the interference scenarios and results in significant 

performance deterioration of the macro UEs. It was further identified that the major source of 

interference is the transmission of CRS signals, as the PRB utilization of the LPN cells was less than 

2%, the transmission on PDSCH are less frequent, and thus the CRS transmission contributes to the 

major part of the interference. Furthermore, when the UEs were able to perform CRS-IC, gains in 

terms of SINR, UE throughput and cell throughput were observed. This further strengthens the 

argument that the transmission of CRS signals is the prime cause of interference in CSG type HetNet 

deployments. Due to less favorable radio conditions, the UE throughputs were also observed to be 

degraded and more than 50% degradation in average macro UE throughput was observed in contrast to 

the reference case. 

Thus, to benefit from the HetNet deployments featuring CSG cells, it is mandatory for the UEs to have 

CRS-IC capabilities, otherwise significant degradation in all the performance metrics are predicted. 

However, for the OA cells, there is no such limitation and the incorporation of such cells benefits both 

the macro and LPN UEs equally. 
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Chapter 9 

9. Inter-cell Interference Coordination 
(ICIC) Scheme Analysis 

In the previous chapters, the focus has been to evaluate HetNet deployments featuring LPN cells of 

different nature (i.e. CSG or OA cells), under different traffic scenarios, UE clustering, and type of 

UEs (CRS-IC capable or CRS-IC incapable). In particular, it is observed that for the deployments 

featuring CSG cells under the presence of CRS-IC incapable UEs, the system performance is 

significantly degraded and is mainly limited due to the following factors: 

- CRS-IC incapable macro UEs experiencing high interference from the CRS transmission of 

CSG cells. Thus resulting in lower SINR and throughput for the UEs in macro cell area, and 

- The number of authorized UEs in the CSG cells, which affects the amount of macro 

offloading and influences the amount of congestion in the macro cell. 

In this chapter, we consider the same deployment investigated in the previous chapter and tend to 

characterize the impact of ICIC mechanisms on the system performance, when employed at the CSGs. 

In particular, we employ the TDRP and FDRP ICIC mechanisms (discussed in Chapter 4) at the CSG 

cells and identify if these mechanisms improve the radio conditions (i.e. SINR and throughputs) for 

the macro UEs experiencing high interference from the CSGs. 

The deployment scenario is similar to that elaborated in Chapter 8, where we consider a system with 

high traffic load (15 Mbps) with a denser deployment of LPNs (10 CSGs per macro cell area) and the 

UE type being CRS-IC incapable. Chapter 4 provides elaborated details on the TDRP and FDRP 

mechanisms employed at the CSGs, which are employed at the CSG cells with the following 

specifications: 

- TDRP Scenario: 

› CSG cells mute their transmission on every alternate sub-frame, while the macro cells 

transmit on all sub-frames 

› Both CSG and macro cells conduct transmission on the entire available bandwidth 

- FDRP Scenario: 

› CSG cells re-use 50% of the macro bandwidth, while the macro operates on the entire 

bandwidth. 

› Both CSG and macro cells conduct transmission on all sub-frames (i.e. no muting) 
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Furthermore, as it was identified in the previous chapter that the major cause of performance 

degradation is the transmission of CRS in the DL, the primary focus of this chapter shall be on the DL 

scenario, and the investigation shall involve simulating the TDRP and FDRP ICIC schemes to identify 

the gains (if any) in the system performance. 

9.1 Simulation Details 
The simulation parameters are similar to the ones elaborated in Chapter 7 and 8. However to obtain 

realistic results, some changes are made to the deployment, propagation model and user distribution, 

which are discussed as follows: 

9.1.1 Configurations and Deployment Scenario 

In contrast to the previous chapters where the femto cells were deployed outside, here we use an 

indoor deployment with 80% of the total UEs located indoors. Among these 80% UEs which are 

located indoors, 70% of the UEs have access to the CSG LPNs. Figure 9.1 summarizes the 

deployment scenario. 

 
Figure 9.1:   Deployment scenario 

In this deployment setup, three different cases were simulated which are summarized as follows: 

Reference: CSG-Case 

› 10 indoor CSGs per macro cell 
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› Authorized UEs  70% of indoor UEs 

› No ICIC technique employed 

Time Domain Resource Partitioning: TDRP-Case 

› 10 indoor CSGs per macro cell 

› ABS ICIC technique employed at CSGs 

› Muting period: 50% (alternate sub-frame) 

 

Frequency Domain Resource Partitioning: FDRP-Case 

› 10 Indoor CSGs per macro cell 

› FDRP ICIC technique employed at CSGs 

› Bandwidth Re-use: 50% of macro cell’s 
bandwidth 

 

 

Table 9.1 further summarizes the changes made in system parameters, propagation model and 

scheduler functionality. 

PARAMETER VALUE 

DEPLOYMENT 

        Deployment type  Indoor Deployment  

CSG LPN cells are located indoors, while macro located outdoor 

        Number of buildings per macro cell area  10  

        Building height  5 m  

        Building radius  15 m  

        Random deployment  Enabled  

        Number of CSG LPNs per building  1  

        Percentage of total UEs  located indoors         80% of total Ues  

        Percentage of UEs having access to CSG LPNs        70% of total UEs which are indoors  

PROPAGATION MODEL RELATED VARIABLES 
CASES  PATH LOSS (dB)  

UE TO MACRO BS  UE is located outdoors  PL (dB) =15.3 + 37.6log10R, R in m  

 

 Bandwidth used by macro 

 Bandwidth used by femto 

 

TDRP Scenario 

FDRP Scenario 
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UE is inside an apartment  PL (dB) =15.3 + 37.6log10R + Low, R in m  

UE TO HENB 
(Dual-stripe model) 

UE is inside the same 
apartment as HeNB  

PL (dB) = 38.46 + 20 log10R + 0.7d(indoor)  

R  distance of UE from HeNB  

0.7d(indoor)  takes account of penetration loss due 

to walls inside an apartment 

UE is outside the apartment  PL (dB) = 38.46 + 20 log10R + 0.7d(indoor) + 20 dB  

UE is inside a different 
apartment  

PL (dB) = 38.46 + 20 log10R + 0.7d(indoor) + 20 dB 
+ 20 dB  

SCHEDULER  

Scheduler type  Scheduler Used in Product  

Maximum no. of  PDCCH assignment per cell  10  

Scheduling  algorithm Round  robin 

Resource allocation algorithm  Sequential  

Downlink Control Information (DCI)  Format 1 
Allocation Type  0  (3GPP  TS 36.213)  

Table 9.1:   Simulation parameters 

9.1.2 User Distribution and PRB Utilization 

The user distribution for different simulated cases is shown in Figure 9.2. The effect of denser 

deployment of CSG LPNs for higher number of authorized UEs can be clearly observed where 

approximately 60% of users are connected to the CSG LPN cells, and thus the macro cells are 

expected to have enough resources to avoid congestion problems. This can be seen in the PRB 

utilization of the macro cell, where the maximum PRB utilization among all the cases is 75%, 

indicating that there are no congestion problems in the macro cell and the macro cells are able to 

support the entire traffic present in the cell area. 

From the PRB utilization, it is further interesting to note that the PRB utilization for the three cases is 

different despite the same UE distribution. As the PRB utilization is a measure of amount of 

transmissions in the macro cell, a higher PRB utilization for the TDRP scenario indicates that there are 

more transmissions in the macro cell for the TDRP case in contrast to the CSG and FDRP cases. This 

means that the UEs undergo certain number of re-transmissions to finally complete their packet 

download. Similarly for the FDRP scenario, the lowest PRB utilization indicates that the radio 

conditions are significantly better in contrast to the rest of the simulated cases and the UEs do not go 

under excessive retransmissions to complete the download. This shall revealed by analyzing the SINR 

of the macro UEs in the proceeding sections. 
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Figure 9.2:   User distribution and macro PRB utilization 

9.2 Downlink Results 
In this section we conduct the system performance evaluation for the DL scenario. The performance 

metrics discussed in the previous chapters are investigated individually to characterize the effect of 

ICIC schemes on the system performance. 

9.2.1 Performance Overview 

In general, it is observed that the ICIC techniques (slightly) improve the overall radio conditions in the 

macro cell area. The average UE lifetime for the ICIC cases (TDRP and FDRP case) taken over all the 

UEs in macro cell area (i.e. averaged over both macro and LPN UEs – All UE case) in Table 9.2 is 

observed to be improved when compared to the CSG case. However, the gains are not very significant 

as at maximum 18% reduction in the average UE lifetimes (All UE case) is observed. Furthermore, in 

contrast to the CSG case, the system capacity (based on UEs Removed) is also seen to improve 

slightly. However, again the gains are not significant with merely 0.7% and 1% increase in system 

capacity for the TDRP and FDRP scenario respectively. 

FTP Delay or User Lifetime 

As mentioned in Section 7.2.1, the FTP delay of UEs is a measure of the total time it takes each user to 

download a packet and disappear from the system, thus called the user lifetime. This means that if the 

UEs exist in the system for longer durations (i.e. have longer FTP delays) the UEs are probably 

suffering from poor radio conditions or are experiencing high scheduling delays, thus taking longer 

time to complete downloading the packet. Illustrated in Table 9.2 are the FTP delays of the UEs for 

the simulated cases. It can be observed that employing ICIC schemes reduces the UE lifetimes for the 

macro UEs, indicating that the UEs can now download faster and thus have better performance. 

40% 40% 40% 
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However, the gains observed are not significantly high as at maximum (for FDRP case) about 13% 

reduction in macro UE lifetimes is observed. Thus it is expected to observe slightly higher SINR and 

throughput values for the macro UEs in the cases when ICIC schemes are employed at the CSGs 

In terms of LPN UEs, the impact of muting (in TDRP case) and operating on 50% of bandwidth (in 

FDRP case) is witnessed where the lifetime of UEs in the LPNs is observed to increase when ICIC 

schemes are employed at the LPNs. However, despite the slight increase in UE lifetimes in the LPNs, 

an overall reduction in the average UE lifetime (all UE case) is observed where the UE lifetimes are 

reduced by 18% at maximum (in the FDRP case). 
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Average macro UE Life Time (s) 5.9 5.7 5.2 
Average LPN UE Life Time (s) 1.23 1.67 1.69 

Average UE Life Time (s) – All UEs 2.85 2.5 2.35 

Table 9.2:   Downlink UE lifetime or FTP delay 

Thus in general, it can be claimed that employing ICIC schemes at the LPNs tends to improve the 

radio conditions for the macro UEs, but at the same time limits the performance of the LPN UEs. The 

tradeoff is further analyzed in the proceeding sections. 

Users Removed 

As discussed in the previous chapters, the number of UEs removed characterizes the amount of UEs 

experiencing service outage in the system. In general, for the current setup it is observed that only 

2.5% of the total UEs are experiencing service outage in the CSG case and when ICIC schemes are 

employed at the CSG cells, the system capacity is slightly increased and the number of removed UEs 

is reduced. However, the gains in the system capacity are significantly low, where employing ICIC 

schemes bring about 0.7% and 1% improvement in the system capacity for the TDRP and FDRP case 

respectively. This indicates that even though employing ICIC schemes at the CSGs, improves the 

radio conditions of the macro UEs, the performance gains are highly restricted. The reason for this 

behavior is elaborated in the proceeding sections of the report. 



 

97 
 

 

Figure 9.3:   Number of removed users - DL 

9.2.2 Cell Throughput: 

The average cell throughput of the macro cell area in the DL is illustrated in Figure 9.4. As discussed 

previously, cell throughput in DL primarily depends upon the frequency of transmission occurring in 

the cell area. If the BSs in cell area have to serve a higher number of UEs and are transmitting 

continuously, high cell throughputs are seen.  

From the discussion about the number of removed UEs in the system, it was observed that ICIC 

schemes do not improve the system capacity in general. Similar observations are made in Figure 9.4, 

where it is observed that in a macro-femto HetNet deployment featuring CSG cells, the overall cell 

throughput does not increase by employing ICIC schemes irrespective of the resource partitioning 

scheme (TDRP or FDRP). The macro cell throughput is observed to be same and even less (in TDRP 

case), indicating that the served traffic does not increase despite the use of ICIC schemes. 

It is therefore claimed that the there are very limited gains in terms of system capacity and served 

traffic load when ICIC schemes are employed for the CSG cells. However, the objective now is to 

identify the reason for the limited gains. It was primarily expected that the ICIC schemes shall reduce 

the amount of interference in the macro cell area and enable higher cell throughputs, which is 

contradictory to the observation. Analyzing the SINR values for the macro UEs shall further quantify 

the gains and is carried out in the subsequent section. 

2.5 % 1.8 % 1.5 % 
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Figure 9.4:   Average cell throughput in DL 

9.2.3 SINR 

In order to identify the impact of ICIC mechanisms on the UEs experiencing high interference from 

the CSGs, the SINR of the macro UEs have been analyzed. Figure 9.5 articulates the average SINR of 

the macro UEs and the 5th percentile SINR, which quantifies the SINR of cell edge UEs. In general, it 

is observed that employing the ICIC schemes do not benefit the UEs in terms of increasing the SINRs. 

However, the FDRP scheme shows better tendencies at improving the average SINR as it improves the 

average macro UE SINR by 9 %. Similar trends are observed for the 5th percentile SINR values; 

however the reason for this behavior is elaborated in the following discussion. 

 

Figure 9.5:   DL average UE SINR and 5th percentile SINR 

Figure 9.6 illustrates the transmission sequence in the LPNs in two sub-frames, where it is observed 

that for the CSG case the LPNs are active in both the sub-frames and are conducting transmission on 

the entire available bandwidth. In contrast, in the TDRP scenario, the LPNs are active only in the first 
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sub-frame and mute their transmissions in the next sub-frame. However, it is further observed that in 

the muted sub-frame, CRS signals are continuously transmitted in the CRS specific Resource 

Elements (RE). This explains the limited improvement in the average SINR shown in Figure 9.5. It 

has been identified in Chapter 8 that the major part of interference in a CSG deployment comes from 

the transmission of CRS signals from the LPNS and since in the TDRP scheme the CRS are 

transmitted continuously, even in the muted sub-frames, the macro UEs experience almost same 

amount of interference and muting on the data portion does not improve the radio conditions of the 

macro UEs significantly. Table 9.3 further augments this observation, where the PRB utilization in the 

LPNs is shown. It is observed that the PRB utilization in all the cases is less than 10%, indicating that 

the there is less frequent transmission on the data portion of the sub-frame (PDSCH), thus the 

interference mainly comes from the CRS. Hence for the TDRP case, muting on a sub-frame does not 

benefit the macro UEs as the CRS signals are still transmitted. However, as the transmission on the 

PDSCH is also muted, 0.1 dB increase in SINR is observed. 

 
Figure 9.6:   LPN transmission in simulated cases 

 CSG Case TDRP Case FDRP Case 

LPN PRB Utilization 3.5% 7.6% 7.9% 

Table 9.3:   PRB utilization of LPNs 

However, for the FDRP scenario, the gains in the SINR are more prominent due to the fact that the 

transmission of CRS signals is only limited to the part of bandwidth where the femto cells are 

LPN Transmission – TDRP Case LPN Transmission – FDRP Case 

LPN Transmission – CSG Case 

PDSCH Resource Element 

CRS Resource Element 

Muted Resource Element 
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operating (50% in this case). This results in about 9.5% gain in average UE SINR and about 18% gain 

in the 5th percentile SINR respectively. 

9.2.4 UE Throughput 

The UE throughputs for the macro UEs follow from the SINR distributions and for the cases of high 

macro UE SINR, higher average throughput values are observed. In contrast, the average UE 

throughputs for the LPN UEs are interesting to evaluate. The effect of muting in the LPNs for the 

TDRP and FDRP are clearly evident, where a reduction in the UE throughputs is observed. This 

reduction is consequent to the scheduling delays experienced by the UEs due to the muting of the 

LPNs. As the transmission of the UEs gets delayed due to muting (in TDRP case) or due to lower 

number of available sub-bands per sub-frame (in FDRP case), the overall UE throughput is degraded 

as illustrated in Figure 9.7.  

 
Figure 9.7:   Downlink UE throughput averages 

Furthermore, it is interesting to note the slight change in throughput (LPN UEs) between the TDRP 

and FDRP case. This is consequent to the sub-band allocation principles as specified by the 3GPP. It is 

specified by 3GPP that for the cases when the total number of sub-bands per sub-frame is less than 26, 

the sub-bands shall be allocated to the UEs in groups of two. In contrast, for higher number of sub-

band availability, the sub-bands shall be allocated in groups of three, as illustrated in Figure 9.8. Thus, 

for the TDRP case, the UEs get higher sub-band allocation per sub-frame (in the active sub-frames) 

and thus the throughputs are slightly better than the FDRP case. 
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9.2.5 Conclusions 

In general it was observed that employing ICIC mechanisms at the LPNs in macro-femto HetNet 

deployments featuring CSG cells does not improve the performance of the system. The overall system 

throughput and system capacity did not increase by enabling ICIC mechanisms at the CSGs. It was 

observed that in such deployments, the PRB utilization of CSG cells is very low (less than 10%) and 

hence the transmission on the data portion does not contribute to the interference experienced by the 

macro UEs. Thus, employing TDRP based ICIC mechanisms does not improve the SINR and 

throughput of the UEs as the major part of interference comes from the transmission of CRS signals. 

However, the FDRP based schemes show better tendencies at improving the SINR and throughput of 

the macro UEs as about 9% and 18% improvement was seen in the average and 5th percentile SINR 

values of the macro UEs respectively. This was primarily due to the fact that in FDRP case, the 

transmission of CRS signals was limited to half of the bandwidth, and thus the macro UEs scheduled 

on the other half of the bandwidth did not experience interference from the CRS signal transmission. 

The variations in the performance metrics can be summarized by the following table: 

 FDRP Case TDRP Case 

Average macro UE SINR 9.2% gain 1.8% gain 

5th Percentile macro UE SINR 18% gain 7% reduction 

Average macro UE throughput 11% gain 3.7% gain 

Table 9.4:   Variations in performance metrics 

 

 

 

Figure 9.8:   Sub-band group allocation in TDRP and FDRP 
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Chapter 10 

10. Thesis Contribution & Future Works 

10.1 Discussion of Results 
In this section, we provide a general discussion of the results and summarize the major results and 

observations made from the thesis project. In general, the results obtained are sensitive to the 

propagation models, load situations and UE distributions, as elaborated in Section 4.1 in vast detail. 

However, we do not expect any statistical errors in the simulations as the simulations are performed 

over several seeds and averaged results are documented.  

In total, several different studies were performed with cells of difference access nature (CSG or OA), 

under different UE distributions and different UE capabilities with respect to interference cancellation.  

The major goals with the studies were: 

1. Firstly, to characterize the variations caused in the system performance when CSG femto cells 

are deployed in the system as compared to that of an OA femto cell deployment, under the 

presence of UEs with different interference cancellation capabilities (CRS-IC capable and 

CRS-IC incapable), and   

2. Secondly, to identify if employing TDRP or FDRP based ICIC schemes at the femto cells 

benefits the performance of nearby macro-UEs which experience interference from the CSGs. 

And to point out the gains observed in the overall system in the presence of TDRP and FDRP 

ICIC schemes. 

The initial studies were performed to accomplish the first goal (stated above), where CRS-IC capable 

UEs were placed in the system under different load situations (5 and 15 Mbps) and different 

percentages of UE clustering (10% and 20%) were analyzed. In total, three difference cases were 

simulated which are summarized as: 

1. Reference Case – Macro only deployment, with hotspots located in the cell area 

2. CSG Case – Macro-femto deployment with CSG cells collocated with hotspots 

3. OA Case – Macro-femto deployment with OA cells collocated with hotspots 

In general, it was observed that in the presence of CRS-IC capable UEs, CSG cells do not cause 

interference problems in the DL and when contrasted to the reference case, gains in all the 
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performance metrics were observed. The gains observed for 20% UE clustering case are summarized 

in the following table: 

 

Downlink Uplink 

Average cell throughput – All UEs 14% 19% 

System capacity 17% 15% 

Average SINR – All UEs 5% 4.5% 

Average UE throughput – All UEs 50% 110% 

Table 10.1:   Gains in Performance metrics for CSG case: CRS-IC capable UE case (15 Mbps traffic scenario) 

When the reference case and CSG case were contrasted with the OA scenario, the gains obtained in 

the OA cases were significantly higher, with 36% increase in system capacity, 25 dB higher average 

SINR for the macro UEs and more than 10 fold increase in the average UE throughputs. These gains 

were consequent primarily to the very high offloading advantage due to the OA cells. As the macro 

cells were offloaded, the congestion from the system was significantly reduced, also reducing the 

interference levels as the transmission to and from the macro cells became very less frequent due to 

lower number of active UEs. Furthermore, gains were also observed with regard to the energy 

consumption of the system. It was observed that for the OA cases, the average energy consumption of 

the system in DL was reduced by 5 times, while for the CSG case there was no change in the energy 

consumption of the system. Similar observations were made for the UL, where the average UE 

consumption for the OA cases was observed to be 8 times less than that for the reference case. 

In the later studies, the system was analyzed in the presence of UEs which were incapable of 

performing CRS-IC and the same three cases were simulated. Under this setup, it was observed that 

the CSG cells cause significant interference problems for the macro UEs and lead to deteriorations in 

the overall system performance. It was further identified that the major part of interference comes 

from the transmission of CRS signals. As the PRB utilization in the LPNs is significantly low (less 

than 5%), the transmission on the data portion of the sub-frames (PDSCH) is not frequent and the 

major part of interference thus comes from the transmission of CRS signals. Table 10.2 articulates the 

deterioration in the performance metrics (when compared to the reference case) for the case when 

CSG cells are placed in the system in the presence of CRS-IC incapable UEs.   
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Downlink 

Average cell throughput – All UEs 19% reduction 

System capacity 10% reduction 

Average SINR – All UEs 5 dB reduction 

Average UE throughput – All UEs 75% reduction 

Table 10.2:   Variations in Performance metrics: CRS-IC incapable UE case 

With regard to the OA scenario, it was observed that the OA cells do not mandate the UEs to have 

CRS-IC capabilities and significant gains were observed in the performance metrics despite the 

presence of UEs which could not cancel the interference due to CRS transmission. Namely, 32% 

increase in system capacity was observed with the served traffic being equal to the offered traffic. A 

significantly high offloading advantage was also observed where 70% of the UEs were connected to 

the LPNs instead of the macro cell, thus resulting in more than 80% reduction in the PRB utilization of 

the macro cell. This means that in the presence of OA cells, system congestion is highly reduced. In 

addition, the average SINR of macro UEs were observed to be 15 dB higher than that for the CSG 

cases, thus resulting in about 10 times higher average UE throughput values. Gains in energy 

consumption of the system were also observed, with the average energy consumption of the system 

being reduced by 4 times for the OA cases. While, the CSG cases did not offer any gain with regard to 

the energy consumption of the system. 

The final study performed a comparison of the ICIC schemes when employed at the CSGs. Since, it 

was identified that the CSG cells cause significant performance deterioration for the UEs which are 

not able to perform interference cancellation, the goal of the final study was to evaluate the potential 

of ICIC schemes to solve the interference problems in the macro cell area and to improve the 

performance of the macro UEs and thus the overall system performance. Three different cases were 

simulated which can be summarized as: 

CSG Case: Macro-femto deployment with CSG cells without any ICIC  mechanisms 

TDRP Case: Macro-femto deployment with CSG cells with TDRP based ABS ICIC technique 

FDRP Case: Macro-femto deployment with CSG cells with FDRP based ICIC mechanism 

In general, it was observed that the ICIC schemes do not improve the system performance 

significantly and bring limited or no gains to macro UE SINR and throughput. The overall system 

throughput and the system capacity for the cases when ICIC schemes were employed at CSGs also 

remained unchanged. This is due to the fact that the major part of interference comes from the 

transmission of CRS signals and not from the data portion of the sub-frame (PDSCH) due to lower 
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PRB utilization in the LPN cells (less than 10%). As the PRB utilization in the LPNs is significantly 

low, the transmission on PDSCH is very sparse and does not contribute to interference. Hence, the 

TDRP based ICIC scheme (ABS) does not improve the system performance, since the CRS are 

transmitted even in the muted sub-frames and thus the interference does not reduce.  In contrast, the 

FDRP scheme mutes the transmission of CRS on half of the bandwidth and thus provides slight gains 

in terms of UE performance. Hence, it was observed that FDRP scenario illustrated better tendencies 

to improve the system performance and brought slight improvement in the performance metrics, as 

articulated by the following table: 

 
FDRP Case TDRP Case 

Average macro UE SINR 9.2% gain 1.8% gain 

5th Percentile macro UE SINR 18% gain 7% reduction 

Average macro UE throughput 11% gain 3.7% gain 

Table 10.3:   Variations in performance metrics: ICIC scheme analysis 

10.2 Future Works 
As we evaluated several key issues in this thesis project in the area of RRM and interference 

management in HetNets, there are numerous possible studies that could be carried out in future. Some 

of them are pointed out in the proceeding discussion. 

1. Non-Perfect CRS-IC 

In our studies where the UEs could cancel the interference resulting due to the transmission of CRSs, 

we had simulated the two extreme cases (i.e. ideal interference cancellation or no interference 

cancellation at all), to identify the maximum and minimum gains due to the CRS-IC capability in the 

UEs. However in practice, the UEs can at most cancel the CRS interference from the dominant 

interfering neighbor. Furthermore, cancelling the interference also removes a certain part of the 

legitimate signal, and hence perfect cancellation is not possible in practice. Thus, studies can be 

carried out with different levels of interference cancellation capabilities in the UEs in future. 

2. ICIC Schemes for OA Scenarios 

In our works, the evaluation of the ICIC schemes was carried out for the case when ICIC schemes are 

employed at the CSG femto cells. However, these schemes are expected to have entirely different 

implications when employed for the OA scenarios. This is because of the higher PRB utilization of the 

OA cells. In contrast to the CSG cells, where the PRB utilizations are limited to about 5%, OA cells 

have higher PRB utilizations with frequent transmissions on the PDSCH part of the sub-frame. Thus, 
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employing ICIC schemes in a macro-femto deployment featuring cells of OA nature is an interesting 

scenario to evaluate. 

3. UEs with LTE-Advanced Capabilities 

The type of UEs simulated in the thesis was legacy LTE UEs which lack the capabilities of the 
upcoming advancements for Rel-10 UEs. These UEs shall have different implications in conjunction 
with the ICIC schemes (TDRP or FDRP). For the TDRP case, the implications are still under a 3GPP 
discussion where it is yet to be decided if cross-sub-frame scheduling is permitted in ABS 
transmission. If allowed, entails that if the BS is going to mute in the adjacent sub-frame, it shall 
perform the scheduling of the Rel-10 UEs in the current sub-frame for the adjacent muted sub-frame. 
This means that for Rel-10 UEs, the control part of the next sub-frame shall be empty, but they can 
transmit or receive on the data portion of the sub-frame. Thus, this shall reduce interference on the 
sub-frames carrying control signaling and avoiding RLF declaration for UEs in bad channel 
conditions. 

Similarly for the FDRP scenario, the UEs shall be capable of cross-carrier scheduling. This means that 
the Rel-10 UEs associated to either the macro or the femto shall use the entire frequency spectrum 
available when authorized by the serving cell. Therefore, unlike data transmissions, the intra-cell 
control signal transmissions shall be conducted only on the allocated spectrum at all times. 

These features change the entire simulation setup and result in significantly different deployment 
scenarios which need to be investigated in detail. 

4. Hybrid Access Mode Analysis 

Another dimension of future prospects of the thesis work involves the analysis of system performance 
in the presence of LPN cells of hybrid access. These cells implement operator driven policies and 
switch mode between CSGs and OA. This has several different implications on the system 
performance. However, the policies according to which the LPN cells change their role is scenario 
dependent and is further constrained by the UE distribution and traffic load in the system. 

5. 3D Modeling of Buildings in Propagation Models 

In our analysis, the indoor modeling implementation is based on dual stripe model where we model 
the buildings in a two-dimensional composition. The next step is to extend the modeling by adding a 
third dimension to the buildings such that different floors of an office could be simulated. Thus, 
several realistic scenarios could be analyzed using this approach. 

6. Scheduling Policies and their Impact 

We analyzed the ICIC schemes using round-robin scheduling algorithm to identify if the ICIC 
schemes benefit the macro UEs or not. However, it is anticipated that different scheduling algorithms 
shall have different implications on the system performance and the impact of ICIC schemes on the 
macro UE performance. Furthermore, it can also be investigated how the scheduling algorithms 
impact the performance metrics for the FDRP and TDRP based ICIC schemes. Such analysis shall 
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provide further insights to the variations of system performance under FDRP and TDRP ICIC scheme 
impact. 

7. Increasing PRB utilization of CSGs 

One of the problems identified in the thesis contribution is the lower PRB utilization of the CSG cells. 
As these cells provide access to a limited number of authorized UEs, the PRB utilization in these cells 
is very low (about 5%). Furthermore, the CSG cells do not offload the macro cells and the macro 
suffers from congestion of resources at high traffic loads. The scheduling delays and the overall FTP 
delays under such circumstances are significantly high and result in degraded system performance. 
Thus, inefficient resource utilization leads to several problems in the network. This is a very important 
and interesting topic for future analysis, where simulations can be carried out to devise mechanisms 
pertaining to increase the resource utilization of the CSGs and improve the overall system 
performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

108 
 

References 
[1] -  Technical articles. (2006). Mobile Technology: Evolution From 1G to 4G [pdf]. Accessed Dec. 
 2010, available at:  
 http://electronicsforu.com/electronicsforu/Articles/moretechnicalarticles.asp?words=Evolution+
 from+1G+to+4G&fields= 

[2] - Global Mobile Suppliers Association. (2010). Statistics of mobile technology proliferation. 
 Accessed Dec. 2010, available at: http://www.gsacom.com/news/statistics.php4 

[3] - Global Mobile Suppliers Association. (2010). Mobile Broadband Growth Results. Accessed 
 Dec. 2010, available at: http://www.slideshare.net/GSAslideshare/mobile-broadband-growth-
 results- june-2010 

[4] - 3GPP TR 25.913: “3rd Generation Partnership Project, Technical Specification Group Radio 
 Access Network, Requirements for Evolved UTRA (E-UTRA) and Evolved UTRAN (E-
 UTRAN)”. Technical Report 3GPP, 2009 

[5] - 3GPP TR 25.913, “3rd Generation Partnership Project, Technical Specification Group Radio 
 Access Network, Requirements for Further Advancements for E-UTRA (LTE- Advanced)”. 
 Technical Report 3GPP, 2009 

[6] - Recommendation ITU-R M.1645, “Framework and overall objectives of the future 
 development of IMT-2000 and systems beyond IMT-2000”, 2006 

[7] - I. F. Akyildiz et al., “The evolution to 4G cellular systems: LTE-Advanced”, Accessed Dec. 
 2010. Available at: http://www.ece.gatech.edu/research/labs/bwn/surveys/ltea.pdf 

[8] -  Stefan Parkvall and David Astely, “The Evolution of LTE towards IMT-Advanced”, Journal of 
 Communications, Vol. 4, No. 3, April 2009 

[9] - A. Khandekar et al., “LTE-Advanced: Heterogeneous Networks”, Wireless Conference (EW), 
 2010 European. Doi: 

[10] - Guoqing Li and Hui Liu, “Downlink Radio Resource Allocation for Multi-Cell OFDMA 
 System”, IEEE Transactions On Wireless Communications, Vol. 5, No. 12, Dec. 2006. Doi: 
 

10.1109/EW.2010.5483516 

10.1109/TWC.2006.256968 

[11] - D. Kivanc and H. Liu, “Subcarrier Allocation and Power Control for OFDM”, Signals, Systems 
 and Computers, 2000. Conference Record of the Thirty-Fourth Asilomar Conference, 2002. 
 Doi: 10.1109/ACSSC.2000.910933

[12] -  

  

Pischella, M. ; Belfiore, J.-C, “Achieving a Frequency Reuse Factor of 1 in OFDMA cellular 
 networks with cooperative communications”, Vehicular Technology Conference, 2008. VTC 
 Spring 2008. Doi: 10.1109/VETECS.2008.145  

http://electronicsforu.com/electronicsforu/Articles/moretechnicalarticles.asp?words=Evolution+%09from+1G+to+4G&fields=�
http://electronicsforu.com/electronicsforu/Articles/moretechnicalarticles.asp?words=Evolution+%09from+1G+to+4G&fields=�
http://www.gsacom.com/news/statistics.php4�
http://www.slideshare.net/GSAslideshare/mobile-broadband-growth-%09results-%09june-2010�
http://www.slideshare.net/GSAslideshare/mobile-broadband-growth-%09results-%09june-2010�
http://www.ece.gatech.edu/research/labs/bwn/surveys/ltea.pdf�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5477033�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5477033�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5477033�
http://dx.doi.org.focus.lib.kth.se/10.1109/TWC.2006.256968�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=7268�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=7268�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=7268�
http://dx.doi.org.focus.lib.kth.se/10.1109/ACSSC.2000.910933�
http://ieeexplore.ieee.org.focus.lib.kth.se/search/searchresult.jsp?searchWithin=Authors:.QT.Pischella,%20M..QT.&newsearch=partialPref�
http://ieeexplore.ieee.org.focus.lib.kth.se/search/searchresult.jsp?searchWithin=Authors:.QT.%20Belfiore,%20J.-C..QT.&newsearch=partialPref�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4525555�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4525555�
http://dx.doi.org.focus.lib.kth.se/10.1109/VETECS.2008.145�


 

109 
 

[13] - S. Parkvall et al., “LTE-Advanced – Evolving LTE towards IMT-Advanced”, IEEE 68th 
 Vehicular Technology Conference, 2008. VTC 2008-Fall. Doi: 10.1109/VETECF.2008.313  

[14] - M. Iwamura et al. “Carrier Aggregation Framework in 3GPP LTE-Advanced”, 
 Communications Magazine IEEE, August 2010. Doi: 10.1109/MCOM.2010.5534588  

[15] - 3GPP TS 36.300, “Evolved Universal Terrestrial Radio Access (E-UTRA); Stage 2 
 Description,” Version 9.3.0, Apr. 2010. 

[16] - 3GPP. TR 25.820, “3rd Generation Partnership Project; Technical Specification Group Radio 
 Access Networks; 3G HomeNodeB”. Technical Report, 3GPP, 2008. 

[17] - 3GPP TR 36.814, “3rd Generation Partnership Project, Technical Specification Group Radio 
 Access Network, Evolved Universal Terrestrial Radio Access (E-UTRA); Further advancements 
 for E-UTRA physical layer aspects”, (Release 9), 2009 

[18] - Avneesh Agrawal, “Heterogeneous Networks: A new paradigm for increasing cellular 
 capacity”, Qualcomm, Accessed Dec. 2010, available at:  

    http://netseminar.stanford.edu/seminars/01_29_09.pdf 

[19] - 3GPP contribution R1-101924, “Macro+HeNB performance with escape carrier or dynamic 
 carrier selection”, Nokia Siemens Networks, Nokia 

[20] - 3GPP contribution R1-094225, “DL Performance with Hotzne Cells”, Qualcomm Europe, 
 Miyazaki, Japan, October 2009. 

[21] - Ritesh Madan et al., “Cell Association and Interference Coordination in Heterogeneous LTE-A 
 Cellular Networks”, IEEE Journal on Selected Areas In Communications, vol. 28, no. 9, Dec. 
 2010. Doi: 10.1109/JSAC.2010.101209  

[22] -  Rose Qingyang Hu et al., “Mobile association in a heterogeneous network”, Communications 
 (ICC), 2010 IEEE International Conference May 2010. Doi: 10.1109/ICC.2010.5502817  

[23] -  3GPP contribution R1-101873. “DL pico/macro HetNet Performance : Cell Selection”, Alcatel 
 Lucent, April 2010 

[24] -  Jens Zander and Olav Queseth, Radio Resource Management for Wireless Networks, Artech 
 House, Inc. Norwood, MA, USA ©2001, pp. 8-9 

[25] -  3GPP Contribution R1-094224, “HetNet - General Views”, Qualcomm Europe, October 12th – 
 16th, 2009 

[26] -  3GPP Contribution R1-100700, “Interference Conditions in Heterogeneous Networks”, 
 Qualcomm Incorporated, January 18th – 22th, 2010 

[27] -  3GPP TS 36.211, “3rd Generation Partnership Project, Technical Specification Group Radio 
 Access Network, Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Channels 
 and Modulation”, (Release 10), pp. 77 

http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4656831�
http://dx.doi.org.focus.lib.kth.se/10.1109/VETECF.2008.313�
http://dx.doi.org.focus.lib.kth.se/10.1109/MCOM.2010.5534588�
http://netseminar.stanford.edu/seminars/01_29_09.pdf�
http://dx.doi.org.focus.lib.kth.se/10.1109/JSAC.2010.101209�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5497983�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5497983�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5497983�
http://dx.doi.org.focus.lib.kth.se/10.1109/ICC.2010.5502817�
http://portal.acm.org/author_page.cfm?id=81100460544&coll=DL&dl=ACM&trk=0&cfid=6830627&cftoken=92978774�


 

110 
 

[28] - A. Damnjanovic et al. “A Survey on 3GPP Heterogeneous Networks”, Wireless Communications IEEE, 
 June 2011. Doi: 10.1109/MWC.2011.5876496  

[29] -  Yejian Chen et al. “Advanced Receiver Signal Processing Techniques: Evaluation and Characterization”, 
 Advanced Radio Interface Technologies for 4G Systems ARTIST4G, January 2011. pp. 43. Available at: 
 https://ict-artist4g.eu/projet/work-packages/wp2/deliverables/d2.2/final/d2.2-1 

[30] -  R. Bosisio and U. Spagnolini, “Interference Coordination vs. Interference Randomization in 
 Multicell 3GPP LTE System”, Wireless Communications and Networking Conference, 2008. 
 WCNC 2008. IEEE, pp 824 – 829. Doi: 10.1109/WCNC.2008.151  

[31] - G. Fodor et al. “Intercell Interference Coordination in OFDMA Networks and in the 3GPP 
 Long  Term Evolution System”, Journal of Communications, Vol. 4, No. 7, August 2009 

[32] - 3GPP TR 25.814, “3rd Generation Partnership Project, Technical Specification Group Radio 
 Access Network; Physical layer aspects for Evolved Universal Terrestrial Radio Access 
 (UTRA)”, (Release 7), 2009 

[33] -  Sang Goo Kim et al., “Performance Analysis of Downlink Inter Cell Interference Coordination 
 in the LTE-Advanced System”, Digital Telecommunications, ICDT '09. Fourth International 
 Conference, July 2009, ISBN: 978-0-7695-3695-8 

[34] -  Arne Simonsson, “Frequency Reuse and Inter-cell Interference Co-ordination in E-UTRA”, 
 Vehicular Technology Conference, 2007. VTC2007-Spring. IEEE 65th , 2007. Doi: 
 10.1109/VETECS.2007.633  

[35] -  Michael Einhaus and Ole Klein, “The Effects of Time and Frequency Domain Resource 
 Partitioning in OFDMA Systems”, 12th European Wireless Conference 2006 - Enabling 
 Technologies for Wireless Multimedia Communications, Germany. 

[36] -  Arne Simonsson, “Frequency Reuse and Inter-cell Interference Co-ordination in E-UTRA”, 
 Vehicular Technology Conference, 2007. VTC2007-Spring. IEEE 65th , 2007. Doi: 
 10.1109/VETECS.2007.633  

[37] -  3GPP Contribution R1-050507. “Soft Frequency Reuse Scheme for UTRAN LTE”, Huawei 
 May, 2005 

[38] -  A. Lodhi et al. “On Re-use Partitioning in LTE-FDD Systems”, Personal, Indoor and Mobile 
 Radio Communications, 2009 IEEE 20th International Symposium, Sept. 2009. Doi:  
 10.1109/PIMRC.2009.5450202 

[39] - Sajid Hussain, “Dynamic Radio Resource Management in 3GPP LTE,” M.S Thesis, EE Dept., 
 BTH Univ., Karlskrona, Sweden, 2009. Accessed Dec. 2010, available at: 

 http://www.bth.se/fou/cuppsats.nsf/all/c858bf5b4979a6b3c1257552004262f6/$file/Sajid_H
 ussain_MSc_Thesis_Report.pdf 

[40] - 3GPP Contribution R1-101505, “Extending Rel. 8/9 ICIC into Rel. 10,” Qualcomm, Inc., Feb. 
 2010. 

http://dx.doi.org/10.1109/MWC.2011.5876496�
https://ict-artist4g.eu/projet/work-packages/wp2/deliverables/d2.2/final/d2.2-1�
http://dx.doi.org.focus.lib.kth.se/10.1109/WCNC.2008.151�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4196544�
http://dx.doi.org.focus.lib.kth.se/10.1109/VETECS.2007.633�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4196544�
http://dx.doi.org.focus.lib.kth.se/10.1109/VETECS.2007.633�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5443865�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5443865�
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5443865�
http://dx.doi.org.focus.lib.kth.se/10.1109/PIMRC.2009.5450202�
http://www.bth.se/fou/cuppsats.nsf/all/c858bf5b4979a6b3c1257552004262f6/$file/Sajid_Hussain_MSc_Thesis_Report.pdf�
http://www.bth.se/fou/cuppsats.nsf/all/c858bf5b4979a6b3c1257552004262f6/$file/Sajid_Hussain_MSc_Thesis_Report.pdf�
http://www.bth.se/fou/cuppsats.nsf/all/c858bf5b4979a6b3c1257552004262f6/$file/Sajid_Hussain_MSc_Thesis_Report.pdf�


 

111 
 

[41] -  3GPP Contribution RP-100383, “New work item proposal: Enhanced ICIC for non-CA based 
 deployments of heterogeneous networks for LTE”, CMCC. March, 2010 

[42] -  3GPP Contribution R1-103126, “Enhanced ICIC for control channels to support HetNet,” 
 Huawei, May, 2010 

[43] -  3GPP Contribution R1-103264, “Performance of eICIC with Control Channel Coverage 
 Limitation”, NTT DOCOMO. May, 2010 

[44] -  3GPP Contribution R1-103458, “Analysis on the eICIC schemes for the control channels in 
 HetNet,” Huawei. July, 2010 

[45] -  3GPP Contribution R1-105082, “Way forward on eICIC for non-CA based HetNets,” Meeting, 
 August, 2010 

[46] -  3GPP Contribution R1-106090, “PDCCH interference Mitigation by Downlink Power Setting 
 for macro-femto Scenario”, Panasonic. November, 2010 

[47] -  3GPP Contribution R1-106186, “Control channel ICIC for macro-femto deployments,” NTT 
 DOCOMO. November, 2010 

[48] -  3GPP Contribution R1-106147, “Evaluation of control channel coordination in co-channel CSG 
 deployment,” LG Electronics. November, 2010 

[49] - 3GPP Contribution R1 -106235, “EICIC Management via Fake Hybrid Mode in Femto Cell,” 
 Fujitsu. November, 2010 

[50] -  G. Li and H. Liu, “Downlink Radio Resource Allocation for Multi-cell OFDMA System”, IEEE 
 Transactions on Wireless Communications, Vol. 5, No. 12, pp. 3451-3459, December 2006. 
 Doi: 10.1109/TWC.2006.256968  

[51] -  A. Abrardo et al., “Centralized Radio Resource Allocation for OFDMA Cellular Systems,”
 IEEE International Conference on Communications ’07, pp. 269-274, 2007. Doi: 
 10.1109/ICC.2007.951  

[52] - D. Gesbert et al., “Resource allocation in multicell wireless networks: Some capacity scaling 
 Modeling and Optimization in Mobile, Ad Hoc and Wireless Networks and Workshops, 2007. 
 WiOpt 2007. 5th International Symposium, April 2007 

[53] - J. Brehmer and W. Utschick “Optimal Interference Management In Multi-Antenna, Multi-Cell 
 Systems,” Int. Zurich Seminar on Communications (IZS), March 3-5, 2010. Available at: 
 http://e-collection.ethbib.ethz.ch/eserv/eth:900/eth-900-01.pdf 

[54] -  Savo Glisic and Beatriz Lorenzo, “Network Optimization Theory,”Advanced Wireless 
 Networks: Cognitive, Cooperative and Opportunistic 4G Technology, Second Edition, New 
 York: Wiley, June 2009, pp 289-290 

http://dx.doi.org.focus.lib.kth.se/10.1109/TWC.2006.256968�
http://dx.doi.org.focus.lib.kth.se/10.1109/ICC.2007.951�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4479865�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4479865�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/mostRecentIssue.jsp?punumber=4479865�
http://e-collection.ethbib.ethz.ch/eserv/eth:900/eth-900-01.pdf�


 

112 
 

[55] - M. Rahman and  H. Yanikomeroglu, “Enhancing Cell-Edge Performance: A Downlink 
 Dynamic Interference Avoidance Scheme with Inter-Cell Coordination,” Wireless 
 Communications, IEEE  Transactions, April 2010. 
 Doi: 10.1109/TWC.2010.04.090256  

[56] - H. Lei et al. “A Novel Multi-Cell OFDMA System Structure Using Fractional Frequency 
 Reuse,” Personal, Indoor and Mobile Radio Communications, 2007. PIMRC 2007. IEEE 18th 
 International Symposium, Sept. 2007. Doi:  10.1109/PIMRC.2007.4394228 

http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/RecentIssue.jsp?punumber=7693�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/RecentIssue.jsp?punumber=7693�
http://ieeexplore.ieee.org.focus.lib.kth.se/xpl/RecentIssue.jsp?punumber=7693�
http://dx.doi.org.focus.lib.kth.se/10.1109/TWC.2010.04.090256�
http://dx.doi.org.focus.lib.kth.se/10.1109/PIMRC.2007.4394228�


www.kth.se

TRITA-ICT-EX-2011:232


	thesis report 11
	1. Introduction
	1.1 Thesis Overview
	1.2 Thesis Outline

	2. Background and Literature  Review
	2.1 Implications of OFDM in LTE
	2.2 LTE-Advanced - Technology Components and their Implications
	2.2.1  Carrier Aggregation

	2.3 Heterogeneous Network Design
	2.4 Implications of Heterogeneous Networks
	2.4.1 Cell Selection - The Load Imbalance Condition
	2.4.2 Constraints Implied by the Operators
	2.4.3 The Interference Problem
	2.4.4  Cell-specific Reference Signals (CRS)
	2.4.5  CRS- Interference Cancellation (CRS-IC)

	2.5 Inter-Cell Interference (ICI) Management in Heterogeneous Networks

	3. Problem Statement and  Project Scope
	3.1 Investigated Scenarios

	4. Methodology
	4.1 Critical Analysis
	4.1.1  Performance Measurement Criteria
	4.1.2 Simulator Functionality Aspects


	Problem Formulation
	5.1 Network Utility Maximization
	5.2 Mathematical Formulation

	Macro-Femto HetNet Deployment with CRS Interference Cancellation (CRS-IC) Capable UEs – “Low Traffic Load”
	6.2  Simulation Details
	6.2.1 Assumptions
	6.2.2  Configurations
	6.2.3 CSG User Functional Description
	6.2.4  Traffic Model
	6.2.5  System Parameters
	6.2.6  Simulated Configurations
	/
	6.2.7  User Distribution
	6.2.8  Physical Resource Block (PRB) Utilization

	6.3  Downlink Results
	6.3.1  Cell Throughput
	6.3.2 Signal to Interference plus Noise Ratio (SINR)
	6.3.3  UE Throughput

	6.4  Uplink Results
	6.4.1 Cell Throughput
	6.4.2 Uplink Interference
	6.4.3  SINR
	6.4.4  UE Throughput

	6.5 Conclusions

	Macro-Femto HetNet Deployment with CRS Interference Cancellation (CRS-IC) Capable UEs – “High Traffic Load”
	7.1 Simulation Details
	7.1.1 Configurations and Deployment Scenario
	7.1.2 Traffic Model
	7.1.3 Expected Interference Scenarios
	7.1.4 System Parameters
	7.1.5 User Distribution

	7.2 Downlink Results
	7.2.1 Performance Overview
	7.2.2  Physical Resource Block (PRB) Utilization
	7.2.3 Cell Throughput:
	7.2.4 Signal to Interference plus Noise Ratio (SINR)
	7.2.5 UE Throughput
	7.2.6 Energy Consumption

	7.3  Uplink Results
	7.3.1 Performance Overview
	7.3.2 Physical Resource Block (PRB) Utilization
	7.3.3 Cell Throughput
	7.3.4 Interference
	7.3.5 Signal to Interference plus Noise Ratio (SINR)
	7.3.6 UE Throughput
	7.3.7 Energy Consumption

	7.4  Conclusions

	Macro-Femto HetNet Deployment with CRS Interference Cancellation (CRS-IC) Incapable UEs – “High Traffic Load”
	8.1 Technical Overview:
	8.2 Simulation Details
	8.3 Downlink Results
	8.3.1 Performance Overview
	8.3.2 Physical Resource Block (PRB) Utilization
	Cell Throughput
	Signal to Interference plus Noise Ratio (SINR)
	UE Throughput
	Energy Consumption

	Conclusions

	Inter-cell Interference Coordination (ICIC) Scheme Analysis
	9.1 Simulation Details
	9.1.1 Configurations and Deployment Scenario
	9.1.2 User Distribution and PRB Utilization

	9.2 Downlink Results
	9.2.1 Performance Overview
	9.2.2 Cell Throughput:
	9.2.3 SINR
	9.2.4 UE Throughput
	9.2.5 Conclusions


	Thesis Contribution & Future Works
	10.1 Discussion of Results
	10.2 Future Works

	References


