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Abstract 
 
The recent increase of mobile data usage and emergence of new applications such as Online Gaming, 
mobile TV, Web 2.0, Streaming Contents have greatly motivated the 3rd Generation Partnership 
Project (3GPP) to work on the Long Term Evolution (LTE). The LTE is the latest standard in the 
mobile network technology tree. It inherits and develops the GSM/EDGE and UMTS/HSPA network 
technologies and is a step toward the 4th generation (4G) of radio technologies designed to optimize 
the capacity and speed of 3G mobile communication networks. In this thesis, the LTE system capacity 
and coverage are investigated and a model is proposed on the base of the Release 8 of 3GPP LTE 
standards. After that, the frequency planning of LTE is also studied. The results cover the interference 
limited coverage calculation, the traffic capacity calculation and radio frequency assignment. The 
implementation is achieved on the WRAP software platform for the LTE Radio Planning. 
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Abstract 
The recent increase of mobile data usage and emergence of new applications such as 
Online Gaming, mobile TV, Web 2.0, Streaming Contents have greatly motivated the 
3rd Generation Partnership Project (3GPP) to work on the Long Term Evolution 
(LTE). The LTE is the latest standard in the mobile network technology tree. It 
inherits and develops the GSM/EDGE and UMTS/HSPA network technologies and is 
a step toward the 4th generation (4G) of radio technologies designed to optimize the 
capacity and speed of 3G mobile communication networks. In this thesis, the LTE 
system capacity and coverage are investigated and a model is proposed on the base of 
the Release 8 of 3GPP LTE standards. After that, the frequency planning of LTE is 
also studied. The results cover the interference limited coverage calculation, the 
traffic capacity calculation and radio frequency assignment. The implementation is 
achieved on the WRAP software platform for the LTE Radio Planning.    
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1 Introduction 

The number of mobile subscribers has increased tremendously in recent years. Besides the 

traditional mobile traffic, for instance the voice communication, the data usage such as 

streaming service, internet access, file sharing, etc. have grown fast day by day and the traffic 

volume has in many cases already exceeded the voice traffic volume. End users expect more 

diversified services and faster upload and download speed. Operators require higher data 

capacity with lower cost of data delivery for the growing markets. All these requirements and 

expectations boost the evolution of the wireless communication system. 3rd Generation 

Partnership Project (3GPP) Long Term Evolution (LTE) is designed to meet those targets. 

The 3GPP LTE will enable much higher speeds to be achieved along with much lower packet 

latency, and it will enable cellular communications services to move forward to meet the 

needs for cellular technology to 2017 and well beyond. 

Up to now, many operators have not yet upgraded their basic 3G networks to LTE and 

according to forecasts from GSA (The Global mobile Suppliers Association) that up to 22 

LTE networks will have entered commercial service by end 2010, and 37 LTE networks will 

be commercially launched by the end of 2012. A well-defined radio network planning model 

including the coverage and capacity evaluations as well as frequency allocation attract great 

attention as it provides a macroscopic and valuable estimation for the entire network and can 

ease the decision making and network deployment for the operators.  

1.1 Aim 

This thesis studies and describes the radio planning in LTE including the network coverage 

and capacity, frequency planning, methods and the implementation to dimension the network. 

The main objectives are: 

• An introduction of the LTE features relevant for the dimensioning 
• Define the model and methods for LTE capacity and coverage estimation  
• LTE frequency planning evaluation 
• Development of tools for demonstration in WRAP’s software platform   

1.2 WRAP International AB 
The thesis was carried out at WRAP International AB which is a Swedish company and was 
founded in 2007. It expands the business opportunities for WRAP software through increasing 
focus and concentration on product development, marketing and sales activities. They are 
experts in advanced models of computation and software tools for the planning, optimization 
and operation of radio networks. They provide advanced cost-efficient softwares, expert 
consulting and training services to Radio Network Operators (including FM/TV Broadcasting 
operators), Public Authorities and Armed Forces. The WRAP software provides all necessary 
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computation and analysis support for frequency management and radio network planning for 
a number of different radio services. The calculations are carried out with the aid of frequency 
and equipment database or by manually entered station data. The results which are presented 
geographically facilitate planning and decision making. 

1.3 Thesis Layout 

This thesis consists of six Sections. Section 1 defines the objective and approach and a short 

introduction is presented to the company where the thesis was made. Section 2 presents the 

theoretical fundamentals of LTE and it includes some of the key technologies in LTE which 

are related in this thesis and this gives background knowledge for further discussion. Section 

3 describes the capacity and coverage planning in the LTE system in both downlink and 

uplink directions with the consideration of MIMO capacity enhancement and the effects of 

system bandwidth and SNR efficiency. Peak data rate and maximum subscribers’ number are 

also calculated on the base of 3GPP LTE standards. Section 4 presents the frequency planning 

for LTE network including the frequency allocation scheme and related methods. The theories 

and methods are designed on the base of the WRAP software and the results are illustrated 

and discussed in Section 5. Section 6 concludes the thesis with summary of the entire thesis 

and discusses possibilities of future research. 
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2 Technical Overview of Long Term Evolution of 3GPP (LTE) 

2.1 Introduction to LTE 

From the first experiments with radio communication by Guglielmo Marconi in the 1890s,  

known as the ‘First Generation’ systems, the growing road of radio communication has been 

quite long. Developing mobile technologies has also changed, from being a national or 

regional concern, to becoming a very complex task undertaken by global specifications-

developing organizations such as the Third Generation Partnership Project (3GPP) and 

involving thousands of people [5]. 3GPP is currently the dominant specifications development 

group for mobile radio systems in the world. 3GPP technologies – GSM/EDGE and 

Wideband Code Division Multiple Access (WCDMA)/HSPA – are currently serving nearly 

90% of the global mobile subscribers [6]. 

 
Figure 2.1：：：：Approximate timeline of the mobile communications standards landscape [7] 

Within the evolution track of 3GPP development shown in Figure 2.1, three multiple access 

technologies are evident: the ‘Second Generation’ GSM/GPRS/EDGE family was based on 

Time- and Frequency- Division Multiple Access (TDMA/FDMA); the ‘Third Generation’ 

UMTS family marked the entry of Code Division Multiple Access (CDMA) into the 3GPP 

evolution track, becoming known as Wideband CDMA or simply WCDMA; finally LTE has 

adopted Orthogonal Frequency-Division Multiplexing (OFDM), which is the access 

technology dominating the latest evolutions of all mobile radio standards.  

The 3GPP specifications are defined in documents which are divided into releases, where 

each release has a set of features added compared to the previous one. The work on 3G LTE 

started with a feasibility study started in December 2004, which was finalized for inclusion on 

3GPP release 7. The LTE core specifications were then included in release 8. LTE is also 
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referred to as EUTRA (Evolved UMTS Terrestrial Radio Access) or E-UTRAN (Evolved 

UMTS Terrestrial Radio Access Network). Figure 2.2 shows the road map for LTE. The 

thesis is carried out on the base of Rel-8 for LTE.  

 
Figure 2.2: The road map for LTE in 3GPP from Global mobile Suppliers Association@2009 [29] 

Stringent and high requirements and targets are defined by 3GPP in the beginning of the 

specifications work on LTE and have been captured in 3GPP TR 25.913. Some key 

requirements and capability targets can be summarized as follows: 

• Data Rate: Peak data rates target 100 Mbps (downlink) and 50 Mbps (uplink) for 20 MHz 
spectrum allocation. 

• Throughput: Target for downlink average user throughput per MHz is 3-4 times and 
Target for uplink is 2-3 times better than release 6. 

• Latency: The one-way transit time between a packet being available at the IP layer in 
either the UE or radio access network and the availability of this packet at IP layer in the 
radio access network/UE shall be less than 5 ms. 

• Spectrum Efficiency: Downlink target is 3-4 times better than release 6. Uplink target is 
2-3 times better than release 6. 

• Spectrum allocation: Operation in paired (Frequency Division Duplex /FDD mode) and 
unpaired spectrum (Time Division Duplex / TDD mode) is possible. 

• Bandwidth: Scaleable bandwidths of 5, 10, 15, 20 MHz shall be supported. 
• Interworking: Interworking with existing UTRAN/GERAN systems and non-3GPP 

systems shall be ensured. 

The LTE, as one of the latest steps in an advancing series of mobile telecommunications 
system, can be seen to provide a further evolution of functionality, increased speeds and 
general improved performance comparing to the third generation systems. It is illustrated in 
Table 2.1 
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Table 2.1: Comparison between LTE and UMTS / 3GPP 3G Specifications [30] 

To fulfill the extensive range of requirements outlined above, many key technologies are 

applied in LTE. Some of them which are used in the thesis are outlined in the following 

sections.  

2.2 OFDMA and SC-FDMA 

LTE has selected Orthogonal Frequency-Division Multiple Access (OFDMA) in the downlink 

and Single-Carrier Frequency-Division Multiple Access (SC-FDMA) in the uplink. For the 

downlink, OFDMA is unanimously considered as the most appropriate technique for 

achieving high spectral efficiency [8]. For the uplink, the LTE of 3GPP employs SC-FDMA 

because of its low Peak-To-Average Power Ratio (PAPR) properties compared to OFDMA. 

OFDMA is a multiple access scheme on the base of the Orthogonal Frequency-Division 

Multiplexing (OFDM) modulation technique. The OFDM signal can be generated by using 

the Fast Fourier Transform (FFT). In an OFDM system, the available spectrum is divided into 

multiple, mutually orthogonal subcarriers. Each of these subcarriers are independently 

modulated by a low rate data stream and can carry independent information streams. Figure 

2.3 shows how the OFDM technique is applied for a signal with 5 MHz bandwidth. 
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Figure 2.3: Frequency-time representation of an OFDM Signal [4] 

In the frequency domain, the 5 MHz bandwidth is divided into a high number of closely 

spaced orthogonal subcarriers. The subcarriers in LTE have a constant spacing of f∆ = 15 

kHz. In E-UTRA, the downlink modulation schemes can be QPSK, 16QAM and 64QAM. In 

the time domain, a guard interval is added to each symbol to combat inter-OFDM-symbol-

interference due to channel delay spread. In E-UTRA, the guard interval is a cyclic prefix (CP) 

which is inserted prior to each OFDM symbol. A group of subcarriers is called a sub-channel. 

In the OFDMA, multiple accesses illustrated in Figure 2.4, are achieved by allocating 

different sub-channels to different users logically on demand basis. 

 
Figure 2.4: Difference between channel allocation using OFDM and OFDMA scheme [24] 

OFDMA meets the LTE requirement for spectrum flexibility and enables cost-efficient 

solutions for very wide carriers with high peak rates. OFDM has many advantages which can 

be summarized as follows: 

• Provide robustness to multipath fading. 
• Avoid the degradations due to inter symbol interference (ISI) and inter carrier interference 

(ICI)  
• Yield a highly spectral efficient system as these subcarriers are mutually orthogonal, 

overlapping between them is allowed [8]. 
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While OFDMA is considered as the optimum solution for the downlink, it is less favorable for 

the uplink due to the weaker PAPR properties of an OFDMA signal which results in a worse 

uplink coverage. That is the main reason why the SC-FDMA is chosen as the solution for the 

uplink. A SC-FDMA signal can be generated by using the discrete Fourier transform (DFT)-

spreaded OFDM digital signal processing. Its main principle is the same as for OFDM; thus, 

the same benefits in terms of multipath mitigation and low-complexity equalization are 

achievable [8]. The difference is that in a SC-FDMA signal, the data symbols are spread over 

all the subcarriers carrying information and produces a virtual single-carrier structure. Figure 

2.5 clearly shows the difference between OFDMA and SC-FDMA. 

 
Figure 2.5: Comparison of how OFDMA and SC-FDMA transmit a sequence of QPSK data symbols [25] 

In Figure 2.5, the example uses four (M) subcarriers over two symbol periods by QPSK 

modulation. The most obvious difference between the two schemes is that OFDMA transmits 

the four QPSK data symbols in parallel, one per subcarrier, while SC-FDMA transmits the 

four QPSK data symbols in series at four times the rate, with each data symbol occupying 

Mx15 kHz bandwidth. Visually, the OFDMA signal is clearly multi-carrier and the SC-

FDMA signal looks more like single-carrier, which explains the “SC” in its name [25]. Note 

that OFDMA and SC-FDMA symbol lengths are the same at 66.7 µs. 

SC-FDMA presents a lower PAPR than OFDM. This property makes SC-FDMA attractive 

for uplink transmissions, as the user equipment (UE) benefits in terms of transmitted power 

efficiency and also since all symbols are present in all subcarriers. Therefore, if some 

subcarriers are in deep fade, the information can still be recovered from other subcarriers 

experiencing better channel conditions [8]. 



 

8 
 

2.3 LTE Physical Layer Introduction 

In this section, some more details of OFDMA, SC-FDMA and frame structures are described 

at physical layer level. The concepts and parameters will be used in Section 3. 

2.3.1 OFDMA and SC-FDMA Resource Structure 

OFDM uses a large number of narrow sub-carriers for multi-carrier transmission. The basic 

LTE downlink physical resource can be seen as a time-frequency grid, as illustrated in Figure 

2.6. 

 
Figure 2.6: LTE downlink physical resource grid based on OFDM for both TDD and FDD [26] 

In the frequency domain, LTE have a constant spacing of f∆ = 15 kHz. To each OFDM 

symbol, a cyclic prefix (CP) is appended as guard time. In addition, the OFDM symbol 

duration time is 1/ f∆ + cyclic prefix (CP). One resource element carries QPSK, 16QAM or 

64QAM with number of different bits. 

The OFDM symbols are grouped into resource blocks. A resource block is the smallest unit of 

bandwidth assigned by the base station scheduler. The resource blocks have a total size of 180 

kHz with 12 subcarriers in the frequency domain and 0.5 ms with 7 OFDM symbols (with the 

normal CP) in the time domain. Each 1 ms Transmission Time Interval (TTI) consists of two 

slots. Each user is allocated a number of resource blocks in the time–frequency grid. The 

more resource blocks a user gets, and the higher the modulation used in the resource elements 

are, the higher the bit-rate becomes. The resource block size is the same for all bandwidths. 

The number of resource blocks for the different LTE bandwidths is listed in Table 2.2 
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Table 2.2: Number of resource blocks for different LTE bandwidths (FDD and TDD) [10] 

One downlink slot consists of 6 or 7 OFDM symbols, depending on whether extended or 

normal cyclic prefix is configured, respectively. The extended cyclic prefix is able to cover 

larger cell sizes with higher delay spread of the radio channel. The cyclic prefix lengths are 

summarized in Table 2.3. 

 
Table 2.3: Downlink frame structure parameterization (FDD and TDD) [11] 

As seen in Figure 2.7, the LTE uplink SC-FDMA is also of a similar structure as the downlink 

resource grid. Table 2.2 and Table 2.3  are also applied for the uplink. 

Unlike in the downlink, UE are always assigned contiguous resources in the LTE uplink as 
Figure 2.8 illustrated. 
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Figure 2.7: Uplink SC-FDMA resource grid [11] 

 

 

Figure 2.8:Time-frequency structure for downlink and uplink [23]  
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2.3.2 Reference Signal 

To carry out coherent demodulation of different physical channels at both the downlink and 

uplink, the transmitters and receivers need to perform channel estimation. A straightforward 

way to enable channel estimation in LTE is to insert known reference symbols into the 

OFDM/SC-FDM time frequency grid. 

In the downlink direction, an example of reference symbols for 1 antenna transmission is 

illustrated in Figure 2.9. With different antenna configurations, the reference signals 

structures vary accordingly. It is discussed further in Section 3.3.3. There are three kind of 

reference signals that are defined for the LTE downlink [5]: Cell-specific downlink reference 

signals, UE-specific reference signals and MBSFN reference signals. Only the first one, Cell-

specific downlink reference signals is considered in this thesis, since it is transmitted in every 

downlink sub-frame and span the entire downlink cell bandwidth so that it has an 

indispensable influence on the channel bandwidth efficiency.  

 
Figure 2.9: LTE downlink reference signals (normal cyclic prefix) [7] 

In the uplink direction, due to the importance of low power variations for uplink transmissions, 

the principle for uplink reference-signal transmission is different from that of the downlink. 

There are also two types of reference signals defined for the LTE uplink: demodulation 

reference signal (DRS) and sounding reference signal (SRS) [5]. For simplicity, the uplink 

reference signal mentioned in this thesis will refer to the uplink DRS. In case of Physical 
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Uplink Shared Channel (PUSCH) transmission, seen in Figure 2.10, a reference signal is 

transmitted within the fourth symbol of each uplink slot. Within each sub-frame, there are 

thus two reference-signal transmissions, one in each slot. 

 
Figure 2.10: Transmission of uplink reference signals in case of PUSCH transmission [6] 

2.4 Synchronization 

A UE wishing to access an LTE cell must first undertake a cell search procedure. This 

consists of a series of synchronization stages by which the UE determines time and frequency 

parameters that are necessary to demodulate the downlink and to transmit uplink signals with 

the correct timing and the UE also acquires some critical system parameters [7]. The 

synchronization signal is defined as the downlink physical signal which corresponds to a set 

of resource elements used by the physical layer but does not carry information originating 

from higher layers [11]. 

The synchronization procedure makes use of two specially designed physical signals which 

are broadcast in each cell: the Primary Synchronization Signal (PSS) and the Secondary 

Synchronization Signal (SSS).The SSS carries the physical layer cell identity group and the 

PSS carries the physical layer identity. The detection of these two signals not only enables 

time and frequency synchronization, but also provides the UE with the physical layer identity 

of the cell and the cyclic prefix length, and informs the UE whether the cell uses Frequency 

Division Duplex (FDD) or Time Division Duplex (TDD).  

2.5 System Information Broadcast 

After the cell search and synchronization procedure have completed, the terminal has to 

acquire the cell system information. This information is repeatedly broadcast by the network 

to the terminals. In typical cellular systems, the basic system information which allows the 

other channels in the cell to be configured and operated is carried by a Broadcast Channel 

(BCH). Broadcast system information is divided into two categories: 

• The ‘Master Information Block’ (MIB), which consists of a limited number of the most 

frequently transmitted parameters essential for initial access to the cell, is carried on the 

Physical Broadcast Channel (PBCH). 
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• The other System Information Blocks (SIBs) which, at the physical layer, are multiplexed 

together with unicast data transmitted on the Physical Downlink Shared Channel. 

This procedure is applied for the downlink direction and in this thesis, only PBCH is used in 

particular for the later calculation. 

2.6 Random Access Procedure 

A fundamental request for any cellular system is allowing the terminal to request a connection 

setup, which is commonly referred to as random access. The random access procedure is used 

to request an initial access, as part of handover, or to re-establish uplink synchronization. 

The LTE random access procedure comes in two forms, allowing access to be either 

contention-based or contention-free. 

• Contention-based: In this procedure, a random access preamble signature is randomly 

chosen by the UE, with the result that it is possible for more than one UE simultaneously 

to transmit the same signature, leading to a need for a subsequent contention resolution 

process. This procedure is applied in all the cases involving the random access. 

• Contention-free: In this procedure, the base station in LTE (eNodeB) has the option of 

preventing contention occurring by allocating a dedicated signature to a UE, resulting in 

contention-free access. This is faster than contention-based access – a factor which is 

particularly important for the case of handover, which is time-critical. 

As the Contention-free is applied in a fewer scenarios such as the handover, whereas the 

Contention-based procedure is applied in all the cases which involve the random access, only 

the random access procedure is considered in this thesis. The structure of the contention based 

procedure for initial access is shown in Figure 2.11. 
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Figure 2.11: Contention based Random access procedure [4] 

The first step in Figure 2.11 is the transmission of a random access preamble which purpose is 

to indicate to the base station the presence of a random-access attempt and to allow the base 

station to estimate the delay between the eNodeB and the terminal. Only the first step is 

interested in this thesis as it involves the preamble overheads to the uplink transmission. This 

step is further discussed in the section 3.3.6. 

2.7 Adaptive Modulation and Coding (AMC) 

In cellular communication systems, the quality of the signal received by a UE depends on the 

channel quality from the serving cell, the level of interference from other cells, and the noise 

level. To optimize system capacity and coverage for a given transmission power, the 

transmitter should try to match the information data rate for each user to the variations in the 

received signal [7]. This is commonly referred to as link adaptation and is typically based on 

Adaptive Modulation and Coding (AMC). The AMC consists of the modulation Scheme and 

code rate. 

• Modulation Scheme: Low-order modulation (i.e. few data bits per modulated symbol, e.g. 

QPSK) is more robust and can tolerate higher levels of interference but provides a lower 

transmission bit rate. High-order modulation (i.e. more bits per modulated symbol, e.g. 

64AQM) offers a higher bit rate but is more prone to errors due to its higher sensitivity to 

interference, noise and channel estimation errors; it is therefore useful only when the 

Signal to Interference and Noise Ratio (SINR) is sufficiently high. 
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• Code rate: For a given modulation, the code rate can be chosen depending on the radio 

link conditions: a lower code rate can be used in poor channel conditions and a higher 

code rate in the case of high SINR.  

For the downlink data transmissions in LTE, the eNodeB typically selects the Modulation and 

Coding Scheme (MCS) depending on the Channel Quality Indicator (CQI) feedback 

transmitted by the UE in the uplink. CQI feedback is an indication of the data rate which can 

be supported by the channel, taking into account the SINR and the characteristics of the UE’s 

receiver. In general, in response to the CQI feedback the eNodeB can select between QPSK, 

16-QAM and 64-QAM schemes with a wide range of code rates. 

For the LTE uplink transmissions, the link adaptation process is similar to that for the 

downlink, with the selection of MCS also being under the control of the eNodeB. But the 

eNodeB can directly make its own estimate of the supportable uplink data rate by channel 

sounding. An identical channel coding structure is used for the uplink, while the modulation 

scheme may be selected between QPSK and 16QAM. The 64QAM is optional for the LTE 

UL.  

A simple method by which a UE can choose an appropriate CQI value could be based on a set 

of Block Error Rate (BLER) thresholds. The UE would report the CQI value corresponding to 

the MCS that ensures BLER ≤ 10% based on the measured received signal quality. The list 

of modulation schemes and code rates with CQI values supported by 3GPP LTE standards is 

shown in Table 2.4 
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Table 2.4: CQI table for modulation schemes [13] 

2.8 MIMO technology 

Multiple Input Multiple Output (MIMO) systems form an essential part of LTE in order to 

achieve the ambitious requirements for throughput and spectral efficiency [4]. MIMO refers 

to the use of multiple antennas at the transmitter and receiver side. For the LTE downlink, a 

2x2 configuration for MIMO is assumed as baseline configuration, i.e. two transmit antennas 

at the base station and two receive antennas at the terminal side.  

There are two functionality modes of MIMO. Different gains can be achieved depending on 

which MIMO mode is used. The Spatial Multiplexing mode allows transmitting different 

streams of data simultaneously on the same resource block(s) by exploiting the spatial 

dimension of the radio channel so that the data rate or capacity is increased [4]. The other one 

is the Transmit Diversity mode. It is used to exploit diversity and increase the robustness of 

data transmission. Each transmit antenna transmits essentially the same stream of data, so the 

receiver gets replicas of the same signal. This increases the signal to noise ratio at the receiver 

side and thus the robustness of data transmission especially in fading scenarios. Only the 

spatial multiplexing mode is concerned in this thesis while calculating the LTE capacity and 

data rate. 

Take a 4 x 4 antenna configuration (4 transmit antenna and 4 receiver antenna) as an instance, 

as Figure 2.12 shows, where each receiver antenna may receive the data streams from all 
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transmit antennas. The transmission relationship can be described with a Transmission 

Channel Matrix H. The coefficients ijh stands for transmit antenna j to receive antenna i, thus 

describing all possible paths between transmitter and receiver sides. 

 
Figure 2.12: MIMO Transmission [27] 

Suppose receive vector is y, transmit vector is x, the noise vector is n and H is the 

transmission channel matrix. Then the MIMO transmission can be described with the formula:   

 y Hx n= +  (2.1) 

In an M x N antenna configuration, the number of data streams which can be transmitted in 

parallel over the MIMO channel is given by the minimum value of M and N and is limited by 

the rank of the transmission matrix H. For example, a 4 x 4 MIMO system could be used to 

transmit four or fewer data streams.  

In the spatial multiplexing mode, the data streams transmitted can belong to one single user 

(single user MIMO/SU-MIMO) or to different users (multi user MIMO/MU-MIMO) (see 

Figure 2.13).  
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Figure 2.13: SU-MIMO and MU-MIMO[28] 

While SU-MIMO increases the data rate of one user, MU-MIMO allows increasing the 

overall capacity. 

Only the MU-MIMO is concerned in the thesis when calculating the system capacity. 

As the MIMO for the uplink is considered in 3GPP LTE advanced standards phase, the 

MIMO is not applied in Uplink in this thesis. 

From the physical layer, the MAC layer use services in the form of transport channels. A 

transport channel is defined by how and with what characteristics the information is 

transmitted over the radio interface [5]. Data transmitted on a transport channel is organized 

into transport blocks. In each Transmission Time Interval (TTI), at most one transport block 

of a certain size can be transmitted over the radio interface to/from a mobile terminal without 

the spatial multiplexing. In case of MIMO, up to two transport blocks can be transmitted per 

TTI, where each transport block corresponds to one codeword in case of downlink spatial 

multiplexing. It means that although the LTE supports the downlink spatial multiplexing up to 

four layers, the number of transport blocks and codewords is still limited to two. The mapping 

between the transport blocks and codeword is illustrated in Figure 2.14: 

 
Figure 2.14: Codeword-to-layer mapping for spatial multiplexing [5] 
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3 Capacity and Coverage Planning 

3.1 Algorithm Overview 

Firstly, the system bandwidth efficiency is calculated by excluding the overheads from link-

level and system-level. Secondly, the Signal to Noise Ratio (SNR) efficiency is obtained by 

using a curve-fitting method for the MCS and the proposed function is a truncated Shannon 

bound form to give the approximation. After that, the total DL and UL average data rate and 

peak data rate are calculated with different MIMO configurations. Maximum subscriber 

numbers per sector is estimated by considering the required user data rate defined by the LTE 

Terminal Category. Finally, the LTE cell range is calculated on the base of REFSENS and 

different propagation models which are implemented in the WRAP software.  

3.2 Algorithm Fundamentals 

Transmission over the Additive White Gaussian Noise (AWGN) channel with a two-sided 

noise power spectral density 0N /2 with perfect Channel State Information (CSI) is assumed, 

when modeling the LTE channel. 

In the LTE system, a bandwidth can be split into Q flat-fading sub-channels, named resource 

block with a separation of 180 kHz. The resource block is the smallest unit of bandwidth 

assigned by the base station scheduler. 

In a M x N antenna schema, considering the Channel Eigen Analysis [12], a transmission 

channel matrix H can offer qK parallel sub-channels with different power gains (Eigen Value), 

,k qα , where  

 ( ) ( ),qK Rank H Min M N= ≤  (3.1) 

The functions Rank() and Min() return the rank of the matrix and the minimum value of the 

arguments. M is the transmit antenna and N is the receiver antenna. This corresponds to the 

MIMO Spatial Multiplexing concept. 

In the situation where the channel is known at both Transmitter ( xT ) and Receiver ( xR ) and is 

used to compute the antenna optimum weight, the power gain in the ( ),
th

k q eigenmode 

channel is given by ,k qα . In order to account for the antenna gains and losses at both the 

transmitter and receiver ends, the System Loss (SL) is used here to calculate the ,k qα . The 

System Loss equals the received power at the input of the receiver divided by the transmitter 

power at the transmitter output. 
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An assumption is made here that polarized antennas are used in this algorithm and the 

orthogonality for antennas are kept quite well which means that the MIMO transmission 

channel matrix H is diagonal. The value of ,k qα  is calculated by the System Loss for each 

spatial dimension. The System Loss is assumed to the equal for each spatial dimension for 

simplicity. The SNR for the ( ),
th

k q sub-channel ,k qv is [12] 

 ,
, , 2

k q
k q k q

N

v
β

α
σ

=  (3.2) 

where ,k qβ  is the fraction of power assigned to the ( ),
th

k q sub-channel and 2Nσ  is the noise 

power. The ,k qβ value is the sub-channel power allocation scheme. For simplicity, we assume 

the Uniform Power Allocation [12] across all sub-channels to be 

 ,
TX

k q

P

RQ
β =  (3.3) 

where TXP  is the total transmitted power, R is the resource block number per sub-channel and 

Q is the the number of sub-channels. Here, R = 1 and Q can be found from Table 2.2 for a 

given channel bandwidth. 

The noise power 2
Nσ  is calculated as [33] 

 ( )2
1010logN wkT B NFσ = + +  (3.4) 

where kT is the thermal noise density, and in LTE specifications, it is defined to be -174 
dBm/Hz where k is Boltzmann’s constant (1.380662 x2310− ) and T is the temperature of the 
receiver (assumed to be 15�C). wB  is the channel bandwidth in Hz. NF is the noise figure 

which is defined to be 5 for the eNodeB in LTE [7]. 

In Shannon–Hartley theory, the Shannon capacity bound formula as shown in expression 3.5, 

is used to calculate the maximum amount of error-free digital data in bits/s/Hz that can be 

transmitted with a specified bandwidth in the presence of the noise interference.  

 2log 1
C S

B N
 = + 
 

 (3.5) 

But it cannot be reached in practice due to several implementation issues. To represent these 

loss mechanisms accurately, modified Shannon Capacity expressions [2] [12] in the downlink 

direction for the thk spatial sub-channel and also for the total capacity are used according to  
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 ,
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1

log 1
Q

k qBW
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q N
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Q

βη η α
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= + 

 
∑  (3.6) 
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log 1
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Q
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σ= =

 
= + 

 
∑∑  (3.7) 

Where kC  and C is in bits/s/Hz, BWη  and SNRη  stands for the system bandwidth efficiency and 

SNR efficiency which are calculated in the following sections. 

As discussed before, the MIMO is not used in the uplink direction in 3GPP Release 8, one xT  

antenna configuration is considered for the uplink so the MIMO is only applied for the 

downlink direction. And for the uplink direction, the total capacity is calculated as 

 ,
2 , 2

1

log 1
Q

k qBW
SNR k q

q N

C
Q

βη η α
σ=

 
= + 

 
∑  (3.8) 

3.3 Bandwidth Efficiency Calculation 

The LTE Bandwidth efficiency BWη , is decreased by several issues which are described below 

3.3.1 Adjacent Channel Leakage Ratio (ACLR) Overheads 

The ACLR is a measure of transmitter performance for wideband networks, and it is defined 

as the ratio between the transmitted power and the power measured after a receiver filter in 

the adjacent radio-frequency channel [2]. Due to the constraints of ACLR, the bandwidth 

occupancy is increased. 

By considering the parameters for LTE downlink transmission scheme, the bandwidth 

efficiency due to ACLR, ACLRη , is calculated as 

 
( )1DL

SC

ACLR

N f

B
η

− ∆
=  (3.9) 

where DL
SCN  is the number of downlink data subcarriers,  f∆  is the subcarrier bandwidth and B 

is the transmission bandwidth [2]. Take a 5 MHz bandwidth channel for instance, it has 25 

resource blocks. Assume all the bandwidth is used for downlink transmission, so DL
SCN  = 300, 

and f∆ = 15 kHz in LTE, insert these values into (3.9) gives ACLRη = 0.897 ≈0.9. 

The ACLR requirement for the uplink is not as stringent as the downlink, so only the 

downlink ACLR’s influence to the bandwidth efficiency is considered in this thesis. 
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3.3.2  OFDM Symbol Structure with Cyclic Prefix Overheads  
Figure 3.1 illustrates how a cyclic prefix is inserted at the beginning of OFDM symbol with 
the time period cpT and uT  is the useful symbol time period. The total length of an OFDM 

symbol is thus the sum of cpT  and uT . So the bandwidth efficiency due to the cyclic prefix 

overhead, CPη  , should be considered.   

 
Figure 3.1: Structure of an OFDM symbol 

CPη  is calculated according to 

 1
DL DL

slot symb u symb u
CP

slot slot

T N T N T

T T
η

−
= − =  (3.10) 

slotT  is one time slot of an OFDM symbol and is equal to 0.5 ms. f∆ = 15 kHz is the 

subcarrier space in LTE and uT = 1/ f∆  ≈ 66.7 µs. The value of DL
symbN can befound in Table 2.3. 

For the Normal Cyclic Prefix, CPη  = 0.93 and for the Extended Cyclic Prefix, CPη = 0.80. 

These results are also applied for the UP direction in LTE.  

3.3.3 Reference Signals Overheads 

As mentioned before in Section 2.3.2, reference symbols are inserted into the OFDM/SC-

FDM transmission. The density of the reference symbols depends on the number of xT  

antennas used in the MIMO configuration as Figure 3.2 shows (one antenna, two antennas 

and four antennas configurations respectively),  
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Figure 3.2: Downlink Reference Signal structure with normal cyclic prefix [11]. 

So, the bandwidth efficiency _RS DLη caused by the reference symbol insertion using r xT  

antennas  is 

 _

4
1 1 1,2

21

2 4 2
1 1 3,4

42

RB DL
SC symb

RS DL

RB DL
SC symb

r r
r

N N

r r
r

N N

η

 − = − =
=  + + − = − =


 (3.11) 

where RB
SCN and DL

symbN are 12 subcarriers per resource block and 7 OFDM symbols per 

subcarrier [2]. 

For the uplink direction, a reference symbol is transmitted within the fourth symbol of each 

uplink slot, as illustrated in Figure 3.3. 



 

24 
 

 
Figure 3.3: Uplink Reference Signal structure with normal cyclic prefix [31] 

The bandwidth efficiency _RS ULη  can be calculated as 

 _

1
1 1 0.86

RB
SC

RS UL RB UL UL
SC symb symb

N

N N N
η = − = − ≈  (3.12) 

where RB
SCN and UL

symbN are 12 subcarriers per resource block and 7 OFDM symbols per 

subcarrier. 

3.3.4 Synchronization Signal Overheads 

Two synchronization signals (see Section 2.4) the Primary Synchronization Signal (PSS) and 

the Secondary Synchronization Signal (SSS) are used in the synchronization procedure for 

both Frequency Division Duplex (FDD) and (Time Division Duplex) TDD mode, as Figure 

3.4 and Figure 3.5 show. 
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Figure 3.4: PSS and SSS frame and slot structure in time domain in the FDD case[7] 

 
Figure 3.5: PSS and SSS frame and slot structure in time domain in the TDD case [7] 

In the frequency domain, the mapping of the PSS and SSS to subcarriers is illustrated in 

Figure 3.6: 
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Figure 3.6: PSS and SSS frame structure in frequency and time domain [7] 

From the figures above, the synchronization signals have four OFDM symbols per 10 ms 

Radio Frame for both FDD and TDD. The PSS and SSS are transmitted in the central six 

resource blocks enabling the frequency mapping of synchronization signals to be invariant 

with respect to the system bandwidth. The PSS and SSS are each comprised of a sequence of 

length 62 symbols and mapped to the central 62 subcarriers. Five resource elements at each 

extremity of each synchronization sequence are not used. So the bandwidth efficiency due to 

the synchronization signals overheads including the unused resource elements, _Sync DLη , is 

given by 

 _

4 6 6
1 1 6,15,25,50,75,100

20 35

RB
SC

Sync DL RB DL
SC symb

N
n

n N N n
η × ×= − = − =

× ×
 (3.13) 

Where DL
symbN =7 and n is the number of resource blocks for the bandwidths LTE supports. The 

mapping between the n and the bandwidths can be obtained from Table 2.2. 



 

27 
 

3.3.5 PBCH Overheads 

The PBCH is used to carry the Master Information Block and broadcast the system 

information to the whole network as described in Section 2.5.  

 

Figure 3.7: PBCH structure [5] 

The PBCH is transmitted within the first four OFDM symbols of the second slot of sub-frame 

0 and only over the 72 center subcarriers in each radio frame as can be seen in Figure 3.7, 

regardless of the actual system bandwidth. So the bandwidth efficiency due to the PBCH 

overheads, _BCH DLη , is therefore 

 _

72 4 6
1 1

20 35BCH DL RB DL
SC symbnN N n

η ×= − = −  (3.14) 

Where n (6,15,25,50,75,100) is the number of resource blocks for the used bandwidths. The 

mapping between n and the bandwidths can be obtained from Table 2.2. RB
SCN and DL

symbN are 12 

subcarriers per resource block and 7 OFDM symbols per subcarrier 

3.3.6 Random Access Preamble Overheads 

The first step of a Contention-based procedure is transmission of a random access preamble as 

Section 2.6 describes. The time-frequency resource on which the random access preamble is 

transmitted is known as the Physical Random Access Channel (PRACH). A sub-frame is 

reserved for preamble transmissions since the fundamental time unit for data transmission in 
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LTE is 1 ms. Within the reserved resources, the random-access preamble is transmitted, 

according to Figure 3.8. 

 
Figure 3.8: Principal illustration of random access preamble transmission [5] 

In the frequency domain, the random-access preamble has a bandwidth of six resource blocks 

(1.08 MHz). This exactly matches the smallest bandwidth in which LTE can operate, which is 

six resource blocks. So, the same random-access preamble structure can be used, regardless of 

the transmission bandwidth in the cell. For larger spectrum allocations, multiple random-

access resources can be defined in the frequency domain, providing an increased random-

access capacity. So the PRACH overheads depend on the operating bandwidth. In this thesis, 

we assume one random access preamble in every 10 ms radio frame. The bandwidth 

efficiency due to the PBCH overheads, _RAP ULη , is thus 

 _

6 2 3
1 1

20 5

RB UL
SC symb

RAP UL RB UL
SC symb

N N

nN N n
η

×
= − = −  (3.15) 

Where n (6,15,25,50,75,100) is the number of resource blocks for the used bandwidths. The 

mapping between the n and the bandwidths can be obtained from Table 2.2. 

3.3.7 L1/L2 Layer Control Signal Overheads 

To support the transmission of downlink and uplink transport channels, there is a need for 

certain associated downlink and uplink control signaling. This control signaling is often 

referred to as the downlink and uplink L1/L2 control signaling, indicating that the information 

partly originated from physical layer and MAC layer. 

In the downlink direction, the control signaling overheads are mainly related to the 

transmission of downlink transport channels, such as the Downlink Shared Channel (DL-SCH) 

transmission. The downlink L1/L2 control signaling is transmitted within the first part (up to 

three OFDM symbols) of each 1 ms sub-frame. The size of this control region, that is the 

number of OFDM symbols, can be dynamically adjusted to match the instantaneous traffic 

situation. The maximum overheads scenario is considered here. 3 OFDM symbols within one 
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sub-frame (1 ms) are occupied by the L1/L2 control signaling. By considering the overheads 

for the reference symbols which have been calculated before, the overheads redundancy is 

removed here, So the bandwidth efficiency is 

 1/ 2_

3
1 0.78 1,2,3,4

2 2

RB
SC

L L DL RB DL
SC symb

N
r

N N r
η = − ≈ =

−
 (3.16) 

where RB
SCN and DL

symbN are 12 subcarriers per resource block and 7 OFDM symbols per 

subcarrier and r is the number of xT  antennas. 

In the uplink direction, the L1/L2 control signaling overheads mainly occur in Physical 

Uplink Shared Channel (PUSCH) and Physical Uplink Control Channel (PUCCH). The first 

one carries the UL traffic data and the latter carries the uplink control information. In this 

thesis, for simplicity, only the L1/L2 control signaling overheads in the PUCCH are 

considered.  

 
Figure 3.9: Resource structure to be used for uplink L1/L2 control signaling on PUCCH [5] 

Figure 3.9 shows how one L1/L2 control signaling consists of 12 subcarriers (one resource 

block) in the upper part of the spectrum within the first slot of a sub-frame and an equal sized 

resource in the lower part of the spectrum during the second slot of the sub-frame or vice 

versa. So the bandwidth efficiency 1/ 2_L L ULη  depends on the transmission bandwidths and can 

be calculated according to 

 1/ 2_

2 1
1 1

2

RB UL
SC symb

L L UL RB UL
SC symb

N N

nN N n
η = − = −  (3.17) 

where n (6,15,25,50,75,100) is the number of resource blocks for the used bandwidths. The 

mapping between the n and the bandwidths can be obtained from Table 2.2. If more resources 

are needed for the uplink L1/L2 control signaling, for example in case of very large overall 

transmission bandwidth supporting a large number of users, the additional resource blocks can 
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be assigned next to the previously assigned resource blocks. Normally it occupies from 1 to 6 

resource blocks overheads [3]. 

3.3.8 Summary of the Bandwidth Efficiency 

The overheads calculated for the bandwidth efficiency from section 3.3.1 to section 3.3.3 

belongs to the link level efficiency. From section 3.3.4 to section 3.3.7, the system level 

overheads are considered.  

The total result for the LTE link-level and system-level bandwidth efficiency is: 

 _ _ _BW DL LIK ACLR CP RS DLη η η η= × ×  (3.18) 

 _ _ _ _ _ 1/ 2_BW DL SYS ACLR CP RS DL Sync DL BCH DL L L DLη η η η η η η= × × × × ×  (3.19) 

 _ _ _BW UL LIK CP RS ULη η η= ×  (3.20) 

 _ _ _ _ 1/ 2_BW UL SYS CP RS UL RAP UL L L ULη η η η η= × × ×  (3.21) 

_ _BW DL LIKη : Downlink link-level bandwidth efficiency. 

_ _BW DL SYSη : Downlink system-level bandwidth efficiency. 

_ _BW UL LIKη : Uplink link-level bandwidth efficiency 

_ _BW UL SYSη : Uplink system-level bandwidth efficiency 

As an example, let assume the system bandwidth is 10 MHz with the normal Cyclic Prefix 
and the results are listed in Table 3.1 for downlink and Table 3.2 for the uplink 

Bandwidth Efficiency 
Number of Tx antennas (r) 

1 2 3 4 

ACLRη  0.9 

CPη  0.93 

_RS DLη  0.95 0.90 0.89 0.86 

_Sync DLη  0.99 

_BCH DLη  0.99 

1/ 2_L L DLη  0.78 

_ _BW DL LIKη     0.80 0.76 0.75 0.72 

_ _BW DL SYSη  0.62 0.59 0.58 0.56 

Table 3.1: The Bandwidth Efficiency results for the DL with MIMO configuraiotn for LTE 
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Bandwidth  
Efficiency 

Result 

 CPη  0.93 

 _RS ULη  0.86 

 _RAP ULη  0.99 

 1/ 2_L L ULη  0.98 

 _ _BW UL LIKη  0.80 

 _ _BW UL SYSη  0.78 

Table 3.2: The Bandwidth Efficiency results for the UL for LTE 

3.4 SNR Efficiency Calculation 

Full SNR efficiency is not possible in LTE due to limited code block length which actually 

depends further on the link adaptation and scheduling. There are also restrictions to the 

maximum spectral efficiency from the supported modulation, coding and MIMO modes [17]. 

So it is much more difficult to model than the previous bandwidth efficiency approach. In this 

thesis, the curve fitting method to link-level simulation results from [22] is used to calculate 

the SNR efficiency. 

Transmission over the Additive White Gaussian Noise (AWGN) channel with a two-sided 

noise power spectral density (0N /2) with perfect Channel State Information (CSI) is assumed, 

when modeling the LTE channel is discussed hereafter. 

The SNR (symbolically S/N) is defined as the ratio between the average signal power and the 

average noise power. It can be calculated as [18] 

 
0

b b

w

RS

N N B

ε= ×  (3.22) 

where bε  is the energy required per bit of information, 0N  is the noise power density in Hertz, 

bR  is the information rate in bps and wB  is the system bandwidth.  

The b

w

R

B
 is the spectral efficiency of a modulation scheme and it is also called the throughput 

of given Modulation and Coding Scheme (MCS). The maximum spectral efficiency of a given 

MCS is the product of the code rate and the number of bits per modulation symbol. 

A given MCS requires a certain SNR to operate with an acceptably low Bit Error Rate (BER). 

An MCS with a higher throughput needs a higher SNR to operate. Adaptive Modulation and 
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Coding (AMC) works by choosing a suitable MCS from a code set (as shown in Table 3.3) to 

maximize throughput at that SNR [22].  

Consider the basic LTE physical layer parameters in Table 3.3: 

 

Table 3.3: LTE downlink physical layer parameters 

The spectral efficiency results are presented in Figure 3.10 as a function of the SNR and for 

the LTE MCS set in Table 3.3. 

 

Figure 3.10: Throughput of a set of Coding and Modulation Combinations in LTE [22] 

Figure 3.10 illustrates the Shannon bound, which represents the maximum theoretical 

throughput that can be achieved over an AWGN channel with a given SNR. 

The spectral efficiency can be approximated with an attenuated and truncated form of the 

Shannon bound as shown in Figure 3.11 
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Figure 3.11: Approximating AMC with an attenuated and truncated form of the Shannon Bound [22] 

The proposed function for the curve fitting on the base of the Bandwidth Efficiency BWη and 

SNR efficiency SNRη  is 
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where BWη  is the bandwidth efficiency parameter calculated in Table 3.1 for downlink and 

Table 3.2 for uplink. MINSNR is the minimum SNR of the code set. MAXSNR is the SNR at 

which maximum spectral efficiency, ( )maxb

w

R

B
 is reached. SNRη  is the SNR efficiency 

parameter . With the system simulation results from [22], SNRη  is calculated with different 

BWη in different MIMO schemes and the results are shown in the Table 3.4 for both downlink 

and uplink directions: 
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Downlink 

Number of Tx antennas  _ _BW DL LIKη   _ _SNR DL LIKη  

1 0.80 0.88 
2 0.76 0.97 
3 0.75 1.00 
4 0.72 1.09 

Uplink 
Number of Tx antennas  _ _BW UL LIKη   _ _SNR UL LIKη  

1 0.80 0.88 

Table 3.4: SNR efficiency for downlink and uplink in LTE 

3.5 Average Data Rate Calculation 

The modified Shannon capacity formula 3.6 is used in the thesis to predict the LTE link level 

efficiency. It depends on a number of important factors which are the radio channel, sub-

channel eigenvalues ,k qα , power allocation fraction ,k qβ . The most important two parameters 

system bandwidth efficiency BWη  and SNR efficiency SNRη  are calculated in the previous 

section 3.3 and 3.4. So the data rate for downlink and uplink with a particular SNR value and 

the bandwidth wB  can be calculated as 
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3.6 Peak Data Rate Calculation 

In this section, both the downlink and uplink peak data rate are calculated on the base of the 

3GPP standards [13]. In order to take into account of all overhead and exact Modulation 

Coding Scheme (MCS) and Transport Block Size (TBS) index, the following calculation 

algorithms are provided for achieving the LTE DL peak rates [3]. 

1. with one xT antenna port, one transport block is assumed, and it is mapped by one 

codeword. Search the "Table 7.1.7.2.1-1: Transport Block size table" in [13] with the 
methods described in step 2 but without multiplying two times as only one antenna is 
considered. 

2. with two xT  antenna ports and rank 2 transmissions, we have 2 codewords with one 

Transport Block per codeword, each being mapped to 1 layer. For example, if the 

Bandwidth is 10 MHz and it owns 50 physical resource blocks ( PRBN ), you can get the 

mapping between bandwidth and PRBN  from the Table 2.2. Search the Table 7.1.7.2.1-1 
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in [13] with the PRBN  = 50. You can find that there are in total 27 rows with TBSI  from 0 

to 26. Please refer to the “Table 7.1.7.1-1: Modulation and TBS index table for PDSCH” 

in [13], there is a mapping between MCS and TBSI . mQ  = 2, 4, 6 stands for QPSK, 

16QAM and 64QAM. Choosing TBSI  = 26 means that 64QAM is applied correspondingly. 

With the highest 26TBSI = , the transport block size is 36696 bits per codeword with 

64QAM modulation in Table 7.1.7.2.1-1. So the peak rate is 2 x 36696 / 1ms = 73392 
kbits/sec with 64QAM modulation.  

3. with four xT  antenna ports and rank 4 transmissions, we have 2 codewords with one 

transport block per codeword, each being mapped to 2 layers (as Figure 2.1.3 shows). 
The 2 layer TBS index are obtained from "Table 7.1.7.2.2-1: One-layer to two-layer TBS 
translation table" in [13]. For example, if the Bandwidth is 10 MHz and with 50 physical 

resource blocks (PRBs), PRBN  belongs to the interval [1, 55], so the highest TBS for the 2 

layers can be obtained at [ 2 PRBN× ] in Table 7.1.7.2.1-1 and the TBS is 75376 bits with 

64QAM modulation. So the peak rate is 2x75376 = 150752 / 1ms = 150752 kbits/sec 
with 64QAM. If the Bandwidth is 15 MHz with 75 resource blocks, then TBS=55056 bits 
with 64QAM from Table 7.1.7.2.1-1 and use the mapping relationship defined in Table 
7.1.7.2.2-1 so the final results is 110136 x 2 / 1ms = 220272 kbits/sec. 

Table 3.5 shows the theoretical LTE Downlink peak data rate calculated with the algorithm 
above. 

MIMO Schemas Modulation  

LTE Downlink Peak Rates (kbits/sec) 

1.4 MHz 3 MHz 5 MHz 10 MHz 15 MHz 20 MHZ 

6 15 25 50 75 100 

1 X 1 QPSK 936 2344 4008 7992 11832 15840 

1 X 1 16 QAM 1800 4584 7736 15264 22920 30576 

1 X 1 64 QAM 4392 11064 18336 36696 55056 75376 

2 X 2 QPSK 1872 4688 8016 15984 23664 31680 

2 X 2 16 QAM 3600 9168 15472 30528 45840 61152 

2 X 2 64 QAM 8784 22128 36672 73392 110112 150752 

4 X 4 QPSK 3728 9552 15984 31680 47376 63408 

4 X 4 16 QAM 7248 18288 30528 61152 90704 123328 

4 X 4 64 QAM 17520 44304 73392 150752 220272 299552 

Table 3.5: Theoretical LTE Downlink peak data rate 

The same algorithm applies for the Uplink peak data rate calculation. As the MIMO is not 

used in the uplink direction in 3GPP Release 8, one xT  antenna configuration is considered 

for the uplink and the 64 QAM is optional for the Uplink. The results are shown in Table 3.6. 
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Modulation  

LTE Uplink Peak Rates (kbits/sec) 

1.4 MHz 3 MHz 5 MHz 10 MHz 15 MHz 20 MHZ 

6 15 25 50 75 100 

QPSK 936 2344 4008 7992 11832 15840 

16 QAM 1800 4584 7736 15264 22920 30576 

64 QAM 4392 11064 18336 36696 55056 75376 

Table 3.6: Theoretical LTE Uplink peak data rate 

The original LTE target was peak data rates of 100 Mbps in downlink and 50 Mbps in uplink, 

which are clearly met with the 3GPP Release 8 physical layer. 

3.7 Subscriber Number Estimation  

This section presents how to convert the cell throughput values to the maximum number of 

broadband subscribers. The downlink subscriber number here refer to the maximum number 

of subscribers who use the network simultaneously. A data rate based approach [6] is used as 

Figure 3.12 illustrates 

 

Figure 3.12: Data Rate Based Approach for Subscriber Number Calculation [6] 

The Cell Capacity is the average data rates which have been calculated in Section 3.5. Since 

only some of the subscribers are downloading data simultaneously, the Overbooking Factor, 
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also called contention ratio is applied here which indicates the number of users sharing the 

same data capacity at the same time. It is an experience-based value and usually set to 20. The 

lower the contention ratio the higher the quality of service is. Busy Hour (BH) is the hour 

during a 24-hour time frame that has the greatest number of calls. 50% is set as the default 

value and it can be changed by the operator. To the required user data rate, according to 3GPP 

Release 8, five terminal categories with different bit rate capabilities are defined as Table 3.7 

shows 

 

Table 3.7: Terminal Categories in LTE[14] 

Further terminal categories may be defined in later 3GPP release. The initial LTE deployment 

phase is expected to have terminal categories 2, 3, 4 available providing downlink data rates 

up to 150 Mbps and supporting 2 x 2 MIMO. 

So the subscriber number subN  can be calculated as 

 

sec

cap BH
sub

sub
tor

factor

C L
N

R
N

O

×
=

×
 (3.26) 
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Where capC  is the cell capacity, BHL  is the busy hour average loading, subR  is the required 

user data rate, factorO  is the Overbooking factor, _HR userA  is the average busy hour data rate per 

subscriber and is equal to  /sub factorR O  and sectorN  is the number of sectors per site. 

An example to calculate the maximum downlink subscriber number in a three-sector cell, 

with the cell capacity 35 Mbps and the Terminal Category 1 chosen, is ((35 x 50% ) / (10/20)) 

x 3 =  105.  

3.8 Coverage Analysis  

Coverage analysis gives an estimation of the resources needed to provide service in the 

deployment area with the given system parameters. In this section, the radio link budget is 

explained and the cell radius of a particular LTE sector is calculated based on the propagation 

models. 

A link budget is the accounting of all of the gains and losses from the transmitter, through the 

medium (propagation loss, cable loss, antenn agains etc,) to the receiver in a radio system. A 

link budget equation in the wireless channel is 

 Rx Tx Tx Rx Tx RxP P G G L L PM PL= + + − − + −  (3.27) 

Where the RxP  is the received power (dBm). TxP  is the transmitter output power (dBm). TxG  is 

the transmitter antenna gain (dBi). RxG  is the receiver antenna gain (dBi). TxL  and RxL  are the 

cable and other losses on the transmitter and receiver side (dB), respectively. PM is the 

Planning Margin and PL is the path loss (dB). A planning margin of 10 – 25 dB is added to 

account for the required received signal allowance for fading, prediction errors and additional 

losses.  

In order to calculate the maximum coverage, the minimum received power RxP  is considered. 

In LTE, The Reference Sensitivity Level is the minimum mean received signal strength 

applied to both antenna ports at which there is sufficient SINR for the specified modulation 

scheme to meet a minimum throughput requirement of 95% of the maximum possible [7]. It is 

measured with the transmitter operating at full power.  

Reference Sensitivity (REFSENS) [7] is a range of values that can be calculated as 

 dREFSENS kTB NF SINR IM G= + + + −  (3.28) 

In LTE specifications the thermal noise density, kT, is defined to be -174 dBm/Hz where k is 

Boltzmann’s constant (1.380662 x 2310− ) and T is the temperature of the receiver (assumed to 
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be 15�C). kTB represents the Thermal Noise Level in a specified noise bandwidth B, where B 

= RBN × 180 kHz in LTE and RBN  is the number of RBs and 180 kHz is the bandwidth of 

one RB. The kTB can be calculated as 

 ( ) ( ) ( )10 1010log 180 174 / 10log 180RB RBkTB KT N kHz dBm Hz N kHz= + × = − + ×  (3.29) 

The NF is a measure of the degradation of the SINR caused by components in the RF signal 

chain. LTE defines a NF requirement of 9 dB for the UE. SINR is the signal to interference 

plus noise requirement for the chosen modulation and coding scheme. Typical assumptions [7] 

for the SINR values for different MCS are given in Table 3.8. IM is the implementation 

margin to account for the difference in SINR requirement between theory and practicable 

implementation. dG  is the diversity gain and 3 dB is used as an example in this thesis. The 

value of dG  depends on the specific implementation and the propagation conditions. 

 

Table 3.8: Downlink SINR requirements [7] 

The REFSENS values in WRAP are editable to describe specific manufacturer equipment 

performance. After the REFSENS is calculated, the Path Loss (PL) in formula 3.27 can be 

figured out. With this path loss and a particular propagation model, the cell radius can be 
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calculated. A radio propagation model is a mathematical formulation for the characterization 

of radio wave propagation as a function of frequency, distance and other conditions. There are 

several propagation models such as the Free Space Loss model, Longley-Rice for Terrain 

models, Okumura–Hata for City models, etc. Take the simple one Free Space Loss model 

which is ideal and only takes into consideration distance and frequency for instance 

 ( ) ( )10 1032.45 20log 20logFSPL f d= + +  (3.30) 

Where the FSPL  is the path loss in dB, f is the carrier frequency in MHz and d is the cell 

radius in kilometer. From this formula, the cell radius can be calculated as: 

 

32.45

2010
FSPL

d
f

− 
 
 

=  (3.31) 

So the coverage area of one sector in LTE can be calculated as : 

 
2d

Area
numberOfSector

π=  (3.32) 

4 Frequency Planning 

3GPP defines minimum Radio Frequency (RF) performance requirements for terminals (UE) 

and for base stations (eNodeB). These performance requirements are an essential part of the 

LTE standard as they facilitate a consistent and predictable system performance in a multi-

vendor environment [6]. In this section, the frequency resource allocation of LTE is firstly 

introduced and then a powerful and widely-used frequency planning scheme in LTE is 

introduced and some further discussions are made for this scheme.   

4.1 Frequency Allocation in LTE 

LTE is defined for a wide range of different frequency bands, in each of which one or more 

independent carriers may be operated. Table 4.1 gives details of the frequency bands for FDD 

and TDD operation in LTE respectively. 
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Table 4.1: LTE frequency bands [6] 

There are currently 17 bands defined for FDD and 8 bands for TDD. Whenever possible, the 

RF requirements for FDD and TDD have been kept identical to maximize the commonality 

between the duplex modes. 

All of these bands are available in each of the world’s regions. Table 4.2 for instance 

illustrates the typical deployment areas for the different FDD variants. 
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Table 4.2 Usage of the frequency variants within the world’s regions [6] 

4.2 Frequency Planning Method 

The Radio Frequency (RF) Planning has the challenges in practical transceiver design because 

of the air interface being a shared resource among multiple RF carriers, each with their own 

assigned spectrum. The RF transmitter must not only generate a clean signal within the 

assigned spectrum, but also to keep inter-carrier interference (ICI) within acceptable levels. 

The RF receiver must demodulate the wanted signal reliably and reject the interference from 

neighboring carriers. The base station scheduler can do similar things in real time by 

analyzing the interference situation. ICI mitigation is always a big challenge in cellular 

systems. In this section, the Soft Frequency Reuse (SFR) scheme is presented which can be 

regarded as a powerful algorithm that greatly reduces the ICI of systems with OFDMA 

transmission. 

4.2.1 Basic Principle 

It is known that effective reuse of resources in a cellular system can highly enhance the 

system capacity. With a smaller Frequency Reuse Factor (FRF), more available bandwidth 

can be obtained by each cell [15]. Consider a broadband wireless network with OFDMA 

where each cell is divided into three sectors. The frequency allocation algorithm is illustrated 

in Figure 4.1. 
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Figure 4.1: Concept of SFR scheme in a cellular system [16] 

The basic idea of the SFR scheme is to apply FRF of 1 to the Cell Center User (CCU) such as 

the UE 12, UE 22 and UE 32 in Figure 4.2 and Cell Edge User (CEU) such as UE 11, UE 21 

and UE 31 in Figure 4.2. 

As illustrated in Figure 4.1, simply one third of the whole available bandwidth named Major 

Subchannel can be used by CEUs, and on these major subchannels, packets are sent with 

higher power and the FRF is 3 for CEUs (Why FRF=3 is chosen is further discussed in 

Section 4.2.2). The frequency assigned in the major subchannel among directly neighboring 

cells should be orthogonal so that the ICI from the neighboring cells to those users can be 

alleviated. The CCUs can access the entire frequency resource with lower transmission power 

in the normal subchannels. 
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Figure 4.2: Soft Frequency Reuse Scheme in an OFDMA system [15] 

4.2.2 Reuse Factor Analysis 

In a wireless cellular communication system, the signal to interference and noise ratio (SINR) 

can be generally described as 

 
int int

rx

ra cell er cell n

P
SINR

P P P− −

=
+ +

 (4.1) 

Where the rxP  is the received power of the expected user signal, the int ra cellP −  is the inner cell 

interference power, the int er cellP −  is other cell interference power and the nP  is the white noise 

power. We assume the intra-cell interference is eliminated in this thesis and the SINR can be 

simplified as 
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int _

rx

n
er cell

P
SINR

P
P

reuse factor−

=
+

 (4.2) 

In case of flat fading channel, according to the Shannon’s theorem, the channel capacity can 

be expressed as: 

 ( )2log 1
_

W
C SINR

reuse factor
= +  (4.3) 

Where W is the Channel Bandwidth. 

A simulation result of (4.3) above is illustrated in Figure 4.3 

 
Figure 4.3: SINR at the cell edge [15] 
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Figure 4.4: Channel Capacity at the cell edge [15] 

As illustrated in Figure 4.4, smaller reuse factor corresponds to larger available bandwidth for 

each cell and low signal to interference (SIR) due to co-channel interference. On the contrary, 

larger reuse factor corresponds to smaller available bandwidth and higher SIR. After the reuse 

factor exceeds 3, the channel capacity at the cell edge decreases at a relatively slow rate and 

remains above the channel capacity of reuse factor 1 and 2. This is the reason why the reuse 

factor is set 3 for the SFR. 

4.2.3 Power allocation in SFR 

As Section 4.2.1 presents, the CCUs use lower transmission power than the CEUs. The power 

allocation for each type of users can be calculated as: 

 ( )
3

1 2CCU

S P P
P

T Sα α
×= =

− × + +
  (4.4) 

 CEU CCUP Pα= ×  (4.5) 

Where S is the total number of subcarriers and is three times of T. T stands for the available 

subcarriers for CEUs, P is the uniform transmit power on each subcarrier in a reuse-1 system 

and α  is the power ratio of a subcarrier used by a CEU to a CCU. α  = 1, the SFR is a reuse-

1 system and when the α → ∞ , the SFR changes to be a reuse-3 system. 

When the high traffic happens at the cell edge, the resue factor increases to get a high cell 

edge bit rate (α  increases). On the contrary, when the traffic is mainly located at the inner 

part of the cell, the reuse factor decreases (α  decreases). 
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Since SFR mechanism is controlled by the Base Station, which applies the scheme 

automatically including dividing the subcarriers set to mobiles in an adaptive, low-

interference way. It is therefore not required to implement the algorithm in the WRAP 

software. 

5 Results and Analysis 

The capacity calculation and coverage estimation are implemented on the base of WRAP 

software platform. In this section, an example is illustrated by applying the capacity and 

coverage algorithms. 

5.1 Capacity Calculation 

The LTE physical layer parameters are from Table 3.3, a channel bandwidth of 10 MHz is 

used with 2 x 2 MIMO configuration for the downlink. The Okumura-Hata propagation 

model is applied for the coverage calculation. 

An LTE Base Station is created by using the WRAP software and the setup parameters of 

transmitter and receiver (FDD mode) are illustrated as 

 
Figure 5.1: Parameters Setting for the LTE Transmitter 
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Figure 5.2: Parameters Setting for the LTE Receiver 

The frequency assigned to the LTE Transmitter is for the donwlink and the fequency assigned 

to the LTE Receiver is for the uplink. 

The REFSENS is calculated for different MCS configurations on the base of the SINR values 

from Table 3.8. Normally the values are edited to represent the performance of specific 

equipment. 

Modulation Code Rate kTB(dBm) NF(dB) IM(dB) SINR(dB) SINR+IM(dB) REFSENS(dBm) 

QPSk 

1/8 

– 104.5 9 

2.5 

– 5.1 – 2.6 – 101.1 

1/5 – 2.9 – 0.4 – 98.9 

1/4 – 1.7 0.8 – 97.7 

1/3 – 1 1.5 – 97 

1/2 2 4.5 – 94 

2/3 4.3 6.8 – 91.7 

4/5 6.2 8.7 – 89.8 

16 QAM 

1/2 

3 

7.9 10.9 – 87.6 

2/3 11.3 14.3 – 84.2 

4/5 12.8 15.8 – 82.7 

64 QAM 

2/3 

4 

15.3 19.3 – 79.2 

3/4 17.5 21.5 – 77 

4/5 18.6 22.6 – 75.9 

Table 5.1: REFSENS values for different modulation configurations with the Bandwidth of 10 MHz 
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As discussed in section 2.7 about the AMC, different modulation schemes with combination 

of different coding rates are used based on customer demand and its distance from the base 

station. The higher code rate for the modulation schema, the higher data rate is achieved. In 

order to consider the modulation changes in the data transmission, a modulation distribution 

(Take reference from WiMax [24]) is illustrated in the Table 5.2 below to estimate the 

average data rate. Percentages (weight) for each modulation and coding rates are assumed in 

this thesis and operators can modify these weights according to the realistic network situation. 

Modulation Code Rate Weight in total Weight 

QPSk 

1/8 

10 % 

1 % 

1/5 1.5 % 

1/4 1.5 % 

1/3 1.5 % 

1/2 1.5 % 

2/3 1.5 % 

4/5 1.5 % 

16 QAM 

1/2 

10 % 

3 % 

2/3 3 % 

4/5 4 % 

64 QAM 

2/3 

80 % 

26 % 

3/4 26 % 

4/5 28 % 

Table 5.2: Modulation Distribution[24] 

To the modulation QPSK, with different coding rate, the data rates for both downlink and 

uplink by using the formula 3.24 and 3.25 are 

Modulation Coding Rate DL Data Rate (kbps) UL Data Rate (kbps) 

QPSK 

1/8 263.30 125.79 

1/5 435.26 208.02 

1/4 571.99 273.44 

1/3 670.51 320.61 

1/2 1318.09 631.09 

2/3 2193.61 1052.14 

4/5 3310.32 1591.25 

Table 5.3: Data Rate for QPSK in 10 MHz bandwidth  
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Figure 5.3: Data Rate for QPSK with different coding rate for DL in LTE 

Figure 5.3 shows the data rate for the QPSK modulation. With the coding rate of 4/5, the 

maximum downlink data rate is 3310.32 kbps and the maximum uplink data rate is 1591.25 

kbps which are smaller than the theoretical downlink peak data rate and uplink peak data rate 

of the QPSK modulation with 2 X 2 MIMO configuration in Table 3.5. 

The same calculation applied for other modulations and the results are 
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Modulation Coding Rate DL Data Rate (kbps) UL Data Rate (kbps) 

QPSK 

1/8 263.30 125.79 

1/5 435.26 208.02 

1/4 571.99 273.44 

1/3 670.51 320.61 

1/2 1318.09 631.09 

2/3 2193.61 1052.14 

4/5 3310.32 1591.25 

16QAM 

1/2 5248.70 2532.25 

2/3 10191.56 4958.90 

4/5 13320.08 6512.47 

64QAM 

2/3 23126.64 11452.07 

3/4 30967.55 15458.89 

4/5 35292.67 17684.94 

Table 5.4: Data Rate for different Modulations in 10 MHz bandwidth with 2 x 2 MIMO 

The target for downlink peak data-rate requirements is 100 Mbit/s when operating in 20 MHz 
spectrum allocation [5]. With the 4 x 4 MIMO configuration, the downlink data rate by the 64 
QAM modulation in 20 MHz bandwidth reaches 97877.32 kpbs from the calculation above. 
To get the final average data rate, the data rate for each modulation above is multiplied with 
the percentage value in Table 5.2. The downlink average data rate for the 2 x 2 MIMO is 
25072.58 kbps after the calculation. For different MIMO configurations, the downlink 
average data rates are 

MIMO Configuration Average Downlink Data Rate(kbps) 

1x1 12496.27 

2x2 25072.58 

3x3 37741.07 

4x4 50616.19 

Table 5.5: Downlink Average Data Rate in 10 MHz bandwidth for different MIMO Configurations  

5.2 Coverage Calculation 

Okumura-Hata propagation model is applied in this example. There are four Hata models: 

Open, Suburban, Small City and Large City. It is used in the frequency range from 500 MHz 

to 2000 MHz and the basic formula for Hata Path Loss is [32]: 

( ) ( ) ( ) ( ) ( )10 10 10 1069.55 26.16log 13.82log 44.9 6.55log loghata MHz b m b kmL f h a h h d K= + − − + − −   (4.6) 

Where the hataL  is the Path Loss, MHzf  is the frequency in MHz, bh  is the height of the base 

station in meters, mh  is the mobile antenna height in meters. ( )ma h  and K is environmental 

characteristics as described in Table 5.6 
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Table 5.6: Okumura-Hata environmental parameters [32] 

So the range kmd  can be calculated as: 

 

( ) ( ) ( )
( )

10 10

10

69.55 26.16log 13.82log

44.9 6.55log10
hata MHz b m

b

L f h a h K

h

kmd

 − − + + +
  − =  (4.7) 

In this example, according to the formula 3.27, TxP  = 46 dBm, TxG  = 9 dbi, RxG  = 9 dbi, TxL = 

2 db, RxL  = 0 db and PM = 0 db. The average RxP  = -82.6 dBm, MHzf  = 2140 MHz, bh  = 30 m, 

mh  = 1.5 m, the maximum distance can be calculate as: 

Hata Models Range (meter) 

Open 13504 

Suburban 3555 

Small City 1571 

Large City 1725 

Table 5.7: Coverage range of Okumura-Hata propagation model 

5.3 WRAP Capacity Evaluator 

After the LTE system capacity and coverage are determined, the WRAP LTE traffic capacity 

planning tool can be used to find the best server within the desired area and to calculate the 

traffic capacity performance of each base station/sector. The LTE capacity evaluation tool 

includes five different types of subscribers (applications). It uses the traffic map tool and 

subscriber tool with different subscribers as shown in Figure 5.4. Gaussian (in circular areas) 
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or uniform distribution of subscribers can be used in the desired area. Subscriber densities can 

also be defined as properties of the terrain classifications (clutter codes).  

 
Figure 5.4: WRAP Traffic Map Tool 

After setting the corresponding parameters for the subscriber types and geographical 

distribution, the results for each base station are presented by the WRAP capacity evaluator in 

Figure 5.5. It shows the type and number of different subscribers supported by each base 

station. 
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Figure 5.5: WRAP LTE Capacity Evaluation Results 

The best server allocation map is generated by the WRAP software automatically as 

illustrated in Figure 5.6. A different color identifies the best covered area by each base station. 
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Figure 5.6: Best Server Map for LTE network with Longley-Rice Propagation Model 

With the WRAP’s Traffic Capacity tool, we can adjust and improve the best server network 

above by for instance balancing the traffic between base stations, adjusting the transmitter 

power, changing the base station antenna or even change the locations of the base stations, etc. 

to achieve the appropriate performance of the sectors.    

6 Conclusions and Future Work 

With the multiple new technologies, LTE is well positioned to meet the requirements of next-

generation mobile network from both the users and the operators. LTE is destined to provide 

greatly improved user experience, delivery of new revenue generating mobile services and 

will remain a strong advantage to other wireless technologies in the next decade. It will also 

enable the operators to offer higher performance, mass-market mobile broadcast services, 

through a combination of high bit-rates and system throughput with low latency in both 

uplink and downlink directions.  

In this thesis, the capacity of the LTE network is depicted with the indicators of average 

transmission data rate, peak transmission data rate and the subscriber’s numbers supported by 

the system. The coverage of the LTE system is also calculated on the base of Base Station 

parameters and different propagation models. One of the frequency allocation schemes of 

LTE, SFR, is also described to mitigate the inter-carrier interference (ICI). This work gives a 

macroscopic dimension and valuable estimation of the LTE system. The theoretical work will 

later be implemented in WRAP software and by using WRAP’s capacity calculation and 

evaluation tools the estimation and optimization of an LTE network can be performed. 
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As the thesis is based on 3GPP LTE standards Release 8, the MIMO technology for the uplink 

is not applied during the system capacity calculations. When using the data rate based 

approach to estimate the subscriber numbers, only terminal categories 2, 3, 4 are available in 

the initial LTE deployment phase,. Further terminal categories will be added in the later 3GPP 

release. Release 9 of the 3GPP LTE standards is under development, and new features and 

requirements will be added for the later version and LTE advanced phase which provides 

room for improvements. Models proposed in this thesis can be further developed and 

enhanced by considering these updates and give a more comprehensive and accurate 

estimation for the LTE network. 



 

57 
 

References 

[1] 3GPP TS 36.101: "Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment (UE) radio 

transmission and reception". version 8.7.0 Release 8, 2009 

[2] Vieira, P., Queluz, P., Rodrigues. "A. LTE spectral efficiency using spatial multiplexing MIMO for 

macro-cells". 2008 IEEE Signal Processing and Communication Systems, 2nd International 

Conference 2008 

[3] Dongzhe Cui. "LTE peak rates analysis".  Wireless and Optical Communications Conference, 2009. 

[4] Rohde& Schwarz. 2007 “UMTS Long Term Evolution (LTE) Technologies Introduction”. 

http://imperia.mi-verlag.de/imperia/md/upload/article/426.pdf, May 2010 

[5] Erik Dahlman, Stefan Parkvall, Johan Skold. "3G evolution: HSPA and LTE for mobile Broadband". 

second edition. Elsevier Academic Press, 2008 

[6] Harri Holma, Antti Toskala. "LTE for UMTS - OFDMA and SC-FDMA Based Radio Access". John 

Wiley and Sons, 2009 

[7] Stefania Sesia, Issam Toufik, Matthew Baker. "LTE, The UMTS Long Term Evolution: From Theory 

to Practice". John Wiley and Sons, 2009 

[8] Gilberto Berardinelli, Luis Angel, Simone Frattasi, etc. "OFDMA vs. SC-FDMA: Performance 

comparison in local area IMT-A Scenarios". IEEE Wireless Communications, October 2008 

[9] Jim Zyren. "Overview of the 3GPP Long Term Evolution Physical Layer".  

http://www.freescale.com/files/wireless_comm/doc/white_paper/3GPPEVOLUTIONWP.pdf May 

2010 

[10] 3GPP TS 36.101: "Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment (UE) radio 

transmission and reception". version 8.7.0 Release 8, 2009 

[11] 3GPP TS 36.211: "Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Channels and 

Modulation". version 8.8.0 Release 8, 2009 

[12] Vieira P., Queluz M.P., Rodrigues A. “MIMO antenna array impact on channel capacity for a 

realistic macro-cellular urban environment”. 68th IEEE Vehicular Technology Conference Fall 

2008 Calgary, Canada, September 2008. 

[13] 3GPP TS 36.213: "Evolved Universal Terrestrial Radio Access (E-UTRA); Physical layer procedures". 

version 8.8.0 Release 8, 2009 

[14] 3GPP TS 36.306: "Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment (UE) radio 

access capabilities". version 8.2.0 Release 8, 2008 

[15] 3GPP TSG RAN WG1 Meeting#41, R1-050507, Huawei, "Soft Frequency Reuse Scheme for UTRAN 

LTE". May 2005 

[16] Zheng Xie, Bernhard Walke. "Enhanced Fractional Frequency Reuse to Increase Cpacity of OFDMA 

System". 2009 IEEE New Technologies, Mobility and Security (NTMS), 2009 3rd International 

Conference 

[17] Mogensen P., Wei Na., Kovacs I.Z., Frederiksen F., Pokhariyal A., Pedersen K.I., Kolding T., Hugl K., 

Kuusela M.. "LTE Capacity Compared to the Shannon Bound". IEEE 65th Vehicular Technology 

Conference 2007, pages 1234–1238, April 2007 

[18] Jim Zyren, AI Petrick. "Tutorial on Basic Link Budget Analysis". Application Note, June 1998. 

http://sss-mag.com/pdf/an9804.pdf May 2010 

[19] Benedetto S., Biglieri E. "Principles of Digital Transmission with Wireless Application". Kluwer 

Academic, Plenum Publiser, New York, 1999 

[20] Jacobus Hendricus van Lint. “Introduction to coding theory”. Springer, 1999 

[21] Graham Wade. "Signal coding and processing". Cambridge University Press, 1994 

[22] 3GPP TR 36.942: "Evolved Universal Terrestrial Radio Access (E-UTRA); Radio Frequency (RF) 

system scenarios". version 8.2.0 Release 8, 2009 

[23] Hannes Ekström, Anders Furuskär, Jonas Karlsson, Michael Meyer, Stefan Parkvall, Johan Torsner 

and Mattias Wahlqvist. "Technical Solution for the 3G Long-Term Evolution". IEEE 

Communications Magazine, March 2006 

[24] Amir Masoud AhmadZadeh. "Capacity and Cell-Range Estimation for Multitraffic Users in Mobile 

WiMax". University college of Borås Sweden, 6-Nov-2008 



 

58 
 

[25] Moray Rumney BSc, C. Eng, MIET "3GPP LTE: Introducing Single-Carrier FDMA". 

http://cp.literature.agilent.com/litweb/pdf/5989-7898EN.pdf, May 2010 

[26] Ericsson, "LTE – an introduction". 

http://squiz.informatm.com/__data/assets/pdf_file/0006/190527/lte_overview_Ericsson.pdf, 

May 2010 

[27]  Shi Min. "An Introduction to MIMO Technology" Advanced Course in Digital Communication 

2007 in Ohtsuki Lab. http://www.sasase.ics.keio.ac.jp/jugyo/2007/MIMO.pdf, May 2010 

[28] Schindler Schulz. "Introduction to MIMO". Rohde& Schwarz. 2009  

http://www.docstoc.com/docs/9242769/Introduction-to-MIMO-Application-Note, May 2010 

[29] Global Mobile Suppiers Association (GSA). ”Evolution to LTE – an overview”. Feb 2010 

http://www.scribd.com/doc/27759757/Evolution-to-LTE-an-Overview-February-2010 May  2010 

[30] "3G LTE Tutorial – 3GPP Long Term Evolution". Radio-Electronics.com http://www.radio-

electronics.com/info/cellulartelecomms/lte-long-term-evolution/3g-lte-basics.php May 2010 

[31] Hyung G.Myung. "Technical Overview of 3GPP LTE". May 18, 2008 

http://hgmyung.googlepages.com/3gppLTE.pdf, May  2010 

[32] Walter Debus "RF Path Loss & Transmission Distance Calculations". August 4, 2006 

http://www.axonn.com/pdf/path-loss-calculations.pdf May 2010 

[33] J. Dabrowski. "Radioelectronics". LiU-Tryck, 2009 


