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ABSTRACT
This thesis is divided into five chapters. The first chapter evaluates and compares both
LTE and LTE Advanced uplink layer performances. Therefore, the structure of previously
described LTE Advanced transmitter and receiver with all signal processing stages are
implemented in MATLAB. Different channel estimation and signal detection techniques
to recover the transmitted signal are used. The results are presented in terms of Bit Error
Rate (BER) and throughput performance curves. The second chapter suggests fractional
frequency reuse with three power levels technique to be used as a type of Advanced in-
terference mitigation method. The normalized capacity densities of the cells and their
regions with three different cases of user distribution inside the cells are considered. The
correlation between the overall capacity and the radius of each region is presented. The
achieved results of the proposed scheme are compared with traditional frequency reuse
(Reuse-3) technique. The third chapter provides a research about another method of
interference mitigation. The verification of cooperative spectrum sensing methods us-
ing four different real channel conditions is conducted. Indoor-indoor, indoor–outdoor,
outdoor-indoor, and outdoor-outdoor environments are taken into consideration. The
defined system is tested using the Universal Software Radio Peripheral devices. Two
types of detectors; the energy detector and the Kolmogorov-Smirnov-based statistical
detector have been implemented at the receiver for signal sensing evaluation. One of the
main requirements of D2D communication is quick and good channel impulse response
characteristics knowledge. Therefore, the fourth chapter presents the proposed frequency
domain Zadoff-Chu sounding as an alternative technique of channel sounding. Using the
proposed method, the basic channel characteristics like Root Mean Square (RMS) delay
spread, mean excess delay, path loss and coherence bandwidth are extracted in (20x)
shorter time period compared to the continuous wave method. The channel character-
istics of an outdoor long range static channel campaign for both ultra-high and super
high frequency bands with co-polarized horizontal and vertical antenna configurations
are also investigated.The fifth chapter concludes the dissertation.
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INTRODUCTION
LTE has been designed to support only packet switched services, in contrast to the
circuit-switched model of previous cellular systems. Specifically, data rate require-
ments have been increased. In order to support advanced services and applications,
100 Mbps for high and 1 Gbps for low mobility scenarios must be implemented [1, 2].
In September 2009, 3rd Generation Partnership Project (3GPP) Partners made
a formal submission to the ITU proposing that LTE Release 10 and beyond should
be evaluated as a candidate for IMT-Advanced [1]. This release provides best-in-
class performance attributes such as peak and sustained data rates and correspond-
ing spectral efficiencies, capacity, latency, overall network complexity and quality
of service (QOS) management. One of the major advantages of LTE Advanced is
its backward compatibility[1], that means, LTE devices can work in LTE Advanced
and LTE Advanced devices can operate in LTE as well.

One of the most promising methods of communication is D2D communication
[3]. D2D communication gives different devices the ability to create a direct wireless
link between them. Realization of D2D communication is a step forward to reduce
the communication delay and increase the network capacity [4]. Both the unlicensed
and licensed spectrum can be occupied by D2D users. Therefore, two types of bands
are implemented for D2D communication. In outband, D2D does not share the fre-
quencies with a cellular network. This type of communication has an advantage
of interference absence between the D2D users and cellular users. However, D2D
users should have two interfaces in order to support cellular communication simul-
taneously with D2D communication. Inband D2D operates on a licensed cellular
spectrum. The operating inband is divided into underlay D2D communication where
both the cellular and D2D user share the same frequencies and overlay when each
of the above mentioned kind of users has its own dedicated frequency band.

This study will conduct underlay D2D communication as it is a more spectrum
efficient method. The main focus of D2D communication underlaying cellular net-
works is ensuring minimum interference between these two technologies. There are
several key mechanisms for mitigating interference among the cellular and D2D
communication users. Some of these mechanisms are mode selection, distributed
resource allocation, power control, and cooperative communication. Channel mea-
surements are also an important factor in order to achieve high capacity and through-
put in any communication system. These measurements should be accurate and fast
enough in order to support not only stationary devices but mainly mobile ones. The
receiver measurements should obtain full band channel information by integrating
the sounding sequences over time and frequency, and applying advanced methods of
channel estimation, equalization, demodulation and decoding.
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This dissertation is divided into several chapters. The first chapter gives an
overview of the different radio channels. It also presents the different channel estima-
tion and signal detection techniques which can be used in the LTE Advanced system.
Then the basic structure of the uplink demodulation reference signals (DMRSs) in
LTE and LTE Advanced are depicted. After presenting a complete picture of the
LTE and LTE Advanced system (transmitter, channel, receiver, channel estima-
tion, signal detection techniques and the reference signal which can be used in this
process), the modified version of the Vienna LTE Advanced uplink level MATLAB
code simulator is depicted. The performance results of the LTE Advanced system
are presented and compared with the achieved results in LTE. The second chapter
describes the interference management method in the LTE Advanced system. This
study can be considered as the first step for an underlaying D2D communication
realization. Fractional Frequency Reuse with Three Power Levels is studied and
suggested as a suitable method for the LTE Advanced system. Capacity results
of Fractional Frequency Reuse with Three Power Levels will be presented and dis-
cussed. Device to device communication is one of the features of LTE Advanced
technology. Cognitive Radio is a topic which has attracted lots of interest from
researchers recently; it is a promising technology that could play a strong role in
future communication systems. The results of Cooperative Spectrum Sensing for
D2D communication are depicted in the third chapter. The measurements are done
for different signals using the LTE Advanced spectrum. Finally the fourth chapter
presents the proposed method of channel sounding for D2D communication. This
method is compared with a frequency sounding method. The proposed method is
tested using different indoor real channels. The proposed method provides quicker
and more efficient channel measurements which can be used in D2D time-varying
channels. The channel measurement campaign of outdoor long-range environments
and the sounder systems for ultra-high frequency (UHF) and super-high frequency
(SHF) bands is also described. The channel measurement results are captured for
Line-of-sight (LOS) and Non-line-of-sight (NLOS) outdoor environments with dif-
ferent polarization combinations. Based on channel measurement results, the RMS
delay spread, the path loss, the channel frequency response variation, and the co-
herence bandwidth are analyzed. The fifth chapter concludes the dissertation.
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AIMS OF THE THESIS
The dissertation describes the physical layer of LTE Advanced and Device to Device
communication suitability. As mentioned above, D2D communication is promising
technology which can be used for capacity and throughput increment of cellular
networks. However, implementation of D2D communication into LTE Advanced
systems causes huge interference. In order to mitigate interference, more improved
methods of channel measuring and interference cancellation should be proposed.
Therefore, several researches are conducted. The results could be summarized as:

• LTE Advanced uplink link level evaluation. In order to perform the evalua-
tion, several modifications are applied on both the transmitter and receiver of
previously developed LTE systems. Moreover, the modifications include two
extra processes: layer mapping and precoding. In addition, MIMO technology
with various system settings is involved. The demodulation reference signal
is also generated and employed. The effects of these modifications and its
dependency on BER and throughput are explored. All these modifications
considerably improved LTE Advanced performance in the case of BER and
throughput values. The motivation of this part was to implement an uplink
layer of the LTE Advanced system which could be used for testing in further
researches.

• Fractional Frequency Reuse (FFR) with three power levels method is sug-
gested to be used as a co-channel interference (CCI) coordination and avoid-
ance method. It implements multiple power levels and uses the whole available
bandwidth in each cell. The optimized capacity densities of the cells and their
regions are evaluated. Three different cases of user distribution, uniform, and
non-uniform (non-uniform distributions with clustering to the BS and the edge
of the cell), are considered. This study was conducted in order to suggest new
methods of interference cancellation which can be used in future D2D commu-
nication.

• Interference mitigation using the cooperative spectrum sensing method is also
evaluated. This system is built to insure the effectiveness of using coopera-
tive sensing approach in D2D communication. One transmitter and two re-
ceivers are implemented. Two types of detectors, the energy detector and the
Kolmogorov-Smirnov-based statistical detector, have been scripted at the re-
ceivers for the signal sensing evaluation. This model allows different signals
to be transmitted. The signals are processed using Universal Software Radio
Peripheral (USRP) devices to insure the effectiveness of the model in a real
channel environment.

• Frequency domain Zadoff-Chu sounding technique is proposed. It depends on
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the most important sequence (Zadoff-Chu) as a part of the uplink layer of
LTE Advanced systems. The proposed technique can be used for both indoor
and outdoor channel measurements. The carrier frequency of the transmitted
Zadoff-Chu sequence is swept across the whole measured bandwidth. This
approach can be considered as an improved way of channel sounding in vehicle
channels for D2D communication. The proposed method provides quicker and
more efficient channel measurements. The technique is tested using different
real channel conditions between the transmitter and receiver (LOS, NLOS).
RMS delay spread, mean excess delay, coherence bandwidth and path loss are
extracted for a real channel environment.

• The ability of deploying D2D communication underlay 5G network in the
wideband long-range static channel for both UHF and SHF bands, as a part
of 5G NR frequency band allocation, is tested. Both LOS microcell and NLOS
macrocell measurements are involved. For a microcell LOS environment (with
315 m distance), the channel frequency response variation, path loss, and RMS
delay spread distribution in the case of vertical and horizontal polarizations
for both 1.3 GHz and 5.8 GHz center frequencies are provided. In the case
of macrocell NLOS environments (with 2.089, 4.11, and 5.429 km distances),
in addition to all previous mentioned parameters, distance dependence of the
path loss and the RMS delay spread are analyzed. RMS delay spread depen-
dence of the coherence bandwidth is also investigated

By considering all of the above mentioned points, the dissertation covers the key
mechanisms of D2D communications underlay LTE Advanced network functionality
and provides several proposed methods to improve D2D performance. These mech-
anisms are interference cancellation, cooperative communications, accurate and fast
channel estimation.
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CHAPTER 1. PHYSICAL UPLINK LAYER OF THE LTE ADVANCED SYSTEM

1 PHYSICAL UPLINK LAYER OF THE LTE
ADVANCED SYSTEM

The main contributions of this chapter are described in the following few points:
• Test the ability of the LTE Advanced 2×2 uplink physical layer implementation

and its evaluation using different channel models, and channel estimation and
signal detection techniques.

• Bit Error Rate and throughput evaluations by considering fading channels
(Flat Rayleigh, pedestrian A (Ped A) and vehicular A (Veh A)), modula-
tions (64QAM, 16QAM, and 4QAM), channel estimation (least square (LS)
and approximate linear minimum mean square error (ALMMSE)) and signal
detection techniques (zero forcing (ZF) and soft sphere detection (SSD)).

As an output, the achieved results of performance evaluation in terms of the BER
and throughput are depicted. The performances of the LTE Advanced system us-
ing the different combinations of channel estimation and signal detection (LS_ZF,
ALMMSE_ZF, LS_SSD, or ALMMSE_SSD) in different channel models (Flat
Rayleigh and Ped A, Veh A) are compared. The performance values of both Rayleigh
and Ped A, are approximately the same when Signal to Noise Ratio (SNR) is lower
than 28 dB for Channel Quality Indicator (CQI) = 15, lower than 25 dB for CQI = 9
and lower than 17 dB for CQI = 6. It can be observed that in the case of CQI = 15,
the lowest BER and the highest throughput are achieved using the combination of
ALMMSE and SSD for all studied channels (Flat Rayleigh, Ped A and Veh A). LTE
Advanced uplink with (2x2) MIMO outperforms LTE uplink throughput by 98%
in Flat Rayleigh and a percentage decrease up to 45% for a more complex channel
(Veh A). The throughput improvements are achieved for SNR values greater than
24 dB, 34 dB, 14 dB, and 9dB for Flat Rayleigh/Ped A with 64QAM modulation,
VehA with 64QAM modulation, Flat Rayleigh/Ped A with 16QAM modulation, and
Flat Rayleigh/Ped A with 4QAM modulation settings, respectively. More detailed
results are presented in this chapter.

1.1 Channel Estimation and Signal Detection
In this section, slow fading channels (Block fading) are considered. These kinds of
channels keep the same value of attenuation during the whole subframe. Therefore,
ITU-R channel models like Flat Rayleigh, Ped A, and Veh A are presented.
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CHAPTER 1. PHYSICAL UPLINK LAYER OF THE LTE ADVANCED SYSTEM

1.1.1 Least Square

The LS channel estimation is the simplest technique of channel estimation char-
acterized by low complexity. It estimates the channel response by computing the
division between received and transmitted symbols. The drawback of this approach
is that the estimated symbols suffer from a high mean square error. This algorithm
minimizes

⃦⃦⃦
𝑋.𝐻𝑒𝑠𝑡 − 𝑌

⃦⃦⃦2
which describes the distance between the received signal

before and after the estimation. 𝑌 is a frequency domain received pilot signal; 𝑋 is
a frequency-domain transmitted pilot signal; 𝐻𝑒𝑠𝑡 is a frequency domain estimated
channel matrix. After proving this condition, the LS obtained channel estimation
algorithm is based on Eq. 1.1 [5]:

𝐻𝑒𝑠𝑡 = 𝐻𝐿𝑆 = (𝑋𝐻 .𝑋)−1.𝑋𝐻 .𝑌 (1.1)

1.1.2 Approximate Linear Minimum Mean Square Error

The ALMMSE estimator gives better results than the LS estimator regarding mean
square error. The advantage of this technique is better performance of MIMO sys-
tems in low SNR environments. This technique gives less complexity than LMMSE
and approximately the same performance. One of the ways used for reducing
LMMSE complexity is to reduce the size of the correlation matrix 𝑅ℎ𝑝,ℎ𝑝 . This
can be achieved by dividing the channel vector into 𝑀 sub-vectors of length 𝐿

(𝑀 = 𝑁/𝐿, where 𝐿 << 𝑁 and 𝑁 is the length of the channel vector). More
information about ALMMSE can be found in [6, 7]. However, ALMMSE estimation
is more complex than the LS technique. For the case of the block-type pilot chan-
nel estimation 𝑅ℎ𝑝,ℎ𝑝 = 𝑅ℎ,ℎ𝑝 , the ALMMSE channel estimation algorithm can be
calculated based on Eq. 1.2.

𝐻𝑒𝑠𝑡 = 𝐻𝐴𝐿𝑀𝑀𝑆𝐸 = 𝑅ℎ𝑝,ℎ𝑝(𝑅ℎ𝑝,ℎ𝑝 + 𝜎2
𝑤

4 .𝐼)−1.𝐻𝐿𝑆 (1.2)

1.1.3 Zero Forcing

Zero forcing (ZF) detection is the simplest signal detection technique. The detection
matrix 𝐺 is given by the pseudo-inverse of 𝐻𝑒𝑠𝑡. The disadvantage of this technique
is that it does not take into account the correlation of the transmitter (user equip-
ment) and the receiver (eNodeB), so it has the highest error calculation. It cannot
totally remove inter-stream interference. ZF is less complex compared to the other
techniques. More information about ZF can be found in [8].
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CHAPTER 1. PHYSICAL UPLINK LAYER OF THE LTE ADVANCED SYSTEM

1.1.4 Soft Sphere Detection

Soft Sphere Detection (SSD): The main goal behind the SSD algorithm is to reduce
the number of candidate symbol vectors during the codeword search. It is more
complex than ZF, but it gives better performance results. More information about
SSD can be found in [9] [10] [11]

1.2 Testbed Description
The system was implemented by modifying the LTE uplink link level simulator
developed at the Institute of Communications and Radio Frequency Engineering
(INTH- FT), the Vienna University of Technology [12]. The LTE uplink link level
simulator is a one layer simulator. The transmitter generates the data for given
CQIs [13, 14] SNR and the number of subframes. CQI is an indication of channel
quality experienced by cellular users. Each CQI value of all sixteen combinations
represents the corresponding modulation scheme and coding rate. It gives us two
kinds of information which are related to modulation order (4QAM, 16QAM, or
64QAM) and Effective Code Rate (ECR).

In this case, a thousand data subframes were generated to get more accurate
simulation results. This data is transmitted over the above described radio chan-
nel models. In the receiver, channel estimation and signal detection take place to
retrieve the original transmitted signal. Then the signal is decoded to generate an
acknowledgment (ACK/NACKs) that is sent back to the transmitter. In the origi-
nal LTE uplink link level simulator [15], perfect channel knowledge is exploited and
zeros are used instead of reference signals.

The modified version [16, 17] has the same basic structure of LTE uplink link
level simulation. Several modifications were made to support the new features of
LTE advanced. These modifications can be clearly described in both the transmitter
and receiver. In the transmitter, two codewords instead of one were generated. Then
two additional stages (layer mapper and pre-coding) were implemented to deal with
two streams and two layers and receives the signal more efficiently. Afterwards, de-
modulation reference signals for LTE Advanced were generated. All features of the
DMRS signal were taken into consideration. In the receiver, the reverse functions
of the transmitter stages take place. Moreover, estimation and detection techniques
were modified to allow the application of (2x2) MIMO. Furthermore, LTE Advanced
uplink performance in terms of UE throughput is presented. In this system [16, 17]
two estimators (LS and MMSE) and detection techniques (ZF and SSD) were em-
ployed. Different combinations of channel estimation and signal detection techniques
were applied to compare the performance of (2x2) MIMO and single input single
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Fig. 1.1: Bit Error Ratio curves using 64QAM modulation in different channels.
Source: author.

output (SISO) systems. In order to verify the performance of the LTE Advanced
system, different CQIs were used.

1.3 Results and Discussion
Figures 1.1 shows BER results for different channel models. In other words, the
figure describes the BER for Flat Rayleigh, Ped A and Veh A channels, respectively.
These results are compared to uplink results presented in [15] and shown on the
same figure. When the performances of the LTE Advanced system in three previous
channels is compared, it can be distinguished that the best results are achieved in the
Flat Rayleigh channel which is not such a realistic channel. The vehicular channel
and pedestrian channel is more realistic but the performance is worse. The perfor-
mance of the LTE Advanced system can be improved in pedestrian and vehicular
channels using more complex channel estimation and signal detection techniques.
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Fig. 1.2: Throughput curves with 64QAM modulation in different channels. Source:
author.

Figure 1.2 presents the throughput performance results as a function of SNR for
the CQI = 15 and thus 64QAM modulation. The ALMMSE estimator shows slightly
better performance than the LS estimator especially for lower SNR conditions (below
24 dB). This SNR value also delimits the usefulness of the (2x2) MIMO modes in
comparison with the SISO system.
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CHAPTER 2. INTERFERENCE MANAGEMENT IN LTE ADVANCED

2 INTERFERENCE MANAGEMENT IN LTE
ADVANCED

One of the main important factors that affects the throughput performance in cel-
lular system is Inter-cell Interference (ICI) [18]. To mitigate ICI, many frequency
reuse schemes have been proposed. These schemes adopt frequency reuse as a key
issue for optimizing the use of the spectral resource. They can be classified into
three categories which include co-channel interference (CCI) cancellation [19], CCI
randomization [20] and CCI coordination and avoidance [21, 22, 23].

The main contributions of this chapter are described in the following two points:
• The Fractional Frequency Reuse (FFR) with three power levels method is

suggested to be used as a CCI coordination and avoidance method for LTE
Advanced systems. The normalized capacity densities of the cells and their
regions are also derived.

• The relation between the overall and region capacities and the radius of each
region are studied. Three different cases of user distribution (uniform distri-
bution (UD), clustering to the base station (CBS) and clustering to the cell
edge (CCE)) are considered.

As an output, the proposed scheme outperforms the results of the traditional Reuse-3
scheme. According to the presented capacity values and user density of the proposed
method, the best radius of each region can be determined. This means that we are
dealing with adaptive cells which are able to change the power of their regions
depending on the users’ spread density.

2.1 ICI Coordination
This category consists of many different techniques which are ranged from conven-
tional frequency reuse (CFR) (reuse−1 and reuse−3) to more efficient and complex
techniques.

2.1.1 Conventional Frequency Reuse

CFR is the simplest scheme of frequency reuse. When the Frequency Reuse Factor
(FRF) equals 1 [24], the frequency spectrum is reused in each sector with uniform
power over the entire system bandwidth. This type of Frequency Reuse (FR) suffers
from heavy interference from the neighboring cells. In order to decrease interference,
a CFR with FRF=3 [24] was suggested. In this case, the bandwidth is divided
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CHAPTER 2. INTERFERENCE MANAGEMENT IN LTE ADVANCED

into 3 sub-bands; each of them is assigned to a cell. This scheme improves inter-
cell interference, however, it suffers from inefficient use of the bandwidth and large
capacity loss.

2.1.2 Fractional Frequency Reuse

This group consists of two schemes. The main idea is dividing the cell into two
main regions, the cell-center region and cell-edge region. Each region has its own
combination of frequencies. One of these schemes is Soft Frequency Reuse (SFR)
which has been explained in [25, 26]. Another technique is Partial Frequency Reuse
(PFR) which has been presented in [25, 27]. These schemes split the bandwidth
into two parts: the full reuse part and partial reuse part. These two sub-bands use
different FRFs. The full reuse part uses FRF=1 for all cells in the network. Whereas
the partial reuse part is allocated to the cell edge users and uses FRF= 3.

2.2 Testbed Description

2.2.1 Fractional Frequency Reuse with Three Power Levels

Fractional Frequency Reuse with three power levels differs from other techniques
by working with multiple power levels. In this technique, the cell capacity density
depends on cell design. Figure 2.1 depicts the cell cluster model which consists of
a cell in the center and six neighbors around it. The base stations (BSs) are located
in the middle of each cell, offering coverage over a regular hexagon. 𝐵𝑆0 is the base
station of the center cell (Cell 0). Whereas 𝐵𝑆𝑘 is the base station for one of the
six neighboring cells, depending on the value of index 𝑘; 𝑘 = 1, 2, ...6.

The base station is equipped with three Omni direction antennas. The distance
between any two adjacent BS’s is 2𝑑 with 𝑑 = 0.5

√
3𝑅. The total available band-

width in each cell 𝐵𝑡𝑜𝑡 is split into three bandwidths, the interior band 𝐵𝑖𝑛𝑡, the
medium band 𝐵𝑚𝑒𝑑 and the edge (outer) band 𝐵𝑜𝑢𝑡 which are clarified in Fig. 2.1.
All bands are reused with a low reuse factor 1. However, they are covered by
transmitting signals with different powers 𝑃1, 𝑃2, and 𝑃3, respectively. In order
to calculate the overall cell capacity using Shannon’s formula [28], the signal-to-
interference-plus-noise ratio (SINR) expression for each cell region is educed. By
considering that the base station 𝐵𝑆0 which is serving the studied cell (Cell 0) is
trying to communicate with User Equipment (UE), the SINR for the three regions
can be calculated according to Eq. 2.1 [28].

𝑆𝐼𝑁𝑅 = 𝑃𝑟

𝑃𝑖𝑛𝑡𝑟𝑎,𝑐𝑒𝑙𝑙 + 𝑃𝑖𝑛𝑡𝑒𝑟,𝑐𝑒𝑙𝑙 + 𝑁0
(2.1)
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Fig. 2.1: principles of FFR with three level control. Source: author.

where 𝑃𝑟 is the received power, 𝑃𝑖𝑛𝑡𝑟𝑎,𝑐𝑒𝑙𝑙 is the interference caused by the same cell
users. 𝑃𝑖𝑛𝑡𝑒𝑟,𝑐𝑒𝑙𝑙 is the interference caused by the neighboring cell users. 𝑁0 is the
noise spectral density. Since this research is dealing with LTE OFDMA [29], the
intra-cell interference equals 0. Therefore, the SINR value can be defined in Eq. 2.2:

𝑆𝐼𝑁𝑅 = 𝑃𝑟

𝑃𝑖𝑛𝑡𝑒𝑟,𝑐𝑒𝑙𝑙 + 𝑁0
(2.2)

In order to calculate the received power and the interference which is caused by the
neighboring cell users, the path loss model should be chosen. In this research, the
Free Space Path Loss (FSPL) model [27, 30] is used. The received power density
from the user can be described in Eq. 2.3[27].

𝑃𝑟 = 𝑝𝐿(𝑟) (2.3)
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where 𝑝 is the power spectral density which is given as the ratio of the total power
and the total bandwidth 𝑝 = 𝑃𝑡𝑜𝑡/𝐵𝑡𝑜𝑡. 𝐿(𝑟) denotes the loss indicated by the FSPL
path loss model.

𝐿(𝑟) = 𝐿0

𝑟𝑛
(2.4)

where 𝑛 is the path loss exponent which varies depending on the environment, cell
size and the frequency reuse distance. In rural environments with large cell size and
frequency reuse distance, the path loss exponent takes values between 2 and 3. In
urban environments with small cell size and reuse distance, the path loss exponent
takes values between 3 and 4. More information about the path loss model depending
on cell size and reuse distance can be found in [31]. Since, the urban environment
is considered, a value between 3 and 4 of the path loss exponent can be used. 𝐿0 is
given by the following expression:

𝐿0 =
(︃

𝜈

4𝜋𝑓

)︃2

(2.5)

where 𝜈 is the velocity of light in free space and 𝑓 is the center carrier frequency.
The proposed model contains three discussed cases of UE position (interior,

medium and edge (outer)). Therefore, three cases of SINR will be formulated. The
first position can be achieved when UE(𝑋, 𝑌 ) is located in the interior area at the
distance 𝑟 =

√︁
(𝑋2 + 𝑌 2) from the cell center. It receives on a chosen frequency,

a useful signal from 𝐵𝑆0, an additive white Gaussian noise as well as interference
from other BS’s which are transmitting on the same frequency. Therefore, UE in
the interior region of the center cell is interfered by the signal of the medium area of
the first, third and fifth neighboring cells and the outer region of the second, fourth
and sixth cells. In this case, the SINR can be presented using Eq. 2.6.

Γ1(𝑋, 𝑌 ) = 𝑝1𝐿0/𝑟𝛼

𝑁0 +∑︀𝑛
𝑘=2𝑚−1 𝑝2𝐿0/𝑟𝛼

𝑘 +∑︀𝑛
𝑘=2𝑚 𝑝3𝐿0/𝑟𝛼

𝑘

(2.6)

where 𝑟𝑘, (𝑘 = 2𝑚−1 or 𝑘 = 2𝑚, 𝑚 = 1, 2, 3) are the distances between the UE and
the base station of the first, third and fifth or second, fourth and sixth neighboring
cells, respectively. To simplify the calculations, the Cartesian coordinates (𝑋, 𝑌 )
are normalized to the cell radius 𝑅 and denoted by (𝑥, 𝑦). So the average SINR
with normalized coordinates is given by Eq. 2.7.

𝛾1(𝑥, 𝑦) = Γ𝑒,𝑖𝑛𝑡

(𝑥2 + 𝑦2)𝛼/2[1 + Γ𝑒,𝑚𝑒𝑑𝑆𝑜𝑑𝑑(𝑥, 𝑦) + Γ𝑒,𝑜𝑢𝑡𝑆𝑒𝑣𝑒𝑛(𝑥, 𝑦)] (2.7)

where Γ𝑒,𝑖𝑛𝑡, Γ𝑒,𝑚𝑒𝑑 and Γ𝑒,𝑖𝑛𝑡 are the edge region Signal to Noise ratios (SNRs)
(without considering interference) caused by three levels of power and defined by
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Eq. 2.8.

Γ𝑒,𝑖𝑛𝑡 = 𝑝1𝐿

𝑁0𝑅𝛼
, Γ𝑒,𝑚𝑒𝑑 = 𝑝2𝐿

𝑁0𝑅𝛼
, Γ𝑒,𝑜𝑢𝑡 = 𝑝3𝐿

𝑁0𝑅𝛼
, (2.8)

The sum of the path loss distances 𝑟𝑘 from the first, third and fifth and from the
second, fourth and sixth neighboring cells are denoted by 𝑆𝑜𝑑𝑑(𝑥, 𝑦) and 𝑆𝑒𝑣𝑒𝑛(𝑥, 𝑦),
respectively and calculated using Eq. 2.9.

𝑆𝑜𝑑𝑑(𝑥, 𝑦) = [(𝑥 −
√

3)2 + 𝑦2]−𝛼/2 + [(𝑥 +
√

3
2 )2 + (𝑦 + 3

2)2]−𝛼/2

+ [(𝑥 +
√

3
2 )2 + (𝑦 − 3

2)2]−𝛼/2

𝑆𝑒𝑣𝑒𝑛(𝑥, 𝑦) = [(𝑥 +
√

3)2 + 𝑦2]−𝛼/2 + [(𝑥 −
√

3
2 )2 + (𝑦 − 3

2)2]−𝛼/2

+ [(𝑥 −
√

3
2 )2 + (𝑦 + 3

2)2]−𝛼/2

(2.9)

Therefore, three cases of SINR can be concluded in the following general equation
Eq. 2.10

𝛾𝛽(𝑥, 𝑦) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Γ𝑒,𝑖𝑛𝑡

(𝑥2+𝑦2)𝛼/2[1+Γ𝑒,𝑚𝑒𝑑𝑆𝑜𝑑𝑑(𝑥,𝑦)+Γ𝑒,𝑜𝑢𝑡𝑆𝑒𝑣𝑒𝑛(𝑥,𝑦)] (𝑥, 𝑦) ∈ 𝐼𝑛𝑡𝑒𝑟𝑖𝑜𝑟 − 𝐴𝑟𝑒𝑎

Γ𝑒,𝑚𝑒𝑑

(𝑥2+𝑦2)𝛼/2[1+Γ𝑒,𝑜𝑢𝑡𝑆𝑜𝑑𝑑(𝑥,𝑦)+Γ𝑒,𝑖𝑛𝑡𝑆𝑒𝑣𝑒𝑛(𝑥,𝑦)] (𝑥, 𝑦) ∈ 𝑀𝑒𝑑𝑖𝑢𝑚 − 𝐴𝑟𝑒𝑎

Γ𝑒,𝑜𝑢𝑡

(𝑥2+𝑦2)𝛼/2[1+Γ𝑒,𝑖𝑛𝑡𝑆𝑜𝑑𝑑(𝑥,𝑦)+Γ𝑒,𝑚𝑒𝑑𝑆𝑒𝑣𝑒𝑛(𝑥,𝑦)] (𝑥, 𝑦) ∈ 𝐸𝑑𝑔𝑒 − 𝐴𝑟𝑒𝑎

(2.10)
In order to simplify the equations, the research assumes that the frequency reuse

partitioning boundaries of the interior and medium areas take a circular shape,
therefore 𝛽1(𝜃) = 𝜌1 and 𝛽2(𝜃) = 𝜌2 for all 𝜃. By considering a circular cell boundary
of radius R and defining 𝑥 = 𝑟, 𝑦 = 0 (polar coordinates with 𝜃 = 0), where 𝑟 and 𝜌

are normalized to 𝑅, the SINR for the three regions can be simplified and presented
in Eq. 2.11.

𝛾𝜌(𝑟) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Γ𝑒,𝑖𝑛𝑡

𝑟𝛼[1+Γ𝑒,𝑚𝑒𝑑𝑆𝑜𝑑𝑑(𝑟)+Γ𝑒,𝑜𝑢𝑡𝑆𝑒𝑣𝑒𝑛(𝑟)] 0 < 𝑟 ≤ 𝜌1

Γ𝑒,𝑚𝑒𝑑

𝑟𝛼[1+Γ𝑒,𝑜𝑢𝑡𝑆𝑜𝑑𝑑(𝑟)+Γ𝑒,𝑖𝑛𝑡𝑆𝑒𝑣𝑒𝑛(𝑟)] 𝜌1 < 𝑟 ≤ 𝜌2

Γ𝑒,𝑜𝑢𝑡

𝑟𝛼[1+Γ𝑒,𝑖𝑛𝑡𝑆𝑜𝑑𝑑(𝑟)+Γ𝑒,𝑚𝑒𝑑𝑆𝑒𝑣𝑒𝑛(𝑟)] 𝜌2 < 𝑟 ≤ 1

(2.11)

where 𝑆𝑜𝑑𝑑(𝑥, 𝑦) = 𝑆𝑜𝑑𝑑(𝑟) and 𝑆𝑒𝑣𝑒𝑛(𝑥, 𝑦) = 𝑆𝑒𝑣𝑒𝑛(𝑟) are defined in Eq. 2.12.

𝑠𝑜𝑑𝑑(𝑟) = (𝑟 −
√

3)−𝛼 + 2[(𝑟 +
√

3
2 )2 + 9

4]−𝛼/2

𝑠𝑒𝑣𝑒𝑛(𝑟) = (𝑟 +
√

3)−𝛼 + 2[(𝑟 −
√

3
2 )2 + 9

4]−𝛼/2
(2.12)
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According to all above, the capacity density of the center cell (or any other cell) can
be written as an aggregation of the capacity density of the three cells’ areas.

𝑐𝑐𝑒𝑙𝑙(𝑟) = 𝑐𝑖𝑛𝑡(𝑟) + 𝑐𝑚𝑒𝑑(𝑟) + 𝑐𝑜𝑢𝑡(𝑟) (2.13)

2.3 Setup and Results
The results are demonstrated on this particular setup: number of users 𝑁 = 6000
distributed over the cell with radius 𝑅 = 250 𝑚. Without losing generality, the
results are evaluated for the center cell 𝐵𝑆0, while the six neighbor cells serve as
the interferers. Three different types of distribution are taken into consideration;
uniform distribution (UD), clustering to the base station (CBS) and clustering to the
cell edge (CCE). More information can be found in the full version of the dissertation.

frequency reuse second paratitioning radius
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Fig. 2.2: Normalized per-user capacity to the total bandwidth in the medium and
the outer regions for uniformly distributed users (UD). Source: author.

The blue curves of Fig. 2.2, Fig. 2.3 and Fig. 2.4 depict the per-user capacity
in the medium region for uniform distribution, clustering to the base station and
clustering to the cell edge, respectively. It can be observed that the medium region is
affected by changing the interior and medium radiuses of the neighbor cells Fig. 2.1.
Due to this fact, by increasing the radius of the interior region, in other words, by
increasing the power 𝑃1, the interference caused by the interior region of the neighbor
cells will be increased so per-user capacity of the medium region of the studied cell
will be decreased. That’s what happens when 𝑟𝑖𝑛𝑡 is between 0 − 0.4, 0 − 0.15,
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and 0 − 0.45 for UD, CCB, CCE, respectively. This impact happens because the
number of users rarely changes compared with the increasing interference from the
surrounding cells. This effect is expounded by the low density of users near the cell
center. In order to cancel this effect, the number of users inside the cell should be
significantly raised. That led to markedly increasing user density all over the cell. It
is also clear, that this effect becomes smaller in the case of CCB comparing with UD
and CCE. However, when 𝑟𝑖𝑛𝑡 increases more than the previous mentioned ranges,
the capacity of the medium area also increases. This happens because increasing
𝑟𝑖𝑛𝑡 increases the number of users in the interior region so the number of users in
the medium region decreases. On the other hand, by increasing 𝑟𝑚𝑒𝑑, the number
of users of the studied medium region and the interference from the outer region of
previous mentioned cells increase, therefore, per-user capacity in the medium region
decreases.

Fig. 2.3: Normalized per-user capacity to the total bandwidth in the medium and
the outer regions for non-uniform distribution (clustering to the base station, CBS).
Source: author.

The red curves of Fig.2.2, Fig.2.3 and Fig.2.4 present the per-user capacity in the
outer region of the studied cell in the case of UD, CCB, and CCE, respectively. It can
be observed that increasing 𝑟𝑖𝑛𝑡 negatively affects the capacity results. That happens
because increasing 𝑟𝑖𝑛𝑡 increases the power of the interior region 𝑃1. Increasing the
power 𝑃1, in turn, increases the interference on the outer region of the studied cell.
However, increasing the radius of the medium region 𝑟𝑚𝑒𝑑 increases the number of
uniformly distributed users which are placed in the medium area, so the number
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Fig. 2.4: Normalized per-user capacity to the total bandwidth in the medium and
the outer regions for non-uniform distribution (clustering to the cell edge, CCE).
Source: author.

of users in the outer area decreases. By decreasing the number of users inside the
outer region, we are increasing the per-user capacity. It can also be distinguished
that the interference caused by the medium region of the neighbor cells is negligible
compared with the effects of the user number decreasing. From these figures, it can
be concluded that per-user capacity of the medium and outer regions are inversely
proportional to each other. This fact can help us to determine the best 𝑟𝑖𝑛𝑡 and 𝑟𝑚𝑒𝑑

to achieve approximately the same per-user capacity in both regions or prioritize
one region over another. Also, it should mentioned that choosing the best 𝑟𝑖𝑛𝑡

and 𝑟𝑚𝑒𝑑 not only depends on the highest achieved per-user capacity but also on
the number of users inside each region. Note that in Fig. 2.2 and Fig. 2.3, the
capacity curves for both the medium and outer regions (blue and red curves) are
separated by the value of 0.0001 bit per second per user per hertz. In Fig. 2.4 the
separation is 0.0003 bit per second per user per hertz for the medium region (blue)
and 0.0001 bit per second per user per hertz for the outer region (red).
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3 COOPERATIVE SPECTRUM SENSING FOR
D2D COMMUNICATION

In this chapter a brief evaluation of the cooperative spectrum sensing methods is pre-
sented. Three merging rules (OR, AND, MAJORITY) [32] are used. This happened
by applying both energy detection (ED) and Kolmogorov-Smirnov (KS) tests. The
evaluation is achieved by testing a transmitter (TX)-receiver (RX) system not only
with different transmitted signals but also with various channel models. The imple-
mented system is tested in real channel conditions (indoor-indoor, indoor-outdoor,
outdoor-indoor and outdoor-outdoor) using Universal Software Radio Peripheral
(USRP) devices. The achieved results are described as a correlation between prob-
abilities of detection and false alarm of D2D users. Therefore, in the case where
probability of false alarm is equal to 10%, the probability of detection by apply-
ing cooperative sensing rules are increased by up to 30% compared with sensing by
individuals. The percentage increase depends on the transmitted signal, detection
technique and the applied cooperate sensing rule. It can also be observed that coop-
erative sensing of real channels with the AND rule give better results than with the
OR rule, whereas the MAJORITY rule outperforms both the OR and the AND rules.
Therefore, in the case of 10% probability of false alarm, the detection probabilities
reach 90%, 97%, and almost 100% for the OR, the AND, and the MAJORITY rules,
respectively.

3.1 Energy Detector
The simplest and the most common method of spectrum sensing is the energy de-
tector. Moreover, sensing devices do not need any knowledge of the primary user
(PU) signals. In order to make a decision about the presence or absence of a signal,
a predefined threshold 𝛾 , which varies depending on the noise variance 𝜎2

𝑛, is used.
This threshold is compared with the test statistic 𝑇 (𝑟) that can be defined either
in the time or frequency domain. In the time domain, test statistics are based on
Neyman-Pearson criterion and given in Eq. 3.1 [33].

𝑇 (𝑟) = 1
𝑁

𝑁∑︁
𝑛=1

(𝑟(𝑛))2 (3.1)

where 𝑁 presents the number of samples used for detection. 𝑟(𝑛) is the received
signal by SU. For the frequency domain, the energy detector principle is based on
measuring the power 𝑃 (𝑓) of the signal at the output of a band pass filter with
bandwidth 𝐵𝑊 using, for example, the periodogram method [33].
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3.2 Kolmogorov-Smirnov Test
The KS test checks the accordance between the empirical (measured) and the theo-
retical distribution functions, whereas the distribution parameters of the theoretical
distribution are known in advance. The null hypothesis 𝐻0 (the absence of the PU
transmitted signal) is assumed to be valid when the empirical and theoretical prob-
ability distributions are not statistically significantly different and the alternative
hypothesis 𝐻1 (the presence of the PU transmitted signal) is assumed when these
distributions are significantly different. Firstly, the empirical cumulative distribu-
tion function (CDF) of the received signal should be calculated [34]. This function
is defined by Eq. 3.2.

𝐹 (𝑥) = 1
𝑁

𝑁∑︁
𝑛=1

𝐽(𝑥(𝑛) ≤ 𝑥) (3.2)

where 𝐽 denotes the indicator function, which takes the value ”1” if the input is
true, and the value ”0” otherwise, 𝑁 denotes the number of data samples from each
given signal segment.

3.3 Cooperative Sensing
In order to improve signal detection, cooperative spectrum sensing can be used
[35, 36]. In the prospective scenario, there are 𝑀 secondary users (SUs) that sense
one PU. Each of the SUs makes its own decision regarding the presence or absence
of the PU, and forwards the binary decision (’1’ or ’0’) to the fusion center (FC) for
further processing.

Logical OR Rule

In this rule, a decision that the PU is present is made if any of the SUs detects the
PU. The cooperative probability of detection (false alarm) using the OR fusion rule
can be evaluated by setting 𝑘 = 1 as in Eq. 3.3.

𝑃𝑓𝑎 = 1 −
𝑀∏︁
𝑙=1

(1 − 𝑃𝑓𝑎,𝑖), 𝑃𝑑 = 1 −
𝑀∏︁
𝑙=1

(1 − 𝑃𝑑,𝑖) (3.3)

Logical AND Rule

In this rule, a decision that the PU is present is made if all SUs have detected the
PU. The cooperative probability of detection (false alarm) using the AND fusion
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rule can be evaluated by setting 𝑘 = 𝑀 as in Eq. 3.4.

𝑃𝑓𝑎 =
𝑀∏︁
𝑙=1

𝑃𝑓𝑎,𝑖, 𝑃𝑑 =
𝑀∏︁
𝑙=1

𝑃𝑑,𝑖 (3.4)

Logical MAJORITY Rule

In this rule, a decision that the PU is present is made if half or more of the SUs
detect the PU. The cooperative probability of detection (false alarm) using the
MAJORITY fusion rule can be evaluated by setting 𝑘 = 𝑀/2 as in Eq. 3.5.

𝑃𝑓𝑎 =
𝑀∑︁

𝑙=𝑀/2

⎛⎝𝑀

𝑙

⎞⎠𝑃 𝑙
𝑓𝑎,𝑖(1 − 𝑃𝑓𝑎,𝑖)𝑀−𝑙, 𝑃𝑑 =

𝑀∑︁
𝑙=𝑀/2

⎛⎝𝑀

𝑙

⎞⎠𝑃 𝑙
𝑑,𝑖(1 − 𝑃𝑑,𝑖)𝑀−𝑙 (3.5)

3.4 Testbed Description

3.4.1 Real Channel Measurements

In order to verify the above described MATLAB simulator [34, 37], real channel
measurements are conducted. Therefore, a system based on USRP devices depicted
in Fig. 3.1, is used. It consists of two personal computers (PC) and three USRP
N200 devices. One of these USRPs is implemented as a transmitter. It is carrying
out the PU role by transmitting one of the two above mentioned signals. It is
connected to a PC through a Gigabit Ethernet port (blue line). The second and the
third USRP 𝑁200 are implemented as the receivers. The first of them is carrying
out the SU1 (SU3) role and is connected to the PC through a Gigabit Ethernet port
(blue line). Another one (which is carrying out the SU2 (SU4) role) is connected to
the first USRP through a MIMO cable (green line) to build a synchronized received
system.

Note that the precise synchronization between the SUs must be realized in order
to realize the cooperative scheme. In this research, synchronization between the
transmitter and the receiver is achieved by transmitting an orthogonal code (Large
area synchronous code) [38], which is transmitted at the beginning of each burst of
the signal. In the setup, each USRP contains the WBX daughter board (front-end).
For different channel model realizations, the receiver and transmitter antennas were
located in various environments (indoor or outdoor).

The primary user signal is an eight Phase-shift Keying (8PSK) or Frequency
Modulation (FM) signal with bandwidth 200 kHz (corresponding to wireless micro-
phones bandwidth) centered on the 845 MHz carrier frequency, which corresponds
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Fig. 3.1: Experimental setup. Source: author.

to one of the uplink FDD LTE Advanced channels). Each SU scans the channel
twice: first when it is not an occupied channel, second when it is a channel where
PU transmits. Note that although the channel is vacant, it is possible to suppose
that the character of the received signal is not exactly white Gaussian as it can
contain interference from neighboring bands.

The PC is running Fedora 16, the signal processing applications are done using
open-source GNU Radio version 3.7.2.1. PU transmits the same signal (8PSK or
FM) as was used for MATLAB-based simulator [37]. These signals are generated
in MATLAB and recorded into the data files for transmission in GNU Radio. Each
SU sensed the channel of interest. By applying GNU Radio, the sensing results are
recorded into data files for subsequent processing. Afterwards, based on the recorded
data files, the 𝑃𝑑 and 𝑃𝑓𝑎 values are calculated for each SU in order to estimate
corresponding Receiver Operating Characteristic (ROC) curves. The equations to
estimate these quantities are depicted in Eq. 3.6 and Eq. 3.7.

𝑃𝑑 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 ℎ𝑎𝑣𝑒 𝑌 > 𝛾 | 𝐻1

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠
(3.6)

𝑃𝑓𝑎 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 ℎ𝑎𝑣𝑒 𝑌 < 𝛾 | 𝐻1

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠
(3.7)

In accordance with fusion rules for cooperative sensing, a final decision about a va-
cant channel is made. These results are presented below
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3.5 Results and Discussion
The dependence of 𝑃𝑑 and 𝑃𝑓𝑎 on channel type for each secondary user is analyzed.
Afterwards, spectrum sensing using individual SUs with cooperative version which is
obtained according to the three fusion rules (AND, OR, MAJORITY) are compared.
In this section, the comparison between system performance in real and simulated
environments for different transmitted signals and detectors are discussed.
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Fig. 3.2: ROC curves for FM received signal using KS test detector. Source: author.

Figure 3.2 depicts the difference between the performance of the spectrum sensing
technique in real and simulated channels for the FM signal using the KS detector.
It can be observed that using sensing by individuals SU3 and SU4, Ped B and
Veh B channels results have better detection performance than other models. While
Veh A (SU2) shows the worst simulated results. The detection performance in real
channels is worse than for the simulated model in the case of individual detection.
It should be noted that for the channel with indoor located PU and SU the ROC
curve graph is close to MATLAB-simulated channels. Probably, the reason for this
is that measurement conditions in the laboratory were almost ideal (without big
interference from outside). As well, it shows approximately the same performance
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Fig. 3.3: ROC curves for FM received signal using ED test detector. Source: author.

for real channels, in the case where cooperative sensing technology is applied. That
can prove the effectiveness of our simulator in the case of an FM transmitted signal
and the KS detection technique. It can also be observed that cooperative sensing of
real channels with the AND rule give better results than with the OR rule, whereas
the MAJORITY rule outperforms both the OR and AND rules. It is also clear that
in the case of probability of false alarm is equal to 10 %, the probabilities of detection
are 90 %, 97 %, and almost 100 % for the OR, AND, and MAJORITY rules,
respectively. Fig. 3.3 presents the cooperative sensing technique for an FM signal by
applying the ED detector at the receiver side. As expected and evident, in the case
of simulated channels, all cooperative fusion rules give better detection performance
than sensing by individual users. The worst performance for an individual user is
achieved when PU is located outdoors whereas SU is indoor. Cooperative sensing
gives very good results for all channel models. It can be observed that when the
probability of false alarm equals 10 %, the probabilities of detection are 99.5 % for
the OR rule, whereas it is approximately 100 %, for the AND, and MAJORITY
rules. The performance of all cooperative fusion rules, after 4 % of false alarm
probability, outperforms the simulated channels for individuals.
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4 D2D COMMUNICATION CHANNEL SOUND-
ING

The main contributions of this chapter are described in the following few points:
• Present an overview about the LAS code used for TX-RX synchronization.
• Propose a method for channel sounding that can be used with low-cost com-

mercially available SDRs and be able to support D2D communication [39].
• Implement a Zadoff-Chu frequency domain channel sounder using USRP and

MATLAB platforms in order to support wide bandwidth and fast channel
capturing.

• Test the proposed technique in real indoor channel conditions and compare it
with frequency domain sounding.

• Test the ability of deploying a D2D communication underlay 5G network in
wideband long-range static channel for both UHF and SHF bands as a part of
5G NR frequency bands allocation.

• For microcell LOS environment (with 315 m distance), we provided the channel
frequency response variation, path loss, and RMS delay spread distribution in
the case of vertical and horizontal polarizations for both 1.3 GHz and 5.8 GHz
center frequencies.

• For macrocell NLOS environments (with 2.089, 4.11, and 5.429 km distances),
in addition to all previous mentioned parameters, distance dependence of path
loss, and RMS delay spread are analyzed. RMS delay spread dependence of
the coherence bandwidth is also investigated.

4.1 Indoor Testbed Description
The system used to test the suggested sounder is depicted in Fig. 4.1. It consists
of two personal computers (PC) and two USRP2 devices. One of these USRPs is
implemented as a transmitter. It carries out its role by transmitting two signals.
These signals are: a sinusoidal signal which is used for the frequency domain channel
sounding and the Zadoff-Chu sequence for the proposed channel sounding method.
The second USRP2 is implemented as a receiver. For 14 different indoor locations,
the receiver recorded baseband signal samples at 10 Msamples/s, then the samples
are stored in the laptop’s harddrive. Both the transmitter and receiver are connected
to the PC through a Gigabit Ethernet port (blue line).

In the setup, each USRP is equipped with a WBX RF-board, which covers the
50 MHz - 2200 MHz frequency range. For different channel model realizations,
the receiver antennas are allocated in different locations. Three different channel
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Fig. 4.1: Map of the indoor environment where the measurements were conducted.
Source: author.

scenarios are considered. The signals are captured in a good isolated cable, an indoor
Line of Sight channel, and an indoor non Line of Sight channel. Both transmitter
and receiver are located inside the building. The PC is running Fedora 16 and signal
processing applications are done using open-source GNU Radio version 3.7.2.1. The
Zadoff-Chu sequence, which is generated in MATLAB, is recorded into the data files
for transmission in GNU Radio.

The proposed method of channel sounding is achieved by transmitting frames
of Zadoff-Chu sequences. Each transmitted sequence covers 2 MHz bandwidth,
therefore, the frames are spaced by Δ𝑓 = 2 MHz. In order to measure the whole
100 MHz band (800-900 MHz), the center carrier frequency 𝑓𝑐𝑐𝑖 is swept across the
bandwidth in 𝑁𝑠𝑡𝑒𝑝_𝑍𝐶 discrete steps, 𝑖 = 1, 2, ..., 𝑁𝑠𝑡𝑒𝑝_𝑍𝐶 where 𝑁𝑠𝑡𝑒𝑝_𝑍𝐶 = 50.
Each frame consists of 𝑁𝑓𝑟_𝑍𝐶 = 2000 samples of 2 MHz signals. By taking into
consideration the constant amplitude of this signal, the channel response can be
calculated.

The root mean square error is calculated to compare both the sinusoidal signal
and Zadoff-Chu sequence sounding methods in different environments. The results
of 8.7·10−3, 2.4·10−2, and 5.2·10−2 are achieved for cable, LOS, NLOS environments,
respectively. For deeper channel characterizing, several measurements in an indoor
environment for different LOS distances (1 m - 13 m) between the transmitter and
the receiver were also conducted.

Using the measured CIRs, the mean excess delay (red curve), mean RMS delay
spread (black curve) and coherence bandwidth (blue curve) of the 100 MHz channel
are calculated and captured in Fig. 4.2 as a function of distance. It can be observed
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Fig. 4.2: The measured characteristics of 100 MHz channel bandwidth of the indoor
LOS environment for TX-RX separations 1 - 13 m. Source: author.
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that the RMS delay of the channel increases with an increase in distance, causing
the coherence bandwidth to decrease significantly.

Figure 4.3 shows the measured path loss (PL) (red circles) as a function of dis-
tance and the best line fit to the measured values (blue line). The black triangles
present the median values of the measured path loss across different TX-RX sep-
arations. The best line fit have been produced using a MATLAB function with
a channel exponential 𝑛 = 1.67 and 𝑃𝐿𝑜𝑓𝑓𝑠𝑒𝑡 = 30.5 dB. The exponential of the
channel 𝑛 = 1.67 is observed to be less than the free-space path loss exponent
𝑛𝐹 𝑆 = 2. This could be due to walls of the corridor being close to each other that
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may cause strong reflections and refractions for LOS scenarios.

4.2 Outdoor Testbed Description
These measurements were conducted in the region South Moravia, Czech Republic.
Two types of setups, microcell and macrocell, were considered.

In the microcell setup, TX1 was placed on a small hill near the Faculty of Electri-
cal Engineering and Communication building, Brno University of Technology (BUT)
and mounted on a mast of 10 m height, whereas the receiver was allocated on the
rooftop of the building (19 m height). The distance between the TX and the RX
for route 1 (R1) is 315 m. Both the TX and the RX are surrounded by a rich
scattering environment which consists of buildings, parked cars, moving cars and
people. However, because of the highly mounted antennas above the ground, LOS
measurements were realized.

In the macrocell setup, three different NLOS routes were tested (R2, R3, R4). On
the first two routes (R2, R3), the receiver was placed on the rooftop of the Faculty of
Electrical Engineering and Communication building. The transmitter was located
2.089 km from the receiver (8 m height) for the R2 route, and 5.429 km far from the
receiver of 3 m height in the case of the R3 route. For the fourth route, R4, both the
transmitter and the receiver were located in a rural area where the transmitter was
surrounded with different levels of buildings (up to 12 m height) and placed on the
rooftop of the Racom company building (12 m height) mounted on a mast of 5 m
height. The receiver was mounted on a mast of 19 m height in a pure rural area.
In order to investigate LOS and NLOS radio channel characteristics, two different
channel sounder systems for 1.3 GHz and 5.8 GHz have been implemented. These
sounders, together with MATLAB and LabVIEW programs, were used for channel
evaluation up to 120 MHz and 600 MHz bandwidths for both 1.3 and 5.8 GHz,
respectively.

The basis of the transmitting station is a programmable RF generator (R&S
SMU200A vector signal generator) which can be controlled by MATLAB. The gen-
erated signal was filtered using a band pass filter, amplified by a power amplifier, and
directed to the directional antenna transmitter using a circular connector. The am-
plifier module for UHF band (MD220L-1296-48V) was modified to be used as a linear
amplifier class A. However, the SHF band transmitter uses Hittite HMC408LP3 and
DG0VE PA6-1-8W amplifying modules. The generated UHF (1.3 GHz) signal was
transmitted using 35 elements Yagi Tonna antennas 20365 with 20 dBi of gain. The
SHF (5.8 GHz) signal was transmitted by parabolic RD-5G30-LW RocketDish with
gain equaling 30 dBi.
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Fig. 4.4: The measured path loss for 1.3 GHz center frequency of the outdoor NLOS
environment. Source: author.

The receiver consists of a directional antenna, low noise amplifier, band pass
filter, and signal analyzer. National Instruments PXIe-5665 is used for both UHF
and SHF bands. It consists of three basic modules: PXIe-5653 RF synthesizer, PXIe-
5605 downconverter, and PXIe-5622 150 MS/s 16-bit digitizer. The UHF and SHF
signals were received by 35 elements Yagi Tonna antennas 20365 (20 dBi gain) and
sector antenna AM-V5G-Ti (21 dBi gain), respectively. The developed software in
LabVIEW environment for National Instruments PXIe-5665 was used for recording
and processing the raw data received by the channel sounder. This software is able
to record up to 600 MHz of bandwidth via stepped re-tuning by 50 MHz blocks
with the ability to be synchronized with the transmitted signal. In order to save the
achieved data with 50 MHz instance bandwidth and 16-bits precision, a Redundant
Array of Inexpensive Disks (RAID) with a capacity of 12 TB was used. MATLAB
was also used for final data processing. The sounding signal is a linear FM chirp
returning with a speed of 40 MHz/1ms.

Figure 4.4 presents the measured path loss (PL) for 1.3 GHz sounding system
in the case of horizontal and vertical co-polarizations. Black circles represent the
measured path loss values for horizontally transmitted and received signals, whereas
blue circles represent the measured path loss values for vertically transmitted and
received signals. The best line fit have been produced using a MATLAB function
with path loss exponents equaling 3.9 and 3.7 for horizontal and vertical polarization
cases, respectively. These results are comparable with the results specified in [40],
where the path loss exponent value for distances up to 1.4 km varies between 2.9
and 3.1 for 2 GHz frequency. The path loss exponent value was also captured in
urban environment [41] for 800 MHz frequency and reached a value of n = 3.3.
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Figures 4.5 displays the cumulative probability of the RMS delay spread for
LOS environment presented as the R1 route and 2.089, 5.429, and 4.11 km NLOS
environments presented as R2, R3, and R4 routes, respectively. The RMS delay
spread values for all routes and frequencies fit well with the Normal distribution
with 𝜇 mean and 𝜎 standard deviation parameters. It can be distinguished, that
the R1 LOS route offers smaller RMS delay spread compared with all plotted RMS
values for NLOS environments in both 1.3 and 5.8 GHz. This behavior is expected.
On one hand it can be due to a very strong LOS component compared with the
reflected or scattered path, leading to lower RMS delay spread. On the other hand,
in the case of NLOS environment, the transmitted signal is blocked or severely
attenuated causing multipath to arrive at the receiver over a large propagation time
interval. Similar characteristics are observed in [42, 43].

It can be seen from Figure 4.5 that in the case of the first route R1 LOS, the
higher frequency provides smaller mean RMS delay spread in both horizontal and
vertical polarization settings. This behavior was also mentioned in [42, 44]. It is also
clear that in the case of both UHF and SHF frequencies, the vertical co-polarization
shows higher mean RMS delay than horizontal co-polarization. It can be observed
that the horizontal co-polarization shows smaller mean RMS delay spread than the
vertical co-polarization for 1.3 and 5.8 GHz. However, the third route, R3, shows
different characteristics. This can be due to the building with a metal roof between
the transmitter and the receiver, that causes depolarization. Table 4.1 combines all
needed information about the RMS delay spread values.
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Tab. 4.1: The mean, standard deviation, minimum, and maximum values of RMS
delay spread in different environments

RMS Delay

Route Env. Freq. Pol. 𝜇 [ns] 𝜎 [ns] Min [ns] Max [ns]

R1 LOS

1.3 GHz H-H 16.61 0.75 15.11 18.42

V-V 27.99 2.50 23.18 32.58

5.8 GHz H-H 11.87 0.20 11.53 12.21

V-V 16.14 0.25 15.82 16.62

R2

NLOS

1.3 GHz H-H 76.39 9.03 52.99 99.70

V-V 90.15 9.62 77.44 104.82

5.8 GHz H-H 51.38 2.75 46.43 60.67

V-V 78.58 2.76 72.15 87.63

R3

1.3 GHz H-H 148.19 35.69 95.21 215.39

V-V 143.40 4.07 137.24 151.27

5.8 GHz H-H 173.96 3.95 157.70 189.54

V-V 168.32 1.48 163.33 176.58

R4

1.3 GHz H-H 91.67 10.67 66.85 119.73

V-V 109.81 18.05 78.73 147.76

5.8 GHz H-H 67.25 12.70 44.12 89.91

V-V 90.97 8.49 70.44 119.11
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Fig. 4.6: The mean values of RMS delay spread as a function of TX-RX distance for
different frequencies and co-polarizations in NLOS environment. Source: author.
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ted signal with 5.8 GHz center frequency in NLOS environments. Source: author.

The effect of TX-RX distance on the mean values of RMS delay spread is also
investigated. The mean RMS delay spread values increase with increasing the dis-
tance between the transmitter and the received. A similar trend is observed in [45].
The relation between the mean RMS delay spread and the distance can be fitted
with linear mode 𝜎𝜏𝑈𝐻𝐹,𝐻 = 20𝑑 + 27 for UHF with horizontal co-polarization,
𝜎𝜏𝑈𝐻𝐹,𝑉 = 15𝑑 + 55 for UHF with vertical co-polarization, 𝜎𝜏𝑆𝐻𝐹,𝐻 = 34𝑑 − 33
for SHF with horizontal co-polarization, 𝜎𝜏𝑆𝐻𝐹,𝑉 = 25𝑑 + 15 for SHF with vertical
co-polarization, where 𝑑 is the distance between the transmitter and the receiver in
[km]. From these functions, it can be noticed that the line slope of the RMS delay
spread of SHF frequencies is greater than the line slope of RMS delay spread of
UHF frequencies. Therefore, the mean RMS delay spread for SHF frequencies more
extremely increases compared with the mean RMS delay spread of UHF frequen-
cies. The same characteristics were captured in the case of comparing horizontal
and vertical co-polarization where the horizontally polarized signal is more sensitive
to distance changes. All above mentioned properties are depicted in Fig. 4.6.

Figure 4.7 depicts RMS delay spread dependency of the coherence bandwidth
in 5.8 GHz NLOS environments where the coherence bandwidth in MHz and the
RMS delay spread in ns. The measurement represented as blue circles which are
achieved from the R2, R3, R4 route measurements fit with the exponential model
𝐵𝑐 = 121.5 · 𝑒−0.014𝜎𝜏 . A similar relation was observed in [46, 47].
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5 CONCLUSION
This dissertation is focused on improving D2D communication underlay LTE Ad-
vanced networks. The LTE Advanced or 3GPP LTE Release 10 standard consists
of various developed radio access technologies supporting advanced services that in-
clude carrier aggregation, up to eight layers downlink spatial multiplexing, and up to
four layers uplink spatial multiplexing and so on. D2D communication is a promis-
ing method that gives different devices the ability to create a direct wireless link
between each other. Therefore, it reduces transmission delay and increases network
capacity. There are several types of D2D communications, however, in this research,
only D2D communication underlay LTE Advanced cellular network was considered.
This method is more spectrum utilizing, but less interference resistant. Therefore,
the compatibility of both technologies was investigated. The achieved outcomes of
this research with respect to the targets can be presented as follow:
Target 1 : Evaluate the uplink physical layer of LTE Advanced systems.
Outcome: The structure of previously described LTE Advanced systems which
includes a transmitter, receiver, and radio channel were implemented in MAT-
LAB. Two codewords of an LTE Advanced signal with normal cyclic prefix and
1.4 MHz bandwidth was generated and transmitted over different ITU-R channels
(Flat Rayleigh, Ped A, Veh A). Several modulation schemes were applied like 4QAM,
16QAM, and 64QAM. In the receiver, the transmitted signal is recovered by apply-
ing different combinations of Channel estimation and signal detection techniques.
That includes (LS,ZF), (LS, SSD), (ALMMSE, ZF), and (ALMMSE, SSD). Finally,
the achieved results of performance evaluation in terms of BER and throughput
were depicted. It can be observed that using the combination of ALMMSE channel
estimation and the SSD signal detection technique provides the system with the
best performance. Depending on the combination of channel estimation and signal
detection, the SNR threshold value can also be determined. This threshold specifies
the usefulness of implementing MIMO technology in the uplink layer of LTE Ad-
vanced systems.
Target 2 : Interference management for D2D communication user underlay LTE
Advanced networks.
Outcome: FFR with the three power level method was proposed. It works with
multiple power levels and utilizes the whole assigned bandwidth in each cell. Each
cell is divided into three regions (interior, medium, and outer). The normalized
capacity densities of the cells and their regions were calculated. For more realis-
tic cases, three different cases of user distribution inside the cells were considered.
Two of them are non-uniform user distributions which are compared with the per-
formance of the default uniform distribution. The correlation between both region
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and the overall capacity and the radius of each region were presented. The achieved
results of the proposed scheme outperform the results of traditional Reuse-3 for
specific radiuses of each region. More information was presented in Chapter 2.

Another method of interference mitigation for D2D communication was also an-
alyzed. The usefulness of the cooperative spectrum sensing methods were declared.
Therefore, a MATLAB-based simulator in fading channel conditions was created
and presented. Two types of spectrum sensing detectors (Energy Detection and
Kolmogorov-Smirnov tests) were evaluated. Different channel conditions, simulated
(PedA, PedB, VehA, VehB) and real ones (indoor-indoor, indoor-outdoor, outdoor-
indoor and outdoor-outdoor) were tested. The results depict the advantage of using
cooperate spectrum sensing methods with AND, OR, and MAJORITY rules. All
achieved results were discussed in Chapter 3.
Target 3 : Improve D2D communication performance underlay LTE Advanced net-
works.
Outcome: In order to achieve high capacity and throughput in any communica-
tion system, a good knowledge of channel characteristics should be available. This
knowledge enables system designers to ensure that inter symbol interference (ISI)
does not dominate and hence lead to an excessive irreducible bit error rate. There-
fore, a new method of channel estimation was proposed. It can be used for static as
well as vehicular communication. Frequency domain Zadoff-Chu sounding technique
can be used for both indoor and outdoor channel measurements. The autocorrela-
tion of the Zadoff-Chu sequence was not considered in this research. Emphasis was
placed on the constant amplitude property of this sequence in the frequency domain.
According to this property, the Zadoff-Chu sequence is capable of scanning a spe-
cific bandwidth at each transmission. The bandwidth depends on several factors;
sequence length is one of them. In order to verify the proposed sounder, a MATLAB
based system has been created. USRP devices were used to test the system in real
channel conditions. Channel impulse response of three different environments (ca-
ble, LOS, and NLOS) were extracted using both a basic frequency domain channel
sounder and the proposed method. It has been observed that both methods gave us
the same channel response. However, the proposed method showed 20 times faster
performance. The frequency domain Zadoff-Chu technique was tested in indoor LOS
channel with different distances between the transmitter and the receiver. The chan-
nel characteristics as RMS delay spread, the coherence bandwidth, the average mean
excess delay and the path loss were calculated. The channel exponential n = 1.67
was measured. A D2D outdoor long-range communication channel measurement
campaign was also conducted. It investigates the channel characteristics of D2D
communication scenarios underlaying 5G networks in both UHF and SHF bands
with co-polarized horizontal and vertical antenna configurations. As an output, the
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channel characteristics as RMS delay spread, path loss, coherence bandwidth, and
channel frequency response variation were extracted. It was observed that path loss
increases with frequency about 27 and 28 dB in the case of horizontal and verti-
cal co-polarizations, respectively. However, mean RMS delay spread increases with
decreasing the frequency and increasing the distance between the transmitter and
receiver. The relation between the coherence bandwidth and the RMS delay spread
was captured and depicted by the exponential equation 𝐵𝑐 = 𝑘 · 𝑒−𝑎𝜎𝜏 . The CFR
variations increase with frequency and become more critical in the case of NLOS
scenarios.
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