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Abstract 
 

In the 3GPP LTE, different radio resource management (RRM) techniques have been proposed in 

order to improve the uplink performance. Frequency hopping is one of the techniques that can be 

used to improve the uplink performance by providing frequency diversity and interference 

averaging. The hopping can be between subframes (inter-subframe) or within a subframe (intra-

subframe). 3GPP specifies two types of frequency hopping for the LTE uplink, hopping based on 

explicit hopping information in the scheduling grant and sub-band based hopping according to 

cell-specific hopping and mirroring patterns.  

In this master’s thesis, theoretical discussion on the frequency hopping schemes is carried out 

followed by dynamic simulations in order to evaluate the performance gain of frequency 

hopping. Based on the theoretical analysis, the second type of hopping is selected for detailed 

study. As a baseline for comparison, dynamic frequency domain scheduling with random 

frequency resource allocation has been used. 

Single cell and multi-cell scenarios have been simulated with VoIP traffic model using user 

satisfaction as a performance metric. The simulation results show that frequency hopping 

improves the uplink performance by providing frequency diversity in the single cell scenario and 

both frequency diversity and interference averaging in the multi-cell scenario. The gains in using 

the hopping schemes were reflected as VoIP capacity (the number of satisfied users) 

improvement. In this study, the performance of the selected hopping schemes under different 

hopping parameters is also evaluated.    

Keywords: Frequency Hopping, LTE Uplink, RRM, Scheduling. 
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Chapter 1 

Introduction  

The standardization of 3G Long Term Evolution (LTE) Release 8 has recently been finalized 

within the 3rd Generation Partnership Project (3GPP). Some of the main targets of LTE are to 

provide peak data rates, spectrum efficiency, reduced latency, and enhanced support for end-to-

end quality of service (QoS). Another main target is frequency spectrum flexibility which is 

supported by Orthogonal Frequency Division Multiplexing (OFDM) in the downlink and Single-

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

LTE supports dynamic scheduling where resources can be assigned to users based on their traffic 

demand, QoS requirements and estimated channel quality on a 1 ms (1 subframe) basis. 

Resources can be allocated fairly and efficiently using such fast dynamic scheduling. 

The uplink performance can be improved by using channel dependent frequency domain 

scheduling, assigning a user parts of the frequency spectrum where the estimated channel quality 

is good. This requires knowledge of the uplink channel quality which in turn needs additional 

wideband reference signals to be transmitted in the uplink. However, there may be situations 

where uplink channel dependent scheduling may not be feasible, e.g., when the overhead from 

channel sounding is too high compared to the gain from channel dependent scheduling, or for 

user terminals at high speed where the channel varies too fast. In such situations, some other 

methods that enhance the uplink diversity can be used to improve uplink performance [1]. 

One way to obtain uplink diversity is to use frequency hopping, the changing of frequency 

resource allocation from one time instant to another. The hopping is supported both between sub-

frames (inter-TTI frequency hopping) and within sub-frames (intra-TTI frequency hopping) [2-

4].  

The SC-FDMA transmission scheme can be localized (L-FDMA) or distributed (D-FDMA). 

Only the localized transmission is supported in LTE uplink. Thus, frequency hopping can be 

applied on L-FDMA transmission scheme to improve the uplink performance. 
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1.1 Problem Statement 

The objective of this master thesis is to assess the potential performance gain that can be obtained 

with frequency hopping for the LTE uplink and compare it with the performance of dynamic 

frequency domain scheduling with random frequency resource allocation. 

Theoretical analysis of the available frequency hopping schemes is carried out followed by 

implementation of frequency hopping support in a dynamic simulator. Based on the preliminary 

studies, Frequency Hopping Type II allows more flexibility and diversity than Frequency 

Hopping Type I [2-4]. Thus only the second type of hopping is implemented and analyzed. From 

the two options under type II, Intra & Inter-TTI and Inter-TTI frequency hopping, Intra & Inter-

TTI frequency hopping is dealt with in detail. As a baseline for comparison, dynamic scheduling 

with random frequency resource allocation is examined with the same parameters and 

assumptions as the frequency hopping case. 

The potential performance gain of frequency hopping is evaluated using dynamic simulations in 

single cell and multi-cell scenarios. The traffic model used for the analysis is VoIP with VoIP 

user satisfaction as a performance metric. 

1.2  Previous Work 

The performance gains of frequency hopping have been discussed in various publications and 

contributions. Different frequency hopping schemes have also been proposed for the LTE uplink 

[8-15].  Different contributions have concluded in favor of either Inter-TTI or Intra-TTI 

frequency hopping based on their analysis [7, 16-17]. Even there are contributions that show very 

small or no gain with frequency hopping [21]. However many of the analysis have been done 

with simplified models and test cases, different hopping patterns, different TTI lengths and sub-

frame definitions. Hence the need for a more realistic implementation and analysis of the 

frequency hopping schemes based on the current 3GPP specification arises. Moreover, a detailed 

examination of the performance gains under different operating environments is required.  

The performance of L-FDMA with frequency hopping has been found to be better than D-FDMA 

[18-20]. In this master’s thesis distributed transmission (D-FDMA) will not be considered. 
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1.3  Methods 

The study is performed through theoretical discussions and using simulations in a dynamic radio 

network simulator developed at Ericsson Research as stated below:   

• Literature study on uplink transmission schemes with emphasis on frequency hopping 

• Theoretical discussion on the frequency hopping schemes 

• Selecting uplink frequency hopping schemes for detailed analysis based on the 

preliminary studies  

• Dynamic simulation of a dynamic scheduler with no frequency hopping and analysis of 

the results  

• Selecting scheduling algorithms for the uplink frequency hopping schemes 

• Developing a new scheduling algorithm to support the frequency hopping schemes that 

can not be used with the existing scheduling algorithms 

• Implementation of frequency hopping support in the dynamic simulator 

• Dynamic simulations and analysis of the results 

• Discussion and conclusion 

1.4  Thesis Outline 

The thesis report is organized into 7 chapters. Chapter 2 covers the fundamentals of mobile radio 

propagation, radio channel impairments and the techniques that can be used to mitigate the 

effects of the channel impairments. The basics of 3G LTE, with emphasis on the uplink 

transmission schemes, are discussed in Chapter 3. Chapter 4 addresses a detailed theoretical 

analysis of the possible frequency hopping schemes for the LTE uplink. In Chapter 5 the 

simulation assumptions and implementation of frequency hopping support in the simulator are 

discussed. The simulation results are presented and evaluated in Chapter 6. Finally, Chapter 7 

covers the conclusion and future work.  
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Chapter 2 

Mobile Radio Communications: Theoretical Background 
This chapter begins with a brief discussion of mobile radio propagation, followed by radio 

channel models, channel impairments, and concludes with the common methods used to combat 

the radio channel impairments or to mitigate their effects. 

2.1  Mobile Radio Propagation 

In the design and modeling of a mobile radio system, understanding of the principles of mobile 

radio wave propagation is fundamental. Different propagation models have been devised for 

different purposes based on different assumptions and simplifications. For instance in order to 

study coverage, shadowing and path loss models are more intuitive. While to study the small-

scale fading effects, propagation models based on multipath or small-scale fading might be 

important. A short discussion of path loss, shadowing, and multipath is presented below followed 

by a brief discussion of the common channel models. 

2.1.1 Path Loss 

As the separation distance between the transmitter and receiver increases, the received signal 

power will be degraded. This signal attenuation because of distance is referred to as path loss.  

In free space, the path loss can be expressed as: 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−==

22

2

4
log10log10)(

dP
P

dBP
r

t
L π

λ                                                                                  (2.1) 

where:  
Pt = transmit power 
Pr = received power 
PL = path loss in dB 
λ = wave length 
d = transmit – receive antenna distance 
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In practice, path loss models that consider the propagation environment are used. Such models 

take the effects of different terrain profile, obstacles in the environment and shadowing into 

consideration as discussed in the following sub-sections. 

2.1.2 Shadowing 

A radio wave encounters different obstacles while it propagates from the transmitter to the 

receiver. If the obstructing objects have large dimensions, the signals may be totally or partially 

absorbed. In such situations a mobile terminal is said to be shadowed. Obstacles that may result 

in shadowing include mountains (hills), and buildings with large dimensions.  

A commonly used path loss model that includes the effects of shadowing is the log-normal 

shadowing, expressed as [5, 22] 

( ) X
d
dnKdBPL ++=

0

log10                                                                                                    (2.2) 

where: 
d =  transmit – receive antenna distance 
d0= close-in reference distance, determined from measurements close to  
         the transmitter.  
n = the path loss exponent that depends on the propagation environment. 
K = average path loss at the received power reference point (do). This  
         average path loss can be determined from measurements at do. 
X (dB) = a Gaussian – distributed random variable with mean zero and  
                 variance . )(

2
dBXσ

2.1.3 Multipath 

As discussed in the previous sub-section, the transmitted signal may encounter different 

obstacles. Depending on the nature of the obstacles, the signal may undergo reflection, refraction 

or diffraction. Thus in addition to the main line-of-sight transmitted signal component, multiple 

copies of the same signal might be received resulting in a phenomenon called multipath.  

The received multipath components may add constructively or destructively, in the latter case 

resulting in received signal power degradation or fading. A more detailed discussion of fading is 

presented in later sections in this chapter.  



 

 7

2.2 Propagation Models 

The diverse characteristics of the different propagation environments make it difficult to come up 

with a realistic analytic propagation model. Therefore different empirical models have been 

developed based on practical measurements. The models are specific for outdoor or indoor 

operating environments. The outdoor propagation models include macro and micro cell 

propagation models.  

One of the most commonly used macro-cell propagation model is the Okumura-Hata model. For 

urban areas the median path loss is given by: 

( ) ( )( ) dhBhfL tetecurban loglog55.69.44log82.13log16.2655.69 −+−−+=                  (2.3) 

              where:  
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2

2

Small-medium sized cities 
Large cities, fc ≤ 300 MHz 
Large cities, fc ≥ 300 MHz 

hte = effective base station antenna height 
 h  = effective mobile antenna height re
 d = transmitter – receiver separation distance  

The median path loss for suburban and rural or open areas are also modelled as discussed in [5-

6]. 

The Okumura-Hata model is used in practical macro cell system designs. The COST 231-Hata 

model and the Ikegami model are among other macro cell models designed to be used in different 

frequency ranges, or propagation environments.  

Similarly, the propagation models for micro-cell and indoor propagation environments are 

discussed in detail in the literature [5-6]. 

The models discussed above are devised to predict received power loss due to path loss and 

shadowing effects (large scale fading effects). However, it is not practically feasible to develop 

similar empirical/analytic models for small-scale fading or multipath channels since the channel 
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changes dynamically not only in time but also in frequency. Thus for such channels statistical 

channel models are developed as discussed in [5-6].   

2.3 Mobile Radio Channel Impairments 

In mobile radio communication, fading, interference, and noise are some of the main challenges 

among others. These radio channel impairments should be taken in to consideration while 

designing a mobile radio system. Following is a brief discussion of fading, interference, and the 

techniques that can be used to mitigate their effects.  

2.3.1 Fading 

Fading is fluctuation in received signal power in wireless transmission. As discussed in Section 

2.2 above, the received signal power may be degraded due to multipath, shadowing, and path 

loss.  

Large-Scale Fading: may be caused by path loss or shadowing. Since the shadows have larger 

dimensions, the mobile terminal may stay in a large scale fading for a long period of time.  

Small-Scale Fading: may be caused by multipath or Doppler spread. The multipath component 

signals may have different delays. They may also undergo changes in amplitude or phase upon 

reception, and may interfere constructively or destructively resulting in peaks or deeps 

respectively. 

Small-scale fading caused by multipath can be classified into flat or frequency selective fading 

based on the following parameters.  

Delay Spread (Td): is the time gap between the extreme signal paths of significant power [23]. 

Coherence Bandwidth (Bc): is the threshold frequency gap above which two frequency 

components can be regarded as uncorrelated depending on the correlation function. BBc is 

proportional to the reciprocal of Td: 

                          BBc α 1/Td                                                               (2.4) 
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Flat Fading: If the signal bandwidth, BBs, is less than the coherence bandwidth, BcB , i.e., BBs < Bc or 

Ts > Td where Ts is the symbol period of the signal, then the channel is called flat fading channel. 

In a flat fading channel, all the signal components are affected proportionally. 

Frequency-Selective Fading: Occurs if the signal bandwidth, BBs > Bc or Ts < Td. In this case 

different components of the same signal will be affected differently. Since the symbol period, Ts 

is smaller than the channel delay spread, different multipath components may be received. A 

delayed transmitted symbol may interfere with an adjacent symbol resulting in Inter-Symbol 

Interference (ISI). ISI distorts the signal and causes bit errors at the receiver, which in turn 

reduces the data rate.  

Similarly, small-scale fading due to Doppler spread can be classified in to two: slow fading and 

fast fading depending on the following parameters.  

Coherence Time (TC): is the time interval over which the channel can be regarded as time-

invariant. It is a measure of how fast the channel varies in time.  

Doppler Spread (BD): is the difference between Doppler shifts between the received signals 

resulting from the motion of the transmitter, the receiver or both. The Doppler spread is inversely 

proportional to the coherence time: 

                        BD α 1/Tc                                                           (2.5) 

Slow Fading: If the symbol period Ts < Tc or Bs > BD, then the channel is said to be a slow 

fading channel. The channel varies slowly compared to the signal duration.  

Fast Fading: If the symbol period Ts > Tc or Bs < BD, then the signal undergoes fast fading. In 

this case the channel varies within a symbol period which may result in a distorted signal. When 

the mobile terminal speed increases, the Doppler spread also increases. Thus, fast fading may be 

encountered at high terminal speeds.  

2.3.2 Interference 

In wireless communication, interference is a major problem. Adjacent channel interference and 

co-channel interference are the two main types of interference in cellular mobile communication.  



 

 10

Adjacent Channel Interference: Results from non-idealities in the transmitter, imperfect 

filtering at the receiver, or both. Because of such imperfections, leakage may occur from signals 

transmitted in adjacent channels.  

Co-channel Interference: is interference from transmissions on the same channel (co-channel) 

in nearby cells.  

2.4 Mitigating the Effects of Fading and Interference 

Based on the discussions in the preceding sections, fading and interference can have a negative 

impact on the spectral efficiency, quality of service and system capacity unless mitigated. 

Various radio resource management (RRM) techniques have been proposed and used either to 

reduce the impairments or their effects. Below is presented a short discussion of the common 

techniques used to mitigate the effects of fading and interference.  

Equalization: refers to the use of signal processing techniques at the receiver to mitigate the 

effects of ISI by equalizing the channel response. Different signal processing algorithms are used 

to recover the transmitted symbols from the received signal distorted by ISI. Equalization 

techniques can be categorized as linear or non-linear. Several linear and non-linear equalizers are 

discussed in detail in [5], [6] and [22].   

Error Control Coding: repetitive information bits are transmitted in order to correct errors 

caused by noise, interference, and fading [5, 24].  

Diversity Techniques: take the random variation of the radio channel as an advantage. As the 

radio channel varies randomly, the probability of different copies of the same signal to encounter 

fading simultaneously is less. The multiple copies of the signal can be combined to get a signal 

with a better energy on the receiver side.  

Diversity can be provided in time, frequency, or space as discussed below: 

Time Diversity: copies of the signal are transmitted with a time gap between each transmission. 

The time gap should be longer than the channel’s coherence time so that the received signals will 

be uncorrelated.  
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Frequency Diversity: can be achieved by transmitting the signals at different carrier frequencies. 

The principle behind frequency diversity is that if the carrier frequencies have a gap in frequency 

of more than the coherence bandwidth of the channel, the signals will experience independent 

fading [5].  

Space Diversity: multiple antennas separated in space can be used on the mobile terminal or the 

base station to receive multiple copies of the same signal. It is also possible to achieve 

polarization diversity by using antennas with different polarities. In this case there is no need to 

separate the antennas spatially. The received signals are combined in different ways to get a more 

reliable and strong signal [6, 25-26].  

Multiple-Input Multiple-Output (MIMO) and beamforming are two of the different forms of 

spatial diversity that are used to provide high data rate and improved coverage respectively in the 

modern 3G technologies. These multiple antenna techniques will be elaborated in the next 

chapter. 

Orthogonal Frequency Division Multiplexing (OFDM): breaks up a wideband signal 

susceptible to frequency selective fading in to narrowband signals that experience flat fading. 

OFDM can solve the problem of ISI effectively and thus the complexities associated with 

equalization can be avoided. In addition to solving the problem of ISI, it also provides a high 

spectral efficiency. OFDM is chosen as the air interface for the modern wide band 

communication technologies like the 3G LTE and WiMAX. OFDM will be discussed in detail in 

Chapter 3.  

Spread Spectrum (SS): the signal is spread over a wider bandwidth with different spreading 

sequences. SS enables robust communication against noise, interference, and multipath fading. 

There are two major types of SS, direct sequence spread spectrum (DS-SS) and frequency 

hopping spread spectrum (FH-SS).  

DS-SS: is used in IEEE WLAN standards [5].  

FH-SS: can be classified as slow or fast FH-SS. Slow FH-SS is employed in GSM resulting in 

improved system performance [27-28]. A variant of FH-SS known as adaptive FH-SS (AFH-SS) 

is used in bluetooth to mitigate interference from IEEE WLANs [29].  
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Frequency Hopping: has been used to provide frequency diversity in different technologies as 

discussed above. It is also proposed as a means to provide diversity in the 3GPP LTE uplink. A 

more detailed discussion on frequency hopping in LTE uplink is presented in Chapter 4. 
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Chapter 3 

The 3GPP Long Term Evolution 
Various standards bodies in the world have formed the 3GPP – Third Generation Project 

Partnership Project in order to develop the UTRA – Universal Terrestrial Radio Access and 

GSM/EDGE. The 3GPP releases its specification documents as a series of Releases. Release 8 

includes the Evolved UTRAN ( LTE – Long Term Evolution) and SAE – System Architecture 

Evolution. The 3G LTE in general and the 3G LTE Uplink in particular will be discussed briefly 

in this chapter.  

3.1 Requirements for the 3GPP Long Term Evolution 

The 3GPP has set the requirements for LTE [30]. Following is a brief summary of the main 

targets of LTE. However, many of these initial targets have already been exceeded [1]. 

• Peak data rate: a peak data rate of 100 Mbps in the downlink and 50 Mbps in the uplink 

within 20 MHz bandwidth (BW). This is equivalent to a 5 bits/s/Hz spectral efficiency in the 

downlink and 2.5 bits/s/Hz in the uplink.  

• Reduced latency:  the control-plane latency requirement is 100 ms for the transition from 

IDLE state to ACTIVE and 50ms for the transition from STANDBY state to ACTIVE state. On 

the other hand, the user-plane latency requirement, i.e., the time required for an IP packet 

from the user equipment (UE) to reach the IP layer of the radio access network, is 5 ms.  

• Spectrum flexibility: LTE can be deployed in the available spectrum ranging from 1.25 - 20 

MHz. This enables more spectrum flexibility. It is also a requirement for LTE to be deployed 

in both paired and unpaired spectrum (FDD/ TDD modes). 

• Co-existence and interworking with other 3GPP technologies: LTE is required to co-exist 

and interwork with other 3GPP technologies like GSM, and WCDMA.   

• High user throughput: an average user throughput of 3-4 times in the downlink and 2-3 

times in the uplink compared to the Release 6 High Speed packet Access (HSPA). 

• Spectrum efficiency: spectrum efficiency (in bits/s/Hz/cell) of 3-4 times in the downlink and 

2-3 times in the uplink compared to the Release 6 HSPA. 
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• Mobility:  UE speeds of 0 - 15 km/h are supported with maximum performance, 15 - 120 

km/h supported with high performance, and connection maintained for speeds up to 350 km/h 

or even up to 500 km/h.  

• Enhanced support for end-to-end Quality of Service 

• Reduced cost and system complexity 

3.2 LTE Enabling Technologies 

To achieve the targets described in Section 3.1 above, LTE makes use of different technologies. 

In this section the main enabling technologies will be discussed briefly.  

3.2.1 OFDM 

Orthogonal Frequency Division Multiplexing (OFDM) has been chosen as the air interface for 

the LTE downlink. As discussed in Chapter 2, OFDM is a multi carrier transmission scheme that 

spreads the information over a number of subcarriers. In a frequency selective fading, each of the 

subcarriers experience flat-fading. This makes OFDM robust to frequency selective fading. The 

subcarriers are orthogonal to each other with a subcarrier spacing of 15 kHz as shown in Figure 

3.1. The orthogonality between the subcarriers avoids any intra-cell interference and enables high 

spectrum efficiency by utilizing the available spectrum.  

 

Figure 3.1. OFDM subcarriers with subcarrier spacing of 15 kHz. 

In a non-frequency selective channel, it is convenient to demodulate the OFDM signal. However, 

in a frequency selective channel, the orthogonality between the subcarriers may be lost resulting 

in interference. To avoid such problems, cyclic prefix (CP) insertion is used.  During cyclic 
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prefix insertion a number of bits from the last part of the OFDM symbol are copied and inserted 

at the beginning of the symbol as illustrated in Figure 3.2. The length of the cyclic prefix should 

not be shorter than the length of the time dispersion. 
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Figure 3.2. Cyclic Prefix Insertion. 

The OFDM modulator can be implemented using IFFT/IDFT at the transmitter and FFT/DFT 

processing can be used to implement the OFDM demodulator at the receiver. Figure 3.3 shows a 

simplified block diagram of the OFDM transceiver. 

Figure 3.3. Block diagram of an OFDM transceiver. 

3.2.2 Channel Dependent Scheduling 

In LTE, the use of OFDM as the air interface allows access to both the time and frequency 

resource. This time-frequency resource is a shared resource that can be assigned to users 

depending on their instantaneous channel quality – channel dependent scheduling. The scheduler 

at the base station (eNodeB) makes use of channel quality information to schedule each user on 

parts of the spectrum where it has the best channel quality in every transmission time interval 

(TTI). Figure 3.4 illustrates the mechanism of channel dependent scheduling for 3 users in 1 TTI 

(subframe). 
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Figure 3.4. Channel dependent scheduling in the frequency domain for one subframe.  

Thus, channel dependent scheduling increases the overall system capacity by making use of the 

dynamic radio channel variations as an advantage. Different channel dependent scheduling 

mechanisms have been proposed both in the time and frequency domains [31-32].  

3.2.3 Adaptive Modulation and Coding (AMC) 

As discussed in Chapter 2, large-scale and small-scale fading effects make the radio channel 

change dynamically. Depending on the radio link quality, the appropriate modulation and coding 

scheme is selected corresponding to the signal to interference and noise ratio (SINR). When the 

link quality is good, i.e., at high SINR, a higher order modulation scheme like 16QAM and 

64QAM, with a high coding rate can be used to achieve a high data rate. On the other hand, when 

the radio link quality is poor, a low order modulation, i.e., QPSK, with a low rate channel coding 

can be used.  
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3.2.4 Hybrid-ARQ 

Transmission errors may occur because of the wireless channel impairments. One way to address 

this problem is to use Forward Error Correction (FEC) prior to transmission by transmitting 

redundant bits. Another option is to request for retransmission when errors are detected in the 

received bits by using Automatic Repeat Request (ARQ) techniques. In LTE, a combination of 

both techniques, Hybrid ARQ (HARQ), is used.  The erroneously received packets at each 

transmission attempt are stored and different combining methods are used to combine them with 

the new retransmission. In doing so, a signal with better quality can be decoded.  

3.2.5 Multiple Antenna Techniques  

Different multiple antenna techniques are used in LTE in order to get improved coverage, 

capacity, or data rate. The multi-antenna techniques that can be employed to enable these 

improvements include: 

Multiple Transmit Antennas: can be used either for transmit diversity against fading or for 

beamforming to achieve improved coverage and capacity. Depending on the operating 

environment, the transmit antennas can be combined in a particular way. For instance, to increase 

the SINR for cell-edge users, beamforming can be used. Figure 3.5 illustrates multiple antenna 

solutions for transmit diversity.  

   

   (a)      (b)  

Figure 3.5. Multiple transmit antennas (a) Transmit diversity,   (b) Beamforming. 
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Multiple Receive Antennas: can be used for receive diversity to mitigate the effects of fading 

and interference. Figure 3.6 (a) shows the use of multiple receive antennas. Different techniques 

can be used to combine the received signals. 

Multiple-Input Multiple-Output (MIMO): can be used to achieve high data rate using multi-

layer transmission. Multiple antennas are used both at the transmitter and receiver, as shown in 

Figure 3.6 (b). MIMO is more effective in operating environments where there is a good signal to 

interference and noise ratio but with a limitation in the available bandwidth to support high data 

rates.  

     

  (a)    (b) 

Figure 3.6. (a) Multiple receive antennas,  (b) Multiple-Input Multiple-Output (MIMO). 

3.3 LTE Downlink 

As mentioned in the beginning of this chapter, the LTE downlink has OFDM with cyclic prefix 

as its air interface. The OFDM physical resource, represented as a time-frequency grid, is a 

shared resource that can be allocated to users every 1ms (1 subframe). The downlink scheduler 

allocates the resources dynamically based on the Channel Quality Indicator (CQI) reports 

collected from each user. Such channel dependent scheduling exploits the random variation of 

the radio channel. Dynamic scheduling involves a considerable amount of control channel 

signalling. The signalling overhead can be too large for services that involve a large number of 

users, e.g VoIP. To limit the signalling overhead associated with dynamic scheduling, semi-

persistent scheduling can be used [1, 43]. 
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Since the focus of this master’s thesis is on LTE uplink, only the uplink will be discussed in 

detail.  

3.4 LTE Uplink 

The LTE uplink air interface is based on Single Carrier – Frequency Division Multiple Access 

(SC-FDMA) with cyclic prefix insertion to circumvent any intra-cell interference by keeping the 

orthogonality between subcarriers as explained in Section 3.2.1. Keeping the orthogonality 

between subcarriers helps to avoid or decrease both inter sub-carrier interference and ISI [1]. As 

in the downlink, the uplink physical resource can be shared among users. Both channel dependent 

and channel independent scheduling mechanisms can be used to schedule the users in the time 

and frequency domains. The uplink transmission scheme is discussed briefly in the following 

sub-sections.      

3.4.1 SC-FDMA 

For the LTE uplink, OFDM can not be directly used because of its shortcoming with respect to 

the large fluctuation in the transmitted signal power. This variation affects the efficiency of the 

power amplifier negatively, which in turn entails high cost on the power amplifier. Thus it will 

not be feasible to use OFDM for the LTE uplink, where the user equipments need to have high 

power amplifier efficiency to enable longer battery life. To address this problem, a Discrete 

Fourier Transform Spread - OFDM, DFTS-OFDM, is used as the transmission scheme for the 

LTE uplink. DFTS-OFDM is also referred to as Single Carrier-FDMA. Figure 3.7 shows a block 

diagram of the SC-FDMA transmission scheme with cyclic prefix.  

M symbols
 

DFT 
(Size M) 

 
 
 
 
 

IDFT 
(Size N) 

CP 
Insertion DAC O/P

 

Figure 3.7. Block diagram of SC-FDMA transmitter. 
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DFTS-OFDM has small fluctuations in the transmitted signal power, with low Peak-to-Average 

Power Ratio (PARP). It also allows flexibility in assigning bandwidth (multiple access in the 

frequency domain) for each user equipment depending on the required data rate and available 

power.  

The sub-carrier mapping in SC-FDMA can be either localized or distributed resulting in two 

different types of SC-FDMA. In localized transmission the data to be transmitted occupies a 

number of continuous subcarriers, where as in distributed transmission the data symbols will be 

mapped onto regularly spaced subcarriers. Figure 3.8 depicts the distributed and localized SC-

FDMA modes of transmission. The two modes have similar peak-to-average power ratio. 

However, the distributed mode has high sensitivity to frequency errors. For the LTE uplink, only 

the localized transmission is employed.  

  

 

(a) 

SC-FDMA 
Subcarrier 

 

(b) 

Figure 3.8. (a) Localized and (b) Distributed modes of SC-FDMA transmission. 
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3.4.2 Time Domain Structure 

According to the 3GPP specification for LTE, two types of radio frames of length 10 ms are 

defined [2]. The first type of frame structure, Type 1, is specified for FDD operation while Type 2 

is used for TDD operation. Since the focus of this thesis is on FDD, only the first type is 

discussed. Each radio frame is divided into 10 subframes with a duration of 1 ms, and each 

subframe is in turn divided in to two slots of length 0.5 ms as illustrated in Figure 3.9. 

#0 #1 #2 #19#18

One radio frame = 10 ms

1 slot = 0.5 ms

One subframe = 1 ms

 

Figure 3.9. Frame structure Type 1 (FDD).  

3.4.3 Physical Resource 

In the SC-FDMA based uplink, the physical resource can be represented as a time-frequency grid 

as shown in Figure 3.10. As in the downlink, the orthogonal subcarriers are spaced 15 kHz apart. 

A set of 12 consecutive subcarriers in the frequency domain and one slot in the time domain form 

one resource block (RB). Thus a resource block can be parameterized as 180 kHz x 0.5 ms 

physical resource. An RB can have 6 or 7 SC-OFDMA symbols per slot depending on the length 

of the cyclic prefix, 7 symbols per slot for the normal cyclic prefix and 6 symbols for the 

extended cyclic prefix.  

With the normal cyclic prefix, a resource block will have 84 (7 symbols x 12 sub-carriers) 

resource elements as illustrated in Figure 3.10. 
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   Figure 3.10. The LTE uplink resource grid [2]. 

3.4.4 Physical Channels and Reference Signals 

The following physical channels and reference signals are defined for the LTE uplink. 

Uplink Physical Channels: are used for data transmission, control signalling and random access. 

Physical Uplink Shared Channel (PUSCH): is used to carry on the uplink user data. QPSK, 

16QAM and 64QAM are the modulation schemes supported on PUSCH. PUSCH is mapped to 

physical resource blocks in different ways depending on whether uplink frequency hopping is 
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enabled or not. The mapping also differs for different types of hopping if uplink frequency 

hopping is enabled. Frequency hopping on PUSCH will be the focus of the next chapter. 

Physical Uplink Control Channel (PUCCH):  is used to transmit control information for the 

uplink. There are different formats of PUCCH depending on the type of control information 

transmitted. The different formats support different modulation schemes [2]. The uplink control 

information can be HARQ acknowledgements, channel-status reports, or scheduling requests. 

The resource blocks at the edges of the uplink frequency band are used for PUCCH transmission. 

If the UE is already scheduled, PUSCH can be used for transmitting both control information and 

user data. Thus PUCCH is transmitted only when there is no PUSCH transmission [1].  

Physical Random Access Channel (PRACH): is used to transmit the random-access preamble in 

the first step of random-access procedure [2].  

Uplink Reference Signals (RS): There are two types of reference signals in the uplink. 

Demodulation Reference Signal (DRS): is used to estimate the uplink channel to carry out 

coherent demodulation of PUSCH and PUCCH. For PUSCH transmission, DRS occupies the 4th 

SC-OFDM symbol from the 7 symbols in a slot with the normal cyclic prefix as shown in Figure 

3.11. While for PUCCH transmission, the symbol on which DRS is transmitted varies depending 

on the format of the PUCCH.   

 
Figure 3.11. Uplink reference signals. 
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Sounding Reference Signal (SRS): is used to provide an estimate of the uplink channel quality 

of each user equipment (UE) to the base station (eNodeB). The eNodeB uses this channel quality 

information to allocate parts of the spectrum to each UE where the UE has a good instantaneous 

channel quality – channel dependent scheduling. SRS is transmitted on the last SC-OFDM 

symbol in a subframe as illustrated in Figure 3.11. The minimum periodicity of an SRS is 2ms, 

i.e., it can be transmitted once in 2 subframes. The symbol on which a UE is transmitting an SRS 

cannot be used by other UEs in the same cell to transmit data, even though they are not 

transmitting an SRS. This precaution is taken to avoid any potential conflict between the 

reference signal and other transmissions. 

3.4.5 Uplink Scheduling  

As discussed in the previous sections in this chapter, the uplink physical resource is a shared 

resource. The physical resource is shared among UEs based on the scheduling decision by the 

uplink scheduler at the eNodeB. The scheduler can perform dynamic scheduling to decide which 

UE transmits in each subframe and on which resource blocks. The scheduling decisions are 

transmitted to the UEs as scheduling grants. Scheduling information for uplink or downlink, or 

power control commands for the uplink are transported by the Downlink Control Information 

(DCI). The DCI is carried on the Physical Downlink Control Channel (PDCCH). Different DCI 

formats are used to transport different control information. For instance DCI format 0 is used to 

transport uplink scheduling grants [3]. A scheduling grant contains information about the 

transport format to be used in addition to the information about the resource blocks. Whenever a 

UE has data to transmit, it sends scheduling request to the eNodeB to get scheduled.  

The UE provides the uplink scheduler with information about buffer status and available power 

through the MAC (Medium Access Control) control elements. The scheduler uses this 

information to make more appropriate decisions.  

Channel Dependent Scheduling (CDS): It has been discussed that channel dependent 

scheduling is one of the enabling technologies to achieve LTE’s targets. For the downlink, 

channel quality indication (CQI) reports can be used by the scheduler for CDS. However, for the 

uplink the channel quality information from the sounding reference signals (SRS) is necessary to 

carry on CDS.  
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CDS has been shown to be a good technique to improve the uplink performance [33]. 

Nevertheless, the overhead from channel sounding might be more pronounced for low data rate 

services like VoIP. Also it might not be practically feasible to perform wideband channel 

sounding for UEs at high speed, where the channel varies too fast. Thus in such situations, 

methods that improve the uplink performance by providing uplink diversity can be used [1]. One 

technique to provide diversity in the uplink is frequency hopping which is the focus of this 

master’s thesis. The next chapter will be totally dedicated to frequency hopping in LTE uplink.  

Inter-cell Interference Coordination (ICIC): One way to deal with inter-cell interference is 

inter-cell interference coordination (ICIC). The coordination is based on two types of 

information exchanged between neighboring eNodeBs over the X2 interface [1]. An eNodeB 

sends a high interference indicator to its neighbor to indicate the resource blocks on which it is 

going to schedule cell-edge users. The neighboring eNodeB avoids scheduling cell-edge users on 

those resource blocks. Another type of information is the overload indicator which indicates the 

resource blocks on which there is high interference. An eNodeB receiving this information tries 

to decrease the activity on those resource blocks to decrease the interference. This way, ICIC tries 

to mitigate inter-cell interference to enhance cell-edge user performance [34]. 
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Chapter 4  

Frequency Hopping in LTE Uplink 

In order to enhance the performance of radio communication systems it is crucial to mitigate the 

challenges presented by interference, noise, and the inherent dynamic nature of the radio channel. 

One of the techniques that can be used to mitigate the effects of fading and interference is 

frequency hopping as discussed in Chapter 2. Different forms of frequency hopping have been 

used in different technologies for different purposes since the beginning of the 20th century. 

Similarly in the 3G LTE, frequency hopping has been introduced to provide uplink diversity. In 

this chapter, a detailed discussion on frequency hopping for the 3G LTE uplink is presented.  

4.1 PUSCH Frequency Hopping 

As discussed in Chapter 3, different techniques that provide uplink diversity can be used in cases 

where channel dependent scheduling is not suitable. Frequency hopping is one of the techniques 

that can be used to enhance diversity in the 3G LTE uplink. Hopping in frequency can be 

performed on PUSCH (Physical Uplink Shared Channel) - the channel on which the user data is 

transmitted. Thus frequency hopping in the uplink can be called PUSCH frequency hopping. 

3GPP specifies two types of frequency hopping for the LTE uplink, Type 1 PUSCH Hopping and 

Type 2 PUSCH Hopping [4].  

As mentioned in Chapter 3, DCI format 0 is used to transport scheduling information for the 

uplink. It has a 1 bit hopping flag to indicate whether PUSCH frequency hopping is enabled or 

not. Thus a UE with a scheduling grant performs frequency hopping if this hopping flag is set to 

1. Depending on the system bandwidth, 1 or 2 bits are excluded from the resource allocation field 

in DCI format 0 as shown in Table 4.1 in case of hopping.  
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Table 4.1. Number of Hopping Bits vs. System Bandwidth. 
System BW  No. of hopping bits 
(no. of RBs) 

6-49 1 
50-110 2 

The uplink system bandwidth ( ) in Table 4.1 is expressed in terms of number of resource 

blocks (RBs). The bandwidth for user data transmission, the PUSCH bandwidth ( ) is 

given by (4.1). It can also be referred to as the hopping bandwidth, since PUSCH frequency 

hopping is performed on it whenever frequency hopping is enabled.    

UL
RBN

PUSCH
RBN

PUCCH
RB

UL
RB

PUSCH
RB

~NNN −=                                            (4.1)                                                     
where: 

 
UL
RBN  = uplink system bandwidth in terms of resource blocks 

1~ PUCCH
RB

PUCCH
RB += NN  ,  Type II PUSCH Hopping and  an odd integer   PUCCH

RBN
PUCCH
RB

PUCCH
RB

~ NN =  ,  in all other cases 

  = the number of resource blocks assigned for PUCCH PUCCH
RBN

The exclusion of hopping bits from the resource allocation field puts a limitation on the number 

of resource blocks that can be assigned to a hopping user. The size of the resource allocation field 

in DCI format 0 is given by: 

⎡ kNNy −+= )2/)1((log UL
RB

UL
RB2 ⎤                                            (4.2) 

where: 
 

y = size of resource allocation field 
k = 1 or 2 hopping bits as in Table 4.1. 

The reduction in the number of resource allocation bits limits the number of contiguous resource 

blocks ( ) that can be assigned to a single user, which is given by: CRBsL

           = min(CRBsL ⎣ ⎦UL
RB/2 Ny

, )                                           (4.3) ⎣ ⎦sbNN /PUSCH
RB

where: 
 

 = the number of sub-bands which is given by higher layers  sbN
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Depending on the information in the hopping bits in Table 4.1, a frequency hopping user 

performs either Type 1 or Type 2 PUSCH hopping. In each type of PUSCH hopping, there is a 

possibility to hop in frequency between subframes, inter-subframe hopping, or within a subframe, 

intra-subframe hopping depending on a single bit information provided from higher layers. A 

discussion on the two types of PUSCH hopping is presented in the following sections. 

4.2 Type 1 PUSCH Hopping  

In the first type of hopping, the hopping information is provided in the scheduling grant. Thus it 

can be called “hopping based on explicit hopping information in the scheduling grant” [1]. To 

keep the single carrier property of the LTE uplink, users are allocated on contiguously allocated 

resource blocks, , starting from the lowest index physical resource block (PRB) in each 

transmission slot. The first PRB (lowest index PRB) in the first slot of subframe number i, 

, is given by:  

CRBsL

)(1 in S
PRB

⎡ ⎤2/)(~)( 11 PUCCH
RB

S
PRB

S
PRB Ninin +=                                                                     (4.4) 

             where:  
PUSCH
RB

S
PRB Nin <≤ )(~0 1   [42] 

   = the number of RBs for PUCCH transmission PUCCH
RBN

The first RB to be used in the second slot in subframe i is given by: 

⎣ ⎦2/)(~)( PUCCH
RBPRBPRB Ninin +=                                                                                           (4.5) 

)(~ inPRB  in (4.5) depends on the information in the hopping bits as described in Table 4.2. For 

instance, for a system bandwidth less than 10 MHz (50 RBs), if the hopping bit is set to 0, Type 1 

PUSCH hopping will be performed in the second slot with a hop of half the hopping bandwidth. 

However if the hopping bit is set to 1, Type 2 PUSCH hopping will be carried out. Similarly, for 

system bandwidth of 10 MHz and above (50-110 RBs), hopping will be performed in the second 

slot with an offset of ½, ¼, or -¼ as shown in Table 4.2.  

The hopping within a subframe, intra-subframe hopping, described above is repeated for the other 

subframes. Thus this type of hopping can be referred as intra and inter-subframe hopping.  
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If the hopping is inter-subframe only, the resource allocation for the first and second slot is 

applied to even CURRENT_TX_NB and odd CURRENT_TX_NB, respectively. 

CURRENT_TX_NB is “a state variable, which indicates the number of transmissions that have 

taken place for the MAC PDU currently in the buffer” [35].  

Table 4.2. PDCCH DCI Format 0 hopping bit definition [4]. 

Information 
in hopping 

bits 

System BW 

 
Number of 

Hopping bits 
)(~ inPRB  UL
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RB

S
PRB

PUSCH
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⎛ +−  01 

10 ⎣ ⎦ PUSCH
RB

S
PRB

PUSCH
RB NinN mod)(~2/ 1 ⎟

⎠
⎞⎜

⎝
⎛ +  

50 – 110 2 

11  Type 2 PUSCH Hopping 
 

Practical Demonstration of Type 1 PUSCH Hopping: Figure 4.1 demonstrates Type 1 PUSCH 

hopping for a system bandwidth of 10 MHz (50RBs) with the hopping information bits set to “1 

0”. Six RBs have been allocated for control signaling, PUCCH, 3 at each end. Thus the hopping 

bandwidth will be 44 RBs. Based on Table 4.2, the offset in the second slot with respect to the 

lowest index PRB in slot 0, will be half the hopping bandwidth. UE1 has been allocated on the 

first two PUSCH RBs in slot 0 with the lowest index PRB being 3. It hops by an offset of 22 

RBs, i.e., half the hopping bandwidth, and is mapped to the 25th th and 26  RBs. In a similar 

fashion all the UEs perform hopping as shown in the figure.   

Figure 4.1. Type 1 intra-subframe PUSCH hopping. 

 

Hence the period of the hopping pattern is one subframe in case of intra and inter-subframe 

hopping and two subframes in case of inter-subframe only hopping. 
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4.3 Type 2 PUSCH Hopping 

In Type 2 PUSCH hopping, the hopping bandwidth is virtually divided into sub-bands of equal 

width. Each sub-band constitutes a number of contiguous resource blocks. In Figure 4.2, for a 

system bandwidth of 50 RBs, the PUSCH bandwidth is divided into 4 sub-bands with 11 RBs in 

each sub-band. As in the example for Type 1 PUSCH hopping, 6 RBs were allocated for 

PUCCH.  

 

Figure 4.2. The hopping bandwidth is divided into equal sub-bands to perform sub-band based 

hopping.  

In addition to hopping, the UEs can also perform mirroring as a function of the slot number. 

While mirroring, the resource allocation starts from the right edge of the sub-band where a UE is 

allocated. The hopping and mirroring patterns are cell-specific. Thus Type 2 PUSCH hopping can 

also be referred to as “sub-band based hopping according to cell-specific hopping/mirroring 

patterns” [1].  

Type 2 PUSCH hopping will be carried out if all the hopping bits are set to 1, as described in 

Table 4.2. In this type of hopping, virtual resources (Virtual Resource Blocks – VRBs) are 

assigned in the scheduling grant. A UE receiving a number of VRBs, , performs frequency 

hopping according to a predefined hopping/mirroring pattern as in (4.6 – 4.11) [2]. User data is 

transmitted in each slot, n
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⎡ ⎤2~ PUCCH
RBVRBVRB Nnn −=

 (4.8)  

The size of a sub-band, , is given by (4.9) . 
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RB 2mod NNNNN −−=  (4.9) 

The number of sub-bands, , is configured by higher layers. sbN

The functions fhop(i) and fm(i) represent the hopping and mirroring patterns respectively. Both the 

hopping and mirroring patterns are functions of the slot number and depend on the physical layer 

cell identity, as in the following: 
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The scrambling sequence  is generated according to the pseudo-random sequence in 

Appendix B. The sequence is initialized with the physical layer cell identity, , at the 

start of each frame. This makes the hopping and mirroring patterns cell-specific with a period of 

1 radio frame or 10 ms. More specifically, the hopping patterns are cell-specific for number of 

sub-bands ( N

)(⋅c

cell
IDinit Nc =

 )  greater than 2, while the mirroring patters are cell-specific for N  > 1.  sb sb

From (4.10) and (4.11) we can see that, for Nsb = 1 users perform only mirroring since fhop(i)=0. 

Mirroring will be used when fm(i) = 1.  

Practical Demonstration of Type 2 PUSCH Hopping: An illustration of Type 2 PUSCH 

hopping is presented in Figure 4.3 for a system bandwidth of 10 MHz. To enable sub-band based 
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hopping, the overall PUSCH bandwidth is divided in to 4 sub-bands. A similar configuration is 

used for PUCCH as in the demonstration for Type 1.  

Figure 4.3. Type 2 intra and inter-subframe PUSCH hopping. 

 

For this particular example, a cell-id = 3 is used to initialize the scrambling sequence. For the 

sake of demonstration, 4 UEs are scheduled continuously for 4 subframes. UE1 occupies the RBs 

9-13, however the resource allocation starts from RB number 13 as shown by the black arrow. 

This is because fm(0) = 1 indicating that mirroring is used in slot 0. As can be seen in the figure, 

mirroring is also used in slots 2 and 4-6 for the given cell-id. In the second slot, UE1 hops to the 

third sub-band and transmits on the RBs 25-29. Since mirroring is not used in this slot, the 

resource block allocation starts from the left edge of the sub-band. Similarly, all the other UEs 

perform hopping and mirroring as shown in the figure.  

4.4 Comparison of Type 1 and Type 2 PUSCH Hopping 

4.4.1 Diversity 

In Type 1 PUSCH hopping, there are three different hopping options with a period of only 1 

subframe in case of intra and inter-subframe hopping or 2 subframes in case of inter-subframe 

hopping mode as explained in Section 4.2 above. A UE may perform hopping in the second slot 

with an offset of ½ , -¼, or ¼ of the PUSCH bandwidth with respect to the lowest index PRB in 

the first slot.  
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However, with Type 2 PUSCH hopping there is a possibility to perform both hopping and 

mirroring with different patterns with a period of one frame or 10 subframes. This gives more 

frequency diversity to mitigate the effects of frequency selective fading.  

In addition, the hopping and mirroring patterns are cell–specific in hopping Type 2. This gives a 

possibility to mitigate the effects of inter-cell interference by averaging the interference over a 

number of users.  

In summary, Type 2 PUSCH hopping gives more flexibility, frequency diversity and inter-cell 

interference averaging compared to Type 1 PUSCH hopping. Because of these reasons, Type 2 

PUSCH hopping has been selected for a detailed study using simulations. From the two hopping 

modes, intra and inter-subframe hopping is selected since it allows hopping between slots in a 

subframe. Hence Type 2 PUSCH hopping with intra and inter-subframe hopping is selected for 

detailed analysis in this mater’s thesis.          

4.4.2 Limitations on the Scheduler 

As discussed in Section 4.1 above, 1 or 2 bits are used to provide hopping information which puts 

a limitation on the number of contiguous resource blocks that can be allocated to a single user. 

For instance for a system bandwidth of 5 MHz ( = 25 RBs), with PUSCH hopping Type 1 and 

Type 2 with one sub-band (Nsb = 1), the maximum number of contiguous RBs that can be 

allocated to a single user is 10. However, for Type 2 with 4 sub-bands, the length of contiguous 

RBs drops to 5 RBs. Hence, as the number of sub-bands increases, the length of contiguous RBs 

that can be allocated for a single user becomes shorter.  

In addition, a UE cannot be allocated on RBs that are in different sub-bands even though there 

are free RBs. Hence Type 2 PUSCH hopping puts more limitation on the scheduler. According to 

3GPP’s specification for PUSCH configuration, the number of sub-bands can be from 1 to 4 [36]. 

In this study, Type 2 PUSCH hopping with Nsb = 1 and Nsb = 4 is evaluated using simulations in 

order to see the two extreme cases.   
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Chapter 5 

Simulation Scenario 

System level simulations have been carried out to evaluate the performance of the selected 

frequency hopping schemes based on the discussions in Chapter 4. As a base line for comparison, 

a dynamic frequency domain scheduling scheme that allocates frequency resources randomly has 

been used. This chapter discusses the simulation environment, implementation of frequency 

hopping support, the scheduling algorithms, and the performance metrics used.  

5.1 Simulator  

A dynamic radio network simulator developed at Ericsson Research is used for the simulations. 

The simulator is so versatile that it can be used for different studies by varying the simulation 

scenarios. It supports different propagation models, traffic models, user generation and 

distribution. The variables for each simulation study can be configured as required and the 

outputs can be logged. However, the results for the first 3 seconds are thrown for simulation 

warm up. 

Since the simulator models the whole communication system, only some of the models 

significant for this study are discussed below. 

5.2 Cellular Network Deployment  

In this study, simulations have been run both in single cell and multi-cell scenarios. For the multi-

cell scenario, the cellular network deployment consists of 7 base stations with 3 hexagonal cells 

per base station. The cell radius is set to 577.3333 m according to the 3GPP Case 3 environment, 

as shown in Table 5.1. Hence the inter-site distance (ISD), i.e., the distance between two 

neighbouring base stations becomes 1732 m. Figure 5.1 (a) and (b) show the single cell and 

multi-cell deployments respectively.  

Table 5.1 3GPP’s Case 3 environment with BW = 5 MHz instead of 10 MHz [37]. 
CF ISD BW PLoss Speed 

2.0 GHz 1732 m 5 MHz 20 dB 3 km/h 
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                         (a)                                                     (b) 

Figure 5.1. (a) Single cell, (b) Multi-cell deployment: 7 sites with 3 cells per site.  

Even though practical cellular deployment constitutes multiple cells, the single cell scenario is 

also used in this study in order to analyse the performance of frequency hopping schemes without 

inter-cell interference. Users move in a straight line in the cell at a speed of 3 km/h as will be 

explained later. Wrap-around technique is used to keep users or interfering transmissions within 

the simulation area [41]. 

5.3 Propagation Model  

Propagation model: As discussed in Chapter 2, the Okumura-Hata model is one of the most 

commonly used propagation models. This model is used in this study as well [37]. 

Path loss: is calculated based on the distance between the transmitter and the receiver with an 

attenuation factor of 3.76. The minimum distance of the receiver from the transmitter is set to 35 

m. Hence receivers located at a distance shorter than 35 m from the base station are considered as 

if they are at a distance of 35 m while calculating the distance attenuation.    
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Shadowing:  the shadow fading, large scale fading because of obstacles with large dimensions, is 

modelled as a 0 mean and 8 dB standard deviation random variable with lognormal distribution. 

Correlation distance of shadowing is 50 m. Finally, the shadowing correlation between sites is set 

to 0.5.  

Antenna gain: one transmit antenna at the UE and two receive antennas at the base station are 

used per cell in the uplink. Maximum ratio combining is used to combine the received signals. A 

maximum antenna gain of 14 dB is assumed while computing the antenna gain [37].     

Multipath fading: is modelled based on 3GPP’s Typical Urban channel model as recommended 
in [37].   

5.4 System Model 

The system model is based on the parameters listed in Table 5.2.  

Table 5.2. Parameters for the system model. 
Parameter Value 

Bandwidth 5 MHz 
Number of Resource Blocks (RBs) 25 
Number of RBs for PUCCH 2 
TTI length 1 ms 
Maximum UE power 0.25 W 
UE Noise Figure  9 dB 
Modulation  QPSK, 16QAM 
Coding 3GPP turbo code 
Maximum number of HARQ 
Transmissions 8 

Maximum number of HARQ 
Processes 8 

Channel sounding No sounding 
Channel estimation Average channel quality knowledge 

(knowledge of slow fading only) 
Channel update Every 1 ms 
Handover  Ideal, i.e. automatic cell reselection 

As described in Table 5.1, the 3GPP Case 3 environment uses a bandwidth of 10 MHz, however 

in this study a bandwidth of 5 MHz was used instead in order to have shorter simulation time.  
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LTE specifies 5 different UE categories based on their physical layer capabilities both for the 

uplink and downlink. Among the 5 UE categories, only “Category 5” has the capability to 

support 64QAM in the uplink [38]. Thus in this simulation study only QPSK and 16QAM are 

considered for the uplink. 

HARQ transmissions can be synchronous or asynchronous in the time domain and adaptive or 

non-adaptive in frequency domain. In synchronous HARQ, retransmissions will occur at regular 

time intervals while with asynchronous HARQ, retransmissions may occur any time. Adaptive 

HARQ means retransmissions can take different transport format and different frequency 

resources than the initial transmission attempt. Whereas in non-adaptive HARQ, retransmissions 

occur exactly at the same frequency resources and take the same transport format [37].  

In this study a synchronous non-adaptive HARQ transmission is used. The retransmissions occur 

every 8 ms and the received signals from retransmission attempts are combined using incremental 

redundancy. A maximum of 8 HARQ transmission attempts are allowed in this study.  

5.5 User Generation  

All users are created at the start of simulation and distributed randomly. Each user moves in a 

straight line at a speed of 3 km/h in a random direction and wraps around when it reaches the 

edges of the simulation area as explained in Section 5.3. Users stay in the simulation area for 30 

seconds.    

5.6 Traffic Model  

Based on the discussions in Chapter 3, techniques that provide uplink diversity (e.g. frequency 

hoping) are more suitable than channel dependent scheduling for low data rate services like VoIP. 

Because of this, VoIP is used as the traffic model for this study.  

AMR (Adaptive Multi-Rate) 12.2 kb/s speech codec is used to produce the voice frames. The size 

of the voice frames is 256 bits. The VoIP users have a voice activity of 50%, i.e. users remain 

silent for half of the time. During the silent periods a 56 bits SID (Silence Insertion Descriptor) 

frame is sent. The voice calls last for 30 seconds, which means that calls are active for the whole 

simulation time. 
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5.7 Implementation of Frequency Hopping Support in the Simulator 

The 3GPP’s Type 2 PUSCH hopping algorithm, explained in Chapter 4, is implemented in the 

dynamic radio network simulator. No simplifications are made compared to the standard while 

implementing the algorithm. In order to suit the sub-band based hopping (Type 2 PUSCH 

hopping), a new sub-band based frequency domain scheduling algorithm has been developed and 

implemented.   

5.8 Scheduling 

5.8.1 Time Domain 

Whenever there is not enough information about the channel, the scheduling in the time domain 

can be carried out based on the amount of time each user waited in the queue – Round Robin 

Scheduling. The user that waited for the longest period of time will be scheduled. However, in 

this study users are scheduled based on the length of time packets have waited in the scheduler 

buffers – scheduling based on queuing delay.  Perfect buffer knowledge is assumed, which means 

that the estimator can access the terminal buffers directly. 

A total of 6 grants per subframe are used both for the uplink and downlink. Considering that 

VoIP is a symmetric service, 3 grants/subframe are used for each direction.       

5.8.2 Frequency domain 

Frequency domain scheduling algorithms for the LTE uplink shall assign users on a set of 

consecutive resource blocks in order to keep the single carrier property of the uplink. In this study 

2 different frequency domain scheduling algorithms are used to allocate frequency resources to 

users per subframe. 

Random: assigns each user randomly on sets of contiguous RBs on any part of the spectrum 

based on a well defined algorithm. Each user takes a number of RBs based on its payload size. 

This is the scheduling algorithm used as the baseline for comparison.  

Users performing Type 2 PUSCH hopping with 1 sub-band (Nsb = 1) are scheduled based on the 

random frequency resource allocation scheme prior to hopping. The resources on which users are 
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scheduled prior to frequency hopping are used as virtual resource blocks (VRBs). However, for 

users hopping in frequency based on Type 2 PUSCH hopping with Nsb  > 1, a new sub-band based 

frequency resource selection algorithm is developed and used as described in Section 5.7 above. 

The new algorithm is very much similar to random except that it is sub-band based.     

Sequential: fills up the spectrum with users scheduled on sets of RBs sequentially starting from 

the left edge of the spectrum in each subframe.  

5.9 Performance Metrics 

To analyze the performance of the different scheduling algorithms with and without frequency 

hopping, the VoIP user satisfaction is used as the performance metric [39].  

VoIP user satisfaction: A VoIP user is said to be satisfied if it has a FER (Frame Error Rate) of 

less than 1%. A frame is considered to be lost if its mouth-to-ear delay is greater than the 

maximum allowed delay or if it is discarded. The maximum allowed delay is set to 140ms. 

Based on the user satisfaction criteria, the VoIP capacity for the different schemes is calculated 

and compared. 

VoIP capacity: defined as the number of users in the system at which 95% of the users are 

satisfied [39].  

In addition to the main performance metric, i.e. user satisfaction, the performances of the 

different scheduling schemes are compared based on parameters like HARQ BLER, number of 

scheduled resource blocks per user and per cell, SINR, and mutual information.    

Mutual Information: is the received symbol information calculated as a function of the SINR 
and the modulation index [40]. 
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Chapter 6 

Simulation Results 

In this chapter the simulation results will be presented and analyzed accordingly. Dynamic 

simulations have been run for the single cell and multi-cell scenarios.   

6.1 Single Cell Scenario 

In this section the simulation results for the single cell scenario will be discussed. The primary 

gains that are expected form performing frequency hopping are frequency diversity and 

interference diversity gains as discussed in Chapters 2 and 4.  

In a multi-cell scenario, it is not easy to see each of these gains separately since there is 

interference from neighboring cells. Evaluating the performance of the hopping and non-hopping 

frequency resource selection algorithms in the single cell scenario makes it easy to avoid the 

effects of inter-cell interference. Thus, the gain in VoIP capacity in the single cell scenario can be 

associated mainly with frequency diversity gain.  

6.1.1 VoIP Capacity 

Based on the VoIP capacity definition in Chapter 5, the VoIP capacity for the different frequency 

resource selection algorithms, with and without frequency hopping, is presented in Figure 6.1 

below. 
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FH Nsb = 1     181 users
FH Nsb = 4     181 users
RANDOM     172 users
SEQUENTIAL     164 users
Satisfaction Limit

 
Figure 6.1. VoIP Capacity for a single cell scenario. 

The simulation results show that dynamic frequency resource scheduling with frequency hopping 

results in a better VoIP capacity compared to dynamic scheduling with no frequency hopping. 

The frequency hopping schemes show a gain in VoIP capacity of 5 and 10% over the random and 

sequential frequency resource allocations respectively. At higher loads, from the two frequency 

hopping options frequency hopping with 4 sub-bands shows slightly better performance than 

frequency hopping with one sub-band, even though both of them are below the capacity limit. 

The VoIP capacity gain in the frequency hopping schemes can be attributed to the gain in 

frequency diversity; since each user hops from one part of the spectrum to the other in every slot 

according to a predefined hopping pattern.  

In addition, the HARQ transmissions also perform hopping in frequency from one transmission 

attempt to the other in the case of frequency hopping with 4 sub-bands (Nsb = 4). That is why the 

hopping scheme with Nsb = 4 performs better then the one with Nsb = 1. Thus, for a hopping 
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user, the probability of hitting a deep fade in a fading mobile radio channel in consecutive slots is 

very less. As a result it experiences better frequency diversity than a non-hopping user, and hence 

better VoIP capacity.    

On the other hand, in the hopping with Nsb = 1 and non-hopping cases, HARQ transmissions are 

transmitted on the same resource blocks as in the previous transmission attempt and hence there 

is a chance of being in deep fades in consecutive transmission attempts unless the channel 

changes in between, which may be unlikely especially for slowly moving UEs. 

6.1.2 Block Error Rate (BLER) performance 

The block error rate for each frequency resource scheduling algorithm for different cell loads is 

plotted as in Figure 6.2 and Figure 6.3. The frequency hopping schemes show the best HARQ 

BLER performance. Figure 6.2 shows the HARQ 1 BLER (HARQ BLER calculated considering 

the first transmission attempt only).  
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Figure 6.2. BLER performance, considering the first transmission attempt only. 

The difference in BLER performance becomes more evident in Figure 6.3 where the first two 

transmission attempts are considered. Overall, the frequency hopping schemes show by far the 
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best BLER performance. Frequency hopping with 4 sub-bands (Nsb = 4) performs better than the 

hopping with 1 sub-band. This is because of the fact that with Nsb = 4, the user does more 

hopping and mirroring, not only with the first transmission attempts but also with HARQ 

retransmissions as discussed in Section 6.1.1 above, resulting in a better frequency diversity and 

hence a better average channel quality. 
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Figure 6.3. BLER Performance, considering the first two transmissions attempts. 

Low BLER values lead to fewer number of resource block allocations per cell, since there are no 

or fewer retransmissions to schedule. In addition for Nsb = 4, the frequency hopping algorithm 

imposes a limitation on the scheduler as explained in Chapter 4. But fewer number of resource 

blocks may be beneficial in cases where a user is power limited, provided that the allocation size 

is not too small to handle VoIP data, as explained in Sections 6.1.3 and 6.1.4 below. 

6.1.3 Frequency Resource Usage  

The frequency hopping algorithm puts a limit on the maximum number of contiguous resource 

blocks that can be assigned to a hopping user as discussed in Chapter 4. For a carrier frequency of 

5 MHz, which corresponds to 25 resource blocks, the maximum number of contiguous resource 
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blocks that can be assigned to a single user that performs frequency hopping with 4 sub-bands is 

5. This is clearly shown in Figure 6.4 below. Consequently, the total number of resource blocks 

scheduled per cell becomes smaller for Nsb = 4, as shown in Figure 6.5. 

However, the smaller allocation size has little impact on the VoIP performance. This is due to the 

fact that voice packets are relatively smaller and hence need fewer resource blocks. For a user 

hopping with Nsb = 1, the maximum number of contiguous resource blocks allowed is 10 which 

has almost no impact on the VoIP performance as the maximum number of scheduled resource 

blocks for any of the scheduling algorithms is less than 10, as can be seen in the Cumulative 

Distribution Function (CDF) plot in Figure 6.4.  
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Figure 6.4. CDF of resource blocks scheduled per user. 

For power limited users, the allocation of fewer resource blocks results in better signal to noise 

ratio (SNR). The UE power and the experienced SNR for the resource scheduling algorithms are 

plotted and explained in Appendix A. 
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Figure 6.5. CDF of resource blocks scheduled per cell. 

As depicted in Figure 6.4, the sequential allocation has an allocation size of 1 resource block 

more often than all others. This is due to the fragmentation in the spectrum caused by the 

retransmissions. As this scheduling algorithm always starts allocating available resource blocks at 

the left edge of the spectrum, it is likely that contiguous frequency resources may be occupied by 

retransmissions resulting in an allocation size of only one resource block in order to keep the 

single carrier property of the uplink band. An allocation size of only one resource block might be 

too small for a VoIP package. Thus more data will be accumulated waiting for the next 

scheduling interval. Then it takes more resource blocks whenever it is scheduled and tries to 

concatenate more RLC segments per PDU to free the available buffer as shown in Figure 6.6. 
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Figure 6.6. CDF of RLC segments per PDU. 

But VoIP is delay sensitive, and the packet may be regarded as lost resulting in higher frame 

error rate (FER), which intern leads to low VoIP capacity.   

6.1.4 Symbol Information  

The performance of the scheduling algorithms with and without frequency hopping can also be 

compared based on the received symbol information (mutual information), plotted in Figure 6.7. 

Mutual information is calculated as a function of the selected modulation scheme and the 

experienced SINR as described in Chapter 4.  

A high value of symbol information may be received when the channel has good quality, there is 

less interference, or when both happen simultaneously. In a fading environment, a good channel 

quality may be experienced if more number of peaks are encountered than deep fades. On the 
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contrary, a bad channel quality (low SINR) may be experienced if more deeps are encountered 

than peaks.  

The received symbol information may be small if the channel is bad, the interference is high, or 

both. Looking at Figure 6.7, it can be observed that the frequency hopping schemes have fewer 

number of transmissions with very low received symbol information. They have also fewer 

transmissions with high received symbol information. As a result, the overall variance of the 

received symbol information is less for the hopping algorithms compared to the non-hopping 

ones, signifying the fact that frequency hopping averages out the channel. 
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Figure 6.7. Received Symbol Information. The sharp bents in the CDF curves reflect a change of 

modulation scheme, in this case from QPSK to 16QAM.   

 Summing up, the frequency hopping schemes have better performance than the non-hopping 

ones. Comparing the two frequency hopping schemes, the hopping with Nsb = 4, performs better 

than the one with Nsb =1. 
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One reason can be the fact that the hopping with Nsb = 4 does both hopping and mirroring 

whereas the hopping with Nsb = 1 does only mirroring as discussed in Chapter 4. 

Another reason for the better performance of the hopping with 4 sub-bands can be attributed to 

the additional frequency hopping and mirroring that this scheme does with retransmissions, from 

one HARQ transmission attempt to the next as mentioned in Section 6.1.2. 

6.2 Multi-Cell Scenario 

In Section 6.1, the simulation results for the single cell scenario have been discussed in detail. 

The performances of the resource selection algorithms have been evaluated excluding inter-cell 

interference. In practice, cellular deployments involve multiple cells resulting in interference 

from neighboring cells. Thus it is more significant to study the multi-cell scenario in order to 

evaluate the performance of the frequency resource scheduling algorithms with and without 

frequency hopping under the influence of inter-cell interference on top of fading. 

6.2.1 VoIP Capacity 

The VoIP performance of the different resource scheduling algorithms in the interference limited 

scenario is much different from the single cell scenario where there is no inter-cell interference. 

Figure 6.8 shows the VoIP capacity plots, the best performance being for frequency hopping with 

4 sub-bands. The sequential allocation shows the worst performance with very few users satisfied 

resulting in a VoIP capacity of less than 40. Frequency hopping with Nsb = 4 improves the 

capacity by 32% compared to the random frequency resource allocation and by 10% compared to 

frequency hopping with Nsb = 1. Frequency hopping with Nsb = 1 in turn improves the capacity 

by more than 22% compared to the random allocation. The curves in the capacity plots flatten at 

the capacity limit, i.e. around 95%, which might make the above percentages less reliable. 

Despite the exact figures, there is a clear gain in capacity with the hopping algorithms over the 

non-hopping ones.  
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Figure 6.8 VoIP capacity for a multi-cell scenario. 

The discussions in the single cell scenario in Section 6.1, about the frequency diversity gains 

associated with the frequency hopping schemes, hold true for the multi-cell scenario as well. The 

hopping schemes mitigate the effects of fading in a frequency selective radio channel by 

allocating different resource blocks to a hopping user in each transmission slot. This gain in 

frequency diversity is more pronounced for the frequency hopping scheme with 4 sub-bands as it 

does additional frequency hopping from one HARQ transmission attempt to the next as discussed 

earlier. 

There is a considerable VoIP performance difference between the frequency resource allocation 

algorithms in the multi-cell scenario than in the single cell scenario. This is caused by their 

difference in mitigating the effects of inter-cell interference besides their performance difference 

under the fading mobile radio channel. 

As the cell load increases the chance of having more users on the cell-edge increases 

proportionally and hence more interference limited users. The frequency hopping schemes 
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perform well under such situations by averaging the interference over all the users, allowing more 

users to be satisfied as can be seen from the capacity plots in Figure 6.8. 

The better VoIP capacity gain of frequency hopping with Nsb = 4 than the one with Nsb = 1 can 

be explained with a similar argument as in the single cell scenario in Section 6.1.1. That is 

hopping with Nsb = 4 enables both hopping and mirroring. It also does hopping in frequency 

between HARQ transmission attempts.  

In addition, in the multi-cell scenario, the hopping and mirroring patterns are cell specific for Nsb 

= 4, as discussed in detail in Chapter 4. Therefore, a UE transmitting on resource blocks on which 

there is interference from another UE in a neighboring cell will have less probability to be 

scheduled once again on same sets of resource blocks as the neighboring UE (the one that caused 

interference). Instead another UE might be scheduled on the same resource blocks as the 

neighboring UE. Consequently, the interference will be averaged over a large number of users 

providing better interference diversity (interference averaging) in the system and hence better 

VoIP capacity. 

6.2.2 Block Error Rate (BLER) performance 

The HARQ 1 BLER performance in the multi-cell scenario differs from the single cell scenario 

as can be seen in Figure 6.9. The frequency hopping scheduling algorithm with Nsb = 4, shows 

poor performance compared to the others especially for low to medium loads. The higher BLER 

of the hopping with 4 sub-bands is the result of poor channel knowledge caused by the high 

interference variations in the uplink. The high interference variation is in turn a direct 

consequence of the higher interference concentrations on specific resource blocks while 

employing the frequency hopping resource scheduling with 4 sub-bands. The resource blocks on 

which there is more interference in the sub-band based hopping are the ones at the opposite edges 

of each sub-band. 

The BLER is higher at higher cell loads for all the schemes. As the number of users per cell 

increases, the number of users around the cell border also increases since the users are placed 

randomly in the cell as explained in Chapter 5. Thus the amount of inter-cell interference and 

hence interference variations increase which may result in high BLER.  
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Figure 6.9. HARQ BLER performance, considering the first transmission attempt only. 

However, the HARQ BLER performance plots considering the first two HARQ transmission 

attempts follow a similar trend as in the single cell scenario as shown in Figure 6.10. The 

frequency hopping schemes perform much better than the non-hopping schemes, with the non-

hopping users having a BLER of more than two fold of the hopping ones.  In other words, the 

hopping users have more successful transmissions in the first two transmission attempts than the 

non-hopping users.  
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Figure 6.10. HARQ BLER Performance, considering the first two transmission attempts. 

6.2.3 Frequency Resource Usage  

Users scheduled with the sequential resource selection algorithm and frequency hopping users 

with Nsb = 4 suffer more from interference concentrations than users scheduled based on the 

random resource selection algorithm and frequency hopping users with Nsb = 1. More 

interference concentration leads to a poor channel and consequently each user tries to take more 

resource blocks in order to free its buffer as can be seen in Figure 6.11 below. In the figure, it can 

be seen that frequency hopping users and users with the sequential algorithm take more resource 

blocks.  
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Figure 6.11. CDF of scheduled resource blocks per user. 

From the discussions in Chapter 4 and previous sections in this chapter, it is to be remembered 

that the frequency hopping scheduling algorithm with 4 sub-bands puts a maximum limit of 5 

resource blocks per user. This was also reflected in the CDF plots of resource blocks scheduled 

per user in the single cell scenario. However, this comes to be no more a limitation for the multi-

cell scenario as shown in Figure 6.11. More than 99% of the users scheduled according to the 

frequency hopping algorithm with 4 sub-bands used a maximum of 4 resource blocks. 

The number of resource blocks scheduled per cell is also maximum for the sequential allocation 

followed by the hopping algorithm with 4 sub-bands as shown in Figure 6.12. This is intuitive, 

since these algorithms schedule more resource blocks per user.  
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Figure 6.12.  CDF of resource blocks scheduled per cell. 

6.2.4 Symbol Information 

Frequency hopping users transmitting on a fading channel in an interference limited scenario 

show less variance in the received symbol information than the non-hopping schemes as depicted 

in Figure 6.13.  The explanation in Section 6.1.4 for the single cell scenario also holds true here. 

The hopping algorithms achieve this gain by providing more frequency diversity and interference 

averaging.  
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Figure 6.13. CDF of received symbol information. 

In contrast to the single cell scenario, the sequential resource allocation algorithm has the least 

received symbol information. As discussed earlier, the sequential resource allocation for users in 

all cells starts from the left edge of the frequency spectrum and proceeds sequentially to the right 

resulting in more interference concentrations in the multi-cell scenario. The higher interference 

concentration may result in smaller experienced SINR.  
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Figure 6.14. CDF of SINR(dB). 

In addition, when users become power limited, which might happen so often for the 3GPP Case 3 

environment as explained in Appendix A, the experienced SINR becomes lower for the 

sequential algorithm which schedules more resource blocks per user. The poor SINR 

performance of the sequential allocation can be clearly seen in Figure 6.14, which resulted in 

very few users satisfied and thus a VoIP capacity of less than 40.  
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Chapter 7 

Conclusion and Future Work 

7.1 Conclusion 

In this masters thesis it has been tried to asses the potential performance gain of dynamic 

frequency resource scheduling with frequency hopping in LTE uplink using dynamic simulations. 

Dynamic frequency resource scheduling with random frequency resource allocation has been 

used as a baseline for comparison. The frequency hopping algorithms have been implemented in 

a dynamic radio network simulator according to the 3GPP specifications. Based on the simulation 

results, frequency hopping provides frequency and interference diversity gains. VoIP user 

satisfaction is used as a performance metric. The VoIP capacity, the maximum number of users in 

the system at which above 95% of the users are satisfied, is calculated and compared for each 

frequency resource allocation algorithm. 

Single cell and multi-cell scenarios in the 3GPP Case 3 environment have been simulated in a 

dynamic radio network simulator in order to evaluate the performance of the frequency hopping 

and non-frequency hopping frequency resource scheduling algorithms under fading mobile radio 

channel and interference limited operating environment. The single cell scenario is used to study 

the performance of the scheduling algorithms in counteracting the effects of frequency selective 

fading since it is free from any inter-cell interference. While in the multi-cell scenario their 

performances in mitigating the effects of both fading and inter-cell interference have been 

studied.  

The diversity gains were reflected in the performance plots as discussed in Chapter 6 in detail. 

Intra-subframe frequency hopping with 4 sub-bands has shown the largest VoIP capacity gain 

followed by intra-subframe frequency hopping with one sub-band. The hopping with 4 sub-bands 

has shown a VoIP capacity gain of 10% in the single cell scenario and more than 32% in the 

multi-cell scenario. On the other hand, the hopping with 1 sub-band shows a capacity gain of 

10% and 22% in the single cell and multi-cell scenario as shown in Figures 6.1 and 6.8 

respectively. 
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As mentioned in Section 6.2.1, the curves in the capacity plots flatten at the capacity limit, i.e. 

around 95%, which might make the exact percentages by which the capacity is improved less 

reliable. Despite the exact figures, the plots show a clear gain in capacity with the hopping 

algorithms over the non-hopping ones.   

Users hopping in frequency according to the frequency hopping algorithms make in general 

fewer retransmissions than users with random frequency resource allocation. According to the 

simulation results, frequency hopping users show a HARQ BLER performance gain of more than 

two fold, considering the first two HARQ transmission attempts, the maximum gain being for 

intra-subframe frequency hopping with 4 sub-bands as shown in Figures 6.3 and 6.10. However, 

intra-subframe frequency hopping with one sub-band shows the best HARQ BLER performance 

when only the first HARQ transmission attempt is considered.  

According to the simulation results in this study, users are grant limited instead of being 

bandwidth limited as depicted in Figures 6.4 and 6.11. Hence, the number of available grants is a 

limiting factor for VoIP capacity in the uplink. 

To conclude, frequency hopping improves the uplink performance in the 3GPP LTE by averaging 

the effects of fading and inter-cell interference. It improves the performance of users transmitting 

on a fading channel in an interference limited environment by providing frequency and 

interference diversity gain, the gain being more pronounced for cell-edge users. For low data rate 

services like VoIP, frequency hopping can be used as a good alternative to improve the uplink 

performance.   

7.2 Future work  

In order to make this study as complete as possible, it would be worthwhile to evaluate the 

performance of the frequency resource selection algorithms under different operating 

environments. This study is performed only for VoIP traffic model. However, the real traffic is a 

mix of different traffics including VoIP traffic, web traffic, video streaming, etc. Thus it would be 

advisable to make studies with other traffic models too.  

In all the simulations in this study, a fixed number of grants has been used; 3 grants/subframe in 

the uplink. As mentioned in the conclusion, users were grant limited instead of being bandwidth 
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limited. Therefore, it will be important to make performance analysis with different number of 

grants as well. 

One of the situations where frequency hopping would be expected to show better performance is 

for user terminals at higher speed. However in this master’s thesis, only low user terminal speed, 

i.e. 3 km/h, has been considered. Therefore evaluating the performance of frequency hopping at 

higher terminal speeds would be valuable to be included in future studies.  

All the simulations in this study were performed for the 3GPP Case 3 environment, where many 

users might be power limited. On the other hand, the amount of inter-cell interference might be 

more in the 3GPP Case 1 environment, while the probability of being power limited is less. 

Hence, performance analysis in the Case 1 environment would be one scenario to be studied in 

the future.  

As discussed in Chapter 3, uplink inter-cell interference coordination is a mechanism that can be 

used to improve the data rates of cell-edge users by restricting transmissions on parts of the 

spectrum where there is interference, based on information from a neighboring cell. An eNodeB 

tries to avoid allocating resource blocks to cell-edge terminals if it receives a high interference 

indicator on those resource blocks from a neighboring eNodeB. It also tries to reduce the 

interference on resource blocks where an overload indicator is reported from the adjacent 

eNodeB.  

The exchange of these indicators between eNodeBs is not so fast that the coordination might span 

longer than the duration of one subframe [1]. However, frequency hopping occurs within a 

subframe or at least every subframe in case of inter-subframe frequency hopping. Thus the 

indicators exchanged between eNodeBs for inter-cell interference coordination might not be valid 

any more since the cell-edge users that caused interference on a set of resource blocks in one 

subframe or transmission slot might be using a different set of resource blocks on the next 

subframe or transmission slot. Therefore such issues should be taken into consideration if uplink 

inter-cell interference coordination is to be used together with frequency hopping.  

As a further study, it might be interesting to see if there is any gain in using both frequency 

hopping and inter-cell interference coordination simultaneously compared to the gain in using 

each of them separately.   
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Finally, channel dependent frequency domain scheduling and frequency hopping are proposed as 

means of improving the uplink performance in the 3GPP LTE. Each of them has been studied 

independently. However, in order to better understand which technique to use and in what 

situation, it would be fascinating to make performance analysis of each technique under the same 

simulation scenario with the same performance metrics.  
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Appendices  

Appendix A    UE power 

The UE power for the frequency resource scheduling algorithms at a cell load of 180 users/cell in 

the single cell scenario is plotted as in Figure A.1. As discussed in Chapter 6, users scheduled 

according to the sequential algorithm and frequency hopping users with Nsb = 4 have less 

average UE power because of the allocation of fewer resource blocks.  

As can be seen in Figure A.1, 30% of the UEs are power limited. This is expected since the 3GPP 

case 3 has a large cell radius.   

0 0.05 0.1 0.15 0.2 0.25

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
CDF of UE Power, 180 users/cell

UE Power (W)

C
D

F

 

 

FH Nsb = 1
FH Nsb = 4
RANDOM
SEQUENTIAL

 
Figure A.1. CDF of UE power for the single cell scenario.  

When a UE runs out of power, it uses the available power for transmitting on the scheduled 

resource blocks. Thus, the fewer the scheduled resource blocks, the more the average power per 
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resource block. This is reflected in the SNR plots, with better SNR values for the resource 

scheduling algorithms that allocate fewer resource blocks as depicted in Figure A.2.   

The frequency hopping scheme with Nsb = 4 has the best SNR in agreement with the fewer 

resource block allocations and the hopping in frequency from one transmission attempt to the 

next transmission attempt.  

Even though, the sequential allocation shows better SNR than the random allocation scheme, its 

VoIP performance is the worst because of the spectrum fragmentation that resulted from the 

retransmissions as discussed in Section 6.1.3. 
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Figure A.2. CDF of SNR (dB) for the single cell scenario. 
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Appendix B    Pseudo-Random Sequence Generation [2] 

For PUSCH hopping Type 2, scrambling sequences based on the following pseudo-random 

sequences are used. Gold sequence of length-31 is used to specify the sequences.  

The output sequence, , has a length of , wherePNM 1,...,1,0 PN −= Mn , and is defined as in: )(nc

( )
( )
( ) 2mod)()1()2()3()31(

2mod)()3()31(
2mod)()()(

22222

111

21

nxnxnxnxnx
nxnxnx

NnxNnxnc CC

++++++=+
++=+
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         where: and the 1st  m-sequence is initialized with  1600=CN

30,...,2,1,0)(,1)0( 11 === nnxx .  
The initialization of the 2nd m-sequence is denoted by  

∑=
⋅=

30

0 2init 2)(
i

iixc   
The value of C depends on where the sequence is applied. init  

In the PUSCH hopping Type 2, the physical layer cell identity is used to initialize the sequence, 

i.e. . 
cell
IDinit Nc =
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Appendix C    Abbreviations 

 
3GPP  Third Generation Partnership Project 
AFH-SS Adaptive Frequency Hopping Spread Spectrum 
AMC Adaptive Modulation and Coding 
AMR  Adaptive Multi-Rate 
ARQ Automatic Repeat Request 
BLER Block Error Rate 
CDF  Cumulative Distribution Function 
CDS Channel Dependent Scheduling 
CF Carrier Frequency 
CP Cyclic Prefix 
CQI Channel Quality Indicator 
DAC Digital to Analog Converter 
DCI  Downlink Control Information 
D-FDMA Distributed - Frequency Division Multiple Access 
DFT  Discrete Fourier Transform 
DFTS-FDM Discrete Fourier Transform Spread-OFDM 
DRS Demodulation Reference Signal 
DS-SS Direct Sequence Spread Spectrum 
EDGE Enhanced Data rates for GSM Evolution 
E-MBMS Enhanced Multimedia Broadcast Multicast Service  
eNodeB The base station in LTE 
FDD Frequency Division Duplex 
FEC Forward Error Correction 
FER  Frame Error Rate 
FFT Fast Fourier Transform 
FH-SS Frequency Hopping Spread Spectrum 
GSM  Global System for Mobile communications 
HARQ Hybrid Automatic Repeat Request 
HSPA High Speed Packet Access 
ICIC Inter-cell Interference Coordination 
IDFT  Inverse Discrete Fourier Transform 
IFFT Inverse Fast Fourier Transform 
ISD Inter-Site Distance 
ISI  Inter-Symbol Interference 
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L-FDMA Localized - Frequency Division Multiple Access 
LTE Long Term Evolution 
MAC  Medium Access Control 
MIMO  Multiple-Input Multiple-Output 
OFDM Orthogonal Frequency Division Multiplexing  
PARP Peak-to-Average Power Ratio 
PDCCH Physical Downlink Control Channel  
PDU  Protocol Data Unit 
PRACH Physical Random Access Channel 
PRB Physical Resource Block 
PUCCH  Physical Uplink Control Channel 
PUSCH Physical Uplink Shared Channel 
QAM Quadrature Amplitude Modulation 
QoS  Quality of Service 
QPSK  Quadrature Phase Shift Keying 
RB Resource Block 
RLC  Radio Link Controller 
RRM Radio Resource Management 
RS Reference Signals  
SAE  System Architecture Evolution  
SC-FDMA Single-Carrier Frequency Division Multiple Access 
SID  Silence Insertion Descriptor 
SINR Signal to Interference and Noise Ratio 
SNR Signal to Noise Ratio 
SS Spread Spectrum 
TDD  Time Divison Duplex 
TTI  Transmission Time Interval 
UE User Equipment 
UTRA  Universal Terrestrial Radio Access 
UTRAN  Universal Terrestrial Radio Access Network 
VoIP  Voice over IP 
VRB Virtual Resource Blocks 
WCDMA Wideband Code Division Multiple Access 
WiMAX Worldwide Inter-operability for Microwave Access 
WLAN  Wireless Local Area Network 
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