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Abstract 

Future wireless systems are intended to provide high data rates in order to support 

multimedia applications. This goal may require some fundamental changes in the existing 

network structure. Towards that end, due to its cost effective nature, multi-hop relaying is 

considered as one of the promising solutions for the requirements of the future networks.  

This thesis studies the feasibility of ubiquitous high data rate coverage in Cellular 

Fixed Relay Networks (CFRN). Firstly, the capacity of CFRN is found through analytical 

derivations and compared to that of Pico-Cellular Networks (PCN), which is another 

candidate for future wireless networks, and Conventional Cellular Networks (CCN). 

Then, a composite multi-hop link is presented, where all the links in the same composite 

multi-hop link use orthogonal channels in order to prevent excessive in-cell interference. 

With the help of analytical derivations, the closest distance from the Central Node (CN) 

where n-hop communication can be utilized is found. Furthermore, the optimum number 

and position of the first tier Relay Stations (RSs) are found for ubiquitous high data rate 

coverage. Finally, a series of simulations are performed and performance of CFRN is 

compared to that of CCN, where the performance criteria are: spectral efficiency 

distribution/coverage, outage, and average spectral efficiency. It is shown that, with 2-

hop relaying, 70% of the users can be provided with high data rate and the outage can be 

reduced to 0.25%. In summary, CFRN can be cost effective solution to the high data rate 

coverage problem of 4G networks.  If the objective is to provide close to 100% high data 

rate coverage, then, based on the cell size, propagation conditions, and the transmit 

powers of the CN and the RSs, more than one tier (too many) RSs may be necessary. 
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However, if the 100% high data rate coverage requirement is relaxed, with sufficiently 

high RS transmit power, one tier with not too many RSs may be sufficient. In such a case, 

the outage reduction is still prominent.  
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CHAPTER 1: INTRODUCTION 

Future wireless systems are expected to provide very high data rates; it is estimated 

that, for 4G systems, the aggregate peak data rate demands for mobile access and 

nomadic/local area wireless access could be around 100 Mbps and 1 Gbps, respectively 

[1]. With the existing cellular architecture, this goal cannot be realized over a wide 

coverage area. Therefore, some novel cellular network architectures are being studied.  

1.1. Thesis Motivation 

In Conventional Cellular Networks (CCN) each Base Station (BS) is allocated a 

portion of the available resources (or all of the resources if the frequency reuse factor is 

1) and provides service for the users in the cell area. The cell area is determined by the 

acceptable level of signal-to-noise ratio (SNR) and thus depends on the transmit power 

and the propagation conditions. The users inside that cell area determine the cell demand. 

For the same cell, the cell capacity can be found from the available resources to the cell 

and the QoS requirements of the users in the cell area. 

There are two possible problems depending on the cell demand; if the cell demand is 

greater than the cell capacity, then BS cannot meet the QoS requirements of the users in 

its cell area. This problem is known as the capacity shortage and can be solved by 

increasing the number of BSs (maybe along with a decrease in the BS transmit power to 
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reduce the interference). Although the solution is not cost effective, since there are 

demanding subscribers in the cell, the costs can be covered easily.  On the other hand, if 

the cell demand is less than the cell capacity, then a coverage shortage may occur. Even 

though the cell capacity is enough to meet the cell demand, due to some environmental 

and propagation conditions, the users in the cell may not get enough SNR to meet their 

QoS requirements. The cell splitting idea may be used to solve this problem as well; 

however, in such a case, only a small number of users will be assigned to the newly 

deployed BSs, and hence the number of the subscribers will not be enough to cover the 

additional costs. Therefore, a cost effective solution must be found to overcome the 

coverage shortage problem. 

Towards that end, multi-hop relaying concept is considered to be a promising solution 

[2]. Adding relays in the cells reduces the signal transmission distances, resulting in 

lower propagation loss and higher average SNR to the mobile user. Therefore, range 

extension and outage reduction can be obtained by deploying relays [3]. In addition, 

relays are much simpler devices than base stations in the sense that they require low 

transmit power and limited functionality [4]; that is, their complexity is comparable to 

that of WLAN access points. In fact relays are more cost effective due to the fact that, 

unlike WLAN access points, they do not require a wired backhaul connection.  
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1.2. Research Overview 

This research is on Cellular Fixed Relay Networks (CFRN), a promising cost effective 

solution to the high data rate coverage problem of the next generation cellular networks. 

The thesis is composed of two parts; in the first part, the capacity (in terms of aggregate 

throughput) of CFRN is found and compared to that of Conventional Cellular Networks 

(CCN) and Pico-Cellular Networks (PCN). In CCN, BSs are deployed in the service area 

and each BS is responsible for the users in its coverage area. The architecture of PCN is 

very similar to that of CCN, i.e. each cell has its own BS to provide service to the users in 

the cell area and all the BSs in the service area are connected to the Internet; however, the 

main difference is that, the cell sizes are much smaller. On the other hand, the 

architecture of CFRN used in this part is quite different from that of CCN and PCN; a 

large (CCN) cell is divided into smaller cells (same size as PCN cells). Each small cell 

has a “node” or Relay Station (RS) at the center in order to provide service to the users in 

its coverage area, as shown in Figure 2.5. In the large cell area, only the Central Node 

(CN) has a connection to the Internet; in the same large cell, communication between any 

two nodes is via wireless link. Therefore, besides the amount of bandwidth assigned to 

the users in the service area, some portion of the available bandwidth should be assigned 

to the node-to-node links in order to carry the traffic of the users to/from CN.  

It is assumed that, each node can directly communicate with only the neighbor nodes, 

so CN has direct links with only the first tier nodes. For example, if some data is to be 

sent from CN to a user in the coverage region of a third tier node, data must be relayed 

through one first tier and one second tier node; so, all data (except the amount CN uses in 
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its coverage area) must go through links between the CN and the first tier nodes. All that 

data, except for the amount first tier nodes use in their coverage area, should go through 

the links between first tier nodes and second tier nodes. Due to the difference between the 

amount of data carried on the CN-(first tier node) links and (first tier node)-(second tier 

node) links, the amount of bandwidth that should be assigned to the CN-(first tier node) 

links must be more than the bandwidth that should be assigned to the (first tier node)-

(second tier node) links. In the same manner, the amount of bandwidth that should be 

assigned to the (first tier node)-(second tier node) links must be more than the bandwidth 

that should be assigned to the (second tier node)-(third tier node) links; so, the inner 

node-to-node links will require more bandwidth than the outer ones.  

In the second part of the thesis, optimum number and position of the first tier RSs are 

found in order to provide high data rate coverage throughout the cell. First, using some 

analytical calculations, the closest point to the CN where n-hop communication can be 

utilized is found. Spectral efficiency is used as the data rate comparison criterion. The 

cell area is composed of regions depending on the spectral efficiency values (or SINR 

values) of the users. When the effects of shadowing and fading are ignored, then the users 

having the same spectral efficiency values constitute a circle; so according to the radii of 

those circles, it is possible to locate the users for which n-hop is the best communication 

type. If, for a user, single-hop spectral efficiency is greater than any kind of multi-hop 

spectral efficiency, it is better to use single-hop communication for that user. The 

innermost circle will represent the users for which single-hop gives the best spectral 

efficiency, so there is no need to use any kind of multi-hop communication. Since multi-
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hop is not needed, putting any RSs in that region would be a waste. Similarly, according 

to the spectral efficiency circles, the closest distance from the CN that (in general) n-hop 

communication is practical is found.  

It is aimed that the RSs would be simple and small devices compared to Base Stations 

(BSs), so they would need two separate channels to transmit and to receive. In this 

analysis, it is assumed that RSs do not transmit and receive at the same time. Therefore, 

in a composite multi-hop link, time ‘set’s of two adjacent links are orthogonal to each 

other. Moreover, in this part, it is also assumed that all other time ‘set’s for the same 

composite multi-hop link are also considered as orthogonal in order to reduce the 

interference in the cell.  

For 2-hop communication, each RS needs two orthogonal time slots and operates 

differently during each of those time slots. When a user or Mobile Station (MS) enters the 

system, a channel is assigned to that user by the CN. If the user does not need relay 

assistance, then the operation is same as the CCN case. On the other hand, if relay 

assistance is needed, then there should be two time slots, one for CN-RS communication, 

namely 1T , and one for RS-MS communication, namely 2T . During 1T , the channel 

assigned to the intended MS is used for the CN-RS link and during that time slot the RS 

operates at receiver only mode. During 2T , the very same channel is used for the RS-MS 

link and during that time slot the RS operates at transmitter only mode.   

Simulation results support the analytical findings and show that with the proper 

position and number of RSs, it is possible to increase the SINR values of the MSs 
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significantly. Furthermore, additional improvements can be obtained if Adaptive 

Modulation and Coding (AMC) is used and ubiquitous high data rate can be provided.   

1.3. Thesis Objective 

The main objectives of this research are: 

• To investigate whether multi-hop relaying can provide ubiquitous high data 

rate coverage. 

• To analyze the number of RSs needed for various system parameters (such as 

propagation exponent and relay transmit power). 

• To analyze the optimum location of the RSs in the cell. 

• To investigate the capacity improvement in terms of aggregate cell throughput 

when multi-hop is used and to compare the capacity of CFRN to that of CCN 

and PCN. 

• To analyze the multi-hop relaying and to determine the closest point in the cell 

where n-hop communication is practical. 

• To investigate the impact of adaptive modulation techniques on the system 

throughput when relaying is incorporated.  
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1.4. Relevant Literature 

It is known for a long time that relaying is capable of improving the system 

performance in terms of coverage. The primitive versions of relays are repeaters and they 

are used to eliminate the black spots and hence to improve the coverage in the cell [5-8]. 

Those repeaters are “blind” in the sense that they transmit what they receive. In the recent 

years, due to the improvements in RF technology, the repeaters are evolved to relays (or 

intelligent relays) and they are no longer “blind”, i.e. they transmit the intended parts of 

the received signal and signal goes through the favorable links. [9-12] present intelligent 

relaying for the future wireless communications systems. It shown that, with intelligent 

relaying, the cell coverage and throughput can be improved significantly. 

Coverage enhancement in mobile cellular networks through peer-to-peer relaying is 

studied in [13, 14]. The results show that relaying improves the system performance 

significantly, especially when the user density is high. Furthermore, when power control 

is used, the system becomes more robust to the channel selection scheme. 

The theoretical characterizations and analysis for the physical layer of multi-hop 

wireless communications channels are presented in [15]. It is shown that multi-hop 

channels outperform single-hop channels. It is also indicated that the performance of 

analog relaying is better than that of digital relaying for the given system architecture. 

Furthermore, the usage of diversity improves the performance of multi-hop channels for 

both analog and digital relaying. 
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The range extension feature of the relaying concept can be applied to the HiperLAN/2 

type of networks as well [16-18]. A possible deployment scenario is introduced and the 

simulative traffic performance in a Manhattan-like dense urban environment, where too 

much capacity is provided for a small area, is presented. It is shown that infrastructure 

based relaying can be used to trade capacity against range with an increase of the peak 

throughput. Additionally, the required transmit power can be significantly reduced 

compared to a single-hop system. 

One other aspect of relaying is load balancing, which is described in [19]. The main 

idea is to divert the traffic of a highly loaded (congested) cell to the adjacent cells, 

preferably non-congested ones (or the ones having available data channels), using the 

relays. It is shown that, relaying can enhance the coverage and, with load balancing, 

provide a higher throughput. 

1.5. Thesis Organization 

This thesis is structured as follows: Chapter 2 studies the capacity of CFRN. The 

system architecture describes the node locations, antenna types, and traffic route for the 

system. Then, capacity calculations for the given CFRN structure are presented. To 

simplify the analysis, a simple frequency assignment scheme is used for the nodes. Later 

in the same chapter, the frequency assignment issue is generalized and capacity 

calculations are done for the generalized case. Finally, capacity calculations of CCN and 

PCN are done and compared to that of CFRN. 
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Chapter 3 describes the system model for CFRN in order to find the optimized number 

and position of RSs. Time slot assignment for composite multi-hop link is explained. 

Then, the data rate ratio of multi-hop communication and single-hop communication is 

found in terms of spectral efficiency values. The spectral efficiency coverage circle issue 

is explained and radii of the circles are found. With some calculations, the optimum 

position and number of the first tier RSs are found. Finally, the reuse of time slots is 

discussed. 

Chapter 4 presents the simulation model. Propagation model and environmental 

parameters are introduced. The simulation procedure is then briefly explained followed 

by flow chart of the main simulation. 

 Chapter 5 discusses the simulation results. Simulation results are categorized into 

three main sections: spectral efficiency distribution and coverage, outage probability, and 

adaptive modulation and coding histograms. Results for single-hop and 2-hop cases are 

compared for various RS positions and numbers and discussions are presented. 

Chapter 6 provides the conclusions from this work. The contributions of the thesis are 

discussed and some suggestions are made on possible future research in this area.  
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CHAPTER 2: CAPACITY OF CELLULAR FIXED 

RELAY NETWORKS 

The Cellular Fixed Relay Networks (CFRN) is a generalized form of the relaying 

concept. The whole cell area is covered by large number of Relay Stations (RSs), i.e. 

each RS serves a small area with a small amount of power. Due to the low power feature, 

when there is sufficient electromagnetic separation, it is possible to reuse the channels 

even in the same cell. 

In this chapter, the first section introduces the architecture of the CFRN. Then the cell 

capacity, i.e. aggregate throughput, of the CFRN is found, enabling the comparison 

between the capacities of the CFRN and Conventional Cellular Networks (CCN). Finally, 

the capacity of Pico-Cellular Networks (PCN) is found and compared to that of CFRN. 

2.1. System Architecture 

Figure 2.1 shows a possible tree structure for Cellular Fixed Relay Networks (CFRN). 

The solid lines in the figure represent the wireless links. Each dot denotes a node or 

equivalently a relay; in this research, these two terms (node and relay) are used 

interchangeably. As seen from the figure, CFRN may be considered as a combination of a 

central node (BS or CN) and several trees, whose nodes are fixed relays; without loss of 

generalization, it is assumed that all trees are binary trees, i.e. each node has one parent 



 11

node and two child nodes1; other cases are also considered later in the flowing sections. 

Although, in Figure 2.1, the roots of all trees are positioned on a ring around the central 

node, such regular geometric patterns are not required.  

 

 

 

 

 

 

 

 

All of the nodes are placed at positions where they have good links with their parent 

and child nodes. Each node has two different types of antenna: 

• Omni-directional (or sectorized) antenna 

• Highly directional narrow beam antenna 

                                                

1 Details are given in Appendix A. 

Figure 2.1: CFRN configuration. 
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Each node uses the omni-directional (or sectorized) antenna to communicate with the 

users in its coverage area. This communication is similar to one between a Base Station 

with omni-directional (or sectorized) antenna and the users in the cell. In addition to this, 

nodes have highly directional narrow beam antennas (such as pencil-beam antennas), for 

point-to-point communication; each node has three beam antennas: two for its child 

nodes and one for its parent node, with the exception of the leaf node (relay on the cell 

boundary) having only one for its parent node.  

The central node, unlike the relay nodes, has a connection to the wired network.  It has 

as many directional antennas as the number of the root nodes. This reduces the 

interference among primary links emanating from the central node. This feature enables 

the simultaneous use of the very same frequency band in all those links. Similar to relays, 

the central node uses an omni-directional antenna to communicate with the users in its 

coverage area.  

Each node is responsible for the traffic in its coverage area and the traffic that needs to 

be relayed through it, i.e. traffic for the sub-tree originating from itself. For the downlink, 

each node gets traffic of its own and traffic that has to be relayed to its child nodes from 

its parent node. For the uplink, each node gets traffic from its child nodes and relays it to 

its parent node along with its own traffic.  

Since the cell area is covered by a large number of relays, there is no need for a high 

power central node. Actually, if the number of relays is high enough, it may be assumed 

that all relays and the central node have approximately the same coverage area.  

Therefore, transmit power of the central node can be reduced to that of a relay. Since 
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Figure 2.2: Central Node and a tree in a binary tree structure. 

coverage areas of central node and the relays are considered to be equal, available 

bandwidth for central node and other nodes can be taken as equal as well. Although the 

features of a central node and a relay are almost the same, there is one fundamental 

difference: the central node has a connection to the wired network, whereas relays have 

no wired access to Internet. 

2.2. Capacity of the CFRN 

In this work, the term “capacity” refers to the aggregate throughput. 

The central node has a direct link with all of the root nodes.  Since all of those links 

use separate directional antennas, to obtain the maximum capacity, the same bandwidth 

can be used for all of them. Therefore, if the capacity of one link can be found, that of 

other links would also be the same. Figure 2.2 shows the central node and nodes that 

belong to one of the trees.  
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The traffic of all nodes (relays) that belong to the same tree must pass through the link 

between the central node and the root node, namely the primary link of that tree. 

Therefore, the capacity of a tree is limited by the capacity of the corresponding primary 

link.  

Let W be the total available bandwidth per cell in Hz, and let R be the capacity per 

cell in bits/sec. We will denote the cell capacity of the conventional cellular network, 

CCN (which does not employ any relays), as WCCN RR = bits/sec, where WR  indicates 

that the capacity is a function of W . 

Next, consider a CFRN cell with M root nodes, each of which is responsible for 1−N  

nodes in a binary tree structure (Fig. 2.2). We assume that B Hz of bandwidth is required 

to support the capacity of one relay, which is denoted as BR . If the capacity of the central 

node (BS) is also equal to that of a relay, then 

In order to compare CRNR  with CCNR , BR  has to be found in terms of WR , or 

equivalently B  has to be found in terms of W . As previously stated, the total 

bandwidth,W , is used in each tree and is not equal to the bandwidth assigned to a 

primary link. This is due to the fact that some portion of the total bandwidth is assigned 

for relay-to-relay communication. 

Assume that the total available bandwidth W is divided into channel groups of B Hz. 

Figure 2.3 shows the available frequency spectrum. As stated before, each relay uses an 

. )1( BBCRN MNRRMNR ≈+=                                                                              (2.1)
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average bandwidth of B Hz; this corresponds to one of the channel groups from the set 

{ }0,...,3,2,1 N  in its coverage area.  

Let us consider one tree. We define the following sets in a k-hop network: 

Note that, 

and 

In (2.3), )(Cs stands for the size (cardinality) of the set C ; also, without loss of 

generality, we assumed that BW / is an integer. To simplify the calculations, assume for 

the time being that all nodes (including the central node) use the same channel group, say 

channel group #1, from Figure 2.3, in their coverage area. This is similar to the case 

Figure 2.3: Available frequency spectrum. 

kii th ,...,2,1 , links} hop by  used groups channel of{set  : 
area} coverage      

in  their  nodesby  used groups channel of{set  : 
cell} in the available groups channel all of{set  :  

=i

0

C

C
C

 

k210 CCCCC ∪∪∪∪= ...  .                                                        (2.2)

0/)( NBWs ==C .                                                                                               (2.3)
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where nodes are considered as pico-cell base stations, each of which uses channel group 

#1 to communicate with the users in its coverage area, regardless of the interference. It is 

worth mentioning that this condition will be removed later. Then, 

In order not to generate excessive interference, the channel group in set 0C , channel 

group #1, cannot be used by any node-to-node link, including the primary links; 

therefore, 

The primary link carries N  relays’ traffic, so, bandwidth of )(NB  should be assigned 

to that link. Thus,  

Due to (2.5), channel group #1 cannot be used for primary link, then, channel groups 

from #2 to #(N+1) in Figure 2.3 should be assigned for the primary link. 

Each second hop link is responsible for the traffic of 



 −

2
1N  nodes, so each second 

hop link needs 



 −

2
1N  channels. Since each node has 3 different directional antennas 

(one for its parent node, two for its child nodes), both antennas directed to the child nodes 

1)( =0Cs channel group.                                                                     (2.4)

    ,0)( =∩ i0 CCs  for .,...,2,1 ki =                                 (2.5)

Ns =)( 1C channels groups.        (2.6)
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



 −=

2
1)( Ns 2C channel groups.        (2.7)

can use the same channel groups; therefore, for the second hop links, a total of 





 −

2
1N channel groups are needed: 

Assuming that relays cannot transmit and receive at the same frequency at the same 

time, the second hop link cannot use the N  channel groups used by the primary link. 

Therefore, 

Due to (2.5) & (2.8), channel groups from #1 to #(N+1) in Figure 2.3 cannot be 

assigned to the second hop link; so starting from channel group #(N+2), 



 −

2
1N channel 

groups should be assigned to this link. 

Each third hop link carries the traffic of 



 −

4
3N relays. As for the second hop links, 

each third hop link can use the same set of channel groups; therefore for the third hop 

links, a total of 



 −

4
3N channel groups are required. Once again, since relays cannot 

transmit and receive on the same channel, none of the channel groups used in the second 

hop links can be assigned to third hop links. Instead, for the third hop links, a subset of 

the primary link channel groups can be used (since the primary links do not create 

0)( =∩ 21 CCs .                                    (2.8)
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interference on third hop links and they require fewer channel groups than the primary 

links), i.e. 



 −

4
3N  channel groups from #2 to #(N+1). In the same manner, for the 4th 

hop links, a subset of the second hop channel groups can be used. So, in general, 

Then, from (2.9) 

The total number of channel groups can be found from (2.2) and (2.10) as, 

which can further be simplified by using (2.5) and (2.8); 

Now, from (2.4), (2.6), and (2.7) 

1-2j1 CC ⊃ and 2j2 CC ⊃   for ,...3,2=j                                         (2.9)

)s(C)Cs(C j 1121 =∪ − , 

)s(C)Cs(C j 222 =∪ .                    (2.10)

...)...([)( 1210 ∪∪∪∪= j-CCCsCs  

           ...)]...( 22 ∪∪∪∪ jCC , kj ,...,3,2=  

        )( 210 CCCs ∪∪= , 

)()()()( 210 CsCsCsCs ++= .                                                      (2.11)

1
2

1
0 +



 −+= NNN  channel groups.                                                        (2.12)
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Figure 2.4 shows an example of a tree with 7 nodes to find the total number of channel 

groups. As stated before, it is assumed that all the nodes use the same channel group, #1 

from Figure 2.3, in their coverage area. Seven additional channel groups are needed for 

the primary link as there are seven nodes in the tree; therefore channel groups #2 - #8 are 

assigned to this link. Second hop links are responsible for the traffic of 3 nodes, so these 

links need 3 channel groups. However, those 3 channel groups must be different than the 

ones used for the primary link due of the fact that relays cannot transmit and receive on 

the same channel. Then, channel groups #9 - #11 are assigned for the two second hop 

links; both second hop links have separate directional antennas, enabling the reuse of the 

same channel groups. Each of the third hop links carries the traffic of only one relay, so 

only one channel group is required. This channel group shouldn’t be the same as one of 

the channel groups used for second hop links, whereas, one of the channel groups used 

for the primary link can be used (in Figure 2.4 channel group #2 is used). To sum up, as a 

total of 11 channel groups are used for this tree. 
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≈  .                                            (2.15)

 

 

 

 

 

 

 

Finally, from (2.3) the relation between W and B can be obtained as, 

Due to the one to one correspondence between bandwidth and capacity, the relation 

between WR and BR can be obtained from (2.13) as, 

At this point we are ready to find CRNR  from (2.1) and (2.14) as 

Figure 2.4: Assigned channel groups for a tree of 7 nodes. 

   1
2

1 BNNW






 +



 −+= .                                                    (2.13)

BW RNNR  1
2

1 






 +



 −+= .                                                      (2.14)
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For large values of N , equation (2.15) can be approximated by taking its limit: 

On the discussion so far, the corresponding capacity result given in (2.16), has been 

for the networks with binary trees. In general, if each root node has p child nodes, then2 

Equation (2.17) can be interpreted as follows: cell capacity of CFRN is directly 

proportional to the number of the root nodes; if this number is increased, then the 

capacity of the cell would increase and accordingly either the number of the users in the 

cell or the amount of the bandwidth for a user would increase. However, there is a limit 

on the maximum number of root nodes. In order to get the maximum aggregate cell 

capacity, all the primary links should use the same bandwidth at the same time. To 

facilitate such a dense reuse, the central node has to use a separate directional antenna 

when communicating with each root node. Therefore, the maximum capacity of the 

CFRN depends on the directivity of the beam antennas used, the number of the nodes in 

each tree, and the amount of average bandwidth used by each node. 

                                                

2Details are given in the Appendix B.  

)(
1 WCRN MR

p
pR
+

≈ .                                                                    (2.17)

( )WNCRN MR
NN

NR   
1

2
1

lim  


















+



 −+

≈
∞→

 

            )(
3
2

WCRN MRR ≈⇒ .                                                                              (2.16)
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Figure 2.5: General structure of the CFRN. 

2.3. Generalization of the Discussion 

It has been assumed so far, for simplicity of the analysis, that all the nodes use the 

same channel group in their coverage area. This can clearly create significant 

interference. To avoid that, frequency reuse, similar to the one for conventional cellular 

structure, can be used. Figure 2.5 shows an example frequency reuse pattern for the relay 

network. 
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In Figure 2.5 the red node is the Central Node and the blue nodes constitute a tree. A 

frequency reuse factor of 7 is assumed; provided by the numbers in the hexagons 

represent the channel groups used for the coverage provided by the nodes (e.g. node-to-

MS links). In order to find the total capacity of this cell, in addition to the channel groups 

used for coverage areas, channel groups used for node-to-node links must be known as 

well. Figure 2.6 illustrates an example of the assigned channel groups for the central 

node and for one of the trees in the cell.    

 

 

Figure 2.6: Assigned channel group groups for a tree. 
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In Figure 2.6 the red circle and the black circles represent the Central Node and the 

nodes which belong to the tree, respectively. As mentioned before, the numbers inside the 

circles are the channel groups used in the coverage area of the corresponding nodes. 

Channel groups for the node-to-node links are assigned as follows: 

• The tree in Figure 2.6 has six nodes, so the primary link (i.e. the link between 

the Central Node and the root node) should carry the traffic of those six nodes. 

Channel groups #1 and #2 are not assigned to this link in order not to create 

excessive interference, as the Central Node and the root node use those channel 

groups. Then, the following six channel groups (#3 - #8) are assigned to this 

link. 

• The link between the root node and the node that uses channel group #4 in its 

coverage area is responsible for carrying the traffic of three nodes, so it needs 

three channel groups. Channel groups #2 and #4 are not assigned for 

interference reduction, and channel groups #3 - #8 are not assigned due to the 

fact that nodes cannot transmit and receive at the same channel. As a result, the 

following three channel groups are assigned to this link: #1, #9, and #10. 

• The link between the root node and the node that uses channel group #6 in its 

coverage area is responsible for carrying the traffic of two nodes, so it needs 

two channel groups. Since nodes have separate narrow beam antennas for the 

separate links, this link does not require any additional channel group and can 

use the channel groups #9 and #10. 
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• Each link that connects the leaf node to its parent node is responsible from the 

traffic of the leaf node only, so it needs one channel group. This link can use a 

channel group from the channel group set used in the primary link. So channel 

group #8 is assigned to this link.  

Now that all the channel groups are assigned to the given tree, the capacity of the 

CFRN can be calculated. As seen from Figure 2.6, total number of channel groups used is 

10. It is given that the bandwidth available to the system is W  Hz and the bandwidth of 

the each channel group used for the coverage area of a node is B  Hz. Then, BW / , or 

BW RR / , is equal to 10. Therefore, 

2.4. Capacity Comparison of CFRN and Pico-Cellular Networks (PCN) 

Figure 2.5 can be used to compare the capacities of the CFRN and PCN. For a fair 

comparison the capacity over the same area should be considered. Let’s assume that total 

area of consideration is the area in Figure 2.5. Each hexagon represents the coverage area 

of a node in the case of CFRN and that of a pico-cellular Base Station in the case of PCN. 

In this area, the capacity of a CFRN has already been found to be WR7.3 . Since all the 

base stations in PCN are connected to the wired network, the capacity is equal to the 

number of base stations times the capacity of a base station in the area. That is, 

WBBCRN RRRNMR 7.337 )1 .( ==+=  

         CCNR7.3= .                                                                                         (2.18)
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where PCNR  is the capacity of PCN for the given area, PCNN  is the number of pico-cell 

base stations in the given area, and BSR  is the capacity of a pico-cell base station. 

The capacity of a pico-cell base station depends on the frequency reuse factor, F . If 

F  is equal to 1 (i.e. all of the available bandwidth is used in the coverage area of a base 

station), then the capacity of a base station is equal to WR . In general, each base station 

uses only F/1  of the available bandwidth in its coverage area. Therefore, the capacity of 

a base station becomes FRW / . Then, 

In Figure 2.5, the frequency reuse factor is 7, so the capacity of the PCN for the given 

area is: 

Equation (2.20) states that, the capacity of the PCN is directly proportional to the 

number of cells (or nodes) in the given area, and inversely proportional to the frequency 

reuse factor. For the example in Figure 2.5, the capacity of the CFRN is comparable to 

that of PCN ( WR7.3  vs. WR3.5 ). However, this is not the case in general. If the frequency 

reuse factor for both CFRN and PCN is equal to 1, the capacity of CFRN does not 

BSPCNPCN RNR = .                                             (2.19)

WPCNPCN R
F

NR 1= .                                                          (2.20)

WWPCN RRR 3.5
7

37 ≈= .                                            (2.21)
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change; it is equal to WR7.3 . On the other hand, the capacity of PCN becomes WR37 , 

which is 10 times the capacity of CFRN.  

2.5. Generalization of (2.17) for Orthogonal Channels 

Equation (2.17) is obtained under the assumption that all the node-to-node links use 

separate narrow beam antennas so that every other hop links, e.g. first and third hop links, 

do not create interference for each other; enabling the reuse of the same channel groups 

for both of these links. Another approach is to assume all the hop links are orthogonal to 

each, which reduces the interference in the cell. For the analysis following definitions are 

used, 

N : Total number of nodes in one tree 

kC : Total number of channel groups for the k -th level links 

TN : Total number of channel groups needed for a tree 

p : Number of child nodes 

For a full tree, the number of nodes at level ‘ k ’ is equal to 1−kp , where level ‘1’ 

corresponds to the root node of the tree. Then, total number of nodes in the tree becomes 

)1( −qp , where q  is the maximum value for the level (or depth) of the tree. If we assume 

that all of the same level links can use the same channel groups, total number of channel 

groups needed for level k  becomes 
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Since all the hop links use orthogonal channel groups, the intersection of any two hop 

links must be zero; then the total number of channel groups for a tree can be written as 

follows,  
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The total number of channel groups in (2.15) can be replaced by (2.23), 
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For large number of nodes in the tree, 
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We can make the following simplifications in the terms in the denominator of the last 

expression of (2.25): 

 ( )






−

−







−

=


















−

−
=








−∞→∞→

−

∞→
=

−∞→ ∑ 1
1lim

1
1lim

1

11
lim1lim 1

1

2
1 pppp

p
p qNN

q

N

q

k
kN

 

           ( )( ) 







−

=







−+

−







−

=
∞→ 1

1
11

lim
1

1
ppN

p
p N

,                                                   (2.26) 

  ( ) ( ) ( )






−

−







−

=







−

− ∑∑∑
=

−∞→=∞→=
−

−

∞→

q

k
kN

q

kN

q

k
k

k

N ppNpNpp
p

N 2
1

22
1

1

1
11lim

1
11lim

1
11lim  

           ( ) ( ) ( ) ( )( )






−+

−
−−

−





 −

−
=

→∞→∞ 111
1lim

1
11lim

1
1

pNN
p

pNpN
q

p NN
 

     ( )
( )

( ) ( ) ( )( ) 0
111

1lim
1

111log
lim

1
1 =








−+

−
−−

−







−

+
−

=
→∞→∞ pNN

p
pNpNN

N
p N

p

N
,     (2.27) 

  01lim =







→∞ NN
.                                      (2.28) 

Then substituting (2.26)-(2.28) in (2.25), CRNR  can be obtained as 

WCRN MR
p

pR 1−= .          (2.29) 
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CHAPTER 3: FEASIBILITY OF PROVIDING HIGH 

DATA RATE COVERAGE IN CELLULAR FIXED RELAY 

NETWORKS 

In this part the feasibility of providing high data rate coverage through fixed relay 

stations (RSs) in cellular networks is studied. Spectral efficiency is used as the 

performance metric. The main idea behind this is that the data rate is directly proportional 

to the spectral efficiency. Therefore, maximum throughput is obtained if all MSs in the 

system can be provided with the maximum available spectral efficiency. It is shown that 

high data rate coverage is obtained by relatively high number of RSs; on the contrary 

high number of hops is not required since that results in loss of available channels.   

3.1.  System Model 

In a cellular network topology, connections between nodes can be established as either 

single-hop or multi-hop links. In this context, a hop is considered as the direct wireless 

connection (or link) between two nodes. This implies that, for a multi-hop 

communication between two nodes, some number of intermediate nodes are needed to 

relay the data to be sent from source node to destination node. Figure 3.1 shows the nodes 

and links for the multi-hop communication between the Central Node (CN) and the 

Mobile Station (MS) in a cell. In the figure, “square” node represents the CN, equivalent 

to a base station in Conventional Cellular Networks (CCN), and has a connection to the 
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wired network. The “triangle” node represents the MS and each “circle” node represents 

a Relay Station (RS).  

 

 

 

 

 

 

 

 

 

As seen from Figure 3.1, the composite multi-hop link from CN to MS is a 

combination of several short links. Figure 3.2 shows the topology of a composite multi-

hop link. All the links between CN, RSs, and MSs are wireless. Spectral efficiency values 

(in bits/sec/Hz) for the composite multi-hop link that connects CN to MS are denoted by 

1a  to na . Similarly, spectral efficiency of the single-hop link between the CN and the 

same MS is denoted by b . Each spectral efficiency is determined from the signal-to-

interference-plus-noise ratio (SINR) of the corresponding link. Although the issue of 

Figure 3.1: n -hop communication system architecture. 
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)()( OUTDataINData = .                (3.1)

)Hz()sec()cbits/Hz/se( BandWidthTimeficiencySpectralEfData ××= .          (3.2)

signalling overhead is not considered in this research, its effect can be assumed to be 

included in the spectral efficiency. 

For all the RSs in the system, the amount of data received and the amount of data 

transmitted must be equal: 

Total amount of data (in terms of bits), received or transmitted, can be expressed as 

follows: 

Then, from (3.1) & (3.2), 

where SE stands for spectral efficiency, T  for time, and B for bandwidth. 

Figure 3.2: Nodes and connections in the n -hop communication. 

( )( )( ) ( )( )( )OUTOUTOUTINININ BTSEBTSE = .            (3.3)
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Assuming same amount bandwidth is used for both receiving and transmitting links,  

At this point it is clear that the total transmission time for single-hop communication is 

T , since there is only one link. However this is not the case for multi-hop 

communication. Each multi-hop link uses some amount of time for the transmission, i.e. 

‘i’th link uses iT , and total transmission time for multi-hop communication is the ‘union’ 

of all time ‘set’s used for the link: 

It is aimed that the RSs would be simple and small devices compared to Base Stations, 

so they would need two separate channels. In this part, it is assumed a RS does not 

transmit and receive at the same time. Therefore, time ‘set’s of two adjacent links are 

orthogonal to each other. Moreover, in this part, it is also assumed that all other time 

‘set’s for the same multi-hop communication are also considered as orthogonal to reduce 

the interference in the cell. Then, 

( )( ) ( )( )OUTOUTININ TSETSE =  

TbTaTaTaTa nn ×=×==×=×=×⇒ ...332211 .                 (3.4)

Total transmission time for multi-hop communication: nTTTT ∪∪∪∪ ...321  

Total transmission time for single-hop communication: T .                    (3.5)

Total transmission time for multi-hop communication: nTTTT ++++ ...321  

Total transmission time for single-hop communication: T .                    (3.6)
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3.2. Comparison of the Data Rates  

Data rate can be thought as the amount of data (information) that can be transferred 

per unit time. Therefore to find the data rate for either communication types, i.e. multi-

hop or single-hop, the total amount of data must be divided by the total amount of time. 

So, the ratio of multi-hop data rate to single-hop data can be found as follows:  

where 

3.2.1. Method 1 

For the same MS, to find the ratio of the data rates for multi-hop and single-hop cases 

in a fair manner, either total amount of data or total amount of time for both 

transmissions should be taken as equal. In this part, total amount of data is assumed to be 

equal for both cases:  

SHSH

MHMH

TData
TData

/ 
/ 

Rate Data
Rate Data

SH

MH = ,                                             (3.7)

MHData : Total amount of data for the Multi-hop transmission. 

MHT : Total amount of time for the Multi-hop transmission. 

SHData   : Total amount of data for the Single-hop transmission. 

SHT    : Total amount of time for the Single-hop transmission. 

SHMH DataData = .                  (3.8)
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Therefore, from (3.7) & (3.8), 

Then, 

From (3.4), 

3.2.2. Method 2 

Instead of assuming same amount of data transferred for single-hop and multi-hop 

cases, total transmission time can be taken as equal for both cases and same result can be 

obtained. Then for nTTTTT ++++= ...321 , 
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From (3.2), single-hop data rate can be written as: 

where 

Since data from CN to MS, or vice versa, is being hopped through the RSs, total 

amount of data is equal to the total amount of data transmitted or received by any node 

(RS) on the route from CN to the MS. Then, 

where 

Then, assuming same amount of bandwidth is given for multi-hop and single-hop 

communication, the data rate ratio of multi-hop communication to that of single-hop 

communication becomes: 

SHSH bTBData = ,                                       (3.13)

b              : Spectral efficiency value for the single-hop communication.  

T              : Total amount of time required for single-hop communication.  

SHB        : Bandwidth used for single-hop communication. 

MHiiMH BTaData =   i = 1,2,…,n,                                (3.14)

ia              : Spectral efficiency value for the ‘i’th link of multi-hop communication. 

iT              : Amount of time required for the transmission on ‘i’th link. 

MHB          : Bandwidth used for ‘i’th link of multi-hop communication. 
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The amount of data for all nodes is equal, so, from (3.4), instead of ii Ta * , 11 *Ta  can 

be used. Then, 

From (3.11) & (3.16), it is seen that the same result can be obtained to find the ratio of 

multi-hop and singe–hop data rates by using either method: 

In (3.17), single-hop data rate seems like proportional to the single-hop spectral 

efficiency, namely b , and multi-hop data rate is proportional to the result of some 

arithmetical operations of the composite multi-hop link spectral efficiency values. 
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Therefore, to make it similar to the single-hop case, the result can be thought as 

‘combined spectral efficiency’: 

where ca is defined as combined (n-hop) spectral efficiency and 
∑

=

= n

i i

c

a

a

1

1
1 .                                             

For multi-hop communication to be superior over single-hop communication, the 

multi-hop data rate must be higher than single-hop data rate. Therefore, the following 

constraint must be satisfied 

In order to deploy RSs efficiently, the closest distance from CN where multi-hop is 

superior over SH (in terms of data rate) should be found. At this point, it should be 

noticed that if all the links have same spectral efficiency value, then the best performance 

for multi-hop is achieved by 2-hop communication since the combined spectral efficiency 

is maximum for the smallest value of number of hops, namely n , for such a case. 

Therefore, the closest points to the CN where multi-hop communication is superior to 

single-hop communication must be through 2-hop communication where both CN-RS 

and RS-MS links has the maximum available spectral efficiency, i.e. maxaai = . 

 

b
ac=

SH

MH

Rate Data
Rate Data ,                                                        (3.18)

cab ≤⇒≥ 1
Rate Data
Rate Data

SH

MH .              (3.19)
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3.3. Selection of Number of ‘Hop’s 

3.3.1. 2-Hop Case 

For 2-hop communication (3.19) becomes 2/maxab ≤ . That is, for the usage of 2-hop 

communication the threshold single-hop spectral efficiency value is 2/maxa . In other 

words, if the spectral efficiency for single-hop communication is greater than or equal to 

2/maxa , multi-hop communication, even for the best case (2-hop communication where 

both links have spectral efficiency of maxa which results in a combined spectral efficiency 

of 2/maxa ), cannot improve the data rate of the transmission; so it’s better to use single-

hop communication for MSs having single-hop spectral efficiency greater than 2/maxa . 

On the other hand, if the spectral efficiency for single-hop communication is less than 

2/maxa , best case of 2-hop communication becomes superior over single-hop 

communication, enabling the use of 2-hop communication in that region if combined 

spectral efficiency of multi-hop links, i.e. CN-RS & RS-MS links, is greater than the 

spectral efficiency of the single-hop link, i.e. CN-MS link, for the same MS.  

Figure 3.3 shows an example of 2-hop communication system. If the spectral 

efficiency of the CN – MS link, namely b  in the figure, is greater than 2/maxa , there is 

no need to look for any kind of multi-hop communication since the performance of 

single-hop communication cannot be outperformed in such case. However, if b is less 

than 2/maxa , there is a chance that multi-hop (in this case 2-hop) communication may 

perform better, so, for that MS, combined spectral efficiency has to be calculated and 
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compared with b to decide whether single-hop or 2-hop is to be used. The combined 

spectral efficiency for 2-hop case is: 

Then, in short, the selection criterion becomes: 

 

 

 

 

3.3.2. 3-Hop Case 

For 3-hop communication (3.19) becomes 3/maxab ≤ . That is, for the usage of 3-hop 

communication the threshold single-hop spectral efficiency value is 3/maxa . Similar to 2-

hop case, if the spectral efficiency for single-hop communication is greater than or equal 

to 3/maxa , 3-hop communication, even for the best case (where all links have spectral 

efficiency of maxa which results a combined spectral efficiency of 3/maxa ), cannot 

21

11
1

aa

ac

+
= .              (3.20)

bac ≤   ⇒  Single-hop 

bac >   ⇒  2-hop.            (3.21)

Figure 3.3: Nodes and links for 2-hop case. 
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improve the data rate of the transmission; so it’s better to use single-hop communication 

(or if applicable 2-hop communication in case 2-hop communication has higher spectral 

efficiency than the single-hop case). On the other hand, if the spectral efficiency for 

single-hop communication is less than 3/maxa , best case of 3-hop communication 

becomes superior over single-hop communication, enabling the use of 3-hop 

communication in that region if combined spectral efficiency composite multi-hop links 

is greater than the CN-MS link single-hop spectral efficiency for the same MS. Of course, 

at that point, the combined spectral efficiency of a 2-hop communication for the same 

MS should be checked, and if that value is greater than the combined spectral efficiency 

of 3-hop communication, 2-hop communication should be used for that MS. Figure 3.4 

shows an example of 3-hop communication system. In the figure: 

Following definitions are made for Figure 3.4 as well: 

where 134a  is the combined spectral efficiency of the composite CN-RS2-MS link and 

      124a  is the combined spectral efficiency of the composite CN-RS1-MS link. 

b  : Single-hop spectral efficiency between node 1 and node 4. 

13a  : Direct link spectral efficiency between node 1 and node 3. 

24a       : Direct link spectral efficiency between node 2 and node 4. 

313
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As seen from Figure 3.3, there are four possible routes for CN–MS communication. 

Table 3.1 shows the possible links for 3-hop  case. 

 

Link # of Hops Spectral Efficiency 

CN – MS 1 b  

CN – RS1 – MS 2 124a  

CN – RS2 – MS 2 134a  

CN – RS1 – RS2 – MS 3 ca  

 

Figure 3.4: Nodes and links for 3-hop case. 

Table 3.1: Possible Links for CN-MS Communication. 
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In order to obtain the best performance for that MS, all four possible routes should be 

considered. There are three cases depending on the value of the spectral efficiency, b , of 

single-hop communication for that MS: 

• If 2/maxab ≥ , there is no need to consider any of the multi-hop routes since 

they cannot perform better than the single-hop one. 

• If  ( ) ( )3/2/ maxmax aba ≥> , there is a possibility that combined spectral 

efficiency values of 2-hop links, 124a and/or 134a , may be higher than the 

spectral efficiency of the single-hop  link, so those three values should be 

compared to find the best link. However, it should be noted that since the 

combined spectral efficiency of 3-hop link cannot exceed 3/maxa , there is no 

need to take 3-hop cases into consideration. 

• If 3/maxab < , any of the four routes has the possibility to be the best one in 

terms of spectral efficiency, thus all three combined spectral efficiencies and 

the single-hop spectral efficiency should be compared to find the one that 

perform best. 

3.3.3. n-Hop Case 

For n-hop communication (3.19) becomes nab /max≤ . That is, for the usage of n-hop 

communication the threshold single-hop spectral efficiency value is na /max ; if the 

spectral efficiency for single-hop communication is greater than or equal to na /max , n-
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hop communication, even for the best case (where all links have spectral efficiency of 

maxa which results a combined spectral efficiency of na /max ), cannot improve the data 

rate of the transmission; so it’s better to use single-hop communication or if applicable 

one of the 2-hop/3-hop/…/(n-1)-hop communication options.  

3.4. Finding the Radii of Spectral Efficiency Circles 

The first step of the optimization process of RS position is to find the closest distance 

for relay assistance and then, in general, to find the regions where ‘i’-hop is applicable in 

the cell. These regions are directly related to the spectral efficiency of the single-hop link 

between the CN and the MS. Figure 3.5 shows an (non-scaled) illustration of spectral 

efficiency coverage circles for maximum spectral efficiency value of 6 bits/sec/Hz.  

 

 

 

 

 

 

 
Figure 3.5: Spectral efficiency circles for amax=6 bits/sec/Hz. 
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• In Figure 3.5, red region, i.e. area of the inner most circle, represents the region 

where single-hop spectral efficiency is greater than 3 bits/sec/Hz; in that region 

none of the multi-hop cases can perform better than the single-hop case, so, 

MSs in that region should use the direct link with the CN (single-hop 

communication).  

• In the orange region, the spectral efficiency of single-hop communication is 

between 2 and 3, so in that region 3-hop communication cannot perform better 

than single-hop communication, then MSs in that region should use single-hop 

or 2-hop depending on their combined spectral efficiency values.        

• In the yellow region, the spectral efficiency of single-hop communication is 

between 1.5 and 2, so in that region 4-hop communication cannot perform 

better than single-hop communication, then MSs in that region should use 

single-hop, 2-hop, or 3-hop depending on their combined spectral efficiency 

values.        

• In the green region, the spectral efficiency of single-hop communication is 

between 1.2 and 1.5, so in that region 5-hop communication cannot perform 

better than single-hop communication, then MSs in that region should use 

single-hop, 2-hop, 3-hop or 4-hop depending on their combined spectral 

efficiency values, and so on.        
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Let’s assume the radius of the circle around the red region is 1r , the radius of the circle 

around the orange region is 2r , and so on. The radii of those circles are determined by the 

values of spectral efficiencies. It is known that there is a relation between spectral 

efficiency and SINR; Table 3.2 and Figure 3.6 show this relation. 

 

Table 3.2: Relation of all combinations, required SINR and spectral efficiency that will 

yield BER of 10-5. 

Combinations of modulation and 

code rates 

Minimum Required 

SINR [dB]

Spectral Efficiency 

[bits/sec/Hz]

QPSK, rate: 1/2 

QPSK, rate: 2/3 

QPSK, rate: 3/4 

QPSK, rate: 7/8 

16-QAM, rate: 1/2 

16-QAM, rate: 2/3 

16-QAM, rate: 3/4 

16-QAM, rate: 7/8 

64-QAM, rate: 2/3 

64-QAM, rate: 3/4 

64-QAM, rate: 7/8 

64-QAM, rate: 1 

4 

6 

6.8 

7.8 

10 

12 

13 

15 

17.7 

19.4 

21 

26 

1 

1.33 

1.5 

1.75 

2 

2.67 

3 

3.5 

4 

4.5 

5.25 

6 
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SpectralEfficiency vs SINR
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Signal-to-interference-plus-noise ratio (SINR) can be written as follows:  

 

 

where dBγ  is SINR in dB, SP  is the received signal power, IP  is the interference power 

and NP  is the noise power. The received signal power can be written as follows 

(shadowing effect is ignored): 

Figure 3.6: Spectral efficiency vs. SINR graph. 
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where CNP  is the transmit power of the CN, r  is the transmission distance, α  is a 

constant, and n  is the propagation constant. Then, 

At this point, to simplify the analysis, some assumptions are made: 

• Noise power in (3.24) is assumed to be uniform throughout the cell; in other 

words, all the MSs are faced with the same amount of noise power. 

• Similarly, interference power in (3.24) is assumed to be uniform throughout 

the cell. 

Therefore, (3.24) can be modified as follows: 

where NIP  is the uniform noise-plus-interference power. 

Equation (3.25) can be used to find the radii of the coverage circles. As mentioned 

before, 1r  corresponds to the radius of the region where spectral efficiency is greater than 

or equal to 2/maxa . In Table 2, maxa is 6 bits/sec/Hz, so 2/maxa  corresponds to 3 

bits/sec/Hz, which requires SINR value of 13 dB for 16-QAM rate (¾), 
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Similarly, 2r  corresponds to the region where spectral efficiency greater than 2, which 

correspond to SINR value greater than 10 dB for 16-QAM rate (½), 

Then, 

Let’s assume that the coverage are of the cell is where spectral efficiency is greater 

than 1 or SINR greater than 4 dB (for QPSK rate (½)), i.e. the area inside the radius of 

the circle surrounding blue region. Then, 
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For urban areas it is reasonable to assume propagation constant equal to 4: 

 

n 4.5 4 3.5 3 2.5 

r2/r1 1.1659 1.1885 1.2182 1.2589 1.3182 

r3/r1 1.3733 1.4289 1.5036 1.6094 1.7701 

r4/r1 1.4905 1.5667 1.6705 1.8197 2.0511 

rcell/r1 1.5849 1.6788 1.8077 1.9952 2.2908 

 

Figure 3.7 shows the spectral efficiency circle radii for propagation constant value of 

3.5. The single-hop spectral efficiency in the area inside the innermost circle is greater 

than 3; in the area between the inner most and the second circle the value is between 2 

and 3, and so on. It should be noted that this figure is Figure 3.5 drawn to scale.   
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Table 3.3: Spectral Efficiency Circles Radii Ratios. 
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3.5. Optimization of the RS Positions 

Cell area can be divided into two regions, R1 and R2, as shown in Figure 3.8. The 

radius of the inner circle is r and the radius for the outer one is R. The MSs in R1 get a 

spectral efficiency greater than or equal to 2/maxa  from the CN. Therefore, for those 

MSs single-hop communication is superior to any kind of multi-hop communication. On 

the other hand, in R2, depending on the combined spectral efficiency, multi-hop 

communication may be superior to single-hop communication. The ultimate aim, in this 

case, is to provide the maximum attainable spectral efficiency to the MSs in R2, e.g. 

Figure 3.7: Spectral efficiency coverage circles for n = 3.5. 
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2/maxa  for 2-hop communication, via multi-hop; MSs in R1 already get the maximum 

attainable spectral efficiency via single-hop communication.  

 

 

 

 

 

 

 

 

To start with, consider a MS in R2 but just on the border of R1. This MS can get a 

spectral efficiency of almost 2/maxa  from the CN using single-hop. If multi-hop is to be 

used for the communication of this MS, same spectral efficiency should be provided. So, 

if the nearest RS is located at a distance of (r+d) from the CN, that RS should provide 

spectral efficiency of maxa at the distance d, just on the border of R1. Therefore, that MS 

would be provided with the maximum combined spectral efficiency for multi-hop 

communications, which is 2/maxa .    

Figure 3.8: Region 1 and Region 2 for n = 4. 

CN 
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Similar to the, previously done, spectral efficiency circle radius finding calculations, d 

can be found as follows: 

where dB

1γ  is the SINR value corresponding to the maximum spectral efficiency, maxa , 

and dB

2γ is the SINR value corresponding to half of the maximum spectral efficiency, 

2/maxa . From the two equations, 

For 6max =a , dB

1γ and dB

2γ values are 26 dB and 13 dB, respectively. Then, (3.32) 

becomes: 

For different values of the propagation constant n  and the ratio CNRS PP / , the radius d  

can be found in terms of 1r . Table 3.4 shows the number and position of the first tier RSs 

for various system parameters.  Following definitions are used in the table: 
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n 4.5 4 3.5 3 2.5 

r2/r1 1.16 1.18 1.21 1.25 1.31 

r3/r1 1.37 1.42 1.50 1.60 1.77 

r4/r1 1.49 1.56 1.67 1.81 2.05 

      

d/r1 for Prs/Pcn=0.05 0.26 0.22 0.18 0.13 0.09 

(2d+r1)/r1 for Prs/Pcn=0.05 1.52 1.44 1.36 1.27 1.18 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border 22.21 13.66 7.08 1.96 -1.98 

SE of the RS at the cell border 5.4 3.2 1.6 - - 

CSE of RS at cell border 2.84 2.09 1.26 - - 

Number of RSs needed 17.3 19.8 23.7 30.31 43.4 

      

d/r1 for Prs/Pcn=0.1 0.30 0.26 0.22 0.17 0.12 

(2d+r1)/r1 for Prs/Pcn=0.1 1.61 1.53 1.44 1.34 1.24 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border 28.10 18.37 11.08 5.52 1.28 

SE of the RS at the cell border - 4.2 2.3 1.2 - 

CSE of RS at cell border - 2.47 1.66 1 - 

r1: Ratio of RS coverage radius to inner circle radius. 

(2d+r1)/r1: Maximum distance from CN that the MSs are provided with spectral 
efficiency greater than (for single-hop) or equal (for 2–hop) to 3.   

R/r1: Ratio of cell radius to innermost circle radius. 

SINR by the RS at the cell border: The SINR value for the link between RS and a MS 
positioned at the cell border. 

SE by the RS at the cell border: Spectral Efficiency of link between RS and a MS 
positioned at the cell border. 

CSE of the RS at cell border: Combined Spectral Efficiency of 2–hop communication 
for a MS positioned at the cell border.  

Table 3.4: Position and number of the first tier RSs. 
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Number of RSs needed 15.4 17.2 20.1 24.8 33.8 

      

d/r1 for Prs/Pcn=0.2 0.35 0.31 0.26 0.21 0.15 

(2d+r1)/r1 for Prs/Pcn=0.2 1.71 1.63 1.53 1.43 1.31 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - 23.64 15.39 9.25 4.66 

SE of the RS at the cell border - 5.75 3.6 1.9 1.1 

CSE of RS at cell border - 2.94 2.25 1.44 0.93 

Number of RSs needed 13.7 15.1 17.1 20.4 26.5 

      

d/r1 for Prs/Pcn=0.3 0.39 0.35 0.30 0.24 0.18 

(2d+r1)/r1 for Prs/Pcn=0.3 1.78 1.70 1.60 1.49 1.37 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - 18.11 11.54 6.69 

SE of the RS at the cell border - - 4.1 2.5 1.5 

CSE of RS at cell border - - 2.44 1.76 1.2 

Number of RSs needed 12.8 13.9 15.6 18.3 23.0 

      

d/r1 for Prs/Pcn=0.4 0.41 0.37 0.32 0.27 0.20 

(2d+r1)/r1 for Prs/Pcn=0.4 1.83 1.75 1.65 1.54 1.41 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - 20.16 13.23 8.16 

SE of the RS at the cell border - - 5 3.1 1.8 

CSE of RS at cell border - - 2.73 2 1.38 

Number of RSs needed 12.2 13.2 14.7 16.9 20.9 

      

d/r1 for Prs/Pcn=0.5 0.44 0.39 0.34 0.2926 0.22 

(2d+r1)/r1 for Prs/Pcn=0.5 1.88 1.79 1.69 1.5852 1.45 

rcell/r1 1.58 1.67 1.80 1.9952 2.29 

SINR by the RS at cell border - - 21.82 14.5866 9.33 

SE of the RS at the cell border - - 5.3 3.4 1.9 

CSE of RS at cell border - - 2.81 2.17 1.44 

Number of RSs needed 11.8 12.7 14.0 16.0 19.5 
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d/r1 for Prs/Pcn=0.6 0.45 0.41 0.36 0.31 0.24 

(2d+r1)/r1 for Prs/Pcn=0.6 1.91 1.83 1.73 1.62 1.49 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - 23.25 15.72 10.30 

SE of the RS at the cell border - - 5.7 3.6 2.1 

CSE of RS at cell border - - 2.92 2.25 1.55 

Number of RSs needed 11.5 12.3 13.5 15.3 18.3 

      

d/r1 for Prs/Pcn=0.7 0.47 0.43 0.38 0.32 0.26 

(2d+r1)/r1 for Prs/Pcn=0.7 1.95 1.86 1.76 1.65 1.52 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - 24.50 16.61 11.14 

SE of the RS at the cell border - - 5.8 3.8 2.35 

CSE of RS at cell border - - 2.95 2.33 1.7 

Number of RSs needed 11.2 11.9 13.1 14.7 17.5 

      

d/r1 for Prs/Pcn=0.8 0.48 0.44 0.39 0.34 0.27 

(2d+r1)/r1 for Prs/Pcn=0.8 1.97 1.89 1.79 1.68 1.55 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - 25.62 17.58 11.87 

SE of the RS at the cell border - - 5.9 3.9 2.6 

CSE of RS at cell border - - 2.97 2.36 1.81 

Number of RSs needed 11.0 11.7 12.7 14.2 16.7 

      

d/r1 for Prs/Pcn=0.9 0.50 0.46 0.41 0.35 0.28 

(2d+r1)/r1 for Prs/Pcn=0.9 2.00 1.92 1.82 1.71 1.57 

rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - - 18.37 12.52 

SE of the RS at the cell border - - - 4.3 2.8 

CSE of RS at cell border - - - 2.5 1.9 

Number of RSs needed 10.8 11.5 12.4 13.8 16.1 

      

d/r1 for Prs/Pcn=1 0.51 0.47 0.42 0.36 0.30 

(2d+r1)/r1 for Prs/Pcn=1 2.02 1.94 1.85 1.73 1.60 
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rcell/r1 1.58 1.67 1.80 1.99 2.29 

SINR by the RS at cell border - - - 19.09 13.12 

SE of the RS at the cell border - - - 4.5 3 

CSE of RS at cell border - - - 2.57 2 

Number of RSs needed 10.6 11.3 12.1 13.4 15.6 

 

Figures 3.9 & 3.10 show the cell dimensions and RS positions according to the values 

from Table 3.4 for propagation constant values of 4 and 3. As the reference dimension, 

the value of 1r , radius of the circle in which the CN serves spectral efficiency of 2/maxa , 

is taken as 1 unit and according to this value the cell radius and RS coverage area circle 

radius values are found. Figure 3.9 is for propagation constant of 4. As seen from the 

figure, if the RS power is 0.1 times the CN power, the area between two circles can 

almost be covered with RSs of one tier. If we assume that the distance between two RS is 

3  times the radius of its coverage area and all the RSs are deployed on a circle, total 

number of RS required can be found as 17. For such a case, from Table 3.4, the combined 

2-hop spectral efficiency at the cell border is 2.47 bits/sec/Hz and higher than the 

maximum attainable combined 3-hop spectral efficiency; thus only one tier of RSs can is 

enough. On the other hand, as seen from the Figure 3.10, for n=3 case, even if the 

transmit power of RS is increased to 0.3 times the power of the CN, only half of the R2 is 

covered by the RS with the maximum spectral efficiency. So, there should be more than 

one tier of RSs in R2.   
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Figure 3.9: Cell structure for n=4. 

Figure 3.10: Cell structure for n=3. 
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Figure 3.11 shows the relation between the number of RSs needed and the propagation 

constant for several values of the RS transmit power when CN transmit power is 10 W. If 

the RS transmit power is increased, high data rate coverage area of the RS increases as 

well; accordingly the number of RSs needed decreases. Figure 3.11 also indicates that, 

the lower the propagation constant, the more the number of the RSs needed. 
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Figure 3.11: Relation between the number of RSs needed and propagation constant for 
several values of the RS transmit power (no shadowing, uniform interference power, 

PCN=10 W). 
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3.6. Reusing Time Slots 

Each RS-to-RS link uses directional antennas for better performance. Therefore, two 

links that are not neighbors do not interfere with each other, enabling the reuse of the 

channels. In other words, not all of the channels links for the multi-hop communication 

are supposed to be orthogonal to each other.  

To simplify the analysis odd indexed and even indexed links (indexes come from 

spectral efficiency indexes in Figure 3.1 can be grouped separately. At this point, none of 

the links in the same group (even indexed or odd indexed) create interference on each 

other. Furthermore, links in the same group can be re-arranged according to their spectral 

efficiencies; 1c  being the spectral efficiency of the link having the best spectral efficiency 

among the odd indexed links, 3c  being the spectral efficiency of the link having the 

second best spectral efficiency among the odd indexed links, and so on. Similarly, 2c  

being the spectral efficiency of the link having the best spectral efficiency among the 

even indexed links, 4c  being the spectral efficiency of the link having the second best 

spectral efficiency among the odd indexed links, and so on. At this point, without loss of 

generality we may assume that number of hops, namely n, is an even integer. Therefore, 

it can be observed that 1531 ... −>>>> ncccc  and ncccc >>>> ...642  (equality is 

ignored for simplicity). The link having the spectral efficiency 1c  is the best link among 

the odd indexed links, so it will need the least transmission time, 1T . Since 13 cc < , the 

link having the spectral efficiency 3c will need more transmission time than the link 
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having the spectral efficiency 1c . Those links do not create interference on each other, 

therefore, link having the spectral efficiency 3c  can transmit at 1T  and some additional 

time 3T . By the same logic, the link having the spectral efficiency 5c can transmit at 1T , 

3T , and some additional time 5T , and so on.  

Similarly, the link having the spectral efficiency 2c  uses transmission time 2T , link 

having the spectral efficiency 4c  uses transmission time 42 TT + , link having the spectral 

efficiency 6c  uses transmission time 642 TTT ++ , and so on. Similar to (3.5), following 

equalities can be derived, 

)...(*...)(*)(** 15311531531311 −− ++++==++=+= nn TTTTcTTTcTTcTc  

)...(*...)(*)(** 642642642422 nn TTTTcTTTcTTcTc ++++==++=+== .   (3.34) 

From those equations, following ones can be obtained: 
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Equation (3.36) is very similar to (3.17) for 2-hop case; cc  can be thought as the 

combined spectral efficiency for the n -hop communication where the time slots are 

reused. Previously, it is found that, if the time slots of the composite multi-hop link are 

orthogonal to each other, combined spectral efficiency decreases as the number of hops 

increases. On the other hand, if the time slots of the composite multi-hop link are reused 

as explained above, then the combined spectral efficiency is independent of the number 
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of hops; the combined spectral efficiency is always equal to that of a 2-hop 

communication with orthogonal time slots. It should be noted that, both entirely 

orthogonal and reusing the time slots models analyzed in this chapter are extreme cases. 

For the best performance, an optimum combination of these two cases can be used.   
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CHAPTER 4: SIMULATION MODEL 

This chapter introduces the simulation algorithm. The first section discusses the 

propagation model, followed by a section on environmental parameters used in the 

simulation. Then, adaptive modulation and coding (AMC), which enables the efficient 

utilization of the spectrum, is briefly explained. Finally the simulation algorithm is 

described by figures. 

4.1. Propagation Model 

The most basic model of radio wave propagation is so called free space radio wave 

propagation. In this model, radio waves emanate from a point source of radio energy, 

traveling in all directions in a straight line, filling the entire spherical volume of space 

with radio energy that varies in strength with a 2/1 d  rule, where d  is the distance from 

the radio source. However, real world radio propagation rarely follows this simple model. 

Due to several reasons (e.g. reflection, diffraction, scattering) radio channels change in a 

statistical way. In order to take these affects into consideration following propagation 

model is used in this research: 

 σX
PL

GPP tr ___= ,            (4.1) 

where 
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rP : Received power  

tP : Transmit power  

G : Combined antenna gain of the transmitter and the receiver  

σX : Log-normally distributed random variable with 0 (dB) mean, σ (dB) standard 
deviation  

PL : Average pathloss 

 

Average pathloss, PL , can be defined as follows: 

 
n
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d
d
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0

2
04π

,             (4.2) 

where 

0d  : Close–in reference distance 

f   : Carrier frequency  

c    : Speed of light 

TRd : Distance between the transmitter and the receiver antennas 

n    : Propagation exponent 

4.2. Environment and Parameters Assumptions 

The following environment and parameter assumptions are used in the simulation 

algorithms. They are typical data widely used in simulating cellular networks. 
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• Pathloss propagation exponent: n = 3.5 for CN-MS and RS-MS links; n = 2.4 for 

CN-RS links. 

• Lognormal shadowing with a standard deviation: 8=σ  dB for CN-MS and RS-MS 

links; 3=σ  dB for CN-RS links 

• Simulation area: hexagonal cells with the cell radius R = 500 m, 1000 m; 1-cell 

cluster. Seven clusters are investigated, i.e., interference originates from only the first-tier 

cells.  

• RF carrier: f = 5 GHz 

• Transmission bandwidth: W = 50 MHz 

• Thermal noise with a noise figure: FN = 8 dB 

• Omni-directional antennas (with 3 dB gain) for the CN-MS and RS-MS links; 

directional antennas (with 20 dB gain) for the CN-RS links 

• No power control 

• CN transmit power: PCN = 10 W; RS transmit power: PRS = 1 W 

• Downlink scenario only 

4.3. Adaptive Modulation and Coding 

As mentioned before, the main purpose of the next generation cellular systems is to 

provide high data rate coverage. In order to realize that goal, in addition to the changes in 

the network structure, the available spectrum must be utilized effectively. Adaptive 



 67

Modulation and Coding (AMC) technique has the potential to increase the spectrum 

efficiency [20]. Transmission techniques that do not change according to the varying 

characteristics of the link require fixed link margin to provide the tolerable performance 

in deep fades. So, these systems are planned for the worst-case channel systems. The core 

idea behind the AMC is to dynamically adapt the modulation and coding scheme 

according to the instantaneous propagation conditions and interference scenarios, i.e. 

received SINR values.    

Basically, the combinations of three modulation schemes (QPSK, 16-QAM, 64-QAM) 

and five code rates (1/2, 2/3, 3/4, 7/8 and 1) are considered in this research. Table 3.2 

shows the relation between the spectral efficiency and the SINR.  

4.4. Simulation Algorithm  

Simulations are done in order to support the analytical results found in the previous 

chapter. In the simulations, the performances of non-relaying and relaying cases are 

compared. 2000 MSs are placed randomly across the cell to get the spectral efficiency for 

every point in the cell. Frequency reuse of one is used in the system, i.e. the cluster size is 

one and all available channels can be used in a cell. Since same channel is not used more 

than once in a cell, at any moment, there is only one interferer from a cell. It is assumed 

that, the users (in different cells) using the same channels are located at the same position 

with respect to the position of the CNs of their cells (as shown in Figure 4.2). For the 

non-relaying case, all MSs receive signals from the CN. In this case, interference comes 
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only from the first-tier CNs. Figure 4.1 shows the intended (red arrow) and the 

interference (black arrows) signals for an arbitrary user in the cell. 

Following formula can be used to calculate the total interference power: 

654321 PPPPPPPI +++++=                      (4.3) 

where 1P , … , 6P  are the interference powers from the first-tier CNs. 

The noise power is calculated according to the following formula: 

1210306.1 −×=×××= NbN FWTKP watts,              (4.4) 

where  

bK : Boltzmann’s constant (1.38 × 10-23 Joules/Kelvin) 

T   : System temperature (300 K) 

W  : Transmission bandwidth (50 MHz) 

NF : Noise figure (6.31 = 8 dB). 

Then, if sP  is assumed to be the intended received signal power, SINR can be written 

as follows, 

NI

S

PPISF
P

SINR
+×

= ,                                             (4.5) 

where  
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ISF  : Interference Suppression Factor that takes values between 0 (all 

interference is suppressed) and 1 (no interference suppression is done). The frequency 

reuse factor used in the simulations is 1, which leads to a high level of aggregate 

interference in the cell. Therefore, the system will need some interference reduction 

scheme to be able to work properly. In this research ISF is taken as 0.5, meaning half of 

the interference coming from interferers is suppressed.  

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Intended signal and interferers for a MS. 
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For the relaying case, first, RSs are placed around the CNs. The positions of RSs are 

found in Table 3.4; for 500 m cell radius, propagation constant 3.5, CN transmit power 

10 watts and RS transmit power 1 watt, the CN-RS distance is found as 338 m. The 

received signal can be either from CN or RS depending on the MS position and the 

channel conditions. If the signal comes from the CN, the scenario is same as the non-

relaying case; as shown in Figure 4.2, interferers are the first-tier CNs and (4.5) can be 

used to find the SINR value for the MS. If the signal comes from one of the RSs, in 

addition to the RS-MS link, one more link, namely CN-RS link, is needed to complete the 

composite 2-hop link. As explained earlier, the time slots used by these two links are 

orthogonal to each other. Therefore, following situation occurs: 

• At time slot 1T , the bandwidth available to the composite 2-hop link is used by 

the CN-RS link; during 1T  the RS functions as a receiver only. Since the origin 

of the signal is the CN, the interferers are the first-tier CNs. According to the 

intended signal, interference, and noise power levels, the SINR (and spectral 

efficiency) of this link is obtained.  

• At time slot 2T , the bandwidth available to the composite 2-hop link is used by 

the RS-MS link; during 2T  the RS functions as a transmitter only. Since the 

origin of the signal is the RS, the interferers are the co-channel RSs from the 

first-tier cells. Figure 4.3 shows the intended (red arrow) and the interference 

(black arrows) signals for this case. Similarly, according to the intended signal, 

interference, and noise power levels, the SINR (and spectral efficiency) of this 
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link is obtained. Using (3.20) the combined spectral efficiency of the 

composite 2-hop link is found.  

  

 

 

 

 

 

 

 

 

 

Figure 4.2: Intended signal and interferers for a MS using relay assistance. 
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4.5. Simulation Flowchart 

Figure 4.3: Simulation flowchart. 
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CHAPTER 5: SIMULATION RESULTS 

This chapter presents the simulation results for the system where the first tier RSs are 

deployed. The main objective of the simulations is to support the previously developed 

analytical results. In addition, potential coverage extension and throughput increase 

benefits of relay assistance is analyzed as well. 

In the first section, the spectral efficiency distribution of MSs is shown for both non-

relaying and relaying cases. Then, average spectral efficiency and outage for non-

relaying and relaying cases are compared. Finally, cumulative distribution function (cdf) 

curves are shown for the performance comparison. 

5.1.  Spectral Efficiency Distribution 

In this section, the simulation results for the spectral efficiency distribution of the non-

relaying and relaying cases are presented. Figures 5.1-5.5 demonstrate the spectral 

efficiency distribution for non-relaying and relaying (6, 18, 30, and 50 RSs around the 

CN) cases where cell radius is 500 m. Similarly, Figures 5.6-5.10 show the spectral 

efficiency distribution for non-relaying and relaying (6, 18, 30, and 50 RSs around the 

CN) cases where cell radius is 1000 m. The red stars in the figures for the relaying cases 

represent the RS locations in the cell. In the figures black points denote the MSs having 

spectral efficiency values less than 1 bits/sec/Hz, i.e. outage points. The outage problem 

is very severe (especially for the 1000 m case) for both cases when relay assistance is not 
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used. As 6 RSs are deployed around the CN (at a distance of 338 m and 676 m for 500 m 

cell and 1000 m cell, respectively), outage can be reduced significantly. However, in 

order to provide the high data rate coverage 6 RSs are not enough; in fact 30 RSs are 

required. It is worth mentioning that, if the number of RSs is increased further than 30, 

the performance improvement is almost negligible.  Another point to be noticed is that, in 

some of the figures (especially in Figure 5.2), the spectral efficiency distribution is not 

symmetrical with respect to the axes. The reason for this behavior is that, the CN-RS 

links have also lognormal shadowing effect, and hence some of the links (links between 

the CN and RSs located at 180o and 240o) do not have very good spectral efficiency, 

which affects the combined spectral efficiency for the users in those RSs’ coverage area.  

For the Figures 5.1 to 5.10, different colors stand for different spectral efficiency 

levels: 

Red  : 0.3>=SE  

Magenta : 75.20.3 ≥> SE  

Yellow  : 5.275.2 ≥> SE  

Green  : 0.25.2 ≥> SE  

Cyan  : 5.10.2 ≥> SE  

Blue  : 15.1 ≥> SE  

Black  : 1<SE  
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Figure 5.1: Spectral efficiency distribution for non-relaying case (R=500 m). 

 

 

 

 

 

 

 

Figure 5.2: Spectral efficiency distribution for 6 RS case (R=500 m). 
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Figure 5.3: Spectral efficiency distribution for 18 RS case (R=500 m). 

 

 

 

 

 

 

 

Figure 5.4: Spectral efficiency distribution for 30 RS case (R=500 m). 
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Figure 5.5: Spectral efficiency distribution for 50 RS case (R=500 m). 

 

 

 

 

 

 

 

Figure 5.6: Spectral efficiency distribution for no RS case (R=1000 m). 
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Figure 5.7: Spectral efficiency distribution for 6 RS case (R=1000 m). 

 

 

 

 

 

 

 

Figure 5.8: Spectral efficiency distribution for 18 RS case (R=1000 m). 
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Figure 5.9: Spectral efficiency distribution for 30 RS case (R=1000 m). 

 

 

 

 

 

 

 

Figure 5.10: Spectral efficiency distribution for 50 RS case (R=1000 m). 



 80

5.2. Coverage at Various Spectral Efficiency Levels with respect to       

Number of RSs 

Figures 5.11 and 5.12 illustrate the coverage performance, i.e. the probability of 

combined spectral efficiency being greater than the values given in the horizontal axis, 

for 500 m and 1000 m cells, respectively. Figure 5.11 indicates that if the relaying 

assistance is used in the system, even for the 6 RS case, the performance gain is 

substantially improved. However, in order to realize the high data rate coverage goal, the 

required number of RSs is moderately high, i.e. around 30 (67% of the users have 

spectral efficiency values greater than or equal to 3 bits/sec/Hz). It is also observed that, 

if the number of RSs is increased further than 30, the performance gain is insignificant. 

Moreover, maximum attainable spectral efficiency for 3-hop communication is 2 

bits/sec/Hz; since 96% of the users already have spectral efficiency values greater than or 

equal to 2 bits/sec/Hz via 2-hop communication, there is no need for 3-hop 

communication.    

Figure 5.12 shows that, even though 2-hop communication helps the outage problem 

of the 1000 m case, the high data rate coverage problem is not solved (for 50 RS case 

43% of the users have spectral efficiency values greater than or equal to 3 bits/sec/Hz). It 

is observed that increasing the number of RSs from 30 to 50 does not improve the 

performance as expected; as a result, instead of adding more RSs to the first tier, a second 

tier of RSs should be deployed around the CN.  

Some additional comments can be done on Figures 5.11 and 5.12. Previously, it is 

shown that for 2-hop communication the best spectral efficiency level is 3 bits/sec/Hz. In 
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other words, for the relaying case, if the spectral efficiency of the user is greater than 3 

bits/sec/Hz, the user is assigned directly to the CN, i.e. single-hop communication. 

Therefore, the number of users having spectral efficiency values greater than 3 

bits/sec/Hz must be same for both non-relaying and relaying cases, since those users will 

use single-hop communication for either cases; in Figures 5.11 and 5.12 coverage at the 

spectral efficiency levels greater than 3 bits/sec/Hz (since in our case the AMC levels are 

discrete, this corresponds to the levels greater than or equal to 3.5 bits/sec/Hz, which is 

the next AMC level) is almost same for all cases; the small variations are due to the 

random lognormal shadowing. This threshold level depends on the maximum available 

spectral efficiency level of the system and the next AMC level greater than the half of the 

maximum available spectral efficiency level of the system. Even though the threshold 

value is independent from the cell size and the RS transmit power, these two factors have 

an important role in determining the vertical position of the threshold level; if the 

probability of the usage of the spectral efficiency levels greater or equal to 3.5 bits/sec/Hz 

increases, the vertical position of the threshold level increases as well. On the other hand, 

coverage at the spectral efficiency level of 3 bits/sec/Hz is different due to the fact that 

relaying may improve the spectral efficiency levels of some users and introduce new 

users with spectral efficiency level of 3 bits/sec/Hz to the system. 
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Figure 5.11: Coverage at various SE levels wrt no. of RSs for 500 m (PRS = 1 W, 
PCN = 10 W). 

Figure 5.12: Coverage at various SE levels wrt no. of RSs for 1000 m (PRS = 1 W, 
PCN = 10 W). 
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5.3. Average Spectral Efficiency for Non-relaying and Relaying Cases 

Figures 5.13 & 5.14 depict the average spectral efficiency for 500 m and 1000 m cell 

radii, respectively. From the figures we can see that, even for the 6 RS case, average 

spectral efficiency is increased when the relaying assistance is used. Figure 5.13 indicates 

that, if 6 RSs are deployed around the CN, the average spectral efficiency improvement is 

0.92 bits/sec/Hz, which corresponds to a 48% increase (1.9 → 2.82). If the number of 

RSs is increased to 30, the average spectral efficiency improvement is 1.39 bits/sec/Hz, 

which corresponds to a 73% increase (1.9 → 3.29). It is also observed that, when 50 RSs 

are used, the average spectral efficiency becomes 3.31 bits/sec/Hz; only 0.6% more than 

the 30 RS case. Furthermore, the result for 30 RS case is compared to that of the ideal3 2-

hop case, where the MSs that use 2-hop communication assumed to have spectral 

efficiency of 3 bits/sec/Hz, i.e. maximum attainable 2-hop combined spectral efficiency. 

The results for both cases are very close (6% difference).   

Similarly, for 1000 m cell size, if 6 RSs are deployed around the CN, the average 

spectral efficiency improvement is 0.77 bits/sec/Hz, which corresponds to a 66% increase 

(1.15 → 1.92). If the number of RSs is increased to 30, the average spectral efficiency 

improvement is 1.48 bits/sec/Hz, which corresponds to a 129% increase (1.15 → 2.63). 

Although the average spectral efficiency is increased substantially, the difference against 

the ideal 2-hop case is significant (20%), which again shows that for 1000 m cell size, it 

is better to use 2 tiers of RSs.    

                                                

3 Detials are given in the Appendix C. 
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Figure 5.13: Average spectral efficiency for 500 m. 
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Figure 5.14: Average spectral efficiency for 1000 m. 
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Figure 5.15: Outage for various number of RSs. 

5.4. Outage Comparison for Non-relaying and Relaying Cases 

One of the key benefits of using RSs in the system is to reduce (or if possible to 

eliminate) the outage in the cell. Figure 5.15 shows the outage benefits of the relaying. 

For 500 m cell radius, if relaying is not used, the outage is 39%. However, if 30 RSs are 

deployed around the CN, the outage is almost eliminated (0.25%). For 1000 m cell 

radius, if relaying is not used, the outage is 58%. Unlike 500 m cell radius case, even if 

30 RSs are deployed around the CN, the outage cannot be eliminated, but it can be 

reduced to 4%.        
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5.5. Coverage at Various Spectral Efficiency Levels with respect to RS 

Positions for 30 RSs 

Figures 5.16 and 5.18 illustrate the coverage performance, i.e. the probability of SE 

being greater than the values given in the horizontal axis, with respect to RS positions for 

500 m and 1000 m cell sizes, respectively, with 30 RSs. The simulation results show that 

the best distances for RS deployment are 338 m and 676 m, which are obtained from the 

analytical derivations in Chapter 2, for 500 m and 1000 m cell sizes, respectively. 

Another interesting observation is that, the performance of (30 RS) 200 m case in Figure 

5.16 is very similar to that of 6 RS (338 m) case in Figure 5.11. In other word, deploying 

RSs at improper locations gives the same result as using less number of RSs. 

Figures 5.17 and 5.19 show the same graphs with a larger scale. For 500 m case, even 

though 338 m is the best distance, the RSs can be deployed at a distance between 320 m 

and 380 m and almost same performance can be obtained. Similarly, for 1000 m case, the 

RSs can be deployed at a distance between 650 m and 720 m. 
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Figure 5.16: Coverage for SE levels wrt RS positions for 500 m, 30 RS.

Figure 5.17: (Zoomed) Coverage for SE levels wrt RS positions for 500 m, 30 RS.
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Figure 5.18: Coverage for SE levels wrt RS positions for 1000 m, 30 RS. 

Figure 5.19: (Zoomed) Coverage for SE levels wrt RS positions,1000 m, 30 RSs. 
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5.6. Coverage at Various Spectral Efficiency Levels with respect to ISF for 

30 RSs 

Figures 5.20 and 5.21 depict the coverage performance, i.e. the probability of SE 

being greater than the values given in the horizontal axis, with respect to interference 

suppression factor (ISF) for 500 m and 1000 m cell sizes, respectively, with 30 RSs. For 

500 m case, if the ISF value is small, e.g. ISF=0.2, almost 80% of the users are provided 

with spectral efficiency values greater than or equal to 3 bits/sec/Hz. If the cell size is 

increased to 1000 m, the effect of ISF decreases due to the fact that larger cells are more 

noise-limited than the smaller size ones. 

Figure 5.20: Coverage for SE levels wrt ISF, 500 m, 30 RSs. 
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Figure 5.21: Coverage for SE levels wrt ISF, 1000 m, 30 RSs. 
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5.7. Coverage at Various Spectral Efficiency Levels with respect to RS 

Transmit Power 

Figures 5.22 and 5.23 illustrate the coverage performance, i.e. the probability of SE 

being greater than the values given in the horizontal axis, with respect to the RS transmit 

power for 500 m and 1000 m cell sizes, respectively, with 30 RSs. It can be seen that the 

performances of both cases are improved when the RS transmit power is increased. 

However, the effect of RS transmit power is more observable for 1000 m cell size.  

Figure 5.22: Coverage for SE levels wrt RS transmit power, 500 m, 30 RSs.  
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Figure 5.23: Coverage for SE levels wrt RS transmit power, 1000 m, 30 RSs.  
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5.8. Adaptive Modulation and Coding Histogram 

Figures 5.24 and 5.25 show how often spectral efficiency values are used for cell 

radius of 500 m and 1000 m, respectively, for non-relaying and 30 RS cases. It is clear 

that when 30 RSs are used the frequency of the usage of 3 bits/sec/Hz (which is the 

maximum attainable combined spectral efficiency for 2-hop communication) increases. It 

should also be noticed that, if the quality of the CN-RS links can be improved, the usage 

of 3 bits/sec/Hz increases further.  

Figure 5.24: Percentage of time using a spectral efficiency, for 500 m. 
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Figure 5.25: Percentage of time using a spectral efficiency, for 1000 m. 
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CHAPTER 6: CONCLUSIONS AND DISCUSSIONS 

6.1. Summary 

This research investigates the potential benefits of employing relays in the cellular 

networks. In order to support the mathematical analysis, several simulations are done and 

it is shown that multi-hop relaying concept is a cost-effective solution to the ubiquitous 

high data rate coverage problem of the future wireless networks. 

Firstly, from the analytical results, it is shown that the capacity (or aggregate 

throughput) of CFRN is directly proportional to the number of root nodes, i.e. first tier 

relays, deployed around the central node. However, as opposed to the common sense, the 

capacity of CFRN is independent from the number of hops or relay tiers. Therefore, in 

order to obtain high capacity from CFRN, the number of root nodes must be increased. 

The limit for that number depends on the directivity of the beam antenna used for the 

links between the CN and the root nodes. It should be noticed that, even though it is 

possible to obtain higher capacity with CFRN than CCN, if there is a major capacity 

shortage, it is better to use micro-cellular or pico-cellular networks. After deploying 

central nodes, RSs should be deployed to eliminate the coverage shortage. 

Secondly, for multi-hop relaying, the closest distance where n-hop can be utilized is 

found with analytical derivations. According to those distances and the simple path-loss 

model used for the calculations, the number and the position of the first tier RSs are 
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found in order to provide the maximum attainable spectral efficiency value for the users 

in the cell for different values of propagation value and relay transmit power. At this 

point it is observed that the maximum attainable spectral efficiency value for a user varies 

depending on the number of hops between that user and the CN, i.e. for a user using 2-

hop communication, the maximum attainable spectral efficiency is half of the maximum 

available spectral efficiency for the system. For the realistic values of the propagation 

constant and the relay transmit power, the analytical results, which is summarized in 

Table 3.4, show that the required number of RSs is around 20. However, for the same 

conditions, the simulation results show that the required number of RSs for high data rate 

coverage is around 30. The difference is due to the effects of lognormal shadowing and 

adjacent cell interference, which are included in the simulations. From the simulations, it 

is observed that when the number of RSs is increased from 30 to 50, the performance 

gain is negligible and hence for a cost-effective system using 30 RSs is preferable. For 30 

RS model, the average spectral efficiency value of 500 m cell is increased from 1.9 

bits/sec/Hz to 3.29 bits/sec/Hz and the outage is reduced from 39% to 0.25%. 

Furthermore, as far as the relay position is concerned, the simulations indicate that the 

optimum distance is the same as the one found from the analytical derivations, i.e. 0.67 

times the cell radius, when the transmit power ratio of the CN and RS is 10:1. Although 

moving relay position towards or further away from the CN weakens the system 

performance, if the relay position stays in the range of 0.64-0.76 times the cell radius, the 

performance loss is negligible. 
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6.2.  Thesis Contributions 

The major contributions of this thesis can be summarized as follows: 

• An analytical derivation of the capacity of CFRN in terms of aggregate 

throughput. 

• A comparison of the capacity of CFRN to that of CCN and PCN. 

• An analytical derivation of the closest distance from the CN that n-hop 

communication can be utilized. 

• An analytical derivation (supported by a series of simulations) of the optimum 

number and distance for first tier RSs in order to obtain ubiquitous high data 

rate coverage. 

• A simulation to show the outage improvement benefit of the multi-hop 

relaying. 

• A simulation to show the average spectral efficiency improvement benefit of 

the multi-hop relaying. 

• A series of simulations that support the idea provided in this thesis that digital 

fixed relaying technology coupled with the adoption of AMC scheme enhances 

the throughput and coverage of the cellular networks and realize the ubiquitous 

high data rate coverage in the entire network. 
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6.3. Future Research 

• Although some of the analytical derivations are done for a general n-hop case, 

most of the analytical findings and all of the simulation results are for 2-hop 

case only, which raises a possible future research area where more than 2-hops 

is studied. 

• Load balancing is another interesting point that can be embedded into this 

research. 

• In this research diversity is not used. It is known from [13-16] that diversity 

can provide a better performance for multi-hop channels, so diversity is 

another key research area. 

• Mobility and hand-off issues can be investigated for future research as well. 

• Investigation of realistic traffic model for CFRN may be an interesting 

research topic. 
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Appendix A – Definitions of Some Terms in Tree Structure 

Figure A.1 shows the central node and nodes which belong to a binary tree. In the 

figure 

• node ‘1’ represents the root node of the tree, 

• node ‘2’ is the parent node of the nodes ‘3’ and ‘4’, 

• nodes ‘3’ and ‘4’ are the child nodes of node ‘2’. 

 

 

 

 

  

 

 

Figure A.1: Central node and nodes belong to a binary tree. 
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Appendix B – Proof of (2.17) 

Equation (2.16) is derived according to the tree structure in Figure 2.2, a binary tree. 

Equation (2.15) can be rewritten as follows: 
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The number of nodes in the tree is independent of the structure of the tree and 

assumed to be equal to N. The number of channel groups needed for the first hop link is 

equal to the number of nodes in the tree since this link carries the traffic of all the nodes 

in the tree; therefore it is equal to N. It is assumed that each node has separate directional 

antennas for each node-to-node links, enabling the reuse of the same channel groups. In 

Figure 2.2, there are two second hop links, each carrying the traffic of (N-1)/2 nodes and 

they both use the same channel groups, so total number of channel groups for the second 

hop links is equal to (N-1)/2. In the general case, if each root node has p child nodes, then 

there are p second hop links, each carrying the traffic of (N-1)/p nodes. Since each second 

hop link uses separate directional antennas, total number of channel groups needed for 

the second hop links is equal to (N-1)/p. Inserting these values to the above equation, for 

the limit case, 
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Appendix C – All Orthogonal Channel Groups for All the Links in a 

Tree 

In the analytical process of (2.29), it is still assumed that two child nodes can use the 

same frequency band since their parent node has two separate narrow beam antenna. If 

this assumption is removed, then the total number of channel groups can be calculated as 
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In the above, we assumed that all the nodes use orthogonal channel groups in their 

coverage region as well. Then, CFRNR  can be obtained as 
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Appendix D – Details of the Ideal 2-hop Case 

For a 2-hop communication system, the users having spectral efficiencies greater than 

or equal to the half of the maximum available spectral efficiency level (in our case 3 

bits/sec/Hz) do not need relay assistance and hence deploying more and more RSs does 

not improve their performance. On the other hand, the performance of the users having 

spectral efficiencies less than 3 bits/sec/Hz can be improved with relay assistance. When 

2-hop relay assistance is used for a user, the maximum attainable spectral efficiency level 

is 3 bits/sec/Hz. The maximum performance of 2-hop is obtained if the users having 

spectral efficiencies less than 3 bits/sec/Hz are provided with relay assistance and attain a 

spectral efficiency level of 3 bits/sec/Hz. Therefore, for the ideal 2-hop case, the lowest 

spectral efficiency level is 3 bits/sec/Hz. 

Figures 5.11 and 5.12 can be used to calculate the average spectral efficiency level of 

2-hop communication for 500 m and 1000 m cell sizes, respectively. Table A.1 shows the 

usage of the spectral efficiency levels for 500 m cell size and non-relaying case. 

Table A.1: The percentage of the usage of the Spectral Efficiency levels. 

SE 6 5.25 4.5 4 3.5 3 2.67 2 1.75 1.5 1.33 1 <1 

% usage 8.5 4.8 3.6 2.25 6.35 5.3 3.45 6.25 7.05 4.2 2.85 6.7 38.7 

 

Then, the average spectral efficiency level for this case can be calculated as 
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For the ideal 2-hop case, the usage of the spectral efficiency values higher than or 

equal to 3.5 bits/sec/Hz is same as the non-relaying case. However, users having spectral 

efficiency values less than 3 bits/sec/Hz are assumed to be provided with 3 bits/sec/Hz 

via relaying. Table A.2 shows the usage of the spectral efficiency levels for 500 m cell 

size and ideal 2-hop case. 

Table A.2: The percentage of the usage of the spectral efficiency levels for ideal 

2-hop case. 

SE 6 5.25 4.5 4 3.5 3 

% usage 8.5 4.8 3.6 2.25 6.35 74.5 

47.3100/
5.74335.65.325.24

6.35.48.425.55.86
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These two spectral efficiency values are used to obtain the ideal 2-hop curve in Figure 

5.13. 

 


