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Abstract

This thesis is about deployment strategies for 4G cellular networks using fixed relays. We
argue that while relays will surely be an essential component of future 4G systems, their
indiscriminate use is an inefficient way to allocate the limited radio resources available. The
most efficient method to allocate the radio license is when the number of relays is minimized,
while still achieving the desired coverage objectives. Thus, the focus of this work is to determine
the optimal number and locations of fixed radio relay stations forming multi-hop links, such a
way the right balance between achieving the functional requirements and assigning minimum
resources is achieved. Under the assumption of using orthogonal channels for the intermediate
hops, and using the spectral efficiency as a metric, it is shown that the optimal relay locations are
at equal intervals along the straight line between source and destination. The Multi-Hop
Criterion (MHC) to determine in which conditions a single-hop fixed radio link can be
efficiently (from a spectral efficiency perspective) replaced with a chain of (multi-hop) links is
introduced. Since a routing method is required to take advantage of any multi-hop architecture
over a two-dimensional array of relays, four routing algorithms are devised and compared: direct
single hop to destination, multi-hop using shortest possible hops, multi-hop using MHC to decide
the number of hops, and exhaustive search for the route with smallest cost. Through computer
simulations it is shown that the routing algorithm based on the MHC always achieves a spectral
efficiency performance which is close to or equals the optimal (exhaustive search),

outperforming both “single-hop” and “short-hops” schemes.
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1. INTRODUCTION

It is generally accepted that the architecture of the present day cellular networks can not meet
the stringent requirements envisioned for 4™ generation (4G), or beyond IMT-2000, cellular
systems. On one side, the data rates envisioned for user services under 4G systems are orders of
magnitude higher than what is presently considered as the state of the art. On the other side, an
almost chronic insufficiency of radio spectrum for the new services will limit the availability of
additional resources for the deployment of 4G systems. It is likely that new radio spectrum
licenses for 4G systems will be allocated well above the operating frequency bands of the present
systems, perhaps in 5 GHz or even 7 GHz bands. At these higher frequencies the radio-
propagation is much more susceptible to impairments generated by non line of sight conditions.
The obvious conclusion is the cellular network infrastructure density must be dramatically
increased to be able to provide ubiquitous services with the high data rates envisioned for 4G
systems. This would involve installing many new base stations, and expanding the backbone
infrastructure to connect the new cell sites to the packet switched public network. However, it is
not clear how the large capital costs required for such expansion could be recovered. The market
penetration of cellular services is already closing onto 90% levels in many developed countries,
and not much growth can be expected in this segment. In addition, increasing the density of cell
sites will create a large additional amount of available capacity, well in excess of requirements,
given the saturation (already) reached in market penetration. In summary, what is needed is a
cost effective solution enabling ubiquitous deployment of very high speed services, which in the
same time would not necessarily add extra capacity to the system.

Although recent technological advances in signal processing techniques (such as interference
cancellation algorithms) and antenna architectures (generally referred to as smart antennas - such

as MIMO and adaptive antennas) enabled dramatic increases in link throughput and spectral



efficiency, these will not be sufficient by themselves to resolve the problem stated above [1].
Although incorporation of these concepts in future wireless systems is essential, it may be
infeasible to deploy complex antenna systems at wireless terminals. Besides, in the presence of
heavy shadowing, even the smartest antenna can not be of much help.

Economically feasible solutions are likely to be based on some form of multi-hop relaying
allowing coverage extension and reducing the required number of expensive cell sites. This
being said, the large interest of the research community in the specification and development of
4G systems has not yet been concluded in agreement over what particular network architectures
or deployment strategies is to be followed.

Two different topological classes of multi-hop relaying are widely considered in the literature
[2-3]. Ad-hoc or mobile relaying uses the mobile terminals as relays to pass along data packets
between base stations and mobile terminals. This type of relaying has the advantage of reduced
infrastructure cost and good potential coverage due to the large number of terminals which can
also double as relays, however it has the drawback of increased cost and complexity for the user
equipment, as well as reduced battery life, complex and likely inefficient routing protocols for
radio packets, and also a fundamental incertitude regarding the degree of service offered to users
(there is no guarantee of good coverage).

Multi-hop relaying with fixed relays is based on fixed relay stations deployed as part of the
network infrastructure. Their incremental cost is offset by reduced requirements on the mobile
terminals, and by the simplicity and efficiency of the radio protocols involved. The fixed relay
stations are part of the entire cellular network infrastructure, therefore their deployment will be
an integral part of the network planning, design and deployment process. Deploying fixed relays
with the required high geographical density would still present financial and technical
challenges; engineering weatherized low cost devices with a small footprint, reduced power
consumption, easy to install and commission, and in the same time able to provide high

reliability and security, are no easy tasks, which would have to be solved in coming years.



Relaying systems can also be classified as “digital” (also referred as “regenerative relaying”
or “decode and forward relaying”), or analog (“non-regenerative relaying”, “amplify and
forward”). Digital relays have the main advantage of not propagating the noise along a multi-hop
link chain. On the other side, analog relays could be either less expensive to build (less signal
processing involved), or they could allow MRC to be performed on original and relayed
messages, enabling so called “multi-hop path diversity”.

It is necessary to establish strategies and methods for efficient deployment of fixed relay
stations, in such a way the overall cost of the network is minimized. Efficient radio resource
allocation to network elements is a critical part of the overall network cost optimization effort.

One of the open questions regarding the deployment of wireless networks using fixed relays is
the optimal number of hops between the source and destination radio stations. It is important to
be able to decide with reasonable accuracy in what conditions it is more advantageous to send a
signal directly to destination (may be by increasing the allocated transmit power, bandwidth or
time) or route the same signal over a number of relay stations, each using much less resources
compared to the replaced link. Due to their ambitious requirements, the 4G systems will most
likely use solutions with at least two hops (whenever necessary), one of the hops being between
the fixed relay and the mobile terminal. The remaining radio link going back to the base station,
referred to as the “feeder system”, is comprised of a set of fixed relays interconnected through
radio links, and can have one or more hops. While it is generally accepted that there is a clear
requirement for at least one relay between the base station (BS) and the mobile terminal (MT),
the optimal number of hops of the feeder portion of the 4G wireless system (a number equal with

or larger than one) is the focus of our research.



1.1 The WINNER Project

WINNER - Wireless world Initiative New Radio, https:/www.ist-winner.org/ - is a

consortium of 38 partners' co-ordinated by Siemens working towards enhancing the performance
of mobile communication systems. The improvements of radio transmission to be explored by

WINNER are crucial for enabling new mobile services and applications anytime and anywhere.

' The list of WINNER partners includes: Siemens AG, Munich; Aalborg University, Aalborg Denmark;
Alcatel SEL AG, Stuttgart Germany; Carleton University, Ottawa, Ontario, Canada; Centre Tecnologic de
Telecomunicacions de Catalunya, Barcelona, Spain; Chalmers University of Technology, Gothenburg
Sweden; China Academy of Telecommunication Research, Beijing PR China; Deutsches Zentrum fir
Luft- und Raumfahrt (DLR) e.V., Oberpfaffenhofen, Germany; DoCoMo Communications Laboratories
Europe GmbH, Munich, Germany; Elektrobit Ltd, Oulu Elektrobit Ltd, Oulu Finland; Ericsson AB,
Stockholm Ericsson AB, Stockholm Sweden; Ericsson Eurolab Deutschland GmbH, Aachen, Germany;
Heidelberg European Institute for Research and Strategic Studies in Telecommunications GmbH,
Heidelberg Germany; France Telecom S.A. Paris France; Fujitsu Laboratories of Europe Ltd, Hayes,
Middlesex United Kingdom; Helsinki University of Technology, Espoo Finland; IBM United States; Kungl
Tekniska Hogskolan (Royal Institute of Technology) - KTH, Stockholm Sweden; Lucent Technologies
Network Systems, UK Ltd, Swindon United Kingdom; Motorola S.A.S., Paris France; National Technical
University of Athens, Athens Greece; Nokia Corporation, Espoo Finland; Philips Electronics UK Limited,
Redhill United Kingdom; Portugal Telecom Inovacao S.A. Aveiro Portugal; Poznan University of
Technology, Poznan Poland; RWTH Aachen University (ComNets) RWTH Aachen University (ComNets)
Germany; Samsung Electronics UK Ltd, Staines United Kingdom; Siemens Mobile Communications SPA,
Milan Italy; Swiss Federal Institute of Technology Zurich, Zurich Switzerland; Technical Research Centre
of Finland VTT, Oulu Finland; Technische Universitdt Dresden, Dresden, Germany; Technische
Universitat limenau, limenau, Germany; Telefonica Investigacion y Desarrollo Socieded Andnima
Unipersonal, Madrid Spain; University of Oulu - CWC, Oulu Finland; University of Surrey, Guildford United
Kingdom; Vodafone Group Services Ltd, Newbury United Kingdom; Siemens Aktiengesellschaft
Osterreich, Vienna Austria; Nokia (China) Investment Co., Ltd., Beijing PR China; IBM Research GmbH,

Ruschlikon, Switzerland Switzerland.



ITU-R approved the Recommendation M.1645 [4] in June 2003 as a basis of the future
activities. The assumptions regarding service delivery methods and performance targets used in
the WINNER project are also based on this ITU-R recommendation.

The ITU-R vision for systems beyond 3G comprises two major paths:

« On one hand existing and evolving access systems will be integrated on a packet-
based platform to enable cooperation and interworking of these systems in the
sense "optimally connected anywhere, anytime".

« On the other hand the radio access system for new mobile access and new
nomadic/local area wireless access will be developed to provide access with
significantly improved performance compared to today's systems. The focus of the
WINNER project is the development of this radio access system by taking into
account the interworking with other systems.

The envisioned capabilities of the new components of future mobile and wireless
communication systems were agreed with the following peak aggregate user data rates:

« up to approximately 100 Mbps for the new mobile access and

« up to approximately 1 Gbps for new nomadic / local area wireless access.

The WINNER project is organized in “workpackages”. Workpackage 3 (WP3) — Radio
Network — includes 5 tasks:

o Task 3.1 - Enhanced Conventional Radio Network Deployment Concepts

« Task 3.2 - Relay-based concepts with homogeneous RI

o Task 3.3 - Integration of Relay Based and Conventional Deployment Concepts and
Development of a Harmonized RAN Protocol Approach

« Task 3.4 - Relay Based Concepts with Heterogeneous Rls

« Task 3.5 - System Level Traffic Performance Evaluation

The research in this thesis represents a portion of Carleton University’s contribution to the
WINNER project, Task 3.2. The work was supported in part by the Natural Sciences &

Engineering Research Council of Canada under participation in the WINNER project.



2. PREVIOUS RESEARCH AND RESULTS

The interest in multi-hop technology is not new. The packet relaying concept was introduced
in the 1970s during research into packet radio networks (PRN) [5]. The aim of the early research
efforts was focused on developing systems targeted for private radio networks (mostly
applications for military or emergency systems) having improved reliability, anti-jamming
characteristics, and extended coverage. When the requirements for a 4G cellular systems started
to be defined and it became apparent that they create a tremendous stress on the “single-hop”
link budget, the interest in relaying and multi-hop radio networks was renewed, this time with an
emphasis on applications to commercial public cellular networks.

Laneman et al [6-7], based on the use of the classic relay channel, proposed a macrodiversity
technique applicable to ad-hoc networks. A message broadcasted by the source is simultaneously
received by the intended destination and an intermediate relay. The relay repeats the message
towards the destination receiver, which performs MRC between the two copies of the same
message.

General theoretical characterization for four different channel models - the decoded relaying
multihop channel, the amplified relaying multihop channel, the decoded relaying multihop
diversity channel, and the amplified relaying multihop diversity channel - are provided by Boyer
et al in [8]. Expanding the model introduced in [6], in the case of the amplified relaying multihop
diversity channel, the receiver of the destination and the intermediate relays is assumed to
perform MRC between a multitude of copies of the same message arriving from the set of
amplifying relays located “uphill” along a multihop chain. It is shown that the performance of
amplified relaying, especially amplified relaying with multihop diversity, is generally better than

that of decoded relaying, despite noise propagation.



In [9], the authors compare the throughput of a multi-hop cellular network (MCN) with that of
a single-hop cellular network (SCN), by analyzing the probability of packet collision in multi-
hop and single-hop network architectures. In MCN architecture, it is considered that the mobile
stations can relay messages between themselves and the base stations. Within the simplifying
assumptions that multi-hop links are in straight lines and with equal hop lengths, and all radio
links are implemented at the same data rate, it is shown that MCN has a superior throughput due
to lower packet collision probability.

The effect of Rayleigh fading on a MPRN was analyzed in [10-11], in the context of
transmission strategies based on different routing schemes, namely, Most Forward with Fixed
Range (MFR), Nearest with Forward Progress (NFP), Minimal Angular Deviation (MAD), and
Angular Deviation to Transmission Range Ratio (ARR). In each of these methods the routing
decisions are based on various geometrical criteria which assume the mobile radio station has the
geographical notion of “forward” toward the packet’s destination (for each packet!) and
backward from it. For example, the NFP method transmits to the nearest neighbor in the forward
direction. Mobiles locations could be obtained by way of each mobile broadcasting its location at
regular intervals, in a round robin fashion.

A multihop protocol and an opportunistic forwarding method, Multiuser Diversity
Forwarding, are proposed in a recent work in [12]. The proposed MDF method consists in a
synchronized probing and transmission, and a “fast precision” scheduling algorithm. The probing
stage enables link rate adaptation prior to transmission. It uses a synchronized and time aligned
process along all nodes in the network. Initially each node decides if it is to transmit or receive
during the given time slot interval. Then, all transmitting nodes broadcast a pilot signal enabling
neighboring receiving nodes to evaluate link quality and send back a probe response with the
channel status parameters. The scheduling algorithm provides two degrees of freedom, allowing
both the selection of the destination relay and channel rate adaptation. Computer simulations

show that MDF performs significantly better than NFP in Rayleigh fading conditions [11].



In [13], the potential gains of a multi-hop link are analyzed starting from the Shannon
capacity of the radio channel. Assuming orthogonal relaying channels, that the relays are equally
spaced along the multi-hop link, and that the overhead increases linearly with the number of
hops, it is concluded that a multi-hop link offers a positive system gain in specific radio
conditions (low transmit power, large distance, large path loss exponent) only for a modest
number of hops (up to four). The term oligohop is introduced, meaning a multi-hop link with a
reduced number of hops (“oligo” means “a few” in Greek).

The effect of multi-hop relaying using fixed relays on the cellular network throughput is
studied in [15]. Assuming a relaying scheme with loop-less trees routing, and using non-
orthogonal channels (with frequency reuse), it is shown that the aggregate cell throughput for
cellular fixed relay networks depends only on the number of tree roots, which can also be
interpreted as the number of sectors of the central cell. Increasing the total number of relays
beyond a certain limit does not increase the aggregate cell throughput.

In this paper we assume that the intermediate relays can be located anywhere, not only along
straight lines at equal intervals, as in most of previous literature. Also, we take a novel approach
by using the aggregate spectral efficiency of the multi-hop communication system as a costing
factor. The most significant challenge ahead of the 4G cellular systems is the provision of quasi
ubiquitous coverage with very high data rates. A promising solution for surpassing this difficulty
and extending the coverage of the classical cellular network is by using relays. The additional
radio power introduced in the network by relays comes from the “wall plug” and should not be
added to the radio resource costs. More significant than the relay consumed power is the effect of
the relaying schemes over the aggregate end-to-end spectral efficiency. Higher overall spectral
efficiency allows better use of the available spectrum license — the most expensive asset of the

cellular operator.



3. ANALYSIS OF FIXED RELAY DEPLOYMENT

3.1 System Description

We consider a possible system architecture for a 4G cellular network, as shown in Figure 1.
The network is organized into two overlaid systems as follows:
The wireless access system (WAS) has the role of providing wireless connectivity at the
required bit rate and grade of service to the user terminals; the access system is composed of
« mobile user terminals (MT)
« fixed radio stations (relays and base stations) directly connected to the mobile
user terminals
« radio resources allocated to the wireless access system
The wireless feeder system (WFS) has the role of transporting the traffic generated by the
access system elements to / from the wired backbone network; the wireless feeder system is
composed of:
« fixed relay stations
« base stations
« radio resources allocated to the wireless feeder system
Remarks:
1. For the purposes of this study, the logical difference between a BS and a fixed relay
station (FRS) essentially is that the BS has a wired connection to the backbone
network, while the FRS does not. For the purposes of the present study, the BSs and

MTs are terminating points for the traffic, while the FRSs have a “bridging” role.



WAS cluster size N=3

“ooeor Each color represents

Base Station a frequency group

Service Area

Relay Coverage

Figure 1. Proposed system architecture for a 4G cellular system

2. The main cost associated with a base station (BS) is assumed to be the cost of the
wired data connection to the backbone or Internet (this involves a potentially
considerable initial capital cost, as well as a monthly recurring cost). This is the
reason of employing FRS instead of BS, as a means to reduce the total capital and
operational costs of the network.

3. The wireless access system (WAS) and the wireless feeder system (WFS) could use
similar physical/ MAC protocols and I/F interfaces, in which case the entire system is
homogeneous, or use dissimilar physical/ MAC protocols and I/F interfaces, in which

case we have a heterogeneous system [13].
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A number of FRS is connected to one BS, which can be either omnidirectional or sectorized
with § sector antennas. The maximum possible radius of the BS is determined by the link budget
of the WFS.

In the present study the FRS are assumed to be non — sectorized (beside the directional
antenna(s) used for the feeder system, each FRS has one antenna for access, which can be
directional or omnidirectional, as dictated by the specific local conditions). The FRS maximum

coverage radius is determined by the WAS link budget.

3.2 Radio Resource Allocation to Access and Feeder Systems

We analyze here the radio resource allocation strategy for the system architecture introduced
in the previous section, particularly the division of available resources between the feeder and
access portions of the network. By resources we understand bandwidth and/or time slot allocated
to a particular network element. In the following discussion, the terms “bandwidth” and “radio
resource” are used interchangeably.

For simplicity, we assume argument that the feeder link is implemented in one single hop
(direct radio link between each FRS and BS). For the purposes of this discussion, the single hop
assumption does not limit the generality of the result.

The following notations are made in the context of the system architecture presented in Figure

N = WAS (relay) cluster Size for WAS (N = 3 in Figure 1)
S = number of sectors at each BS of WFS
1. = average spectral efficiency for the WAS

1y = spectral efficiency for the WFS

11



s = feeder frequency reuse factor at BS (this measure is equivalent with N for WAS;
represents how many frequency groups are needed for the feeder system for all S
sectors of the BS).

n, = number of FRSs “fed” from one BS

b, = amount of resources allocated for access portion to each FRS (normalized)

b4 = total resources allocated for access for all FRS in one sector

br=amount of resources allocated for feeder portion to each FRS (normalized)

br = total resources allocated for feeder for all FRS in one sector

The number of FRS for one sector is n,. / S.
For each FRS, the maximum data rate at the link layer must be the same for both the access

and feeder links (otherwise very large buffers would be required at FRSs):
b,=b, - —. (1)

The total frequency spectrum required for the entire system is composed of the spectrum

required for the WFS and spectrum required for WAS. This is expressed in the normalized form

as:
n
bF = ?rbe
b, = Nb, )
n
—~b,s+Nb, =1
S P

From (1),(2) we obtain the expressions for bandwidth allocated for each FRS for feeder and
access, respectively:

1 1

b=t , 3)
f N
na NS&
1,

12



b= @
N I+—*
ns'r
.
The total spectrum for WAS and WES is, respectively
b,=Nb R (5)
A~ a n.s 4
1+—=
Ns'
1,
by :%sb_,, :;n' (6)
NS
1+
n.s

Observations:

. As defined, b4 + bp=1 (normalized)

. For n,= 0, (no repeaters): by =1, bp=0; i.e., all resources are used for WAS.

. In the example of a case where n,=25 (access radius 5 times smaller than the feeder radius), S
=6,s =2, N=3, n/n, = 1.5, the resulting resource allocation is b4 = 0.35, br = 0.65. Only
about one third of radio resources is used for access, the rest for feeder.

If in equation (2) we do not consider a normalized approach, and instead define:

« A =the total available licensed radio resource, (frequency x time)
« C=the aggregate throughput to be provided within service area of each FRS

(i.e., in (2) we shall have B on the right side instead of unity)

We can rewrite (5) as

A=b, |1+ ”; =b|N+n, ‘; S NS, (7)
NS s T s
n, n, 1,

where we have used

13



ba:b—/‘:g. (8)
N n,

The expressions (7) show that the total required radio resources A (entire radio spectrum
license) grows linearly with n,, the number of FRS in every BS (or sector of BS, if BS is

sectorized). In the same time, as shown in Figure 2, the amount of the radio resources allocated

for access to all FRSs, b4, remains constant, since the cluster size N does not change.

A
A

Total bandwidth required

>

T

Number or relays in a BS

Figure 2. Required license versus the number of FRS in each BS

When the number n, of FRSs in a cell increases to large values (tens), the most part of
available resources are allocated to the feeder system, while the access system is allocated only a
small proportion of the total system resources, as plotted in Figure 3 (using the same assumptions
as in Observation 3 before). Given that this small fraction still has to be sufficient for the high
access data rates envisioned, the result is a large increase in total resources required for the entire
system (again most of which is used for feeder). On the other side, if the number of relays is too
small, there will be gaps in the coverage, where communication at the required data rate is not
possible. A larger number of relays means a smaller coverage area for each relay, leading to
better average SNR for the access link, which can be exploited through higher order modulation

and coding to obtain a better spectral efficiency for the WAS. Increasing the number of relays
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beyond the level at which all coverage gaps are eliminated, (which depends on the system
parameters used) will not be accompanied by an important increase in the spectral efficiency for
the WAS, not fully compensating for the bandwidth “lost” to additional allocations to the feeder
system. So, increasing the number of relays beyond a certain point is inefficient. This is plotted”
in Figure 3, where the average net spectral efficiency (defined as the ratio between the access
throughput and the total system bandwidth for access and feeder) at the edges of the relay
coverage areas is shown for BS radius R = 800 m (blue) and R = 500 m (green). We can see that
for a smaller BS radius, the number of relays required to fully cover the entire service area is
reduced, and the achieved spectral efficiency is higher. Off course, these advantages do not come
without costs: an extra 156% additional base stations with R = 500 m are needed to cover the

same area covered by base stations with R = 8§00 m.

100% Access / Total BW 14

/\ —— Awerage net spectral || 12

80% efficiency, R=800m

\ ———Awerage net spectral || 1
efficiency, R=500m
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40% A T o9
2 40% g-g,a
+—04 g,d)
o/ | md’
20% = <
&
0% T T T 0
0 10 20 30 40 50

Number of relays per BS

Figure 3. Bandwidth allocated for access vs. number of relays in a BS, n,

> The system parameters used to plot the average net spectral efficiency are the same as in section
3.4, with the exception of the path loss exponent p = 4. The plots are based on Spectral efficiency vs SNR

curve presented in Figure 5 and SNR vs. Distance curve presented in Figure 6.
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3.2.1 A Different View Of The Same Problem

A consequence of the argument above is that, for example, in order to build a system with a
maximum throughput per user C (i.e., a user at peak throughput uses all available bandwidth of
the serving FRS; C is assumed 100 Mb/s in [14]), the feeder system has to be able to
accommodate a much larger throughput, by a factor proportional with the ratio of spectral
efficiencies for the two systems and the ratio n,/N. The BS aggregate throughput is then the
maximum throughput offered by the feeder system, exceeding C (100 Mb/s) many times.

However, in [14] the aggregate BS throughput requirement is assumed to have the same value
as the maximum throughput per user, i.e., 100 Mb/s. Under this assumption, if one user requests
and is granted the highest possible throughput C, then no other users within the BS area will be
offered any services. This requirement is less difficult to achieve, since in this case the feeder
system has only to accommodate aggregate data rates up to C. In the same time, each FRS must
be provisioned on a permanent basis with enough radio resources to handle access rates up to the
required C. With only one user accessing the system at C = 100 Mb/s, all FRS except the one
providing service to the sole user will be idle (because the feeder system is fully loaded), which
is a tremendous waste of radio resources. The “wasted” amount is again proportional with the
ratio n,/N.

In conclusion, for an efficient network deployment making the best use of the available
limited radio resources (frequency license), the number of relays employed should be kept to a
minimum, while still ensuring good coverage of the service area. This suggests that advanced
methods (for example MIMO systems, relay cooperation schemes, etc) need to be utilized at the
physical layer in order to increase the coverage range of the wireless access system, and reduce
the number of relays.

Although the argument above is based on the assumption of a feeder system based on single-
hop feeder links, the result can immediately be extended to the case of multi-hop feeder links. To

do this, we consider b4 being actually the bandwidth needed by only the first hop adjacent to the
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BS, for all multi-hop links to all relays, and we can apply directly the same argument as before.
In the case of multi-hop feeder links, the total bandwidth allocated to the feeder system is
actually equal or larger than by, leading to a potentially even more inefficient deployment
scenario.

In the following sections we analyze the multi-hop links forming feeder systems and identify

deployment strategies minimizing the total bandwidth required by the feeder system.

3.3 Multi-hop Link Analysis

We consider the multi-hop link Ro-R, in the feeder part of a fixed relay network with an n-hop
link, as shown in Figure 4, where Ry and R, are the source and the recipient stations,
respectively. The message can be either sent directly from Ry to R, (single-hop operation), or the

message can be sent via n-/ intermediate fixed relays over n hops.

single-hop

Figure 4. Multi-hop link topology.

The relays are of the digital regenerative type. Each relay is using only the information
received from its immediate predecessor in the chain, i.e. there is no diversity combining of
received signals from multiple “uphill” transmitters. Since the relays are fixed, the topology of
the system is considered known and non-dynamic, so no routing algorithm is required. As the
overhead messaging related to multi-hop functionality will not be significant, it was not
considered as a factor in the discussion below. As well, the processing delays in the relays have
been considered to be much smaller compared with the transmission time of relayed data
packets.

The system uses a time-slotted resource allocation scheme, where each radio link is assigned a

channel in the frequency — time domain. Each intermediate radio link adopts an appropriate
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modulation scheme resulting in the best possible spectral efficiency based on the given SNR
conditions.
We adopt the following assumptions as stated in [17]:
1. The amounts of data received and transmitted by each relay are equal.
2. For simplicity we assume that all » hops of the multi-hop link, and as well the single-hop
Ro-R,, are allocated the same amount of bandwidth B accessed in a time-division manner. The

individual time required to pass a message over the hop i is

o= ©)
Bn,

where M is the message size in bits and 7; is the spectral efficiency (in bits/sec/Hz) of the
radio link over hop i.

3. The timeslots #; allocated to each hop in the multi-hop link are considered orthogonal to each
other. Also for simplicity but without loss of generality, we assume that all links operate on
the same carrier frequency. Although the orthogonality condition seems conservative, as it
will be seen later, in most cases the number of hops envisioned for the multi-hop link is three
or less; with such a low number of intermediate links and given the high SNR required by the
desired data rates, it is unlikely that any frequency or time slot reuse would be possible,
unless advanced processing techniques or antenna architectures are employed. In conclusion,
the total time, 7, required to pass a message of size M from Ry to R, is the sum of all

intermediate timeslots:
T= Z t.= ﬂ i . (10)

4. Since the channels used by each hop in the multi-hop link are orthogonal, no co-channel
interference is present.

5. Allradio links in the system have similar radio propagation parameters.
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3.4 Optimal Relay Locations

We observe that the spectral efficiency for a given link has an approximate linear dependency
on the SNR measured in dB, as shown in Figure 5.’
We can approximate the spectral efficiency for a single hop, 7, and for the hop 7 of the multi-
hop link, 7; as
n=Klog,7, (11)
n, =K log, 7> (12)
where yand  are the SNR for the direct link Ry-R, and link i, respectively, and K; is a constant
of proportionality. The expressions (11) and (12) remain valid for other digital modulation
schemes as long as the linear dependency as in Figure 5 is preserved (straight line passing
through origin).
Although the expressions (11) and (12) do resemble the Shannon capacity formula

Clbits / s/ Hz] = log,(1+ y)=3.32log,,(1+¥),

they are not identical. However, it can be observed in Figure 5 that for high SNR values, (more
than 15 dB), the Shannon values are also following a similar progression law as in (11), albeit
with a higher slope than the line of the practical spectral efficiency values.

Assuming that all transceivers at Ry, R, and the n-/ fixed relays are identical (in terms of
transmit power, transmit and receive antenna gains, and receiver noise figure), we can express

the mean SNR (excluding shadowing) for the single hop and link 7 in the n-hop case as

y:K{fj” (13)
7= K(ZJ (14)

3 The spectral efficiency figures used to generate the plot in Figure 5 assume Bit Interleaved Coded Modulation [18]. The data

were provided by Dr. Sirikiat Lek Ariyavisitakul.
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Figure 5. Spectral Efficiency vs. SNR.

respectively, where:
- D =distance Ryp-R,
- d; = the length of the hop i
- dy = the reference close-in distance in radio propagation
- K, =a constant of proportionality
- p = the path loss exponent
In general the constant K, captures the radio link system gains, or the link costs in terms of

radio resources:

= DBGG A (15)
(47d, )’ P,

In (15), Py is the transmit power; Gr and Gy are transmit and receive antenna gains; Py is the
noise power; A is the radio wavelength, and dy was introduced earlier as the reference close in

distance for radio propagation.

The total time required to pass the message over the multi-hop link can then be expressed as
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M 1
BK, Z'log,, 7

M Z": 1
BKI i=l d Y
log, | K,| —-
gl{ 2[d0] ]

(16)

Our goal is to maximize the end-to-end spectral efficiency and minimize the bandwidth

needed for transmitting the message from source to destination®. Improving the aggregate end-to-

end spectral efficiency means reducing the message transfer time. To minimize the sum in (16)

we consider the function

1

d\)’
log,y| K, (le
0

It can be shown that the function f{d;) is strictly convex for the interval

fld;)=

1
K7’ ) -
—§<i<K{’

e d,

1

and strictly concave for

(17)

(18)

(19)

fori =1, 2, ..., n. The convexity and concavity intervals in (18) and (19) can also be expressed in

SNR terms as:

l<y <e”

2
y,>e’,

(20)

21

*In other studies, different minimization targets may be proposed; for example, unlike our approach, in

sensor networks the goal is to minimize the power transmitted by the network elements.
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respectively. It is to be noted that the model adopted works only for SNR values larger than

1

unity, (i.e., %> K2; ), in which case the spectral efficiency and the corresponding message
0

transfer time remain positive.

For the interval where f(d;) is strictly convex, applying Jensen’s inequality [19], we obtain

i ! > " (22)

P d -p Zn d -P
log,,| K (’J 1 K =1
10{ 2 do J 080l 155 ndo

d=d=.=d,. (23)

n

with equality if

On the other side, if f(d,) is strictly concave, then

3 L« — (24)
i=l d > d,
log,,| K ('J log. | K.| &=t
10{ 2 do J 080! 155 ndo

also with equality if (23) is true,.

We consider the special case of a n-hop link with “short” intermediate links, i.e., all
intermediate hops lengths d; respect the condition (19), and as a consequence all intermediate
hop SNRs ¥ are as in (21), and thus f(d,) is strictly concave. According with (24), such a n-hop
link would have a better aggregate spectral efficiency (smaller message transfer time) compared

to a n-hop link having the length of all intermediate hops the same and equal to the mean hop

length 4, = zn:d,. /n-

=

Further, in the particular case when all relays are placed on the straight line RoR,, any
configuration has a better aggregate spectral efficiency compared with the situation when the n-/
relays are distributed along equal intervals on the line RoR,. In other words, if all relays are
placed on the straight line RoR,, evenly spaced relays achieve the worst performance (lower

bound) in terms of spectral efficiency.
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We consider next the opposite case of a n-hop link with “long” intermediate links, we assume
that all hops lengths d; respect the condition (18), therefore the intermediate SNRs y are as in
(20), and in return f{d;) is strictly convex. In this case, (22) stands true.

Geometrically, the smallest value of the sum of all » individual hop lengths is reached when

all relays are placed on the straight line RoR,. In that case
>.d, =D. (25)

As a result, the best possible geographical locations for the n-/ intermediate fixed relays
which would minimize the sum term in (16) and the total message transfer time 7 are along equal

intervals on the straight line RoR,. In such a case,

i=2 fori=1,2 .., n (26)

"o
We have reached the apparently peculiar conclusion that there is no unique optimal
configuration for the locations of the n-/ relays. For “long” intermediate hops, the configuration
with evenly distributed relays is optimal, while for “short” intermediate hops, it is the worst. This
can be explained by taking a close look at the underlying mathematical model assumed for the

spectral efficiency and the message transfer time.

From equations (12) and (14) we can see that as the hop length grows, the SNR value in dB
decreases linearly, while the message transfer time (MTT) increases exponentially, as shown in
the example in Figure 6. The variation of MTT with distance is more accentuated for large hop
lengths, and less accentuated at shorter distances. Thus, assuming that all intermediate hop
lengths are short, changing the hop lengths will not have a great impact on the total MTT. We
could even imagine setting the length of one of the intermediate hops to zero (which is
equivalent with removing the hop altogether), and distributing its length to the remaining ones; if
the added length will not bring any of the remaining hops within the category “long”, the net
effect will be to reduce the total aggregate MTT, since now there is one less hop, while the

remaining hops have only slightly larger individual MTTs. Continuing this argument, and
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assuming that the “short” (i.e., the concavity) condition holds, we can repeat the same process

until there is a single hop, every time reducing the aggregate MTT.

100 . 1.6
4 —— SNR

\ —a— MTT 1.4
80 \

MTT
SNR - 0.8 [sec]
[dB]
- 0.6
- 0.4
- 0.2
0 b 0

2.0 8.0 32.0 128.0 512.0

Hop Length [m]

Figure 6. Message Transfer Time vs. Hop Length

For such a multi-hop link, the optimal locations for all relays is at either the source or at the
destination locations. In other words, if the concavity condition holds, the single-hop link will
always outperform the multi-hop link.

For the “long” intermediate hops, the situation is the opposite: MTM has a very strong
dependency on the hop-length, and the slope of the curve is sharper and sharper at higher values .
Within the condition that all hops are “long” (convexity condition), it makes sense to redistribute
the length by shortening the longest hops; the losses in MTT from shortening longer hops more
than compensates for increases in MTT in shorter ones, due to the slope difference, and the
aggregate MTT is reduced. At the limit, the optimal relay locations which minimize aggregate
MTT is the one which minimized all hop lengths, i.e., at equal intervals on the straight line RoR,.

To graphically show this behavior, we compare the MTT for a two-hop link having the relay

placed at an arbitrary position, with the MTT of the same two-hop with the relay located at equal

24



distances from source and destination. It would be unfair to compare two-hop links with unequal
sums of the intermediate hop lengths; the longer two-hop link would have necessarily a larger
MTT. Thus, we compare (take the ratio between) MTT of a two-hop of lengths (d;, d>) and the
MTT for a hypothetical comparison link with hop lengths ((d; + d.>) / 2, (d; + d») / 2). In other
words, the comparison relay location is on the same ellipse (of focal centers Ry and R;) at equal
distance from Ry and Ry, see Figure 7. The value of the ratio — below or above unity - indicates
in which cases the “relay in the middle” scenario is optimal.

If any of the intermediate hops has a length larger than the original single hop, the multi-hop
MTT will be necessarily higher compared with the single-hop. Thus, relay’s geometric possible
locations respect d;, d> <D as shown in Figure 7, being within the intersection of two circles of

radius D and centers Ry and R», respectively.

area for relay
locations

Figure 7. Geometric possible locations for relays in a two-hop link

Assuming the system parameters Pr = 30 dBm, Gy = 10 dB, Gz = 10 dB, P, = -95 dBm, dy =

2 m, p=3.5, A= 0.06 m, an intermediate hop is “short” if

25



I
d < do%z 119.6m. 27)
In Figure 8, for graphical reasons we have plotted the time ratio against the changed and
normalized variables (d; + d;) /D — 1, (d; — d») / D. This ensures that the geometric locations of
the straight line RgR, and as well the locations where d; = d. are easy to identify, as shown on
the first plot, in Figure 8, a). Various surfaces are plotted for different values of the distance RgR»
D, which determines the 2-hop link RoR; to have “short” intermediate hops or not. For distances
RoR; smaller than the value in (27) of about /20 m, both intermediate hops are always “short”
and the message transfer time is largest when the relay is placed in the middle of the segment
RoR,. We can see from the plots that the best relay location in this case is as close as possible to
either Ry or R,, which seems to suggest that for “short” intermediate hops the single-hop link
outperforms the 2-hop link (within the framework of the initial assumptions, the 2-hop link with
the relay placed at one end is equivalent with a single-hop link). For larger distances RoR», for
example D = 220 m, the situation changes as follows: if the relay is located close to the straight
line RoR;, (where d; + d» = D), the two hop lengths are “short”, and the best relay locations are
close to Ry or Ry; however for relays located farther of the RoR, line, the best relay location is at
equal distances from Ry and R,. For even larger distances RoR», the middle of the segment RgR»
is optimal location for the relay (with the exceptions of locations very close to either Ry or R»),
and the use of the relay improves the overall performance compared with the single-hop.
To find out the threshold value when the 2-hop link becomes more efficient than the single-
hop RoR2, we set the condition that the message transfer time is the same for the single-hop and

for the 2-hop link with the relay placed in the middle of the segment RoR»:
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Figure 8 a), b), ¢). The ratio between message transfer times of a two-hop link and the

link with the two hops of length 4,.

1 2
-p - -p (28)
log,, {Kz( ) j J loglo{Kz (2doj J
Simplifying (28) we obtain
1
D 1 -
—=-K?, 29
d, 2° ()

or, D = 442 m for the same systems parameters as before. As seen in Figure 8 c), for RgR»

distances D = 442 m and larger, the optimal relay location is the middle of the segment RoR,. In
SNR terms (29) can be expressed as:

y=2" (30)

We can conclude that, for the link RgR,, if the single hop SNR is larger than 2”, any 2-hop

link would have a lower performance than the single hop. If the signal to noise ratio is below 27,
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a better aggregate spectral efficiency is achieved by the 2-hop link with the relay placed in the

middle of RyRo.

3.5 Multi-Hop Criterion

It is more advantageous to use the n-hop link if the end-to-end spectral efficiency is improved.
With the message size M and bandwidth B being the same, a single-hop link should better be

replaced by a multi-hop link if
zi <L 31)

where 77 represents the spectral efficiency for the single-hop link Ro-R,. The condition (31)
simply states that in order for the multi-hop link to be more efficient, the time required to pass a
message of a given size M from Ry to R, over the single-hop link must be larger that the time
required for the same operation over the multi-hop link.

To generalize the relation (30) to the case of n-hop links, using (22-23) and (25), we express

the lower bound on the message transfer time using n-hops as

T> ;;[( S
1 D
IOglo[K2|:rm,0i| ] (32)
M n

) BK, lOglo(npy )
The expression (32) shows the smallest possible message transfer time using n-hops, given

that (20) is true. If the single-hop link can transfer the data in a shorter or equal time, then there

would be no point in using relays. Using (32), the inequality (31) can be rewritten as

n < 1 (33)
log,,(n"y ) log,y

which can be simplified to the expression

y<n". (34)
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If for a given single-hop link condition (34) is not met, a n-hop link replacement with a better
overall spectral efficiency does not exist, no matter where the relays are located. The inequality
(34) represents a quantitative criterion which can be used to decide in which situation a multi-
hop link could be used.

The “break-even” SNR values in (34) are plotted in Figure 9 for various values of the path

loss exponent p.
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Figure 9. SNR values above which the single-hop has better spectral efficiency compared

to any n-hop

The plots show the variation of the threshold (or “break-even) SNR value at which a more
efficient multi-hop alternative to the given single-hop link becomes feasible. For example, in
Figure 9, if, for instance, the path loss exponent of all intermediate hops happens to be p = 3.6,
then, according to (34), there exists a possible 3-hop configuration (the 2 relays evenly
distributed along the line RgR,) with a better aggregate spectral efficiency, as long as the
single-hop link SNR is less than 8.6 dB.

Remarks:

1. The criterion developed above uses as a performance metric the bandwidth (frequency-time)
needed for transferring messages from source to destination. The energy required for transfer
is not considered as a metric; that is, the additional power inserted in the system by

intermediate relays is considered “free”.
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2. As the discussion above is based on mean SNR values not including shadowing, these results
are only applicable for a statistical average over a set of multi-hop links; the results above are
not binding on a given particular realization of a multi-hop link.

3. As expected, in the case of n=2 (one fixed relay between Ry and R,), the inequality (34)
becomes ¥ < 2”, in concordance with (30). For example, if the propagation exponent has a
value of 3, one relay placed in the ideal location (right in the middle of the link Ro-R;) would
be efficient only if the SNR of the link Ry-R,, is less than 8 (9 dB).

4. The multi-hop criterion is in general applicable to multi-hop links with all individual hops
having similar radio propagation characteristics, i.e. equal path loss exponents. In the special
case when the mobile access link (the last hop of a 4G cellular link using fixed relays) has the
same path loss exponent as the feeder system, the multi-hop criterion can be extended to

cover the entire link between the base station and the mobile terminal.

3.5.1 Reduced path loss exponent for shorter links

In practice, the likelihood that a longer radio path will be obstructed by some obstacle(s) is
larger than the probability of obstruction for a shorter path. Since the intermediate multi-hop
links are considerably shorter than the single-hop Ro-R,, they are likely subject to different
propagation characteristics compared with the single-hop Ro-R,. With the assumption that the
path loss exponents of shorter intermediate hops are all equal, and smaller than the path loss of
the longer single-hop Ro-R,, we have

P=Py==p;=..p,=0p (35)
where «is a real scalar with 2/p < <I,andp,, i =1, 2, ..., n, is the path loss exponent for hop

i. In these conditions equation (31) can be expanded as
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< (36)

The “short” and “long” hop conditions become in this case ¥ >¢’?, and I< % < &%,

respectively. Assuming the “long” hop conditions, the lower bound of the sum in (36) is reached
when all relays are located along equal intervals along the straight line RoR,. In this situation,

using (26) we can rewrite (36) as

< . (37)

Simplifying (37) we obtain
~pn -op
K’ (ﬂj <n”K, (ﬂj , (38)
dy dy
which can be further compressed considering equation (13):

l-a  op

y<Kp%pn« (39)

Expression (39) is a more general expression for the Multi-Hop Criterion, here taking into
account different values of the path loss exponent for the single-hop link, and for the
intermediate hops in the multi-hop link.

We plotted (39) in Figure 10 for oo = 0.8 and o = 0.9. The system parameters used to calculate

parameter K, are the same as assumed in equation (27). Comparing with Figure 9, we observe
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that the “break-even” SNR values when a multi-hop is feasible are higher when the intermediate

hops path loss exponent is reduced.

with (34).
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Figure 10. MHC break-even SNR values. Intermediate hops have a
reduced path loss exponent
Remarks:
1. For o= I, i.e., same path loss exponent for all radio links, equation (39) becomes identical

The first term in the right side of the expression (39) shows the dependency of break-even

SNR value (when it becomes efficient to split the link into n-hops) of the radio link costs.

As expected, higher link costs (which translate into a higher value for the K, parameter)

lead to an increased SNR break-even value. In other words, if we would attempt to

improve the single-hop Ry-R, spectral efficiency link by increasing its costs - for example

increasing transmit power, antenna gains, etc. — this would not make the single-hop link

more efficient than its multi-hop replacement.
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3.6 System Model Considering Shadowing

The system model considered in the previous sections is valid for statistical averages over sets
of multi-hop links. To evaluate a particular multi-hop link we need to take into account the
additional path losses due to local terrain and man-made obstacles. Including log-normal

shadowing in the path loss model, the MTT for the multi-hop link can be expressed as

_loM Z 1 (40)
BK] i=1 d. r
10log,, K{’] + X,
d,
Where X, i = 1, 2, ..., n, are i.i.d. Gaussian random variables, with zero mean and standard

deviation ¢ [21].
The denominator of each term under the sum in equation (40) can be itself considered as a

Gaussian random variable Y; , and we can write

_IOM o 1 (41)
 BK, ,Z‘Y

i

d -pP
Y;~ N| 10log,, K{—’} ,0°
d,

To evaluate analytically the sum in (41) we would need to determine the statistical properties
of the reciprocal of a Gaussian random variable with known mean and variation. This turns out
to be quite a difficult task. The reason is, regardless of the mean and variation values of X, there
is always a small probability that X;=0, in which case //X; is not defined.

A closed form for the pdf of the Y; is relatively easy to determine as follows [20]:

Fy(0) = PIY £ y]= Pl <] =P[Xz§] El‘F{ﬂ

(1=myy)?
d 1 1)1 1 22
= F =—/|1-F,|—||= — == %7 42
Sr(») = (») dy|: X(y}:| f( J 2 /—ny (42)
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The pdf expression determined in (42) verifies with the experimental data (computer

generated) as shown in Figure 11, where the pdf is plotted for different values of the mean and

variance of the originating Gauss random variable.
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Figure 11.

Reciprocal Gaussian random variable

As it can be seen in Figure 11, the reciprocal pdf changes its shape depending of the mean and

variance of the originating Gaussian variable. If the mean is close to zero, and the variance has a

small value, many of the Gauss random variable realizations are very close to zero, and the

reciprocal will get very large values, positive or negative. This singularity makes difficult the

experimental evaluation of the mean and variation of the reciprocal Gaussian random variable.

To determine the mean of the reciprocal Gaussian random variable through analytical

methods, the following integral would need to be resolved:

- | _(=myy)
my = jyfy (v hy :'[o\/2_TO'Xye

However we have not found a method to solve this integral to a closed form.
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4. COMPUTER SIMULATION

The analytical results in Section 3 have been validated through computer simulations. In this
section the mathematical model for the simulation is presented, as well as the simulation results
obtained. Since, as discussed earlier, the effects of shadowing are difficult to investigate

analytically, we have also used computer modeling to study this aspect.

4.1 System Model for Computer Simulation

We consider a system consisting of one BS and a collection of FRS which are connected
wirelessly to the BS. Network elements — one BS and 121 FRS’s — are placed on a hexagonal
grid. The relays have a double role — to relay radio packets between the base station and other
relays (thus forming a feeder system) and to provide access services to mobile terminals. The
simulation is focused on the feeder system functionality. The BS is located in the center of the
grid in location 60, see Figure 12. The cell size of the hexagonal grid and implicitly the relative
positions of the FRSs is adjusted function of the coverage radius of the FRS for MT access, such
a way there is 100% coverage of the service area with minimum overlap. The FRS radius can be
set as a simulation parameter. We define the attribute “in service” for each FRS, with value
“true” if the FRS is located within a predetermined distance from the BS, called BS radius, and
which can be set as a simulation parameter, and “false” otherwise. The number of “in service”
FRS varies depending on the values of the BS and FRS radiuses, thus allowing the simulation
program to be applied to a wide range of deployment scenarios. In Figure 12, the “in service”

relays are depicted using a red triangle, while all relay locations are indicated by their number.
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To distribute the relays in the correct positions on the hexagonal grid, the horizontal and
vertical coordinates for each relay, x; and y; respectively, i = 0, 1, 2, ... 120, are calculated with

the following expressions:

X, = V3 quot(ﬁj -5

—é rem L -5
YTy 1

where “quot” and “rem” represent the quotient and the remainder of the integer division,

b

respectively, and » is the coverage radius for each relay (also the grid hexagon radius). This
arranges the 121 relays to be distributed on a hexagonal grid on an 11 by 11 matrix. We set the

BS location at i = 60, with coordinates xs9 = 0, ysp = 0.
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Figure 12. System layout on a hexagonal grid
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The relays are logically organized in concentric tiers around the BS using the hexagonal grid,
see Figure 12. Each tier is indexed by its rank, starting with Rank = 0 for the BS and ending with

Rank = 7 for the 7™ tier. We define a rank vector, which holds the rank of each relay:

FRSrank[121]= {7,7,6,6,5,5,5,6,6,7,7,
6,6,5,5,4,4,4,5,5,6,6,
5,5,4,4,3,3,3,4,4,5,5,
5,4,3,3,2,2,2,3,3,4,5,
54,3,2,1,1,1,2,3,4,5,
5,4,3,2,1,0,1,2,3,4,5,
5,4,3,2,2,1,2,2,3,4,5,
5,4,4,3,3,2,3,3,4,4,5,
6,5,5,4,4,3,4,4,5,5,6,
7,6,6,5,5,4,5,5,6,6,7,
8,7,7,6,6,5,6,6,7,7,8}.

The path loss model for each link includes log-distance model and normal shadowing [21].

The formula used to calculate the path loss for each link is:

PathLoss[dB]=32.4+20log,, d, +100p logdi +20log,, F + Xo,

0
where the involved terms are:
« 32.4is the free space loss in dB for 1m, at a carrier frequency of 1GHz
« dyis the reference close in distance (up to which we assume free space loss), [m]
« p —path loss exponent
o. - path loss exponent reduction factor — applies to shorter intermediate hops in
multi-hop links
« d—hop length, [m]
o F —carrier frequency, [GHz]
« X — computer generated Gaussian random variable, E/X] = 0, VAR[X]=1
« © - standard deviation to characterize the log-normal shadowing model, [dB]
The normal distributed random variable X is independently generated for each path using the

following expression [23]:

X =4/-2Inx, cos(27x,)
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where x; and x, are two random numbers uniformly distributed between 0 and 1. For each link,
the path loss is stored in a path-loss vector and reused as needed until the end of the simulation.
The size of the path-loss vector is set to the maximum number of path loss values which would
need to be stored, which is 121 * 120 / 2 = 7260. This results in uncorrelated shadowing from
relay to relay (even for relays along same geometrical direction).

The signal to noise ratio for each receiver is calculated using the formula
SNR[dB]=10log,, P, + G, + G, — PathLoss — 10log,,(1.38-107* - 300 - B)— NF

o Pr—transmit power, [W]
« Gr-—transmit antenna gain, [dB]
« Gpg—receive antenna gain, [dB]
. 1.38 x 10% — Boltzman constant, [J/K]
« 300 — absolute temperature, [K]
« B —channel bandwidth, [Hz]
« NF —receiver noise figure, [dB]
Using the look-up table shown in Table 2, each link is allocated a modulation scheme with
highest spectral efficiency allowed by its SNR. The upper limit of the spectral efficiency range is

capped at 8 bps/Hz.

SNR [dB] Spectral efficiency [bps/Hz]
0 0.1
2 1
6 1.33

6.8 1.5
7.8 1.75
10 2
12 2.67
13 3
15 3.5
17.7 4
19 4.5
21 5.25
26 6
31 7
355 8

Table 2. Spectral efficiency vs. SNR
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A separate individual message of 1Mbit (arbitrary value) is sent to all relays located within a
specified radius (BS service range) around the BS, simulating traffic in a real network with
mobile terminals serviced by each relay.

The individual time required to transmit the message along a given hop from the transmitting

to the receiving relay, is calculated as

6
wrr =90
Bn

hop

where
o MTT),, — message transfer time, [s]
« B - channel frequency bandwidth, [Hz]
« 17 - spectral efficiency for the respective hop, [bit/s/Hz].

The total time required for all relays to receive their messages is calculated as
121 n;
MTT,, = ZIiZMTTh% :
i= j
where:
« [;is an “in service” indicator, /; = [ if the relay i is within the BS radius, and 7, = 0
otherwise.
« n; is the number of hops required to transmit the message to relay i
The ultimate objective of the network deployment strategy optimization is to save resources
by improving the aggregate spectral efficiency (per link) and average spectral efficiency (per

entire network). The formula for calculating the average spectral efficiency is

10°n,
n=———5"
MT];otalB
« 17 average network spectral efficiency, [bit/s/Hz]
« ny—number of relays in service (equivalent with number of relays per BS)

« B —channel bandwidth, [Hz]
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We assume that any relay can communicate with any relay and with the BS. When the

BS has a message to be transmitted to a specific relay, the message can be passed from relay
to relay until its destination. We want to determine the most efficient method of transmission,
such that the aggregate message transfer time is minimized. We consider 4 methods in which
a message can be routed to its destination relay:

« Single-hop transmission

« Greedy multi-hop transmission

« Using multi-hop criterion

« Exhaustive search
The computer simulation consisted in running all 4 routing methods listed above, and

comparing the results obtained.

4.1.1 Method 1 - Single-hop transmission

The message is sent to its destination relay directly in a single hop. For each link, the
computer generates the log-normal shadowing component, calculates the path loss, the SNR and
maximum spectral efficiency, then the message transfer time. An example of network topology

in this case is shown in Figure 13.

Figure 13. Example of network topology, direct single-hop transmission
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Each single path SNR is memorized for future use in case the same hops are part of the routes

analyzed in subsequent methods.

4.1.2 Method 2 - Greedy multi-hop transmission

This method would be the opposite of the single-hop — use multi-hop transmission, increasing
the number of hops to the maximum extent possible. In order to obtain efficient and short routes,
the following algorithm is used for the route selection process:

Since the communication from the BS to the relays takes place in a “radial” direction from
BS, the difference between the ranks of relays communication over any hop is always 1, i.e., the
two relays are located on adjacent concentric tiers, see Figure 12.

We want to avoid hops with heavy shadowing — otherwise there would not be much practical
purpose of using multi-hop transmission. As such, the next relay along the multi-hop route is
selected such a way to minimize MTT. We define the cost for each hop as the MTT for the
respective hop. We start from the BS, and obviously the relays in 1* tier are connected directly to
the BS. Next, for each route to connect one of the relays of rank 2 (2™ tier), we choose as
intermediate station any of the rank 1 relays which results in the smallest sum of transfer times
over the two hops. Once a route between BS and a relay is selected, it will be used by all traffic
for that relay or traffic using that relay as an intermediate. Thus, we assign the aggregate MTT =
MTT; + MTT, to the relay, which will be used to evaluate costs for other possible routes to relays
of ranks 3, 4, etc. The same process is repeated for all in service relays, generating a tree
structure in a general radial form. This algorithm is somehow similar to the Bellman-Ford
algorithm for finding shortest path routes [24]. The complete logical flowchart for the algorithm

is shown in Figure 14.

42



Start

VX
End Loop LoopR=0to 8 EndLoop——»  MTT Total = Sum(MTTIi])

Continue

End

Continue

End Loop

Rank[i] = R
&
elayli] in service

Y <
| L
Loopj=0to 120 N

MInMTT = MTT[] + MTTi-
MTT[] = MTT[] + MTTi-

Continue A
Y

Rank[j] = R-1
&
relay[j] in service

MTT[j] + MTTi-j < MinMTT >——-

Y
v

Verify if SNR i-j was already calculated; if
not, calculate it now and store it.
Calculate spectral efficiency i-j.
Calculate MTT i-j.

Figure 14. Greedy multi-hop transmission — algorithm flowchart

The resulting network transmission topology is a radial tree without loops, see the example in
Figure 15. In the diagram, which considers only downlink transmission, transmitters are
symbolized by hexagons, while receivers are symbolized by triangles. As it can be seen, the

transmission tree limbs are in general short, between relays located in adjacent positions. The
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multi-hop links are organized in hops which are always between relays located on adjacent tiers.
As the algorithm “goes for” short links with high SNR, and high spectral efficiency, it can be

considered greedy (or opportunistic).

@ ®

Figure 15. Example of network topology, greedy multi-hop transmission

4.1.3 Method 3 — Multi-Hop transmission using Multi-Hop Criterion (MHC)

Earlier in Section 3.5, introducing the MHC, we have shown that multi-hop links are not in all
cases optimal from an aggregate spectral efficiency point of view. Depending on the specific
conditions for each link, a single-hop link may or may not be replaced by a more efficient multi-
hop link. Also, for the multi-hop links, sometimes a reduced number of hops may achieve a
higher aggregate spectral efficiency.

Generally, Method 3 is similar to Method 2, only here we want to reduce the number of hops
as dictated by the MHC. Instead having a hop for each time a packet is crossing from one rank to
the next (or from a hexagonal tier to the next), here the hops may be longer and pass over one or

more ranks.
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Once the SNR for the single hop link between the BS and the destination relay is known,
using MHC equation (34) we can find the number of hops at which a more efficient multi-hop
link becomes feasible. Knowing the target number of hops for the multi-hop link, and the rank of
the destination relay, we calculate the size of each hop, in “rank units”. In other words, we
determine how many hexagonal tiers should be crossed by each hop. We use the following
formula:

HopSize[ranks]| = int(%j

M yc
« Ranky.y —the rank of the destination relay
o nymc— number of hops according to MHC criterion
« The int function returns the closest integer to its argument

Once the hop size is known, we use the same algorithm as in the Method 2, with the following
difference: assuming the destination relay has rank R, instead of choosing the “best”
intermediate relay from the relays located in the tier of next lower rank R,-1, we select the “best”
intermediate relay from the tier of rank R, — HopSize. The detailed procedure to determine the

number of hops using MHC is shown in Figure 16.

Start

Loopn=2to8 N

IaC

Continue

End Loop

p

—

No. of hops = n-1

End

Figure 16. Algorithm to determine number of hops using MHC

45



The complete logical flowchart for the algorithm is shown in Figure 17.
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Figure 17. Multi-hop transmission using MHC — algorithm logical flowchart



The resulting network topology, an example shown in Figure 18, is a loop-less tree. With
similar propagation parameters, the tree has longer limbs; some relays of rank larger than one are
connected directly to the BS — in these cases, the MHC indicated the single hop link achieves a

better aggregate spectral efficiency.
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Figure 18. Network topology — transmission using MHC

4.1.4 Method 4 — Exhaustive search

In the same fashion as in the previous methods, this search method assigns costs to each relay,
starting from the BS and working toward the network periphery. A link cost is represented by the
MTT across a hop between two relays. The BS is assigned zero cost. For each relay i, we
calculate the sum between the cost of any relay k of equal or lower rank (already available) and
the cost of the link i-k. We repeat, calculating the sum for all intermediate relays k. The smallest
sum obtained is assigned as the cost for i, and the chosen relay & is part of the route from the
relay i toward the BS.

The algorithm ensures that the selected routes are optimal and the cost assigned to each relay

(actually the total MTT from the BS to the relay) is the smallest possible.
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Figure 19. Simplified network topology

Proof:

Consider the diagram in Figure 19. Assume that using the method described above, we select
the route S-...-i-R as the minimum cost route for the destination relay R. Now, let us suppose
that this is incorrect, and the best route with the lowest cost is another route, for example S-...-j-
R. This would mean that sum of the costs of the route portions S-...-j and j-R must be lower than
costs of S-...-1and i-R, which contradicts the starting assumption.

The complete logical flow chart for the algorithm is shown in Figure 20
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Figure 20. Algorithm flowchart - exhaustive route search

A example of network configuration resulted from using method 4 is shown in Figure 21. In
appearance, the topology is the most “disorganized” from the 4 methods. This is due to the fact
that the algorithm has the freedom to choose from a wider pool of intermediate relays. Direct
comparisons can be made between Figure 15, Figure 18, Figure 21, as the same shadowing

values are used for all.
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Figure 21. Network topology, exhaustive search

As mentioned before, methods 2 to 4 above are deployed from the BS going outward toward
the periphery. This could also be thought of as a trellis search for the path with the smallest cost,

where the cost is the message transfer time.

4.2 Simulation Results

The mathematical model described in the previous section was implemented in C code. The

complete set of simulation parameters and their range of values is shown in Table 3:

PARAMETER DESCRIPTION UNITS RANGE OF VALUES
R BS service radius m 800
r Relay service radius m 100, 150
F Carrier frequency GHz |5
B Channel bandwidth MHz |25
P, Transmit power w 1
Gy Transmit antenna gain dB 10
G; Receive antenna gain dB 10
do Reference close-in distance m 2
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p Path loss exponent 3,3.25,3.5,3,75,4
o Standard deviation log- dB 0,5,8,10
normal shadowing
o Reduction coefficient path 1, 0.8
loss exponent
NF Receiver noise figure dB 5
Table 3 — Simulation Parameters

4.2.1 Same path loss exponent for all links

In this section we present sets of plots of average network spectral efficiency versus path loss

exponent,

for different values of the standard deviation for log-normal shadowing. In order to

avoid “skewed” results due to randomness, and, reduce the confidence interval for the results, all

scenarios are repeated 100 times and the results averaged.

The relay radius is assumed 100m in Figure 22, and 150m in Figure 23. A larger relay radius

results in

within the
1.
2.

a wider spacing between relays, amounting to a smaller number of relays located
coverage area of a BS and serviced by it. The following observations can be made:

As expected the spectral efficiency decreases for higher path loss exponents.

Although on a per link basis the spectral efficiency can go as high as 8bit/s/Hz, the
average network spectral efficiency is much lower, (close to 1 bit/s/Hz for high values
of path loss exponent p), regardless of the routing method used. This is due to repeated
resource assignment, using each time a different channel, to carry the same
information (radio packet) over a number of hops to the relays located close to
network periphery, according with our initial channel orthogonality assumption. This

is consistent with the result presented in Section 3.2.
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Figure 22. Average network spectral efficiency, relay service radius 100m
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Figure 23. Average network spectral efficiency, relay service radius 150m
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3. On the other side, we can observe that the scheme with a reduced number of relays (»
= 150m) achieves a lower average spectral efficiency, especially at high path loss
values. This is because the longer hop lengths prohibit high modulation rates, leading
to lower spectral efficiency. We conclude the distance between relays (grid size) and
the rest of the system parameters (transmit power, antenna gains, etc) must be chosen
such a way to enable maximum data rates at least between adjacent grid locations.

4. For high values of the path loss exponent p, the Method 1 using single-hop links has
the lowest performance. Its average spectral efficiency performance tends
asymptotically toward zero as the path loss exponent increases. Since the capacity
decreases toward zero, we can conclude the communication is not possible using
Method 1 at high path loss exponents. However, at low values of the path loss
exponent, and especially when there is no shadowing, the direct single-hop link
performance is optimal. This leads to the possibility of deploying feeder systems with
fixed relays installed within LOS of base station, where particular terrain conditions
would allow such deployment; with low path loss exponent and no shadowing, feeder
systems of this kind would function very well using single-hop direct links, i.e., no
multi-hop.

5. At low propagation exponent values (i.e., at high SNR) the Method 2 (greedy multi-
hop) has the lowest spectral efficiency, due to unnecessary hoping. The highest
possible modulation scheme considered allows for a hop spectral efficiency of 8
bit/sec/Hz, even when the hop SNR is higher than 35.5 dB (Table 2). Thus, using
many short hops at SNR higher than the level required for the maximum modulation
level is an inefficient use of resources.

6. The shadowing has a minimal impact on the performance of Methods 2, 3 and 4, while
the direct single-hop transmission method is heavily affected. As described in the
previous section, the algorithms for methods 2, 3 and 4 avoid hops with heavy

shadowing. This is the core advantage of multi-hop technology.
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7. At high path loss values and low shadowing, the algorithms 2, 3 and 4 converge to the
same solution, the spectral efficiency performance and the resulting routes (see
Appendix ) being almost identical. This can be explained as follows: for low SNR
values, the MHC (Method 2) will recommend using multi-hop links with the
maximum number of hops (Method 3), which in this case is the optimal solution
(Method 4). For higher shadowing values, the random variation in path losses between
various relay locations advantages the Method 4 which has more flexibility in
choosing the routes.

8. The Method 3, controlled by the MHC, has a performance closer to optimal (Method
4) at larger number of hops (i.e. smaller relay radius, 100m). This is due to the fact
that the error generated by the approximation to an integer value (see Method 3
algorithm flowchart in Figure 17) is relatively more significant when the number of

hops is small.
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Figure 24. Average Spectral Efficiency vs. Standard deviation

9. An increase in average network spectral efficiency can be noticed for larger values of
the standard deviation of the log-normal shadowing, see Figure 24. This is somehow
counterintuitive, however it can be explained considering that the mathematical model

for log-normal shadowing allows for variations from the median in both directions,
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i.e., for larger or smaller path losses. Whenever a below median path loss is realized in
some link, Methods 2, 3 and 4 have the ability to exploit it and use it to minimize the
path costs to that relay, and the path costs of any relay located downhill on the same

branch of the transmission tree.

Samples of the network topology realizations for all routing methods are presented in
Appendix. It can be observed that if o = 0, for low path loss exponent the MHC routing method
results in an identical topology with the direct single-hop, while for high path loss MHC gives
the same solution as the greedy (and the exhaustive search) methods. Also, it is apparent that
some of the computer generated routing solutions, while targeted at achieving high average
spectral efficiency, may not be ideal from a traffic engineering point of view (i.e., traffic is
routed along the best route from spectral efficiency point of view, without regard to possible

congestion).

4.2.2 Reduced path-loss exponent value for short links

In this section we attempt to simulate the scenario presented in section 3.5.1. A reduction
factor o of the path loss exponent is applied only to the short hops. “Short hop” is arbitrarily
defined in this context as a hop having the length no larger than 350m. Also, the algorithm in
Figure 16 is modified to use the general formula of the multi-hop criterion, equation (39).

The variation of average spectral efficiency versus path loss exponent, when shorter hops
have a reduction of the propagation exponent of & = (0.8, is presented in plots in Figure 25 and

Figure 26.
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We can conclude:

1. Comparing the plots in Figure 22 and Figure 23 with the ones in Figure 25 and Figure
26 we can see that for low values of the path loss exponent, the reduction factor o has
little or no significant effect. However, for high p values, the average spectral
efficiency is improved significantly, by approximately 1.5 bit/s/Hz.

2. The Method 3 based on MHC is close to the optimal solution, achieving an average
spectral efficiency within 0.5 bit/s/Hz from optimal.

3. As seen in Figure 27, the increase in spectral efficiency for higher standard deviation
values is less evident when the path loss for short hops is reduced. The effect of
random path loss variations on spectral efficiency is partially “buried” under the

improvement in spectral efficiency created by the reduced path loss.
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Figure 27. Average Spectral Efficiency vs. Standard deviation, o. = 0.8
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S. CONCLUSIONS

This section includes a summary of the dissertation, and a list of research topics which can
further clarify some of the many unanswered questions on the relay based network deployment.

The work presented so far makes a strong case in favor of using relaying as an essential
component of 4G systems. Under the initial assumption, we have considered for analysis only
the feeder link between the base station and the relay providing access service to mobile station
(this assumes the link BS — MT has at least two hops). Even under such “lighter” requirements
we have shown that in most cases the spectral efficiency of multi-hop relaying systems
outperforms the single-hop techniques, provided that specific deployment strategies for relays
are followed:

« Every effort must be made to increase the inter-relay distance, and reduce the number
of relays to the minimum, provided the coverage objectives to provide the required
grade of service are met.

« The feeder system parameters must be chosen such that the maximum data rate can be
achieved between adjacent relay locations.

« When a chain of relays is to be deployed between a source and a destination, the ideal
locations are along the straight line from start to end, at equal intervals.

« The feeder system antennas should be installed within LOS of each other whenever

possible

5.1 Contributions

In this thesis we have proven the necessity to reduce the number of relays fed from a single
base station, while still meeting the service coverage objectives. The implementation of a very

high throughput 4G wireless system using fixed relay stations presents a scalability issue from a
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radio resource costing perspective. While the amount of radio resources needed for the WAS has
a constant value (due to radio resource “reuse”) the amount of radio resources needed for the
feeder system grows linearly with the number of relays in the cell (since no reuse is possible on
the feeder system). In order to reduce this imbalance and minimize costs, one has to reduce the
number of FRSs, which means employing various methods to increase the maximum service
range of each FRS (cell radius).

Using Jensen’s inequality, we have shown that for high SNR values, a single hop link has
better spectral efficiency compared with a n-hop replacement; for small SNR values of the
single-hop link, a more efficient n-hop link is possible, with the optimal locations of multi-hop
regenerative relays being at equal intervals along the straight line between the source and
destination. A novel quantitative criterion is developed — the Multi-Hop Criterion - which offers
threshold mean SNR values below which a n-hop replacement could be considered over a
single-hop link. We have obtained quantitative equations for the MHC in two sets of conditions:
the first, as presented in (34), applicable when the single hop link and all intermediate hops of
the multi-hop are assumed to follow the same propagation loss exponent; the second, in (39), for
the scenario when the intermediate hops of the multi-hop link have smaller path loss exponent.

Using computer simulation, we have compared a routing algorithm based on the MHC, with
three other routing methods: single-hop direct transmission, greedy multi-hop transmission, and
exhaustive (optimal) search. We concluded the MHC method outperforms in all situations the
single-hop and the greedy multi-hop algorithms, having performance (in terms of average

network spectral efficiency) close to or on par with the exhaustive search method.

5.2 Future research

The system model used in this study relied on uniform resource allocation (power, frequency,

antenna gain) to every network element. A more complex model in which resources would be
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allocated where are needed most - for example to trunk links with high traffic, or longer links —
and the minimization problem of its total costs, could be an interesting research topic.

Investigating and determining the exact combination of system parameters yielding the
maximum net average spectral efficiency (as presented qualitatively in Figure 3) and the optimal
number of relays in a BS service area (an optimization problem), would be an important step in
the development of a systematic deployment strategy for cellular network with fixed relays.

Additional research into the statistical distribution of spectral efficiency for multi-hop links
may bring further clarifications on the properties of cellular systems using fixed relays for multi-
hop communications, including more in depth analysis of shadowing effects. As shown in the
dissertation, the spectral efficiency statistical properties could be modeled on a reciprocal
Gaussian random variable.

More refined radio channel models for communication between fixed relays are needed to
fully characterize feeder systems. Most channel models currently used in literature are borrowed
from mobile communication channels. Beside the differences related to the “fixed” nature of the
channel (i.e., no frequency dispersion, much less Rayleigh fading), other aspects should be
included, for example the conscious selection by the system designer of good relay locations
with unobstructed radio links back to the servicing base station. Measurement campaigns or
simulation on real high resolution GIS/ terrain databases are needed o characterize such effects,

which could “skew” significantly the shadowing statistical distribution parameters.
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6. APPENDIX 1- SIMULATION RESULTS. ROUTES

Here, a summary of network topologies for all 4 routing methods and various simulation
parameters is presented. Each diagram represents the routes generated by a simulation run, and
the resulting average spectral efficiency (ASE) value corresponds with the plots in section 4.2. A
blue line represents a radio link over a hop. A small red triangle denotes a receiver, while a
hexagon denotes a transmitter. The analysis is done for downstream direction only; except the
BS location, all locations with transmitters must also have receivers. Locations with receivers
only (denoted by red triangles) are “terminal” relays which do not “feed” any other relays.

Remarks:

1. The network diagrams for Method 3 and Method 4 are adapting to propagation
conditions; at one extreme (low path loss exponent) they are similar with Method 1
(direct single-hop), at the other (high path loss exponent) they are similar with Method
2 (greedy).

2. Since same shadowing is used for all 4 methods, the reader can investigate how
Methods 2, 3 and 4 “hop” around paths with high shadowing. Often it can be observed
how Method 3 and Method 4 provide similar or close routing solutions.

3. As expected the degree of “disorganization” of the network topologies increases with

the standard deviation.
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