
Cost/Revenue Optimization of WiMAX Networks 
with Relay Power Saving Modes: Measurement-

Based Scenario in a Hilly Region 
 

Fernando J. Velez, João Oliveira and Daniel Robalo 
Instituto de Telecomunicações-DEM 

Universidade da Beira Interior 
6201-001 Covilhã, Portugal 

drobalo@lx.it.pt, joliveira@lx.it.pt, fjv@ubi.pt 

Oliver Holland and A. Hamid Aghvami 
Centre for Telecommunications Research 

King’s College London, Strand 
London WC2R 2LS, United Kingdom 

oliver.holland@kcl.ac.uk, hamid.aghvami@kcl.ac.uk 
 
 

Abstract—This paper investigates cell zooming and relaying in 
conjunction with the use of opportunistic sleep modes to save 
energy at times of low load in WiMAX network deployments. It 
performs extensive propagation measurements in a hilly area of 
Covilhã, Portugal, in order to present a realistic and 
topographically challenging scenario in which to perform 
dynamic optimizations. It describes these measurements and 
their methodology in detail. Based on this scenario, it then 
investigates the performance achievable by networks that are 
deployed in various sectorization configurations with and without 
relays, and matches this to varying traffic loads at different times 
of the day to maximise the use of sleep modes, where possible, by 
relays, also in consideration of coverage constraints. Results 
demonstrate that savings typically of 47.6% in relays’ average 
power consumption can be achieved. These savings are shown to 
map to a financial saving for the operator of 10% in operation 
and maintenance cost combined. It is also demonstrated that 
such solutions have to be used cautiously in such hilly regions due 
to challenges in maintaining coverage. 

Keywords- Broadband communication, WiMAX, cellular 
planning, economics, relays, green communications, cell zooming. 

I.  INTRODUCTION 
In the optimization of cellular planning for fixed 

Worldwide Interoperability for Microwave Access (WiMAX), 
the use of Relay Stations (RSs) reduces the necessary extent of 
wire-line backhaul, improving coverage significantly whilst 
achieving a competitive system throughput. Moreover, RSs 
have a much lower hardware complexity, and using them can 
significantly reduce the deployment cost of the system as well 
as its energy consumption. Consequently, in [1], [2], frequency 
reuse topologies have been explored for 2D broadband wireless 
access topologies in the absence and presence of relays, and the 
basic limits for system capacity and cost/revenue optimization 
have been discussed. Relays are also amenable to opportunistic 
utilisation of power-saving modes. In [1], it has been shown 
that to save energy during low traffic periods, cell zooming 
may be applied in conjunction with relay sleep modes. 
However, the comparison between WiMAX topologies with 
and without the presence of relays in [1] did not consider the 
resulting loss in coverage due to removing relays, with no 
consideration of real-world terrains. Such terrains may lead to 

increased loss to Subscriber Stations (SSs) and significant 
shadowing, which may result in coverage gaps. 

This work is an extended version of [3]. As compared with 
[3], in this paper propagation modelling through measurements 
is addressed in detail, and ray tracing is considered in the 
cellular planning tool simulations as opposed to the use of the 
dominant path model. We obtain analytical results for the 
carrier-to-noise-plus-interference ratio (CNIR) versus distance 
and maximum supported throughput, with the results from 
cellular planning exercises being achieved using WinpropTM 
for WiMAX deployments, with and without relays, in the zone 
of Covilhã, Portugal, a very hilly region. Different modulation 
and coding schemes (MCSs) are considered, and cellular 
planning exercises are performed for frequency reuse pattern 
K=3. RS backhauling is supported through dedicating specific 
sub-frames within the radio transmissions to that purpose. 
Besides base station (BS)-to-SS communications, BS-to-RS 
and RS-to-SS communications are also guaranteed. Moreover, 
it is noted that there is usually less traffic load in the UL 
direction in wireless multimedia communications, leading to a 
1/5 asymmetry factor between UL/DL being appropriate. 

Despite the above, as considerable resources are needed for 
BS-to-RS communication, some configurations with no relays, 
e.g., with tri-sectored BSs, may still lead to better efficiency in 
theoretical terms. If there were no coverage difficulty, 
topologies with no relays would consequently still have a 
higher throughput performance. However, this is not always 
the case, and a detailed analysis of the achieved throughput 
versus coverage in the presence of interference is essential to 
understand the pros and cons of using relays in practical terms.  

By switching-off RSs either during the night or the 
weekends [4], or when the traffic load is low [5], energy 
savings can be achieved. In these periods, although the 
transmitter power is kept the same, the central coverage area of 
the cell is zoomed out. During the night and weekends, the 
offered traffic significantly decreases and RSs may sleep whilst 
increasing the range of the central coverage zone of the cell. 
When a RS is in sleep mode, the air circulation and other 
energy consuming equipment can be switched-off. The 
coverage zones of the RSs in sleep mode zoom in to zero 
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In line with the performed measurements, the modified 
Friis propagation model is assumed. Values of different 
parameters are chosen as Pt=-2dBW, =2.55 in suburban areas 
Gt=10 dBi, and Gr=9dBi for BS-to-SS and SS-to-BS [1], and 
Pt=-2dBW, =3, Gt=17 dBi (RS-to-SS), while Gt=10 dBi and 
Gr=28dBi for the BS-to-RS and RS-to-BS communications. 
The difference between receiver gains for RS/BS 
communication and RS/SS (or BS/SS) communication is 
justified by the use of a directional antenna in the RS, pointing 
directly towards the central BS; this antenna has a gain of 
~28dBi [1]. The worst-case interference scenario is considered, 
where the mobile is at the cell edge and co-channel interference 
is higher. This worst-case DL scenario occurs when the BS of 
the serving cell transmits to the most distant possible location 
of the SS it is serving, using a channel (or sub-channel) on 
which the SS is also receiving interference from the BSs of the 
six co-channel hexagonal neighbouring cells. For the UL, the 
worst-case scenario occurs when the SS is transmitting to the 
BS from the cell edge, and interfering SSs are on the boundary 
between interfering cells and the serving cell. 

In the considered multihop context, a cell is composed of 
the central coverage area, served by the BS, and three 240º 
sector coverage areas, served by individual RSs (RS1, RS2 and 
RS3), as shown in Figure 2. While the BS antenna may be 
either omnidirectional or sectored (120º sectors) RS antennas 
for communication with BS are considered to be directional 
(e.g., 120º sectored or narrower beamwidth ones), to reduce the 
received interference from BSs and facilitate non-overlapping 
coverage with the central zone of cell.  

Although BS backhaul is assured in the usual terms for 
mobile communications (e.g., cable or micro-wave radius link), 
RS backhauling is supported by using special specific sub-
frames within the radius channel created for that purpose. The 
duration of each sub-frame is 5 ms [1]. Our proposal on frames 
is inspired in the sub-frame structure from [8] and explores the 
inclusion of RS DL traffic/communications from RS to SS into 
the UL frequency sub-frame only considering single-hop 
between the RS and SSs, differently from the proposal for 
IEEE 802.16j from [9], which enables multihop. Note, 
however, that there may be some similarities between the sub-
frame structure proposed here and the frame with transparent 
relaying in IEEE 802.16j. With transparent relaying, the RSs 
do not forward framing information; hence do not increase the 
coverage of the wireless system; the main use of this mode is to 
facilitate capacity increase within the cell. This type of relay is 
of lower complexity, and only operates in a centralized 
scheduling mode and for topology up to two hops. 

 
Figure 2.  BS, RS and respective “hexagonal” coverage areas (central 

coverage zone zooms out when RSs sleep) 

This mode assumes that the RSs have some small buffering 
capability, such that multiple hops via the relay can be 
scheduled in different frames. For example, data can be 
transmitted from the BS to the RS in one frame, and the same 
data can be forwarded from the RS to the SS in the subsequent 
frame. These assumptions for the frame are also inspired in the 
IEEE 802.16-2004 frames, which consists of two sub-frame, 
operate in FDD, DL and UL transmitted at simultaneously. 
Although the version of fixed WiMAX we consider here 
originally used FDD, this proposal implies that Time Division 
Duplexing (TDD) needs to be additionally supported (over the 
FDD frame structure) for RS-to-SS communications.  

Besides, the proposal for DL and UL frequency sub-frames 
from Figure 3 (the case of tri-sectored BS antenna) assumes an 
asymmetry factor of 1:5 between the UL and DL. The 
advantage of using relays arises from the fact the co-channel 
interference now comes from cells at a larger distance [2]. The 
improvement of this tri-sectored frame, relatively to the frame 
for the omnidirectional cells proposed in [1], [2], corresponds 
to the increase of the throughput in the central cell by a factor 
of the number of sectors, Nsec, as there is a carrier assigned to 
each sector. This Nsec increase takes place both in DL and UL, 
due to the use of a more favourable frame format. 

This type of RS is not standardized and available yet but 
this structure for frequency sub-frames is flexible enough to 
accommodate changes in the relay topology (e.g., facilitating 
the inclusion of mobile RSs), as RSs and SSs already 
incorporate TDD in the UL frequency sub-frame.  

IV. SUPPORTED CELL/SECTOR THROUGHPUT 
With the proposed frame format, communications using a 

given frequency carrier are only from/to a sector and a RS. 
Hence, to obtain the supported throughput, the contribution 
from the central cell results from multiplying the sector 
supported throughput by Nsec. The equivalent supported 
throughput in a hexagonal coverage zone (or cell) with an area 
of 2'233 R  is therefore given by (R’ is the coverage 
distance for the BS/RS “hexagonal” coverage zones):  

zoneRSbnormcentralb

zoneRSbcentralbtotb
equivb

RRN

RRNR
R

sec

sec
sup

2
1                    

3
3

3  (1) 

where Rb-tot is the total throughput in the multihop cell (formed 
by the central plus RS zones). The use of sectored cells 
corresponds to Nsec increase in both DL and UL traffic from/to 
the BS, due to the use of a more favourable frame format. 

 
Figure 3.  Structure for UL and DL sub-frames with deployed relays (tri-

sectored BS) 
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