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Abstract 

The study presented in this thesis is focused on the investigation of wireless application 
in industrial environment. The objective of this work is to provide an insight on the 
development of the wireless machine to machine (M2M) application, and a systematic 
approach for improving the application reliability on radio link level by end users.  

As a specific case, ABB Robotics’ Remote Service concept is examined to check 
whether the selection of cellular technology as its wireless access method and the 
choice of standard radio link components are able to satisfy the application requirement 
under different circumstances. Several modifications of the radio link components and 
topologies, e.g. repeater system, combiner, etc, are proposed for the enhancement of 
radio link reliability. Theoretical evaluations of these options are based on detailed 
radio link calculation and MATLAB simulation using propagation model dedicated for 
industrial environment. Furthermore, on site test is carried out to validate the 
theoretical evaluations. The M2M market investigation is also included in the task, in 
order to select the most cost-effective components from different suppliers. 

While walking through the radio link optimization process of the specific case, 
necessary information and knowledge common to all wireless M2M application are 
explained. In the end, in addition to a guide line for installation and other supporting 
documents regarding to the Remote Service, some rules of thumb available for the 
radio link optimization in all kinds of industrial environments are generalized and 
presented in the form of a flowchart, which can be beneficial for those support 
engineers of the application provider, who are not necessarily experts in wireless 
technology. 
 
Key word: Wireless M2M, Remote Service, GPRS/EDGE, HSPA, industrial 
environment, link budget calculation, repeater system, indoor coverage simulation.
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Chapter 1 Introduction 

M2M is an abbreviation for machine-to-machine, or technology that supports wired or 
wireless communication between devices. Wireless M2M comprises all wireless 
network technologies, including cellular and wireless local area networks, or even 
satellite, RF tracking, etc. However, the term is generally used in reference to systems 
connected to cellular networks, and this connection is the focus of the thesis work. 

The basic cellular M2M system structure is composed of the following three elements 

1. A wireless communication module/modem to connect the equipment to a wireless 
communication network. 

2. A software agent to manage the communication device. Using programmable 
communication modules, the agent can be embedded within the communication 
unit itself. 

3. A central server running the central M2M application. The central M2M 
application offers end-user interfaces to manage the remote assets and manages the 
links to the back-office system. Nowadays, most central applications are 
web-based solutions, and the server is connected to the cellular network through 
VPN for better security protection. 

1.1. Background. 

Ever since as early as 2001, the introduction of GPRS network and its features of 
“always on” and “billing according to the volume” had made cellular M2M become a 
very popular and promising concept, however, the actual adoption of wireless M2M 
technology is still in a very early phase. In theory every machine on earth with a 
microprocessor inside could become networked. But there will not likely be any 
business case for connecting ultra-low value products to cellular networks in the near 
term. 

Today, M2M generally accounts for 1–3 percent in developed markets and less than 1 
percent in emerging markets. It is estimated that, [1] the number of cellular M2M 
applications in EU is around 14.1 millions, and over 20 million cellular globally. 
Among them, the Automotive and fleet management applications using telemetric 
technology is the largest vertical market. It is then followed by energy metering and 
other utility industry applications. The POS-terminal and security alarms account for 
the rest of the market share. 

Despite the fact that, due to the low percentage of subscriptions, major operators in the 
world have not yet formulated any official group strategies dedicated for wireless M2M, 
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but it is still believed that the M2M industry will experience steady increase in the 
coming years, as global 500 companies from General Electric to Xerox, General 
Motors and ABB have publicly announced M2M initiatives. And ABB’s Remote 
Service is one of the leading explorers in the industry automation with M2M 
application. 

In nearly every factory floor and industrial setting, communication links carry vital 
information between machinery, control, and monitoring devices. From periodic 
updates of status information, such as actuator position, temperature, or liquid levels, to 
ongoing process and manufacturing management, reliable data flow is critical to 
operations. And the benefits of adopting wireless M2M are saving the cost of cabling 
and speeding up installation and expansion, etc. But it also introduces instability into 
the whole system due to the nature of wireless communication. 

While some M2M solution providers claim they can combat the fluctuation of wireless 
signal by retransmitting critical information until it is correctly received, or through 
other functions on the application level, they are still forced to face the fact that, despite 
the fast pace in which the cellular tech is developing, the indoor coverage issue is still 
far from perfectly solved, and sometimes the poor signal quality requires solutions 
other than modifications on application level only. This concern is even more serious 
for industrial usage of cellular technology. Since most factories are located in rural area, 
the poor signal would have to penetrate the thick concrete wall of the factories to reach 
the wireless devices installed there. Most likely, it is impossible to establish any 
wireless connection and thus create a ‘dead zone’. And even in the urban area with 
good coverage, high density population of mobile users might block one critical 
transmission of the alarm report from one remote monitoring system. The high 
interference level will also result in unstable connections. 

As mentioned before, unlike ordinary mobile users who could tolerate their call being 
blocked or no signal reception from time to time, industrial communications do not 
dare to take such risk. And that’s the problem which is going to be solved or at least 
alleviated through this thesis work.  

1.2 General Problem definition 

In this thesis, we focus on the remote monitoring device from ABB Robotics, called 
Remote Service Center, which is reporting the diagnostic results of the robots’ 
condition or alarms in case of robots’ malfunction, through internet over GPRS/EDGE 
air interface, back to the support center, where the support engineers could handle the 
maintenance of the robots remotely.  
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Figure 1.1 Remote Service concept 

Although remote monitoring system has been applied in many fields, but make the 
robots talk globally, and reach the support center through the air is definitely a genuine 
idea. This Remote Service enables the robot suppliers to monitoring the operating 
status of robots continuously, and to predict any potential risk of malfunction. And even 
in case of unpredicted break down, a detailed alarm report will be sent back 
immediately. Based on this report, support technicians could react and find out the 
proper solution in the shortest time even before arriving at the factory. In either case, 
this service could greatly reduce the mean down time (MDT) of the production line, 
which is crucial for those productivity concerned customers, and consequently, may 
save millions of dollars of potential losses for them.  

 All of these capabilities of fast-responding and low cost support service rely on the 
stable communication connection between robots and support center. 

In the ABB’s case, a wireless modem supporting GPRS/EDGE/HSPA is used to 
translate data into RF signal. Additional RF components like antennas, cables, 
amplifier, combiners or repeaters should be selected carefully to fit the situation and 
guarantee the modem to be working properly. However, the modem supplier usually 
has no access to the installation site to do the verification and thus not able to provide 
the complete solution. It is up to the main service provider to finish the installation. 
Without proper knowledge in wireless technology, the technicians are only using the 
signal strength indicator value in a regular mobile phone to evaluate the radio condition, 
which is far from getting the accurate and complete measurements that are necessary 
for such reliability critical application. 

 So far, tests of the system performance with some RF devices combinations have been 
carried out in ABB. Service solutions are proposed mainly based on these empirical 
results.  
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 However, due to the stochastic nature of data traffic in the network and the variation of 
radio condition in different installation scenarios, empirical solution could not cover all 
the possible causes of problems. 

So the task of the thesis work is to identify the underlying causes of the reliability issue 
in case people operating on the application level (for the ABB case, it means people 
working in the support center) perceived a connection problem, and find a way to carry 
out radio survey at site before the actual installation of devices to prevent any potential 
failures, and finally improve the connection reliability by proposing efficient 
combinations of the physical layer components and topology of the network or even 
different radio access technology for different scenarios. 

 Besides, since the remote device which we are monitoring are supposed to be 
continually operating for many years, during which time we must ensure the chosen 
radio access technology is still available to maintain our service. Thus, an investigation 
regarding to the trends of cellular technology development is also needed for us to ‘bet’ 
on the right technology. 

So to sum up, this thesis work involves the following specific objectives: 

• Specify the requirement of data communication 

• Specify factors that affect the data communication 

• Propose a measurement tool to identify the radio environments 

• Optimize components selection cost effectively to improve radio link and solve 
coverage problem 

• Analysis capacity and interference issue for large number installation case. 

• Build a detailed model for industrial environment to evaluate the solutions by 
simulation. 

• Validate proposed solution by field test. 

• Investigate the trends of cellular tech development. 

Thus a reliable installation solution should be proposed based on the measureable RF 
factors of specific scenarios and the realistic traffic model, while also considering the 
empirical results and the expenses.  

1.3. Previous work and motivation. 

Since this thesis work is only focus on the radio link layer of M2M system, it is not 
addressed by most researches in the area of M2M, which typically put more emphasize 
on the design and implementation of the whole system from the application’s 
perspective.[2]  Some other researchers have discussed about the radio connection for 
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industrial M2M communication. But they are more interested in the application of local 
area network, i.e. 802.11b/g (WiFi), or 802.15.4(ZigBee), in industrial settings. [3] And 
usually, more weight has been put on the security issue or the network configuration  

When looking at this problem from an operator’s point view, it comes down to the 
coverage issue. There have been enormous works studying the wireless indoor 
coverage in GSM or WCDMA networks. Typical research direction is focused on the 
performance improvement of the whole network when adding a Pico cell [4] or DAS [5] 
or repeater [6][7]for indoor coverage in office buildings. While the investigation 
methodologies of these researches can be inspiring for the thesis work, the simulation 
models have to be modified, due to the distinct nature of the radio condition in the 
industrial environment.  

As a matter of fact, wireless technology is going through a period just like the one 
electricity technology had experienced in the early 20th century, when people are 
starting to take the availability of the technology as granted. Thus, researches are either 
concerned about the big picture of cellular network in terms of capacity, coverage in 
general, or focused on how to utilize such infrastructure. However, on the other hand, 
since the population tends to expect that the cellular operators are able to provide 
service at any place, at any time, more specialized applications based on this network 
are being introduced. Some of these applications are so specialized that the operators 
have not put much emphasize on them. But these applications could not afford to wait 
for the operator to solve their connection problem. Thus end users are forced to improve 
the interface between the application and the wireless carrier. 

So the motivation of this work is to fill in this gap through a case study of the ABB 
Robotic Remote Service, and introduce a systematic approach for how to: 

• Assess environment –light to harsh, RF and other 

• Assess application –latency, throughput, etc. 

• Assess options –technologies, products, standards 

• Assess deployment –initial stability, ease 

• Assess performance –against requirements 

• Maintain –tools, costs, upgrades 
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Chapter 2 Wireless technologies applied in industry 

Basically, two different groups of wireless technologies are applied in industrial 
environment now. One is the cellular system, like GSM(GPRS/EDGE),  
WCDMA(HSPA), etc. The other one is considered as local network, WLAN or Zigbee, 
etc. The advantages and disadvantages of these technologies when applied in industrial 
M2M are analyzed and compared. 

2. 1 GPRS/EDGE 

a) Pros: 

Always on—UE automatically initiate attach procedure when power on. Multiple users 
could always attach to the same channel concurrently without confliction, only occupy 
the channel when transmitting. 

Technology Availability—as a upgrade of the popular GSM network, GPRS/EDGE is 
now a mature technology with world wide coverage. 

b) Cons: 

Low data rate (GPRS): Speeds of 177.2kbps would require a user to use all eight 
timeslots without any error protection - which simply won't happen. Most terminals are 
likely to use only 1-3 timeslots anyway, limiting the available bandwidth to a GPRS 
user. Besides, since most operators assign higher priority to voice users, the resource 
available for data transmission is even scarcer in densely populated area. 

Coverage: Poor indoor coverage may require expensive assistance of professional 
technicians who perform RF site surveys to ensure the radio unit be installed at the 
proper location with good reception.  

As an upgrade of GPRS, EDGE share the same always-on feature with higher data rate, 
but it still suffer from the same capacity and coverage limitation. 

2. 2 WCDMA/ HSPA 

WCDMA is the high speed transmission protocol used in UMTS. Although UMTS is 
just one of the 3G cell phone technologies, it is sometime mistakenly referred to as 3G 
itself. This is because the UMTS is designed to success GSM system, and by utilizing 
GSM infrastructure, it has became the most popular 3G standard.  

HSPA, including both HSDPA and HSUPA, is the extension and improvement on 
existing UMTS system, supporting a higher data rate.[10] 

A road map describing the development trends of some major cellular technologies are 
presented below. 
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Figure 2.1 Cellular technology road map 

So far, WCDMA based technologies are the dominant one in the 3G telecom industry 
compared to the CDMA2000 family. Besides most WCDMA operators also provide 
downwards computability with GSM system. 

Recently, with the successful deployment of HSPA in Europe as an upgrade to the 
existing WCDMA network, the data traffic performance of UMTS is further improved, 
attracting more and more operators join into this group.  

CDMA2000 family networks are mainly developed in USA and South Korea. But even 
in those regions, it appears that the UMTS is gaining the upper hand with the 
introduction of HSPA.  

In the long run, it is seems inevitably that all technologies are merging into one the 4G 
standard called Long Term Evolution (LTE), also from UMTS family. For example, 
with the recent Verizon’s annexation of Alltel, 4 out 5 major operators in USA have 
announced that they will choose LTE as their 4G standard. 

So in the long run, the most stable cellular standard and probably with the highest 
availability, is the UMTS family. 
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2.3 802.11(Wi-Fi) 

802.11 (Wi-Fi) is a set of standards for wireless local area network (WLAN) computer 
communication, developed by the IEEE LAN/MAN Standards Committee (IEEE 802) 
in the 5 GHz and 2.4 GHz public spectrum bands. The 802.11 family includes 
over-the-air modulation techniques that use the same basic protocol. The most popular 
are those defined by the 802.11b and 802.11g protocols 

a) Pros: 

Availability—Many researches and applications have been developed for industrial 
M2M application 

Good connection—Unlike cellular technology that suffers in capacity and coverage 
issues, 802.11 generally does not have serious problem in these aspects. 

b) Cons 

Network setup—Local network needs to be setup by IT specialist. Additional 
installation also requires configuration. 

Security— security issue has been the major concern about the 802.11. The WEP 
encryption proved to be defect against any hacker. But VPN and central firewall have 
be added on to address this issue. 

Interference—the industrial, scientific and medical (ISM) band, is utilized by more 
and more other wireless applications. Ordinary microwave oven or Bluetooth devices 
may cause interference. And site survey could not predict any future interference. 
[11][12] 

2.4 802.15.4 (ZigBee) 

ZigBee is the name of a specification for a suite of high level communication protocols 
using digital radios in the ISM band based on the IEEE 802.15.4-2006. The basic 
framework is self-organizing mesh network conceiving a 10-meter communications 
area with a transfer rate of 250 kbit/s 

a) Pros: 

Dedicated to industrial application-- Low cost, Low power consumption, Easy to 
setup 

b) Cons: 

Not mature yet—as an emerging technology, promises are more than mature solution 

Interference—Although DSSS is applied, interference issue in ISM band is still the 
reliability concern. 

The summarized comparison of those technologies is presented in the following table 
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 Cellular Local network 
Technology GPRS (EDGE) UMTS (HSPA) 802.11b/g Zigbee 
Dedicated 
application 

Wide area data 
access, WAP 

Multimedia,  
mobile broadband 

Local data 
access 

Industry 
monitor, 
metering, 
control 

security Good(with VPN) Good(with VPN) Poor (WEP) Good 
Typical 
downlink  
Data rate 

14,4(34)kbps <4Mbps 10Mbps 20-200kbps 

Freq band Licensed 
850/900/1800/1900
MHz 

Licensed 
850/1700/1900/2100
MHz 

ISM 2.4G ISM 868 MHz, 
915 MHz, 2.4 
GHz 

Capacity Depend on the 
network 

Depend on the 
network 

32 65k 

availability Mature Good Mature emerging 
interference Co-channel, (same 

freq) 
Co-channel, (same 
code) 

Microwave 
oven, 
Bluetooth, etc 

Microwave 
oven, 
Bluetooth, etc 

coverage Poor indoor,  
good outdoor 

Poor indoor,  
 good urban 

10-100m 
indoor 

10-75m 

Cost/set  of 
end device 

Moderate High low Very low 

Pros suitable for remote monitoring, 
Install and run, no need for local network 
configuration, 
Can be directly reached globally 

Customized design,  
good coverage in industrial 
environment 

Cons Poor indoor coverage issue in some area 
Technology availability differ from country 
to country 

Local network setup 
ISM band interference 
Security flaw 

Table 2.1 Comparison of different wireless technologies
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Chapter 3 Radio link calculation 

This chapter explains how the system performance is related to the radio link quality 
and how the radio link quality is determined through link budget calculation 

3.1 Signal strength vs SINR 

Signal strength is signal power received by a reference antenna. In mobile phone 
system signal strength is usually expressed in decibels [13] above a reference level of 
one milliwatt (dBm) 

In some specifications of modems, a different reference level for signal strength is used. 
The corresponding value is shown in the following figure. 

Signal level 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Signal power in dBm -113 -111 -109 -107 -105 -103 -101 -99 -97 -95 -93 -91 -89 -87 -85 -83
Signal level 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Signal power in dBm -81 -79 -77 -75 -73 -71 -69 -67 -65 -63 -61 -59 -57 -55 -53

Table 3.1 Signal level v.s. signal power in dBm [14] 

The performance of a digital radio system, in terms of its bit error rate (BER) or 
probability of bit error (Pe), is not solely controlled by the signal strength, but rather 
by the bit energy- to-noise density ratio (Eb/No) at the receiver, where "noise" may 
include interference in addition to the thermal noise generated in the receiver and 
amplifier.  

Theoretical analysis of system performance is based on postulating a value for 
signal-to- interference -and-noise power ratio (SINR) (when interference dominate 
over noise, this ratio is approximated to SIR, or sometimes referred as C/I) at the 
receiver, which can be converted to received Eb/No. [15] 

For instance, the following figure shows how the theoretical data rate of GPRS is 
determined by SINR. 

.  

Figure 3.1 Data rate v.s. C/I [10] 
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3.2 Link budget calculation 

When assessing the actual system performance in a particular application, it is 
necessary to calculate the actual received SINR. This calculation requires a "link 
budget," which is a careful accounting of the various terms in the following equation 
for received SINR expressed in dB units:[8] 

SINR(dB) = Received signal power(dBm) - receiver noise power(dBm)-received 
interference power (dBm) 

= Transmitted power (dBm) + Link gains (dB) - Link losses (dB) - Receiver noise 
power (dBm)- received interference power (dBm) 

= Transmitted power (dBm) + Transmitting antenna gain (dBi) –Transmission loss 
(dB) – Propagation loss (dB) + Receiving antenna gain (dBi) - reception loss (dB) - 
Receiver noise power (dBm)- received interference power (dBm) 

The formula can be illustrated as in the following diagram. 

 

Figure 3.2 Radio link diagram 

One typical calculation results of link budget for standard topology of Remote Service 
can be seen in this figure.  
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Figure 3.3 An example of link budget calculation 

3.3 Link Powers 

Transmit Power is the output power of the transmitter. For a GSM Base Transceiver 
Station (BTS), the maximum transmit power is 30W (44.8 dBm), and for a User 
Equipment(UE) transmitter, the value is 2W (33dBm) or 1W (30dBm) for 900MHz 
and 1800MHz, respectively.    

Noise Power (N) at the receiver is referenced to the output of the receiver's front end 
matched filter. It is calculated as the product of the receiver noise bandwidth and the 
noise spectral power density, No. 

 N= No * Bandwidth             (1) 

In (1) 

No = k*Tr                  (2) 

Or                     No = k*To*F                 (3) 

In (2), (3) 

k=1.38E-23 Joules/°K known as the Boltzmann's constant; 

Tr is the receiver noise temperature in degrees Kelvin; 

F = Tr / To, known as the noise figure when expressed in dB units, where To = 
293 °K. This is an alternative of Tr, and it is commonly provided by the manufacture 
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specification. 

Interference power, in TDMA system like GSM, is referred to the received co-channel 
interference power.  

For uplink, the co-channel interference comes from the mobile users who were active 
one the same frequency channel in the cells of another cluster. As shown in Figure  

  

Figure 3.4 Uplink interference and Downlink interference 

For downlink, the co-channel interference comes from the base station of the cells with 
the same frequency channel. 

Before reaching at the receiver end, the interference signal will also suffer from the path 
loss. Each interference source would have different path. The number of simultaneous 
interference sources is determined by the traffic load and available channels of each cell. 
This is also closely related to the dimensioning of the network, i.e. the frequency reuse 
pattern. 

Generally speaking, in downlink, there is no way for the User Equipment (UE) to 
control the total the interference source power, but the received interference power 
could be reduced by using directional antenna facing the base station. 

Minimum received signal strength--the minimum value required to achieve some 
measure of communications effectiveness such as BER (typically a BER of 0.1% in 
the GSM standard)--is either specified directly as the "receiver sensitivity" or 
indirectly in the form of a required SINR value or a required Eb/No value.  Eb/No 
equals the SINR times Rs/Rb, the ratio of symbol rate to bit rate (processing gain).  
Given the required SINR, the receiver sensitivity is simply the amount of received 
power necessary to result in the required SNR value. If there is interference in 
addition to thermal noise (Io/No > 0 above), the effect is to "desensitize" the receiver, 
so that the minimum value of signal power has to be increased to overcome the 
combination of interference and noise.[8] The sensitivity is given in this formula. 
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Smin=(S/N)minkT0B(NF)                (4) 

In (4),  

(S/ N)min is minimum signal to noise ratio; 

B is the signal bandwidth; 

NF is the noise figure. 

3.4 Link gains 

Antenna gains at the transmitter and receiver are usually the most significant gains in 
a radio link. Transmitting antenna gain results from the focusing of emitted power in 
particular directions rather than from an increase in the emitted power. Receiving 
antenna gain results from the reciprocal effect of capturing more power in certain 
directions than in others. Section 4.2 will further explain the definition of antenna 
gain.  

Amplifier gain is the additional gain introduced by cellular signal amplifier. Though 
bi-directional, most signal boosters have different gain for uplink and downlink. The 
gains are different for various types of repeaters, ranging from 20-75dB in downlink 
and 20-65dB in Uplink. Some of the amplifier could automatically adjust the gain 
according to the signal condition.   

Note that the amplifier enhanced both the desired signal strength and interference 
signal strength. Besides, the additional noise from the amplifier would actually 
deteriorate the signal quality 

3.5 Link losses 

Transmission and reception losses may include cabling losses and those due to any 
mismatches between the transmitter and the antenna system. A typical value of 
cabling loss for a cellular base station is 2 dB. 

Adding power combiner/splitter and extending cables would also increase the 
transmission/reception loss.  

Polarization loss 

In cellular system, both the BTS’s antenna and UE’s antenna are linear polarized. In 
theory, if the difference between the direction of Rx antenna and Tx antenna equal to 
90 degree, i.e. the BTS antenna is vertically placed while the UE is placed 
horizontally, the polarization loss would be infinite. However, due the effects such as 
reflection, refraction, and other wave interactions, such high loss is seldom fully 
achieved. Besides, since more and more BTS antennas nowadays are employing 
polarization diversity, [16] the effect of orientation loss would be even smaller. 

Propagation loss is the largest and most variable quantity in the link budget. It 
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depends on frequency, antenna height, terminal location relative to obstacles and 
reflectors, and link distance, among many other factors. Usually a statistical path loss 
model or prediction program is used to estimate the median propagation loss in dB. 
The estimate takes into account the situation--line of sight (LOS) or non-LOS (NLOS), 
indoor or outdoor--and general terrain and environment using more or less detail, 
depending on the particular model.   

More detailed description and models for propagation loss are discussed in chapter 5 
for simulation purpose. 

Shadowing and fast fading. 

After calculation of the median propagation loss, there is left over an uncertainty due 
to what is not known about the link, such as whether there is shadowing of the signal 
by some hill or other obstacle in the path between transmitter and receiver. If one or 
both terminals on the link are moving, a variation in terrain with time is induced, and 
the shadowing is often referred to as "slow fading." [8] 

Given the lognormally attenuated signal power at a given distance from the 
transmitter, the signal may also experience "fast fading" caused by multipath effect. It 
would result in rapid signal fluctuation over space or time.
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Chapter 4 Solution alternatives for radio link 

Now it comes to the details of the Remote Service, then the variables that affect the 
radio link performance are identified as: the topology of the system and the 
corresponding radio components. 

The following two sections will describe the proposed topologies and the 
corresponding radio components to be investigated, including the definitions of these 
devices’ most important characteristics. Then the in the 3rd and 4th section will describe 
the main criteria that are to be evaluated: the application reliability and the overall cost. 

4.1 Topologies  

Topologies define the way in which the RF devices are connected to communicate with.  

4.1.1 Separate antenna. 

Each service box is connected to the network through its own antenna. 

    

              (a)                                                                              (b)       

Figure 4.1 Topology illustrations for standard antenna (a) and extended antenna (b) 

1. Standard antenna: 0dBi magnetic mount antenna placed on top of the 
controller box. 

2. Extended antenna: high gain antenna (omni or directional) placed at good 
signal spot through extended cable  

4.1.2 Service box cluster 

Several service boxes (4-6) close to each other in one operational area (approx. 
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10m*10m) connected to one combiner which is then connected to an extended antenna. 

  

(a)                                                                                  (b) 

Figure 4.2 Topologies for service box cluster 

1. extended antenna placed outdoor through long cable (fig 4.2 (a)) 

2. extended antenna placed around the operational area (fig 4.2 (b)) 

4.1.3 Repeater  

A cellular repeater, cell phone repeater, or wireless cellular signal booster, is a type of 
bi-directional amplifier (BDA) used to boost the cell phone reception to the local area 
by the usage of a donor antenna, a signal amplifier and an internal rebroadcast antenna. 

The repeater is supposed to be installed properly according to its instruction, i.e. proper 
isolation must be guaranteed between rebroadcasting and/donor antennas. Then 
depending on the arrangement of the service box’s receiving antennas and the 
repeater’s rebroadcasting antenna, the deployment can be defined in the following 
three topologies. 

1. standard antenna + repeater 

 

Figure 4.3 Topology illustration for basic repeater scenario 
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2. combiner/extended antenna + repeater  

 

Figure 4.4 Topology illustration for combiner + repeater scenario 

3. Distributed antenna system (DAS)+repeater 

 

Figure 4.5 Topology illustration for DAS with repeater scenario 

4.2. Radio link components 

4.2.1 Modem 

The tested modem for Remote Service is a Class 10 GPRS/GSM quad-band Wireless 
CPU installed in Service Box. The RF specifications are listed in the table: [17] 
Frequency band Receiver sensitivity Transmitter power 

GSM 850 -104dBm 5~33dBm 
E-GSM 900 -104dBm 5~33dBm 
DCS 1800 -102dBm 0~30dBm 
PCS 1900 -102dBm 0~30dBm 

Table 4.1 Modem RF specification 
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4.2.2 Antennas 

Antenna is the most flexible device among all the components, and it has most direct 
influence on the performance of the whole system. A well mounted and properly 
connected antenna could greatly improve the signal quality. Various kinds of antennas 
supporting GSM/GPRS can be found in the market, including some specially designed 
for M2M application. In order to compare those products and select the most suitable 
and cost-effective one, some of the most important characteristics for choosing antenna 
are briefly explained here [18] 

 Antenna radiation patterns 

 Power Gain and 

 Directivity 

 Bandwidth 

 Polarization 

Antenna radiation patterns: 

An antenna radiation pattern describes the radiation far from the source in a 3-D plot. It 
is however usually represented in 2-D form in most specifications, the elevation pattern 
and the azimuth pattern. 

Two examples of gain pattern looked from above the antenna (azimuth pattern) are as 
follow 

 

Figure 4.6 Antenna gain pattern 

Antenna gain: 

The gain of an antenna is a measure of the improvement in transmitted or received 
signal strength when its performance is measured against the theoretical standard 
isotropic radiator, whose radiation pattern represents a perfect sphere. And the unit is 
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dBi.  

Some antennas can produce a "spotlight" radiation beam (or main lobe), focusing on a 
narrow target but covering large distances. Others produce a broad coverage area like a 
lantern but with a lower gain. Generally, the higher the amount of gain the better the 
range and the narrower the coverage, but this depends entirely on the application.  

Directivity 

Directivity is the ratio of radiation intensity in a given direction to the average radiation 
intensity [18] 

Bandwidth 

The bandwidth of an antenna is defined as the range of frequencies within which the 
performances of the antenna, such as gain, pattern, efficiency etc., are within an 
acceptable value of those at the center frequency. [18]  

Since the characteristics of an antenna do not necessarily vary in the same manner or 
are even critically affected by the frequency, some antennas are more sensitive to 
frequency changes than the others. Thus it is important to check the application 
frequency is covered by the candidate antenna’s bandwidth.  

For example, if the antenna is supposed to working for both 2G and 3G, then its 
bandwidth must cover at least one 2G frequency and one 3G frequency in the deployed 
region, e.g. GSM 1800MHz and WCDMA 2100MHz in EU or Asia. But if the antenna 
is then supposed to be deployed globally, then it should be a wide bandwidth antenna 
covering the frequency range from 800MHz to 2100MHz. 

One remark is that, while many suppliers claim their products as “wideband” or 
“multiband”, it is quite often that the performance of the antenna drops below the 
acceptable range at certain frequency which is claimed to be within the “working band”. 
So it is strongly recommended that a sample test should be carried out before any major 
purchase attempts. The easiest way is to connect the test antenna with a modem 
working on the desired frequency; check the signal level displayed in the modem; then 
compares it against the result obtained from using another known antenna of the same 
type (e.g. yagi against yagi, dipole against dipole).  

Polarization 

Polarization of an electromagnetic wave is the orientation of electric field vector far 
from the source. There are several types of polarization that apply to antennas, 
including linear, and circular. In order to get the maximum performance from the 
antennas, the polarization of the transmitting antenna and the receiving antenna must be 
matched.[9] 

For cellular system, although polarization diversity is applied in some cases, it is still 
recommended to use vertically linear polarized antenna for the end user terminal. [16] 

Impedance 
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Antenna impedance is the ratio at any given point in the antenna of voltage to current at 
that point. Its value depends on many factors including the height above ground, the 
surrounding objects, frequency, etc. 

In radio-frequency (RF) systems, a common value for source and load impedances is 50 
ohms. Impedance mismatch between the feed line and antenna will cause energy 
reflection loss and thus deteriorate the system performance. 

However, slightly impedance mismatch can be tolerated, as long as the resulting 
Voltage Standing Wave Ratio (VSWR) does not exceed the requirement of the RF 
devices. Typical VSWR requirement is smaller than 1.5:1  

Antenna Type 

A few types of antennas commonly used in indoor coverage are introduced here. 

a) quarter-wave ground plane antenna 

This type of antenna is a quite popular, which should be erected on a ground plane 
to achieve its full effectiveness due to the mirror image provided by the ground 
plane. The antenna is generally small and displays omni-directional gain around 
2dBi in horizontal plane. 

The standard antenna used in Remote Service is such kind of antenna. 

 

a)                b)                    c)                            d)                        e) 

Figure 4.7    (a) quarterwave ground plane antenna (b)Dipole antenna (c) Ceiling mount 

omnidirectional antenna (d)Wall mount panel antenna and (e)Yagi antenna 

b) Dipole antenna 

Dipole antenna also exhibits omni-directional gain in the horizontal plane, with a 
higher gain around 2~7dBi.  

It should be noted that, dipole antenna is sensitive to any movement away from a 
perfectly vertical position, the performance degradation could be more than half 
than the antenna is moved about 45 degree from vertical position. [19] 

c) Ceiling mount antenna 

This type of antenna is in fact a variation of the basic quarter-wave ground plane 
antenna, and provides moderate gain around 3dBi all over the horizontal plane.. 
Note that, since the signal is radiated into the horizontal plane of the antenna, the 
signal is fairly weak immediately beneath the antenna.   
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d) Flat panel antenna 

Flat panel antenna is a variation of basic patch antenna. It is can provide excellent 
directivity and considerable gain. For indoor coverage, the antenna gain is typically 
around 7 dBi, and the main lobe is within the ±40°in both horizontal and vertical 
plane. It is most suitable to be mounted on the wall facing the coverage area, or 
outside the building facing the donor base station when used as a donor antenna in 
the repeater system. 

e) Yagi antenna. 

Yagi antennas consist of an array of independent antenna elements, with only one of 
the elements driven to transmit electromagnetic waves. Yagi antennas are more 
directional than flat panel antennas, but correspondingly its coverage sector is 
narrower. Thus, it is only suitable to be used as the donor antenna in repeater system 
or extended outdoor antenna when the LOS to base station exists. Besides, the 
sensitivity to frequency further limits its application.. 

4.2.3 Combiner/splitter 

 

Figure 4.8 Twoway combiner 

This is a reciprocal passive device which may be used as a power combiner or as a 
power splitter. It can be used to provide logical arrangement among RF components. 
But since it is passive, signal passing through it will inevitably suffer from 
degradations. And two major factors that determine the signal quality loss are: 
insertion loss and isolation.  

Insertion loss 

When it is used as a power splitter, the input power at sum port S will be divided into 
N (number of sub ports) identical signals with the same amplitude and phase. And due 
to the symmetry, the amplitudes of these divided signals are N times less than the 
original signal, i.e. the insertion loss is 10*log10(N) dB. 

When it is used as a combiner, the input powers are applied to the combiner’s sub 
ports (port A/B), then the vector sum of the signals will appear as a single output at 
the sum port (port S). 

Each input signal at sub ports of the power combiner will suffer an insertion loss 
before it can be combined with other input signal, due to the internal resistance. 

The theoretical insertion loss due to internal resistance when being used as a combiner 
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is the same as that of a splitter. It is also depending on the number of sub ports. The 
theoretical insertion loss is listed in the following table. But the actual insertion loss 
would be 1~3dB higher than the theoretical ones. 

Number of sub ports Theoretical insertion loss (dB) 
2 3 
3 4.8 
4 6.0 
6 7.8 

Table 4.2 Theoretical combiner insertion loss 

Isolation. 

The power combiner will also exhibit isolation between each input port. The amount 
of isolation will depend upon the impedance termination at the sum port. For example, 
in the 2 way 0° power splitter/combiner of Fig.? if port S is open then the isolation 
between ports A and B would be 6dB. That means, a signal applied at port A, would 
not only appear at port S with an insertion loss of 3dB, but also would appear at port 
B with an attenuation of 6dB. But, if port S is terminated by matched impedance (for 
the maximum power transfer) then the isolation between ports A and B would be 
infinite.  

Bandwidth 

There various combiners that covers different frequency ranges. Generally combiners 
with narrower bandwidth tend to have better performance in terms of insertion loss or 
isolations. So there is a trade off between performance and application universality 

4.2.4 Repeater 

As mentioned before, a repeater is an electronic device that receives a signal and 
retransmits it at a higher level and/or higher power, or onto the other side of an 
obstruction, so that the signal can cover longer distances without degradation. 

 

Figure 4.9 Illustration for basic repeater system 

The donor antenna intercepts the base station signal (downlink) as well as transmits 
back the amplified signal from the user equipment to the base station (uplink). 
Vice-versa, the rebroadcasting antenna transmits the downlink signal to as well as 
intercepts the uplink signal from the user equipment. [20] 
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Amplifier Uplink/downlink gain 

The amplifiers can provide power gains from 25dB up to 75 dB or even higher. Usually, 
the maximum uplink gain is around 10dB lower than that of downlink gain due to the 
interference concern. Obviously, with the same received signal strength at the donor 
antenna side, the higher the gain is, the larger the repeater coverage is. But the price is 
also rising sharply with the increase in power gain. 

Bandwidth (dual band/ single band/ band selective) 

Since the amplifier is frequency selective, each repeater should be specified with the 
supporting frequency range. Most of the repeaters commercially available could 
support either single band or dual band, i.e. only one GSM band, or combinations of 
any two GSM bands. But typically the price for multi-band repeater is more expensive 
than the single band ones, another trade off between price and universality.  

For example, GSM dual band antenna usually would cover either the combination of 
900MHz and 1800MHz for EU and Asia or the combination 850MHz and 1900MHz 
for America. GSM quad band repeater support all GSM frequencies, thus could be 
easily deployed globally. Some other repeater is called 2G/3G dual band, then it usually 
covers GSM 1800MHz and WCDMA 2100MHz. This type of repeater is mostly 
applied in EU and Asia.  

To sum up, since the less bandwidth, the less noise would be introduced by the 
amplifier, and thus leading to better performance, the bandwidth specification is often 
stricter for the repeater than for the antennas. So the selection of other devices should 
always meet the bandwidth requirement of the repeater. 

There are also repeaters called band selective. This type of repeater would only work on 
specific channels with very narrow bandwidth and not applicable in this case where 
universality is a must. 

Rebroadcasting antenna  

The rebroadcasting antenna provides indoor coverage. It should be low profile (antenna 
gain <10dBi) antenna for safety concern. Depending on the mounting locations of the 
service boxes’ antennas, the rebroadcasting antenna could be an omni-directional 
ceiling mount antenna or a directional panel mount antenna to cover the target area. 

Donor antenna 

The donor antenna communicates directly to the base station, and it is usually high gain 
directional antenna, like Yagi. And it is best to install the donor antenna outdoor 
directly facing the closet base station for best reception and interference reduction.  

In some circumstances, when it is not possible to put the donor antenna outdoor, it must 
be placed at a spots indoor at least 5 meters away from any personnel to avoid harmful 
radiation. 

Isolation between donor antenna and rebroadcasting antenna. 
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There exists a feedback path between donor and rebroadcasting antennas. This 
attenuation or loss in the feedback path is called the antenna isolation and in general 
must be at least 15 dB higher than the repeater gain to give sufficient margin against 
potential self-oscillation in the repeater system [21] 

Matching between amplifier and antennas 

In order to reach full potential of the repeater system, the rebroadcasting antenna/donor 
antenna and cables should be selected so that their working bandwidths cover the 
amplifier’s working frequency. Besides, the loads of these devices should be the same 
to ensure the impedance matching of the system as described in section 4.2.2 

4.2.5 Cables 

The cables used to connect all the RF components are coaxial cables. Important 
characteristics are the attenuation and frequency performance. Loss-less cables with 
attenuation round 7dB/100m working at the desired frequency would be a suitable 
candidate for the system.  

If the environment is excessively sensitive to any signal leakage, a better 
Electromagnetic compatibility (EMC) shielding should be added on. 

4.3 Application reliability  

The criterion for direct evaluation of the radio link performance is the system 
application reliability. In the Remote Service case, the reliability can be presented as the 
percentage of successful uploading/downloading monitoring or control data packet out 
of the total number of transmissions, which is in fact can be generalized for all kinds 
M2M application. This percentage can be obtained from extensive site test, which 
however, is impossible due to the limited testing environment, thus an alternative 
approach is adopted by building up a realistic simulation environment, and then 
evaluating the performance on the basis of simulated results. 

4.4 Cost 

While high gain repeater system could solve most indoor coverage problems, the cost 
of the components and installation difficulty are much higher, compared to the basic 
setup. So, one task of the thesis work is to investigate the price information and 
specifications of RF products from different suppliers around the world. Products that 
have acceptable performance, necessary certificates and most competitive price are 
recommended for future purchasing. Some sample devices are purchased for testing 
during the thesis work.
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Chapter 5 Simulation  

The objective of simulation is to examine the system performance of Remote Service 
when using different topologies and devices in various types of industrial environments, 
since in practice it is difficult to cover all of these different factories by measurement 
campaign. Thus, the simulation results would serve as the main factor for the 
effectiveness evaluation of each radio link solutions.  

The measurement results would be a supplement for reconfiguration of the simulation 
model and providing more detailed test results for one specific environment. Its 
procedure and results would be presented in the next chapter. 

This chapter is going to discuss the simulation model, parameter setting and some of the 
simulation results. The significance of the simulated results is determined by the 
accuracy level of the system model. So the mathematical model of the system including 
both network and radio link aspects is designed and described in the detail level 
sufficient for the differentiation of each factory environment and installation topology. 
Then the parameter settings of simulated scenarios are explained. Finally, some of the 
simulation results for typical factories are presented to show the performance 
difference of the system in terms of C/I distribution and average data rate. 

The simulator is built with MATLAB, a commercial available program for numerical 
computing. 

5.1 System model  

The system model includes two parts: one is the network model, which describes the 
capacity of the simulated network and simulates the effects of network congestion on 
data throughput; the other one is the radio link model, which includes all the radio 
link factors described in the previous chapters. Different topologies or combinations 
of radio components can be simulated by simply modifying different specific 
parameters. 

The system model is described in the following figure. 
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Figure 5.1 System model for simulation 

On the basis of radio link model and network model, the received desired signal 
strength and undesired interference strength are calculated for every GSM time slot. 
And hence forward the C/I is calculated.  

For the interference source, the closest 6 neighboring co-channel cells are simulated. 

In the same time, for every time slot, the simulator also decides if there are availability 
channels to be assigned to the terminal according to the network model. 

And finally, by mapping the C/I to corresponding data rate and combining the affect of 
delaying, the final throughput can be obtained. So is the reliability level, which defines 
how often the system throughput fails to meet the application requirement.  

Due to the nature of the simulation, statistical models are adopted. 

In the following sections, the network model and radio link model are described in 
more details. 

5.2 network model 

The network model defines the total channels and load for both data and voice traffic 
at the donor cell according to the frequency reuse pattern. In the co-channel cells, only 
the traffic load of the interfering channel is defined by the model, which directly 
controls, on which timeslot the interfering source is active. 
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It is assumed that the target device—the service box is always active, trying to send 
and receive data packet through FTP  

5.2.1 Frequency reuse pattern 

Two types of network deployments are included in this model, the omni- directional 
cell (k=7) and 3/9 tri-sectorized cell as described in section 3.2.2 

 

Figure 5.2 Simulated cellular system with reuse factor k=7 

The omni directional cell is considered to be deployed in suburban or rural area. The 
simulated cell radius is ranging from 1km up to 5 km. The total number of carriers for 
each cell is set to be 3, assuming all the available physical channels are used as traffic 
channels. 

In the donor cell, the maximum voice traffic load is set to correspond to the blocking 
rate of 2% at busy hour, i.e. 16.6 Erlang. [22] And the number of data user is set to be 
5~100 per square km depending on the specific modeled environment. Each of The data 
users has an active time percentage. At each timeslot, a uniform distributed random 
number is generated and compared to this threshold to determine whether certain data 
user is active during this timeslot. 

In the co-channel cells, each of the interfering sources also has an active time 
percentage that determines if the interference is active or not during that specific 
timeslot. 
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Figure 5.3 Simulated Sectorized cellular system with reuse factor k=3/9 

The 3/9 sectorized cells are deployed in urban and some suburban areas. The radius of 
each sector is ranging from 100m up to 1km with the number of frequency channels up 
to 3 per sector. 

The setting for traffic load is the same as in the omni-directional cell case. 

5.2.2 Channel allocation 

The channel allocation in the donor cell is realized in the simulator following these 
steps: 

1. At each time slot, the number of on-going voice calls and voice call attempts are 
generated according to the traffic load; 

2. The simulator first try to allocate the available channels to those voice calls 

3. If there are available channels left, the number of data transmission attempts is 
generated. Otherwise the service box is blocked for transmission in this timeslot. 

4. Assuming, on average, there are N users trying to access to one channel for their 
data transmissions, check whether N>8. If not, the service box could be 
successfully attached to the network, but if N>8, there are chances that it could 
not be attached, i.e. get blocked. 

5. If the service box get attached to one channel, the basic S-ALOHA [9] scheme is 
adopted to decide which of attached users, including the service box, could access 
to the traffic channel for this timeslot. (in real GPRS system, 
First-Come-First-Serve and Reservation-ALOHA is used for downlink and uplink 
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scheduling ) 

6. Within each GSM frame, a maximum of 4 timeslots could be utilized by the 
service box for downlink transmission, and a maximum of 2 timeslots for uplink.  

7. In total, 10,000 frames are simulated. After the simulation, the total amount of 
blocked transmission attempts of the service box is considered as the delay of the 
transmission due to the network congestion. 

8. During each transmission slot, the C/I is calculated by the simulator using the 
radio link model described in section 5.3. 

5.3 Radio link model 

The radio link model defines the transmitting power and noise power of the radio 
components, such as repeater, service box, etc; the model also defines different 
propagation models for both outdoor and indoor path loss calculation. So, the SINR in 
uplink and downlink can be calculated by the means of link budget discussed in 
Chapter 3. The exact expression of SINR for Remote Service is then formulated as 
follow. 

 

Figure 5.4 System model in downlink 
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ruffurDLrDLrr GPLGNN ,,,,, ×××=     (8) 

In (5)-(8) 

SINR is the signal to interference and noise ratio 

Pb,u is the transmission power from base station b towards User Equipment (UE) u. 

Gb,u is the total path gain/loss between base station b towards UE u, taking both the 
direct and the repeater path into account, and including the normalized multipath 
fading gain Gff,u,b for the combined multipath channel 

Itot, u is the total received downlink power at the UE receiver 

Ptot,b is the total output power for base station b, 

B is the total number of base stations in the system 

Nu is the thermal noise power of user equipment u, 

Nr,DL is the thermal noise power of the repeater, 

Gr,DL is the repeater gain in the downlink direction, 

PLu,r is the path gain/loss between user equipment u and the repeater, 

Gff,u,r is the normalized multipath fading gain for a connection between the repeater 
and user equipment u, 

Gff,u,b is the normalized multipath fading gain for a connection between the base 
station b and user equipment u, 

PLr,b is the path gain/loss between base station b and the repeater. 

In the uplink direction, assuming that the donor cell contains only one repeater 
solution, the SINR can be calculated as 
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Now, in (10)-(12) 

Pu is the transmission power of UE 

Itot,b is the total received uplink power at base station b 

M is the total number of UE in the system 

Nb is the thermal noise power of base station b 

Nr,UL is the thermal noise power of the repeater 

Gr,UL is the repeater gain in the uplink direction 

As mentioned in section 3.5, the path loss model is the most important part of the whole 
simulation. Different factory environment and cell deployment can be modified by 
selecting different path loss model to calculate Gmb Gmr, Grb. Three types of path loss 
are considered:  

1) Outdoor: path loss between base station antenna and mobile station antenna 
outside the building (repeater’s donor antenna or extended outdoor antenna); 

2) Indoor: path loss between antennas inside the building (repeater’s rebroadcasting 
antenna and service box’s indoor antenna); 

3) Outdoor to indoor/indoor to outdoor: direct path loss between base station antenna 
and indoor antenna; 

5.3.1 Outdoor propagation models 

Many different types of outdoor propagation models have been developed in the past 
two decades. Most radio propagation models are derived using a combination of 
analytical and empirical methods, e.g. Longley-Rice Model, Okumura Hata Model, 
Durkin’s model [23] etc. 

However each of these models has its unique advantages and disadvantages. And there 
is no single perfect model suitable for all cases.  

In this thesis project, the purpose of the simulation is to give a statistical insight of the 
radio performance in industrial environment, and the outdoor signal strength is used as 
a reference signal level for the investigation of the resulting indoor reception, so models 
that do not require much computation, while still being able to provide estimation with 
acceptable accuracy are preferred. Thus, in this simulator, the Hata model (combination 
of Okumura Hata and COST-231 Hata model) is adopted for the situation with cell 
radius>1km; and COST-231 Walfisch-Ikegami Model are used to predicate 
propagation loss for smaller cells. 

 

a) COST-231 Walfisch-Ikegami (WI) model  
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Walfisch-Ikegami model is a semideterministic propagation model for cellular and PCS 
application in medium to large cells in built-up areas, and it is developed by the 
Cooperation in the Field of Scientific and Technical Research (COST) program project 
231.[23] 

The WI model is applicable for the frequency range of 800 to 2000 MHz and path 
distance in the range of 0.02 to 5km. 

The Line-Of-Sight (LOS) and Non-Line-Of-Sight (NLOS) situations are treated 
separately in WI model. 

In LOS situation, the direct path between the transmitter and the receiver exists and the 
base station height must be larger than 30m to ensure the clearance of Fresnel zone. The 
propagation loss in dB in WI model is defined in the following equation. 

02.0,log20log26645.42 1010 ≥++= dfdLLOS          (13) 

where 

d is distance between base station and mobile station in km. 

f is center frequency of the transmission channel in MHz. 

 

For NLOS path situation, the propagation loss is composed of three parts: 

msdrtsob LLLL ++=                    (14) 

(1) Free space path loss: 

fdLo 1010 log20log2045.32 ++=          (15) 

(2) Roof-top-to-street diffraction and scatter loss: 
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Where 

roofh  is the nominal height of building roofs in meters 

mh  is the mobile station antenna height, 
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φ  is the angle of incident wave with respect to the street. 

(3) Multiscreen diffraction loss: 

bfkdkkLL fdabshmsd 101010 log9loglog −+++=      (17) 

bshL   
-18log10[1+(hb-h0)] ＞hb h0  

0  hb h0 ≦  

ka 

54 ＞hb h0  

54-0.8 (hb-h0) d 0.5, hb h0 ≧ ≦  

54-0.8 (hb-h0)(d / 0.5) ＜ ≦d 0.5, hb h0  

kd 
18 ＞hb h0  

18-15[(hb-h0) / h0]  hb h0 ≦  

kf 
-4+0.7[(f / 925)-1] Suburban and small city 

-4+1.5[(f / 925)-1]  Urban 

Table 5.1 Parameter setting for the WINLOS model 

Where  

Hb is the base station antenna height. 

H0 is the building roof height. 

b) Hata model 

The famous Okumura-Hata model is one of the most widely used models for signal 
prediction in cellular system planning. And it is applicable for frequencies in the range 
150 MHz to 1500 MHz and distance range from 1km to 10km.  

As an extension, the COST-231 Hata model modified the original Hata model to make 
it fit for 1.5-2GHz which covers two frequency bands for the cellular system. 

Since all frequency bands are employed in this simulator, the combination of the two 
models is adopted for cell radius larger than 1km.  

The propagation loss in Hata Model is formulated as 

CdBALdB −+= log          (18) 

Where 
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bh  is the base station antenna height, 

mh  is the mobile station antenna height. 

f is the center frequency, 

d is the distance between the mobile station and base station. 

5.3.2 Indoor propagation models 

Indoor propagation is dominated by the same mechanisms as outdoor: reflection, 
scattering, diffraction. However, indoor channels are different from traditional mobile 
radio channels in two ways: the distances covered are much smaller; the variability of 
the environment is much greater for a much smaller range of T-R separation distances. 

Typically, the propagation inside a building is influenced by:  

• Layout of the building 

• Construction materials 

• Building type: sports arena, residential home, factory, 

• Doors/windows open or not 

• The mounting place of antenna: desk, ceiling, etc.  

• The level of floors 

Since the first wave of indoor propagation researches started in 1980s, many different 
approaches have been investigated to obtain accurate and fast propagation models. 
Today either empirical models or deterministic models are widely used.[26] 

Empirical models, such as Multi-wall model,[23] One-slope model, or the famous 
Keenan-Motley model [25][26], are straight forward for the estimation of path loss, 
however, they are too general for any specific application, and are more suitable for 
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residential area, or office buildings coverage estimation rather than industrial 
environment. 

On the other hand, while the planning of wireless communication networks in indoor 
scenarios must be based on accurate propagation models for the prediction of the path 
loss between fixed antennas, and deterministic models such as Ray-Launching model, 
Image approach method [23] are possible to provide high accuracy level results, these 
models are, however, not suitable method for the simulation in this thesis project. 
Because, these deterministic models, especially ray-tracing related methods, require 
extremely detailed information about the buildings and huge amount of computation, 
both of which are not available for this thesis.  

Thus, considering the fact that, the terminal antenna is stationary and most of the 
factories are single floor buildings, as a compromise, a semi-empirical model is 
adopted for the indoor propagation prediction. The model is a combination of the 
One-slope model and the Dominant path model [27]. In addition to the T-R antenna 
distance and indoor surroundings, this model is able to including the building layout 
and the actual location of T-R antennas into consideration. 

The propagation model is formulated as follow: 

PSXddndPLdPL ++++= σ)/log(10)()( 00  (dB)      (22) 

Where, 

The )( 0dPL  is the reference path loss, equal to the free space path loss at reference 

distance 0d . This factor is added to take into account the performance of antenna, 

which is frequency depended. 

n is the power decay exponent, depending on the surrounding environment; 

d is the dominant path distance between transmitter and receiver antenna; 

σX  is the temporal fading component, depending on the surrounding environment 

S is the shadow fading component, depending on type and location of the major 
obstructions on the along the dominant path. 

P is the wall penetration loss if here are walls blocking the dominant path, depending on 
the number and material of the walls. 

The value for the decay exponent n is obtained from the results of the comprehensive 
survey and research on fading in factory by Prof. Rapport. [28]  

According to the paper, the topography of factories is categorized into 4 groups: 

1) Line of Sight Path with Light Surrounding Clutter: Paths found along major aisles 
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that are surrounded by relatively empty storage areas or low density work areas 
(such as a machine shop) where most scatters are lower than the height of the 
transmitter and receiver antenna. 

2) Line of Sight Path with Heavy Surrounding Clutter: Paths found along aisles in a 
well-stocked warehouse or along the aisles of an automated assembly line area 
where a significant amount of metal is located at heights greater than the receiver 
antenna. 

3) Obstructed Path-Light Surrounding Clutter: Such paths exist when a LOS path is 
blocked by inventory or machinery that is approximately the same height as the 
receiving antenna. Such a radio path would typically exist across a machine shop or 
a manual assembly area. 

4) Obstructed Path-Heavy Surrounding Clutter: Such paths exist throughout areas of 
the factory where the skyline is busy, such as within a metal foundry, across an 
automated assembly line area, or between aisles in a stocked warehouse.[28] 
Factory topography Loss exponent 
LOS light surrounding 1.79 
LOS heavy surrounding 1.79 
NLOS light surrounding 2.38 
NLOS heavy surrounding 2.81 

Table 5.2 Loss exponent for different topography 

Note that these results are measured at frequency 1300MHz, other research [fading in 
factory] shows that the variation of the fading exponents is relatively small in the range 
of 800MHz to 2000MHz, while it tends to be smaller when frequency increases. 

For the shadowing component S, [28] also present a list of attenuation value for the 
shadowing affect of the typical factory equipment when both the transmitting and 
receiving antenna are at 2m height. 
Obstacle description Attenuation S (dB) 
2.5 m storage rack with small metal parts (loosely packed) 4-6 
4 m metal box storage 10-12 
5 m storage rack with paper products loosely packed 2-4 
5 m storage rack with paper products tightly packed 6 
5 m storage rack with large metal parts tightly packed) 20 
Typical N/C machine 8-10 
Semi-automated Assembly Line 5-7 
0.6 m square reinforced concrete pillar 12-14 
Stainless Steel Piping for Cook-Cool Process 15 

Table 5.3 Shadow effects of factory equipment 

Temporal fading σX is caused by the moving objects around the receiving antenna. In 

factory, personnel, fork lift trucks, or the mechanic parts of automatic machineries are 
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all possible cause for the signal fluctuation over time at a fixed location. Studies in [28] 
and [29] suggest that the temporal fading in factory can be characterized by Ricean 
distribution with different values of K-factor regarding to different surrounding 
environments. As a matter of fact, the K-factor for industrial environment is generally 
much higher than that had been reported for the office environment [30], which means 
the temporal fading is more static in the factory. 

Thus, for simplicity, the temporal fading is approximated as a lognormal random 
variable in the model without losing the accuracy of the predicated results. And its 
variance is set differently according to the surrounding environment as described in 
following table. 
Indoor movement Temporal fading variance (dB) 
Low: automatic production line 1-2 
Moderate: partial automatic production 
line, warehouse 

2-4 

High: manual operation area, work shop 4-6 

Table 5.4 Values for fast fading margin 

5.3.3 Outdoor to indoor/indoor to outdoor penetration models 

RF signal can directly penetrate from outside transmitter to inside of the building. The 
total path loss from outdoor transmitter to indoor receiver can be divided into three 
parts: 

indoornpenetratiooutdoortotal LLLL ++=           (23) 

outdoorL  is the path loss up to the building 

npenetratioL  is the penetration loss through the building wall, which is a function of the 

building height, wall material and frequency. 

indoorL  is the addition path loss when the penetrated signal travels inside the building. 

A commonly used statistical model for the outdoor to indoor penetration model in this 
form is known as COST-231[23]. While this model has included various important 
parameters into the formulation, yet it has been reported [31] to be overestimation or 
under estimation for the highly reflective or highly obstructive indoor environment, 
which however happen to be quite common in the industrial environment. Besides, 
there is a lack of good reference value for the coefficient of the indoor linear path loss 
part for industrial environment in this model. 
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Thus, a break point model is used to combine the outdoor and indoor path loss model 
which is more accurate for industrial environment as introduced in the pervious 
sections. 

 

Figure 5.5 Outdoor to indoor path loss model for downlink 
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In this formula,  

outL  is the outdoor path loss calculated according to the model in section 5.3.1 

penetrL  is the penetration loss through the building exterior wall, defined as in table 5.2  

The rest part is the absolute indoor path loss model described in section 5.3.2. Note that 
the reference path loss at d=1m is cancelled, since the affect of antenna aperture is 
already part of the outdoor path loss model. 

totd  is the total distance for the signal to travel between the outdoor transmitter and 

indoor receiver 

outd  is the distance from the outdoor transmitter up to the exterior wall of the building. 

ind  is the path distance from the impinge position at the wall to the indoor receiver. 

 

The model for the reverse direction, i.e. indoor to outdoor path loss model, is essentially 
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the same as the previous one, except that the indoor path loss is calculated first, then the 
outdoor path loss and penetration loss are added. 

 

Figure 5.6 Indoor to outdoor path loss model for uplink 
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Here, 0L is the indoor reference path loss at d=1m, ))(log)((log 1010 intotout ddL −  

means that all the components in the function outL  that include )(log10 d  is 

substituted by )(log)(log 1010 intot dd − . 

Material Type Loss (dB) Frequency (MHz) 

All metal 26 815 

Aluminum Siding 20.4 815 

Concrete Block Wall 8-15 1300 

Turning an Angle in a Corridor 10-15 1300 

Concrete Floor 10 1300 

Table 5.5 Penetration loss of typical wall types 

5.4 Parameter setting for different scenarios 

1. Outdoor Environment & Distance to base station 

Definition: 
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This factor determines the outdoor path loss, which consists of the major parts of the 
total path loss. And the base station type would affect the distance to interference 
sources as well. 

Categorization: 

For suburban and open environments with macro base station, the Hata model is used. 

For suburban and urban environments with micro base station, the COST-231 is used.  
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Figure 5.7 Received power CDF for different outdoor environment 

2. Co-channel interference 

Definition: 

Determine the probability that the co-channel interference sources are active.  

Categorization: 

This could be approximately categorized into heavy, moderate and low according the 
perception of population density in the area, and the time interval that is concerned.  

E.g. large city and daytime could be considered as heavy interference, while rural area 
with midnight concerned could be seen as of little interference. 

Related parameters: 

Load_i: normalized co-channel cell interference level  
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(a)                                         (b) 

Figure 5.8 SINR in downlink(a) and uplink (b) with different cochannel interference load 

3. In-cell traffic level  

Definition: 

Determine how much are the voice traffic and data traffic load in the donor cell, and 
consequently determine the probability that the desired transmission is delayed due to 
no available resource.  

Categorization: 

The maximum traffic load in the donor cell must meet the requirement that the blocking 
rate is below 2%. So the maximum traffic load is varying according to the frequency 
channels assigned to the donor cell, which is then depending on the population density 
in that area. e.g. for urban area, assuming there are 3 carrier in the donor cell, then the 
maximum traffic load is automatically set to 16.6 Erlang.  

For the different time of the day, the traffic load would also be different. And can be 
divided into: 

1) midnight: 10% maximum traffic load 

2) day: 50% maximum traffic load 

3) busy hour:100% maximum traffic load 

Note that, the traffic load contributed by the service boxes themselves should also be 
added into the total traffic load 

Related parameters: 

data_load: traffic load of each data user 

voice_load: traffic load of each voice user 

sb_load: traffic load of each service box 

data_tot: number of data users in the donor cell 
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voice_tot: number of voice users in the donor cell 

sb_tot: number of service boxes in the donor cell 
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(a)                                         (b) 

Figure 5.9 Simulated data rate in downlink(a) and uplink (b) with different voice load 

4. Building dimension 

Definition: 

Determine the size of indoor area to be covered and the height of donor antenna of the 
repeater if it is to be mounted on the rooftop 

Related parameters 

Dist_in: the distance between the receiving antenna and the exterior wall facing the 
base station 

Dist_rs: the distance between the repeater’s rebroadcasting antenna and service box 
receiving antenna. 

H_r: the height of the repeater’s donor antenna 

5. Exterior wall type  

Definition 

Determine the loss of signal when penetrating through the wall. 

Categorization: 

Typical wall types can be categorized by the thickness and the material of the wall. 

E.g. Thick brick wall, thin metallic wall, brick wall with large windows, thick concrete 
wall etc. 

Related parameters 

Pl_p: wall penetration loss.  
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6. Indoor environment  

Definition: 

Determine the indoor propagation loss of signal. 

Categorization: 

For non-repeater solution, the environment can be categorized into two types, one is 
light surrounding, where the inventory and machinery is approx. at the same height as 
the receiving antenna and large open space exists under the rooftop; another one is 
heavy surrounding, where the building is crowded with high racks heavily packed or 
large machineries and the skyline is busy. 

Basement, the worst case for outdoor to indoor penetration. 

For repeater solution, in addition to the previous light/heavy surrounding, another 
factor should be also considered, that is Line Of Sight or Non Line of Sight 
(LOS/NLOS) of the radio path between the rebroadcasting antenna and the receiving 
antenna. 

Related parameters 

N: indoor propagation loss factor 

shadow: shadow fading caused by the surrounding obstructions 

pl_p_in: penetration loss of indoor obstructions 

7. Indoor Movement 

Definition: 

The movement of personnel or machines around the receiving antenna would 
determine the temporal fading of signal 

Categorization: 

It could be categorized into 3 groups according to the nature of the activities in the 
factory 

1. Low movement: automated production line, Human interaction with the production 
process is very limited. The environment is nearly static except for movement induced 
by machinery.  

2. Moderate movement: partially automated production line. Human interaction is more 
present in this environment. Workers move in the production space to operate and keep 
supervision of the partially automated machines. Fork-lift trucks frequent the 
production space to transport raw materials and finished products. The machines 
themselves also contribute to the total amount of movement 

3. High movement: manual production line. Movement is primarily caused by workers 
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who perform tasks at individual workbenches using small, manually served machines. 

Related parameters: 

Fast_fading: indoor temporal fading caused by the indoor movement. 

Given these defined environment characteristics, as an example, four typical factories 
environment are described by those terms in the following table. 
Factory 

category 

Environment 

outside of 

the building 

Co-channel 

interference

In-cell 

traffic  

Exterior 

wall 

type 

Building 

dimension 

(m) 

Environment 

inside of the 

building 

Indoor 

movement

A.Modernized 

manufacture 

factory 

Suburban 

LOS 

moderate moderate Thin 

concrete 

300*50*15 Heavy  moderate 

B. Old factory 

in city 

Urban 

NLOS 

High moderate Thick 

brick  

70*40*20 Heavy 

(basement) 

High 

C.Small parts 

manufacture 

Suburban 

NLOS 

Moderate moderate Thick 

brick & 

large 

windows

200*70*15 light high 

D.Car 

assembly 

factory 

Suburban 

NLOS 

low moderate Thin 

concrete 

& 

metallic 

300*100*15 Light low 

Table 5.6 Simulated scenarios descrption 

The geometry of each case is assumed to be identical, with the service box located at 
the center of the building, as illustrated in this figure 

 

Figure 5.10 Basic geometry of the simulated indoor environment 

It is then assumed that the impinge signals are perpendicular to the walls, and the LOS 
condition inside the building depends on the indoor environment. When repeater is 
installed, the donor antenna is always tuned to the direction of BTS. The indoor 
rebroadcasting antenna is mounted on the wall facing the service box, 5 meters above 
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the ground, if it is wall mount panel antenna; or mounted on the ceiling 10 meters away 
from the service box, if it is ceiling mount omni antenna. 

5.5 Simulation results  

The simulation result of C/I and data rate for each solutions in the four factories are 
presented here. 

Factory A  

Simulated SINR for downlink and uplink: 
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Stamdard setup
Extended antenna mounted on rack
Combiner+Outdoor antenna

 

(a)                                                                                      (b) 

Figure 5.11 Simulated SINR in downlink (a) and uplink (b) with different solutions in 

factory A 

 

Figure 5.12 Simulated average data rate for different solutions in factory A 

Obviously, since the radio condition in factory A is very good, the data rate for basic 
setup is already high enough for reliable application. The improvements on data rate 
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introduced by other solutions are relatively small. 

Note that, in reality, power control is used to ensure power efficiency so that transmitter 
will reduce its power when C/I exceed 35dB. In the C/I simulation results, this 
limitation does not apply, in order to better illustrate the difference in the distribution of 
C/I. However, power control is considered when calculating the resulting data rate, so 
that the simulated data rate will close to the real one. 

Factory B 

Simulated SINR in uplink and downlink: 
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repeater NLOS
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extended antenna put on rack
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extended antenna put on rack
standard setup
outdoor antenna with 4 way combiner
repeater LOS
repeater NLOS

                    
(a)                                                                                  (b) 

Figure 5.13 Simulated SINR in downlink (a) and uplink (b) with different solutions in 

factroy B 

As can be seen, the most reliable topology in this case is using repeater with LOS 
between the rebroadcasting antenna and receiving antenna. But using outdoor 
extended antenna with combiner could provide almost the same reliable performance 
in both uplink and downlink. So, the most cost-effective solution for this case is 
outdoor extended antenna, provided that, the cabling through the wall and installing 
outdoor antenna facing base station is possible. 

One may also not that, the SINR performance in the downlink is almost the same for 
outdoor antenna plus combiner and repeater system. This is because, in the urban 
environment setting, the interference dominates over noise, and by using high gain 
directional antenna in both case, the interference is reduced greatly in the downlink. 
Besides, the repeater amplifies both interference and useful signal alike, the amplifier 
gain could not make the difference from the case where the antenna is directly 
connect to the service box through combiner and cable. 
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Figure 5.14 Simulated average data rate for different solutions in factory B 

Factory C 

Simulated SINR in uplink and downlink: 
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repeater directional
repeater omni
Standard Setup
Outdoor extended antenna
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Repeater directional
Repeater omni
Standard setup
Outdoor extended antenna

               
(a)                                   (b) 

Figure 5.15 Simulated SINR in downlink (a) and uplink (b) with different solutions in 

factroy C 
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Figure 5.16 Simulated average data rate for different solutions in factory C 

In this case, the suburban/rural scenario introduces high outdoor path loss. So the 
basic setup could hardly provide enough signal strength to maintain a realiable uplink, 
resulting only 50% percentage availability. On the other hand since the interference 
level and in-cell traffic level are also reduced in this environment setting, the overall 
throughput in the uplink is still acceptable with 10kbps in uplink.  

But as mentioned before, maintaining a reliable link is more important than the net 
throughput for the industrial M2M application, repeater system with directional or 
omni-directional rebroadcasting antenna and outdoor extended antenna are still 
recommendated for the reliability improvement. 

Factory D 

Simulated C/I in uplink and downlink 
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Repeater directional
Repeater omni
Standard setup
Outdoor extended antenna

     

  (a)                                                                  (b) 

Figure 5.17 Simulated SINR in downlink (a) and uplink (b) with different solutions in 

factroy C 
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Figure 5.18 Simulated average data rate for different solutions in factory D 

The enviroment setting in Factory D is similar to that of Factory C, except that the 
indoor area is much larger in this case. As a result, while standard setup again fails to 
keep an availablity level higher than 50% in the uplink, even the repeater system can 
only maintain 80% availablity in the center of the building, due to the vast space 
inside the factory. Thus it is necessary to install repeater system with DAS densely 
deployed in the building to provide enough coverage. If there are only a few Service 
Boxes are to be installed in one smaller area, then it is more cost-effective to extend 
the antenna to outdoor through long cables and combiner.
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Chapter 6 Measurements 

Having obtained the simulation results, it is necessary to compare these performance 
predictions with real installation test in industrial environment and make any necessary 
modifications to the model according to the measurement results. 

The planed measurements are to be taken place in multiple factories, including ABB’s 
production factory in Vasteras and Volvo’s manufacture factories in Goteborg. 
Unfortunately, due to unexpected reasons, the measurement campaign was restricted in 
the ABB’s production factory and thus greatly limited the possibility of verify all the 
options of installation. Besides, since there is no way to control the interference level in 
both uplink and downlink, and unable to obtain the uplink C/I information, the only 
variable of the test is the signal strength and the bit rate on the application level. Thus 
the threshold of signal strength for the application to be able to operate normally is the 
main focus of study. 

6.1 Measurement tools and methods 

Since the measurement is expected to be able to be repeated by other field engineers in 
ABB in the future, the selected measurement tool must be capable of providing 
accurate measurements of the most important radio parameters such as signal strength, 
C/I, etc. And meanwhile, the operational complexity must be within certain limit, so 
that people who do not have specific knowledge about telecommunication can also 
handle the device easily.  

After the comparison of different types of devices based on their capability and 
operational complexity, TEMS Pocket appears to be a good compromise between 
professional measurement and low complexity. 
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 Types of devices Comments 
Network analyzer +Very High accuracy; 

+Capable of measure detailed up/downlink info   
(including interference); 

-Very Expensive 
-Not easy to use 

TEMS Pocket +High accuracy, 
+Downlink detailed info (Including C/I) 
+Support FTP  
+Display throughput and block error probability
+Display time slots assignment 
-Expensive 
 

Ordinary mobile with special free 
software 

+Low cost 
+Support FTP  
+Only basic downlink info available (RxLev, 
RxQual, cell ID) 
-Low accuracy 
-No C/I 

Mobile in Net monitor mode in 
Mobile Phone 

+Low cost 
-No C/I 
-Not easy to use 
-Low accuracy 

Modem with laptop +Low cost 
+Directly run data application  
-Only signal strength and throughput available, 
-Low accuracy 
-Low mobility 

Table 6.1 Comparison of different measurement tools 

6.1.1 TEMS Pocket 

TEMS Pocket is a mobile network monitoring tool integrated into regular handset 
from either SONY Ericsson or NOKIA. Depending on the type of the handset, TEMS 
Pocket could support GSM/GPRS/EDGE and WCDMA/HSDPA with all frequency 
bands in both EU and USA.  

The functions that are mostly utilized in the thesis work are the accurate 
measurements of the specified channel condition in terms of Rxlev, C/I info. In 
addition, TEMS Pocket is also capable of immediate measuring and recording critical 
information concerning for both voice and data performance, including the coding 
scheme used, BLER, transport channel bit rate, etc. The FTP, HTTP action can also be 
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performed to verify the actual application performance. [32] 

With integral or external GPS activated, the measurements can then be mapped to the 
locations, which is important for post-processing and data analyzing. 

With the combination of its powerful measurements, graphic interface, and small size, 
the TEMS Pocket stands out as the most suitable testing device for the field engineer. 

Although post-processing tool TEMS Investigation is used in this thesis work for the 
purpose of getting averaged results, it is supposed that in real application, the field 
engineer will be able to make judgment of the radio condition based on the 
information from TEMS Pocket only.  

 

6.1.2 Embedded modem in Service box  

In addition to the direct measurements of signal quality from TEMS, the service box 
with embedded modem is also used to test the actual data performance. The modem is 
capable of detecting signal level (the relation between signal level and Rxlev is 
explained in Section 3.1) and uploading/downloading FTP. Although the real 
application of service box is based on HTTP transmission, study [10] has shown that 
the data performance of GPRS/EDGE is almost the same for both FTP and HTTP.  

6.2 Test environment  

The test was carried out at ABB robotic production factory in Västerås. The locations 
of the building and the nearest base station are marked out in the following picture. 
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Figure 6.1 Aerial photograph of the factory for site survey 

6.3 Test Setup and results 

6.3.1 Signal strength survey in the production factory 

The site survey was carried out with TEMS pocket around inside the factory, in order 
to verify the path loss model developed in chapter 5. 

As has been described in the previous section, the south wall of the production factory 
is illuminated by the BTS A sector 1, and the identified AFRCN is 656.  

Although, this is not the strongest carrier in the building for all the time and place, the 
fluctuation of this carrier can still be used as a good reference of the in building 
coverage. Thus, the testing phone was locked on this frequency channel throughout 
the site survey by using the TEMS’s lock on AFRCN function.  

In order not to disturb the production process in the factory, a few measurements were 
carried out at some sample locations, instead of an extensive full area survey. 

Base station A 

Distance= 250m 

Factory 
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The sample locations are marked in the following figure: 

 

Figure 6.2 Skecth of the measurment location 
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Measurement Results 
Location  Predicted 

Signal 
strength 
(mean 
value) 

Avg 
Rxlev 
(dBm) 

Avg 
C/I 
(dB)  

Uplink FTP 
throughput 
(EDGE) 
(kbps) 

Downlink FTP 
throughput (EDGE) 
(kbps) 

A -67 -70.5 34 108 198 
B -74 -75 33 108 188 
C -85 -80.1 29.5 92 176 
D -81 -78.8 33.9 102 179 
E -88 -85.8 26.3 88 148 
F -77 -79.4 29.7 93 156 
G -74 -77.2 30.2 102 172 
H N/A -90.4 25.4 85 140 
I -55 -60 35 112 221 
J -57 -63 35 109 228 
K -64 -67 34 114 201 

Table 6.2 Signal measurement results at the mareked locations 

Generally, these data provide a good match to the prediction model, although, they 
appear to be a little bit higher than the predicted values. This could be explained by 
the signal penetration from the roof top in this case, which was not considered in the 
prediction model. 

6.3.2 Signal strength with repeater installed in the building 

a) Coverage in the basement 

This test is to validate the improvement in signal quality introduced by repeater in 
poor signal area. The service box is setup in the basement bunker as marked location 
H in figure (the location with worst signal quality we can find in the building). 500KB 
packets FTP transmission is running on the service box, and corresponding 
throughput is recorded.  

Later the repeater was connected, with donor antenna installed indoor at location B 
due to the cabling difficulties. And the rebroadcasting antenna was put in the bunker. 
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Results 
 Without repeater With repeater 
Rxlev -85~-93dBm -59~-43dBm  

(donor antenna side -78~73dBm)
C/I -27dB -35dB 
Signal level (modem) 13~16 25~28 
Uplink throughput (modem) 14kbps 22kbps 
Downlink throughput (modem) 35kbps 44kbps 

Table 6.3 Measurement results in the basements 

Obviously, the signal quality in the basement was greatly improved by the repeater.  

b) Coverage in the production area 

Due to the installation difficulty, the donor antenna was kept indoor at location A, 
facing south, while the re-broadcasting antenna is located as far as possible to 
maintain as much isolation as possible (location B), facing west. 

Results 

Since the factory is already with good signal coverage, the measured signal strength is 
a combined effort of the signal from repeater and direct signal from base station. 

The measured locations are marked out in figure 6.2 

 
Location Predicated  

Signal 
strength 
(dBm) 

Avg Rxlev 
(dBm) 

Avg 
C/I 
(dB) 

Uplink FTP 
throughput 
(EDGE) (kbps) 

Downlink FTP 
throughput 
(EDGE) 
(kbps) 

A -67 -69.5 34 112 198 
B -31.5 

(0.5m from 
the antenna) 

-39.3 (0.5m 
from the 
antenna) 

35 118 220 

C -65.5 -62.5 33.5 113 148 
D -70.3 -68.1 33.9 107 139 
E -73.3 -70.8 31.3 109 142 
F -75.5 -74.4 32.7 110 143 
G -72.5 -70.2 35 102 122 

Table 6.4 Signal measurement resulst at the mareked locations with repeater on 

Again the collected results match up with the prediction model, although due the 
restricted area for testing, the variety of tested locations were limited. 

c) Rebroadcasting antenna: wall mount panel antenna vs ceiling mount omni 
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antenna 

Theoretically, it is known that the ceiling mount omni antenna is not real “omni” in all 
directions; instead, it is only “omni” in the horizontal plane.  The following test is to 
verify its real performance of the selected omni antenna A. The test was also carried 
out in the basement of the factory, where the background signal is fairly weak (around 
-90dBm). Then the repeater was turned on with the omni antenna held in the middle 
of room. And the signal strengths were measured at those locations as indicated in the 
follow Figure 6.3.  

Later, the omni antenna A was replaced by the panel antenna B. Signal strengths were 
measured at the same locations as before.  

 

 

Figure 6.3 Illustration for the rebroadcasting antenna test 

 

Rxlev Results: 

 

Figure 6.4 Measured Rxlev (dBm) at different direction 

For the omni antenna, the received signal strength is quite low at the location directly 
above and beneath it. In fact, if it is not because of the reflection signal and 
background signal, the signal strength would be even lower. 

So it is recommended that the receiving antenna should be placed on the perimeter of 
the ceiling mount omni antenna, rather than immediately beneath it. 
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For the panel antenna, the signal strength is especially high at the location inside its 
main lobe, i.e. location D, E, where the received signal strengths are higher than that 
of omni antenna case, due to the higher directional gain of the panel antenna. Thus, 
the best strategy for installing the panel antenna is to face it to the direction of the 
desired coverage area. 

6.3.3 Combiner test 

a) Insertion loss test 

Spectrum Analyzer is used to verify the insertion loss and isolation of the combiner 
Insertion loss: 900MHz 1800MHz 
4-way combiner A 6.5dB 6.7dB 
6-way combiner A 8.1dB 8.3dB 
Isolation Typical Min 
4-way combiner A 23.4dB 16.7dB 
6-way combiner A 26.8dB 18.5dB 

Table 6.5 Combiner instertion loss and isolation measurement resulsts 

The results show that the performance match to their specification and the insertion 
losses are 0.7dB higher than the theoretical value. 

Then, the signal level displayed in the modem when it is directly connected to the 
antenna was compared to the case where the combiner is inserted between the antenna 
and modem. The rest of the settings, including the mount location of the antenna are 
kept the same. This procedure was repeated with different average received signal 
strength. And finally the average signal attenuation level was calculated. 
Combiner 
configuration 

Signal level Avg. 
signal 
attenuation

Without combiner 5 10 15 20 25 N/A 
4 way combiner 
(10m+10m cable) 

2 7 13 17 23 2.5 

6 way combiner 
(10m+10m cable) 

1 6 11 17 22 3.5 

4 way combiner 
(2m+10m cable) 

2 8 13 18 23 2 

6 way combiner 
(2m+10m cable) 

2 7 12 17 23 3 

Table 6.6 Signal level measured in the modem with or without combiner 

As can be seen from this table, the attenuation caused by 4-way combiner is around 3 
signal level (6-7dBm) and is close to the measured value. This configuration could 
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provide great flexibility for the installation of extended antenna while it is not 
deteriorating the signal too much. It would be especially useful when 4-6 service 
boxes are located in the vicinity of each other, and cabling through the roof or wall to 
the outdoor antenna is possible. 

b) Isolation test 

In this test, the signal level and data rate of the modem were compared between the 
situation of only one box connected to one combiner and the situation of multiple 
boxes connected to one combiner. 
Scenarios  Signal 

level in 
Box A 

Signal 
level in 
Box B 

Data rate  in 
Box A (500kB 
packets) 

Data rate  in 
Box B (500kB 
packets) 

Without combiner 
Both are active (FTP 
transmission) 

27 27 44.5kbps 
downlink 
22.3kbps uplink 

43.7kbps 
downlink 
22.1kbps uplink 

Box A connected to 
4-way combiner 
Both are active (FTP 
transmission) 

23 27 41.5kbps 
downlink 
20.8kbps uplink 

43.7kbps 
downlink 
22.1kbps uplink 

Both A & B 
connected to 4-way 
combiner 
Both are active (FTP 
transmission) 

23 23 41.3kbps 
downlink 
20.2kbps uplink 

41.1kbps 
downlink 
20.7kbps uplink 

Both A & B 
connected to 4-way 
combiner  
Box A is active, Box 
B is idle 

23 23 41.7kbps 
downlink 
20.5kbps uplink 

N/A 

Table 6.7 FTP performance measured in the modem with or without combiner 

Apparently, despite the signal attenuation around 4 signal level (7-8dB) introduced by 
the combiner, which is mainly caused by the insertion loss, it is able to combine 
multiple active boxes together without any significant interruptions among each 
boxes. 

6.3.3 Data rate vs signal level 

This test is to see how the different signal level will affect the data through put of FTP 
transmission of the service box using GPRS. Difference between the theoretical 
performance of GPRS 

The test is carried out in the office building of ABB robotics, where the signal quality is 
fairly good.  

TEMS has shown that the average Rxlev is around -70dBm, while the downlink C/I is 
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almost 32dB. 

The modem displays the signal level is quite stable and equals to 25 when connected 
with magnetic antenna. 

In order to change the signal strength, 10dB and 20dB attenuators are connected to the 
antenna separately, and antenna is relocated around the office cubic to obtain some 
slight changes in signal strength.  

Each time when the signal is stable, the following steps are processed by basic program 
embedded in the service box. 

1. Start sending a 10KBytes files using put FTP to a server including 

2. GPRS connection establishment 

3. DNS resolution 

4. PUT FTP of 10k/150/500k/2000kBytes File, repeated for 10 transmissions each, 
record the duration of each transmission 

5. Get a 10K/150k/500k/2000k Bytes file from the same FTP server, also repeated for 
10 transmissions each, record the duration of each transmission 

6. Disconnects GPRS 

Results 

 
FTP direction Downlink Uplink 
packet size 10kB 150kB  500kB 10kB  150kB 500kB  
Signal level=25 8.9kbps 39.3kbps 43.3kbps 8kbps 16bps 21.2kbps 
Signal level=20 8kbps 38.1bps 42.5kbps 8kbps 15.3bps 20.4kbps 
Signal level=15 7.8kbps 33.2bps 36.8kbps 7.7kbps 14.1bps 18.8kbps 
Signal level=10 7.7kbps 29.5kbps 34.9kbps 6.5kbps 10.1bps 16.2kbps 
Signal level=6 6.8kbps Timeout Timeout 6.1kbps Timeout Timeout 

Table 6.8 Modem FTP data rates at different signal level 
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Figure 6.5 Modem FTP throughput at different signal level 

Since the time interval used for calculating the data rate includes the setup of the link, 
network resolution, etc, the resulting data rate for smaller packets is lower due to the 
increasing percentage of time spent on establishing and closing links. 

Besides, as can be seen from the previous two figures, the downlink data rate does not 
vary significantly with the signal level increase, which is due to fact that the C/I in 
downlink does not change when both desired signal and interference suffer the same 
level of path loss. But there does exists a threshold below which, larger data packets are 
not able to be transmitted successfully within the allowed time window. 

For the uplink, the data rate is more closely related to the signal level. And the threshold 
for larger packets transmission also exists. 

So in order to keep the modem operate properly, the signal strength must be kept above 
signal level 10, i.e.-93dBm 

Upload Throughput (kbps)  

Signal level  Signal level  

Download Throughput (kbps)  
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Chapter 7 Solution proposals mapping       

In this chapter, the simulation and measurement results are summarized into a solution 
matrix, which could be used as a reference for the decision making of selecting the 
suitable radio link solution for different application scenarios.  

Firstly, 12 radio link solutions, including existing ones and proposals, are described; 
then the main causes that lead to different scenarios are categorized into radio condition, 
indoor environment, and installation topology of service box. Their definitions and 
classifications are explained in Section 7.2. Finally the solution matrix is presented to 
match different solutions to their applicable scenarios  

Then a flow chart is drawn to exemplify a standard procedure for making decisions on 
the radio link optimization. 

7.1 Radio link solution description 

The proposed solutions of three basic topologies are listed and described as follow: 

C) Individual service box 

1. Basic setup. 

2. Individual extended antenna installed at a good reception point indoor e.g. close 
to window, on the top of racks, etc. 

3. Individual extended antenna installed outdoor 

B)  Service box cluster 

4. Extended antenna with combiner (4 way or 6 way), installed indoor: 

5. Extended antenna with combiner (8 way or more), installed indoor 

6. Extended antenna with combiner (4 way or 6 way), installed outdoor, e.g. on the 
roof top facing donor base station or on the wall. 

7. Extended antenna with combiner (8 way or more), installed outdoor. 

C)  Repeater system 

For repeater system, since the coverage is influenced by the indoor environment 
and outdoor signal, there are two applicable scenarios for each solution with 
repeater, one with the best condition, while the other one stands for the worst case.. 

8. Low gain repeater (downlink gain<45dB) with ceiling mount omni 
rebroadcasting antenna 
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9. Low gain repeater with wall mount panel directional rebroadcasting 

10. High gain repeater (downlink gain>55dB) with ceiling mount omni 
rebroadcasting antenna 

11. High gain repeater with wall mount panel directional rebroadcasting 

12. High gain repeater plus DAS  

7.2 Characteristics of the environment 

7.2.1 Radio condition classification 

The radio condition inside/outside the building can be obtained by following the 
standard site survey protocol (see appendix A). The averaged results can be categorized 
into following groups. 

• good reception: Rxlev>-80dBm and C/I>25dB; 

• moderate reception: 80dBm>Rexlev>-90dBm and C/I>15dB; 

• Poor reception: -105<Rxlev<-90dBm but C/I>8dB; 

• High interference: Rxlev>-90dBm, but C/I<8dB 

• No signal: Rxlev<-105dBm 

 

Figure 7.1 Radio condition classification 
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7.2.2 Indoor environment and movement 

The definition and categorization of different situations are defined as same as that in 
section 5.4.1 

7.2.3 Installation topology of the service box 

The installation plans of the service boxes are categorized into following groups: 

For individual antenna topologies: 

• Single (open): single service box installed at the location without any metallic 
net or walls around its immediate surroundings.  

• Single: single service box installed, possibly close to obstructions. 

• Window: service box is installed close to the window. 

For combiner topologies 

• Small cluster: 4-6 service boxes installed in the vicinity (within 10m*10m area) 
of each other. 

• Large cluster: more than 8 service boxes installed in the vicinity (within 
20m*20m area) of each other. 

For repeater topologies: 

• Spherical (R<x): multiple service boxes installed separately within a spherical 
area of radius<x meters. 

• Fan (d<x): multiple service boxes dispersed in narrow fan shape area within 
the distance<x meters, and within the angle of ±35°. 

• Aisle (d<x): multiple service boxes installed along the aisle within the range of 
x meters 

7.3 Solution matrix 

This solution matrix serves as a look up table for selecting the right radio link solution 
based on the identified environment parameters and installation topology of service 
boxes.  

The first column indicates the recommended solution that corresponds to the specific 
scenario defined by the parameters given in the same row. 

From the second column to the fifth column, the evaluations of the four main 
environment parameters are given in different combinations. Note that, here the value 
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of each parameter is set to be the worst case that is tolerable for the corresponding 
solution and installation topology. For example, if one factory is identified as 1) good 
outdoor reception,2) poor indoor reception, 3) heavy indoor surrounding, and 4) High 
indoor movement, and 5) the service box is installed in large cluster, then solution 7 
would be the perfect match. And if the indoor reception is moderate, then solution 7 of 
course can still be used for this case. But if the indoor reception turns out to be very 
good, then one could select solution 5 instead. 

The last column filled with different installation topologies of service boxes. It could be 
easily seen that the installation topology has great affect on the choice of solutions. For 
example, again, if the one factory is identified as 1) good outdoor reception, 2) poor 
indoor reception, 3) heavy indoor surrounding, and 4) High indoor movement, but the 
service box can be installed 5) close to the window, then one could chose solution 
1—the basic setup instead of solution 7, and so it would save the cost for additional 
combiner and cabling. 

Another example for the effects of different installation topologies of service boxes is: 
considering the same environment defined as before, but there are multiple service 
boxes distributed around the factory approximately in a spherical area with radius<35m, 
then one must select solution 10—high gain repeater system with omni-directional 
antenna. But if the service boxes are closer to each other, i.e. distributed within the 
spherical area with radius<25m, then one could use solution 8—low gain repeater 
system. And in fact, if the outdoor reception is good, the radius of the area could be 
slightly larger. 

To sum up, the basic setup is the only suitable when the condition is favorable, but it is 
the simplest and cheapest solution. (cost<10 euro) 

The extended antennas can be used to combat high penetration loss without much 
investment on the equipments, i.e. the combiner and extended cables (cost<100euro). It 
is most cost-effective when a combiner is used to connect the service boxes in a cluster 
to the outdoor antenna. However the difficulty of cabling through the wall limits its 
application. Besides the outdoor signal strength must be strong enough to overcome the 
cabling loss and combiner’s insertion loss 

The repeater system can be applied for most scenarios, as long as the C/I>12dB, even 
poor signal reception can be overcome by the high gain amplifier. It is most suitable for 
the case where the indoor signal is poor and the service boxes are dispersed in a 
relatively large area. It is advised to choose the right rebroadcasting antenna for 
different types of service box installation, e.g. ceiling mount omni-directional antenna 
for the installation in a square or spherical area, and directional panel antenna for a 
linear installation along the aisle. The cost for a high gain repeater system including 
donor and rebroadcasting antennas is around 300 euro, depending on the suppliers and 
amplifier gain. 
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Solution 

number 

Outdoor 

reception 

Indoor reception Indoor 

Environment

Indoor 

movement 

Service box 

installation 

Individual antenna: 

1 Good Good  Light  Low  ALL 

1 Good Moderate  Heavy High Single (open) 

1 Good Poor Heavy High window 

2 Moderate Moderate  Heavy High Single  

3 Moderate Poor/No signal Heavy High Single 

Service box cluster (combiner): 

4 Moderate Moderate  Heavy High Small cluster 

5 Good Good Heavy High Large cluster 

6 Moderate Poor/No signal Heavy High Small cluster 

7 Good Poor/No signal Heavy High Large cluster 

Repeater system 

8 good Poor/No signal Light  Moderate Spherical R<35m 

8 moderate Poor/No signal Heavy  High Spherical R<25m  

9 Good Poor/No signal Light Low Fan R<45m 

9 moderate Poor/No signal Heavy High Fan R<35m 

10 good Poor/No signal Light  Moderate Spherical R<55m  

10 poor Poor/No signal Heavy High Spherical R<35m  

11 Good Poor/No signal Light Low Fan R<55m 

11 poor Poor/No signal Heavy High Fan R<35m 

Table 7.1 Solution index and corresponding application scenarios 

The repeater system with DAS can be used for customized large coverage design. 
Although by adding the splitter/combiner and additional cables, the signal strength for 
one antenna will be degraded and results in a smaller coverage area for one antenna, but 
the sum coverage area would be increased. Besides the space diversity gain introduced 
by multiple antennas would also compensate the loss.  

For high interference situation, the only possible solution is to use repeater system with 
high gain directional donor antenna carefully tuned into the exact direction of the donor 
base station.   

7.4 Solution flowchart 

In addition to the solution matrix, this flowchart illustrates an example of the 
assessments procedure for environment and decision making of radio link 
optimization in factory. In order to make things as easy as possible for the field 
engineers, the measuring of C/I is defined as an optional part, only necessary to be 
carried out when you suspect there is strong interference prohibiting the system from 
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operating properly. 

 

Figure 7.2 Solution flowchart 
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Chapter 8 Conclusion and future work 

After being compared with other successfully deployed cellular M2M system, like 
energy metering system, the design of Remote Service System and the adoption of 
GPRS/EDGE/HSPA technologies as its wireless carriers proved to be an efficient 
combination for a global monitoring system. In fact, the Remote Service has already be 
a successful example of M2M application in industry in some analysts’ reports.  

However, a few failure transmissions or loss of radio connections, though seldom, 
degrade the reliability of the application and also indicate that the basic design of the 
radio link is not reliable enough to overcome the unstable nature of radio connection 
under some harsh environments in factories. 

Engineers from ABB have attempted to solve this problem by introducing combiner or 
repeater into the system, but without much investigation. This thesis further expanded 
those solutions and gave more specific descriptions of each radio link topology. 

The validation of those proposals was made based on the results obtained through the 
carefully designed simulation using detailed industrial environment model, as well as 
the supplement measurement campaign carried out in factory. 

The results from both the simulation and measurements suggest that, by adding a few 
equipments or changing the radio link topology of standard Remote Service System, 
the application data rate could be improved by more than 5 times in some environments 
which previously are too harsh for the basic radio link setup of Remote Service and 
have only 50% of the time when the radio link is properly connected. 

In fact, as long as there is cellular signal coverage (could be as low as -90dBm) outside 
the factory, the reliable radio link could always be achieved by deploying the 
customized DAS system with repeater in the extreme case. But this would require too 
much investment on the radio equipment and specified knowledge, so the solution 
matrix and flowchart presented in Chapter 7 summarized a total number of 11 specified 
solutions that would apply for almost all the scenarios, and could be used as a reference 
for environment assessment and decision making of radio link optimization without 
excessive cost or knowledge. 

Generally speaking, repeater system based solutions are suitable for low signal strength 
picking. Considering its relatively high cost and installation difficulties, it should be 
regarded as a last, but reliable, resort. Using combiner to extend antenna to the outdoor 
is the most cost effective way to combat high penetration loss or harsh indoor 
environment, but still, the cabling may become an obstacle for some cases. Otherwise, 
carefully mounting the service boxes’ antennas would be enough for many ordinary 
scenarios. 
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As for the investigation on the components suppliers, the result suggests there is a price 
difference of more than 30% for the equipments with the same performance 
specifications from different suppliers, especially for the repeater system. Chinese 
suppliers usually offer the best price but lack of CE proof. 

So far, the solutions investigated in this thesis are enough for the application with less 
than hundreds of service boxes installed in one factory, and low data rate requirement. 
But it is advisable to look into the adoption of local network, like Zigbee, or the 
combination of local network with cellular network, in order to reduce the hardware 
cost of individual modem and provide a more reliable connection for higher data rate. 

Besides, during this thesis work and cooperation with people from different fields, a 
great knowledge gap was discovered between the technology providers and application 
providers who rely on this specific technology. In this case, the gap is found between 
the fields of telecommunication industry and automation industry. A bridge is needed to 
transfer the knowledge of technology provider to the application provider, so that the 
application could reach its full potential. So it is interesting to further develop this 
solution methodology into a more general purpose and user friendly tool for radio link 
optimization. Thus it is necessary to gather more information about different 
application and categorize the application requirement into more detailed 
classifications; besides, the flexibility and variations of solutions should be further 
developed; last but not least, the solution methodology should be further specified, and 
convert pure numbers into description that is more meaningful and comprehensible. 
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