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Abstract 

In a wireless radio frequency (RF) ranging system, an accurate distance can be 

determined by measuring the carrier's phase. In recent years, the industrial, scientific and 

medical (ISM) radio band has been used for license-free communications applications. 

Thus, a license-free RF ranging system is possible. By investigating some ranging 

systems and their techniques, this thesis proposes an ISM 900 MHz land-based short 

range ranging system. 

This thesis will first explain a frequency hopping phase ranging algorithm for the 

proposed ranging system. It is developed from the classic multi-tone ranging method 

with its inherited advantages in solving the ambiguity problem. By using up to 431 

frequencies in the ISM 900 MHz band, the proposed ranging algorithm has the ability to 

withstand errors caused by noise, interference and multipath effects, and it could achieve 

a ranging error of less than three centimeters in a range of 2.5 km. 

To build a working platform for the proposed ranging algorithm, a practical system 

design to accomplish the phase reflection function is proposed. The system consists of 

several components complying with the regulations for 900 MHz. The system core, 

which is a complex phase locked loop (PLL), will be explained and discussed. Some key 

circuits such as the low pass filter of the PLL will be emphasized. The PLL's 

performance, such as its stability, is discussed based on the circuit design. 

The proposed complex PLL is evaluated through experiments. Test results show the 

proposal is feasible and practical. 

ii 
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f frequency, given in Hz

m meter

i,j, I, n,q integer values 1,2,3,.. .etc.

Pm atmospheric pressure in mm Hg

I signal propagation time, given in second

hegree temperature in °C
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Abbreviations of units and prefixes 

cm centimeter 

km kilometer 

dB decibel 

F farad 

Hz cycles per second 

ohm 

s second 

V volt 

W watt 

p pico 10-12

,u micro 10-6

m milli 10-3

K kilo 103

M mega 106

G giga 109

ppm parts per million 

x iv 
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1. INTRODUCTION 

1.1 The Fundamental RF Ranging Techniques 

Radio frequency (RF) is a term referring to the portion of the electromagnetic 

spectrum in which an electromagnetic wave is generated by alternating current fed to an 

antenna. The frequencies cover a significant portion of the electromagnetic spectrum 

extending from 9 kHz to hundreds of gigahertz [1]. When an RF signal is applied to an 

antenna, the antenna will generate an electromagnetic field which propagates through 

space or air; this property makes RF suitable for wireless broadcasting and/or 

communications. Today, RF waves transmit TV programs, radio broadcasts, personal 

conversations and a variety of analog/digital signals through the air. 

RF ranging/positioning systems are one set of applications. Some systems, such as the 

Global Position System (GPS) and the Global Navigation Satellite System (GLONASS), 

are well known for using satellites in the L band (1-2 GHz); yet some land-based 

systems, such as tracking radar, use higher frequencies up to 20 GHz. In these systems, 

ranging is fundamental. 

An RF ranging system normally has a receiver which picks up signals sent or 

reflected from a target. Based on the constant velocity of the electromagnetic wave, the 

system calculates a distance by acquiring a traveling time. The accuracy for different 

systems varies with frequencies, bandwidths, codes and measurement methods. The 

following sections will introduce some common RF ranging techniques, including pulse 

ranging, spread spectrum ranging and phase ranging. Among the techniques, the phase 

ranging system is typically used to achieve the highest accuracy. In some cases, the 

techniques are combined to achieve higher accuracy. 

1 
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1.1.1 Pulse Ranging 

A pulse ranging system determines a distance by measuring the propagation time of a 

signal. Figure 1.1 is an illustration of a single pulse ranging timing. At time zero, a 

transmitter (TX) sends a narrow square wave signal; a receiver (RX) then receives it after 

a time delay, (t). 

Amplitude 

Time 

Figure 1.1 Illustration of a Single Pulse Ranging Timing 

Since the propagation speed of an electromagnetic wave equals the speed of light, the 

distance d is determined as: 

d = cxt (1.1) 

where: c is the signal propagation speed or speed of light, which is 3 x 108 ml s 

t is the signal propagation time and is given in seconds 

d is the distance travelled and is given in meters 

This measuring method is called Time of Arrival (TOA). 

An advantage to a pulse ranging system is its simplicity. For example, when a pulse 

signal is reflected by a piece of metal, such as an aircraft, the distance can be determined 
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signal is reflected by a piece of metal, such as an aircraft, the distance can be determined
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by half of the propagation time. However, when an object has a weak ability to reflect an 

RF signal, the RF signal must be reflected intentionally; thus, a two-way communication 

system is needed. It increases the complexity of the system design because of the 

required synchronization. Furthermore, for a pulse ranging system, only the leading and 

trailing edges carry timing information, the pulse width and threshold level will affect the 

system's performance. In order to achieve a better measurement, the pulse ranging 

system normally transmits a group of pulses to obtain an average time and makes the 

pulses as narrow as possible. This technique has been widely used in radar systems [2] 

[3]• 

1.1.2 Spread Spectrum Ranging System 

In a spread spectrum (SS) communication system, a signal is deliberately spread over 

a wide band of frequencies; it uses a much larger bandwidth than the original signal. By 

doing so, a spread spectrum system gains some advantages such as good anti jamming 

performance, a low power spectral density which results in little interference to others 

and better multipath rejection. Today, common spread spectrum techniques include 

frequency hopping (FH), direct sequence (DS) and Pseudorandom Noise (PN) spreading. 

Among them, DS and PN spreading techniques have been used in some ranging systems 

such as GPS and Radar and normally offer the accuracy of several meters [4]. 

The basic theory for a DS or PN spread spectrum communication system is to 

modulate a signal with a Pseudorandom Noise Code (PN code). The PN code is a 

sequence of chips with noise-like properties. It also has good auto-correlation properties. 

In a receiver, a received signal is demodulated by a replica PN code; it removes the code 
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from the signal and leaves the original data. Figure 1.2 shows an illustration of DS or 

PN-code modulation. 

1 bit period 1 chip period. 

Figure 1.2: Direct-Sequence Spreading 

Data signal 

PN-code 

Coded signal. 

Taking advantage of the auto-correlation property of a PN code and applying the PN 

code to a ranging system, yields a basic spread spectrum ranging system. Figure 1.3 

shows the timing signal for a spread spectrum ranging system. 
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Figure 1.3 Spread Spectrum Ranging Signal Timing 

Instead of sending a single pulse or a group of pulses, the transmitter sends a PN code, 

the receiver then uses a locally generated replica of the PN code to cross-correlate the 

received signal. When two PN codes line up, the correlation has its maximum value. In 

this way, the propagation time can be determined. 

Compared to a pulse ranging system, a DS or PN ranging system has higher power 

efficiency, anti jamming properties and more accuracy. Its ranging accuracy is 

determined by the chip rate of the PN code. Former research has shown the accuracy is 

typically one percent of one chip duration [5] and it can reach a much higher level of 

1/1000th of one chip duration [6]. 

As with a pulse ranging system, a spread spectrum ranging system also has difficulty 

synchronizing two stations. In some cases, a highly accurate clock is used to keep the 
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Instead of sending a single pulse or a group of pulses, the transmitter sends a PN code, 

the receiver then uses a locally generated replica of the PN code to cross-correlate the 

received signal. When two PN codes line up, the correlation has its maximum value. In 

this way, the propagation time can be determined.

Compared to a pulse ranging system, a DS or PN ranging system has higher power 

efficiency, anti-jamming properties and more accuracy. Its ranging accuracy is 

determined by the chip rate of the PN code. Former research has shown the accuracy is 

typically one percent of one chip duration [5] and it can reach a much higher level of 

1/1000th of one chip duration [6].

As with a pulse ranging system, a spread spectrum ranging system also has difficulty 

synchronizing two stations. In some cases, a highly accurate clock is used to keep the
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stations synchronized. An example of a spread spectrum ranging system is the 

NAVSTAR Global Positioning System (GPS). Atomic clocks are used in the satellites 

and the ground control stations for synchronization. The DS ranging technique is used for 

the accurate distance measurement. 

1.1.3 Phase Ranging 

A phase ranging system calculates the propagation time by measuring the phase 

difference of a carrier. Instead of measuring the propagation time directly, an accurate 

distance measurement can be done by employing a phase measurement technique. 

The signal propagation time can be determined by a phase change between two 

stations: 

0 
t= = 

0 
(1.2) 

co 277-f 

where: 8 is the phase difference between the transmitted signal and the received signal, 

given in radians. 

co is the angle velocity of the signal, given in rad/s; 

and f is the frequency of the signal, given in Hz; 

substituting Equation 1.2 into Equation 1.1 gives: 

d= cx—=0x 
271-f 

(1.3) 

Note that c is given in m/s, f is given in Hz, and 8 is given in radians, as a result, d is 

given in m. 
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Equation 1.3 and Figure 1.4 explain the relationship between the phase and the 

distance. 

0- 0 
r,  >I 4R — — — - 

c • 1  

Figure 1.4 Illustration of the Relationship between Phase and Distance 

At a specific distance d, the total phase change 0 , is the product of the propagation 

time and the carrier's angular frequency. 

A phase ranging system normally uses a master transceiver and a remote reflector. 

The remote reflector can be a prism for a laser ranging system or a transceiver for an RF 

ranging system. If a transceiver is chosen, one possible working mode is to have the 

remote reflector receive the signal and send it back to the transmitter without changing 

the incoming signal's phase. This avoids precise synchronization between two 

transreceivers. In a practical RF design, a phase difference between two signals can be 

measured by a phase detector within a range of —7r to Ir [7]. If the integer cycles of the 

wave N are solved by some other algorithm, such as the multi-tone technique [8], then, by 

comparing the received signal with a local reference frequency, we can achieve a phase 

difference which can then be translated into a distance. 

7 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Equation 1.3 and Figure 1.4 explain the relationship between the phase and the 

distance.

JB

d - c - t

Figure 1.4 Illustration of the Relationship between Phase and Distance

At a specific distance d, the total phase change 6 , is the product of the propagation 

time and the carrier’s angular frequency.

A phase ranging system normally uses a master transceiver and a remote reflector. 

The remote reflector can be a prism for a laser ranging system or a transceiver for an RF 

ranging system. If a transceiver is chosen, one possible working mode is to have the 

remote reflector receive the signal and send it back to the transmitter without changing 

the incoming signal’s phase. This avoids precise synchronization between two 

transreceivers. In a practical RF design, a phase difference between two signals can be 

measured by a phase detector within a range of - n  to n  [7]. If the integer cycles of the 

wave A are solved by some other algorithm, such as the multi-tone technique [8], then, by 

comparing the received signal with a local reference frequency, we can achieve a phase 

difference which can then be translated into a distance.

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A continuous wave (CW) ranging system is a typical example of a phase ranging 

system. The distance measurements are achieved by measuring the phase difference 

between the transmitted and the received carrier. Because the carrier has a very narrow 

bandwidth, interference from noise is limited and the system is able to perform well. The 

resolution of the carrier phase measurement can be better than one percent of one carrier 

cycle [9]. According to Equation 1.3, a consistent phase measurement accuracy means a 

higher carrier frequency will yield a higher ranging accuracy. Thus, by selecting a high 

carrier frequency, the system is able to reach accuracies of millimeters. 

Obviously, with a single-frequency CW phase ranging system, if the distance is larger 

than one wavelength, the system will have an integer cycle ambiguity problem. Referring 

to Figure 1.4, only the fractional part of the carrier's phase, 0 B , can be measured by a 

phase detector. The number of full cycle waves, N, can not be determined directly. 

Because the receiver cannot determine the total number of full cycles, this problem is 

known as cycle ambiguity. 

A simple solution to resolve the cycle ambiguity problem would be to reduce the 

carrier's frequency to make the range fall within one wavelength. This will also lower the 

accuracy. Another solution would be to use a secondary ranging technique such as a GPS 

system to help determine the integer cycle, N. However, in some cases the carrier's 

wavelength is so small the accuracy of the secondary ranging system will not fall within 

+1- half the carrier's wavelength; hence, additional algorithms are still needed to achieve 

the accuracy requirement. 

To solve the integer cycle ambiguity problem, a multi-tone or multi-frequency 

ranging method can be used [8] [10]. Multiple frequencies have different phase 
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relationships over the propagation path and the distance information can be provided by 

this collective phase relationship. 

1.2 Multiple Frequency Phase Ranging System 

1.2.1 Classic Two Tone Phase Ranging System 

A round trip distance between the master transceiver and the remote transceiver can 

be described in terms of the signal carrier wavelength: 

2d = (N + An)), (1.4) 

where d is the distance between the two points, given in meters; 

2 is the carrier wavelength, given in meters; 

N is the integer number of cycles; 

An is the fraction of a cycle. 

In Equation 1.4, An can be determined by the following equation, 

An=
7r+AO 

AO E[-7r— 7r] (1.5) 
2,r 

where AG is the fractional part of the phase difference between the transmitted and the 

received carrier, as determined by a phase detector, given in radians. 

we also know frequency, wavelength and speed are related by the equation: 

f 
substituting Equation 1.6 into Equation 1.4 gives 

(1.6) 

d 2f + An) (1.7) 
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/
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The classic two-tone phase ranging system uses two different frequencies. The first 

frequency has a large wavelength .11 which is used to obtain a rough measurement and the 

second has a much smaller wavelength to achieve a fine measurement. The range of this 

system is limited by the larger wavelength Ai . 

Based on the two frequencies, the equation set is; 

d = (N+ Am) 

d = 2 (N2 + An2 ) 
f 2

Since the distance is the same, the following equality exists: 

 (N, + An,) = (N2 + An2 ) 
2f2

Within the range (range < 
2 
—11" ), N, = 0 , then 

An N2 + An2 

A 

1 

 f2 

(1.8) 

(1.9) 

(1.10) 

Based on Equation 1.11, N 2 can be determined uniquely and the distance will be 

determined by Equation 1.9. 

The idea of the two-frequency phase ranging system is to use the higher frequency to 

get the accuracy and the lower frequency to get the range. Although the theory is clear, 

there is a disadvantage. In the system, the range is limited by the lower frequency and the 

accuracy is limited by the higher frequency. If both the range and the accuracy are 

required, the lower and higher frequencies must be far apart. In a practical design, it is 

not easy to keep a circuit working with a similar phase shift stability (with a low 
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frequency and a high frequency). Extra compensation circuitry is needed for the phase 

correction [8]. 

1.2.2 Improved Two Tone Phase Ranging System 

In order to improve the phase shift stability over different frequencies, the carriers can 

be confined to a narrow spectrum. If the frequencies are close, within a specific distance, 

the integer cycle difference between two frequencies is less than one. The range is then 

decided by the frequency differences. 

The range of an improved two-tone phase ranging system can be determined by the 

wavelength difference. In a round trip, it is given as: 

Range < 2122 
2 1 Ai — 112 1 

(1.12) 

Where A„, 22 are the wavelengths of the two frequencies. 

From Equation 1.12, the smaller the wavelength difference, the larger the range. 

Below is a brief explanation regarding the maximum range. For the sake of simplicity, we 

only consider the situation when A, > 2 2 . 

The maximum range happens close to the point where the two frequencies have the 

same zero crossing point, other than the starting point. At this point, the higher frequency 

( f 2; A2 ) uses one more cycle than the lower frequency ( ; ). In a round trip the range 

should be: 

2Range < [Nmaxill = (N. +1)22 ]; Al > 2 2 (1.13) 

Solving Equation 1.13 for Nmax we see that Nmax is decided by two wavelengths, 
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N max  2 

— A2 

Substituting Equation 1.14 into 1.13, we get 

Ai > 22 

2 Range < /11/2(21 
— 22)

, > /12 

This equation can also be written in terms of frequencies: 

Range <  f2> 
2(f2 - 

Within this range, the integer cycles on both frequencies follow the rules: 

(N+ An)= (N + An) 
N2 .= ; > /12 and An, < An2

, 2 2
2f, 2f2 { N2 = N 1 +1; > /12 and An, > An2

(1.14) 

(1.15) 

(1.16) 

(1.17) 

From Eq. 1.16, N, or N2 can be calculated uniquely. Then the distance can be 

determined as below: 

2d = 
c(An2 — Ani ) ; > A

A2 and An, < An2
f2 — 

2d = 
c(1+ One —On,) „ 

, Ai > A2 and 0n, > An2
f2 

(1.18) 

Here is an example of a two-tone phase ranging system. 

For two frequencies: 30 MHz and 30.03 MHz, the corresponding wavelengths are 10 

meters and 9.99 meters. The phase differences given by the phase detector are 0.824 7r 

and -0.682 7z- . According to Equation 1.12, the range is calculated as: 

Range < ( 
10x 9.99  

)= Range < 4995 meters 
2110-9.991 

Within this range, N is determined by Equation 1.17: 

(1.19) 

 (N + 
+ 0.8247r) —  e  ((N +1) + 

— 0.692 
7r ) (1.20) 

2 x 30MHz 2.r 2 x 30.03MHz 27r 
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Substituting Equation 1.14 into 1.13, we get

Range ; A > A  C1-15)

This equation can also be written in terms of frequencies:

Range < ; f 2> f\  (1-16)
^\J2 J\)

Within this range, the integer cycles on both frequencies follow the rules:

J L ( n  + A n) = — (N + A n ) \  > K  and Aw, < Aw2
2 f x 1 x) 2 /2 2 2) I W 2 = W ,  +  1; Aj > and Aw, >  Aw2 ( J  ;

From Eq. 1.16, A, or N 2 can be calculated uniquely. Then the distance can be

determined as below:

2 d  =  — ^ h l  • 2 , > A? and Aw, <  An 2

r / 2A fl  A \ (1.18)c(l + Aw2 - A w , )  ,
2 d  = — --------- --------- —; \  >  A1 and An, >  Aw2

f i ~  f\

Here is an example of a two-tone phase ranging system.

For two frequencies: 30 MHz and 30.03 MHz, the corresponding wavelengths are 10 

meters and 9.99 meters. The phase differences given by the phase detector are 0.824 7r 

and -0.682 w . According to Equation 1.12, the range is calculated as:

10 x 9 99
Range < (--------- :----- ) => Range <4995 meters (1-19)

2 11 0 -9 .9 9 1

Within this range, N is determined by Equation 1.17:

 ̂ w + 0.824;r. c . . . .  w-0.692tz\
-(N +  ) =  -((A + l) + -------------- ) (1-20)

2x30 MHz 2 n  2x30.03MHz 2 n
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According to Equation 1.16 and Equation 1.17, N is calculated to be 246; and the 

distance is 1235 meters. 

An example of a phase measurement ranging system is the Cubic Electrotape DM-20. 

It was available in 1961 and yielded centimetre accuracy over distances from 100 meters 

to 50 kilometres [8]. 

1.2.3 Frequency Hopping Ranging 

A FH ranging system is a new technology being developed by a Canadian company'. 

It combines the basic phase ranging technique with the frequency hopping spread 

spectrum technique. In this system two transceivers communicate with multi-frequencies 

to perform a precise range measurement. The accuracy is expected to be in the centimetre 

level when measuring distances less than 5 km. 

Basically, frequency hopping is a spread-spectrum method of transmitting signals by 

rapidly switching a carrier among many frequency channels, using a pseudorandom 

sequence known to both the transmitter and the receiver [11]. It offers the advantage of 

sharing a frequency band with other transmissions and also has good anti jamming 

performance. 

An accurate distance measurement could be achieved by a FH ranging system [6] [12] 

[13]. Since the phases between different frequencies are related, using these phases to 

solve the ambiguity problem to achieve a reliable range is possible. This method can be 

explained as follows: 

Based on Equation 1.3, for different frequencies, different phases exist. 

27rf •2d 
(1.22) 

1 Accutrak Systems Ltd. 1125 Pettigrew Ave. Regina, Saskatchewan, Canada S4N 5W1 
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Of 2 - 

27z-f2.2d 

Subtracting Equation 1.23 from Equation 1.22 gives 

Solving for d gives: 

0 27rf2.2d 27711.2d 
f 2 fl  =

c (0 — 0 ) c AO 

4,r 
d = • f  2 f1 = • 

(f2 — fl) 47z- Af 

(1.23) 

(1.24) 

(1.25) 

From Equation 1.12, if —AO is defined as the slope in the figure of phase differences 
Af 

verse frequency, the distance is a function of slope. By carefully selecting 4f , controlling 

each AO to fall within the range of 2,r is possible. Thus, the solution of the distance will 

be unique. If AO exceeds 27r , the final slope will be determined by solving the integer 

cycles on each frequency by using multi phases [12] or by using other reference 

measuring equipment [13]. 

Figure 1.5 is an example of a distance measurement of 500 meters with the phase 

corrected. 
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0 n  =  l7 r f ? ' 2 d  ( 1.23 )

Subtracting Equation 1.23 from Equation 1.22 gives
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/, /! I n f o l d  I n fo ld
Vf 2 1 _

C C

c (0f2 - 0 fx) c A0

(1.24)

= = (1.25)
4* ( / 2 - / 1 )  An A f

AO
From Equation 1.12, if —  is defined as the slope in the figure of phase differences

A/

verse frequency, the distance is a function of slope. By carefully selecting A f , controlling 

each A0  to fall within the range of 2n  is possible. Thus, the solution of the distance will 

be unique. If A0  exceeds 2n  , the final slope will be determined by solving the integer 

cycles on each frequency by using multi phases [12] or by using other reference 

measuring equipment [13].
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The FH ranging system has the ability of high accuracy due to its use of multi phase 

information using linear regression. At the same time, the FH technology greatly 

improves the system's anti jamming performance. 

1.3 Research Background 

Land-based, short-range, high-precision ranging/positioning systems are becoming 

an important tool in mobile devices requiring navigation capabilities. They are being used 

in many fields such as precision farming and geological surveying. So far, electronic 

distance-measuring instruments (EDMIs) and GPS receivers are the most popular ranging 

or positioning tools for land use. However, they all have some drawbacks. Most of the 
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The FH ranging system has the ability of high accuracy due to its use of multi phase 

information using linear regression. At the same time, the FH technology greatly 

improves the system’s anti-jamming performance.

1.3 Research Background

Land-based, short-range, high-precision ranging/positioning systems are becoming 

an important tool in mobile devices requiring navigation capabilities. They are being used 

in many fields such as precision farming and geological surveying. So far, electronic 

distance-measuring instruments (EDMIs) and GPS receivers are the most popular ranging 

or positioning tools for land use. However, they all have some drawbacks. Most of the

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EDMIs are using an electro-optical technique where prisms are used to reflect the optical 

signal. Although very accurate results can be obtained, an obstruction free line of sight is 

required. A GPS receiver normally offers 10 to 12 meters of accuracy and needs a clear 

view of the sky to track at least four satellites. With differential GPS (DGPS), the system 

accuracy only improves to 1 to 3 meters. 

By investigating some typical RF ranging systems and their range measurement 

techniques, the phase ranging technique is considered one of the best for high precision 

ranging. For this reason, researchers have proposed or published different FHSS phase 

ranging techniques. However, those discussions are mainly limited to a one-way trip with 

a small range of 1000 meters or less. The phase information is supposed to be known but 

the phase tracking technique is ignored. In order to find a system to fit the need of 

mobiles requiring navigation capabilities, researchers are still studying a low-cost, land-

based, short-range ranging/positioning system. The goal is to find a distance within a 

round trip of 5 kilometres with an accuracy of several centimetres. Such systems could 

be used for most farms in Canada and the United States and this system design would 

have many other practical applications. 

1.4 Thesis Objective 

Land-based, short-range ranging, positioning or surveying activities require a reliable 

and robust measurement technique. To date, there are some common ranging techniques 

including pulse ranging, SS ranging and phase ranging. Phase ranging is one of the most 

reliable techniques. 
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The objective of this thesis is to propose and evaluate a land-based, short range 

ranging system that would incorporate the phase ranging technique. It is based on a 

FHSS phase ranging algorithm working in the ISM 900 MHz band. It will have 

centimeter accuracy by reliably, resolving the ambiguity problem. 

To fulfill the proposal, this thesis focuses on two techniques: a FHSS ranging 

algorithm and a corresponding beacon system model. The final ranging system is a 

combination of the two techniques that result in a final distance measurement. In Chapter 

Three, the proposed FH ranging algorithm is explained. The goal of this algorithm is to 

use multiple frequencies to solve the ambiguity problem and reach a high level of 

accuracy. Ranging errors are discussed based on different error sources such as phase 

errors and multipath distortion. Simulation results for the algorithm are presented. In 

Chapter Four, a practical ranging system design in the ISM 900 MHz band and its block 

diagram is proposed and explained. The system core, which is a complex PLL is 

discussed. Some key properties of the proposed ranging system are discussed and 

evaluated based on prototypes. 

Based on the algorithm and the beacon system design, conclusions, further possible 

development and improvements are discussed in Chapter Five. 
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2. Overview of Existing Ranging Systems 

2.1 Classification of Existing Ranging Systems 

Although a direct measurement of distance is required for many applications, accurate 

electronic distance-measuring devices were not used extensively until the 1960's. 

Among these devices, different techniques were developed and used for various 

environmental applications. These systems can be divided into three sub-systems: the 

electro-optical systems (including visible light, infrared and lasers), the electro-sound 

system (including sound and ultrasonic) and the RF systems. 

Today, most of the short-range, land-based, electronic, distance-measuring devices 

for measurements of a few miles are using an electro-optical ranging technique. The 

systems normally offer an accuracy of a few centimetres in several miles and are widely 

used in geodetic surveys. The system includes a measurement unit and a reflector in 

which a prism is built to reflect the laser or light. Phase measurement is a popular 

technique to obtain the precise distance. However, the systems also have some 

disadvantages such as their highly directional viewing window. The reflector must be 

well positioned while reflecting the laser or light and the space should not be blocked. 

This precludes the use of such systems in determining the distance to a moving object 

because it is hard to keep tracking the incoming optical signal. Another disadvantage is 

precautions must be taken to protect the eyes from the lasers and only trained technicians 

can perform the measurement. 

Eelectro-sound ranging systems are well known for their underwater applications. 

One application is called SONAR (SOund Navigation and Ranging) system. This 

technique uses sound propagation underwater to navigate or to detect other watercraft 
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[14]. An active sonar creates a pulse of sound, often called a "ping" and then listens for 

reflections of the pulse. To measure the distance to an object, one measures the time from 

emission of a pulse to reception. Because the propagation speed of the sound under water 

is 1500 meters/sec, it is much slower than the speed of the light, so it is much easier to do 

the time measurement. Land-based applications using the same technique are limited to a 

very short range, normally within a hundred feet because the speed of sound changes 

widely with air temperature, pressure and humidity and their signal is rapidly attenuated. 

Ultrasonic devices are among these applications. High frequency sound from 20 to 500 

KHz is used, which is just above the range of human hearing; the propagation time can be 

measured by the same technique as SONAR. 

RF ranging systems measure the distance by transmitting an electromagnetic wave 

and receiving the reflected signal. They have several important advantages over other 

methods. Firstly, based on different frequencies and applications, they can measure short 

distances of a few feet or long distances of thousands of miles. Secondly, the systems are 

normally easy to operate and do not require a clear line of sight. Next, the RF propagation 

speed is not as sensitive to the environment as electro-sound ranging devices and this 

makes the measurement more consistent. However, radio waves are also subject to the 

effects of reflection, refraction and scattering. The noted effects yield multipath and 

fading problems which reduce the performance of RF ranging systems. 

There are two major RF ranging/positioning systems in common use today: the land-

based ranging system and the satellite-based system. A land-based application normally 

has a transmitter located on the ground; it transmits the signal for its own use. A satellite-
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based system uses satellites as transmitters and normally offers a much larger range in 

comparison to the land-based system. 

To complete the entire subject of RF ranging techniques, the following sections will 

investigate some popular RF ranging/ position systems and compare their performance. 

2.2 Satellite-Based Ranging/Positioning System 

Today, satellite-based ranging systems are becoming more and more popular for 

commercial and personal use. Among the systems, the United States GPS is the only 

currently operational world-wide satellite navigation system. Its counterpart, the Russian 

GLANOSS, has 10 operating satellites as of September, 2006 and it offers limited service 

[15]. Some other systems, such as the European Galileo and Chinese Beidou System are 

being developed but only a few satellites have been launched. 

2.2.1 GPS 

GPS is an RF navigation system. Twenty-four GPS satellites orbit the Earth at an 

approximate altitude of 20,200 kilometres, providing users with accurate information on 

position, velocity and time [16]. 

A typical civilian GPS receiver provides 10-15 meter accuracy, depending on the 

number of satellites available and the geometry of those satellites. Through a process 

known as Differential GPS (DGPS), an accuracy of around 1 to 3 meters can be achieved 

[17]. DGPS employs a second receiver at a fixed location to compute corrections to the 

GPS satellite measurements. There are a number of free subscription services available to 

provide DGPS corrections. 
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GPS uses a CDMA SS ranging technique. Figure 2.1 is an illustration of the GPS 

signal. 
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X 154 
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Ll C/A Code P Code Data 
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1 

L2 P Code Data 
1227.60 MHz 10.23 MHz 

Figure 2.1 The GPS signal [16]. 

Each GPS satellite uses two L-band carriers, Ll at 1575.42 MHz and L2 at 1227.60 

MHz. Satellites are distinguished by their PN codes. There are two types of PN codes in 

each satellite. One is the Coarse Acquisition code (C/A). It has 1023 chips; with a chip 

rate of 1.023 Mchips/s and a chip duration of 0.97752 microseconds. Suppose the 

accuracy is one percent of the chip duration, the C/A code would then offer an accuracy 

of 2.9 meters2. Another PN code is called the P code and it is reserved for military 

applications. It has 6.19 x1012 chips and a chip rate of 10.23 Mchips/s. It has the ability 

to offer accuracy to 0.29 meters3. Data from the chips includes navigation information. 

Every GPS satellite keeps accurate time using atomic-standard clocks and all are 

synchronized to one another via a ground station control. The GPS receiver locks onto 

2 When the chip accuracy is 1%, it means the chip is off its zero position by 1%, the time delay is then 1% 

of the chip duration. The error caused by the time delay is c x At = 2.9 m 

3 Same explanation as Footnote 2. 
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the PN codes for signal synchronization and reads the satellite's position information and 

time of transmission. The receiver computes range to the satellite using timing 

information and an internal clock. 

The GPS system uses a one-way ranging technique. Because the receiver's clock may 

be imprecise and it is not strictly synchronized with the satellite's clock, the range 

calculation is inaccurate. This range calculation is called a pseudo range. To solve this 

problem, the GPS receiver calculates its position on earth by triangulating the pseudo 

ranges of at least four satellites. Each pseudo range forms a range sphere with the satellite 

in the centre. The intersection of the range spheres defines a location of the GPS receiver. 

This location is then converted to latitude, longitude, altitude and time. 

The GPS system is an excellent example of a SS ranging system. The advantage of 

GPS is its relative ease of operation in the field since the receivers are relatively simple to 

use. However, it does need a clear view of the sky to track at least four satellites. At the 

same time, because the P code is reserved for military purpose, civilian GPS receivers are 

only accurate to about 10 to 12 meters. Even with the DGPS technique, the accuracy is 

still only about 1 to 3 meters. In some cases, such as precise farming, people want to gain 

accuracy within a few centimetres to avoid gapping or overlapping. Thus, a new system 

is needed to fulfill the requirement. 
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2.2.2 GLONASS 

GLONASS is another satellite-based RF navigation system developed in Russia. It 

provides the global navigation and timing services for military and civilian users for land, 

marine, aviation and space application. The system is the counterpart of the United States 

GPS. Instead of using a different PN code for each satellite, GLONASS employs 

Frequency Division Multiple Access (FDMA) to distinguish different satellites. Each 

satellite uses the same PN code but modulates it at different frequencies. There are two 

types of signals: standard precision (SP) or C/A code at band L1 and high precision (HP) 

or P code at Band L2. The frequencies are: 

fu = 1602 MHz + k x 0.5625 MHz; (2.1) 

fL2 = 1246 MHz + k x 0.4375 MHz (2.2) 

where k is the channel number ranging from 0 to 24. 

Basically, GLONASS is using a similar technique as used by GPS [18]. It provides 

100 meter accuracy with its SP signals and 10 to 20 meter accuracy with its HP signals. 

Because of its limited accuracy, it is not going to be a strong candidate for vehicle 

guidance. 

2.3 Land-Based Ranging/Position System 

2.3.1 Loran C system 

Long Range Navigation (LORAN) system is a land-based navigation system. It was 

originally developed to provide radio navigation service for U.S. coastal waters. The first 

generation was LORAN A. In the late 1940's and early 1950's, it was developed into 

LORAN C. 
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Loran C operates in a low frequency band of 90 to 110 KHz. It offers two types of 

accuracy: absolute accuracy at 460 meters and repeatable accuracy at 50 meters [19]. The 

absolute accuracy is the term of a position with respect to the geographic coordinates. 

The repeatable accuracy is the accuracy with which one can return to a position whose 

coordinates have been measured previously. 

The navigational method provided by LORAN C is based on the principle of time 

difference between the receptions of signals from a pair of radio transmitters. It is an 

example of the time measurement method. Figure 2.2 shows the basic concept of the 

measurement method. A given constant time difference between the signals from the two 

stations can be represented by a hyperbolic Line of Position (LOP). 

Figure 2.2 Hyperbolic Line of Position 

Figure 2.3 shows the position decided by one master station and two or more 

secondary stations. 
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Figure 2.3 Multi hyperbolic line of Loran C system [20] 

The master and secondary stations transmit radio pulses at precise time intervals. A 

LORAN C receiver measures the time difference (TD) between the stations, then the 

intersection of two or more of the LOP' s tells the position. 

In practice, the master station transmits a series of pulses and then pauses for an 

amount of time before transmitting the next set of pulses. The secondary stations receive 

the pulse signal from the master, then wait a preset amount of time, known as the 

secondary coding delay, to transmit a response signal. This method enables a receiver to 

distinguish the master station from the secondary stations. 

2.3.2 Radar System 

Radar was developed in the 1930's and was used during World War II. Distance was 

measured with good accuracy to guide an aircraft. The pulse ranging technique was 

popular with most of the early radar equipment. A radar station broadcasted a radio signal 

consisting of a short pulse and then measured the time it took for the reflection to return. 
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The distance is decided by one-half of the round trip time. Today, popular radar 

equipment includes pulse radar, CW radar, Doppler radar, phased array radar, etc. 

However, there are still four basic elements in any functional radar: a transmitter, an 

antenna, a receiver and an indicator. Figure 2.4 shows the basic system elements. 

Antenna 
Transmitted EM Wave 

Transmitter 

Noise  

Duplexer 

Receiver 

Sgnal Processor 

Indicator 

Reflected EM Wave 

d 

t = 2d/c 

Figure 2.4 Radar's Basic System Elements [2]. 

Since radar equipment is being used in many different applications such as areospace 

detection, speed inspection, weather forecasting etc.,, they are designed to use different 

frequency bands from High Frequency (3-30 MHZ) to the Ka band (2740 GHz). 

Among the frequency bands, X band (9=12 GHz) is normally used for short-range 

tracking [2]. Because ranging distance for radar systems can vary from several meters to 

thousands of kilometers, it is hard to identify a common accuracy for the various types of 

radar. 

For example, an X band radar for look-ahead guidance of an automated vehicle was 

designed to have an accuracy of ± 3 cm at a distance of 6 meters [21]; yet a battlefield 

ground surveillance radar has an accuracy of 15 meters at a distance of 20 km [22]. 
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2.3.3 VHF System 

From 1985 to 1995, Accutrak Systems Ltd. worked with the engineering department 

at the University of Regina and built an RF ranging system called Agtrak 2020 which 

used a VHF frequency of 42 MHz. Hardware of the Agtrak 2020 included three to eight 

stationary beacons working as transmitters and one mobile receiver on a vehicle. A phase 

ranging technique was adopted and was used in the Agtrak 2020. By using the zero-

crossing phase measurement method, an accurate propagation time was detected. It 

achieved an accuracy of less than 15 centimeters within a short range of 10 kilometers 

[23]. This ranging system was designed and used for steering a farm vehicle to a 

predetermined course. It had a 10 Hz position signal output for a maximum vehicle speed 

of 40 km/hour. Figure 2.5 shows the Agtrak 2020 guidance system. 
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Bearon (x2,y2) 

Mobile Receiver (x,y) 

Beacon (x3,y3) 

Figure 2.5 Agtrak 2020 guidance system 

According to Figure 2.5, the position of the mobile receiver (x, y) can be solved with 

the following equation: 

= \i(x — x32 + (y — y, )2 i = 1,2,3 (2.3) 

where d, is the measured distance from each stationary beacon. 

The Agtrak 2020 was set up and demonstrated in 1994. Although the prototypes were 

operationally successful, the costly transmitter equipment and licensing requirements 

limited the system's commercial attractiveness. 
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According to Figure 2.5, the position of the mobile receiver (x, y) can be solved with 

the following equation:

dt = ^J(x-Xi)2 + ( y - y l)2 / = 1,2,3 (2.3)

where d, is the measured distance from each stationary beacon.

The Agtrak 2020 was set up and demonstrated in 1994. Although the prototypes were 

operationally successful, the costly transmitter equipment and licensing requirements 

limited the system’s commercial attractiveness.
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2.3.4 Microwave Electromagnetic Distance Measurement (EDM) Instruments 

Due to radar's successful use, microwave EDM instruments were also under research 

and development, starting in the 1950's, for accurate land survey requirements. 

Microwave EDM instruments could be used day or night with a working range of line-of-

sight conditions with a high degree of accuracy. 

The early EDM instruments included the Tellurometer, the Electro tape and others 

[24]. The EDM instruments used radio signals with wavelengths of only a few 

centimeters. For example, the Tellurometer MRA 101, which was released in 1962, used 

carrier frequencies of 10.2 GHz to 10.45 GHz and had an accuracy of ±1.5cm ± 3ppm 

over a range of 50 meters to 50 km [8]. 

The early EDM instruments used frequency modulation (FM) and phase measurement 

techniques to obtain an unambiguous distance measurement. Figure 2.6 shows a block 

diagram of the Tellurometer MRA 101. 
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To measure the distance, MRA 101 required two instruments, the master and the 

remote transceiver. The master of the MRA 101 had a specific frequency pattern 

designated as A, B, C, D and E. When the master transmitted each frequency pattern, the 

remote transceiver received it and sent back a corresponding signal. For example, when 

the master sent the A-pattern, the reflected signal was 33 MHz higher with an extra 101 

KHz FM signal. After the master received the reflected signal, it demodulated the 

incoming signal into two separate signals, 1 KHz FM and 1 KHz AM. The 1 KHz AM 

signal was called the reference signal and the 1 KHz FM signal was called the data signal. 

Phase detection was then done between the two signals and the result was translated to a 

distance. Since each frequency pattern represented different accuracies, using five 

different patterns, the master got a high accuracy measurement. A more detailed 

explanation can be found in [8] and [25]. 

Because microwave EMD instruments normally used the frequency band from 2 to 10 

GHz, directional antennas had to be used to focus the output energy. Therefore, the EDM 

instruments had similar limitations to those of the electro-optical ranging systems. 

2.4 Summary of Ranging/Positioning Systems 

Some popular ranging/positioning systems have been presented in the above sections. 

Table 2.1 is a comparison of these systems. 

Based on the comparison, most of the ranging systems use some type of phase 

ranging with ability to obtain higher accuracy. To solve the integer ambiguity problem of 

the phase ranging, the phase measurement is also used in conjunction with SS or FM. 
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Table 2.1 Comparison of different RF Ranging/Positioning Systems. 

System GPS GLONASS Loran C Radar VHF Agtrak 2020 EDM MRA 101 

Transmitter Satellites Satellites Land stations 
Surface/ 

Air Stations 
Land Beacons Land Station 

Frequency 
1575 MHz 

1227 MHz 

1602 MHz 

1246 MHz 
90110 KHz Vary 42 MHz 10GHz 

Technique SS and/or Phase SS and/or Phase TOA TOA or Phase Phase Phase and FM 

Range Global 
Globe 

(Limited) 
Within Station Vary 10 km 30m-50 km 

Accuracy 
GPS 5-10 m 

DGPS 1-2m 
50-70meters 100 meters Vary 10 cm ±1.5cm ± 3ppm 

Cost4

(Receiver) 
$2500 $2500 $2500 Vary Discontinued Discontinued 

4 Quotes were taken from the Internet in June, 2007. Cost is for comparative purpose only. 
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2.5 Desired System Performance 

Short-distance ranging/positioning systems are in demand for applications such as 

precision farming. The distance measurement is expected to be within the span of a 

typical farm range and the accuracy is expected to be less than 30 cm in order to keep 

equipment on the desired track. Furthermore, as they are mobile devices, their navigation 

capabilities require a real time distance measurement. Considering the needs of the 

market and referring to the existing ranging systems, the requirements for the proposed 

system were: 

Working condition: All weather; outdoor for a rural area 

Frequency: 902 MHz —928 MHz 

Distance Measurement Range: 5 km (Round Trip) 

Accuracy: 0.05 meters 

Start-up measurement Time: 5 seconds 

Latency: <10 milliseconds 

Based on the summary on Table 2.1, only the Agtrak 2020 and the EDM MRA 101 

are able to meet the requirements. With the two systems discontinued, one suggestion 

was to develop a license free ISM 900 MHz ranging system. In this system the phase 

measurement technique could be considered. With its accuracy, flexibility and freedom 

of frequency regulatory license, it could be used for many short-range distance-measuring 

applications. 
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3. ISM 900 MHz Multi-frequency Phase Ranging 

Algorithm 

3.1 Introduction of the ISM Bands 

The radio frequency spectrum is a limited resource. For this reason, it is governed 

and controlled by governments or their agencies. 

In the USA, the Federal Communications Commission (FCC) is responsible for the 

management of the electromagnetic spectrum. The FCC regulations appear in title 47 of 

the United States Code of Federal Regulations (47CFR) and radio spectrum issues are in 

part 15 of the FCC rules. 

In Canada, similar regulations are issued by Industry Canada. Regulations concerning 

RF communication are called Radio Standards Specifications (RSS). 

The industrial, scientific and medical (ISM) radio bands were originally reserved for 

non-commercial use for industrial, scientific and medical purposes. In recent years, due 

to changes in the regulations, a licence is no longer required for equipment with certain 

specifications. Engineers are now able to use the bands legally without applying for a 

licence. This is a very attractive feature as the licence application is complex, time 

consuming and expensive. 

According to the frequency allocation table [1] [26], some common ISM bands in the 

USA and Canada are: 

40.66-40.70 MHz 

902 — 928 MHz 

2.4-2.5 GHz 
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5.725 —5.875 GHz 

Based on the regulations in the United States and Canada [27] [28], some rules apply 

to the ISM bands: 

a) According to regulations 47CFR15.247.(a).(1) and RS S-210 A8.1,(2), frequency 

hopping (FH) systems need carrier frequencies separated by a minimum of 25 

KHz or the 20 dB bandwidth of the hopping channel, whichever is greater. 

b) According to regulations 47CFR15.247.(a).(1).(i) and RSS-210 A8.1.(3), if the 20 

dB bandwidth of the hopping channel is less than 250 kHz, the system shall use at 

least 50 hopping frequencies and the average time of occupancy on any frequency 

shall not be greater than 0.4 seconds within a 20 second period; 

c) According to regulations 47CFR15.247.(b).(2) and RSS-210 A8.4.(1), the 

maximum allowable transmitter power will be 1 Watt (30 dBm) for systems 

employing at least 50 hopping channels. 

d) According to the regulation 47CFR15.247.(b).(4), the maximum Equivalent 

Isotropic Radiated Power (EIRP) will be 4 Watts (36 dBm). 

Rule a) indicates a frequency hopping (FH) system could be used in ISM bands. Rule 

b) restricts the minimum number of channels and the hopping rate. Rules c) and d) limit 

the maximum power for the transmitter. 

According to the regulations, there are not as many rules applying to the ISM bands, 

and compliance is readily achieved with well designed systems. In the US and Canada, 

the rules and regulations are very similar so exporting products that use the bands is not a 

problem. Many integrated circuits (IC) have been developed for the ISM bands and it is 

convenient for an engineer to select such components for a design. 
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The disadvantage of the ISM band is interference because the bands are shared with 

other systems. Therefore, the regulations limit the usage of the ISM bands to spread 

spectrum communication systems with limited output power. The FH system is one of the 

choices due to its interference rejection and anti jamming capability. With a 26 MHz 

bandwidth, spread spectrum modulation would significantly enhance the device's ability 

to successfully transmit in the presence of interference. Next, with the transmitter's 

limited maximum output power, the transmitting distance is not very far (normally within 

10 km). 

Even with the few disadvantages, applications in the ISM bands are still widely used 

for wireless LANs, cordless phones, remote control, electronic toll collection and garage 

door openers. They are also suitable for an RF ranging system, especially for the 900 

MHz band. The reasons include: firstly, compared with the ISM 40.6 MHz band, the ISM 

900 MHz band has a bandwidth of 26 MHz, which is a relatively wide band, allowing 

more frequencies to be used. Secondly, the ISM 2.4/5.7 GHz bands have wider 

bandwidths but their space loss is much larger than at 900 MHz which means, at the same 

output power, a 900 MHz system can transmit a signal further than 2.4/5.7GHz systems. 

The two reasons make the ISM 900 MHz band the most suitable for a ranging system. In 

this thesis, by carefully designing a receiver's sensitivity and transmitter's output power, 
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and interruption. Furthermore, a single frequency communication system is not allowed 

in the ISM bands so a multi-frequency ranging system together with the FH technique is 

one of the solutions which satisfies both the technical and regulatory issues. 

Basically, FH is a communication method of transmitting signals by switching a 

carrier among many frequency channels, using a pseudorandom sequence known to both 

the transmitter and receiver. In this thesis, a FH, multi-frequency communication system 

will be considered. Its anti-noise or anti jamming performance will not be discussed. 

In this thesis, the 902 MHz ISM band is divided into 431 frequencies. The 

frequencies use an interval of 60 KHz, equally spaced across the total 26 MHz of the 900 

MHz ISM band. The hopping sequence of the 431 frequencies must be a pseudorandom 

sequence to comply with the ISM band regulation. 

Since the start-up distance measurement time is expected to be 5 seconds and 431 

phase measurements are needed within this time, the minimum hopping rate is 87 hops/s. 

Most 900 MHz FH systems have hopping rates of 250 hops/s to 200 khops/s [29] so 87 

hops/s is a relative slow frequency hopping (SFH) system. 11.5 ms is thus available to 

finish both phase reflection and measurement for each frequency. 

For the proposed ranging system, the hopping rate is set to 100 hops/s. Therefore, 

each phase measurement must be performed in 10 ms. The distance will be calculated 

after all 431 phases are received so the calculation will not be interrupted or delayed by 

waiting for a specific frequency. That is to say, there is no difference in getting the phase 

measurement between hopping Sequence 1 and Sequence 2. 
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= 902.1 MHz ; 

f 46 = 904.8 MHz ; 

= 926.7 MHz 

Sequence 1 

f 46 = 904.8 MHz ; 

fall = 926.7 MHz 
Sequence 2 

= 902.1 MHz ; 

Since the distance calculation starts after 431 phases are measured and the frequency 

hopping sequence in this thesis is only for the sake of the regulations, in order to simplify 

the frequency setup, the hopping sequence is set from f, to f431, in increments of 60 KHz. 

f=902.1 MHz; 

A = 902.16 MHz ; 

• • • 

=902.1+(i -1)x0.06 MHz; 1 

With the frequencies established, the next important step is to measure the phase. A 

basic working procedure is as follows:. After a transmitter sends a frequency at a certain 

phase, a receiver amplifies and reflects the signal back to the transmitter without 

changing the phase of the incoming signal. A phase detector would then compare the 

phase difference between the sent and received signal. This procedure repeats itself on 

each frequency until all fractional phases 0 B, — 0431 are obtained. In this thesis, a 

complex phase locked loop will be explained in Chapter 4 to fulfill the phase reflection 

function. To help understand the system, the active transmitter is named the master 

beacon and the passive receiver/reflector is named the slave beacon. 
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f x =902.1 M H z; x

/ 46 =904.8 MHz;

f 46 = 904.8 M H z; v

>• Sequence 1
f m  = 926.7 MHz 

/ ,  =902.1 MHz;
y Sequence 2

/ 411 =926.7 M H zJ
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hopping sequence in this thesis is only for the sake of the regulations, in order to simplify 
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f t = 902.l + ( z - l ) x 0.06 MHz; 1</<431

With the frequencies established, the next important step is to measure the phase. A 

basic working procedure is as follows:. After a transmitter sends a frequency at a certain 

phase, a receiver amplifies and reflects the signal back to the transmitter without 

changing the phase of the incoming signal. A phase detector would then compare the 

phase difference between the sent and received signal. This procedure repeats itself on 

each frequency until all fractional phases A0, ~ A<9431 are obtained. In this thesis, a 

complex phase locked loop will be explained in Chapter 4 to fulfill the phase reflection 

function. To help understand the system, the active transmitter is named the master 

beacon and the passive receiver/reflector is named the slave beacon.
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Referring to the introduction on two-tone phase ranging in Chapter 1.2.2 and to 

equations 1.15 to 1.18, when the frequency interval is 60 kHz, the range and the distance 

between two beacons can be determined as: 

Range < ( 1
/I
f 2  = = 2500 m) (3.1) 

(2f1 —2f2) 2(f2 — f 1) 2 x 60 x103

c (AO2 —AO) 
2d= • 1 ; /1.1 > /12 and A60, < A02

27r f 2 —f, 
(3.2) 

c (27r+A02 —A01) 
2d= • ; > 2 2 and AO, > A6,2

277- f 2 — 

where A 01 and A 02 are measured fractional phases on f, and f 2 ; 0 A 01 
2 

< 27r ; 

d is the distance between two beacons; 2d indicates a round trip distance. 

Based on Equation 3.1 and Equation 3.2, the frequency interval directly determines 

the maximum range. Within this range, the distance is iniquely decided by the measured 

fractional phases. Beyond the range, Equation 3.2 will have multiple solutions. It 

changes periodically with a fixed interval of the maximum range. This statement can be 

described with the equations: 

2d(0)= +n•Max_range(f1;f2 ) n = 0,1,2,3... (3.3) 

Where f,, f 2 are chosen frequencies. We define f 2 > f, ; 

Max Range is the maximum range determined by the frequency difference of 

f, and f 2 ; 

Max Range(fi;f2)= 
f2 — 
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Range < (—A/,A/2 = ----- ------ = ------- -------  = 2500 w) (3.1)
\ X fx - l f2) 2 ( /2- / 1) 2x60x10

2d = ^  ^  and A6X < A02
f 2~ f \

C (271 + A02 ~A0x) a z )  a  a
^ 2d = — •----------------------; > X} and AQ > AO2

I n  f 2~fx

(3.2)

where A 6X and A 02 are measured fractional phases on j\  and f 2; 0 < A 0  2 < 2n \  

d  is the distance between two beacons; 2d indicates a round trip distance.

Based on Equation 3.1 and Equation 3.2, the frequency interval directly determines 

the maximum range. Within this range, the distance is iniquely decided by the measured 

fractional phases. Beyond the range, Equation 3.2 will have multiple solutions. It

changes periodically with a fixed interval of the maximum range. This statement can be

described with the equations:

2d(</>) = ~ - - £ -  + mMax_range(fx; f2) n = 0,1,2,3... (3.3)
2 7T A f

Where / j , / 2 are chosen frequencies. We define f 2 > f x;

Max Range is the maximum range determined by the frequency difference of 

fx and f 2;

M ax _ R a n g e ( fx; f 2) = - -  0 ; (3.4)
J  2 J\
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0 indicates the phase relationship between two frequencies: 

0= A02 —A01; f 2 > f i and A 01 < A 02
(3.5) 

t = (27r + 092 — 091); f 2 > f l and MI > A02

In Equations 3.2 to Equation 3.4, the frequency interval equals f 2 — f 1 and is called 

the equivalent frequency. It is a hypothetical single frequency at which the maximum 

range can be determined and the distance can be calculated based on the phase 0 . 

Equation 3.3 explains why the distance changes periodically with a fixed interval 

when A 01 and A 0 2 are known. When the two waves cross the maximum range point, the 

phases on both frequencies are zero again. 

3.3 Proposed Ranging Algorithm for Better Accuracy 

Previously, the fixed frequency interval ranging method was introduced. When a 60 

KHz interval was chosen, its maximum range was able to reach a round trip distance of 5 

km; however, its accuracy was limited because the equivalent signal frequency is reduced 

from either A or f 2 . 

According to Equation 1.3, the distance accuracy is in direct proportion to the phase 

accuracy: 

Ad =  AO 
2,rf 

(3.6) 

When the phase measurement accuracy is determined, the distance accuracy is 

inversely proportional to the frequency. For example, a phase error of 1° will cause a 

ranging error of approximatelyt 0.9 millimeters at 902 MHz but it is 6.94 meters at 60 

KHz. This means the equivalent frequency must be increased for better accuracy. 
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Ad = - - A 0  (3.6)
2 n  f
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ranging error of approximatelyt 0.9 millimeters at 902 MHz but it is 6.94 meters at 60 
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Since frequencies at 900 MHz are being used in this system, phase error at 900 MHz 

will yield the smallest ranging error; however, by directly using only phases at 900 MHz, 

the integer ambiguity problem will occur. To solve this problem, an equivalent frequency 

starting at 60 KHz is used to determine the gross distance and is then increased in 

frequency to achieve a finer measurement. Although there are multi distance solutions, 

only one solution is determined because the distance is known from the last calculation. 

After the equivalent frequency reaches its limit of 26 MHz, which is the bandwidth of the 

ISM 900 MHz band, the calculated distance is then worked as a reference for distance 

calculation at frequencies of 900 MHz. 

The proposed ranging algorithm doubles the equivalent frequency to approach a more 

accurate result. Below, the proposed ranging algorithm is explained step by step: 

431 frequencies used in the algorithm; they are: 

,f; ,f; 5 f4 f5 f6 f • f430 5 f431 

Step 1: Between f t and L i , the frequency interval is 60 KHz, the equivalent 

frequency is 60 KHz. Within a round trip of 5 km, for each frequency set 

( f, , ), only one distance ( d6oicti, ) will be determined by their 

corresponding phases. As there are 430 frequency sets, by averaging 

distances after checking their distribution, we get a reference distance 117 60KHz 

Step 2: Between f t and f t+2 , the equivalent frequency is 120 KHz. According to 

Equation 3.6, the ranging accuracy is doubled compared to the last used 

equivalent frequency. According to Equation 3.4, multi solutions d120 KHz I 

and d120 KHz 2 are determined. Because the reference distance 167160KHz is 
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431 frequencies used in the algorithm; they are:

f  Ji Ji J\ > / 5 > / 6 > • • • > /  > - > / 430 Jm-

Step 1: Between f  and f l+] , the frequency interval is 60 KHz, the equivalent

frequency is 60 KHz. Within a round trip of 5 km, for each frequency set

( f  > f+i )> only one distance ( d60KHz ) will be determined by their 

corresponding phases. As there are 430 frequency sets, by averaging 

distances after checking their distribution, we get a reference distance d60KHz;

Step 2: Between f  and f l+2, the equivalent frequency is 120 KHz. According to

Equation 3.6, the ranging accuracy is doubled compared to the last used

equivalent frequency. According to Equation 3.4, multi solutions dU0KHz ,

and dmKH, 2 are determined. Because the reference distance d6QKHz is
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transferred from Step 1, only one solution is determined as a new reference 

distance duo, Hz . Using the same process as described in Step 1, a more 

accurate reference distance ii120KH, is calculated from multiple frequency 

sets. 

d 
60 KHz 

d120 
--> 

120 KHz_1 

5 Km 

A 

Figure 3.1 Illustration of the Developing Algorithm 

B 

Step 3: Using frequencies between f, and 4,2„ , the equivalent frequency will 

increase to 60 x2n KHz; n = 2, ..., 8 . Once the equivalent frequency 

reaches 15.36 MHz, it can no longer be doubled but it is possible to keep 

increasing the equivalent frequency to higher frequencies until it reaches the 

system's limited spectrum of 26 MHz. However, increasing the equivalent 

frequency will reduce the number of frequency sets, so fewer distance 
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O A B

Figure 3.1 Illustration of the Developing Algorithm

Step 3: Using frequencies between f x and f .+2„ , the equivalent frequency will

increase to 60x2” KHz; n = 2, ..., 8 . Once the equivalent frequency

reaches 15.36 MHz, it can no longer be doubled but it is possible to keep 

increasing the equivalent frequency to higher frequencies until it reaches the 

system’s limited spectrum of 26 MHz. However, increasing the equivalent 

frequency will reduce the number of frequency sets, so fewer distance
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results are calculated. For example, with the maximum equivalent frequency 

of 26 MHz, only one frequency set with two phases on f 1 and f 431 is used 

to determine the distance for the next step. This could cause a significant 

error if the two phases are corrupted. To obtain a more accurate result, a 

lower equivalent frequency can be used due to more frequency sets within 

431 frequencies. 

Step 4: The equivalent frequency could not be increased after Step 3. The next step 

will be to use frequencies at 900 MHz to calculate the final output result. As 

a more reliable reference distance is acquired from Step 3, the integer 

number of phases at fl to f 431 is calculated and the fractional phases are 

used directly at 900 MHz. The final calculated distance is an average from 

431 results, after checking the distance distribution. 

To better understand the proposed ranging algorithm, this method could be 

considered a solution of transferring the equivalent frequency from 60 KHz to 900 MHz 

to approach a higher accuracy. Since the wavelength of 900 MHz is as short as 30 

centimeters and the phase detector normally has a high resolution, 5 the distance 

measurement resolution will be improved to a level of millimeters. The final ranging 

error, which is the difference between the real distance and the calculated distance, can 

also benefit from the high measurement accuracy. Further discussion on ranging errors 

will be introduced in Chapter 3.5. 

3.4 Flow Chart for Proposed Multi-frequency Ranging Algorithm 

2g 
5 In this thesis, the resolution is designed to be radians. 

256 
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To present the algorithm clearly, a simplified flow chart of the algorithm is shown as 

Figure 3.2, 3.3 and 3.4. 

(  Start ) 

Set 431 Frequencies with an 
interval of 60 KHz 

V

FH on 431 frequencies 
FH speed (100 hops/s) 

Phase collection 

Sequence ends? 

Yes 

431 phases 
0,, 02, • • .5 0 431

Distance calculation 

• 

End 

This function is to 
calculate the final 
distance from the 
collected phases. 

Figure 3.2 Algorithm to Determine a Distance — Part 1: Phase Measurement 
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Distance Calculation Function 

431 phases 

02, •••, 0, 0431 

Interger m for next equivalent frequency is decided 

°   2d(0)= +m•Max _range(fequivaex(n)) 
.4 7C 

✓equivalent(n) 

equivalent =-15.36MHz (n= 8)? 

Yes 

di 5 36MHz 

•
Output for 
verification 

Figure 3.3 Algorithm to determine a Distance — Part 2: Distance Calculation Function 
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n+ 1

= \ 536MHz  (n = 8)?equivalent

Yes

Output for 
verification

Distance Calculation Function

equivalent (n) = 60KHz x 2 ”,n = 0

431 phases

431

= m ean (dx,d.

2m = f - — z —
J  equivalent(n)

Interger m for next equivalent frequency is decided

+ rri'Max _  range(feequivalent {n)

d  = fu n c tiona l ,  6i+r , f , f . +r) 

f u r - f ,
c (2n + 6. „ — Of  

2d  = —   aZ '1

0 „ > 0,1+2" '

Figure 3.3 Algorithm to determine a Distance -  Part 2: Distance Calculation Function
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Distance Verification Function 

•

Pick up a frequency f, ; 
its integer cycle N at d is: 

N = floor(—
d

) 
A, 

Calculate di for f ; 

c 0 
2d f, = --(N + 

27r.

Verified distance = function(distribution of di ) 

• 

End ) 

Figure 3.4 Algorithm to determine a distance -Part 3: Distance Measurement at 900 MHz 
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End

Distance Verification Function

Pick up a frequency / ; 
its integer cycle N  at d is:

N  = floor(— )

Calculate dt for f,  ;

Verified distance = function(distribution of d i )

Figure 3.4 Algorithm to determine a distance -Part 3: Distance Measurement at 900 MHz
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3.5 Error Discussion 

Section 3.4 has introduced the multi-frequency phase ranging algorithm. As shown, a 

distance can be calculated by equivalent frequencies and verified by frequencies at 900 

MHz. To further improve the accuracy, both steps check the distribution on multiple 

results. However, since the distance is calculated based on basic equations, the errors 

from the equations are now discussed. 

To determine a final distance, two key equations can be re-written as: 

When calculating a reference distance: 

2d =   +K 
f 

0  +n
i 27r ° 

When verifying a distance at 900 MHz: 

2d = --c--(N+—q)+K
, 

f 27r 

(3.7) 

(3.8) 

where 0 indicates the phase relationship between two frequencies: 

no and N are integer constants when a distance is determined; 

K and K' are distance correction constants added to the system; it is used for 

a "zero" adjustment purpose. 

According to Equation 3.7 and Equation 3.8, the system error is decided by 

f,,fj at Step 3, but is determined only by c,0,,f, and K' at Step 4. 

In Equation 3.7, f and f1. are dependent variables because they are generated by the 

same crystal. According to the theory of the Gaussian Law of Error [30], the error 

transfer function for Equation 3.7 can be considered as: 
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AD =1-3--D Ac+—aD AO 
+ aD  AO 

+ A(ff, f ; )  AK (3.9) 
ac 019, aej a(f— fj) 

aD 
aK 

In Equation 3.9, note the distance d is replaced by D to distinguish the differential 

function. 

Due to the uncertainty of the error's value and its sign, Equation 3.8 must be modified 

to use the absolute value of each error's coefficient. Equation 3.9 is modified to: 

ap ap aD 
AD.--1--3--clAc+1-30. 1A0,+ I 1A 0J + I 

ap 
a(f f AU. — f.)+ 1— ax aD I AK (3.10) ae;

Suppose f > f i and 0, > 0j , based on Equation 3.7, the differential equation on each 

variable is: 

ap 4- e, —9; no  (9,-0j)+27rno

ac — 47r f e -4 2(f — 47r(f— f j) 

ap _ c  1 
819,  47r 

op c  1 
ae; 47r f j

ap c (9i -9 j)+27rno
a(f— f;) 4,r (f— 1)2

ap 
a

=1 
K

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

Substituting equations from Equation 3.11 to Equation 3.15 into Equation 3.10, and 

considering f and 4, 9, and 61, have similar error performance because they are 

passing through the same signal processing channel, Equation 3.10 can be simplified to: 
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In Equation 3.9, note the distance d  is replaced by D to distinguish the differential 

function.

Due to the uncertainty of the error’s value and its sign, Equation 3.8 must be modified 

to use the absolute value of each error’s coefficient. Equation 3.9 is modified to:

d D  d D  d D . d D  dD
  A c +    A 0 , +    A # , +  ---------------- ~  f i ) ~ ^   
dc  d d t '  ' dOj J d i f t - f y  1 d K

Suppose f t > f }and dj > 6j, based on Equation 3.7, the differential equation on each 

variable is:

dD = 1 Oj-Oj , ftp _ (0l - 0 J) + 2nno 
5c An t - f ,  4 ^ ( / - / y)

dD c 1
dO, 4n f - f j  

dD c 1
d0j 4n f - f }

dD c (0 ,-9 .)+  2 nn0

(3.12)

(3.13)

(3.14)
d i f - f j )  ^  { f - f j f

^  = 1 (3.15)
dK

Substituting equations from Equation 3.11 to Equation 3.15 into Equation 3.10, and 

considering f t and / .  , 9t and Oj have similar error performance because they are 

passing through the same signal processing channel, Equation 3.10 can be simplified to:
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0D —I 
(O. — O) + 27rn, 

10c+ I 
c  1 69+ 2rcno

47r(fj fi) 271.
f

 fi 6,19+1 
(611 4c7r

(f _4)2  A(f f ; )+ AK 

(3.16) 

With the same theory, the error transfer function for Equation 3.8 can be written as: 

AD I •Ac+I 
1-f 4 

I 6y- I f , D I A + AK' (3.17) 
2c 7 

For the proposed ranging system, Equation 3.16 is the first error transfer equation. It 

is used to evaluate the maximum error at Step 3; Equation 3.17 is the second error 

transfer function. It decides the final ranging error and the system's accuracy. There are 

common error sources in Equation 3.16 and 3.17. They are errors from the propagation 

velocity, the phase, the frequency stability and the correction constants. Since the final 

output distance is an average of the solutions from several equation sets, the error transfer 

functions only shows the possibility of the maximum error. 

3.5.1 Electromagnetic Velocity Error 

The velocity of the electromagnetic wave is the same as the velocity of light. Adopted 

in 1983, the speed of light was declared as 299,792,458 ± 1.2 meters per second in a 

vacuum [31]. It is also commonly approximated to 3 x 108 meters per second. 

This speed changes in the atmosphere under different weather conditions. A formula 

to describe the change is: 

C air =

17
(3.18) 

where , is the refractive index of the air. The typical value of ri in the atmosphere is 

about 1.000320 [24][32]. It can also be calculated by the Essen and Froome formula [10]: 
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(3.16)

With the same theory, the error transfer function for Equation 3.8 can be written as:

a d h ^ I - ac-h - £7 | . a 3 + | ^ | a /' + a /s:' (3.17)
2 c 4 n f t f t

For the proposed ranging system, Equation 3.16 is the first error transfer equation. It 

is used to evaluate the maximum error at Step 3; Equation 3.17 is the second error 

transfer function. It decides the final ranging error and the system’s accuracy. There are 

common error sources in Equation 3.16 and 3.17. They are errors from the propagation 

velocity, the phase, the frequency stability and the correction constants. Since the final 

output distance is an average of the solutions from several equation sets, the error transfer 

functions only shows the possibility of the maximum error.

3.5.1 Electromagnetic Velocity Error

The velocity of the electromagnetic wave is the same as the velocity of light. Adopted 

in 1983, the speed of light was declared as 299,792,458 ± 1.2 meters per second in a
o

vacuum [31]. It is also commonly approximated to 3 x 10 meters per second.

This speed changes in the atmosphere under different weather conditions. A formula 

to describe the change is:

C„„=- (3.18)
V

where 1) is the refractive index of the air. The typical value of t] in the atmosphere is 

about 1.000320 [24][32]. It can also be calculated by the Essen and Froome formula [10]:
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77
103.49(pHg eHg )  86.26 5748 

* H ]x10-6=1+1 (3.19) 
tdegree + 273.15 tdegree + 273.15 tdegree +273.15 g

where eHg is the partial water vapor pressure in mm Hg; 

pHg is the atmospheric pressure in mm Hg 

tdegree is the temperature in °C 

It is shown from Equation 3.20 the temperature, the atmospheric pressure and the 

water vapor pressure determine the refractive index. Since the water vapor pressure eHg is 

a function of pHg and tdegree ; it can be calculated by Goff-Gratch equation or obtained 

from a published meteorological table. The refractive index can be considered to be a 

function of atmospheric pressure and temperature. Former research [33] has shown in 

order to obtain a precision of 1 ppm in the determination of the three factors must be 

measured to the degree of precision shown in Table 3.1. 

Table 3.1 Precision Required in Measurement [33] 

Carrier signal tdeg ree (°C) pHg (mm Hg) eHg (mm Hg) 

Microwave 0.8 ±2.9 ±0.17 

Suppose the precision requirements are met during a test, the proposed ranging 

system will yield a maximum error AD, within a round trip of 5 km due to the refractive 

error: 

AD, =I (0
e — 0 °)+27rn° I 5 0 0 0 

x10-6 xc=2.5x10-3 m 
471-(fe — f o) 2 x c 

50 

(3.20) 
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7 . l  + [103-49^ - ^  + . 86^  •(! + 5748 K J kK)-* (3.,9)
'* .,.+ 273 .15  < ^^+273.15  +273.15’’ "*J

where eHg is the partial water vapor pressure in mm Hg;

p Hg is the atmospheric pressure in mm Hg

d̂egree *s temperature in "C 

It is shown from Equation 3.20 the temperature, the atmospheric pressure and the 

water vapor pressure determine the refractive index. Since the water vapor p re ssu re^  is

a function of p Hg and tdegree; it can be calculated by Goff-Gratch equation or obtained

from a published meteorological table. The refractive index can be considered to be a 

function of atmospheric pressure and temperature. Former research [33] has shown in 

order to obtain a precision of 1 ppm in the determination of rj, the three factors must be 

measured to the degree of precision shown in Table 3.1.

Table 3.1 Precision Required in Measurement [33]

Carrier signal W .  (°C ) p Hg (mm Hg) eHg (mm Hg)

Microwave 0.8 ±2.9 ±0.17

Suppose the precision requirements are met during a test, the proposed ranging 

system will yield a maximum error ADc within a round trip of 5 km due to the refractive

error:

AD  =| (% 0o) + 2* no [. Ac » x 10~6 x c = 2.5 x 10~3 m (3.20)
4 n ( f e - f o )  2 x c
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Based on Equation 3.20, the ranging error caused by the speed of light is at the 

millimeter level so its effect on the proposed algorithm is insignificant. However, in order 

to minimize errors with the refractive index, weather conditions should be checked or 

measured during the test. Thermometers and barometers should be used for the test. 

3.5.2 Frequency Error 

Frequency errors occur when a transmitted frequency does not correspond exactly 

with the designed frequency. It is mainly because a crystal drifts from its nominal value 

and transfers the errors through a frequency synthesizer. To investigate the contribution 

of the frequency error to a distance error, the frequency error in Equation 3.16 is 

separated as below: 

09,-69 
2 

+ 27-cno /J. <,  2D  • 
AERRORf

47r (f-1,) 
I i f ) AU; — 4) (3.21) 

Since f i and f i are dependent variables generated from the same local oscillator, 

they are: 

f, = f Lo x A; (3.22) 

f j =fLo xB; (3.23) 

where A and B are constants. 

Equation 3.22 minus Equation 3.23 yields: 

—f; = fLo x (A — B) A( f — f j) Af x (A — B) Afw x
(fi — 

fLo 
thus, Equation 3.21 is modified to: 

2D f  2D . TERROR f  I  Ali r aiL0 
J LO 
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Based on Equation 3.20, the ranging error caused by the speed of light is at the 

millimeter level so its effect on the proposed algorithm is insignificant. However, in order 

to minimize errors with the refractive index, weather conditions should be checked or 

measured during the test. Thermometers and barometers should be used for the test.

3.5.2 Frequency Error

Frequency errors occur when a transmitted frequency does not correspond exactly 

with the designed frequency. It is mainly because a crystal drifts from its nominal value 

and transfers the errors through a frequency synthesizer. To investigate the contribution 

of the frequency error to a distance error, the frequency error in Equation 3.16 is 

separated as below:

Since f } and are dependent variables generated from the same local oscillator, 

they are:

A E R RO R,  = |-----
J 1 A**

C  (0t - O j )  + 2nna
(3-21)

J  i J  j

f ,=fu>xA> (3.22)

(3.23)

where A and B are constants.

Equation 3.22 minus Equation 3.23 yields:

f t ~  f j =  fu) x ( - d - B)  => A ( / - / y) = A/i 0 x ( ^ - 5 )  = A/i 0 x ^ — fj ±  (3.24)
h o

thus, Equation 3.21 is modified to:

AERRORf  <| (3.25)
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Based on Equation 3.25, the ranging error caused by the frequency error is 

determined by the accuracy of the local oscillator. Suppose a one-centimeter ranging 

tolerance is contributed from the frequency error. The expected absolute error of the local 

oscillator would be: 

2 x 2 5 0 0 
0.0 1 — Af. Af = 4 3 . 4 8 Hz 

21.74.x106 
LO LO (3.26) 

The absolute frequency error of 43.48 Hz on the 21.74 MHz local oscillator requires a 

crystal stability of 2 ppm. 

Generally speaking, temperature compensated crystal oscillators (TCXO) normally 

have a frequency stability of 0.01-5 ppm. In the proposed ranging system, a 1 ppm 

TCXO was chosen which results in a maximum ranging error of 5 millimeters. 

3.5.3 Phase Error 

Phase error is the major error source for the system's accuracy. Due to noisy 

frequency channels or multipath effects, wrong phase readings will occur and this brings 

about an inaccurate result. According to Equation 3.16, before the distance is calculated 

at 900 MHz, the ranging error caused by two phase errors would be: 

AERRORe=1 c  1 Age 
27r f f i—

Suppose the equivalent frequency is 20 MHz, Equation 3.27 is modified to: 

3x108  AO, 15 
AERROR=  

— 
AO 

B 20x106 271- 27r e

(3.27) 

(3.28) 

Assume a round trip distance between the master and the slave beacons is 4567.89 

meters, and the random phase error of ±-371. 
100 

radians ( ±5 .4° ) occurs on each phase 
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Based on Equation 3.25, the ranging error caused by the frequency error is 

determined by the accuracy of the local oscillator. Suppose a one-centimeter ranging 

tolerance is contributed from the frequency error. The expected absolute error of the local 

oscillator would be:

0.01 = — x250() .A// q =>A/,q = 43.48 Hz (3.26)
2 1 .7 4 .x l0 6 10

The absolute frequency error of 43.48 Hz on the 21.74 MHz local oscillator requires a 

crystal stability of 2 ppm.

Generally speaking, temperature compensated crystal oscillators (TCXO) normally 

have a frequency stability of 0.01~5 ppm. In the proposed ranging system, a 1 ppm 

TCXO was chosen which results in a maximum ranging error of 5 millimeters.

3.5.3 Phase Error

Phase error is the major error source for the system’s accuracy. Due to noisy 

frequency channels or multipath effects, wrong phase readings will occur and this brings 

about an inaccurate result. According to Equation 3.16, before the distance is calculated 

at 900 MHz, the ranging error caused by two phase errors would be:

AERRORs =|^p— ———|-A # (3.27)
2* f i - f j

Suppose the equivalent frequency is 20 MHz, Equation 3.27 is modified to:

A ERRORd = ~ x l ° i = l l .  A 0  (3.28)
6 20x10 I n  I n

Assume a round trip distance between the master and the slave beacons is 4567.89

3 nmeters, and the random phase error of radians (± 5 .4 °) occurs on each phase
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measurement. The ranging error from one frequency set will be 0.225 meters. However, 

as there are 431 frequencies working together to measure the distance, an average of the 

distance results will be more accurate in order to obtain a reasonable ranging result. To 

check the final ranging error from 431 frequencies, a simulation was done with 1000 tests; 

the error distribution is shown in Figure 3.5. 

60 

Round trip=456?.89 m 
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40 
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4=. 
n I= 

20  
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0 
-0.04 -0.03 -0.02 -0.01 0 0.01 

Ranging Error (meters) 
0.02 0.03 0.04 

Figure 3.5 Ranging Error Distributions by Equivalent Frequency at 20 MHz 

As shown, the ranging errors are less than ± 4 centimeters by using the equivalent 

frequency at 20 MHz. In order to increase the accuracy, distance is calculated directly at 

900 MHz. According to the error transfer function Equation 3.17, after the calculation at 

900 MHz, the error caused by the phase error will be: 

• AERROR0 =1-47-rc 1 AO e 
fe 

53 

(3.29) 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

measurement. The ranging error from one frequency set will be 0.225 meters. However, 
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distance results will be more accurate in order to obtain a reasonable ranging result. To 
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the error distribution is shown in Figure 3.5.

6 0 ---------------1---------------1---------------1---------------1---------------r

Round ifrip=456?,89 m

Ranging Error (meters)

Figure 3.5 Ranging Error Distributions by Equivalent Frequency at 20 MHz

As shown, the ranging errors are less than ± 4  centimeters by using the equivalent

frequency at 20 MHz. In order to increase the accuracy, distance is calculated directly at

900 MHz. According to the error transfer function Equation 3.17, after the calculation at

900 MHz, the error caused by the phase error will be:

LERRORg=\ —  - —  \-LG. (3.29)
4* f e
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Because the equivalent frequencies are switching to 900 MHz, the denominator of 

Equation 3.29 is increased and this reduces the accuracy requirements of the phase 

readings. The final ranging error distribution is shown in Figure 3.6. 
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Figure 3.6 Final Ranging Error Distributions 

5 

x10 4 

After increasing the equivalent frequency from 20 MHz to 900 MHz, the ranging 

error is greatly reduced from 4 centimetres to 0.5 millimetres. This determines how the 

distance calculation at 900 MHz is an effective solution and is certainly a part of the 

proposed ranging algorithm. 

3.5.4 Correction Constant Error 

A correction constant is an extra compensation on the calculated distances. Due to a 

varying phase delay of the electronic circuit or because of the phase noise caused by 
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Because the equivalent frequencies are switching to 900 MHz, the denominator of 

Equation 3.29 is increased and this reduces the accuracy requirements of the phase 

readings. The final ranging error distribution is shown in Figure 3.6.
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After increasing the equivalent frequency from 20 MHz to 900 MHz, the ranging 

error is greatly reduced from 4 centimetres to 0.5 millimetres. This determines how the 

distance calculation at 900 MHz is an effective solution and is certainly a part of the 

proposed ranging algorithm.

3.5.4 Correction Constant Error

A correction constant is an extra compensation on the calculated distances. Due to a 

varying phase delay of the electronic circuit or because of the phase noise caused by
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intermodulation; the phase measurement could be biased. Normally, this error is not 

predicable but could be fixed by pre-setting a correction constant. To determine the 

correction constant, the system can be calibrated on an accurate base line [24]. 

3.6 Simulation of the Ranging Error 

3.6.1 Simulation Parameters 

In the proposed multi-frequency ranging system, possible error sources are discussed 

in Section 3.5. Since the algorithm is using phases to calculate a distance, phase 

information plays the most critical role in the distance measurements. In order to validate 

the proposed algorithm, Matlab simulations should be done to determine the ranging 

errors caused by phase errors. 

In a real environment, noise, interference and multipath effects are the three major 

factors which could cause false phase readings. To verify the proposed ranging algorithm, 

the factors should be either estimated or assumed for reasonable conditions. Fortunately, 

former researchers have studied and analysed the mentioned factors. Since there are 

many publications offering discussions on phase errors from different points of view 

[5][6][8][25][35], this thesis will use their results as a reference to simulate the phase 

errors. 
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the proposed algorithm, Matlab simulations should be done to determine the ranging 

errors caused by phase errors.

In a real environment, noise, interference and multipath effects are the three major 

factors which could cause false phase readings. To verify the proposed ranging algorithm, 
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errors.
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3.6.1.1 Phase Error Caused by Noise 

Phase errors could be caused by Gaussian noise which is added to the communication 

channel. Since an RF ranging system has a finite bandwidth for the transmission and 

reception of electromagnetic signal, the system can be simulated with Additive White 

Gaussian Noise [5]. Based on this model, different researchers have shown phase changes 

caused by white noise are small. Former simulation results have shown when the SNR 

equals 0 dB, the corresponding phase error is less than 3.6° or 0.01 cycles [5] [35]; when 

the SNR is 10 dB, the phase error will be less than 1° or 0.0028 cycles [5]. 

As most ISM 900 MHz transceivers in the market today will have better SNR 

performance than 10 dB, phase errors caused by Gaussian noise are smaller than 1° . In 

this thesis, in order to simulate the 'worst-case' communication channel, a maximum 

phase error of 3.6° will be used for the error caused by noise. 

3.6.1.2 Phase Error Caused by Interference 

Strong interference could create an interruption between two transceivers and cause 

the receiver to measure an erroneous phase reading. Unfortunately, interference is not 

predictable and no existing model is suitable for this situation. However, the error rate 

could be tested and estimated under certain conditions. In [36], a bit error result was 

reported on the ISM 900 MHz transceivers, with special emphasis on the TRF 6900A [37] 

transceiver from Texas Instruments. Test result from [36] showed the bit error rate varied 

from 10' to 1.5 x 10-2 for the binary FSK (Frequency Shift Keying) modulation. Using 

the bit error rate for reference, a similar term of the phase error rate was defined. The 

phase error rate is assumed to be 10-2 . It considers one false phase in every 100 phase 
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measurements. The rate is basically set to check the distribution analysis function as 

included in the algorithm. Since erroneous phases yield abnormal distance results and 

could be eliminated by the distribution check function, phase errors caused by 

interference should normally be insignificant with the proposed algorithm. 

3.6.1.3 Phase Error Caused by Multipath 

Another major phase error source is caused by multipath interference. Due to 

obstacles and reflectors in the communication channel, the transmitted signal arrives at 

the receiver from various directions over many paths. As there are unpredictable sets of 

reflections, each with its own degree of attenuation and delay, the collection sum may 

result in a wrong phase measurement. In order to analyze the situation, a single strong 

reflection, which causes the received signal addition of the two signals, is used. This 

model is called the Two-Ray Model. 

7/77/77/7/77/7/7/ 77///7////////////7// V.

d  

Figure 3.7 Illustration of the Two-Ray Model. 

According to a former researcher's discussions on the multipath problem, the 

composite phase error for a resultant signal on a Two-ray Model can be described as [14 

a sin(27rf to + Of ) 
Be = tan-1( 

1 + a cos(27rf t D + Of ) 
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According to a former researcher’s discussions on the multipath problem, the 

composite phase error for a resultant signal on a Two-ray Model can be described as [13]:

a  sin(2 n  f  tD + 0f )
0e = tan (--------  “----------) (3.30)

l + aco s(2 ;r/ tD + 0 f )
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where a is the amplitude reflection coefficient, 0 :5. a 

to is the time delay for the indirect path; 

19f is the reflection coefficient phase, —1r Of 5_ r 

The proposed system is primarily designed for rural areas in which there is wide-open 

flat land. Perhaps there are a few scattered trees but there are typically no buildings in 

the propagation path. Therefore, the reflection will be simplified to be only the ground 

reflection. Under this assumption, the complex reflection coefficients for vertical and 

horizontal polarizations, denoted as F r/ and FH , are given as [35]. 

sin 1 — V(e — cos' 6),) 
FH =

sine, + v(6 — cos' 9,) 

g sin 9, — \/(6. —cos' 9,) 

c sin 9, + V(c —cos2 9,) 
F v = 

where 9, is the incident angle and it is measured from the reflection surface, 

0< < 2—; 

(3.31) 

(3.32) 

c is the complex dielectric constant of the surface. 

The complex dielectric constant is dependent on a number of variables, including 

conductivity and relative permittivity of the reflecting surface and the signal's frequency. 

For example, for typical ground, the approximate dielectric constant e at 900 MHz was 

estimated to be 15+0.08j [35]. 

Due to the uncertainties of the variables to determine the composite phase error, a 

typical solution is to set the reflection coefficient with different values to study the effect 

on the phase error. Figure 3.8 shows a comparison of the carrier phase measurement 
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where a  is the amplitude reflection coefficient, 0 < a  < 1; 

tD is the time delay for the indirect path;

6f  is the reflection coefficient phase, - n  < 6f  < n

The proposed system is primarily designed for rural areas in which there is wide-open 

flat land. Perhaps there are a few scattered trees but there are typically no buildings in 

the propagation path. Therefore, the reflection will be simplified to be only the ground 

reflection. Under this assumption, the complex reflection coefficients for vertical and 

horizontal polarizations, denoted as Tv and f H, are given as [35].

s  is the complex dielectric constant of the surface.

The complex dielectric constant is dependent on a number of variables, including

For example, for typical ground, the approximate dielectric constant s  at 900 MHz was 

estimated to be 15+0.08j [35].

Due to the uncertainties of the variables to determine the composite phase error, a 

typical solution is to set the reflection coefficient with different values to study the effect 

on the phase error. Figure 3.8 shows a comparison of the carrier phase measurement

(3.31)

s sin0t - y ] (e -cos2 6t)

sm \6 i +^ j ( s -  cos2 9t)
(3.32)

where Gi is the incident angle and it is measured from the reflection surface,

conductivity and relative permittivity of the reflecting surface and the signal’s frequency.
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errors versus the multipath delay. It is noted the amplitude reflection coefficient is more 

important in deciding the composite phase error. When the amplitude reflection 

coefficient is 0.5, the phase error is within ±30° . When it is 0.95, the phase error reaches 

a higher level of ±80° . The time delay for the indirect path causes the phase error to 

change periodically. 

Carrier Phase Measurement Error Caused By Multipath 
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errors versus the multipath delay. It is noted the amplitude reflection coefficient is more 

important in deciding the composite phase error. When the amplitude reflection 

coefficient is 0.5, the phase error is within ±30°. When it is 0.95, the phase error reaches 

a higher level of ±80°. The time delay for the indirect path causes the phase error to 

change periodically.
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3.6.2 Simulation Results 

To simulate the ranging error for the proposed algorithm, three error factors are 

combined to form a phase error which is added to the ideal phase readings. The ideal 

phase readings are calculated based on a round trip distance of 20 meters to 5000 meters. 

The real distance between two beacons is from 10 meters to 2500 meters. Due to the 

round trip, the phase error caused by the multipath effect is doubled. 

Since vertical polarization results in less ranging error than the horizontal case [35], 

the simulation process on multipath effect will only consider vertical polarization. The 

two cases:1F j= 0.5 and 0.95 are adopted with noise and an interference component 

factored in. 

Figure 3.9 shows the combined phase error caused by Multipath (I F I= 0.5) and noise 

(SNR = 0 dB). Since phase errors caused by interference exist randomly in the ISM 900 

MHz band at any distance, it is not shown in the figure. 
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Figure 3.9 Combined Phase Error When I F I= 0.5 in the 900 MHz Band. 

To observe the phase error clearly, combined phase error at 915 MHz is separated 

from Figure 3.9. Phase errors caused by interference are illustrated by spurs and may 

randomly exist on each frequency. 
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Figure 3.10 Combined Phase Error When' F1= 0.5 at 915MHz. 

5000 

The combined phase errors caused by multipath and noise are shown within the range 

of ±1.1 radians (or ±63° ). This error decreases with distance. However, within the first 

200 to 300 meters, a small-scale multipath-fading problem exists and it causes large 

phase errors. 

Injecting phase errors into the proposed ranging algorithm will yield simulated results 

as shown in Figure 3.11. 
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The combined phase errors caused by multipath and noise are shown within the range 

of ±1.1 radians (or ±63°). This error decreases with distance. However, within the first 

200 to 300 meters, a small-scale multipath-fading problem exists and it causes large 

phase errors.

Injecting phase errors into the proposed ranging algorithm will yield simulated results 

as shown in Figure 3.11.
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Figure 3.11 Ranging Errors for a Round Trip When I 0.5 . 

Figure 3.11 can also be presented by Table 3.2. Table 3.2 lists the detailed distances 

and the corresponding ranging errors. 
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Figure 3.11 Ranging Errors for a Round Trip When| T |= 0.5.

Figure 3.11 can also be presented by Table 3.2. Table 3.2 lists the detailed distances 

and the corresponding ranging errors.
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Table 3.2 Ranging Errors for a Round Trip When' F 0.5 . 

Distance (m) 1 20 50 100 150 200 250 300 

Ranging Error (m) 0.2775 0.04 0.0198 0.0422 0.0509 0.0536 0.0538 

Distance (nn) 350 400 450 500 550 600 650 

Rangring Error (n) 0.0524 0.0505 0.0484 0.046 0.0436 0.0415 0.0396 

Distance (m) 700 750 

0.0359 

800 850 900 950 1000 

Ranging Error (m) 0.0374 0.0339 0.0324 0.031 0.0297 0.0284 

Distance (m) 1050 1100 1150 1200 1250 1300 1350 

Ranging Error (m) 0.0274 0.0263 0.0254 0.0246 0.0234 0.023 0.0223 

Distance (m) 1400 1450 1500 1550 1600 1650 1700

Ranging Error (n) 0.0216 0.0206 0.02 0.0197 0.0189 0.0185 0.0177 

Distance (m) 1750 1800 1850 1900 1950 2000 2050 

Ranging Error ( in ) 0.0174 0.0169 0.0167 0.0161 0.0156 0.0154 0.0152 

Distance (m) 2100 2150 2200 2250 2300 2350 2400 

Ranging Error (m) 0.0146 0.0142 0.0142 0.0136 0.0134 0.0134 0.0127 

Distance (m) 2450 2500 2550 2600 2650 2700 2750 

Ranging Error (no) 0.0127 0.0125 0.0121 0.01 19 0.01 18 0.01 15 0.0112 

Distance (m) 2800 2850 2900 2950 3000 3050 3100 

Ranging Error (n) 0.0114 
t 

0.0100 0.0107 0.0104 0.01041 0.0104 
i 

0.0103 

Distance (m) L 3150 3200 
T 

3250 3300 3350 I 3400 3450 

Ranging Error (m) 0.0098 0.0098 0.0095 0.0097 0.0095 0.0093 0.0089 

Distance (m) 3500 3550 3600 3650 3700 3750 3800 

Ranging Error (m) 0.0087 0.0087 0.0087 0.0084 0.0082 0.0084 0.0084 

Distance (m) 3850 3900 3950 4000 

0.0070 

4050 4100 4150 

Ranging Error (n) 0.0083 0.00701 0.0081 0.0076 0.0077 0.0076 

4500 Distance (n) 4200 4250 4300 

0.0073 

4350 

0.0072 

4400 

0.0071 

4450 

Ranging, Error (II) 0.0077 0.0075 0.007 0.0067 

Distance (m) 4550 4600 4650 4700 4750 I 4800 
1

4850 

Ranging Error (m) 0.0069 0.0066 0.0068 0.0067 0.0066 
-

0.0065 0.0065 

Distance (in) I 4900 4950 5000 

64 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Table 3.2 Ranging Errors for a Round Trip When| T |= 0.5.

Distance (m) 2(i 50 100 150 200 250 300

Ranging Error (m) 0.2775 0.04 0.0198 0.0422 0.0509 0.0536 0.0538

Distance mi) 350 400 450 500 550 600 650

Ranging Error (m) 0.0524 0.0505 0.0484 0.046 0.0436 0.0415 0.0396

Distance 1111) "DO 750 1000

Ranging Error (m) 0.0374 0.0359 0.0339 0.0324 0.031 0.0297 0.0284

Distance (mj l(ISI) 1100 1150 1200 1250 1300 1350

Ranging Error (m) 0.0274 0.0263 0.0254 0.0246 0.0234 0.023 0.0223

Distance (mi I4DO I45C 1600

Ranging Error (m) 0.0216 0.0206 0 .0 2 0.0197 0.0189 0.0185 0.0177

Distance tint 1750 1800 1850 10110 1050 2000 2050

Ranging Error (m) 0.0174 0.0169 0.0167 0.0161 0.0156 0.0154 0.0152

Distance mi) 2 1('<) 2150 22oo 2250 23(10 ■ 2350 2400
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Ranging Error (m) 0.0127 0.0125 0 .0 1 2 1 0.0119 0.0118 0.0115 0.0112

Distance (nil 2X1 Ml 2850 2000 2950 5000 3050 310*1

Ranging Error (m) 0.0114 0.0109 0.0107 0.0104 0.0104 0.0104 0.0103

3200 3250 3 301)

Ranging Error (m) 0.0098 0.0098 0.0095 0.0097 0.0095 0.0093 0.0089

Distance tm) 3500 3550 3600 3650 3700 , .3^EQ;.r 3800

Ranging Error (m) 0.0087 0.0087 0.0087 0.0084 0.0082 0.0084 0.0084

Distance tni) 3850 30(10 3950 4000 4050 4100 4150

Ranging Error (m) 0.0083 0.0079 0.0081 0.0079 0.0076 0.0077 0.0076

Distance mi) 4200 4250 4300 4350 4400 445d 4500

Ranging Error (m) 0.0077 0.0075 0.0073 0.0072 0.007 0.007 0.0067

Distance mi) 4550 4(»O0 4650 4700 4750 4800 4850

Ranging Error (m) 0.0069 0.0066 0.0068
. . .

0.0067 0.0066 0.0065 0.0065

Distance (in) 4l,ot> 4950 5000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As shown in Figure 3.11 and Table 3.2, the simulation indicates when multipath is 

not severe (I F I= 0.5), 99% of the ranging errors are less than 5 centimeters for a round 

trip. It has a 2.5 centimeter ranging error for a one-way trip. However, two large errors 

occur at about 2500 meters and 3700 meters. The errors are possibly caused by the large 

combined phase error. Also, within a short distance of 100 meters (50 meters between 

two beacons), a small-scale multipath-fading problem exists and causes larger ranging 

errors. 

The second case simulates a worst-case multipath environment when I F I= 0.95 , 

Figure 3.12 shows the combined phase error caused by multipath (I F I= 0.95) and noise 

(SNR = 0 dB). Phase errors caused by noise are not shown in this figure. Figure 3.13 

separates the phase errors at 915 MHz. 
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Figure 3.12 Combined Phase Error when I F I= 0.95 in the 900 MHz Band 
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Figure 3.13 Combined Phase Error WheniF j= 0.95 at 915MHz. 

Under the worst multipath condition, the combined phase errors jump to ±2.5 radians 

(or ±143° ). The simulation result of the ranging error is shown in Figure 3.14. 
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Figure 3.13 Combined Phase Error When| T |= 0.95 at 915MHz.

Under the worst multipath condition, the combined phase errors jump to ±2.5 radians 

(or ±143°). The simulation result of the ranging error is shown in Figure 3.14.
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Figure 3.14 Ranging Errors for a Round Trip When' F1= 0.95 . 

Figure 3.14 can also be presented by Table 3.3. Table 3.3 lists the detailed distances 

and the corresponding ranging errors. 
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Figure 3.14 Ranging Errors for a Round Trip When| T |= 0.95.

Figure 3.14 can also be presented by Table 3.3. Table 3.3 lists the detailed distances 

and the corresponding ranging errors.
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Table 3.3 Ranging Errors for a Round Trip When I F I= 0.95. 

Distance (in) 20 50 100 150 200 
-r

250 300 

Ranging Error (m) 0.772 0.3841 0.2934 0.0649 0.0855 0.098 0.1057 

Distance m) 350 400 450 500  550 600 650 

Ranging Error (m) 0. 1 122 0.1 157 0. 1 103 0.1204 0.12 35 0.1251 0.1261 

Distance (rn) 700 
i_ 

750 800 

0.1283 

850 900 950 1000 

Ranging Error (m) 0.1264 0.1265 0.1278 0.1292 0.1281 0.1288 

Distance (m) 1050 1 100 

0.1281 

1150 1200 1250 

0.5311 

1300 

0.1276 

1350 

Ranging Error (m) 0.129 0.1288 0.1284 0.127 

Distance(in)  1400 1450 1500 1550 1600 1650 1700 

Ranging Error (m ) 0. 1264 0. 1261 0.1256 0.1248 0. 1251 0.1245 0.1239 

Distance (m) 

rRanging Error (m) 

1750 

0.1232 

1800 

0.1231 

1850 

0.1221 

1900 

0.1215 

1950 2000 2050 

0.1216 0.1209 0.1202 

Distance (in) 2100 2150 2200 2250 2300 2350 2400 

Ranging Error (m) 0.1197 0.119 0.1184 0.1174 0.1171 0.1162 0.1161 

Distance (rn) 2450 2500 2550 2600 2650 2700 2750 

Ranging Error (nn 1- ) 1 1 :) 0. 1 148 0.4501 0 1 1 35 0. 1 127 0.1 125 0. 1 1 13 

Distance (m) 2800 2850 2900 2950 3000 3050 3100 

Ranging Error ( in) 0.1 1 1 0. 1 107 0.1 1 0. 1095 0.1089 0. 1 (182 0.1074 

Distance (m) 3150 3200 50 3300 3350 3400 3450 

Ranging Error (m) 0.1069 0.1063 0.1058 

3600 

0.105 0.1046 0.1043 0.1032 

Distance (in) 3500 3550 3650 3700 3750 3800 

Rangin, Error ( m ) ((.1031 

3850 

0.0989 

0.1025 0.1017 0. 1 (113 0.447 0.1001 0.0994 

Distance (m) 3900 

0.0984 

3950 T 4000 4050 4100 4150 

Ranging Error on) 0.0977 0.0972 (1.0966 0.0962 0.0958 

Distance int i 4200 4250 4300 4350 4400 4450 4500 

Ranging Error (m) 0.0954 

4550 

0.0948 0.0942 0.0934 0.0932 0.0924 0.0919 

Distance (in) 4600 4650 4700 4750 4800 4850 

Ranging Error (m) 0.0916 0.0909 0.0906 0.0899 0.0896 0.089 0.0885 

Distance (m) 4900 4950 5000 

Ranging Error (m) 0.0878 0.0873 0.086 
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Distance (m) 2«» 50 loo 150 2oo 250 300

Ranging Error (m) 0.772 0.3841 0.2934 0.0649 0.0855 0.098 0.1057

Distance (m) 350 400 450 500 550 600 650

Ranging Error (m) 0.1122 0.1157 0.1193 0.1204 0.1235 0.1251 0.1261

1 )islancc tm) 700 750 800 850 000 950 1000

Ranging Error (m) 0.1264 0.1265 0.1283 0.1278 0.1292 0.1281 0.1288

Distance tin) 1050 1100 1150 12oo 1250 1300 1350

Ranging Error (m) 0.129 0.1281 0.1288 0.1284 0.5311 0.1276 0.127

Distance tin) 14oo 1450 1500 1550 IO0Oammsmmmi 1650 I
Ranging Error (m) 0.1264 0.1261 0.1256 0.1248 0.1251 0.1245 0.1239

Distance mi) 1750 1800 1850 1900 1950 2O0O 2050

Ranging Error (m) 0.1232 0.1231 0.1221 0.1215 0.1216 0.1209 0.1202

Distance tm) 2100 2150 2200 2250 2300 2350 2400

Ranging Error (m) 0.1197 0.119 0.1184 0.1174 0.1171 0.1162 0.1161

Disunite (ml 2450 2500 2550 2ooo 2650 2700 2750

Ranging Error (m) 0.115 0.1148 0.4501 0.1135 0.1127 0.1125 0.1113

Distance tin) 2800 2850 2900 2950 3000 3050 31U0

Ranging Error (m) 0.111 0.1107 0.11 0.1095 0.1089 0.1082 0.1074

Distance tm) 3150 3200 3250 3300 3350 3400 3450

Ranging Error (m) 0.1069 0.1063 0.1058 0.105 0.1046 0.1043 0.1032

Distance tm) 3500 3550 361)0 3650 y "oo 3750 3800

Ranging Error (m) 0.1031 0.1025 0.1017 0.1013 0.447 0.1001 0.0994

Distance (mi 3850 3900 3950 4000 4050 4100 4 b 0  1

Ranging Error (m) 0.0989 0.0984 0.0977 0.0972 0.0966 0.0962 0.0958

Distance tm) 4200 4250 4300 4350 4400 4450 4500

Ranging Error (m) 0.0954 0.0948 0.0942 0.0934 0.0932 0.0924 0.0919

Distance mu 4550 4000 4650 4700 4750 4800 4850

Ranging Error (m) 0.0916 0.0909 0.0906 0.0899 0.0896 0.089 0.0885

Distance tin) 4900 4950 5000

Ranging Error (m) 0.0878 0.0873 0.086
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As shown in Figure 3.14 and Table 3.3, when multipath is severe (I r I= 0.95 ), 90 

percent of ranging errors are from 0.09 to 0.13 meters for a round trip between the 

beacons. It yields a final one-way ranging error of 6.5 centimeters. Within a round-trip 

distance of 400 meters, the small-scale multipath-fading problem is even worse. Since the 

proposed algorithm only depends on phases, too many phase errors could cause it to fail. 

However, this might be solved with a more advanced multipath mitigation technique 

[13][35] or by changing the antenna to reduce the reflection coefficients [2]. 

As a summary of all the simulation results, Table 3.2 lists the ranging errors based on 

various phase error assumptions. 

Table 3.4 Ranging Errors6

Phase Error Source Total Max 

Phase Error 

(in degree) 

Ranging Error Validity 

Multipath 

SNR 

(Phase Error) 

Interference 

Rate 

None 0 dB (3.6°) 1.00E-02 3.6° 0.5 mm 100% 

F = 0.5 0 dB (3.6°) 1.00E-02 66° 2.5 cm 99% 

F = 0.95 0 dB (3.6°) 1.00E-02 147° 7.5 cm 90% 

Note Table 3.4 does not show the ranging error within the distance of 200 meters. 

Within this range, the small-scale multipath fading problem exists. Because of it, the 

rapid fluctuations of phases make the multipath problem even worse. In the worst case, 

the ranging error caused by multipath fading could reach a maximum of 40 cm. As the 

6 Ranging errors listed in Table 3.4 cover the ranging from 200 meters to 2500 meters. 
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proposed ranging algorithm depends on accurate phase readings to achieve the distance 

measurement, when the phase error is too big, the algorithm could not solve the integer 

cycles properly. It makes the distance calculation jump dramatically to 30 cm, which is 

about the wavelength of the 900 MHz signal. 
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4. ISM 900 MHz Phase Ranging System 

4.1 Proposed Beacon System Model 

As discussed in Chapter 3, the proposed ranging algorithm does not rely on a 

reference distance to solve the integer ambiguity problem within the round trip of 5 km. 

A distance measurement can be taken in less than 5 seconds, using 431 frequencies with a 

hopping rate of 100 hops per second. Even with such a quick measurement, the proposed 

ranging algorithm could withstand the multipath problem and keep the ranging accuracy 

to the centimeter level. 

Based on discussion in Chapter 3, it was shown the phase changes with distance were 

crucial to the algorithm. To acquire the phase changes, a transmitter, which is the master 

beacon, must be able to compare the phase differences between transmitted and reflected 

signals. A reflector, which is the slave beacon, must be able to reflect the incoming 

signal without changing its phase. This chapter will propose a common system model for 

both transceivers, used to measure the phases and reflect the signals. 

As shown in Figure 4.1, the proposed 900 MHz ranging system includes two 

beacons/transceivers. When the system is working, the master beacon sends FH signals to 

the slave beacon. The slave reflects the signals back to the master without changing the 

phase. The master measures the fractional part of the phases between the sent signals and 

the reflected signals to determine the specific distance. 

71 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

4. ISM 900 MHz Phase Ranging System

4.1 Proposed Beacon System Model

As discussed in Chapter 3, the proposed ranging algorithm does not rely on a 

reference distance to solve the integer ambiguity problem within the round trip of 5 km. 

A distance measurement can be taken in less than 5 seconds, using 431 frequencies with a 

hopping rate of 100 hops per second. Even with such a quick measurement, the proposed 

ranging algorithm could withstand the multipath problem and keep the ranging accuracy 

to the centimeter level.

Based on discussion in Chapter 3, it was shown the phase changes with distance were 

crucial to the algorithm. To acquire the phase changes, a transmitter, which is the master 

beacon, must be able to compare the phase differences between transmitted and reflected 

signals. A reflector, which is the slave beacon, must be able to reflect the incoming 

signal without changing its phase. This chapter will propose a common system model for 

both transceivers, used to measure the phases and reflect the signals.

As shown in Figure 4.1, the proposed 900 MHz ranging system includes two 

beacons/transceivers. When the system is working, the master beacon sends FH signals to 

the slave beacon. The slave reflects the signals back to the master without changing the 

phase. The master measures the fractional part of the phases between the sent signals and 

the reflected signals to determine the specific distance.
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To keep the system design simple, the master and the slave are using the same 

transceiver structure but with different software. Each transceiver includes a transmitter 

and a receiver. Figure 4.2 shows the simplified block diagram for a transceiver. 
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Figure 4.2 Simplified Block Diagram for a Transceiver 

There are three main subsystems in a transceiver. They are the receiver, the 

transmitter and the FPGA (Field Programmable Gate Array) block. The MCU 

(Microcontroller Unit) block is the control center which sets up the hopping sequence and 
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the frequencies. However, as the proposed beacon system mainly focuses on the phase 

measurement and phase reflection technique, the MCU's function is neglected. The 

following sections will explain the three main functions of the blocks. 

4.2.1 The Receiver Block 

The Receiver block receives an incoming 900 MHz signal and demodulates it to a 

lower frequency of 170 KHz which is later used by the phase detector. Figure 4.3 shows 

the receiver block of the transceiver. 
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When the transceiver is working as a receiver, the duplexer will switch and deliver 

the signal from the antenna to the receiver. In order to obtain lower front-end noise, a 
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surface acroustic wave (SAW) bandpass filter with a low insertion loss is used 

immediately after the antenna. It helps the system reject the image from neighboring 

bands such as cell phone signals. After the SAW filter, a low noise amplifer (LNA) is 

used to obtain a higher receive sensitivity. Then the signal goes through a dual 

conversion heterodyne. This heterodyne translates the incoming frequency to two 

intermediate frequencies (IF) before it is used as a reference frequency to measure the 

phase. 

The first mixer multiplies the incoming signal with a frequency from a tuned local 

oscillator (LO, and converts the signal to 10.7 MHz which is the first intermediate 

frequency (IF). A bandpass filter, centered at 10.7 MHz with a bandwidth of 110 KHz, is 

necessary to obtain the expected signal with lower noise. Then the second mixer 

multiplies the IF signal with 10.87 MHz from the second local oscillator and generates a 

final 170 KHz signal. A low pass filter is used to reduce the noise. 

In the receiver block, the first local oscillator is a frequency synthesizer (FS) based on 

a tuneable direct digital synthesizer (DDS). A DDS generates a sine wave signal from a 

reference signal. Benefits of a DDS FS include high precision, wide frequency range, a 

flexibility of software programmability and extremely fast lock times. To date, a DDS FS 

can reach a frequency resolution of 230 Hz with lock times of 30 ,us in the ISM 900 

MHz band [37]. Because the proposed ranging algorithm takes a 60 KHz frequency 

interval and a FH speed of 100 jumps per second, it requires a fast local oscillator to 

switch between frequencies. Thus, a receiver with the DDS FS is a good choice. As 

shown in Figure 4.3, the DDS's output frequencies are from 3.56 MHz to 3.67 MHz. 

This output is working as a reference frequency to a phase detector (PD). Since the 
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feedback divider is set to 256, according to FS theory [38], the output of the voltage 

control oscillator (VCO) is the product of the reference frequency and the divider. It 

makes the first LO generate frequencies from 912.7 MHz to 938.7 MHz. In this way, a 

stable LO signal is generated from a low frequency oscillator of 21.74 MHz. In the 

proposed beacon system, the frequencies from DDS FS are 10.7 MHz higher than the 

incoming signals, so the mixer output will be 10.7 MHz. 

In today's market, there are many single-chip RF 900 MHz receivers which integrate 

most of the functions mentioned above. Among these chips, the TRF6900A from TI 67

could be chosen for its low costs and high RF performance. It is a single chip RF 

transceiver with DDS FS, VCO, and mixers [37]. The DDS FS can be programmed with 

a microcontroller. 

4.2.2 The Transmitter Block 

The transmitter block generates the expected frequencies from A to f431 and 

amplifies them to the desired power level. However, each beacon has its own way to 

generate the frequencies. In the master beacon, the frequencies are directly generated 

with the DDS FS. In the slave beacon, the frequency is locked onto the received signal 

with a complicated loop. A Single-Pole Double-Throw (SPDT) switch controls the two 

working modes. Figure 4.4 shows the transmitter block. 

The first mode of generating a frequency is similar to the receiver's first LO circuit. 

It is made up of a DDS, a phase detector, a frequency divider of 256, a low pass filter and 

a VCO. By preprogramming the registers of the DDS, the transmitter's frequencies are 

Texas Instruments Incorporated. Dallas, Texas, USA. 75265 
8 The cost is about $3.00/100. 
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Texas Instruments Incorporated. Dallas, Texas, USA. 75265
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set from 902 MHz to 928 MHz. Furthermore, in order to reach a communication range of 

2.5 km, an extra RF power amplifier is used for an output power of 23 dBm. 
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The second task for the slave beacon transmitter is to act as a reflector for the incident 

signal. It works with the receiver block and the FPGA block to build a more complicated 

phase locked loop. It does five basic steps: 

Step 1: Modifies local oscillator so the frequency of the reflected signal will be the 

same as the received; 

Step 2: Measures the incoming signal's phase --- Phase I; 

Step 3: Enables the local DDS FS for fast PLL locking; 

Step 4: Enables the complex PLL and measures the locally generated signal's phase - 

-- Phase II; 

Step 5: Lines up phase II with Phase I and enables transmitting. 

In order to understand the working mode, suppose the slave beacon has received an 

incident 900 MHz signal and has demodulated it to 170 KHz. As the receiver is operated 

non-coherently with the transmitter, in order to measure the phase of the received signal, 

the frequency of the demodulated signal must be the same as the receiver's local 

reference frequency. Otherwise, the phase measurement result is not a constant and 

could cause the phase detector to fail. Thus, the TCXO in the slave beacon is adjusted by 

tuning its voltage with a digital to analog converter. This tuning process ends when the 

local reference signal has the same frequency as the demodulated signal. The frequency 

shift of the TCXO follows the equation: 

[( fu, + 640) x N Ur, + AfLo)] f 4' Alio) (4.1) 
2 128 

where f Lo is the frequency of TCXO in the slave beacon ( 21.74 MHz ±1 ppm ); 
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where f w  is the frequency of TCXO in the slave beacon (21.74 MHz ±1 ppm );
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Afin is the frequency shift of the TCXO; 

f is the frequency of the incoming signal; 

N represents the control words for the DDS FS, N is a constant. 

When the two frequencies are equal, a phase detector, which is built into the FPGA, 

checks the phase difference. This phase difference is held by the FPGA and the MCU for 

future use. It is named Phase I. In the FPGA, a replica of the local reference signal is also 

generated for future use. It is named Frequency I. 

Once Phase I is obtained, the next step is to prepare and reflect the received signal. 

This function is achieved by the proposed PLL (explained next). 

After the phase detection, the local DDS FS is enabled and programmed on the same 

receiving channel as the receiver but is not transmitted to the air yet. 

The benefit of enabling the local DDS is to preset an output frequency which is close 

to the received frequency. Because of the chosen high VCO gain of 65 MHz/V [38], a 

tiny voltage change causes a wide frequency shift on the VCO's output. In some 

circumstances, the shift could be out of the receiver's bandwidth and may cause an un-

lock of the PLL. Enabling the local DDS FS is to insure the frequency is in band for the 

receiver and therefore will not be rejected by the filters. Another benefit is to offer the 

VCO a reference voltage in order to achieve a faster pull-in time. 

Once the initialized output frequency is set by the DDS FS, the SPDT switches the 

VCO's control signal to the phase detector in the FPGA and makes Frequency I drive the 

PLL. As the VCO has a strong signal strength, the receiver couples the signal and 

demodulates it to 170 KHz. It is named Frequency II and is fed back to the phase detector 

to make a closed PLL. Since the PLL is driven by Frequency I, Frequency II and 
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Frequency I have the same frequency and the output frequency at the VCO will be 

identical to the incident 900 MHz signal. Comparing Frequency II with the local 

reference frequency yields a new phase difference, named Phase II. 

Figure 4.6 is an illustration as to how Phase I and Phase II are acquired. It shows the 

signal path for the incoming signal and the locally generated 900 MHz signal. Since the 

matching network, the LNA, the BPF and the LPF are used in the receiver block, a phase 

shift is caused on the 900 MHz signal. Also, the PA and matching network are used in 

the transmitter block; they cause a phase shift on the transmitted signal. 
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Receiver Block 
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f ;0 out out 
Transmitter 

Block 

FD/PD 

Frequency II; Phase II: f 1 ; 01

Figure 4.5 Ilustration of Incoming Signal and Local Signal 

In the slave beacon, Frequency I and Frequency II compare their phase with the local 

reference signal. Since the local reference signal is not changing its initializing phase 

when Phase I and II are lined up, the locally generated frequency L a is considered the 
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same frequency with the same phase as the incident 900 MHz signal Jv, . This is because 

the locally generated frequency and the incoming signal go through the same receiver 

block; they have the same phase shifts. 

Phase detection and phase shift are the function of the FPGA block. They will be 

explained in the next section. 

4.2.3 The FPGA Block 

A field programmable gate array (FPGA) is an integrated circuit containing 

programmable logic components and programmable interconnects. The logic components 

can be programmed to fulfill the same functions as basic gates, flip-flops or other digital 

devices. In recent years, it has been widely used for digital circuit design. 

Figure 4.6 shows the block diagram for the FPGA block used in the beacons. It plays 

three major functions. 

170K Hz 

FPGA Block 

From Receiver 

21.74MHz 

TCXO 

PD 

PD Output 

/128 

10.87MHz 
To Mixer2' 

2 

 > 

Pre tuning 
Control 

LPF 
To Transmitter 

From DDS FS 

Data/Address 
Bus 

 > 

82 

MCU 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

same frequency with the same phase as the incident 900 MHz signal f in. This is because

the locally generated frequency and the incoming signal go through the same receiver 

block; they have the same phase shifts.

Phase detection and phase shift are the function of the FPGA block. They will be 

explained in the next section.

4.2.3 The FPGA Block

A field programmable gate array (FPGA) is an integrated circuit containing 

programmable logic components and programmable interconnects. The logic components 

can be programmed to fulfill the same functions as basic gates, flip-flops or other digital 

devices. In recent years, it has been widely used for digital circuit design.

Figure 4.6 shows the block diagram for the FPGA block used in the beacons. It plays 

three major functions.

PD Output

170KHz — 
From Receiver

To Transmitter

From DDS FS
21.74MHz

10.87MHz
ToMixer2'

/128

PD

— i[]i—
TCXO

Data/Address
Bus

Pre_tuning
Gontrol

1VKU

LPF

FPGA Block

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.6 Block Diagram for the FPGA Block 

The first function of the FPGA block is to work as dividers from the clock. A local 

oscillator at 21.74 MHz is the system clock. It is divided in half to get 10.87 MHz 

working as the second local oscillator for the receiver. It is also divided by 128 to give 

170 KHz which acts as a local reference frequency for the phase detector. 

The second function of the FPGA block is to work as a phase detector. The phase 

detector is a logic element. It requires the demodulated 170 KHz analog signal to be 

converted to a digital signal first. In [39] and [40], different digital PD circuit designs 

were introduced and published. In this thesis, a classic phase detector designed by Ron 

Treadway and Jim Thompson in 1968 is considered. Its circuit design is given from the 

published datasheet [41]. 

In the master beacon, the phase detector compares the phase difference between the 

demodulated signal and the local oscillator. When the master beacon sends a frequency, 

its receiver couples the signal and demodulates it to 170 KHz; the phase detector 

measures the phase at 170 KHz and keeps it as the initialized phase. The initialized 

phase is digitized from 0 to 255 and is stored in the microcontroller for future comparison. 

Then the transmitter is turned off and the receiver listens to the reflected signal. Once the 

reflected signal is detected, another phase measurement is taken at 170 KHz and is kept 

as the reflected phase. It is also digitized from 0 to 255. The difference between the 

reflected phase and the initialized phase is the fractional part of the phase change along 

the propagation distance. 

Similar to Figure 4.5, the phase relationship of the sent and the reflected signal is 

shown in Figure 4.7. 
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At the phase detector, the difference between the initialized phase and the reflected 

phase is: 

AO =(B+ A Or) — (Om + A 0,. ) (4.2) = Gout 

where Gout and 0,,, are the sent and the reflected signals at 900 MHz; 

0r is the phase shift caused by the receiver block. 

Equation 4.2 explains how the phase change between the sent and the reflected signal 

is calculated. This process nulls the phase shift caused by the receiver. At the phase 

detector, only the fractional part of the total phase change is detected. The result is passed 

to the MCU block for a final distance calculation. 

In the slave beacon, the phase detector is a major part of the phase locked loop. It is 

where Frequency I compares with the signal demodulated from the VCO and the 

resulting error signal is used to drive the loop filter and VCO. According to PLL theory, 

once the PLL is locked, shifting Frequency I changes Phase II. The PLL function is 

shown in Figure 4.8. 
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The third function of the FPGA is to achieve a phase shift function. It is also shown in 

Figure 4.8. The goal for the function is to make Phase II and Phase I equal. 

In the proposed beacon system, Phase I and Phase II are numerically coded within the 

range of 0 to 255. Once the PLL locks, the difference between Phase I and Phase II is 

known and the result is used to control the phase shifter in order to shift the phase within 

1 
of the correct phase of the cycles. The detailed design and discussion on the phase 

256 

shifter can be found in [7] [42]. 
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— of the correct phase of the cycles. The detailed design and discussion on the phase 
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shifter can be found in [7] [42].
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4.3 Simplified Complex Phase Locked Loop 

A phase locked loop (PLL) is a closed-loop frequency system which locks the phase 

of an output signal to an input reference signal. When the system is locked, there is only a 

constant phase difference between two signals. 

The basic components of a phase-locked loop are shown in the illustration. The input 

signal goes to a phase detector; the VCO's output is the same frequency as the input but 

with a phase difference as to that of the input. The output of the phase detector consists of 

a direct-current (dc) voltage and components of the input frequency and its harmonics. 

The low-pass filter removes the alternating-current (ac) components but leaves the dc 

component to control the VCO's output. A change in phase angle between the signals 

will produce a change in the dc control voltage if the frequency of the input signal 

changes. In this manner, the VCO's output responds to the phase of the input signal. This 

automatically raises or lowers the frequency of the VCO until it is matched or locked to 

the input signal in both frequency and phase. 

Input 

--> 

Phase 
Detector 

Low pas s 
Filter VCO 

Output 

Figure 4.9 Illustration of a Basic PLL 

In the proposed beacon system, the slave beacon needs to reflect the received signal 

at 900 MHz without changing its phase. The function is achieved by a more complicated 

PLL, with respect to the reference oscillator. Figure 4.10 shows the simplified block 

diagram with three major steps. 
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Among the three major steps shown in Figure 4.10, Step (a) and (c) are the assistant 

circuits to help track the phases. Step (b) is the major PLL used to achieve the signal 

reflection function; it contributes the most important role in the system design. It yields 

the same frequency as the incoming signal. After the loop is locked, the phase of the 

transmitted 900 MHz signal can be adjusted by modifying the phase of Frequency I. 
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Because of the PLL's importance, its properties will be further discussed in the 

following sections. 

4.4 Linear Model of the PLL 

As discussed in Chapter 4.3, Figure 4.10(b) shows the simplified block diagram of the 

complex PLL. In order to analyze its performance, Figure 4.10(b) can be transferred to a 

linearized block diagram in the complex frequency domain, where 91(s) represents 

Frequency I. 

Receiver 
H(s)=1 

0e(s) = 020) 

Phase Detector 

02(s) 0e(s),

01(s) 

Kd 

LP Filter 
ud(s)=1‹. dee(s) Uf(s)=U (s)d F(s) 

  F(s)  3 

VCO 

Kvco 
S 

Figure 4.11 Linearized block diagram in the Complex Frequency Domain 

Although the receiver block yields a phase shift on the feedback 900 MHz signal, this 

phase shift is compensated by modifying the phase of Frequency I to make Phase I and 

Phase II equal (explained earlier in section 4.2). Thus, the phase shift caused by the 

receiver block is neglected. Ideally, a transfer function for the receiver H(s) is equal to 1. 

Three functional blocks of the PLL have the following transfer functions: 
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Phase detector: 

Loop Filter: 

VCO: 

U (s) 

d 9 e(s) 

F (s) =
U

f 
(s) 

Ud(s) 

K ye() =  02(s) 
s U f (s) 

Based on Figure 4.11, a phase transfer function is described below: 

H (s) = 
0

2
(s)  = Kyc°K dF (s) 

01(s) s +KveoK dF (s) 

Error-transfer function: 

H e(s) = 
0(s) = 
01(s) s + IceoK dF (s) 

(4.5) 

(4.6) 

Two transfer functions, Equation 4.5 and Equation 4.9, tell us the phase relationship 

between reference phase 01(s) and the output phase 02(s) . It means the output phase is 

always related to the reference phase. By changing the reference phase, the output phase 

can be adjusted to be the same as Phase I. 

4.5 Low Pass Filter 

Fundamental loop properties such as loop bandwidth and capture time are controlled 

primarily by the loop filter. A third order low pass filter is used for this phase locked loop. 

Figure 4.12 shows the filter. 
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Phase detector: K. = — ‘ (4.2)
d 0.CO

UAs)
Loop Filter: F(s) = —- —  (4.3)

Ud(s)

VCO: E ^  = M £ L  (4.4)
s t / / * )

Based on Figure 4.11, a phase transfer function is described below:

j-T( _ KVC0KdF{s) ..
H{S)~ e , { s ) -  s + KVC0KdF{s) (4'5)
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H e(s) = ^ -  = ---------   (4.6)
Gx(s) s + KVC0KdF(s)
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Figure 4.12 Schematic of the Low Pass Filter 

The filter's transfer function can be calculated as: 

F(s) = 

where 

1+ sr2

sR1(C1 + C2)(1+ srl)(1+ sr3) 

r l = 
Cl + C 2

C 1C 2R2 . 

2 = R2 C2 • 

1 3 = C 3.11?3 ; 

Out 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

In Figure 4.12, the filter can be treated as two filters connected in series: a second 

order active filter and a first order passive filter. In a practical design, R3 and C3 are 

used to reduce spurs caused by the reference frequency. Normally, the time constant r3 is 

at least one-tenth of 12 [43]. 

In the proposed ISM 900 MHz RF ranging system, carrier frequencies are sent 

without being modulated. Thus, the loop filter can be designed to be very narrow in 

order to reduce the noise and to enhance the system's performance. However, the FH 

system requires a fast lock time between different frequencies to maintain a reasonable 
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The filter’s transfer function can be calculated as:

F(s) = - 1 + ST-,

where

sRx(Cj + C2)(1 + .s t 1)(1 + st3)

C\C2R2 .
1 c,+c2

t2 R2C2,

h  ~  C 3 R 3  j

(4.7)

(4.8)

(4.9) 

(4.10)

In Figure 4.12, the filter can be treated as two filters connected in series: a second 

order active filter and a first order passive filter. In a practical design, R3 and C3 are 

used to reduce spurs caused by the reference frequency. Normally, the time constant r3 is

at least one-tenth of t2 [43].

In the proposed ISM 900 MHz RF ranging system, carrier frequencies are sent 

without being modulated. Thus, the loop filter can be designed to be very narrow in 

order to reduce the noise and to enhance the system’s performance. However, the FH 

system requires a fast lock time between different frequencies to maintain a reasonable
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hopping rate. The filter design must be a balance between the two competing 

requirements. In this project, a low pass filter was designed to make the PLL bandwidth 3 

KHz. Detailed low pass filter parameter calculations can be found in the published 

document [43]. 

Figure 4.13 shows the frequency and phase response of the low pass filter used in the 

900 MHz ISM ranging system and a typical low pass filter can be identified. 
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Figure 4.13 Frequency and Phase Response of the Low Pass Filter 

91 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

hopping rate. The filter design must be a balance between the two competing 

requirements. In this project, a low pass filter was designed to make the PLL bandwidth 3 

KHz. Detailed low pass filter parameter calculations can be found in the published 

document [43].

Figure 4.13 shows the frequency and phase response of the low pass filter used in the 

900 MHz ISM ranging system and a typical low pass filter can be identified.

Frequency Response
-80

-100

?  -1404—i
Q.
<  -160

-180

-200
1000 2000 3000  400 0  5000 6000 7000 8000  9000  10000  

Frequency (Hz)

Phase Response
140

130

£ 1 2 0

<8 110

100

1000 2000 3000 400 0  5000 6000 7000 8000 9000  10000
Frequency (Hz)

Figure 4.13 Frequency and Phase Response of the Low Pass Filter

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Once the filter's characteristics have been determined, the PLL's phase transfer 

function can also be derived. Substituting Equation 4.7 into Eq 4.5, we get 

K„oKdF(s)  

I 

 1+s-1-2 H(s)= F(s)= 
S K„oKdF(s) sRi(c1+c2)(1-1-871)(1+sr3) 

(4.11) 

The frequency response and the phased response of the PLL are drawn, as shown, in 

Figure 4.14. 

0 -20 
-a 
E 
< -30 

30 

25 

20 

15 

10 

5 

Frequency Response 

2000 4000 6000 
Frequency (Hz) 

Phase Response (Degree) 

8000 10000 

2000 4000 6000 8000 10000 
Frequency (Hz) 

Figure 4.14 Frequency and Phase Response of the PLL 

4.6 Stability of Phase-Locked Loop 

Once this PLL system is proposed and designed, it is important to check the system 

for stability. In this thesis, a Bode diagram is used to determine the stability. This method 
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uses a plot of the open loop gain in decibels and the open loop phase shift in degrees 

versus frequency. The Bode plot analysis is based on a feedback control system which 

becomes unstable if the open loop gain exceeds unity at the frequency for which the open 

loop phase shift is equal to ± 18 0 degrees [7]. 

The open loop gain of the proposed PLL system can be described as: 

Hopen (s) = 
KdF(s)KVCO KdK„„(1+ si-2) 

s 2 
S (CI + C2 ) (1 + ST1 ) (1 + sr3 ) 

Let s = fro, and draw a Bode diagram as shown in Figure 4.15. 
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Based on the Bode diagram, unity gain occurs at 3 KHz where the phase shift is 

approximately 50 degrees. All phase shifts are less than 180 degrees when the 

frequencies are lower than 3 KHz. This indicates the PLL is stable. It is recommended a 

PLL design have a gain margin of 10 dB [40] from the unity gain frequency to the 

frequency at which phase shift is —180 degrees. According to Figure 4.14, a frequency 

with a —180 degree shift is not shown, but between 3 KHz to 10 KHz there is 30 dB of 

attenuation exceeding the recommended 10 dB and this would indicate the PLL is stable. 

4.7 PLL's Lock Time 

Once the stability of the PLL has been established, the next concern is the lock time. 

For the proposed FH ranging system, a hopping rate of 100 hops per second is required. 

The lock time of the PLL should be less than 10 ms. However, there is always a tradeoff 

between the lock time and the loop bandwidth. Choosing a smaller bandwidth will reduce 

reference spurs and RMS phase error at the expense of an increased lock time. On the 

contrary, a wider loop bandwidth will result in an improved lock time at the expense of 

increased reference spurs and RMS phase error. 

Based on the designed low pass filter shown in Figure 4.12, the PLL's phase error 

transfer function can be derived as below: 

H (s)
e s + K

v c o
K

dF (s) 

where F (s) was defined in Equation 4.7. 
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To solve the lock time mathematically, Equation 4.13 needs to be transferred 

back into the time domain to obtain equation IVO . The lock time can then be 

determined when Oe(t) equals zero. Such a procedure leads to a very complicated 

nonlinear differential equation. Unfortunately, there is no exact Oe(t) equation for 

the PLL under consideration. However, according to Roland [7] and Gardner [40], 

the lock time TL can be approximated by 

by 

(4.14) 

where con is the natural frequency of the loop filter. 

And the pull-in time, also called frequency acquisition time, is given approximately 

co°2 
T 

where owo is the initial frequency offset where col — (02 for t = 0; 

is the damping factor, 0.7 is chosen. 

„o d 
co.,, is approximated as for the proposed filter. 

(c, + c2 )R, 

(4.15) 

Based on the designed filter as shown in Figure 4.11, TL is calculated to be 13 ps , 

and the pull-in time TL is calculated to be 72 ms when the PLL is switching frequencies 

from f to A . 

When the system is working under the frequency hopping mode, the pull-in time is 

expected to be less than 10 ms to achieve the expected hopping speed. However, 
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7 > - ^ L  (4-15)
'  2 ^

where a cd0 is the initial frequency offset where cox -  co2 for t = 0;
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I K  K
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V (̂ 1 2̂ )-^l
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calculations resulting from Equation 4.15 show the PLL is much slower than the expected 

lock time. It means the PLL is not fast enough while switching channels. In the ISM 900 

MHz Ranging system, this issue is solved by using the pre-tuning circuit as shown in 

Figure 4.4. 

Although the pre-turning circuit is primarily used to obtain the 170 KHz IF signal in 

band, discussed in Chapter 4.4.2, it also works as an acquisition-aided circuit to increase 

the locking speed. When the local DDS FS is enabled, the pre-tuning circuit will offer a 

reference voltage to VCO. This makes the VCO output a signal close to the expected 

frequency. It reduces the wide frequency intervals (from 60 KHz to 26 MHz) to a much 

smaller frequency offset. For example, if the oscillator in the slave beacon has a stability 

of 2 ppm, the maximum frequency offset to the ideal output frequency can be evaluated 

as 1.86 KHz ( 2 x 10-6 x 928 MHz) leading to a much faster calculated pull-in time of 

0.1 ms . 

Actual testing shows the total lock time is less than 3 ms . Although it is about 30 

times that of the calculated fast lock time, it is still a reasonable value which is much 

smaller than the natural 72 ms. Two possible reasons as to why the actual lock time 

cannot reach the theoretical fast time could be: first, the pull-in time equation is an 

approximated function; it only offers an estimated value under an ideal circumstance. 

Secondly, the proposed PLL is a complicated loop which has a 900 MHz receiver: the 

delay in the receiving path could cause a longer lock time. For example, the low pass 

filter on the 170 KHz could add a delay of about 1 ms (z = 9.4 x10-4 ) and the total 

contributions of the path delay could be larger than the lock time itself. 
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reference voltage to VCO. This makes the VCO output a signal close to the expected 

frequency. It reduces the wide frequency intervals (from 60 KHz to 26 MHz) to a much 

smaller frequency offset. For example, if the oscillator in the slave beacon has a stability 

of 2 ppm, the maximum frequency offset to the ideal output frequency can be evaluated 

as 1.86 KHz (2 x 1 0~6 x928 M H z)  leading to a much faster calculated pull-in time of 

0.1 m s .

Actual testing shows the total lock time is less than 3 m s . Although it is about 30 

times that of the calculated fast lock time, it is still a reasonable value which is much 

smaller than the natural 72 ms. Two possible reasons as to why the actual lock time 

cannot reach the theoretical fast time could be: first, the pull-in time equation is an 

approximated function; it only offers an estimated value under an ideal circumstance. 

Secondly, the proposed PLL is a complicated loop which has a 900 MHz receiver: the 

delay in the receiving path could cause a longer lock time. For example, the low pass 

filter on the 170 KHz could add a delay of about 1 ms ( r  = 9.4x10"4 ) and the total 

contributions of the path delay could be larger than the lock time itself.

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Although the lock time is not the theoretical fastest value, it is still smaller than the 

required 10 ms. According to the above discussion, the filter proposed in Chapter 4.5 was 

the result of a reasonable trade off between the bandwidth and the lock time. 

4.8 System Performance 

Based on the block diagram of the proposed 900 MHz RF Ranging system, 

prototypes were built to compare the expected system performance with the actual 

measurement. Figure 4.16 shows an actual picture of one prototype. 

Figure 4.16 Picture of a Prototype 
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4.8.1 Transmitting Power. 

According to the FCC Regulations of the ISM 900 MHz band, the maximum 

transmitter output is 1 Watt (30 dBm) and the maximum effective isotropic radiated 

power (EIRP) is 4 Watts (36 dBm). That is to say, the output of RF power amplifiers 

should be less than 30 dBm and the antenna gain should be less than 6 dB. In this project, 

the output power for the transmitter is controlled and has a range from 16 dBm to 23 

dBm. A 16 dBm power amplifier and a 2 dB gain antenna were selected as a starting 

point. 

Figure 4.17 shows a picture of the actual output power for a master beacon. 

Figure 4.17 Output signal of the Master Transmitter 
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4.8.2 Receiver's Sensitivity and Communication Range 

It is known free space loss Lf can be defined as below [44]; 
P 47cd 2

Lfi =-1:=( ) 
PR 

(4.16) 

where: PT is the transmitted power to the transmitter's antenna, in Watts; 

PR is the received power from the receiver's antenna, in Watts; 

d is the distance or radius of the signal from the transmitter, in meters; 

X, is the signal wavelength, in meters; 

Equation 4.16 in dB: 

[Lfii(dB)= 2 Olg  47rAd (dB) (4.17) 

In this project, the maximum one-way distance is set to 2.5 km to accommodate the 

original specification. According to Equation 4.17, the free space loss is: 

Lfs = 201g 
471-x2500 

99.8 dB 
0.3 2 3 

(4.18) 

where: 0.323 is the wavelength of 928 MHz; 

Equation 4.18 is a theoretical calculation for a direct wave along flat terrain. (No hills, 

mountains, buildings etc.) Since it is expected the primary usage of the system is a rural 

environment, the calculated result is suitable for estimation. 

For an RF communication system, sensitivity is also important. Sensitivity is a term t 

describing the receiving ability at a desired demodulated signal to noise ratio (SNR) on 

the receiver. According to the goal of the project, the expected receiver's sensitivity 

should be smaller than the signal power 2.5 km away. 

Pr = Pt +Gt +Gr —Lfs =16+2+2-99.8=-79.8 dBm (4.19) 
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where: P. is the minimum receiving power to a receiver, in dBm Watts; 

Pi is the transmitting power from a transmitter, in dBm Watts; 

G, is the transmitter antenna gain, in dB; 

G, is the receiver antenna gain, in dB; 

According to Equation 4.19, with a transmitter at 16 dBm and antenna gain of 2 dB, 

at 2.5 km range, the signal's power drops to —79.8 dBm. Today, most receivers working 

at the 900 MI-lz band can easily reach a sensitivity of —100 to -120 dBm. That means a 

receiver could easily pick up the transmitted signal. Figure 4.18 shows a demodulated 

signal at 170 KHz with a received signal at —100 dBm. Due to the limitation of the 

integrated circuit TRF6900 [37], two side spurs occur at 5 KHz from the carrier. 
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Figure 4.18 170 KHz Demodulated Signal at —100 dBm Input 
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Field tests show the effective communication distance in an open area is larger than 3 

km. Table 4.1 shows the testing results of five different prototypes. The output power is 

controlled by hardware and can be varied from16 dBm to 23 dBm. 

Table 4.1 RF Performances of the 5 Prototypes 

Prototypes Output Power (dBm) Sensitivity9(dBm) Range (km) 

No. 1 16 -110 

>3 km 

No. 2 18 -110 

No. 3 19 -110 

No. 4 20 -110 

No. 5 21 -110 

9 Sensitivity is measured when SNR on demodulated 170KHz equals 20dB. 
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4.8.3 Field Test of PLL's Performance 

Figure 4.19 shows the spectrum of the output signal sent from the master at 902 MHz. 
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Figure 4.19 Signal Sent at 902 MHz from the Master Beacon. 

As shown in Figure 4.19, the sent signal has two spurs around 25 KHz. This is a 

spurious signal from the DDS built into the RF chip; it comes with the chip and is 

difficult to remove [37]. 

After traveling 2 km, the sent 900 MHz signal became noisy and was measured to be 

—85 —95 dBm with the noise floor at —120 — —130 dBm . Due to interference from the 

ISM band and neighbouring frequency channels, the signal at the receiver had an input 

SNR of 20 to 30 dB. 
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As shown in Figure 4.19, the sent signal has two spurs around 25 KHz. This is a 

spurious signal from the DDS built into the RF chip; it comes with the chip and is 

difficult to remove [37].

After traveling 2 km, the sent 900 MHz signal became noisy and was measured to be 

-85 ~ -95 dBm with the noise floor at -120 — 130 dBm . Due to interference from the 

ISM band and neighbouring frequency channels, the signal at the receiver had an input 

SNR of 20 to 30 dB.
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When the Slave beacon picks up the signal it is locked onto the same frequency and 

sent back to the transmitter. Figure 4.20 shows the spectrum of the output (locked) signal 

from the Slave beacon. 

Figure 4.20 Spectrum of the Locked Signal. 

It is shown the output is locked onto the input 902.0976 MHz signal. In observing the 

output signal, it indicates the signal is locked as expected but with a high noise level. 

Two possible reasons for this weakness could be: first, in the receiver block, a presence 

of intermodulation products from RF amplifiers, mixers, DDS and power supplies could 

make a high noise floor; secondly, in the transmitter block, the transmitted signal has 

spurs with the carrier. When both come to the receiver, the intermodulation is worse. 
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It is shown the output is locked onto the input 902.0976 MHz signal. In observing the 

output signal, it indicates the signal is locked as expected but with a high noise level. 

Two possible reasons for this weakness could be: first, in the receiver block, a presence 

of intermodulation products from RF amplifiers, mixers, DDS and power supplies could 

make a high noise floor; secondly, in the transmitter block, the transmitted signal has 

spurs with the carrier. When both come to the receiver, the intermodulation is worse.
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Tests on prototypes show the DDS in the transmitter/receiver section is the major 

source of spurious noise. This leads to PLL spurs. Unfortunately, DDS spurs occur 

irregularly in the frequency spectrum and it is difficult to get rid of them because they 

come with the integrated chip. For this reason, one possible solution is to find channel 

frequencies that will be sufficiently free of frequency spurs. A recommendation from the 

chip manufacturer is to find frequencies having spurs less than —30 dBc within the IF 

bandwidth and less than —40 dBc within 500 kHz of the RF or LO signal [45]. However, 

this could cause the loss of some proposed frequencies and thus a modified ranging 

algorithm would be needed. 

Although there are some problems related to the hardware design, conceptually the 

proposed PLL model is still an acceptable and feasible solution for an RF ranging system. 

The successful locked signal (as shown in Figure 4.20) has confirmed the proposed 

beacon model. To further develop the proposed PLL hardware design, an alternate 

frequency synthesizer could be considered and built instead of the DDS synthesizer to 

obtain a lower spur level. With low spurious noise, a clean locked signal could be 

expected. 

With further work on the DDS noise, the proposed ranging system could be 

developed into a commercial product. 
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5. CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

An ISM 900 MHz FH ranging system is proposed and investigated in this thesis. Two 

important techniques are combined to provide a feasible ranging solution. One technique 

is the multi-frequency phase ranging algorithm and the other is the complex PLL beacon 

model. 

The multi-frequency phase ranging algorithm was based upon the classic two tone 

ranging method. It uses a FH technique to acquire multiple phases in the ISM 900 MHz 

band and has a simple solution to solve the ambiguity problem. Because the wavelengths 

of the frequencies are as short as 0.3 meters, the accuracy of the system could reach the 

targeted centimeter level. 

The second key technique was the complex PLL which locks the incident frequency 

and reflects it back to the master beacon. It provided the means to make an accurate 

phase measurement and to cancel the signal delay through the transceiver. It is the 

hardware platform for the proposed ranging system. 

The proposed ranging system was validated through the simulations and test results in 

Chapters 3 and 4. It was noted 99% of ranging errors were less than 2.5 cm with certain 

phase errors caused by multipath, noise and interference. Even under the serious 

multipath assumptions (I' = 0.95 ), 90% of ranging errors still fell within 7.5 cm. It was 

shown the proposed ranging algorithm is a feasible method to determine a distance. To 

further support the algorithm, the PLL beacon model was also validated. It was able to 

make 431 phase reflections and measurements within 5 seconds with the frequency 
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hopping rate of 100 hops/second. The achievement of the hopping rate benefits from the 

fast lock time of 3 ms on the proposed complex PLL. 

However, there are drawbacks existing on the proposed ranging system. 

First, the system could not solve the small-scale multipath fading problem perfectly. 

Within a distance of 200 meters, the phase errors caused by multipath are large and fast-

changing; the proposed algorithm could not handle the errors as the relationship between 

the phases was destroyed and the phases were the only inputs for the algorithm. The 

result was the ranging error would jump by 40 cm. 

Secondly, the reflected signal was noisy due to the use of the DDS based frequency 

synthesizer. Although the DDS synthesizer has the ability to switch the frequencies fast 

and bring the expected frequency in band, it also created spurs in the VCO. The spurs 

along with the demodulated 170 KHz signal caused a high noise level on the reflected 

900 MHz signal. Since the biggest spurs were about — 15 dBc, the reflected signal only 

obtained a SNR of about 10 dB. This would suggest a better phase measurement 

technique is needed to reduce the noise. 

Considering the drawbacks mentioned, the proposed ranging system met most of the 

desired design targets. It offers a feasible solution for a practical ranging system. 

5.2 Future Work 

The current research work is focused on the ranging algorithm and the system design. 

However, more techniques should be considered in the future in order to make an integral 

FH system. One technique is the control codes used for synchronization between the 

beacons and the codes would be important for phase tracking. The other technique is the 
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determination of phase measurement accuracy. The accuracy of the phase measurement is 

dependent on the design of phase detector and phase shift calculation which could be 

implemented by a microprocessor and some FPGA design. 

Also, the current algorithm development is based on the assumption both beacons 

stand still. This is necessary in the initial step of the system development. In further 

research work, a moving master beacon should be considered and the multi slave beacons 

could be used for more accurate results. The phase reflection function promoted in this 

thesis should work in the situation when the master beacon is expected to be moving and 

the distance calculated by the proposed algorithm could be used as a reference distance 

before the master moves. 

The last suggestion for the future work is using a more complicated model to verify 

the algorithm which should be closer to the real environment. For instance, the 

communication model with more than two indirect paths should be a good example in the 

next step. The current model used in this thesis is a two-ray model and it only provides a 

fundamental starting point for further investigation. 
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Appendix A 

Matlab Code of Distance Calculation (dis_cal.m) 

% ********************************************************************* 

% This program is the main function to calculate a distance within a round trip of 5000 
% meters. The distance is calculated between points 0 and A. Point 0 is the 
% position of the master beacon and point A is the position of the slave beacon; 
% In the ISM 900 MHz, 341 frequencies with a 60 KHz frequency interval are chosen. 
% ******************************************************************* 

global c 
global f 
global lambda 
global interval 

de; 
clear; 

c=3e8; 
interval=10e-3; 

tt=1; 

for real distance=20:10:5000, 

0A_distance=real_distance/2; 
f=902.1e6:60e3:927.9e6; 
M=size(f,2); 
Time=interval*M; 
lambda=c1f; 
N=floor(real_distance./lambda); 
dN=real_distancellambda-N; 
angle=2*pi*dN; 

% Speed of light; 
% 431 frequencies in the ISM 900 MHz band; 
% Wavelengths of 431 frequencies; 
% FH time interval; 

% Set speed of light; 
% Set time interval to 10ms; 

% "tt" is a counter to control test runs; 
% Set an initial number tt=1 for just one test; 

% Set distance from 20 meters to 5000 meters; this 
% is a round-trip distance; 
% OA distance is the half of the round-trip distance; 
% Set frequency on 902.1, 902.16, 902.22 MHz...; 
% Check frequency's quantity. 
% Check total time; 
% Calculate wavelength of each frequency; 
% Calculate the integer number: N; 
% Calculate the fraction part: dN; 
% Transfer it to 0 — 2 pi, 

angle_noise_1= awgn(angle,30); % Add a phase error caused by noise; 
errorphase=multipath_f(OA_distance); % Add phase errors caused by Multipath; 
angle_noise= angle_noise_1+2*errorphase; % Combine phase errors from 

% Noise and Multipath 

for i2=1:99:M, 
angle_noise(i2)=rand*2*pi; 

% Add noise caused by Interference; 
% Use random phase to replace right ones; 
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Appendix A

Matlab Code of Distance Calculation (dis_cal.m)

% This program is the main function to calculate a distance within a round trip of 5000 
% meters. The distance is calculated between points O and A. Point O is the 
% position of the master beacon and point A is the position of the slave beacon;
% In the ISM 900 MHz, 341 frequencies with a 60 KHz frequency interval are chosen.

global c % Speed of light;
global f  % 431 frequencies in the ISM 900 MHz band;
global lambda % Wavelengths of 431 frequencies;
global interval % FH time interval;

clc;
clear;

c=3e8; % Set speed of light;
interval=l 0e-3; % Set time interval to 10ms;

tt—1; % “tt” is a counter to control test runs;
% Set an initial number tt=T for just one test;

for real_distance=20:10:5000,

OA_distance=real_distance/2; 
f=902.1 e6:60e3:927.9e6; 
M=size(f,2);
Time=interval*M;
lambda=c./f;
N=floor(real_distance./lambda); 
dN=real_distance./lambda-N; 
angle=2*pi*dN;

% Set distance from 20 meters to 5000 meters; this 
% is a round-trip distance;
% OA distance is the half of the round-trip distance; 
% Set frequency on 902.1, 902.16, 902.22 MHz...; 
% Check frequency’s quantity.
% Check total time;
% Calculate wavelength of each frequency;
% Calculate the integer number: N;
% Calculate the fraction part: dN;
% Transfer it to 0 ~ 2 pi,

angle_noise_l= awgn(angle,30); 
errorphase=multipath_f(OA_distance); 
angle_noise= angle_noise_l +2*errorphase;

for i2=l:99:M, 
angle_noise(i2)=rand* 2 * pi;

% Add a phase error caused by noise;
% Add phase errors caused by Multipath; 
% Combine phase errors from 
% Noise and Multipath

% Add noise caused by Interference;
% Use random phase to replace right ones;
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end 

input_phase_error=angle_noise-angle; 

for i=1:M, 
if angle_noise(i)<0 

angle_noise(i)= angle_noise(i)+2*pi; 
elseif angle_noise(i)> 2*pi 

angle_noise(i)= angle_noise(i)-2*pi; 
end 

end 
angle_s=angle_noise; 

dis_d=0; 

for counter=0:8; 

for i=1:(M-(2^counter)); 

% Random phases are set at 1/100 scale; 

% Check total phase errors for reference; 

% Check if phases are within 0-2pi; 

% "counter" is to set the equivalent 
% frequency to 60 K 120 K 240 K 480 K 
% 960 K1.92 M 3.84 M 7.68 M 15.36 M 
% 24.9 MHz; 
% Calculate distances by using different 
% equivalent frequencies; 

d(i)=distance(f(i),f(i+2^counter),angle_s(i),angle_s(i+2^counter),counter,dis_d); 
end 
dis_d=dis_trib(d,counter); 
clear d; 
end 
dis_errorl(tt)=real_distance-dis_d; 

% stop=1; 

counter=9; 
for i=1:16; 

% Do a multiple test to see the distribution; 
% Use tt to control; 
% At this step, the distance is calculated at 
% 15.36 MHz; 
% Set equivalent frequency to 24.9 MHz; 
% This is mainly to check which equivalent 
% frequency is better; 

d(i)=distance(f(i),f(i+415),angle_s(i),angle_s(i+415),counter,dis_d); 
end 

% Use 900 MHz to verify the distance; 

d=(floor(dis_dflambda)+angle_s/(2*pi)).*Iambda; 
counter--10; 
dis900=dis_trib(d,counter); 

dfa(tt,:)=input_phase_error; % Check the final phase errors on each 
figure(1) % distance and frequency; 
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end % Random phases are set at 1/100 scale;

input_phase_error=angle_noise-angle; % Check total phase errors for reference;

for i=l :M, % Check if phases are within 0~2pi;
if angle_noise(i)<0 

angle_noise(i)= angle_noise(i)+2*pi; 
elseif angle_noise(i)> 2*pi

angle_noise(i)= angle_noise(i)-2*pi; 
end 

end
angle_s=angle_noise; 

dis_d=0; 

for counter=0:8;

for i=l :(M-(2Acounter));

% “counter” is to set the equivalent 
% frequency to 60 K 120 K 240 K 480 K 
% 960 K1.92 M 3.84 M 7.68 M 15.36 M 
% 24.9 MHz;
% Calculate distances by using different 
% equivalent frequencies;

d(i)=distance(f(i),f(i+2Acounter),angle_s(i),angle_s(i+2Acounter),counter,dis_d); 
end
dis_d=dis_trib(d,counter);
clear d;
end
dis_errorl(tt)=real_distance-dis_d;

% stop=l;

counter=9; 
for i=l:16;

% Do a multiple test to see the distribution; 
% Use tt to control;
% At this step, the distance is calculated at 
% 15.36 MHz;
% Set equivalent frequency to 24.9 MHz; 
% This is mainly to check which equivalent 
% frequency is better;

d(i)=distance(f(i),f(i+415),angle_s(i),angle_s(i+415),counter,dis_d); 
end

% Use 900 MHz to verify the distance;

d=(floor(dis_d./lambda)+angle_s/(2*pi)).*lambda;
counter=10;
dis900=dis_trib(d,counter);

dfa(tt,: )=inputjphase_error; 
figure(l)

% Check the final phase errors on each 
% distance and frequency;
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mesh(real_distance,f,dfa') % Plot for reference; 

dis_error4(tt)=real_distance-dis900; 
figure(2) 
plot(real_distance, abs(dis_error4)) 

% Check the ranging error distribution 

% and plot 

% ********************************************************************* 

% This subprogram is to check the contribution on the distance calculation results, and 
% obtain the mean value of the results; 
% ********************************************************************* 

function dis2 = dis_trib(dl,counter2) 

min_D=min(d1); 
max_D=max(d1); 

if counter2<=8 threshold=(c/60e3)* 2^counter2*0.1; 
elseif counter2==9 threshold=c/24.9e6*0.1; 

else threshold=c/928e6*0.1; 
end 

while(max_D-min_D)>threshold 
[min_D,pos_Dl]=min(d1); 
dl(pos_D1)=[]; 
[max_D,pos_D2]=max(d1); 
dl(pos_D2)=[]; 
min_D=min(d1); 
max_D=max(d1); 

end 

dis2=mean(d1); 
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mesh(real_distance,f,dfa')

dis_error4(tt)=real_distance-dis900;
figure(2)
plot(real_distance, abs(dis_error4))

% Plot for reference;

% Check the ranging error distribution 

% and plot

#j( ^ 9jC 3jC ?|C ?|C j|C 3{S i|( ̂  jjs ̂  jjt j|C ?j( ?|C J|C Sj( 9{( 9|( ̂  ̂  ?|S jjC i|S JjC 9|c 9j( ij( $|C 9j( $|C )j( ?|C ?j( 9|( 9|( 9f( 9|( Jjt

% This subprogram is to check the contribution on the distance calculation results, and 
% obtain the mean value of the results;

function dis2 = dis_trib(dl,counter2)

min_D=min(dl);
max_D=max(dl);

if counter2<=8 threshold=(c/60e3)*2Acounter2*0.1; 
elseif counter2==9 threshold=c/24.9e6*0.1; 

else threshold=c/928e6*0.1;
end

while(max_D-min_D)>threshold 
[min_D,pos_D 1 ]=min(d 1); 
dl(pos_Dl)=[];
[max_D,pos_D2]=max(d 1); 
dl(pos_D2)=[]; 
min_D=min(dl); 
max_D=max(dl);

end

dis2=mean(dl);
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% ********************************************************************* 

% This sub program is to calculate the distance based on the frequencies and phases; 
% It calculates a distance by 2 frequencies; 
% Require f2>fl; this function is the basic function to calculate the distance; 
% ********************************************************************* 

function disl = distance(fl,f2,al,a2,counterl,d_ref) 
range=c/(f2-fl ); 

if al<a2 
d_one_cycle=c/(f241)*(a2-a1)/(2*pi); 

else 
d_onecycle=c/(f241)*(a2-a1+2*pi)/(2*pi); 

end 

if counter1==0 
dis 1=d_one_cycle; 

else 
dis3=[d_ref-range/2,d_ref+range/2]; 
if dis3(1)<0 dis3(1)=0; 

end 

if dis3(2)>5000 dis3(2)=5000; 
end 

int_n2=floor(d_ref./range); 
dis2=d_one_cycle+int_n2.*range; 

if dis2<dis3(1) I dis2>dis3(2) 
dis 1=d_ref; 
else 
disl=dis2; 
end 

end 
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% This sub program is to calculate the distance based on the frequencies and phases; 
% It calculates a distance by 2 frequencies;
% Require f2>fl; this function is the basic function to calculate the distance;

function disl = distance(fl ,f2,al,a2,counter 1 ,d_ref) 
range=c/(f2-fl);

if al<a2
d_one_cycle=c/(f2-fl) * (a2-a 1 )/(2 *pi); 

else
d_one_cycle=c/(f2-fl)*(a2-al+2*pi)/(2*pi);

end

if counter 1 = 0  
dis 1 =d_one_cycle; 

else
dis3=[d_ref-range/2,d_ref+range/2]; 

if dis3(l)<0 dis3(l)=0;
end

if dis3(2)>5000 dis3(2)=5000; 
end

int_n2=floor(d_ref./range);
dis2=d_one_cycle+int_n2.*range;

if dis2<dis3(l) | dis2>dis3(2) 
disl=d_ref; 
else
disl=dis2;
end

end
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% ********************************************************************* 

% This sub program is to calculate the phase errors caused by Multipath. 
% ********************************************************************* 

function phase_error_V=multipath_f(d) 
die=10-60.*(c./0.*0.05j ; % Set the dielectric constant 
h1=2; % Set the transmitter antenna height to 2 m; 
h2=2; % Set the receiver antenna height to 2 meters; 

inc_angle=atan((hl+h2)./d); % Calculate the incident angle; 
deltad=sqrt((hl+h2).^2±d.*d)-sqrt((hl-h2).^2+d.*d); 
td=deltad./c; 

% Claculate the reflection coefficients (both horizontal and vertical coefficient); 

reflection_H=(sin(inc_angle)-sqrt(die-(cos(ine_angle)).^2))./(sin(inc_angle)+sqrt(die-
(cos(inc_angle)).^2)); 

reflection_V=(die.*sin(inc_angle)-sqrt(die-
(cos(inc_angle)).^2))./(die.*sin(inc_angle)+sqrt(die-(cos(inc_angle)).^2)); 

gama_H=abs(reflection_H); 
gama_V=abs(reflection_V); % in the thesis, it is set with 0.5 and 0.95; 

phase_ref H=-angle(reflection_H); 
phase_ref V=-angle(reflection_V); 

angle_H = 2.*pi.*f.*td + phase_ref H; 
angle_V = 2.*pi.*f.*td + phase_ref V; 

phase_error_H=atan((gama_H.*sin(angle_H))./(1+gama_H.*cos(angle_H))); 
phase_error_V=atan((gama_V.* sin(angle_V))./(1+gama_V.* co s(angle_V))); 

degree_V=phase_error_V.*360./2./pi; % Check errors in degree. 

116 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

% This sub program is to calculate the phase errors caused by Multipath. 

fimctionphase_error_V=multipath_f(d)
die=l0-60.*(c./f).*0.05j; % Set the dielectric constant
hi =2; % Set the transmitter antenna height to 2 m;
h2=2; % Set the receiver antenna height to 2 meters;

inc_angle=atan((hl+h2)./d); % Calculate the incident angle;
deltad=sqrt((hl +h2).A2+d.*d)-sqrt((hl -h2).A2+d.*d); 
td=deltad./c;

% Claculate the reflection coefficients (both horizontal and vertical coefficient);

reflection_H=(sin(inc_angle)-sqrt(die-(cos(inc_angle)).A2))./(sin(inc_angle)+sqrt(die- 
(cos(inc_angle)) A2)); 

reflection_V=(die.*sin(inc_angle)-sqrt(die-
(cos(inc_angle)).A2))./(die.*sin(inc_angle)+sqrt(die-(cos(inc_angle)).A2));

gama_H=abs(reflection_H);
gama_V=abs(reflection_V); % in the thesis, it is set with 0.5 and 0.95;

phase_ref_H=-angle(reflection_H); 
phase_ref_V=-angle(reflection_V);

angleJH = 2.*pi.*f.*td + phase_ref_H; 
angle_V = 2. *pi. * f. *td + phase_ref_V;

phase_error_H=atan((gama_H, * sin(angle_H))./( 1 +gama_H. * cos(angle_H))); 
phase_error_V:=atan((gama_V. * sin(angle_V))./(1 +gama_V. * cos(angle_V)));

degree_V=phase_error_V.*360./2./pi; % Check errors in degree.
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Appendix B 

Matlab Code of Calculation on the Low Pass Filter Component (filter.m) 

% ********************************************************************* 

% This program is to design the second order active low pass filter for FPGA by using 
% standard feedback approach; 
% 3K Loop filter/ 65 MHz/VCO 
% ********************************************************************* 

cic; clear; 
bandwidth=3000; 
kvco=65e6; 
kpd=(1.8/660000); 
angel=50; 
fout=915e6; 
fcomp=170*(10^3); 
T31=0.5; 
ang=(50/360)*2*pi; 
wc=2*pi*bandwidth; 

% Calculate the components; 

% Set PLL bandwidth to 3 KHz; 
% Set VCO gain to 65 MHz/V; 
% Set PD gain to (vdd/2)/660 Kohm; 
% Set phase margin to 50 degree; 
% Set output frequency to 915 MHz; 
% Set comparing frequency to 170 KHz; 
% Set poles ratio of T3 to T1 to 0.5; 
% Change phase margin to RAD format; 
% Change bandwidth to RAD format; 

N=1; % divider, set N=1 because a mixer is used instead 
% of a divider. 

t1=((sec(ang)-tan(ang))/wc)/(1+T31); 
t2=1/(wc*wc*(tl+t3)); 
t3=t1*T31; 

fpole1=1/(t1*2*pi); 
fpole2=1/(t3*2*pi); 
fzerol=1/(t2*2*pi); 

% Filter poles and holes; 
% Ploe 1 
% Pole 2 
% Zero 1 

Cx=((kpd*kvco)/(wc*wc*N))*sqrt(( 1 +(wc*t2)^2)/((1+(wc*t1)^2)*(1+(wc*t3)^2))); 

cl=(t 1 /t2)*Cx; 
c2=Cx*(1-t1/t2); 
c3=200*(10^-12); 
R2=t2/c2; 
R3=t3/c3; 

% Cl 
% C2 
% C3 
% R2 
% R3 
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Appendix B

Matlab Code of Calculation on the Low Pass Filter Component (filter.m)

% This program is to design the second order active low pass filter for FPGA by using 
% standard feedback approach;
% 3K Loop filter/ 65 MHz/VCO

s|c $  sjc $  $  $  $  fjc  $  sjc $  s|c sjc «j( sjc s|c sjc sjc sjc $  j jc  *  ^  ^  sjs sjc *  sjc sjc s|c j|e  *  sjc 5jc s|c s|c )|c s|c $|c )|c )|c sjc sjc sjc $  $  s|c sjc )|c Sjc Sj( SjC SjC SjC 9jC $  $  SjC SjC SjC 9|( i|C $  ?j< SjC

clc; clear;
bandwidth=3000; %
kvco=65e6; %
kpd=( 1.8/660000); %
angel=50; %
fout=915e6; %
fcomp=T 70*(10A3); %
T31=0.5; %
ang=(50/360)*2*pi; %
wc=2*pi*bandwidth; %

Set PLL bandwidth to 3 KHz;
Set VCO gain to 65 MHz/V;
Set PD gain to (vdd/2)/660 Kohm;
Set phase margin to 50 degree;
Set output frequency to 915 MHz;
Set comparing frequency to 170 KHz; 
Set poles ratio of T3 to T1 to 0.5; 
Change phase margin to RAD format; 
Change bandwidth to RAD format;

% Calculate the components;

N=l; % divider, set N=1 because a mixer is used instead
% of a divider.

11 =((sec(ang)-tan(ang))/wc)/( 1+T31); 
t2= 1 /(wc * wc * (t 1 +t3)); 
t3=tl*T31;

% Filter poles and holes; 
ipolel=l/(tl*2*pi); % Ploe l
fpole2=l/(t3*2*pi); % Pole 2
fzerol=l/(t2*2*pi); % Zero l

Cx=((kpd*kvco)/(wc*wc*N))*sqrt((l+(wc*t2)A2)/((l+(wc*tl)A2)*(l+(wc*t3)A2)));

cl=(tl/t2)*Cx; %C1
c2=Cx*(l-tl/t2); % C2
c3=200*(10A-12); % C3
R2=t2/c2; % R2
R3=t3/c3; % R3
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