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ABSTRACT

This thesis investigates the carrier synchronization problem due to Doppler shift
encountered in low data rate, low earth orbit (LEO) satellite communication systems. In
particular, two new techniques are developed.

The first technique which is referred to as the novel technique, is based on the idea
of applying a linearly decreasing frequency sweep to the received signal as a method to
reduce the Doppler shift to tolerable levels, whereby conventional carrier synchronization
may be employed. This method has shown to be better suited for satellites at larger cross
track angles. However, for direct overhead satellite pass, improved Doppler compensation
is achieved by utilizing the modified novel technique. Simulations have been carried out to
explore the performance of the novel technique and results have shown that it is capable of
reducing Doppler shift by at least a factor of two and performs better for satellites at larger
cross track angles.

The second technique of Doppler compensation is based on Maximum Likelihood
(ML) estimation of multiple parameters. This algorithm makes use of a model developed

for the phase error introduced due to Doppler frequency shift and Doppler rate, and the two



implementable solutions investigated are; (1) the grid search, and (2) the ML quadriphase
shift keying (QPSK) Doppler compensator. These solutions have been realized by utilizing
approximations for low signal to noise ratio (SNR) conditions. The grid search is a non
tracking technique and may be used for coarse Doppler compensation. Unfortunately,
simulation results have shown that it is computationally intensive.

On another note, a block diagram consisting of a phase rotator, matched filtering and
two feedback loops has been developed to represent the ML QPSK Doppler compensator.
Three digital implementations of this structure have been analysed, namely; steepest descent,
optimized steepest descent and Newton Raphson method. The first two, have two modes of
operation; conventional feedback and adaptive feedback. Simulations have shown that the
adaptive optimized steepest descent has the best performance, that is, the shortest lockup
time. Comparisons to previous work in this area, have shown that the proposed Doppler

compensator has superior performance.
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CHAPTER 1

Introduction

1.1 Global Communication Systems

Recent growth in mobile communications has been dramatic and is expected to
continue for many years to come. It has been predicted that the number of cellular users
worldwide will exceed 100 million by the year 2001. Networks providing the cellular
services are however centered on the main population areas of the globe. As a matter of fact,
remote areas of some industrialized countries, are now and are likely to remain poorly
served. Vast areas of the globe will still not be covered by terrestrial cellular systems. At
the present time, it is difficult to move from city to city with a single user terminal. For
example in Canada, digital personal communication services (PCS) at 1.3 GHz are offered
by four different networks and they are incompatible to each other. Cleamet and Bell
Mobility are spread spectrum, code division multiple access (CDMA) systems, while Cantel
is time division multiple access (TDMA) and Microcell is global system for mobile

1



2
communications (GSM). Conversely, in Europe the widespread of GSM is a good indicator

of the perceived desire by users to be able to travel widely with a single mobile user terminal.
In addition, these systems are the winning choice for medium to high traffic density areas
such as urban and suburban environments.

Satellite communications, in this scenario, is well suited to filling the gaps in
coverage area left by the terrestrial systems. This also includes regions where terrestrial
networks are not competitive for thin route applications or unde: developed areas. They are
unlikely to be able to replace the terrestrial communication system because of their relative
difficulty in providing substantial frequency reuse and subsequent inability to supply
adequate capacity to meet predicted user demand in highly populated areas. Besides, this
approach is in line with the role played by satellite systems in the personal communication
world: that is, complementing the terrestrial technologies and exploiting the relevant
capabilities whenever possible and convenient. Satellites are ideal candidates for providing
thin-route communications to a limited number of users. The main reason why they have not
been used in this way in the past is because of the high cost of technology required to deliver
voice communications to a hand held user terminal. Recent technological advances in both
satellite and terrestrial cellular communications technology are now leading to the realization
of the dream of a global mobile personal communication system within the nextdecade. The
terrestrial cellular system has already proven its capability, but the proposed satellite systems
are either in their testing phase or are still at the drawing boards. It must also be noted that

progress in other areas have made remarkable contributions such as digital voice processing



and component miniaturization.

1.2 Third World Domestic Satellite System Survey

In general LEO satellite systems can provide a limited capacity with respect to
terrestrial networks, nevertheless they are particularly suited to cover large surface areas
offering thin route services, since it is either not feasible or economical to implement a
cellular network. This is an important issue for third world countries since they are now
placing the infrastructure to connect to the information superhighway. It is generally
acknowledged that universal access to the information superhighway and information
exchange, will rapidly enhance economic growth of all nations, including developed
countries. Terrestrial networks have not penetrated developing countries to a large extent,
since it is costly to implement such systems as a thin route service for large coverage areas.
Can satellite systems be used as a possible solution to propel such nations with under
developed telecommunications infrastructure, into the abundant sources of services available
via the information superhighway? One way to find out, is to conduct a survey.

Appendix A presents a survey of domestic satellite communication systems for
islands and developing countries. Elements pertaining to communications techniques as well
as service applications are addressed. In particular, features such as service requirements,
geographical location, and availability of satellite slots which are related to custom designing

a thin-route domestic communication satellite system are investigated. Systems for India,



4

Peru, South Africa, Indonesia, Japan, and Seychelles have been examined owing to their
inherent differences which make them candidates for domestic satellite communications.
Some of the major trends and advances related to the type of multiple access and the
utilization of higher equivalent isotropic radiated power (EIRP), data rates and frequency
band such as K, millimetre wave and optical band are treated with greater detail since they
are of utmost importance in today's strategic planning and design on domestic satellite
systems. In addition, satellite slots, interference and rain fade counter measures in the case
of tropical countries are also investigated.

For island countries, the bulk of domestic communications is accomplished over the
high frequency (HF)/ ultra high frequency (UHF)/ very high frequency (VHF) bands. This
system has many shortcomings including poor geographical coverage, uncertain ionospheric
conditions and a limited number of users, where the latter is determined by available
bandwidth and interference introduced by other users [1]. UHF and VHF direct-line-of sight
radio paths between transmitters and receivers are reduced due to multipath over areas of
water while, HF systems are limited due to ionospheric conditions [2].

Conversely, INTELSAT and INMARSAT are mostly responsible for all the
international communication services where the former is a global satellite system composed
of more than 20 satellites linking over 180 countries [3]. To date, developing countries
constitute the bulk of the membership of INTELSAT [1]. Other consortia include:
EUTELSAT providing telecommunications services to European countries;

INTERSPUTNIK servicing Russia and its allies; ARABSAT linking the Arab region;
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PALAPA connecting the Association of South-East Asian Nations (ASEAN); and, NORSAT

uniting the Nordic countries [4].

Looking back a few decades, one can conclude that most developing countries and
island nations use satellite technology for international communication purposes instead of
domestic [1]. However, now the trend is the use of this technology for domestic and regional
communication purposes since leasing a complete transponder or a fraction of a transponder
for international and domestic purposes is expensive and often does not economically satisfy
the telecommunication requirements. The growth of the telecommunications industry has
forced many countries to upgrade their existing domestic communications system
introducing services in new frequency bands and transmitting media, such as a fibre optic
cable systems, and aiming towards full digitalization of their telecommunications networks
(1,5]. Unfortunately, in many cases, an undersea cable system connecting all the islands of
an archipelago is unjustifiable since the cost of introducing such a system is high, and the
time required for implementation is long. Furthermore, for these developing countries,
underwater maintenance and repair is difficult due to lack of deep sea equipments. A few
countries have implemented the use of copper submarine cables and are now faced with
technical problems in regards to the transmission of wideband signals [5-6].

A satellite based system provides many advantages in point-to-point and point-to-
multipoint communication. NAVSTAR and Metecrological satellites offer a multitude of
services such as velocity, location, time, weather information, and search and rescue satellite

aided tracking (SARSAT), to the entire globe. As a means of lowering cost, domestic
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satellite systems should be designed to provide a multi-purpose service; that is, offer similar
services in addition to the previously mentioned communication services. Thus far, only a

handful of countries have implemented multi-purpose domestic satellite systems.

1.3 LEO Satellite Systems

Various options exist for satellite communications, and are well documented in the
literature. Geostationary satellites are most often used for commercial communication
applications and can be used for personal communication networks (PCN). But the satellite
will require higher power to compensate for the capabilities of a small user terminal, hence
increasing both their cost and complexity. This system suffers from the high cost of
launching the satellites, relatively long transmission delays which are unacceptable to today's
users after getting accustomed to terrestrial cellular services. Furthermore, the PCN service
deteriorates in some situations where low elevation angles at high latitudes are encountered.
Satellites in non-geostationary orbits can overcome this problems. We are thus referring to
LEO, medium earth orbit, (MEO) and highly elliptical orbit (HEO) satellite systems
employing either polar, inclined or equatorial orbits. Each has its own distinctive
combination of transmission delay, satellite power requirements, and impact of the mobile
user terminal design. Moreover, a high elevation angle may be obtained for a particular
geographical area by selecting the right orbits since satellites are no longer fixed (e.g. as in

geostationary earth orbit (GEO)) to the equatorial plane. Furthermore, each system has its
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own approach in order to provide reliable communication services. For example, for a
system to ensure continuous worldwide coverage or service to a single location, the number
of satellites required increases as the orbit height decreases. However, this is offset by the
lower launch cost per satellite and shorter propagation delays at lower altitudes.

Radio amateurs were the first todesign and develop low cost communication satellite
systems operating in low earth orbits and therefore, the first users of PCS provided by LEO
satellite systems. In addition, this technology first demonstrated in amateur satellite service

(ASS) has already been transferred to the commercial sector.

1.4 Scope and Structure of the Thesis

This thesis is organized as follows. We start our research by performing a survey on
domestic satellite communication systems for islands and developing countries, provided in
Appendix A. In Chapter 2, we examine the LEO satellite system, called Iridium developed
by Motorola, which is based on a constellation offering worldwide coverage of mobile
personal communication services. Iridium was chosen because it is primarily a thin-route
voice communication system and was considered to be the most promising, challenging, and
feasible system. All major aspects relevant to the space segment and to the ground segment
are outlined. Of importance is the realization that of all satellite systems, Iridium offers
minimum time delay in point-to-point communications. However, there are several

problems. These are: the large Doppler shifts in uplink and downlink transmissions; the
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significant change in Doppler shift when the user and satellite are at minimum range, and the
problem of overhead satellite coverage of a user providing service for less than 9 minutes.

Chapter 3 investigates techniques of reducing Doppler shift on the uplink. For
conciseness, a model is developed to generate Doppler frequency shift and Doppler rate
curves for a user located anywhere on earth and for satellites at any cross track angle. A
novel technique is proposed as a possible solution to compensate for Doppler shift on the
uplink for the general case. At the conclusion of Chapter 3, a modified version of the novel
technique is suggested for the overhead pass satellite case.

Chapter 4 is concerned with the problem of carrier synchronization. There are of
course a number of strategies for obtaining carrier synchronization. First we examine
conventional methods of carrier synchronization of QPSK signals. Then, we explore current
methods employed to compensate for Doppler shift. However, these methods only consider
constant Doppler shifts and do not address changing Doppler shifts as encountered in typical
LEO satellite communication systems. As we will see, the QPSK acquisition range
fundamental limit is derived and the short comings of current carrier synchronization
techniques are discussed. We end the chapter by selecting the ML technique as our strategy
to solve the Doppler shift problem in the following chapter.

In Chapter 5, we formulate the problem by developing a model for the phase error
introduced by Doppler frequency shift and Doppler rate. Employing the ML technique and
some reasonable assumptions, two possible practical solutions are obtained namely; (1) the

grid search, and (2) the ML QPSK Doppler compensator, where the latter is based on
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matched filtering. Towards the end, we present the structure of a ML QPSK Doppler
compensator and its digital implementation.

Chapter 6 documents computer simulation results based on the theory of Chapter 5.
The grid search and s-curve (Discriminator Characteristic) are simulated for various
conditions. Closed form s-curve representation is derived for zero Doppler rate and an error
analysis at equilibrium is discussed. Based on the ML QPSK Doppler compensator, three
methods of estimating the Doppler shift are developed. Computer simulations are conducted
to test and compare the effectiveness of these methods and the adaptive optimized steepest
descent method is found to be optimum. Its performance (lockup time) is then compared to

the existing carrier synchronizer.

The final chapter provides contributions of this thesis, conclusions, and direction for

future research work.



CHAPTER 2

Iridium LEO Satellite

Communications System

2.1 Introduction

This chapter examines a new LEO satellite communication system called Iridium,
which is a worldwide digital satellite-based communication system developed by Motorola.
Particular attention is paid to its creative frequency reuse technique, the satellite
constellation, the satellite design, the ground infrastructure (gateway and user unit network),
the multiple access, modulation employed, frequency band utilization, channel coding and
the Doppler effect problem which is inherent in LEO systems. A few other areas such as
radio frequency (RF) interference avoidance techniques, type of polarization used, proper

selection of transmitting frequency, propagation delay, call routing procedures, services

10
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offered and overall system's reliability will also be described.

The Iridium worldwide, digital, satellite-based PCS is composed of a constellation
of 66 smart LEO satellites all networked together, as shown in Figure 2.1. The system
obtained its name from its originally proposed constellation of 77 satellites, and its analogy
to the chemical element Iridium with atomic number 77 [7-9]. Proposed in 1990, Iridium
is scheduled for operation by late 1998 and the Motorola authorities have no intention of
changing the project name to Dysprosium (atomic number 66). The first 5 satellites were
launched by McDonnel Douglas Delta I, on May 5th 1997 at Venderberg Air Force Base
(VAFB) in California.

The most important feature of this system is that it is capable of providing personal
telephone service between any two points on earth, and within 30.48 km above sea level at
any time of the day or night {10-11]. It is not intended to replace or substitute the cellular
telephone service, but rather extend the radio-telephone coverage to the entire world. It has
unprecedented spectrum efficiency, unlimited service flexibility, and worldwide coverage.

Iridium services will include data transfer, cellular-like voice, facsimile, paging,
messaging services, and radio determination satellite service (RDSS). The estimate voice
cost per minute is $3.00, which is about 3-10 times, today's cellular rate. It is anticipated that
in the near future, Iridium will replace the HF communication systems which are extensively

used in sparsely populated areas and the usage fee might drop to about $2.00 per minute [12-
15].
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1. Iridium User Unit
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3. Acronautical Coverage
4. Maritime Coverage

5. Search & Rescue

6. Public Telephone

7. Mobile Cellular

Figure 2.1: Iridium LEO satellite network
Some of the material presented in this chapter has not been published by Motorola,
due to fact that the Iridium system is still undergoing thorough field tests, and the final
design is being continually updated to further enhance the overall system. Motorola has
published only a limited number of papers without revealing in depth technical information
about the system. Iridium is now facing competition from several other proposed satellite
communication systems such as Globalstar (Loral and Qualcomm), Odyssey (TRW),

Orbcomm (Orbital Sciences Corporation and Teleglobe) and Teledesic (Teledesic

Corporation).
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2.2 Space Segment

Full continuous earth coverage is a major driving factor in the design of Iridium. As
the altitude of the satellites increase, fewer satellites are needed, since each has a wider
coverage area. As a matter of fact, at geostationary orbit only three satellites are needed to
provide global coverage, excluding the polar regions. Some systems employ multifold
coverage as in the case of NAVSTAR global positioning system (GPS) which requires that
every user be able to observe four satellites simultaneously. Hence, such a system requires
a four-fold or quadruple coverage satellite constellation. Conversely, Iridium requires only
asingle-fold coverage constellation since at least one satellite is in view at any point in time,

making use of the Rosettes Constellations (11, 16-21].

2.2.1 Constellation

The space segment consists of a constellation of 66 digitally networked, smart LEO
satellites. There are 6 optimally-phased circular polar orbits with 11 satellites in each. A
schematic of the constellation is shown in Figure 2.2.

The orbital period is 100.4 minutes with each satellite being in view to a stationary
user on earth for about 10 minutes. The altitude of the satellites, 780.6 km, was chosen for
a variety of reasons including: orbital lifetime; launch costs; radiation effect on the

semiconductor components; and, communication parameters including guaranteed grazing
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angles to the user units of at least 8° [15].
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Figure 2.2: Satellite constellation
All the satellites travel in the same direction, which means that they co-rotate towards

the north pole on one side of the earth and come down towards the south pole on the other
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side. The 11 satellites in each orbit plane are nearly evenly spaced as shown in the equatorial
view of one of the orbits in Figure 2.2(a). Figure 2.2(b) depicts the view of the orbits from
the North Pole. Satellites in the semi-orbits 1-6' and 6-1' are moving in the opposite
directions (counter-rotating). The area between the 1* and 6™ plane is referred to as counter-
rotating seam. In order to achieve an efficient satellite coverage in the counter-rotating seam,
orbital planes 1 and 6 are separated by 22°. The rest of the adjacent planes are equally
separated by 31.6° (2x22° + 10x31.6° = 360°). Figure 2.2(c) shows each satellite's phase
relationship with respect to one another. Satellites in planes 1, 3, and 5 are in-phase with one
another while those in planes 2, 4, and 6 are in-phase with each other but halfway out-of-
phase with those in 1, 3, and 5. Hence, they are referred to as being optimally-phased and
provide an efficient global coverage as shown in Figure 2.2(d). From a practical point of
view, to avoid collisions at the poles, and to simplify station keeping, minor corrections to
the above described constellation had to be made. Therefore, the orbits are inclined at 86°
to the equator and one of the orbits is illustrated in Figure 2.2(e). Note that a satellite in an

inclined orbit as mentioned above, sees a slightly different part of the earth's surface with

each pass over the earth.

2.2.2 Satellite

There are two methodologies for achieving set attitude control. The two classes are

the spin stabilized and the three-axis or sometimes referred to as body stabilized satellites.
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A typical spin stabilized and three-axis stabilized satellite are shown in Figure 2.3.
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Figure 2.3: Spin stabilized and three-axis (or body) stabilized satellites
In a spin stabilized system, the body which is usually in the shape of a drum, is spun about
the pitch axis and with the help of the rotary joint, the antenna is spun in the opposite
direction so that the antenna remains pointing at the earth. Furthermore, in a spin stabilized
satellite system, the solar panels are mounted on the body. For the three-axis stabilized
system, the body of the satellite is maintained in a fixed position relative to the earth. This
is achieved by means of momentum wheels which act like gyros. In most cases, the solar

panels are mounted on flat panels and are extended from the main body of the satellite [4,

22].
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The Iridium satellites have a triangular shaped structure and are three-axis stabilized
or body-stabilized satellites, as shown in Figure 2.4. Each satellite is about one metre in

diameter, two metres tall and weighs 700 kg, thus allowing the use of flexible, and

inexpensive launch vehicles such as Ariane, Atlas, Delta, Proton, Pegasus and Taurus [16].
SOLAR ARRAY

BATTERY WASTE
HEAY RADIATOR

GATEWAY ANTEMNAS W"m s

Figure 2.4 Iridiﬁm satellite with 3 phased array antennas
This is twice the weight of the original design. The low cost launch is required to maintain
the constellation after it is put into operation, and a replacement satellite will be launched on
average once every month. The expected orbital lifetime of a satellite is about 5 to 8 years.
Every satellite has the capability to generate 48 hexagonally shaped, interlaced spot
beams (cells) by using state-of-the-art L-band (1610-1626.5 MHz ) phased array antennas
each producing 16 beams [15, 23]. The phased array antennas are located on the sides of the

satellite and consist of a total of 165 elements in 10 columns (5 columns with 16 elements

and the other 5 columns with 17 elements) [24].



18

L-band was chosen because of its suitability for direct satellite-to-user links due to
its relatively short wavelengths, and low propagation losses {25]. Furthermore, L-band
hardware is quite economical. These beams are fixed relative to the satellite and travel at an

orbital speed of 7460 nmv/s (26,900 km/hour).

Figure 2.5: Iridium 48 cell pattern

Each spot beam creates a service area (cell) of about 602 km in diameter compared to cellular
telephone cell which is roughly 1.6 km in diameter. The satellite antenna spot beam pattern
(foot print) is shown in Figure 2.5, where the cells are numbered 1 through 48.

Since the Iridium is a direct line-of-sight (LOS) digital satellite communication
system that operates in a cellular communications architecture, the cells created by the
satellites allow the channels to be reused many times. A 12-cell frequency reuse pattern with
cells designated A to L is utilized to provide part of the spectral efficiency in a similar way
to terrestrial cellular telephone, and basically provides a buffer of three cells between any two

cell using the same channel [26]. The basic 12-cell cluster is shown in Figure 2.6.
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Figure 2.6: 12-cell cluster

In cellular telephone, the base stations are stationary and the users are mobile; hence,
the handover of a user is to one of the six surrounding cells. Alternatively, because of the
high speed movement of the Iridium cells, the users appear stationary on earth with respect
to the cell. The user's position and the direction and speed of the cells are known. This
simplifies the handover procedure, since it now becomes one of two cells and involves fewer
handoff options, and better information to choose from. This corresponds to simplicity of
the system. The Iridium looks like an upside down cellular implementation, where the
satellites are the base station antennas. But, unlike the cellular telephones, Iridium cells
move through the users, rather than the users moving through the cells.

Handovers between cells of a single satellite, which are also known as Intra-Satellite

handovers typically occur every 60 to 90 seconds [14]. In addition, handovers between

satellites, which are also known as inter-satellite handovers occurs every nine minutes. Refer
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to Figure 2.7 for a global representation of the spot beam coverage.
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Figure 2.7: Global representation of spot beam coverage
It is obvious that the cell patterns will overlap little in the low latitude (near the
equator), and very much in the high latitudes (near the poles). This is due mainly to polar
satellite constellation and to a very small extent, the bulging of the earth at the equator (polar
radius = 6355 km, and equatorial radius = 6377 km). This causes two problems which are
not encountered in cellular telephone, namely;
1) Depending on the satellite's position in orbit (an individual cell will be on at the

equator and at some high latitude in each orbit it will be turned off for a period of
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time. Atany one time approximately 2,150 (68%) of Iridium's 3168 cells are on), the
beams must be turned on/off. Obviously, if operation is prohibited in some part of

the world, more cells will be turned off [15].

2) The channel reuse pattern must be reset at different times during the orbital period

to allow a 12-cell reuse pattern.

Implementing the 12-cell reuse pattern, the same channel can be reused 180 times
(2,150 active cells /12-cell reuse pattern ~ 180). As the satellites approach the poles they
handle more satellite-to-satellite data traffic since they are less burdened by the up and
downlink activity. It is interesting to know that as the satellites approach the poles, the outer
cells are progressively turned off for reasons mentioned previously, and in order to conserve
power and control interference with satellites in adjacent planes. Furthermore, as each beam
passes over a different geographic region, it has the ability to utilize only those frequencies,
and provide only those services authorized in that region.

Replacement satellites can be placed into orbit in about 36 hours. The satellites will
be travelling at about 7460 my/s. Each satellite on orbit would cost around $29 million. Due
to the relatively low power requirements, the high power amplifiers (HPA) are only rated at
5 Watts peak power. This calls for a microwave solid state amplifier, which is linear

compared to a travelling wave tube amplifier (TWTA), thus reducing AM-AM and AM-PM

effects inherent in the latter [27].
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2.3 Ground Segment

The ground segment consists of the gateways and the user units. The network of
satellites which form the backbone of the Iridium allows a call between Iridium users to be
routed without using any part of the terrestrial networks. Furthermore, if one of the terminals
is not an Iridium terminal, the system will choose a route, through a gateway, which

minimizes the usage of the terrestrial network. The completed ground segment of the

system will cost around $3,370 million.

2.3.1 User units

Due to the satellite's low altitude and relatively high EIRP and small spot beams,
there is a considerable reduction in the RF power requirements of the user units (use of small
antennas instead of satellite dishes). The Iridium handheld unit will incorporate a low profile
whip antenna (omnidirectional antenna, Quadrifliar Helix to be more precise) and will be

designed to comply with the same size, weight and battery life constraints as terrestrial

cellular units. Typical handheld units are shown in Figure 2.8.
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Figure 2.8: Handheld units for the Iridium system
The user units are rated at 390 mW radiated power, well within the restrictive personal RF
radiation limits recommended by World Health Organization (WHO). These portable
handheld units can operate for 24 hours on a single recharge (23 hrs standby and 1 hr
operation). Some units have an optional GPS capability which enhances the unit's timing,
position, and warm-up capabilities; however, the system is not dependent on GPS for
operation. A unit without the GPS option is functional within 1 minute from a "cold start".
The user unit is capable of monitoring other channels apart of its own preassigned in
assisting in the handover operations. Apart from digital voice communication, the handset
is also capable of sending and receiving paging, fax, and data messages. This is achieved by
using a standard communications port (data interface) located on the side of the unit to allow
connectivity to a fax, printer or other data unit similar to features found on today's cellular
phones. The estimated cost of a unit is about $3,500, but the price will eventually drop as
more units are mass-produced. It is anticipated that dual-mode user units, which will operate

both in local cellular and Iridium environment, will be manufactured [28]. The advantage
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of such a unit is that the user will be able to operate the unit in cellular-mode when a cellular
system is available and, in the Iridium-mode, which is slightly more costly, whenever a
cellular system is not available. When a call is made, the dual mode unit will first try to use
a cellular channel from the local terrestrial system either the analogue or digital service. The

unit will only transmit to an overhead satellite if and only if a terrestrial cellular system is not

available,

2.3.2 User Unit Overview

RF Uplink Plan
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Figure 2.9: User unit RF uplink and downlink plan
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The Iridium satellite system utilizes two portions of the frequency spectrum for
establishing communication links. The uplink from user to satellite and downlink from
satellite to user employs the L-band (1610-1626.5 MHz) corresponding to a total bandwidth
of 16.5 MHz. Figure 2.9 shows the user unit RF uplink and downlink plan. The user unit
uplink channel bandwidth is 128 kHz and coded data rate of 180 kbps while the downlink
channel is 280 kHz at 400 kbps coded data rate. The maximum number of available uplink
channels is 64 of which 55 are available for communications and 9 for control. On the other
hand, the maximum available downlink channels is 29 of which 25 are used for
communications and 4 for control. The four control channels are used specifically to provide
the digital speech interpolation (DSI) control information, paging and synchronization of
signals. Digital speech interpolation of 2.2:1 is employed on the downlink to achieve some
spectral efficiency. There is an equivalent of 55 downlink channels due to the
implementation of DSI of 2.2:1 on the 25 downlink channels (2.2x25 = 55). The frequency

plan and specification of the user unit is given in Table 2.1.

; : -
‘1 User Unit to Sallite Satellit to User Ut 7 1

' RF Bandwidth (MHz) 1610-1626.5 (L-band) | 1610-1626.5 (L-band)
Number of Channels 102 46

l Channel Bandwidth (kHz) 128 280
| Channel Spacing (kHz) 160 350
Guard Bands (kHz) 34 70

Maximum Available Channels 64 29
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ll Available Channels for 55 25, with 2.2:1 DSI to
Communications obtain 55 Channels
IL\vailable Channels for Control | 9 4
| Coded Data Rate (kbps) 180 400

FEC Rate Ya Ya

Modulation

BER

Polarization

Table 2.1: Frequency plan and specification of user unit

The type of modulation employed is QPSK which has a constant envelope and
generally suitable for satellite communications [29]. The multiple access of Iridium is a
combination of TDMA, frequency division multiple access (FDMA), and space division
multiple access (SDMA). Effectively, 55 FDMA channels are available, each being a
TDMA carrier. SDMA is achieved due to the employment of non overlapping multiple spot
beams, therefore, permitting channels to be reused.

Various techniques have been implemented to improve the performance of the
system, including the commonly used raised-cosine filtering to reduce the spectral content
of each channel and a special 4.8 kbps vocoder as the source encoder. Convolutional

forward error correction (FEC) with rate % and constraint length K = 7 channel encoding

with Viterbi decoding is employed to achieve bit error rate (BER) of 10? with E/N, =3.1

dB for L-band, which is significantly lower than E,/N = 6.9 dB for the Ka-band link with
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BER of 107 cited on page 40.

The QPSK downlink signal has a coded data rate of 400 kbps, which corresponds to
a symbol rate of 200 kBaud/s (400E3 (b/s)/2 (b/symbol) = 200 kBaud/s), and a Nyquist RF
bandwidth of 200 kHz. This signal is bandlimited by means of raised-cosine filter with a
roll-off factor of 40% and therefore the RF signal has a bandwidth of 280 kHz (200E3 x 1.4
= 280 kHz). The raised-cosine filtering provides a downlink efficiency of 1.43 bivs/Hz
(400/280 = 1.43 bit/s/Hz). The pulse shaped QPSK format was chosen to allow tighter
effective channel spacings, combat multipath fading inherent in satellite communications,
and shadowing due to vegetation [29]. The implementation of all the above digital
techniques results in a higher quality voice communication system than achievable with
analog systems [14]

Iridium is designed to be bi-directional or duplex system using one carrier per
channel. This means that the satellite alternatively transmits and receives on the same

frequency band and this is referred to as time division duplex (TDD) or ping pong.

2.3.3 Doppler Shift and Doppler Rate

Iridium makes use of circular polarization to achieve the flexibility with alignment
of antennas (due to relative motions of satellite-user unit, and satellite-gateway). Only right
hand circular polarization (RHCP) is used, for reasons which will be explained in section

2.3.5. Linearly polarized signals are used for inter-satellite links (intra and inter orbital links)
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since the satellites maintain a fixed position relative to each other.
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Figure 2.10: Calculation of Doppler frequency shift

The movement of the satellites produces a Doppler shift of the downlink transmissions as
seen by the user unit and a corresponding shift of the uplink signals as seen by the satellite.
The Doppler shift at any instant in time is directly proportional to the carrier frequency
employed and the relative radial velocity between the LEO satellite and the user [30-31].
Due to the relative speed of the satellite with respect to the user, the Doppler effect is
substantial and attains a maximum of 35.5 kHz. For illustration purposes Figure 2.10 shows
how to calculate the maximum Doppler frequency shift. We make the assumptions that the

satellite passes directly overhead, minimum elevation or grazing angle of y = 8° and amean

carrier frequency of 1618 MHz (about half way within the user L-band range). The Doppler
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frequency is given by
v v, [,
f = _f = dc 2.1)

where v, is the relative radial velocity between the LEO satellite and the user, f, is the

carrier frequency and c is the speed of light. A positive Doppler frequency shift implies that

the satellite is rising above the horizon whereas a negative Doppler frequency shift implies
that the satellite is descending towards the horizon. Zero Doppler occurs when the satellite
is directly overhead of the user (satellite at zenith) since there is no relative radial velocity.

From Figure 2.10 we obtain an expression in terms of R, (mean radius of the earth), A

(altitude of the satellite), and elevation angle y and beamwidth, tilt or nadir angle 6.

R, +h R,
= = 22
sin(y + 90°)  sin(d) @2)
The relative radial velocity between the satellite and user is given by
v, = vecos(® + y) = v sin(d) 2.3)

where ® is the satellite coverage angle. Using (2.1), (2.2) and (2.3) and simplifying we find

that the Doppler frequency shift is

v f. R, cos(Y)

fa=— R (2.4)
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Figure 2.11 shows the variation in Doppler frequency shift for an overhead pass from the
instant the satellite is in view, rising above the horizon (minimum grazing angle) until it
disappears.

Doppler frequency shift of the carrier frequency fc=1.618 GHz
40 L{ L

Positi\;e Doppler'shift l ' '
Satellite rising above the horizon

30

20

10

Zero Doppler shift

Doppler frequency shift in kHz
o
1

-10f -
20 4
-30F §
Negative Doppler shift
Satellite descending towards the horizon
_40 ] 1 L —1 1 1 1
0 2 4 6 8 10 12 14 16

Time elasped in minutes
Figure 2.11: Doppler frequency shift of a typical Iridium satellite
By taking the derivative of the Doppler shift curve with respect to time, we obtain the

Doppler rate curve, illustrated in Figure 2.12. The absolute maximum Doppler rate is around

340 Hz/s.
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Figure 2.12: Absolute Doppler rate of a typical Iridium satellite

234 RF Interference Techniques

The obvious way to prevent RF interference would be not to use the frequencies that

other satellite systems are utilizing. The Iridium satellites are capable of operating at six
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different channels, each of 15 MHz in bandwidth, within the 100 MHz band. The channels

may be used in such a way that its frequency is different for any pass where the satellite is
pointing at a geostationary satellite (when it passes through a GEO satellite beam). Also,due
to the relatively fixed position of all the geostationary satellites, the time duration of the
actual impingement of an Iridium satellite beam is relatively short (2-4 seconds maximum).
Alternatively, an Iridium satellite may link to another Iridium satellite (taking a longer route
than necessary), to reduce the interference to geostationary satellites. This technique allows
the Iridium system to route its traffic to one or more gateways to connect to the terrestrial

telephone network providing a typical back-up procedure for a gateway failure.

2.3.5 REF Interference Avoidance to Other Systems

The frequency band utilized by radio astronomy is 1610.5-1613.5 MHz. Since the
radio astronomy locations are permanent, the Iridium system is capable of avoiding the use
of the frequencies in the above range whenever a cell passes over one of these locations. The
Soviet navigational satellite system GLONASS uses L-band frequencies up to 1615.5 MHz.
Harmful interference will be avoided by not using any Iridium frequency bands in the range
of 1610-1616 MHz that are being utilized by GLONASS.

The Iridium makes use of the right hand circular polarization only, as a means of
avoiding interference to GEOSTAR which is a CDMA mobile communication satellite

system, utilizing left hand circular polarization (LHCP) in the same frequency band
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(otherwise frequency reuse could have doubled the capacity).

23.6 Typical Receiver Downlink Budget

For simplicity, we assume the satellite is directly overhead and that the carrier

frequency utilized f, = 1618 MHz and downlink intermediate frequency bandwidth B .=

280 kHz. A typical downlink budget for the handset is calculated as follows.

The EIRP is given by

EIRP = P. x G,
[EIRP] = [P,] + [G,] (2.5)

where [x] denotes 10log (x).

Satellite Transmitter Power [P.] 5W 6.99 dBW
Antenna Gain / Line Loss (G,] 5.46 dBi
Satellite EIRP [EIRP] 1245 dBW

The free-space loss is given by



34

2
L - ( 4m hu;o] 2.6)
A
Free Space Loss 20log[(4xntx780.6E3)/A] 154.47 dB
Polarization Loss* 3.00 dB
Mean Vegetation / Atmospheric Loss 0.80 dB
Total Propagation Loss (L] 158.27 dB

*Note that a 3 dB polarization is included to account for the fact that while circular

polarization is radiated from the satellite, while the receiving antennas are vertically

polarized.

The figure of merit of a receiver is given by the gain temperature ratio G/ T,.

Receiver Antenna Gain [G,] 3.01 dBi

System Noise Temperature T, 298.93 K

Receiver G/T, [GIT ] -21.78 dB/K
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The carrier to noise power ratio (C/N) is given by

CIN = EIRP x (/L) x (GJT,) x (/(kB,)) )
[CIN] = (EIRP] - [L] + [GJT] - [k} - [B,] 27

where the Boltzmann's constant k& = 1.38E-23 J/K can also be written as [k] = -228.6 dB
J/K. Conversely, the carrier to noise density ratio is expressed as

CIN, = (CIN) x B,
[CIN] = [CIN] + [B]

(2.8)
[C/N]) = [EIRP] - [L] + [GYTJ - [k]
Boltzmann's Constant [k] -228.6 dB J/K
The carrier to noise density ratio (C/N,) without interference is given by
C/N,, (without C/I) [CIN,] 61.03 dB

where C/I in the carrier to interference ratio. The overall carrier to noise density ratio in the

presence of interference is given by

S T
(N)received - ((C/N) (C/’)) (2‘9)

C/I (Downlink) (cmn 18.00 dB




Received (C/N,), [CIN,], 60.73

The bit energy to noise density ratio is given by

[E/N,1= [EIRP] - [L] + [GJT] - (kK] - [R)]

36

dBHz

(2.10)

Where R, is the uncoded data rate. Furthermore, the following relationship can be used to

convert Eb/No to C/No.

CIN, = (E/N,) x R,

[CIN] = [E/N] + [R,] 2.11)
Required E,/N, (BER 10?) (E/N,] 3.10 dB
Channel Data Rate (Coded) R, FEC rate 3/4 400 kbps
Channel Data Rate (Uncoded) R, 54.77 dBHz
QPSK Modulation

Required (C/N ), {CIN,}x 57.87 dBHz

The link margin can be calculated as follows

Link Margin = [CIN odreceived ~ [C/No]required

(2.12)
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Subscriber Downlink Margin [C/N ], - [C/N ]Ix 2.86 dB

23.7 Gateways (Earth Stations)

A gateway is a ground station that handles call setup, caller location, controls the
users access to the system, and collects necessary data to support the billing. The initial
system configuration will utilize a minimum of 20 gateways which could be expanded to
250. Access to the system, and telemetry, tracking, and command (TT&C) will be co-
ordinated through two Systems Control Centres, which may be co-located at gateway
stations. The Master Control Centre will be located in Virginia near Washington, DC and
the Backup Control Centre in Italy [9, 23]. These Control Centres will be located at high
latitude to allow more satellites to be in view at any time, and to be in direct contact with the
each satellite for longer time durations.

Each gateway employs a minimum of three 3.3 metre tracking dish antennas that are

separated by up to 32 km as shown in Figure 2.13 {32].
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Figure 2.13: Geometrical layout of the gateways
Signal fading is a prablem in satellite communications and is mainly due to rain fade on the
received signal. This can be alleviated by employing space diversity which is a technique
that makes use of two or more receive antennas at different locations as shown in Figure
2.14. The distance is based on the fact that it is rare to have a fade in all antennas at the same

time; hence, switching to the antenna with the strongest received signal solves the fading

problem.
\___ Rx1
/ f1
f1
Input Separate Output
— 5 Txl —< receive Combiner —>
f1
antennas
f1

ok

Figure 2.14: Space diversity using two receive antennas
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To the current satellite, two antennas provide space diversity, which corresponds to a better
link during fading. As the current satellite disappears over the horizon, the third antenna is
used to provide a link to the next satellite that appears at a different location above the
horizon. This technique allows for smooth handover. Finally, gateways with four antennas
ensures a communication link even during maintenance activities.

The gateways are connected to the public switched telephone network (PSTN) which

allows the connectivity between non-Iridium and Iridium users.

24 Satellite Links

Table 2.2 shows the frequency plan and specification of satellite and gateways.

Intersatellite Link Uplink | Downlink

RF Band (GHz) 22.55-23.55 (Ka) 27.5-30.0 (Ka) | 18.8-20.2 (K)
Number of Channels 8 6
| Channel Bandwidth (MHz) | 25 15 15

| Coded Data Rate (Mbps) 25 12.5 12.5
| FEC Rate i
Modulation QPSK
{ BER 107

| Polarization

Vertical Polation

Table 2.2: Frequency plan and specification of satellites and gateways
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The 66 satellites are interconnected by Ka-band crosslinks which lie in the frequency range
22.55-23.55 GHz thereby forming a global network in space. Up to 8 channels are available
for these links, each occupying a bandwidth of 25 MHz at coded data rate of 25 Mbps.
Hence the total effective usable bandwidth is 200 MHz (8x25=200 MHz) from a total of 1
GHz (23.55-22.55=1 GHz). The uplink from gateway (ground station) to satellite utilizes
the Ka-band (27.5-30 GHz). Up to 6 channels are available, each occupying a bandwidth of
15 MHz at coded data rate of 12.5 Mbps. The total usable uplink bandwidth is 90 MHz
(6x15=90 MHz) from a total of 2.5 GHz (30-27.5=2.5 GHz). The downlink from satellite
to gateway employs the K-band (18.8-20.2 GHz). A maximum of six 15 MHz bandwidth
channels at 12.5 Mbps are available, giving a total usable bandwidth of 90 MHz from a total
of 1.4 GHz (20.2-18.8=1.4 GHz). The satellite-to-satellite links and up and downlinks for
the gateways employ QPSK which is also the most commonly used modulation in satellite
communications. Convolutional channel encoding with FEC rate of 2 with constraint length

K =7 and Viterbi decoding is used, thus allowing the links to achieve BER of 107 with E/N,

=6 .9 dB.

Figure 2.15 below shows the inter-satellite links that a satellite has to maintain to

allow full connectivity of the Iridium space network.
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Figure 2.15: Intra-orbital and inter-orbital satellite Links

There are 11 satellites per orbit and each has to maintain forward and backward looking Ka-
band links to two satellites in the same orbital plane. These links are referred to as intra-
orbital links and are about 4033 km long. Since the satellites' positions in the same orbit are
relatively fixed to one another, fixed wave guide slot antennas are used for these links. This
also explains the reason for the use of vertical polarization for the intra-orbital links. Each
satellite also maintains links to two of the nearest satellites in each adjacent planes, thereby
making a total of up to 4 cross-links per satellite. Inter-satellite links to the adjacent orbits
are referred to as inter-orbital links and may vary to a maximum distance of 4388 km.
Mechanically steered wave guide slot antennas are employed for these links as the links are
changing orientation dynamically.

Furthermore, up to four independent gateway links must be maintained per satellite.
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The up and down links for the gateways, and user units employ RHCP. More will be said

about this choice of polarization. The satellites include base-band processors capable of 3
giga flops, which feasibly permits them to perform intelligent call routing procedures, thus
the reason for referring to them as being "smart". Therefore they are not considered as "bent

pipes" or conventional non-regenerative repeater satellites.

2.5 General System Overview

2.5.1 Services Offered

The Iridium system is designed to provide a global high grade voice and data
communication service on a continuous basis. There are five basic types of services offered
by the Iridium system.

1) High quality digital voice communication service using duplex (two-way) 4.8 kbps.

2) Data service using 2.4 kbps modem.

3) Paging service.

4) Facsimile service using two types of mobile facsimile units. A stand alone unit, and
one used with the Iridium telephone.

5) RDSS service, and two-way messaging. The former service is available on all types
of user units except some types of pagers, which includes geolocating (latitude,

longitude and altitude) the user and time. The latter service is used to report the
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user's position and relay (transmit and receive) short messages. Paging messages can
also be left when voice linkage may not be possible, and the system does not

guarantee building penetration.

The system is designed with 16 dB fade margin which permits communication in a variety
of harsh fading environments such as foliage and inside a vehicle. The user unit will be able
to store incoming faxes into memory for which a hard copy could be obtained later.
Alternatively, the fax could be viewed by scrolling down the liquid crystal display (LCD)
display screen on the user unit. The geolocation accuracy of the Iridium system is 1.8 km
compared to GPS which has an accuracy of 16 m. Some user units will have a built-in GPS
chip to enhance its accuracy.

All the above services will find applications in remote areas where it has not been
feasible to provide reliable communication systems in the past due to either economic,
infrastructure requirements, or size limitations. It is anticipated that if the usage charge,
which will be set by the Iridium gateway operators, drops to about $2.00 per minute, then the
Iridium system will definitely replace traditional HF services, and geostationary mobile
satellite service such as INMARSAT, and MOBILESAT (Australian domestic mobile service
provided by AUSSAT). The Iridium system is estimated to break even financially with
minimum infrastructure, at about 2 million users worldwide. Currently there are about 30
million cellular users worldwide and it is predicted that this will exceed 100 million by the

year 2001 and the total number of Iridium users worldwide will reach 6 million.
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From Table 2.1 on page 18, we find there are S5 communication channels per cell.

Each carrier (channel) is divided into 24 time slots using TDMA as shown in Figure 2.16.

1 2 3 24

S— T o ,
T R ) R e Ui R [ (7[R ]
) 90 ms Frame g

T = Transmit Time
R = Receive Time |

-
~

Time Slot

Figure 2.16: Iridium TDMA frame format
Groups of 24 consecutive time slots form TDMA frames, with duration 90 ms. A
transmission and reception occupies one time slot position within a TDMA frame. Since
Iridium employs a 12-cell frequency reuse pattern, on average each cell will be assigned 2
TDMA slots (24/12 = 2). There are 2150 active cells worldwide and Iridium has a
worldwide capacity of 55x2x2150 = 236500 full duplex voice channels. This corresponds

to 3583 full duplex voice channels per satellite (236500/66 = 3583).

2.5.2 Routing of Calls

The user unit has non-volatile memory in which invaluable information such as
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registration number, telephone number, date, and time will be stored. The unit is referred
to be in "standby mode" when it is turned on, and it locks onto the strongest satellite
signalling channel. This allows the unit to geolocate itself. The normal mode of operation

would be to either make a call or leave the unit in "standby mode", receive a page, then return

the call.

2.5.3 How to Place a Call from an Iridium Unit

The Iridium user dials the appropriate number and depresses the send button to start
the call setup mode. This enables the unit to send its own phone number, the number being
called, and the user's registration number directly to the nearest overhead satellite. Figure
2.17 shows a simplified illustration of a typical call routing procedure to either an Iridium
or non-Iridium user. The satellite then passes this setup information to the regional gateway.
The regional gateway is the gateway closest to the user at the time the call is initiated. Then
the regional gateway passes this information to the caller's home gateway to verify the caller's
validity. The home gateway is the gateway where the user activated the user unit. After

validation, the regional gateway determines the optimum (shortest) call routing, through the

constellation of satellites, to the destination.
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Figure 2.17: A simplified illustration of a typical call routing procedure
If the destination is a non-Iridium user (cellular or terrestrial telephone), the destination will
be the closest gateway to the non-Iridium user. Conversely, if the destination is an Iridium
user, its own home gateway must validate the caller, and provide his location. This is
possible because a user location database at each home gateway is continuously being
updated as the users change their location. Both the caller and destination setup information
is sent to the regional gateway. This allows the regional gateway to provide optimum routing
through the constellation of satellites. The call setup procedure usually takes no more than

30 seconds compared to 10 seconds in the cellular environment [10]. Once the call setup is
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completed, the minimum one-way delay associated with Iridium is 10.4 ms (assuming 4 user
unit-to/from-satellite links) compared to 270 ms using geostationary satellites (between two
points within % of the earth's surface) as shown in Figure 2.18. However, the largest one-
way propagation delay through the constellation of Iridium satellites is always less than 150

ms (assuming 4 user unit-to/from-satellite, and 10 satellite-to-satellite links).

GEO

GEO h=40,500 km
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LEO ,
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Figure 2.18: Propagation delays in satellite communications
The longest propagation delay over domestic terrestrial networks is around 25 ms and up to
100 ms for transoceanic cables. The delay in geostationary satellites is approximately 10
times more than longest delays in modern domestic terrestrial telephone circuits. The round-

trip delay in geostationary satellite systems is about 540 ms, and adaptive echo cancellation
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is required for echo control. Since the delay associated with the Iridium system is much less,
there might be a need for an echo suppressor/canceller which could be implemented on a
very large scale integration (VLSI) chip {33-35]. In the calculations above we have not
accounted for the overhead in processing time for voice coding and decoding and other on

board processing (OBP) (36].

2.5.4 Call Routing from a Non-Iridium User and Back-up Technique

A user from a public telephone can also place a call to an Iridium user. The call will
be setup by entering the Iridium system through the regional gateway closest to the caller.
The Iridium user's home gateway will validate whether the user is still current and provide
information about its last known location. Then the setup process proceeds as previously
discussed.

In an event of a gateway failure, the system will find an alternate route to complete
the communication link via another gateway. Conversely, if a satellite fails, there are two
possible solutions. The simplest remedy would be to reroute the data traffic to the nearest
satellite to complete the link. This solution will provide a slightly longer route hence a
longer one-way delay in call. The last option would be to replace the satellite in 36 hours.
In this process, since the Iridium satellites are made of special materials, the faulty satellite

is brought to a lower orbit, where it burns up on re-entry into the earth's atmosphere.
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2.5.5 Balancing the System Cost

At higher‘altitudes and in Van Allen radiation belts, semiconductors must withstand
harsh ultra-violet radiation. At GEO radiation-tolerant semiconductors are used and they are
expensive. The altitude was chosen to be below 1,100 km (just below the first Van Allen
belt) because the radiation environment would drive up the hardware cost. On the other
hand, altitude below 375 km would obviously cause excessive fuel requirements for station
keeping, due to the increase in atmospheric drag and as a consequence lessen the orbit
lifetime. Last but not the least, LEO was chosen because of its primary advantage in

reducing path loss. Refer to Figure 2.19 for transponder power comparison of GEO and LEO

satellite systems.

GEO

4 .= 40,500 km
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Figure 2.19: GEO and LEO transponder power comparison
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The power at the receiver input is given by the relationship

A
P, = P.G._G, (—)?
R r Gr Gg ( an h) (2.13)

where P is the transmitted power, G, is the transponder antenna gain, G, the receiver

antenna gain, A the carrier wavelength and h the altitude of the satellite. For similar received

signal power, transponder and receiver antenna gain, and carrier wavelength, we obtain a

relationship comparing the transponder power required for GEO and LEO satellite systems

(assuming the satellites are directly overhead).

P(GEO h
o2 L ey - g6 2.14)

P(LEO)  hy,

Therefore, the power required for an Iridium satellite transponder is more than 2000 times
(34 dB) less than geostationary systems [37]. This also corresponds in an overall reduction
in the size of the satellite even taking into account the extra payload for the base-band
processing and signal processing to maintain the LEO time-varying geometry constellation.

The three phase array antennas each producing 16 beams are fixed to the sides of the
satellite and do not need to be deployed in space like other types of antennas. Most phased
array antennas are used in situations when the antenna beam can be electronically steered by
using beam forming techniques. But the phased arrays antennas on board the Iridium
satellites are used to generate 48 contiguous narrow beams per satellite. The beams are not

electronically steerable, thus keeping the satellite antennas less complex. For all the reasons
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mentioned above, this translates into minimizing the cost of satellite production (assembly
line production), launch cost, and allows feasible upgrades to increase the system's capacity,

and to implement improvements resulting from technological advancements [7, 23].

2.5.6 Worldwide Roaming

In a cellular telephone system, when a user is in a remote city, calls cannot be
initiated or received unless the user is in roam mode. Roaming is a term used, when a user
in a remote service area can initiate or receive a call and the service will be billed via the
caller's hometown cellular company. Even today, roaming using a cellular telephone is not
possible at the European level due to the various cellular standards that those countries adopt.
At the moment there are about 15 different standards for analog and digital cellular systems
[38]. In Europe, these systems are being phased out by the introduction of the GSM, which
is a digital system. However the digital systems in North America and Japan are the North
American digital cellular (NADC) and Japan digital cellular (JDC), respectively. This solves
the roaming problem at the continent level but worldwide roaming is still not possible. Since

the Iridium satellite system is a worldwide communication system, worldwide roaming will

be possible.
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N . .30
2.5.7 Other Proposed Systems Competing with Iridium
Constellation Hlipese Loral Qualcomm 1-Co Iridiaes Iac. TRW QSC Telegiobe Teledesic Corp.
Sateliite Systemy Aries Ellipso Gilobalstar Inmarat-P Indium Odysey OrdComm Teledesic
Orbit Class LEO HEO + MEO LEO MEO LEO MEQ LEO LEO
Altitude ( km) o1 [7846x5201+{80401 | 1398 10338 %0 10373 s 00
Number of 4a 16 4 10 ] 12 b3 40
Satellites § Spare 2 Spare 6 Spare 3 Spare 10 Spere 84 Spare
laciination () 90 {116.5] + (0] 2 4 16 b (45) » (90] 9.2
Number of Planes | 6 21+1) 2 [ 3 B2 b1
Satellites /Plane | 8 (51 + {61 6 s 1 4 81+ (1) 40
Multiple Access CDMA CDMA CDMA TDMA TOMA/FOMA/ CDOMA NA FDMA (Uplink)
Techaique ™D TDMA (Downlink)
Coversge Global North of 30° South Within £ 70° Global Major Laod Masses | Withia £ 65° Global
Latiude Latinude Latinxde

Type of Satallite Bens Pipe Bent Pipe Bent Pipe Bent Pipe Processing Bent Pipe Beat Pige (S&F) Processing
Sateilite Mass (kg) | 520 650 450 1928 00 07 Q ™m
Beams / Satailite 7 61 16 163 a n NA GaI=576
System Cost 029 Q.7 L7 26 337 1.8 <025 9
(3 Billlon)
Ussr Termaial ($) 1,500 1,000 7% Few Hundred 3.000 350 100 -300 NA
Call Rates ($) 050 0.50 0.60 0 300 Q.65 NA 0.04
Service Types Voice Voice Voice Voice Vosce Vosce Deta Vosce

Datz Data Duta Deta Deata Dana Fax s

Fax Fax Fax Fax Fax Fax Pagmg Fax

Paging Paging Paging Pagmg Pagng :::z
Duta (kbps) 24 03-.96 %6 24 24 9.6 2.4 Uplink 16 - 2048
4.8 Downlink

Voice (kbps) 48 48 24/48/96 43 48 43 No Voxe Service 16
Upliak Frequescy | L - Band L - Band L-Band S - Band L - 8and L - Band VHF - Band Ka - Band
Band
Downliak S - Band S - Band S - Band L - Band L - Band S - Band VHF - Band Ka - Band
Frequency Band

Table 2.3: Proposed satellite systems

In addition to the four proposed LEO satellite systems mentioned which are

competing with Iridium, there are other proposed MEO and HEO satellite systems as well.

Table 2.3 shows some of their characteristics.
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2.6 Conclusions

In this chapter a detailed analysis of the Iridium satellite system is presented. Iridium
makes efficient use of the limited and valuable frequency spectrum by implementing
advances from both cellular and satellite communications. The major contributions for this
efficiency are the use of digital speech interpolation, time division duplex, multiple spot
beams and 12-cell frequency reuse which allows the implementation of a multiple access
which is a combination TDMA, FDMA, and SDMA. Various other technical aspects of the
system have been found to be particularly interesting, namely the RF interference avoidance
techniques utilized, type of beam polarization, type of digital modulation, call routing
procedure, and system backup procedures.

It appears quite likely that the penetration of Iridium will be more pronounced in; (1)
many developing countries with no mobile telephone service, (2) sparsely populated areas
around the world for thin-route communications, and where the infrastructure for mobile
and/or non-mobile terrestrial telephone is too expensive, (3) areas where a more reliable long
distance communication service replaces the HF terrestrial systems, and aeronautic
applications, and (4) areas where a better search and rescue (SAR) service is required (for
off-shore fishing countries, maritime, forest, and mountain related activities areas). In the
case of SAR, Iridium will be able to provide more information than currently used
emergency position indication radio beacons (EPIRB), which utilizes SARSAT.

In the third world countries, especially those with telephone density of less than 5
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telephones per 100 people, the simplest and most economical infrastructure required to
provide the service would be an Iridium terminal in a phone booth which could be solar
powered [7, 9]. On the other hand, in developed countries, the Iridium system will bring
instant communication service to everybody's fingertips at a reasonable price. If the user
unit, and usage fee becomes more competitive than the cellular telephone rate, Iridium will
eventually get a bigger share of the market.

Since the Iridium satellites are relatively inexpensive, it would be feasible to upgrade
and expand the system whenever satellites are replaced. Clearly for developing countries to
reach their full potential, they must have access to advance communication capabilities.
Laying of copper wires and/or optical fibre is fine for developed countries but the cost
involved and most importantly, the time required to bring developing countries to the same
capabilities prevent them from competing on an equal economic basis. A partial solution to
this problem is global wireless interconnection [39-43]. Iridium happens to provide an
instant PCS where narrow-band (Narrow-band is defined as < 33.6 kbps) communication is
concerned.

Even though the Iridium satellite system has some very attractive features for today's
needs, there exist technical issues peculiar to the system. Iridium has a fundamental system
propagation delay of 5.2 ms which constitutes one user-satellite up and downlink. In
addition, an SNR improvement of over 2000 times over GEO systems, is another
advantageous feature inherent to LEO systems, such as Iridium. However, it has been shown

that the typical Doppler frequency shifts in the range of 35.5 kHz and absolute Doppler rate
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or 340 Hz/s are expected for the L-band QPSK signal. Furthermore, due to the dynamic

constellation of the satellites, the coverage time of each satellite beam footprint is 10 minutes
while that for a single cell is between 60-90 seconds. Therefore, the system requires frequent
handovers.

One of the most important issues is the effect of Doppler shift, whose value and rate
are large compared GEO satellite systems. In the following Chapters we investigate the
problems encountered due to the presence of Doppler shift and techniques for Doppler

correction to achieve fast lock-ups, which is necessary to make the system efficient.



CHAPTER 3

Novel Technique for Doppler

Compensation

In this Chapter, we establish the relationship between Doppler frequency shift and
Doppler rate, and satellite cross track angle. Furthermore, we introduce the novel technique
of Doppler compensation as well as a refined version for the overhead pass case. The novel
technique has the effect of reducing Doppler frequency shift to tolerable levels whereby
conventional methods can be utilized to achieve carrier synchronization. The overall gain

is a considerable reduction in lock-up time of the Doppler shifted signal.

3.1 Background

In Chapter 2, the Doppler shift and Doppler rate curves were obtained from a very
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basic simulation model consisting of a user at the equator and a polar LEO satellite which
passes directly overhead. The cross track angle of a satellite is the angle subtended between
the orbital planes of the satellite in question and the orbit of an over head passing satellite.
In other words, an over head passing satellite has a cross track angle of zero. This system
was shown to provide maximum duration period for viewing the satellite, within the allowed
elevation angles, and also produce the highest Doppler shift and Doppler rate. In the real
world, this is not always the case. Often the satellite passes by the user at a non-zero cross
track angle. This section is devoted to deriving the expressions relating the Doppler

frequency shift and Doppler rate to the satellite cross track angles and user position.

3.1.1 Earth Coverage by Satellite at Altitude h

Iridium provides single-satellite coverage with a minimum elevation or grazing angle

Y = 8°. The geometry of the earth coverage by an LEO satellite is shown in Figure 3.1.

Figure 3.1: Earth coverage by an LEO satellite at altitude h
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The beamwidth or tilVnadir angle of the satellite is given by [4, 44-49]

| R,
d = aICSlan COS(Y) (3.1)

The slant range is given by [46-47, 49-50]

s=yRZ+ R, +h? - 2R(R, + h) cos(®) (3.2)

Since 8 = 90° - (® + y), the maximum satellite coverage angle is given by

RC
Qo = arccos{m COS(Ym)l = Ymin (3.3)

Using R, = 6366 km, h = 780.6 km and y = 8°, we get § = 61.90°, s = 2480 kmand @_,,

= 20.10°
3.12 Geometry of LEO Satellite

To provide insight on the extent of Doppler shift and Doppler rate consider the
geometry given in Figure 3.2. The basic trigonometric formulas needed are the laws of

cosines and sines for plane and spherical triangles which are given in Appendix B for

convenience.



Figure 3.2: Satellite geometry

Here we assume that the earth is spherical with the same mean radius as used previously.

R :

e

Mean earth radius

Altitude of satellite

Elevation angle (angle above the horizon at which the user terminal sees the satellite)
Azimuth angle of the user terminal (A. NTS measured through east from north)
Coverage angle (A TOS, always non-negative)

Beamwidth angle (also known as tilt or nadir angle)

Slant range from satellite to user terminal

Latitude of the subsatellite point

Latitude of user terminal

Longitude difference between subsatellite point and user terminal

Location of Satellite
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T: Location of user terminal

S: Subsatellite point

The subsatellite point is the place where a line drawn from the center of the earth to the
satellite passes through the earth's surface. From the spherical triangle 4 NTS, redrawn in
Figure 3.3 and the cosine law for sides (spherical triangles), the coverage angle ® is given

by [49-50]

cos(®P) = cos(90-1) cos(90-1) + sin(90-1) sin(90-1)) cos(L)
cos(®) = sin(l)) sin(l,) + cos(l) cos(l,) cos(L) 3.4)

User Terminal

Figure 3.3: Spherical triangle A NTS
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For simulation purposes [, and L are fixed while [_ is allowed to vary. The slant range is

determined by the law of cosines applied to the plane triangle ATOP which is given in

Figure 3.4 and using equation (3.4) we get

s =R+ ®, + h? - 2R(R, + h) cos(®)
s = ‘/h2 + 2R (R, + h) (1 - sin(l) sin(l) - cos(l) cos(l) cos(L))

3.5)

Re+h

Figure 3.4: Plane triangle ATOP

3.13 Satellite Visibility

Coordinates to which a terminal must be pointed to communicate with a satellite are

called the look angles. These are most commonly specified by the azimuth look angle Az,
and elevation look angle y. Azimuth is measured eastward from geographical north to the

projection of the satellite path on a (locally) horizontal plane at the user terminal. From
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Figure 3.3, we apply the sine law (spherical triangles) to obtain the azimuth angle Az {4, 49-

S1].

sin4z) _ sin(L)
sin(90-1)  sin(®)

(3.6)
sin(L) cos(/)

Sin(Az) = cos(P)

The elevation angle is the angle above the horizon at which a user terminal sees the satellite

and is given by [4, 49-51]

cos(y) = (R‘ . h) sin(®) 3.7
s

For the satellite to be visible from a user terminal, its elevation angle Yy must be

greater than 8°. It is the elevation angle that determines the availability of the communication
link and plays an important role in satellite to satellite handoffs. Doppler shift and Doppler

rate are only calculated when the satellite is visible.
3.1.4 Expressions for Doppler Shift and Doppler Rate

Let v be the velocity vector of the satellite. The projection of this vector onto the
plane TOS is vcos(0). Applying the cosine law for angles (spherical triangles) to triangle

ANTS, given in Figure 3.4, we obtain
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cos(8) = -cos(L) cos(Az) + sin(L) sin(Az) cos(90-1)
cos(8) = -cos(L) cos(Az) + sin(L) sin(Az) sin(l) 3.8)

The radial velocity component v, is given by

v, = |v| cos(8) cos(® + y) 3.9
The Doppler shift is given by

v| cos(0) cos(® + ¥)
» vl : v f (3.10)

The Doppler rate is the time derivative of the Doppler shift and is given by

_ %
f= 5 (3.11)

3.2 Simulation Results

Cross track angles L = {0°,5° 10°, 15°,20°} were chosen and /, = 0°, where the latter
implies the user being at the equator. [ =0° was chosen for the following reason. For any
other value of /, the effect is a horizontal shift of the Doppler curve on the time or /_ axis,

depending which one is selected. Therefore, the Doppler shift is not affected. However,

placing the user at the equator, produces Doppler curves which are centred on the /_ axis.
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Note that L = 0° refers to the case when the satellite passes directly overhead. The

maximum cross track angle of 20° was chosen because the maximum coverage angle given

by equation (3) is Qm = 20.10°. Figure 3.5(a) and 3.5(b) depicts the Doppler shift and

Doppler rate for the various cross track angles, plotted versus the angle of latitude of the

subsatellite point /.. A few noticeable features from the graphs are listed below:

Doppler frequency shift of the carrier frequency fc=1.618 GHz

30

1

10

Doppler frequency shift in kHz
o

0 Degrees ' ! ' '
10 Degrees

20 Degrees

15 Degrlees

5 Degrees

| 1 ] ]

-20 -10 0 10 20 30
Angle Is in degrees

Figure 3.5(a): Doppler shift in kHz versus latitude of subsatellite point
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The Doppler shift curves become less steep as the cross track angle increases.
Smaller cross track angles produce higher Doppler shift and Doppler rate.

The duration period for viewing a satellite become shorter as the cross track angle
increases.

As the cross track angle increases, the Doppler shift behaves almost linearly.

Absolute Doppler rate of the carrier frequency fc=1.618 GHz
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Figure 3.5(b): Doppler rate in Hz/s versus latitude of subsatellite point
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Figure 3.6(a) and 3.6(b) depicts the Doppler shift and Doppler rate for the various

cross track angles, but this time plotted versus time in minutes. The time axis is relative and

is presented here to compare the relative duration period of viewing a satellite for the various

cross track angles.

40

Doppler frequency shift of the carrier frequency fc=1.618 GHz
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Figure 3.6(a): Doppler shift in kHz versus time in minutes
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Figure 3.6(b): Doppler rate in Hz/s versus time in minutes

3.3 Introduction of the Novel Technique

Conventional carrier recovery techniques for multiple phase shift keying (MPSK)
signals can cope with initial frequency offsets satisfying the fundamental limit for MPSK

signal which is quoted here but its proof will given in section 4.8.2 of chapter 4.

1
T ——
\f,T, < Y, (3.12)

Where T is the symbol period and M = 4 in the case of QPSK. Therefore, the maximum
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tolerable initial frequency offset for QPSK signal is given by the fundamental limit for carrier

recovery which is |f; T,| < 1/8. In our case, the tolerable Doppler shift on the downlink

must satisfy f, < 25 kHz, since the downlink coded data rate is 400 kbps.

The Doppler correction technique involves reducing the Doppler shift by applying
a linearly decreasing frequency sweep to the received signal. This technique removes
approximately half the Doppler shift for an overhead pass and the residual Doppler shift
(compensated Doppler shift) is compared in Figure 3.7 (52]. The maximum Doppler shift
has reduced from 35.5 kHz to 18.5 kHz. The residual Doppler shift is now within the
tolerable limits of f, <25 kHz. Figures 3.8 show similar situations for cross track angles L
= {0° 5° 10° 15° 20°).

Dopepler frequency shift compensation on a carrier frequency fc=1.618 GHz

Original Doppler Shift on the Carrier

30k

20 5
N
=
[
= 10f
]
§ ofF Residual Doppler Shift Doppler Compensation
%—10 .

-20F

20 Cross Track Angle 0 Degrees

4&0 -20 -10 0 10 20 ke

Angle Is in degrees

Figure 3.7: Doppler shift, linear frequency sweep and residual Doppler shift
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Figure 3.8: Residual Doppler shift

Satellites with largest range orbits, that is, L = 20°, have minimum residual Doppler shift.

The graphs show that there is a progressive improvement in reducing the Doppler shift by
using this novel Doppler shift compensation technique. For example, when the cross track

angle L = 20°, the Doppler shift has reduced from 21.0 kHz to 4.25 kHz.
3.3.1 Residual Doppler Rate

Here we attempt to find the residual Doppler rate of the carrier for comparison with
the original Doppler rate and the result is depicted in Figure 3.9. The maximum magnitude

of Doppler rate has been reduced from 339.4 Hz/s to 259 Hz/s.
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Figure 3.9: Residual Doppler rate

34 Modification of the Novel Technique

Doppler compensation using a linearly decreasing frequency sweep does not perform
well for the overhead pass case because the Doppler shift curve is more non-linear.
Therefore, it is intuitive to use a non-linear decreasing frequency sweep for small cross track
angles and a linear decreasing frequency sweep for large cross track angles. For example,
the following cube-root polynomial can be used as the non-linear model, where K is a

constant.
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1
3

- K1 (3.13)

fcomp

Figure 3.10 shows the residual Doppler shift before and after compensation for the case when

L =0°
Non-linear Doppier frequency shift compensation
40 L] LJ L4 L] T
Originai Doppler Shift on the Carrier
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Figure 3.10: Doppler shift, non-linear frequency sweep and residual Doppler shift
Simulation has shown that the non-linear example was able to reduce the Doppler shift from
35.5 kHz to0 6.29 kHz in the overhead case. This is an improvement in the overhead case but

not so for large cross track angles.



72

3.5 Conclusions

This chapter describes a novel technique of Doppler compensation of a QPSK signal
that has been transmitted over a satellite link, especially on both the uplink (user terminal to
satellite) and downlink (satellite to user terminal). Simulations have shown that the extreme
Doppler shifts encountered in LEO satellite systems can be reduced to tolerable levels for
low data rate applications. In situations of a direct satellite overhead pass, the modified
novel technique provides further improvement in reducing the Doppler shift.

If however, the mobile user terminal has prior knowledge of both the nominal carrier

frequency, f, and the motion of the satellite providing the service (case when such

information is transmitted by the satellite to the user terminal over the paging channels), the
mobile terminal can estimate the appropriate Doppler curve instead of choosing the direct
overhead Doppler curve [S3]. Choosing the right Doppler curve and applying the novel
Doppler compensation presented in this chapter may provide a simple and elegant solution
for downlink Doppler compensation in low cost mobile user terminals.

An investigation of Doppler shift estimation using the location of both the satellite
and user terminal is provided in Appendix C. In addition, the effects of uncertainties in

satellite and user terminal location on this method of Doppler shift estimation is illustrated

by sample calculations.



CHAPTER 4

QPSK Receiver

Synchronization for LEO

Mobile Users

In this chapter, we examine methods of carrier synchronization for QPSK signal
transmissions with large time varying Doppler shifts; that is, a Doppler frequency shift in the

range -35.5 kHz < f, < 35.5 kHz of and Doppler rate of 0 < f, < -350 Hz/s. First we

introduce the necessity of carrier synchronization in coherent demodulation of QPSK signals.
Basic modulation, demodulation and carrier recovery techniques for QPSK signal, in the
absence of Doppler shift are briefly summarized. Then, carrier synchronizers which have
been developed to combat constant Doppler shift are presented followed by the MPSK
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acquisition range fundamental limit. The chapter is concluded by listing the shortcomings
of current methods of mitigating dynamic Doppler shift and selecting the strategy to be used

to design a Doppler resistant carrier synchronizer.

4.1 Doppler Shift in LEO Satellite Systems

At the present time, there is considerable interest in the potential of LEO satellite
systems to provide a whole range of data communication services, including voice
communications primarily to mobile users equipped with hand-held terminals. The
frequency band allocated for mobile satellite service is in the L-band range of 1.6 - 2.5 GHz

and some of these systems have been described in the previous chapter.

4.1.1 Doppler Shift and Doppler Rate

The relative velocity between the satellites and the mobile users introduces a large
and time-varying Doppler shift into the transmitted signal. This is a time modulation of the
signal which presents itself as a change in frequency with time into the signal carrier [54].

In section 2.3.3 of chapter 2, we investigated the Doppler shift and Doppler rate of
atypical LEO satellite passing a user overhead. The Dopplerrate curve in Figure 2.12 shows
that the Doppler shift can change rapidly. Therefore, the phase of the signal from the satellite

will have a high order function of time [55-56]. This rapid change of frequency implies that
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we have to consider not only the static but dynamic characteristic of the Doppler shift in LEO
satellite systems [57]. Earlier, we found that the maximum Doppler shift was around 35.5
kHz which is several times as wide as the bandwidth of a low-rate signal [58]. Typical

frequency offsets in LEO systems range from 30 to 60 kHz depending on the frequency and

satellite altitude [59].

4.1.2 Carrier and Clock Recovery

QPSK is a spectrally efficient format for transmitting digital data in satellite
communication system. Since it is a double side band suppressed carrier (DSB-SC)
modulation there is no energy transmitted at the carrier frequency. All the transmitted power
goes into the modulation eliminating the discrete carrier component and creating a spectrum
symmetric with respect to the carrier frequency. Since adiscrete carrier component is absent,
carrier regeneration is required (sometimes known as carrier recovery or phase referencing).
Phase referencing is the operation of extracting a phase coherent reference carrier from an
observed noisy received carrier.

Carrier recovery for coherent demodulation can be classified according to either burst
or continuous transmissions. Where transmission is continuous, the demodulation signal
acquisition time need not be rapid. However, in TDMA systems for mobile voice
communications, short-duration bursts are commonly used. Each burst has its own

independent carrier phase and consequently, synchronization is required on a burst-by-burst
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basis [45].

Correct carrier recovery needs to be achieved as soon as the satellite rises above the
horizon. This is essential for an effective personal communication system and should take
place as rapidly as possible, since a fast synchronization corresponds to increased capacity
(more users accessing the system in a period of time). Current standard average is less than
one second and a maximum limit of 5 seconds [60]. However, under this condition, the
received signal has the highest Doppler shift and the lowest SNR, due to the fact the satellite
is at a maximum range from the user [61-62]. Furthermore, when the satellite is at the
horizon, the most severe multipath environment arises between the satellite and the user
terminal [63]. It is safe to say that the Doppler shift maintains a fairly constant value during
that short instant of time. Carrier phase synchronization must be maintained as the satellite
passes overhead and as it approaches the horizon again. Conversely, when the satellite is at
zenith the SNR is the highest and Doppler shift is zero, but changing at the maximum rate.

The problem of Doppler shift during acquisition has received considerable attention
[45, 54-58, 60-64] and this chapter examines some of the techniques used to mitigate the
harmful effects of Doppler shift and highlights some of the problems from the viewpoint of
carrier recovery at the receiver as encountered in the case of the Iridium satellite system
which implements QPSK signalling. Apart from Doppler shift, local oscillators in the
transmitter/receiver also cause frequency offset (oscillator instabilities). There has been
considerable effort to develop a carrier recovery technique as part of a coherent demodulation

scheme which is not only applicable for small initial frequency offsets, but for LEO satellite
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communication systems.

Basically, one of the key requirements of a successful LEO satellite system is the
development of a Doppler shift resistant demodulator. We now proceed to describe
conventional carrier synchronizers for zero Doppler shift then investigate those which are

specifically designed to operate in the presence of Doppler shift.

4.2 Quaternary Phase Shift Keying

The most popular forms of modulation used in satellite communications are MPSK
schemes, especially QPSK. The QPSK modulation scheme is characterized by the fact that
the information carried by the transmitted signal is contained in the phase of the constant
envelope carrier and takes on one of the four possible values {45°, 135°, 225° or 315°}. The

general waveform for QPSK is given by [46, 48, 50, 65-69]

s{t) = A cos(wt + ) 0<t<T, 4.1

where A is the signal amplitude, w,_ is the carrier angular frequency, T, is the symbol

duration and 6, is the modulating phase, given by

8, = (2i - 1)-’;- for i=1,23 4 42)
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with equal probability. Note that the QPSK carrier has a power level of P _.=A 22 [48].

A QPSK modulator takes two input data bits at a time and produces one of the four
possible phases of the carrier. Therefore, a signalling rate reduction of one-half is achieved.
The mapping of the 2-bit (dibit) symbols {00,01,10,11} to the carrier phase can be
accomplished in a number of ways. The most preferred conversion of binary symbols to
phase angles is usually done using Gray coding. The essential idea of Gray coding is to
permit only one bit change in the assignment of binary symbols to adjacent phase angles.

In practice, phase angles {45°, 135°, 225°, or 315°} represent symbols {00, 01, 11,

10} respectively, and the corresponding transmitted signals are

5,(8) = 5,08) = A cos(w t + %)

5y(8) = s(®) = A cos(w s + 31;-)

T 4.3)
53(8) = $5,(1) = A cos(w s + 5-;)
S0 = 5,0 = A cos(w,t + 7%)
or equivalently
A A .
s.() = 5,0 = — cos(w ) - — sin(w,)
1 10 ﬁ ﬁ
A A .
Sy(1) = Spo() = -— cos(w ) - — sin(w,)
o W 2
® = 5,0 = -2 cos(w ) + A sin(w,p) w9
55(2) = 85,,() = ~— cos(w t) + — sin(w t
3 01 ﬁ [« ﬁ [
A A .
5,0 = s,() = — cos(w,) + — sin(w,1)
4 1 ﬁ \/5
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The geometrical representation of the Gray coded QPSK signal is shown in Figure 4.1 [46-
47]. Note that since all the signal states lie on the circle, QPSK is characterized as a constant

amplitude modulation.

Figure 4.1: QPSK phase states using Gray coding
From (4.3), it is seen that the QPSK signal can be viewed as a linear combination of two

binary phase shift keying (BPSK) signals in phase quadrature [66].

43 QPSK Modulator

Consider the generation of QPSK with a typical modulator as shown in Figure 4.2

(46, 50, 65-66, 69].
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Figure 4.2: Typical QPSK modulator
We may rewrite (4.1) in the equivalent form
5{) = A cos(0) cos(w,f) - A sin(0) sin(w 1) 0<tsT,
= m(r) cos(w,f) - m () sin(w,) @.5)

Where m () and m (f) are two separate non return to zero (NRZ) bit streams of I-channel

(in-phase channel) and Q-channel (quadrature channel) respectively. These bit streams can

also be the output of two separate digital sources or can be the alternative bits from a



original bit rate, as shown in Figure 4.3 [46].
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common source. We consider the latter case. In QPSK modulation, the input NRZ enters

the serial-to-parallel converter (demultiplexer) to generate m (f) and m (1), at one-half the

I-digit: 1 0 0 1
A A A
Input Data: | 0 0 0 0 1 1
N v v v
Q-digit: 0 0 1
[nput NRZ
1 1
+1 .
Ty
{ ! {
1 ' I >t
. . e
0 [4] 0 0
t
OV N !
+1 —
Ts
| 1 ! 1
| 1 ~ i > !
10— ———
0 0
m(t)
A 1 1
+1 -
i { l i
1 . | >t
-l - o —————— e oo e e —
0 0

Figure 4.3: Serial to parallel conversion of input NRZ bit stream



82

In other words, each I-digit or Q-digit has a duration of T = 2T,, where T, is the bit

duration of the input NRZ bit stream. A symbol is formed by combining an I-digit and a Q-

digit, for example the symbol 10 is formed with the I-digit 1 and Q-digit 0.
The I-digit stream is used to modulate the carrier cos(w #) and the Q-digit stream is

used to modulate the quadrature carrier sin(w ). The two resulting modulated BPSK

signals, with quadrature carriers, are added to form the required QPSK signal.

Equation (4.1) can equivalently be expressed as

s{0) = Re[A exp(j6,) cxp(i(oct)] 0strsT,
- . (4.6)
= Re[m,.(t) exp(;(.oct)]
where the complex envelope i (?) is given as follows
0<stsT,
4.7

A exp(j0)

10
mo) + jm ()

44 Coherent QPSK Demodulator

In order to achieve the optimum error performance with any digital modulation
format, coherent detection must be used at the receiver. Coherent detection requires both the

receiver and transmitter to be synchronous which implies knowledge of both the frequency
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of the carrier and its phase. The process of estimating the carrier phase and frequency is

referred to as carrier recovery or carrier synchronization, and will be addressed in sections

4.5 through 4.8.

The decoding operation is a process required to reconstruct the data bit sequence

encoded onto the carrier. Figure 4.4 depicts a generalized coherent quadrature demodulator

consisting of a coherent demodulation section, where the QPSK incoming signal is split into

two paths namely: the I-channel and Q-channel, which are each multiplied (demodulated)

by locally regenerated quadrature carrier references. The carrier reference is provided by the

carrier recovery circuit [45-46, 65-67, 69].

Figure 4.4: Coherent QPSK demodulator
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This effectively corresponds to correlation of the received QPSK signal with the reference
carriers over each symbol period. Timing for the integrate-and-dump and the data
recombining is provided by the symbol clock recovery circuit. The outputs of the integrate-
and-dump (correlators) x, and x, are each compared with a threshold of zero. If x;, >0, a
decision is made in favour of symbol 1 for the in-phase channel output, on the other hand,
if x, < 0, a decision is made in favour of symbol 0. The same applies for the quadrature
channel. The original data sequence is obtained by combining the two sequences from in-
phase and quadrature outputs by using a parallel-to-serial converter (multiplexer) [65, 68].

For the coherent demodulator shown in Figure 4.4 to operate successfully, we must
implement an effective and accurate technique for generating a pair of coherent reference
carriers. For this purpose, various types of carrier recovery techniques (synchronizing loops)
include: Mth power, quadriphase Costas loop, remodulator, and decision directed loop.

These will addressed in section 4.6.

4.5 Synchronization

Synchronization poses a fundamental problem in digital communications systems.
In a digital communication system, there exists a hierarchy of synchronization problems to
be considered. For example if a carrier type system is involved, the receiver must
synchronize its reference carrier with that of the received signal in order to perform coherent

demodulation [68]. Therefore, the first step of synchronization is carrier synchronization.
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The next problem in the hierarchy is that of synchronizing the receiver's symbol clock with
the baseband data-symbol sequence, is known as bit synchronization. Beyond the bit
synchronization, other types of problems occurs. For example, depending on the type of
communication system, one may encounter sync problems such as word, frame and packet
synchronization. Synchronization of these type will not be investigated here [66, 70-71].
In systems where a discrete component of the carrier is present in the received signal
(unmodulated sinusoidal component), the standard approach to achieve carrier
synchronization is to make use of a phase lock loop (PLL). A PLL is designed with a narrow
loop bandwidth such that it will lock onto and track the carrier and not be disturbed by the
sideband components of the modulated signal. For systems in which the carrier is totally
suppressed as in DSB-SC (eg. PSK), it must be recreated from the sideband data. A Costas
loop or Mth order loop is capable of achieving such a feat in the case of PSK system [72-73].
In the case of double side band amplitude modulation (DSB-AM) except in the case
of quadrature amplitude modulation (QAM), a residual carrier component is available for
synchronization purposes. Isolation of the carrier from the received signal implies the use
of narrow-band filtering. As a matter of fact, the actual technique commonly used to achieve
carrier synchronization is the addition of a pilot carrier to the DSB-SC modulation. This
technique allows the carrier level to be adjusted independently of the data modulation. In
power-limited situations such as encountered in satellite communications, the carrier power
is a major part of the overall transmitted power. For a given total RF power, the performance

of the system is reduced but carrier synchronization is simplified. This technique is
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sometimes used for low datarate applications. An automatic frequency control (AFC) circuit

compares the pilot frequency with an accurate local reference and uses the difference to

centre the received signal as shown in Figure 4.5.

. To demodulator
Received
Signal 1 —>
[
‘ Pilot
BPF
) 4
PLL \ A
VCO €1 Eijer ‘_—®<——‘@
we (Reference)

Figure 4.5: Pilot tone recovery for DSB-SC systems
4.5.1 Data-Aided Carrier Recovery Techniques (Pilot Tone and Preamble)
In TDMA satellite communication systems, carrier and clock synchronization is

achieved by prefixing a preambie to each data packet. The preamble might contain an

unmodulated component of the sinusoidal RF carrier (pilot tone also known as beacon) or
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known data bits that accentuate carrier and clock line spectra which would assist
synchronization [45, 73-74]. These systems are referred to as data-aided (DA) system and
the carrier acquisition time for such systems is far in excess of the minimum required for
optimal linear phase estimation. For typical voice communications, it would be beneficial
to avoid the use of an acquisition preamble because of the overhead involved. In other
words, no special timing information is multiplexed onto the data signal, since it would use
up a portion of the available channel capacity [58, 75-79].

Our investigation for the moment will only address carrier recovery. Therefore, ideal
data-timing is assumed. After carrier recovery is achieved, the phase of the modulated
carrier can be demodulated to baseband, but the data bits (symbols) cannot be decoded until
bit timing (bit (symbol) recovery) is achieved. Bit timing is the operation of extracting a

time coherent bit rate clock from an observed noisy data-modulated waveform.

4.6 Carrier Synchronizers (Zero Doppler Shift)

There are four main types of carrier synchronizers, Mth power loop, Costas loop,
remodulator, and decision directed loop. They differ in the position of the nonlinearity,
which is entirely separated from the PLL in the Mth power loop, but included in the phase
detector for the Costas loop, remodulator and the decision directed loop [66]. Only the first

three are simple and will be addressed here, however, the last one is more complicated and

involves estimation of the data symbols.
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All QPSK carrier recovery techniques eliminate the modulation on the received signal

to create a carrier component having a phase variation proportional to that of the received

carrier. Subsequent tracking of this residual carrier component then generates the desired

carrier reference.

4.6.1 Mth Power Loop

Squaring of a QPSK signal with equiprobable phases yields a BPSK signal [47]. To
recover a discrete carrier frequency component, therefore, it is necessary to take the fourth
power of the received QPSK. The QPSK signal s(r) is band-pass filtered to minimize the
effects of noise. Then it is passed into a fourth-power device, and a conventional PLL can
be used to track the fourth harmonic [65-66, 72]. The voltage controlled oscillator (VCO)
output is divided-by-4 to provide the desired carrier. The divide-by-4 operation creates four
phase ambiguities in the interval (0, 27). In other words a phase ambiguity of an integer

multiple /2. Figure 4.6(a,b) depicts the block diagrams of a fourth power loop for QPSK

carrier recovery.
QSPK ) VvCO Recovered
O—» BPF  [—® () P  a4e, [P Divideby —»
4

Figure 4.6(a): Block diagram of fourth power loop for QPSK carrier recovery
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Figure 4.6(b): Fourth power loop for QPSK carrier recovery

To simplify, let us assume the received QPSK signal is of the form (noiseless case)

st = Re[m(:) exp(jo t + ,ﬂo)] 4.8)

where € is the arbitrary carrier phase introduced by the channel and assumed to be

independent of time, m(r) is the complex data signal, given by

m(t) = m(1) + jm(1) 4.9)

and m (r) and m (#) take values +1 therefore

mit) =x1tj
= 42 exp( j-’zt + j(%)) for k=0,1,2,3 4.10)
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The output of the fourth power device is given by [46]

y(1) = s4)
= 2 Im@)|* + < ReIm(n)|2 m¥(o) exp(2e,t + 28] ALl
8 2 c 4.11)
1 . N
. = Re[m ‘(1) exp(fw ¢ + j40y)]
From (10), [m(r)|* = 4, |m(#)|> =2 and m?(s) = +j2
Therefore,
Im(6)|? m¥@) = 4 exp(:t 1%) 4.12)

The first term of (4.11) is a DC component which is filtered out by the narrow band PLL.

The second term is still a modulated signal. Since m%(f) = -4, the third term is essentially

a pure sinusoid signal at 4w _, phase 40, with no fluctuations in amplitude. It is this term

which is tracked by the PLL [47].

4.6.2 Quadriphase Costas Loop

The system involves two parallel tracking loops, namely the in-phase and quadrature

loops, operating simultaneously from the same VCO. There are two quadriphase Costas
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loops that can be used for carrier recovery. Figure 4.7 depicts the quadriphase Costas
crossover loop and Figure 4.8 shows the modified QPSK loop [48, 66, 72]. For small phase
errors and high SNR, the outputs of the limiters corresponds to the cosine term of the arm

filter outputs. The hard limiters can be denoted by the Signum function (SGNT « ]).

_- Baseband
I-Channel —~X{t) AU & Multiplier
—Pp LPF
rc(t) +1A_
— >
—-1
+
O
s(t)— vCO (4 Filter:-
A 4
.1 14 '
2 \_’ — 1> !
—-1 z{0) |
t's(‘:) l
LPF
Q-Channel X5(t) VA X°-- Baseband
Multiplier
Figure 4.7: Block diagram of quadriphase Costas crossover loop
The received QPSK for the noiseless case is given by
S@ = Re{(m (@) + jm () expot + jBy)]
= m() cos(,t + 8)) - ms) sin(w,¢ + 0) 4.13)

The VCO produces the local carrier references and are assumed to be of the form
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r(t) = cos(wt + ) and .
r () = sin(@t + 6) 4.14)
The output of the modulators are given by
x(t) = -;— [mc(t) cos(0,) - m (1) sin(0,) + m (1) cosRu,t + 6, + 8))
- m (1) sinRos + 6, + 6))]
(4.15)
x () = % [-m (1) sin(®,) - m() cos(®,) + m () sin@u, + 8 + 6,)
+ mr) cosut + 6, + 0))|
and the phase error is given by
8. =6, - 6, (4.16)

The outputs of the modulator x () and x (¢) are low pass filtered producing baseband signals

y.(r) and y (1) respectively.

y{®) = LPF{x (1)

3 [0 cos®) - m0) sin(®,)]

4.17)

Similarly

y{0) = LPFlx (0]

-% [m (1) sin(®,) + m,(e) cos(8)] (4.18)
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For high SNR, the limiter outputs are z (#) and z(f) respectively

"
|
N
”~~
=

20) = SGNTy (1]

4.19)
2 = SGNTy, (1]

"
]
|
3
”~~
=

The subtraction removes the DC bias effects and the resulting phase discriminator output is
an error signal to phase control the loop VCO, thereby closing the quadriphase crossover

Costas loop. The tracking error signal is given by

€0 =y, SGMy, (0] - y,(n) SGNy (0]
JORAGIESTORAO!

% [mf(t) sin(@,) + m}(t) sin(ﬂe)] (4.20)

1 . 2 2
7 sin®) [mZ0) + m20)
Since

mi(0) = mXp) = 1 4.21)

We obtain the final expression

€l=

sin(6,) 4.22)

| —

Figure 4.8 depicts a modified QPSK Costas loop [45, 73, 80-81].
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Figure 4.8: Block diagram of modified QPSK Costas loop

The signal component at the output of the squarer from the in-phase channel of the modified

Costas loop is given by

9.0 = yio = %[mf(:) cos¥(8,) + m(r) sin(8,)

(4.23)
- 2m (1) m 1) cos(8) sin(8,)]

and using (4.21) we obtain

a0 = 3 [1 - m® m@ sin@8)) 4.24)

Similarly, the signal component from the quadrature channel is given by
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9.0 = ¥}@) = 5 |l sin¥®) + m@) cos’®,)

(4.25)
+ 2m (1) m (1) sin(®,) cos(8,)]
Using (4.25) we simplify the expression to
g, = % [1 + m(®) m(p) sin(28,)] (4.26)
The inputs to the very last baseband multiplier is given by
g1 - q(1) = -—;— m (£) m(¢) sin(20,) 4.27)
and
p(®) = y (1) y (D
= -% [mcz(t) sin(8,) cos(B,) + m (1) m(r) cos¥(8,)
- m (1) m() sin*@,) - m’@) sin(6,) cos(ee)]
(4.28)

—-}4- [ mo) cos’®,) - m) m) sin’®,)]

—% m(8) m(r) cos(26.)

which is the also the output of the first baseband multiplier. The tracking error signal fed

into the VCO is given by
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&0 = P20 - Y]y y0
[0 - 4,0] p®)

4.29)

% m2(5) m*() sin(28,) cos(28))

1L6 sin(46,)

From the use of the tracking error signal format €, = y () SGMy, (9] - y,(n SGMy ()]
from (4.20) and €, = [ycz @ - yf(t)] y{1) y,(t) from (4.29), the former is most commonly

used. The quadriphase Costas loop is often preferred over the Mth power loop because its

circuits are less sensitive to Doppler shift and are generally capable of wider bandwidth

operation.
4.6.3 Remodulator

The outputs of the hard limiters of the QPSK remodulator shown in Figure 4.9 is
identical to those from the quadriphase Costas crossover loop [73, 82]. This carrier recovery
technique involves demodulating the received signal, and low pass filtering to remove

unwanted components of the mixing operation. Asaresult y (1) and y (¢) are recovered and

used to remodulate the received signal so as to remove modulation. The baseband

waveforms y (#) and y (#) are hard limited to produce z (¢) and z(#) respectively.
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Figure 4.9: Block diagram of QPSK remodulator

The reconstructed signal k (#) is the reference signal for the tracking loop phase detector.

The delay t in Figure 4.9 is the time required for s(f) to be processed by the
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demodulator/remodulator. In the analysis, we assume that the circuit delay is zero.

The output of the remodulator is given by

k() =z (0 r(n
- % m(p) sin(ws * 6,) (4.30)

and

k(o)

20 r.()
—% m(f) cos(@,t + 6,) @31)

The output of the summing device produces the reference signal k(f) which can be

compared to (4.13), is a QPSK signal with carrier angular frequency w, and is given by

k(D) = k(D) - k(1)

-% [ sinwg + 8)) + m @) cosw + 8)]

(4.32)
= Re{(mc(t) + jm (1)) exp(jo t + jO, + j%)

Using (4.13), (4.21) and (4.32), the output u(r), of the phase detector (multiplier) is

simplified to

u(r) = k1) s()

= .;. [sin(ee) - m/(1) m() cosQw,t + 6, + 61)] (4.33)
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And when the harmonic component at angular frequency 2 w, is eliminated by the loop filter,

the tracking error signal fed into the VCO circuitry is given by

LPFu(t)]
% sin(8,) 4.34)

€5(1)

As we can see, the remodulator generates a tracking error signal similar to the quadriphase
Costas loop, shown earlier. Furthermore, this method avoids the use of baseband multipliers
as required in the quadriphase Costas carrier recovery loop. The remodulator technique

exhibits a somewhat faster acquisition time compared to the conventional quadriphase Costas

loop.

4.7 Coherent v/s Noncoherent QPSK

The coherent demodulation of PSK signals requires the local generation of a
reference carrier. This may be undesirable either because of the complexity of the circuitry
required for carrier recovery or in applications devoid of sufficient time for carrier
acquisition. A simple approach called Differentially Phase Shift Keying (DPSK) cleverly
avoids the need for a reference carrier consists of performing the demodulation by looking
at the phases of the received signal in two successive intervals and estimating their

difference. If the information digits have been differentially encoded at the transmitter, then
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the observed phase difference at the receiver allows the recovery of the information and the

removal of the phase ambiguity. DPSK can be viewed as a noncoherent version of PSK [65-

66, 68-69].

4.8 Carrier Synchronizers for Constant Doppler Shift

Various synchronization schemes have been adopted to combat constant Doppler
frequency shift and these techniques have been summarised in the Table 4.1 below. The
table shows which methods employ the ML and phase detector (PD), and frequency detector
(FD) combination, by using a check mark ¢ to indicate yes and a cross X for no. In addition,
the acquisition range of the scheme is also tabulated. Details about their operation can be

found in the appropriate references (S5, 57-58, 77-78, 83-92].

4.8.1 Frequency Detector and Phase Detector Combination

In the presence of a large initial Doppler shift, initial acquisition of a PLL, used for
carrier extraction is a significant problem. A very narrow loop bandwidth is required to
control the phase jitter and in the process restricts acquisition (pull-in) range. This also
accounts for long acquisition times. Bandwidth efficient modulations techniques like QPSK
and QAM are very sensitive to phase jitter and require very narrow loop bandwidths, in their

carrier recovery [92].
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Inde | Reference Schemes Method of Operation PD+FD | ML 14/] [Hz]

X

! 57 Block Demodulator Schemes (coastant f)) Conventional PLL method X X < U(BT)

2 (s} m:m?nmabmmm x x s UEBTY

Block Demodulator Schemes (constant £)) -

3 (58] Block d:c;dmdulunt for LED s:::lm systems x x s IN8T)

4 (78.83] | Frequency and Phase Estimation Schemes (coustant ) | Sucin8 Window frequency estimation x x s /(8T

3 (84] Modified Costas loop x x s IA8T)

Simplified quadricorrelator (frequency difference

¢ (831 detector) aid for phase-lock coberent reception / x s 8T

7 {86} Modified PLL / s 1(8T)

8 (87] Linearized loop models in a modified PLL. 7/ X s (BT

Frequency Acquisition Aiding Schemes (constant £)) — " —

9 (88-89] S:mphl:ed Maximum Likelihood frequency Y v S I,
10 [90] Maximum Likelihood frequency detector 7/ s (1+a)T,
11 (91} Balanced quadricorrelator using time delay v/ s U(8T)
12 {921 Balanced quadricorrelator utilizing filters s U(T)

Data-aided frequency estimation (Exploits the
13 m Data-Aided Schemes (constant £) correlation of samples, 128 symbols). Result is x s s I(ST)
for rolloff fa_cwr a=0.5
PD  Phase Detector % Dogpler frequency shift PLL  Phase Lock Loop a Raolloff Factor

D Frequeacy Detector

|84 Acquisition range

Table 4.1: Frequency aiding acquisition schemes

LEO  Low Earth Orbit

ML  Maximum Likelihood

The two requirements, large acquisition range due to Doppler frequency shift and

small phase jitter are not compatible in conventional PLL design. A common approach to

overcome this difficulty, is to design a narrow-band PLL satisfying the phase jitter

requirement, and to extend the acquisition range using an auxiliary frequency detector as an

acquisition aiding technique. Hence, in the presence of large initial frequency offset,

acquisition can be effected with the addition of a frequency detector to the conventional PLL

phase detector. This method leads to short acquisition times when a large initial frequency
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offset is present. The conventional FD is only useful for frequency acquisition and tracking
and cannot be used for phase synchronization. The FD is used in parallel with a PD, and

their respective outputs summed after separate filtering, and sent to the VCO as depicted in

Figure 4.10 below. (
’ |
Frequency i Frequency Detector
’ Detector ‘ { Loop Filter
A
[
| Y
-~ /- \
rt) ———o —_— vCO — ——
! /
| 'y
| | |
| |
r—
. |

—{ Phase Detector ——p+ Fhase Detector —_—
| Loop Filter

Figure 4.10: Carrier synchronizer employing PD in parallel with a FD
During the acquisition mode, the loop acquisition behaviour is governed by the FD
and by the PD during steady state (lock or tracking mode). With large initial frequency
offset, the FD generates a voltage (error signal) proportional to the frequency difference
between the input and the VCO, and driving that difference to zero. At the same time, the
output of the PD is essentially zero, thus the overall circuit behaves as a frequency-tracking

loop. However, when the contribution from the FD is negligible (small), the PD takes
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control over the VCO, completing the acquisition and entering the tracking mode. Ideally,

when the PLL is in-lock, the output of the FD will have at least a zero mean [93].
4.8.2 QPSK Acquisition Range Fundamental Limit

Consider a received QPSK signal given by

r(t) = A cos(wt + 2m Aft + 6) 0<stsT, (4.35)

where noise has been ignored and Af is the constant Doppler frequency shift experienced by

the signal. The decision boundaries for demodulating the symbols {0 i = 1, 2, 3, 4} are
the appropriate quadrants formed by the sin(w,?) and cos(w ) axes of the signal space
diagram of Fig 4.1. At the end of a symbol period T, a symbol may be erroneously decoded

if the total phase of (4.35) were to fall within either of the adjacent quadrants. To avoid this
event from occurring, the maximum tolerable phase error introduced in a QPSK signal due

to an initial constant Doppler frequency shift is given by

12m Af T < 1‘:- (4.36)

which can be re-arranged to establish the expression for the acquisition range fundamental

limit of a QPSK signal [88, 91, 94].
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1
T (4.37)

s

|Af] <

Similarly, the acquisition range fundamental limit of MPSK is given by [91]

1
A
lﬂSZMT (4.38)

s

4.8.3 LEO Doppler Frequency Shift Problem Summary

The Doppler problem experienced by LEO satellite can be described as follows with
some help from Figure 4.11. Inregions A and C, the Doppler shift is fairly constant and the
Doppler rate is zero. However, in region B the Doppler shift is not constant and the Doppler
rate is not equal to zero. In this range, where most communication events arises, Doppler is
dynamic and can be considered to be a linear function of time for short period durations. In

addition, the maximum Doppler shift is around f, = 40 kHz. Applying (4.37) for low data
rate applications, that is for relatively large T, the acquisition range |Af] will be of small

value. Hence, such systems fail to acquire synchronization using conventional techniques,

since the Doppler shift is greater than the QPSK acquisition range.
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Figure 4.11: Typical LEO Doppler curve

At the present time, the maximum duration allowed to establish synchronization in
personal communication systems is 5 seconds and this is due to the current synchronization
methods utilized. However, reducing this period to the order of milliseconds would greatly
increase the efficiency of the network. In order words, the system will have the ability to
provide the service faster thus, increasing its capacity. A typical Iridium handheld receiver
downlink budget calculation performed in section 2.3.6 of chapter 2 has shown that the
system has a downlink margin of 2.86 dB. Furthermore, when an Iridium satellite is at

minimum grazing angle, its slant range is 2480 km and this corresponds to an extra 3 dB link
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margin (20log(2480E3/780E3) = 3 dB) compared to an overhead pass satellite

communication link. Both cases accounts for low SNR environment. Therefore,

synchronization must be effected in low SNR (or E,/N ) environment.

4.8.4 Shortcomings of Previously Proposed Methods

The Doppler shift encountered in typical LEO satellite systems for mobile
communications (low data rate applications) is a strong function of time. Most of the

solutions investigated assume that the Doppler frequency shift, £, is a fixed value, small
compared to the symbol rate, and the Doppler rate, f, to be equal to zero. Furthermore, when

the satellite is in the zenith region, Doppler rate f, is significant.

In some of the methods a preamble of known symbols (training sequence) is
appended to the beginning of each burst for carrier and clock recovery. Often, these same
symbols are also used for channel equalization. The main purpose of using a preamble is to
allow modulation stripping from the received signal. In some situations, modulation is
stripped using an approximation or they are modelled as a random data sequence. Often the
data is modelled as equiprobable symbols. The maximum length of symbols used as a
preamble is 128 [77]. The use of preambles reduces the time available for passing data and
is therefore not suitable for low data rate applications. Although the use of a preamble

affects the efficiency of the transmission, and the effect being proportional to the length of
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the preamble, the estimation process (short acquisition times) is easier to perform and works
for varying SNR conditions [75]. Conversely, a fully modulated carrier (no preamble)
provides a high degree of channel efficiency, but the estimation process is usually tedious,
and performance degrades with low SNR. The use of a preamble in a DA algorithm which
guarantees a fast and reliable carrier synchronization can only be justified if it is possible to
reduce its length. Synchronization may sometimes be lost during fading or blockage. When
the signal returns, there should be a fast reacquisition. This acquisition must be effected with
random data, as it will be performed during data transmission. Thus the reason why for fast
synchronization preambles are not required.

Most carrier synchronizers presented in Table 4.1 can achieve a tracking range of

|Af] < 1/(8T)). These methods are ideal for medium and large capacity digital radio

systems but inadequate for low data rate used in mobile communications, where T, is

relatively large.

When ML techniques are employed to enable receivers to mitigate the effects of

Doppler frequency shift, an observation period (estimation period) T, of the received signal
is required. Processing time has to be taken into account as well. Allowing T, to be large

yields an inefficient system because of the long delays in acquiring synchronization. In the

case of low data rate receivers, as in the case of mobile satellite communications, T, must

be as small as possible. Therefore, T, is a design parameter whose value must be set



according to acquisition time (pull-in time) requirements of the receiver.

49 Why Use Maximum Likelihood Approach?
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QPSK represents an efficient scheme for satellite communications. In such TDMA

systems, rapid carrier and clock synchronization is a must. In the presence of Doppler

frequency shift, Doppler rate and burst mode operation, methods of synchronization outlined

in Table 4.1 cannot provide fast acquisition with high probability. In robust coherent

detection receivers, the carrier phase synchronizers, often implement ML estimation

algorithms. Table 4.1 clearly shows that from the 13 schemes, those implementing ML offer

superior performance. Furthermore, in general methods employing ML estimation provide

design guidelines for practical estimators (receiver design). Table 4.2 depicts the carrier

synchronizers that would mitigate the effects of constant Doppler shift beyond the

fundamental limit of QPSK acquisition range.

_ Method of Operation

; Simplified Maximum Likelihood frequency
[88-89] de v s T,
[90] Maximum Likelihood frequency detector 4 s (1+a)T,
[92] Balanced quadricorrelator utilizing filters v < V(2T)
Data-aided frequency estimation (Exploits the
(771 correlation of samples, 128 symbols). Result is X < U(ST)
for rolloff factor & = 0.5

Table 4.2: Constant Doppler compensators with acquisition range |Af] > 1/(8T)
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Three out of 4 of these schemes employ ML approach [77, 88-90] and similarly for using an

FD and PD combination [88-90, 92]. It is safe to say that the best method utilizes ML.

Low data rate QPSK signal combined with coding, where power is a scarce resource,
and at the same time, low SNR environments of today’s world, makes the task of a coherent
receiver more challenging. ML techniques employing the use of preambles (Data-aided
technique) are normally employed in medium and high data rate communication systems to
attain reasonable performance with short preambles. Synchronization is still difficult,
especially at low SNR values and in the case of LEO satellite systems where high Doppler
shift and Doppler rate are present. In the case when synchronization needs to be effected
during random data transmission, as in the situation of a rapid frequency re-acquisition, ML
schemes are more likely to be successful since they assume the received data symbols as a
random process. From this point of view, the ML scheme is actually a non data-aided
approach compared to the complete opposite as in [88-90].

It must be noted that often ML solutions are non-implementable and therefore,
physically unrealizable, but making an approximation, usually by specializing to limits of
high and low SNR, for the purpose of implementation leads to near optimum (sub-optimum)

realizable receiver structures.



CHAPTER S

ML Approach to Doppler

Compensation

Chapter 4 provides a rational for selecting ML as the choice of solving the Doppler
shift encountered in low data rate LEO communication satellite systems. In this chapter, we
first introduce Maximum Likelihood estimation of multiple parameters. Then we develop
a model for the phase error introduced by Doppler frequency shift and Doppler rate and use
ML to estimate the two unknowns in the phase error model. In section 5.2 we present the
two implementable ML estimation solutions: grid search and ML QPSK Doppler
compensator. Then in Section 5.3 we discuss how to implement the grid search and
introduce an improved grid search for better results. In section 5.4 we explore all parts of
the structure and implementation of the ML QPSK Doppler compensator while in section 5.5

we talk about its digital implementation.

110



111

§.1 Parameter Estimation Technique Via Maximum Likelihood

This section is devoted to introducing Maximum Likelihood estimation of multiple
parameters. The likelihood function derived here will be used in the forthcoming sections
of this chapter. We formulate the ML problem of estimating signal parameters in the

presence of additive noise by letting the received signal r(t) be represented as follows

r(t) = st.@) + n() (5.1)

where s(r.g) is the trial signal component and n(r) denotes the additive white Gaussian noise

(AWGN) with zero mean and two-sided power spectral density N /2 W/Hz . The signal

parameters to be estimated are contained in the vector g and are unknown but deterministic
(non-random). When g contains more than one element, the estimation is referred to as

composite hypothesis parameter estimation.
In ML estimation of signal parameters, we require that the receiver extract the

estimate by observing the received signal over a time interval T, which is called the

observation interval. Usually, a total number of N symbols of the received signal is taken,

one every T, seconds, where T is the symbol period and T, = NT,. Estimates obtained

from a single observation interval are sometimes called one shot estimates. In practice,

however, the estimation is performed on a continuous basis by using tracking loops, which
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can either be analog or digital that continuously update the estimates. On the other hand, one
shot estimates yield insight for tracking loop implementation. In addition, they prove useful
in the analysis of the performance of ML estimation and their performance can be related to
that obtained with a tracking loop. Both techniques will be investigated and feasibility of

implementation will be addressed.

In the limit as the observation interval T approaches infinity, that is for a long

observation period, the conditional probability density function p(r| ) is proportional to the

likelihood function A(r| ), defined as [95-97]
Alrig) = ex;{ "1\'1/: ! [r(®) - s(e.))dt (5.2)

Expanding the above expression we obtain [98-99]

A(rlg) = exp[ —-&1-; ! r¥nd: + -13—0 ! r(?) s(t@dt - ﬁlg ‘Tf s2(ra)dt (5.3)

The first term of the exponential factor is a constant, does not involve the signal parameters g

and equal to the incoming signal energy to noise ratio. The third term, which contains the

integral s2(t,@), is a constant equal to the trial signal energy to noise ratio over the

observation interval T, for any value of g since QPSK signals have a constant envelope.
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For signals with non-constant envelope, such as QAM signals, the third term is still a
constant over a per-symbol basis. Only the second term which involves the cross correlation

of the received signal r(¢) and the trial signal s(t,g) depends on the choice of g. Therefore,

the likelihood function A(r| ¢) may be simply expressed as
2
A(rlg) = exp{ I R f r(t) s(t.q)dt (5.4)
o Ta

or equivalently (88, 95-96]

) 2 .
A(r|g) = exp[v R f r(s) s (r.g)at (5.5)

a T

ML theory states that g is varied so as to maximize (5.5). From this point onwards, instead

of formulating the ML estimation problem by using (5.2), we will refer to the simplified
result given by (5.5) to avoid unnecessary large algebraic manipulations.
Note that we can divide a likelihood function by any expression that does not depend

on ¢ and still have a likelihood function. Therefore, the same result given by (5.5) can also

be obtained if we divide the likelihood function (5.2), by p(r)

p(r) = ex -—;— f r(1)%dt (5.6)
oT
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where the terms remaining after performing the division are the second and third terms given
in (5.3), since (5.2) and (5.6) are in exponential form [98]. This is equivalent to normalizing

(5.2) with respect to the incoming SNR.

5.2 Defining the Doppler Shift Problem

The prime motivation of the work in this section is to present insight on the effects
of Doppler in a QPSK signal on the downlink path. Our aim is to look into the possibility
of a ML solution for the Doppler shift problem. If however a closed form solution is
feasible, its performance compared to other existing methods will be investigated.
Furthermore, simplification of implementation of the method is also of great concern, since

we are considering its usage in low cost mobile terminals.

5.2.1 Doppler Shifted QPSK Signal Model

Let f(t) be the dynamic Doppler frequency shift and 6, is an arbitrary phase shift

introduced by the channel, and in the absence of any side information, it is assumed to be an
unknown constant, independent of time over a specified short period interval, but generally
a random variable which is assumed to be uniformly distributed in the interval (0, 21t). The

total phase shift, p(¢) of the carrier, f, caused by Doppler shift and channel transmission can
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be written as

p() = 2n f fd+8, = f Aty @, dt + 6, = B@) + 8, (5.7
0 0

where P(y) is the phase error introduced solely due to Doppler shift and Doppler rate and

the normalized Doppler shift is given by

£
AR) = — .
7, (5.8)
The received bandpass signal is of the form
r(t) = s@t) + n(r) (5.9)

where the noise n(f) is assumed to be additive white Gaussian noise with zero mean and

variance cx,zl = (¥aN )/E,, that s, two-sided power spectral density of (V2V ) E, W/Hz, where
E, is the symbol energy. The AWGN n(s) is represented in its canonical form by

n(t) = n(1) cos(w, ) - n () sin(w, 1)

= Refii(r) exp(joo, 1)]

(5.10)

where the complex envelope of the noise is given by
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A() = n(1) + jn) (5.11)

where n (1) is the in-phase component and n () is the quadrature component of the n(f).
Both n(f) and n(r) are zero mean independent Gaussian processes with variance

0,% =0,% = (YaN)E, [100-103].

ne

The noisy Doppler shifted QPSK signal is given in the following format

s(t) = i h(t-kT ) cos((.oct + P + 0, + d>k) for k =0, £1, £2, £3,... (5.12)

k=-=

and the information bearing function is

o, = (2n—1)—14£ for n=1,23 4 (5.13)

The discrete random variable ¢, is the phase shift of the k™ data symbol and can assume

only one of four values. If the four symbols are statistically independent and equiprobable,

the probability density function of the discrete random variable ¢, is expressed as the

following and shown in Figure 5.1.

3 T T
pd) = Y P(d),‘-(Zn-l)z) 6(¢k—(2n-1)-z) (5.14)

n=1
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where 0(x) denotes a unit impulse at x =0 and P(¢ o) denotes the a priori probability of the

P((bk - (2n—1)-}) for n=1,23,4 (5.15)

1
4

indicated discrete random variable ¢, and given by

P(¢k) A
1

4

e ___’

Nl?-! T
a
w
w 1
o
a

Figure 5.1: Probability density function of the discrete random variable ¢,
Furthermore, T is the symbol period and h(r) represents a real-valued signal pulse shape.

For simulation purposes we shall investigate cases when h(f) is a rectangular unit pulse of

duration T, and raised cosine with rolloff factor o = 0.4.

An alternate representation of s(f) is given by

st = ¥ { a, h(t-kT) cos(coct+T(t)+60) - b, h(t-kT) sirl(wct+‘1’(t)+90)} (5.16)

k==
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where a, and b, are statistically independent and equally likely data symbols and have

values + 1/y2 and |a,| = |b,| = 1//2.
5.2.2 Maximum Likelihood Strategy

kT

T(t) =3(t) + n(t) '1\5\\ f
( . ‘\"\_ ,/’ l
expiby &

(Phase Rotator)

1 Processor
vVCO
. .
|
i

€ (k)
Loop Filter -

Figure 5.2: Block diagram of receiver structure implementing ML

The proposed ML carrier frequency compensation is implemented by first deriving

an estimate ¥(;) from its nominal value then compensating for Doppler shift by using this

estimate to remove the phase introduced into the transmitted signal due to Doppler shift and

Dopplerrate. An analog block diagram to illustrate how the result from the ML strategy can
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be used to compensate for the initial Doppler shift and Doppler rate is given in Figure 5.2.

Since

r(8) = Rei(r) expljo, 1)] (5.17)
and

s(0) = Rels(s) expljw, 1)] (5.18)

then the input to the receiver structure is the complex envelope of r(f), that is the lowpass

equivalent of r(t), and is given by

) = 5(0) + /@) (5.19)
where the signal §(¢) is given by

St) = ¥ h@-AT) exp({P() + 6, + &)  for k=0, 1, +2, $3,..  (5.20)
k=-=

and similarly

50 = ih(:-kT,) exp(-F(®) + 8, + &)  for k=0, %], £2, 13,.. (521)

k=-=

To simplify the presentation of the ML technique, the following assumptions are made;
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1. Clock recovery has been performed prior to carrier synchronization (symbol timing
is known).
2. Discrete time samples of the received signal are taken from the output of a pulsed

shaped matched filter every + = kT, seconds.

3. The pulse shape satisfies the Nyquist criterion for zero interference.

Furthermore, we mentioned earlier that; the carrier f, = w/(27) is a deterministic (non-

random) variable; the symbol phase ¢, is independent and equally likely and the arbitrary

phase shift 6 is a uniformly distributed random variable. However, the low pass equivalent
noise, 7(t) is AWGN with zero mean and variance cr,,2 = N JE, where the latter is twice the
variance of n(t). Furthermore, l/o,,2 = E/N is also the symbol SNR [77, 102]. The

variable ¥(r) is deterministic (non-random), unknown, varies with time but constant during
every symbol period and depends on the two parameters f, and f, which are estimated via

the ML process.
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§.2.3 Maximum Likelihood Formulation

Our main goal is to use the ML technique to estimate P(z) based on the observation

of a finite interval T record length of the received signal. We would like to obtain joint ML

estimates of f, and f, namely; f , and fr which would allow us to compute the estimate

$(r). Referring to Figure 5.3, and focussing on the region labelled B, we suggest the
relationship that the instantaneous frequency, f(r) (deviation from its nominal value of f,)

is dependent on the Doppler rate which is linear function of time over short time durations

and can be expressed as follows

O =fi+ft (5.22)

That is, the received frequency contains a Doppler shift component as well as a Doppler rate
component, where the latter accounts for the Doppler being dynamic. Referring to the S-
shape Doppler curve for typical LEO satellite systems, the flat regions (satellite at horizon,
regions A and C) present a relatively constant Doppler frequency shift and negligible
Doppler rate. But as the satellite approaches zenith (centre of region B), with respect to the

user terminal, the Doppler shift is modelled as a linear function of time.
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fi 4
A B C

f; max = 40 kHz S—& > >

Af
;M) =+ T [< f = Af

r At
Af;(T)=f, T f;(®) = fg+ £t
)

A¥Y=fT v

W) =2m f ¢+ f, &

f; min = 40 kHiz
¥ ; .' .

Figure 5.3: Doppler shift and Doppler rate relationship

The relationship between f,, f, and the phase, ¥(r) due to Doppler can now be obtained by

using (5.22) and is given as follows

¥(r) = 2= f f() at
0

ZR]{fd«‘frt}dt
0

=2nfye+nf1?

(5.23)



123

At each time t = kT, we would like to obtain a ML estimate of the phase error

introduced by Doppler shift and Doppler rate, based on the received signal over the

immediate past N symbol interval. Now we turn our attention to the development of the

likelihood function. First, we rewrite (5.5) in terms of the variance of the noise process, low

pass equivalent in our case, thus we have

1 .
A(rlg) = cx;{; R¢| Tf r(o) s (tmdt]] (5.24)

Assuming that we have agreed on the above points, we formulate the ML problem by first
expressing the simplified joint conditional likelihood function (5.24) which was developed

in section 5.1 of ##) given, ¢,, 60, o, and P(r) and using (5.19), (5.21) and (5.24) we
obtain

N-1 E k-1)T,

ART)|¥(@), 6, ¢ =kI.Io ex F R k{ i(t) h(t-kT,) exp(-TE() + 6, ~ d,))ds|[ (5.25)

[/

Making use of a derivative of Euler's formula [104]

exP(‘f ¢k) = COS(d)k) -J sin((bk) (5.26)
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it is possible to expand (5.25) to obtain

N-1 k-1,
AGT)IE®). 8, ¢, = Lcos(d,) exp{xl’— Re{ [ A0 ha-kT) exp(~il®@) - Go])dt]]

0 kT,

‘ E, (bl)T,-
+ sin(d,) ex{ﬁ- Im{ f 7(t) h(t-kT,) exp(-jI¥() + 8,))dr
(5.27

° kT,

Data dependence of the likelihood function is achieved by averaging the likelihood function

over all possible values of ¢, [105].

ART)|B(), 8,) = f ART)IE®), 0, &) p(d,) db, (5.28)

Using (5.13-5.16) we substitute for p(d,) into (5.28) and the result is given by

4

AKT,)|® T 3L e E :
(RTDIF@, 8) =T ) — ex Fg Re[U(kT:)] cos( (2n—1):)

k=0 n=|

. .5. In{UKT,)] si.n( (2n—l)-§]]

(5.29)

where U(kT ) is given by
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(k-1)T,
UGKT) = f Ar) h(t-kT,) exp(-{E () + 6,])dr
(k*l)T (5.30)
= [ Ap hG-kT) exp(~jI2n f, 1 + £, 12 + 6,1}t
We first perform the summation and the resultant is given by
AGT)IZ@, 0) =T L expl =2 R{UGT ®| e 2 ImUGT "
(KT)I70.0) <L  exgl 21 7 ,)]cos(z) mUGT)] s I
1 E, 3n)  E in
i '17 RU(KT,)] co -1-) g lm{U(kT )] m{T)
° { (5.31)

wn

{
expl L= RUGT)] co(T") .= Im{UGKT)| “‘(Sn)

0

7 E, 7
i b Re{U(KT,)| cos( T") — ImUGT,)] u'{ ")

o

N

/

which simplifies further to the following

N-1 1 E
ART)|¥M®, 0) =0 — — ReUKT )| +
(r( o)l (t) o) k=0 2 COS'{ J-ZNO 8[ ( -’)] g ]]
(5.32)

o 3 cos E, Re[U(kT )] . E
2\, T, ‘
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To further simplify (5.32) we make use of the hyperbolic identity

2 cosh(A) cosh(B) = cosh(A+B) + cosh(A-B) (8.33)

and we obtain the data averaged likelihood function given by

N-1 E E
ARKT)|F(), 6,) =1 cos — ReU(KT){| cos :
s k0 '{ VA, 1 ]) h[ VN,

o

Im[U (kTJ)]] (5.34)

and taking the natural log of (5.34) we get the corresponding log-likelihood function which

is given by

N-1 E
LAT)|P(@®),0) =) In ~—— ReU(GT
(AT, E(@), 6,) kz; cosv{ i qUGT)] (5.35)

o

E
+ In cos — ImUKT)
{ - miov

o

Results from [95, 102, 106] has similar presentation as the one presented here in (5.35).

Methods [102] and [106] use ML estimates of phase 00 and assumes independent and
equally likely data symbols. Conversely, [95] method uses ML estimates of phase 8, and

time delay t, and assumes the data symbols to be independent and Gaussian.

Unfortunately (5.35) is highly non-linear and an exact optimal solution is difficult to

obtain, hence the ML estimation of f , and f'r is not easily implemented.
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5.2.4 Approximations and Implementable Solutions

In typical LEO satellite systems, power is a scarce resource. This low SNR
environment makes the synchronization process in receivers a more challenging task [100].
Furthermore, using (5.35) to obtain the ML estimates, requires the knowledge about the

operating E /N to evaluate In cosh(x) given by (5.35) [101, 107]. Therefore, the estimator

is not practical. But looking at the asymptotic behaviour of In cosh(x) function, in terms of

high and low SNR, which are commonly used in communications, it provides us with readily

implementable resuits which are practicable.

The first order approximation for cosh(x) is given by [72, 95, 97, 108-109]

cosh(x) = exp[ 52-] lxf (1
1 2 (5.36)
"3 exp(|x) x| N1
Hence, by taking the natural log yields [99, 109]
In cosh(x) = X (
cosh(x) 5 x| (1 (537)
= |x]| x| M1

Using the quadratic approximation from (5.37) for |x| << 1, which applies for situations of
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low SNR (the case when the satellite is at the horizon) and the log-likelihood function, we

obtain an approximate log-likelihood function given by

v E 2 | E 2
L(KT )| PW) = . RF Re[U(kTJ)]"’ " FS Im[U(kT,)]2 (5.38)

k=0 0

Equivalently, we can also say

( 2

LRT)|®() =Y, UG, )P
=0 4
2 (5.39)

UKT) UGT)"

4
k=0 4\
Investigating (5.39), we notice that it is independent of Bo and this is due mainly to (5.35)

having been transformed into quadratic expressions (5.38) and (5.39). This can be shown

by using the identity

UGT ¥ = UGT) UGT) (5.40)

and by using (5.30) and the above identity on (5.39) and taking the time invariant random

variable 6, out of the integration operation, we can show that (5.39) is independent of 6.
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N-1 ) EV (k-1T,
LAT )| T(®) = Z{N" exp(-/8,) | [ AD) hG-KT) exp(~E()dr
kTJ

k=0 o)

T, . (5.41)
x exp(j6,) f 1) h(t-kT,) exp(-jE (D)t

[ AT,

Conversely, ¥(¢) cannot be removed from the integration as was 0 _, since the former is time

dependent. For joint ML estimation, the trial parameter ¥(r) has to be chosen in such a way

that the likelihood function (5.35) attains its maximum. Hence we maximize the log

likelihood function (5.39) (which is mathematically equivalent to maximizing the likelihood

function and for simplicity), to obtain ¥(r). One technique to determine ¥(r), is to compute

(5.38) for various initial guesses of P(r) by using various combinations of f, and f,. Then

select the one combination of f -, and fr that maximizes (5.39).

Strictly speaking, ¥(¢) is not a ML estimate but f -, and fr are joint ML estimates.

The method employed to obtain ML estimates in this manner is referred to as a grid search
technique. This is the first implementable solution and it is often computationally intensive
but the only option for large initial frequency offsets. Furthermore, this technique does not

allow tracking of changes in f, and f, during the observation period T,. Therefore, to obtain

the necessary condition for the above technique to work, we must assume that f, and f, have
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constant values throughout the observation period T . Details on how to perform the grid

search will be described in section 5.3. One characteristic of such an algorithm consists of

the fact that the ML estimates £, and f, are explicitly computed, and depends only on direct

processing of the received signal /(f) prior to any Doppler compensation. Hence, this

method does not require a negative feedback loop and VCO for coherent detection as in PLL

[106].

We now look into the possibility of a technique that would allow us to track changes

in f, and f,. The necessary condition for this is we must assume that f, and f, have constant

values during each observable symbol period. We differentiate (5.35) with respectto f, and f,

and we obtain
LETN o 1, 8§ _E, [avar) E, RelUGT))
2, Wy, | 9 | vy, T 542
v g |ovar) E ) 542
. I *_Im{UKT)]
k0 2N, ¥ | V2N, )
and similarly
L(AT)\fp £ 8) "Z‘ E, |ovar) E, Re[U(kT)ﬂ
of. k0 2N, l_ of, | V2N, J ) (5.43)
v £ [ougn)] E ) ‘
. g s *_Im[UKT)]
=0 2N o | V2N, /
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To obtain the ML estimates, we set (5.42) and (5.43) to zero. However, both expressions are

non-linear and, hence, an exact optimal solution is still not feasible. The partial derivative

components are given by {110}

SUGT el
;f > - -2 [t Ap) h-kT) exp(-ji2n f, ¢ + 7 f, 12 + Bt (5.44)
d kT,
and
SURKT (k00T
;f 2 - [ 1 R he-kT) exp(~2m £y 0 + ® £, 17 + O ]t (5.45)
r kT,

The expression given by (5.42) and (S5.43) cannot be simplified exactly in any obvious way.

Instead of using the tanh(x) non-linearity, we can make use of the following approximations

for high and low SNR situations which would imply practical implementations (72, 106,

108-109]
tanh(x) = x |x{ (1
= sgn{x} |xIN (5.46)

The second implementable solution is obtained