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Abstract 

This project focuses in the application of digital modulation techniques used in many 

communications systems today. Emphasis is placed on explaining the tradeoffs that 

are made to optimize efficiencies in system design. 

The move to digital modulation provides more information capacity, compatibility 

with digital data services, higher data security, better quality communications, and 

quicker system availability. 

Also in my project I am going to discuss the techniques of digital modulation have 

revolutionized the communication industry, and I will discusses the theory behind 

digital communication techniques, shows how this theory is applied to electronic 

devices, and demonstrates their functionality in a real instrumentation application. 
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CHAPTER ONE 

DIGITAL MODULATION 

Introduction 

This project introduces the concepts of digital modulation used in many communications 

systems today. Emphasis is placed on explaining the tradeoffs that are made to optimize 

efficiencies in system design. Most communications systems fall into one of three 

categories: bandwidth efficient, power efficient, or cost efficient. Bandwidth efficiency 

describes the ability of a modulation scheme to accommodate data within a limited 

bandwidth. Power efficiency describes the ability of the system to reliably send 

information at the lowest practical power level. In most systems, there is a high priority 

on bandwidth efficiency. The parameter to be optimized depends on the demands of the 

particular system. For designers of digital terrestrial microwave radios, their highest 

priority is good bandwidth efficiency with low bit -error-rate. They have plenty of power 

available and are not concerned with power efficiency. They are not especially concerned 

with receiver cost or complexity because they do not have to build large numbers of 

them. 

On the other hand, designers of hand-held cellular phones put a high priority on power 

efficiency because these phones need to run on a battery. Cost is also a high priority 

because cellular phones must be low- cost to encourage more users. Accordingly, these 

systems sacrifice some bandwidth efficiency to get power and cost efficiency. 

Every time one of these efficiency parameters (bandwidth, power, or cost) is increased, 

another one decrease, becomes more complex, or does not perform well in a poor 

environment. Cost is a dominant system priority. Low-cost radios will always be in 

demand. In the past, it was possible to make a radio low-cost by sacrificing power and 



• 

bandwidth efficiency. This is no longer possible. The radio spectrum is very valuable and 

operators who do not use the spectrum efficiently could lose their existing licenses or lose 

out in the competition for new ones. These are the tradeoffs that must be considered in 

digital RF communications design. This project covers: 

1. The reasons for the move to digital modulation. 

2. How information is modulated onto in-phase ( I) and quadrate ( Q) signals. 

3. Different types of digital modulation. 

4. Filtering techniques to conserve bandwidth. 

5. Ways of looking at digitally modulated signals. 

6. Multiplexing techniques used to share the transmission channel. 

7. How a digital transmitter and receiver work. 

8. Measurements on digital RF communications systems. 

9. An overview table with key specifications for the major digital communications 

systems; and a glossary of terms used in digital RF communications. 

These concepts form the building blocks of any communications system. If we 

understand the building blocks, then you will be able to understand how any 

communications system, present or future, works. 

1.1 Digital Modulation Mechanism 

The move to digital modulation provides more information capacity, compatibility with 

digital data services, higher data security, better quality communications, and quicker 

system availability. 

Developers of communications systems face these constraints: 

1. Available bandwidth. 

2. Permissible power. 

3. Inherent noise level of the system. 

2 



The RF spectrum must be shared, yet every day there ate more users for that spectrum as 

demand for communications services increases. Digital modulation schemes have greater 

capacity to coifv;y large amounts of information than analog modulation schemes. 

1.1.1 Trading off Simplicity and Bandwidth 

There is a fundamental tradeoff in communication systems. Simple hardware can be used in 

transmitters and receivers to communicate information. 

However, this uses a lot of spectrum, which limits the number of users. Alternatively, more 

complex transmitters and receivers can be used to transmit the same in formation over less 

bandwidth. The transition to more and more spectrally efficient transmission techniques 

requires more and more complex hardware. Complex hardware is difficult to design, test, 

and build. This tradeoff exists whether communication is over air or wire, analog or digital. 

Figure 1.1.1.1: The Fundamental Tradeoff. 

1.1.2 Industry Trends 

Over the past few years a major transition has occurred from simple analog Amplitude 

Modulation (AM) and Frequency/Phase Modulation (FM/PM) to new digital modulation 

techniques. Examples of digital modulation include: 

1. QPSK (Quadrate Phase Shift Keying). 

2. FSK (Frequency Shift Keying). 

3. MSK (Minimum Shift Keying). 

4. QAM (Quadrate Amplitude Modulation). 

3 
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Another layer of complexity in many new systems is multiplexing. Two principal types of 

multiplexing (or "multiple access") are TDMA (Time Division Multiple Access) and 

CDMA (Code Division Multiple Access). These are two different ways to add diversity to 

signals allowing different signals to be separated from one another 

Required ,Aeasun,ment Cspal:iit'J 

Figure 1.1.2.1: Trends in the Industry. 

1.2 Using I/Q Modulation to Convey Information 

1.2.1 Transmitting Information 

To transmit a signal over the air, there are three main steps: 

1. A pure carrier is generated at the transmitter. 

2. The carrier is modulated with the information to be transmitted. Any reliably detectable 

change in signal characteristics can carry information. 

3. At the receiver the signal modifications or changes are detected and demodulated. 

4 
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1.2.2 Signal Characteristics that can be modified 

There are only three characteristics of a signal that can be changed over time: amplitude, 

phase, or frequency. However, phase and frequency are just different ways to view or 

measure the same signal change. 

In AM, the amplitude of a high-frequency carrier signal is varied in proportion to the 

instantaneous amplitude of the modulating message signal. 

Frequency Modulation (FM) is the most popular analog modulation technique used m 

mobile communications systems. In FM, the amplitude of the modulating carrier is kept 

constant while its frequency is varied by the modulating message signal. Amplitude and 

phase can be modulated simultaneously and separately, but this is difficult to generate, 

And especially difficult to detect. Instead, in practical systems the signal is separated into 

Another set of independent components: I (In phase) and Q (Quadrate). These components ,,..;,., 
-are orthogonal and do not interfere with each other. 

----...J D8t.ct1he Mocifbatbns 
'Dem:xlulate' 

/lily reliably de1EC1a~s ctlml)? in 
signal characlE<istics can carry iltorrna.ti:m 

Figure 1.2.2.1: Transmitting Information (analog or digital). 
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Figure 1.2.2.2: Signal Characteristics to Modify. 

Signal Characteristics that can be modified a simple way to view amplitude and phase is 

with the polar diagram. The carrier becomes a frequency and phase reference and the signal 

is interpreted relative to the carrier. The signal can be expressed in polar form as a 

magnitude and a phase. The phase is relative to a reference signal, the carrier in most 

communication systems. The magnitude is either an absolute or relative value. Both are 

used in digital communication systems. Polar diagrams are the basis of many displays used 

in digital communications, 

Although it is common to describe the signal vector by its rectangular coordinates of I (In 

phase) and Q (Quadrate). 

1.2.3 Signal Changes or Modifications in Polar Form 

Figure 1.2.3.1 shows different forms of modulation in polar form. Magnitude is represented 

as the distance from the center and phase is represented as the angle. 

6 



Amplitude modulation (AM) changes only the magnitude of the signal. Phase modulation 

(PM) changes only the phase of the signal. Amplitude and phase modulation can he used 

together. 

Frequency modulation (FM) looks similar to phase modulation, though frequency is the 

controlled parameter, rather than relative phase. 

Figure 1.2.3.1: Polar Display Magnitude and Phase Represented Together 

/\ / /~ ' -~ 
( .,~~ ,tmb 

t.::.'.:. J o "'li 

~ I / , ••.. ,v..- 
' ~ J..( Q~ 

Figure 1.2.3.2: Signal Changes or Modification. 
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One example of the difficulties in RF design can be illustrated with simple amplitude 

modulation. Generating AM with no associated angular modulation should result in a 

straight line on a polar display. This line should run from the origin to some peak radius or 

amplitude value. In practice, however, the line is not straight. The amplitude modulation 

itself often can cause a small amount of unwanted phase modulation. The result is a curved 

line. It could also be a loop if there is any hysterics in the system transfer function. Some 

amount of this distortion is inevitable in any system where modulation causes amplitude 

changes. Therefore, the degree of effective amplitude modulation in a system will affect 

some distortion parameters. 

1.2.4 UQ Formats 

In digital communications, modulation is often expressed in terms of I and Q. This is a 

rectangular representation of the polar diagram. On a polar diagram, the I axis lies on the 

zero degree phase reference, and the Q axis is rotated by 90 degrees. The signal vector's 
projection onto the I axis is its "I" component and the projection onto the Q axis is its "Q" 

component. 

'I' Ftcje-:lsi[11111 
1'J •J• and ·er· a~E6 1-\lalue 

Paarto Rocrargular Ccr1113rsiJn 

Figure 1.2.4.1: I_Q Format 
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1.2.5 I and Q in a Radio Transmitter 

I/Q diagrams are particularly useful because they mirror the way most digital 

communications signals are created using an 1/Q modulator. In the transmitter, Q signals 

and I are mixed with the same local oscillator (LO). A 90 degree phase shifter is placed in 

one of the LO paths. Signals that are separated by 90 degrees are also known as being 

orthogonal to each other or in quadrature. 

Signals that are in quadrature do not interfere with each other. They are two independent 

components of the signal. When recombined, they are summed to a composite output 

signal. There are two independent signals in I and Q that can be sent and received with 
simple circuits. This simplifies the design of digital radios. The main advantage of 1/Q 

modulation is the symmetric ease of combining independent signal components into a 

single composite signal and later splitting such a composite signal into its independent 

component parts. 

. CO~Cl'.JE 
~Ctjip..1 

S(flll 

Figure 1.2.5.1: I and Qin A practical Radio Transmitter 

1.2.6 I and Q in a Radio Receiver 

The composite signal with magnitude and phase ( or I and Q) information arrives at the 

receiver input. The input signal is mixed with the local oscillator signal at the carrier 

frequency in two forms. One is at an arbitrary zero phases. The other has a 90 -degree phase 

shift. The composite input signal (in terms of magnitude and phase) is thus broken into an 

in-phase, a quadrate, Q, and I component. These two components of the sign al are 

9 
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independent and orthogonal. One can be changed without affecting the other. Normally, 

information cannot be plotted in a polar format and reinterpreted as rectangular values 

without doing a polar-to- rectangular conversion. This conversion is exactly what is done by 

the in-phase and quadrature mixing processes in a digital radio. 

A local oscillator, phase shifter, and two mixers can perform the conversion accurately and 

efficiently. 

0:mpl!'.i:e 
hlo1 
&pl 

Figure 1.2.6.1: I and Qin A practical Radio Receiver 

1.2.7 Q and I Mechanism 

Digital modulation is easy to accomplish with 1/Q modulators. Most digital modulation 

maps the data to a number of discrete points on the 1/Q plane. These are known as 

constellation points. As the signal moves from one point to another, simultaneous 

amplitude and phase modulation usually results. 

To accomplish this with amplitude modulator and a phase modulator is difficult and 

complex. It s also impossible with a conventional phase modulator. he signal may, in 

principle, circle the origin n one direction forever, necessitating infinite phase hafting 

capability. Alternatively, simultaneous AM and Phase Modulation is easy with an 1/Q 

modulator. he I and Q control signals are bounded, but infinite has wrap is possible by 
properly phasing he I and Q signals. 

10 
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1.3 Digital Modulation Types and Relative Efficiencies 

This section covers the main digital modulation formats, their main applications, relative 

spectral efficiencies, and some variations of the main modulation types as used in practical 

systems. Fortunately, there are a limited number of modulation types, which form the 

building blocks of any system. 

1.3.1 Applications 

" The table below covers the applications for different modulation formats in both wireless 

communications and video. Although th is note focuses on wireless communications, video 

applications have also been included in the table for completeness and because of their 

similarity to other wireless communications. 

1.3.1.l Bit rate and symbol rate 

To understand and compare different modulation format efficiencies, it is important to first 

understand the difference between bit rate and symbol rate. The signal bandwidth for the 

communications channel needed depends on the symbol rate, not on the bit rate. 

bit rate sambol = (1.3.1.1.1) 
the number of bit trasmitted with each symbol 

11 



Miodulation fr;rmat Ap:plication 

MSK,GMSK 
BPSK 
OPSK, rt/, DOPSK 

GSM.CDPD 
Deep spam telemetrr. cable modems 
Satellib; CD MA l>J4DC, TETRA, PHS, PDQ LM DS, DVB-S, cable (return 
1:.11 h), cab le rna:lerns, THS 
CDfi/\A. satsllite 
DECT, paging RAM mobile data, AMPS, CT2, EAMES. land mobile, 
public salety . 
North American digital TV (A.TVi broadcast, cable 
Satellire. aireralt, telemetry p ilots tn nmnitoring b madbanuvideo s;stenis 
Mic,n11t~fla digital radio, momms .. DVB-C. DVB-T 
Tetrestria I mir.:m11,·aw. DVB-T 
DVB-C. nndenlS,, broadband set top Imes, MMDS 
r.v'lcxlenu. DVB· C (Eu rupei Digital V deo [US) 

OQPSK 
Fsr~ GFSK 

8, 16 VSB 
BPSt( 
1G !14M 
32.!14M 
EN DAM 
2580AM 

Table 1.3.1.1.1: Application for Different Modulation Formats in both Wireless 

Communication and Video 

Bit rate is the frequency of a system bit stream. Take, for example, a radio with an 8-bit 

sampler, sampling at 10 kHz for voice. The bit rate, the basic bit stream rate in the radio, 

would be eight bits multiplied by 1 OK samples per second or 80 Kbits per second. (For the 

moment we will ignore the extra bits required for synchronization, error correction, t>' 

Figure 1.3.1.2.1 is an example of a state diagram of a Quadrature Phase Shifr 

(QPSK) signal. The states can be mapped to zeros and ones. This is a comr' 

but it is not the only one. Any mapping can be used. 

The symbol rate is the bit rate divided by the number of bits t1 

each symbol. If one bit is transmitted per symbol, as w· 

would be the same as the bit rate of 80 Kbits per se- 

symbol, as in QPSK, then the symbol rate we · 

second. Symbol rate is sometimes called t- 

bit rate. These terms are often confuse · 

same amount of data can be serr 

that are more complex anr' 

over a narrower piece of 




