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Safety and Common Symbols

The following safety and common symbols may be used in this manual and on

the equipment:

Symbol Description
DANGER indicates a hazard with a high level of risk which, if not
A DANGER avoided, will result in death or serious injury.
WARNING indicates a hazard with a medium level of risk which,
A WARNING

if not avoided, could result in death or serious injury.

A CAUTION

CAUTION indicates a hazard with a low level of risk which, if not
avoided, could result in minor or moderate injury.

CAUTION

CAUTION used without the Caution, risk of danger sign A,
indicates a hazard with a potentially hazardous situation which,
if not avoided, may result in property damage.

Caution, risk of electric shock

Caution, hot surface

Caution, risk of danger

Caution, lifting hazard

Caution, hand entanglement hazard

Notice, non-ionizing radiation

Direct current

Alternating current

Both direct and alternating current

SlaAle BB B>

Three-phase alternating current

1

Earth (ground) terminal
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Safety and Common Symbols

Symbol

Description

Protective conductor terminal

Frame or chassis terminal

D
A
v

Equipotentiality

On (supply)

Off (supply)

Equipment protected throughout by double insulation or
reinforced insulation

In position of a bi-stable push control

D p (OO —

Out position of a bi-stable push control
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Preface

Digital communication offers so many advantages over analog communication
that the majority of today’s communications systems are digital.

Unlike analog communication systems, digital systems do not require accurate
recovery of the transmitted waveform at the receiver end. Instead, the receiver
periodically detects which waveform is being transmitted, among a limited
number of possible waveforms, and maps the detected waveform back to the
data it represents. This allows extremely low error rates, even when the signal
has been corrupted by noise.

The digital circuits are often implemented using application specific integrated
circuits (ASIC) and field-programmable gate arrays (FPGA). Although this
“system-on-a-chip” approach is very effective for commercial and military
applications, the resulting systems do not allow access to internal signals and
data and are therefore poorly suited for educational use. It is for this reason that
we designed the Communications Technologies Training System.

The Communications Technologies Training System, Model 8087, is a state-of-
the-art communications training system. Specially designed for hands-on
training, it facilitates the study of many different types of digital
modulation/demodulation technologies such as PAM, PWM, PPM, PCM, Delta
Modulation, ASK, FSK, and BPSK as well as spectrally efficient technologies
such as QPSK, QAM, and ADSL. The system also enables the study of direct-
sequence and frequency-hopping spread spectrum (DSSS and FHSS), two key
technologies used in modern wireless communication systems (CDMA cellular-
telephony networks, Global Positioning System, Bluetooth interface for wireless
connectivity, etc.) to implement code-division multiple access (CDMA), improve
interference rejection, minimize interference with other systems, etc. The system
is designed to reflect the standards commonly used in modern communications
systems.

Unlike conventional, hardware-based training systems that use a variety of
physical modules to implement different technologies and instruments, the
Communications Technologies Training System is based on a Reconfigurable
Training Module (RTM) and the Communications Technologies (LVCT) software,
providing tremendous flexibility at a reduced cost.

Each of the communications technologies to be studied is provided as an
application that can be selected from a menu. Once loaded into the LVCT
software, the selected application configures the RTM to implement the
communications technology, and provides a specially designed user interface for
the student.

The LVCT software provides settings for full user control over the operating
parameters of each communications technology application. Functional block
diagrams for the circuits involved are shown on screen. The digital or analog
signals at various points in the circuits can be viewed and analyzed using the
virtual instruments included in the software. In addition, some of these signals
are made available at physical connectors on the RTM and can be displayed and
measured using conventional instruments.

The courseware for the Communications Technologies Training System consists
of a series of student manuals covering the different technologies as well as
instructor guides that provide the answers to procedure step questions and to

© Festo Didactic 39863-10
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Preface

review questions. The Communications Technologies Training System and the
accompanying courseware provide a complete study program for these key
information-age technologies.

We invite readers of this manual to send us their tips, feedback, and
suggestions for improving the book.

Please send these to did@de.festo.com.

The authors and Festo Didactic look forward to your comments.

Xl © Festo Didactic 39863-10






About This Manual

Manual Objective

When you have completed this manual, you will be familiar with data
transmission using three basic types of digital modulation: PCM, DPCM and
Delta/CVSD. You will be familiar with the encoding and decoding techniques
used and with the advantages and disadvantages of each technology. You will
also have learned useful techniques for troubleshooting communications systems
using these technologies.

Description

This Student Manual is divided into several units each of which covers one topic.
Each unit begins with an Introduction presenting important background
information. Following this are a number of exercises designed to present the
subject matter in convenient instructional segments. In each exercise, principles
and concepts are presented first followed by a step-by-step, hands-on procedure
to complete the learning process.

Each exercise contains:
e A clearly defined Exercise Objective
e A Discussion Outline listing the main points presented in the Discussion
e A Discussion of the theory involved
e A Procedure Outline listing the main sections in the Procedure

e A step-by-step Procedure in which the student observes and measures
the important phenomena, including questions to help in understanding
the important principles.

e A Conclusion

e Review Questions
J7 In this manual, all New Terms are defined in the Glossary of New Terms. In
N7 addition, an index of New Terms is provided.

Safety considerations

Safety symbols that may be used in this manual and on the equipment are listed
in the Safety Symbols table at the beginning of the manual.

Safety procedures related to the tasks that you will be asked to perform are
indicated in each exercise.

Make sure that you are wearing appropriate protective equipment when
performing the tasks. You should never perform a task if you have any reason to
think that a manipulation could be dangerous for you or your teammates.

© Festo Didactic 39863-10
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About This Manual

Systems of units

Units are expressed using the International System of Units (SlI) followed by the
units expressed in the U.S. customary system of units (between parentheses).

XVI © Festo Didactic 39863-10






To the Instructor

You will find in this Instructor Guide all the elements included in the Student
Manual together with the answers to all questions, results of measurements,
graphs, explanations, suggestions, and, in some cases, instructions to help you
guide the students through their learning process. All the information that applies
to you is placed between markers and appears in red.

Accuracy of measurements

The numerical results of the hands-on exercises may differ from one student to
another. For this reason, the results and answers given in this manual should be
considered as a guide. Students who correctly performed the exercises should
expect to demonstrate the principles involved and make observations and
measurements similar to those given as answers.

© Festo Didactic 39863-10 XXI






Exercise 0 -7

Characteristics of Quantization Noise

EXERCISE OBJECTIVE

DISCUSSION OUTLINE

DISCUSSION

© Festo Didactic 39863-10

When you have completed this exercise, you will be familiar with quantization
noise in both the time and frequency domains. You will be able to verify how the
number of quantization intervals affects quantization noise. You will also be able
to demonstrate the effect of low-pass filtering on the quantization error signal.

The Discussion of this exercise covers the following points:

= Quantizing
= Distortion due to quantizing

Quantizing

After a message signal has been sampled, the next step is to quantize the
samples. Quantization consists of approximating the sampled signal by a signal
made up of discrete amplitudes. Because a voice signal has a continuous range
of amplitudes, the pulses in the sampled signal will have an infinite number of
amplitude levels. It is not possible to assign different code words to an infinite
number of amplitudes. Fortunately, the human ear cannot detect a minute
change in sound intensity. Because of this fact an approximation to the original
signal can be constructed of discrete amplitude levels.

A typical input-output relationship of a quantizer is shown in Figure 2-25. The
difference between two consecutive discrete values is called a quantization
interval. When all the quantization intervals are the same size the quantizer is
called a linear quantizer. Any input signal falling between the end points of a
tread (e.g. between x; and x;.1 in Figure 2-25), the quantizer output will be the
discrete level represented by that tread (e.g. y; in Figure 2-25). To determine the
size of the quantization interval of a linear quantizer it is necessary to know the
expected maximum and minimum input values (e.g. x, and x, in Figure 2-25) and
the number of levels to be used. Then, the quantization interval g will be:

_2A (2-4)
-
_2A

N

q

where q is the quantization interval

is the maximum value (for a bipolar input signal)
is the number of code word bits

is the number of levels

=S >
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OUTPUT (y)
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INPUT (x)

N

4

54

Figure 2-25. Characteristic of a linear quantizer.

For example, if the bipolar input signal has maximum value of 1.0 V (that is, a
range of -1 V to +1 V) and the code words are eight bits long, then:

_2x1V
=~
2V
256
=7.81mV

Distortion due to quantizing

There are two types of distortion associated with a quantizer: overload or clipping
distortion and quantization distortion. Overload distortion occurs when the input
signal exceeds the quantizer's input range. Once the quantizer range has been
exceeded the output will remain at its maximum (or minimum) value until the
input falls within the quantizer's input range. As was seen in Unit 1, overload
distortion results in a clipped output signal. To avoid clipping, a quantizer is
matched to the input signal.

Figure 2-26 shows the error signal introduced by the quantizer. From this figure,
it can be seen that quantization error occurs when the input signal is within the
input range of the quantizer. It arises because of the difference between the input
amplitude and the quantized sampled amplitude and because of the limited
sampling rate. The quantization error signal produces quantization noise or
distortion in the reconstructed message signal. Its frequency spectrum covers a

© Festo Didactic 39863-10
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large bandwidth. Low-pass filtering which is used to smooth the waveform will
remove most of the quantization error above its cutoff frequency. However, some
of the quantization error is in the signal band, and that cannot be removed by the
low-pass filter. This will produce a gritty sound at the output of a PCM system
called quantization noise.

OVERLOAD ___ | QUANTIZATION <\ OVERLOAD
ERROR b ERROR T \ ERROR

Figure 2-26. Characteristic of quantization and overload errors.

Quantization noise is the result of the quantization process. Since the
quantization process adjusts the height of each sample, the original waveform
cannot be exactly reconstructed using a low-pass filter as is the case with PAM
signals and the classical sampling theorem. The sampling rate will also affect the
quantization noise since the quantization error will become larger as the
sampling rate decreases.

Figure 2-27 shows an analog input signal and its quantized waveform. Shown
below this is the resulting quantization error signal. The maximum amplitude of
this error signal is half a quantization interval. The overall amplitude variation is
from half a quantization interval to minus half a quantization interval. During a
period of small intervals, the error signal appears to be a sawtooth wave.

/ 1 INPUT SIGNAL

2 (QUANTIZED SIGNAL

AMPLITUDE

ERROR

——— e — — ———————— e e — =

AAAANAV A AN LU S A AANMAA 7 ]
VvV ViV V77 -7 ~J N VY N~ ~— VYWV 7 =~

ERROR SIGNAL TIME
(difference between 1 and 2)

Figure 2-27. Analog input signal, quantized waveform, and quantization error waveform.
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Ex. 2-2 — Characteristics of Quantization Noise ® Procedure Outline

PROCEDURE OUTLINE

PROCEDURE

File » Restore Default Settings
returns all settings to their
default values, but does not
deactivate activated faults.

70

The Procedure is divided into the following sections:

= Set-up and connections

= Effect of sampling frequency on quantization noise

= Effect of resolution on quantization noise

= Effect of low-pass filtering the PCM Decoder output signal

Set-up and connections

1.

Turn on the RTM Power Supply and the RTM and make sure the RTM power
LED is lit.

Start the LVCT software. In the Application Selection box, choose PCM and

click OK. This begins a new session with all settings set to their default

values and with all faults deactivated.

Q- If the software is already running, choose Exit in the File menu and restart
LVCT to begin a new session with all faults deactivated.

Make the Default external connections shown on the System Diagram tab of
the software. For details of connections to the Reconfigurable Training
Module, refer to the RTM Connections tab of the software.

‘(‘2‘ Click the Default button to show the required external connections.
As an option, use a conventional oscilloscope during this exercise to observe

any of the outputs on the RTM (refer to the RTM Connections tab of the
software for the available outputs). Use BNC T-connectors where necessary.

Effect of sampling frequency on quantization noise

5.

Make the following settings:

Generator Settings

[ Function Generator A

Function ... Sine
Output level........ccovviiiiii e 15V
FrequenCy......ccoeeveeeieiceeeee e 1000 Hz

PCM Settings

[ General
Sampling Frequency ........cccccceeviveeiiienenneen. 142045 Hz
[ Pre-Filtering
Pre-Filtering .......ccooovviiiieec e Off
1 PCM Encoder
Data SOUICE .......oovveeiiiiiiiiiieeeeeeeiee e A/D
Compression Law .........cccccvveieeeeeeiiciiiiieeeeen, Dir
Bit Interruptor.........cccoooveeiiieiieeee e 1111 1111
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[£1 PCM Decoder

INPUL COAE ..ot Offset
Output Gain .....ccooeeeiieiiieeeeecceeeeeecccececc 1

[ Post-Filtering
NOTCh 1 .o Off
Notch 1 Center Frequency ...........ccocceeernnen. 1000 Hz
Low-Pass Cutoff Frequency ............ccccevneeee. 3400 Hz
Low-Pass Order...........coocvvieiieeeeeiccciniieeeenn 4th
Low-Pass Filter Coupling.........ccccoeviiiiieenennn. AC
NOLCH 2 ..o Off

6. Connect the probes as follows.

Probe Test point Signal
Oscilloscope E PCM Decoder TP1 AUDIO OUTPUT
Oscilloscope 1 Post-Filtering TP2 Low-pass filter input
Spectrometer Post-Filtering TP2 Low-pass filter input
Oscilloscope 2 Post-Filtering TP3 Low-pass filter output

Show the Oscilloscope and the Spectrum Analyzer. Figure 2-28 shows an
example of what you should observe. With the Notch 1 filter Off, the
PCM Decoder AUDIO OUTPUT and the low-pass filter output are virtually
identical, except for a slight delay. The spectrum of the PCM Decoder AUDIO
OUTPUT shows only one peak at the message signal frequency.

Oscilloscope Settings: Spectrum Analyzer Settings:

Channel 1 ..., 1 Vidiv Maximum Input.........cccceeenee. 10 dBV
Channel 2 ... 1 Vidiv Scale Type ..Logarithmic
Channel E......cocovevvcrnrirniinn, 1 Vidiv Scale........... ...10 dBV/div

Time Base ....... 0.2 ms/div AVEraging........ceevvereereererininninnns Off
Trigger Slope ... ..Rising Time Window .........coevvieninnee Square
Trigger Level.......covveninninninns ov Frequency Span....... ..5 kHz/div
Trigger Source..........c.uwververenenen. Ext Reference Frequency.............. 0 kHz

E» PCM Decoder AUDIO OUTPUT PCM Decoder AUDIO OUTPUT
1 Low-pass filter input (same as -)
2" Low-pass filter output (reconstructed signal)

Figure 2-28. Waveforms and spectrum (Notch 1 filter off, f; = 142 045 Hz, f,, = 1000 Hz).
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7. Turn the Notch 1 filter On. Adjust the Channel 1 and 2 Scale settings on the
Oscilloscope as desired to view the filtered waveforms.

Reduce the Sampling Frequency step-by-step while observing the
instruments. Figure 2-29 and Figure 2-30 show examples of what you should
observe at different Sampling Frequencies.

Oscilloscope Settings: Spectrum Analyzer Settings:
Channel 1 ..., 1 Vidiv Maximum Input ..........cccccvvenee 10 dBV
Channel 2 ... .. 100 mV/div Frequency Span ................. 5 kHz/div
Channel ..o, 1 Vidiv

BE» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

Figure 2-29. Waveforms and spectrum (Fs = 35511 Hz, f,, = 1000 Hz).

E» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

Figure 2-30. Waveforms and spectrum (fs = 17 756 Hz, f,, = 1000 Hz).
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E» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

Figure 2-31. Waveforms and spectrum (f; = 8878 Hz, f,, = 1000 Hz).

What is the effect of reducing the Sampling Frequency?

—
As the Sampling Frequency decreases, the quantization error increases in

amplitude and in the number of frequency components present. The spacing
of the frequency components in the spectrum decreases.

Does the low-pass filter remove all of the quantization error?

—
No, some quantization noise remains after passing through the low-pass

filter. This is visible and audible in the waveform of the low-pass filter output.
L

8. Make the following settings:

Generator Settings

[ Function Generator A

Function........ccoooi e Sine
Outputlevel ..., 1.5V
Frequency ... 1000 Hz

PCM Settings

[  General
Sampling Frequency.........ccccevvieeiiieeiineen. 142045 Hz
[ Post-Filtering
NOtCh 1 ..o Off
Low-Pass Cutoff Frequency ...........cccccceeen. 10000 Hz
Low-Pass Order........cccceviieeiiiiiiiiniiieeinen 4th
Low-Pass Filter Coupling........cccccoeiiiuiiiinneennn. AC
NOECh 2 ..o Off

Using the supplied adapter(s), connect the headphones to the Post-Filtering
OUTPUT (refer to the RTM Connections tab of the software).
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74

Gradually reduce the Sampling Frequency as you observe the spectrum and
listen to the sound of the reconstructed signal.

What is the audible effect of reducing the Sampling Frequency on the
reconstructed signal?

The effect of reduce the Sampling Frequency is to introduce undesired
frequency components into the reconstructed signal.

With a low Sampling Frequency setting, vary the Low-Pass Cutoff Frequency
as you listen to the sound of the reconstructed signal. Is reducing the cutoff
frequency of the low-pass filter an effective way to compensate for a low
Sampling Frequency?

As the cutoff frequency is reduced, some of the undesired frequency
components are attenuated. Unfortunately, this also attenuates the higher
frequencies of the message signal.

Effect of resolution on quantization noise

9. The probes should be connected as follows:

Probe Test point Signal
Oscilloscope E PCM Decoder TP1 AUDIO OUTPUT
Oscilloscope 1 Post-Filtering TP2 Notch 1 filter output
Spectrometer Post-Filtering TP2 Notch 1 filter output
Oscilloscope 2 Post-Filtering TP3 Low-pass filter output

Make the following settings:

Generator Settings

[ Function Generator A

Function ... Sine
Output level.......cccveevieeiiiiiiieee e 1.5V
FrequenCy......ccoveevieeieeceieee e 1000 Hz

PCM Settings

[ General
Sampling Frequency ........c.ccccvviieiicincninnen. 35511 Hz
[ Pre-Filtering
Pre-Filtering ........coocvviiiiiii e Off
1 PCM Encoder
Data SOUICE ......ooevveeiiiiiiiiiieeeeeeeee e A/D
Compression Law .........cccccvveeeeeeeeiiciiiiiieeeen, Dir
Bit Interruptor.........cccooovveiiiiii e 1111 1111
[ PCM Decoder
INput Code ... Offset
Output Gain ....ooeeviiiiiiic e 1
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[ Post-Filtering

NOtCh 1. On

Notch 1 Center Frequency ...........ccccccceeeenne. 1000 Hz
Low-Pass Cutoff Frequency ...........ccccccceeee. 10000 Hz
Low-Pass Order........ccccevvieeiiiiiiiiiiiiccie 4th
Low-Pass Filter Coupling..........ccccoovvviernnnnnn. AC

NOLCH 2 .o Off

In the PCM Encoder, use the Bit Interruptor switches to remove one bit at a
time, each time removing the least-significant remaining bit. Figure 2-32,
Figure 2-33, and Figure 2-34 show examples of what you should observe.

Oscilloscope Settings: Spectrum Analyzer Settings:
Channel 1 ..., 1 Vidiv Maximum Input ............ccocveenee 0dBV
Channel 2 ........cccoovvnne. 100 mV/div Frequency Span................. 5 kHz/div
Channel E......cccooevviniinis 1 Vidiv

E» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

Figure 2-32. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 7-bit resolution).

|
w‘ "1 W"'?‘:’\“W“VN

E» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

|
ru’n’ﬂ\\'.-,'{,u'!\'ul' |

Figure 2-33. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 5-bit resolution).
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W)

E» PcM Decoder output Notch 1 filter output (quantization error)
1 Notch 1 filter output (quantization error)
2" Low-pass filter output (audible quantization noise)

'ﬂ\/:’nl’ﬂ':

Figure 2-34. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 3-bit resolution).

Describe the effect of reducing the bit resolution.

—
Reducing the bit resolution increases the quantization error and the

guantization noise in the filtered signal.

Effect of low-pass filtering the PCM Decoder output signal
10. Make the following settings:

PCM Settings

[ General
Sampling Frequency .........cccccceiiiiiiiiieeeenes 35511 Hz
1 PCM Encoder
Bit INterruptor ... 1111 1111
[ Post-Filtering
NOTCh 1 oo Off
Low-Pass Cutoff Frequency............cccccovueeeen. 3400 Hz
Low-Pass Order.........ccocuvevveiiiienieieiiieneee 4th
Low-Pass Filter Coupling........ccccccveieeeeiannnes AC
NOCH 2 ..o Off

Connect the probes as follows.
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Oscilloscope Settings:

Channel 1 ..., 1 Vidiv Maximum Input ............ccc.....
Channel 2., 1 Vidiv Scale TYpe ...ccovvervriririnnee Logarithmic
Channel E.......ccoocovvivninnnins 1 Vidiv Scale.......... ....10 dBV/div
Time Base .. ms/div PA\VZET=To o To FOURUURRRRRN
Trigger Slope.... Rising Time WIndow .........cccccveurenee
Trigger Level.......cooovvvncicrnins ov Frequency Span................ 2 kHz/div
Trigger SOUrce..........cuvevvmreneenen. Ext Reference Frequency..............

Probe Test point Signal
Oscilloscope E PCM Encoder TP1 AUDIO INPUT
Low-pass filter input
Oscilloscope 1 Post-Filtering TP2 (PCM Decoder
AUDIO OUTPUT)
Oscilloscope 2 Post-Filtering TP3 Low-pass filter output
Spectrometer Post-Filtering TP3 Low-pass filter output

Figure 2-35 shows an example of what you should observe.

Spectrum Analyzer Settings:

E» PCM Encoder AUDIO INPUT (message signal Low-pass filter output (reconstructed signal)

1 PCM Decoder AUDIO OUTPUT
2" Low-pass filter output (reconstructed signal)

Figure 2-35. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 8-bit resolution).
Gradually reduce the bit resolution while observing the instruments and

listening to the sound of the reconstructed signal (see Figure 3-35 and
Figure 3-36).
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B PCM Encoder AUDIO INPUT Low-pass filter output (reconstructed signal)
1 PCM Decoder AUDIO OUTPUT
2" Low-pass filter output (reconstructed signal)

Figure 2-36. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 4-bit resolution).

E» PcM Encoder AUDIO INPUT Low-pass filter output (reconstructed signal)
1 PCM Decoder AUDIO OUTPUT
2" Low-pass filter output (reconstructed signal)

Figure 2-37. Waveforms and spectrum (fs = 35551 Hz, f,, = 1000 Hz, 2-bit resolution).

Does the low-pass filter remove all of the quantization noise? Explain.

—
No, the low-pass filter does not remove all of the quantization noise. Some of

the quantization noise falls in the passband of the filter so it is not removed.
What is the audible effect of the quantization noise?

At first, the quantization noise level is small and it sounds much like
background noise. As the resolution is reduced, the noise level increases
and sounds increasingly like distortion.
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CONCLUSION

REVIEW QUESTIONS

© Festo Didactic 39863-10

1.

12.

If you wish, you can repeat Steps 9 and 10 using a compatible audio signal
source connected to the PRE-FILTERING INPUT of the RTM. The Model
9415 FM / PM Receiver is recommended. Tune to a station where a person
is speaking and observe the effect of reducing the bit resolution on the the
quality of the audio signal.

Alternatively, you could connect the line output of the computer sound card,
using the appropriate cables and adapters, to the PRE-FILTERING INPUT of
the RTM, and then connect to an Internet radio station using a Web browser
as an audio source.
"] itis your responisiblity to ensure that any signal from an external source is
A compatible with the inputs of the Data Acquisition Interface, Model 9466. The
analog inputs of this module are designed for a voltage range of +1.5 V and
have an impedance of 10 k2.

When you have finished using the system, exit the LVCT software and turn
off the equipment.

In this exercise, you observed quantization error in the time domain and in the
frequency domain. In the time domain, you showed the effect of the sampling
frequency on the quantization error waveform. You learned that quantization
noise decreases when the number of quantization intervals is increased. You
also observed the broad bandwidth of quantization noise and how it can be
reduced by increasing the number of quantization intervals. You further observed
that quantization noise cannot be totally eliminated by low-pass filtering the
output of the PCM Decoder.

1. Explain how quantization noise arises.
—
Quantization noise arises because there are a finite number of code words
available to represent an infinite number of amplitudes. The difference
between the original message signal and the quantized message signal is
the quantization error. This contains frequency components that were not
present in the message signal and which produce the quantization noise.
2. For a given sampling rate, how can quantization noise be reduced?
—
Quantization noise can be reduced by increasing the number of quantization
intervals used to quantize the message signal.
3. Why does the quantization noise get worse when you use a lower sampling
rate to quantize a sine wave?
—

The effect is similar to reducing the number of quantization intervals. With a
lower sampling rate the sampled value is held for longer between samples.
Therefore, there will be a greater difference between the message signal and
the quantized signal.
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4. What effect does a low-pass filter have on quantization noise?

—
The low-pass filter will remove some of the quantization noise but not all. The

quantization noise frequency components below the filter's cutoff frequency
will pass through the filter.

5. What does quantization noise sound like with a 6-, 7-, or 8-bit PCM system?

—
Quantization noise sounds like a gritty background noise.

80 © Festo Didactic 39863-10






Bibliography

BELLAMY, John C., Digital Telephony, New York, John Wiley & Sons, 1982.
ISBN 0-471-08089-6

FONTOLLIET, Pierre-Gerard, Telecommunication Systems, Deadham, Mass.,
Artech House, 1986.
ISBN 0-89006-184-X

HAYKIN, Simon, Communication Systems, New York, John Wiley & Sons, 1978.
ISBN 0-471-02977-7

OWEN, Frank F.E., PCM and Digital Transmission Systems, New York,
Mc GrawHill, 1982.
ISBN 0-07-047954-2

SHANMUGAM, K. Sam, Digital and Analog Communication Systems, New York,
John Wiley & Sons, 1979.
ISBN 0-471-03090-2

SINNEMA, William, Digital, Analog, and Data Communication, Second Edition,
Englewood Cliffs, New Jersey, Prentice-Hall, 1986.
ISBN 0-8359-1301-5

SMITH, David R., Digital Transmission Systems, New York, Van Nostrand
Reinhold, 1985.
ISBN 0-534-03382-2

STREMLER, Ferrel G., Introduction to Communication Systems, Second Edition,
Reading, Mass., Addison-Wesley, 1982.
ISBN 0-201-07251-3

© Festo Didactic 39863-10 257




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (North America General Purpose)
  /AlwaysEmbed [ true
    /CambriaMath
    /LabVolt
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


