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3. Executive summary

This assighmentis constructed with three main blocks. A research and two practical tasks. The
research centred on amplitude and frequency modulations as well as Analogue to Digital converters.
Some lesserimportant conceptsrelated to digital communication have also beenresearched.

The first practical task that was carried out was about frequency modulation. It was a practical
investigation to prove that the concepts researched were correctand for deeper understanding of the
concept of frequency modulation.

The second practical tasks were about ADCs (analogue to digital converters). This in-depth
investigation was conducted to test the boundaries of successive approximation ADCs. The
investigation was based on the results of the research. The ADC was tested for different input signal
frequencies and amplitudes and comparedtothe reconstructed output forsimilarity in frequency and
amplitude but also keeping an eye for any aliasing (distortion).

You
should
cover
each
section,
S0 you
need to
summaris
e the
results
and
conclusio
ns.
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4. Research into analogue and digital communication systems
and techniques.

4.1 Evaluation of modulation techniques

This section will investigate the differenttypes of modulation as well as the techniques or sub-types
ofthose. The section is concentrated in AM (Amplitude Modulation)and FM (Frequency Modulation).
The PM (Phase modulation) will also be briefly stated which will be necessary for next section (4.2
Digital modulation techniques)

4.1.1 Amplitude modulation techniques

Amplitude Modulationusesthe changesin the amplitude of a carrier wave to transmit signal ( Fig. 1).
Itis arelatively easy way of modulating signals and transmitting them wirelessly, although AM s likely
to bedistorted by any man-made or naturalfactors such as lighting, high power electrical equipment.
That is due to alterations of amplitude of the transmitted signal. (Metha & Metha, 2007)
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Carrier Signal
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Modulating Sine Wave Signal
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Amplitute Modulated Signal

Fig. 1 example showing carrier frequency, signal frequency and modulated fre quency
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The amplitude of the AM wave can be calculated by the following formula:

Amplitude of AM wave = E¢ + mE¢gcoswyt
Where:
E; = Amplitude of the carrier
wy, = frequency of the carrier

From that, the formula for instantaneous voltage of AM wave can be derived knowingthat
e = Amplitude * coswct
e = (E¢+ E,, cosw,t) * coswet

mE mkE,
e = Eccoswet + T';cos(mm +wc)t+ chos(mm —we)t

The terms i—mcos(mm +we)t andaz—m cos(w;, — we)t represent the two side bands (f.+f, and f.-f,
respectively) of the AM modulated signal (Fig. 2) and the frequency difference between those two
points define the bandwidth required by the specificmessage signal. From that it can be seen thatthe
bandwidth required is twice the message’s frequency.

Typical amplitude modulation spectra

Bandwidth
-t »-
fe

@
)
=
o
” fe - fr fe 4t

Lower Carrier Upper

sideband frequency sideband

Fig. 2 Spectrum analyse of a typical, sinusoidally modulated, AM signal
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The depth of modulation, or modulation factor m, is the relation between the RMS voltage of the
message signal (V) and the RMS value of unmodulated carrier frequency. It expresses to which
degree the carrier frequency is modulated and it is calculated using the following formula: (Green,
2000)

_ R.M.S.value of V;,(t)
" R.M. S.value of umodulated carrier frequency

m

Having the right modulation factor is essential. That is well explained by V.K. Metha in his book
“principles of electronics”: “Modulation factor is very importantsince it determinesthe strength and
guality of the transmitted signal. In an AM wave, the signal is contained in the variations of the carrier
amplitude. When the carrierismodulatedto asmall degree, the amount of carrier amplitude variation
is small. Consequently, the audio signal being transmitted will not be very strong. The greater the
degree of modulation, the stronger and clearer will be the audio signal. It may be emphasised here
that if a carrier is overmodulated, distortion will occur during reception.” (2007, p. 416) The distortion
due to overmodulatingshownon Fig. 5.

LEnas
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L / - // \\
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Fig. 3 Carrier modulated to 50% by a sinusoidalmessage signal

Maximum level
_~ reaches twice
no modulation level

_— Level with
no modulation

Fig. 4 Carrier modulated to 100% by a sinusoidal message signal
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Maximum level reaches
_________ more than twice
no modulation level

— Level with
no modulation

Carrier
exhibits phase
reversal

Fig. 5 Carrier modulated to over 100% by a sinusoidal message signal

There is a number of different techniquesused to achieve amplitude modulation. Following thereisa
brief description of the three main ones.

Double-sideband full carrier amplitude modulation
It is the simplest and easiest achievable AM modulation technique. It doesn’t require very
sophisticated equipment to either transmit or receive the signal. Therefore, it is suitable for mass
production such as commercial radios. But because this technique transmits the signal that contains
the information and the carrier signal which does not contain any useful information, it is not very
efficient totransmit wirelessly. (Metha & Metha, 2007)

Double-sideband suppressed carrier amplitude modulation

This technique supresses the carrier frequency when transmitted, makingit much more economical.
But this technique requires more sophisticated equipment to be able to transmit or receive as a
balanced modulator is required at the modulation stage.

Single-sideband amplitude modulation

As both, the upper and lower sidebands transmit the same information, one of those can also be
omitted. This reduces the bandwidth required form 2*f  to f,. To achieve modulation trough this
technique is usually much more complex and expensive thanthe previousone and it used only in point
to point transmission or in cases were there is only a few receivers.

With a limited word count
try to keep your research

relevant to the topic being
investigated.
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4.1.2 Frequency modulation techniques

In frequency modulation the amplitude of the carrier is constant, but the carrier’s frequency is
changed with accordance of the amplitude of the signal message. When the amplitude of the signal
increases, the frequency of the carrier increases and vice-versa. Therefore, the signal frequency
defines rate of change of the carrier’s frequency. (Metha & Metha, 2007)

Carrier (f.)

' Baseband
Input (f,,)

> S — e e —_ s — an
freq freq 3 freq freq 8 freq freq B
increase increase x decrease decrease = increase increase x

Fig. 6 Example of sine modulated FM signal

Every FM transmitting system has a specific transfer characteristic ( k), which definesthe deviation of
the carrier frequency in kHz or MHz per volt applied to the input. Usingthatinformation,the maximum
frequency deviation can be calculated if the input peak voltage (E;) is known:

Af, =kE;
(Metha & Metha, 2007)

Frequency spectrum of an FM wave

The frequency spectrum of an FM wave is difficult and complex to calculate. That is because, if f, and
f, are carrier and signal frequencies, then the spectrum of the FM wave would have the following
frequencies:f.;f .+ f,; f. £2*f, ; f. £ 3f, ;... Etc. (Metha & Metha, 2007)

Although those calculations are made easier thanks to modulation index (8) and the Bessel Table
(Appendix A).

The modulation index is calculated as follows:

Af;
%

Depending on the value of the modulationindex, there willbe 1 or more J. Each of themrepresentsa
magnitude of a carrier frequency component and its amplitude is defined by the corresponding
multiplying number from the Bessel table. Fig. 7 shows an example of Spectrum analysis of an FM
wave.

ﬁ:
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Carrier
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Fig. 7 example of aspectrum analysis of an FM wave

4.1.3 Phase Modulation

Phase modulationis usually used in digital circuit and it consists of changing the phase of the carrier

according with the amplitude of the signal.

f 5

ANNAWAA

AENAD

YEYRYERVEVY IRV

Fig. 8 Example o a phase modulated signal
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4.2 Digital communication techniques

4.2.1 ADC (analogue to Digital converter)
An ADCis asystemthatconvertsan analogue signal to a digital one.That is achieved by sampling the
analogue signal in time and amplitude. That quantizesthe linear values of time and amplitude of the
analogue signal. The signal must be sampled enough times so the sampled signal can be re-converted
back to analogue signal. If the signal is not sampled enough it will come out with a lot of distortion or
as a completely differentsignal. That is called aliasing. The minimum sampling frequency fora given
signal’sfrequency is given by the Nyquist Criterion, according to which, the sampling frequency should
be twice the input frequency.

fsampting = finputsig
(Christensson, 2008)

The quality ofthe ADC's signal is dependant on the resolution. The resolution definesinto how many
prats the input signal can be divided. The amount of divisions can be calculated by 2", where nis the
resolution of the ADC. (ex. 8-bit resolution =>2%=256 divisions).

The sensitivity of an ADC is an importantaspect whendesigning a circuit as it will affectthe quality of
the signal. Sensitivity can be calculated by dividing max. input Voltage by number of possible divisions.
(Gudino, 2018)

1-bit 2-bit

FaN %
LW 2 .

4-bit 16-bit

Fig. 9 Comparison of different resolution ADCs
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Successive Approximation ADC

SOC EOQOC
Comparator l r
VA —»— | Successive _—
\ . le—o CLK
Analog Input Approximation
Register
+ g
Vo

» (MSB)

¢$————— (LSBH)

DAC

Fig. 10 Block diagram of a successive approximation ADC

Itis aslow butstable andreliable ADC. It requires one clock cycle to convert one bit. Therefore, if this
ADC is used as an 8-bit ADC, it requires 8 clock cycles to create 8-bit code from the input signal.
Although thatdoesn’t have much effect on system running with low frequency analogue signals, it can
become quite complex when used with high frequency applications. That is due the fact that this ADC
uses a single comparator to code the incoming signal. As shown on the block diagram (Fig. 10), the
voltage reference for the comparator is fed from the DAC (Digital to analogue) part that reconverts
thelast encoded bitinto avoltage reference forthe nextbit. (Gudino, 2018)
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Flash ADC
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Fig. 11 Block diagram of a 3-bit flash ADC

As the name suggests, this ADCis much faster than the Successive approximation ADC. This ADC can
convert the incoming signal to any bit-rate code in a single clock cycle. That is because it uses many
comparators, one for each step. The downside of it is that it needs 2"-1 comparators (n=number of
bits). So, an 8-bit ADC would need 255 comparators, and a 16-bit —65,535 comparators. Only recently
thetechnology has developed enough forthatto be viable for inexpensive mass production. {Maxim
Integrated, 2014)
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4.2.3 Modulation schemes

The modulation schemes can be divided in sections according to their spectral efficiency, which is
defined by bits/Hz.

A simple binary encoding has a spectral efficiency of 1bit/Hz. Although, that can be improved, 16-QAM
is a good example, with 4bit/Hz. QAM schemes usesPSK ( phase-shift keying) and ASK (amplitude-shift
keying). As Andrew W. Davies noted in his article “Modulation Schemes: Moving digital Data With
Analogue Signals”: “QAM is a proven technigue for the transmission of digital data overa wide range
of channels from voiceband modems at 9600 bps to microwave links transmitting hundreds of Mbps.”
(1997)

Q
X XX X
X X:X X
X fx x
X X:X X

Fig. 12 Constellation for 16-QAM modulation scheme

Another modulation scheme is QPSK. Compared to QAM, it is slowerbut much more robust against
any interferences whichmakes itideal for long distance transmissions. The spectral efficiency of
QPSKis 1.5bit/Hz.

Yo

Fig. 13 Constellation for QPSK modulation scheme

A good range of
sources for the
research on ADCs,
less so for
modulation.
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5. Frequency modulation — Practical experiment

5.1 Theoretical expectations
Before performing the practical experiment, some calculations were made to figure out what kind of
resultsto expect. The values duringthe experimental experiment willbe the following:

Carrier frequency (f.)=455kHz with an amplitude (V.,,) of 375mV
Signal Frequency (f;)=10kHz with an amplitude (V. ) of 2V
FM transfer characteristic = 20kHz/V

Using those values, it is possible to calculate the maximum frequency deviation (Af,) and then,
Modulation index ().

Af. = (f; + Vipi * FM transfer characteristic) — fo=
= (455kHz + 2 « 20kHz) — 455kHz = 40kHz

_Af,  40kHz _
T f. " 10kHz

Now using the Besseltable shown below, and knowingthat p=4, itis beendetermined thatthereis
seven components to the frequency transmitted. Using the coefficients from the table, the values
for each component are calculated. Also, the carrier frequency will oscillate between 415kHz and
495kHz.

ﬁ Jo Ji ) J3 1y Js Jg J; Jg Jg
0.5 0.94 0.24 0.03
1.0 0.77 0.44 0.11 0.02
1.5 0.51 0.56 0.23 0.06 0.01
2.0 0.22 0.58 0.35 0.13 0.03 0.01
3.0 0.26 0.34 0.49 0.31 0.13 0.04 0.01
4.0 0.40 0.07 0.36 0.43 0.28 0.13 0.05 0.02
5.0 0.18 0.33 0.05 0.36 0.39 0.26 0.13 0.05 0.02 0.01

Jo=0.40 = 375mV = 150mV @ f.+ 0+ f, =455kHz

h =007 «375mV = 26.25mV @ f, £ 1+ f; = 445kHz 465kHz
). =036 «375mV = 135mV @ f.+ 2+ f;, =435kHz,475kHz
J5 =043 «375mV = 161.25mV @ f, + 3 * f; = 425kHz,485kHz
J4=10.28 * 375mV = 105mV @ f,+ 4+ f, =415kHz,495kHz
Js =013 «375mV =48.75mV @ f, £5 = f; = 405kHz, 505kHz
Jg =0.05=375mV =1875mV @ f, £ 6+ f, =395kHz,515kHz
J>=0.02 « 375mV =7.5mV @ f,+ 7+ f, =385kHz, 525kHz
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Fig. 14 Sketch of expected result on spectrum analyser

5.2 Practical results

The experimentwas conductedusing feedbackinstruments. Belowisshown the signal frequency (Fig.
15) and the modulated carrier frequency at its maximum (Fig. 17) and minimum (Fig. 16). The
frequencies and amplitudes are not 100% accurate, but they are within an acceptable tolerance. Also,
the signal frequency has a slight DC offset. Those inaccuracies could cause the results to be not as
accurate.

_gin_dn iy | 2 Q|[";mwpsm"w v]T]|[_<m16ks |T]| [41 320632 v @

agfafame < r]ioc ~||8,|«[on -] | g -

« x1 _»]é__q')u‘\gk-,

=

m 50

20 :
10
0.0
1.0

50 o
-250.0 -200.0 -150.0 -1000 -50.0 00 50.0 100.0 150.0 200.0 250.0

Peak To Peak 3988V 3898V 4032V 3983V 2473..
B Frequency = --

Naio [ [Troom Jute | | 22] < RIS | L€ semm o J][ € 0% o] ¢ T

Fig. 15 Signal frequency
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Fig. 16 Carrier frequency at its minimum
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Fig. 17 Carrier frequency at its maximum
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Afterthat, the oscilloscope was setspectrum analyser function and the results wererecorded ( Fig. 18,
Fig. 19). When comparing those results with the sketch, some similarities can be seenin the pattern
of the side components, but the central frequency is very different. The results were measured and
recorded in the table below.

o 1 J 5 Ja Js Js J;
mV 45.94 35.11 75.97 157.7 107.4 23 15.98 6.356
fe-upper 254 443.6 433.2 423 412.6 402.3 391.5 3816
Fetower 464.3 474.6 484.9 495.3 505.6 515.5 526.3
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Fig. 18 Spectrum analyser results

ALl dy | 2 G [[ < [ v[»']”[«' Rof22 | » ;g,“c]u.u]»];&_muu\c‘gp}}ic()
By 4 oM "’J _3‘[1 Auto -]>|r.\n - |N]| i

250.0 -

my Z- %]

454.0 kHz 443.6 kHz 10.34 kHz
43.54 mV 3087 mV 19.07 mV

2000

|
1
|
|
|
|
|
|
|
TN ;
L e 1 7 7 1 8 A BTNV

3800 400.0 4200 440 0 460.0 480 0 500 0 520.0 5400

[<I

TN kHz
-

<] [ i ] 2]

nmningmlhﬁggu Auto v n‘!|n - |£1|[4i1u55mv|>”[4 0% [ »]R | » | Measurements (@

Fig. 19 Spectrum analyser results with cursors
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5.3 FM experiment conclusion
The table below shows a comparison between the measured and calculated values. The modulation
index valuesforthe practical are calculated usingthe measured amplitudes. Onthat table is easier to
spot were the biggest differences are than when comparing the spectrum analysis graphically. J,, J.
and Js are the ones with the biggest difference. The rest of the components are reasonably close
together. Also, the upperfrequency position of the componentsis a bit offset in the practical. That is
probably due to the slight DC offset of the signal.

Jo i 1 I I s o ),
mV | 4994 | 3511 | 7597 | 157.7 | 107.4 | 23 | 19.98 | 6.356
_ Fovomer 4436 | 4332 | 423 | 4126 | 4023 | 3919 | 3816
Practical 454

Fotower 4603 | 4746 | 4849 | 4953 | 5056 | 5159 | 52623

B 013 | 009 | 020 | 042 | 029 | 006 | 005 | 002

mv | 150 | 26.25 | 135 | 161025 | 105 | 48.75 | 1875 | 75

o womer 445 | 435 | 425 | 415 | 405 | 395 | 385

Caleulated =0 "1 455 e[ a7s | ass | 495 | 505 | 515 | 525
8 040 | 007 | 036 | 043 | 028 | 013 | 005 | 002

A very good set of results

considering the limitations of

the equipment.
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6. ADCs— Practical experiment

Inthis task, the authorhas experimented with ADCs, comparing the quality between 4and 8-bit ADCs,
theimportance of matching the amplitude and the frequency.

6.1 4-bit vs 8-bit ADCs

To compare the two, the same amplitude (2V) and frequency (100Hz) were used. This way, it is
ensured that the comparison will be valid and fair. The comparison is shown on Fig. 20. Itis very clear
that the signal on the right (8-bit) is much closer to the original signal than the one on the left (4-bit).
That confirms the research, showing that the higher the bit-rate, the higher the quality of the
reconverted signal.

|y | 2 @[« [smav < [o][[«os [r]|[«] man [+ @] «x

A fasiov  w[a]loc v || B[40 v|»]::v\ﬂy‘

w100
v

6.0 6.0

-10.0 ®
-25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 150 200 250

Running | b W |Trigger Ao ~ 2| A - |li % I<:16.59va>]|<‘so% [»i& 4 v | Measurements [

Fig. 20 Comparison between 4-bit (left) and 8-bit (Right) ADCs

You could have zoomed in a bit closer to
show the "jaggedies" more clearly.
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6.2 Significance of the amplitude on ADC’s input

The figure below (Fig. 21) shows the effects of oversteering the input of an ADC. As the signal was
outside of the operatingrange of the ADC; anything above the range was not encoded and therefore,
lost. When the signal is reconverted, the “chopped-off”’ peaksintroduce interference and harmonics
(aliasing). That can also damage the ADC.

Ontheotherhand, if the signalis too weak, itis possible thatit will nottrigger enough stepstoencode
the signal truthfully, inducing aliasing on the output.

|£|J1du| -)|-)Q|LT[5msf’dh.r vl—>]|l<_16k5 ]—>]|<_ 20f2 b 2;| 4 [x1 F]L‘{"}l\(‘\t\ |

a fafsov < ]a]oc ~|[aL[e]sov  ~]»]nc '|‘W| - e

m 100 100n

v

Average

Peak To Peak 7.247V 7247V 7247V 7247V 0V

Runnlnng_il‘Tﬂggﬂ At v | | A - |£\|_1‘15.5‘1mv D] ;1 50 % D])Q 4 » | Measurements (]

Fig. 21 Example of the effect of applying a signal outside ADCs operating range
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6.3 Significance of frequency matching in ADCs
The following figures shows and proves the Nyquist Criterion, According to whom, knowing that the
ADCusedforthe experimenthasaclock of 5kHz, it should operate properly up to half that frequency.
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Fig. 22 ADC's Performance at 2kHz

Auuu|.|.,|9 ﬁH(ISDOus/div 'I']H‘|‘°"5 [»]”[c[ 2ef32 | b | @)

Al 4y - [»]bc - |B‘[i 5V - [»]loc - | g i

Name | value i | Capture Count
Peak To Peak 3988V 3988V 4033V 4001V 21.09mV 20
A Frequency _4.004 k.. 4003 k... _4.004 k.. 4004 k... _3623 _20 W
B Frequency 4 kHz 4 kHz 4,089 k... 4023 k.. 25.71Hz 20 W...
Running |.>‘I W |Tigger Auto - :E| A~ H‘|\ || A DIBEENDEE » || Measurements

Fig. 23 ADC's Performance at 4kHz

Fig. 22 shows the ADC with an 2kHz input signal, about half the speed of ADC's clock. The ADC is
managing about 4-5 samples per cycle. For comparison, on Fig. 23 there is a 4kHz input to the ADC,
nowthereisonly twosamples per cycle, and although it seems to be working ok, there could be some
aliasing happeningat the output.
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Fig. 24 ADC's Performance at 4.8kHz

On Fig. 24, the ADC is supplied with a 4.8kHz input signal. The outputhere doesn’tlook anything like
the input, as where on Fig. 23 the output was similar to the input. And although the average output
frequencyis 4.8kHz, the maximumand minimum are 5.69kHz and 3.33kHz respectively, meaning that
there is a lot of aliasing happening at the output. Fig. 25 shows the result oftaking the ADC'sinput up
to 9kHz. The output signal has so much aliasing that the oscilloscope is uncapable of measuring the
output frequency.
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Fig. 25 ADC's Performance at 9kHz
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Input frequency Output frequency
Average Average Maximum Minimum
101Hz 101Hz 101Hz 100.8Hz
1.144kHz 1.143kHz 1.176kHz 1.136kHz
2kHz 2.014kHz 2.05kHz 2kHz
4kHz 4.023kHz 4.089kHz 4AkHz
4.4kHz 4442k Hz 4.489kHz 4.376kHz
4.8kHz 4.897kHz 5.696kHz 3.337kHz
5.4kHz 4.628kHz SkHz 4.294kHz
6kHz 3.9kHz 4.282kHz 3.346kHz
TkHz 2.9kHz 3.32kHz 2.85kHz
8kHz
9kHz
10.02kHz 724kHz 1.773GHz 2.495kHz

The above table is a better representation of whatis happening with the output as the input gets
closer and passesthe frequencyifthe ADC’s clock, which is 5kHz here. As it getscloser, the frequency
starts to drift a bit more (max/min) and once the clock’s speed is passed, the output’s frequencydoes

not settle, oscillates, and does notrepresentthe original signal (aliasing).

The analysis
should have
focused on
readings around
5khz, this would
demonstrate the
Nyquist Criteria in
more detail.
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7. Conclusion and recommendations

Overall, the research has shown an understanding of the different types of modulationand ADCs. It
has shown the strong and weak points of both, amplitude and frequency modulation. It has
presented some characteristics of frequency modulation which were tested and investigated further
in the first practical task.

The second practical task was driven by the ADC researchand it has proven the boundaries of
successive approximation ADC.

There was a lot of scope
for analysis and
conclusions in this
assignment.
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