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Konu 3: Kipleme ve Kipcd6zim{i



3.2 GIris
* |letilecek sinyalin, iletim ortaminin karakteristiklerine uygun hale
getirilmesi gerekir (kipleme)

* Kanaldan gecen (ve bozulan) sinyalin alicida kipcozimiine tabi
tutulmasi ve bilginin karsida minimum hata veya bozulma ile geri elde
edilmesi gerekir

* Kanal baska kullanicilar/iletimler ile paylasilabilir

* Or. Mesaj sinyali: m(t) = A4, sin(w,,t + ¢,,,) (ton)
* Or. 1000 Hz

e Tastyici sinyal x.(t) = A, sin(w.t + ¢,)
e Or. 160Mhz

* Mesaj sinyali tasiyici sinyalin Gzerine bir sekilde bindirilmeli
* Nasil?



3.3 : On Bilgiler

A
* Trigonometri / |
* Sin cos /////// Y

A 9 f
o) Pt -
* Pisagor - z >
Table 3.1 Summary of useful trigonometric formulas.
sinfle + ) = sinacospf + cosasinf
. . sinfea — f) = sinacospf — cosasinpf
° A(}I toplaml formdalleri cosa+f/)) = cosacosf—sinasinf
coslae — f/) = cosacosf+sinasinf
sinasinff = [cos(a — f)— cos(a+ B)]/2
cosacosff = [cos(a — )+ cos(a+ f)]/2
. . sinacosf = [sin(a+ f)+ sin(a — f)]/2
* Carplm formulleri cosasinfi = [sin(a + f)— sin(a — ﬂ}]ﬁz
sin 26 = 2sinfcosd
cos20 = cos’f —sin’6
sin’@ = (1-cos28)/2
cos2d = (14 cos28)/2




Imaginary: +

3.3.2 Karmasik Sayilar "
* Sinlizoidal sinyalin bir genligi ve fazi vardir y o
* Karmasik sayinin da bir genligi ve fazi vardir
 Sintzoidal sinyallar karmasik sayilarla ifade

edilebilir G .
T ‘
*p=x+]Jy

* Gergel, karmasik kisimlar
* Mutlak deger

* Acl

 Euler (kutupsal) gosterimi

oj:



3.3.2 Karmasik Savyilar

*CarpmP =1+j1

e Kutupsal gosterimde carpim (buyuklukler carpilir, acilar toplanir)

Imaginary: +j

Figure 3.3 Multiplying the point P = (1 + ;1) by another complex number. From left to

Real

Imaginary: +

=1xH

Real

Imaginary: +7

Q=PxP

C

nght: PX(2+4+70)=2+72),PX(O0+1)=(=14+1),and Px (1 + ;1) = (0 +;2).

Real



3.4 Kiplemeye Neden |htiyac Var?

* Mesaj sinyalini yuksek bir frekansa tasimak
* Upconversion/downconversion

* En basit yontem: Mesaj ve tasiyici sinyalini carpmak
m(t) = A, cos(w,,t + ¢.p)

X.(t) = A, cos(w .t + ¢p,)

m(t)x.(t) = A, A. cos(w,t + ¢p,,,) cos(w.t + P.)

“Negative” frequency Modulation

_ : Carrier, sum, and difference
¥ e
Amplitude

& N




Translating modulation to the carrier frequency, and back

Modulation m(t)
| | | |

Product m(t) x x.(t)

Product times unscaled carrier [m(t) x x(f)] xcosw_t
| | | |

0 2 4 6 8 10 12

Figure 3.4 Converting a lower-frequency signal m(t) up in frequency using multiplication
by a much higher signal x_(t), and back down again, also via multiplication. The final result
(lower panel) may be filtered to remove the high-frequency component, effectively leaving
just the envelope, which is essentially the original m(t) waveform.



3.4 Kipcozumu
* Kiplenmis sinyal m(t)x.(t) = A,,,A. cos(w,,t + ¢,,,) cos(w.t + ¢p,)
* Alicida tekrar ayni tasiyici sinyal ile carpilir (yerel osilator)

* Daha sonra alcak gecirgen filtreden gecirilir

* Yerel osilator
* Frekansta kayma olabilir
* Fazda kayma olabilir

* Bu en basit yontem her zaman en dogru secim midir?



Fazda kayma olursa?



3.5 Genlik Kiplemesi

* Yerel osilator tasiyici ile ayni frekans ve fazda olmali.

Bunu saglamanin yolu?

X (t) = m(t) cos(w,t) + A, cos(w,t)
* Kiplenmis sinyal ile tasiyici sinyalini beraber iletmek

X (t) = A, cos(w,,t) cos(w,t) + A, cos(w,t)

Modulated

: . . A
Kipleme indeksi u = ==
(a) c
Modulation ) =
mt) T T+ Tamlt)
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A,
é Cosw it

(b)
Waveforms combined for standard amplitude
modulation
Carrier A cosuwf
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3.5 Genlik Kiplemesi

* Maks ve min degerler



3.5 Genlik Kiplemesi

Standard amplitude modulation
A coswt +m(t)coswt

Amplitude

k/“" ‘i‘;III A

]r;min

\

Time



3.5.1 Frekans Bilesenler:



AM modulated waveform AM Fequency spectrum
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Figure 3.8 AM modulation showing time waveforms (left) and corresponding frequency
spectra (right).



simpleAM.m

% time

N =2*1024;
Tmax =10 ;

dt = Tmax/(N-1);
t = 0:dt:Tmax;

% carrier

Ac=2;

fc=4;

wc = 2*pi*fc;

XC = cos (wc*t) ;
% modulation
Am =0.5;
fm=0.5;

wm = 2*pi*fm;
xm = cos(wm*t ) ;
% AM generation
mu = Am/Ac ;
Xxam = Am*xm.*xc+ Ac*xc ;
plot(t,xam);
xlabel('time s') ;
ylabel('amplitude') ;

% frequency

df = (1/dt) ;

fam = abs(fft(xam)) ;
fam =fam /N*2 ;

f = [0:N-1]/N*df ;
K=100;

k =1:K;

maxfreq = (K/N)*df ;

% plot to frequency maxfreq using bars

figure

bar(f(k),fam(k));

axis([ 0 maxfreq041]);
grid('on’) ;
xlabel('frequency Hz');
ylabel('amplitude');

Ch1 Ch?2 Ch3 Ch4

Cm ) om0 o ) T m )

H H H H 1§ H H ,
Frequency

Figure 3.9 AM signal bandwidth and its effect on adjacent channels.



3.5.2 GUc Analizi

* Daha fazla guig, daha fazla kapsama alani demektir
* Diger yandan, daha fazla maliyet ve daha az pil dmri demektir

o x4 (t) = m(t) cos(w.t) + A, cos(w,t)
T
.1y
* Protar = Th_r){)lo ;f_zzxﬁM(t)dt
2

« m(t) = A, cos(w,,t) ise




VAS

3.5.3 AM Kipcozumu

* xam(t) = Ac(1 + pmy () cos(wet)
* X (t) = A.(1 + pcosw,,t)cos(w,t)

* Mesaj sinyalini veya yaklasigini alicida elde etmek
* Envelope detector:



3.5.3 AM KipcozUimi Modulated

M (t)

()

oo Demodulated

* Diger yontem
e x,y(t) = A2(1 + p cos w,,t)* cos?(w,t)

Amplitude

Amplitude

N m(t)

Figure 3.11 AM demodulation via squaring and first-order filtering.

AM modulation

Modulated signal squared




3.5.3 AM Kipcdzim( "= P 25| Demodulated

zaMm (1) N\~ m(t)

. Figure 3.11 AM demodulation via squaring and first-order filtering.
* 3. yontem J Ataring J

e Senkron kipcozicu

* Xy (t) = Ac(1 + pmy, (8)) cos(w,t)
* Vam (t) = A (1 + umy,(t)) cos(wct) cos wet



3.5.4 AM Varyasyonlari Modulation Modulated
F\,_}E,/‘ =
* DSBSC m(t) rpsp(t)

A, cos w.t

Modulating signal
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3.5.4 AM Varyasyonle i

e DSB Kincdziimil ~(X)
ipcozimi pap(t) .

Demodulated

m(t)

> g

Accos wet



3.5.4 AM Varyasyonle i
* SSB
* Yar bant genisligi

Demodulated

m(t)

(%)
O

> g

Tpgp(t)

Accos wet



3.5.4 AM Varyasyonlari

* SSB (Hartley)

Modulation

A.m(t) coswet

m(t)

&

0
() -
\/\/ ) Accos wet
+ |
N Modulated
O
| L rssB(t)
—90°
Agsinw,t
¥ Jil ?:ﬁ f ] Lt t
[ o0° ) e sineet



3.5.4 AM Varyasyonlari -® N ®
* SSB (Weaver) @ (:\/5
Modul Agsinwgt Acsinw,t Modulntod
Modulation Modulatec
Y P——
) Aopcos wot Accos wet C wssn(t)




SSB devam



3.6 Frekans ve Faz Kiplemesi

* Genlik Kiplemesi, bilgiyi tastyici sinyalin genligine yltkluyordu.
e Gurultu eklenince genlik dogrudan etkileniyor
e Gurultuye direnci az

* Ffrekans kiplemesinde tasiyici sinyalin genligi degismez.
* Frekansi degisir
* Avantajli
* Faz kiplemesi de FM ile yakindan alakall
* x.(t) = A, cos(w.t + ¢,) iki terim de parantezin icinde



3.6.2 FM PM Analizi

* Genel form: x4, 410 (t) = A, cos 0(t) =..

¢ FM: 0(t) = wet + ky [, m(t)dt = 2rf.t + 2mk; [ m(t)dt
* FM son hal:

* FM anlik frekans:

* PM: 0(t) = wct + k,m(t)

* PM son hal:

* PM anlik frekans



Frequency and phase modulation
Carrier

Modulating signal

\/\/

Frequency modulation

Phase modulation

Figure 3.22 Comparison of frequency modulation and phase modulation for a sinusoidal
modulation signal. The cosine modulating signal covers a range of amplitudes from positive
to negative. Note the phase difference between FM and PM.



PM ve FM blok semalari

Modulation T Pm(t) i @ ).\/ = h-lodglated
m(t) zpm(t)
o (t) Phase at ¢
(4)
Modulation _ /dt i Pult) B | Modulated
m(t) Ty ()
o.(t) Phase at ¢



FM ve PM sinyal drnekleri

Figure 3.23 Comparison Frequency and phase modulation
of frequency modulation

and phase modulation for Carrier

a sawtooth modulation

signal. The sawtooth

(ramp) modulating signal - _

starts at zero and ramps up Modulating signal
to a maximum value, then

falls back to zero. Note the

gradual frequency increase

in FM, and the abrupt Frequency modulation

phase change in PM.

Phase modulation




3.6.3 FM ve PM sinyal Uretimi

Relationship between frequency and phase modulation
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Figure 3.26 FM and PM modulation waveform comparison. In going from ramp to the step
(left to right), we differentiate the modulation; in going from right to left, we integrate the
modulation. Phase modulation of the ramp is identical to the frequency modulation of the
step waveform.



3.6.4 FM Spektrumu

* FM/PM dogrusal olmayan kipleme yontemleridir.
* Dogrusalligin tanimu:

* Bu nedenle FM/PM sinyallerinde pek cok frekans bileseni olusur
e xpy(t) = A, cos (a)ct + k¢ fotm(t)dt)

* m(t) = A,, cos(w,,t) kabul edelim (analiz kolayligi agisindan)

ke
« xpy(t) = A, cos (wct + Z) = sin(a)mt))
m
kfAm

Wm

* Frekansin degisme hizi: f = —>kipleme indeksi

* Frekans sapmasi:



3.6.4 FM Spektrumu - devam

ke
[om sin(a)mt))

* xpy(t) = A, cos (a)ct +

Wm
» Farkli gosterimler
_ krAm
b=
* FM radyo uygulamasi:
* Genisbant FM

e Darbant FM

e Carson (1922) — Fourier seri acilimi
o xpy(t) = A cos(w, t + B sin(w,,t))
° xFM(t) = A, tho:—oo]n(ﬁ) COS((wc + ﬁwm)t)
* Jo.(B)?




3.6.4 FM Spektrumu - devam

e Carson (1922) — Fourier seri acilimi
° xFM(t) = A, Z;ELO:—oo]n(IB) COS((C‘)C + lgwm)t)
* Acalim



FM modulated waveform
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Figure 3.27 Frequency modulation showing time waveforms (left) and corresponding

frequency spectra (right).
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Bessel functions J_(f)

Modulation index g

p o J; /; /3 4 J5 Is 4 Is Jg 10

0 1.00 — — — — — — — — — —

025 098 012 — — — — — — — — —

0.5 094 024 003 — — — — — — — —

1 077 044 012 002 — — — — — — —

1.5 051 056 023 006 001 — — — — — —

2 022 058 035 013 003 — — — — — —

24 000 052 043 020 006 002 — — — — —

25 =005 050 045 022 0.07 002 — — — — —

3 -026 034 049 031 013 004 001 — — — —

4 -040 -007 036 043 028 013 005 001 — — —

5 -018 -033 005 036 039 026 013 005 002 — —

6 015 -028 -024 011 036 036 025 013 006 002 —

7 030 00 =030 -017 016 035 034 023 013 006 0.02

8 017 023 -011 -029 -010 019 034 032 022 013 0.06

9 -009 024 015 -0.18 -026 =006 020 033 031 021 013
10 =025 004 026 006 -022 -023 -0.01 022 032 029 021
12 0.05 -022 -0.08 019 018 -007 -024 -0.17 005 023 030
15 -001 020 004 -0.19 -0.12 013 021 003 -017 =022 -0.09




3.6.4 FM Spektrumu - devam
* Y= Ja(B) =1
* Xpm () = A X oo Jn(B) cos((w, + Bwp)t) sinyalinin giicli nedir?



FM spectrum f. =600 kHz f =20kHz Af =20kHz =1
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Figure 3.28 Measured spectrum for FM, g = 1.

Parameter name Symbol Value

Carrier frequency f. 600 kHz
Carrier amplitude A 200 mVpp

Modulating frequency i 20kHz
Frequency deviation Af 20kHz

From these values, the modulation index is calculated as



Power (dBm)

FM spectrum f.=600 kHz f =20kHz Af=48 kHz 3=2.4
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Frequencv (MHZz)

Parameter name Symbol Value

Carrier frequency fe 600 kHz
Carrier amplitude A 200 mVpp
Modulating frequency S 20kHz
Frequency deviation Af 48 kHz




% determining theintegrals for computing the
FM spectrum

N = 1000;

beta = 10;

n=2;

taum=1;

wm = 2*pi / taum;

wc = 10*wm;

t = linspace(0, taum , N);

dt = t(2)-t(1) ;

% the FMsignal

xfm = cos (wc*t + beta*sin(wm*t));

% the modulation

Xm = cos (wm*t);

%carriersignal , % carrierplus modulation
frequency , % carrier plus twice modulation f
requency

Xc = cos(wc*t);

xh1 = cos(wc*t + wm*t);

xh2 = cos(wc*t + 2*wm*t ) ;
Integralll=dt*sum(xh1.*xh1);
Integrall2=dt*sum(xh1.*xh2);
Integral21=dt*sum(xh2.*xh1);
Inteocral??2=dt*<uumi(xh? *xh?)\:

fprintf(1,'Product-Integral terms:\n") ;

fprintf(1,'Int 11 = %f Int12 = %f Int 21 = %f % Int 22 = %f \n'
,JIntegralll,Integral21, Integral21, Integral22);
fprintf(1,'FM Expansion terms:\n') ;

term1 = cos(2*wc*t+beta*sin(wm*t)+wm*t);

term2 = cos(beta*sin(wm*t)-n*wm™*t);

IntegralTerm1 = dt*sum(term1);

IntegralTerm2 = dt*sum(term2);

fprintf(1,'Term 1 = %f Term 2 = %f \n', IntegralTerm1,
IntegralTerm?2);

t=linspace(0,pi,N);

dt = t(2)-t(1);

Jarg = cos(beta*sin(t)-n*t);

Jcalc = (1/pi)*sum(Jarg*dt);

JMatlab = besselj(n,beta);

disp ('Compare Besselevaluations');
fprintf(1,'Calculated %f , MATLAB built-in
%f\n',Jcalc,JMatlab)



3.6.6 FM Kip CozumU — TUrev alarak
e xpp (t) = A, cos (wct + k¢ fotm(t)dt)

d . t
. xZ’:’(t) = Ac(we + kgm(t) ) sin (wct + kg |, m(t)dt)

* Conventional AM sinyaline benziyor
* Mesaj arti tasiyici var
* Kipleme indeksi?
 Tastyici olarak kosinus yerine sinus var. Problem mi?
* Tastyicinin frekansi sabit degil. Problem mi?

* Turev aldiktan sonra zarf algilayici ile mesaj sinyali elde edilebilir
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Figure 3.33 Asynchronous FM demodulation. The dotted part is effectively an AM

demodulator. A preceding section (not shown) would limit the amplitude of the incoming
signal, so as to reduce any spurious noise amplitude spikes.
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3.6.6 FM Kip Coéziimi — PLL

* Faz Kilitlemeli Cevrim
* Bir geri beslemeli devredir
* Takip etmeye yariyor (or. Frekans takibi)
* Taslyicinin frekansi > mesaj sinyali!

(a) (b)
.-'|:.' |
R — _ el(t) Control ) P . i e
Sine Phase adjustment b d(f) e(t) G 1 clth [ glt)
comparator phase ] Desired o System
i system S
Erro phase

Variable
Cosite oscillator

Feedback path

Figure 3.35 A phase-locked loop, which may be considered as a type of control system. The
phase comparator determines how close the waveforms are and guides the oscillator via the
controller to either increase or decrease its frequency so as to more closely align the timing
(or phase) with the incoming waveform. (a) The phase-locked loop (b) A generic control
system.



3.7 Faz takibi ve Senkronizasyon v
dir

* Pek cok kipleme tirinde tasiyici sinyal bilgisi alicida gerek
* Frekans ve faz IJJ
 Verici tarafindan iletilebilir (Conv AM)
 Aliciya gelen sinyalden bir sekilde cekip cikartilabilir (6r.PLL)

Decision level

Time

t1 to

e Senkronizasyon
 Ozellikle sayisal iletimde sarttir
* Paket, cerceve, bit, sembol vb. nerede baslayip bitiyor??
* Gelen sinyali dogru zamanda 6rneklemek 6nemli

 Alici vericideki tastyici fazlari
* Giris sinyali sin(wt)

* Osilator referans sinyali cos(wt)
e |kisinin carpiminin ortalamasi sifir (ayni fazdalarsa)



Hata sinyali

(a) Understanding phase lead and lag
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Osilatorun frekansini kontrol etmek

(a) ot (b)
! eference .
Select waveform Select phase advance
xt W '
e N Slower I aster point
Start / (2] ==
] F l-"
point e /_\‘
4.{ Anglap
lIl,l |
|_|.
—

Figure 3.37 To derive the amplitude at the next step, and thus the overall waveform, the
amplitude must be selected according to the fixed step ¢ plus or minus a small difference a.
Accordingly, this yields a faster or slower waveform. (a) Selecting the next amplitude at each
step (b) Next step amplitude from phase advance/retard.



PLL Detayli Semasi
* Proportional («)

* Integral ()
e K

l.ﬁffill ™

¥

[nput elt ) ] rit) L c{t) Phase output
— . {}{} - e S @I—h K = . w
m(t ) sin{wit 4 ;) T : 3 ’“'.f
Lowpass o
Cos{wt + ;)
oy NCO
s(t)
| /r\\ff Oscillator
output
"
A

Figure 3.38 The PLL is comprised of phase detector (multiplier plus averaging filter),
tunable controller, and numerically controlled oscillator, in a feedback-loop configuration.



Costas Loop

e |ki osilator var:
 Sayisal haberlesmede kullanilir
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PLLtest.m

* Costas Loop kodu



PLL Operation — Phase Adjustment

* Input and oscillator waves shown.
Control Signals - Phase Change

e Adjusts oscillator frequency to track phase. Phase Error
2 T T T T T T
 Amplitude of oscillator not critical. i
SQi 0
Waveforms A

A B Cc

r . . 1 F
| | : time
_ _ . . <103 Phase Step w

/VVV\/W

time
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PLL Operation — Frequency Adjustment

* Input and oscillator waves shown.

e Adjusts oscillator to go to new frequency.2

* This means changing the phase step.

A

ATATATAY

ATATATAY

Waveforms
B

ATATATAY

ATATATAY

S

c

VVVY

YATATAVIR
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3.8 1Q Sinyalleri ile Kipc6zUimU

* Teknoloji (sayisal elektronik ve sinyal isleme) ilerledikce, lipc6zimu icin
benimsenen yontemler degismistir.
e Eskiden, AM: Envelope detector, FM: Tiirev+Envelope detector (ANALOG)
e Simdi: IQ kipc6zim (6rneklenmis sinyal Gizerinden)
e Bitln bantgecirgen sinyaller kompleks sayilarla ifade edilebilir.
e Butun kompleks sayilar bir sinls ve kosinustin agirlikli toplami olarak yazilabilir.

e Phase-Locked Loop (PLL) opens up many possibilities.
* Costas loop gives quadrature signals — sine and cosine.
e Quadrature means 90° phase difference.
* Can demodulate using sine and cosine signals. This is coherent or synchronous
demodulation.

* |f we have a local tracking oscillator, we can correctly decode data bits in
digital transmission.

* Convention: /or in-phase is cosine, Q or quadrature is sine.



[Q Signals and Phase Quadrature

e Quadrature signals give us a way to separate out two components.

* Idea of quadrature demodulation of digital data:
* Multiply incoming waveform by sine, add up over one symbol time.
* Multiply incoming waveform by cosine, add up over one symbol time.

* This gives two separate “channels”.
e Can go further: change amplitude and phase.



[Q Signal Conventions

e Jor in-phase is cosine, Q or quadrature is sine.
* Physical time signal... visualize on /Q diagram:

sin(t) and sin(t — w/2)

1F T T T o 7]
0 Q |
sine 4 |

—1 | ‘4 | ok o 1 ".I“' I -

—47 —3r -2 —Tr 0 T 27 3 47

cos(t) and cos(t — 7/2)

1 e, I I o0, ! I o, I I ""'o” I

0E i
—1 C T 'u.n” | T "..n" | ! "n‘“ L T Yeansst ]

—47 —3r -2 —Tr 0 T 27 3 4

cos(t) and sin(t)

1 T T RS T T

0¢f i
-1t T ks | T et | T st | T e A

—47 —3m —27 —Tr 0 T 27 3 47
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|Q bilesenlerinin elde edilis sekli

f’;\. I I:fJ-Tmu 'Lf] ]
N T

N

(N ) @i(t) = coswet + 6)

M

Modulated
—_—
Tm ['fJ
00
z4(t) = sin(w.t + 8)

{,x:\" "111|_|:f;l|"11||.:| ':Lf] -
P ~

I(t)

Q1)

Figure 3.43 Demodulation with quadrature signals: I is the cosine component, and Q is the

sine component.



3.8.31Q Sinyal Uzerinden AM KipcozUm(

* xpy(t) = Acos|w.t] + A, sin w,,t cos w,t
e m(t) = A, Sinw,,t

e x;(t) = cos(w,t + 0)
* x4(t) = sin(w.t + 0)



3.8.31Q Sinyal Uzerinden PM KipcdzimU -devam

* | ve Q sinyalleri ile carp, alcak gecirgen filtreden gecir, DC’yi bloke et.
Karelerinin toplaminin karekokinu al



3.8.31Q Sinyal Uzerinden PM Kipcozimy

* xpy (t) = A cos|wt + kpm(t)]
e m(t) = A, sSin w,,t

e x;(t) = cos(w.t + 0)
* x4(t) = sin(w.t + 0)



3.8.31Q Sinyal Uzerinden PM KipcdzimU -devam

* | ve Q sinyalleriile ¢carp, alcak gecirgen filtreden gecir, arctan



3.8.31Q Sinyal Uzerinden FM KipcdzimU

* xpp(t) = Acos [wct + k¢ fotm(r)dr-

* m(t) = A, coS Wt

e x;(t) = cos(w.t + 0)
* x4(t) = sin(w.t + 0)



3.8.31Q Sinyal Uzerinden FM KipcozimU -devam

* | ve Q sinyalleri ile carp, alcak gecirgen filtreden gecir, arctan, en sonunda
turev



Kodlar

e SimpleQuadDemodAM.m
* Bir AM sinyali olusturuyor ve 1Q sinyalleri Gzerinden kip¢cézimu yapiyor

e SimpleQuadDemodPM.m

* Bir PM sinyali olusturuyor ve 1Q sinyalleri Uzerinden kipcézimu yapiyor

e SimpleQuadDemodFM.m
* Bir FM sinyali olusturuyor ve 1Q sinyalleri GUzerinden kipcdzimu yapiyor.



3.9 Sayisal lletim icin Kipleme

* Analogiletim: AM, PM , FM

* iletilen sinyal sonsuz cesit deger alabilir

 Sayisal iletisim ve avantajlari
* lletilen sinyal belli ayrik degerler alabilir
e Gurultd temizlenebilir
* Hatalar duzeltilebilir
* Sikistirma yapilabilir

» Basically just extend previous amplitude, frequency or phase
modulation idea. (temel mantik ayni)

* Simple initially, as there are only two levels:
1 = a given amplitude, frequency or phase
0 = another amplitude/frequency/phase

 Sayisal veri
e Dogrudan sayisal olarak tigretimlmis (6r. Dosya, eposta)
* Analogdan sayisala cevrilmis (6r. Ses, sensor verisi)



3.9.1.

Amplitude Shift Keying (ASK)

Amplitude Shift Keying (ASK) - 1/0 Test Signal
tbit = 1.0 ms

0
feye = 2000 Hz
- T T T
| |
Spectrum
T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency Hz
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Frequency Shift Keying (FSK)

Frequency Shift Keying (FSK) - 1/0 Test Signal
tyir = 1.0 ms

Faye = 2000 Hz

A | A A A | A A A | A | p. | P
0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency Hz
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Phase Shift Keying (PSK)

Binary Phase Shift Keying (BPSK) - 1/0 Test Signal
tyir = 1.0 ms

1 -

Faye = 2000 Hz

A | I A | A | A | A ] A ] A
0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency Hz
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3.9.1 Savisal Kipleme

* Analog sinyalin bir 6zelligine sayisal veriyi kodlama
* ASK
* PSK
* FSK

* Birim zamanda daha cok veri gondermek
* Daha cok seviye
* M-ASK
e M-PSK
e M-FSK
« M =28
* Sembol
* Sembol slresi
 Hem genlik hem faz: QAM
* Birden fazla kanaldan ayni anda gondermek (subchannel)



. ASK j,___lif'ﬂkszm_lﬂkHz o FSK fl_IEDkHz fz_BDkHz f.—10kHz
20 f .
& i 5
o #0n =
S sof s
—qpp Lo ki Ty g ) " -
2{} t'lﬂ E'D E{} 1[][] 12[] 14[] 15{} IH(} EDD E'E'D EEI 4[] EEI BEI 1[][] 12[] M-EI 1EEI 13[] EEIEI EEEI
Frequency (kHz) Freguency (kHz)
PSK ft_IEDkHzfm_IDL:Hz PSK-PRES fc_liﬂkHz jm:.:rkHz
[] v : - - i=1=1 rerer =} F amaa =i mamp r'----- arr=i=f-r E 3
20 - ’ff :"':;f_:._?:-"'.';:.
nE: nE: i b b E§¢ 4]
o 0 T T
% —60 [ % FAR AL ’.;‘;;: g
_ap i R PR B | Frhe
. ,_;:; ;:.;:, ,:;:, :;.:;.:;. .:3:-... :;::;:, ,;;: ;::;‘u"El\M {JEI]-?,:;::,
_qoo [EE R TEElEin _100 [EETEE] mr e T i
20 40 60 80 mu 12[] 14[] 150 180 200 220 20 40 EEI au 1{1{1 120 140 15{] 13[] EEIEI 22[]

Frequency (kHz) Frequency (kHz)

Figure 3.50 Measured spectra for ASK and F5SK (top) and PSK (lower). Each shows the
spectrum for a 1/0 alternating input sequence. The PSK case shows in addition the spectrum

resulting from a pseudorandom binary sequence (PRBS) bitstream. Note that the power is
measured in dBm.



3.9.2 Recovering Digital Pulses

* Noisy channel distorts waveform, how to make bit decisions?
* Two solutions: correlate-integrate or matched filter.
* Pulse waveform, +1, -1, -1, +1, -1, darbe araligi?

Clean Waveform
T T

AP

0 200 400 600 800 1000 1200 1400
Noise added by Channel & Processing

0 200 400 600 800 1000 1200 1400
Received Noisy Waveform
T T T T

0 200 400 600 800 1000 1200 1400
© thn WiieYZl& Sons 2018
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3.9.2. Correlate-Integrate

* Multiply incoming waveform by expected pulse shape.

* Darbe sinyalinin ne oldugunu biliyoruz

* Integrate over one bit/symbol period.

T
R eset /f‘

M% ]:n'm]u:-'r

)

sum of
products

rin)

Inpat

()
o

[mpulse Train s(mn)

2

Chutpt

yin)

Received Noisy Waveform

0 200 400 600 800 1000 1200 1400

Product: Received x Oscillator

0 200 400 600 800 1000 1200 1400

Integrated Product
C I I * * 1 *
0 200 400 600 800 1000 1200 1400

Time Index
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Matematiksel gdsterim

* Multiply and sum

x[n] = as|n] + g[n]

a —

gn|=

y[n] = ¥xZg x[n — kls[n — k]
y[n] =...

en=K-—1alalim



3.9.2. Matched Filter

e Uses afi

ter which is the time-reverse of the channel impulse.

* Bir sinyalle carpmak yerine bir filtreden geciriyoruz

e How does this work?

Al

Received Noisy Waveform

Iy
xin)

Input

! T,
H'.-'I]I.]. :l I--\. | | | | | |
,\){“a e X — 0 200 400 600 800 1000 1200 1400
o b n) Matched Filter Output
Reversed , , , , , ,
Impulse Chtput i A L |
'r'll.-'l"-'ll - 'L'I:-"i'l". - "!".II ‘A*\/\/\/‘-\N\/\/\_
= * * * B
0 200 400 600 800 1000 1200 1400
Time Index
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Correlate-Integrate & Matched Filter

* Correlate requires a waveform generator to match channel response.
* Matched filter requires a filter to perform convolution.

» y[n] = XKZ5 hlk]x[n — k]

Matched Filter

irepad waveform

Correlate-Integrate #Wﬂ
sl waveform
ﬁrM ﬁwﬂ #q [RE L ] il

L
[ | III.II
- et = [ \ -
- \H‘" slide
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Filtering & Convolution

* Convolution multiples incoming signal by coefficients, adds up result.
* Then slides signal along.

* Reset islemine gerek kalmiyor (6rnekleme yapiliyor)

 MATLAB has conv() function:

x=[1234567 8]
h=[10 11 12];

conv(x, h)
ans =
10 31 64 97 130 163 196 229 172 96



Matematiksel gdosterim
* x[n] = as|n] + g[n]
+ y[n] = YK=L h[n — k]x[k]



Uyumlu filtre sonrasi drnekleme

* Multiply - accumulate

Received noisy waveform
« | |l | I
* Analog devreler icin daha , W {o l T R
T .I IﬂJ 1 AR ||.h| Y . 'y AT Pl 1 I |
uygun (i R T a8 P i
. ' il I : ) !
* Uyumlu filtre dijitalde daha - i ! SIS
uygun
0 200 400 600 800 1000 1200 1400
* Dijital haberlesmede filtre Vatched fiter output
nasil Gretilir? ] ]
* Lookup table i
= I.*'r Il'. o ."ﬁ"x f\'-..l .-"f\\x Py £ \_
NNV A e N e R
0 200 400 600 800 1000 1200 1400
Time index



3.9.3. Dik Sinyaller

 Sayisal haberlesmede sayisal bilgi sints ve kosinis sinyallerinin
Uzerine bindirilir
e Bu iki sinyal birbirine karismadan ayni kanaldan iletilebilir
e Cunku:
* Bazen farkl frekanslarda sintslere yuklenir
* Bunlar da belli sartlar altinda birbirine diktir
1

o T = —
f

. fOT cos 2mft sin 2mft dt

* QAM



Orthogonal signals Nonorthogonal signals
.l?l(t) =sin 21 flt .,'Cl(t) =sin 21T flt
1 T I I T 1 T - T

0 5 N

zo(t) =sin2m fof xo(t) =sin2n fof
1 — — 1  —  —
e e e
-1 i i _1 i i
z(t) - zo(t) 1 (1) - zo(t)
1 T T T T T
El-d'/ G/W*
_1 | | | | _1 i i I
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 0.7 08 0. 1
Time Time

Figure 3.57 lllustrating orthogonal and nonorthogonal signals. The net area under the
product of orthogonal signals is zero.



Devam...

|
f

. fOT cos 2kt sin 2mrmft dt

* Ayni anda daha cok bilgi gonderilebilir
* OFDM



3.9.4.Quadrature Signals for Digital Modulation

* SinUs ve kosinus sinyalleri birbirine diktir

e Bunlarin agirliklari icin 16 adet deger cifti belirlenir (tek seferde 4 bit
gondetrilebilir)

* |ki boyutlu uzayda 16 nokta (constellation)

miplt) it cosw,.t
(%)
W
I{.———P———?——-?fﬂ » % COs Wt
O O o o +
baby ... Modulated
—| Block = — @ _ VAV
o o o o | roamlit)
an°
o] o o o
810w
b (1) Sin o,
L -""‘;'L = 1) =1

miz(t)
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Quadrature Modulation

* I coswt + Q sinwt = R cos(wt + ¢)

° R —

. ¢ =

Change the phase - Quadrature Phase Shift Keying (QPSK)

Results in a constellation: 2 bits or 3 bits as shown, could be more.

s wi s111 et

s Wi

O
O

Cos w!

L8
Lo
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Quadrature Modulation

* Change the phase as well as amplitude.

* Quadrature Amplitude Modulation (QAM)

* 16 point constellation shown, could encode 4 bits at a time.
 Sekil yanhs cizilmis!

s wi

] O ] o
] O o] o

Cios wit
] O ] O




* Xgam (t) = my(t) cos wt + my,(t) sin wt

Modulated

——————1

rqam(t)

TOAM {f) Cos Wt

fm b
/ t
N 0

6/ COS Wet

—90°

8In wet

[}

Clock

i
O Th
[
e 0

zoaMm(t)sin wet

:I}()E')l -
Unblock

Figure 3.60 QAM demodulation. Multiplication by the sine and cosine carrier separately,
followed by integration over one or more cycles, determines the amplitude and hence
position in the constellation. The original bit pattern may then be looked up directly.



3.9.5. OFDM - Ort

* Semboller arasi girisim y(t) = x(t) * h(t) + n(t)
e Kanal durti tepkisi h(t)
* Semboller arasi girisim yaratir

* Sembol hizi arttikca ISI artar

.
* Bant genisligi B = g

* Gecikme yayilimi
e Tutarhilik bandi

* WiFi, LTE, 5G, ADSL, DVB, DAB... genisbant sistemler
* Orthogonal Frequency Division Multiplexing (OFDM).

* Cok sayida dijital veri akisi es zamanli iletilebilir



Af

Cok Tastyicili Dalga Sekilleri

=f

* Temel prensip: Yuksek veri hizli bir akisi cok saylia;a dusuk hizli alt aklslgia
bolmek ve subcarrier adinda tastyicilarla aktarmak.

* Boylece her bir alt akisin sembol siresi uzar

* Frekans secici kanal nedeniyle olusan dagilim/sacilimin etkisi azalr.
* Semboller arasi girisim azalir

* Her bir alt tasiyici diz sonumlenmeye maruz kalir, zaman alani kanal
denklestirmesine gerek kalmaz

 Farkl alt tasiyicilar farkli kullanicilara tahsis edilebilir
 Farkl alt tasiyicilar farkli antenlere verilebilir

* Dar bant girisim sadece birkac alt tasiyiciyi etkiler, digerleri etkilenmez



G12.1 Cok Tastyicili lletim
* Veri hizi R, bant genisligi B

* Tutarhlik bandi B, < B, (cccoceveieieiceeee et )
* diger deyisle: Kanal sagilim siiresi (T;,, = Bic) sembol uzunlugundan
fazla (.oooveeeeee e, )
* Cozim: Kanal N = B/Bjy adet altkanala bolunur
* Veri N adet paralel veriye ayrilir ve ayrica kiplenir (veri hiz............ )
* Yeni sembol siiresi Ty = i > Bic = T (oo, )
* Dezavantaj
* Frekans bantlari birbirine karismamasi icin B = N(1;5+8)

* Keskin filtreler gerekir
* Or 1. W=1MHz, T, = 20us ,N =?
* Or2. Ty = 0.2ms, Ty » T,y N =128,,8 =1, = 0.1, B =?



G12.1 Cok Tastyicili lletim
* |letilen sinyal: s(t) =

R/N hpﬁ S}f]'l'll}l.}l 5y . spll)
Mapper = &

cos(2aful)

- - ] )
R bps R/N DS ["Symbol | S a0y ey s
Serial-to- Mapper B o
Parallel \

Converler .
. cos{2mfir)

Transmitted

Signal

R/N bps Svmbal | V- sw-1(t) o~

cos{2mfy 1) -—

Sl 4 mpit) R/N bps
4 Demodulator -

fu T

cos{2minf)

* AIICI yapISI 'ﬂ”.-i_”“] - | | al +min) = Demodulator Rl}llﬁ;hps- R bps

Parallel-
h * to-Serial
Converter
. cosl2mfit)
Sw—1 [f } + 1 =1 U :I R.-'I .'\III bpk
- = Demodulator -
Fuwo *

cos(2m iy t)



G12.2 OrtUsen Kanallar 1

'xi(t)=cos(2n(fo+#)t+qbi),i:O,l,...,N—l m

fo hoF
e 1/Ty frekans aralig

« [ #jicin %fOTin(t)xj(t) dt =0, fi— f; = iT;A{,n =12,..

* Gerekn bant genisligi B = N;—BH ~ ...

N

EXAMPLE 12.3: Compare the required bandwidth of a multicarrer system with over-
lapping subchannels versus nonoverlapping subchannels using the same parameters
as in Example 12.2.

12-1. Show that the minimum separation A f for subcarriers {cos(2mjA fr+¢;). j = 1.2,...]
to form a set of orthonormal basis functions on the interval [0, Ty ] 1s Af = 1/ Ty for any
initial phase ¢;. Show that if ¢; = 0 for all ; then this carrier separation can be reduced by
half.



12-2. Consider an OFDM system operating in a channel with coherence bandwidth B, =
10 kHz.

(a) Find a subchannel symbol time Ty, = 1/By = 107,,, assuming T, = 1/B.. This
should ensure flat fading on the subchannels.

(b) Assume the system has N = 128 subchannels. If raised cosine pulses with § = 1.5
are used and if the required additional bandwidth (from time limiting) to ensure min-
imal power outside the signal bandwidth is ¢ = .1, then what is the total bandwidth
of the system?

(c) Find the total required bandwidth of the system using overlapping carriers separated
bv 1/ Tw. and compare with vour answer in oart (b).

12-4. Consider a data signal with a bandwidth of .5 MHz and a data rate of .5 Mbps. The
signal is transmitted over a wireless channel with a delay spread of 10 us.

(a) If multicarrier modulation with nonoverlapping subchannels is used to mitigate the
effects of IS1, approximately how many subcarriers are needed? What is the data rate
and symbol time on each subcarrier? ( We do not need to eliminate the ISI1 completely,
so T, = T, is sufficient for ISI mitigation.)

Assume for the remainder of the problem that the average received SNR (. ) on the nth sub-
carrier is 1000/n (linear units) and that each subcarrier experiences flat Rayleigh fading (so
ISI is completely eliminated).

(b) Suppose BPSK modulation is used for each subcarrier. If a repetition code is used
across all subcarriers (i.e.. if a copy of each bit is sent over each subcarrier). then what
is the BER after majority decoding? What is the data rate of the system?

(c) Suppose you use adaptive loading (i.e., different constellations on each subcarrier)
such that the average BER on each subcarrier does not exceed 10— (this is averaged

over the fading distribution: do not assume that the transmitter and receiver adapt
power or rate to the instantaneous fade values). Find the MQAM constellation that

can be transmitted over each subcarrier while meeting this average BER target. What
is the total data rate of the system with adaptive loading?



G12.4 Gerceklenme — DFT ve ozellikleri
 DFT{x[n]} = X[i] = er Lx[n ]e‘fzfvni,i =0,.,N—1
* DFT{X[i]} = x[n] = ﬁzk;o X[i]ejZTVni,n =0,..,N—1

* Gercekleme: Fast Fourier Transform
* Mesaj kanaldan gecerken (evrisim)

¢ y(8) = x(8) * h(t)
* Ornekleme sonucunda y[n] = h[n] * x|n] = x[n] * h|n] ...
* Dairesel evrisim

» y'[n] = h[n]mx[n] = X} hlk]x[mody(n — k)]
* Frekans alaninda ¢carpima kar§|I|k gelir

* Y|i] = DFT{y|n] = h[n]mx|n]} = X|i]H|i],i =0,...,N —1
« Alicida X|i] = % W ?




Mata

G12.4.2 Cevrimsel Onek &% & G &8 gk fa
T ISTuJ Y01, .., YIN = 1] TSTH-HJ Y101, ..o YN = 1) E}'*HJ $O]. ooy ¥IN — 1]
* Alicida y[n] = h[n] % x:n] b N

* Direkt DFT uygulanirsa Y[i] = X[i]H[i] elde edilemez , ¢link{ dairesel evrisim degildir.
* Normal evrisimi dairesele cevirmek Cevrimsel 6n ek (cyclic prefix)

* Cyclic Prefix
 Kanal uzunlugu i + 1 olsun h[n] = h[0] ... h[u] seklinde bir filtre denebilir

* x[n] serisinin son u elemanini bas tarafina kopyalarz ( )
* Budurumda h[n] = X[n] = h[n]mx[n] olur (Goster)

* Sistem tasarimi basitlesir (Alicida X[i] = Y[i]/H[i])
* Bu ayni zamanda ISI'1 yok eder.
* Ancak ek yuk de olusur



EXAMPLE 12.4: Consider an OFDM system with total bandwidth & = 1 MHz assum-
ing # = & = 0. A single-carrier system would have symbol time T; = 1/B = | us.
The channel has a maximum delay spread of T,, = S us,sowith T, = lusand T, =
5 pis there would clearly be severe ISI1. Assume an OFDM system with MQAM mod-
ulation applied to each subchannel. To keep the overhead small, the OFDM system
uses N = 128 subcarriers to mitigate ISI. S0 Ty = NT, = 128 us. The length of the
cyclic prefix is set to u = 8 = T, /T, to ensure no ISI between OFDM symbols. For
these parameters, find the subchannel bandwidth, the total transmission time associ-
ated with each OFDM symbol, the overhead of the cyclic prefix, and the data rate of
the system assuming M = 16.



G12.4.3: OFDM

e Seri-Paralel dénlisum
« X[i],i =0, ..., N — 1 gonderecegimiz semboller olsun (QAM, PSK..).

.2TTni

. . 1 _ :
e Bunlarin IDFT’sini aliriz x[n]= \/—NZQ’:(}X[l]e] N n=20,.. N—1
e Cok tastyicili x(t) = YN, X[i]e/?™/TN sinyalinin t = %T zamanlarindaki

ornekleri olusur.
* Sayisal — analog ceviriciden gecirilerek x(t) olusturulur.

* Cevrimsel 6nek eklenir

 Paralel — seri dontsim ( )
 Sayisal — Analog donusim ( )
 Tastyici frekansa tasinir

e Kanal ( )
 DFT

* Sadece sifirlardan olusan CP de kullanilabilir



X[0] x|
X1 x[1]
Add Cyclic
R bps QOAM Serial-to- Prefix, and i) s(t)
™ Modulator Parallel IFFT Parallel- —= DJ/A * -
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Converter
cos{2minl)
XN =1] x[N—-1]
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v[0] Y10]
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vll] ¥il]
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Parallel Converter
Converter
cos(2mint)
[N —1] YIN —1]
e ——— e ————— -

Receiver



11.6 OFDM- WIF]

* |EEE 802.11a Wireless LAN: , 5GHz bdlgesinde
* 300MHz bant genisliginde
e 20Mhz bantlara ayrilmis

* |[EEE 802.11g: 2.4 GHz ISM bolgesinde

* Diger ozellikleri ayni

* N=64 taslyici, 48 tanesi veri iletiminde kullanilir
* Distaki 12 tanesi girisim yaratmamak icin kullanilmaz
* Cevrimseldnek: u =16
» Hata dizelten kodlar: Evrisimsel r=1/2, 2/3, %

Kipleme: BPSK, QPSK, 16-QAM, 64-QAM
20 MHz

« By = = 312.5 kHz
16

e T, = 16T, =
20MHZz
e Ty = (16 + 64) X T, = 4us

= 0.8us
0.5 kod oraniX1bit/sembol
— / = 6Mbps

4X107°sn

0.75 kod oranix6 bit/sembol
4%x10~%sn

* R,,in = 48 tastyict X

* Ry = 48 tastyict X = 54Mbps



OFDM - ADSL: Asymmetric Digital Subscriber Line

* Telefon hattindan (burgulu cift) Internet baglantisi
* 3km hat: 1.2 MHz bant genisligi

* Bandin ¢cogu asagl gonderime ayrilir (asimetrik: 4km-> (6.8, 0.64),
6km—>(1.544, 0.176) )

6
+ 256 OFDM alttagiyicisi A = 1.104 X % = 4.3125 kHz

* Cevrimsel Onek: 1% = 32 Ornek

* Kipleme: QPSK, 16 QAM, 64 QAM, 256 QAM, ...



OFDM - DAB

* AM ve FM yerine

* Eureka — 147 standardi — ITU ve ETSI

* QPSK

* Mod 1: VHF, OFDM, N=1536, Af = 1kHz,CP = 246usec (Yer)
* Mod 2: 3GHz, OFDM, N=192, Af = 8kHz, CP = 31usec (Uydu)
* MPEG ses sikistirma (CD kalitesinde)



Delay
Spread

One radio frame, T;.,. = 307200 x T, = 10 ms

Tsubframe =1ms |

O F D M - I_T E ““““ ................. m #19

W

Cyclic

Prefix

Tsiot = 0.5 ms
_CP':'..S.Z s Useful symbol length: CP:&]?,{;S
- 160 samples 66.7 us; 2048 samples } 144 samﬁi’ea_.
Special OFDM symbol: OFDM symbol:
71.9 us; 2208 samples 71.3 us; 2192 samples

Values shown for normal CP assignment; Af = 15 kHz

i —
-

-

Useful Symbol Time = 66.7 us

LTE OFDM Symbol




Spread Spectrum

* Original approach to telecommunications: use as narrow a bandwidth
as possible.

* Spread Spectrum (SS) idea: to spread the signal over a wider band.

 Why? Several reasons...
* Interference usually only affects part of the message, so it could be recovered.
e Reduces possibility of snooping (eavesdropping) on a transmission.
* Makes it easier to share a channel without co-ordination (cellular radio).



Spread Spectrum

* Frequency Hopping: use a frequency that changes in a pseudo-random way.

* Dwell time much longer than a single bit.
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Spread Spectrum

 Direct Sequence: use a frequency that changes in a pseudo-random
way but very fast (several times per bit).

[ata

O

|

Modulation

Channel
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1 E
Sequence

L NI L

Synchronize
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3.1 Modulation is the process of impressing a modulation signal 7(¢) onto
a carrier x,(¢) in some way. Typically the amplitude, frequency, or phase
of the carrier is manipulated in some way.

a) Explain how each of the modulation types shown in Figure 3.80a
comes about.

b) Define each of the modulation types shown in Figure 3.80b. Explain
your reasoning in each case.

(a) (b)
Carrier Carrier
Modulating signal Modulating signal
/\_/\/ /\/\/
Amplitude modulation XXX modulation
WWWWWWwmrmmsa s WV W Asmmnaat - saan AW s~
Phase modulation YYY modulation
AP AR AV
Frequency modulation ZZZ modulation







3.2 Use Equations (3.28) and (3.29) to show mathematically that, given an
AM waveform, A, and A,, may be determined from the waveform graph.

3.3 Starting with the expansion for sin x sin y, show that amplitude modula-
tion results in a carrier with amplitude A and two sidebands at w, + @
each of amplitude (A,,/2).

m?

3.4 'The sidebands in AM carry significant power, and their power depends

on the modulation index.

a) Write an equation for the power in the carrier in terms of the carrier
amplitude A_.

b) Write an equation for the power in each sideband in terms of the side-
band amplitude A .

c) Using the above results, show that the total power present in an AM
waveform is the carrier power multiplied by a factor of [1 + (u*/2)].

d) Defining the efficiency 5 as the power in the sidebands divided by the
total power, show that # = p?/(u* + 2). Comment on the efficiency
when the modulation index is zero, and when the modulation index
is unity.






3.5

3.6

3.7

Verify the parameters of the waveforms shown in Figure 3.81 using the
spectrum plots only.

Figure 3.82 shows the spectrum analyzer display of an amplitude modu-
lated waveform. At 600 kHz the power is -9.99 dBm, while at 620 kHz the
power is -24.93 dBm. Given that the modulation index is g = 0.4, does
the relative power diftference as measured correspond to what would be
expected from theory?

Figure 3.83 shows the spectrum analyzer plot of an FM signal with the
following parameters:

Parameter name Symbol Value
Carrier frequency f. 600 kHz
Carrier amplitude A, 200 mVpp
Modulating frequency - 20kHz
Frequency deviation Af 80 kHz

Determine f, and from that the expected power levels of the carrier and
three harmonics above the carrier.



3.8 Show mathematically that the block diagram of Figure 3.84 can produce
upper and lower sidebands. Explain all steps involved.

3.9 A square-law demodulator for AM simply squares the incoming signal,
then filters the result. Show mathematically how the square-law operates
on the basic AM equation using a single-tone modulation. Determine
the magnitude of the frequency components of the squared signal that

Modulation
mi(t)

A.m(t) coswet

(x)

\/\/) Accos wet

B

Modulated
Y r—
(t)

TSSB

Agsinwet
s A Acm(t)sinw,t
L | N4

Figure 3.84 Single-sideband (SSB) generation.

would be within the range of the modulating signal’s bandwidth. Which
is the desired (demodulated) signal and which is unwanted distortion?



3.10 Explain how Bessel tables (Table 3.2) are used to determine the harmon-
ics of an FM waveform.

3.11 Verity the spectral components of the waveforms shown in Figure 3.85

using the parameters given in conjunction with the table of Bessel func-
tions (Table 3.2).






FM frequency spectrum

A=108=30f. =40 f, =04k =3.75 A, = 2.0 Aw = T7.50
1::::::::::::::::::::::::::::::

0 1 2 3 4 5 6 . 7 8 9 10
Frequency (Hz)
FM frequency spectrum

A=150=24f =40 fm =05k =3.75 Ay =2.0 Aw =750
1::55:5__5:_5_____5__:_5__5:5__5:55:5:::::: o

Frequency (Hz)

FM frequencv spectrum

1

0.6
od——1————1-HH-T"1TT T

4L LV J.I.'I_r\.il.l.'l_r l.l.\.rlr LJH'I_;L;-Lr]. iiira

A=1503=24f =40 f=02Fk =150 A, =2.0 Aw=3.0

5 6 7 8 9 10
Frequency (Hz)



3.12 A single-tone frequency modulated signal written as
Xpp(£) = 2sin(2000xt + 2 sin 4nt)

has corresponding frequency components

H=00

¥ =AY (B sin(w, + 1 o)t

H=—00

a) Work out the carrier and modulation frequencies in rad s = and Hz.

b) What is the value of f? Determine the corresponding frequency devi-
ation.

c) Sketch the magnitude spectrum about the carrier frequency, showing
all values of amplitude and frequency.

d) What would the spectrum look like if the frequencies were in MHz
rather than Hz?






3.13 IQdemodulation maybeapplied to various modulation schemes, assum-
ing that the carrier is able to be reconstructed at the receiver.

a) Section 3.8.1 showed how to demodulate a sinusoidal tone when
amplitude modulated. Extend this to show how to demodulate any
modulation input m(f) that is amplitude modulated.

b) Section 3.8.2 showed how to demodulate a sinusoidal tone when
phase modulated. Extend this to show how to demodulate any
modulation input m(f) that is phase modulated.

¢) Section 3.8.3 showed how to demodulate a sinusoidal tone when
frequency modulated. Extend this to show how to demodulate any
modulation input m(f) that is frequency modulated.



3.14 To prove that demodulation works for orthogonal signals, assume that
the in-phase signal is I(¢) and the quadrature-phase signal is Q(¢). Then
the resulting signal is the sum of these multiplied by their respective car-
riers, to vield a received signal

r(t) = Qcoswt + I sinwt

a) By multiplying the received r(f) by the sine carrier sin wt and then
integrating and averaging over one cycle time t = (27 /w), prove that

E(Q coswt + [ sinwt)sinwt = [
-

In this way, the I component may be recovered.
b) Similarly, show that multiplying by cos wt, integrating and averaging,

g(Q coswt + I sinwt) coswt = Q
T

which then recovers the Q component.






