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1 ELECTRICAL COMMUNICATION SYSTEM

Electrical communication systems are designed to send messages or information
from a source that generates the messages to one or more destinations. In general,
a communication system can be represented by the functional block diagram
shown in Fig. 1. The information generated by the source may be of the form of
voice (speech source), a picture (image source), or plain text in some particular
language

Information
source and - Transmitter
input transducer

Channel

Output Output

" i * Receiver -
signal transducer

Figure 1: Functional block diagram of a communication system.

A transducer is usually required to convert the output of a source into an
electrical signal that is suitable for transmission. For example, a microphone
serves as the transducer that converts an acoustic speech signal into an electrical
signal, and a video camera converts an image into an electrical signal. At the
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destination, a similar transducer is required to convert the electrical signals that
are received into a form that is suitable for the user; e.g., acoustic signals, images,
etc. The heart of the communication system consists of three basic parts, namely,
the transmitter, the channel, and the receiver. The functions performed by these
three elements are described next.

1.1 The Transmitter:

The transmitter converts the electrical signal into a form that is suitable for trans-
mission through the physical channel or transmission medium. For example, in
radio and TV broadcast, the Federal Communications Commission (FCC) spec-
ifies the frequency range for each transmitting station. Hence, the transmitter
must translate the information signal to be transmitted into the appropriate fre-
quency range that matches the frequency allocation assigned to the transmitter.
Thus, signals transmitted by multiple radio stations do not interfere with one an-
other. Similar functions are performed in telephone communication systems where
the electrical speech signals from many users are transmitted over the same wire.
In general, the transmitter performs the matching of the message signal to the
channel by a process called modulation. Usually, modulation involves the use
of the information signal to systematically vary either the amplitude (AM), fre-
quency (FM), or phase (PM) of a sinusoidal carrier. For example, in AM radio
broadcast, the information signal that is transmitted is contained in the amplitude
variations of the sinusoidal carrier, which is the center frequency in the frequency
band allocated to the radio transmitting station. This is an example of amplitude
modulation. In FM radio broadcast, the information signal that is transmitted is
contained in the frequency variations of the sinusoidal carrier. This is an exam-
ple of frequency modulation. Phase modulation (PM) is yet a third method for
impressing the information signal on a sinusoidal carrier.

In general, carrier modulation such as AM, FM, and PM is performed at the
transmitter, as indicated above, to convert the information signal to a form that
matches the characteristics of the channel. Thus, through the process of modu-
lation, the information signal is translated in frequency to match the allocation
of the channel. The choice of the type of modulation is based on several factors,
such as the amount of bandwidth allocated, the types of noise and interference
that the signal encounters in transmission over the channel, and the electronic
devices that are available for signal amplification prior to transmission. In any
case, the modulation process makes it possible to accommodate the transmission
of multiple messages from many users over the same physical channel. In addition
to modulation, other functions that are usually performed at the transmitter are
filtering of the information-bearing signal, amplification of the modulated signal,
and in the case of wireless transmission, radiation of the signal by means of a
transmitting antenna.
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1.2 The Channel:

The communications channel is the physical medium that is used to send the
signal from the transmitter to the receiver. In wireless transmission, the channel
is usually the atmosphere (free space). On the other hand, telephone channels
usually employ a variety of physical media, including wirelines, optical fiber ca-
bles, and wireless (microwave radio). Whatever the physical medium for signal
transmission, the essential feature is that the transmitted signal is corrupted in
a random manner by a variety of possible mechanisms. The most common form
of signal degradation comes in the form of additive noise, which is generated at
the front end of the receiver, where signal amplification is performed. This noise
is often called thermal noise.

In some radio communication channels, such as the ionospheric channel that is
used for long range, short-wave radio transmission, another form of signal degra-
dation is multi-path propagation. Such signal distortion is characterized as a non-
additive signal disturbance which manifests itself as time variations in the signal
amplitude, usually called fading.

1.3 The Receiver:

The function of the receiver is to recover the message signal contained in the
received signal. If the message signal is transmitted by carrier modulation, the
receiver performs carrier demodulation in order to extract the message from the
sinusoidal carrier. Since the signal demodulation is performed in the presence
of additive noise and possibly other signal distortion, the demodulated message
signal is generally degraded to some extent by the presence of these distortions in
the received signal. As we shall see, the fidelity of the received message signal is
a function of the type of modulation, the strength of the additive noise, the type
and strength of any other additive interference, and the type of any non-additive
interference. Besides performing the primary function of signal demodulation,
the receiver also performs a number of peripheral functions, including signal
filtering and noise suppression.
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2 Transmission Lines:

Transmission line can be represented by a successive symmetrical sections (A ).
A uniform transmission line is a "distributed circuit” that we can describe as a
cascade of identical cells with infinitesimal length. The conductors used to realize
the line possess a certain series inductance and resistance. In addition, there
is a shunt capacitance between the conductors, and even a shunt conductance
if the medium insulating the wires is not perfect. We use the concept of shunt
conductance, rather than resistance, because it is more convenient for adding the
parallel elements of the shunt. We can represent the uniform transmission line
with the distributed circuit below (general lossy line)

1
1 1 1
| w4 B -
: + T = = \ 1

| Sendi i Receivi 1, '
[ - 1 Sending-end Toanericcinn Hna eceiving-end [
v Ve X port I'ransmission line port : L,
1 = 1 1 !
1 1 a 1
1 1 Ar Br 1 1
L d = === J
Generator circuit Load circuit
Figure 2: A transmission Line between two points A and B
TEM (Transverse  Metal /\% Metal Ja— w
Electromagnetic): '55}/ % ;
. (]
Electric and D
. . Dielectric spacing
magnehc fields Dielectric spacing Dielectric spacing
are orfhogonal to (a) Coaxial line (b) Two-wire line (c) Parallel-plate line

one another, and
both are
orthogonal to
direction of
propagation

Metal strip conductor Metal

Metal

Z\]el:ll ground plane

Metal ground plane Dielectric spacing

Dielectric spacing
Dielectric spacing

(d) Strip line (e) Microstrip line (f) Coplanar waveguide

TEM Transmission Lines

Figure 3: transmission Line Types
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TEM (Transverse Electromagnetic): The field distributions for the uniform
transmission line are both known as transverse electromagnetic (TEM) waves.

In TEM, electric and magnetic fields are orthogonal to one another, and both are
orthogonal to direction of propagation as shown.

= = = Magnetic field lines

—— Electric field lines

Coaxial line

Generator Load

Example of TEM Mode Cross section

Figure 4: Example of TEM mode for a coaxial TL

RA)( LA)( RA)( LA)(
vW—1m VWA—TTT
Ci) E —=cA Sl =—cA <ehc. ...
A4 N AV

Figure 5: Schematic representation of the elementary component of a lossy transmission line

LA, L Ax

Figure 6: Schematic representation of the elementary component of a lossless transmission line

The impedance parameters L, R, C, and G represent:
L = series inductance per unit length
R = series resistance per unit length
C = shunt capacitance per unit length
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SW1 e+ Y I+
_’.
@) E Zo ZR
t1 t2 -
x1 x2 e- i
Length=L
Figure 7:

G = shunt conductance per unit length.

Each cell of the distributed circuit will have impedance elements with values:
LA, RA,, CA,, and GA,, where A, is the infinitesimal length of the cells. If
we can determine the differential behavior of an elementary cell of the distributed
circuit, in terms of voltage and current, we can find a global differential equation
that describes the entire transmission line. We can do so, because we assume the
line to be uniform along its length. So, all we need to do is to study how voltage
and current vary in a single elementary cell of the distributed circuit.

Assumption:

e TL is uniform.

e the change of voltage and current of the source does not appear instanta-
neously at the load.

e SW1 is closed from t1 to t2, where At =t2 —t1 and Ax = 22 — z1.

e ¢' represents the incident wave, while e~ represents the reflected wave from
the the load to the source due to mismatch between the Zp and Z,.

o if 7p = Z, (Matching state), e” =0
e The energy supplied by the source = EIAt measured in Jule.

e The Energy stored in the electrical field of the capacity (C) and in the mag-
netic field of the inductance (L).

EIAt = %(LAx)ﬂ + %(CA:I:)EQ (1)

and
Ax = vAt (2)

College of Electronics Engineering °



Communication Principles Dr. Mohamad Alhabbar

where v represents the velocity of wave through a TL. Now by substituting Eq.
2 in Eq. 1, we can obtain

1 1
EIAt = 5(Lvm)ﬂ - 5(OvAt)E2 (3)
which can rewritten as

1
EI ==
2

The current from the source in the time At has charged the section of TL
Ax = vAt to a a potential E and the charge () can be expressed as

1
vLI* + §UCE2 (4)

Q =1At=CAzE (5)
By substituting Eq. 5, which is [Az = vAt] in Eq. 5
IAt = CvAtE
I =CvE (6)

Now, by substituting Eq. 6 in Eq. 4

1 1
E?Cv = 5vL((JvE)2 - 5vCE2
1 1
1=-LCv*+ =
5 Cv” + 5 (7)

Finally, we can write an expression for v as

m/s (8)

5
Q

This means that for a TL with length [ the signal needs a time of |T'= vV LC x [
to reach the load.

1
V /’[/060

and |e, = 8.85 X 10*12‘ F/m. While for another dielectric with €, and p, the
c

N

The general formula for the velocity can be written as:

1
V/Hs€s

For air dielectric |v = ¢ =

=3 x 10°| m/s, where |y, = 47 x 107" | H/m

velocity would be expressed as |v =

(9)

v =
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where s = poptr and €5 = €,6, and for air u, = ¢, = 1. Moreover, ¢, is the
relative permittivity, while p, is the relative permeability of the dielectric.
Now by substituting Eq. 8 in Eq. 6, this will lead to I = C’\/%E, which can

be rewritten as

T/ 2=z « (10)

The last equation represents the characteristic impedance for lossless TL in which
R = G =0 as defined already. In practice, Z, depends on R, L, C', G and fre-
quency. Moreover, it does not depend on the length of the line.

Zy=—=—— (11)

3 Reflection in Transmission Lines

The reflection occurs in TL if the impedance of the load is not matched to the
characteristic impedance of the TL Z,, i.e. Z; # Z,. In this case the load will
absorb part of the incident wave e, and another part of the signal will reflect
back to the source as e™.

As defined already, we have Z, = E—I, and because of the reflection, the voltage
and current at the load will be created and defined as

V,=e +e,
I =i +i, (12)
where i = ‘3Z—T+ and ¢, = —eZ—;, in which the negative sign of the current is due to

the opposite direction of current for the reflected wave.
But it is known that the value of the load is defined as

+ 4 o + 4 o
Vi el+e el te

_’r __“r T
ZT_IT_#JF@'*_Q_Q (13)
T T S Zo
This lead to
Z tter
r _ G o (14)
Z, er—e;
The voltage reflection coefficient | Ky | ! can be expressed as | Ky = 6—1 , which
e?"

Tn some books the symbol T is used to express the voltage reflection coefficient.
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makes Eq. 14 to be

Z, 1+ K
Zr _ —* Ay (15)
Z, 1 - Ky
Which can be rewritten as
Zr - ZO
— 16
V=7 (16)

Using the same procedure, we can derive the reflection coefficient of the current
which should have the same magnitude but with opposite sign, i.e. K = —Ky.

What discussed already for the load can be applied exactly to the source as
well, in which the reflection coefficient from source Kg can be occurred if Z, # Z,

g — 2o
_Zg+Z0

s (17)

Example (HW /CW): A lossless transmission line with length [ has a capacity
C' and inductance L. Its characteristic impedance is Z, and the impedance at
the load Zr # Z, and the source impedance Z, # Z,. Write the expressions for
Kv,K;, K,, Z,,T in addition to the incident and reflected signal e* and e~ for
67

Answers:
o K, =(Z, —20)/(Z, + Z,).
o Ki=—K, = —(Z, — Zo)/(Z, + Z,).
o Ky=(Zy,—Zy)/(Zy+ Z,).

.ZOI\/g.
o T=Ix1/v=I1xVLC

ect =Exz%- (t=0to t=T)

ec =Ket. (t=T to t=2T)

ect=Ke . (t=2T to t=3T)

e =Kett. (t=3T to t=4T)

o ettt =K, . (t=4T to t=5T)
ec =K.t  (t=5T to t=06T)
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Figure 8:

e We will denote K for voltage reflection coefficient at the load, K; for current
reflection coefficient at the load, and K, for voltage reflection coefficient at
the generator.

o If 7 = Z,, this will lead to Kr = 0, (Matching case).
e For short circuit (SC) load, i.e. Zr = 0, this will lead to Kp = —1.

e For open circuit (OC) load, i.e.Zp = oo, this will lead to Kp = 1.

College of Electronics Engineering *°



Communication Principles Dr. Mohamad Alhabbar

Example 1: For the lossless TL shown in below with length [, let
Zg =0 and Zp = 3Z,. Use Zig-zag diagram to show the incident and
reflected signals for 87, then draw the time-spacing diagram for the
sending end Es and Is and receiving end Ei and Ij.

E 20 [l A

P _Y Y " I

Example 2: For the lossless TL shown in below with length [, let
Zg = Zy/3 and Zr = 0 (short circuit load). Use Zig-zag diagram to
show the incident and reflected signals for 87, then draw the time-
spacing diagram for the sending end Fs and Ig and receiving end Ep
and Iy.

E 20 [l 2L

P _Y - 2 I

Example 3: For the lossless TL shown in below with length [, let
Zg = 6Zy and Zr = oo (open circuit load). Use Zig-zag diagram to
show the incident and reflected signals for 87, then draw the time-
spacing diagram for the sending end Fs and Ig and receiving end Ep
and [j.

E 20 [l 2L

PN N 2 I

Example 4: For the lossless TL shown in below with length [ and
characteristic impedance 7, let Zg = Z, and Zp = Z,. The line in
connected another lossless TL with with length [ and characteristic
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impedance 27,. Use Zig-zag diagram to show the incident and reflected
signals for 87", then draw the time-spacing diagram for the sending end
Es and receiving end EFr and at the point the two lines are connected
Emid .

Z,

£
E 20 270 |:| 7L
Solution:
Kg=0
° Kr=-1/3
t=0
1/2e}
2T 2T
2/3E 4/9E
a7 14/27E aT
14/27€ 5T 40/80E
-4/243 E 2/243 E
6T 6T

Example 5 (HW): For the lossless TL shown in below with length [
and characteristic impedance 7, let Zg = Zy; and Zp = Z;. The line
in connected another lossless TL with with length [ and characteristic
impedance 27, and an impedance of Z; is connected between the two
line as well. Use Zig-zag diagram to show the incident and reflected
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signals for 87, then draw the time-spacing diagram for the sending end
Es and receiving end Er and at the point the two lines are connected

Emid .
ZS
E 20 |:]320 270 " 71
Hint:
S (3%|12Z0)—Z —  _ (3%l||Z0)—22
mid — (3Z0|[2Z0)+Zo mid " (3Zo||Z0)+2Z0
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4 Discharge of TL

An open circuit TL from both ends, charged to a voltage E through its length.
At t = 0 the switch closed and a wave of —FE starts from right to left. Find Eg
variation with time.

++++++++++HHH+E \
O O

+
E Z0 E er
° P

Figure 9: Discharge of TL

e, = et +e”
O=e" +e
e =—¢" =—-F (18)

For the circuit shown in Fig. 9, we can see that K g = 1 for open circuit source
and Kr = —1 for short circuit load.

Kg=1 KR=-1
E

3T

5T
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ES
E
— time
T 3T o7 =T
ER
time

Example: An open circuit TL from both ends, charged to a voltage
E through its length. At ¢ = 0 the switch closed to connect a resistance
R at the right end.

This causes a voltage ¢~ which originates at the switch and moves to
the left along the line until the arrival of reflection. This wave produces
a current through the resistance R equal to —e~/Z, and a voltage across
R is equal to e + ¢~ = E + e¢~. Show that the wave of voltage that is

—7
started by closing the switch is given b T =F 0
y g w giv y € R+ Z,
+++++++ 4
O O
+
E Z0 ER R

where 1~ = _Ze_ and iT =0
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R Er _ et + ej

iR 0+ ()
(20)

_ _ZO +
= 21
“TRiz° (21)
and because et = F
— 7
= 22
R+ Z (22)
Also, we have Er =e" +e~ = F — R_+ZZ°0E, which leads to
R

Er=F 23
"R+ 2 (23)

Example: Find the space-time diagram for the sending and receiving
signals Fs and Ei with the time.

++++++++++HHH+H++

0 :

E=40 volt Z0=50 ER R=100

- =
R+ Z,
B —-50 —40Volt
100+50 3

Also we have Kg =1 and Kp = 5 (Why?)

Example: The two switches are closed at ¢ = 0, Find the space-
time diagram for the sending and receiving signals Fs and Er with the
time.
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E=40 E=40
=0
T 26.67
13.34 2T
3T 8.9
4.6 i)
5T 2.98
ES | 40
E 13.34
4.6
| A A time
T 3T 5T 7T
26.67
ER 8.9
2.98
. 4 4 time
+++++++++++++H+H+
O 0\
+
Zg=301 1 Es=100V 20=50 ER R=50
o e~ — I
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5 AC Steady State Solution for a Uniform TL

-

o1

i+ - Ax
. 0X
. -
Yoo g .
TN
e+—Ax
e ox
=
. Ci
RAx LAx _ RAx LAx i+—Ax
bt e > ox
—A— T | vy AL | >
i . -
] | | A
: + i Ax
¢ = = . o = . er— ¢
e CAx - = (GAX ewssa - CAx - = GAx ox
- | |
- Ax >

Figure 10: Schematic representation of the elementary component of a transmission line with Variation of
voltage and current along the line

de di
— —A) = (RA.,) LA, )—
e—(e+ - 2) = (RAL)i + ( x)dt

Eq. 24 represents the voltage drop on the resistance and variation of voltage on
inductance, which can be simplified to be as

(24)

de di
—— =Ri+ L— 25
T (25)
Similarly for the current

di de

— (i + —A,) = (GA Ay)— 2
i—(i+ A o) = (GAy)e + (CA,) dt (26)
which can be simplified as
di de
B —_ 2
o Ge + Cdt (27)
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de , di
% _RZ — La
di de

Assume e and ¢ to be sinusoidal signals

e = Real{(E exp(jwt)}
i = Real{(Iexp(jwt)} (29)

This is because |exp(jwt) = cos(wt) + j sin(wt)|, and exp(ot) is the exponential
function which increased for positive o for and decreased when o is negative as
shown in Fig.11.

x(t)y=e™

x{n

-

(a)

xir)

\

b
Continuous-time real exponential signals. (a) o> 0, (b) o < 0.

-y

Figure 11:

Now, by substituting Eq. 29 in Eq. 28, the letter can be rewritten as

i(E exp(jwt)) = —RI exp(jwt) — Li(l exp(jwt))

dr dt
%(I exp(jwt)) = —GE exp(jwt) — C’%(E exp(jwt)) (30)

The last equation can be simplified more by completing the derivation of

d
%(exp(jwt)) = jwexp(jwt)|, then by removing exp(jwt) from both side. These
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steps lead to

dE

— =] jw L
o (R +jwl)
dl .

We can now define the series impedance Z = R+ jwL and the shunt admittance
Y =G+ jwC in Eq.31

dE

—=-1Z 32
- (32)
dl
— =—FkY 33
- (33)
To eliminate the current I in Eq.32, we can find Cc%g as
d’E dl
=7 34
dx? dx (34)
and we have % = —FEY, which leads to
d’FE
— =JYFE 35
T3 (35)

The last equation represents standard differentiation equation which can be solved
as

E=Viexp(—VZYz)+ Vaexp(VZYx) (36)
he he

where V7 and V5 are constant and they have dimensions of voltage.
Now in order to find the current, we can substitute Eq. 36 in Eq. 32, which leads
to

d
— (Vl exp(—VZY ) + Vaexp( ZYJJ)) . (37)
1
I = (Vle\/ﬁx . Vge ZYx) (38)
JZY
which can be rewritten as
Vi v Vs 7Y
[=— ¢ T—— ¢ x 39
X g
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Z R+ jwL
Zy=1|o = |2 40
! \/; G+ jwC (40)

which represents the characteristic impedance of the lossy TL. It is quit obvious
that for lossless TL we can use Eq. 40 after substituting for R = G = 0 to obtain

Zy = \/% as given already.

where

Also, it is important to define the propagation constant as

¥ =VZY = (R + jwLl)(G + juC) = a +jj (41)

where « is the attenuation constant in (Nep/Km), while. 3 represents the phase
constant in (Radian/Km).
Example: TL has the following parameters
R =10Q/Km,
C' = 0.0088uF/Km,
L =0.0037H/Km, and
G = 0.4pS/Km
Find Z,,v,a and (8
f=1KHz.
Answers:
Zp =663 — 5134 = 696.84 — 11.42
v = 0.0363£78.2
a = 0.0077 Nep/Km
p =0.0363 rad/Km
The students can use the MATLAB code in below to check their results:

F=10; I=0.0037; C=0.0088e-6; =0.49e-6;
f=1e3
w=2*pi~f;

Z=R+3*w*L;
Y=G+]*w*C
gamma=sqgrt (£*Y) ;
Alpha=real (gamma)
Beta=imag (gammsa )
Z0=sqgrt (Z/7)
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6 Transmission Lines with NO Reflection (Matching Scenario)

At any point at a transmission the voltage and current are expressed as given
already as:

Ex@)=Vie " +Vye®
—_——  N——

et e
1 1
[(z) = —Vie ™ — —Vpe®
(z) 7 1€ Z0 2€
——— N——

it 1

For the case of matching TL with load, in which the transmission line is smooth,
infinite and Zr = Zy, It is known now that the incident signal e will be absorbed
totally by the load which leads to make the reflected signal e~ = 0. This lead to

Z

s s R
+ et =:>'r; I
E ES 20 ER DZR=ZO
- o< - ]
=0 X=7
Figure 12: Matched TL
E(x)=Vie " =¢"
1
I(x) = = Vie " =4*
(x) 7 e i
Atz =0
EZ,
s=Vimet =g (42

and the voltage at any point at the TL from z =0 to x = [

E(z) = Eg e 1" = Eg e 107 = pg gmow =i (43)
E(x) = (Fg e ) L—px (44)
Similarly for the current
_ Es _
I(x) = (Ig e ™) L—Px = (76 W) L—Px (45)
0
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We can now write the absolute value for the voltage and current, i.e. without
taking into account the phase.

|E(z)| = |Es| e
[(z)] = [Is] ™" = [ =] e

ES

Is

1 .—af
|.lrtj| f.’__”'l- — |E| {.,_—rt.a' |E“| €
: : Es| _ag

Lleol = 122
sl et =15

x=0 x=f X

Figure 13: The effect of the attenuation constant « on the voltage and current along a TL

7 Traveling Waves and Its Characteristics:

The prorogation constant v affects on the amplitude by the attenuation factor a,
while the effect of 3 is on the phase of the signal.

E(x)=FEg e " = Eg e (@tiblr — pg emov gibe
We assume now that we have a sinusoidal applied at the source as:
Es = Acos(wt) = AReal(e"")

This applied signal will be affected by propagation constant v = a + j5 as ex-
plained already. Therefore, the applied signal, for matched load, at any point over
the TL will be expressed as:
E(z) = Eg e % = Eg e e /0"

= AReal(ejwt)e_o‘xe_jﬁx

= Ae_o‘xReal(ej(wt_ﬁx))

= Ae™ " cos(wt — Px)

= Ae “* cos(0)
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AW,

Figure 14: The phase velocity

where 6 = wt — fx.

Phase difference = 6, — 6; = Constant
(wty — Bxg) — (wt; — Pr1) = Constant
(wty — wty) — (Bxy — Pr1) = Constant
wdt — fdx = Constant

1

E(wdt — pdx = Constant)
dx

dv _w

dt

dx

where ¢ is defined as phase velocity (v,), which represents the velocity of
moving the power over TL, and can be defined as

w

vp—ﬂ

2nf

3 m/sec (46)

The phase velocity (v,) is also represents the product of the operating frequency

(f) and the signal wave length (\), i.e.
this leads to

2
vp:f><)\,themvpzfx)\:%:TfJ

&

_27T

A

(47)

Furthermore, the time delay or (the phase delay) which represents the time re-
quired to the wave in order to be moved a unit of length, this term can be defined
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as

1
phase delay = — = B sec (48)
Up W

The delay must be constant and independent of frequency.

Example: A lossy TL has a length of 200 Km and its characteristic
impedance is Z; = 683 — j7138¢). The load Zp = 7, is connected to this
TL and it source impedance is equal to 500¢2 with a voltage source
of 10 V.r.m.s, the propagation constant for this TL is measured as
v =0.0074 4+ j0.0356 per km. Calculate E,, Is, P, and Eg, Iy, Pg.

The students can use the MATLAB code in below to check their re-
sults:

clear all; clc, close all:

gamma= 0.0074+3*%0.0356; Zper km

L=200; %km

Z0= &83-3%138;

ZB=20;

Zg=500;

Eg=10;

ETETETETETERERERE Source Calculations E3E3ET 33333333 aeaseesszs
Ez=Eg*Z0/ (Z0+Zqg) :

I==Eg/ (Z0+Zg):

Pez=akbszs(Iz)"2*real (Z0)

ETETETETETERTEREREY Load Calculationsididsi e aaaaaaesssssssss
alpah=real (gamma) ;

beta=imag (gamma) ;

ER= Es*exp (—-alpah*L) *exp(-J*beta=L) ;

IR=ER/ZR;

Pz=aks (IE) "2*real (ZE)

IR IR R R R R Rt R e e R e ettt Tttt R R R e e e e ey
% Answers:

%2 Pz = 48.2 mW

% PE =2.49 mW
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8 Variation of 7, a, § with Frequency
As it becomes well-known now that:
f Joe
G+ jwC
=VZY = \/(R+ jwL)(G + juC) = a + j3

To discuss the variation of Zj, o, f with frequency, we can take different scenarios:

e f =0 the case of D.C:

R
[/
Vg

vy=VRG—a=vVRG and =0

e For the case of High frequency:
(wL >> R) and (wC >> G)

R+jwl — [jwL  [L
G + juC + jwC ]wC C

v =+/(R+ jwLl)(G + jwC) = (jwL + R)?(jwC + G)

Now , by using binomial expression to solve the last equation as

)%

N =

(a+b)7=a2(1+ -
Fora >> b — a%(l—l—g)% za%+%a*§ b
V= [(ij)é +3(jwL) " R] [(ij)% + 1(jwC)~z G}

1 1
v = jwvV LC + %\/%G + %\/%R + ij_l—RG

v LC
R /C G |L .
’7—5 Z+§ E-I-]IUVLC
N —~ / Vﬁ

neglected at High frequency
But we have Z; = \/g as been found above which leads to

7:%+%+jw\/LC

R GZ
a = — + bl and 8 = jwv LC
27 2
~——

Losses due to Conductor  Losses due to Isolator
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We conclude from the last equation:

e o depends on R and G and it does not depend on frequency because Z; is
constant.

e (3 has linear variation with frequency.
e Phase velocity v, must be equal at all frequencies

e For distortion-less TL the equation in below should be applied.
TG
L C

But in the real world % > g, therefore, it required to increase L as a practical
solution in order to avoid distortion in TL.

hadd ‘———_—_ "
A . f..?_ /. ’ —
N s

- -y

Example: For a lossy TL with R = 10€Q2; L = 0.0037H; C = 0.0088uF';
G =0.4uS.

1. Examine the TL to check if it causes distortion or it is distortion-
less.

2. if it causes distortion Find the value of L.,; that should be added
to the value of L to make this TL dimensionless.

Answer:
R/L =2.7027¢ + 03
G/C = 45.4545

The two terms are not equal, so this TL causes distortion.

The total inductance required to make this TL distortion-less can be
obtained as:

Lot = RxC/G = 0.2200 H

So, inductance of the loading coil can be calculated as:

Lcoii = Lot — L = 0.2163 H.
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Example: A telephone cable operating at frequency of 30 KHz, and
it has the following parameters R = 52.5Q/Km,G = 0,C = 0.062uF/Km
and L = 1.1mH/Km. Calculate:

1) a, B, A\, v,
2) The length of the line which gives attenuation of 25 dB.
The Matlab code in below is only to check the results accurately by the students.

E=52.5; L=1.1e-3; C=0.0b2e-6; G=0; £=30e3; ATT=25:%dE
w=2*pi*f;

Z=R+]*w*L

Y=G+]*w*C

gamma=sgrt (Z*Y)

ABlpha=real (gamma)

beta=imag (gammsa )

lambda=2*pi/beta

vp=wfbetﬂ

¥=log(l0~ (-ATT/20))/-Alpha

ERERERERERE R REREREREEERE
Alpha =0.1355 Nep/km
beta =1.56E89 rad/km

lambda =4.0049 km
vp =120.152+03 km/sec

X =14.7196 km

Hint:
The relationship between linear ratios for voltage and power and these ratios in
dB is calculated as

‘/dB = 20 log(VLz’near)
PdB =10 1Og(PLinear)

while to convert these ratios back from (dB) to linear
V,
Viinear = 10%
P
PrLinear = 10%

where V represents a ratio between two terms (voltages) in volt, while, P is a
ratio between two terms (power) in watt.
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9 Transmission Lines with Reflection

9.1 For lossy Line:

g £ )
E Es 70 ER | zR
x=; T d:[JZI
| X |
d={ fx x=f
fd

o Let Zp # Zy and Z, # Zy

e This means that there are several reflections form both terminals (load and
source).

e At any points at this TL, we can find the voltage and current as a function
of B, Zp, Z, and Zy, i.e. as a function of Kp and K|.

e The propagation constant v will affect the voltage, power and current de-
pending on the distance from source to load, i.e. x =0 — xz = /.

e Let us measure the distance to the load by using the term x, while to measure
the distance from load to the source we can use the term d, where d =/¢ —
and x =/ —d.

e As we know that Kp = 2% K, = 2% a1 o = L% — o+

Zr+2Zy' 9 T Zg+Zy Zo+Zy
e At point x on this TL, we can calculate E, as:
EZ,
E, = —(e_W + Kp e 2 4+ KpK, e le™®
T ZO i Zg R Ril\g

+ K%Kg e e 4 K%K; e Ml 4 ) (49)

e By continuing in this manner, it will be an infinite reflections at distance x
which represents the A.C steady state.

e By using geometrical series Eq. 49 can be solved as

(50)

7 EZ, (e‘”m + Kp e_QweW)
Y 2o+ Z,\ 1 — KrK, e !
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Z_r, ‘-"1 Zn Zh‘ _"L ZU

KpK, ete

2 PP S B
KyK,e'e

2 7.9 — 5y
KpK; ete™™"

3 72 B i
hf;-.h; eTe 9Tte=TiE—T)

"3 12 4 byl
KRk eTe

Figure 15: Zig-Zag Diagtram for Lossy TL with multiple reflections form both source and load.

and the current

(51)

E, E (e‘w + Kp 6_2%67“’>

]x = —
ZO ZO + Zg 1— KRKg 6_275

e Comparing Eq. 50 with E, =V} ¢ 7 4+ V5 €7*, we can rewrite ¢ and e~ as
—_— N~

et e~
. EZ ( e 1 )
- Zo+ Zy\ — KK, e !
N VA ( Kp e 2t ) (52)
- Zy+ Zy\1 — KpK, e~
Also, we can write expression for V; and V5 as:
EZ, 1
=z )
Zo+ Zy\1 — KrK, e~
EZ Kpe 2t
Vo=t (R ) (53)
Z() + Zg 1— KRKg 6_2’%
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Moreover, sometimes it is required to express E and I with respect to a
distance measured from load using the term d

o (6—7(5—05) + Kp 6—2%67(6—61))
0

E; = 54
d Zy+ Zy % (1—KRKg e~ 21t) (54)
which can be rewritten as:
EZ e (e + Kp e
Ed _ 0 % ( R ) (55)
Z() + Zg (1 — KRKg 672’%)
Similarly
E (Y _ K, ed
Iy = L e ne) (56)
Zy+ Z, (1— KrK, e~ 2t

9.2 For Lossless TL:

As we know that the propagation constant is defined as v = a + 53, and for
lossless TL @ = 0, then v = 53, which can be substituted in Eq. 50

EZ, (e7P% 1 Kp e 720teilT)

E, = |
Zo+ 2y (1= Kpk, e 727)

B — EZ " e*jﬂl’(l + Kp e*ﬂﬂgeﬂﬁx)
Y Zy+ 2, (1= KRk, e i277)

p_ B4 eI (1 4+ Kp e 728(=2))
v Zy + Zg (1 — KRKg eszﬂg)

B EZ y e 1P (1 4+ Kp e9294)
" Zy+Z, 0 (1- KgK, e )

College of Electronics Engineering*



Communication Principles Dr. Mohamad Alhabbar

10 Interference and Standing Waves Patterns:

o For Zp # Z,, reflection occurs from load, which means that the load absorbs
part of the incident signal, while another part is reflected back to the source.

e Total reflection is occurred when the load is open circuit (O.C) or short circuit

(S.C).

1. Open circuit (O.C) Load:
Zrp=00— Kp=+1
E.,=e" +e and[x:i++i__>[m:‘fz_z_6z_;
where E, and I, represent the voltage and current at a distance of x away

+

from the source, respectively. Furthermore, e is in-phase with i, while, e~

is out of phase with 77.

At the load, which is open circuit here, it is known that voltage would be
E|y—¢ = Epqp while, the current I|,—y = 0, as shown in Fig. 16.

In Fig. 16, by moving from the load towards the source, the voltage would
be decreased to minimum at d = % from the load, and it would be increased
again to the maximum when d = % from the load. In contrast, the current
would be increased from zero to the maximum at d = % from the load, and
it would be decreased again to the minimum (zero) when d = % from the
load. It is obvious that the maximum and minimum for both the voltage and
current are repeated every d = % from the previous case.

3 ey
) L Toad
Source replaced by

open circuit

Current Voltage

Figure 16: Voltage and current standing wave patterns for open circuit
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2. Short circuit (S.C) Load:
ZR =0— KR =—1

_ o+ - — it _ et e
E.,=e"+e and I, =17 +1 —>Im—Z0 7

At the load, which is short circuit here, it is known that voltage would be
E|,—¢ = 0 while, the current I|,—y = I,42, as shown in Fig. 17.

In Fig. 17, by moving from the load towards the source, the voltage would be
increased to maximum at d = % from the load, and it would be decreased again
to the minimum when d = % from the load. In contrast, the current would be
decreased from maximum to the minimum (zero) at d = % from the load, and
it would be increased again to the maximum when d = % from the load. It is
obvious that the maximum and minimum for both the voltage and current are
repeated every d = % from the previous case.

instead of
load

Current Voltage

V.

b
I

#

e

Figure 17: Voltage and current standing wave patterns for short circuit
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11 Input Impedance of lossy Transmission Lines:

By returning to Eq. 50 and Eq. 51,
_ E,Z, y (€77 + kre=2le)
Y Z,+ 7 (1 — krk,e21)
I — E, y (e77% — ke~ le™)
Y Z,+ Zy (1 — kgrkye21)

E,Z,

To simplify E,, we can substitute V; = 757, X (17@1;@*271)7 then we can rewrite
E., as
E, = Vi(e " + ke *e™) (57)
Similarly
_ Vi -y =29l vz
I, = — (77" — kre 7e™™) (58)
Zo

From the above equations of voltages and current at a particular point (x) in the
TL, we can evaluate the impedance at that point as:

g By (7 ke e
I, (e77% — kre=2lerr)

The input impedance can be found by substituting for x =0 and [ =d 4+ x = d,
because (x = 0). In another words, if we have Zp, the input impedance can be
calculated easily by applying the last equation, this leads to

(1 + kRei?yd)
(1 — kR€_27d>

Zin = ZO

while to find the impedance at any point in the TL can be obtained by multiplying
the last equation by (Z:—z), or, we can return to the equations of E; in Eq. 55 and
I; in Eq. 56, which are given previously as

E,Zy e (e + kpe?)

= X
YT 2,4+ Zy " (1= kgkge )
E, e (e — ke 17)
Id = X
Zy + Zy (1 — kpkye=21)
From the last two equation, we can evaluate Z; as Z; = %, which can be expressed

as
(7! + kre 19)

Zd — ZO (e,yd - kRe_,yd)

College of Electronics Engineering *



Communication Principles Dr. Mohamad Alhabbar

Zr—Zy
ZRr+2y°

Now by substituting for K with its well-known derived formula as Kr =
and after some straight forward simplifications we can obtain

Zp(e 4+ ) + Zp(e — e_yd)]

Ly = 7,
d 0 [Z0(67d 4+ e—fyd) i ZR(eyd _ e—vd)

Now by substituting cosh(yd) = W and sinh(yd) = evd_;ﬂd in the above
equation, Z; can be expressed as

7.7 Zp cosh(yd) + Zjsinh(yd)
N DA cosh(~vd) + Zg sinh(yd)
Finally, as we know that tanh(yd) = i;ﬁgg, Z; can be expressed as
Zp + Zptanh(yd)
Lg= 2 09
I 0 [Zo + Zp tanh(~d) (59)

The above equation is very important as it represents the impedance at any
point on the TL, for example if d = 0, which means that we are going to evaluate
the impedance at the load, i.e. Z; = Zi. While, at the source when d = [,

Z Z h
ZszZo{ R+ Zptan (yl)].

Zy + Zpg tanh(y1)

Furthermore, for the lossless transmission lines v = j3, and we can substitute
[ =d+ xin Eq. 57, as

E, = Vl(e—jﬂx + kRe—jQB(erd)ejﬂI)

which leads to
E, = Vie*jﬁx(l + kRe*jwd)
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vy = sech x vy = csch x

Figure 18:

and the current in Eq. 58 can be expressed similarly as

Vi .
I, = —te 1P%(1 — ke 7204)
Z

By using the same procedure used for the lossy TL, we can find a general expres-

sion for Z; for the lossless TL by substituting cosh(jf8d) = M = cos(Bd)

and sinh(jAd) = M = jsin(Bd), and tan(fd) = :g;((%)) in the above equa-
tion, Z; can be expressed as
7.7 Zr + jZytan(Bd)
¢ =0 Zoy + jZr tan(pd)

and the impedance at the source terminal can be expressed as

Zr+ 72 tan(ﬁl)]
Zo+32R tan(ﬁl)

ZS:Z()[

Note that if Zp = Zj, this will lead to Z, = Z; as well.
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Example:
A lossy TL with Z, = 70012, E,,s = 10volt Zy = 685 — j92(2, f = 1000Hz,
[ = 100Km, Zr = 200082 and ~ = 0.00497 + 50.0352 per km, Find Z,?

Solution:
Zp + Zytanh(~1)

Zy + Zpg tanh(y1)

Zs:ZO

where
sinh(yl)  sinh((a+jB)l)  sinh(0.497 + j3.52)
cosh(y)l)  cosh((a + jB)I)  cosh(0.497 + j3.52)

tanh(vl) =

which can be solved separately using the formulas in below (given in the exam no
need to remember them)

sinh(a + jb) = sinh(a) cos(b) + j cosh(a) sin(b)
cosh(a + jb) = cosh(a) cos(b) + j sinh(a) sin(b)

where a = af = 0.00497 * 100 = 0.497 and b = B¢ = 0.0352 % 100 = 3.52

sinh(0.497 4 j3.52) = sinh(0.497) cos(3.52) + j cosh(0.497) sin(3.52)

rad rad rad rad

— 0.518 % (—0.9293) + 51.1261 * (—0.3694)

— _0.4811 — j0.416
cosh(0.497 + j3.52) = cosh(0.497) cos(3.52) + 7 sinh(0.497) sin(3.52)
NS TS

rad rad rad rad

— 1.1261 * (—0.9293) 4 j0.5177 % (—0.3694
— —1.0464 — j0.1913 (60)

tanh(yl) — SbO497+7352) _ 04811 —j0416 _ 0.636/-139.15
T T cosh(0.497 + j3.52) | —1.0464 — 50.1913  1.063Z—169.639

= 0.598230.48 = 0.515 + 50.303

2000 + (685 — j92)(0.515 + j0.303)
(685 — 92) + 2000(0.515 + j0.303)

Z, = (685 — j92)

Zs = 862.39 + 7322¢)
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Example:
A loss-less TL with Zy = 50€2, f = 10MHz, [ = 30m, Zr = 50 — 51012, Find Z,
at d = 10m, 1bm, and 30m — Z,?

Solution:
e 3x10% _
A= % = J0w0e — 20m

B =2 =0.2radx180/m = 12°

1) For d = 10m
Bd =12 x 10 = 120°

20— 7, [ZR + 57, tan(ﬂd)}

Zo + jZR tan(ﬁd)

(50 — 510) + 4§50 tan(120°)
50 + 5(50 — 510) tan(120°)

Zq =50 [ ] = 58.75/6.69°

2)For d = 15m
pd =12 x 15 = 180°, which leads to tan(8d) =0

(50 — 510) + j50 x 0
50 + (50 — j10) x 0

Zd:50[ ]:23:50—]'109

3)For d = 30m
Zs = Zp =50 — j10Q (Home Work)

Comment of these results?

The impedance, voltage and current have the same values every |d = —|.
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12 The Complex Reflection coefficient (k) for Lossless TL:

For a lossless TL Zj is real (why?), but because in general Kp = 2128 and Zg

might be complex, this leads to make Kr complex at the load. Therefore, we can
express Kp as

Kg = |Kg| e
At any point on the TL the reflection coefficient can be written as
K = Kpe 72
which leads to
K = |Kg| eIfr o=i28d _ | K gl ol (0r—2pd)

= Kg /05 — 28d

where |K| = |Kg|, which means that K at any point on the TL has the same
magnitude of Kz but with different phase. We can return to Eq. 57 and Eq. 58
to find E; and I; by applying substitution of x = d — £ in both equations to be
as:

|Ey| = |e"||1 + K e 727 (61)
K
e’ —j28d
|Id|:|7OH1_KR€ | (62)
K

To draw (1 — Kp e~72%9) for different distances away from the load, i.e. different
d from d =0to d =".

Note: It is obvious that by changing d along the TL, the phase would be
changed as well, while the absolute value of Kpg, i.e. |Kpgl|, stays constant. On
the other hand, the term |1 + KpZ(0p — 26d)| is affected and changed by any
change in d as shown in Fig. 20.
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Lt ] e

d —2/3d KrZ0r | 1+ KrZ(0r — 23d)
0 0 Kr/0p | 1+ KrZ(0R)
A2 Y= T | Kp/Og | 1 + Kg/(0g — T)
% _2277" % = —7T KRAQR 1+ KRL(GIR — ﬂ_)
% _22% % — _37” Kr/0gr | 1+ KrZ(6r — 37«)
% _QQT’?T % = 21 | Krdlr | 1 + KrZ(0r — 2m)

— 28d
Radian

Figure 20: Phase diagram of voltage. Drawing 1 + K e 9284 = 1 + |kg|£(0r — 26d)

Example: For the circuit shown in below find |E,| at
d—=0 2 A3\ A5\ 30 T\ yo

78747 87927 87 4 8

Solution:
For OC load, it is known that Kr = 120 E; = |e*||1 + Kge 7279,
where et = F-2_ = F

Z0+Zg
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— 1] )
I——f_ -
EQ Es Z0 ER
| : o
=L d=0

Figure 21: Phase diagram of voltage

d = 3N

(min) d =7 § d =0, (max)

d=2

=5

Figure 22: Phase diagram of voltage for OC load

d 1+]€R€_32ﬁd:1+‘kR|Z(93—25d) ‘1—|—]€R€_j2ﬁd|
0 1+1/0=1+1 2

3 14+1/-90°=1— 1.414

o 14+1/-180°=1—1 0

22 14+1/-270°=1+ 1.414

5 14+1/-360° =1+ 1 2

Example (H.W): For the circuit shown in below find |E,| at
d—0 2 A3\ A B5ABATA 9

78747 87927 87 4 8

Solution:
For SC load, it is known that Kp = —1 = 1£180° E; = |e*||1 + Kre /2%,
where et = B2 = F

Z0+Zg o
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— 1] )
—
EQ Es Z0 ER
| .
d= d=0

d |1+ kge 92PT =1+ [kgp|Z(0r — 2Bd) | |1 + kre 92P9]
0 14+1£180°=1-1 0
3 1+12(180°—90°) =1+ 5 1.414
2 1+1/(180° —180°) =1+1 2
N 1+ 1/(180° —270°) =1 — j 1.414
5 1+12(180° —360°) =1 —1 0
d = %‘
Min
1=0,2 =2
Voltage ¢ : d=3 Max
Voltage

d = 3

&

Figure 23: Phase diagram of voltage for SC load

13 Standing Wave Ratio (.5)
_ e
Enaz = [e7| + 17| = [e7[(1+[—=[) = [e7[(1 + ] K1) (63)
_ e
Epin = |e7] = le7| = [e"|(1 = | =) = |e7[(1 = | K1) (64)

FE and I are always root mean squared (r.m.s) values. We can define a new
parameter know as Standing Wave Ratio (SWR) which can be denoted by (S),

College of Electronics Engineering



Communication Principles Dr. Mohamad Alhabbar

€ Emax,Imax =——-—-=
I

I
I
|
l - .-
'E+ = =Ke+
I
|
i
| "
I I
| | _
* Emin> Imin i =Kit
which can be expressed as:
) I
S — max — max 65
Emin Imm ( )
1+ |K|
S = 66
Also if we have S we can find |K]| as:
S—1
Kl=—— 67
K= oy (67)

Moreover, in order to evaluate the maximum impedance across a transmission
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line we can use the expression

|Emaac|
Zmaz = 68
From Eq. 65, it is obvious that |I,;,| = % and we know that
| naz| = |Eg‘“”| where the letter is defined already in Eq. 63, all these steps lead

to express Zq: as

|Emaz| _ |e"](1 4+ [K])

Lmar = =3 (69)
el 1+ |K)
Lmaz = S (70)
Similarly, to find the minimum impedance along a TL
|Emm|
Lmin = —— (71)
‘[mam|
Z
Zmin = Qa 72
2 (72)
1 < S < 00 (73)
—~— —~
Zrp=Zo and  Zmax=Zmin OC  Zpaw=8Zy and SC Zyjn="2
14 Power Transmitted along TL
= |E| x |I|cosf
P = ’Emax’ X |Imzn’ — ‘Emzn’ X |Imax‘ (74)

in which the phase between E,,,, and I,,;, is zero, and the phase between E,,;,
and I,,4; 18 zero too.

+ e e’ 2
P =le"|(1+|K]) x —=(1 — |K]) = —=(1 — |K[")
0 0
e e |
P = — 70
Z Z (75)
e ~—~—

Incident Power Reflected Power
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15 Crank Diagram

It is one of the simplest graphical solution for lossless TL, which can be used
to find the current, voltage, impedance and power at any point on a TL using
graphical methods.

Example (1): if the voltage a cross a load connected to lossless TL is 10 V5
and the Kr = 0.520°.

1. Find the voltage at d = A\/8, A/4, \/2
2. Find Zp whichisat d = ( )7

Solution:

|Ed‘ = |€+H1 —+ KR €_j26d|
K
|Eq| = |e"|1 + K| — |Ey| o< |1 + K|

B

Figure 24: Blank to solved by Student

e Let 1 =10cm — Kr = 0.5 = bem.
e Draw the line of 10cm to represent the 1 in the above equation.

e At d =0— E; = Ep = 10 = 15cm — voltage Scale (V.S) = 222 while
the current scale C.S = V.5/Z.

e Put the right angle to represent the angle 6z, the angle associated with re-
flection coefficient, kg, which is at d = 0.

e In this example, fg = 0 as has been given.

College of Electronics Engineering
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o At d = %, which is in the position of —90°
o B,y = V107 +5% = 11.2em — E|0l:A =11.2x V.5 =11.2x 12 = 7.46 volt
o |, » = = bcem X V.S = bem x £ = 3.33 volt, which represents V,,;,, .

o F|,_ y = = 15em x V.S = 15¢m X 1 = 10 wvolt, which represents V4. -

5

_ lefO+HK]) _ Zo(I+[K]) 7 15em
° Z|d:0 - Z - |€Z+|( —|K]) T ?1—|KD Z 075¢em SZO
0
e we can find Z|;—o which represents Zp without using the graph as
Zo(1+|K|) _ Zp(140.5) 37
1-[K]) — (1-05) — 2“0

e [z can be found at the apposite direction of Eg, i.e. at d = %. Ip =

_ VS_ 15 7.5
S5em x C.S = bem X 7 5cm><102 =z

Example (2): HW if the voltage a cross a load connected to lossless TL is
10 Vs and the K = 0.5£45°.

Example (3): HW if the voltage a cross a load connected to lossless TL is
12 Vs and the Kp = 0.4/4—45°.

1. Find the voltage at d = A/8, A\/4, \/2
2. Find ZR.

Solution:
Example (4): CW

A lossless TL with L = 5uH and C' = 2nF| if the voltage a cross a load connected
to lossless TL is 15 V.., and the load impedance is Zr = 49.8 — §58.

1. Find Kp and the VSWR (.S) for this TL.
2. Find the voltage and current scales.

3. Find the voltage and current at d = 0, A\/8, A/4, A/2 using Crank diagram
and tabulate the results.

4. From Crank diagram confirm that S has the same value found theoretically
already in (1).

5. Using the drawn Crank diagram evaluate the transmitted power.

6. Draw clearly the SWR pattern from d = 0 to d = A/2 showing the maximum
and minimum positions in your plot. d,;;, = ( ) and e, = ( ).

7. If the load is changed to Zr = 50 how would the SWR pattern look like?
why? draw it clearly.
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Solution:

)
Ty = \/Z=5OQ

C
Zr—2
KR — ﬁ — 054—60
_ 14 |K|_ 1-05 __
S = 1-|KI_ Tr05 — O

Voltage Scale (V.S)= —11%%0“

m
Current Scale (C.S)= 1500516#

3)
| d | Voltage (volt) | Current (Amp.) |
0 13cm* V.S= 8.5cm *C.S=
3 6cm*V.S= 14*C.S=
Min voltage position (7) Min. Voltage= 5cm*V.S Max. Current= 15cm*C.S
2 8.5cm*V.S= 13cm *C.S=
32 14cm*V.S 6cm*C.S
Max voltage position (?) | Max. Voltage= 15¢cm*V.S Min. Current= 5cm*C.S
2 13cm* V.S= 8.5¢cm *C.S=
4)
S = 15em 3

5em

College of Electronics Engineering *


Mohamad
Typewriter

Mohamad
Typewriter


Communication Principles Dr. Mohamad Alhabbar

5)
P = Eae % Lin = 15cm x V.S %« 5em « C.S = ( YW att
6)
160 7 T
— voltage

current

14

12r VSWR=1for ZR=50

(Matching)

o
% 1 = ]
=
0.8
0.6
D 4u 1 1 1 1 : 1 1 1 1 |
0.5 0.45 0.4 0.35 03 D.25 D2 0.15 01 0.05 i}

d as a function of Lambda

—2Bdmin = =22 dppin = —120° % 7 /180 = dypiry = 2
—2Bdyap = =2 dypar = —300° % 7/180 = dipoy = 222 = 0.4167A

7)
When Zr = 50 Matching case leads to S=1 see VSWR figure above.
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16 Smith Chart
Examplel: CW to be solved by students

4= B =] — [ mpegance ¢ Acmittance 30 Re(Z@) [0] _

¥ SWR Circle ™ Cursor Lines

Lossles_s Tran_smission Line ¥ showecurves [ y(d)

Interactive Smith Chart
¥ Full Chart
[~ Tangent SWR Circle

WVEWR = 4 2656 0o

[~ Voltage Maximum P Im{ Z(d) } [S2]

dimaxi=0.04131 A B r
[~ Voltage Minimum

dimini=0239131 &
W show T & Load ¢ Cursor \} \/

@z =20+j20
T, =062017367 L297448°
© z(d) = 0.375901 +j0.74179
T(d)= 062017367 L 1017449
® y (c)= 0.54356 - | 1.072643

~ d=04%
2 d = 5.026548 rad = 288.0°
~ 05h-d=01
26 (0.54-d)=
= 1.2566 rad = 72.0°

Set Line Update |
Z,=J500 (2]

Set Load Update |
7,=[100.0

Lvstira it

1Tidy] [&]

=] +
+1 11000 (el g 0

Click and drag mouse
to reposition load

wz ~y T Zidy =18.795037 + ] 37.089485 &

[ [=] G ‘

Example2:CW to be solved by students

d= IT' =] ,_IITI} i || % Impedance ¢ Admittance 16545 Re{ Zidy } [£2]
[V SWR Circle ™ Cursor Lines
Lossless Transmission Line | ¥ Show curves | y(d)
Interactive Smith Chart
[# Full Chart
[~ Tangent SWR Circle
WEWR = 3.3699 nn

[~ Voltage Maximum @ Imf Z(d) b [22]
dimas = 04826 A B

I~ Voltage Minimum
dimini= 0.2326 &

¥ show I & Load ¢ Cursor \j

@z -30-j10
I, =054232614 L-125288° -76.83
® z(c) = 0.308377 - | 0185728
I(d)=054232514 L -156.5288 °
® y(d)=2359161 + 1 44382

~d=02% d=07h
20 d'=2513274 rad = 144.0°
~ 0Sh-d'=030
26 (0.5h-d) =
= 3.769911 rad = 216.0°

Set Line Update |
2y =|50.0 (]

Set Load Update |
z,=[1500
= b
+i | 500 el g 0
4 (=] G
w3z cy or ‘

Click and drag mouse
to 1epositian load

Z(d) =15.418835-]9.436412 @
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Impedance Matching:

Series Matching:

Quarter Wave Transformer for Pure Resistive Load:

For the TL shown in below, assume that Zp = R+ jX and X = 0, which means
that there is no imaginary term and the load is pure resistive. For the case of
Zy # Zp, the reflection from load is existed.

20 ZR

In order to remove the reflection and make the TL matched with the load without
any changes in the load, we can use a Quarter wave transformer, i.e. a TL of length
(A/4) and with a characteristic impedance of Zy;, in which Zy # Zj as shown in
the figure in below:

Zin —

Z0 — 201 *ZR
N4

Now by applying the TL equation which is given previously as

ZR + jZQl tan(ﬁd)]
L= U 76
d = 20 [Zm + jZp tan(Bd) (76)
we can obtain p oy tan(r/2)
+ )4 tan(m
Zlosiu = Zop | 28 77
la=ra = Zon [Zm + jZRtan(w/Z)] (77)
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Now by applying the limits theorem we can

Z2
Zla=rja = Z_(; = Zin

In order to make the main TL of characteristic impedance (Zj) matched to the
load after adding this additional (A/4 ) transformer of characteristic impedance
(Zo1), we should satisfy Z;, = Zj, which leads to
Z2
Zin =2 =7
7

but we have Zr and Z, already, therefore it is required to evaluate Zy;, which

can be found as
Zon =\ ZoZR

Quarter Wave Transformer for Complex Load:

For the case of load that is not pure resistive, i.e. Zp = R+ jX and X # 0,
we could not use the same procedure explained previously. This means that the
quarter wave transformer does not connected directly to the load. To solve this
problem we can use smith chart to find the next position of TL that the impedance
is pure resistive. This can be obtained in two positions on the TL, the maximum
and the minimum voltage positions.

ZB — ZA —

z0 — z01 ' zo Hzr

1. At Maximum Voltage:

It is well-known that at the maximum voltage the impedance would be| Z4 = SZ;|.
Now, it is required to find the position of d that makes the voltage at the maxi-
mum by using smith chart. This A/4 transformer is positioned now d away from

College of Electronics Engineering >
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the load. The second important parameter is to evaluate the value of Zy which
satisfy matching of TL with load, i.e. Zp = Z;. This can be implemented by
applying equations (76) and (77) above, which leads to

Zy =\ ZoZa=\205% =52

It is important to note that S can be found from smith chart, or it can be calcu-
lated from the reflection coefficient.

2. At Minimum Voltage:
Using the same procedure of the maximum voltage, Z4 can be expressed as

Example:
A TL has the following parameters: Zy = 340, Z; = 210 + 5280, A = 5 meter
1) Examin this TL to find whether it is matched or not to this load. 2) if this
TL is not matched, design a A/4 transformer that satisfying matching with this
load with an impedance of greater and smaller than the characteristic impedance
of the original TL.
Solution:
Step1 Zp = % = 0.618 + 50.824 This normalized load impedance is
located at 0.128\ (TWG) outer on Smith chart.

To find d that makes the impedance is only real value, there are two positions,
the maximum and minimum voltage positions.
At Max voltage:
Zor = V'S % Zy = v/3 % 340 = 588.89 Q which is greater than 340 §
This new A/4 transformer should be located at dp,q, = 0.25\ — 0.128\ = 0.122,
this means that the actual position of this transformer is d,,,, = 0.122 %5 = 0.61
meter.
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Impedance Matching

Quarter Wavelength Transformer

GoBack |

| Backto Start |‘

Step 5 - First Solution

Mave to the input of the transformer.
Here the line impedance is matched:

Z[(01221+025)R]=Z;=3400Q

Mote that the normalized impedance
on the Smith chart is not 1.0 because
it is still normalized with Z, 4

z = 0.61765+)0.62353
I = 05002 L 87.92454°
¥, = 0.55286-j0.77714

z(d) = 05772+j0.0

Tid) = 026807 L -180.0°
yid) = 1.73251+j0.0

d=03721) | 26 d= 46762 rad = 267.9245°
0.54-d = 0.1279 | 2B (0.5)-d) = 1.607 rad = 92.0755

' |mpedance Chart

 Admittance Chart

At Min voltage: Zy = % =2z

Step 2 - First Solution

Mave along the transmission line from
load to generator until the first voltage
maximum position is reached at

A = 0.1221 & from the load

Here, you can insert the transfarmer
since the line impedance is Real:
Z(d)=10205357 @

Step 3 - First Solution

The transfarmer is inserted ta match
the line impedance.

The needed characteristic impedance
of the transfarmer line is:

Zyy4 = 589.0519 Q
Step 4 - First Solution
To move further on the Smith chart
we renarmalize the line impedance

using the characteristic impedance
of the transformer line.

z,(d)=3002*340.0/589.052 = 1733

340 — 196.29 ) which is smaller than 340

This new A/4 transformer should be located at dy;,, = 0.5 — 0.128\ = 0.372),
this means that the actual position of this transformer is d,,;, = 0.372*% 5 = 1.86

meter.

Impedance Matching

Quarter Wavelength Transformer

| Backto Start |‘

Step 5 - Second Solution

Maove to the input of the transformer.
Here the line impedance is matched:

Z[(03721+025)A]=2Z,=3400Q
Note that the normalized impedance

an the Smith chart is not 1.0 because
it is still normalized with Z,

@ 1z, = 061765+,082353
I, = 05002 L 87.92454°

O 'y, = 0.58286-j0.77714

@ z(d) = 1.73251+j00
Tid) = 026807 L 0.0°

@ yid) = 05772+j00

C d'=0.1221% ! 2 d' = 1.5346 rad = 87.9245°
0.5i-d" = 037790 | 2B (0.5i-d) = 47486 rad = 272.0755°

£
|

' |mpedance Chart " Admittance Chart

Step 2 - Second Solution
Move on the line to reach the location of
the next voltage minimum

dpyin = 0.3721 4 from the load

which has Real line impedance:
Z(d)=113.2738 @

Step 3 - Second Solution

The transformer is inserted to match
the line impedance.

The needed characteristic impedance
of the transfarmer line is:

Zyy4 = 196.2476 Q

Step 4 - Second Solution

To mave further an the Smith chart
we renarmalize the line impedance
using the characteristic impedance
of the transformer line.

Z,(d)=033*340.0/196.25=0.58
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Parallel Matching Using Single Stub:
Parallel Matching can be used via applying single or double stub on the TL to
satisfy matching with the load. As the subs are always connected in parallel with
the load on a particular TL, it is easier to deal with admittance (Y) rather than
the impedance (Z). In the figure in below, it is required to satisfy

where

Y., = the admittance to the left of stub.
Y, = the admittance to the right of stub.
Y, = input admittance of the stub.

yin d

[

Z0 al ZR

a4
S.C stub (Vmin here)

This can be satisfied by assuming :

Yi=1Fb

NOTE: see the website in below, it is very helpful for using smith chart and
matching techniques:
http://amanogawa.com/archive/transmissionA.html
Example 1:

A TL of characteristic impedance 600¢2 and a load antenna of 1002, and the oper-
ating frequency is 1 GHz. Design a single parallel short circuit stub that make this

TL matched to this load. (Find d and [,?) Zp = % =0.167T A= 5 = ?ﬁgz =0.3

meter
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yin

600 yl 100

* 5.Cstub (Vmin here)

e Find Zx on the smith chart.
e Draw a circle that its center is at 1.0 of the real part of smith chart.

e Find Yy on the circle and find its position on the outer of smith chart (TWG).
Yr = 6 at 0.25A TWG
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Single Stub Tuning

I Impedance Matching

GoBack | MextStep | Backto Start

Step 3 - First Solution

D

el mhir et

Move along the transmission line from

load to generatar until a position with ® 1, = 016667+j0.0
normalized conductance g=1.0 is Iy o= 07r428 L1800°
reached Oy = 60+j00

: @ z(d) = 0.19355+)0.39508

, . . T(d) = 071429 L 13558463°
The first solution is at location @ ) - 10-j204124
d = 00617 & from the load
stub € d-00617% ! 25 d=- 07752 rad = 44.4153°

You can insert a stub at this location. ¢ 0.5.-d=04333% | 2B (0.54-d) = 5.508 rad = 315.5847°

' Impedance Chart " Admittance Chart

e

Impedance Matching ) )
Single Stub Tuning oL

= 1000+j00%2

GoBack | MNextStep | Backto Start

Step 4 - First Solution

Tao cancel the imaginary part of the

line admittance we add a stub with: ® 1z, = 0716667+j00
_ _ T, = 071429 L 180.0°
Length: L, =04275 4 O y, = 80+j00
. i @ zid) = 1.0+j00
Admittance: Ttdy = 00 L 00°
Yrpt =100034 S (actual) @ y@) = 10+j00
=7 : ¢ d=00.L: 26d=00rad=0.0°
Ystupt =1 2.04124 (normalized) ¢ 0.S5id=050 ! 25 (0.5.-4) = 5.2832 rad = 350.0°

¢ Impedance Chart " Admittance Chart
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I Impedance Matching

Single Stub Tuning R =

GoBack | MNextStep | Backto Start

Step 3 - Second Solution

A second stub can be inserted at the new

I, = 0.16667 +j0.0

I, = 07423 L 1800°

Yy, = E0+j00

z(d) = 0.19355-j0.39508
T(d) = 0.71429 L -135.58489°

lacation: ®
8]
(]
@ y(d) = 1.0+j204124
rl
r\

ldsmb2 =04383 A from the load

d = 0.4383L | 25 d = 5.508 rad = 315.5847°
0.5k-d = 0.0617% | 2B (0.5k-d) = 0.7752 rad = 44.4153°

¢ Impedance Chart " Admittance Chart

Impedance Matching

T s

Single Stub Tuning T

GoBack | Summary | Backto Start

Step 4 - Second Solution

Ta cancel the imaginary part of the line

admittance we add a stub with: ® I, = O016867+j00
T, = 071425 L 180.0°
Length: LStub2 =00725 A O y = 60+j00
) i @ z(d) = 1.0+j00
Admittance: I = 00 L 00°
Ystubz =-j00034 5 (actual) ® yi) = 10+j00
— . ¢ d=00.!25d=00rad=0.0°
Ystub2 12.04124 (normalized) ¢ 05.-d=05. " 2B (0.5,-d) = 5.2832 rad = 360.0°
* Impedance Chart " Admittance Chart
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400 y1 125+j60

S.C stub (Vmin here)

yin N

100+j100

S.C stub (Vmin here)
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Communication Principles

Ampltiude Modulation (AM):

Need of Modulation

Practical Antenna Length

In theory the length of antenna approximately equal to wavelength of the wave.

. 23x10°
" frequecny (Hz)
For example, if the frequency of carrier wave is 20 kHz, then we need an antenna
length of 15,000 meters. This is too long antenna to be constructed practically.

mefers

Operating Range

Greater the frequency, greater the energy possessed by it which basically helps in
transmitting over large distances.

Wireless Communication
The performance of wired communication over a large distances 1s poor compare to
modulated signal with high frequency. It 1s comparatively cheap.

Amplitude Modulation [1/9]

v Summing
amplifier Multiplier

/ v
Vac P— o

/ v mit) cz:rrrier

cos(2nf 1)

Potentiometer

v, () = (Ve +m(t))cos(2nf 1)

Vpe 1s a variable voltage, which can be set between 0 Volts and +77 Volts. This
schematic diagram is very useful: from this all the important properties of AM and
various forms of AM may be derived.
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Amplitude Modulation [2/9]

Equations for DSB-AM

+ Assume that our message m(7) 1s a single tone at f,, with amplitude V. i.e. m(t) = V,, cos(2nf,,7)

) : .. : 1
* Using the trigonometric identity ¢os AcosB = ;[COS(:I + B)+ COS(A — B)]

N

L.

V(1) =Vpe cos(Z@‘;{)+%cos[2ﬁr(ﬁ +f })+%cos(2ﬁ(f; —f )f}

e

Carrier U])])eljzideballd Lm\-'er.\sfideband
Components| Carrier Upper Sideband (USB) Lower Sideband (LSB)
A litud Iz’ Kn [fm
mplitude / - —
I DC ) ”
Frequency ff f; + f . ]{C — f;n

* This equation represents Double Sideband Amplitude Modulation — DSBAM

Amplitude Modulation [3/9]

NN M AAEEAA R
G R A LCCVEREEAAAY
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Amplitude Modulation [4/9]

Spectrum and Waveforms
The above are input signals. The diagram below shows the spectrum and

corresponding waveform of the output signal. given by

V(D) =Vpe cos(2;;f;r]+£;” cos(2a(f. + £, ¥ )+ ECOS[Z;’E(J{; ~£.))
2 2

4 I”H’EI -_"F /ﬁ'TT\ /I -_;
~ r__l‘T I =R--11- T __J|_ S I = 'r"| T
I’rDC V l | [ | ST h | | \ |I I ||
; VI . VL
y ll ll'.!l ”;"'l ﬂ ||||'|'|I|I !I !|'|!|'I Illl JI'I |'|||Jﬁui Iﬁ I!IIII|I|
VDC[ ||| | II| |II U,U.. | I|I || | |I| |I| || | H I'y'll LAY | l[ I| ll ll
. __L e t).ui':_JJ-_l-__ W S VLT
Vil 2 Vo 2 Vo I 1': X \"ILI'nl!ll_ II’TI’)L \\IJ““- |1'|
‘f' 0 T 2 3 4 5 6 7 & 9 10 11 12 13
f:': _ﬂn f:: j; +..f;?i t

Amplitude Modulation [5/9]

Modulation Depth
Consider again the equation v, (7) = (Vpe +V,, cos(27f,7))cos(277.)

which may be written as

178 .
v (1)=Vpe 1+V"” cos{Zzyj”rJ]cos{Zzy‘Cr}
DC

-

| :
“—1s defined as the modulation depth. m. i.e.
DC

The ratio

Message amp litude
Carrier amp litude

Modulation Depth  m =
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Amplitude Modulation [6/9]

Graphical Representation of Modulation Depth and Modulation Types

Condition:

VDC> Vm{m{ 1)

15 4=
T

10 A g
S

-
-,

]

Fs

vi(t)

-20

W
ety

] |
~.

| UUUUUU

WY

0.00E:D0 200E-D5 400E-D5 6O00OE-D5 BODEQS 1.0DE-04 120E-04 140E04 16DEO4 1B0E-04 200E-D4

Time, t

Frequency
Spectrum

I""'D'C

(Y |;"-1
[ |;2'

DSB-AM

Amplitude Modulation [7/9]

Graphical Representation of Modulation Depth and Modulation Types

Condition:
Voc=Vp(m=1)

vt
___.‘—‘—'—-~_._-7-’
I
—
_?/

=10 4=

-15

0.00E+00 200E-05 4.00E-05 6.00ED5 BODE-D5 1.00E-D4 120E-04 140E-04 180E-04 1.EDE-D4 200E-D4

Tima

Frequency
Spectrum
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Amplitude Modulation [8/9]

Graphical Representation of Modulation Depth and Modulation Types

Condition: Frequency
Voc < Vin (m>1) Spectrum
i0
180° ph'ise shift
h
s M ﬂ A
\U,U ‘V U V U y U Ve
\ ﬂ I"rrr.'
-5 A 2 T
L ’ ‘ : R
-;)%UEMU 200E-05 4.00E-05 G.0DE-05 BOOE-05 1.00E-D4 120E-04 140E-04 180E-04 1.B0E-D4 2.00E-04 .
Time, t DSB-DimC

Amplitude Modulation [9/9]

Graphical Representation of Modulation Depth and Modulation Types

Condition: Frequency
Vpe =0 (m =) Spectrum
180° phase shift
I ’M‘A\/’Z\M\ AN
= LT SA L] f.\g{ﬂ. 1A
= A
| \UUUH\\JUUMUUU“\UU
% . / . P N\ ¢ A ﬂ v,
-5 T et ~ 2 ?
| |

=10

0.00E+D0 200E-05 400E-D5 GODEDS BODEDS 100E-D4 120E-D4 14DE-D4 160ED4 180E-04 200E-04

Time, £

DSB-SC
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Amplitude Demodulation [1/8]

_ ) Rx (Receiver )

Channel -
R_F Tuning and

Amplifier

———=| Detector |[——| Amplifier :q ,

The above block diagram shows a generic radio receiver block diagram. The antenna
receives radio wave from broadcasting stations, further amplified. The desired
frequency is selected based on the tuned circuit. The detector, basically extract the
message which can be amplified to feed into output appliances. for example speaker
if 1t 1s audio message.

Amplitude Demodulation [2/8]

Envelope or Non-Coherent Detection

An envelope detector for AM is shown below:

The charging time constant must
> be much smaller than the period
of the carrier wave

R.C<<1/f,

R
e e
The discharging time constant must
be larger than the carrier wave period
but smaller than the message period

lf(; < RLC << l.f.‘:ﬂ

>

<
M
\/

This is obviously simple and low cost. But the AM input have m < 1.
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Amplitude Demodulation [3/8]

Envelope or Non-Coherent Detection

For large signal inputs, (= Volts) the diode is switched i.e. forward biased = ON,

reverse biased = OFF. and acts as a half wave rectifier. The 'RC' combination acts as a
'smoothing circuit' and the output is m(r) plus 'distortion'.
S~

Output of the Envelope Detector. m(r) + distortion

The magnitude of the slope of the RC discharge must be greater that the magnitude
of the slope of the envelope

Amplitude Demodulation [4/8]

Synchronous or Coherent Demodulation

A synchronous demodulator is shown below

AM Input

—

— P,.-T VOLT
=:§<} * LPF
Recovered message
Low Pass m(t)
Filter
Local Oscillator

This 1s relatively more complex and more expensive. The Local Oscillator (LO) must

be synchronised or coherent, i.e. at the same frequency and in phase with the carrier in
the AM nput signal. This additional requirement adds to the complexity and the cost.
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Amplitude Demodulation [5/8]

Synchronous (Coherent) Local Oscillator

If we assume zero path delay between the modulator and demodulator. then the ideal
LO signal 1s cos(2nf ). Note — in general there will be a path delay. say t. and the LO
would then be cos(2nf.(r — 1)). i.e. the LO is synchronous with the carrier implicit in
the received signal. Hence for an ideal system with zero path delay

Modulator Output AN Vour
— j}— LPF [—

Local Oscillator
cos (E:rgf,r]

Analysing this fora DSBAM input= (V. +m(2) )cos(274.1)

Amplitude Demodulation [6/8]

Synchronous (Coherent) Local Oscillator

Vy=AMmputx LO
= (Ve +m(t))cos(27f.t )cos(27f 1)

= (Vpe +m(1) %+%cos(4fgﬁf)}

Iy

v v, t t \
V. :?”+?”cos(4;"yﬁ_r)+ m; ), m; )cos(4zz;i_r)

We will now examine the signal spectra from 'modulator to V..
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Amplitude Demodulation [7/8]

Synchronous (Coherent) Local Oscillator

m()
Vpe
MOD Vpe + m(0) ‘ |
N | f
cos(2nf.1)
Carrier
Je rf
DSBAM
™1 ,
A f

Amplitude Demodulation [8/8]

Synchronous (Coherent) Local Oscillator

LO LO
cos(2nf.1r) 1 f- =f
m(r)/2
, ol 'f""‘\ LPF response ~ Vncl2
Vs 1 ‘ M |/| .
: S,

Note — the AM mput has been 'split into two' — 'half' has moved or shifted up to
Ve +m(t)

5 ) 2

- Fa

V : = i
[_m(r} +£]cos(f4zgf€r) and half shifted down to baseband.
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Example:

a) An amplitude modulator is shown in fig. 4.

Ve 5 /- \ Vour (1)
L/

A

m(t) cos(4 x10° 1)
Figure 4

1) If the message m(7) is defined as m(t) = 3 cos(2000mt) and the DC offset
voltage Vpe 1s set to 6V, show that the output signal Vppz{f) can be
expressed as

Vour(t) = 6 cos(4x10°mt) + 1.5 cos(4.02x10°xt)
+ 1.5c0s(3.98x 10°nt)

1)  Determine the modulation depth of the amplitude modulated signal Voyr(7).

ui)  Sketch the amplitude modulated signal Vorr(f) from part 1) and draw its
frequency spectrum.
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Angle Modulation (Phase and Frequency Modulation)

Angle modulation: Carrier angle is varied according to the slowly-varying
message signal

An important feature of angle modulation:

e |t can provide a better discrimination (robustness) against noise and
interference than AM

e This improvement is achieved at the expense of increased
transmission bandwidth

e In case of angle modulation, channel bandwidth may be exchanged
for improved noise performance

e Such trade-off is not possible with AM

BASIC DEFINITIONS
Relationship between the angle and frequency of a sinusoidal signal

Sinusoidal carrier
e(t) = A, cos|b;(t)]

Angle of carrier

0;(t) [rad]
Instantaneous frequency of carrier
_ I Ldoi(t) 1 ..
filt) = EMW 2 dt 27 hlt) [He]

In the case of an unmodulated carrier, the angle becomes

0,(t) = 2rfot + 0,
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Phase modulation (PM)

Sinusoidal carrier: (1) = al(t)cos[0;(t)]

PM: The angle 6;(t) of carrier is varied linearly with the message signal (1)
Oi(t) =2 fet + kpmi(t)

Amplitude of carrier is constant: a(t) = A,

Phase-modulated waveform
s(t) = Apcos2mfot + kym(t)]

where e [, denotes the carrier frequency (i.e., frequency of unmodulated signal)
e ki, is the phase sensitivity of the PM modulator expressed in radians
per volt
e |t is assumed that the angle of unmodulated carrier is zero at t = 0

Frequency modulation (FM)

Sinusoidal carrier: c(t) = a(t)cos|0;(t)]

The instantaneous frequency f;(t) of carrier is varied linearly with the message
signal m(t)

g dt %9’“] = fet ﬂf”.‘.{ﬁ)
Angle of carrier

i

i |
0;(t) = 2m / filr)dT =2 f.t + 27k / m(r)dt
Jo 70

Amplitude of carrier is constant:

a(t) = A.
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Frequency-modulated waveform

t
s(t) = A, cos [2?rf{..t + 27k s / -m.(*r}(i’r:|
Jo

where e f.denotes the carrier frequency (i.e., frequency of unmodulated signal)

e [y is the frequency sensitivity of the FM modulator expressed in Hertz
per volt

e |t is assumed that the angle of unmodulated carrier is zero at t = 0

PM and FM signal in the time domain produced by a single tone message signal

. T .
B Bf - Nt

i MW%W '

Note: o The similarity between the angle modulated signals

e Amplitude of angle modulated signals is constant
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MOST IMPORTANT PROPERTIES OF PM and FM SIGNALS - Part |
PM signal in the time domain:
spa(t) = Aeccos[2mfot + kpm(t)]

FM signal in the time domain:
‘
spa(t) = A, cos [2?}‘}.1‘ + 27k ¢ / 'm,(T)rf'r]
Jo

1. Amplitude of PM and FM signals is constant

2. Because the information is carried by the angle of carrier, a nonlinear
operation (also nonlinear distortion) that preserves the angle has no influence
on the angle modulation systems (i.e., it does not cause distortion).

Consequently, even a hard limiter may be used to fix the amplitude of a
PM or FM signal

MOST IMPORTANT PROPERTIES OF PM & FM SIGNALS - Part Il
spap(t) = Accos[2m fot + kym(t)] spyl(t) = A.cos [Qﬁfc.f, | Qﬁkff“r -m(T)dT]

3. A close relationship exists between the PM and FM signals:

Phase i : Frequency .
mif) 'f( it modulator FM wave mif) . fﬂ ) modulator | PM wave
A2 fit) Acas(2afit)
) L
) Lol T L — P
k, = 2mk, k=22

Conclusions:

e A PM/FM modulator may be used to generate an FM/PM waveform
e FM is much more frequently used than PM
o All the properties of a PM signal may be deduced from that of an FM signal

e Henceforth, in the remaining part of our studies we deal only with FM
signals
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FREQUENCY MODULATION
Goal: Determine the spectrum and transmission bandwidth of an FM signal

FM signal spu(t) = A.cos [zf.f b+ 2mks [ m( dr] is a nonlinear function of
message signal m (1)

Angle modulations (including FM and PM) are nonlinear modulation processes

Consequently, spectrum of FM signal may not be determined in the frequency
domain using Fourier transform

Empirical approach is required to determine the spectrum and transmission
bandwidth of FM signal where the following single-tone sinusoidal message
signal is considered

m(t) = A, cos(2nf,,1)

Definition of frequency deviation and modulation index
Let m(t) = A,, cos(2nf,,t) denote the single-tone message (modulating) signal

Then the instantaneous frequency of FM signal becomes

filt) = fe+ kA, cos(2nfut) = fo+ Afcos(2mfnt) (1)

In (1), Af = kA, is the frequency deviation, representing the maximum
departure of instantaneous frequency of FM signal from the carrier frequency /.

Angle of FM signal is

JI a
0;(t) = 2 [ film)dr = 2n f.t + f—j sin(2nf,,t) = 2 f.t + Fsin(2w f,,t) (2)
J0) rr

In (2), 3 = Af/fn is the modulation index, representing the maximum
departure of angle of FM signal from angle 27 f .t of unmodulated carrier
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Units of frequency deviation and modulation index

A
Af = ]I._‘.J‘_-‘ilr” [HZ] 3= j_f [rad]
Recall the relationship between FM and PM signals

FM: s = (t) = spu(t) = A cos[2n f.t + Bsin(2nf,,1)]
PM: spu(t) = A.cos[2mfot+ kyA,, cos(2nfut)] = W3 o kA,

Two cases are distinguished:
o Narrow-band FM, for which 3 = L—"}J}% << 1 rad

o Wide-band FM, for which 3 = &7 — < 1 yad

Jm

The spectrum of narrow- and wide-band FM signals are completely different

Spectrum of narrow-band FM signal

Narrow-band FM signal in the time domain is
s(t) = A.cos[2n fot + Fsin(2nf,,t)] where 3 << 1 rad
Using a trigonometric identity cos(a + (3) = cos v cos 3 — sin av sin 3 we get
s(t) = A cos(2mfot) cos|Fsin(2n f,t)] — Acsin(2n f.t)sin[Fsin(27 f,,t)]  (3)
If the modulation index is much smaller than 1 radian then
Since lim{cosa} = 1, — cos[Bsin(2n f,t)] ~ 1

o—1)

Since lim{sina} = o, — sin[dsin(27 f,,1)] = B sin(27 f,.t)

r—{)

Hence, (3) simplifies to

s(t) ~ A cos(2nf.t) — A sin(2n f.t) sin(27 f,,1)



Ninevah University/College of Electronics Engineering Dr. Mohamad Alhabbar

From the equation developed on the previous transparency

s(t) = A cos(2nf.t) — A sin(27 f.t)sin(27 f,,1)
we get using the trigonometricidentity sinasin/3 = i[cos(a — 3) — cos(a + 3)]
s(t) = spu(t) = A, (r(‘JH(Q;-Tff;t}—I—é_-':?fh_. {cos[27(fe + fi)t] — cos[2n( [ — fu)t]}
Recall, the single-tone modulated AM signal in the time domain is

1
san(t) = A.cos(2mf.t) + ;;A {cos[2m(fe + fin)t] + cos2m(f. — f)t]}

Comparing sgas(t) and s45/(f) we conclude:

e If 3 = p then the only difference between AM and narrow-band
FM signals is that in the latter the sign of the lower side frequency
component is reversed

Spectrum and transmission bandwidth of narrow-band FM signal

Spectrum of narrow-band FM and AM signals

Narrow-band FM: AM:
Sem(f) = Flsrm(t)} Sam(f) = F{sam(t)}
L] _f L] _f
t ] ; ; Ir_l ] | 1 1 t i-_-]l f

Transmission bandwidth of narrow-band FM is equal to that of AM:
By =2W

where W is the bandwidth of the low-pass message signal
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Spectrum of wide-band FM signal

Equation giving the FM signal in the time domain was developed on page 13,
see (3) on page 13

For convenience, that equation is repeated here:

s(t) = A cos(2rm fot)cos[Fsin(2n fint)] — Acsin(2m fot)sin[Fsin(27 f,.1)] (4)

Recall, only periodic signals may be expanded as a trigonometric Fourier series.
Fourier series and, consequently, periodic signals have a discrete spectrum

Even though s(t) is not necessarily periodic, the terms cos|/3sin(2xf,,1)] and
sin|/sin(27 f,,1)] are periodic and each can be expanded as a Fourier series

It has been shown in applied mathematics that

cos|[Fsin(2nf )] = Jo(F)+ Z 2J,(3) cos(2mn f,.t) (5)
rLoeven
sin[Fsin(2nf,,t)] = Z 2.J,(3)sin(2mn f,,1) (6)
rn odd

where n is positive, and the Bessel functions of the first kind, of order n and
argument (3 are defined as

LT
Jo(3) = > / explj(Fsin A — nA)|dA

4T
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Substituting (5) and (6) (see page 17) into (4) (given on page 16) and expanding
products of sine and cosine functions using trigonometric identities finally yields
the FM signal for arbitrary modulation index 3 in the time domain

s(t) =A.Jy(3) cos(2n f 1)
F Y Addu(B)[cos(2m fe + n2mfu)t — cos(2mf. — n2m f,,)1]

n odd

0

} Z Aod,(B)[cos(2m f. + n2x f, )t + cos(2nwf. — n27 f,,)]

T EVEn

This equation is valid for both the narrow-band and wide-band FM signals

Recall the Fourier transform of a cosine signal with infinite duration is

F{cos(2mf.t)} = %[f'i(f fe)+6(f + fo)]

To get the spectrum of an FM signal, the Fourier transform of

s(t) =A.Jo(3) cos(2nmf.t)

| Z Acdy(B)[cos(2r fo + n27 f,)t — cos(2nw f. — n27 f,,)1]
n odd

F Y Acdu(B)[cos(2m fo + n27 f)t + cos(27 fo — 027 f)1]

T EVEen

has to be calculated

Observe

Single-tone modulated FM signal has a discrete spectrum

Spectrum contains a carrier-frequency line plus an infinite number of sideband
lines = Distortion-less transmission requires infinite bandwidth!

e Alllines are equally spaced by the modulating frequency

Odd-order lower sideband lines are reversed in phase
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Properties of Bessel functions of the first kind

1. For small values of modulation index /3 the following approximations may be
used (Recall, this is the case of narrow-band FM)

Jo(B)=1 and Ji(B)=%2 and J,(B)=0.n>2

2. Bessel functions .J,,(3) as a function of modulation index

B

[ Fi

-0z

0.8

Note: At certain values of .J,,(/7), the carrier disappears

Spectrum of a single-tone FM signal

Conditions: e Single-tone sinusoidal modulation m (1)
e Spectra are normalized with respect to the carrier amplitude
e Magnitude of spectra is shown only for positive frequencies

m(t): Frequency fixed, amplitude increased m(t): Amplitude fixed, frequency decreased
t
3=1.0 ol B=10 = -
.,J..'.._ I | —
,
3= 2.0 ,]1‘[, 3 =2.0 HEEEES
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TRANSMISSION BANDWIDTH OF FM SIGNAL

In theory, an FM signal contains an infinite number of side frequencies —
Bandwidth required for distortion-free transmission is infinite in extent whether
or not the message is band-limited

But implemented FM systems using finite bandwidth do exist and perform well

Explanation: Amplitude of side frequencies decays if we move away from
the carrier frequency and sufficiently far away from the carrier the spectral
components becomes negligible

Experiments showed that if the amplitude of side frequency components is
1 % then a distortion may not be noticed, if the amplitude of side frequency
components is 10 % then a small but noticeable distortion exists

By definition: The transmission bandwidth of an FM signal is the separation
between the two frequencies beyond which none of the side frequencies is
greater than 1 % of carrier amplitude obtained when the modulation is removed

Determination of transmission bandwidth of a single-tone FM signal

In practice, the frequency deviation A f is fixed

Carson’s rule

By

o

20Af + fim)

BT me (1+B)

IR
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—0.6

Plots of Bessel Functions J,(8)

2 3 4 5 6 7 8 9 10

TABLE 3.1 TABLE OF BESSEL FUNCTION VALUES

n =01 B=02 B=05 p=1 p= B = g =28 =10
0 0.997 0.990 0.938 0.765 0224  —0.178 0.172  —0.246
1 0.050 0.100 0.242 0440 0577  —0.328 0.235 0.043
2 0.001 0.005 0.031 0.115 0353 0.047  —0.113 0.255
3 0.020  0.129 0365  —0.291 0.058
4 0.002 0.034 0.391 —0.105 —0.220
5 0.007 0.261 0.186  —0.234
6 0.001 0.131 0338  —0.014
7 0.053 0.321 0.217
8 0.018 0.223 0.318
9 0.006 0.126 0.292

10 0.001 0.061 0.207

11 0.026 0.123

12 0.010 0.063

13 0.003 0.029

14 0.001 0.012

15 0.004

16 0.001

(From Ziemer and Tranter; (€) 1990 Houghton Mifflin, reprinted by permission.)
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Reversion:
FM -- With a sinusoidal message signal s(7) =4, cos(2zf,7):

Sy (B)=Acos[2xfr+ Gsm(2xf )] B = @

_ kmax |s(r) |
B

5

With a general message signal s(r): Yif

s ) can be expanded as an infinite Fourier series:
Sme(t)=Acos[2x f 1+ fsin(2x f, 1)]
=A> J, (B)cos[2x(f. +nf,)r]

J.(p) is called the Bessel Function of the first kind and of order ». which
is defined by

1 7 s
Jr - e} {,Smx—n_r)n]'ﬁ_
(B == L

Magnitude Spectrum of FM Sinusoidal Signals

= A = jla ] A = — j 2 M)
Sme(D =4 T (p)cos[27(, +f,)N=5 3 T (el T = S T (e IS

Sms(f) = ézjﬂ_ar (BYS(f — f.—nf,) +§Zjﬂ;ﬂ( BIS(f + f.+nf,)

Carrier frequenc
2508 (S Apl ey
A A A ) A
el MBI sidebpnd < WP 21 sideband
A 4 4 4
B IJifﬁﬂ B Ici’.zrﬁJl = |78 5 (B
Si2h SiSw S St 2, O fi2fo St S ftfu L2 f

The bandwidth of an FM sinusoidal signal is .
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Power Spectrum of FM Sinusoidal Signals

s

SMf)JZHJ,,(ﬁ)acf—;;—ru:,,>+§z; (B)S(f+ fo+f,)

4z P
(_].-__u = Z‘j Iﬂ)‘ 01 f f ?”;Ej-'_TZ Jrr(,ﬁ)r "-("‘(j +./f(+'-r":fm)
N, ’
izlu’ofﬁﬂl FM(f) ‘%Jofﬁ”z
4 1 ; 1
A4’ 5 A 5 4 e
Gl B VN7 B
4 4
2 A° 2 :
Lirip TP Ay pp Lirp?
A1 ... TS I t4...

2y Sdu Lo A £ O £ fefe £ St f2 T

Power Spectrum of FM Sinusoidal Signals

ESVY T y Grd) A{Uurﬁﬁlz
4 4 A
ilU (BN A—EUH’.@‘F L, B 4 Bp
4 ! 4 T‘ (B 1 (B
2
o] || o Lo
Sy Sifu Ao St Uy O Jm SIm fo St St f
4_ 2
- R (e ) -
F’ower* at carrier Power at sidebands = | L (B)+22" TP =1

2

Sp,(0) = Acos[27ft+ Bsin(27f, )] = P :A?
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Example:

Let the carrier be given by () = 10cos(2x f-f) and let the message signal be cos(20x1).
Further assume that the message is used to frequency modulate the carrier with Ky = 50.
Find the expression for the modulated signal and determine how many harmonics should
be selected to contain 99% of the modulated signal power.

Solution The power content of the carrier signal is given by

P, AE 100 50 (3.3.29)
c — 2 —_— 2 — et
The modulated signal is represented by
I
u(t) = 10cos (ancr + 2mky / cos(zﬂnr}dr)
— o0

50
= 10cos (Zﬂfcf + 10 sin{20rn‘})
= 10cos(2m f.1 + 5sin(20t)) (3.3.30)
The modulation index is given by

ﬁ:kfw _5 (3.3.31)

and, therefore, the FM-modulated signal is

u(t) = D AcJa(B) cosQr(fo + nfm)t)

= D 10J,(5) cos(2m(f. + 10n)1) (3.3.32)

It is seen that the frequency content of the modulated signal is concentrated at frequencies
of the form f. 4 10a for various n. To make sure that at least 99% of the total power is
within the effective bandwidth, we have to choose k large enough such that

n=k 2
100J-(5
E f,,() = 0.99 x 50 (3.3.33)

n=—k

This is a nonlinear equation and its solution (for k) can be found by trial and error and by
using tables of the Bessel functions. Of course, in finding the solution to this equation we
have to employ the symmetry properties of the Bessel function given in Equation (3.3.28).
Using these properties we have

k
50 [J{f(S) +2> SIS | =495 (3.3.34)

n=1

Starting with small values of k£ and increasing it, we see that the smallest value of k for
which the left-hand side exceeds the right-hand side is k = 6. Therefore, taking frequencies
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Je £ 10k for 0 < k < 6 guarantees that 99% of the power of the modulated signal has
been included and only one per cent has been left out. This means that, if the modulated
signal is passed through an ideal bandpass filter centered at f. with a bandwidth of at least
120 Hz, only 1% of the signal power will be eliminated. This gives us a practical way to
define the effective bandwidth of the angle-modulated signal as being 120 Hz. Figure 3.29
shows the frequencies present in the effective bandwidth of the modulated signal.

In general the effective bandwidth of an angle-modulated signal, which contains at least
98% of the signal power, is given by the relation

1B: =28+ D)l (3.3.

o
%}
)
N
"

B.=120 Hz ' B—

wlte ot D |y ] es 111
ll li } 1‘16";21‘107 s

Figure 3.29 The harmonics present inside the effective bandwidth of
Evamnla 117
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Outline

O Two methods of generating FM waves:
» Direct method

» Indirect Method: Armstrong’s wideband frequency
modulator
Review of frequency deviation:

Angle modulation: s(t) = Ac COS(27QFCZ‘ + ¢(f))

1 do,() 1 dg(t)
Instantaneous frequenc (1) = L = f 4+
1 y S0 2 dt /. 27w dt
1 do(t)
Frequency deviation Af = max r |

Frequency deviation for FM signals:  Af =k, max‘m(t)‘.

For example, FM radio allows 75kHz deviation to each side of the carrier. |



Direct FM Generation

O The carrier freq 1s directly varied by the input signal

O Can be accomplished by Voltage-Controlled
Oscillator (VCO), whose output frequency 1s
proportional to the voltage of the input signal.

O A VCO example: implemented by variable capacitor

A varactor diode is a capacitor whose capacitance changes with the applied voltage.
Therefore, i1f this capacitor is used in the tuned circuit of the oscillator and the message
signal 1s applied to it, the frequency of the tuned circuit, and the oscillator will change

in accordance with the message signal.

The reactance-tube is an inductor whose inductance varies with the applied voltage

1s employed and the analysis 1s very similar to the analysis presented for the varactor ,
diode.



Problems of direct FM generator

m The carrier freq of VCO tends to drift away.

(Crystal oscillator cannot be used in direct FM:
its freq 1s too stable, and 1s difficult to change.)

Feedback freq stabilization circuit 1s required:
= The complexity is increased.

m The frequency deviation with direct FM 1s only
about 5 KHz, too small for wideband FM:

Recall: the max frequency deviation in
commercial FM radio i1s 75kHz.



Indirect Method: Armstrong Modulator

O First obtain NBFM via a NBPM circuit with crystal oscillator
O Then apply frequency multiplier

» Increase both the carrier frequency and the freq deviation

O If necessary, use mixer to concatenate multiple multipliers
m Mixer only changes the carrier frequency, but not the frequency deviation.

O Indirect FM 1s preferred when the stability of carrier frequency
is of major concern (e.g., in commercial FM broadcasting)

Baseband Narrowband Frequenc _
signal —~ Integrator |—= phase —= muclltipliery = FM ‘S(IIL;J“H'
m(f) modulator s

!

Crystal-
controlled
oscillator




Recall: Narrow-band FM

0 if Af is small: u(t) = A cos2mftcosg(t) — A sin 2w f.t sing(t)
~ Acos2mfot — A () sin2m fot

Integrator
I FM
m(f) ¢~ {0
— s & N A
A + &
T PM
Carrier 90" phase o
oscillator A,sin 2 f.t shift A cos 2qf.t

Figure 3.32 Generation of narrowband angle-modulated signal.

Crystal oscillator can be used to get stable frequency (prevent drifting)
But frequency deviation of NBFM is small.

To get larger one, use freq multiplier... ’



Frequency Multipliers

» How to increase the frequency deviation ?

® Answer: trigonometric identity!
From  s(1) = A, cos(2af.t + 27k, jo m(z)dr)

If we can get the squared signal:



Power-Law Modulation. Let us consider the use of a nonlinear device such
as a P-N diode which has a voltage-current characteristic as shown in Figure 3.15.
Suppose that the voltage input to such a device is the sum of the message signal
m(t) and the carrier A. cos 2 f.t, as illustrated in Figure 3.16. The nonlinearity will
generate a product of the message m(f) with the carrier, plus additional terms. The
desired modulated signal can be filtered out by passing the output of the nonlinear
device through a bandpass filter.

To elaborate on this method. suppose that the nonlinear device has an input—output
(square-law) characteristic of the form

vo(t) = ayvi(t) + ayv(t) (3.2.29)

Figure 3.15 Voltage-current
0 v characteristic of P-N diode.




. Bandpass
m(1) MNonlinear - ﬁltEr u(t) -
—:.— _
device tuned to f.

Figure 3.16 Block diagram of power-law AM modulator.

where v; () is the input signal, vg(7) is the output signal, and the parameters (a;. a>)
are constants. Then, if the input to the nonlinear device is

vi(t)y =mi(t) + A cos 2w f.r, (3.2.30)

its output is

Volt) = ay[mit) + Apcos 2w ft] + ax2[m(t) + A.coscos 2:1113'}."]1
2
= aym(t) + axm>(t) + ﬂg;ilff cos’ 2 fot + Aqa {l + Em{r]} cos 2 f.t
0y
(3.2.31)

The output of the bandpass filter with bandwidth 2W centered at f = f. yields
2
uit) = Aqa {] + EJwrt[.i‘}] cos 2m f.t (3.2.32)
aj

where 2az|mi(t)|/a; = 1 by design. Thus, the signal generated by this method is a
conventional DSB AM signal.



Frequency Multipliers

If we can get s3(t):



Freq Multipliers via Nonlinear Circuit

FM signal with carrier fc i - u() | Band-pass fiter FM signal with carrier n fc
— e evice [ with midband |

and deviation ratio D frequency af. and deviation ratio n D.

» A general nonlinear circuit produces
v(t)=a,s(t)+a,s’ () +...+a,s"(t)
m The highest carrier frequency:

» The highest freq sensitivity factor:
m The bandpass filter:

mCenter:

mPassband width:

mIn practice: n =2, or 3. Larger n is not efficient.

mBut can concatenate multiple stages to obtain higher orders. *



Armstrong’s Indirect FM

Marrowband
—> Integrator |—3 phase
modulator

1

Frequency
multiplier

Crystal-
controlled
oscillator

n,

| Frequency

multiplier

m Two stages of multiplier and one mixer are used.

Allow flexible choices of carrier freq and freq deviation.

The first stage multiplier amplifies both fc and Af.

The mixer brings down the central freq.

The second stage amplifies fc and Af again.

12



Example

A ____________________ B
N band i !
—> integrator ||  phase  |—s| Treduency L i (Sl pp {ief Frequency
modulator ' .
F— n=162 1 n, = 30
Crystal-
trolled _—
St f1 ="77.97MHz

NBPM output: ' =500kHz, Af =15.432Hz
Find f and Af at A, B, C.

At point A: fA=162*500KHz=81MHz
Freq. Divation=162*15.432=2500Hz

At Point B: fB=81-77.97=3.03 MHz
Freq. Divation= 2500Hz

At Point C: fC=3.03*30=90.9MHz
Freq. Divation= 2500Hz*30=75KHz



Example

A b
oarat Narrﬁwband Frequency | . | Frequency 5 C
— niegrator |—>== phase — multiplier > @ » LPF ! multiplier
modulator | T
e 7
Crystal- 1 f=8.0 MHz 2
controlled
oscillator

Af at point C is 75KHz and the frequency is 100MHz
while Af at the o/p of NBFM modulator is 10HZ and the
frequency is 100KHz. Find n1 and n2.

14
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FM Demodulatation

15t Method:

FM discriminator:

FM demodulators are implemented by generating an AM signal whose
amplitude is proportional to the instantaneous frequency of the FM signal.
Then using an AM demodulator to recover the message signal.

To implement the first step; i.e., transforming the FM signal into an AM
signal, it is enough to pass the FM signal through an LTI system whose
frequency response is approximately a straight line in the frequency band of
the FM signal.

The next step is to demodulate this signal from which the message m(t) can
be recovered.

Output
FM signal . , AM signal signal
FM to AM . AM
convertor demodulator

There exist many circuits that can be used to implement the first stage (FM
to AM conversion).
One such candidate is a simple differentiator with:

H(f)|=2nf

[Hi )
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Frequency Discrimination

+ Components
— Bandpass Limiter: Consists of Hard Limiter & BP Filter
— Discriminator (frequency discriminator gain: K, V/rad - assume unity)

— Envelope Detector df(t)

(t) = — VL[(U‘. + TJ sinfaw.t + 6(t)]

wiu“} Bandpass I'ﬂ_l’] ".!“I] Envel . I:Il|l|[.f}
—_— *n _|'r¢'|:1.'1 —_— Differentiator —_— “nvelope —
/, limiter detector \
(1) = A(t) cos[w s + 8(1)] \

dfr)

i) =V cos[w,.t + 6(1)] Vo) = ‘_v{_{wr + _”

i dt

H(I] = Kjf fﬂ“]]df]

Freq Geviation sensitviy 1 HE QUTPUT WILL BE:
det) }

Voult) = Vi@, + T

Voull) = Vi, + VK mit)

DC Component can be blocked
by an AC coupled circuit

Frequency Discrimination — Slope Detector

* In practice the differentiator can be approximated by a
slope detector that has a linear frequency-to-amplitude
transfer characteristic over the bandwidth BW —One
drawback is that it is narrow band

Freguency=io=

amplitude converter Envelope detector
T T T T T T T TTTTTTTTT TR
| | | |
i K | 1 1
| | | |
o W T T = T o
1 | 1 |
: | | |
- | | |
1 2 | I |
talt) | L | 0 =R Vel
1 | [ ) 1
I | ] I
| | | |
| . :
o ] : - | )
| 1 I

- Tuned Circuit
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e Such a circuit can be easily implemented, but usually the linear region of the
frequency characteristic may not be wide enough.

e To obtain a linear characteristic over a wider range of frequencies, usually
two circuits tuned at two frequencies, f; and f,, are connected in a
configuration which is known as a balanced discriminator.

Envelope Detector

Tuned circuif #1
| . D1
T fe+tAF——w —
E fq —— e i —_ g
o | i
JN L T ] |
FI“] _________________ L LX)
t. Ta i
E e.;é — : - 5
: Ak : I

ThFeAF o s

Tuned circuit #2 Tuned circuit #1
characteristic \\ characteristic

f A

w I'.'

voltage characteristic

/N

e Use two tuned circuits each set to a fixed frequency at least fc £ Af,
i.e. fi=fc + Af and fo=fc - Af.

e The center-tapped transformer feeds the tuned circuits (Tuned
circuits are 180 degrees out of phase).

| |
| |
| |
| |
| |
: : Owverall frequency-to-
| |
[

| |
| |
I I
|
|

| _-_

<
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e When fi>fc, the o/p of the upper tuned circuit has positive voltage (+ve), and
it is greater than the o/p of the lower circuit which has negative voltage (-
ve). Maximum (positive) voltage can be obtained across D1 in this situation.

e When fi<fc, the o/p of the upper tuned circuit has positive voltage (+ve), and
it is smaller than the o/p of the lower circuit which has negative voltage (-
ve). Maximum (negative) voltage can be obtained across D2 in this situation.

e When fi=fc, the o/p of the upper tuned circuit has positive voltage (+ve), and
it is equal to the o/p of the lower circuit which has negative voltage (-ve).
The voltages across the two diodes D1and D2 are the same, in this situation
the overall circuit o/p is zero.

2"4 Method:
FM demodulator with feedback (FMFB) using PLL:

e FMFB demodulator is implemented via using a phase-locked loop (PLL), as
shown in below.

Input Output
signal . signal
- Phase - Loop filter = -
comparator Gif)
-~
VCO -

e The input to the PLL is the angle-modulated signal (we neglect the presence
of noise in this discussion, i.e. noise=0).

u(t)y = A.cos[2x fot + ()]
where, for FM,
ot
d(t) = 2mky / m(t)dr
S — 0

e The VCO generates a sinusoid of a fixed frequency, in this case the carrier
frequency fc, in the absence of an input control voltage.
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e Now, suppose that the control voltage to the VCO is the output of the loop
filter, denoted as v(t). Then, the instantaneous frequency of the VCO is

fl'{” — f-:' + kL'U{I]

where kv is a deviation constant with units of Hz/volt. Consequently, the VCO
output may be expressed as

yol(t) = Aysin[2m fof 4+ ¢y ()]

where

!
oy (1 ZEHF{[.[ v(t)dt
J1

e The phase comparator is basically a multiplier and filter that rejects the
signal component centered at 2fc. Hence, its output may be expressed as

e(t) = 3A,Acsinfg (1) — ¢y (1)]

where the difference, ¢ (f) - ¢,(f) = ¢,(1), constitutes the phase error. The signal e(f)
1s the input to the loop filter.

e Since the control voltage of the VCO is proportional to the message signal,
v(t) is the demodulated signal.

e \We observe that the output of the loop filter with frequency response G(f) is
the desired message signal. Hence, the bandwidth of G(f) should be the same
as the bandwidth W of the message signal. Consequently, the noise at the
output of the loop filter is also limited to the bandwidth W.

e On the other hand, the output from the VCO is a wideband FM signal with
an instantaneous frequency that follows the instantaneous frequency of the
received FM signal.



