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Waveform Properties

In communications, the received waveform r(t) basically
comprises two parts:

— Desired signal or Information

— Undesired signal or Noise

Waveforms belong to many different categories
— Physically realizable or non-physically realizable
— Deterministic or stochastic
— Analog or digital
— Power or energy
— Periodic or non-periodic
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Waveform Characteristics (Definitions)

* Time average Operator

{[D= hm P j[ lat Note that [ . ] is the function!
- Periodic waveform < > is the operation!

w(t)=w(t+T,) forall t
« Waveform DC (Direct Current)

value 1 | FW(is periodic with To, im1/T>1/To
{7
W, =lm T I o(t)dt = Average value w(z) can related to v(t) or i(t)
-T/2

Note that in this expression [ . ] is w7/

 For a physical waveform the DC
value over a finite interval t, to t,

t,

1
W, = w (t)dt
. tz_tj (t)

l:l

Note: Wdc = <W(t)> = W(t) Different expressions




Waveform Characteristics (Definitions)

* Instantaneous power
work  work charge

p(t) =power = time ch arge time
* Average power p = ( p(1)) = (v(t)-i(t))

* RMS Value W, =.((1))
* Average power for resistive load is

=<V:(l)>= 2 =V,,....
v R (“(t)R P

fa

* Average normalized power

Pnorm =Pav, when RLoad=1

ri2

Pz (@7 (1)) = lim ;— I(oz(t)dt

norm
-T /2

Note : w(t) can be v(t) ori(t)
P, =(p(®))=v(1)-i(1))

rms }

I Note: <w2(r)>= W

= v(1).d(1)

- Irl'l) :R - VIM\ 1""\\

Pay attention: <[.]*> is different from <[.]>2

Remember: < > is the time
average operation!

Average power is average of
instantaneous power!

Note that rms is derived from time
average ( <[.]?> )2

Average Power
At the load: Pav

R

V(t) across the
load; with i(t)
going through the
load




Real Meaning of RMS

RMS for a set of n components

] 1. 2 2 2
Trms — A/ — (& o JCR Ty, ).
V n \ | T T + + )

RMS for continuous function from T1to T2

foms \/T) = uora

RMS for a function over all the tlmes

 —— llm / [f(t)




Waveform Characteristics (Summary)

* Time average Operator * Instantaneous power
1 p (£) =power = work _ work charge _ W(t)i(t)
(D= me I[ Jat pit)=p time charge time '
 Periodic waveform * Average power p = ( p(¢)) = (v(t)-i(t))
o(t)=w(t+T,) forall t * RMS Value w__=./(0*())

reform DC (Direct Current) » Average power for resistive load is

e | T2 If w(t) is periodic with To, im1/T>1/To P= (vi(t)) - 2(£))R = V.. ? _ I,mzR -V I

lim — I @(t)dt = Average value R R

r—w
-T/2

. * Average normalized power
re w(t) and W can be v or . g P

Pnorm =Pav, when RLoad=1

. /2
 For a physical waveform the DC P = (w?(t)) = ;im_ 1 [J' w’(t)dt

value over a finite interval t, to t,

-T/2

t,

W = 1 J‘ o (t)dt Note : w(t) can be v(t) or i(t)
T hoha P, =(p1)) = (v(t)-i(1))
Note: = = w(t)
s Wae =00 = Tyoe (W)W,

Notes:2a




Energy & Power Waveforms

* Average normalized power

T /2 Signal Definition:

2 12 1_ 2
P = (o) = lim — szo (t)dt

 Total normalized energy is
T/2
E=lim [o’(t)dt ~

Energy_Signal =0 < E <

Power _Signal -0 < P <

) -T2 _

* w(t) is an energy waveform if & only Note that a signal can either have
if total normalized energy is finite & Finite total normalized energy or
#0 Finite average normalized power
Note:

If w(t) is periodic with To, Iim1/T->1/To

wor
Remember: plt)=power = *
fime




* The circuit contains a 120V,
60Hz lamp with in-phase

voltage & current waveforms. R I i

Find the DC voltage value

» DC voltage value:
Ty/2
V,. =(t)) =V cos(w,t)) = TL _[V cos(a,t)dt =0

Example

Periodic Signal!

0 =T, /2

ircuit ‘

(

N

Voltage

where o, =27/T, & f,=1/T,= 60 Hz.

* Similarly I,.= 0.

T

\\/_.



Example (continued)

* The circuit contains a 120V, _0_
60Hz lamp with in-phase W i
voltage & current waveforms. o ‘
! ‘ Voltage
* Instantaneous Power: (it is a function of time!) / \ /\ l
V = Vpeak
p(t) = (Vcoswgt)(I coswgt) =
| Current
1 ;
EVI(I -+ COSZG)()I) ““f\‘ ““““ /“\";{j"‘

* Average power'

1+cos 2wt for? V.
F..=WVI ) = I (1+cos2myt)dt = —
s 27:) -T,/2 2

v Average
Power
Note: | P, =(p(t))y=(v(t)-i(r)) / :
P =V I i 2% (s -t

rms rm




Example (continued)

Incandescent light bulbs flicker at twice the —
AC frequency, because the filament grows |
a bit hotter each time the current peaks. ==
So: 50 Hz AC => 100 Hz flicker;

5 ‘ Voltage

* RMS values:
1
Vo =V /N2 1, =1/N2, and P =5V

Note that this is only true when Current
V(t) is a sinusoidal. In this case V is the /\ _______ /\ _______
Peak amplitude of v(t) K& \/ \ =

V= <v2(t)>=\/ Tof/z [V cos(w,1)]* dt

0 -To/2

V = Vpeak

.«

= VI

v Average
/ Power

T, Ty 1 w—

I
V =—;Irms ==
rms \/5 \/5
VeI
2




RMS Values

a
D.707a- i G
Vpp
y o L \
-a | T + T
0 90 180 ro 270 360
Waveform Equation RMS
DC, constant y=a a
a
Sine wave Yy =a Sln('27rft) 7
2
a {ft} <05
Square wave Yy = ‘ a
—a {ft} >05

http://en.wikipedia.org/wiki/Root_mean_square



Example — Using the Scope

Note that RMS is Vpeak/SQRT(2)

DS0-X 20024, MYa0210328: Thu Jan 23 09:08:01 2014

-4 505z 6a.00s/ ' -100%

s Agilent |

Acquisition
Averaging: 8
A A Y A e A U T 2.00GSals

Find
Period,

RMS,
Average

| (DC), &
Vpp!

File Explorer Menu
O Fress to go Signal: Freq=5MHz, Vp=250mV; offset=0mV

™3 usb




Example — Using the Scope

Note that RMS is Vpeak/SQRT(2)

DS0-X 20024, MYa0210328: Thu Jan 23 09:08:01 2014
-4.505z 6o.00s/ £ 1 -1a0%

e Agﬂenta

Acquisition
Averaging: B
2.00GSals

200.0ns
DC RMS - FS[1):
175mY
.&.'u'g = FS“]
7.55mY
Ampl(1):
494 . 1mV |
File Explorer Menu

D Press to go Signal: Freq=5MHz, Vp=250mV; offset=0mV

3N Lush

Note: RMS=250/sqrt(2) = 176mV; Average (DC) = O0mV



Example - Scope

Note that RMS changes as the waveform

Changes; independent of the frequency
DS0-X 20028, MYa0210326: Thu Jan 23 03:08:26 2014
-180%

w2 Agilent |

Acquisition
Averaging: 8
2.00GSals

Channels £
1.00:1
10.0:1

i Measurements |
Period(1):
200.0ns
DC RMS - FS[1);
226mY
Avg - FS[1):
2.59mY
Ampl(1):
497 .5mV |
Wavetform Generator Menu ML Square
) Waveform Frequency Amplitude Offset Duty Cycle Settings
ML Square 0.000MHz 280mYpp 0.0V o0% ~P-

Note: RMS=250 mV; Average (DC) = O0mV



Example - Scope

1%
Two signals being multiplied by each other! V,,, =V COS(WJ)]2 = 7(1 +cos(2w,1)]

DS0-x 20024, MY202103268: Thu Jan 23 03:32:31 2014
1200V 2 2004/ 5.000% B6.00s/ Auto £ 1 -00.0%

<2 Agilent

Acquisition
Averaging: 8
1.00GSals

| i Channels =
OC 10.0:1
DC 10.0:1

& Measurements
Ampl(1):

| 4.38V
Min(1);
| -2.27V
Iax(1):

ip{F1/

Offset= V?/2 2.11V
DC AMS - FS[1];

1.51Y

Measurement Menu
SOurce 2 Type: Add settings Clear Meas
1 DC RMS - FS Measurement -~ P




Example - Matlab

Instantaneous Power as afunction of Time
T T T T T

50

45

Assume v(t) and i(t) are in phase.
Plot the p(t). *

35

w
o

hztantangouz Power
no
o

20

clear; - |
fo = 60; 5 -
t = 0:0.0002:0.03; | | | | | /
wo = 2*pi*fo; % 0.005 0.01 0.015 0.02 0.025 0.03

time:

% Select theta to be the phase shift of current in degrees
theta = 0;

current = 5*cos(wo*t + theta*(pi/180));
volts = 10*cos(wo*t):

instpower = current.*volts;

plot(t,instpower);

xlabel( ' time');

ylabel( 'Instantaneous Power');

title( 'Instantaneous Power as a function of Time');



Example

« v(t)= elis a periodic voltage signal over time interval 0<t<1.
Find DC & RMS values of the waveform

v(t)




Example

« v(t)= elis a periodic voltage signal over time interval 0<t<1.
Find DC & RMS values of the waveform

: Ty l
Vae = (v()) = — / v(t)dt = / edt = ¢' — &
Ty Jo 0

€ Vy=e—1=172V

v(t)

1

) 7 | B

Vims = ('U&(t)> = / (6’-{)2(11 - E(e" - e(]) = 3.19
0

Vipe = V310 = 1.79V



Decibel

Power and dB expression: Pin__| Ep— Pout
Decibel is logarithm of power ratio.
avePower If power ratio is positive > GAIN
dB = 1010810( ry— J = 1010810(&'] If power ratio is negative > ATTEN
For resistive ;;Z el If power ratio is zero - Unity GAIN
4 ) (R ) Remember:
dB =20log,,| ——* |+10log in A2
lo{ Vrmsin y, 10le0¢2¢1 / Pav v rmS/R
I \ |
dB =20log,,| - +1010g10(M Remember:
msin ) \ R, ) Pa = 1rms x R

For normalized powers, R, = R, ;, then

out*

I/I'INS out Irms out
dB =20log,, 7 |7 20log,, 7

rmsin rms in

Given dB, the power ratio is i _ 104810

in

>



Signal-to-Noise Ratio

S
>
The decibel signal-to-noise ratio is > System

N
_ ngnnl _ (S ‘ (t))
(S/N)y, = 1010g,0(—an J— 1010g,0(—(n2(t)>J

Because the signal power IS

(s*())/R=V? /R

rms signal

OR

and noise power is
System
() R=V,}y e/ R Y N

This definition is equivalent to

To load

Vrm\' vignal
(S/N), = 20log,, v

rms noise

Vv



dB vs dBm

dBm definition

dBm or decibel-milliwatt is an electrical power unit in decibels (dB), referenced to 1 milliwatt (mW).

The power in decibel-milliwatts (Pggm)) is equal to 10 times base 10 logarithm of the power in
milliwatts (Pimw)):

P(dBm) =10 - 10g10( P(mW)/ lmW)

The power in milliwatts (Pimw)) is equal to TmW times 10 raised by the power in decibel-milliwatts
(P(dsm)) divided by 10:

P(mW) = 1mW - 10¢% (dBm)/ 10)

1 milliwatt is equal to O dBm:

ImW = 0dBm

http://www.rapidtables.com/electric/dBW.htm



dBW vs dB

dBW definition

dBW or decibel-watt is a unit of power in decibel scale, referenced to 1 watt (W).

The power in decibel-watts (Pggw)) is equal to 10 times base 10 logarithm of the power in watts
(Powy):

P(dBW) =10 - loglo( P(w)/ IW)

The power in watts (P(y) is equal to 10 raised by the power in decibel-watts (P(ggwy)) divided by 10:

P(W) =1W - 10© (dBW)/ 10)

1 watt is equal to O dBW:

1W =0dBW

1 milliwatt is equal to -30dBW:

ImW =0.001W = -30dBW



dBm vs dBW

Decibel Charts

-30 -20 -10 +20 +30 +40
dBm dBm dBm dBm dBm dBm dBm dBm

100 1 10 100 1,000 10,000
mW

nW uW uw \'{'} fF mW mW

A2 9 -5 +3 +6 +9 +12
dBm dBm dBm dBm dBm dBm dBm

62.5 125 250 4 8 16
uW uWw uW mW mW mW mW




Example

o(1)
The periodic voltage waveform
appears across a 600Q2 resistive 3L
load. Find average power

dissipated in the load & /
corresponding dBm value.

P=V2 /R=(1.79)* /600 =5.32 mW and
-3
lOlog( P 3 ) —10log 222X | _ 7 26dBm
10 10

Vrms=1.78V
V(t) = eM

3

Note: The peak instantaneous 5 -1 0 1 2 3
power is

max [p(t)] = max [v(t)z'(t)] = max |[v(¢)’ /R]
=(e)* /600 =12.32mW (at t=0)

System S s! Load




Phasor Complex Number

* Complex number ¢

c=x+jy=lc|le”
lcl=/x* +y?, p=tan (y/x) |

where x, y, & ¢ are real numbers.

* cis a phasorifit is used to

represent a sinusoidal waveform

i.e., o(t)=| c|cos[m,t + Zc] = Re{ce’™'}

jZc

where the phasor c=c|e
and Re{.} denotes the real part
of complex quantity {.}.

j(U(]t

* ce is a rotating phasor as
distinguished from phasor c.

Examples:

v, =10 cos(@yt +35°) =10£35°

v, =25sin(27500¢ +45°) =
25cos(27500¢+45-90) =
25cos(27500¢ —45) =254 —45°

where @, =2xf,, f, = 500 Hz

Remember: Complex numbers can
be expressed using Cartesian or
Polar Coordinate Systems

Note that when we use Phasor
representation the frequency
information is ignored!




More on dB....

 Read on your own



Power in Telecommunication Systems -
Power change can have large dynamic range

0 Remember:

1Ox=y then )10g(10x)=10gy Hence >x=10gy

0 Example 1:if P2=2mW and P1 = 1mW -
10log,,(P2/P1)=3.01 dB
0 Example 2: if P2=1KW and P1=10W =>20dB
0 What if dB is given and you must find P2/P1?
®m P2/P1 = Antilog(dB/10) = 10 d&/10
0 Example 3: if dBis +10 what is P2/P1?
m P2/P1 = Antilog(+10/10) = 10 +10/10 = 10

|We tend to express power in dBW or dBm I



Decibel values refer to relative magnitudes or changes in magnitude, not to an absolute
level. It is convenient to be able to refer to an absolute level of power or voltage in decibels so

that gains and losses with reference to an initial signal Jevel may be calculated easily. The dBW
(decibel-Watt) is used extensively in microwave applications. The value of 1 W is selected
a reference and defined to be 0 dBW.The absolute decibel Jevel of power in dBW is defined
Powerw

W

Pmrmw - lOlog

EXAMPLE 39 A power of 1000 W is 30 dBW, and a power of 1 mW is
-30 dBW.

Another common unit s the dBm (decibel-miliWatt), which uses 1 mW as the
reference. Thus 0 dBm = 1 mW. The formula is
Power_w

Powergp,, = 10log Tow

Note the following relationships:
+30dBm -~ 0dBW
0dBm - —-30dBW
A unit In common use In cable television and broadband LAN applications is the
dBmV (decibel-millivolt). This is an absolute unit with 0 dBmV equivalent to 1 mV. Thus

VOHAGG.V

Voltage spmy = 20 log TmV




dBm

Decibel Charts

30 -20 -10 N +20 +30 +40
dBm dBm dBm dBm dBm dBm dBm dBm

100 1 10 100 1,000 10,000
mW

nW uW uw \'}') ' W mWw

-12 -9 -6 +3 +6 +9 +12
dBm dBm dBm dBm dBm dBm dBm

62.5 125 250 4 8 16
uW uWw uWw R\u mW mW mW mW




You Should Know...

Time Average

Dc Value

Power

Instantaneous Power
Average Power

RMS

Normalized Power

Energy And Power Waveforms
Decibel

dBm And dB And dBW
Signal-to-noise Ratio
Phasor Representation
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