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Modulation, coding, compression and encryption techniques

l Analogue modulation: time domain (waveforms), frequency
domain (spectra), amplitude modulation (am), frequency
modulation (fm), phase modulation (pm)

2 Digital modulation: waveforms and spectra, Frequency Shift
Keying (FSK), Binary Phase Shift Keying (BPSK) [including
Gaussian Minimum Shift Keying (GMSK)], Quadrature
Phase Shift Keying (QPSK) [including 1/4QPSK]

3 Error coding: General principles of block, convolutional,
parity, interleaving

4  Compression. Regular Pulse Excitation — Linear Predictive
Coding — Long Term Prediction (RPE-LPC-LTP)



Overview

Communication is the transfer of information from one place to
another.

This should be done
- as efficiently as possible
- with as much fidelity/reliability as possible

- as securely as possible

Communication System: Components/subsystems act together to
accomplish information transfer/exchange.



Elements of a Communication System

Input Output
message message

Input Output
Transducer Transducer
Transmitter Channel Receiver




Input Transducer: The message produced by a source must be
converted by a transducer to a form suitable for the particular type
of communication system.

Example: In electrical communications, speech waves are converted
by a microphone to voltage variation.

Transmitter: The transmitter processes the input signal to produce a
signal suits to the characteristics of the transmission channel.

Signal processing for transmission almost always involves
modulation and may also include coding. In addition to modulation,
other functions performed by the transmitter are amplification,
filtering and coupling the modulated signal to the channel.



Channel: The channel can have different forms: The atmosphere (or free
space), coaxial cable, fiber optic, waveguide, etc.

The signal undergoes some amount of degradation from noise,
interference and distortion

Receiver: The receiver’s function is to extract the desired signal from the
received signal at the channel output and to convert it to a form suitable
for the output transducer.

Other functions performed by the receiver: amplification (the received
signal may be extremely weak), demodulation and filtering.

Output Transducer: Converts the electric signal at its input into the form
desired by the system user.

Example: Loudspeaker, personal computer (PC), tape recorders.



To be transmitted, must
be transformed to electromagnetic signals.
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Figure Comparison of analog and digital signals
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1.6 Radio Wave Propagation Modes
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2 Sky Wave Propagation

Signal reflected from ionized layer

of atmosphere. Signal can travel

a number of hops, back and forth
Examples SW radio

3 Line-of-Sight Propagation

Transmitting and receiving antennas
slzmal

must be within line of sight propagation

example

Satellite communication

Ground communication



Data (Information) can be analog or digital. The term analog
data refers to information that is continuous, digital data
refers to information that has discrete states. Analog data
take on continuous values. Digital data take on discrete

values.



Data can be analog or digital.
Analog data are continuous and take
continuous values.

Digital data have discrete states and take
discrete values.



Signals can be analog or digital.
Analog signals can have an infinite number
of values in a range; digital signals can
have only a limited
number of values.



Figure Comparison of analog and digital signals
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Frequency is the rate of change with
respect to time.

Change in a short span of time
means high frequency.

Change over a long span of
time means low frequency.



If a signal does not change at all, its
frequency is zero.
If a signal changes instantaneously, its
frequency is infinite.



Phase describes the position of the
waveform relative to time O.



Figure Three sine waves with the same amplitude and frequency,

but different phases
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%‘ Example
_

A sine wave is offset 1/6 cycle with respect to time O.
What is its phase in degrees and radians?

Solution
We know that 1 complete cycle is 360°. Therefore, 1/6
cycle is




Figure Wavelength and period
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Figure The time-domain and frequency-domain plots of a sine wave
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a. Asine wave in the time domain (peak value: 5V, frequency: 6 Hz)
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b. The same sine wave in the frequency domain (peak value: 5V, frequency: 6 Hz)



A complete sine wave in the time domain
can be represented by one single spike Iin
the frequency domain.
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Time and frequency domains

Time Frequency
domain domain
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a. A signal with frequency 0



Time and frequency domains (continued)
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b. A signal with frequency 8



Time and frequency domains (continued)

b

16 Frequency

c. A signal with frequency 16



Example
The frequency domain is more compact and useiful
when we are dealing with more than one sine wave.
For example, Next Figure shows three sine waves,

each with different amplitude and frequency. All can

be represented by three spikes In the frequency
domain.



Figure The time domain and frequency domain of three sine waves
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A
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a. Time-domain representation of three sine waves with b. Frequency-domain representation of

frequencies 0, 8,and 16 the same three signals




A single-frequency sine wave is not useful
In communication systems;
we need to send a composite signal, a
signal made of many simple sine waves.
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Figure Frequency modulation
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Figure FM band allocation
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Figure Phase modulation
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According to Fourier analysis, any
composite signal is a combination of
simple sine waves with different
frequencies, amplitudes, and phases.



If the composite signal is periodic, the
decomposition gives a series of signals with
discrete frequencies;
iIf the composite signal is nonperiodic, the
decomposition gives a combination of sine
waves with continuous frequencies.



Figure A composite periodic signal

Above Figure shows a periodic composite signal with frequency f. This type of signal is not
typical of those found in data communications. We can consider it to be three alarm systems,
each with a different frequency. The analysis of this signal can give us a good understanding of

how to decompose signals.



Figure Decomposition of a composite periodic signal in the time and

frequency domains
Amplitude —— Frequency f
A — Frequency 3f

— Frequency 9f

a. Time-domain decomposition of a composite signal
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Frequency spectrum comparison
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a. Frequency spectrum of a square wave
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b. Frequency spectrum of an approximation with only three harmonics



L A digital signal

Amplitude
A

Time

A digital signal is a composite signal

with an infinite bandwidth.




Figure The time and frequency domains of a nonperiodic signal

Amplitude Amplitude

— A A Amplitude for sine .
ﬂ wave of frequency f

il ,
w w Time 0 f 4kHz  Frequency

a. Time domain b. Frequency domain

Above Figure shows a nonperiodic composite signal. It can be the signal created by a
microphone or a telephone set when a word or two is pronounced. In this case, the composite
signal cannot be periodic, because that implies that we are repeating the same word or word's

with exactly the same tone.



The bandwidth of a composite signal is the
difference between the
highest and the lowest frequencies
contained in that signal.



Figure The bandwidth of periodic and nonperiodic composite signals
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A
1000 2000  Frequency
i Bandwidth = 5000 - 1000 = 4000 Hz
a. Bandwidth of a periodic signal
Amplitude
A
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1000 5000 Frequency
- Bandwidth = 5000 - 1000 = 4000 Hz A

b. Bandwidth of a nonperiodic signal
-



| Example
4l
If a periodic signal is decomposed into five sine waves
with frequencies of 100, 300, 500, 700, and 900 Hz, what
is its bandwidth? Draw the spectrum, assuming all
components have a maximum amplitude of 10 V.
Solution

Let 1, be the highest frequency, 1, the lowest frequency,
and B the bandwidth. Then

B=f,—f =900 — 100 = 800 Hz

The spectrum has only five spikes, at 100, 300, 500, 700,
and 900 Hz (see next Figure ).



Figure The bandwidth for Example
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%

A periodic signal has a bandwidth of 20 Hz. The
highest frequency is 60 Hz. What is the lowest

frequency? Draw the spectrum if the signal contains
all frequencies of the same amplitude.

Let  be the highest frequency, the lowest frequency,
and  the bandwidth. Then

The spectrum contains all Integer frequencies. We
show this by a series of spikes (see next Figure ).



‘igure The bandwidth for Example
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_T

A nonperiodic composite signal has a bandwidth of 200
kHz, with a middle frequency of 140 kHz and peak
amplitude of 20 V. The two extreme frequencies have
an amplitude of 0. Draw the frequency domain of the
signal.

Solution

The lowest frequency must be at 40 kHz and the
highest art 240 kHz. Next Figure shows the frequency
domain and the bandwidth.



The bandwidth for Example

Amplitude

o
40 kHz 140 kHz 240KHZ  Frecuency



*

An example of a nonperiodic composite signal is the
signal propagated by an AM radio station. Each AM
radio station iIs assigned a 10-kHz bandwidth. The
total bandwidth dedicated to AM radio ranges from
330 to 1700 kHz.



*

Another example of a nonperiodic composite signal Is
the signal propagated by an FM radio station. Each
FM radio station is assigned a 200-kHz bandwidth.
The total bandwidth dedicated to FM radio ranges
from 88 to 108 MHz.



Analog and Digital Communication Systems

There are many kinds of information sources, which can be
categorized into two distinct message categories, analog and digital

an analog communication system should deliver this waveform
with a specified degree of fidelity.

a digital communication syvstem should deliver data with a specified
degree of accuracy n a specified amount of time.



Comparisons of Digital and Analog Communication

Systems
| Digital Communication System Analog Communication System
Advantage : Disadvantages :
e inexpensive digital circuits
e pnvacy preserved (data encryption) e expensive analog components : L&C
e can merge different data (voice, video and e 1O privacy
data) and transmut over a common digital e can not merge data from diff. sources
transmission system e 10 error correction capability
e earror correction by coding
Disadvantages : Advantages :
e larger bandwidth e smaller bandwidth
e synchromzation problem 1s relatively] e synchromzaton problem 1s relatively
difficult easier




Brief Chronology of Communication Systems

« 1844 TJelegraph:

« 1876 Telephony:

» 1904 Radio:

« 1923-1938 Television:

« 1936 Armstrong’s case of FM radio

« 1938-1945 World War Il Radar and microwave systems

« 1948-1950 Information Theory and codmg. C. E. Shannon
« 1962  Satellrte communications begins with Telstar I.

+ 1962-1966 High Speed digital communication

« 1972 Motorola develops cellular telephone.



Signals and Spectra



Phasors and Line Spectra

Wt) = Acos{wyt + ¢)

PAVARV/

The phasor representation of a sinusoidal signal comes from Euwler 5 thearem

e = cosf 1 jsind

Any sinusoid as the real part of a complex exponential

Acos(wyl + @) = A Re|e! ™ ™9)| = Re [Ae/?el*]



Any sinusoid as the real part of a complex exponential
Acos(wgt + @) = A Re|el®0t9)] = Re [Ae/Pel@t]

This is called a phasor representation

r.'|
: ¥
5 A '
»
'\{l wrl = b
Realaxis A cos lugl « &)

Only three parameters completely specify a phasor: omplitude, phase angle, and
rotational frequency



A suitable frequency-domain description would be the line spectrum
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One sided spectra

Phase angles will be measurad with respect to cosine waves. Hence, sine waves

need to be converted to cosines via the identity

sin ot = cos (awt =907

We regard amplitude as always being a positive quantity. When negative signs

appear, they must be absorbed in the phase using
- Acos wt = Acos (wt £ 180%)



Recalling that Re[z] = % (2 +2*)
Ifz= Ael®eut
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consider the signal

wit)= 7 — 10 cos{40m — 60°) + 4 sin 120m
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Periodic Signals and Average
Power

The average value of any function v(t) is defined as

1 T f2
(v(t)) = lim —f v(t)dt
T—oT J_ g/

In case of periodic signal
l t1+7T, 1
(v(t)) = — f v(t)dt = — f v(t)dt
TG t'l Tﬂ Tﬂ

The average power (normalized)

1
P = (v®P) = & | w@Pa

o

The average value of a power signal may be pasitive, negative, or zero.



Fourier Series

Let +(t) be a power signal with period Ty=1/f,. Its exponential Fourier series expansion is

oo

v(t) = Z Rt (TR T U

n==—00

The series coefficients are related to v(t) by

1) .
¢, = — | wv(t)e/2mnfotdt
Todi:

The coefficients are complex quantities in general, they can be expressed in the polar form
G = | el B

the n™ term of the Fourier series equation being

CnejZangt — |Cn|5'j arg cy Ejz:-'rnfut



le(nf,) represents the amplitude spectrim as a function of f, and arg e(nf,) represents the
phase spectrum.
Three important spectral properties of periodic power signals are listed below.

1. All frequencies are mteger multiples or harmonics of the fundamental frequency f,=1/T,.
Thus the spectral lines have uniform spacing f,.

2. The DC component equals the average value of the signal. since settingn =0

I

c(0) = T_-[r v(t)dt = (v(t))

o o

3. It v(1) 1s a real (noncomplex) function of time. then
C = €y = |cylef e

With replacing n by - n

[c(=nfo)l = le(=nfo)|l argc(-nfy) = —argc(—nfoy)

which means that the amplitude spectrinm has even svinmetry and the phase spectrum has odd
SVImetry.



trigonometric Fourier Series a one-sided spectrum

v(t) = ¢y + Z |2¢, |cosii2rnfyt + argc,)
n=1

or oo
v(t) = ¢ + Z a, cos 2nnfyt + b, sin2mnf,t
n=1

a, = Re[c,]and b, = Im|c ]
These smusoidal terms represent a set of erthogonal basis functions,

Functions v, (t) and v_(t) are orthogonal over an mterval from t, to t, 1f

L2
0 n#m .
v, (v, (t)dt = with K a constant
_L {K n=m



The integration for ¢, often involves a phasor average i the form

1 5% 1 o e 1
— e/ 2 tdt — ——— (lF . — g~ I% =
To ) 7,5 j2rfT ( ) wfT

sinmtfT

we’ll now introduce the sime function defined by
sin tA
A

sinc A 1s an even function of A having its peak at A = 0 and zero crossings at all other integer
values of A, so

sinc A =

0 A=0
il A= &1 +2

SiNC A

SAC A = {

1.0




EXAMPLE: Rectangular Pulse Train

e{t)

plt)—

A it] < /2
{D t] = /2

|
_'|
|
a4
=

ra=

To calculate the Fourier coefficients

1 Tp/2 1 /2
Gy = = v(L)e ™ tds = —[ AeJ2mfot gt
To Jz, /2 0

o
— ' A (E-iﬁnnjhf _ fg*fﬁrﬂfbf) - A SITITTT{thT
—jmnfo Ty T, 7mnf,
Multiplying and dividing by t finally gives
At
C; = — Sinec nfyt

0



The amplitude spectrum obtained from  |c(nf,)| = |c,| = Af, T|sinc nf; T|

ie{nig) |

iﬂll. [-::|T

A [yrisinc fr

Lo :-_-'- U :-'E 2 J.:!:,

k.

for the case of ©/T, = tf, =1/4

We construct this plot by drawing the continuous function Af, t|sinc nft| as a dashed
curve, which becomes the envelope of the lines.

The spectral lines at ~4f,, -8f,. and so on, are “missing’”’ smce they fall precisely at
multiples of 1/t where the envelope equals zero.

The dc component has amplitude ¢(0) = At/T, which should be recognized as the

average value of v(1).

Incidentally, ©/T, equals the ratio of “on” tume to period, frequently designated as

the duty cycle m pulse electronics work



Transmission Lines



Transmission lines

Used to transmit signals point-to-point

Requirementse

Preserve signal fidelity (low distortion) -«
signal voltage levels
signal bandwidth
signal phase / timing properties
Minimum of radiation (EMI) <
Minimum of crosstalk

Parameters of intereste

Useful frequencies of operation (f; —f,)

Attenuation (dB @ MHz) -
Velocity of propagation or delay (v, =X cm/ns, D =Y ns/cm)
Dispersion (v,(f), frequency-dependent propagation velocity)
Characteristic impedance (Z,, Q)
Size, volume, weight
Manufacturability or cost (tolerances, complex geometries)



Transmission lines

S,
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Transmission lines

Transmission line types

All depend on electromagnetic phenomenae
Electric fields, magnetic fields, currents

EM analysis tells us aboute
attenuation vs. frequencya
propagation velocity vs. frequencyf3
characteristic impedanceZ,
relative dimensions

Parameters contributing to these characteristicse
conductivity of metalsc
real part of relative permittivitye,'
imaginary part of relative permittivitye”
relative permaebility (usually ~ 1)u.,

structure dimensions
heighth
widthw
thicknesst



Transmission lines

Effects of transmission line parameters on system performance®

Attenuation vs. frequency*
Attenuation —reduces signal amplitude, reduces noise margin
Freg-dependent attenuation — reduces higher frequency components, increasing T,

Propagation velocity vs. frequency®
velocity — determines propagation delay between components
reduces max operating frequency
Freg-dependent velocity — distorts signal shape (dispersion)

may broaden the pulse duration
A — /\

time” —_________=me lance —ratio of V/I or E/H
determines drive requirements
relates to electromagnetic interference (EMI)
mismatches lead to signal reflections

voltage
voltage




Transmission line modeling

I, = o0 L2 R2 R2 L2 JIpetAx, 9 =1,
o AW ———— VT —
. T L
SR Co~ =06 Vetaxy V), “transmission line ¢
| conductance |
X0 - 0 x+Ax

_ V7 : :
Vot Yar Be shoW AR asll(r)\ﬂ%cﬁégfssignal, o = 271f, V= A i@t
y=JR+joL)(G+joC)

Y = \/ Jou (G +J]m 8) in plane — wave propagation
is analogous to *
where v is complex, y=a + i is the propagation constants

the real part, a is the attenuation constant [Np /m: Np = Nepers]®
the imaginary part, [3, is the phase constant [rad/m : rad = radians]®

_ a0z —]Bz
Vo, /Vs=e“¢e
amplitude change 4% \———  phasechange



Transmission line modeling
y=Jp=jo LC

V,=A oot o)gvz _ AFgf(étL%_s(;)I?gg;yansmission line(R > 0, G - 0)
t:Z\/ﬁ or Z/t:l/\/ﬁ SO
Vp = 1/@8@%9@@ d@nt requires

therefore the propagation velocity is

H A I R,G>0) -
o= RWR+joL)(GrioC) o et 70 ]

The characteristic impedance, Z_ is °

Z,=Vs/ls = \/(R+j03L)/(G+j®C)
and for the low-loss case (R — 0, G — 0)

Z,=L/C or Z =, /e



Transmission line modeling
a=Re}J/R+joL)(G+joC)f

Transmission line loss mechanisms — o ®

non-zeroR, Gresultina >0 -

R relates to ohmic losses in the conductors
G relates to dielectric losses °

« L » losses
) ®
n

e
dllu WU UIT LUTIUULLUI S

geometry (Length, Thickness, Width)

89



consicer a racd | KT SHEHOS O)3 W4 ad eling

2 long (2.000”) or L = 50.8 mm, made with 1 ounce copper,
T=1.35ml (0.00135”) or T=34.3 um
(1 oz. = weight per square foot)

For this 2” trace the DC resistanceis R =97.4 mQ) -

Skin effect -
At DC, the current is uniformly distributed through the conductor -

At higher frequencies, the current density, J, is highest on the -
surface and decays exponentially with distance from the surface

(due to inductance)

A
The average current d

Ja
where p = res
o = radian freq,,
L = magnetic permeaz

O 18™

A;1111)1

&



Consider a cop;?er: ?Iﬁfﬁémép%ﬁméﬁﬁd eling

Find f, such thato =T/2=17.1 pums*

F oo 1A a0 () ome
g S
ThereforS{ _ 'lr R(DC)e

for > f, R increases as Vf

Proximity effect

AC currents follow the path of least impedance-
The path of least inductance causes currents to flow near its return path
This effect applies only to AC (f > 0) signals and the effect saturates at
relatively low frequency.

Raciilt iec 2 fiirthar inAraaca in R
BEEEE Signal trace
current travels

on inner surface
current dist

Ground L s S S



For the (;’blr:nrgl‘i%scfjé\l;?ﬁ ?Og L@ﬁfﬂrﬁg Ilﬁj? °d Ae | l N g

find fp such
_ 0 T

fp =(
Y

101 I =~ Ip, R~ RK(DU)®
for > f, R increases as Vfe

Since AC currents flow on the metal’s surface (skin effect) and °
on the surface near its return path (proximity effect), plating
traces on a circuit board with a very good conductor (e.g.,
silver) will not reduce its ohmic loss.



Conductor loss e oz

ek ek | €, ]eling
transmiss ey

Find the signal atte proaDSIDE-COUPLED
1500 MHz if the 1 TRANSMISSION LINE *

are 17 mils wide, the substrate’s relative dielectric constant

81'
is 3.5, and the characteristic impedance (Z,) is 62 Q.

O(.(Np/m)ZRe{\/(R-l-j(DL)J.(DC}ZRC{\/—(OZLC-FJ.(DRC}

or a(Np/m)=Re {\/RX +] IX} where R, =-w’LC, I, =oRC
or a(Np/m)=,/M_ cos(P /2) and M, =/R2+I> and P, =tan'(I_/R,)
o(dB/m)=8.686 o.(Np/m)

So to soive tor o as/m) Tirst find per unit length values for e
R,L,C

* Also known as the “parallel-plane transmission line” or the “double-sided parallel strip line”
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p= PL
oW
where p (copper) = 1.67x10° Q-m,L=1m, W=432 um, *
and

0 is the 1500-MHz skin depth.

For a 1-m length of transmission line(L=1m), W=17
mils
(W=432 um)and 0 =1.71 um, we get R =22.6 (O/m.

v, =c/ e, Toifed 4ng s oveda L-mJerigth, @e know -
Z, =62Q and Z,=./L/C

So L=5=3.87x10—7H/m and C= 1

v, v, Z,

—1.01x10" F/m




Con : ‘ e .
R=226¢ ﬁ_ﬁ?@ﬁl € 2ling

A AR

Rx =-3206, Ix = 20.64, Mx = 3206, Px =3.14 -

oo =0.182 Np/m or 1.58dB/m -

Conversely, for low-loss transmission lines (i.e., R « ®L) the
attenuation can be accurately approximated using

R 226Qm™
27, 2(620Q)

a(Np/m)= =0.182 Np/m or 1.58 dB/m



o a diefectric with a AR PRISSHAD- e TiSdeling

infinite resistivity, p < ), losses in the dielectric also attenuate the
signal
N "
€ = € gefmittivity becomes complex, *
with €' being the real part
¢"” the imaginary part
g" = o/m (conductivity of dielectric / 27tf)e

Somey'mesc§p6CIfIEd as the /055 tangent taﬂ 5 (the mater|alcharacterlstlcstable)
tan 0 = — =

r
e Q) 8
Creal Cideat ESR
I > —AAM—"
The term lo Impedance plane
ESH
displa
1 |
gh
—HX_ |-- ESR: equiv. series resistance
Don’t confuse .

A\
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, 1/2
oc:27t ¢ [\/1+tan28—1] , (Neper / m)
A, |2¢,

A, = free-space wavelength = c/f, ¢ =speed of light *
g, = free-space permittivity = 8.854 x 1012 F/m ¢

o4 (attenuation due to lossy dielectric) is frequency dependent (1/A,) and it increases with
frequency (heating of dielectric)

Transmission line loss has two components, o = o, + oy *
Attenuation is present and it increases with frequency

Can distort the signal -
reduces the signal level, V, =V e%=
reduces high-frequency components more than low-frequency components,
increasing rise time

Length is also a factor — for short distances (relative to A) a may be very small -



"FRERSPATSSTON HiRePAT8deling

fror?’\pcfrc\ﬁﬁodel, (D =1/v,)

1

e

Vp:

as long as L and C (or u and g) are frequency independent, ¢
v, is frequency independent



7 _ R+ joL
G+joC

7 :\/R-.F_]O)L
JjoC

Zog L
JjoC

N
112

Tr@fﬂ?@f%l@ﬂ Jie fndeling

2 R/2 1.2 I{Sc+,1q_x 4 =1,
Vs vy Co= =0 Vetang V),
| conductance |
s - O x+AX

typically G (conductance) is very small = 0, so *

At low frequencies, R >> oL when f <<R/(2rnL)-
the transmission line behaves as an R-C circuit

Z is complex
Z, is frequency dependent

At high frequencies, oL >> R when f >> R/(2nL) *

Z, is real
Z, is frequency independent



R=2.6 mQ/inch=

Characteristic imp [:

0.1 Y DINSEIN B SHM

L=635nH/inch=250nH /m
C=2.54pF/inch=100 pF/m
From these parameters we know,®
v,=2x10°m/s =0.67 c — g =2.25

R

126kQ

Z -4

f

Z |~ 1

Z|~ 1

1Z,| (©2)

f, = R/(2nL) = 63.7 kHz

400 - - o

300

200

1k 10k 100k 1M 10M
frequency (Hz)



For frequencies above fﬁE%@éMLﬁJéﬁcﬂﬁé@;ﬁd c | l N g

Z, is real and frequency independent

For a transmission line with a matched load (R, =Z_), when ‘looking’ into a *

transmission line, the source initially ‘sees’ a resistive load
R 1« { > 2 Ry

W—CI IQ— —\N"v“—c L

| Z,
v,(D) R3S or V(D)

A
Vl Vs Zig —»
R+ Z, -:—’E:.E,-"Vp—:-
» L
Vzl VSZD —»
R+ Z,

., |



Consider the case where thgl-{‘arel)SJl’tEgJ é&l’dﬁﬁfﬁ@é}%ﬁd e | l n g

resistance drives a 50-Q transmission line with a matched impedance termination.

Vi=5V,R;=300Q,Z,=50Q,R; =50 Q .

The wave propagating down the transmission line has a voltage of ¢

The waveympaé?ing dowmtiye transmission line has a current of ¢
50+ 30

3.13V
50Q

=63 mA




. . Traveling waves &4 _ -
Now consider the midia 384 ESSIQM e Er o deling
mismatches
C A A
ZO RS < Zl'zu .
W Rz, W@ RS

tt = =
at Battimet= li/vp where the impedance mismatch causes
a reflected wave with reflection coefficient, p;

— Ryavg voltage =V, p. .
PLTR, 1 2,

Special cases °
if R, = Z_ (matched impedance), then p, =0
if R, =0 (short circuit), thenp, =—1
if R, = o (open circuit), then p, =+1



The reflected signal then J&Q&§M£§/§ kéﬁ\;ﬁﬁ%;?mﬁd c | l N g

line and arrives at A attimet = ZJé/Vp where another
impedance mismatch causes a reflected wave with

reflection coefficient,

Ry-Z, Ps

p =
> wave Ritsgh,= V, p; g .

This reflected signal again travels down the transmission line

For complex loads, the reflection coefficient is complex

L, -7, Z, 1+p
Z.+Z. O Z  1-p

In general

p



A AA B
R, | Z, 1
v.(D) ; Ry
p s

Example, Z = 60 Q, Eg@%%{ﬂi§§ h&j{ﬁ!ﬁg‘ﬁ}‘aﬁﬁ I ng

> p =+1/2, pg=-1/2, V4=8V, V,=6V R-100

e ]
o ——

Vs

V,=6V,1=333mA
Excess current 66.7 mA

575V 717V
ov. L 2B Y =%

(=R =]

oW
]

(=R P Y]

(=R PR ]

+6 'V

+3V

-1.5V

-0.75V

—

Multiple reflections result when
R #7Z,,R  #Z,

Ringing results when p, and p, are of
opposite polarity

Ideally we’d like no reflections, p =0
Realistically, some reflections exist

How much p can we tolerate?
Answer depends on noise margin



Traf oo deling

Vou (min)— Vi (max) < 100% — ~1025-(—870)
Vo, (max)—V,, (min) ~870—(—1830)

Terminal voltage is the sum of incident wave and reflected wave v,(1+p)
noise margin ~ p,.. = Pma TOr ECL~ 15 %

x100% =16%

R, 1+p , evaluate for p = £0.15 .
Z, 1-p

L15 > Ry > 0.85 —> 1.35>&>0.74
0.85 Z 1.15 V4

(o)

orl357Z,>R; >0.74 Z,

ForZ,= 50 €, 67.5 Q> R, > 37 Q2 however Z_ variations also contributetop
If R, =50 Q (£ 10 %), then Z_, =50 Q (+22 % or -19 %)
IfR, =50Q (x 5 %), thenZ =50 Q (+28 % or -23 %)



flections

. . Re .
How longd@NSIRISSIRRRG O deling

Settling criterion : mag. of change rel. to original wave < some value, a
AV: magnitude of traveling wave, A: magnitude of original wave

IAV/A| <a
The signal amplitude just before the termination vs. time
AV t °
A(p nm\o T °
Alpy T > .
A(pL P P *

S5 L
Ffony this/pattern we know ¢

AV fora Bﬂéﬁﬁikgb Pg, solve fort,,

—— =\PLPs]) °
A
Example, pg=0.8, py =0.15,a=10%T = lanans —>1,=3.17T -
ta:T{z +1} ~ 30 ns
anprs‘)

To reduce t,, must reduce either pg, p;, or T (or t)



v, :c/\/z, m/s

Transm
b
ln( j Q\ frequency e

/ independent

oa=a, +0a,

O

C

R
. (l+lj Neper/m
b a \ frequency

(0)

dependent
nfe tans =

, Neper/m

0

d

A, = c/f, free-space wavelength

o ]
"

Ry is sheet resistivity (Q2 per square or Q/[1)
= p/T, p = resistivity, T = thickness

sometimes written as R
real units are Q, “square” is unitless

R=RyL/W
Assuming the skin th,determines T
attenuatio /g %ip 4 °
T | 2P _ p

o)uo nfpu,

—> Ry nt M" =, nfp, p

2 PG tures

108



Transppission A& <eRsctures

er parameters ot Iinterest
Useful frequencies of operation
f,=DC
Transverse electromagnetic (TEM) mode is the desired propagation mode
Above the cutoff frequency, f,, another mode can be supported, TE,,
This determines the upper frequency limit for operation as transmission
Iine chardcteristics are different for the new mode (Z,, v,, o)

R N

Coaxial lines can be used for point-to-point wiring

In PCB, the coax is laid out and held in place with epoxy (no crosstalk)
Lines are cut, the center conductor exposed, and metal deposited to provide

pads and plated thro N Through- tachment.
Via Hole  Through-hole | \A ...c;'-"H“-uff_{ hole RIS PO PPN
: ' e
Via Hole . i, i
Through _',__P 11_.1-,.'1 _ N -.::_ﬁ-;ﬁi Fa Sy e = - = o B
r_"nla e = - Wire ‘(1, B ire

db L e The wiring density of PWB is
g T . about 3 times higher than e — =R
Through=hole that of MLE. e e

Bl Efching Pattern

109



line e

. . . Stri
Transmission line structures

/Z =1 (t, €., W, b) complex relationship

— C T . — —
s I
a, =f(p.g,.Z,,b,t,w,f) J' i €y
o, =f(e,, tan s, f) — 1, -DC, ,-T1(C,0,W,1t) *

Expressions are provided in supplemental information on course website

Simpler expressions for Z available
Found in other sources

e.g., eqn. 4.92 on pg 188 in text, Appendix C of text pgs 436-439

Less accurate -

Z, :?%apEﬁcﬁi%Qfoa cexbaifspngdf geomeldiay bed), »8/b ratios) ¢
81‘

0.8w+t



Trane +F——  ictures

_ “ T
Zo—f(t,er,h,w) :
l
v, = % -
- 1 Erefih °
g, = effective ¢ | e
e, =f(e,.,h, w,t,f)— dispersionpossibleas v, ()
similar re - °
frequency
f,=DC »

Expressions are provided in supplemental information on course website

Simpler expressions for Z available
Found in other sources
e.g., eqn 4.90 on pg 187 in text, Appendix C of text pgs 430-435

Z, = 87 In >.98h , Q for0.1<w/h<2.0 and 1<g, <15
V& +1.41 0.8w+t Less accurate °

Only applicable for certain range of geometries (e.g., w/h ratios)



=
=K (/K () — —

\ 81‘6

Z, =

Conlanar strips ¢

Tran | pre— uctures

-—— = —

r 1+ k' 3
{nh{l rﬂ for0<k 0.7

J where k=—> and k'=.1-k°
S+ 2W
(1+J_

—ln
T

1-vk

] for(0.7<k <1

=27 {ranh[0.775 In(h/w)+1.75]+ kw/n[0.04 GORIANAC WRYEEHIAR)

o

30m K'(k)/iK{é&nconnect systems ! l

gre H
' " Expressions for Z_, o, o, ¢ [
INTormation on COUrse WEeDSIte




Effects of manrlfacturiPﬁ variation on elec $irlcal

FanNsSMmiISsSion mgtures
Specific values for transmission line parameters from design
equations
t,e,w,borh — Ly, Vy, O

However manufacturing processes are not perfect °
fabrication errors introduced

Example — the trace width is specified to be 10 mils

due to process variations the fabricated trace width is
w =10 mils £ 2.5 mils (3o variation — 99.5% of traces lie within these
limits)
The board manufacturer specifies ¢, =4 + 0.1 (3c) and h = 10 mil £ 0.2 mil
(30)

These uncertainties contribute to electrical performance variations

Z,tAZy, v,*Av,
These effects must be considered

So given At, Ag,, Aw, Ah, how is AZ  found ?



Ffects of marFYRfHSHA 1SERER T ME St tures

performance

Various techniques available for finding 6, , duetoc, ¢, G, *
Monte-Carlo simulation
Let each parameter independently vary randomly and find the Z
Repeat a large number of trials
Find the mean and standard deviation of the Z results

Find the senS|t|V|ty(g %Ongv ﬁgnt)oh(sn ' tgg%%ne]}.c%er%f,:gf I}%T)F3GZ°

For example find 0Z /0t to find the senS|t|V|ty to thickness variations
about the nominal values

07,
/
For smidll p@rtur%atlons (o) treer%hae ‘r/eéa |Eonus riotjlgh WH jcal 'rﬁfgé?nt'at'on
5. 297, _ 0Z, _Z,t wﬁttharreméﬁttéoétaéh pahdmeter
Ll g Y ot At

o7 combine the various 6,, terms in a root-sum-square (RSS)

Ol =g Ou fashion
2 2 2 2

Gy = _aazho o, Oz, = \/ Ozt T OZe, T Oz w T Ozyn



Overview of transmission lines
Transrnds sk IINEHFRN M AlY
Types of transmission linese®
Parameters that contribute to characteristics of intereste

Transmission line modeling -
Circuit modele
RelatingR, L, C,Gto Z,, v,, a
Conductive loss factorse
Resistivity, skin effect, proximity effect e
Dielectric loss factorse
Conduction loss, polarization loss — loss tangent
Wave propagation and reflectionse
Reflections at source and load ends *
Voltage on transmission line vs. time ¢

Design equations for transmission line structures
Coaxial cable, stripline, microstrip, coplanar strips and waveguide®

Analysis of impact of manufacturing variations on ZO°



Why re Sy ELpRer RS I bonus

It is the result of a compromise between minimum insertion loss and
maximum power handling capability

Z,~ 77 Q for g =1 (air)Insertion loss is minimum at:
Z,~ 64 Qfore = 1.43 (PTFE foam)

Z,~ 50 Qforeg =2.2 (solid PTFE)

Power handling is maximum at Z, = 30 Q

Voltage handling is maximum at Z_ ~ 60 Q

For printed-circuit board transmission lines —
Near-field EMI oc height above plane, h
Crosstalk oc h?
Impedance o«c h
Higher impedance lines are difficult to fabricate (especially for small h)



