
Communications Systems
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1 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 π/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)

Modulation, coding, compression and encryption techniques



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. 

Overview
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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, Information (Data) must 

be transformed to electromagnetic signals.
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Figure   Comparison of analog and digital signals
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Electromagnetic Spectrum
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Electromagnetic Spectrum
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1 Ground Wave Propagation

Follows contour of the earth Can Propagate considerable distances

Frequencies up to 2 MHz Example : AM radio

1.6 Radio Wave Propagation Modes



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

must be within line of sight

example

Satellite communication 

Ground communication



ANALOG AND DIGITAL

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 0.



Figure   Three sine waves with the same amplitude and frequency,
but different phases



A sine wave is offset 1/6 cycle with respect to time 0.
What is its phase in degrees and radians?

Example  

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

cycle is



Figure  Wavelength and period



Figure  The time-domain and frequency-domain plots of a sine wave



A complete sine wave in the time domain 

can be represented by one single spike in 

the frequency domain.
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Time and frequency domains



Time and frequency domains (continued)



Time and frequency domains (continued)



The frequency domain is more compact and useful
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.

Example  



Figure   The time domain and frequency domain of three sine waves



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.



Example  Amplitude modulation



Figure  AM band allocation



Figure   Frequency modulation
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Figure FM band allocation



Figure Phase modulation



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; 

if 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



Square wave



Three harmonics



Adding first three harmonics
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Frequency spectrum comparison



A digital signal

A digital signal is a composite signal 
with an infinite bandwidth.



Figure  The time and frequency domains of a nonperiodic signal

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 words 

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



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 fh be the highest frequency, fl the lowest frequency,
and B the bandwidth. Then

Example

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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Transmission Lines
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Transmission lines

•Used to transmit signals point-to-point
•Requirements

•Preserve signal fidelity (low distortion)
signal voltage levels

signal bandwidth
signal phase / timing properties

•Minimum of radiation (EMI)
•Minimum of crosstalk

•Parameters of interest
•Useful frequencies of operation  (f1 – f2)
•Attenuation  (dB @ MHz)
•Velocity of propagation or delay  (vp = X cm/ns, D = Y ns/cm)
•Dispersion (vp(f), frequency-dependent propagation velocity)
•Characteristic impedance (Zo, )
•Size, volume, weight
•Manufacturability or cost (tolerances, complex geometries)
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Transmission lines

•Transmission line types
•There are a large variety of transmission line types
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Transmission lines

•Transmission line types
•All depend on electromagnetic phenomena

Electric fields, magnetic fields, currents

•EM analysis tells us about
attenuation vs. frequency
propagation velocity vs. frequency

Zocharacteristic impedance
relative dimensions

•Parameters contributing to these characteristics
conductivity of metals
r′real part of relative permittivity
r″imaginary part of relative permittivity
rrelative permaebility (usually ~ 1)

structure dimensions
hheight
wwidth
tthickness
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Transmission lines

•Effects of transmission line parameters on system performance

•Attenuation vs. frequency
Attenuation – reduces signal amplitude, reduces noise margin

Freq-dependent attenuation – reduces higher frequency components, increasing Tr

•Propagation velocity vs. frequency
velocity – determines propagation delay between components

reduces max operating frequency
Freq-dependent velocity – distorts signal shape (dispersion)

may broaden the pulse duration

Characteristic impedance – ratio of V/I or E/H
determines drive requirements

relates to electromagnetic interference (EMI)
mismatches lead to signal reflections
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Transmission line modeling

•Circuit model for incremental length of transmission line

•It can be shown that for a sinusoidal signal,  = 2f, Vs = A ej(t+)

•is analogous to 

•where  is complex,   =  + j is the propagation constant
•the real part,  is the attenuation constant [Np / m :  Np = Nepers]

•the imaginary part, , is the phase constant [rad / m : rad = radians]
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Transmission line modeling

•For a loss-less transmission line (R  0, G  0)
•

so

for the argument to be constant requires

therefore the propagation velocity is 

•Similarly, for the general case (R, G > 0)
•

•The characteristic impedance, Zo is

and for the low-loss case (R  0, G  0)
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Transmission line modeling

•Transmission line loss mechanisms 

•non-zero R, G result in  > 0

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

•Ohmic losses
•All conductors have resistivity,  (-m)

copper,   = 1.67x10-8 -m

•Resistance is related to the 
material’s resistance

and to the conductor’s 
geometry (Length, Thickness, Width)

    CjGLjR  Re
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Transmission line modeling•Ohmic losses in a printed circuit trace
•Consider a trace 10 mils wide (0.010”) or W = 254 m

2” long (2.000”) or L = 50.8 mm, made with 1 ounce copper,
T = 1.35 mil (0.00135”) or T = 34.3 m

(1 oz. = weight per square foot)

•For this 2” trace the DC resistance is R = 97.4 m

•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)

•The average current depth or skin depth, 
•where   = resistivity = 1/ (conductivity)

 = radian frequency (rad/s) = 2f
 = magnetic permeability (H/m) = or

o = 4 x 10-7 H/m

• is frequency dependent

(m)
2

,
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Transmission line modeling•Ohmic losses in a printed circuit trace
•Consider a copper trace W = 10 mils, T = 1.35 mils, L = 2”

•Find fs such that  = T/2 = 17.1 m
•For copper  = 1.67x10-6 -cm

fs =  / (  2) = 14.5 MHz

•Therefore for f < fs, R  R(DC)
for f > fs, R increases as f

•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.
Result is a further increase in R

worst case, RAC ~ 2 R(skin effect) 
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Transmission line modeling•Ohmic losses in a printed circuit trace
•For the 2” long trace, (W = 10 mils, T = 1.35 mils), 

find fp such that  = T = 34.3 m

•fp =  / (  2) = 3.6 MHz

•for f < fp, R  R(DC)

•for f > fs, R increases as f

•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.
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Transmission line modeling•Conductor loss example (part 1 of 3)
•Consider the broadside-coupled

transmission line* as shown.
•Find the signal attenuation (dB/m) at 

1500 MHz if the 1-oz. copper traces 
are 17 mils wide, the substrate’s relative dielectric constant 

(εr)
is 3.5, and the characteristic impedance (Zo) is 62 Ω.

•We know 

•So to solve for (dB/m) first find per unit length values for 
R, L, C

      RCjLCReCjLjRRem/Np 2 

    RCI,LCRwhereIjRRem/Npor x
2

xxx 

     xx
1

x
2
x

2
xxxx RItanPandIRMand2PcosMm/Npor 

   mNp686.8mdB 

*

* Also known as the “parallel-plane transmission line” or the “double-sided parallel strip line”
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Transmission line modeling•Conductor loss example (part 2 of 3)
•Resistance, R, is found using

•where ρ (copper) = 1.67x10-8 -m, L = 1 m, W = 432 m,
and 

 is the 1500-MHz skin depth.

•For a 1-m length of transmission line (L = 1 m), W = 17 
mils 

(W = 432 m) and  = 1.71 m, we get R = 22.6 Ω/m.

•To find C and L over a 1-m length, we know

W

L
R
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Transmission line modeling•Conductor loss example (part 3 of 3)
•R = 22.6 Ω/m, L = 387 nH/m, C = 101 pF/m

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

• = 0.182 Np/m or  1.58 dB/m

•Conversely, for low-loss transmission lines (i.e., R « ωL) the 
attenuation can be accurately approximated using
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Transmission line modeling•Dielectric loss
•For a dielectric with a non-zero conductivity ( > 0) (i.e., a non-

infinite resistivity,  < ), losses in the dielectric also attenuate the 
signal

•permittivity becomes complex,
with  being the real part

 the imaginary part

• = / (conductivity of dielectric / 2f)

•Sometimes specified as the loss tangent, tan , (the material characteristics table)

•To find ,  =  tan 

•The term loss tangent refers to the angle between 
two current components: 

displacement current (like capacitor current) 
conductor current (I = V/R)

•Don’t confuse loss tangent (tan ) with skin depth ()

  j








 
tan

ESR: equiv. series resistance
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Transmission line modeling•Dielectric loss
•From electromagnetic analysis we can relate  to 

•o = free-space wavelength = c/f,  c = speed of light
•o = free-space permittivity = 8.854 x 10-12 F/m

•d (attenuation due to lossy dielectric) is frequency dependent (1/o) and it increases with 
frequency  (heating of dielectric)

•Transmission line loss has two components,  = c + d
•Attenuation is present and it increases with frequency

•Can distort the signal
•reduces the signal level, Vo = Vs e-z

•reduces high-frequency components more than low-frequency components, 
increasing rise time

•Length is also a factor – for short distances (relative to )  may be very small

  )m/Neper(,1tan1
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2
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Transmission line modeling•Propagation velocity, vp (or Delay)
•

from circuit model,                                (D = 1/vp)

•as long as L and C (or  and ) are frequency independent, 
vp is frequency independent 

CL

1
vp 




1
vp
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Transmission line modeling•Characteristic impedance, Zo
•ratio of voltage to current, V/I = Z

•From transmission line model

•typically G (conductance) is very small  0, so

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

Zo is complex
Zo is frequency dependent

•At high frequencies, L >> R when f >> R/(2L)

Zo is real
Zo is frequency independent

CjG

LjR
Zo






Cj
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Transmission line modeling•Characteristic impedance example
•Consider a transmission line withR = 2.6 m / inch = 0.1  / 

m
L = 6.35 nH / inch = 250 nH / m 
C = 2.54 pF / inch = 100 pF / m

•From these parameters we know,
vp = 2 x 108 m/s = 0.67 c  r = 2.25

f1 = R/(2L) = 63.7 kHz

•For f  f1, 

f = 100 Hz,|Zo|  1.26 k
f = 1 kHz,|Zo|  400 

f = 10 kHz,|Zo|  126 

•For f >> f1, 
Zo = 50 







 45
f

k612

Cj

R
Zo

.
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Transmission line modeling•Traveling waves
•For frequencies above f1 (and frequency components above 

f1),
Zo is real and frequency independent

•For a transmission line with a matched load (RL = Zo), when ‘looking’ into a 
transmission line, the source initially ‘sees’ a resistive load

or
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Transmission line modeling•Traveling waves
•Consider the case where the 5-V step voltage generator with a 30- source 

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

•Vs = 5 V, Rs = 30 , Zo = 50 , RL = 50 

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

•The wave propagating down the transmission line has a current ofV133
3050

50
V5 .



mA63
50

V133




.
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Transmission line modeling•Traveling waves
•Now consider the more general case with impedance 

mismatches
•First consider the source end

for Rs = Zo, VA = Vs/2

for Rs  Zo, 

•The wave travels down the 
transmission line and arrives 

at B at time t = ℓ/vp where the impedance mismatch causes 
a reflected wave with reflection coefficient, L

• wave voltage = VA L

•Special cases
•if RL = Zo (matched impedance), then L = 0
•if RL = 0 (short circuit), then L = –1
•if RL =  (open circuit), then L = +1
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Transmission line modeling•Traveling waves
•The reflected signal then travels back down the transmission 

line and arrives at A at time t = 2ℓ/vp where another 
impedance mismatch causes a reflected wave with 

reflection coefficient, S

• wave voltage = VA L S

•This reflected signal again travels down the transmission line 
…

•For complex loads, the reflection coefficient is complex

•In general

oS
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Transmission line modeling•Traveling waves
•Example, Zo = 60 ,   ZS = 20 ,   ZL = 180 ,  T = ℓ / vp

 L = +1/2, S = –1/2,   VS = 8 V,  VA = 6 V

+6 V

+3 V

-1.5 V

-0.75 V

Multiple reflections result when 
Rs  Zo , RL  Zo

Ringing results when L and S are of 
opposite polarity

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

How much  can we tolerate?
Answer depends on noise margin

Zo = 60 

VA = 6 V, I = 100 mA

RL = 180 

VA = 6 V, I = 33.3 mA

Excess current 66.7 mA
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Transmission line modeling•Reflections and noise margin
•Consider the ECL noise margin

•Terminal voltage is the sum of incident wave and reflected wave vi(1+)

noise margin ~ max  max for ECL ~ 15 %

•, evaluate for  = 0.15

or 1.35 Zo > RL > 0.74 Zo

•For Zo = 50 , 67.5  > RL > 37  however Zo variations also contribute to 
If RT = 50  ( 10 %), then Zo = 50  (+22 % or -19 %) 
If RT = 50  ( 5 %), then Zo = 50  (+28 % or -23 %)

   
   

 
 

%%%
minmax

maxmin
16100

1830870

8701025
100

VV

VV

OLOH

IHOH 














1

1

Z

R

o

L

740
Z

R
351

151

850

Z

R

850

151

o

L

o

L ..
.

.

.

.




107

Transmission line modeling•Reflections
•How long does it take for transients to settle?

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

|V/A| < a

The signal amplitude just before the termination vs. time
•t   .V     .
•TA(L S)0

•3TA(L S)1

•5TA(L S)2

•From this pattern we know

for a given a, L, S, solve for ta,

•Example, S = 0.8, L = 0.15, a = 10%, T = 10 ns  ta = 3.17 T 
~ 30 ns

•To reduce ta, must reduce either S, L, or T (or ℓ)
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Transmission line structures•Coaxial cable

•attenuation in dB/m is 8.686 (c + d)
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frequency
dependent

o = c/f, free-space wavelength

RS is sheet resistivity ( per square or /)

RS = /T,  = resistivity, T = thickness

sometimes written as R


real units are , “square” is unitless

R = RS L/W
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Transmission line structures•Coaxial cable
•Other parameters of interest

Useful frequencies of operation
f1 = DC

Transverse electromagnetic (TEM) mode is the desired propagation mode
Above the cutoff frequency, fc, another mode can be supported, TE01

This determines the upper frequency limit for operation as transmission 
line characteristics are different for the new mode (Zo, vp, )

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 through holes for vias and component attachment.

This technology is called Multiwire Board and is good for prototyping, too 
expensive for large-scale production.

 ba

c
ff c2






110

Transmission line structures
•Stripline

•f1 = DC,  f2 = f (r, b, w, t)

Expressions are provided in supplemental information on course website

Simpler expressions for Zo available
•Found in other sources 

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

•Less accurate
•Only applicable for certain range of geometries (e.g., w/b ratios)
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Transmission line structures•Microstrip lines
•similar to stripline

•re = effective r for transmission line

•similar relations for c and d

•f1 = DC

Expressions are provided in supplemental information on course website

Simpler expressions for Zo available
•Found in other sources 

e.g., eqn 4.90 on pg 187 in text, Appendix C of text pgs 430-435

•Less accurate
•Only applicable for certain range of geometries (e.g., w/h ratios)
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Transmission line structures•Coplanar strips

•Coplanar waveguide

These structures are useful in 
interconnect systems board-to-board and chip-to-board

Expressions for Zo, c, d, and re are provided in supplemental 
information on course website
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Transmission line structures•Effects of manufacturing variations on electrical 
performance

•Specific values for transmission line parameters from design 
equations

t, r, w, b or h   Zo, vp, 

•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 (3 variation  99.5% of traces lie within these 
limits)

The board manufacturer specifies r = 4  0.1 (3) and h = 10 mil  0.2 mil 
(3)

These uncertainties contribute to electrical performance variations
Zo  Zo ,   vp  vp

These effects must be considered

So given t, r, w, h, how is Zo found ?
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Transmission line structures•Effects of manufacturing variations on electrical 

performance
•Various techniques available for finding Zo due to t, w, r

•Monte-Carlo simulation

Let each parameter independently vary randomly and find the Zo

Repeat a large number of trials

Find the mean and standard deviation of the Zo results 

•Find the sensitivity of Zo to variations in each parameter (t, r, w, h)

For example find Zo/t to find the sensitivity to thickness variations 

about the nominal values 

For small perturbations () treat the relationship Zo(t, r, w, h) as linear 

with respect to each parameter
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where Zo/t is found through numerical differentiation

combine the various Zo terms in a root-sum-square (RSS) 
fashion
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Transmission line summary
•Overview of transmission lines

•Requirements and characteristics of interest
•Types of transmission lines
•Parameters that contribute to characteristics of interest

•Transmission line modeling
•Circuit model
•Relating R, L, C, G to Zo, vp, 
•Conductive loss factors

•Resistivity, skin effect, proximity effect
•Dielectric loss factors

•Conduction loss, polarization loss  loss tangent
•Wave propagation and reflections

•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
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Transmission line bonus•Why are 50- transmission lines used?
•For coaxial cable –

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

Insertion loss is minimum at:Zo ~ 77  for r = 1 (air)
Zo ~ 64  for r = 1.43 (PTFE foam)

Zo ~ 50  for r = 2.2 (solid PTFE)
Power handling is maximum at Zo = 30 

Voltage handling is maximum at Zo ~ 60 

•
For printed-circuit board transmission lines –

Near-field EMI  height above plane, h
Crosstalk  h2

Impedance  h
Higher impedance lines are difficult to fabricate (especially for small h)


