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Reading Materials

o JH{ZJE¥ (Principles of Communications) , Lecture
Notes, Prof. Meixia Tao, Shanghai Jiao Tong
University.[http://iwct.sjtu.edu.cn/Personal/mxtao/teaching
html]

o |ntroduction to analog and digital communications,
Lecture Notes, Ohio State University.
[http://www?2.ece.ohio-
state.edu/~schniter/ee501/index.html]

o Principles of Communications, Lecture Notes, City
University of Hong Kong
[http://www.ee.cityu.edu.hk/~lindai/teaching-EE3008.htm]

o Communications Theory and Systems, Lecture Notes,
Washington University in St.
Louis[https://span.engineering.wustl.edu/teaching/ese471/
L_ectureNotes-s21-All.pdf]
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Reading Materials

o {Communication Systems Principles Using MATLAB) ,
J. W. Leis, Wiley, 2018

o {Communication Systems) (5th ed), Simon Haykin,
Wiley, 2009

o |ntroduction to Matlab, Lecture Notes, University College
London,
[http://web4.cs.ucl.ac.uk/teaching/3085/archive/2010/matl
ab_tutorial/matlab_booklet.pdf]
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Course Objective

° The primary objective of this course Is

» to Introduce the basic techniques used in modern
communication systems, and

» to provide fundamental tools and methodologies in
analysis and design of these systems

o After this course, the students are expected to

» understand the information flow in communication
systems and the theories and techniques of modulation,
coding and transmission, and

» analyze the merits and demerits of current
communication systems and to eventually perform
research and development (R&D) related to new
systems

[5G][VR/AR][6GC]
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Outline

° |ntroduction

o Digital transmission through baseband channels
o Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
o Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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Grades

° Quiz (10%)
» About 10-15 times, each one and only one problem.
» Attendance.

e Homework (10%b)
» About 4-7 times

° Project Report (10%0)
» About 3-5 times, Matlab simulation problems.

o Mid-term Exam (20%)
> In-class.

 Final Exam -%O%)

Communications Engineeri



In-Class Rules

o Shutdown smartphone and donot put on desk!

 No food/drink in class and put your drinking bottle
aside the desk!

e No mutual conversation !
° Prepare, make notes and review frequently!

® Practice makes perfect!

Communications Engineering
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Outline

° |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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9 Introduction

The fundamental problem of communication is that
of reproducing at one point either exactly or
approximately a message selected at another point.

---Claude E. Shannon 1948

Communications Engineering
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Enhanced mobile
broadband.

2020s

Fast mobile broadband.
A8y Usesinternet protocol.

Mobile broadband.
Introduction of
smartphones.

2000s

Digital voice calls.

’._‘ = Text messaging.
A4 Basic data services.

Analogue voice calls.
Mobile connectivity.

1990s

1980s

Communications Engineering
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Introduction

° General questions

» Is there a general methodology for designing
communication systems?

> Is there a limit to how fast one can communicate?

1G 2G 30 4G 5G
AMPS GSM UMTS \ LTE + “em/mmWave”
1Gbps, ‘
Ubiquitous cloud
- 100Mbps
. Mobile broadband
10Mbps
Mobile data
' 10-100kbps, SMS,
___________ [Globalroaming "
 Mobile telephony
L L 1 1 1L )_’
1980 1990 2000 2010 2020

Communications Engineering
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Introduction

o System diagram

Information
source

Output
signal

Input
Transducer

—

Transmitter

—+

Channel

—»

Receiver [|—

Output Z

Transducer
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Introduction

Digital Communication Systems

Transmitter

_//\
n TN
Source — A/D i_| Source J Channel | |\ @ o
. converter | encoder encoder
Absent if
source is Noise ——| Channel
diglital
User . DI/A i Source | Channel | Detector
| converter | decoder decoder
o -
N
Receiver
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Introduction

o \Why digital systems?
» Robustness to channel noise and external interference

» Security of information during its transmission from
source to destination

» Integration of diverse source information into a
common format

» Low cost DSP chips by very cheap VLSI designs

Communications Engineering 17



Introduction

o Performance metrics of communication systems
» Reliability: SNR for analog; Bit error rate (BER) for
digital
» Efficiency: Spectral efficiency vs. Energy efficiency

data rate R
bandwidth W

bits/sec/Hz

bit energy

= Eb/No

noise power spectral density

Communications Engineering
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Introduction

o Review of Probability and Stochastic Processes
» Bayes’ Rule
» CDF
> PDF
» Common Distributions
» Q-function
» Statistics of multiple r.v.s
» Autocorrelation Function and Covariance
» WSS
» PSD
» WSS through LTI systems

Communications Engineering
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]

e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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Digital transmission through bandlimited

Source [—* A/D ., Channel |—| Detector .. DA — | User

converter : _converter

o Digital waveforms over band-limited baseband channels
o Band-limited channel and Inter-symbol interference

o Signal design for band-limited channel

o System design

° Channel equalization Chapter 10.1-10.4

Communications Engineering 21



— 45 BMHz, 10MHz
"Fi 20MHz = 15MHz, 20MHz

>

o Modeled as a linear filter with frequency response limited
to certain frequency range

i Linear filter
L “}. - channel ") r(f) = h@) +n()
G;U} c(t) Hc{f)

n(t)
Communications Engineering 22



Digital transmission through bandlimited

o Baseband signaling waveforms

» To send the encoded digital data over a baseband
channel, we require the use of format or waveform for
representing the data

» System requirement on digital waveforms

1.

2.
3.
A

o o

Easy to synchronize
High spectrum utilization efficiency
Good noise immunity

No DC component and little low frequency
component

Self-error-correction capability
Etal.

Communications Engineering
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o Basic waveforms
» On-off or unipolar signaling
» Polar signaling
» Return-to-zero signaling
» Bipolar signaling (useful because no DC)
» Split-phase or Manchester code (no DC)
> Etal.

Communications Engineering

24



e Basic waveforms
011 01000 1 1

On-off (unipolar)

polar -

Return to zero H H H H I_I

bipolar ] —
Manchester B _i_| |—||_
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» Digital transmission through bandlimited

o Spectra of baseband signals
» Consider a random binary sequence go(t) — 0, gu(t) — 1

» The pulses go(t) and gz(t) occur independently with
probabilities given by p and 1-p, respectively. The
duration of each pulse is given by Ts.

s(t)

NANSGAN

(1) = go(t—nT)), with prob. P
" g,(t—nT.), withprob.1-P

g, (t+2Ty)

Communications Engineering



o Spectra of baseband signals
» PSD of the baseband signal s(t) is!*]

2

1 1L m m m
S(f)=EP(1—P)|Go(f)—G1(f)| +F; PGO(EH(I—P)G](?S) 5(f—?x)

15t term is the continuous freq. component
2hd term is the discrete freq. component
» For polar signaling with g,(t) =—g,(1) = g(¢) and p=1/2
SU) =GO

» For unipolar signaling withg,(®) =0 &()=g() and
p=1/2, and g(t) Is a rectangular pulse

sin 7z fT | :T sin 77 fT i 1
S s 4{ g } +200/)

1. R.C. Titsworth and L. R. Welch, “Power spectra of signals modulated by random and
psedurandom sequences,” JPL, CA, Technical Report, Oct. 1961.
Communications Engineering
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~) Digital transmission through bandlimited

o Spectra of baseband signals
» For return-to-zero unipolar signalingz = 7/2

T sin:rfT/Z} 1 Z

Sr(f)=16{ | Figd0 ngdm[m

o(f ——)

Communications Engineering
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Digital transmission through bandlimited

o |nter-symbol interference

» The filtering effect of the band-limited channel will
cause a spreading of individual data symbols passing
through

» For consecutive symbols, this spreading causes part of
symbol energy to overlap with neighboring symbols,
causing inter-symbol interference

sampling pomt

Low pass input \‘\\Jr~ 1

filter data

— \
i g
—_— ——f>
i /\f\

/' /v '
filtered data

“/\ Inters symbol
' / \mtufuu\m

ﬂp
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Digital transmission through bandlimited

o Baseband signaling through band-limited channels
Ag A1

T

0 T 12’1’

\2
y(t) v(t)

Transmitt x(t)
S xs(t)| ransmiter xf(t)_ Channel Receiver >0
ource > Filter Ty ) Ho (F) <0 —
Hy () d : —

Gaussian Noise n(t)

Sn(f)
Input to tx filter x, (1) = Z A40(t—iT)

Output of tx filter x, () = Z Ah (t- zT)

Output of rx filter
v(t) = fcb(t) *(hT(t) * hc(t) * hR(t)> +n(t) * hp(t)

Communications Engineering 30



o Baseband signaling through band-limited channels

YO

il x(t — — 1 v(t
xs(,r,‘) Tran.s e xf(t)‘ Channel ) Receiver ) >0
Source — Filter =y % H.(F) ] <0 —
-l Hr(f) : f — t,, =mrl
- Gaussian Noise n(t)
Sn(f)

» Pulse shape at the receiver filter output
p(t) = hp(t) * he(t) * hp(t)
» Overall frequency response

P(f) = Hp(f)Hc(f)HR(f)
» Recelving filter output

v(t)= D Aplt—kT)+n,(t)

RN
no(t) = n(t) * hp(t)

Communications Engineering 31



y(t)

S xg(,t? T;alzlslltnltter xt(t)‘ Channel x(t) Recei\:;; v(t) =] .
NRAD il % MDA e 22
Gaussian Noise n(t)
Sn(f)
» Sample the receiver filter output v(t) at tm=mT to
detect Am
o0
U(tfrn) — Z Akp(mT = kT) + ng(t;rn)

k=-—o00

o0
= App(0) + Z Appl(m — k)T] 4 no(tm)
\ ) \f’vj{:m D

~ , ,
Gaussian noise

Desired signal intersymbol interference (I1SI)

Communications Engineering 32



y(t)

S xg(,t? T;alzlslltnltter xt(t)‘ Channel x(t) Recei\:;; v(t) =] .
NRAD il % MDA e 22
Gaussian Noise n(t)
Sn(f)
» Sample the receiver filter output v(t) at tm=mT to
detect Am
o0
U(tfrn) — Z Akp(mT = kT) + ng(t;rn)

k=-—o00

o0
= App(0) + Z Appl(m — k)T] 4 no(tm)
\ ) \f’vj{:m D

~ , ,
Gaussian noise

Desired signal intersymbol interference (I1SI)
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Digital transmission through bandlimited
channels

o Eye diagram
» Distorted binary wave

» Eye diagram

|
<

Communications Engineering | 34



e |SI minimization

» Choose transmitter and receiver filters which shape the
received pulse function to eliminate or minimize
Interference between adjacent pulses, hence not to
degrade the bit error rate performance of the link

Communications Engineering 35



o Signal design for band-limited channel zero ISI
» Nyquist condition for zero ISI for pulse shape p(t)

(nT) = 1 n= Echos made to be zero
p 10 n#0 at sampling points
> k
or P(f+ —) = constant
X P +)

» With the above condition, the receiver output
simplifies to

U(tm) = Am + no(tm)

Communications Engineering 36



o Signal design for band-limited channel zero ISI
» Nyquist’s first method for eliminating ISI Is to use

(1 f <A <:> :sin(frt/T):. [i]
P(1) = { 0 other\%vz;se p() xt!T SHe T

“brick wall” filter P(f) 1 p(t).-’“'". p(t-T)
AT 0 121 f S
1| [l j R | .
B = — = — = Nyquist bandwdith
sl 2 Yq ’

The minimum transmission bandwidth for zero ISI. A
channel with bandwidth Bo can support a maximal
transmission rate of 2Bo symbols/sec

Communications Engineering



o Signal design for band-limited channel zero ISI
» Challenges of designing such p(t) or P(f)

1. P(f) is physically unrealizable due to the abrupt
transitions at BO

2. p(t) decays slowly for large t, resulting in little
margin of error in sampling times in the receiver

3. This demands accurate sample point timing-a
major challenge in current modem/data receiver
design

4. Inaccuracy in symbol timing is referred to as
timing jitter.

Communications Engineering 38



o Signal design for band-limited channel zero ISI
» Raised cosine filter.

» P(f) i1s made up of 3 parts: pass band, stop band, and
transition band. The transition band is shaped like a
cosine wave.

P(f)=;

1

1
—{1 +cos[
2

|0

7 f1-£)

2B, -2/,

Communications Engineering
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» Digital transmission through bandlimited

o Signal design for band-limited channel zero ISI
» Raised cosine filter.

() =0
Roll-off factor
1 a=0.5 f
0.5 o =1 @= _31
N 0
|

0 B, 1.5B, 2B, f

» The sharpness of the filter is controlled by a.
» Required bandwidth B=Bo(1+a).

Communications Engineering 40



Digital transmission through bandlimited

o Signal design for band-limited channel zero ISI
» Raised cosine filter.
» Taking the inverse Fourier transform

S(2raB,t
o ~GCRDREEEY
—16a°B,t
7
Ensures zero crossing at
desired samplina instants Decreases as 1/t2, such that the data

receiving is relatively insensitive to
sampling time error

0.8}

06}

04rF

02}

ai]

T,

02}

-0.4
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o Signal design for band-limited channel zero ISI
» Raised cosine filter.

» Small a: higher bandwidth efficiency

» Large a: simpler filter with fewer stages hence easier
to implement; less sensitive to symbol timing accuracy

Communications Engineering
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o Signal design with controlled ISI — partial response signals

> Relax the condition of zero ISI and allow a controlled
amount of ISl

» Then we can achieve the maximal symbol rate of 2W
symbols/sec

» The ISI we Introduce 1s deterministic or controlled:
hence It can be taken into account at the receiver

Communications Engineering 43



o Signal design with controlled ISI — partial response signals
» Duobinary signal.

» Let {axk} be the binary sequence to be transmitted. The
pulse durationis T.

» Two adjacent pulses are added together, 1.e., bk=ak+ak-1

|
I 2 , Ideal LPF
o T /
| |
a,r,,: h :)’(‘f}
} '( ‘ ) ¥ H(HT—*
|
|

e o o — e —— — —— — ]

» The resulting sequence {bx} is called duobinary signal

Communications Engineering
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o Signal design with controlled ISI — partial response signals
» Duobinary signal: frequency domain.

(f|<1/2T)
(ot herw se)

G(f)=(1+e"")H, (f) HL(f)={§

| 2Te ™ cosmfT (| f|<1/2T)
0 (ot herw se)

G| T
2T

N

0 12T f

\\
\,
\\
\

Communications Engineering 45



o Signal design with controlled ISI — partial response signals
» Duobinary signal: time domain.

_ _%h _sizt/T sinz((—T)/T
g)=[o(t)+3(-T)]*h, (1) =T T Re-D)IT

(4_ ) .
=sinc[1]+sinc i] :T sinzt/ T
T A

xt (T—1)
» ((t) is called a duobinary signal pulse
» 0(0)=go=1 (b)
> g(T)=g1=1 0

> g(iT)=gi=0,i #1

i F— ISl

® ”
v‘ \ 7 1\
¢ \ ¥ '

4 \ 'l %

L \
’ . )
! L

'
1

h(t-T)

\"/ - i .
Communications Engineering 2T NATNA0 T \N213T1




o Signal design with controlled ISI — partial response signals
» Duobinary signal: decoding.

» Without noise, the received signal is the same as the
transmitted signal

Vi = Zafgk_l- =a,ta, = bk A 3-level sequence
i=0

» When {ak} Is a polar sequence with values +1 or -1
2 (a, =a,_ =1

y,=b=9 0 (a,=la_,=-lor g, =-l,a,_,=1)
-2 (a, =a, ,=-1)

» When {ax} Is a unipolar sequence with values 1 or 0
0 (4 =¢,=0)

y,=b=¢ 1 (a,=0,a,_=1o0ra=1Lag_=0)

2 (g =a,=])

Communications Engineering 47




o Signal design with controlled ISI — partial response signals
» Duobinary signal: decoding.

» To recover the transmitted sequence, we can use
a,=b,—a, =y, —a,

although the detection of the current symbol relies on
the detection of the previous symbol-> error
propagation will occur

» How to solve the ambiguity problem and error
propagation?
» Precoding: Apply differential encoding on {ak} so that
c, =a, Dc,_,
Then the output of the duobinary signal system is

b, =c, +c,_,

Communications Engineering 48



» Digital transmission through bandlimited

o Signal design with controlled ISI — partial response signals
» Duobinary signal: decoding.
» Block diagram of precoded duobinary signal

&» @ i} @0{?‘1 Transformer || H,(f) A.

4 2,0,2

{e)

Communications Engineering 49



Digital transmission through bandlimited

o Signal design with controlled ISI — partial response signals
» Modified duobinary signal
b, =a,—-a,,
» After LPF H(f), the overall response is

e _|2Tje T sin2x T (f|<1/2T)
G(f) - (l_e ! )HL (f) B 0 otherwise
(t)_sinm/T_sinfr(t—2T)/T 2T sinzt/T
SVSTLIT  ae-20)/T T a1

r T
. t
258 zl_)_ Hz(f) y()
+ b

[l6p)}
2T

Communications E o et 7 50



o Signal design with controlled ISI — partial response signals
» Modified duobinary signal.

» The magnitude spectrum is a half-sin wave and hence
easy to implement

» No DC component and small low freg. component

» At sampling interval T, the sampled values are
g0)=g,=1

g(T):gl =0
g2Tr)=g,=-—1
g(ilT)=g,=0,i=#0,1,2

> ((t) decays as 1/t2. But time offset may cause
significant problem.

Communications Engineering 51



» Digital transmission through bandlimited

o Signal design with controlled ISI — partial response signals
» Modified duobinary signal: decoding.

» To overcome error propagation, precoding iIs also
needed ck=ak ® Ck-2

» The coded signal is

b, =¢c,—¢,

() i +.@ > BN

A

2T

Communications Engineering 52



o Update
» We have discussed

1. Pulse shapes of baseband signal and their power
spectrum

2. 1Sl in band-limited channels
3. Signal design for zero ISI and controlled ISI

» We will discuss system design in the presence of
channel distortion

1. Optimal transmitting and receiving filters
2. Channel equalizer

Communications Engineering 53



o Optimal transmit/receive filter

» Recall that when zero-1SI condition is satisfied by p(t)
with raised cosine spectrum P(f), then the sampled
output of the receiver filter is Vm=Am+Nm (assume

p(0)=1)
» Consider binary PAM transmission: Am = +d
> Variance of N, = ;2 =] Sn( ) Hp(f)|2df

WIIN by = Bp (D HCDHRG) () = ha(®) % he(®) * hia(®)

—s r=a(’

Error Probability can be minimized through a proper choice
of Hi(f) and H+(f) so that d/s is maximum
(assuming H(f) fixed and P(f) given)

Communications Engineering 54



o Optimal transmit/receive filter

» Compensate the channel distortion equally between the
transmitter and receiver filters

VP
[ [Hp(f) = <2

H. 1/2
) [ He(f)] for [f| < W

\/ P
. [Hr(f)| = i

|He(f)[1/2
» Then, the transmit signal energy is given by

" > P(f)
-w [He ()

df

- N
Faw= [ dhjdi | dHR()df =

By Parseval’s theorem

> Hence B3R gl iy
i U—w IHc(f)Idf]

Communications Engineering 55



o Optimal transmit/receive filter
» Noise variance at the output of the receive filter 1s

Ny e , _& WPy
ot = _OOIHR(J“)\ df = 5 /_W|Hc(f)|df
ol B[ P T
I:> Pe,mll"l =@ No {./—W" H(,(f)df} ]
N J

o
Performance loss due to channel distortion

» Special case: He(f)=1 for [f|l<W
1. This is the 1dea case with “flat” fading

2. No loss, same as the matched filter receiver of
AWGN channel

Communications Engineering
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o Optimal transmit/receive filter
» EXercise.

» Determine the optimum transmitting and receiving
filters for a binary communication system that
transmits data at a rate R=1/T=4800 bps over a channel
with a frequency response He )l = 1 W
where W=4800 Hz /1_4_(%)2

> The additive noise is zero mean white Gaussian with
spectral density No/2=10-1> Watt/Hz

Communications Engineering 57



Digital transmission through baseband

o Optimal transmit/receive filter
» EXercise.

» Since W=1/T=4800, we use a signal pulse with a
raised cosine spectrum and a roll-off factor =1.

> Thus,

1 o | T
=—[1 T|f )=
P(f) 2[ +cos(#T | f])]=cos (9600}
> Therefore

i I PURL e Al
Hr(f)| = |Hg(f)| = cos (9600) [1 I <4800)

1/4
,for |f| < 4800

» One can now use these filters to determine the amount
of transmit energy required to achieve a specified error
probability.

Communications Engineering 58



Digital transmission through bandlimited

o Performance with ISl
> If zero-1SI condition 1s not met, then

Vm = Am + Y Appl(m — k)T] + Nm
k#m

> Let

Ar= > Iy = Y Appl(m — E)T]
k#Fm k%m

» Then
Vim=Am+ A I + Nm

» Often only 2M significant terms are considered. Hence

M
Vimn = Am + A’[ + Nm  with A} = Z App[(m — k)T
k=—M

» Finding the probability of error?

Communications Engineering
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e Performance with ISl
» Monte Carlo simulation.

/ o
X

40/0 2 Threshold =y

t, =mT
Let
(1 error occurs
I(x) =+
0 else
i Z
. (1)
- £1(x0)

where XV, X .. XU arei.id. (independent and
identically distributed) random samples

Communications Engineering
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e Performance with ISl

> Monte Carlo simulation.

» |If one want Pe to be within 10% accuracy, how many
Independent simulation runs do we need?

» It Pe~10-9 (this is typically the case for optical
communication systems), and assume each simulation
run takes 1 ms, how long will the simulation take?

Communications Engineering 61



Digital transmission through bandlimited

o Update
» Monte Carlo simulation.

» We have shown that by properly designing the
transmitting and receiving filters, one can guarantee
zero ISI at sampling instants, thereby minimizing Pe.

» Appropriate when the channel is precisely known and
Its characteristics do not change with time.

» In practice, the channel is unknown or time-varying

» We next consider channel equalizer.

Communications Engineering 62



o Equalizer

» A receiving filter with adjustable frequency response
to minimize/eliminate inter-symbol interference

t=mT

Transmitting| | Channel 4_,@_, Equalizer

Filter Hq(f) Hc(f) T He(f) (t) Vim
n(t)

» Overall frequency response

Ho(f) = Hp(f)Hc(f)HE(f)

» Nyquist criterion for zero-I1SI = ok
> Ho(j + ?) — constant

k=—c0
» Thus, ideal zero-1SI equalizer is an inverse channel
filter Hu(f) o 1
ST Hp(HH(H W= 1/2T

Communications Engineering 63



o Equalizer
» Linear transversal filter
» Finite impulse response (FIR) filter

N

hp(t) = ) end(t —nT)
n=—N

Unequalized

. T »oT > — T » T
input
Cn ] Cne CN-1 % Cn %ﬁ t=nT

D I SR
Output

(e=T) .
(2N+1)-tap FIR equalizer

3 {Cn} are the adjustable 2/NV + 1 equalizer coefficients
= N is sufficiently large to span the length of |SI

Communications Engineering
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o Equalizer
» Zero-forcing (ZF) equalizer

P.(t) the received pulse from a channel to be equalized

c(t) Peq(t)
6w | Tx & Channel Eaiet HE('f|> B
Vo

Peq(t) = pc(t) * hp(t) hp@) = Y cnd(t —nT)

N n=-—

= Z cnpe(t —nT) N

n=—N
t =md
= L. =0
panD = 3 eapdn-mi ={ & =0
f

To suppress 2N adjacent interference terms

Communications Engineering



o Equalizer
» Zero-forcing (ZF) equalizer
» In matrix form

Peq — Pc-c
L (2N + 1) x (2N + 1) channel response matrix
0 C_N i
0 C_N+1 pc(0) pe(—1) pc(—=2N)
s : pe(1) pc(0) oo pe(—2N +1)
dine _ | ¢4 _
Peg 1] ¢c= o Pc.=
0 c
: : i pc(QN) pc(QN — 1) S 'pc(O)
I 0 I | oN

mm) c=P_'p,, orthe middle-column of P’
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Digital transmission through bandlimited

o Equalizer
» Example.

* Find the coefficients of
a five-tap FIR filter P
equalizer to force two
zeros on each side of
the main pulse
response
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o Equalizer

» Example.

> By inspection 4 _ 45
pe(—3) = 0.05
pe(—2) = —0.1
pe(—1) = 0.2

» The channel response matrix

1.0 02 -01
—-0.1 1.0 0.2
0.1 -01 10

-005 01 -0l1
002 -005 0l

[£.]

Communications Engineering

pc(0) =1
pe(1l) = -0.1
pc(2) = 0.1
pe(3) = —0.05
pc(4) = 0.02

005 —002]

-01 005
02 -0l
1.0 02

-01 10
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Digital transmission through bandlimited

o Equalizer
» Example.
> The inverse of this matrix

0.9687  -0.1796 0. 1297 0. 0085 (. 0396

—1 0. 1179 0. 9442 0. 1562 0. 1231  —0. 0851
P — =0, 0908 0. 1343 0. 9356 -0, 1664 0. 1183
0. 027¢ -0. 0955 0. 1338 0.9450 0. 1709

—0. 0016 0.0278  —0. 0906 0.1174 0. 9660

> Therefore, C:=0.1297, C.=—0. 1562, C,=0. 9356, C:=0. 1338, C:=—0. 0906,
: 2
» Equalized pulse response

. peq(’fﬂ) = Z Cnpc(?’ﬂ, — fn,)
» It can be verified n=—2

peq(0) = 1.0  Peg(m) =0, m = +£1,£2
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o Equalizer
» Example.

» Note that values of peq(n) for n<-2 or n>2 are not zero.
For example

Dea(-3)=0.2*0.1297+(-0.1)*(-0.1562)+0.05*0.9356
+(-0.02)*0.1338+(-0.05)*(-0.0906)
=0.0902

Deq(-3)=0.005*0.1297+0.02*(-0.1562)+(-0.05)*0.9356
+0.1*0.1338+(-0.1)*(-0.0906)
=-0.0268
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o Equalizer
» Minimum mean-square error equalizer.
» Drawback of ZF equalizer: ignores the additive noise

» Suppose we relax zero ISI condition, and minimize the
combined power in the residual ISI and additive noise
at the output of the equalizer.

» Then, we have MMSE equalizer, which is a channel
equalizer optimized based on the minimum mean
square error (MMSE) criterion
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o Equalizer
» Minimum mean-square error equalizer.

Output from
the channel Transversal filter Equalizer
o0 N
yt) = S Ange(t — nT) + n(t) z(t)= D.c,y(t—nT)

n=-—00 n=—N

» The output is sampled at t=mT:
E\JT
2(mT) =Y cayl(m — n)T]
n=—N
» Let Am=desired equalizer output

MSE = E|(z(mT) - 4, ' |= Minimum
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o Equalizer
» Minimum mean-square error equalizer.

50 2
( Z cnyl(m —n)T] — Am)

MSE = E
nN=-—00
N N N
= Y Y cuepRy(n—k) -2 Y ¢ Ray(k) + E(AZ)
n=—N k=—N k=-N

where

{Ry(n — k) = Ely(mT — nT)y(mT — kT)] E is taken over A,, and the

additive noise
Ray (k) = Ely(mT — kET) Ap]

OMSE
= MMSE solution is obtained by der 0

N
> Y caBy(n—k) = Ray(k), for k=0,%1,... %N.
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Digital transmission through bandlimited

o Equalizer
» MMSE equalizer vs. ZF equalizer.
» Both can be obtained by solving similar equations.
» ZF equalizer does not consider the effects of noise

» MMSE equalizer is designed so that mean-square error
(consisting of ISI terms and noise at the equalizer
output) I1s minimized

» Both equalizers are known as linear equalizers
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Digital transmission through bandlimited

o Equalizer
» Example of channels with ISI.

0.72
0.36
0.21
0.04 0.07 | 0.03 0-07

| I 1 Channel A

0.05 | T

0.21
0.5
0.815
0.407 0.407
Channel B
!_" T | T r!

Communicauuiis i lyinicelniy

Figure 8.42 Two channels with ISIL.
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o Equalizer

» Frequency response.

0.00 — 0.00
—6.00 |- —6.00
[aa]
S —12.00 g —12.00
) 4
2 B
e E
E -18.00 |- £ -1800
—21.00 |- —21.00
-30.00 | ' | | l | | | \ |

0.00 031 063 099 126 157 1.88
w Frequency

(a)

Communications Engineering

—30.00 \ | \ | | | | | | |
000 031 063 09 126 157 1.88 220 251 283 3.14
o Frequency

(b)

220 251 283 314

Figure 8.43 Amplitude spectra for (a) channel A shown in Figure 8.42(a) and
(b) channel B shown in Figure 8.42(b).
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o Equalizer
» Performance of MMSE equalizer.

Communications Er

Probability of error

Digital transmission through bandlimited

1071

10‘2:

1073 F

1074

No

Interference Channel A

Channel B

0

5 10 15 20 25
SNR, dB

Figure 8.44 Error-rate performance of linear MSE equalizer.

30

35
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o Equalizer
» Decision feedback equalizer (DFE)

» DFE Is a nonlinear equalizer which attempts to
subtract from the current symbol to be detected the ISI
created by previously detected symbol

Input Feedforward
Filter

P
AN

Communications Engineering

Symbol
Detection

Output

Feedback
Filter

/8



o Equalizer
» Performance of DFE equalizer.

35

10~ (.
5 -
2 L
] Detected
g 107 symbols
5 fed back
S osh
E b= Correct
E symbols
fed back
lﬂ—.‘- b
3 N,=15
5 N,=15
B No
interference
1074 )
Channel B
5 | | | | | | |
0 5 10 15 20 25 30
SNR, dB

Communications Engineering Figure 8.47 Performance of DFE with and without error propagation.
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o Equalizer
» Maximum likelihood sequence estimation (MLSE).

t=mT
MLSE
<

» (Viterbi
Algorithm)

Transmitting| | Channel ‘_,@_, Receiving R
Filter Hy(f) H(f) T Filter Hg(f) V.

n(t)
» Let the transmitting filter have a square root raised
cosine frequency response

[P Ifl<W
Hy(f)] = {V =

» The recelving Tiiter 1S matched to the transmitter filter
with
| = { YPO W

fI>wW

» The sampled output from receiving filter is
o0
Ym = hoAm + Z hm—nAn + vm

o0

o

33

iy
o=

Communications Engineering
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o Equalizer
» Maximum likelihood sequence estimation (MLSE).
» Assume ISI affects finite number of symbols with
hn = 0 for |n| > L

» Then, the channel is equivalent to a FIR discrete-time
filter

{Am}
o T

h

L

.. : » L
Finite-state machine output= 3 hxA,_i

k=—L
Communicatons Engineering 81



Digital transmission through bandlimited

o Equalizer
> Performance of MLSE

ML Sequence detector
107! <
=
I'!.J
2
£ 1072 ‘
._E
-E No DFE
o Interference
103
Detected bits fed back
10~ \
5 10 15 20 25
SNR, dB

Figure 8.48 Performance of Viterbi detector and DFE for channel B.

Communications Engineering
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Outline

® |ntroduction

o Digital transmission through baseband channels
o Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization

Communications Engineering
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Signal space representation

o Concepts

» The key to analyzing and understanding the performance of
digital transmission is the realization that signals used In
communications can be expressed and visualized
graphically (constellation)

» Thus, we need to understand signal space concepts applied
to digital communications

Chapter 8.1
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Signal space representation

o Traditional bandpass signal representation

» Baseband signals are the message signal generated at the
source

» Passband (Bandpass) signals refer to the signals after
modulating with a carrier. The bandwidth of these signals
are usually small compared with the carrier frequency fc

» Passband signals can be represented in three forms

1.  Magnitude and phase representation
2. Quadrature representation
3.  Complex envelope representation
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WORM4,

€)) signal space representation

| '?#Fﬁ"

o Magnitude and phase representation
s(t) = a(t) cos [27 fot + 0(¢)]

where a(?) IS the magnitude of s(¢)
0(t) Is the phase of s(t)

Communications Engineering
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) Signal space representation

o Quadrature (1/Q) representation

S(t) = x(t) cos(2f t) — y(t)sin(2xf t)

where Xx(t) and y(t) are real-valued baseband signals called the
In-phase and quadrature components of s(t)

Signal space is a more convenient way than 1/Q representation
to study modulation scheme in digital communications
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Signal space representation

e \ectors and space
» Consider an n-dimensional space with unity basis vectors

{e, e, ..., €.}

» Any vector a in the space can be written as

n
a:Za’iei |:> a:(al,ag,...,azn)

1=1

n = Dimension = Minimum number of vectors that is
necessary and sufficient for
representation of any vector in space
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Signal space representation

e \ectors and space n

> Inner product (a,b)=a-b= > ab;
i—1

» aand b are orthogonalif a-b=0

> Norm la|| = /(a,a) = | Y a?
1=1

» A set of vectors are orthonormal if they are mutually
orthogonal and all have unit norm
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Signal space representation

e \ectors and space

» The set of basis vectors {e,, e,, ..., e,} 0f a space are chosen
such that

1. Should be complete or span the vector space, I.e., any
vector a can be expressed as a linear combination of
these vectors

2. Should be orthonormal vectors
ei-ej=0? V’L#_} ||€@|| — ]., V1

» A set of basis vectors satisfying these properties is also said

to be a complete orthonormal basis

Communications Engineering
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) Signal space representation

o Signal space

» Basic idea: If a signal can be represented by n-tuple, then it
can be treated in much the same way as a n-dim vector.

> Let ¢1(t),pa(t), ..., 0, (t) be nsignals
» Consider a signal x(t) and suppose that

z(t) = > x¢i(t)

1=1
» If every signal can be written as above, then
{61(0)....,on(t)} ~ basis functions (Ee{#)
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o) Signal space representation

o QOrthonormal basis
» Signal set {¢(¢)} Is an orthogonal set if

IO@ (t)qbk (t)dt - {(c)

J

J#k
J=k

> If ¢ = IVj — {gbk(t)} IS an orthonormal set.

> In this case,
v = [, 2(t) i (t)dt

Communications Engineering
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) Signal space representation

e Orthonormal basis
> Given the set of the orthonormal basis

{p1(t),. .., on(t)}
» Let x(t) and y(t) be represented as

w(t) = D xidi(t) ,  y&) = D> vidi(t)
1—=1 =1

with X=($19$27°"7$n), y = (y1,92,---,Yn)
» Then the inner product of x and y Is

x-y=[ eyt

Communications Engineering
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) Signal space representation

e Orthonormal basis
> Proof

n

= ) Ty =Xy

Since TQ_ (t).;cﬁj (¢)dt = {(1) i i j

E, = Energy of z(f) = /'OO 22 () dt

— 00

> Ee=xox=|x|P

Communications Engineering

/ i (t)y(t)dt = ] i [Z w?:@:(t)] LZ yj%'(t)] dt
o0 — 0 l
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Signal space representation

® Basis functions for a signal set
» Consider a set of M signals (M-ary symbol)
{si(t),i=1,2,.., M} with finite energy, i.e.,
/.oo sg(t)dt < o0

» Then, we can exprogss each of these waveforms as weighted

linear combination of orthonormal signals:
N
si(t) = > siip;(1) fori=1,...,M

71=1
where N< M is the dimension of the signal space and{#;(*)}1’
are called the orthonormal basis functions
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Slgnal space representation

® Basis functions for a signal set
» Consider the following signal set

Sl(f) 2(f

+1 +1
f
14 1 2 1

T EF

Communications Engineering
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Signal space representation

® Basis functions for a signal set

» By Inspection, the signals can be expressed in terms of the
following two basis functions:

$1(1)

+1 +1

P> (t)

1 2 1 2

s1(1) =1-¢1(t) +1-¢2(t)  s3(t) =—-1-01(t) +1-¢2(¢)
so(t) =1-¢1(t) —1-¢o(t) sa(t) = —1-¢1(t) — 1 - po(t)
> Note that the basis i1s orthonormal

|~ e1®oa(trdt =0

[ lor®Pdt= [ jea(t)Pat = 1
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Signal space representation

® Basis functions for a signal set

» Constellation diagram Is a representation of a digital
modulation scheme in the signal space

» The axes are labeled with ¢,(t) and ¢2(t)
» Possible signals are plotted as points, called constellation

points
 $2(t)
s3(t)g e S1(t)
-1 1 i
| ¢1(t)
sa(t) S $32(t)
-1
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Signal space representation

® Basis functions for a signal set
» Suppose our signal set can be represented in the following

form
s(t) = i\/; cos(2m fot) + \/%sin(wact)

with ¢t € [0, T)and f1 >> 1

> We can choose the basis functions as follows

$1(t) = \/% cos(2mfet)  @Po(t) = \/%sin(%fct)

t € [O,T)
Since J§ du®)ga(t)dt = [ [ cos(@mfit)|/ 2 sin(@mfot)dt
= 2 [ L[sin(0) + sin(4n f.t)]dt
= = 47;0 [cos(4n f.t)]T = 0,for f,T < 1
and [T oa0))2dt = [T |go(t)2dt = 2 [, L[1 + cos(drfot)]dt ~ 1
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Signal space representation

® Basis functions for a signal set

» The above example is exactly QPSK modulation. Its
constellation diagram is also

(1)
s3(t)g | S1(t)
- ;
-1 1 >
| b1 (t)
sa(t) S ;32(15)
1

Widely used in commercial
communication systems, including
A4G-LTE, Wifl, and incoming 5G.
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Signal space representation

® Basis functions for a signal set

» Two entirely different signal sets can have the same
geometric representation.

» The underlying geometry will determine the performance
and the receiver structure

» In general, is there any method to find a complete
orthonormal basis for an arbitrary signal set?

Gram-Schmidt Orthogonalization (GSO) Procedure
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Signal space representation

o GSO procedure

> Suppose we are given a signal set {s1(t),...,sps(t)}

» Find the orthogonal basis functions for this signal set

{p1(t),...,0x(®)}  WIth K <M
» Step 1. Compute the energy in signal 1
E{= /_Ooﬁs%(t)dt

» The first basis function is lust a normalized version of si(t)

s (1)

vVE]

) s1(t) = s1101(t) = /B1¢1(t)

511 = /Z s1(t)p1(D)dt = /By

$1(t) =

Communications Engineering 103



Signal space representation

o GSO procedure

» Step 2. Compute the correlation between signal 2 and basic
function 1 -
$21 2/ s2(t)¢1(t)dt

» Subtract off the correlation portion
go(t) = s2(t) — s21901(¢) :> g>(t) is orthogonal to ¢1(t)
» Compute the energy in the remaining portion
=] loa(O)?d
» Normalize the remaining portlon

~ (1)
2
V:> $90 = /_O:O Sz(t)cbz(t?dt = \/Eigg

¢o(t) =
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Signal space representation

o GSO procedure
» Step 3: For S|gnal s, (1), compute

= [ sttt

> Define )
g (1) = sk (£) — > s (t)

=41

» Compute the energy of gk(t)
Ego= [ lo(O1?d
» Kk-th basis function

r(t) =

" g,(1)
Vo
=) = st = /By
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Signal space representation

o GSO procedure
» Summary

1. 18t basis function is normalized version of the first signal

2. Successive basis functions are found by removing
portions of signals that are correlated to previous basis
functions and normalizing the result

3. The procedure is repeated until all basis functions are
found (if gk(t)=0, no new basis functions Is added)

The order in which signals are considered
IS arbitrary
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Signal space representation

o GSO procedure
» Consider an example.

» Use the Gram-Schmidt procedure to find a set of
orthonormal basis functions corresponding to the signals
shown below

Xy(t) Xo(t) Xq(t)
4

1 1 1

N 1 t 1 i = a " t
0 1 2 X | 0 1 2 3 0 1 2 3

» EXpress xi, Xz, X3, In terms of the orthonormal basis
functions found previously

» Draw the constellation diagram for this signal set
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Signal space representation

o GSO procedure

» Example
Step1: E;= /'OO 22(t)dt = 2 1 ¢1(t)
1 V2
¢l(t) — \—@iﬂl(t) I1 .
r11 = V2
St 2: 00
°P T3] = /_OO ro(t)p1(t)dt =0
g2(t) = zo(t) and Eg, =1
Po(t) = xo(t) . b2 (t)
xop =1
2 3
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Signal space representation

o GSO procedure
» Example

Step 3:  z31 = f_z z3(t)p1(H)dt = V2
w32 = [ a3(éa(tdt = 1

g3(t) = x3(t) — w31 f1(t) — x32f2(t) =0

=> No more new basis functions
Procedure completes

{m(t) - %xlm

Po(t) = zo(t)

Communications Engineering
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Signal space representation

o GSO procedure
» Example

Express x,, X,, X5 in basis functions
z1(t) = V2p1(t)»  x2(t) = ¢o(t)

z3(t) = V201 (t) + ¢2(t)

Constellation diagram

¢o(t)1 - X3
Q- 9
1
bX1
V2 o 1)

Communications Engineering
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Signal space representation

o GSO procedure
» EXxercise

Given a set of signals (8PSK modulation)

s;(t) = Acos (27rfct — Zz)

:=0,1,...,7 and 0<t<T

= Find the orthonormal basis functions using Gram
Schmidt procedure

= What is the dimension of the resulting signal space ?
= Draw the constellation diagram of this signal set
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Signal space representation

o GSO procedure

» A signal set may have many different sets of basis
functions

» A change of basis functions is essentially a rotation of the
signal points around the origin

» The order in which signals are used in GSO procedure
affects the resulting basis functions

» The choice of basis functions does not affect the
performance of the modulation scheme
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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__________________

. AD Source | Channel |
Source |[—* " " Modulator
. converter | encoder encoder

Absent if _ - |
source is Noise — anne

digital

User k— D/A | Source L [ Chamnel L | potector [«
. converter : decoder decoder

o Detection theory
o Optimal receiver structure
o Matched filter

o Decision regions Chapter 8.2-8.4, 8.5.3
o Error probability analysis
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Optimal receivers

Alice . .
& “l want | want
L ‘ ” blawberry”
“jw 1
| _f Channel
strawberry  blueberry
\ v Y,

* |n digital communications, hypotheses are the possible
messages and observations are the output of a channel

o Based on the observed values of the channel output, we
are interested in the best decision making rule in the sense
of minimizing the probability of error

Communications Engineering
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Detection theory

o Given M possible hypotheses Hi (signal mi) with

probability

P,=P(m;) , i=1,2,.... M

where Pi represents the priori knowledge concerning the
probability of the signal mi (priori probability)

e The observation 1s some collection of N real values

denoted by 7 = (r1,7ro,...,75) With conditional pdf
f(7m;) -- conditional pdf of observation 7~ given the signal m,

o Qur goal is to find the best decision-making rule in the
sense of minimizing the probability of error

my

Message

Communications Engineering

A 4

Channel

—

(&

Y

Decision
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Detection theory

° |ngeneral, r can be regarded as a point in some
observation space
o Each hypothesis Hi is associated with a decision region Di:

If I falls into Di, the decision is Hi

e Error occurs when a decision iIs in favor of another when
the signal ¢ falls outside the decision region Di

Decision Space M=4
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Detection theory

o Consider a decision rule based on the computation of the
posterior probabilities defined as

P(m;|7) = P( signal m; was transmitted given 7 observed )
fore=1,....M

o A posterior since the decision is made after (or given) the
observation

o Different from the a priori where some information about
the decision known before the observation

o By Bayes’ Rule: P(mil) = Piﬂ(g,;”i)

o Minimizing the probability of detection error given ris
equivalent to maximize the probability of correct detection

o Maximum a posterior (MAP) decision rule:

Choose m = my, if and only if
P f(Flmy) > P f(Flm;); for all i # k
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2 Detection theory

o |f p1 =p2=..=PpPm, the signals are equiprobable,
finding the signal that maximizes P(m,|#) Is equivalent to
finding the signal that maximizes f(7|my,)

o The conditional pdf f(#]my) is usually called the
likelthood function. The decision criterion based on the
maixmum of f(7]my) is called the maximum likelihood
(ML) dectection

o ML decision rule:
Choose m =m, if and only if

f(rimy) = f(Flm;); for all i # k
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) Optimal receiver structure

o Signal model

» Transmitter transmits a sequence of symbols or
messages from a set of M symbols?t1, 12, ..., MAf

with priori probabilities
p1 = P(m1), po = P(m2), pyy = P(myy)
» The symbols are represented by finite energy
waveforms si(t),sz(t), ..., sa(t) defined in intervals [0, T]
» The signal is assumed to be corrupted by additive

Channel | r(t) = s(t) + n.,(t)
{m[t&» Transmitterﬂ-v @ »  Recei ﬂ[t]}
"I Receiver
|
() ~ Sp(f) = No/2
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Optimal receiver structure

o Signal space representation
» Signal space of {si(t),s2(t),...,sm(t)} Is assumed to be of

dimension N (N<M)
> ¢k(t) for k=1,...,N will denote the orthonormal basis
functions

» Then each transmitted signal waveform can be

represented as
N T

sm(D) = 3 sppdp(t) Where s, = / sm(£)p. (1) dt

J0
k=1
» Note that the noise nw(t) can be written as

N T
no(t) = no(t) + Y miy(t) where ny = [ nu(D)dy(t)dt
) k=1 .

o v
h'd
/ Projection of n,(t) on the N-dim space

orthogonal to the space, falls outside the signal
space spanned by {¢.(t),k=1,... N}

Communications Engineering
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Optimal receiver structure

o Signal space representation
» The received signal can thus be represented as
r(t) = s(t) + nw(t)

N N
= Smk®k(t) + > npdr(t) + no(t)
k=1 k=1

N
= > rpdk(t) +no(t) where 7 = s,k + 1
k=1

J

o
Projection of r(t) on N-dim signal space

> In vector form, we have o)

F=5 4+

Received signal point

Observation 4— Noise vector

vector _
Message point

hal vector S;

> 91
¢3/
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Optimal receiver structure

o Recelver structure

» Signal demodulator: to convert the received wave form
r(t) into an N-dim vector 7= (r1,72,...,7N)

» Detector: to decide which of the M possible signal
waveforms was transmitted based on the observation
vector r
: receiver :

(D), Signal T I m
"l demodulator ” ;

» Two realizations of the signal demodulator: correlation
type and matched-filter type

Communications Engineering
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Matched filter

o Derivation

» The matched-filter (MF) is the optimal linear filter for

maximizing the output SNR.

z(t) =si(t)+ni(t)

» Input signal component s,
» Input noise componentz, () W|th PSDS (f)

h(t)

.\.

H(f) y(t) = so(t) + nolt

Dy

» Output signal component

5, (1)=

::SI. (z‘ —r)h(r)dr
A(S)H(f)e™df

» Sample at t = 1
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Matched filter

o Derivation
> At the sampling instance ¢ =ty , 5, ()= A(f)H(f)e™df
» Average power of the output noise is
N =B () =22 | (1) dr
» Output SNR

sin) IRIGEE
SO L fa

@ Find H(f) that can maximize d
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Matched filter

S f;
by »
<4 :7

0%

| -?»;%f

o Derivation
» Schwarz’s inequality

JLIF Gl ax ] Jo(x)f dv

T J:F (x)Q(x)dxd

equality holds when F(x)=CQ(x)

F ' (x)=A(f)e’™
>Let{Q() () . then

(f)=H(f) E : signal energy
/
NG| de\H Far [ e of
_J' ‘H Ny N,
2
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Matched filter

o Derivation
» When the max output SNR 2E/No Is achieved, we have

A4 /h’"(t)z.:Hm(f)e”“"‘df
" 4 ()@t
h(1)= s, (t,—t) <~ A (e s
| =5, (t, 1)

» Transfer function: complex conjugate of the input
signal spectrum

» Impulse response: time-reversal and delayed version of
the input signal s(t)
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Matched filter

° Properties
» Choice of £, versus the causality

sf(i) sl(—t)
L1 = N
| » [ } » [
0 T 0
Ahm(t:‘ /
Not implementable

xé/////m K

fo(T
s.(t,—t) 0<t<t
q—to T'— hm(f):{ 0(0 ) ] 0

otherwise

« to >T > where 1, =T
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Matched filter

° Properties
» Equivalent form in correlator

» Let si(t) be within [0,T] e ,
y(0)= X0 by (1) = x()*s,(T—1) 5O} 0 L2 1AD)
=J-0Tx(r)SI.(T—z‘+r)dr .

» Observe at sampling time t=T H
WT)= [ x(@)s,(z)dz = [ x(t)s, (t)dr
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Matched filter

° Properties
» Correlation function

3]

R,(7)= | (¢)s,(t+7)dt = Jisl (t—7)s,(t)dt =R, (-7)
> Auto-corre.lation function

R(r) = S(Z‘)S(t+r)dt

o —00
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Matched filter

° Properties
» MF output is the auto-correlation function of input

signal s,(0)=[" s.(t=u)h, (u)du :J.w s; (t—u)s, (¢, —u)du

o —00 —o0

> GO

= Si(,u)sf [y+l‘—l‘0]dy=RS0(f_fo)

—00

> The peak value of s,(¢) happens
s, (%)= J:Sf (u)du=E
> 5,(¢) 1ISsymmetric at £ =1,

A,(f) = AV H, (F)=]a(f)f e
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Matched filter

° Properties
» MF output noise

» The statistical auto-correlation of no(t) depends on the
auto-correlation of si(t)

R, (r)=E{n,(t)n,(t+7)} = %J: h, (u)h, (u+7)du
= %j:;si (¢)s,(t—7)dt

» Average power

N (* 00
E{rzj (z‘)} =R, (0) = 70._003‘1-2 (y)du Time domain

N. po 2 N = 2 .
TO.LO‘A(f) df = Toj_w‘Hm (f)‘ df Frequency domain

:NOE
2
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Matched filter

o Example s(t)
» Consider a rectangular pulse s(t) A
Es = A°T
0 T t
» The impulse response of a filter
matched to s(t) is also a h(t)|= s(T' = 1)
rectangular pulse A
» The output of the matched filter so(¢)
S h(t) * s(¢) 0 T ¢
So(1)

» The output SNR is
2A°T AT

_ 2 (T _
(SNR), N |, s*(dr =

0
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Matched filter

o Colored noise

» In case of colored noise, we need to preprocess the combined
signal and noise such that the non-white noise becomes white
noise- Whitening Process

x(t)=s,(t)+n(t) where n(t) is colored noise with PSD S, (/)

\

x(7)

/ xX'(t)=s'(t)+n'(¢)
/
¥'(7) (1)
>  H(f) | () >
Choose H,(f) so that n/(t) is white, i.e.
S, (f)=|H,(f) S, (f)=C

Communications Engineering
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9 Matched filter

o Colored noise
> We choose

Hl(f): |H1(f)

H>( f) should match with S (t) A(f)=H,(f)A(f)
H,(f)=4"(f)e " =H} (f) 4" (f)e ™"

» Therefore, the overall transfer function of the cascaded
system:
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o \We have talked about matched filter
o Consider the optimal receiver structure again

' receiver

I —
r(t) |  Signal r

-

l

demodulator

Y
O
®
—
D
@)
—
o
ﬂ

» Two realizations of the signal demodulator: correlation
type and matched-filter type
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) Updates on the receiver

o Correlation type demodulator

» The received signal r(t) Is passed through a parallel bank
of N cross correlators which basically compute the
projection of r(t) onto the N basis functions{¢,(¢),k = 1,... N}

¢1(t)
_.é@_. 7 Odt 1,

$2(1) .
—»é@—» & Odt |—s

o (t) : )
——()——| JJ Ot A
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) Updates on the receiver

o Matched filter type demodulator

» Alternatively, we may apply the received signal r(t) to a
bank of N matched filters and sample the output of
filters at t=T. The impulse responses of the filters are

hi(t) = ¢p (T —t), 0<t<T

Jor(r— )|t L
oo — ) 12

r(t)

oy (1 — O

Sarr:lple att=T

Communications Engineering
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Updates on the receiver

o For asignal transmitted over an AWGN channel, either a
correlation type demodulator or a matched filter type
demodulator produces the vector ¥ = (r1,ro,...,7x)

which contains all the necessary information in r(t)

° The next step is to design a signal detector that makes a
decision of the transmitted signal in each signal interval
based on the observation of 7, such that the probability of
error is minimized (or correct probability is maximized)

e Decision rules: MAP decision rule:
choose m = myif and only if

Py f(Flmyg) > P f(Flm;); for all i # k

likelihood function f (+]m;,)

ML decision rule
choose m = my if and only if

F(Fmyg) > f(7Flm;); for all i # k
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Likelthood function

o Distribution of the noise vector

» Since nw(t) Is a Gaussian random process, the noise
component of output », = / nw(Der(Odt iS Gaussian r.v.

> Mean: .
E[n,] = /O Elnw(®)]én(t)dt =0 , k=1,....N
» Correlation between n; and nk

Bl = B| [ @@t [ nwm@k(»r)dfr]

—E / g / Tnw(t)nw(T)qu(t)qbk(T)dth]
PSD of 7w (t)is f ] Elnaw () (1)1 (£) oy (7)dtd
Sn(f):NO/Q Q TNO

| [ 2260 = 160 én(r)dtdr

No _[ 5 =k
Coimanir ={ 392k

Communications Engineering 140



Likelthood function

o Distribution of the noise vector

» Therefore, nj and nk (j£k) are uncorrelated Gaussian
r.v.s, and hence independent with zero mean and
variance No/2

> The joint pdf of i = (n1,...,ny)
N N
pneoom) = 1] o) = I W}Toexp (—=nZ/No)

1
N
= (nNg)~ N/Qexp( > n%/No>
k=1

Communications Engineering

141



Likelthood function

o Conditional probability
» If mkis transmitted, 7= 3, +7 with 7; = s +ny
and Elrj|lmy] = si; + Elnj] = sy,

Transmitted signal values in each dimension
represent the mean values for each received signal

and Var[rijlmg] = Var[n;] = Ng/2
» Therefore, the conditional pdf of

s = 11 oo (~2520)
¥ i VAo No

= (xNo) N/? exp (_Zé\’zl (rj - skp’z)

No

Communications Engineering
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Likelthood function

o |Log-likelihood function

» To simplify the computation, we take the natural

logarithm of f(#]m) , which is a monotonic function.

Thus, N 1 N >
In f(7Flmg) = ——In(7Ng) — — > (rj — s1;)
> Let N
D2(75) = Y (r; — Sk,j)2 = |7 — &]|°
i=1

denote the Euclidean distance between + and s, in the

N-dim signal space. It is also called the distance metric.
qbzn

D?(7, 5,)
Sk

?3

Communications Engineering
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Likelthood function

o Optimal detector
» MAPrule: m=arg max f(#@m,)P(my)

{ml,...,mM

=arg max _In[f(Flm)P(my)]
{m1,....mnr )

|

= arg max ——||7 — 8| ‘|"”Pk}
{mq,...mp} | No

=arg min {H’f'—ngQ_NO'”Pk}
{mla'":mﬂf

» ML rule:
m=arg min _|F—35|°

il U

ML detector chooses m = my, iff received vector; is closer tos),
in terms of Euclidean distance than to any others; fori# k

Minimum distance detection
(will discuss more in decision region)
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Likelthood function

o Optimal receiver structure

» With the above expression, we can develop a receiver
structure using the followmg derlvatlon

- _Zl (rj —sk)2+ NoInPj, = — Z rs lek;, + 2 erj.skj + NgIn Py
J= J i)

g D . IR
= —|I7|* = [I8kll© + 27 5, + No In P

T
- lI1° = /0 st(t)dt = Ey = signal energy

J 78 —f sp(t)r(t)dt = correlation between the received signal
vector and the transmitted signal vector

~ |I7* = common to all M decisions and hence can be ignored
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Likelthood function

o Optimal receiver structure
» Hence, we have

E N,
m = arg _max {Foé’k—?k—l—éjlnPk}

miy,...,Mmpf

» The diagram of MAP receiver can be (Method 1)

#1(t) (gl
™ r-si
é S ode |2 L)
t a2
$2(t) ro Compute 7l B l Comparator
» (X > [g Odt |—| XN - — | (selectthe | m
r(t) Z TSk, ; ] largest) —*
. J:]_ .
. 1<k<M| = |
~N(t) St I
TN TSN
N, E,
- Y /) ap = 70 In Pr — Kk

This part can also be implemented
using matched filters
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Likelthood function

o Optimal receiver structure
» The diagram of MAP receiver can also be (Method 2)

Sl(t) . aj
é) [ & odt |[—

SQ(t) a
7.5 Comparator
(X > fg ()dt —| (select the m

J

v
=

|

r(t) . largest) |/
T sm(®) 0y
-8,
@5 o Oa | 89—-
\ _/ No Ej,
~ ay, =2 Inp,— -

This part can also be implemented "°0
using matched filters

E, . No
= ar max Fe8, —— + —|
gml ,,,,, mM{T Sk 2 + 2

» The structures are general and can be simplified in

certain cases.
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Likelthood function

o Optimal receiver structure
» Both receivers perform identically
» Choice depends on circumstances

» For instance, iIf N<M and {¢;(t)} are easier to generate
than {sx(t)} , then the choice is obvious

» Consider for example the following signal set

A A
+1 Sl(t) +1 ‘gz(t)
2 2
| -1
+|‘ s3(t) +1‘ s4(t)
) - i 3 -
-1 1

Communications Engineering
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9 Likelihood function

o Optimal receiver structure
» Suppose that we use the following basis functions

b oo1(t) ‘ P2(t)

+ +1

Lt Lt

1 2 1 2

-1 -1
50 =1¢1(t)+1-¢(t) s:(1)=101(t)-1-09(t)
5;(N=-101(t)+1-2(t)  s.(t)=-1¢1(t)-162(t)

» Since the energy is the same for all four signals, we can

drop the energy term, and hence , — Mo,
2
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Likelthood function

o Optimal receiver structure
» We have (Method 1)

No
—1n
5 P1
¢1(t) 751
. | Compute ——(+)—s
T
> o 5 "MP2| choose
r-Sy 2
_ . o/ the %
=72 > % ) > m
r(t) Largest
—r1 + 1o No Inpa
gz(t) 2
o —r1—To |, o
R o (T <, 8§
X Jo Qadt 4
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Likelthood function

o Optimal receiver structure

» Method 2

s1(t)
=é >

r(t)

s4(t)

Communications Engineering

No
“Y
5 npi
S
T
Jo Qdt —
No
—1n
5 Npa
75y
Jo Odt _.é)_.

Chose
the
Largest
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Likelthood function

o Optimal receiver structure

» Exercise: In an additive white Gaussian noise channel
with a noise power-spectral density of No/2, two
equiprobable messages are transmitted by

ﬂ 0<t<sT
Sl(l():4 T o
\ 0 otherwise
(At
A—— O0<t<T
S,(1) =+ T
0 otherwise

» Determine the optimal receiver structure.
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Decision regions

o Graphical interpretation

» Signal space can be divided into M disjoint decision
regions Ri, Rz, ..., Rw.

If #e R, ©=) decide m was transmitted

» Select the decision regions so that Pe Is minimized
» Recall that the optimal receiver sets m = m,, Iff
I — 8%II* — No In Py, is minimized

» For simplicity, if one assumes px = 1/M for all k, then
the optimal receiver sets m = my, iff [I7—sl° is
minimized

Communications Engineering
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Decision regions

o Graphical interpretation

» Geometrically, we take projection of r(t) in the signal
space (i.e., #). Then, decision is made in favor of signal
that Is the closest to + In the sense of minimum
Euclidean distance.

> Specifically, the observations with |7 - 5. < |7 5|2 for
all : = & should be assigned to decision region R«
» Consider for example the binary data transmission over
AWGN channel with PSD Sn(f)=N0/2 using
s1(t) = —s2(t) = VE$(t)

» Assume P(mi1) #P(mz). Determine the optimal receiver
and the optimal decision regions.
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Decision regions

o Graphical interpretation

» For the above example, the optimal decision making
Choose m,

|7 =510 = NoIn P(m1) S |7 — 8|12 — NoIn P(ms)
Choose m,

> Let d; = |7 — 51| and d = |7 — 3|
» Equivalently,

Choose m,
P(m
d:f —d% < Ngln (m1) Constant ¢
> 7 P(mg)
Choose m,

> Therefore

Ri:di—d5<c and R, d3—d3>c
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Decision regions

o Graphical interpretation

» Now consider the example with + on the decision

boundary
d = dy + do
&2 = p? —
d5 = (d — p)?
R, R,
d
) 1 o(?)
> . = >
s, | 0 | S1
—— o

Communications Engineering

d2—d2_2d,u, =l

c+d? _ -|- 0 P(ml)
2d P(mz)

,J,:

el o Hige (e DN U2 ()

=d/2 ifP(my) = P(m2)
L
< d/2 ifP(my) < P(ma)
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Decision regions

o Graphical interpretation

» In general, boundaries of decision regions are
perpendicular bisectors of the lines joining the original

transmitted signals

» Example: three equiprobable 2-dim signals

P2(1) 4

S1
R’|

Communications Engineering
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Decision regions

o Graphical interpretation

» Now consider for example the decision regions for
QPSK

» Assume all signals are equally likely and all 4 signals
could be written as the linear combination of two basis
functions

» Constellations of 4 signals
$2(t) R,

S1=(1 10)

s,=(0,1) Rj

53=(-1 !0)

s,=(0,-1)

Communications Engineering
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Decision regions

o Graphical interpretation

» EXxercise: Three equally probable messages mi, mz, and
ms are to be transmitted over an AWGN channel with
noise power-spectral density NO/2. The messages are

1 0<r< E
2
1 0<t<T
s,(2) = s,(t)==s5,(t)=1-1 zsﬁrgT
0 otherwise 2
0 otherwise

» What is the dimensionality of the signal space?

» Find an appropriate basis for the signal space (Hint: you
donot need to perform Gram-Schmidt procedure.)

» Draw the signal constellation for this problem.
» Sketch the optimal decisions Ri, Rz, and Ra.

Communications Engineering
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Error probability analysis

o Probability of error
> Suppose my, is transmitted and 7 is received

» Correct decision is made when 7 € R;, with probability
P(C|my) = P(r¥ € Ri|my, is sent)

» Averaging over all possible transmitted symbols, we
obtain the average probability of making correct
decision M

P(C) = Z P(7 € Ry|my, is sent)P(my,)
k=1

» Average probability of error

M
P. =1-P(C) = 1- ) P(¥ € Ry|my, is sent) P(my,)
k=1
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Error probability analysis

o Probability of error
» Consider for example the binary data transmission

R, R,

d d_I_ NOI P(mq)
o g ’_L .

| d o(t) 2d  P(mo)

82 0 0 ],_ S1
d — [L | U

)
v

P(C|s1) = P(r € Ry|s1)
= P(s1+n>d)
= P(n > —u)

» Given ma IS transmitted, then

> Since n 1s Gaussian with variance No/2

P(Cls1) =1-Q (\/;7/2)
0
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Error probability analysis

o Probability of error
» Similarly, we have

P(C|s3) = P(so+n < d) =P(n <d—u) =1-Q (\(/ir;;)
0

» Thus,
P(C) = P(my) {1 - Q [—ﬁ] } + P(mo) {1 -@ [%”

where d = 2\/_
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9 Error probability analysis

o Probability of error
» Note that when P(m4) =

P
d
M\/7§

P, = Q{ﬁgl\:Q[ 2‘”]—@[ NO}
» This shows us that: \ /

1. When optimal receiver is useth.Pe does not depend on the
specific waveform used

2. Pe depends only on théir geometrical representation in
signal space

3. In particular,Pe depends on signal waveforms only through
their energies (distance)

(m2)
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Error probability analysis

o Graphical interpretation

» EXxercise: Three equally probable messages mi, mz, and
ms are to be transmitted over an AWGN channel with
noise power-spectral density No/2. The messages are

1 0<r< E
2
1 0<t<T
s,(t) = §,(t) ==s,(t) =1-1 ZSIiT
0 otherwise 2
0 otherwise

» Which of the three messages is more vulnerable to
errors and why? In other words, which of the probability
of error p(Error |m, transmitted) IS larger?
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Error probability analysis

o (General expression

> Average probability of symbol error
M
P.=1-P(C) =1- ) P(7 € Rg|my; is sent)P(my,)

k=1 / Likelihood function

————————————————

» Since P(re Rk|mk is sent) —I/ f(ﬂmk)dr

__________________

» Thus, we can rewrite Pe in terms of likelihood functions,
assuming that svmbols are equally likely to be sent

P, = 1—— z / £ (Fmy)di*
» Multi-dimension mtegrals are quite difficult to evaluate.
To overcome the difficulty, we resort to the use of

bounds. Then, we can obtain a simple and yet useful
bound of Pe, called union bound.
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Error probability analysis

o (General expression

> Let 4;; denote the event that + is closer to 5 than to Sk
In the signal space when m.( 5,) IS sent

» Conditional probability of symbol error when m;, is sent
P(error|my) = P(F & Ry|lm;) = P ( U Akj)
j#k
» Note that
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Error probability analysis

o General expression
» Consider for example

A1pUA13U Axg (I i

S2
R % o R
r s, ¢1(0)
@]
S4
R4
(L\\Sz
O > Sf$ O >
o S, T S, 7
A12 A13 A1g
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Error probability analysis

o (General expression
» Define the pair-wise error probability as
P(8, — §;) = P(A;)
> It is equivalent to the probability of deciding in favor of s;

whens), was sent in a simplified binary system that
Involves the use of two equally likely messages s, ands;

2.
> TN (5= 5) = P(n > dyy/2) =@ j—f%)

where di; = ||5; — 55| 1s the Euclidean distance between
sk ands’;
» Therefore the conditional error probability

M d2
P(error|m;) < Z Bls 33) = Z Q QNO
T5k T2k
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Error probability analysis

o (General expression

» Finally, with M equally likely messages, the average
probability of symbol error is upperbounded by

1 M
el ng Gt _ The most general
=1 <— formulation of union
1 M M dz bound
<=2 2 Q5w
M= o 2N,
j

> Let dmin denote the minimum distance, 1.e., dmin = n%;n dkj
k# j

» Since Q-function is a monotone decreasing function
M d2. d2..
ki | < (M -1 Q min
;Q(\QNO)‘( ) ( 2No)
j_
1Fk
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Error probability analysis

o (General expression
» Consequently, we may simplify the union bound as

d2. Simplified form of
min
Pe< (M -1)¢ ( 2N0) union bound

» Think about: What is the design criterion of a good
signal set?
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation techniques [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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Digital modulation techniques

------------------

. AD Source | Channel |
Source [ - > " Modulator
. converter | encoder encoder

__________________

T ‘

Absent if
source is
digital

Noise ——| Channel

User |k— D/A ‘_ Source | Channel |, Detector |+—
' converter ! decoder decoder

o Binary digital modulation
o Me-ary digital modulation

o Comparison study Chapter 8.2, 8.3.3, 8.5-8.7,
9.1-9.5, 9.7
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)) Digital modulation techniques

o |n digital communications, the modulation process
corresponds to switching or keying the amplitude,
frequency, or phase of a sinusoidal carrier wave
corresponding to incoming digital data

° Three basic digital modulation techniques
1. Amplitude-shift keying (ASK) - special case of AM

2. Frequency-shift keying (FSK) - special case of FM
3. Phase-shift keying (PSK) - special case of PM

o \We use signal space approach in receiver design and
performance analysis
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Binary digital modulation

* |n binary signaling, the modulator produces one of two
distinct signals in response to one bit of source data at a
time.

. go—

° Binary modulation type

Binary PSK Binary FSK Binary ASK
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)
» Modulation '

Io } i |E i
TP EL J— | b ! {E i
Vom, oo ooy b
| .
‘0" —so(t) = 1/2TEb‘bCOS §27rfct + w]l = —‘/QTEbbCOS (27 fet)

» 0<t<T,,T, bit duration

> fe :carrier frequency, chosen to be nc/1} for some
fixed integer n¢ or £, >>1/T,

» Ly, . transmitted signal energy per bit, I.e.,
Ty 5 _ [P 5 i
/O s2(t)dt = /O s2(t)dt =

» The palir of signals differ only in a 180-degree phase
shift
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)
» Signal space representation:

/2 |
$1(t) = = cos(2nf.t) with 0<t<T,
b

> S0 s1(t) = Eyh1(t) and sa(t) = —/Byé1 (1)

» A binary PSK system is characterized by a signal space
that is one-dimensional (N=1), and has two message
points (M=2)

@

!0 O =q51(t) d1o = 2\/55

S, S1

» Assume that the two signals are equally likely, I.e.,
P(Sl) = P(Sg) = 0.5

Communications Engineering
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)

» The optimal decision boundary is the midpoint of the

line joining these two message points
|

— Region R, p:q Region R,

o—o
S, : S,

"1 (t)

> Decision rule:

1. Guess signal si(t) (or binary 1) was transmitted if the
received signal pointr falls in region R, (+ > 0)

2. Guess signal sz(t) (or binary 0) was transmitted
otherwise (r <0)
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9 Binary digital modulation

o Binary Phase-Shift Keying (BPSK)
» Probability of error analysis.

» The conditional probability of the receiver deciding In

favor of s2(t) given that si(t) was transmitted 1s
P(e|s1) = P(r < 0ls1)
. - 2
— /O 1 exp{_(f \/Fb) }d!{‘:Q( @)
J—00 TI'NO
» Due to symmetry

P(EISZ):P(r>O|sz):Q£ 2|\IEbJ

0
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)
» Probability of error analysis.

» Since the signals si(t) and sz(t) are equally likely to be
transmitted, the average probability of error Is

Pe = 0.5P(e|s1) + 0.5P(e[s2) = @ (\/%)

P, depends on ratio

» This ratio is normally called bit energy to noise density
ratio (SNR/bit)
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)

> Transmitter.

Input binary

Spectrum
data ”

Product

shaping filter |

a modulator

w7
_,\/Eb—

Rectangular
pulse

Communications Engineering

, Binary PSK

wave s(t)

Carrier wave

$1(t) = \/% cos (2m fct)
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Binary digital modulation

o Binary Phase-Shift Keying (BPSK)
» Recelver.

2FE
r(t) = £,/ =2 cos (27 fet + 0)
T; [ Say 1 if threshold is exceeded
—

b . "
T

2
= cos (2r fut + 0) Threshold
VT

AN /
N I
demodulator detector

Say 0, otherwise

» 6 1s the carrier-phase offset, due to propagation delay or
oscillators at the transmitter and receiver are not
synchronous

» The detection is coherent in the sense of phase
synchronization and timing synchronization
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9 Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)

» Modulation [\OE T4 %01 Bt @ W
2F; /\ /\/\/\
“r o 81(t) = \/%COS(27Tf1t) '\/ VVVV \/ Vv V/\ j\VI\A

2E
‘0" —s2(t) = ”Tbcos (27 fat) 0<t<Ty
b

> E : transmitted signal energy per bit

T T

]0 s7(t)dt :/o s3(t)dt =
> f;. transmitted frequency with separationas = 1, - f,
> Ar 1S selected so that si(t) and s2(t) are orthogonal, i.e.,
T
/O " s1(D)so(t)dt = 0
(Example?)
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)
» Signal space representation:

$1(t) = \/%COS (27 f1t)
Pp2(t) = \/%COS(QWJ‘EH

s1=[y/E 0]
so=10 /By

Communications Engineering

0<t<T, s1(t) =/ Byoa (t)
—>
0<t<T, so(t) = \/E@(ﬂ
()
Message d12 = /2L

point S> @ /Eb

Message point S1

® > ¢1(1)

/B
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)

» Decision regions:

r=[r1 7] $2(t) R, . Decision boundary
Message .
_ [T point S2 .7
= [ et B
T // R,
Ty = j r(t)po(t)dt _+" Message point 81
0 ® > ¢1(t)

\/Eb

otherwise

1. Guess signal si(t) (or binary 1) was transmitted if the
received signal point  falls in region r, (r2<ri)
2. Guess signal sz(t) (or binary 0) was transmitted

Communications Engineering
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)
» Probability of error analysis.
» Given that s: Is transmitted
7‘1=-\/Eb+’”»1 and ro = np

» Since the condition rz-r: corresponds to the receiver
making a decision in favor of symbol sz, the conditional
probability of error when s: Is transmitted is given by

P(els1) = P(r1 <rals1) = P(\/Eb—l— ny < no)
> niand nz are i.i.d. Gaussian with n1,no € N(0, Ng/2)
> Thenn = n1 — no is Gaussian with n € N'(0, Np)

[ Plels1) = P(n< —\/B) =Q (\/%)
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)
» Probability of error analysis.
» By symmetry, we also have

Plelsa) = Pl > ralsz) = @ ([

» Since the two signals are equally likely to be transmitted,
the average probability of error for coherent binary FSK

IS

E
P.=Q (MN—Z) —> 3 dB worse than BPSK

To achieve the same P,, BFSK needs 3dB more
transmission power than BPSK
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)
» Transmitter.

.(\
-
. 2 \ ¥ Binary FSK wave
Binary wave fi0)= ,“i KCOS{J'.Tﬁf ﬂ\zj,_..
On-off signalling form +
1
0 __l —®= Inverter H"(;

I'5
iD= .JI_;CO s(2af3t)

|

Communications Engineering
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Binary digital modulation

o Binary Frequency-Shift Keying (BFSK)
» Recelver.

r1

r(t) | o1(t)

— % J—> H’ dt 2

$2(1)

Device Choose 0 otherwise

Decision | {ChOOSS 1if >0
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9 Binary digital modulation

o Binary Amplitude-Shift Keying (BASK)

» Modulation. 0 i1 i1:10i1 10 10 1
oty = 2B costominy L AMANE ANE L AN
E R et N 2/2 A 72
‘0" — so(t) =0 0<t<Ty Coon
> Average energy per bit (On-off signaling)
Eb=E-2|_O i.e. E=2F,

» Decision region

— Region R, >§< Region R,

i s
d12 = /2E) 8.2 i .1
0

oF;,  \[2E, $1(1)
2
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9 Binary digital modulation

o Binary Amplitude-Shift Keying (BASK)
» Probability of error analysis.

» Average probability of error Prove it!

P.=Q B |dentical to that of coherent binary FSK
No
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Binary digital modulation

o Comparison

BPSK BFSK BASK

di2 = 2\/513 di2 = \/TEb 2| \/TEb

° |n general,
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Binary digital modulation

o Example

» Binary data are transmitted over a microwave link at the
rate of 10° bits/sec and the PSD of the noise at the
receiver input is 1010 watts/Hz.

» Find the average carrier power required to maintain an
average probability of error P, < 10~ for coherent
binary FSK.

» What if noncoherent binary FSK?
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Binary digital modulation

o Update

» We have discussed coherent modulation schemes, e.g.,
BPSK, BFSK, BASK, which need coherent detection
assuming that the receiver is able to detect and track the
carrier wave’s phase

» In many practical situations, strict phase
synchronization is not possible. In these situations, non-
coherent reception is required.

» We now consider non-coherent detection on binary FSK
and differential phase-shift keying (DPSK)
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Binary digital modulation

® Non-coherent scheme: BFSK
» Consider a binary FSK system, the two signals are

Sl(t) =\ #% COS (Qﬂ'flt + 91)
b

s2() = |22 cos (2r fot + 67)
Ty,

> 1, 02 : unknown random phases with uniform
distribution

0<t<T

po,(0) = pg,(0) = { é/% glfe[o’%)
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Binary digital modulation

o Non-coherent scheme: BFSK
> Since
s1(t) = 1!%cos rfit+0,) = 1/@ cos(2x f1t) cos(61)— %sin(zwflt) sin(61)
Tb Tb Tb

so(t) = 12% cos (2m fot + 05) = ﬁ@ cos(2m fot) cos(bp)— @Sin(2ﬁf2t) sin(6>)
Ty Ty Ty

» Choose four basis functions as
p1.(t) = \/2/T cos(2nfit)  d1s(t) = —\/2/Tysin(2m f1t)
$2c(t) = /2/Tcos(2m fat)  ¢os(t) = \/2/Tysin(2r fat)

» Signal space representation
51 =[VE,cosf, +/Epsindy 0 0]
§2 = [ 0O O x/EbCOSQQ \/EbSiﬂ 92 ]
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Binary digital modulation

o Non-coherent scheme: BFSK

» The vector representation of the received signal
b e e il | |2

r(t)

‘%{)lﬂ(lé<>

53513(35)

—

¢23(2>5

Communications Engineering

—_—

| fiﬁ'zc(%g

& Odt | ——
fg Odt .
O |2
3 Ode |22,

Detector




Binary digital modulation

o Non-coherent scheme: BFSK

> Decision rule:
Choose s,

f(751) 2 f(7152) ML

Choose s,

» Conditional pdf

1
51,01) = ——ex
a1 =N P

[_ (r1c — VEp€0561)? + (r15 — VEpsin 91)1
No

1 'I“Q i ar-2
.. X e @YD [_ 2c + 2s
> Similarly mNg Ng

2 w3l

f (7152, 02) = Wi%exp [_%
! [ (TQC . \/ECOS 92)2 + (TQS — \/E;,Sin 92)2]
X——exp |—
7N ] No
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Binary digital modulation

o Non-coherent scheme: BFSK
» For ML decision, we need to evaluate

f(r151) > f(7]52)

1 2m
;ﬂf f(751,601)do > Z/o f (7152, 02)db>

> Removing the constant terms

(1Y { anten 4, EJ
| exp .

\ /T.K' 0 _.-' j\ls

"

> We have ! 'fﬂp'
0

[Er, cos(d) + 24/En, sm(d{)
N,

— hd —_

27 -

exp) do,
\ N, 0

1 f [ 24 ’Er cos(gﬂ])--\E; sm(gfl)
0

2 S
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Binary digital modulation

o Non-coherent scheme: BFSK
» By definition

1 2= —_-\:"Eyzl_cos(gfl )+ 2-\."'E?i,8in(¢l )— . [ 2 "E(rlf- L 7'1_,-) |
| exp = —— = “dag =1 =
2y | Ny | .

where lo() I1s @ modified Bessel function of the zero-th
order

» Thus, the decision rule becomes: choose s: If

/ ] ) T\
2\ E(n, +n,")
N,

;N'E(ilf + 7, )l
N,

0
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Binary digital modulation

o Non-coherent scheme: BFSK

» Note that this Bessel function is monotonically
Increasing. Therefore, we choose s: if

[ 2 2 [ 2 2
7Plc-l_r"ql.sz T2c+!r23

1. Useful insight: we just compare the energy in the two
frequencies and pick the larger (envelope detector)
2. Carrier phase is irrelevant in decision making

Communications Engineering
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Binary digital modulation

o Non-coherent scheme: BFSK
> Structure.

ﬁblc(t)
—'é@—- O ()2 N
ﬁbls(t) Z
»(X o & Odt s ()2 — Comparator]
r(t) | b (select | ™
2c(t the
_.,()é_, ‘_fg()dt T2c ()2 _ largest)
$24(1) 2
T T2s /
»(X » Jo Odt (1)°

r.=zeo(-5-)  See Section 9.5.2
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Probability of Bit Error

= F
== -¢¢+¢+o¢oop‘opo¢»¢¢+¢+oaoop'o»o¢ ety il gttt
-

roi'ii!i+++f+f¢|roi!ii+++++ofrl|!|i» sesfssadesssnssnannnnighes
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Binary digital modulation

o Differential PSK (DPSK)
> Non-coherent version of PSK

» Phase synchronization is eliminated using differential
encoding
1. Encode the information in phase difference between
successive signal transmission.
2. Send “0”, advance the phase of the current signal by 180°
3. Send “1”, leave the phase unchanged

» Provided that the unknown phase ¢ contained in the
received wave varies slowly (constant over two bit
Intervals), the phase difference between waveforms
received in two successive bit intervals will be
Independent of &
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Binary digital modulation

o Differential PSK (DPSK)
» Generate DPSK signals in two steps

1. Differential encoding of the information binary bits.
2. Phase shift keying

» Differential encoding starts with an arbitrary reference
bit
Information
sequUence 1.0 0 1 0 0 1 1 {my}

Differentially -
encoded 01 1 0 1 1 1 {d} _dfzdf—1®mf

sequence |nlt‘\ bit

Transmitted
PhaseOOnOOnOOO

Communications Engineering
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Binary digital modulation

o Differential PSK (DPSK)
» Structure.

Input
Binary
Sequence — {(1&}
ic
— 09 »  BPSKMod [—*
) etwork
{mz} ‘

?—» 1 bitdelay |
d, 1}

f
1a,.
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Binary digital modulation

o Differential PSK (DPSK)
» Differential detection.

2 Choose 1if/>0
’r'-(t) ‘ e J‘ Decision |
> L dr —* device Otherwise choose 0
Delay Threshold of

T zero volts

> Output of Integrator (assume noise free)
y= [0t~ Tyt = [ costuet + i + ) cosCuet + 1 +0)d

oc cos(Yg, — p—1)
» The unknown phaseg becomes irrelevant. The decision
becomes: If v, — ¢, = 0 (bit 1), then y>0; if
Y — Yr—1 =n (bit 0), then y<0
Pe = 1 exp (—ﬁ)
2 No
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o Comparison

OF
Coherent PSK Q( Wb)
0

Ey

Coherent ASK Q ol
Ey

Coherent FSK Q( A
0

DPSK ~ exp

1 b
Non-Coherent FSK 5 exp (—2—%)
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M-ary digital modulation

* |n binary data transmission, send only one of two possible
signals during each bit interval To

° |n M-ary data transmission, send one of M possible signals
during each signaling interval T

o |n almost all applications, M=2"and T=nTy, where n is an
Integer
o Each of the M signals is called a symbol

° These signals are generated by changing the amplitude,
phase, frequency, or combined forms of a carrier in M
discrete steps.

e Thus, we have MASK, MPSK, MFSK, and MOQAM
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M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)
» Modulation: The phase of the carrier takes on M
possible values

9ﬂ322ﬂ(m_1)/ﬂ/1-1 m:l,...,M

» Signal set
M 0<t<T

2K
sm(t) = -\f?‘g Cos
1

> Es=Energy per symbol, /- >>
» Basis functions

¢1(t) = \/% CoS(2 fet)

o (t) = \/% sin(2m fct)

Communications Engineering 212
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M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)
» Signal space representation.
2r fet + ]

sm(t) = 1/258 cos i
— /% cos (27 fet) COS FW(TJ 1)]
. /% sin (27 fot) sin lzﬂ(ﬂ;/[_ 1)]

27?(?;4— 1)1051(75)— - sin |i27T(T;L4— 1)]

27(m — 1)

P2 (t)

= v/ E5COS

|:> Sm = [ E cos (271’(?{}—1)) E.sin (271'(}{}—1)) ]

m=1,...,M

Communications Engineering
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M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)
» Signal constellations.

Decision
line (DL)

~

3
Y
A

-
S
.

“

%r

g A

i
i Sq 53 i 51
| s
| S4
M=2 M=4
(a) (b) (c) (d)
BPSK QPSK 8PSK 16PSK
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M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)
» Euclidean distance

27 . T
d_. 2E | 1-cos— =2./E sin—
" \/ [ M] ’ M

> dmin plays an important role in determining error
performance as discussed previously (union bound)

» In the case of PSK modulation, the error probability is
dominated by the erroneous selection of either one of
the two signal points adjacent to the transmitted signal

point
> Consequently an approximation to the symbol error
probability | IS, oo 4w /2 |_ ( SF. )
Fupsk Q \/TW QQ No sin i

Communications Engineering 215



M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)
» Exercise: Consider the M=2, 4, 8 PSK signal

constellations. All have the same transmitted signal
energy Es.

> Determine the minimum distance dmin between
adjacent signal points

» For M=8, determine by how many dB the transmitted
signal energy Es must be increased to achieve the same
dmin as M=4.

Communications Engineering
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M-ary digital modulation

o M-ary Phase-shift Keying (MPSK)

11

For large M, doubling
the number of phases
requires an additional 6
dB/bit to achieve the
same performance

[N I

Symbol error probability, Pg (M)

[N A 1 ) PSP /o BB (I L |

i grigii]

1

1075
-5 0 5 10 15 20 25

W
o

o _ Ey/Ng (dB)
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M-ary digital modulation

o M-ary Quadrature Amplitude Modulation (MQAM)

» In MPSK, in-phase and guadrature components are

Interrelated in such a way that the envelope Is constant
(circular constellation)

» It we relax this constraint, we get M-ary QAM

Po(1)
F 3

16PSK 16QAM

Communications Engineering
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M-ary digital modulation

o M-ary Quadrature Amplitude Modulation (MQAM)
» Modulation:

si(t) = 4/ 2—?0@ cos(27 fut) + 1/@@ Sin (27 fut)

» Ejq is the energy of the signal with the lowest amplitude
> a;, b; are a pair of independent integers
» Basis functions

$1(t) = \/?COS(%fct) $2(t) = \/g sin(2rfet) 0<t<T

» Signal space representation

5 = [\/Eoa; +/Eobil
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M-ary digital modulation

o M-ary Quadrature Amplitude Modulation (MQAM)
» Signal constellation.

$o(t)
N M = 64
T— e e e e I e
M = 32 I
e o o -¢ ¢ -2 o o
|
| M =16 |
® o r-r--o—-T 0 T
| M =
v o b e ey
¢ o oy - ® ¢ ¢ o ¢1(t)
i
+ e o—-o--.-—b ] 4
+ ® ¢ -¢leo—-—-29 e ;
l
L—a - —0 -0 — @~ @~ —@
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)) M-ary digital modulation

o M-ary Quadrature Amplitude Modulation (MQAM)
» Probability of error analysis.
» Upper bound of the symbol error probability

3kE, .
B—’£4Q(\/(M—1)Nﬂ] (for M =2%)

Think about the increase in Eb required to maintain the
same error performance if the number of bits per symbol
IS Increased from k to k+1, where Kk is large.
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M-ary digital modulation

o M-ary Frequency-shift Keying (MFSK) (Multitone

Signaling)
» Signal set:
sm(t) = \/TESCOS 27n(fe+ (m — L)ASf)t} RIS L, i
g 0t ) et

where Af = fm — fm—1 with fi, = fe+mAf

» Correlation between two symbols
1

T
= — Sm (t)sn(t)dt
Pmn B Jo m() ?’L()

_sin[2r(m — n)AfT]
 2a(m —n)AFT

= sinc[2(m — n)AfT]
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M-ary digital modulation

o M-ary Frequency-shift Keying (MFSK) (Multitone
Signaling)

pmn

-0.217

» For orthogonality, the minimum frequency separation is
Af = %
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M-ary digital modulation

o M-ary Frequency-shift Keying (MFSK) (Multitone
Signaling)
» Geometrical representation.

s, = (VE, ,0,0,---,0)
s, =(0,y/E,.,0,-+-,0)

1 =(0.0,-+,0,/E, )

> Basis functions.

D, = \/%COSZ?Z'(_}:. +mAf )t
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M-ary digital modulation

o M-ary Frequency-shift Keying (MFSK) (Multitone

Signaling)
-y - TE 1 I I l
> Probability of error.
10" |- <
|
n =1
A =2 i
g -3
£ =4
3 =5
10%1= 6
oo o =7
=8
=9
=10
10 1 11 —
_ 12
/"" ]
107 | /1 |
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)) M-ary digital modulation

o Notes

» Pe Is found by integrating conditional probability of
error over the decision region, which is difficult to
compute but can be simplified using union bound

» Pe depends only on the distance profile of the signal
constellation

Communications Engineering
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M-ary digital modulation

o Gray Code
» Symbol errors are different from bit errors
» When a symbol error occurs, all k bits could be in error

» In general, we can find BER using nij the number of
M AR i different bits
i — 1,7 pr I R R [l
A YT 109~ Vil (S i 83|8*) between si and S;

i=1 =1,

» Gray coding Is a bit-to-symbol mapping, where two
adjacent symbols differ in only one bit out of the k bits

» An error between adjacent symbol pairs results in one and
only one bit error
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M-ary digital modulation

o Example

» The 16-QAM signal constellatior
shown right is an international 15

standard for telephone-line
modems (called V.29) e 83 o

» Determine the optimum decision _5 _3 1 ¢1

boundaries for the detector o1 3 5

» Derive the union bound of the
probability of symbol error
assuming that the SNR is o
sufficiently high so that errors
only occur between adjacent
points

» Specify a Gray code for this 16-
QAM V.29 signal constellation
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M-ary digital modulation

o Gray Code

» For MPSK with Gray coding, we know that an error
between adjacent symbols will most likely occur. Thus,

bit error probability can be approximated by
Pe

~ logo M

P

» For MFSK, when an error occurs, anyone of the other
symbols may result equally likely. Thus, k/2 bits every k
bits will on average be in error when there is a symbol
error. The bit error rate Is approximately half of the
symbol error rate

|

b =2k

Think about why MQAM is more preferrable?
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M-ary digital modulation

o Channel bandwidth and transmit power are two primary
communication resources and have to be used as efficient as
possible

» Power utilization efficiency (energy efficiency): measured
by the required En/No to achieve a certain bit error
probability

» Spectrum utilization efficiency (bandwidth efficiency):
measured by the achievable data rate per unit bandwidth
Ru/B

o |t is always desired to maximize bandwidth efficiency at a
minimal required En/No
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M-ary digital modulation

o Consider for example you are a system engineer in
Huawel/ZTE, designing a part of the communication systems.
You are required to design a modulation scheme for three
systems using MFSK, MPSK or MQAM only. State the

modulation level M to be low, medium or high

An ultra-wideband A wireless remote A fixed wireless

system control system system
» Large amount of : » Use licensed band
i » Use unlicensed S, Tt
band
» Band overlays with receiver fixed with

> ;
other systems :“rPose conir?I power supply
> Purpose: high data evices remotely > Voice and data
e connections in rural
areas
UWSB versus other radio &
communications systems

2G mobile phones

L L T L}
10k 100k 1M 10M 100M 1G 10G
Frequency bandwidth (Hz)
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M-ary digital modulation

o Energy efficiency comparison

1 I T T 1 i T T J
1071 107} :
s s
& OEE e o
> >
© ]
8 g
a a
5 5
a_’ 10_3 :ﬁ 10—3 | —_:
3 &
1074 1074} i
107 y 1075
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20 25 30

IS _ _Ew/Na (dB) Ey/Ng (dB)
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)) M-ary digital modulation

o Energy efficiency comparison

» MFSK: At fixed En/No, increasing M can provide an
Improvement on Po; At fixed Po, Increasing M can provide
a reduction in the En/No

» MPSK: BPSK and QPSK have the same energy efficiency.
At fixed En/No, increasing M degrades Pb; At fxied Pb,
Increasing M increases the En/No requirement

MFSK Is more energy efficient than MPSK
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M-ary digital modulation

o Bandwidth efficiency comparison

» To compare bandwidth efficiency, we need to know the
power spectral density (power spectra) of a given
modulation scheme

» MPSK/MQAM

cos(27 f.t)

| Spectrum |[__,
“| shaping filter

Input | g; T Y MPSK/MQAM
" 5] Signal point 5 _
data mapper gr (t) < sin(27 ft) @ signal

| Spectrum _,CD
shaping filter

> If g7 (1) is rectangular, the bandwidth of main-lobe is 5 =

» If it has a raised cosine spectrum, the bandwidth is o]

(3]

2
T
+

TS
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M-ary digital modulation

o Bandwidth efficiency comparison

» In general, bandwidth required to pass MPSK/MQAM
signal is approximately given by B = Ti

> The bit rate is 095 M
Ry = T
» So the bandwidth efficiency may be expressed as

p= % = log, M (bits/sec/Hz)

» But for MFSK, bandwidth required to transmit MSFK
signal is =2

_ o 27 Adjacent frequencies need
» Bandwidth efficiency to be separated by 1/2T to
2logo M intai i
)= % _ 0;2 (bits/s/Hz) maintain orthogonality
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) M-ary digital modulation

o Bandwidth efficiency comparison
» In general, bandwidth required to pass MPSK/MQAM

signal is approximately given by B= L
» The bit rate is :

Ry =

log, M
Ts

S.

» So the bandwidth efficiency may be expressed as

R

MPSK/MQAM is more bandwidth
efficient than. MFESK

» Bandwidth efficiency

~ 2T

signal Is
_ Ity _
pP=75=

2logo M

M

(bits/s/Hz)

Communications Engineering

Adjacent frequencies need
to be separated by 1/2T to
maintain orthogonality
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M-ary digital modulation

o Fundamental tradeoff: Bandwidth Efficiency vs. Energy
Efficiency

» To see the ultimate power-bandwidth tradeoff, we need to
use Shannon’s channel capacity theorem:

Channel capacity Is the theoretical upperbound for the

maximum rate at which information could be transmitted

without error (Shannon 1948)

» Specifically, for a bandlimited channel corrupted by
AWGN, the maximum achievable rate is given by

R<_1C:Blog2(1+SNR):Blog2(1+ s )
N,B
E, PT P PB B
s s SNR_
>NotethatN N, RN, RN,B R
» Thus, E, B _ps
=2V -
N, R
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M-ary digital modulation

o Fundamental tradeoff: Bandwidth Efficiency vs. Energy

Efficiency

Unachievable
Region with R > C

RV (bits/s)yHz

1.6

|

Channel C

capaecity limit
M= 64 QAM

M = 8 PAM (SSB) Capacity boundary
PSK withR=C

A =16 QAM
M = 4 PAM
(S5B)

Bandwidth-limited

region R . 1
2 W }

)
Asymptote i

Shannon
limit

Communications Engineering

20 25

SMNR per bit, pp = E/Np (dB]

- 0.5 Power-limited
region: i <1

- 154

0.3

0.2 ¢ M= 64

Orthogonal signals
Coherent detection

0.1
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M-ary digital modulation

o Fundamental tradeoff: Bandwidth Efficiency vs. Energy
Efficiency

» In the limits as R/B goes to 0, we get

E
% —1n2=10.693 = —1.59dB
Ny

> This value Is called the Shannon limit. Received Eb/No
must be >-1.59 dB to ensure reliable communication

» BPSK and QPSK require the same En/No of 9.6 dB to
achieve Pe=10>. However, QPSK has a better bandwidth
efficiency.

» MQAM is superior to MPSK

» MPSK/MQAM increases bandwidth efficiency at the cost
of energy efficiency

» MFSK trades energy efficiency at reduced bandwiidth
efficiency
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M-ary digital modulation

o Fundamental tradeoff: Bandwidth Efficiency vs. Energy
Efficiency

> Which modulation to use?

Bandwidth Limited
Systems:
Bandwidth scarce

Power available
v

PoWer Limifed
Systems:
Power scarce

Bandwidth available
~— _—
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M-ary digital modulation

o Consider for example you are a system engineer in
Huawel/ZTE, designing a part of the communication systems.
You are required to design a modulation scheme for three
systems using MFSK, MPSK or MQAM only. State the

modulation level M to be low, medium or high

An ultra-wideband A wireless remote A fixed wireless

system control system system
» Large amount of : » Use licensed band
i » Use unlicensed S, Tt
band
» Band overlays with receiver fixed with

> ;
other systems :“rPose conir?I power supply
> Purpose: high data evices remotely > Voice and data
e connections in rural
areas
UWSB versus other radio &
communications systems

2G mobile phones

L L T L}
10k 100k 1M 10M 100M 1G 10G
Frequency bandwidth (Hz)
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M-ary digital modulation

o Practical applications

» BPSK: WLAN IEEE 802.11b (1 Mbps)

> QPSK: 1 \WLAN IEEE 802.11b (2 Mbps, 5.5 Mbps, 11 Mbps)

3G WCDMA
DVB-T (with OFDM)

» QAM: Telephone modem (16-QAM)

Downstream of Cable modem (64-QAM, 256-QAM)
WLAN IEEE 802.11 a/g (16-QAM for 24 Mbps, 36
Mbps; 64-QAM for 38 Mbps and 54 Mbps)

LTE cellular Systems

5G

wW N - [CORNNS I

oA

> FSK: 1. Cordless telephone

2. Paging system
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Outline

® |ntroduction

o Digital transmission through baseband channels

e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization

Communications Engineering 244



Multicarrier Communications & OFDM

"]

"]

]

X[0] x[0]
X[1] x[1]
Add Cyclic
R bps W X Serial-to- Prefix, and x(1) s(r)
= Parallel IFFT Parallel- — D/A
Modulator . Sl
Converter to-Serial
Converter
cos(2mfot)
X[N —1] x[N —=1]
Transmitter
¥[0] Yiop
y[1] Y]
Remove
r(t) y|n] | Prefix, and Parallel- | Y R bps
LPF —= A/D Serial-to- FFT to-Serial [ QAM = 7
. Demod
Parallel Converter
Converter
cos(2mfor)
y[N —1] YIN-1]
Receiver

Motivation

Fading Channels
Multicarrier modulation
OFDM

Communications Engineering
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Chapter 11
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Motivation

o Practical channel impairments.
° |ncreasing demands high data rate transmission.
° |ncreasing power of DSP.

10G 15 Core
16 Core SPARCT3 ® Xeon

6 Core i78 ~ SPARC 64X
8 core POWER 7%
POWER 6 o ' 8 core Xeon Ne.

* ‘Core 7
.Core 2 Duo - ﬁ
100M * AMD K8
Pentium 4 o *Atom s E

6
10M -+ ¢_ *Pentium Il

POWER 1 . "Pentium i “
g Pentium g °AMD K5 R ]
e PowerPC 601
§ ™ 80486 + %5040
=2 80386,
(Mac I1) 68020,
100k (PC AT) 80286°
(Mac) 68000°  ARM2 \ l h
8086 *gogs (IBM PC) I U re l a n

80804 *Z80 (TRS80)
8008 7 #6502 (C64)

it case, 5809 24Kb/s | 64 Kb/s | 2Mb/s | 100 Mb/s | 1 Gb/s

4100 *

1k A
TTL& cMos k
100 -
0 1 C I R R €
1965 1970 1980 1990 2000 2010 2015
Year

Communications Engineering 246




Fading Channel

' Building reflection

A AL A Rooftop
@;\ diffraction
N

£ %ﬁ

Line-of-sight (LOS) path

Ground
reflection

Communications Engineering
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Fading Channel

Fast Fading
(Short-term
fading)

Slow Fading
(Long-term
fading)

—

Signal

-7
\\ ”—’
N _--"
N .-
~ .-
\\ ’f”
~ -
N -
\ -
N -
N -
Strel lgtl I - -

(dB) Path Loss

» Distance
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Fading Channel

* The received signal strength for the same distance from the
transmitter will be different.

o The variation of the signal strength due to locations is often
referred to as shadow fading or slow fading.
° Reason:

» Often time, the fluctuations around the mean value are

caused due to the signal being blocked from the receiver
by buildings or walls and so on.

» It is called slow fading because the variations are much
slower with distance than another fading phenomenon
caused due to multipath.
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Fading Channel

o Small-scale fading: The received signal is rapidly fluctuating
due to the mobility of the terminal causing changes in multiple
signal components arriving via different paths.

o There are two effects which contribute to the rapid fluctuation of
the signal amplitude.

— Multipath fading: caused by the addition of signals arriving
via different paths.

— Doppler: caused by the movement of the mobile terminal
toward or away from the base station transmitter.

o Small-scale fading results in very high bit error rates. It is not
possible to simply increase the transmit power to overcome the
problem

— Error control coding, diversity schemes, directional antennas.
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Fading Channel

o BS transmits a single frequency f, the received
signal at the MT at time t has a frequency of f+v(t).

o v(t) is the Doppler shift and is given by /

v(t) = %cos o(t) .

¢
/
/

P d
7
//
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o Results in fluctuations of the signal amplitude because of the
addition of signals arriving with different phases.

o This phase difference is caused due to the fact that signals have
traveled different distances by traveling along different paths.
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Fading Channel

o Narrowband fading
— Autocorrelation
— Power spectral density

o Because of the phases of
the arriving paths are —
changing rapidly, the
received signal amplitude 4
undergoes rapid |

fluctuation that is often WWWMW

modeled as a random Y .

variable.
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Fading Channel

o Rayleigh distribution (NLOS)

— Most commonly used distribution for multipath fading
(the envelope distribution of received signal) is
Rayleigh distribution with pdf

— Assume that all signals suffer nearly the same
attenuation, but arrive with different phases.

— o2 is the variance.

— Middle value r, of envelope signal within sample range
to be satisfied by P(r < ) =05. We haver, =1.777 c.
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)) Fading Channel

o Ricean distribution (LOS — transmitter iIs close)

— When a strong LOS signal component also exists, the pdf is
given by

(2, 2
fric(z)zéexp[ (Z —|—20( )]Io(a—ij,ZZO,aZO

20 o

— o Is a factor that determines how strong the LOS
component is relative to the rest of the multipath signals. If
o=0, then it becomes Rayleigh distribution.

— l,(X) Is the zero-order modified Bessel function of the first

kind.
(04 . .
— Kzzaz, K = 0= Rayleigh, K =00 = nofading
2
f..(2)= 22(';+1) exp(—K—(K +P1)Z )]IO[ZZ\/K(E+1)j,ZZO
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0.5
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0.1

0

The pdf of the envelope variation
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Fading Channel

o Nakagami-m fading (general model)

— Parameters adjusted to fit a variety of empirical
measurements

m_2m-1 . 2
£ (z)=2M 2 exp( mz ]Io(a—ij,mZO.S
O

'(m)P™ P
— m=1, Rayleigh fading
— m = (K+1)%/(2K+1), approximately Rician fading
— m= oo, no fading
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Fading Channel

* \Wideband fading
— Multipath delay spread

Pulse1 Pulse 2 m

T

-
L

-1,
— Zo 1T (1) —— 0

— Intersymbol interference (ISI)
— Equalization, Multicarrier modulation, spread spectrum

Communications Engineering
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Fading Channel

* Wideband fading

— Deterministic: deterministic scattering function
— Random: scattering function
— Important characterizations

» Power delay profile (PDP)

» Coherence bandwidth

A(t) F A (Af)
A < > A Wideband Signal
_________ (Frequency-Selective)
Narrowband Signal ) 0y
(Flat-Fading) :
= > e (N 1 K}
OTm 4 < 'Bc > AF
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Multicarrier Modulation

o Techniques in which multiple frequencies are used to
transmit data

e Divide broadband channel into K = Aﬂ narrowband
subchannels

o Widely used in ADSL, Wireless LAN, and 4G/5G systems

_ carrier
subchannel
| frequency

—t

/— channel

magnitude
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WORM4,

Z
: |t ' dulati
=
2 Multicarrier Modulation
%
R/N bps 3 5o so(?)
Jsmol L s [ 105y
cos(2mfot)
- R bpS R/N b]}S S bol St S|(I) 5(t)
_ | Symbo _ , -
Transmitter — seria-to- ~| Mapper g D
Parallel A
Converter . cos2fit)
R/Nbps | gymbol | V-1 sy-1(2)
cos(2mfy_1t)
so(t) + no(1) R/N bps
- , » Demodulator -
Jo *
cos(2mfot)
1 s(1) +n(r) s1(2) + (1) R/N bps R bps
RECElver ' ! - ' . . *| Demodulator LN Parallel- 4])"
A * to-Serial
Converter
. cos(2mfit)
Syoi(1) +ny_ () R/N bps
> ; * Demodulator »-
fV |
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OFDM

o Review of Discrete Fourier Transform (DFT)
» DFT of a discrete time sequence x(»],0 <» < N —1

N—-1

1 o
DFT{x[n]} = X[i]2 — Z.x[n]e_f“m”’w, 0<i<N-—1.
\/ﬁn:{)

» X[n] can be recovered from its DFT using IDFT

N—1

1 o
IDFT{X[i]} = x[n]éﬁ E X[i]le!*™ N 0<n<N-—1.
i=0

» Circular convolution of x[n] and h[n]
y[n] = x[n]®h[n] = h[n)@x[n] = Zh[k]x[n — k],

[n—kIv denotes [n-k] modulo N I.e., periodic version of
X[n-K] with period N

» Frequency domain property
Zero-padding for
DFT{y[n] = x[nl®h[n]} = X[i1H[i], 0<i<N-1,  shorter sequence!
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OFDM

o Cyclic prefix (CP)

» Consider input sequence xin] = x[0],...,x[N —1] PaSSEeS
through a discrete-time channel with finite impulse
response (FIR) Aln] = hi0l,....hul , with g+ 1 = "m/p.

» The cyclic prefix for x[n] is defined as

{x[N — ul,...,x[N — 1]}
l.e., the last u samples are appended to the beginning of
the sequence.

» This yields a new sequence i, -« < » < ¥~ -1 given by

X[N — ul,....,x[N — 1], x[0], ..., x[N — 1]

Cyclic Prefix Original Length-N Sequence
ﬁ—’—/\_ﬁ _'_.A-__
X[N = pul, x[N—=p+1],..... x[N—1] | x[0],x[1],....: x[N=p—=1] | x[N—=pl.x[N—=pu+1],...,x[N—=1]

A

Append Last ;& Symbols to Beginning
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OFDM

o Cyclic prefix (CP)
» Suppose X[n] Is input to a discrete-time channel with
Impulse response h[n], the output y[n] is then given by

y[n] = X[n]* hin]

I
= Zh[k]f[n — k]

k=0
I
= Zh[k]x[n — klw

k=0
= x[n]®h|n], 0<n<N-1

Where o <k < u, in — k1 = x[n — k1 1S applied.

By appending a CP to the channel input, the linear
convolution associated with channel output becomes a
circular convolution!

Communications Engineering
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OFDM

o Cyclic prefix (CP)
» Taking the DFT of channel output in the absence of
noise

Y[i] = DFT{y[n] = x[n]®h[n]} = X[i|H[i], 0<i <N —1,

» The Input sequence can be recovered from

x[n] = IDFT{ riil } - IDFT{ DETiyInl} }
HIi] DET{h[n])

> The ISI between data blocks of N can be eliminated, at
the cost of data rate reduction.

Cyclic Data Cyclic Data Cyclic Data
Prefix Block Prefix Block Prefix Block
M y[0).....y[N —1] M y[0]..... y[N —1] N y(0]..... y(N —1]
=} -

i N

Communications Engineering
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o OFDM Implementation

X[0] x[0]
X[1] x[1]
Add Cyclic
Rbps [oam | X Serial-to- Prefix, and (1) (1)
™ Modulator Parallel IFFT Parallel- —={ D/A
Il Converter to-Serial
Converter
cos(2mfoyt)
X[N=1] x[N—1]
Transmitter
¥[0] Yior -
¥[1] Y{1]
Remove
F{(1) y[n] | Prefix, and Parallel- | ¥ R bps
LPF —=A/D Serial-to- FFT to-Serial QAM 7 7
. Demod
Parallel Converter
Converter
cos(2mfyt)
yIN = 1] YIN = 1]
Receiver
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OFDM

o Advantages of OFDM

» Robustness against multipath fading and intersymbol
Interference

» High spectral efficiency
» Easy equalization for each subcarrier.

» Flexibility considering adaptive bit and power loading,
adaptive modulation and coding, adaptive subcarrier
allocation, space-time processing, MIMO, etc.
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OFDM

o Challenges of OFDM
» Time and Frequency offset.

15

I ,/“’ /\ \/\ﬂﬁu
f

> High PAPR. D
En‘neu(,,lx[;wrjl2
~ Eu[lx[n]P]

» Noise enhancement.
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
o Spread Spectrum [Matlab]

e Channel coding [Matlab]

e Synchronization
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Spread Spectrum

Information Output
sequence data
—— Channel —>» Modulator | Channel > Demodulator —> Channel —>
encoder decoder
Pseudorandom Pseudorandom
pattern pattern
generator generator

* |ntroduction
o PN Sequence
o DSSS

o FHSS

Chapter 15
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Introduction

o Definition of Spread Spectrum

» Technique that spreads signal across a given, wider,
frequency band in pseudorandom pattern.

» Two identical pseudorandom sequences.

» Signals occupy more bandwidth than original

Information

sequence Channel
———..

—» Modulator >
encoder

Channel

— Demodulator

Y

Channel
decoder

t

Pseudorandom
pattern
generator

Communications Engineering
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Pseudorandom
pattern
generator

Output
data
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Introduction

o Definition of Spread Spectrum

» Transmitted signal bandwidth >> information
bandwidth).

Pl‘()ce . B“ B :

» Multiplexing gain (How many users can share same
frequency band without affecting each other after
despreading).

interference _
j signal

spread power
signal N

power t spread

=2 interference
detection at

receiver
f f
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Introduction

o Advantage of Spread Spectrum

» Immunity from various kinds of noise and multipath
distortion

» Can be used for hiding and encrypting signals

» Several users can independently use the same higher
bandwidth with very little interference, using different
codes (CDMA)

» Resists intentional and non-intentional interference
» Privacy due to the pseudorandom codes (Millitary)

Communications Engineering
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Introduction

o Disadvantage of Spread Spectrum
» Bandwidth inefficient if only one user
» Implementation is more complex
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PN Sequences

* PN generator produces periodic sequence that appears to be
random

* PN sequences
» Generated by an algorithm using initial seed

» Sequences Is not statistically random but will pass many
test of randomness

» Sequences referred to as pseudorandom numbers or
pseudonoise sequences

» Unless algorithm and seed are known, the sequence is
Impractical to predict

° |mportant properties
» Randomness
» Unpredictability
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PN Sequences

o Maximume-length shift-register sequence
> Contains 2™~ 1 ones and 2™~1 — 1 zeros

» For a window of length m slid along outputs for
L = 2™ — 1 shifts, each m-tuple appears once, except
all zero sequence

< m stages >

Output
—

Communications Engineering
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PN Sequences

o Maximume-length shift-register sequence
» Modulo-2 connection

TABLE 15.1 SHIFT-REGISTER CONNECTIONS FOR GENERATING MAXIMUM-LENGTH SEQUENCES

Stages Connected Stages Connected Stages Connected
m to Modulo-2-Adder m to Modulo-2-Adder m to Modulo-2 Adder
2 1,2 13 1,10,11, 13 24 1, 18,23, 24
3 1,3 14 1,509 14 25 1,23
4 1,4 15 1,15 26 1,21, 25,26
5 1,4 16 1,5,14,16 27 1, 23,26, 27
6 1,6 17 1,15 28 1,26
7 1,7 18 1,12 29 1, 28
8 1,5,6,7 19 1,15,18,19 30 1, 8,29,30
9 1,6 20 1,18 31 1,29
10 1,8 21 1,20 32 1,11,31, 32
11 1,10 22 1,22 33 1, 21
12 1,7,9,12 23 1, 19 34 1, 8, 33, 34

Communications Engineering
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PN Sequences

o Maximume-length shift-register sequence

» Seguence contains: 1) One run of ones, length m; 2)
One run of zeros, length m-1; 3) One run of ones and
one run of zeros, length m-2; 4) Two runs of ones and
two runs of zeros, length m-3; 5) 2™~3 runs of ones and
runs of zeros, length 1

» Autocorrelation of +1 sequence is

L
1 1, m =0
Rc(m) = ZZ CnCln+m = {_1/L, m = 1,2, e, L — 1
n=1

Communications Engineering
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PN Sequences

o Maximume-length shift-register sequence

» Cross correlation compare two sequences from different
sources rather than a shift copy with itself

L
1
ny (m) = Z Z XnYn+m
n=1

» Cross correlation between m-sequence and noise or two
different sequences are low (helpful for filtering out
noise or CDMA)
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PN Sequences

* Golden Sequence

» Constructed by the XOR of two m-sequences with the
same clocking

» Well-defined cross correlation properties

» Only simple circuitry needed to generate large number
of unique codes

A

l
—®

Y
Y

Y

Gold
+
Q sequence

I J
Y

Y

GL
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PN Sequences

* Golden Sequence

TABLE 15.2 PEAK CROSS CORRELATIONS OF M -SEQUENCES AND GOLD SEQUENCES

m Sequences

Peak Cross Gold Sequences
m L =2""1 Number Correlation R, Ruax/ R(0) Roax Ruin/R[0]
3 7 2 5 0.71 5 0.71
4 15 2 9 0.60 9 0.60
5 31 6 11 0.35 9 0.29
6 63 6 23 0.36 17 0.27
7 127 18 41 0.32 17 0.13
8 255 16 95 0.37 33 0.13
9 511 48 113 0.22 33 0.06
10 1023 60 383 0.37 65 0.06
11 2047 176 287 0.14 65 0.03
12 4095 144 1407 0.34 129 0.03
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DSSS

o Each bit in original signal is represented by multiple bits in
the transmitted signal .o,

+1

data: v®©= > augrt—nT)

n=-—0o T,
-1

chip
PN signal: co= ) et —nT)) |

N==00 |

Chip interval
v(1) c(0)

+1p—

Product signal: :
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DSSS

o Spreading code spreads signal across a wider frequency

band
» Spread Is in direct proportion to number of
LoD
Tc

e Demodulator

r(1)

Received
signal

c(t)
gr(t) cos 2nf.t Clock
signal

PN signal
generator

Communications Engineering

bits used

To
decoder
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DSSS

0
Data input A |

P 011 10010110101 10101001101001001
= Locally generated & & # w ¥ i | i
g PN bit stream L L a LK J J I_
=z > <
- 01100110011 0101T1101000T1T110T110110
Transmitted signal r
(.‘3\“58 — —
Received signal C I_
- Locally generated
Z identical to B L i a LIl |
x above
Data output
A=COB
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DSSS

o Performance of DSSS with interference

» Recelved signal: @) = Acv(r)c(r) cos2m fot + i (1)

> After dispreading: r(t)c(t) = Acv(t) cos 2nfet + i (t)c(t)
o Consider an example with i(t) = A;cos2n f;t.

PSD after dispreading: 1o = Pi/W

Total power after demodulator:
P; INIRP

W/R To/T. (Lo
L = % Processing gain

c

IRy = PiR/W =

Spread the bandwidth of the interference to larger bandwidth
such that the interference power after demodulation is reduced!
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FHSS

o Signal is broadcast over seemingly random series of radio
» A number of channels allocated for the FH signal
» Width of each channel corresponds to bandwidth of
Input signal
o Signal hops from frequency to frequency at fixed intervals
» Transmitter operates in one channel at a time
» Bits are transmitted using some encoding scheme

» At each successive interval, a new carrier frequency Is
selected

o Channel sequence dictated by spreading code

o Receiver, hopping between frequencies in synchronization
with transmitter, picks up message
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FHSS

o Advantages

» Eavesdroppers hear only unintelligible blips

» Attempts to jam signal on one frequency succeed only at
knocking out a few bits

Information

sequence
\ Encoder _ modulator

FSK

-l WJiXET

Channel

e N1xET

PN

sequence
generator

Communications Engineering

T

Frequency
synthesizer

T

synthesizer

Frequency [

T

PN
sequence
generator

Output
FSK Decoder p——
demodulator
Time
sync.
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ASONE SN S
h L L I, I I 1 Iy o

Ty

Frequency

(a) Channel assignment (b) Channel use

Large number of frequencies used
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FHSS

o MFSK signal is translated to a new frequency every Tc
seconds by modulating the MFSK signal with the FHSS

carrier signal
* For data rate of R:
» duration of a bit: T = 1/R seconds
» duration of signal element: Ts = LT seconds
o Tc>Ts - slow-frequency-hop spread spectrum
» Cheaper to implement but less protection against
noise/jamming
» Popular technique for wireless LANS

Communications Engineering
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>\ Worst-case partial-band interference

Probability of bit error
2 wn
———

#)
2 7
4
4

0 5 10 15 20 25 30 35
SNR bit, dB
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FHSS

o Tc < Ts - fast-frequency-hop spread spectrum
» More expensive to implement, provides more protection
against noise/jamming
» Fast FH systems are particularly attractive for military
communications.

N-1

b= 22:?—1 it ) K (%b)i
i=0

N—=1—i
1 2N —1
=32 (M)

r=0
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

o Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

o Channel coding [Matlab]

e Synchronization
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. A/D Source Channel .
Source [ — > *IModulator
| converter encoder encoder
Absent if
sojrig ils Noise ——| Channel
digital
User |— D/A ,._ Source |, Channel Detector |«
' converter | decoder decoder
o |inear block code
 Convolutional code Chapter 13.1-13.3
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Channel coding

o |nformation theory and channel coding

» Shannon’s noisy channel coding theorem tells us that
adding controlled redundancy allows transmission at
arbitrarily low bit error rate (BER) as longas R <C

» Error control coding (ECC) uses this controlled
redundancy to detect and correct errors

» ECC depends on the system requirements and the
nature of the channel

» The key in ECC is to find a way to add redundancy to
the channel so that the receiver can fully utilize that
redundancy to detect and correct the errors, and to
reduce the required transmit power (coding gain)
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Channel coding

o |nformation theory and channel coding

» Consider for example the case that we want to transmit
data over a telephone link using a modem under the
conditions that link bandwidth = 3 kHz and the modem
can operate up to the speed of 3600 bits/sec at an error
probability Pe = 8x104.

» Target: transmit the data the rate of 1200 bits/sec at
maximum output SNR = 13 dB with a probability of
error 1x10-4

Communications Engineering
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Channel coding

o |nformation theory and channel coding
» Shannon theorem tells us that channel capacity is

C = Blog, (1+ %) = 13,000 bits/sec

since B=3000, S/N=13 dB=20

» Thus, by Shannon’s theorem, we can transmit the data
with an arbitrarily small error probability

> Note that without coding Pe = 8x10-4, the target Pe is
not met.
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Channel coding

o |nformation theory and channel coding
» Consider a simple code design with repetition code.

» Every bit is transmitted 3 times, e.g., when bk="“0" or
“1”, transmitted codewords are “000” or “111”

» Based on the received codewords, the decoder attempts
to extract the transmitted bits using majority-logic
decoding scheme

» Obviously, the transmitted bits will be recovered
correctly as long as no more than one of the bits in the
codewords Is affected by noise

Tx bits b, 0 0 0 0 1 1 1 1
Codewords 000 |000 |000 (000 (111 | 111 [ 111 | 111

Rx bits 000 (001 | 010 |100 (011 |101 | 110 | 111
b 0 [0 o |0 |1 1 1 1
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Channel coding

o |nformation theory and channel coding

» With this simple error control coding, the probability
of error is

P, = P(by, # by,)
= P (2 or more bits in codeword are in error)

= (51 —q)+ (5

=342 — 2q;
—0.0192 x 10~4

< Required P. of 10~*
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Channel coding

* From the above example, we can see the importance of
coding techniques.

o Coding techniques are classified as either block codes or
convolutional codes, depending on the presence or absence
of memory

o A block code has no memory
» Information sequence is broken into blocks of length k
» Each block of k inf. bits is encoded into a block of n coded bits
» No memory from one block to another block

o A convolutional code has memory

» A shift register of length koL is used

» Inf. bits enter the shift register ko bits at a time and no coded bits
are generated

» These no bits depend not only on the recent ko bits, but also on the
Ko(L-1) previous bits

Communications Engineering
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Linear block codes

o Block codes

> An (n,k) block code is a collection of M=2X
codewords of length n

» Each codeword has a block of k inf. bits followed by a
group of r=n-k check bits that are derived from the k
Inf. bits in the block preceding the check bits

» Channel Encoder
Message n bit codewords

"o P Eal

k bits k r

» The code is said to be linear If any linear combination
of 2 codewords Is also a codeword, i.e., If ci and c;j are
codewords, then ci+ ¢; Is also a codeword (addition is
module-2)
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Linear Block codes

o Code rate (rate efficiency) = k/n
o Matrix description:
» Codeword ¢ = (¢, ¢a, ..., Cp)
» Message bittm = (mq, mo, ..., my)

o Each block code can be generated using a Generator
matrix G (dim: kxn)

o Given G, then

c = mG
A %,

/N

Codeword message
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Linear Block codes

o Generator matrix G

G = [Ik|P]k><n
____________ I___________________I-
1 0 01" p11 p12 P1n—k!
1,0 1 O!'" p21 P22 P2.n—k'
T I : b 1
(I 1] |
0.0 - 11 PR1 PR2 . Phinkl

» |k Is an identity matrix of order k

» P Is a matrix of order kx(n-k), which is selected so that
the code will have certain desired properties
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Linear Block codes

e Generator matrix G

» The form of G implies that the 15t k components of any
codeword are precisely the information symbols

» This form of linear encoding is called systematic
encoding

» Systematic-form codes allow easy implementation and
quick look-up features for decoding

» For linear codes, any code is equivalent to a code in
systematic form (given the same performance). Thus,
we can restrict our study to only systematic codes
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Linear Block codes

o Example

» Hamming code is a family of (n,k) linear block codes
that have the following parameters

1. Codeword lengthn =2 -1, m >3
2. #of message bitsk =2 —m — 1
3. #of parity checkbits n — k =m
4. Capable of providing single-error correction
capability with d,,;, = 3
» (7,4) Hamming code with generator matrix

1 0 0 O 1 1 O _
G — O1 00| 011 Find all codewords
/0010 1 1 1
0001|101,

Communications Engineering 305



Block codes

Inear

Z
m
=
v
~

~

-~
3
[
(7, ]
£
w

RM,
e}@o @
lliiii!t

| '?wﬁ"

o Example

codeword

~ — O OO0 QO v v QO QOO

O~ v v OO0 "~ OO0 0O 0 «~— «—

— v OO0 v OO QOO QO Q0O «—

— O~ Q0O T QO T 0O O QO «~— QO «—

O~ OO0~ 0O Q0 OO0 «— <«

OO 0O~ v v v~ O 000 ™ v™ v™ v

OO OO OO 00O 0O 0™ ™ ™ ™ ™ ™ v

Message

» (7,4) Hamming code

— O~ O O O~ 0O O «— QO «—

O~~~ v O Q0 v O Q0 0O 0Q0 «~™ v

OO0 O~ v v~ v~ O 000 ™ v™ v™ v

OO0 00O OO 0O 0O 00 +*"«~T T ™ v— ™ v v
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Linear Block codes

o Parity check matrix

» For each G, it is possible to find a corresponding parity
check matrix H n
H=[P" Lot](,
» H can be used to verify if a codeword C Is generated
by G
» Let C be a codeword generated by G = [I;|P]. .,

Y |cHY = mGH! =0

» Think about the parity check matrix of (7,4) Hamming
code
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Linear Block codes

° Error syndrome

> Receilved codeword r=c+e, where e=Error vector or
Error pattern and it is 1 in every position where data
word IS In error

» Example | |
c=1[1010]
r=1[110 Q]
& e [6 el

> Error syndrome: s = rH”
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Linear Block codes

° Error syndrome

» Note that
s=rH" = (c+e)H!
— cH? —+ eHT
— eH?

» If s=0, then r = ¢ and m is the 1tk bits of r

> If s#0, and s is the jth row of HT, then 1 error in jth
position of r
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Linear Block codes

° Error syndrome
» Consider the (7,4) Hamming code for example

_ - p
HY = [PTL, ] = L, & ]
(1 1 O]
011 -
11 1 »Note that s Is the last
=1101 row of HT
e » Also note error took
00 1 place in the last bit
> Soifr=[1111111] »Syndrome indicates
—> rH! = [0 0 0] error position

> Butifr=[1111110]
—> rH! =[0 0 1]
= Error syndrome s
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Linear Block codes

o Cyclic code
» Acode C = {cy,co,...,cor} IS CYCliC If

(Cl&cza'“acn)ec :> (Cn,C]_,...,Cn_]_)EC

» (7,4) Hamming code is cyclic

message | codeword
0001 | 0001101

1000 | 1000110
0100 | 0100011
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Linear Block codes

° |[mportant parameters

Hamming Distance between codewords ¢; and c;:
d(c;, ¢;) = # of components at which the 2 codewords differ
Hamming weight of a codeword ¢, is
w(c;) = # of non-zero components in the codeword
Minimum Hamming Distance of a code:
dmin = Min d(c;, ¢;) for alli # |
Minimum Weight of a code:

Wi, = min w(c,) forallc,#0
Theorem: In any linear code, dmin = Wmin
Exercise: Find d,,, for (7,4) Hamming code
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Linear Block codes

o Soft-decision and hard-decision decoding
» Soft-decision decoder operates directly on the decision

statistics
Decision
y(t) Statistics
_.- Matched | -"Z} . Dacoder
filters )

» Hard-decision decoder makes “hard” decision (0 or 1)
on individual bits

Decision C-_‘utpu..t_
v(1) Statistics Bits(0.1)
: Matched frl N
filters - (7 (™| Decision [™ -®| Decoder

» Here we only focus on hard decision decoder

Communications Engineering 313



Linear Block codes

o Hard-decision decoding
» Minimum Hamming distance decoding

1. Given the received codeword r, choose ¢ which is
closest to r in terms of Hamming distance

2. To do so, one can do an exhaustive search (but
complexity problem if k is large)

» Syndrome decoding
1. Syndrome testing: r=c+e with s=rHT’

2. This implies that the corrupted codeword r and
the error pattern have the same syndrome

3. A simplified decoding procedure based on the
above observation can be used

Communications Engineering
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Linear Block codes

o Hard-decision decoding

» Let the codewords be denoted as{c,.c,,
being the all-zero codeword

» A standard array Is constructed as

k
Coset leader 2
I A
[ |
A — |
| Cy <«— coset
e, Dc,,
e,®c,
€ i, Dc,

Error patterns

Communications Engineering

s Cy L WIth €1

Syndrome s

0
s=eH'

r
s=e,H

_ T
s = ez,,_,(_lH
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Linear Block codes

o Hard-decision decoding
» Hard-decoding procedure
1. Find the syndrome by r using s=rHT

2. Find the coset corresponding to s by using the
standard array

3. Find the coset leader and decode as c=r+egj
» Try on (7,4) Hamming code
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Linear Block codes

o Hard-decision decoding
» A linear block code with a minimum distance dmin can
1. Detect up to (dmin-1) errors in each codeword
2. Correctupto t= | dmin = 1J_errors in each codeword

2
3. tis known as the error correction capability of the

codeword
g
d(c?;,cj) -2 e il | d(c;, CJ) < 2t

Communications Engineering
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Linear Block codes

o Hard-decision decoding

» Consider a linear block code (n,k) with an error
correcting capability t. The decoder can correct all
combination of errors up to and including t errors

» Assume that the error probability of each individual
coded bit is p and that bit errors occur independently
since the channel is memoryless

» |If we send n-bit block, the probability of receiving a
specific pattern of m errors and (n-m) correct bits is

pm. ( p A p)n—m

» Total number of distinct patterns of n bits with m
errors and (n-m) correct bits is

( n ) e n!
m | ml(n —m)!
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Linear Block codes

o Hard-decision decoding
» Total probability of receiving a pattern with m errors Is

P(m,n) — ( n ) (1 = )

m

» Thus, the codeword error probability Is upperbounded
by

TL
Tl .
Py< > ( )pm(l—iﬂ)n it

m
m=t{+1

(with equality for perfect codes)
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Linear Block codes

o Hard-decision decoding
» Key parameters.

- "-.__\ P --._‘\ ~
4 ~
\ ’ \ ! A
AT TN ! / PaEEREN A ! RN !
! 20 1l Q2 3 / 0 1 2 3 47 5 |
i / ¥ i / \ ! \
————— — Tt~
|
\ \
L AN ' B L A 1 L B /
\ ~—=" ¢ / \ S~ g \ ~—=7 ¢
AN
hS
\“‘ - -
e I g
dm'm dmin
T T~ PR
@, AN IR
!
/ /
I A ! [ B !
T
T —JkT
N 4 N /
\-.._____/ e v \-.______//

(c)
» To detect e bit errors, we have 4., 2e+1
» Tocorrectt biterrors, we have 4 >2¢+1
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Linear Block codes

o Major classes of block codes
» Repetition code
» Hamming code
» Golay code
» BCH code
» Reed-Solomon codes
» Walsh codes

» LDPC codes: invented by Robert Gallager in his PhD
thesis in 1960, now proved to be capacity approaching
and adopted in 5G standards
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Convolutional codes

o A convolutional code has memory
> It is described by 3 integers: n, k, and L
» Maps k inf. bits into n bits using previous (L-1)k bits

» The n bits emitted by the encoder are not only a
function of the current input k bits, but also a function
of the previous (L-1)k bits

» Code rate = k/n (information bits/coded bits)

» L Is the constraint length and Is a measure of the code
memory

» n does not define a block or codeword length
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Convolutional codes

o Convolutional encoding

» A rate k/n convolutional encoder with constraint length
L consists of kL-stage shift register and n mod-2
adders

> At each unit of time

1. k bits are shifted into the 15t k stages of the
register

2. All bits in the register are shifted k stages to the
right

3. The output of the n adders are sequentially
sampled to give the coded bits

4. There are n coded bits for each input group of k
bits or message bits. Hence R=k/n information
bits/coded bits is the code rate (k<n)
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Convolutional codes

o Convolutional encoding

» Encoder structure.
LE stages of shift register
. . AN
input bit 4 N

sequence m 1121 k1121 . lkb--—=11121| 1|«

k bits at a time

____________ modulo-2 adder

>< encoded sequence U

A\ 4

n bits at a time

» Typically, k=1 for binary codes. Hence, consider rate
1/n codes for example.
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Convolutional codes

o Convolutional encoding

» Encoding function: characterizes the relationship
between the information sequence m and the output
coded sequence U.

» Four popular methods for representation

1.

o

Connection pictorial and connection polynomials
(usually for encoder)

State diagram
Tree diagram Usually for decoder

Trellis diagram
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Convolutional codes

o Convolutional encoding
» Connection representation.

» Specify n connection vectors, g;,« = 1,...,n for each of
the n mod-2 adders

» Each vector has kL dimension and describes the
connection of the shift register to the mod-2 adders

> A 1inthe it position of the connection vector implies
shift register is connected

» A 0 implies no connection exists
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Convolutional codes

o Convolutional encoding

» Connection representation (L=3, Rate 1/2).

g1=111

gJo = 101 ,
Input bit

100 %0010

Or
a(X)=1+X+ X? \69/

4 U;: First code symbol
n\'— Output

U,: Second 1110 11
code symbol

If Initial Register contentis 0 0 0
and Input Sequence is 1 0 0. Then
Output Sequence is 11 10 11

Communications Engineering
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Convolutional codes

o Convolutional encoding
» State diagram representation.

» The contents of the leftmost L-1 stages (or the
previous L-1 bits) are considered the current state, 2--1
states

» Knowledge of the current state and the next input Is
necessary and sufficient to determine the next output
and next state

» For each state, there are only 2 transitions (to the next
state) corresponding to the 2 possible input bits

» The transitions are represented by paths on which we
write the output word associated with the state
transition: A solid line path corresponds to an input bit
0, while dashed line for 1

Communications Engineering
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Convolutional codes

o Convolutional encoding
» State diagram representation (L=3, Rate 1/2).

0/00 Current | Input | Next | Output
Input/output State State

1/11,/ /11 001 01001 00
el 0/10 ) 1 |10 ] 11
" 10 | 0|01 10
SO 1 [ 11| 01
1/0}*\1 0l | 0 |00| 11
| 1 10| 00
1o} | 11 | 0 |01 01
1 [ 11| 10
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Convolutional codes

o Convolutional encoding
» State diagram representation.

» Assume that m=11011 is the input followed by L-1=2
zeros to flush the register. Also assume that the initial

register contents are all zero. Find the output sequence
U

Communications Engineering 330



Convolutional codes

o Convolutional encoding
» Trellis diagram representation.

» Trellis diagram is similar to the state diagram, except
that it adds the dimension of time.

» The code Is represented by a trellis where each trellis
branch describes an output word

state
2 00 ' 00 '3 00 ' 00 5 00 U6
a=00 G 2 O z
S 11
~
~
~
b=10 O
c=01 O
=11©  ©° &-----F-----
10 10 10
0
1 Trellis structure repeats itself after depth L = 3
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Convolutional codes

o Convolutional encoding
» Trellis diagram representation.

» Every input sequence (m,,m,,...) corresponds to
1. a path in the trellis

2. a state transition sequence (s,,s,,...), (assume s,=0 is fixed)

3. an output sequence ((u;,u,), (uz,uy),...)

» For instance, let so=00, then
b1b2bs = 000 gives output 000000 and states aaaa
b1b2b3 = 100 gives output 777011 and states abca

b, b, b,
a=00—2 - 00—2% .90—2% . go

b=10 11 ‘10\10 [, 10

¢ =01 o1 970 01 0
d=11 11 1 1 -
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Convolutional codes

o Update

» We have discussed conv. code with constraint length L
and rate 1/n, and the different representations

» We will talk about decoding of convolutional code
with maximum likelihood decoding, Viterbi algorithm,
and transfer function
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Convolutional codes

o Maximum likelihood decoding

> Transmit a coded sequence U™ (corresponds to
message sequence m) using a digital modulation
scheme (e.g., BPSK or QPSK)

» Recelved sequence z
» Maximum likelihood decoder will
1. Find the sequence UY such that

P(Z|UY) = max P(Z|U(™)
vyu(m)

2. Minimize the probability of error if m is equally
likely

Communications Engineering
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Convolutional codes

o Maximum likelihood decoding

» Assume a memoryless channel, i.e., noise components
are independent. Then, for a rate 1/n code

P(ZU®™) = ] P(ZUf™) = [] 11 PCzjilui™)
=il h i=1j=1
i-th branch of Z

» Then, the problem is to find a path through the trellis

such that
i
max H I1 PGzilul™)
Ulm) 21 j=1 /Log -likelihood path metric
by taking log
max =) i-th branch metric
Ulm) |; A
= MY\ Log-likelihood of #; Jul™
:maxz ZLL(zJ7|u ) 0g-likelinood of zj;
U('m) i=1j=1"— S _____’//
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Convolutional codes

o Maximum likelihood decoding

» Log-likelihood.
» For AWGN channel with soft decision

zji = wj; + nj;and P(zj;|uj; ) is Gaussian with mean uj; and
variance o2

Hence 1

)2
In p(zﬂ|uﬁ) p— _5 In (271'0‘2) B (Z_jz ’Uu'?_a)

202

Note that the objective is to compare which X, In(p(z|u)) for different
u is larger, hence, constant and scaling does not affect the results

Then, we let the log-likelihood be LL(Zgz\ng) = —(zj; — ujz.)2

log P(Z|U™)) = Z Z (zj,, = J(f"’))

1=15=1

and

Thus, soft decision ML decoder is to choose the path whose
corresponding sequence is at the minimum Euclidean distance

from the received sequence
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Convolutional codes

o Maximum likelihood decoding
» Log-likelihood.
» For binary symmetric channel (hard decision)

0 lp 0" [ p ifzzu
>< p(z|u)= l1-p ifz=u
1 N

Inp ifz, #u,

LLGzj [uy) = plz; [u) = {m(l —p) ifz,=u,
Ji Ji

_{ Inp/(1 —p) if zj; # uy;

_ —1 if zj; 7 uj; (since p<0.9)
0 if Zﬂ = ujz-

= Thus

(i) | Hamming distance between Z and
log P(Z|UY"Y) = —dm+" Um) | j.e. they differ in d,_ positions

Hard-Decision ML Decoder = Minimum Hamming Distance Decoder
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Convolutional codes

o Maximum likelihood decoding

» Decoding procedure:

1. Compute, for each branch i, the branch metric using output
bits {u1,i,u2,, - - - un,i} associated with that branch and the
received symbols 121, 22,is - Zn,i}

2. Compute, for each valid path through the trellis (a valid
codeword sequence U(m)), the sum of the branch metrics
along that path

3. The path with the maximum path metric is the decoded path

» To compare all possible valid paths, we need to do
exhaustive search or brute-force, not practical as the #
of paths grows exponentially as the path length
Increases

» The optimal algorithm for solving this problem is the
Viterbi decoding algorithm or Viterbi decoder
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= BS&MSin MIT

= PhD in University of Southern California
= |nvention of Viterbi algorithm in 1967

= Co-founder of Qualcomm Inc. in 1983

VITERBI _ |
SCHOOLOF |

Andrew Viterbi
(1935-)
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Convolutional codes

* Viterbi decoding
» Consider R=1/2, L=3 for example.

Input data sequence m: 1 1 0 1 1

Coded sequence U: 11 01 01 00 01
Received sequence Z: 11 01 01 10 01

Branch metric
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Convolutional codes

* Viterbi decoding

» Basic idea: If any 2 paths in the trellis merge to a
single state, one of them can always be eliminated in
the search

» Let cumulative path metric of a given path at ti=sum of
the branch metrics along that path up to time t;

» Consider ts
1. The upper path metric is 4, the lower path metric
IS 1
2. The upper path metric cannot be path of the

optima path since the lower path has a lower
metric

3. This is because future output branches depend on
the current state and not the previous state
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Path metric = 4

Path metric = 1
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Convolutional codes

* Viterbi decoding
> At time ti, there are 21 states in the trellis
» Each state can be entered by means of 2 states

» Viterbi decoding consists of computing the metric of
the 2 paths entering each state and eliminating one of
them

» This is done for each of the 2L-1nodes at time ti

» The decoder then moves to time ti+1 and repeat the
process

Communications Engineering
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Convolutional codes

o Viterbi decoding
» Example.

t ) Path metrics

)
a=00 o\—\—u y

N
%

b=10 e @ 7=0

Il
| )

Communications Engineering

t t; i3 Path metrics
) 1 .
a=00 OS_ Ly v =3
N b \l\
b=10 o ° =3
N\
\ 9
=01 ® e N ¢ =
d=11 e & e )=0
(b)
t, t, t; ot
- Path metrics
A3
-/13=3
=0

344



Convolutional codes

* Viterbi decoding
» Example.

/é=2

_h

- ~

b=10 O ; 0\ \
e o\ o 1o ¢ o\, o ® o\ o =
\ N7 N z \

=l - }xo * ¢ ® qo° ¢ ¢ \’ 3=2

A w., AN
" . :—.—; ————— e o e o o ® ;-
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Convolutional codes

* Viterbi decoding

» diree=MInimum free distance=Minimum distance of any
pair of arbitrarily long paths that diverge and remerge

» A code can correct any t channel errors where (this is
an approximation) , Ldfree -1 |

t1 00 2 00 B oo 4 0o ts oo 6
a=00 @\

S
~

b=10 ©

c=010

a=11%v
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Convolutional codes

o Transfer function

» The distance properties and the error rate performance
of a convolutional code can be obtained from its
transfer function

» Since a convolutional code is linear, the set of
Hamming distances of the code sequences generated
up to some stages in the trellis, from the all-zero code
sequence, Is the same as the set of distances of the
code sequences with respect to any other code
sequence

» Thus, we assume that the all-zero path is the input to
the encoder
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Convolutional codes

o Transfer function

» State diagram labeled according to distance from all-
zero path

( X, = D?NLX,+ LNX_
D™ denote m non-zero output bits c=DLXy+ DLX,

E if the input bit is r.10n-zero ) X,=DNLX,+ DNLX,
denote a branch in the path gl D21 X,

Communications Engineering 348



Convolutional codes

e Transfer function

» The transfer function T(D,N,L), also called the wieght
enumerating function of the code is "
T(D,N,L) = X—"

» By solving the state equations we get "
D3N3

TDNL =1 pNta+ D)

= D°NL3+4+ DON?L4(14+ L)+ D'N3L>(14L)?
+... 4 DFOINFLILF3 (1 4 ) 4.
» | he transter Tunctions Indicates that

1. There is one path at distance 5 and length 3, which differs 1
bit from the correct all-zeros path

2. There are 2 paths at distance 6, one of which is of length 4,
the other length 5, and both differ in 2 input bits from all-
Zeros path

3. dfree =5
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Convolutional codes

e Good convolutional codes

» Good convolutional codes can only be found in general by
computer search

» They are listed in tables and classified by their constraint length,
code rate, and their generator polynomials or vectors (typically
using octal notation).

» The error-correction capability of a convolutional code incrases as
n increases or as the code rate decreases.

» Thus, the channel bandwidth and decoder complexity increases.
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Convolutional codes

e Good convolutional codes

> Rate 1/2.
Constraint Generator Jiee
Length Polynomials

3 (5,7,7) 8
4 (13,15,17) 10
5 (25,33,37) 12
6 (47,53,75) 13
7 (133,145,175) 15
8 (225,331,367) 16
9 (557,663,711) 18
10 (1117,1365,1633) 20
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Convolutional codes

e Good convolutional codes

» Rate 1/3.
Constraint Generator (o PN
Length Polynomials

3 (5,7) 3}
4 (15,17) 6
3 (23,35) 7
6 (53,75) 8
7 (133,171) 10
8 (247,371) 10
9 (561,753) 12
10 (1167,1545) 12
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Convolutional codes

o Channel coding for Wideband CDMA

Convolutional Codes

BER =103 \\B\Lnner coding J  Inner
(conv.) interleaving
Block Codﬁs
BER =10 ,_Oute} coding| | Outer | | Innercoding | Inner
’ (RS) interleaving (conv.) . |interleaving

Service-specific coding

Convolutional code is rate 1/3 and rate %,
all with constraint length 9
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Convolutional codes

o Channel coding for Wireless LAN (IEEE 802.11a)

Input bits TX signals
Conv. Encoder R : Baseband R
r=1/2, K=7 "| Puncturing | = Modulator | OFDM
Table 11-3. Encoding details for different OFDM data rates
Speed Modulation and Coded bits per | Coded bits per | Data bits per
(Mbps) coding rate (R) carrierd symbol symhbol®
6 BPSK. R=1/2 1 48 24
9 BPSK. R=3/4 1 48 36
12 QPSK. R=1/2 2 06 48
18 QPSK. R=3/4 2 96 72
24 16-QAM. R=1/2 4 192 06
36 16-QAM, R=3/4 4 192 144
48 64-QAM. R=2/3 6 288 192
34 64-QAM. R=3/4 6 288 216
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Convolutional codes

o Other advanced channel coding
» Low density parity check codes: Robert Gallager 1960
» Turbo codes: Berrou et al. 1993
» Trellis-coded modulation: Ungerboeck 1982
» Space-time coding: Vahid Tarokh et al. 1998
» Polar codes: Erdal Arkan 2009

Check the latest coding techniques in 5G standards
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Outline

® |ntroduction

o Digital transmission through baseband channels
e Signal space representation

o Optimal receivers

o Digital modulation technigues [Matlab]

e Multicarrier Communications & OFDM [Matlab]
e Spread Spectrum [Matlab]

e Channel coding [Matlab]

° Synchronization
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Synchronization

o Synchronization is one of the most critical functions of a
communication system with coherent receiver. To some
extent, it is the basis of a synchronous communication
system.

o Three kinds of synchronization: Carrier synchronization,
Symbol/Bit synchronization, and Frame synchronization.

o Carrier synchronization (£’ [5]25): Receiver needs
estimate and compensate for frequency and phase
differences between a received signal’s carrier wave and
the receiver’s local oscillator for the purpose of coherent
demodulation, no matter it is analog or digital
communication systems.

Chapter 8.8-8.9
HEGE, (EERHE
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Synchronization

* Symbol/Big synchronization (fF=/{iL[E]25): In digital
systems, the output of the receiving filter (i.e. matched
filter) must be sampled at the symbol rate and at the
precise sampling time instants. Hence, we require a clock
signal. The process of extracting such a clock signal at the
receiver is called symbol/bit synchronization.

o Frame synchronization (1[5]25): In frame-based digital
systems, receiver also needs to estimate the
starting/stopping time of a data frame. The process of
extracting such a clock signal is called frame
synchronization.
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Synchronization

o Phase-Locked Loop (PLL, #i#H¥4)
» PLL is often used in carrier syn. and symbol syn. It is a
closed-loop control system consisting of
»Phase detector (PD): generate the phase difference of
vi(t) and v,(t).
»\oltage-controlled oscillator (VCO): adjust the
oscillator frequency based on this phase difference to
eliminate the phase difference. At steady state, the output
frequency will be exactly the same with the input

Vi @ E v, (7). v, (7)

. L 5 LFe  |— 3  vcoo
1

ol

ComiIIUIIIbaLI\IjI-ISEITgII_I-C-C-II_II-u--_---__---_---_----_---_---__---_---_---__---I 359

.|
e

L v, (1)




) Synchronization

o Phase-Locked Loop (PLL, #i#H¥4)
v; (t) = v; sinfay,t + $(t)]

V, (t) =V, cos[ gt + $(t)]

» A PD contains a multiplier and a low-pass filter. The
output of PD 1Is:

v, (t) = K, sin[g(t) — 4(t)] = K, sin g, (t)

»LF is also a LPF. The output of the LF is (where F(p) Is
the transfer function)

Ve (t) = F(p)vq (1)
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) Synchronization

o Phase-Locked Loop (PLL, #i#H¥4)
» The output of VCO can be a sinusoid or a periodic
Impulse train. The differentiation of the output frequency
are largely proportional to the input voltage.

d g(t) _
dt

»If F(p)=1, then

K, V. (t)

d ¢( )
o = Ksin ¢, (t)

The first kind of loop!
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Synchronization

o Phase-Locked Loop (PLL, #i#H¥4)
»Digital PLL.

_______________________________ beLL
Input | | Digita | Digital LP
Digital VCO
output
DPLL
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Synchronization

o Phase-Locked Loop (PLL, #i#H¥4)
»1n a coherence system, a PLL iIs used for:
1.PLL can track the input frequency and generate the
output signal with small phase difference.
2.PLL has the character of narrowband filtering which
can eliminate the noise introduced by modulation and
reduce the additive noise.
3.Memory PLL can sustain the coherence state for
enough time.

» CMOS-based integrated PLL has several advantages
such as ease of modification, reliable and low power
consumption, therefore are widely used In coherence
system.
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Carrier synchronization

o To extract the carrier:
»Pilot-tone insertion method: Sending a carrier
component at specific spectral-line along with the signal
component. Since the inserted carrier component has high
frequency stability, it is called pilot (‘5:47).
» Direct extraction method: Directly extract the
synchronization information from the received signal

component.
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Carrier synchronization

o Pilot-tone insertion method:
» Insert pilot to the modulated signal

x () Modulator | Bandpass Add s (t)
filter
—asin(o,t)
cos (o t) _|n/2phase
v shift

»The pilot signal is generated by shift the carrier by 90°
and decrease by several dB, then add to the modulated
signal. Assume the modulated signal has 0 DC
component, then the pilot is

s(t)=f(t)cosmt-asinmt
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Carrier synchronization

o Pilot-tone insertion method:
Ixf) S(f)

0 /\/\

0 fx f f c-f / fc f c-l-f

v

X X

» The receiver uses a narrowband filter with central
frequency f, to extract the pilotasinet and then the
carrier acosw,t can be generated by simply shifting 90°.
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Carrier synchronization

o Pilot-tone Insertion method:
> Narrowband filter receiver structure

s(t)« si(t): Lowpass| so(t)
—> Filter >® p OWPESSL T

filter
T COSM, L

0
fenarrowband I 90° phase
filter shift

5,(t)=s(t)-cosat = f (t)cos’ ot —asinwtcosmt
1

=5 f (t)+% f (t)cosZa)Ct—%asin 2.t
After the LPF s, (t) :% f(t)

»DSB, SSB and PSK are all capable of pilot-tone
Insertion method. VSB can also apply pilot-tone insertion
method but with certain modification.
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Carrier synchronization

o Pilot-tone insertion method:
» The drawback of narrowband filter receiver includes:
1.The pass band is not narrow enough
2.f.1s fixed, cannot tolerate any frequency drift with
respect to the central frequency
3.Can be replaced by PLL
» Pilot-tone insertion method is suitable for DSB, SSB,

VSB and 2PSK
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Carrier synchronization

o Direct extraction method:
» I the spectrum of the received signal already contains
carrier component, then the carrier component can be
extracted simply by a narrowband filter or a PLL
» If the modulated signal suppresses the carrier
component, then the carrier component may be extracted
by performing nonlinear transformation or using a PLL
with specific design.
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Carrier synchronization

¢ Nonlinear transformation based method:
» Square transformation

s(t)e . 2f. narrowband
()= .
filter

Example: a DSB signal s(t) = f (t)coset
If f(t) has 0 DC component, then s(t) does not have carrier component
square transformation: s°(t) :% f? (t)+% f2(t)cos2amt

now fz(t) contains DC component, let it be «, so: fz(t)=0{+ f (t)

then s°(t)= £ +% f.(t)+ %acos 2.t +% f (t)cos2et
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Carrier synchronization

¢ Nonlinear transformation based method:
» Square transformation

s2(t)= %a +% f(t)+ %a C0S 2w, t +% f_(t)cos2em,t

The first term is the DC component. The second term is the low
frequency component. The third term is the 2@, component. The
4th term is the frequency component symmetrical distributed of
2w,—modulation noise. After narrowband filtering, only the 3rd
term and a small fraction of 4th term left, then the carrier
component can be extracted by frequency division.

Since the carrier is extracted by frequency division, its phase
may shift by 180°. Besides, modulation noise may cause random

phase jitter.

S(t—)'.. ()% > PLL. —.‘ 22 e
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Carrier synchronization

o Nonlinear transformation based method:
» In-phase orthogonal loop (Costas loop)

s ry(t-
LPF-

> P
sin{art +4.)

(]

—
o

“ 1 VCOo.
Lets(t)= f (t)cosmt lCOS(G%H%)

(1) upper branch @
»  LPF.
f (t)cosat-sin(at+4,) :% f (t)sing, +% f(t)sin(2at+4,) (0

¢, is the phase difference between generated carrier and the original carrier

L.

After LPF r,(t) =% f (t)sing,

Contains in-phase branch and orthogonal
() Tover branch branch. All parts except LF and VCO are
5 (1) = F(t)cosg, > 2 (1) similar with a “phase detector”.

When ¢, is small, rl(t):%f(t)@

@, (1)1, (1) %% £2(t) 4, = v, (1)
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Carrier synchronization

o Nonlinear transformation based method:
» In-phase orthogonal loop (Costas loop)

Advantages of Costas loop:
1.Costas loop works on f_ instead of 2f, sowhen f_ islarge,
Costas loop is easier to realize

2.The output of in-phase loop r, (t) is the signal f (t)

o Performance of carrier synchronization technique

1) Phase error: steady-state phase error, random phase
error

2) Synchronization build time and hold time
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Symbol synchronization

° |n a digital communication system, the output of the
receiving filter must be sampled periodically at the symbol
rate and at the precise sampling time instance.

o To perform this periodic sampling, we need a clock signal
at the recelver

* The process of extracting such a clock signal is called
symbol synchronization or timing recovery

® One method is for the transmitter to simultaneously
transmit the clock frequency along with the information
signal. The receive can simply employ a narrowband filter
or PLL to extract it. This method requires extra power and
bandwidth and hence, but frequently used in telephone
transmission systems.

o Another method is to extract the clock signal from the
received data signal by using some kind of non-linear

transformation.
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Symbol synchronization

o Early-late gate synchronization

» Basic ldea: exploit the symmetry properties of the
output signal of matched filter or correlator
s(1)

» Due to the symmetry, the values of the
correlation function at the early samples

; A— t =T — 6T and the late samplest = T+ §T
® are equal.
f Mewched Bleroutpu » Thus, the proper sampling time is the

Optimum sample

midpoint between; — 7 _srand t =T + 6T

Early sample A Late sample

i
1
I
|
|

L ] 1 .
0 T-8T T T+8T 2T

Figure 8.48 (a) Rectangular signal pulse and (b) its
(b) matched filter output.
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Symbol synchronization

o Early-late gate synchronization
» Block diagram.

,{;T( ) dt - Sampler > Magnitude
L 3
Advance
by &
I 3
Received
signal Symbol Loop + Y
waveform |- vCO - fil <—<+
generator iter ~
3
Symbol
! timing
Delay
by & ‘—l
[ Odt —s > :
Jg *1  Sampler * Magnitude

Figure 8.49 Block diagram of early-late gate synchronizer.
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Symbol synchronization

o Nonlinear transformation based synchronization

impulse
transformation filter shift

L L

waveform narrowhand »{ phase

generation

» Some transformations can add synchronous signal
with f=1/T to the original signal. For example, we can
transform the signal to return-to-zero waveform. After
narrowband filtering and phase shifting, we can
generate the clock signal used for synchronization.

Ps(f)=j;P(1‘—'P]Gl(f)'— Gz(f}2
+ 12 3P, (o, )+ (1- P)G, (o, ) 5(f — o)

m=—c
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Symbol synchronization

output signal

<

fie

input signal

» o <4—| frequency

division

oscillator

advanced lagging

impulse impulse
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Symbol synchronization

e DPLL
> Performance.

1). Phase error
2). Synchronization build time
3). Synchronization hold time

4). Synchronous bandwidth
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Frame synchronization

o Recall that carrier and symbol synchronization needs to
estimate the phase of synchronous signal which can be
realized by using a PLL.

o Frame synchronization is to insert frame alignment signal
(distinctive bit sequence) and then detect the alignment
symbol.

o Besides adding frame alignment bits, some code such as
self-synchronizing code can be synchronized without
adding extra bits.

o Here, we only focus on the first method ——inserting
frame alignment signal.

Communications Engineering 381



Frame synchronization

o Recall that carrier and symbol synchronization needs to
estimate the phase of synchronous signal which can be
realized by using a PLL.

o Frame synchronization is to insert frame alignment signal
(distinctive bit sequence) and then detect the alignment
symbol.

o Besides adding frame alignment bits, some code such as
self-synchronizing code can be synchronized without
adding extra bits.

o Here, we only focus on the first method ——inserting
frame alignment signal.

» Start-stop method
» Bunched frame alignment signal
» Distributed frame alignment signal
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Frame synchronization

o Start-stop method

» Itis widely used in teleprinter. Each symbol contains
5-8 data bits, a start bit and a stop bit.

stop start data stop

< < Ll P

1« Sa 1.5«

start bit: "0", width: T,

stop bit: "1", width > T,

System will keep sending stop bit when it is idle. When "1" — "0", the receiver will
start to receive a data symbol.

Low transmission efficiency and low timing accuracy
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Frame synchronization

e Bunched frame alignment signal

» This method Inserts synchronous code at a particular place
In each frame. The code should have a sharp self-
correlation function. The detector should be simple to
Implement.

» Frame synchronous code includes
1. Barker code
2. Optimal synchronous code
3. Pseudo-random code
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Frame synchronization

e Bunched frame alignment signal

» Barker code
(1) Barker code:

A n bits barker code {x;,X,,X,--X,}, x=t1 or -I.its self-correlation function

satisfies:
. n j=0
R, (1)=).%x,;=100r+1 0<j<n
i=1 .
0 J]>n

Barker code is not a periodic sequence. It is proved that when n <12100, we can only
find barker code withn=2,3,4,5,7,11,13.
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Frame synchronization

e Bunched frame alignment signal
» Barker code

n barker code

2 + +

3 + + -

4 +++-, ++-+

5 +++-+

7 +++--+-

11 +4++---+--+-
13 ++++--++-+-+

Communications Engineering 386



Frame synchronization

e Bunched frame alignment signal
» Barker code
Example: A barker code with n =7, find its self-correlation function
J=0:R (0) = XX + X, X, +++-+ X; X, =7
Jj=1:R (1) = %X, + X,X; +---=0
Similarly, we can determine R (j).

The result is shown below, we can see it has a sharp peak when j=0.
A R()-

.--}.r‘
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Frame synchronization

e Bunched frame alignment signal
» Barker code generator — shift register

» Example: when n=7, a 7 bits shift register. The initial
state IS a barker code.

output

>

0 1. 0

initial state T

L —
>
_'.. |
>
-
———»
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Frame synchronization

e Bunched frame alignment signal
» Barker code detector

p shift direction
received signal

detector

l frame synchronization signal
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Frame synchronization

e Bunched frame alignment signal
» Barker code detector

The barker code detector follows:
Butput "17:? +1
Butput “07:? -1
o "{Efutput "17:2 -1
input :"0 Yy
Sutput “07:? +1
If the output connection of the shift register is the same with a barker code, then
when the input is a barker code, the output of the shift register is "1111111". The
detector will send a synchronous impulse.

input : 1{

04 140404 14 14 14 data 04 140404 1 14 14

nl a frame
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Frame synchronization

o Distributed frame alignment signal

» The synchronous code is distributed in the data signal. That
means between each n bits, a synchronous bit is inserted.

» Design criteria of synchronous code:

1. Easy to detect. For example:
“1111111170r 7101010107

2. Easy to separate synchronous code from data
code. For example: In some digital telephone
system, all ’0” stands for ring, so  synchronous
code can only use “10101010”
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Frame synchronization

o Performance of Bunched frame alignment signal
» Probability of missing synchronization PL
1. Affected by noise, the detector may not be able to detect

the synchronous code. The probability of this situation is
called probability of missing synchronization P, .

2. Assume the length of synchronous code is n, bit error
rate 1s Pe. The detector will not be able to detect if more
than m bit errors happen, then:

P =1—icnxpex (1-P)"

x=0
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Frame synchronization

o Performance of Bunched frame alignment signal

» Probability of false synchronization Pr

Since data code can be arbitrary, it may be the same with
synchronous code. The probability of this situation is called
probability of false synchronization P.. P equals to the probability
of appearance of synchronous code in the data code.

a. In a binary code, assume 0 and 1 appears with the same
probability. There are 2" combinations of a n bit code.

b. Assume when there are more than m bit errors, the data code will
also be detected as synchronous code.
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Frame synchronization

o Performance of Bunched frame alignment signal
» Probability of false synchronization Pr

When m = 0, only 1(C’) code will be detected as synchronous code;
When m =1, there are C® codes will be detected as synchronous code;

Therefore, the probability of false synchronization is:

ZOC: 1 N m Cx
PF_ 2n _(Ej XZ:(; n
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Frame synchronization

o Performance of Bunched frame alignment signal

» Performance
P and P depends on the length of synchronous code n and the maximum bit error m.

WhennT,P. 4, P T;whenm® P |, P.T

3. Average build time t,

Assume both P, and P will not happen, the worst case is we need one frame to
build frame synchronization. Assume each frame contains N bits, each bit has a width
T,, then one frame costs NT,.

Now assume a missing synchronization or a flase synchronization also needs NT,
to rebuild the synchronization, then:

t,=NT,(1+P +P;)
Bisedes, the average build time of using the distributed frame alignment signal is:
t° = N°T, (N >>1)

Apparently, t*. <t°_, so the previous method is more widely used.
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