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Digital Modulation

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

digital data

= Three basic digital modulation techniques
= Amplitude-shift keying (ASK) - special case of AM
= Frequency-shift keying (FSK) - special case of FM
= Phase-shift keying (PSK) - special case of PM

= Will use signal space approach in receiver design and
performance analysis

Meixia Tao @ SJTU 3



Binary Modulation

In binary signaling, the modulator produces one of two
distinct signals in response to one bit of source data at a

time.

Binary modulation types

Binary PSK Binary FSK Binary ASK
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Binary Phase-Shift Keying (BPSK)

= Modulation

2F I
1 — s1(t) = /0 cos(2r ft)
Tb |

|
|
0" s sp(t) = | 22 cos (2nfet + 7
1y

= 0 < t<Ty,Tybit duration
= f.:carrier frequency, chosen to be n./T} for some fixed
Integer ne or f >>1/T,

= Fy: transmitted signal energy per bit, i.e.

T T;
fobs%(t)dtzfobsg(t)dtzEb

= The pair of signals differ only in a 180-degree phase shift
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Signal Space Representation for
BPSK

= There Is one basis function
2 .
¢1(t) = 1/?cos(27rfct) with 0<t<T,
b

* Then s:(t) = /Ep1(t) and s2(t) = —/Epér (1)

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

> dio = 24/ FE
0 RO N— ’
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Decision Rule of BPSK

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

= Then the optimum decision boundary is the midpoint of the

line joining these two message points
I

— Region R, >:< Region R;
I
— /Eb r I r A/ Eb
® -

!
L e

|
'0
= Decision rule: S2

= Guess signal s1(t) (or binary 1) was transmitted if the
received signal point I falls in region R, (+ > 0)

= Guess signal s2(t) (or binary 0) was transmitted otherwise
(r <0)
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Probability of Error for BPSK

= The conditional probability of the receiver deciding in favor
of so(t) given that s1(¢) is transmitted is

P(e|s1) = P(r < 0ls1)

B (r =vVED?\ , _ 25
= /. \/Wexp{_ No }dT_Q( TO)
= Due to symmetry p(e|sy) = P(r > O|sy) = (\/?)
0
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P, for BPSK (cont’d)

= Since the signals s1(t) and s5(t) are equally likely to be
transmitted, the average probability of error is

Pe = 0.5P(e[s1) + 0.5P(els2) = Q (\/%Eob)

P. depends on ratio -

= This ratio is normally called bit energy to noise density ratio
(or SNR/Dbit)
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BPSK Transmitter

m(t)

Input binary

Spectrum Product , Binary PSK
data >

shaping filter / modulator wave s(t)

/ CarrieTr wave
v/ B 5
] $1(t) = \/: cos (27 fet)
—\JE; 1

Rectangular
pulse

v
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BPSK Recelver

r(t) = 4,22 cos (2 fut + 0)
Ty

dt

\ 4

Decision
device

R

+n(t) @H [

~
demodulator

|2
2 cos (2r fut + 0) Threshold
VT N\

Say 1 if threshold is exceeded

Say 0, otherwise

/

detector

= ¢ is the carrier-phase offset, due to propagation delay or
oscillators at transmitter and receiver are not synchronous

= The detection is coherent in the sense of
= Phase synchronization
= Timing synchronization
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Binary FSK

= Modulation hoﬁj ﬂ ftﬁof\ 1/\ O[\Oﬂ flm

1 s1(t) = || cos (2n a0 A v
0 <t<TT

0" —s2(t) = 2TEbbcos(27r fot) ’

= Fy : transmitted signal energy per bit

T, T,
/O 2(t)dt = /O 2 dt = B,
= f.: transmitted frequency with separation Af = f, — f,

= Af is selected so that S1(%) and s2(¢)are orthogonal i.e.

["sisma=0  (Example?)

Meixia Tao @ SJTU
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Signal Space for BFSK

= Two orthogonal basis functions are required

61(8) = [~ cos(2mfit)  0<t<T, 51() = /By (1)
1y,
5 —>

¢o(t) = \/?b cos(2mfat)  0<t<T, so(t) = \/Epd2(t)

= Signal space representation

s1=[/E, 0]
s, =1[0 /B

92(1)

Message d12 = /2Ep
point S> @ /Eb

Message point S1

e > ¢1(t)

N

Meixia Tao @ SJTU
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Decision Regions of Binary FSK

= Observation vector

7= [ry ro]

T, .
n=[lr@o@wd  PoNts2 @ m L7

ro = /0 r(t) o () dt

.) R, R Decision boundary
Message IR
7
// I:Ql
/// Message point 81
® > ¢1(t)

/B

= The receiver decides in favor of S, If the observation vector I
falls inside region R;. This occurs when r; >,

= Whenr,<r,, I falls inside region R, and the receiver decides

in favor of S,
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Probability of Error for Binary FSK

Given that s, is transmitted,

ri =+/Ep+mng and ro = mno

Since the condition r, <r, corresponds to the receiver making a
decision in favor of symbol s,, the conditional probability of error given
s, Is transmitted is given by

P(els1) = P(r1 <rals1) = P(\/Eb—|— ny < no)

Define a new random variable n =n1 —no
Since n, and n, are i.i.d with 71,12 € N(0,No/2)
Thus, n is also Gaussian with n € N (0, Ng)

> Plelst) = P(n < —\/Ey) :Q( %)
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P, for BFSK (cont’d)

= By symmetry

P(e|sp) = P(r1 > rals2) = Q (\/%)

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

E
Pe=(Q (VFZ) —> 3dB worse than BPSK

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

Meixia Tao @ SJTU
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Binary FSK Transmitter

Binary wave

On-off signalling form

1

=

0 —

Binary FSK wave

Inverter
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Coherent Binary FSK Recelver

r(tL

r1

r2

Decision
Device

-1

Choose 1 if I>0
Choose 0 otherwise

Meixia Tao @ SJTU
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Binary ASK

= Modulation 0 i1i110§140 0

1
a8y = 2E oson | VAL U\ﬁ M\
17— s1(t) \/?b cos(27 fot) LHWV U iy i iU\UL ,
‘0" — 82(75) =0 0<t<T o '
= Average energy per bit (On-off signaling)
by = E_QI_O ie. [ =2F,

= Decision Region

— Region R, —» i«

S2
dio = /2L, ¢ o " t
2
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Probability of Error for Binary ASK

= Average probability of error is

Pe=10Q ( Eb) ldentical to that of coherent binary FSK

Ng

= Exercise: Prove P,

Meixia Tao @ SJTU
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Probability of Error and the Distance
Between Signals

BPSK BFSK BASK
dio2 = 2\/55 d1 o = \/2E, d12 = /2L
|2, E Lo
P. = — _ =b = 2
Q( No) Fe Q( No) Q( No
= |n general,
d7,

Meixia Tao @ SJTU
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Probability of Bit Error

© Eb/No in [dB]

Probability of Error for BPSK and FSK/ASK

0
10 SooIIIoooII3CoIIIooIIIooTIICooIIIoooiIoooIIIoooIoTooIIIIooIIIoEoIIooooIIoodcIooooIzooooIIiicd

VIR ISMIMTA T M \&F v
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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 10-10 watts/Hz.

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

b) Repeat the calculation in a) for noncoherent binary FSK

Meixia Tao @ SJTU 23



= \We have discussed

= Coherent modulation schemes, .e.g.
BPSK, BFSK, BASK

= They needs coherent detection,
assuming that the receiver is able to
detect and track the carrier wave’s
phase

= |[n 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
= Differential phase-shift keying (DPSK)

Meixia Tao @ SJTU 24



Non-coherent scheme: BFSK

= Consider a binary FSK system, the two signals are

s1(8) = |22 cos (2 f1t + 01)
1y

52(t) = |22 cos (2 fat + 62)
1y

61, 6-: unknown random phases with uniform distribution

O0<t< T

Py, (0) = py,(0) = { é/QW zlse[O,Qﬂ)

Meixia Tao @ SJTU

25



Signal Space Representation

= Since

s1(0) = |22 cos (2n fyt + 0y) = | oot cos(2mf1t) cos(81)— | oot sin(2r 1) sin(61)
Ty Ty Ly

sH(t) = % cos (2w fot + 605) = % cos(2x fot) cos(f>)— % sin(2x fot) sin(65)

V 1 V 1p Ty

= Choose four basis functions as
P1.(t) = \/2/Tycos(2n fit) ¢15(t) = —\/2/Tpsin(27 f1t)

P2c(t) = \/2/Tcos(2m fat)  pos(t) = \/2/T}sin(27 fot)
= Signal space representation

§1 =[VE,cosfy Epsin; 0 0]
So=[0 0 /E,cosfy /E,sinfy |

Meixia Tao @ SJTU
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The vector representation of the received signal

F:[Tlc 1s 7T2¢ TQS]

lec(%

Cbls(t)

—

r(t)

9523(%

CbQC(t)
> >< >

T Odt | —2
——| Jg OQat N
T Odt | —s
i Qar |2,

Detector

Meixia Tao @ SJTU
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Decision Rule for Non-coherent FSK

= ML criterion:
Choose s,

f(751) 2 f(752)
Choose s,

= Conditional pdf

1
51.01) = ——eXx
f(r]51,61) No P

[_ (r1c — VE,€0801)? 4 (r15 — VEpsin 91)1

No
1 [fr%c + ff%s]

X——exp
imi TN No
= Similarly,
— 1 712 _|_ ,r.2 7
f(’FISQ)@Q) — ﬂ—NOeXD [—RTO]-S
X ex _-— (r2c — VEy€0502)° + (ras — EySin 02)°
TN P I No

Meixia Tao @ SJTU 28



= For ML decision, we need to evaluate

f(7151) > f(¥]52)

1 27 1 21

— 751,01)d01 > — 55, 05)do
>~ /s f(r]s1,61) 12— | f (752, 02)do>

= Removing the constant terms

Meixia Tao @ SJTU
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= We have the inequality

i _a-], I.'__ y 9 i . r ow |
1 [E?L]J; 24/ Erycos(@h ) + 2+ Er sinld ) g
2ry L N, 1
- zfeﬂp._ﬂa-"ﬁrjfcna{ﬂ] + 24/Er, sin(¢h }'.ﬂr ;
2ry | Ny |-

= By definition

1e [ _ . iy 1 1.0
1 -lrﬂ}:p\ Ex"Ef!_:l:l:lEI:gf!_}-I:jm"lEf'lzﬂiu(:;f!_} g = 1,3! zn,'EEmr—mi}
2ry L N, ) | Ny

where |,() iIs a modified Bessel function of the zeroth order
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Decision Rule (cont’d)

Thus, the decision rule becomes: choose s1 If

L:.Lu"lE':?lf:‘”l;:}w (2.JE(s +7,)
N, N,

Noting that this Bessel functlon IS monotonlcally Increasing.
Therefore we choose s, If

=1,

2 2 2
\/’rlc + s 2 \/TQC _l_ s

Interpretation: compare the energy in the two frequencies
and pick the larger => envelop detector

Carrier phase is irrelevant in decision making

Meixia Tao @ SJTU 31




Structure of Non-Coherent Receiver for

Binary FSK
lec(t)
=g<> o Jo Odt e (1)? \
Q’bls(t) Z
>(X o Jo Qdt L ()2 — Comparator]
r(t) (select | ™
¢2c(t& ro the
% J T OV € ()2 largest)
— & Qat (2 s
2s(t e
é irrakilnadd
- _1 _ B
It can be shown that P. = 5 €XP ( 2N0)

(For detailed proof, see Section 10.4.2 in the textbook )
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Performance Comparison Between coherent
FSK and Non-Coherent FSK

Probability of Bit Error

Eb/No in [dB]
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Differential PSK (DPSK)

= Non-coherent version of PSK

= Phase synchronization is eliminated using differential
encoding

= Encode the information in phase difference between successive
signal transmission. In effect,

= to send “0”, advance the phase of the current signal by 180°;
= tosend “1”, leave the phase unchanged

= Provided that the unknown phase 4 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 9 .

Meixia Tao @ SJTU
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Generation of DPSK signal

= Generate DPSK signals in two steps
= Differential encoding of the information binary bits
= Phase shift keying

= Differential encoding starts with an arbitrary reference bit

Information

sequence 1 0 0 1 0 0 1 1 {m}

Differentially

encoded 7.1 0 1 1 0 1 1 1 {di} |d=d_ Dm

Sequence  nitial bit

Transmitted
PhaseOOnOOnOOO

Meixia Tao @ SJTU

35



DPSK Transmitter Diagram

Input

Binary
Sequence —= id, }
ogic !
—_—— - - BPSK Mod
o MNetwork
{m;} ‘ ‘
L1 hitdelay
{dea
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Differential Detection of DPSK Signals

r(t)

Delay
Ty

> jOT dt

Yy

| Decision

device

|

Threshold of
zero volts

= Qutput of integrator (assume noise free)

|

Choose 1if1>0

Otherwise choose 0

y= [ 1@t Tt = [ costuwet + i + 0) cos(ut + 1 + 0t

o Cos(y — Vp—1)

= The unknown phase ¢ becomes irrelevant
= If Y —Yp_1=0 (blt 1), theny>0
= if ¥ —¢r—1 =n (bit 0), theny <0

= Error performance

1 Ey,
Pe= —exp| ———
2 Nop
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Summary of P, for Different Binary
Modulations

2F
Coherent PSK Q( Nb)
0
(Vv
Coherent ASK No
E
Coherent FSK Q( Fb
O

1 b
Non-Coherent FSK — exp (—Q—NO)
DPSK = exp (

Meixia Tao @ SJTU



Probability of Bit Error

Plots for Different Binary Modulations

T e < S M T ¥ O £
T Y ASK/FSK

Eb/No in [dB]
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Topics to be Covered
Source [— AD — source Channel *| Modulator
. converter encoder encoder
Absent if _
source is Noise —| Channel
digital
User k— DA Source Channel Detector |+—
converter decoder decoder

= Binary digital modulation

= M-ary digital modulation

= Comparison study

Meixia Tao @ SJTU
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M-ary Modulation (25t )

. e
e & LTE-ﬁ150Mhps.

100, 220 QAM

B s, 1280AM
weomaisol 14 .4 . 64QA M

Meixia Tao @ SJTU
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M-ary Modulation Techniques

In binary data transmission, send only one of two possible
signals during each bit interval T,

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

In almost all applications, M =2"and T = nT,, where n is
an integer

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.

Thus, we have:
= MASK MPSK MFSK MQAM

Meixia Tao @ SJTU 42



M-ary Phase-Shift Keying (MPSK)

= The phase of the carrier takes on M possible values:
Om =27(m —1)/M, m=1,...,M

= Signal set:

sm(t) = 1/253 Ccos |27 fet +

" F, = Energy per symbol

" f, >>£
T

= Basis functions H1(t) = \/% cos(27 fet)

Po(t) = \/%Sin(%fct)

27(m — 1) m=1,..., M
M 0<t<T

0<t<T

Meixia Tao @ SJTU
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MPSK (cont’d)

= Signal space representation

sm(t) = \/255 cos |27 fot +
= /2;75 cos (27 f.t) cos

PE, . [27(m — 1)

— Tsm (27 fot) sin { i ]

Ve 1)]¢1(t)— Essin FW(T/[_ 1)]

27(m — 1)
i
27 (m — 1)]

¢2(t)

> Sm = [ FEs cos (zw(?\}_l)) VEssin (2”(?\}_1)) }

m=1,..., M
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MPSK Signal Constellations

Decision
line (DL)

|

A

Y

<
n
N

2

BPSK

S2 [/)L
A ///
/’\\"
$3 /// S1
y;
//
P Y
S4
M =4
(b) (c) (d)
QPSK 8PSK 16PSK
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Euclidean distance

The minimum Euclidean distance is

dmin:\/ZE (1 cos—j 2\/75|n—

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

doin /2 ( 2E )
P ~ 2 min — Zlg
MPSK Q[ ,—NO/ZJ 2(9( No SlIl Vi
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Exercise

= Consider the M=2, 4, 8 PSK signal constellations. All have
the same transmitted signal energy Es.

= Determine the minimum distance d.. between adjacent
signal points

= For M=8, determine by how many dB the transmitted signal
energy Es must be increased to achieve the same d, as
M =4.
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Symbol error probability, Pg (M)

Error Performance of MPSK

L1

30

I | |
M = 2K
32 64 f
5d odB -
|
-5 0 5 10 15 20 25
Ey/Ng (dB)

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

Figure 3.32 Symbol error probability
for coherently detected multiple phase
signaling. (Reprinted from W. C.
Lindsey and M. K. Simon,
Telecommunication Systems
Engineering, Prentice-Hall, Inc.,
Englewood Cliffs, N.J., 1973, courtesy
of W. C. Lindsey and Marvin K.
Simon.)
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M-ary Quadrature Amplitude Modulation
- 32 1 1R 151

= |In MPSK, in-phase and gquadrature components are
Interrelated in such a way that the envelope is constant
(circular constellation)

= |f we relax this constraint, we get M-ary QAM

16PSK

(MQAM 1

16QAM

b2 (t)

M =16
o o
o o
o o $1(t)

Meixia Tao @ SJTU
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MQAM

= Signal set:

2F 2FEy.
s;(t) = 1/7%5 cos(2r fot) + 1/70bism(27rfct) 0<t<T

= Fj is the energy of the signal with the lowest amplitude
= a;, b; are a pair of independent integers

= Basis functions:
¢1(t) = \/%COS(Qcht) Po(t) = \/%sin(wact) 0<t<T
= Signal space representation

§; = [\/EOCLi \/Eiobz']
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MQAM Signal Constellation

= Square lattice

¢2(1)
4 M = 64
e - 9 |- -0 —@— -0
M = 32
o -¢ -¢c—2 o @
M =16 o o
Io- oo -9
® 05-Q=4+ T
: I 11 i3 5 17
s &0 ¢ ¢ e ¢1(%)
|
o—o—-|-0—-6 » ®
e —e - o 9 o o
o -0 -0 - 00— 00— -0
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Error Performance of MQAM

= Upper bound of the symbol error probability

P 34Q£\/(M3E§;NO) (for M =2%)

= EXxercise:

Determine 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 k is large.

Meixia Tao @ SJTU
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M-ary Frequency-Shift Keying (MFSK) or
Multitone Signaling

= Signal set:

Sm(t)I@COS{QT((fC+(m_1)Af)t} m=1,...,M

0<t<T

where Af = fm — fin—1 with fimn = fe +mAf

= Correlation between two symbols

1 T

_sin[2a(m —n)AfT]
 2x(m — n)AST

sinc[2(m — n)AfT]
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MESK (cont’d)

pmn

-0.217

For orthogonality, the minimum frequency separation is

1
Af—ﬁ

Meixia Tao @ SJTU
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= M-ary orthogonal FSK has a geometric presenation as M
M-dim orthogonal vectors, given as

S =(E;,0,0,-+-,0)
s, =(0,/E,,0,-+,0)

Sw1=(0,0,-+,0,,/E, )

= The basis functions are

. :\/?coswz( f, +mAf )t

Meixia Tao @ SJTU
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Error Performance of MFSK

\
il -
-2
-~ it -1 Fd
o
)
= w3
(8T
-4
B
-3
107 - iy e
el -7
-8
=9
=10
167 |- $i
13
107 I
-10 -5 20




Notes on Error Probability Calculations

= Pe is found by integrating conditional probability of error
over the decision region

= Difficult for multi-dimensions
= Can be simplified using union bound (see chQ07)

= Pe depends only on the distance profile of signal
constellation

Meixia Tao @ SJTU
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The 16-QAM signal constellation shown below is an
International standard for telephone-line modems (called
V.29).

a) Determine the optimum decision I5

boundaries for the detector

b) Derive the union bound of the * P
probability of symbol error 5 -3 -1 ¢1
assuming that the SNR is M '1, 1 3 o
sufficiently high so that errors -
only occur between adjacent * 3 °
points e

c) Specify a Gray code for this 16-
QAM V.29 signal constellation

Meixia Tao @ SJTU



Symbol Error versus Bit Error

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

M M
T, 4 ~

P,=)Y P(5) > —2_P(5=3s

S1 =T 092 M ( %)

" 745 1s the number different bits between S; and $S;

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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Example: Gray Code for QPSK

1 . 2 1,
= _P (5= 3515+ P (3= 52l54) +_ P (3 = 53 3)
2
ES ES ES
—{H?( m)]'Q( Fo)+[@( ﬂ] '
W Eg/2
i S3 e /O S4
=Q =S 11 5 10
No i
o5, JEs/2
=Q ( N—o) S Y R o S1
01 00
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Bit Error Rate for MPSK and MFSK

= For MPSK with Gray coding

= An error between adjacent symbols will most likely occur
= Thus, bit error probability can be approximated by

= For MFSK

Pe
log> M

b%

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

Bit error rate is approximately half of the symbol error rate

1p

P
T2

|12
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Think ...

= Why 4G LTE prefers MQAM over MPSK/MFSK?

2560QAM

éi i
-
-
= __-;..ﬂ

Meixia Tao @ SJTU
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Topics to be Covered
Source [—* AD — source Channel *| Modulator
. converter encoder encoder
Absent if _
source is Noise —| Channel
digital
User k— DA Source Channel Detector |+—
' converter | decoder decoder

= Binary digital modulation

= M-ary digital modulation

= Comparison study

Meixia Tao @ SJTU
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Comparison of M-ary Modulation
Techniques

= 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 E, /N, to achieve a certain bit error probability

= Spectrum utilization efficiency (bandwidth efficiency):
measured by the achievable data rate per unit bandwidth
R,/B

= |tis always desired to maximize bandwidth efficiency at a
minimal required Eb/No
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Example

Suppose 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 unlicensed » Use licensed band
bandwidth band » Transmitter and
» Band overlays with > Purpose: control receiver fixed with
other systems devices remotely power supply
» Purpose: high data » Voice and data
rate connections in rural

UWE versus other radio
communications systems

2G mebila phones

3G mobile phones,
wireless LAN

10k 100k 1M 10M 100M 1G
Frequency bandwidth (Hz)
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Energy Efficiency Comparison
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Picture from: Proakis J G, Salehi M. Fundamentals of communication Meixia Tao @ SJTU
systems[M]. Pearson Education India, 2007.



Energy Efficiency Comparison (cont’d)

= MFSK:

= Atfixed E, /N, increase M can provide an improvement on P,

= At fixed P, increase M can provide a reduction in the E_ /N,
requirement

= MPSK
= BPSK and QPSK have the same energy efficiency
= Atfixed E, /N, increase M degrades Pb
= At fixed Pb, increase M increases the Eb/No requirement

MFSK Is more energy efficient than MPSK
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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)

—

l MPSK/MQAM

sin(27 f.t) @_> signal

Spectrum
"l shaping filter
Input_ | g; SN
= 5| Signal point
data mapper gr(t) <
Spectrum

’| shaping filter

o

= If g (t) is rectangular, the bandwidth of mainlope is B = 2
= |f it has a raised cosine spectrum, the bandwidth is

14+«
Ty

B =

T,
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Bandwidth Efficiency Comparison (cont’d)

= |n general, bandwidth required to pass MPSK/MQAM signal
IS approximately given by

= But |Og2 M
Ry = = bit rate

= Then bandwidth efficiency may be expressed as

p = % = log> M (bits/sec/Hz)
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Bandwidth Efficiency Comparison (cont’'d)

= MFSK:

= Bandwidth required to transmit MFSK signal is

M

o7

= Bandwidth efficiency of MFSK signal

(Adjacent frequencies need to be separated
by 1/2T to maintain orthogonality)

__ Ry, 2logo M

P B iV (bits/s/Hz)
M 2 4 8 16 32 64
o, 1 1 0.75 0.5 0.3125 0.1875
(bits/s/Hz)

As M increases, bandwidth efficiency of MPSK/MQAM increases, but

bandwidth efficiency of MFSK decreases.
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Fundamental Tradeoff :
Bandwidth Efficiency and Energy Efficiency

= To see the ultimate power-bandwidth tradeoff, we need to
use Shannon’s channel capacity theorem:
= Channel Capacity is the theoretical upper bound for the maximum

rate at which information could be transmitted without error
(Shannon 1948)

= For a bandlimited channel corrupted by AWGN, the maximum rate
achievable is given by

R<C=Blog,(1+SNR)=Blog,(1+ NPSB)
0
= Note that
Eb = PST = PS = PSB :Sl\”:{E
N, N, RN, RN,B R
= Thus Eb _ B (2R/B _1)
N, R
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Power-Bandwidth Tradeoff

\
Channel o
10 | capacity limit w
- A= 16 QAM T\m .
B M = 4 PAM M = 8 PAM (SSB) CapaC|ty boundary
N (SSB) .
. T st - =
Unachievable = PR with R =C
. ) Z = M= 16
Region with R > C < R
= | DPSK
S g
>k M = 4 PSK
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1.6 M 1 1 -
: 20 25 o

Asymptote i

SNR per bit, y, = &,/Ny (dB
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i Foa

Orthogonal signals

i Coherent detection

Picture from: Proakis J G, Salehi M. Fundamentals of communication
systems[M]. Pearson Education India, 2007.
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Notes on the Fundamental Tradeoff

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

@ =In2 =0.693 = —1.59dB
No
= This value is called the Shannon Limit

= Received E,/Ng must be >-1.6dB to ensure reliable communications

BPSK and QPSK require the same Ej/Ng of 9.6 dB to achieve P,=10".
However, QPSK has a better bandwidth efficiency

MQAM is superior to MPSK

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

MFSK trades energy efficiency at reduced bandwidth efficiency.
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System Design Tradeoff
Which Modulation to Use ?

R
.

L.
&
]

Bandwidth Limited
Systems:
Bandwidth scarce
Power available

Power Limited
Systems:
Power scarce

Bandwidth available
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Example

Suppose 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 unlicensed » Use licensed band
bandwidth band » Transmitter and
» Band overlays with > Purpose: control receiver fixed with
other systems devices remotely power supply
» Purpose: high data » Voice and data
rate connections in rural

UWE versus other radio
communications systems

2G mebila phones

3G mobile phones,
wireless LAN

10k 100k 1M 10M 100M 1G
Frequency bandwidth (Hz)
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Practical Applications

BPSK:
= WLAN IEEE802.11b (1 Mbps)
QPSK:
= WLAN IEEE802.11b (2 Mbps, 5.5 Mbps, 11 Mbps)
= 3G WDMA
= DVB-T (with OFDM)
QAM
= Telephone modem (16QAM)
= Downstream of Cable modem (64QAM, 256QAM)

= WLAN IEEE802.11a/g (16QAM for 24Mbps, 36Mbps; 64QAM for 38Mbps
and 54 Mbps)

= LTE Cellular Systems
FSK:

= Cordless telephone
= Paging system
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