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Optimum Receiver e Probability of Error e
Digital Modulation Techniques: ASK, PSK, QAM, FSK e



Elements of a digital communications link

. CODING CHANNEL [

: MODEM CHANNEL
1

INPUT INPUT SOURCE X1 CHANNEL MODULATOR with Tx
—»| TRANSDUCER » ENCODER » ENCODER CHANNEL —>  AFE >
SIGNAL CONDITIONER SRR

Input X = {b,, b, e{+1, -1}}

Output X" = {b,/, b,'e{+1, -1} }
Objective: minimize Pr{ b= b} CHANNEL
resources: POWER & BANDWIDTH
Channels: AWGN, ISI, MULTIPATH

OUTPUT OUTPUT SOURCE | X | CHANNEL DEMODULATOR RX
<«—| TRANSDUCER |« DECODER DECODER with CHANNEL |« AFE i«
SIGNAL EQUAL I ZER ..........................

>
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TIME-LIMITED SIGNALLING SCHEMES IN AN AWGN
ENVIRONMENT

BINARY SEQ. [ BIT-TO- {2} [sYMBOL-TO] {b;
by — | symeor |2 Tx |5 (V) [ COMERENT | OO b
CONVERTER RECEIVER CONVERTER

(1 withPr{b; =1}=1/2
|0 withPr{b; =0} =1/2 WGN w(t)

A 4

= Input binary sequence: {b;}, transmitted in [t-iT,|<T,/2, T,: bit interval

= Every m bits: grouped to form 1 symbol > M=2™ possible symbols,

= Symbol sequence: {a;}, a;=A, k=1,2,3,..., 2™ with Pr{a;=A, }=1/M.

= a; is transmitted in the interval [t-jT[<T,/2, T;=mT,: symbol interval.

= TRANSMITTER: generates s(t) = g,(t-jT) for |[t-jT([<T /2 if a; = A,
i.e., ONE-TO-ONE MAPPING

= AWGN CHANNEL: r(t)= s(t)+w(t) where w(t): white Gaussian noise,
zero-mean, variance N_,/2.
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VECTOR REPRESENTATION OF TIME-LIMITED SIGNALS

s(t) = gu(tjTs) for |t-jTs|<Ts/2 if a; = A¢: one-to-one correspondence
gk(t): signaling element g,(t)=0 for |t|>Ts/2: time-limited and I_+TT//22| gy (t) % dt =E, <+

We want to find N (N < M) orthonormal functions ®@i(t), i=1,2,..., N so that g, (t) =Z:\ilgki®i(t)
signal element: waveform g,(t) can be represented by N-dimensional vector gx=( Jk1, ..., 9kn)

ORTHONORMAL FUNCTIONS: @;(t)=0 for |t|>Ts/2 and f%i(t)q’}‘(t)dh{(l, i::: JJ

d>j*(t)=d>j(t) if d;(t): REAL, {di(t), i=1,2,...,N} forms an ORTHONORMAL BASIS of N dimensions.
waveform gi(t) can be represented by N-dimensional vector

+Tg/2 %
A= Grs - Gin): G (1) =Z:119ki¢i(t) where gy - TS//Z 9 (-7 (t)dt
-Is

+Ts/2 d
.% t
J.*Ts ) —>Jk1
WAVEFORM 1) T2 o
p— _>g
ak(t) ? J—Ts 12 k2
HE O P()]

: : +T5/2 ] :
t
gkN 4’?* I—TS/Z —>gkN
N(t) n(t)

IN TRANSMITTER IN RECEIVER
9k (t) = Z:\l:lgkiq)i(t) 9 =(9kts G2r--- G )y

+T5/2 %
9 =],k Ot
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VECTOR CHANNEL

g- +Tg /2 g +W
i1 W t) H?—DJ'TSIZ dt —»0j1TW1
t t
1( ) S(t) r(t) 1( ) +Tg /2
g 4»? "D ?—> [T | g
L ] L ] L ] _TS /2 L ]
: (0 F () ;

J<+TS /2dt > ng+WN
T /2
Nt WAVEFORM CHANNEL n(t) {g, +w}

{9}
w(t): White Gaussian Noise, zero mean and variance c’w=No/2,
- noise components wi's, k=1,2,...,N are Gaussian with zero mean and variance of Ng/2.
They are also statistically independent.

gin

{9}

J

w
. —,é_>g=§+ﬂ —»{OPTIMUML__, g;
= RECEIVER

VECTOR CHANNEL

2
I

N
1 X _H 1 X 2 N 2
ka (Xk) = Wexpl:_m}i pﬂ(l) - L ka (Xk) - (7Z'N0)N/2 exp! N0 :l’ ||X|| - Zk:]_ Xk
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OPTIMUM RECEIVER

Minimize Pr{4,= A/ | a; = Ay, k#l}= minimize Pr{s=s/| s =g, kzl}, or
maximize Pr{a, = A¢| g = A} = maximize Pr{s= g _| s = g, } = maximize Pr{s= s, | p=g, +W}

optimum maximum a posteriori probability (MAP) receiver:
Max Pr{s= sc| p=g +W}:

Procedure: For a receiver vector p, calculate all Pr{ g. | p} i=1,2,..,.M
Select the index k corresponding to the MAXIMUM value Pr{ g, | p} and declare s=g,
Using the Bayes rule: Pr{A|B}.p(B)=p(B|A).Pr{A} for A: discrete, B: continuous

p(B): probability density function (pdf) of B

p{plg}.Pr{g} ~
=Pr{g |p}="—+ N Max Pr{g |0} = wraté_[p{mgi}.w{gi}]

If Pr(g;}=1/M, i=1,2,..,M = JIaX Pri g0} = flax p{plg}]

optimum receiver = maximum Iike_lihood (ML) rec;iver
For g, i=1,2,...,M, calculate all p{p_| g }. Select k corresponding to the largest p{p | g, }

- ML receiver selects g, , the most likely signaling vector in producing p
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MAP and ML in AWGN channel

Transmitter: sends s,=g, with a priori probability of Pr{g,}.

Receiver: From the received sample r; =s; +w where w: Gaussian (0, N,/2), guess s,

N

0

2
AWGN(O,N, /2)CHANNEL:if g, sent >p=g, +w k=10r 0, p(p|g,) =—[ 1 ]N exp{——Hri _ng J
T 0]

Hri -8k H2
N

0

—In[ p(plg)]=- —0.5N In[zN,]

Maximum A Posteriori (MAP): Choose g, corresponding to max Pr{g, |p} = max p(p|g,) Pr{g,}

— maxIn[p(p|g,)Pr{g}]=max[Inp(p|g,)+InPr{g,}]= min[H ng (0.5N In[zN,]-In Pr{gk})}

Maximum Likelihood (ML): Choose InPr{g,}corresponding to max p(p |g,) =maxIn[ p(p|g,)]= min|r, -ng2

i.e.,—> For general M, Select k corresponding to the minimum Euclidean distance ||r; - g, HZ among all r -gmH2

— when Pr{g,} =1/M = (MAP): maxIinPr{g, |p} = min|r, - g, | (ML)
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MAP and ML: example of binary case (M=2)

Transmitter: From binary sequence {b}, b, =1 or 0 with a priori probability Pr{b, =1} and
Pr{b, =0}, respectively, sends s,=g; if b; =1 or s,=g, if b; =0.
Receiver: From the received sample r, =s, +w where w: Gaussian (0, N,/2), guess b,

Maximum A Posteriori (MAP): Choose bi=1 if Pr{b. =1|r} > Pr{b. =0|r}, otherwisechoose bi =0
Pr{bi =1|I’i} _)6_: 1,if AMAP(ri)>O
Pr{b, =0][r} | 0,if Ayup(r) <O

p(r 16 =P =5 /p(r) |_, [p(ilb =0 ] [Prb =1
p(r 16, =0)Pr{b, =0}/ p(r) | | p(r1b,=0)| | Pr{b =0}

AMAP(ri) = In{

From Bayesrule, A, (I)= In[

_ _ p(r [b =1) _ Pr{b, =1}
= Ayap (1) = Ay (1) + Ap (), AML(E)—ln{p(rilbi:O)}, Ap(bi)_ln{Pr{bi:O}}

Maximum Likelihood (ML): Choose bi=1 if p(r. |b. =1) > p(r, |b, =0), otherwise choose bi =0
~ {1,if Ay (r)>0

0,if A, (r)<0
when Pr{bi :]} = Pr{bi :0} :AP(bi) :O:>AMAP(ri) :AML(ri)
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MAP and ML: example of binary case (M=2) in AWGN

exp(‘ (K - gk)2]

(0]

AWGN(ON,/2):k=1or O, p(r, |b =k)=

1
J7N,

S In[p(r, |, = k)]z—(ri;\li)z—o.sln[mo]

0

aAML(n)sln{ p(r; b :1)}(“_90)2_(“_91)2,

p(r; [b, =0) N,

AMAP(H)Em{pr{bi =1|ri}}: (n—go>2—(n—gl>2+Ap(bi),AP(bi)Eln[pr{bi :]}}
Pr{b, =0]r} N, Pr{b, =G}

Maximum Likelihood (ML): Choose bi=1 if p(r. |b. =1) > p(r, |b, =0), otherwise choose bi =0
5 = Lif (-do)" > (r-g,)°

01 if (ru o 90)2 < (r| o gl)2
For general M, Select k corresponding to the minimum Euclidean distance \

I, -ngZ among all ‘ I -gmH2
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PROBABILITY OF ERROR

For g, sent, the ML receiver makes an error if it decides s=g,1+k. This event occurs if and only if
lo-g,[ is not minimum i.e. po-g [ >[o-g,[ for somen=k

In the N-dimensional observation space Z, the optimum receiver establishes M disjoint zones Z;
as follows

M

Uz =2 z()Z,=0 fori=] Z; ={9:H9—giH2 is minimum?}

i=1

For an observation vector p if p € Z,then the ML receiver declares that a= A was sent.
M

Therefore the average probability of error is P. = ZH Pr{pgZ |A}P{A}

1 1 1 1
for Pr{A} = /P, =MZLPF{E¢ZK |A} =MZL[1—Pr{EeZk |A Y] =1- MZLPr{EeZk |A}

P_ =Pr{correct decision}

2
1 HE_QKH
where Pr{p € Z, |Ak}:\ j‘z p,(P—g )dp = NP ‘ jz exp N dp
P9y P9y
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VECTOR REPRESENTATION FOR A GENERAL BINARY
TIME-LIMITED SIGNALING SCHEME

In the interval |t-nTy| < Ty/2,
S(t) = {gl(t —-nT,) if a, =1 withapriori probability of 1/2
g,(t—nT,) if a,=0,withapriori probability of 1/2
For a general binary signaling scheme with time-limited, finite-energy elements, g(t) and g,(t),
for a simple 1-D receiver design, we can select the orthonormal basis with

0,()=20%0 g _ "6, 10)-g,®F dt=["16,OF dt+ ["16,®F dt-2["g,(.0,(0)ct

E.

E,=E,+E,-2E,,, Elzzj(:bgl(t).gz(t)dt for g,(t),q,(t):real-valued

d?=E, +E,-2E,, = 2E,(1-y,,) >OwhereE, = %(E1 + E,) : averageenergy per bit

Vo = % rcorrelation coefficient betweeng , g, (9,(t) & 9,(t)) and -1<y,, <1
b

Then, o,()-EE0OEENNO £ ™€ £ )q,0)+(E,-E)e,OF dt

JE.
G
E g1(t)= g1191(t)+ g12¢2(t) and go(t)= g2191(t)+ goda(t),
3 g11=(Es-E1n)/d , 9%1='(1E22'E12)/C|
£ 912= 922=(E1E2-E1,°)/Ex" ,
& o d*=E\=E;+E»-2E1p=]91-_ 0|
921 b 9u o1(t)
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PROBABILITY OF ERROR OF BINARY TRANSMISSION
IN AN AWGN ENVIRONMENT

For antipodal signaling: g;(t)=- g,(t), -E1,=E;=E,, d°=4E,

d1(t)= g1(t)/E1""* 9>(t)=0 : one dimension, gi1=- go1=E;"?

For orthogonal signaling: jOTb g,(t).g, (t)dt=0 E;,=0, d’=E,+E,

gu=Ei/[E:+E2]"?  gy=-Eof[E1+E>]"*  g1o= Gpp=[E:Es/(E1+E;)]"?

For gy transmitted (k=1 or 2), receive r=_gc+n, where AWGN n=(w;,W>)

W1,W,: independent Gaussian with zero mean and variance: No/2.

For g, transmitted, error if w;<-d/2. For g, transmitted, error if w;>d/2. w, and hence r, are
irrelevant. The Rx considers only r; in detection.

— P, =Pr{error|g, sent} Pr{g, sent}+ Pr{error|g sent}Pr{g  sent}

1 d 1 d’ 1 E,
P, 26rfc|:2\/N70:| 2erfc[2 No} =" 5 |:\/2N0( 712):|

Pr{error|glsent}:Pr{wls—d/Z}:jd p,, (X)dx I ( j —J' exp[_x_zjdx
2 o 7N, d/2\/7

= [ expt-v)av =

—Eerfc[ d }forv L,
Vr afe 2 PY Ol Gk T 2N,

dx,x >d/2=>v—> X —> +00 => V —> 40
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ERROR FUNCTIONS

X is called normalized zero-meanGaussian (Random) variable X: f, (x) = ! e_%

N2
— Q-function:Q(y) = Pr{X >y} = Lj”’ e 2 dx,
N
| - _ e <
complimentary error function: erfc(u) = fj e’ dv= \/;juﬁe 2dx = 2Q(U~/2), v = x/~/2
1 1) 4
lower bounds: x > 0, 1- e 72 <Q(x
{1 )e T cam

—x2/2

upper bounds: x > 0,Q(x) < © ,

or tighter: Q(x) < L o

w-‘l L ! ! ! 1 | }

o Bounds on Q-function.
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SELECTION OF g,(t), g,(t)

E
erfc is monotone-decreasing, erfc(0)=1 - to reduce P, we have to maximize 2,\7 1-71)
0

A. For the same “average energy per bit to noise power density E,/Ng, we can minimize P, by
minimize vy,

7, 2 -1, miny, =-1wheng,(t) =—g,(t) : ANTIPODAL SIGNALLING
P = 1erfc =Y :the BEST
2 N,

Example: NRZ antipodal =

A for|t—iT. KT. /2
b =1send g,(t) = =T, < T,
0 elsewhere

bi = 0send gz(t) = _gl(t)

B. WORST CASE: y1,=1 when g;(t)= g,(t), i.e. send the same signal for both cases. P.=1/2, 50%
correct, 50% wrong

T, /2
C. Orthogonal signal: 72 =0, | 6:()g,(t)dt =0

P, orthogonal = Eerfc ZII:_\tI) worse than antipodal signalling

0
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M-ARY SIGNALLING SCHEME:
Union Bound on the Probability of Error

M
9,i=12,..,M withPr{g sent}=1/M > P, :ﬁZPr{error |g. sent}
—1 —I i1 —I
For the optimum receiver,

Pr{error g, sent}: Prﬂg—gkuz <H£—giH2 |9, sent}: Pripisclosertoatleast g thantog |g, sent}

M M
eik denotes the event that p is closer to g than tog, : Pr{error|g, sentf= Pr{ U gik} < 2 Prigd

k=1k=i k=1,k=i
(Note that: P{AUBUC} <Pr{A} +Pr{B}+Pr{C})
Consider any pair of g, g, as the binary transmission case previously analyzed. We have obtained

d : .
Pr{c}=— erch\/NfO:l, diﬁzugi—gku d; :Euclidean distancebetweeng ,g,

— Pr{error | g sent}<1 i erfc _Gw —>P <i§: i erfc G
i ) ZN €7 2M “4 .

k=1k=i

The above inequality shows that P, is dominated by the term having the smallest distance di min.
In designing the set of M signaling elements, to minimize P. we should aim for the largest

minimum Euclidean distance.
<erfc[ min } Vizk > P, < (M 1)erfc{ min }

. 2N, 2N, 2N,

d min d, — erfc{

min ik
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Digital Modulation: General

= Modulation: Process by which some characteristic of a carrier, c(t), is varied in
accordance with a modulating wave. (IEEE Standard Dic. of E&E terms)

= Inthek® symbol interval, [t-kT {<T</2, send one of M possible time-limited signaling
elements g;(t- kTg) with apriori probability of /M

= 1symbol =m bits, g;(t): modulated signal, i=1,2,...,M=2™, with finite energy E;

= Average energy per symbol: Eg, Average energy per bit: E, , Ec = mE,

. e 1Y
c(t) = \/Tz coswt, E, = LT //jc(t)\zdt =1 E = I_TT //jgi (t)‘zdt E, = WZ:; =
S s S i=

= ASK (Amplitude Shift Keying), PSK (Phase SK), FSK (Frequency SK), APK, QAM
= ODbjectives in designing a modulation scheme:
= Bandwidth efficiency: max data rate (f,) in @ minimum channel bandwidth (BW)

= Power efficiency: minimum prob. of error for minimum transmitted power (or in terms of
E</N,, E,/N,), maximum resistance to interfering signals.

= Easy implementation: min circuit complexity
= Some of these goals pose conflicting requirements:
—>compromising the design for a certain application.
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ASK (Amplitude Modulation)

2 cosa)t [tlkT/2 )
g,(t)=ad(t),a =[2I—(M +1)]d /2, d(t) = ,Energy E, =a’ for w,>>1 or oT, =kr

O elsewhere
1 M 2 _ 2 M/2 2 d2 M /2 d2(|\/|2—1)
=—> a 21-1 2A-1)'=——-—=
F2ai= > | @-3| =2 (ei-y =0
Example of ASK signal with M=4
when ».=0, we have baseband PAM s@l,_naud
amplitude
A
Signal constellation for M=2,4,8
0 1 D) =c(t) = Tgcos%t
- d > ® '3 T 2T 3T 47 5T 6T '
(a)M=12 ‘
Data: 11 10 00 01 11 00
00 01 11 10
. ¢ ¢ *~—> Baseband ASK (PAM), {a; }
J NN NmInn:
(BYM =4 | i
000 001 o1l olo | 110 111 101 100 0 i E [ .. >
e o 5 Ol e - . UL " *JJUUU:
(@M=8 passband ASK
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ASK: Performance

AWN with
o2=Ny/2
e — l p=a-+n,
: MODULATOR r n: Gaussian noise with 62=N,/2
 {a} a(% :@ :(%)—» Idt ,| select kif N if a, sent, correct decision if pelL.
re I > correct decision,
2 ¢ L2 ¢ if —.d/2<n<d/2 , for iz1,M
T, st T if n<d/2, for i=1
if n>-d/2, fori =M
Eeeeesessoeseesesssesessressseses e DEMODULATOR . Pr{correct}=
(1/M)[Pr{n<d/2}+Pr{n>-d/2}
+(M-2)Pr{~d/2<n<d/2}]
Il IZ I lM 1 IM q)(t)
a; a, as am-1 am

Union bound: P, SE(M —1)erfc d =(1/2)(M —2Derfc ? = ,d = 12—2ES
2 2/N, M2-1N, (M2-1)

Exact Analysis: Pe:{l—i}erfc %5 =~ erfc ? E, for M >>1
M M<* N M“-1N

0 0
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ASK: Performance Analysis

P{n<d/2}=1-Pr{n>d/2} :1—lerfc d
2 2N,

P{n>-d/2} =1-Pr{n<-d/2} = 11erfc[

|

P{-d/2<n<d/2 =1-[P{n<-d/2 +Pr{n>d/2}|=1-2p Wherep;erfc[2 dN }
0

Pr{correct}_—[Z(l p)+(M -2)(1-2p)]|= 1—M712p

P, =1-Pr{correct} = (M-L2p _M-1, [

e

Pez{l—i}erfc iE— ~ erfc 3 & forM >>1
M M2 N, M2-1N,
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Binary Phase Shift Keying (BPSK)

= Can be viewed as BPSK or APSK: Each bit is encoded in the phase of the carrier with
frequency f_: 0° for a “1” and 180° for a “0”

= Inthek® symbol interval, [t-kT|<T,/2, send one of 2 possible time-limited signaling
elements {(t- kT,) with apr|0r| robability of 1/2

—coswt,go(t)—— /—coswt— /—cos ot +

Slgnal constellation of BPSK

() ® c(t)= 3cosa)ct
1 1 0 1 o Wit

\\OII

c(t)= [— cosw t—g,(t)=
Tb

T, 2T, 3T, 5T,

. 1 E
Pr{ bit error}: P = erfc —erfc [—,d =2,/E
v b 5 e B o
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Phase Shift Keying (PSK)

General MPSK:

Acos(6,)
2E
scog27ft+0]=1p()+Qep, (1), |tKT./2 _
gl(t) — TS s[ c |] |¢1( ) Q|¢2( ) I | S/ glar;gry binary-to- !
0 elsewhere —>| symbol {6} TECOSa)Ct g?_’ MPSK
orthonormal basis function ¢, (t) = 3cos27z ft& o,t)= 38iﬂ27r f.t .
T T, -Asin(6,)
|, = Acosé,, Q =-Asing, A= [E,, 6 :(2i—1)%, i=12,..,M \/Tzsincoct
S
QPSK: M=4, can be viewed as a linear combination of an in- (1)
i -phase apd 2 3 4
I, =+E;/2="1" —JE;/2="0" —E,/2="0" +E//2="1" R i1
i=2 .- =
Q =+E /2="1" +JE /2="1" —JE [2="0" —JE . [2="0" “10"® 1
I(t) - " V2E,
Es = 2Eb ) \-'-J.':q(f‘l "_/—r/a w1(t)
— () — | qQrsk :
fa} | Sematto i — | (o szal - can be viewed as a sum of 2 =4 i
Tomenes T [ 72] BASK (or BPSK) modulated =3 E
() signals with in-phase and 00" e
N Q{j ’ quadrature carriers.

CI(t)

Signal constellation of QPSK

Basic Digital Modulation Techniques 4 Tho Le-Ngoc
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MPSK Performance

A

Acos(6
(6) Jdt y
bi % MPSK —r e _
d;ntzry binary-to- 2 Y signal > o v binary
—*| symbol {0} |7 cosat 69_’ 2 ¥ o= symbol-to- Ezita
s 7 3 T—coswt I B binary
Q
(0]

?

.

N

Y
Asin(6,) WGN —»(%—» Jdt
\/zsi not
S

—sn ot
TS

Average energy/symbol: E = A> =d . = 2Asin%/| = JE.SH’]%

-1 . |Eg
erfc| sin— |—
M\N,
1 E,
BPSKM=2P =P. =—erfc| |— |,E. =E
0

Union Bound for M-ary PSK: P, <
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MPSK Performance: Exact analysis Pt e
£ i
L . ) n2 )‘6’ / 'Y\L
f£=0 +n, n=(n,n,): iid Gaussian (0, N /2), 6, =tan™| —==—| N L
- - nlﬁ-\/E% | “%L 1 %1
- A — |

[
- Prlcorrectg,} =Prip < 'i}:”{'ﬁﬁ 6, S%},for ali=12..M =15

p,(X) = exp _E &cosxexp —Esinzx 1-Lerfe 5cosx
N, 7N, N, 2 N,
for high E/ N, and [x| < 7/2, erfc Es cosx |~ [ Mo 1 exp _Es osx
N 7 Eg COSX \'A
ES IES - 12
X) = COSX.eXp| ——>sin® X
Po(%) \/ﬂNo p[ N, j

7l M
— Pr{correct} = j p,(x)dx, > P, =1—Pr{correct} = erfc Ksnﬁj /%}

-IM
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Sqguare Quadrature Amplitude Modulation QAM

One case of AP(S)K: Quadrature ASK

2 2 . F-—-——-t———0- PR\ s AN
a; [—cos o t+b |—sinwt for ft|<Ts/2 i :
9:(t) = Ts Ts l M=32 !
0 elsewhere ® o s—e-f-e-a e e
4 N
Choose /M =L :integer ,L =2™ m/2 :integer — M =L?=2" i //, M-16 :
a, =i,d —a,,b, =i,d —a, where i, i,=12.. L ! R S R v ¢
2 s 0 i ! ' M= 81 ' '
a,=(1+ L)% \Fé ! ¢ ¢ *#'QM;O s o
. 1 [ I ! M= &y 1 1
a;and b; are independent /{a‘ " 1 H | ! i I ! i !
a;, b; can take any ASK oo e ¢ f‘“‘““‘““f t °
ONE of L possible values (b, i : ! ! | : !
VM 2 2 % . ¢-—-o--o-——4 .
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Probability of bit error (P,) vs Probability of symbol
error and Gray Coding

H | | & 1
Examples of Gray coding: .
PAM Q
2}
o,
0ooo 0001 [ gon
T 4 ¢ 00 ¢ . o 02‘0
on 001
' 01‘/—-\.w i ‘.’_ - 1
/ \ oig / 000 ‘C:’O 103' 1011 1010
] r \ [ ¢ 10 .. L4
\\o 110‘ 0 |
@y
/ 100 -
1 | _®0 1/ 1100 1ot 1 1110
111 101 ) ° ° o
o . - i
PSK -1- 0230 01.01 01.11 01‘,0
1» 01 . v

{6)

When a symbol error occurs, it is likely that the receiver takes the adjacent
symbol (the symbol closest to the right one). Therefore, it is desirable to code the

m-bit symbol in such a way that 2 adjacent symbols differ by only one bit. In

this way, the average probability of bit error P, is b~ 1 P - P,
""m° log,M
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PROBABILITY OF
SYMBOL ERROR
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M-QAM, M-PSK: BW-efficient but not power-efficient
For M>8, M-QAM outperforms M-PSK
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Freqguency Shift Keying

M-ary orthogonal FSK signaling schemes are

(F S K) power-efficient but not bandwidth-efficient.
” \F / SN\
A |—coswt 0<t<T /2 5
g;(t) =+ Ts Y 2 \\\
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ORTHONORMAL M-ary FSK: = \RYA
T, o Note: Gray coding cannot % = \\\ \ \
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— (0, —w))T, =kz or (f,— )T, =k/2, kiinteger 2 IR
d. = =/2A% = A\/E = ,/2E. : constant i M:32—4“\\ \ \
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