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PERFORMANCE OF M-ARY
DIGITAL MODULATION
IN AN AWGN CHANNEL

) 1 d 1 E
binary: M =2, P. =P, = =erfc| —%2— |==erfc /—b 1-
Yy b e "5 [2\/N70} > |: No( 712):|

M —ary: E; =(log, M )E,

Union bound: Peg%(M 1)erfc|: N :l

2N,
M-ary ASK: P, ~ erfc |—> E g - 1z g 2
M2-1N, (M2-1) E
el
‘D - . /ES B - <
M-aryPSK.I?a~erfc[S|nM N—J,dmm—w/Es.sn M §
E
: 1 3 E 2
squared M-ary QAM: P, . o = 2Poas zz(l—ﬁjerfc( 2N 1)N_2J £

Orthogonal FSK: P, gl(M —Derfc E
2 2N

0

— General Performance form: P, ~ AMQ(JBf,, (E,/ NO)) =a, erfc(w/bﬁﬂ (E,/ NO)),

E, /N, =P/(f,N,)=SNR (f,: Nyquist BW)

zl2

erfc(x) = ZQ(x\/E),where: Q(X) :J’j%e—u%zdu :%Jlo e

—x2/(25in26’)d9

M-ARY ORTHOGONAL FSK SIGNALING
SCHEMES ARE POWER-EFFICIENT BUT
NOT BANDWIDTH-EFFICIENT.
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ORTHOGONAL FSK

CANNOT BE USED FOR




PRO BAB l Ll l ' O F M-QAM, M-PSK: BW-EFFICIENT BUT NOT POWER-
EFFICIENT
SYM BOL ERROR FORrR M>8, M-QAM OUTPERFORMS M-PSK
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EXAMPLE OF BPSK PERFORMANCE

AWGN CHANNEL.:

r[k] = x[k] + Wk] where x[m] = +a with prob. of 1/2,

E, =a’T, andw[m]: Gaussian (0, N_/2)

PG:Q(M) ~ 0505/ No

= Error probability decays exponentially
with SNR

NEEDS TO INCREASE
THIS SLOPE BY
DIVERSITY

TECHNIQUES
10’ ' : : :
RAYLEIGH FLAT-FADING CHANNEL:
(K] = A[K]| X[K] + W[k 0\ T
e ‘ | ]‘ .[ ] .W[ ! 10 H : N_SLOPE=-1
Ih[k]|: Rayleigh with o =1,
P =Q( K] 25, TN, I
5 _1[, [E,/N,] | 1 :
© 2|7 V1+[E,/N,] ] 4[E,/N,] L
. vl [—BFSEove AWGN ]\
= average error probability ——BPSK over flat Rayleszh fadmgf| ™ é
decays only inversely with SNR e e #
FLAT FADING & DIVERSITY 9 THO LE-NGOC 4



RAYLEIGH, CHI, EXP, CHI-SQUARE
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Z =X, +jXy,:CN(0,6?),
X,, Xq:iid. Gaussian, N(0,0°)

X = X?+XZ, X:Rayleigh(c?)

X: aso chi y, with 2 degrees of freedom
D, (X) _ |:X/62:|e—x2/20-2,
Y=G\/7Z'/2,V8r20)2( =02[2—(7z/2)]

Y =X7+X5, Y :Exponentia (1)
Y: also chi-square y;
b, (y)=[20%] e 2=[257]

Y = 202,Var:0$ = 40*

FLAT FADING & DIVERSITY 4 THO LE-NGOC



RICEAN

X, Xo: independent Gaussian with same variance, N(uz,0°),i=1,Q

X =/ X} + X4 :Ricean (6%),

—(x2+52)/202

Py (X) =| X/ &* | 15(sx/ o%)e ,
S=1/,u,2+,ué,1<=82/202,E{X2} =20°+5°,

2
TOo

K K
> [(1+ K‘)|O(E) + K+ Il(E)}

E{X}=¢""?

Bessal function of the 1st kind and order a:

1L(y) =Y (y/ 2% [T (a+k+ D]

5140 = Y[y 1@k |

K=80dB

K=14dB

K=18dB

12
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GAUSSIAN, CHI, CHI-SQUARE

1.0

X., i=12,... k: independent Gaussian: N (z,c?)

- 3o

0, (X) = |:2k/2—11—~(k / 2)}‘1 Xk—le—lez’
E{X"}=2"2T([k+n]/2)/T(k/2),

0.8

0.6

0.4

0.2

1.0 2
[ | X~
Y = i i 2
—e Z{ o } e
0.6:— :::g —: pY (y) —_ |:2k/2F(k / 2):|_1 yk/2—1e—Y/2,
oaf 1 Y=k var:o?=2
e —
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GAUSSIAN, CHI, CHI-SQUARE
X, 1=12,..,K:i.i.d. zero—mean Gaussian: N(0,c°)

K
= /z X7 chi y, with K degrees of freedom

p, () =[ 2226 T (K/2) | x“Te"'%" E{X"} =[20°]""T([K +n]/2)/T(K/2),
case K =2: Rayleigh, p, (x) =0 xe ™ '*” ,E{X} =\/75?/2, E{X?| =| 207 |

K
Y =>" X chi-square y; with K degrees of freedom
i=1

p, (y) = [ZK/ZO'KF(K /2)}_1 yK/21e 2 Y = Ko var: o; =2Ko*

case K =2: exponentid, p, (y) = [202]_1 e V27" Y =202 var: o2 = 4o"

T(u) = j:t”‘le‘tdt, u>0,T(u+1)=ur(u),r(L/2)=+r,
I'2)=r@=1 I(n)=(n-D!forn:integer >1

FLAT FADING & DIVERSITY 4 THO LE-NGOC



Nakagami m-distribution:
2.5 V: Nakagami m-distributed:
< m=1.8 (Rician) =02 0, (V) _ |:2(m/Q)m /F(m)i|vzm—1e—mv2/9

\ m=1 (Rayleigh) Q= E{Vz},E{[\/Z—Q]Z} =Q2/m
N \\ fit =il m > 0.5: fading figure,ratio of moments.

m=05 E{V} = (+/Q/m)['(m+0.5)/T(m)
11 () = _[:t”‘le‘tdt, u>0,

151

Py (V)

T(u+1) =ul(u), T/ 2) =z,
r2)=r@-=1
I'(n)=(n-D!for n:integer >1

0.5

—x%125°

0 05 1 15 v 2 m=1— X: Rayleigh, p, (X) = o *xe
E{X?}=|20° |, E{X}=\70"/2

= pdf converges to a delta function for increasing m.
= matched empirical results for short wave ionospheric propagation.

FLAT FADING & DIVERSITY 4 THO LE-NGOC 2



DIVERSITY APPROACH
FOR FREQUENCY-FLAT FADING CHANNELS

G — (': :AZA&'I‘_‘? » RECEIVER1 |—»
i G| | &
_,| E L, FFFabiNG » RECEIVER 2 »woZ | o |
S | CHANNEL 2 E:J m g 8
0 > 3 i
: 58| |8
14
F (': :A'z‘lfé':f‘_ » RECEIVERL —
= MULTIPLE INDEPENDENT PATHS (OR
CHANNELS) UNLIKELY TO FADE
SIMULTANEOUSLY
. FF FADING CHANNEL L . . .
|| complex | = = Diversity techniques:
baseband - .
1] besben | = Send the same signals over independent
b =|nel | : : L
| | fading paths obtained by diversity in

time, space, frequency, ...

- reduced possibility of all paths in
deep fading simultaneously

= Combine paths to mitigate fading effects

FLAT FADING & DIVERSITY 4 THO LE-NGOC 10



DIVERSITY SCHEMES

Time diversity (1 Tx+ 1 Rx): Yt

= multiple transmission of the same
information over different time slots

= time separation > channel coherence
time

Frequency diversity (L Tx + L Rx):

= multiple transmission of the same
information over different frequency
slots

= frequency separation > channel L ) F it wowadon of
coherence bandwidth \\')__ e

Space diversity (1-L Tx + 1-L Rx): _ v

= transmission to multiple antennas v

= Sufficient antenna separation to

achieve uncorrelated channel gains, T
e.g., about half wavelength, A/2, for = Combiner | Outpur
a Rayleigh fading channel. ,

SPACE DIVERSITY

FLAT FADING & DIVERSITY 4 THO LE-NGOC 1



DIVERSITY TECHNIQUES AT RECEIVER

= TRANSMITTER sends the same signals over L independent fading paths obtained by
.. SIMPLEST CODING: REPETITION

diversity in time, space, frequency, ..

y(K) = hx(K) +0(k), y(K) = [, (k). =L, L] ,h(k) = [h (), 1 =1...,L]
n(k) =[n, (k)1 =1,..,L] n,(k):iid. AWGN

Transmitted Signal AWGN
Delay ()
x(t) ' T NP,
Delay alt)
= f—= T -
hzz‘hz‘ejgpz HE{”
C ; Delay fhf‘a{i‘}:
3
|”|3 :‘&‘el% HS{I}
|_./>_<\.—., Delay ,fﬁrL{I]L
L —
h. z‘ﬁL‘em ng(t)

LINEAR COMBINER

—

Decision .

Receiver combines paths to mitigate
fading effects

= classic vector detection in white
Gaussian noise

= Diversity gain is indicated by
changes in BER slope

Combining Techniques:

Maximal Ratio Combining

(MRC): all paths cophased and

summed with optimal weights to

maximize combiner output SNR

= Equal Gain Combining (EGC):
All paths co-phased and summed
with equal weights

= Selection Combining (SC):
select the fading path with the
highest gain

FLAT FADING & DIVERSITY 4 THO LE-NGOC
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SELECTION COMBINING OVER RAYLEIGH FADING

received vector: r(k) = hx(k) +n(k),h =[h,h,,....h ]’

Rayleigh channel: h =|h|e*,1=1,2,..,L:iid, |h|:Rayleigh

Y =|h, \2 >0:exponential, p, (y)= [202]_16_”2"2,\7 =207, var: ol = 40"
select the max |h.| and coherently demodulate:
r(k) =|h|x(k) +n.(k), || = max{h|,1 =1,2,.., L}

2 - 2 y 2 -1 —x?/20? )
cdf:Pr{h gy}:Pr{lﬂ\h,\ Sy}z jo [20 ] g dx}
=1

dPr{‘hfgy} L /202 yr262 -t
P = =52 1-e [ y=0

SNRy. =|h.|"[E, /N,] as compared to non-diversity case: SNR = || [E, /N, ]

. _ 2
BPSK: Ps|hk—Q(\/2 h| Eb/Noj

N ES _ |:L/(202):| ..:Q (\/ZyEb / NO )e—Y/ZUZ |:1_ e—y/262 :|L_l dy isrgglssaggnnumerical

FLAT FADING & DIVERSITY 4 THO LE-NGOC 13



SELECTION COMBINING (SC) DIVERSITY IN RAYLEIGH CHANNELS

Rayleigh channel: hy =|h|e*,1=1,2,.., L:iid.,,

h |:Rayleigh

Y =|h[ >0:exponentid, p,(y)=[202] "> Y¥ =202 var: o2 = 45"
select themax |h.| and coherently demodulate:

r(k) = x(k)+n. (), [ | = max{Jhy |1 =1,2,.. L}
- _ . L _v/252 e /252 L-1
= - ph*Z(y) - 202 € g |:1 e Y ] ,y > O
0.8 . , R .
E(h [} =[LI(20) ][ ye ' | 1-e7"2" | dy =(20%)> 17> (207)
P (). o5 =L@ ][y [1e | 2.

= Increased average path gain by a factor
ne- — (1+1/2+1/3+...+1/L)

My

ol N O = This factor is reduced with large L.

s —L I__-' '..h __.'.. hY '\-_\.x

K it \x\\-\. ., .,
E.E_ L=4 " =, hxﬂ-.., ‘.\"ﬂ-.\, :"-\--\._ N
L/ S L=8 e . - :
- d 7 ] ] ] ] : I . -
un 1 2 3 4 5 g y

FLAT FADING & DIVERSITY 4 THO LE-NGOC 14



SELECTION COMBINING: PERFORMANCE OF BPSK OVER RAYLEIGH FADING

BPSK: Py, =Q( 21 E, /N, | > P, =[Li2o)] [} Q2VE, TN, Je ™ [1-e 7 |y

I:II: o I I I I I

— gain is reduced with large L.

E/N,

FLAT FADING & DIVERSITY 4 THO LE-NGOC 15



EGC & ITS PERFORMANCE
IN RAYLEIGH CHANNELS

received vector: r(k) = hx(k) +n(k),
Rayleigh channel: h =|h|e!”,1=1,2,..,L:iid.,

h |:Rayleigh
Y = \hl\z > 0: exponentidl, p, (y) = [202]_1 e V%" Y =202 var: o2 = 4c*

Coherently demodulate and combine with equal weights: ®, =[e™*,e71%2,2,..,e7 /7]

r(k) = ®,r(k) = h, x(k) + (), hy,, = {i\hu

} ,W(k) =®, n(k): Gaussian(O, LN, / 2)

SNReqe =| hZ,, /L |[E, /N,] as compared to non-diversity case: SNR =y | [E, /N, ]

sum

BPSK: P, :Q(\/th E, /N, )

sum

FLAT FADING & DIVERSITY 4 THO LE-NGOC 16



AVERAGE BER oF BPSK oVER NAKAGAMI-M FADING
CHANNELS WITH MRC AND EGC (L = 4).

100

From Marvin K. Simon and Mohamed-Slim Alouini, Digital Communication Ep/N,
over Fading Channels, 2@ Edition, John Wiley & Sons, 2005

FLAT FADING & DIVERSITY 4 THO LE-NGOC

17



MRC & ITS PERFORMANCE

IN RAYLEIGH CHANNELS

received vector: r(k) = hx(k) +n(k), h =[h,,h,,...h |"
Rayleigh channel: h =|h|e,1=12,..,L:iid.|h|:Rayleigh
Y = \hl\z > 0:exponential, p,(y) =[202]_1e‘y’2"2

Y =20°,var : 62 = 40"

select the max \h\ and coherently demodulate and combine with optimum weights, h":

matched filter: r(k) =h"r(k) = HhH2 x(k) +w(k),w(k) =h"n(k) : Gaussian(0, th N,/2)
MAX OUTPUT SNR

instantaneous SNR_.. = [HhHZJ[ES /N, ] as compared to non-diversity case: SNR =|h["[E, /N, ]

Y =|h

g py (y) = [ZL ot (L —1)!}_1 yL_le_y/zo—2 Y =2Lo?, var: o; =4Lc*

BPSK: P, =Q (\/2\\11”2 E, /N, j

[2"o(L-D!]" [ Q(2yE, TN, )yt > dy

_ b l 2

Ps:[l y} 3 L—1+1 []_-l——y:| |2 [zEb/No]
2 | =l 2 1+ 202 [E, I N,]

FLAT FADING & DIVERSITY 4 THO LE-NGOC
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PERFORMANCE OF BPSK USING
MRC IN RAYLEIGH CHANNELS

1 -

107> " for 20°[E, /N, |>>1, I W ]

i Mg R L=2
i 1 ~ * & e T e -
R T T . ~ -]
010 L7 RN S T
— [ 1 R s el SO
L 1+ =2, 1-y = , -
P, T T 46 [E, N, S L=4 ]
“TJS"_L L-1+1) (2L-1 oS N
Z " - X\L=5 i
| 1=0 L \\\ :
o0 [ ~
]0 B _ 2L_1 1 L ~
. > P = > _
_ L )| 40°[E,IN,] -
| | | | | ] ]

10_25 i | | 1
-10 -5 0 S 10 15 20 25 30 35 40

[E,/N,] (dB)
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PERFORMANCE & COMPLEXITY

10 x
J""
f"’
3
-”r
o ’f,x -
MAXIMAL - RATIO DIVERSITY, 4~ e d
m ’J' .-!"
-O ] . t“‘l
e -
c E s
L — ,""f "11
8 d ‘xf
5 A
S ,J! ,’f\EDUﬁL—GMH DIVERSITY
(@) ! ’
- '3 s '*
o 7 ’_.-“'
g . ‘,” 1{1
x LA
P ¢
wm a7 JEEs
G) I r y e
> 4 1
= 4 ey, AI'""'.
g !r l"* “.--""i\
r.l" Jf F__,;-" SELECTION DIVERSITY
o £ &
a - ~
f:i s
oA
. #/|  D.G.Brennan, “Linear Diversity
,':.-' 1'd Combining Techniques”, Proceedings of
;:r /! the IRE, Vol. 47, June 1959, pp. 1075-1102.
¥ . N .
1 .‘fg Classic Paper Reprint, Proceedings of the
Jr’ |EEE, Vol. 91, No. 2, February 2003, Pp.
! 331-356
o [ 1 1 1 1 I 1

L] 2 3 4 5 & T 8 ] 10

Selection combining (SC):

= The receiver monitors the SNR of the
received signal from each diversity
branch, and, selects only the Rx signal
corresponding to the highest SNR for
detection,

= Simple but low performance.

Equal gain combining (EGC):

= The received signals from the L diversity
branches are coherent/y combined with
equal weights

= The receiver does not need the
information of ||h||

= Performance is worse than that of MRC
(about 1 dB), but much better than SC
for large L

Maximal ratio combining (MRC):

= The received signals from the L diversity
branches are coherent/y combined with
optimum weights

= The receiver must know h

= Optimum performance

FLAT FADING & DIVERSITY 4 THO LE-NGOC
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Input —>— .
pu | Com@'—'- Qutput

!/}\'T

Vertical separation of

\\\ receive antennas

Combiner ‘—" Output

SPACE DIVERSITY

15.24

12.19

9.14

6.09

3.05

providing equal availabili
nas have been assumed. (

) DIVERSITY

TECHNIQUES IN
LOS SYSTEMS

Separation (meters)

6 GHz

| 1 1

‘100 200 400

Separation (MHz)

Separation in 1-for-1 space and frequency diversity systems

ty time-improvement factors. Equal size anten-
Redrawn with permission from the Bell System

Technical Journal, copyright 1975, The American Telephone and Tele-
graph Company)

-

FLAT FADING & DIVERSITY 4 THO LE-NGOC
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DIVERSITY IMPROVEMENT IN LOS SYSTEMS

improvement in dB for fading>20dB

SPACE DIVERSITY (A. Vigants): Isp=(1.2E-3)(S%f/d) .10-26/20 10F/10
S = vertical separation of equal size antennas in meters
f = frequency in GHz
AG = effective gain difference between the two antennas, due either to different
sizes
or different waveguide run losses, referenced to the basic path reliability calculations
F = median fade depth in decibels
d = path length in kilometers
For the specular reflection or overwater problem, one alternative is to select the
antenna separation on the receive terminal for S =246d/fh,
S = antenna separation in meters
d = path length in kilometers
f = frequency in GHz
h, = heights of the transmitter antenna above the water in meters

FREQUENCY DIVERSITY ( W.T. Barnett): I., = 10log [ K 10710 Af/f]
Af = difference between two RF carriers, in GHz
f = RF carrier in GHz
K=(1.1)103, a=log(f%-8), empirically derived frequency-dependent constant
F = multipath fade depth in dB, normally set equal to equipment fade margin

FLAT FADING & DIVERSITY 4 THO LE-NGOC 22



CAPACITY OF AWGN CHANNEL
y(k) = x(k) + n(k), n(k) : AWGN

Capacity: (Ejzlogz 1+5(9) b/s/Hz,E(E]:L:SNR
B N,\ B N,\B/ N,B

e

iIogze, for SNR=O
= C =Blog, (1+SNR)~1 N,

| Blog, SNR, for SNR >>1

C< N£|092 e """"""""""""""""""" £
° POWER-LIMITED REGION
CAPACITY IN

SNR<<]1,C< [\FI)Iog?_e
= POWER-LIMITED REGION:

= linear in power,

= insensitive to bandwidth i
e BANDWIDTH-LIMITED REGION: BANDWIDTH-LIMITED REGION _ _
* logarithmic in power, | C/B<<1, SNR>>1, C:Blogz(lJr P ] |

e approximately linear in NoB )

CAPACITY, C =)

bandwidth

BANDWIDTH B =)

FLAT FADING & DIVERSITY 4 THO LE-NGOC 23



FREQUENCY-FLAT FADING CHANNEL CAPACITY:

Theoretical limit on maximum error-free Tx rate a channel can support due to
channel characteristics and not dependent on design techniques

It depends on what is known about channel fading.
= No knowledge: Worst-case channel capacity
« Partial knowledge of fading statistics
= Full knowledge of fading level at receiver only

C= j Blog, (1+aSNR) p(a)da < Blog, (1+aSNR) (usingJensen's inequality)
0

« Full knowledge of fading level at both transmitter and receiver:
= For fixed transmitted power, same as above
= transmit power can be adapted to a for optimum results

C= max TBIog2 (1+aSNR(a)) p(a)da

SNR(a)|E[SNR(a)]=SNR

FLAT FADING & DIVERSITY 4 THO LE-NGOC



SLOW FLAT-FADING CHANNELS
FADING KNOWN AT RECEIVER

y(k) = hx(k) + n(k), n(k) : AWGN, a= \h\z: power fading with pdf p(a)

instantaneous: P, (a) ~ AMQ(\/Bf,I (aSNR)),C(a) =Blog, (1+aSNR) b/s,

For SLOW FADING: T p0<< Tconerence Noumee -
Performance outage probability: " J Pararcet
OPT =Pr { Po(@) > Pirarcer } =Pr {a < ArprGET } TIME

Capacity outage probability:

O, =Pr{Blog,(1+aSNR)<C, |
for a’*: Rayleigh-distributed,

O ~[27'®—1|[SNR]"

C,

10 -5 0 5 10 15 20 25 30 35 40
SNR (dB)
FLAT FADING & DIVERSITY 4 THO LE-NGOC 25




RECEIVE DIVERSITY.: CAPACITY
OUTAGE PROBABILITY

G, /Cuucn

Capacity outage probability:
O, =Pr|Blog, (1+|n* SNR) < C, |

SNR (dB)

FLAT FADING & DIVERSITY 4 THO LE-NGOC
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FAST FLAT-FADING CHANNELS
FADING KNOWN AT RECEIVER

y(k) = hx(k) + n(k), n(k) : AWGN, a= \h\z: power fading with pdf p(a)

instantaneous: P, (a) ~ AMQ(\/Bf,I (aSNR)),C(a) =Blog, (1+aSNR) b/s,

For FAST FAD[NG, Tsymbol ~ Tcoherence or > Tcoherencel

= introduced random phase can remove correlation between symbol
phases, and hence leads to an irreducible error floor for differential
modulation/demodulation.

= For coherent demodulation, if fading is known by receiver only:
Average (symbol) error probability: P, = j P.(a)p(a)da
0
ergodic:C = E{C(a)} = Bjo log, (1+aSNR) p(a)da < Blog, (1+ SNR)
(using Jensen’s inequality)

i.e., If FADING KNOWN AT RECEIVER
ONLY, at best, ergodic C approaches Cycn

FLAT FADING & DIVERSITY 4 THO LE-NGOC 27



CAPACITY OF FLAT-FADING CHANNELS
y(k) = hx(k) +n(k), n(k) : AWGN a = |h|’
instantaneous:C (a) = Blog, (1+aSNR) b/s,

ergodic:C =E{C(a)} = B_[Cjolog2 (1+aSNR) p(a)da < Blog, (1+ SNR)

(using Jensen’s inequality)
= If FADING KNOWN AT RECEIVER ONLY, at best, approaches C,an

= If FADING ALSO KNOWN AT TRANSMITTER,

= using fixed transmitted power,SNR, same capacity as case of fading
knowledge at receiver only,

= using ADAPTIVE transmitted power, A(a)SNR, is it better?

instantaneous: C| A(a) | =log, [1+aA(a)SNR]

= ergodic:C, = : log, [1+aA(a)SNR| p(a)da

= CAN HAVE A CAPACITY GREATER THAN THAT OF THE AWGN
CHANNEL, I.E., FADING CAN PROVIDE MORE OPPORTUNITIES FOR
PERFORMANCE ENHANCEMENT IN AN OPPORTUNISTIC
COMMUNICATION APPROACH.
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FLAT- FADING ALSO KNOWN AT TRANSMITTER:
USING ADAPTIVE CHANNEL INVERSION

= CHANNEL INVERSION: A(a)=1/a to maintain a constant SNR,, for zero outage
(e.g., same as perfect power control in CDMA) under average Tx power constraint :

= Simplifies design (i.e., fixed rate at all channel states) but is power-inefficient since
for very small a, A(a)=1/a is very large.

A(a)=1/a —C| A(a) |=log, [1+aA(a)SNR,, | =log, [1+ SNR,, |

but with Tx power constraint: j: A(a)p(a)da=1— E {A(a)} =E{1/a]

SNR

= ergodic, zero-outage:C,, = log, [1+ SNR,, | with SNR,,, :m

= Greatly reduces capacity:Capacity is zero in Rayleigh fading since E{a'} —»x
= achieves a delay-limited capacity.
= TRUNCATED INVERSION: A(a)=1/a only if a is above cutoff fade depth
« to maintain constant SNR (and hence fixed rate) above cutoff
« to increase capacity with appropriate choice of cutoff: Close to optimal
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FLAT- FADING ALSO KNOWN AT TRANSMITTER:
usiNG OPTIMAL ADAPTIVE TX POWER

instantaneous: C| A(a) | =log, [1+aA(a)SNR]with Tx power constraint: _[ “ A(a) p(a)da=1

= ergodic:.C, = _[:)Iog2 [1+aA(a)SNR] p(a)da=C, ., = max B_[Iog2 1+aA(a)SNR] p(a)da

A(a)E A(a)

0

+ 0
solution: A(a) = [ai—ﬂ select a, for Tx power constraint = Cp= BI log, (aSNR/a, ) p(a)da.

Heat a, for Tx power oonstraint,é —

Waterfilling and rate adaptation:

= transmit more when channel is
good with separate coding for
each fading state

= maximize long-term throughput
but incur delay.

Time m
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WATERFILLING: PERFORMANCE
3 T

at low SNR N |
o Waterfilling provides a significant '
power gain. ol e |
C/C ---- Full CSI
a’ “ANGN 15k |
e U i
05 1 ] ] | 1
=20 -15 —-10 -5 0 3 10
7 T T T T T T T
. C/B |
at high SNR, 5 |
e waterfilling does not provide any e ;| — d
gain, but 5,0 _
e (SI allows rate adaptation and =
simplifies coding. 2y 1
1 4
0 bmesssecpe=cc=ctr 1

SNR (dB)
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ADAPTIVE MODULATION

= Adapt modulation to fading

= Parameters: Constellation size, Tx power, AMC
= Optimization criterion: Max throughput, minimum BER, or minimum Tx power.

= Example: Rate and Power Optimization to max rate for a target BER
coherent M-QAM in AWGN for M >4,0< SNR <30dB: B, < O.2exp[—1.58NR /(M —1)],

— in presence of fading a, for atarget B,, select A(a)

max_ E{log,[M(a)]}= max }=1E {Iogz {1_ 1.5SNR aA(a)}}

A(a):E{A(a)}=1 A(a):E{A(a) |n(5pb)

1 In(5R,) agIn(5R,) 9

1 Tob) g > %Thh)
A(a) —J% 1.5a 15 s}
0 ese 7+

(2]
T

a
T

K -1.5a
Cot =B j log, (—j p(a)da

—-a,In(5R,)/1.5 ao In(SPb)

IS
T

[
T

Spectral Efficiency (bps/Hz)

.
15 20 25
Average SNR (dB)
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