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13.1 Characterization of fading

multipath channels
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The multipath fading channels with additive noise

(o (1), 7))
/‘\ o, (t)s(t-1))
(o, (1),7,) +0, (D)s(t-1,)

Receiver
+a,(1)s(t-1;)

+n(t)

Transmitter
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Time spread phenomenon of multipath channels
(Unpredictable) Time-variant factors

@ Delay
@ Number of spreads

@ Size of the receive pulses

Transmitted signal Received signal
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Transmitted signal

s(t) = Re{s/(t)e"*™"t}

Received signal in absence of additive noise

r(t)

Digital Communications:

= [: c(r;t)s(t—7)dr
= /:: c(7; t)Re {Sg(t— T)ezzmc“(”)} dr

= Re {([: c(r;t)e 2T, (t - T)dT)eZZWfCt}
= Re{(se(t) x c(T; t)e v 2mheT )e’z’rfct}

| ——
2co(Tit)
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In Slide 2-28, we define the lowpass equivalent system as
Xo(f) 22X, (f+ 1)
Ye(f)22Y,(f+f)  and obtain {
Ho(f) =2H.(f +fo)

Here, under a time-invariant c(7;t) = c(7), we actually define

Yo(f) = $Xe(F)He(F)
(e ye(F) = 3xe(t) = he(t))

c(r) £ c(r)e 2T,

equivalently,
Co(f) = [ c(r)e T 2T g = C(f + fy).

Thus, the new “lowpass equivalence” yields

Se(F) 225, (f +f) {Rz(f)zse(f)Cg(f)

Ry(f) = 2R, (f + fy) (i.e., ro(F) = so(t) * co(t))

C(F) = C(F +£)

An advantage of this new equivalence is that the statistics of c(7;t) =
|ce(7; t)| can be determined from the statistics of cy(7;t).
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Note that for a time-varying system, t and 7 specifically
denote time argument and convolution argument, respectively!

We should perhaps write s;(t) * ¢,(7) and s;(t) » ¢,(7; t),
which respectively denote:

s(£) * c(7) = f: (7Yt - 7)dr

and

se(t) * c(7;t) = I: co(;t)s(t —7)dT.

From the previous slide, we know

c(7;t) = c(r; t)e *?™" and c(7;t) = |c(7; t)|.
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Rayleigh and Rician

Measurements suggest that in certain environment,

c(7;t) = |c(7;t)] = 0 can be Rayleigh distributed or Rician

distributed. As a consequence, such c(7;t) can be modeled by

letting ¢;(7;t) be a 2-D Gaussain random process in t (not in

).

o If ¢,(7;t) zero mean, c(7;t) = |c,(7; t)| is Rayleigh

distributed. The channel ¢(7;t) is said to be a Rayleigh
fading channel.

@ If ¢,(7; t) nonzero mean, c(7;t) =|c(7; t)| is Rician
distributed. The channel ¢(7;t) is said to be a Rician
fading channel.

When diversity technique is used, c(7;t) = |c,(7; t)| is well
modeled by Nakagami m-distribution.
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13.1-1 Channel correlation

functions and power spectra
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Assumption (WSS)
co(r;t) is WSS in t.

Re, (T,7;At) = E{c(T;t+At)c;(7;t)}
is only a function of time difference At.

Assumption (Uncorrelated scattering or US of a WSS channel)

For 7 # 7, ¢,(T; t1) and ¢,(7; ty) are uncorrelated for any ty, t».

@ 7 is the convolution argument and actually represents the
delay for a certain path.

Assumption (Math definition of US)

Re, (T,7;At) =R, (7; At)o(T —7)
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Multipath intensity profile of a WSSUS channel

@ The multipath intensity profile or delay power
spectrum for a WSSUS multipath fading channel is
given by:

R, (1) = R, (1;At=0).

e It can be interpreted as the average power output of the
channel as a function of the path delay 7.

E[|re(2)]?] = E[ f: (7 t)se(t - 7)d7 [“ ¢ (r;t)s; (t—7)dr

[e)

f: f: Elco(7: t)e; (i t) |E[se(t - 7)s; (t - 7)]d7dT
[: [: RCE(T;O)(S(T'—T)E[Sg(t—f)sz(t_,r)]d,?d,r
[ R0 lse(t - )Pl = [ R (1)Ellse(e - 7)1
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Multipath spread of a WSSUS channel

e multipath spread or delay spread of a WSSUS
multipath fading channel

o multipath spread is the range of 7 over which R, (7) is
essentially non-zero; it is usually denoted by T,,.

Ri7) FIGURE 13.1-2
Multipath intensity profile.

El|re(t)] ~ [, Re(r)E[|se(t — 7)]d7
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Transmitter Receiver

@ Each 7 corresponds to one path.

@ No Tx power will essentially remain at Rx for paths with
delay 7> T,,.
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Transfer function of a multipath fading channel

The transfer function of a channel impulse response ¢,(7;t) is
the Fourier transform with respect to the convolutional
argument 7:

Ci(f;t) = foocg(r;t)e‘ﬂ””dT

Property: If ¢,(7;t) is WSS, so is C,(f;t). )

The autocorrelation function of WSS C,(f;t) is equal to:

Re,(F.f;At) = E{C/(f;t+At)C;(f;t)}
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With an additional US assumption,

Re,(f,f; At)

E{C.(f;t+At)C;(f;t)}
E{f: aFit+ An)e = d7 [ (e dT}
) [: [: R.,(7; At)S(7 - 7)e' 2= drd7

f TR, (i At) e 2 (7 g

R;jo(Af;At), where Af = f —Ff.

L

For a WSSUS multipath fading channel,
Re, (Af; At) =E{Cy(f + Af; t+ At)Ci(f;t)} J

This is often called spaced-frequency, spaced-time
correlation function of a WSSUS channel.
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Note that Re(f) # S¢(f)Cy(f;t), where

Rg(f)=[ r(t)e 2™ dt and sg(f):[ se(t)e 12 .

We only have
we) = [ alrits(c-rdr
) f:(/: Co(f; t)e“””dT)sz(t_T)dT
- f:(f:se(t—T)e”””dr)cg(f; t)df

- /w(fooSg(u)elZ”f(t_”)dT)Cg(f; t)df (Let u=t-7)

- f S,(F)Co(F; t)e 2™ df
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Coherent bandwidth

Summarize from the last equality of the previous derivation (in red): J

Re, (Af; At) = [T R, (1; At) e *?2m(AOT 47

For the case of At =0, we have

oo
Re,(8F) = [ R (r)e @07y
———— —00
spaced-frequency
correlation function

@ Recall that R, (7) = 0 outside [0, T,,).
o (Af), lm is called coherent bandwidth.

@ From Slide 13-11, E[|r(t)]*] = [ Re, (T)E[|se(t - 7)]*]dT

:>f |rg(t)| —zQTr(Af)tdt
= Re,(AF) [ Ellsi(r)Pler ANt dr
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IRcAAf)] Rim)

RAAS) ——Louier __ p o)
transform
pair

Af

) T
o ]

Spaced-frequ
correlation function

Multipath intensity profile

FIGURE 13.1-3
Relationship between Ro(Af) and R (T).
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Example.

Give R, (1) =107(10"7 —7) for 0 <7< 100 ns. Then,
107 -22m107-AF 1
Re(8) = 0 (erzmoar g) 1,

472 (AF)? 2w Af
z: ) |
[ 10Hz
:? /,_/’f .
4 3 2 a1 o 1 2 3 4 0 100ns T
107 (Af)Hz
|Rc, (Af)]|
TRe, O] Re(7)
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Coherent bandwidth

Re,(f,£;0) =E{C,(f; t)C;(f;t)} and ri(t) = [oosé(f)cz(f; t.)ez2'rrftde

If f > (AFf)e, Re,(f,;0) will be essentially small (nearly
uncorrelated or nearly independent if Gaussian).

Thus, two sinusoids S,(f) and S,(f) with frequency separation
greater than (Af). are respectively multiplied by nearly
independent C,(f;t) and C,(f;t) and hence are affected very
differently by the channel.
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_ _ _ spectrum
If signal transmitted bandwidth

B > (Af),, the channel is called

frequency selective. /-——\
-B/2 N B2

(Af)c

spectrum L
T,

m

If signal transmitted bandwidth

B < (Af)., the channel is called /‘—_\ .
frequency non-selective. —BMZ/BQ
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e For frequency selective channels, the signal shape is more
severely distorted than that of frequency non-selective

channels.

@ Criterion for frequency selectivity:

L < T<T,.

B> (Af). =
>()©T>m

Po-Ning Chen 22 /118

Digital Communications: Chapter 13 Ver 2018.07.23



Time varying characterization: Doppler

(o, (1), 7, (7))

Doppler effect appears via the argument At.
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Doppler power spectrum of a WSSUS channel

The Doppler power spectrum is
Se,(M) = f Re,(Af = 0; At)e 2B g(AL),

where X is referred to as the Doppler frequency.

@ B, = Doppler spread is the range such that Sc,()) is

essentially zero.

o (At). = Bid is called the coherent time.

o If symbol period T > (At)_, the channel is classified as
Fast Fading.
e l.e., channel statistics changes within one symbol!
o If symbol period T < (At)_, the channel is classified as
Slow Fading.
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Operational Characteristic of Sc,(\)

We can obtain as similarly from Slide 13-11 that

R, (At) = ||m % ! E[re(t+ At)r, (t)]dt

= T_>°°2Tf / f Re, (1 At)6(T - 7)

xE[s;(t + At —7T)s;(t - 7)]dTd7dt
TWNf [ Re, (7; At)E[sy(t + At - 7)s: (¢t - 7)]drdt

f R, (r; At)R,, (At)dr
= R, (Af =0;At)R,,(At)

= §f2(>‘) = SC(()‘) * 551{()‘)'
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[RAAAD) Seld)

Fourier
RA(At) «—— 5.4
(B0 transform )
pair
At A
0 1 0
— A=y — By——
d
Spaced=time correlation fnction Doppler power spectrum

FIGURE 13.1-4
Relationship between R-(Af) and Sa(A).
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Scattering function

Summary:

R.,(7; At) Channel autocorrelation function
) { ( ) } Spaced-freq
Re,(Af; At) = F. {R.,(T; At spaced-time
1-D FT: ‘ ‘ correlation func
S(T;A) = Far { R, (1: At)} Scattering function

Doppler power

2D FT: S¢,(AFiN) = FraeRe (T AE)} 0 POAT )

Rc,(Af; At) Spaced-freq spaced-time correlation function
Re,(m; At) = FAL{Rc,(Af; At)}  Chan autocorr func

Doppler power

1-D FT:
S5c,(Af;A) = Fac{Re,(Af; At)} spectrum (Af =0)

2D FT: S(7; M) = fA}cfAt {Rc,(Af; At)}  Scattering function
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Scattering function

@ The scattering function can be used to identify both
“delay spread” and “Doppler spread.”

|Rc(Af: An]
IR(an| IRAANI
e At — Af
ourier Four Fourier
transform transform transform
o) Rd
(w:2)
IS@h i
0 —7.—

Scattering function

FIGURE 13.1-5
Relationships among the channel correlation functions and power spectra. [From Green
(1962), with permission.]
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Example. Medium-range tropospheric scatter

channel

84 =
6 ©
st 2
&
o -
iy 2
e (unit=0.1us)
" " " 0
A \ [ &
v [N
W P o
A —A
N — =
W

-1 B0 60 40 -20 O 20 40 60 80
Freguency (Hz)

Scattering function of a medium-range tropospheric scatter channel. The taps delay increment is
0.1 ps.

«— B, = Doppler spread, varies with paths
= (often) 3dB bandwidth = 1Hz ~ 30Hz
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Example study of delay spread

The median delay spread is the 50% value, meaning that
50% of all channels has a delay spread that is lower than the
median value. Clearly, the median value is not so interesting
for designing a wireless link, because you want to guarantee
that the link works for at least 90% or 99% of all channels.
Therefore the second column gives the measured maximum
delay spread values. The reason to use maximum delay
spread instead of a 90% or 99% value is that many papers
only mention the maximum value. From the papers that do
present cumulative distribution functions of their measured
delay spreads, it can be deduced that the 99% value is only a
few percent smaller than the maximum delay spread.
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Measured delay spreads in frequency range of 800M to 1.5
GHz (surveyed by Richard van Nee, Lucent Technologies,

Nov. 1997)
Median Delay | Maximum Delay | Remarks
Spread [ns] Spread [ns]
25 50 Office building
30 56 Office building
27 43 Office building
11 58 Office building
35 80 Office building
40 90 Shopping mall
80 120 Airport
120 180 Factory
50 129 Warehouse
120 300 Factory
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Measured delay spreads in frequency range of 1.8 GHz to 2.4

GHz (surveyed by Richard van Nee)

Median Delay | Maximum Delay | Remarks
Spread [ns] Spread [ns]
40 120 Large building
(New York stock exchange)
40 95 Office building
40 150 Office building
60 200 Shopping center
106 270 Laboratory
19 30 Office building: single room only
20 65 Office building
30 75 Canteen
105 170 Shopping center
30 56 Office building
25 30 Office building: single room only

Digital Communications: Chapter 13

Ver 2018.07.23
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Measured delay spreads in frequency range of 4 GHz to 6 GHz
(surveyed by Richard van Nee)

Median Delay | Maximum Delay | Remarks
Spread [ns] Spread [ns]
40 120 Large building
(New York stock exchange)
50 60 Office building
35 55 Meeting room (Smx5m) with metal walls
10 35 Single room with stone walls
40 130 Office building
40 120 Indoor sports arena
65 125 Factory
25 65 Office building
20 30 Office building: single room only

Conclusion by Richard van Nee: Measurements done at
different frequencies show the multipath channel
characteristics are almost the same from 1 to 5 GHz.
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Jakes’ model: Example 13.1-3

Jakes' model
@ A widely used model for Doppler power spectrum is the
so-called Jakes' model (Jakes, 1974)

Re,(At) = Jo(2fy - At)

and
A1
Se,(0) =1 T viory <
0, otherwise
fm = (v/c)f. is the maximum Doppler shift
v is the vehicle speed (m/s)
c is the light speed (3 x 108 m/s)
where

f. is the carrier frequency
Jo(+) is the zero-order Bessel function
of the first kind.
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Jakes’ model: Example 13.1-3

AN J,2af,, - Ar)

I\ N\
\] W 125:;7‘,”At

S 'SC,(Af =0;A)

/7 kj
’ ! YOS,

nr
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Transmitter

@ Difference in path length

AL V(Lsin(0))2 + (Lcos(8) + v-At)2 - L

VL2 +v2(At)2+2L-v-At-cos(f) - L

@ Phase change A¢ = 27r ( = 27TL)

wavelength

c/f)
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@ Estimated Doppler shift

1 A¢
Am = lim ——
At—0 27 At
LI VL2 +v2(At)2+2L-v-At-cos(f) - L
= m
c/fe At—0 At

o Ve cos(f) = f, cos(6)
c

Example. v =108 km/hour, f. =5 GHz and ¢ = 1.08 x 10°
km /hour.
= A\pm =500cos(f) Hz.

Notably, 5508,_';'22 =0.1 ppm.
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Jakes’ model

Here, a rough derivation is provided for Jakes’ model.

Just to give you a rough idea of how this model is obtained.

Suppose 7 = 7(t) is the delay

of some path. Transmitter
1y g T(t+At)-7(t) '
7'(t) =limaro A
_ LAl L
- IImAt—>0 cAt c ' ,”,-, I
. AL
=limat-o0 257 t Y )LB
_ v /
= Zcos(f) (Q—é&f
= 7(t)~ Zcos(0) t+ 7o v+ (o0

(Assume for simplicity 79 = 0.)
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Assume that c(7;t) ~ a-6(7 — 7(t)), a constant-attenuation
single-path system. Then
c(r;t) = c(r; t)e v2mhT
v a-d(T—T(t))e P
a-6(1 — (v/c) cos(f)t)e™ 2rfel cos()t)
a- (7~ (fu/fo) cos(@)t)e™ 2rimeos(O)t

and
R, (T;t+ At,t)
= f: E[c(T; t + At)e; (7; )] dT
- f: E[a-6(7 ~ (fn/f2) cos(0)(t + At))e12neos(0)(-80
a-0(7 = (fm/f) cos(0) ) e 2" eo=(O)t] g7
= & E[e F OB 57— (£ /) cos(0)1)
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Re,(Af =0;t+ At t) (:waq(T;HAt’ e t2r (AN g

AfO)

]oo Re,(T; t + At, t)dT
foo 2 E [e”’hf"’ C°S(9)'At] O(7 = (fm/fc) cos(0)t)dT

a2 .E I:e—127rfm cos(0)~At]

Jo(2nfn - At) (= R, (Af = 0; At))

where the last step is valid if 6 uniformly distributed over [-m,7),
and a=1.
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6 can be treated as uniformly distributed over [-7, ) and
independent of attenuation o and delay path 7.

; (C(.z, 7,) and 6,

ey, 1)) and._ﬁ'L
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Channel model from IEEE 802.11 Handbook

@ A consistent channel model is required to allow
comparison among different WLAN systems.!

e The IEEE 802.11 Working Group adopted the following
channel model as the baseline for predicting multipath for
modulations used in IEEE 802.11a and IEEE 802.11b,
which is ideal for software simulations.

e The phase is uniformly distributed.

e The magnitude is Rayleigh distributed with average
power decaying exponentially.

1B, O'Hara and A. Petrick, IEEE 802.11 Handbook: A Designer's
Companion, pp. 164-166, IEEE Press, 1999

Digital Communications: Chapter 13 Ver 2018.07.23 Po-Ning Chen 42 /118



imax_]-
Time Invariant: ¢(7;t) =c(7)= > aje *?o(r —iTy)
i=0
Ts sampling period
aje'® = N(0,02/2) + 1 N(0,02/2)
Jge*’Ts/Trms
1 e_Ts/Trms (ThUS Zlozo 0'12 = 1)

where
g’

2 _
i
2
0p =

A

[ 11

0 T, 2T 3T, 4T, 5T, 6T, 7T, 8T, 9T, 10T, i, [’

s s s s s s s s s s max- s
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Ra(r) = [ Ela(roe(noldr= [ Ela(r)d ()] d7

max=1 oo
> [ E[a3]a(r - iT)o(r - 7)d?

i=0
imax_l
= > E[aZ]é(r-iTs)
i=0
imax—1 .
= Z Uge_’TS/T”“Sé(T —iTs)
i=0

By this example, | want to introduce the rms delay spread. By
definition, the “effective” rms delay is

T2 _ /—O:o TzRCz(T)dT (f—O:oTRCE(T)dT)2
rms 3 - o
5 Re,(T)dT 5 Re,(T)dT
~ lmax 1(IT )29,26 lTs/Trms ( ’max 1(IT )?Ze lTs/Trms)

lmax 1qze ’Ts/Trms lmax 172e lTs/'Trms

Digital Communications: Chapter 13 Ver 2018.07.23 Po-Ning Chen



We wish to choose inax such that Tyms » Tyms.

Let Tims = = and Tims = T7'."s“.

These unit-less terms 7,ms and T,ms are usually > 1.

n-1-.2 j n=1._j
Tr2ms = Zzl_,,o_ll P _ (g,n__ol lp. ) with p = e—1/7—,mS =e ™ and n = i
i-0 P' i—o P'
2.n
p n’p —nx
T @-pr (@-p72 (Note =)
1 1 . x? . (nx)?e™\1 _, 1
= | 2oL a2 o
x2 12 240 (1-—em™)2 )x2 ™ x2
where Taylor expansion yields a zp)2 = % =1- >1< e O(x8).
O S S N ..
= < X frax = N> — =97 ¢ =
(1-em)2 ° X ° Ts

The Handbook suggests imax = 10.
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Typical multipath delay spread for indoor environment (Table 8-1
in IEEE 802.11 Handbook) with T, = 1/(20 x 10°) = 50 nsec.

Environment Delay Spread | Trms Imax Tems

Home < 50 nsec 1 10 0.957

Office ~ 100 nsec 2 20 1.975
Manufacturing floor | 200-300 nsec | 4-6 | 40-60 | 3.980-5.980
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13.1-2 Statistical models for fading

channels
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In addition to zero-mean Gaussian (Rayleigh), non-zero-mean
Gaussian (Rice) and Nakagami-m distributions, there are other
models for ¢,(7; t) proposed in the literature.

Example.

@ Channels with a direct path and a single multipath
component, such as airplane-to-ground communications

co(r;t) =ad(r) + B(t)o(r — 1o(t))

where « controls the power in the direct path and is
named specular component, and [3(t) is modeled as
zero-mean Gaussian.
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Example.

@ Microwave LOS radio channels used for long-distance
voice and video transmission by telephone companies in
the 6 GHz band (Rummler 1979)

a(r) =« [(5(7’) ~ Ber¥ (T~ 7'0)]

where
« overall attenuation parameter

[ shape parameter due to multipath components
To time delay
fo frequency of the fade minimum, i.e.,

fo = argminger |Co(f)| = arg mingep |1 - Be~*27(F~0)7
and Re(fy) = S¢(f)Ce(fo) = Se(fo)a(1 - B).
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Rummler found that
@ o 1 S (Independent)
Q@ 7(B) ~(1-5)* (pdf)
© -log(«) Gaussian distributed (i.e., « lognormal
distributed)

Q@ 7~63ns

0.03 a(1+8)

—
Channel
bandwidth

L N . )
=50 0 50 100 150 200 250
f=fo (MHz)

FIGURE 13.1-9
Magnitude frequency response of LOS channel model.

Deep fading phenomenon: At f = f;, the so-called deep fading occurs.

Digital Communications: Chapter 13 Ver 2018.07.23 Po-Ning Chen 50 / 118



13.2 The effect of signal

characteristics on the choice of a
channel model
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Usually, we prefer slowly fading and frequency
non-selectivity.

So we wish to choose symbol time T and transmission
bandwidth B such that

T <(At). and B<(Af).
Hence, using BT =1, we wish

T B

L5 BT, <l
(At (Af),  dims

The term By T,, is an essential channel parameter and is called
spread factor.
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Underspread versus overspread

Underspread= B4 T, < 1
Overspread= B4 T, > 1

MULTIPATH SPREAD, DOPPLER SPREAD, AND SPREAD FACTOR
FOR SEVERAL TIME-VARIANT MULTIPATH CHANNELS

Mukltipath Dappler Spread
Type of channel duration (sec) spread (Hz) factor

Shortwave ionospheric

propagation (HF) 10°*-107 10771 10 -107°
lonospheric propagation

under disturbed auroral

conditions (HF) 10771072 10-100 10721
Ionaspheric forward scatter

(VHF) 1074 10 107"
Tropospheric scatter (SHF)  10°° 10 n-*
Orbital scatter (X band) 10 10° 1077

Mocn at max. libration
1072 10 107
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13.3 Frequency-nonslective, slowly

fading channel
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For a frequency-nonslective, slowly fading channel, i.e.,
1
Th << e T < (At),,

the signal spectrum s,(f) is almost unchanged by C,(f;t);

hence,
C,(f;t) ~ Cy(0; t) within the signal bandwidth ]
and it is almost time-invariant; hence,
Ci(f;t) ~ C,(0) within the signal bandwidth )
This gives

Cg(Z‘o; t) * se(t) + z(t)
[ Co(F: t)s(F)e 2™ df + 2(¢)

f: C,(0)s(F)e 2™ df + 2(t) = Co(0)s,(£) + 2(t)

fg(t)

s
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Assume that the phase of C,(0) = ae*? can be perfectly
estimated and compensated by the receiver. The channel
model becomes:

re(t) = asg(t) + z(t).
After demodulation (i.e., vectorization), we obtain
rp=QSy+ Ny.

Question: What will the error probability be under random «?
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Case 1: Equal-prior BPSK

r=+aVE+n (passband vectorization with E[n?] = %)
Foreal = £V 2E + Ny rea)  (baseband vectorization with E[nf ., /] = No)

The optimal decision is r $ 0, regardless of « (due to equal
prior probability).
Thus,

Pr{errorja} = Q( 2042%0)

Given that « is Rayleigh distributed (cf. Slide 4-167), we have

o0 a _o2
Pe Bpsk = Pr{errorla} —e 2% da
0 o

——
Rayleigh

where E[a?] = 202.
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[eS] 2
-2 2 2
Pegpsk = fo Q(52) % e 57 da, where 82 = 20° £

g

oo )(2
= f Q(Bx)xe” 7 dx, where x = &
0

) Q(“Sx)(_efé)o _fooo(v%e = )(—e T )dx

1

.
BeTzen

1 1 /%
- - _- /B
- 2 oV 1+p2
1 1 /= } )
= 53V where 3 = E[0’]F = (20%) () = 8

1 1
= ~ — when 7, Iarge)
( 21+ +\/75 +76) b
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Case 2: Equal-prior BFSK

imilarly, for BFSK, {laf ] [af]} J

Under equal prior, the optimal decision is r; S ry, regardless of
.

Pe BFsk

foo Pr{error|a}f(a)da

2
Q(BY) Se 22 da, where now 32 = 0 £

No
1 1 7
_ - /_B%
- 2 2 1+32
1
2

Il
o\o
8

1 —=

= o\ where 5, =E[a?]E =20%%; = 27

( 1 1 he la e)

_ when 7, larg
2+%+\/M 23
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Case 3: BDPSK

Pe BDPSk =

fo ” Pr{errorla}f(a)da

e f1 o2 o2
fo (2eﬁ22v2)(:2e202)da, where (2 = 202,\,@0

1 e _(1+32) 2
—_— 1+ 82 z )X d
2(1+ 52) fo (1+5%)xe X
1 _(=22),2|”
S ———— ] 2
2(1+8?) o
1 - 271 & 2 B2 2
m, Where ’}/b:E[(X ]WO:ZU F:ﬁ
1 _
—— when 7, large
2%p
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Case 4: Noncoherent BFSK

Pe,noncoherent BFSK

fo Pr{errorla}f(a)da

oo 1 2 o2 o o2
-p2ay - 2_ 2¢
/(; (2e zGZ)(U2e 202)d05, where 3 =0 N

B 1
C2(1+?2)
1 _ 2
= 2+7P_>/b7 where b = E[O{Z],\% = 20'2% = 2ﬁ2

1 -
~ — when 7, large
Vb
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P. under AWGN P. under Approx P, under
Rayleigh fading | Rayleigh fading
sk | o [3(ViE) [ 4
BFSK Q) | 3(1-y/5) 7
T .- 1 1
BDPSK se’ (150 ¥
Noncohrent 1 /2 1 1
BFSK 2¢ 2+ %
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. 0.5
e BPSK is 3dB better than S
BDPSK/BFSK; 6dB NG N
' =
better than noncoherent b N FSK
B FS K : FSK noncoherent
i as > cohéeiy detection
e P. decreases inversely T il Y
proportional with SNR s L prsk 2 NN
under fading. 5 Vi PsK \\ <
. Z 0 ] \
e P, decreases exponentially 2 L N
. -9 - T
with SNR , Vv \\
when no fading. o \ 2548 R
5 "."',‘ BPS&(ovc nonfading ghannels
| l'| BHSK over nonffading channels
2 e ~g|
1o 0 5 ‘IDI 15 20 25 30 35

SNR per bit, 7, (UB)
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05
e To achieve P, = 1074, LR
the system must provide o RN
an SNR higher than shofhaN || K
35dB, WhICh IS ot ” cnhé{:f\l detection
. . - ~ |detect 3
not practically possible! £ 10t | ™ Q\
z s L\ DPSK
¢ So an alternative solution £ L PSRN
should be used to z -

: Z 0 — A\
compensate the fa!dmg g . T <
such as the diversity v \\

. 2 1
technique. . P 2548 .
5 "-“_', BPShiovc nonfdding ¢hannels
3 it L BRSK overno

channels

=
=)
w
=
=
) =

15 20 25

SNR per bit, 7, (dB}
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Nakagami fading

If o = Nakagami-m fading,

Turin et al. (1972) and Suzuki (1977) have shown that the
Nakagami-m distribution is the best-fit for urban radio multipath
channels.

= f(a)= F(m)( )" a2m-temme’/2 where Q = E[a?].
@ m < 1: Worse than Rayleigh fading in performance
e m = 1: Rayleigh fading
@ m> 1: Better than Rayleigh fading in performance

E2 [042]
Var[a2]

Notably, m = E[(Q?EQ)Q] is called the fading figure.
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Prob density function of Nakagami-m with € =
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BPSK performance under Nakagami-m fading

1

Pe BPsk = fow Q (\/ 20425/’Vo) 10" \s -

:? m=1
'g (Rayleigh)
2 (m\M 2m-1_-ma?/Q 5 \
My (@) @* e dor = \\\\\
g
= 0 m=15
F(a) i 10 \\
;5 107°

107
8 (No fading)
10 \ m=25
Y
\ m:S\ m=4 m=3
107 | AN
20

0 10 30 40

Average SNR i} (dB)
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In some channel, the system performance may degrade even
worse, such as Rummler's model in Slide 13-49, where deep

fading occurs at some frequency.

Ce(F)]

The lowest is equal to a(1 - 3), which is itself a random variable.

Po-Ning Chen
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13.4 Diversity techniques for fading

multipath channels
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Solutions to compensate deep fading
@ Frequency diversity
e Separation of carriers > (Af). =1/ T, to obtain
uncorrelation in signal replicas.
@ Time diversity
e Separation of time slots > (At). = 1/By4 to obtain
uncorrelation in signal replicas.
@ Space diversity (Multiple receiver antennas)

e Spaced sufficiently far apart to ensure received signals
faded independently (usually, > 10 wavelengths)

@ RAKE correlator or RAKE matched filter (Price and
Green 1958)
e It is named wideband approach, since it is usually
applied to the situation where signal bandwidth is much
greater than the coherent bandwidth (Af)..
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It is clear for the first three diversities, we will have L identical
replicas at the Rx (which are uncorrelated).

The idea is that as long as not all of them are deep-faded, the
demodaulation is sufficiently good.

For the last one (i.e., RAKE), where B > (Af)., which results
in a frequency selective channel, we have

B

L.

Detail will be given in the following.
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13.4-1 Binary signals
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© L identical and independent channels

© Each channel is frequency-nonselective and slowly
fading with Rayleigh-distributed envelope.

© Zero-mean additive white Gaussian background noise
© Assume the phase-shift can be perfectly compensated.

© Assume the attenuation {cy }t_, can be perfectly
estimated at Rx. |

Hence,
Fe = QS + Ny k=1,2,...,L

How to combine these L outputs when making decision?
Maximal ratio combiner (Brennan 1959)

L L L
r=> =Y, S+ Y. oyl
] e i1
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Idea behind maximal ratio combiner
@ Trust more on the strong signals and trust less on the
weak signal.
Advantage of maximal ratio combiner
@ Theoretically tractable; so we can predict how “good” the
system can achieve without performing simulations.

@ Maximum-ratio combining is an optimum linear combiner.

Find {wj}E_; for linear combiner

L L L
r= Z Wy g = Z WiOKS + Z Wi Ny
k=1 k=1 k=1

such that the output SNR

L 2 L
(Z_: kak) [s°]1/ > wiE[n}]

k=1

is maximized.
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Case 1: Equal-prior BPSK
r=xaV/E€ +n, where ar = \/Yk_; a2 and nzéZLlaknk J

The optimal decision is r $ 0, regardless of a.
Thus,

&
- 2
Pr{error|a} = Q( 2a /Vo)

Given that {ak}izl is i.i.d. Rayleigh distributed, « is Nakagami-L
distributed; hence,

Pe.Bpsk = /0 Pr{error|a}ﬁ(é) Pl te 'y

where Q = E[a?] = L-E[a?] = 2Lo?.

Note {a2 = X2 + Y2}£_, is i.i.d. x*-distributed with 2 degree of freedom
=a’= Ztﬂ a2 = X2+ YZ+--+ X2+ Y} is x*-distributed with 2L degree
of freedom, where {X,}t_, and {Y\}L_, zero-mean i.i.d. Gaussian.
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Pe BPsk

o0 L 1 —a?/(202
fo Q(Ba)ﬁ(%ﬂ) a2l )da,
where 5 =1/2E /Ny

N I

where p =

1 % and 7, = [ i]/\/o
N ( )()L when 4. large
] e c g

where we have 1Z£ =

2 2(1+%+\/%+%) Y e 2
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For your reference: L =2

o0 2 3 _a?
Pe Bpsk = ./0 Q(69)2(§) a®e 22 da, where 32 :202%
o] 2
= 1.3 % d
/0 Q(Bx)5x’e 7 dx
2 oo [ 2.2 2
- Q(Bx) (_L;%—T)‘O _fo (—\/%e_ﬁT)(_(ngz)e_T)dx

[} 24,2
1 8 5 _ (1+8?)x
=2 g —(x"+2 2 Ix

e[ + 2]

1

4
- 1u((1 - p?) +2), where 7 =E[ai]%o =B and p = 1j;c
1-1)\? 1 L

4 (1+2(352) )
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Case 2: Equal-prior BFSK

B D

The optimal decision is 11 S rp, regardless of a.

Am Q (Ba) (LE]_)I(

where 3° =

(5 505

2?% and 5. = E[a2] £

No
(= (&) (77 when 51
~ - when 7. large
29, L

L oo1-1 —a2/(202)d

Pe.BFsk )
2¢€
7 N

where p =
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Case 3: BDPSK

From Slide 4-175, the two consecutive lowpass equivalent signals are

Eeto, 1;
e [
Ee m=

(k-1)

The L received signals given s, (k)

and s,

(k 1 ‘ (k 1) (k 1 ‘
Fie= (k) = aje’” [ (k) ] (k) =aje'¥s+ njy

forjzl,...,L.

are

Note that it is unnecessary to estimate a; and ¢; for jth reception as
required by Cases 1 & 2. J

(k 1)
33}74?},[: [\/256_“750 +vV2€e l¢°]l (k) l

\/25e’1¢°( (k1) (k)) m= 1
_ rje
/zge—uﬁo( (k 1) (k)) m=2
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Instead of maximal ratio combining, we do square-law
combining;:

m = arg max ‘ r ‘
g1<m<2z Jt

argmax{i| (k1) Z\ D) 0 }

m=1 m=2
argmax{ Up, -Uy }
M~ N
m=1 m=2

where Uy = Z Re{( J(Iz 1)) J(IZ)}
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The quadratic-form analysis (cf. Slide 4-176) gives

T-p\E B2l -1+ k) (1+p)\¥
P = [—=] -
& BDPSK ( 2 ) Z( k )( 2 )

k=0
. Ve
th 1 =
T TS
( 1 )L(2L_1) hen 5. large
N _— wW r .
27.) \ 1 Te O
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Case 4: Noncoherent BFSK

Recall from Slide 4-165:

The noncoherent ML computes

3

tsm|
= arg max ’r S
glsmsz eomit

Hence,

M = arg max ‘I’mg‘ = arg max |rmg|
1<m<2' 7 1<m<2' 77

Po-Ning Chen
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Now we have L diversities/channels:

rj1,.e 1P; :
rjy= J =aqje ¢J$m,g+nj,g j=12...,L
'.‘j727£

Instead of maximal ratio combining, we again do square-law

combining;:
m = arglrpa2<22|rjmg‘

T—p\E B2l -1+ k) (1+p)\¥
e = (152) (104 (152)
e,noncoheren 2 = k 2

. Ve
th 1=
M A
1\t/2L-1 -
~ | — when 7. large.
Ve L

Ver 2018.07.23 Po-Ning Chen 83 /118
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Summary (what the theoretical results indicate?)

@ With Lth order diversity, the POE decreases inversely with
Lth power of the SNR.

107 I I

s

I 1
A Key
RN e
= AN,
o N < —— K
RN
\ \
5

- N, |

o \ \\ SO
107

g 11\

2 . VAN NS

- N 5 ~
- AN Y
] AR N
2 t

<
N
AR \
Y 1) \ \ ~ =1
NS N
A AN A
A \\ N\
0~ s
\
5 e AN
VSR
v NN
[N N, 3
A AN
10 15 20 25 30 35 40
SNR per bit, 7, (dB)
FIGURE 13.4-2

Performance of binary signals with diversity.
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In Cases 1 & 2, comparing the prob density functions of « for
1-diversity (no diversity) Nakagami fading and L-diversity
Rayleigh fading, we conclude:

L-diversity in Rayleigh fading = 1-diversity in Nakagami-L )

or further

mL-diversity in Rayleigh fading = L-diversity in Nakagami-m J
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13.4-2 Multiphase signals
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For M-ary phase signal over L Rayleigh fading channels, the
symbol error rate P, can be derived as (Appendix C)

L-1 L { Al-l
et : 1)7T(L(—11)!M ) (aabL—l {b_l > [%(/\//—1)
_ psin(r/M) cot‘l( —pcos(m/M) )]})
Vo-izeo(mmn) - \Ve- e},
{lOEQ(MI)wSi_nlz(ﬂ/M) 2/\/1be M-ary PSK & L=1
AT Wy M-ary DPSK & L=1
where

T+7c

de M-ary DPSK

Je M-ary PSK
ILL =

and in this case, the system SNR 7; =y, log, (M) = L7..
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PSK is about 3dB SN
better than DPSK _ N
forall M (L=1). :

NN
M-2, N M-8
Recall Slide 4-180 EEAN N\

under AWGN,

BDPSK is 1 dB =Ny

inferior than BPSK ’ ¥,
and
QDPSK is 2.3 dB s S
inferior than QPSK. ,

0 5 10 15 20 25 30 35
SNR per bit, 7, (dB)

s M=4
N  DPSK

FIGURE 13.4-3
Probability of symbol error for PSK and DPSK for Rayleigh fading.
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DPSK performance K \
with diversity 2

e Bit error Py is

calculated based on
Gray coding.

Probability of a bit eror, £
.
[—1
—1
n
;?

e Larger M, worse Py \ SN
except for equal Py 0 x } \\ \\ —
at M = 2,4 ’ — it &ﬁé

miS 10 15 vu\ \75 10\ \“ 20

SNR per bit, 7, (dB)

FIGURE 13.44
Probability of a bit error for DPSK with diversity for Rayleigh fading.
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13.4-3 M-ary orthogonal signals
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Noncoherent detection

@ Here, the derivation assumes that both passband and
lowpass equivalent signals are orthogonal; hence, the
frequency separation is 1/T rather than 1/(27).

@ Based on lowpass (baseband) orthogonality, L-diversity
square-law combining gives

1 ey (M)
R ey P
m(L-1) —
Zl Bk,m(L—1+k)!(i)k
k=0

(1+m+my)t

where Sk, is the coefficient of Uk in (Z,ﬁ‘é U—,k)m ie.,

L1 k" m(L1)
(ZF) = > BimU~

k=0 k=0
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M =2 case: 1072

e

o Let 4;: = L7, be
the total system
power.

For fixed 74,
there is an L

y of a symbel error, P,

. \ N 7,5 50

that minimizes Pe. é ) \ |

? T
* Thls hlnts that 1o \ ;;(—:ﬁ::llrm.:wuit"lki

Ye=3~4.77 dB : \
gives the best - \\
performance. s T
m}’ 1 1
1 2 3 5 10 20 30 50

Order of diversity, L
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M =4 case: -
7,30
o Let 4;: = L7, be &
the total system E o
power. E N
For fixed 7, O \\ s
there is an L £
that minimizes Pe. £ °
e This hints that - \\ et 5T
Ye=3~4.77 dB : \

gives the best 1 o100
performance. 5

ui‘z‘ - L

1 2 3 5 I 20 30 50
Owder of diversity, L
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H: \\\&
Discussions: 10 \§\ E,i
o Larger M, better performance ° TR

but larger bandwidth. cuur VAN N

e Larger L, better performance. 1 s \\\\\\§ \\\

e An increase in L z wj NHAN -2 |

is more efficient i, 1] A ke

in performance gain i e [\ -5

than an increase . NWAEAN

in M. 5 N RPANVE
L{r:\l 5 10 15 20 \\ \75 “0\\\\\‘1'\
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13.5 Digital signaling over a

frequency-selective, slowly fading
channel
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13.5.1 A tapped-delay-line channel

model
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Assumption (Time-invariant channel)

Cg(T; t) = Cg(T)

Assumption (Bandlimited signal)
s¢(t) is band-limited, i.e., |s;(f)| =0 for |f| > W [2

In such case, we shall add a lowpass filter at the Rx.

selt—d cur) 7 L) ()

Ifl<W/2

h L(f) L
where = )
0 otherwise
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Equivalent channel with C¢(f) random and bandlimited,
and Z”'(f) bandlimited white noise

n(t) = [: si(F)Co(F)e'> df + 2y (1)
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For a bandlimited C,(f), sampling theorem gives:

c(t) = n:ioo cr (%)sinc(W(t— %))

Cuf)= [ alt)e >t

1 (e e]
W > CK(%)e‘””ﬁ’/W, |l < W/2

0, otherwise
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re(t)

For a time-varying channel, we replace ¢;(7) and Cy(f) by co(7;t)

fm s (F)CH(F)e 2™ df + 2 (1)

1 & n w2
W Z Cg(W)f W/ Sg(f)eﬂﬂ-f(t n/W)df-i-Zw(t)

nioo Cg(%)Sg(t— %) +zy (t)

w
i Cn'Sg(t—i)+Zw(t) where c,,:ng(i)
- w ' w W

and Cy(f;t) and obtain

TOrD) cn(t)-s@(t—%)szW(t)

n=—oo

where ¢p(t) = g(W,t).
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Statistically, with probability one, ¢;(7) =0 for 7 > T,, and 7 < 0.

‘ So, cp(7) is assumed band-limited and is also statistically time-limited! ‘

Hence, c,(t) =0 for n<0 and n> T, W (since 7 = n/W > T,,).

| TaW] .
R =3 anlt)-s (t _ W) + 2w(t)
n=0
o [1] 1]

-

2

Additive
noise
()

FIGURE 13.5-1
Trapped delay line model of frequency-selective channel.

For convenience, the text re-indexes the system as
L

R = alt) s (t— %) + 2w (D).

k=1
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13.5-2 The RAKE demodulator
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Assumption (Gaussian and US (uncorrelated scattering))

{ck(t)}L_, complex i.i.d. Gaussian and can be perfectly estimated
by Rx.

So the Rx can regard the “transmitted signal” as one of

vie(t) = Shoy cr(t) sie(t-145)

vm,e(t) = Zi:l ck(t) - sm.e (t - %)
So Slide 4-158 said:

Coherent MAP detection

-
P t *
m = arglg?naz;wRe[rgvmg] arg mamRe[/O rg(t)vmj(t)dt]
k
= arg max Re[Z/ rg(t)ck(t)smz(t—w)dt]
Um,@
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Discussions on assumptions: We assume:
@ sy(t) is band-limited to W.

@ ¢(7) is causal and (statistically) time-limited to T, and, at
the same time, band-limited to W.

o W>» (Af)c=7 (e, Ly WTp>1)

@ The definition of Uy, ¢ requires T > T,, (See page 871 in
textbook) such that the longest delayed version

se(t=LIW) =s(t = WT /W) =sp(t = Tppy)

is still well-confined within the integration range [0, T). As a
result, the signal bandwidth is much larger than 1/T; RAKE
is used in the demodulation of “spread-spectrum” signals!

WT > Ly WTp»1 = W>» 1 J
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s

[1]
o oy
The receiver collects L’ﬁ) - m
the signal energy from
all received paths, which ®_L
is somewhat analogous T
to the garden rake that f W{ — R
is used to gather leaves, 0
hays, etc. Consequently, \ Summer and ntegrato
the name “RAKE re- t

ceiver” has been coined J
for this receiver struc- CL
A‘

Y

ture by Price and Green a0

L

(1958) (I'use sp, ¢, but the text

i
!
uses s ) !

sh(t)

FIGURE 13.5-2
Optimum demodulator for wideband binary signals (delayed reference configuration).
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An alternative realization of RAKE receiver

The previous structure requires M delay lines.

We can reduce the number of the delay lines to one by the
following derivation.

Let u=t—i.

T k
Une = Re Z[O re(t)c;(t)s;’g(t_w)dtl
T—k/W
Re kz_:l[k/w rz(u+%)c,f (U+%)S,ﬁ,75(u)du]
L T K . K )
~ Re ;/o rg(t+W)ck (t+W)5m,e(t)df]

where the las

< |w

\{t-f'

approximation follows from
wl| = T, «< T (See Slide 13-104).
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ry (t+%) r[(t‘+ L_l) I‘((t+

-

W
S 1 1] 1
1 1 I

(6 W

-~
—

—
s 0]

er(®

()
To decision
circuit

Sample

]

FIGURE 13.5-3
Optimum demodulator for wideband binary signals (delayed received signal configuration).

c (t+ %) = %Cz(v_ﬁ/ t+ %) is abbreviated as ¢; (t) in the above figure.
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Performance of RAKE receiver

Suppose ck(t) = ¢k and the signal correspondmg tom=1is

transmitted. Then, letting Umf = \/EU’”Z and

Sy (t- %) = V%&S;’/ (t- %) (normalization), we have

- [ L T
Um’g = Re Z [ rg(t)ng;g ( )dt]
| k=10
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Assumption (Add-and-delay property)

The transmitted signal is orthogonal to the shifted counterparts of
all signals, including itself.

L
° {zk = fOT zW(t)§;7,£ (t - %)dt o1 complex Gaussian with
E[|zx|?] = 2No because {50 (t- %)}iﬂ orthonormal.

Hence, with ay = |ck],
U R [i ekl ! u “Nae|+ R i
m,l e Ck / Sl’g(t——)g;;j(t—f) t]+ e[ C;Zk:|
k=1 0 Wi w k=1
k k L
51, (t - —) » Sme (t - )H + Z QU Nk g,
k=1 H w w k=1

where {ny ¢ = Re[e™*“%z]}L_; i.i.d. Gaussian with E[n,z(vf] = No.

Il
M~

Q
>N

Y

(0]

@ Under T > T, fOTng(t— %)5* (t— %)dt is almost

m,/¢
functionally independent of k; so,

(51,E(t_ %) 7§m,€(t_ %)) ® (Sl,f(t) 7§m,l (t)) .
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Therefore, the performance of RAKE is the same as the L-diversity
maximal ratio combiner if {ay}t_; i.i.d.
However, {a = |ck|}5_; may not be identically distributed.

In such case, we can still obtain the pdf of
Vo= Thc1 Tk = Lo @2Es/No = a2E5/No from

1
characteristic function of v, =V, (1v) = ———
1— 7y,
1
characteristic function of v, = Z Vi = H Y (ov) = H .
k=1 k=1 1=

The pdf of 7, is then given by the Fourier transform of characteristic
function:

L
F(yp) = Z Tk e~/ Ak
k=1 Tk

/-_y

L
where with 3, = E[v4], m¢ = H prowded N £ i for k # 1.

i=1,i+k '7/(
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L

+ D ko1 Ok Nk g
L

+ D1 QN g

U1g~2k 1akRe Slg(t) Slg t)

| I ©)
s { U iy ofRe[ (s (1), 52,0 (1))
oo

—

BFSK : Urew Zk:l al2<Re S1,0 (t),3 L ()] + Zk:l Ay Ni e
Usy » Tiq agRe (s (2) 50 ( + Yt kit
BPSK : Ulf ~ Z/&:l O‘i V2Es + Zi:l QyNg g
’ ~ L 2/ L
N Use ™ Ty @ (=V2Es) + Xy Ol ity E[n2 ] = N
kel = N0
BFSK : Ure® iy 04 V285 + iy ki
Une ™ Yjcy 0 - (0) + iy ok
Then,
1L 5 20-1\ L 1
p. - 2 Zk:l Tk (]- - 115—”) N ( L )Hk:1 W, BPSK, RAKE
€7 )1yL 7 20-1\ L 1
2 Zkzl Tk (]- - 215—”) ~ ( L ) szl 25, BFSK, RAKE
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Estimation of ¢

For orthogonal signaling, we can estimate ¢, via
T n * *
[0 re (t - W) (su(t) +oeee ot s,v,’e(t)) dt
L T n k . .
= 2 ckf Smg(t-I—W—W)(Su(t) + oo+ spy (1)) dt
T
+ z( ) sl’g(t)+---+s,’\*ﬂ’£(t))dt
T

0

= ZL:C / ( +i—i)s* (t)dt
- P k mf W W 'm0
T
+f z(t+%)(s{z(t)+---+s,’\*ﬂ(t))dt (Orthogonality)
0 : :

.
Ch f |sm.e (t) [°dt + noise term  (Add-and-delay)
0
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Low-pass
filter of
Bandwidth
By

To summer To summer
and integrator and integrator

By = Doppler spread
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Decision-feedback estimator

The previous estimator only works for orthogonal signaling.
For, e.g., PAM signal with

se(t) =1-g(t) where [ € {+1,+3,...,+(M-1)},

we can estimate ¢, via
T n
fo rg(t+W)g*(t)dt
k n
f (ch /- g( +W—W)+z(t+W))g*(t)dt

L T n  k
.. (t+W—W)g*(t)dt+noise term

I
™
Qo
ﬁC\
o

lg (t)]?dt + noise term  (Add-and-delay)

|
Y
-

S
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Final notes

Usually it requires (Bt )C > 100 in order to have an accurate
estimate of {C”}nzl'

Note that for DPSK and FSK with square-law combiner, it is
unnecessary to estimate {c,}L_;.

So, they have no further performance loss (due to an
inaccurate estimate of {c,}t_,).
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What you learn from Chapter 13
e

@ Statistical model of (WSSUS) (linear) multipath fading
channels:

co(r;t) =c(r; t)e_zzﬂf” and c(7;t) = |ci(7; t)]

Multipath intensity profile or delay power spectrum

Re, (T) = Re, (r;At=0).

Multipath delay spread T,, vs coherent bandwidth (Af),
Frequency-selective vs frequency-nonselective
Spaced-frequency, spaced-time correlation function

Rc,(Af; At) =E{C,(f + Af; t+ At)C;(f; t)}
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e Doppler power spectrum
Se,(\) = [ Re,(Af = 0; At)e™ 2™ A0 g(Ar)

o Doppler spread By vs coherent time (At).
e Slow fading versus fast fading
e Scattering function

S(1iA) = Fac{R,(7; At)}

o Jakes' model

e Rayleigh, Rice and Nakagami-m, Rummler’'s 3-path
model

e Deep fading phenomenon

e ByT,, spread factor: Underspread vs overspread
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@ Analysis of error rate under frequency-nonselective, slowly
Rayleigh- and Nakagami-m-distributed fading channels
(=diversity under Rayleigh) with M =2

o (Good to know) Analysis of the error rate --- with M > 2.

@ Rake receiver under frequency-selective, slowly fading
channels

e Assumption: Bandlimited signal with ideal lowpass filter
and perfect channel estimator at the receiver

e This assumption results in a (finite-length)
tapped-delay-line channel model under a finite delay
spread.

e Error analysis under add-and-delay assumption on the
transmitted signals
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