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Channel quality
A

> Time

¥ Large-scale fading: path loss, shadowing, etc.

¥ Small-scale fading: constructive/destructive interference
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¥ Path loss and Shadowing

- In free space, received power !

1
2

. . 1
- With reldections and obstacles, can attenuate faster than "

¥ Variation over time: very slow, order of seconds

¥ Critical for coverage and cell-cite planning
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¥ Multipath fading: due to constructive and destructive
Interference of the waves

¥ Channel varies when the mobile moves a distance of the
order of the carrier wavelength!

- Typical carrier frequency ~1GHz =2 ! " c/f =0.3m

¥ Variation over time: order of hundreds of microseconds

¥ Critical for design of communication systems




¥ Understand how physical parameters impact a wireless
channel from the communication system point of view.
Physical parameters such as

- Carrier frequency
- Mobile speed

- Bandwidth

- Delay spread

- efc.

¥ Start with deterministic physical models

¥ Progress towards statistical models



¥ Physical modeling of wireless channels
¥ Deterministic Input-output model
¥ Time and frequency coherence

¥ Statistical models

¥ READING: [TV] Chapter 2
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Transmitted Waveform (electric Peld): cos 2 ft
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Received Waveform path 1): 'Fcos 2f t! c
. ! ' 2d! r
Received Waveform path 2): ! 1 T cos2f t!
=1 Received Waveform (aggregate):
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Transmitted Waveform (electric Peld): cos 2 ft

Received Waveform (aggregate):

, - # $
! L r | 2d! r
—cos2f t! — I cos2f t!
r C 2d! r C

Phase Difference between the two sinusoids: Td

G RN (zd_r }+Pe'ay8pread:

- difference
between delays
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2n" constructive mterference

k (2n +1)", destructive interference
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¥ Delay spread! T4 : difference between delays of paths

¥ If frequency f change by!'1l/ (2T}) , then the combined
received sinusoid move from peak to valley

¥ Therefore, the frequency-variation scale Is of the order of
1

Td

1
¥ Coherence bandwidth W, := =
d
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Transmitted Waveform (electric Peld): cos 2 ft
| .
Received Waveform path 1): H cos2 f ¢! @
r
. ! ' 2d! r(t)
- | ' I
Received Waveform path 2): ! 241 (0 cos2f t! -
=  Received Waveform (aggregate):
| " | n
! ' r(t) ! ' 2d" r(t)
— 2f t" —= " 2f t"
" COS t - 24" 1(0 COS t -
I " H# $ : 70 H ~ (474
= _cos2f 1-- t-0 _ : cos2f 1+~ t—2d o
ro+ vt C C 2d —rg — vt C C
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Approximation: distance to mobile Rx ! distance to Tx

= Received Waveform (aggregate):

! !II # $ | % # N é

r ! Y 2d" r
cos2"f 1" t" EO § ——cos2"f 1+ < t" 0

v
" rg 4 vt C ) 2d" ro" vt
o

2! vi " d d
#( sin2"f — + Isin 2"f ottt —
o+ vt C C C

/

Time-varying amplitude Time-invariant shift
of the original input
waveform




Time-varying envelope

Time-variation scale: o /v
(seconds or minutes),
much smaller than that of
the second term

vt r()!d

C C

2!
sin|2" f
o + vi

2f
Doppler Spread Dg = v

Difference of the Doppler shifts of
the two paths, cause this variation
over time.

Time-variation scale:!'&/ fv (ms)
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¥ Mobility causes time-varying delays (Doppler shift)

¥ Doppler spread Ds: difference between Doppler shifts of
multiple signal paths

¥ If time ¢ change by!1/ (20s), then the combined received
sinusoidal envelope move from peak to valley

¥ Therefore, the time-variation scale is of the order of

1
D, :
¥ Coherence time T, := —
Ds



% '/$'%$*4#+$7' M#09'.)$'SD*9B%$&

¥ Delay spread/coherence bandwidth and Doppler spread/
coherence time seem fundamental

¥ However, it is difpcult to derive the explicit received
waveform mathematically.

= Out of scope b EM wave theory

¥ Instead, we construct useful input/output models, and
take measurements to determine the parameters in the
models
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¥ Wireless channels as linear time-varying systems:
yt) = a(t)x(t! !i(t)

1

a (t): gain of path i !i(t): delay of path |
¥ Recall Example 2:

AN

I 1ot vt
al(t) B ro + vt #1(75) N C
az(t) = " | %(t):zd! 70 | vt! B
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¥ Wireless channels as linear time-varying systems:

y(t) = a(t)x(t! (1))

1

a (t): gain of path i !i(t): delay of path i

¥ Impulse response:

p(t) —> () —sy(t) = a(t)x(t! 1))

h(!', 1) =) a(®)" (1! ()

¥ Frequency response: H(f:t)=  a(t)e 121"
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Pf, + = i, pW for

W W W
Bl D 3 . A

¥ Communications takes place in a passband

- Carrier frequency f
- Bandwidth W < 2f.
- Real signal s(t)
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1 2 cos 2 fgt 12 cos 2 ft
I [sp(t)] l % 1 | [sp(t)]
W
2
S(t) —
" [Sp(t)] 1 " [So(t)]
’%9 H%)—' 1
2
Bl 2 sin 2 fgt Bl 2 sin 2 f.t

1 !
SIt" = #—
2

SIte? g g 1re 2 1t =

#_ | .,
2% s It"e” T
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y 12 cos 2 f.t 12 cos 2 f.t
_'Cl 1 I [yp(t)]
Bw W
2 2
y(t)
h(",t) —
" [Xp(t)] 1 " [yp(t)]
T BV W
2 2
Bl 2 sin 2 f.t Bl 2 sin 2 f.t
W)= a(txp(t! i),

where aP(t) := a;(t)e' 12 fe"i(V
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¥ Complex baseband equivalent channel.

xp(t) —{ hp (1, £) > w(D) = Y al(®)xy (t — 74(2))

.

(r,) = Y- al(0)3 (7 = 7i(#)).

where a? (t) := a; (t)e—ﬂﬂfcﬂ (t)

1

¥ Frequency response: shifted from passband to baseband
Ho(f;t) =H(f +fc;t)

¥ Each path is associated with a delay and a complex gain
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¥ Modern communication systems are digitized, (partially)
thanks to sampling theorem

¥ Our baseband signal can be represented as follows:

()= z[n]sinc(Wt — n),

n

x[n] = z,(n/W), sinc(t) :=

SN 7t
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1 2 cos 27 f.t 12 cos 27 f.t
R [x[m]] Rlx, ()] l L RO ARDlml]
sinc (Wt —n) T - W W > <
)
O nir, ) P2
Tl RENG) S [0Sy
—{sinc (Wr—n)[ _>®—> WW g \
| EE
—1 2 sin 27 f.1 12 sin 27 f.t
yim]= hm]x[m! ],

where h;[m] :=

I
a’(m/W )sinc[l ! i (m/W W]
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¥ Discrete-time channel model

x[m] —| hm] > y[ml= > h[m]x[m! I
|

hi[m] = | aib(m/W )sincl! i (m/W )W

¥ Note: the I-th tap  contains contributions mostly for the
paths that have delays that lie inside the bin (roughly)

| 1 | 1
| 4+

W 2W'wW 2W

¥ System resolves the multipaths up to delays of ™
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h [m] = | aF(m/W )sinc[l ! 1y (m/W )W

e commuiom =0 Y SINCE) vanish quickly outside of
the interval [-0.5, 0.5](roughly)

Main contributionl =0

¥ The peak of the i-th translated
sinclies at !

Main contribution| = 1

wam comnuion - Y TO contribute signibcantly to 7,
the delay must fall inside
| 1 | 1

Main contribution| = 2

| +
W 2W'W 2w
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¥ The discrete-time baseband channel model is the
eguivalent one In designing communication systems

¥ It only matters how the taps h/m] vary over time m and
carrier frequency f.

¥ [-th tap of the discrete-time baseband channel model
h[m] = | a’(m/W )sinc[l ! 7 (M/W YW]

! |
= g (tp)€ 12T Umginel ! [(tm)W]  tm = 0

! _ a; (tm) e" J(ZI fe"i (tmD

I 1-th delay bin Difference in phases (over the paths that
contribute signibcantly to the tap), causes
variation of the tap gain
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hy[m] 8y (t) € 12 feitm)
1! |-th delay bin

¥ Delay Spread Ty := max i) ! ()]

_ 1
¥ Coherence Bandwidth W := =
d

¥ For a system with bandwidth W

W:.! W =" single tap, [3at fading
W, <W =" multiple taps, frequency-selective fadin
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¥ Effective channel depends on both physical environment
(W.) and operatlon bandwidth (W)
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hy[m] 8 (t) € 12! e tm)
1! |-th delay bin

¥ Doppler Spread D, :=max f|!;'(t)! !,'(t)]

2V

. 1
¥ Coherence Time T := —
Ds

¥ For a system with delay requirement (application
dependent) T

T.! T =" slow fading
T.<T =" fast fading
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Key channel parameters and time-scales Symbol Representative \
Carrier frequency fe. 1 GHz
Communication bandwidth W 1 MHz
Distance between transmitter and received 1 km
Velocity of mobile Y 64 km/h
Doppler shift for a path D=f.ic 50Hz
Doppler spread of paths corresponding to

a tap D, 100 Hz
Time-scale for change of path amplitude d/v 1 minute
Time-scale for change of path phase [14D" 5ms
Time-scale for a path to move over a tap c/!vW" 20s
Coherence time T.= 114D/ 2.5ms
Delay spread Ty 1#s
Coherence bandwidth W, = 1/12T," 500kHz
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Types of channel Defining characteristi
Fast fading T.! delay requiremen
Slow fading T." delay requiremen
Flat fading WI W,
Frequency-selective fading W" W,
Underspread Tyl T,

¥ Typical channels are underspread

¥ Coherence time T, depends on carrier frequency and
mobile speed, of the order of ms or more

¥ Delay spread T, depends on distance to scatters and cell
size, of the order of ns (indoor) to us (outdoor)
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