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E *%(Goal)

MIBREICHITAIEBBEEVATLDIZFEAE L. YIEEA|IZEDINT
LTDUVRATLTETIVIETESRIEEZES,

Learn that almost all wireless communication systems in the physical layer can be modeled with
the following system based on physical laws.

7hs i "f‘i 1|=| thd) ﬁiﬁﬂ&ﬁ&ﬁ !f‘}f n'|':ET)[/(D|screte time statistical model of wireless channels)
y=Hx+w, w ~ CN(0,5%1,,)

x € CVN :3Z{EARY L (Transmitted vector) Yy E CM : Z{ER T L (Received vector)

H € CM"*N @ {E #8175l (Channel matrix)

w ~ CN(0,0%1,) : IEMB BRIV RHEZT(AWGN)RI KL
Additive white Gaussian noise (AWGN) vector
7t 2T BY{R 7E (Statistical assumptions)
o FEERIFILxIZIEHOTEH B, (The transmitted vector x is zero mean.)
o MERZEHH.x.wliXIHII THS, (H, x, and w are independent random variables.)
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gﬂ%ﬁ‘%ﬁ %’/Z%A@#ﬂ%% (Overview of wireless communication systems)

F—H L st ooy 1 R—RN\VFES 7w FaA s —k
Data symbols Band limitation Baseband signals Up-conversion
() | g *b(1) | Wk
Bandwidth é\, =10 E *E% Carrier frequency

E‘@,j]'jxgléﬁ% W(t) ; Today’s target %%/&1%%
EREEE

White Gaussian noise
Wir el

|

GJ ""1.:. %E(Recelver
y(t)

x(t)
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K 1% 2 (Transmitter)
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>

N—R/ V/l‘%1§1§% -|j-‘~/7°|)‘~/7“ %15//#_\)[/
o . Baseband received signals Samolin
Ay N—hk pling

Vb (1) FE| #A {Vn}

Received symbols

Down-conversion

v

Period

T =1/W
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JIT—T 4% *(Fading)

ZEESH. Bl BIRE . ZENICEILTDEREE D,

Changes of received signals in the domains of time, frequency, and space.

EEE%&X'?'_)1/0)71—7_'\\/{.\/7\\(Large-scale fading)
WX BDREICHEART, +RITKEVRT—ILTEILTET—T125

Fading changes in sufficiently large spatial scale, compared to the carrier wavelength.

15'](Example) : fﬁ;%ﬂ%{é (Path loss) ﬁﬁﬁ(ShadOWing)

EEARNINLXDEIDETIVILIZEEEZEZ 5,

Influence on modeling of the power of the transmitted vector x.
%EEE%EZb'_)1/0)71_7_:4\/7\\(small-scale fading)
BEHEERBOEREOEICE>TELIERR T —ILDIT—T12Y

Fading changes in spatial scale comparable to the wavelength, caused by a superposition of multipaths.

BEBRATIHDETIVIEICEEERZEZ S,

Influence on modeling of the channel matrix H.

?ﬁ%%%‘:71—?4>7\tu¥5i0 (The latter is simply called fading.)

Y EFEHEESETIE TII—S08 1 EVWSRETH TS, phase | LIEMET B EMNNST=6.
HEDRZ(CEYENTT—F 45 | ENSRIBEES,
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g EE ED:FEﬁ (:IEI Jﬂféhf:J‘E%{%?f/%j'(Fixed transmit and receive antennas in free space)

RRICEMI=TUTHHOLRMUSEESNORKRBf DIEKKR =
COS(Zﬂft)l LT, +RIEENT=-7 T T CRERERTOEY =
(r,0,9))DZIEEIHER

Received electric waveform of an antenna at a position u = (r, 8, ¢) in the spherical coordinates
system far from the origin for a sinusoid cos(2rft) with frequency f transmitted from another
antenna in the origin at time t.

_a(0,¢,f)cos{2nf(t —r/c)}
r )
a(0,¢,f) ERETUTTINE—VDEEERTEER

Real coefficient representing the influence of transmit and receive antenna patterns

c : FED 1R [E (Speed of light)

JEL R #s %(Frequency response)

a(9,¢;f)e_@

r

H(f) =
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< JLF 7\ A (Multipaths)
7.‘/7‘7’@5&1%(& U%)Ji%‘]’(Reﬂeotion in the neighborhood of antennas)

T

_a(8,¢,f)cos{2rf(t —r/c)} N a'(f) cos{Znf (t —1r'/c)}

r r'
_a(0,,f) cos{2rf(t —r/c)} N a'(f) cos{2nf(t —r/c —d/c)}
r r
BERREZXd=1r"—r&LT.d/cDEELNYNELD,

Multipaths result in a delay spread of d/c for the path-length difference d =r" —r .

H /&KQFLT\% (Frequency response)

a(8, o, 2mjfr o _2mjfr . d
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§ EE :DEFEﬁ f@] <5§%1§77/7_'7'(M0ving transmit and receive antennas in free space)

BE AR OMEAEE Ay « cCHMEHT SR RETLTH

Relatively moving transmit and receive antennas at a relative speed v < c in the radial direction.

(0, ¢, f) cos{Znf (t — (r + vt)/c)}

r+ vt
a(0,¢,f)cos{2nf[(1 —v/c)t —r/c]}

Tr
LT > 1D TH 5, (The approximation is due to r >» 1.)

Q

HxHEENZKY ., BREDEYTo—2Th—fv/chhELS,
Relative moving results in the Doppler shift —fv/c of the frequency
Jﬁ 5&§ﬂm§(Frequency response)

a(0, o, _2@jfr . vt

Jﬁ &”5&5&% (& N H#%f&_)é o (The frequency response is time-varying.)

TOYOHASHI

UNIVERSITY OF TECHNOLOGY




74 X DIEWNEFEHEAZET JL (Noiseless time-varying linear system)
J& % 22 SR 1K (Frequency domain) Y (f,t) = H(f, )X (f)
X(f):EFEEIEBx()DT—1) T (Fourier transform of a real transmitted signal x(t))
Y(f): BZIEESy()DT—') TZ 2 (Fourier transform of a real received signal y(¢))

H% % Jﬁ ,&’é?ﬂﬁt': %(Time-varying frequency response)

H(FD = ) ae™/m0, g ==

C
l
DRERI BRI DR Fq; (. FREICHEEBICHIRFLGEWERET 5,
The gain q; for resolvable path i is assumed independent of time and frequency.

H%FEﬁ ﬁﬁﬂz(Time domain)
h(t,t) = 0fort & [0, T4].

Tq
t) = h(t,t t —1)drT, . s
y(£) jo (7, )x( T)dr Tq: 1B ZE [ HYY) (Delay spread)
Wq = 1/Td€:| E—L 2 AFENEEFESS, (W, is called coherence bandwidth.)
H#%’P// \o)lxxmg(ﬂme-varying impulse response)
h(t,t) = Z a; 6(t — 1;(t))
[

TOYOHASHI

UNIVERSITY OF TECHNOLOGY




dE— DDZH%FEﬁ(Coherence time)
B AN BB IRDFNGFIE. BEEETHLERTET S,

The gains for different resolvable paths are assumed uncorrelated.
Jﬁ ,&%{FE\%U) § E.*E F%E] EEE] %fﬂ(Autocorrelation function of the frequency response)
C(tll tZr f) = E{(H(fr tl) _ ]E[H(fr tl)])(H(fr tZ) _ ]E[H(fr tZ)])*}

— z V[a;]e 2™l ri(t)+2mfTi(tz) = z V[a;]e?™/vilta=t)/¢ st C(t, —t,, f)

F“‘J7°5— =S j] Z’\7 I‘)[/ (Doppler power spectrum)

S(p, ) d=fJ C(t, e 2MPtdt = zv[ai]j e2mfvit/cg=2mipt gy
i — 00

z Via ( f Vi) |
W. = max{flvil/c}: |“J705—r_ 75“)(Doppler spread)

T. = 1/W.Zae—L 2 ABFfE EFESN, (7, is called coherence time.)
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@\% %7?551% Fl:%o) ﬁj\ iE(Classification of wireless channels)

W : & 10 (Bandwidth) N : &5 & (Code length)
W L Wy: Y18 (Narrowband) | W > Wy: I w18 (Wideband)
N | BRE ARMEE BARL, BRAME RN
W C Time-invariant, frequency-flat Time-invariant, frequency-selective
N o iSAEPES N E N4 S iz B ] - LR BLE IR
11/%4 C Time-selective, frequency-flat Time-frequency selective

Eﬁﬁﬂquﬁg(lntuitive understanding)

Oe—L 2 RBEMET.. AE—L U XAHEEW, . #E RO BRI, BIERD
FEfE. BLRE. MR —ILERD B,

Coherence time, coherence bandwidth, and carrier wavelength determine the temporal, frequency,
and spatial scales of channels.

Eabe—L 2 AR
J'E%iﬁﬁ Narrow coherence bandwidth
Wideband = s TS E E Rae—L > XB5fE

Short sampling period Long coherence time
= ELR — HEE — EaE—L 2 X
High frequency Short wavelength Short coherence time
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':F' 'L‘*@ BEEE IE(Central limit theorem)

EIE4. 1 (Theorem 4.1)
X ZFBu, 7Eo?. SRE—AVIDBER G R —HmLTI-E
BEHINET 5, BEALIN-EREHY DAL . n > oD EEI,
SEAIRGMICINRT B,

Let {X;}-; denote independent and identically distributed (i.i.d.) random variables with zero
mean, unit variance, and a finite 3rd moment. Then, the distribution of the standardized random
variable Y converges to the standard Gaussian distribution in the limit n — oo.

n
1 X;,—ud
Y=—Z l 'u—>]\f(0,1) asn — oo,

\/ﬁi_l o

IEEE H"]ﬁ@%ﬂ(lntuitive interpretation)
RREQKESOSHORILHEELEROMIE, TORFIEST, A
DRABMIZHS COMEN. HOXADHMALIELIXHIRT SEBTH D,
The sum of many independent random variables with an identical order of magnitude follows a

Gaussian distribution, regardless of the original distributions. This property is a reason why
Gaussian distributions often appear.
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L A1) —2Jx—T 4> (Rayleigh fading)

Tq .
R = j h(t, mT)g(nT — t)e ?™l*dr,  h(1,t) = z a; 6(t — 7;(¢))
0 .

[
BE B FIFh,, , DIETHIREZEAT D,
We introduce statistical assumptions of the channel gain h,,, ,,.

Rmn = Z a; g(nt —T; (mT))e—Zﬂjchi(mT)

l

—_—
1&E1 gé&@ﬁj\%ﬁﬂﬁléfd:%:%%?ﬁﬁﬁj_% o (There are many resolvable paths.)

Assumption 1
RE2 S RERI RIS IR B’ {a;, T & BERC LITHIITH D,
Assumption 2 The resolvable paths {a;, t;} are independent for different paths.
RE3
Assumption 3
% E 4 XEEHICKRELFF[EF ORBIIFELEL,
Assumption 4 There are no paths that have dominantly large gains.
Mo (XA R IR DTS, (LA —TT—T %)
hm n follows a circularly symmetric complex Gaussian (CSCG) distribution. (Rayleigh fading)
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A AT T—T 4% (Rician fading)

hm,n — z a; g(nt —T; (mT))e—Zﬂjchi(mT)

l

—_
1 " s .
ﬂi}-& %’iﬂd)ﬁ\%ﬁﬁl Hléfd:%:%ﬂgb\ﬁ?’f'd—%) o (There are many resolvable paths.)

Assumption 1
& %E 2 S EE R BB R B {q;, & BB LTI TH D,

Assumption 2 The resolvable paths {a;, t;} are independent for different paths.

ﬂi;ES Eﬁ,&'[i_ﬁ(:ﬁ&?—éo (Delayed waves exists uniformly.)

Assumption 3

RES RELLH S,

Assumption 4’ There is line-of-sight (LOS).

hon [T IEBEHDERHIRBAIREDS, (SR TT—T427)

hm n follows a complex Gaussian (CSCG) distribution with non-zero mean. (Rician fading)
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