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E *?%(Goal)

WIBREICHEITAEHZEBEVARTLDIFEAEIL., YIEERIIZEDINVT
LUTDUARTLTETIVIETESZEZZFS,

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

7 %? 1_%0) fﬁﬁﬁ&ﬁf‘ﬁﬁ "f}f n'l':ET)[/(D|screte time statistical model of wireless channels)
y=Hx+w, w~CN(0,0c%,)

x € CVN :3EXIEARTF )L (Transmitted vector) Yy E CM ;. Z{E AR L (Received vector)

H € CM*N - 815 B8 175 (Channel matrix)

w ~ CN (0,021, : IEMBRBRA IV RHEAWGCN)RINL
Additive white Gaussian noise (AWGN) vector
#7551 B9 E (Statistical assumptions)
o FEERTMILxIZTEHIOTH B, (The transmitted vector x is zero mean.)
o MERZTHH.x . wikIRILTH B, (H, x, and w are independent random variables.)
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#\Hﬁﬁ %’/Z%A@#ﬂ%% (Overview of wireless communication systems)

T—3YURIL | migamm N=ANYERE | pygay8—h
Data symbols Band limitation Baseband signals Up-conversion
_ xXw(t NV oy 212
{Xn} | HEE b(£) | IR T IR 3K f
Bandwidth Carrier frequency ‘

L I L EREES
MAREIETS

White Gaussian noise
Wireless channel
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High frequency signals
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[
»

N /

N=ANVEREEE |47y y | REVURIL
o R Baseband received signals samolin
Ay a—hk pling

Vb (1) FE A {Vn}

Received symbols

Down-conversion

v

Period

T =1/W
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7—1) I%*ﬁ@'l‘ig(moperties of the Fourier transform)

7—1) TZ 4 (Fourier transform)

X(H = FoI) = [ " (D rtat,

ﬁj— )T %*@(Inverse Fourier transform)

X0 = FXDIO = | X(Perar.
T4 B 1 (Property 1) FUX( — )](t) = e2mat ().
[EE2propery2)  F1X(AY(H](E) = j ) x(T)y(t — T)dr.

7_:)1//)-‘ F%E] %ﬁl(DeIta function) 00
[ 708 - wax = f@

'|'$E3(Property 3) oo _
FISOI(F) = 1, j e2TftGF = §(b)
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%ﬁdﬁi&ﬁlﬁ&_x/ A\ Pi’%fﬁ(Discrete-time baseband representation)

B 51 6B 38 (Time domain) J&l I 8 pE 5K (Frequency domain)
X6 (6) = ) xup(t —nT), Xo(F) = ) e 2T P (f)

n

n
x,  EMHEBEZT 2RI

S, K = # .
Uncorrelated complex data symbol T: 227 LR HA(symbol period)
/ \O)I’ZP(t)O) § E*H FBEEI Fasﬂ%ﬂ(Autocorrelation function of the pulse p(t))

g0 & j p(@p(z + dr

5_'&/ ﬁ)l/Zp(t) ﬁ§5ﬁf:¢’{%%1¢(Conditions required for the real pulse p(t))
'5("1'*;]'\'|'$(Symmetry) p(—t) = p(t) :> P(f) = P(_f) = P*(f)
128 1| BR (Band limitation) P(f) = 0 for f & [-W /2, W /2]

7"{3\:;( I‘Ei%(Nyquist criterion)

g(nT) = 1 forn=0
0 for any non-zero integer n

NONEHEFE-T/INILRET-EHI/NJLAEMES,

A pulse satisfying these conditions is called T-orthogonal pulse.
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d-/(ﬂFZ FE%O)%%(Signiﬁcance of the Nyquist criterion)

FEE T4 )L Matched filter)

s() =j (D) (t — 7) dr = Exnf (1) p(t — T — nT)dr

= 2 Xng(t —nT)

n

REDFEFIE. pO)EgO)MMBEKTHLZEMNDHED,

The last equality follows from the fact that p(t) and g(t) are even.

B2 J1) % (sampling)
7"(#';( FE&’&E')’Q (Using the Nyquist criterion yields)
Sm = s(mT) = Z x,g((m —n)T) = xp,.

n

7750)7_'—9:/.\/#_\)[/75%%6%6 o (The original data symbol is obtained.)
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T-18 387\ )L X D15l (Examples of T-orthogonal pulses)

Sinc/ \)L X (Sinc pulse) o (t) . sin(7t/T)
t I _— — L
p(t) = sinc |z —

T=1/W: FE AR 1E 7E B (sampling theorem)

RRC/ Q)I/Z(Root—raised cosine (RRC) pulse)
P(f) =+S()

1 for |f]| < (1 —a)/(2T)
Sf)=4 0 for|f| > 1 +a)/(2T)

s(f) otherwise,

1( nT 1—a
s(f) =E< 1+ cos [?<|f| 57 )]}

a € [0, 1]: B— LA T EF(Roll-off factor)
T=1/{W({A + a)}
p(O) XA (p(o) is omitted.)
B AR Mg () DT—) TTHAS. BHRRIRMLS(F)IZZLLY,

The Fourier transform of the autocorrelation function g(t) is equal to the power spectrum S(f).
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AN — R 7\ N {E 5 (Baseband signals)

H%FEIE] ﬁaiﬁ(ﬂme domain) Jﬁ }&'aﬁkﬂﬁﬁiﬁ(ﬁequency domain)
Xb(t) Xb(f) = 0 for f & [—W/Z, W/Z]

Et.') B%*E%@ﬁf&é o (Both signals are complex functions.)
77 aAiN— [ (Up-conversion)

xp, (OZE[fe —W/2,f. + W/2JIZHIBBENI=EEBx(t)IZEMRT D,

Transform the baseband signal to a [f. — W /2, f. + W /2]-limited real signal.

Jﬁ , 5!;ﬁlﬁaiﬂz(Frequency domain)

X)) =X(f —f)+Xp(=f = f) = X(=f)=X"(f)

H% L] ﬁﬁiﬁ(ﬂme domain)

x(t) = e?™etxy (t) + e 2Met () = 2R[e?™/elxy, (1)]
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R—X I\ Pi’\%fﬁ,(Baseband representation)

3 \ INJRINZATDA)L
)22 7 N\—(Down-conversion) (Ba‘rchllp:ass fiten 1IL3
SEEBYOER—RNVRESYy,O)IZEHRT S, PP = 0

Transform the received signal y(t) to a baseband signal y;,(t).

Jﬁf %ﬂ'ﬁﬁiﬁ(ﬁequency domain) H#FEﬁ ﬁﬁiﬁ(ﬂme domain)

WO = POV + ) 1@ = | p(e=De Ty (@
N—R/ <> I‘\\%:ZEE(Baseband representation)

BIERDREIEBEEFIRY(f,t) = HE, OX(NHEX(HDEERZRKATDHE.

Substituting the frequency-domain representation of the channel and the definition of X (f) yields
BW(f,6) =P(HHY + fo O () + Xy (—f = 2/} = H(f + fo. OP(HXp ()
REDESIE. f ¢ [-W/2,W/2]IZxLTP(f) = 0hidiES,

The last equality follows from P(f) = 0 for f ¢ [-W /2, W /2].

Vb (t) =f e 2MIcTh(t, t)s(t —v)dt,  H(f,t) =j h(t, t)e 2™/t qr,

for f & [-W/2,W /2]

s(6) = FLP(F)Xy (](B) = j p(Dxp(t — 1) dr.
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%ﬁjﬁi&ﬁlﬁ&—x/ A\ Pi’%fﬁ(Discrete-time baseband representation)
LTD2KM o, BERBRFRIN—RANVERBZELRT 5,

We shall derive a discrete-time baseband representation from the following two equations:

O j " et )s(t - DT, s(2) = > xag(t = nT).

Bl RE [ A5

= :/VTI_:)L(Discrete-time received symbol)

Ym = Yp(MT) = Z xnj e 2Tl h(r,mT) g(mT — v — nT)dz

n
— z hm,m—nxn
n

E1§E§® %ﬁjﬁi&ﬁFﬁE}’fyl Q)lxxmg(Discrete—time channel impulse response)

R =J h(t,mT)g(nT — t)e 2™/cTdr

—f&lZ.n< Of:JX“"J'L,Thm,n # 0 (In general, h,,, # 0 forn < 0.)

'fﬁ'ﬁ”%ﬁ‘?—éts (In a matrix form,)
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an /f E"] = @ﬁ\ryxgkﬁ%(Additive white Gaussian noise (AWGN))
FERBTRETIHMEZIL. AWGNw () ELTETILIEESN S,

Thermal noise in receive circuits is modeled as AWGN w (t).
Elw(t)] = 0, Elw(t)w(tz)] = Nob(t; — t2).

N—R/ {9 Pi’%fﬁ(Baseband representation)
w(t)Zwy, (t)IZ [ZH2 a2 1N\—3 19 B, (Down-convert w(t) to wy(t).)

w(®) = [ plt =D w@dr,  Blwy(o)] = 0

wp () [FRDIEERFEZTROERNTVABETH D,

wp (t) is a complex Gaussian process with the following correlation properties:

E E.*E E3|ES 5!jg.((Autocorrelation function)

E[w (6)wp ()] = J p(ty — Dp(t, — e 2T 2T Ny § (7 — ") drde
R2

(00]

=N [ p(ts = Dp(e; = Dt = Nog(t1 = ).

E[wy (t)wy(t,)] =0 RAR—% B K, (See the next page.)
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an /i'i E"] = @ﬁ\ryx%ﬁ%mdditive white Gaussian noise (AWGN))
Proof of E[wy (t;)wy(t,)] = 0.

Blwy(tws (6] = No | p(ts = Dp(e, = DYe™evdr
p(t) = [ P(e?™TtdfZ R AT B&. (substituting p(t) = [ P(fe? tdf yields)

E[wp (t)wp (£2)] = No J P(f)P(f")e?mf (ti=+2mf (t=r)=amifet gy f g '
R3

= Ny fRzP(f)P(f’)ez”"(f“*f'tz)(S(f +f' +2f) dfdf

= Noj P()P(—f — 2f)e?mUti-(f+fdtlgf = 0.

%—ﬁ jﬁi& H# FEﬁ iFZ Iﬁ(Discrete—time representation)

INLADFAXAREEDIS | (The Nyquist criterion for the pulse implies)
Wy, & wy,(mT), {w,,} ~ CNV(0,N,I)
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