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System Model

e A={ay,...,an}

o II={p1,...,pm}

o {s1(t),...,sp(t)}, t €]0,7)

e &, is the energy of the mth signal

Consider complex-valued signals and noise

sSm(t) = Srm(t) + jsrm(t) € C is trasmitted

U = —

complex AWGN channel: w(t) = wr(t) + jw;(t) € C
,u’wR(t) = Hw; (f) =0, PwR(f) - Pw[ (]() = 770/21 Pwn,wz(f) =0

The signal space has dimension N < M and {1 (¢),...,¥n(t)},t € [0,

is an orthonormal set for signal representation
wn(t> = wR,TL(t> + jwlﬂ(t) eC
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@ Optimum Receiver with Complex Signals

® Noncoherent Detection of Digital Bandpass Modulation

© Noncoherent Detection of OOK
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Signal Constellation

The mth signal s, () is represented by

Sm,1 < S, 1/)1 >
Sm = . —
Sm,N < Sm, 1/1N >
where
T
Smn = / Sm(t)w:@)dt = SRmn + jsl,m,n
JO
T
= / (SR,TTL(t)QZ)RJL(t) — SIm (t)wl,n(t)) dt
J0O
T
+j / (SRJTL(t)w[,n(t) + sl,m(t>¢R,n(t>) dt
J0
The signal constellation is {s1,...,s:/}
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Received Signal and Sufficient Statistic

M possible hypotheses in t € [0,7")

Hy @ r(t) = sp(t)+w(t) m=1,...,M
= (srm(t) + wr(t)) +j (s1m(t) + wr(t))
rr(t) r1(t)
Sm,1 w1
r|Hy, = 5 + : =Sy +w ~ Nt (8m,noIN)
Sm,N wN

N N
fr|Hm (r) = <7T1]0> exXp <_1 Z ((TR,n — SR’m’n)z + (T‘[’n — S]van)2)>

o n=1
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Complex-Valued On-Off (2/2)

2 2
imis = (D)o ()
fr|H1 (T’) = i exp <_WSR)2> exp <_(7“[—S])2>

MAP decision is

pofr\HO (7) Z plfv‘|H1 ()
mlog(po) —rk —r7 2 molog(p) — (rr —sr)® — (rr — s1)°
Po
2(sgrr+siry) 2 molog <p1> + (s% 4 57)
R(sr) 2 o log Po) 4 &
2 pl) 2
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Complex-Valued On-Off (1/2)

M = 2 possible hypotheses in ¢ € [0,7"):  so(t) = 0 and s1(t) = s(t)
N =1 (t) = ¢r(t) + j¥1(t)

T T
= / F(E) (1) dt = / (r(t) + jr1(t)) (rlt) — jun(e)) dt
0 0

T
rHy = /0 WEE (At~ Ne (0,70)
T
r|H, = /0 (s(t) + WL At~ Ne (s,1m0)
where

T
- /0 SO0 (£)dt = sv + js1
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MAP decision for M-ary modulation

MAP decision rule is the following

i = arg max {770 log(pm) — ||r — smH2}

= argmax {770 log(pm) — HsmH2 + 23‘%{557“}}

&
= argmax {%{s}ir} - 7771 + % 10g(Pm)}

The components of the decision vector are

& 7
Ym = ?R{SELT} - % + g log(pm)

_ g { / ! smt)r(t)dt} -2 / om0t + 3 log(pm)
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Noncoherent Bandpass Modulation

Local oscillators at TX and RX locations are not synchronized

The received signal is

+o00
2t M) = Y st — kT;u;0)

k=—o0

where

s(t — kT;ug;9) = R {5(75 — kT uk)cj’gejzﬂf“t}

e 5(t;u) is the baseband complex signal
e fo is the carrier frequency

e ) ~U(0,2m) is the phase synchronization error
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Average Likelihood (1/3)

MAP decision

Assume known 9 and denote s,,,(t; 1) = R{5,,(t) exp(jV) exp(j27 fot)},
the conditional MAP decision is based on p,,,A,,(0) where

An(9) = exp (2 /(;Tr(t)s,n(t;ﬁ)dt S Ts%(t;ﬁ)dt)

To o Jo

T
= exp (2/ 7(t)sm (t;9)dt — Sm>
o Jo 7o

2 (T ~ , : Em
= exp (710 /0 r(t)R{5m(t) exp(j0) exp(j27 fot) } dt — >

TIo

2 . T . Enm
= exp (ER {eﬂ/ 'r'(t)ém(t)eﬂ”fotdt}) exp (—)
"o 0 "o

However 9 is unknown, thus MAP decision is based on statistical averages

U = arg max {pmAm } where A, = Eg{Apn (V) }
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Average Likelihood (2/3)

From baseband representation we know that

27 sm(t) = scm(t) —jssml(t
Am = Eg{An(0 )}z/ Fo () Am (@) = / A (9)d0) &) = somlt) = josm(?) |
sm(t) = som(t)cos(2m fot) + sg.m(t) sin(27 fot)
exp ( f;g> T | sE(t) = sgum(t)cos(2m fot) — scm(t) sin(2r fot)
= / exp( {eﬂ/ r(t)§m(t)e‘72”f0tdt}> dd
o 0 then
Em
P ( T) / ( N
= eXp {67 TTLL* }> Lm - 7/7 eXp( jQ’]‘(‘fOt)dt
-
where we denote - f / ) (5Cam(t) + G5 5.m()) (coS(2 fot) — j sin (2 fot) )
T ,
L, = / r(t)s,,(t) exp(—j2m fot)dt _ Vs (t)dt +
\% gm 0 \/7 m —
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Average Likelihood (3/3)

g
exXp — = 2 2 /
A, = M / exp ( Em | Ly | cos(d — arctan(Lm))) dv
0 To

exp (—&m) ror re—
— (”0)/ exp (2 gm]Lm]cos(19)> dv
0 7o

g"L
xp (‘m) 2\/ m
0 ‘Lm‘

2

where the 0-order modified Bessel function of the first kind is

1 21
Iy(z) = 27T/0 exp(£z cos(19))dv
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MAP Receiver Architecture (1/2)

xXeur Sie

Ym

2/m0 £z

1 A
g log(par) — 5
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MAP and ML decision

MAP decision

~ m 2vEm
U = argmax < Pmexp | L
m 7]0 7o
& 2V/E.
= argmax {log(pm) — ™ +log <IO ( = Lm|)>}
m "o

ML decision

o = argmﬁx{f]()JrlOa‘%( <2f‘Lm‘>>}

ML decision with equal-energy signals

T argmﬁx{\LmP}
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MAP Receiver Architecture (2/2)

(—
6 ' (f) i
detector t="
&
2
r(t) I g [ U
— | I &
l | £
g
envelope Ynr
detector |
S
2/r -
/1o 0 Jog(par) Enr
. M -
2 2
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Correlator and Matched Filter Equivalence OOK (1/2)

M=2
Assume h,, (t) = R{s"(T — t) exp(j2m fot)} then so(t) = 0 S0(t) = 0
2 o g (t—T1)2
ym(t) = r(t) % h(t) = / = Db () () = \/Zco“%fot) Si(t) = rect ( T )
0

T
_ /0 r(t — 7)R {5 (T — 7) exp(j2r for) } dr

2 (T
. Ly=0 L= / r(£) exp(—j 2 fot)dt
= R {exp(j27rf0T)/ r(t—T+7)8" (1) exp(—j27rf07)d7} 70
0 MAP decision is
yn(t=T) = %{exp(jwabT)\/é’mLm} ¢ o0/E
log(po) 2 log(p1) — - tlog (o | ——|L]
Using the envelope detector provides \/&,,| Ly, | 0 o
no -1 (Po &
Ll oz (P <)>
| 1| < 2\/3 0 (pl p o
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00K (2/2) BER for OOK (1/2)
Denoting \ = %10_1 (Z—? exp (%)) MAP decision is Statistics of decision variables are
(Lr, L))" [Hy ~ N (0, @I)
EILif? 2 N2 2

(L, L))" |Hy ~ N (VE (cos(9), sin(8))", %1)

P. = po Pr(e|Hy) + p1 Pr(e|Hy)

Assume an arbitrary threshold 1/

Pr(e|Hy) = /’dm(ﬁ) / /Q dogdon fi, 1m0 (0ms ar)

R

Pr(e|H;) = /R a9 f5(9) //Q dogdar fr, 11, (ars )
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BER for OOK (2/2)

1

2 2 (e}
Pr(e|Hy) = / dd— dgp/ dpie_’ﬂ/770
0 27 Jo v 10

5)
= exp|——
Ui

0
2T g9 12 Y dpp _ (pcos(e)=VE cos())* +(psin(p) ~VE sin(9))?
Sy N R
0 0

Pr(e\Hl) = o e 10
Vo2 2 2
= / dp—pexp <_,0 _|_5> Io< \/Ep)
0 710 "o 10
2
— 1_Q< /§; /2V>
7o 7o
Finally

P. = poexp (—v*/no) + (1= po)(1 = Q (V2E /i V27 /o ))
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