BANDLIMITED SIGNALING OVER AWGN CHANNELS

THE PHYSICAL CHANNEL INCLUDES THE
b X, ANALOG Tx & Rx SECTIONS AND THE
AFE PHYSICAL MEDIUM, WHICH CAN BE A
WIRELESS OR WIRELINE MEDIUM WITH
C(f)=00.
e ey THERMAL NOISE @ Rx INPUT IS ADDED TO
ATTENUATION THE ATTENUATED Tx SIGNAL & THE
C(f=a0 RESULTING Rx SIGNAL CAN BE AMPLIFIED FOR
®
AN APPROPRIATE LEVEL FOR THE DEMOD
L
AFE
g @ {a} _5 &
wer | ER |18 N s(t) r(H)=s(®)+n(®) g | FEN
STREAM,Y & = -ary + » M-ary > 82 .}
{ba} ol MODULATOR DEMOD £9
m © f »
white Gaussian noise, n(t), A
BIT-TO-SYMBOL CONVERSION: with power spectral density
Input binary sequence: {b,}, of No/2 (per Hz)
p 1 withPr{b;=1}=p ADDITIVE WHITE No/2
" |0 withPr{b,=0}=1-p GAUSSIAN NOISE >
(AWGN) CHANNEL frequency, f [Hz]

POWER SPECTRA OF LINEARLY MODULATED SIGNALS
Bandpass signal S(t) = Re{V(t)ejw"t},
v(t): complex baseband signal, o.: center (carrier) frequency

Power spectral density (psd): Ss(f)= [S (f—f)+S,(-f—1)]

Consider a complex baseband signal ~ v(t)= >_1,9(t-nT)

N=—0o0

g(t): Tx sprectrum-shaping pulse, G(f): Fourier transform of g(t)
l,: symbol, real for M-PAM, complex for M-PSK, M-QAM, M-APK

l,: wide-sense stationary with mean p; = Edv(t)}= 4 Z g(t-nT)

N=—o0

1
and, autocorrelation function: D, (m) =§ {In|n+m}

2 form=0
PAM: CI>..(m)={ s

12 +6? form=0 for {I}: real, mutually uncorrelated
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autocorrelation function of v(t)'

0 0

D (t+rt)—§E{v*(t)v(t+r) Z S E { o lg* (t=nT)g(t+7—mT —nT)
e q)u(m)

=i®,,(m). {Zg (t—nT)g(t—nT - mT+r)}

n=—ow

y(t+7—mT):Periodicint withperiod T

®,\(t+1;1): periodic in t with period T, E{v(t)}: periodic with period T
= V(t): cyclostationary (periodically stationary in wide sense)
averaging @, (t+7;t) over a single period to remove t

cpw(r)_—j O, (t+7,t)dt = Z(D”(m) Zj”m’zg (U)g(u+7—mT)du

T-T/2

== Zq)”(m)'[_wg*(u)g*(u+r—mT)du

(time-autocorrelation function of g(t):
3 2 _ima
D, (r—-mT)—5|G(f)|"e ™)

) 5, (1) =2 B(H) Y0y (e

m=—c0

+00

2 1 2 —iwm
PAM: ®,(m)= { o formz0 S, () =G ot +ay 2o
ul+o’ form= O Mm=—»

periodicinf with
period of UT

+00 jenT _1 +00 _m
P P

spectral lines, we need
= =0 zero mean
sequence or:

- B

2 2 4w
S.(f)=ZHe(hf + 25 3
J o T

m=—oo

(f m) To remove the discrete

gp%rg'rﬁlﬁ?us Discrete spectral lines

=0 for all m
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TIME-LIMITED g(t) = G(f) with INFINITE BW

EXAMPLE: PAM signal using rectangular pulse:

0.9 r
0.8
0.7
0.6
05
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0.2

0.1

-10
.15 -
-20

251 /)

-35 -

-40

A

A

-T/2

T/2

G(f)=[ A dt =

_ AT sinAT
T

= ATsinc(fT)

-30 ||

/\

/N

t=+T/2

— j2rf |=12

|sinc( T)[

20l0g,, [sinc( fT)|

ECSE413B ¢ THO LE-NGOC ¢ BAND-LIMITED SIGNALING SCHEMES IN AN AWGN ENVIRONMENT

PAGE- 3



%

e

5

=

N

N f-
¥

f, = bit rate = 1/T,,

+A

| 1 | t
—4T, -3T, =27, =T, |0 T, 2T, 3T,

Balanced non-return to zero (NRZ) random-data pattern

(b) H: 10 MHz/div.,

{a) H: 20 MHz/div., umm
V:10 dB/div.

V:10 dB/div.

Infinite bandwidth
same as photograph (a
but expanded to

10 MHz/div.

Infinite bandwidth.

s/,

— FOR BANDLIMITED TRANSMISSION, WE WANT G(f) with LIMITED
BANDWIDTH
= ¢(t) is no longer time-limited

A _ +B/2 +jont _ a |[t=tB/2
a G(f) 9(t) _.[—B/Zae df = j2nt|i—si2
, = aBsinzBt _ aBsinc(Bt)
B2 +B/2 7Bt
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TX AND Rx PARTITIONING:

Symbol sequence {I,} WGN n(t), No/2
t A\ ) o {ykT
T T —»| Tx filter v X o— Rx matched y© o\f\ y(kD)} detection
l G(f) filter Gg(f) !

2
Tx spectrum = %\G( f )\2

with =0
TX Pag=EQu())= 2= JG(Ndf =T Eo=T Payg= o7 [ [6(1) ot
Define h(t)= g(t)*gr(t), at the Rx filter output:

y() = [v(t) + n(t)]® gx (1) = Zl h(t - nT) +n(t) ® gg (t)

nN=-—o0

y(KT) = ZI h[(k—n)T]+n, =1 h(O) = Zlk mh(mT)+ n,

n=-o0o T M=—

Man : |, ! G.noise
sample: - :
_Intersymbd :
inteference
n.. Gaussian noise with zero mean and variance: o, =—I o @[ dt

RECALL.: for time-limited g(t), i.e., g(t)=0 for t¢[0,T], the Rx uses a

matched filter: gr(t)=g(T-t), = 9 (t) — G, (f)=G'(f)e”
(THE MATCHED FILTER PROVIDES MAXIMUM output SNR)
gr(t)=0 for tz[0,T] =h(t)= g(t)*gr(t)=0 for t¢[-T,T] (or [0,2T])
= the intersymbol interference (I1SI) termis O, i.e., no ISI

For bandlimited signaling, g(t)=0 for t¢[0,T]. However, the ISI term can

be eliminated when h(mT)=0 for all m=0

= WE WANT BANDLIMITED G(f), Gr(f)=G (f)e’*" AND H(f)= G(f)Gr(f)
WITH h(mT)=0 for all m=0
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DERIVATION: MATCHED FILTER & MAXIMUM output SNR:

y()= v(D)*gr(®)+n(t)*gr(t)
power of noise part n(t)*gg(t) :

+ooN0 2 NO +00 N _NO Yoo ptoo B
N= [ 226 (1) df == [ G (NG (1t === [ '] G; (g, (e dtaf
No +0 * NO +
N==>] 92 (09x (Ot =2 [ ]g, (1) ct

signal part: a(t)=v(t)*gr(t)= ilnh(t—nT)where h(t)= g(t)*gr(t)

akT)= . 1,[ " 9@ga(k-nlT -0)dr =1, [ "9()ga(-r)dr

for time-limited g(t), i.e., g(t)=0 for tg[0,T]

Signal power: E{a*(kT)}= o7} r:g(t)gR(—t)dt‘ o = E{'k\z}

2

o2 | 90g: (-t

N, /2 fng(t)\zdt
-joT

Output signal-to-noise power ratio: SNR=

is maximum when gg(t)=g(T-t) or Ggr()=G (f)e

2 —+00, 2 00, 2
< Lo\x(t)\ dt Lo\y(t)\ dt
and the equality holds when y(t)=Cx(t), C: any constant

note: The Cauchy-Schwarz inequality: ‘ [ xmy mat

BANDLIMITED SIGNALING IN AWGN WITH ZERO ISI

hy, m=0

— zero IS| when: h(mT) = in time domain
0 m=#0

c m
= Nyquist theorem: H(f) satisfies Z H(f +?j =h,T : constant

in frequency domain
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DERIVATION:
I(2k+1)/2T

I i2mTt 6 e 2mTt g N (M2 E j2mTA
h(mT) =] "H(f)e df_IZ:O H(f)e df_k;OJ._MTH(/HT)e di

(2k-1)/ 2T

_ +1/ 2T j2amT 2 . N - E
- Lmz(g)e dA, with Z(/I)—kZH(MT)

=—00

Z() is periodic function of A with period 1/T, hence can be represented
— i2n 1/2T o
in a Fourier series, i.e.,Z(A)= 2,2, with z, :TL/2T Z(A)e 17 dA

= h(mT)=z.,/T, i.e.,

h, m=0 > k
h(mT)={° = A +— |=Th, : constant
for h(mT) {O 2o We need Z(x) k;@ ( T) 0
H, for\f\s%
Consider simple, ideal, strictly bandlimited H(f)= B
0 for\f\>E

what is the narrowest bandwidth (B) such that h(mT)=0 for m=0?

Z m
or H(f) satisfies ), H(f +?j =T constant

A _ +B/2 +j2nt _ a |[t=+tB/2
a H(f) h(t) _J-—B/Zae d = j2nt|t=—8/2
> = aBsinzBt _ aBsinc(Bt)
-B/2 +B/2 7Bt

= time-domain: h(0)=aB, h(m/B)=0
frequency-domain:
=B=1/T: minimum BW for

B 1 B
want 5 =3 -5 | zero 1Sl

A ! . . .

— 5 = spectral efficiency:

| 1 symbol/s/Hz = m b/s/Hz for
B2 0 +BI2 (1_5] 1 (1+E] > linear modulation M=2"
T 2) T \T 2
BUT THE IDEAL "BRICK-WALL" FILTER WITH RECTANGULAR
FREQUENCY RESPONSE IS NOT PHYSICALLY REALIZABLE!
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raised-cosine filter

TRANSFER FUNCTION:

H(f)= %{1+co{ﬂ(|f|—12‘T“ﬂ} e
(04

0 f|>

or:
0<x<(1-a)/2

T
R(x,a) = {cos2 Zx—{@-a)I 3] 20} @-a)I2<x<A+a)l2

0 elsewehere

where x=(f-fo))T

- a=0
T Ny with linear

T 0<[f|<--a)

\__| o=o05 phaseresponse

IMPULSE RESPONSE:

{ﬁatJ
cog "
r(t,a) = ————=2sinc(zt/T;)

[ m T,
—1 3
L

Responses of a raised-cosine filter to an input sequence of:

8(t),8(t — 2T),a(t — 3T), &(t — 8T)

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-10 -5 0
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SPECTRA OF Tx SIGNALS USING RRC FILTERS:

]
L—s 17
~1.0 -05 0 +0.5 +1.0
(Channel
Center)

\m_om PEAK INSTANTANEOUS
POWER RELATIVE TO POWER
OF A QPSK SIGNAL USING
20 ™M TIME-LIMITED RECTANGULAR
¥ PULSE SHAPE
\IEIZX
\ (from T. Noguchi, Y. Daido, J.A. Nossek,
4-PSK

“Modulation Techniques for Microwave Digital

RELATIVE PEAK INSTANTANEOUS POWER {dB)

Radio”, /EEE Communications Magazine,

i ] 1 | S _
. o o pyes o October 1986, pp. 21-30)

COSINE ROLLOFF FACTOR,
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EYE DIAGRAMS:

Direct connection/disolay of source signal

Oscilloscone
A A i
Pseudo-random Data 8andlimited channel
e,
574 XS

binary sequence -
fil
generator oL 8 (filrer) 8 volt

£, =
| (PRBS) Symbol ciack =TT,

R :

: I

Balanced display ' 1
NRZ —_——t of infinite ~—— — — — — 1~

signal bandwigth !

eve : :

Bandlimited
signal

I L R WY SN S S S SN S S S S

Symboi clock {sampiing instants)

Sampling
instant

Examples of eye patterns for

- o
LJ L3

el N

2-PAM 4PAM

Optimum
sampling
time
Sensitivity IDistortion of
to timing Zero Crossings
error —

Peak distortion MNoise margin
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EYE DIAGRAMS FOR RAISED-COSINE FILTER:

Signal values in decision instant

1]
Logic 1 ¢ !

== bt /N
| ) RAISED-COSINE W
LRy — (RC)FILTER |— |\ po—

as.signaling elements
1 '

1
!
1
}
1
!
)

:

TI

S

Sampling clock

bt = m e

™3

L

roll-off factor : a= 0.5
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EYE DIAGRAMS FOR RAISED-COSINE FILTER:

- O

4-PSK 8-PSK

> | |

Q
16-QAM Q 4 256-QAM

64-QAM

> 0O
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DESIGN OF Tx AND Rx FILTERS FOR BANDLIMITED
TRANSMISSION IN AWGN CHANNELS WITH ZERO ISI

Symbol sequence {I,} WGN n(t), No/2
v(t 0 KT
T T —| Tx filter i) »({—*|Rx matched Yo o\f\ ty(D) detection
l e | filter G(f) '

Tx spectrum = O_IF_'ZG( f )\2 éWith w=0
For maximum output SNR, select: Gg(f)=G (f)e’*T
For zero IS in y(KT), select: H(f)=Gr(f)G (f)=R(f,a): raised-cosine (RC)

= optimum partition: linear-phase Tx and Rx filters with root raised-
cosine (RRC) amplitude response, i.e.,
GM=[R(f.o)]"*e”™  and  Gr(f)=[ R(f.0)]" "™
where t and d: constant group delay

Tx signal: vy = Y 1,9t-nT), avg. TX power: Pa\,g:f;fTG(f)zdf :ijR(f,a)df ;j

Avg energy per symbol: E;=TP,,= o

Rx sample y(kT)=I+ny since ho=h(0)=1, I,: signal sample
ng: Gaussian noise sample with zero mean, variance: J'M%GR(f)zdf =%

Efn,n }= E{ [ JwOOW(y)ge (KT =x)gq (IT - y)dxdy} = N2 [ Jo0x=y)ga (KT —x)gs (IT — y)dxdy

—00—00 —00—0

N2° TgR(kT —X)gx (IT = x)dx = N2°
Example: bandlimited M-ASK
lke {A(2n-1-M), n=1,2,...,M} Ec=TP4,= 5,°= A*(M*-1) /3
Rx sample y(kT)=I+n,

l: signal sample with dmin=2A or [dmin]*=12E¢/( M?-1)

No _ _ No _
> h([I -k]T) = > o([1 -K]T)

{9204 (1~ KIT —t)dt =

L 1 3 E,
Performance: same as the time-limited case: P. = 1—M erfc M —
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OPTIMUM PARTITION OF Tx/Rx FILTERS FOR BANDLIMITED
TRANSMISSION IN AWGN CHANNELS WITH ZERO ISI:

CASE OF INPUT RECTANGULAR PULSES
WGN n(t), No/2

:Zgnubeorllce Signal generated using V() * y(0) i
{43y — rectangular pulses: » Tx filter > » Rx matched |——@ ™~—»] detection
" - A | Hy(h S Silter Ha() L {y(KT))
s(t)= > 1,pt-nT,) | : T R !
| Txfilter|H; (x)] = yR(x, @) /[sinc(zx)
1, O0<t<T, L _
PO = {0, elsewhere RCVf'lter‘HR(X)‘ W R(x,a)
W, (f)| = Csinc?(fT;) overall channel transfer function
IH(x)| =|H; ()|Hg ()| = [R(x, ) / sinc(zx)|
x=(f-fc) Ts, fc: carrier frequency
Ts: symbol interval
iH(X)l {Linear scaie)

H(x) is normalized for H(0)=1 in this plot

16
1.4

1.2

L L L L

08
08
0.7
06
05
0.4
03
02
0.1

T1r rrorvr17 7V 1

GENERAL CASE: p(t)«<>P(f): Fourier transform of p(t)
Tx filter |H, (x)| = y/R(x, @) /|P(X)

Revfilter |H, (x)| = /R(x,@)

overall channel transfer function

H ()| =|H; (x)[Hz (¥)|=|R(x, @) / P(x)
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EXAMPLE OF FILTERING REQUIREMENTS: INTELSAT V TDMA/QPSK

Carrier frequency: fc=140 MHz

Tx bit rate: f,=120.832 MHz

Raised cosine filter with a=0.4

Nyquist frequency: fy = fs/2=30.208 MHz

1 i N
. H b Bk Shan bl
-50 [ . i :
i —
: S RO ; .
-4 TIPS - S S S
R~ R
BV TN - cem e H
le—— a2 -38dB !
e -
-35 b - . ﬁ ; N 1 2
s Ay
-3 | . "l T
= 41 MHz %,/{, - im—— :.
% 254 . - . - - - 4' 3
: -~ A7 - $
3 -200 . i -224d8 3
. .
£ ft—————34 Nibiz :
Tz -15L . 7,
& ,
30 MHz . S /SRS -
-0l _ _ .—. g /—!2 o8
28 MHz 74 / !
-5 L - e o - - i
18 MHz : 2 dB| ] 3 RN SO PR F0OE J0N
Lo - : 7 =3¢d8 et : I )
’ [+0.25 7 2 L858 . - Frequency from Center & in (MHz)
7 ; ; 0.5¢8
o i - {
‘S L =AT, 15¢8 . 22eB. i 1
SiNmoT, : : X IR I
: . . i i - . MODULATOR GROUP DELAY MASK
10 20 30 - 40
Frequency from Canter &f in (MHz) e e ey .
Lo R (L :
- T . i : : :
- MODULATOR FILTER AMPLITUDE MASK . 3 - l : . H i .
-50 : : § f | i
I ST s e oo g :
46 MHz : : : : i
o : N R
! e Rt M o ; H -40dB |
; YL} — : h :
e 40 MH: : : | |
s WL BN N
1 - - - H H .
T T : B B R
H “30aB— —
-3 L. ! | ¢ N P
- ! ! 38 MKz : i | 3 ;
£ H H - H T
3 i . g . : ' : | :
3 i - . —n s -— T
g R A > B ez — |1 §H z
- g - : : 7 :
z 49 50 A (MHz} 2 T K : :
3 Mt B M s 32 MH2 ) ¢ :
H ; 7 EEH : H gAY i
© R E. - = 129877 [
] -10 3
: : pe——— 18 MHz———= - il e
_ i -5 T " T ;
i I L ~4.0d8 :
o - NN : : :
- JRUPURIE U SN NS P SO S [ par—yr—yr———3 Dzidau K : ; l
FrmlnwlruncmmNin!MHz)‘ +5 b ’___-%. —; - ! ]
) H l - R SO 4 ‘
: ! ; ) i
DEMODULATOR FILTER GROUP DELAY MASK ‘; 2 30 40

Fraquency from Canter & in MH2)

DEMODULATOR FILTER AMPLITUDE MASK
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EFFECTS OF AMPLITUDE AND PHASE DISTORTIONS ON
RECEIVER PERFORMANCE

(from T. Noguchi, Y. Daido, J.A. Nossek, “Modulation Technigues for Microwave Digital Radio”,
IEEE Communications Magazine, October 1986, pp. 21-30)

Atten, A (dB) Delax, d

—_ o
g i
> 2 8-PSK
E b
5 @ 16-QAM
o 3 4-PSK
g o
o Q.
> Ay
. - 34' [y 64-

& oam 5 |%8, PAM
3 = | 16-GAM g.psk
— >
z i
® c
[ =4 Q
a pu 4-PSK
% 16-QAM 2 2 -
5 8
o B-PSK

dy/ T 0 —+ d,/T

0.0 0.2 0.4
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