Chapter 7

Performance of
communication systems
corrupted by noise
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General results

General binary communication system
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General results

The PDFs for the two random variables r,=r,, and r,=r,,
are conditional PDFs, since they depend, respectively, on
a binary 1 or a binary 0 being transmitted.
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General results

Assume
When a binary 1 is sent, If the signal only (no noise) were

present at the reciever input, r>V..

When a binary 0 is sent, r,<V,.

When signal plus noise is present at the receiver input,
errors can occur in two ways:

An error occur when r <V if a binary 1 is sent:
Vt
P(error|s, sent)= j f(r,|s,)dr,

Similarly, an error occur when r, >V, if a binary 0 is sent:

Vi
P(error|s, _sent) = _[ f(ry|s,)dr,
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General results

The BER i1s then

P, = P(error | s, sent)P(s, sent) + P(error |s, sent)P(s, sent)

The general expression for BER of any binary
communication system is:

V+ o0
P, = P(s, sent) j f(r,|s,)dr, +P(s, sent)_[ f(r,|s,)dr,
—00 V4

) SHYEREF X
Your site here 0 sy
AR THER



Results for Gaussian noise

Assume

The channel noise is a zero-mean wide-sense stationary
Gaussian process, the receiver processing circuits, except
for the threshold device, are linear.

Since the output sample n, is a zero-mean Gaussian
random variable, the total output sample r is a Gaussian
random variable with a mean value of either s, or s,.

The mean value of r is:

m_,,=S,;» When a binary 1 is sent

m_,,=S,,, When a binary 0 is sent
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Results for Gaussian
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Thus, two conditional PDFs are

1 2 2 l 2 2
f(r.1s.) = —e—(ro—soz) I(20§) f(l’ |S ) _ —e‘“O‘Sm) I(20¢)
N 1 Jora,
Using equally likely source statistics, the BER becomes:
1 . 1 A—(rg—s ) I(258) 1 —(r -S ) I(258)
pe — 001 0 dr R 0~ °02 0 dr
2 _'[O\/27Z'(70 '[\/ To,
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Results for Gaussian noise

1 00 1 _12/2 1 © l —2%/2
= — —¢ dA+— —e dA
Pe 2 -(Vr=sp)loy \/ D i 2 J‘(VT—Soz)/Go 27T
or pe_iQ(( VT+801)j+£Q£(\/T SOZ))
2 o 2 o

For binary signaling in Gaussian noise and with the
optimum threshold Vv, = 01 Z 2 the BER is

_ (301_502) . (501_302)2
pe_Q[ 20, )_Q[\/ 4ol J
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Results for matched-filter

To minimize p,, we need to find the linear filter
that maximizes

[01 (t0) = Seo (to) | _ [54 (t,)]°

2 2
O, O,

where

Sg () =S01(ty) —Sp2(6) is the difference signal sample value.

o, =, (t) is average output noise power.

The impulse response of the matched filter for
binary signaling is

h(t) = C[s,(t, —t) = 5, (t, —1)]
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Results for matched-filter

The output peak signal to average noise ratio
that is obtained from the matched filter is

[s(t,)]" _ 2E,
Gg N,

Thus, for binary signaling corrupted by white
Gaussian noise, matched-filter reception, and by
using optimum threshold setting, the BER is

Ed
o (5

11

SHYEREF X
Your site here 0 sy
AR THER



Results for colored Gaussian noise

For colored Gaussian noise
A prewhitening filter is insert ahead of the receiver

processing circuits.

Prewhitening filter
N T l
r(t) = s(t) + n(1) Hy(f) = ——"
where A ‘PH(_”
'__-T+
n(t) = colored noise
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Figure 7-3 Matched-filter receiver for colored noise.

The transfer function of the prewhitening filter is

H ()=

1

VP ()
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7.2 performance of
baseband binary systems
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Unipolar signaling
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The two baseband | = -~ O
signaling waveform ... S
are:

S,(t)=+A (binary 1)
S,(t)=0  (binary 0)

(b} Unipaolar Signaling
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Unipolar signaling

Recelver that uses an LPF
® The equivalent bandwidth of the LPF is B >2/T.

® SOl(to)%Aa Soz(to)%()-
® The noise power at the output of the filter is
2 —_—
® Decision with V;=A/2 oy =, 1 2)2E)

The BER is

4N B
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A2
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Unipolar signaling

Receilver that uses a matched-filter
® The sampling time is t,=T.
® The energy in the difference signal is E ;=A’T.
® Decision with V., =AT/2

The BER is

AT E
P = = b
A Q{‘/ 2N, J Q( N, ] (matched filter)

Where the average energy per bit is E,=A’T/2

16

OLinury

!!!!!!!!!!

Your site here



Polar signaling

(3,(1)" = —_ Threshold Threshald
FlL) = ( ; ,”I | ) + nlr) . Low-pass filter rolf Sumple ralta) . F device | device
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i) holgiver

waveform is: Ji st
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Polar signaling

Recelver that uses an LPF
® The equivalent bandwidth of the LPF is B=2/T.
® 5, (t)=A, S,(t)~=-A.
® The noise power at the output of the filter is o, = N,B
® Decision with V=0

The BER is

A2
P.=Q @ (low-pass filter)
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Polar signaling

Receilver that uses a matched-filter
® The sampling time is t,=T.
® The energy in the difference signal is

-
Ey = [[s:() -5, (D dt = (2A)T
0
® Decision with V..=0

The BER is

%= Q[W/ 2;'\\': ] = Q[ ZKE—ZH (matched filter)

Where the average energy per bit is E =A’T
19
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Polar & Unipolar signaling

- i) 5 10 15
. 1.0
Comparison 03
between polar o Matched filtr

S I g n al I n g a.n d umrurI;er:s.L;:i:]t'f-.l:ll:dk,ﬂL-'q1hr:11-m
. OOk, or coherent FSK
unipolar 102
S i g n al i n g ; Matched hilter ‘:.J'(""' .:r...h? \IJJ i
i 10-2 reception of ! |
= polar baseband, |
- BPSK, or QPSK ) '.
2 o(NZEN)” ?
The polar T |
signaling has a .|
3-dB advantage |
over unipolar 10 .
signaling
i 1 [.YI Il L 3 4 5 6 7 8 9 10 11 1 13 14 13

(Ey/Ng) (dB)
O IR ¥ ¥ -3,

ARSRETHER

20 Your site here



Bipolar signaling

The bipolar NRZ signaling is:

S,(t)=£A (binary 1), S,(t)=0 (binary 0)
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Bipolar signaling

The optimum value of V- is approximately V_ =A/2.

3 A’
_QLZO'OJ ; ZQ[ 40'5)

Receilver that uses a low-pass filter

The BER is

If the receiver has a bipolar signal plus white noise at its
input, o;=N,B

A2
4N B

b3
2
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The BER is:
Q( ) (low-pass filter)
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Bipolar signaling

Receilver that uses a matched-filter

® Matched filter output SNR is (i) _ A" _2E,
N out O-g NO

® The energy in the difference signalis E, = A°T = 2E,

The BER is

3 E
F. = EQ[ Nb ] (matched filter)
0

Note:

These results show that the BER for bipolar signaling is
just 3/2 that for unipolar signaling.
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7.3 coherent detection of
bandpass binary signals
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OOK signal is ’(: (QJEB)‘:”

s,(t) = Acos(a,t +6,)
(Billary 1) (1) Receiver

s, (t) =0 )

(Binary 0)

(b) OOK Signaling
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Receilver that uses an LPF

® The equivalent bandwidth of the LPF is B=2/T.
® the baseband analog output is

A, binary 1
'y (t) — {

+ X(t
0, binary 0 ®)

® The noise power at the output of the filter is o, =2N,B
® Decision with V_ =A/2

The BER is

AZ
£ = Q[ 8N, B J (narrowband filter)
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Receilver that uses a matched-filter

® The energy in the difference signal is
T

E, = _[[Acos(a)ct+6’c)—0]2 = AT /2

0

p Q( | 4A;T ]: Q[ %J (matched filter)

where the average energy per bitis E = A*T/4

The BER is

The optimum threshold value is

T
V. = S0 " Sz =£s01 :%J‘ZACOSZ(O)C’[-I-QC)C“:
0

2 2
when f>>R, V. =AT/2
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BPSK signal is
s, (t) = Acos(w,t+6,)
(Binary 1)

S, (t) =—Acos(aw,t+6.)
(Binary 0)

(b) OOK Signaling
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Receiver that uses an LPF

= The equivalent bandwidth of the LPF is B= 2/T.
m the baseband analog output is

A, binary 1
ro(t)={ S ()
— A, binary 0

= The noise power at the output of the filter is o, =2N,B
= Decision with V. =0

The BER is

2N, B

29

A2
P.=0Q (narrowband filter)
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Comparison beteewn BPSK and OOK for
a given value of N,.

® On a PEP basis , 6 dB less signal power is required
for BPSK to give the same p, as that for OOK.

® if the two compared on an average power basis,
the performance of BPSK has a 3-dB advantage
over OOK.
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Receilver that uses a matched-filter
® The energy in the difference signal is

-
E, = j [2Acos(@t+6,)]F =2A2T
0

The BER is

p Q{ AIST] Q( 2[%]] (matched filter)

where the average energy per bit is E = A°T/2
The optimum threshold value is V=0

-té QEJ- -3,
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t) = s(t) + n(r)

1) = ‘o |+ ()
53 (1)

vhere P,(f) = it

a) Receiver
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Receiver that uses an LPF
= The equivalent bandwidth of the LPF is 2/T<<B<AF.

The LPF, when combined with the frequency translation
produce by the product detectors, act as dual bandpass
filters:

One centered at f = f, and the other at f = f,. each has an
equivalent bandwidth of B =2B.

The input noise consists of two narrowband components
n,(t) and n,(t):

n,(t) = x,(t)cos(amt +6.) -y, (t)sin(w,t +6,)
n,(t) = X, (t)cos(w,t +6.) -y, (t)sin(aw,t +6,)
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"Receiver that uses an LPF

The baseband analog output is:

+ A, 0<t<T, data =1
ro(t):

+ N, (1
— A, O<t£T,data=O} o{V

Where s;;=+A, Sp,=A, n,(t) = x(t) - X, (t)
The optimum threshold setting is V= 0.
The output noise power is:

ng (1) = o = X (1) + X5 (t) = n/(t) + nj (t) = 4N B

The BER is A2
P,=Q
4N,B
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"Receiver that uses a matched-filter
The energy in the difference signal is:

:
E, = _[ [Acos(awt +6,) — Acos(w,t +6,)]" dt
0

}
= AT — A’ [[cos(; — o, )t]dlt
0

Assume 2AF=1 -f,= n/(2T)=nR/2,or f - f,>>R, or
both of these conditions is satisfied, then:

E, = AT
The BER for FSK signaling is:

AT E
P = = —b — A’
: Q[w/ N j Q[ N, ) where E, =AT/2
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The performance of FSK signaling is equivalent to that of
OOK s1gnallng and is 3 dB inferior to BPSK mgnahng

F, = probability of bit error

1.0
0.5

101

102

17

Matched filter
reception of
polar baseband,
BPSK, or QPSK

Matched filter
receplion of
unipolar baseband, coherent
OOK, or coherent FSK
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