S Analog carrier modulation with noise

5.1 Noisy receiver model

Assume that the modulated signal z(¢) is passed through an additive White Gaussian noise channel.
A noisy receiver model is illustrated in Fig. 16.

o) ~y() A1) u(t)
(&) BPF Demodulator [—=
T 1
JTO
nw(t) ;

Figure 16: Noisy receiver model

nw (t) is the realization of a white random process Ny (t) with power spectral density 5

Watts/Hz, i.e. N .
E [Ny (t)Nw (u)] = 705@ —u) Sy, (f) = 70

The bandpass filter is designed to pass the modulated signal undistorted (and also amplify it in
practice) but will cut noise power outside the frequency band of the modulated signal.
The input of the bandpass filter is given by

y(t) = x(t) + nw(t)
The output of the bandpass filter is given by
z(t) = x(t) + n(t)

where n(t) is the realization of the bandpass random process N (t).

Exercise: Draw the power spectral density of Ny, (¢) and show that Ny, (¢) has an infinite power.

Exercise: Draw the power spectral density of N(¢) and show that N(¢) is a band-limited ran-
dom process (band-limited noise) of power E [N?(t)] = Rx(0) = BrNp.
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Hence it is seen that the bandpass filter reduces the noise power.

We assume that the message signal m(t) is the realization of a stationary random process of
zero mean, whose power spectral density Sy, (f) is limited to a maximum frequency W. W is
referred as the message bandwidth. Let M (¢) be the corresponding random process.

Example of the spectrum of M (t): (draw an example)

For the modulation studied in this course (AM, DSB-SC, SSB, VSB, FM, PM), the modulated
signal X (t) is a bandpass random process with bandwidth By, whose spectrum is centered around
fo with realization denoted x (). fy is defined as follows

Jes AM,DSB-SC, FM, PM
fo=9fe— %, lower side-band SSB
% .
fet 5 upper side-band SSB

Example of the spectrum of X (t): (draw an example)

Assessing noise performance:

Assume that the output of the demodulator can be written as
u(t) = m(t) + w(t)

where () is a realization of the recovered message signal and w(t) is the noise component at the
output of the demodulator. The effect of w(¢) can be assessed by calculating the Output-Signal-
to-noise ratio.

SNR Average power of the demodulated message signal Py
0= =

Average power of the noise measured at the receiver output Py

The output SNR is meaningful only if there is an additive relationship between the signal and noise
at the receiver output. So for FM or AM with envelope detection, we will consider low noise power
at the receiver input to obtain an approximate additive relationship.
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Since the output SNR depends on the modulation and the demodulation techniques used, to
obtain a fair comparison of several demodulation techniques, we should use

SNRg
SNR;

where SNR; is the Input-Signal-to-noise ratio defined as

Average power of the modulated message signal (at demodulator input)  Pr ~ Px

SNR; = -
! Average power of the noise measured at the demodulator input Py NyBr

Ppr : Signal power at the receiver input (in absence of noise) = noiseless signal power at demodu-
lator input
Py Average power of the filtered noise N ()

Since Py depends on the modulation through its transmission bandwidth, to obtain a fair com-

parison of noise performance for several modulation schemes, SNR is not appropriate, and the
baseband (channel) signal-to-noise ratio SNR;, = SNR« should be used, where

SNR;, = SNR¢ = Signal-to-noise ratio without modulation

5.2 Baseband reference system

A reference baseband system is obtained by passing a noisy message signal of power equal to the
power of the modulated signal through a low-pass filter of bandwidth equal to that of the message
signal as illustrated in Fig. 17.

m' (t)

v(t)
(O—= LPF (——=

T

nw(t) QW

Figure 17: Baseband reference system

The output of the low-pass filter is given by
v(t) =m (t) +n'(t)
where m/’ (t) has the same power as the modulated wave. Then

Average power of the modulated signal Py Pr

SNR;, = SNR¢ = - —
’ ¢ Average power of the noise in the message bandwidth Py NyW
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5.3 SNR'’s for linear modulations with coherent detection

Exercise: Draw a block diagram of a noisy receiver model with coherent detection.

y(t) = z(t) + nw(t) (Received signal)

z(t) = x(t) + n(t) (Output of bandpass filter) (16)
x(t) = x1(t) cos(2m fet) — xg(t) sin(27 f,t)

n(t) = ny(t) cos(2m fot) — ng(t) sin(2m fot) Rice representation

Note that lowercase letters denote realizations of the random processes denoted by capital letters.
Exercise: Draw the power spectral densities of N;(t) and Ng(t)

a) Input signal power: Py

Let us assume that X(¢) and X (¢) are jointly wide-sense stationary with constant means K’; and
Kog.

Exercise: Verify that for AM, DSB-SC, SSB and VSB X/ () and X () are jointly wide-sense
stationary with constant mean.

Hint: Recall that M (¢) is assumed to a WSS random process with zero mean and WSS station-
arity is preserved by linear time-invariant filtering. Note that X (¢) is zero mean except for AM
modulation due to the DC component.
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To find the received power Pgr, we set ny/(t) = 0 in (16) and calculate the power of the signal
left. If ny (t) = 0 then
n(t)=0 = z(t) ==xz(t)

Hence T
1
Pr = P; = Px = lim —/ E[X?(t)] dt

T—o0o 2T _T

In order to simplify Pg let us show that X (¢) is a wide-sense cyclo stationary random process.
E[X(t)] = E[X(t)] cos(2nfet) — E[Xq(t)]sin(2n f.t) = Kjcos(2nm fot) — K sin(2 f.t)
where K and K are constants. Therefore the mean of X (¢) is periodic with period 1/ f..

EX({t+7)X1)]=F [(Xi(t+7)cos2rf(t + 7)) — Xo(t +7)sin(2r fo(t + 7)))-
(X1(t) cos(2m fot) — Xq(t) sin(2rf.t))]
= Rx,(7) cos(2m f.(t + 7)) cos(27 fet) — Rx,x,(T) cos(2m fe(t + 7)) sin(27 f.t)
— Rx,x,(7)sin(2m f.(t + 7)) cos(27 fet) + Rx, (7) sin(27 f.(t + 7)) sin(27 f.t)

= %RXI (1) [cos(2m fe(2t + 7)) + cos(2m foT)]

_ % Ry, x (7) [sin(2r (2t + 7)) — sin(2r f,7)]
R, () B0 7))+ sin(2r 1)

_ %RXQ (1) [cos(2m fe(2t 4+ 7)) — cos(27 fo7)]

Hence it is seen that £/ [X (¢ 4+ 7) X (t)] is periodic with period 1/2f.. Hence the common period
is 1/f. and X (t) is wide-sense cyclo stationary with power defined as

fe
Py = R%(0) = %/_ B [X(1)] dt

fe
1 1 1 1
= §RXI(O) cos(2m f.0) + §RXIXQ(O) sin(2w f,0) — §RXQXI(O) sin(27 f.0) + ERXQ(O) cos(27 f..0)
1 1
= 5 Rx,(0) + 3 Rx, (0) an

Note that (17) is only valid if X;(¢) and X(¢) are jointly wide-sense stationary with constant
means.

b) Input noise power: Py

Py = NoyBp

60



¢) Input signal-to-noise ratio: SNR;
Pg w
SNR; = = —>SNR
" NoBr  Br ¢
Recall that random processes with signal components are denoted by capital letters and their real-
izations are denoted by lowercase letters.

AM:

xr(t) = A (1 4 pmy(t)) zo(t) =0 Br =2W

Ry, (0) = B [XF(8)] = A2+ AZE [M2(8)] + 2400 M ()] = A2 (1+ 2Py,
Rx,(0) = E [X}(t)] =0

TA2(1+ k2Py) AZ(1+pPPy,)  AZ(1+kZPy)
2NW N ANW B AN W

where P, is the power of M (t), Py, is the power of M, (t) = % given by

SNR; =

P = B [M30) = (o = o L SO

Note that we assume that max |m(t)| is the same for all the realizations of M (). If this condition is
not satisfied, then the expression of SNR; should be expressed in terms of the amplitude sensitivity
k, and P); instead of the modulation index p and Py, .

DSB-SC:

APy,
AN W

SNR; =
where Py, is the power of M (t) given by
Pu=E[M0] = [ Sulhd

SSB: N y
x(t) = ?Cm(t) zo(t) = iém(t) Br=W
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Ry, (0) = B [X3(0)] = S22 [MP(0)] = Zo P

A? . A2 A? A?
Ry, (0) = E [Xg(t)] = 2 F [MQ(t)} = IRM(O) = IRM(()) = Pm
A2
& AP
_ 4 _ ct M
SNR; = NoW — 4AN,W

d) Output signal power

By definition the center frequency of the bandpass filter can be written as

fOch+a

where —% <a< %, depending on the modulation format.

The output of the bandpass filter is given by

2(t) = @ (t) cos(2m fot) — 2q(t) sin(2m fot) + ny(t) cos(2m(fe + a)t) — no(t) sin(27(f. + a)t)
= [21(t) + ns(t) cos(2mat) — ng(t) sin(2rat)] cos(2m fot)
— [zq(t) + ns(t) sin(2rat) + ng(t) cos(2mat)] sin(2m fot)

The output of the multiplier is given by

v(t) = z(t) cos(2m f.t)

—|— N | —

The output of the low-pass filter is given by

u(t) = %[l’](t) + ny(t) cos(2mat) — ng(t) sin(2rat)]  (explain)

Note that for AM, the actual demodulator includes a DC block after the low-pass filter, so the
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demodulator output for AM is

o (1) = Bkum(t) + Snit) = S 1) + Snar)

since fo = f. = a=0.
The output signal power is obtained by assuming ny (t) = 0 thus n(t) = n;(t) = ng(t) = 0.

u(t) = %xl(t)ozt)

u(t) = %kam(t) = %umn(t) AM
The output signal power is given by

Ps, = in(()) DSB-SC,SSB, VSB

p, = Akip AEMQPMn AM

o 4 My
e) Output noise power

Let us consider separately AM, DSB-SC and SSB, VSB.
For AM and DSB-SC, f; = f. so a = 0. To find the output noise power we assume m(t) = 0,
therefore

1
u(t) = §nl(t) DSB-SC

!

o () = %nf(t) AM

The output noise power is given by

b, Ry, (0)  NoW
Moo=y 7 9

For SSB and VSB, a # 0,

u(t) = % [1(2) cos(2mat) — ng(t) sin(2rat)] = %[n/[(t) —ny(0)]

Since N;(t) and Ng(t) are zero mean WSS stationary, let us show that N;(t) and N, (t) are zero
mean wide-sense cyclo stationary and uncorrelated.

E [N;@)} — E[N;(t)] cos(2mat) = 0

E {Né(t)} — E[No(t)]sin(2rat) = 0
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Ry/(t+7,8) = E [Nyt + 7)N; (1)

1
= Ry, (7) cos(2ma(t + T)) cos(27rat) periodic with period %
Q

Ry (t+7,0) = E :Nég(t + T)Né(t)]

1
= Ry, (1) sin(2ra(t + 7)) sin(2rat)  periodic with period %
«

Ry (L4 7,8) = B [Nyt +7)No(0)]
= Ry, N, (T) cos(2ma(t + 7)) sin(2mat)

=0 since N;(t) and Ng(t) are uncorrelated and zero mean

Their “average” autocorrelation functions are given by

1

a o e o RN[(T)
RN; (1) =2« /_L Ry (t+7,t)dt = 5 cos(2mar)
4o
a RNQ (T) RNI (7_) a
RNC/Q (1) = 5 cos(2mat) = 5 cos(2rat) = RN; (1)

Since N;(t) and Né(t) are uncorrelated and wide-sense stationary, u(t) in absence of message
signal is also wide-sense cyclo stationary. Its autocorrelation function at (¢, ¢) is given by

Ro(1) = B [0°0)] = 1B [Np@] + 18 [N20)] - 18 [NoNgo)]
_ iE NP + iE NP

Hence the output noise power is

a 1 a ]' a 1 a R I(O) N B
Pro = Riy(0) = 7R}, (0) + R}, (0) = SR} (0) = N4 = 04 T

Exercise: Find the power spectral density of N, and Né for SSB and verify that the output noise
power for SSB is given by
NoW
Py, = 1
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f) SNR’s
AM:
SNRC . Ag (1 + k’gPM) o AE (1 + /szMn)

NR; = —
SNR 2 ANW 4ANW
AQI{ZQPM AQIMQPM
N — c a — C n
SNRo IN,W INW
Q,UQPM
NR, = —~ M= _gNR, = 20SNR
S Ro 1+ ,uZPMn S R[ 14 I
= vSNR¢

where v (v < %) is the modulation efficiency given by

k2 Py 1* Pag,,
V= fr
1+k§2PM 1+/L2PMn
DSB-SC:
SNRe APy,
SNR; = = ¢
! 2 AN,W
LPy AP
N — 4 — ct' M
SNRo = "mw = o\,
SNRo = 2SNR;
= SNR¢
SSB:
APy,
NR; = SNRy = ¢
SNR; = SNR¢ W
SNRo = 36t _ APy
07 MW T gNGW
SNRo = SNR;
= SNR¢

5.4 SNR’s for AM with envelope detection

Draw a block diagram of a noisy receiver model with envelope detection.
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The output of the bandpass filter is given by
z(t) = x(t) + n(t) = Ac (1 + kam(t)) cos(2m fet) + ny(t) cos(2m fot) — ng(t) sin(2w f.t)
The complex envelope of z(t) is given by
Z(t) = Ac (1 + kgm(t)) + ns(t) + jno(t)
The output of the envelope detector is

o(t) = [2t)] = [(Ae (1 + kam(t)) +n(£))? + nd (t)]

a) high SNR A, (1 + k,m(t)) > |ni(t)], [ng(t)]

The output of the envelope detector is given by

971/2
nq(t)
bt (Ac (14 kom(t)) +n(t) ]

v(t) = (Ac (14 kam(t)) + ns(t))

~ A, (14 kam(t)) + ng(t)
The output of the DC block is given by
u (t) = Ackgm(t) +ns(t)
Hence the SNR’s are given by

Pr A (+kPy)  A2(1+42Py,)

N = —_——
SNRy Py 2N, W AN,W
P A’K2P A2 P,
SNRO — SO — ca M — CIU’ Mn
PNO 2NOW 2NOW

— 20SNR; = vSNR¢

(same result as for coherent detection)

b) low SNR A, (1 + k,m(t)) < |ns(t)], [ng(t)]

Show that in that case the output of the envelope detector is badly corrupted by noise.
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5.5 SNR’s for angle modulation with noise

z(t)  ~y() z2(t) [ Angle [w() v(t)
() ngle |7 L
(o BPF Dectector LPF
T 1

ch
nw(t) I<B—T> S

Figure 18: Noisy receiver model for angle modulation

z(t) = z(t) + n(t)
= Accos(2m fot + @(t)) + n(t) cos(2m fot) — ng(t) sin(2n fot)

t
o(t) = K/ m(7T)h(t — 7)dr
Assuming no noise, we have

v(t) = K'm(t) (output of angle detector is proportional to m(t))

The lowpass filter is used to cut noise outside the frequency band of the recovered message signal.

a) Channel signal-to-noise ratio: SNR

Input signal power:
Assume first that m(t) is deterministic, then the input signal power

1 T
P, = lim —/ A? cos® (2 fot + (1)) dt

Tﬂoo2T _T
A2 1 7T A2 1 (7T
= lim |—=<— dt + =5 — A7 fut + 20(t)) dt
TLIEIO[QQT/T YT ,TCOS(Wf+90<>)
A% A2 1 /7
— ¢l iy — 4 2
5 T 5 Am or _Tcos( Tfot 4 2¢(t))dt

Assume that f. > 1 and that ¢(¢) is slowly varying with respect to f., then 4x f.t + 2p(t) ~
4r f.t + 20 and

A2 A2 1"
P, ~ 70 + TCTlgroloﬁ /_T cos(47rfct+ 2900>dt
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A2 A2
PR e

~

[sin (47?ch + 24,00) + sin (47chT - 2900)]

o N

2
A
)
Assume now that m(t) is the realization (sample function) of a stationary zero mean Gaussian
random process M (t) whose autocorrelation function is Ry, (7). The angle modulated signal X ()
is now a random process which is neither wide-sense stationary nor wide-sense cyclo-stationary.
However using generalization of Wiener-Khinchin theorem, its average autocorrelation function is

defined as

R% () Tlgxgoﬁ/ Rx(t+ 7, t)dt

‘T

= A? lim 5T /T E[cos(2nfo(t +7) + o(t + 7)) cos(2m fot + o(t))] dt

= A—g lim {i/_TE [cos(2m fo(2t + 7) + o(t +7) + ©(t))] dt

2 T—oo | 2T
1 T
+= E [cos(2mfor 4+ p(t +7) — ©(t))] dt}
AQ ) 1 T
=2 AT / B leos(rfer +plt +7) — o(t) ] dt
= Az lim L/ %{eﬂﬂfﬁE [eJ p(t+7) ‘P(t)]} } dt
2 T—oo 2T

Since ¢(t) is the output of a linear time invariant filter with input m(t), ¢(t) is also a stationary
Gaussian random process with autocorrelation function R, (7). It can be shown that for fixed ¢,
Z(t) = o(t + 1) — ¢(t) is a zero-mean Gaussian random variable with variance

U% = ZRw(O) - 2Reo(7')

Therefore

7lw202z — ef[Rgo(O)*Rw(T)]

w=1

E [120] = E [¢/+20)]

And the average autocorrelation function of X (¢) is given by

= A?g cos(2m f.1)a(T)
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with
a(r) = B [J#E-00)] = ¢~ [Re(0)-Ro(r)]

The power of X () is given by
A2
Py = Rx(0) = —*
identical to the expression found when m(t) is deterministic.

Input noise power:
Py = NoBrp

Noise power in the message bandwidth:

Py = NoW
Input signal-to-noise ratio:
A2
SNR; = £
" 2N,Br
Channel signal-to-noise ratio:
A2
SNR¢ = =
T ANW

b) Output signal-to-noise ratio assuming a high Carrier-to-noise ratio: SNR

High carrier-to-noise ratio is defined as:
Ac>> ry(t) = \/nF(t) +ng(t)
The angle detector and the lowpass filter can be modeled as illustrated in Fig. 19.

z(t) Phase Z/(t) (1)
Detector ho (t)

Figure 19: Noisy receiver model for angle modulation

where the filter h,(t) has transfer function given by

H,(f) = {m Sl <w

0, else.

The phase detector yields an output ¢, (¢) which is proportional to the phase of its input, where
©,(t) is the phase of z(t) defined as

pa(t) = arg [2(1)]
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and Z(t) is the complex envelope of z(t). For simplicity, let us assume that the proportionality
constant is equal to 1. The output of the phase detector is given by

p:(t) = p(t) + €(t)
= Km(t) * h(t) + €(t)

The output of the filter h,(t) is given by
v(t) = Km(t) = h(t) * ho(t) + €(t) * ho(t)

Explain the chosen transfer function of h,(t) by considering first a noiseless case. Assume no
noise, i.e. n(t) = 0, hence

v(t) = What is the desired output v() ?
Consider now the noisy case again, then
v(t) = Km(t) « h(t) * ho(t) + no(t) (18)

where
no(t) = €(t) * ho(t)
Hence from (18) we have the equivalent baseband model illustrated in Fig. 20.

m(t) [ o) Pt) =) v(t)

‘ ho(t) =

e(t)

Figure 20: Noisy receiver equivalent model with angle modulation.

Expression of €(t):
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e
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3
=
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Im

}(P(t)

€(t) = phase error | (t) | =13 (1)

Figure 21: Phasor diagram for angle modulation with noise

Using the phasor diagram from Fig.21, show that

tan e(t) = rn(t) sin(@n(t) — gp(t))

Ac + 1 (t) cos(0,(1) — (1))

Assuming high carrier-to-noise ratio

tane(t) ~

Therefore

tane(t) ~ €(t)
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~ rn(t)

Ac
= 1;1(:) sin (60, (t)) cos () — THT(? cos (0n(1)) sin o (t)
nq(t)

vy cos p(t) — %it) sin ()

sin (6, (t) — (1))

Ele(t)] =0

since ny(t) and ng(t) are zero mean. Assume that m(t) is the realization of a WSS random process

M (t) independent of N (t), hence ¢(t) is a WSS process independent of N(¢). The autocorrelation
of €(t) is given by

R.(t+ 1,t) = E[e(t + 7)e(t)]

+ RN;< ) <E [cos(p(t +7) = p(t))] — E [cos(p(t +7) + gp(t)”)}

_ %RNI (T)E [cos(p(t +7) — ¢(t))]

= L Ry (B[]} since Ry () = 0 and Ry (7) = B )
RNI (T)

where
a(t) = R {E [ej(@(tJrT)—so(t))} }

Note that if M () is Gaussian, a(7) = e~ [Fe(O)=Fe(7)],
From Fig. 20, the output signal v(¢) is given by

v(t) = Km(t) + n(t)
where n,(t) = €(t) * h,(t). Therefore the output signal power is given by

Ps, = K*Py
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where Py, is the power of the message signal m(t). The output noise power is

Py

o= BlE0) = [ Sxinar= [ 1HDPS1df = / (f)df

since H,(f) = 0for|f| > W. Therefore we only need to find the expression of S¢(f) for |f| < W.

Let
A(f) = Flalr)}
Exercise: Assume that A(f) =~ 0 for | f| > % and draw a typical graph of A(f).

Let us assume that W < £ and A(f) ~ 0 for |f| > ZL, then

S.00) = F AR} = 458, (1)< AP) since Ru(r) = 255 a(r)

C

Loy
= %/ A(u)du (u=f—MN)

A ) Brig
NO/BTTA( )du assumin ]f|<WandW<<BT
N — umi —
Az ) Br 4 au EVI= 2
No [~ . Br
~ 1 A(u)du assuming that | f| < W and A(f) ~ 0 for | f| > >
Ny Ny
:ﬁa(o):ﬁ [l <W
Therefore since H,(f) = ﬁ for | f| < W, the output noise power is given by
W W
Ny df
Pxo = [ 1S = 50 [t
° Jw A2 Jow [H()P

Output signal-to-noise ratio:

K2Py,

SNROZ%/W 7
A2 Jw [H ()P
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2K2 Py W A2

- /W—deNRC using SNR¢ = NIV
—w [H(f)I?
2
_ 2l W ONRe  using = K|H(W)|max [m(t)]
) 2
HO)P (o m))? |
= )\ﬁQPM,,LSNRC

B
= 2X\(B+ 1)32Py,SNR;  using By = 2W (3 + 1) and SNR¢ = —SNR;

w
A= {u%)'z /VVVV F: }

m is the average-to-peak power ratio of the message signal or equivalently

the power content of the normalized message signal.

where ) is defined as

and Py, =

Example:

A2
m(t) = Apcos(2mfint) Ay >0 - Py = 7’"

The normalized message signal is
m(t) 1
() = ———L—— = cos (27 fut = Py, ==
mn(?) max |m(t)] cos(27 fmt) Mn =9

Frequency modulation:
H(f) = —— neglecting? o)
j2nf 2

Thus
1\ 1 (¥ , )
A:{(W) W/W(%f) df}

LA
([} -

H(f)=1 == A=1

Phase modulation: PM

2See part f of section 4.4 for the justification of the form of H (f).
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¢) Output signal-to-noise ratio SNR, assuming a low Carrier-to-noise ratio:

Low Carrier-to-noise ratio: A. < r, (%)
Let us write

©:(t) = O,(t) + ¢ (t)

Interchanging the role of Z(¢) and n(t), it can be shown that

@ (t) = On(t) +

) sin(go(t) — Hn(t))

Exercise: Draw a phasor digram of Z(¢) at two time instants ¢; and ¢, such that the phase of the

noise 0,,(t2) =~ 6,,(t1) + 2. Then the phase ¢, (t) will also change by 2 since it is dominated by
the phase 0,,(¢).

If during an interval [t1, t5], . (t) changes by 27, the output signal may have a rapid degrada-
tion during [t1, t5] causing what is called FM clicks for FM modulation. For FM, H,(f) = j2r f
corresponding to a differentiator.

de(t)
t) = Km(t
o(t) = Kmit) + =
Exercise: draw dil—(tt) for an FM modulated signal when due to the noise ¢, (t) changes by 27 during

certain intervals corresponding to low-carrier-to-noise situations.

We define a threshold value of SNR such that the high-carrier-to-noise ratio SNR formula
applies. The threshold is defined as the minimum SNR¢ or equivalently carrier-to-noise ratio
SNR; yielding an output signal-to-noise ratio that is not significantly deteriorated from the value
predicted by the usual output signal-to-noise ratio formula.

Threshold SNR¢ value for FM:

SNRer = 20(3 + 1)

75



SNR;r =10

In [1, p. 338], SNR;+ = 20 to correspond to practical observations, but the other threshold value
1s more often used in text books.
FM with tone modulation:

For FM with tone modulation, i.e.
m(t) = cos(27 f,t)
it can be shown that

§ﬁ2SNRC

SNRo = (19)

1
2(6+1)

If high carrier-to-noise ratio is assumed in (19), then we obtain

12
1+ —ﬁSNRC exp {—

7

SNRC}

SNRo ~ ;ﬁQSNRC

which agrees with the high carrier-to-noise ratio formula found previously (A = 3 and P, = %).

76



