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Performance Metrics

e Two parameters are frequently used to characterize the noise
performance of various analog modulation schemes
e Carrier-to-noise power ratio (CNR) — Defined as the ratio of
carrier power to the noise power in a specified bandwidth,
usually measured using a spectrum analyzer
o Predetection measurement on carrier modulated waveforms

e Signal-to-noise power ratio (SNR) — Defined as the ratio of
signal power to noise power made at baseband before
modulation or after detection or demodulation

o Predetection measurement — includes noise contributions
from the camera, modulator/ transmitter, in-line amplifiers,
and demodulator/receiver

o Ideal for characterizing end-to-end performance (overall
signal quality)
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AM Communication System Model
e Message signal s(?) is a stationary, zero mean, low-pass
random process whose spectral density is bandlimited to B Hz
e Receiver front end noise n,(¢) is WG with PSDG, (f) =N, /2
e We assume that s(¢) and n,(?) are statistically independent
e The receiver front end consists of a BP predetection filter
with a bandwidth B,
o Passes the modulated signal without distortion while
removing the out-of-band noise

Predetection
filter

s(t) x(1) e i)
AM
4.{ - H “hanne Hor
transmitter Channel rolf)

AWGN (1)

1312013 3

AM Yol
demodulator

Noise Performance of DSB-SC
e The input to the predetection filter is
r(t) = ax,g(t)+n,(t) = ad,s(t)cos2af.t + §) +n,(t)

e The signal power at the predetection filter input is given by

2 1 2 2
P, = E{azx,'m; (t)} = E(ZZA‘, s

o wheres® = E{s’(t)} is the average power in the message s(?)

ry(f) = axpgp(t) + n(r)

Noise Performance of DSB-SC (contd)
e The receiver input noise power, measured in the bandwidth of
the baseband message signal, is £, = N,B

e The receiver input CNR, defined as the ratio of carrier power
to the noise power in the message signal bandwidth, is

Carrier power at the receiver input aZA?sT
CNR,, = p p _ e

Input noise power in the message signal bandwidth - 2N,B
e The predetection filter output is

K (1) = ad.s(t)cos2af,t + @)+ n (1) cos2af .t + §) —n (1) sin(2f,t + ¢)

where n(f) and n(t) are quadrature components of the
narrowband noise n(f) with mean zero and variance 2N B
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Noise Performance of DSB-SC (contd)
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e To coherently demodulate, r (¢) is multiplied with carrier
2cos(2xf,t +¢) and LP filtered to recover the message signal.
e The postdetection LP filter output is given by

Vo) =ads@O)+n.(0)
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Noise Performance of DSB-SC (contd)

e Postdetection signal power: P, = (aA(. ' 5”
o Noise power at the postdetection filter output: P, =2N B

e Output (postdetection) SNR

P, (a4, )2 s P,
SNRUSB B ————

P, 2N,B N,B
= SNR,,s; = CNR,,

e Thus the output SNR of a DSB-SC AM system is equal to the
receiver input CNR
o The figure of merit of a DSB-SC AM system is
SNR sy
CNR
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Noise Performance of SSB-AM

e We assume that the transmitted signal is USB-AM. The input
to the predetection filter is

r(t) = ax,g (1) +n,(t)

0’2AL [s(t)cos(2af.1 +§)~ §(0)sin (2af.1 +¢) |+ m (1)

e The signal power at the predetection filter input is given by

a’4; © A
h== B O EE 0} ==~
e The receiver input noise power measured in the bandwidth of
the baseband message signal equals £, = N,B
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Noise Performance of SSB-AM (contd)

e The receiver input CNR is given by
2 022
VR, =L fo _aAs
Y P N,B 4N,B

The ideal predetection BP filter (Bandwidth = B Hz) in the
SSB-AM receiver passes the upper (or lower) sideband signal
without any distortion while rejecting the out-of-band noise
o The center frequency of the predetection filter is f, + B/2,

where the sign depends on the choice of sideband

The predetection filter output is

K(t) = |:aA‘, s(t)+n, (t):|cos (2nf,t+9)

2

,[“;“v §(t)+n, (t)}sin(anLt+¢)
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Noise Performance of SSB-AM (contd)

=B ~f, 0 L L+B -F o B

) Spectra at the predetoction filter outpa () Spectra at the posddetection flter output

o n(t) and n(t) are quadrature components of the narrowband
noise n(f) with mean zero and variance N,B

e To coherently demodulate, r(¢) is multiplied with carrier
2cos(2xf.t + ¢) and LP filtered to recover the message signal.
e The postdetection LP filter output is given by

500 = 2250 1,0
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Noise Performance of SSB-AM (contd)

Lo A =
e Postdetection signal power: P, :[az‘ j s>

e Noise power at the postdetection filter output: £, =N,B
e Output (postdetection) SNR

P, o’4s P
SNRSSB:J:“ S _ 1z
B, 4N,B N,B

= SNR,g, = CNR,,

e Thus the output SNR of a SSB-AM system is equal to the
receiver input CNR
The figure of merit of a SSB-AM system is

SNRy, _ |

w20 CNR,

Noise Performance of Conventional AM

e In the conventional amplitude modulation scheme, the input
to the predetection filter is

F(0) = ax,, () +n,(6) = ad,[1+m,s, ()] cos(2nf,t + §)+n, (1)

The signal power at the predetection filter input is given by

Py =E{a’x, (1)} = “Z‘f (1+m25))

e The receiver input noise power, measured in the bandwidth
of the baseband message signal equals £, = N,B

e The receiver input CNR is given by

P P a’A: (1+ mfg)
[ Sy S
B NBT 2NB

1312013 ) 12

CNR,, =




Noise Performance of Conventional AM
e The predetection filter output is given by
1) =ad [1+ms,(0)]cos(2xf,t + @)
+n,(1)cos(2nf 1 + ) —n (1)sin (2xf.1 + §)

e Conventional AM signal can be either
o Coherently detected or
o Envelope detected

e Coherent Detection

e The demodulated output is given by

Yo =ad,[1+m,s,0)]+n ()
= ad, +adms,(t)+n(1)

an
DC term;

vons blocked out "

Noise Performance of Conventional AM (contd)

o Postdetection signal power: P, = zszmeZE
e Noise power at the postdetection filter output: P, =2N B
e Output (postdetection) SNR
P, aAm’s’
SNR,,, =2 =—<-"=nCNR
“ P 2N,B 7

/
_ Since 7< 0.5 = SNR ,, is at least 3 dB
ms. poorer than output SNR for DSB and

SSB systems for the same CNR

where

m=""""3
(1+m;s;)

e The figure of merit of a conventional AM system is
SNRAM —

CNR,,
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Conventional AM Envelope Detection Performance

e The input to the envelope detector is
1(0) = ad, [1+m,s,(1)]cos(2af.1) + n(t)cos (2af.t) - n (1) sin (27 1)

e The envelope and phase of r,(f) are given by

I (0] = \/(aA‘ [L+m,s,(0]+n. ) +n2(1)

ad [l+ms,O]+n(0) 4

a n

@(t)=tan”

@A L1+ m, s 40+ win)
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Envelope Detection Performance (contd)

e Under high input CNR conditions, the signal component is
much larger than the noise. That is,

P {[aA‘ [1+m,s,(0)]+n, (t)‘ >>|n (1) }z 1

e Then with high probability

|z ad, [1+m,s,O)]+n(0)

e The demodulated signal after envelope detection and DC
removal is given by

| Identical to the output of the
coherent demodulator

yo()=adms, (t)+n.(1)

an

o Thus, the noise performance of coherent and envelope
detectors is the same under high-CNR conditions
013
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Envelope Detection Performance: Low CNRs

e Under low-input CNR conditions, the amplitude @ 4 [1+m,s, ()]
of the signal component is much smaller the noise amplitude

e, () =\m O +n (1)

e From the phasor diagram in Figure, it is easy to write the
following approximate expression for r,(7) :

n(tyze,(t)+ A[l+m.s, (t)]cosd (1)

A, [+ ms, (1] cos din

Noke vector e, (1)

| dalh
\
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Envelope Detection Performance: Low CNRs (contd)

e Under low-input CNR conditions, the signal term is multiplied
by a random noise term cos g, (¢)
e Sinced () is randomly varying in the range —7 to T, it is
therefore not possible to recover the signal component
e As the CNR decreases from a high value, a threshold is
reached
o The term threshold signifies that for input CNR values
above the threshold CNR, the output (demodulated) SNR is
linearly related to the input (predetection) CNR
o However for CNR values below threshold, the output SNR
decreases more rapidly than the input CNR
e The threshold in a conventional AM system occurs when
CNRp), is on the order of 10 dB or less, where CNR;, is CNR
.-t the envelope detector input

18




Performance of Angle-Modulation Systems

e The block diagram of a receiver for an arbitrary angle-
modulated signal is displayed in Figure

e The predetection filter bandwidth is BT = 2(D + 1)B Hz, where
B is the bandwidth of the message signal and D is the
deviation ratio

e The input to the predetection filter is an angle-modulated

random signal
PM: 0(1) = Ad,.s, (1)

x(1) = ad, cos[2xf,t +0(1))

max

FM: 6(t) = 27Af, js(a)da

Fruinie

s | .F\lll’“l' Posudesection| Y1)
[ .|I||I||Ir L¥ filter

\M 1308 X gl =
Predescetion lan
B filter

AWGN a;ir)

Performance of Angle-Modulation Systems (contd)

e The signal is embedded in the AWGN n(f) of zero mean and
double-sided power spectral densityG, (f)=N, /2

e The receiver input CNR is defined as

Power in the FM signal at the receiver input P a4

CNR,, = = =
" Input noise power in the message signal bandwidth N,B  2N,B

e The predetection filter output can be written using amplitude-
phase representation of the narrowband noise as
(1) = ad, cos[ 27 f.t +0(1)]+n(1)
=ad,cos[2n f.1+0(t)]+e, (1) cos[27 £t +,(1)]

o Under high-CNR conditions, P {4, >> e, (1) }~1
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Angle-Modulation Systems: High SNRs

e The predetection filter output, as evident from the figure, can
be approximated as

() ={ad, +e,(t)cos[(t)—0(0)]}cos[27 [t +y(1)]
where
p()=00t)+4(t)

() =tan” e, (1)sin[g,()-0(1)] N e, (1)sin[g()-0()]
¢ ad, +e,(t)cos[d,()-0()] ad,

—sin(2mfr)

Angle-Modulation Systems: High SNRs (contd)

e The amplitude of r,(7) is irrelevant because the BP limiter
removes such information prior to detection

e Observe that, under high-SNR conditions, the phase y (7) of
the predetection filter output is the sum of two terms
o Phase of the transmitted signal 8(7)
o Undesirable random phase modulation ¢,(f) due to noise

e As aresult, the phasor randomly fluctuates near the signal
phasor
o These random phase fluctuations are translated by the

discriminator into the noise in the demodulated signal

o The magnitude of random phase modulation term ¢,() is
inversely related to the signal amplitude aA,. The higher the
signal level, the lower the noise level = noise suppression
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Angle-Modulation Systems: High SNRs (contd.)
e The discriminator output can be expressed as
PM: yp, (0) = Koo (1) = Kpp[0(1) + @ ()] = K pp A5, () + 1y, ()

Kpp dy(t) _ Kpp, dO(0)

FM: t)=
Yo () 2r  dt 2z dt

+nFM(t) =K fma\ ,,(t)+an(t)

where setting @(f) = 0, we have

e,(1)sin[g,(1)] _n®

Npy (t):KPué(t):KPD ad ad

hdﬁ(t): Kpp dL

s

n. ()=
() 27 dt 2zad, dt
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PM Noise Performance: High SNRs

e Signal power at the PM demodulator output:

Py = E{Ko0? (0} = E{K}y (A ) 520} = (KppAdi,)' 7
e Noise PSD at the at the PM demodulator output:

2 Spectrum of PM
KPD]

N,, |fl<B./2 postdetection noise

G, (/)= (
0, Sapyd

P, = j G,,, ())df = [ ijB

!

B2 -0 0 B B2
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PM Noise Performance: High SNRs
e Output (postdetection) SNR:

SNR. = Signal power at the discriminator output _ £,

"~ Noise power at the discriminator output P,

ey

= (A¢mnx )Z ECN R/.v
o The figure of merit of a PM system is given by

SNR,,, 2
YN
= (M) 3

e The output SNR is proportional to the square of the
modulation index Ag, . Therefore, increasing Ad, , increases
the PM output SNR
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FM Noise Performance: High SNRs

e Signal power at the FM demodulator output:

K., dO(0)Y 2, e
B = E{[ﬁ?] }: (K p ) E{Sn (Z)} = (K e) s,

e Noise PSD at the at the FM demodulator output:

Ky 'sz /|<8, /2 Spectrum of FM
ad, ! postdetection noise

0, otherwise

G, ()=

My

B 2
2( K,
P =|G, (Ndf==| 2| N,B’
an(.f)f 3[%} ,
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FM Noise Performance: High SNRs

e The discriminator output noise PSD has a parabolic shape, that
is, noise power increases as /2

e = the higher frequency components in the signal are subjected
to higher noise levels than the lower frequency components

e FM output SNR (at the postdetection LP filter output) :

Signal power at the discriminator output _ P,

SNRy, =

Noise power at the discriminator output P,

. 2 2

= (ad. -

:3(Afmz\xJ 55( L) :3Dzsf B
B 2N,B N,B
XoZ,

CNRyy

— *
=3D?S3CNR,, )
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FM Noise Performance: High SNRs

e (*) states that the output SNR in an FM system can be
increased without bound by increasing the deviation ratio D.
o Doubling of the deviation ratio improves the FM output
SNR by 6 dB
e However, the transmission bandwidth requirement also
increases, according to Carson’s rule, as D is increased

There is a limiting value of D after which the noise power
becomes too large (due to increased bandwidth) and the
threshold effect occurs

Above threshold, the figure of merit of an FM system is given

by
__ | SNR improvement in exchange for
SNR,,, )

=3D “ additional transmission bandwidth
CNR,,
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FM Noise Performance: Low SNRs

e To analyze threshold effect, it is convenient to define CNR at
the discriminator input (that is, predetection filter output)

_ Power in the FM signal at the predetection filter output

CNR,, =
v Noise power in the predetection filter bandwidth B,
_ A (@)
NnBl' 21\]037

e Since the transmission bandwidth B, = 2B(1+ D), we have
P, P, CNR,,

N.B, N_2B(+D) 2(1+D)

e Ifthe CNR at the discriminator input is low (CNRp, << 1), it

implies that the carrier amplitude is much smaller than the
noise amplitude most of the time, that is,P{aAL <<e, (t)}: 1
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CNR,, =

FM Noise Performance: Low SNRs (contd)

o From the phasor diagram, we observe that
e,()sin[¢ () -y ()] = a4, sin[g, (1) - 0(1)]

o Forg (1)—w(t) small, o
sin[g, () -y ()]~ () -y ()

or

y()=40-

ad,
<sin[g, (1) - 0(t
o) [4.(0)-0(]
e We observe that the phase y (7) of the predetection filter
output does not contain a distinct signal term that can be easily
separated from the noise = threshold condition
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FM Threshold

o Under low SNR conditions ( CNRpp, < 1 and 1), the magnitude
of the noise phasor e,(f) may exceed that of the carrier phasor
aA

e The trajectory of the end point of the resultant vector r(7)
follows phase variations of the noise and may occasionally
encircle the origin resulting in changes of 2m in y(f) over a
short interval ([¢,, t,] in the Figure)

c

e Figure illustrates the example when the trajectory of r,(7)

encircles the origin Jeres—
| "\‘
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FM Threshold (contd)

e The variation of the phase angle at or near the time of
occurrence of this event is shown in Figure

Noise spike changes

w (¢) by 27 radians over
the interval [1,, t,]

The output of the e
discriminator e 4¥(©) [
changes by K F%)”dur‘frtlg
the same interval, and
the change appears as a
spike in the output —
can be heard as
crackling or clicking
/sonnd »

Ky i |

FM Threshold (contd)

e For the case of sinusoidal modulation, a generalized
expression which describes the behavior of output SNR near
the threshold is given by

3
= B°CNR,,
SNR.. = 2 A W Above 3 2CNR
FM 128 _CNRyy Threshold 2 B IN
1+—=2CNR,e *"*P
Va

e The performance of FM systems deteriorates rapidly as CNR,
falls below the threshold value (see Figure)
o The threshold CNR,, values depend on the choice of
modulation index S
o Larger values of frequire larger values of CNR) to
operate above the threshold
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FM output SNR as a function of CNR,y

e This sets a practical limit on maximum £ that can be used to
improve the FM SNR before the available CNR, falls below
the threshold
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FM Threshold Condition
e The onset of threshold occurs when CNRPD ~ 10 dB

e An equivalent condition for the onset of threshold in an FM
system can be expressed as

(CNRy), =(CNR, ), 2(D+1) = 20(D+1) ®

e (*) specifies the largest value of D that can be used for a
given CNR;y so that the system will operate above threshold

e Substituting (*) into SNR,, expression (Slide 28) yields
(SNR,,, ), =60D*(D +1)s? (**)

e (**) provides the maximum value of deviation ratio D that
can be used for a given SNR,, specification so that the
system will operate above threshold
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Preemphasis and Deemphasis Filtering

e The noise PSD at the output of an FM discriminator has a
parabolic shape, that is, noise power increases as

o Therefore, an FM system exhibits better SNR performance for
low-frequency components in the signal than for high-
frequency components

e The noise performance of an FM system can be improved by
preemphasizing the high frequencies in the message signal at
the modulator input and deemphasizing them at the output of
the demodulator un

0 |Precmphanin| | FM _G) Pandpass
—* e modulasoe : filter
Tow-pas | 1 :
LI e Doemphasis | FM
ity | many | iler g | demodulaion
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Preemphasis and Deemphasis (contd)

e The combination of preemphasis and deemphasis operations has
no effect on the message signal; Deemphasis, however,
attenuates high-frequency components in parabolic-shaped noise

e Noise power output at the discriminator output:

B
o No deemphasis filtering: P, = J G,,, (Ndf
B

LY

(Ndf

Mey

B
e With deemphasis filtering: P, = j. |H, () G
B

e Assume single-pole LP deemphasis filter Time constant
1 fi=1/2nt, 1:1(’6/u

Hpe(f) =
) L+ j(f 1 £) '}dB frequency.
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Preemphasis and Deemphasis (contd)
e FM demodulator output noise with deempbhasis filtering:
2
A

e FM demodulator output SNR with deemphasis filtering

2
(SNRpy ) pi = D’ [?] szerNRIN

1

e SNR improvement due to deemphasis

2
SNR D [7} 5.CVR BIf)
SNR improvement —NR )y _ ! _B/H)

SNR,,, 3D*s2CNR,, 3
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Preemphasis and Deemphasis (contd)

e In dB form, we have
SNR improvement due to deemphasis = 20log,,(B/ f;)—10log,, 3
=20log, (B/ f,)-4.77 dB

e Commercial FM broadcasting
o B=15kHz, r="75 usec
o This yields f; =2.1 kHz and B/ f; = 7.14
o Therefore, SNR improvement due to deemphasis

=20log,,(7.14)-4.77=12.3 dB
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SNR Performance for Analog Modulation Schemes:
Sinusoidal Modulating Signal

Performance Comparison of Analog Modulation Systems

Type of Transmission SNE
Mo

nclulation Bandwidth Advamage Equipment Complexiry Comment

[ 1 Minor
w 1 Moderate; coberent demodulator reqused

Shaont poin-to-poim lisk

oo i wsed Lol soceiver For brokant applicalion

Complex VSB filery

Liomw-gomd 0

e detecton s used Pk appicatin

CNRprabon

hreshold valoe

3B froquency ofthe VR above threshold valwe
iker
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odulaticn sigeal types

DSB/SSB-SC _
80| — Conwentional AM, m_ = 0.85 4
a -
PM,B=n P P
70 M, p=5 - / _
FM, B = 5 with PE/DE _
@ % FM, B = 10 —— ]
[ FM, § = 10 with PE/DE _
o 1
a - =
b -
g« = 1
3 _—
30 — B
-
7
20 - — 1
10 _— B
o
o= L L L L L L L L
0 5 10 15 20 25 30 3 40 45 50
CNR, [dB]
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Link Design

e Two factors set limit for the maximum link length
o Signal attenuation
o Additive noise

e The signal in a communications system suffers attenuation and
distortion as it propagates along a communications link
o The distortion of the signal results from the frequency-

selective characteristics of the transmission medium

e Signal attenuation renders the communication signal more
vulnerable to additive noise

e The minimum value of received power level (Py) is a function
of the SNR performance specification and varies with the
modulation scheme used

e The loss budget, also called the system gain, of a point-to-
point link is given by
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Link Design (contd)
System Gain (dB) = P, — P,

P = transmitter output power level

e The system gain is allocated to transmission losses and link
margin provided for temperature and aging effects.

e For wired media, the attenuation is a linear function of link
length. Therefore, we can write

System Gain (dB) = P, — P, = ar.L + link_margin

a = link attenuation in dB/km
e The maximum link length can now be calculated using

Link length L = £ = B, - link_margin km
a
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Analog Repeater

e To transmit over longer distances, it is necessary to introduce
repeaters periodically to compensate for the attenuation and
distortion of the signal, as shown in Figure

Repenter section

[Tramomr] l [ s

e A repeater consists of an amplifier and an equalizer as shown.
o The amplifier boosts the signal level to make up for the
attenuation of the signal in the previous repeater section
o The equalizer attempts to compensate for the distortion
introduced by the transmission medium

—t Amnp Tt Ecualizer g “T
-

L
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Noise Contributed by Amplifiers

o All electronic amplifiers also add noise. The noise contributed
by an amplifier is characterized by the noise figure ¥’

e The available noise output power of the amplifier with gain ©
is given by

N,,=F¢N,B, Watts

out
or in dB form

N,

i = NF+G+10log,, (N,B, ) dBW

where

G =10log,, = Amplifier gain in dB

NF =10log,, F = Amplifier noise figure in dB

B, = Noise-equivalent bandwidth of the amplifier
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Performance of Link Using Cascade of Repeaters
e Consider an analog communication system consisting of M
repeater sections in cascade as shown in Figure

e We assume that each repeater’s gain makes up for the loss
introduced by the associated cable section, i.e., L = G (dB)

e The available noise output power of the first amplifier is

(N, ), =F#N,B, Watts

out
e The CNR at the output of the first repeater is given by

PT PT

CNR,,), = =T
(VR Ny FoN,By

T | b=t | Mk T r—

ransmitter | cpeater # ——— cpeater # M= o
Py M GNE By [ GNF. Py | "G N, Py ) Receiver

| Py M| | P
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Link Using Cascade of Repeaters (contd)

e The noise power output from the last repeater is simply M
times the noise power output of the first. That is,

(Now)yy =M (No), = MFEN, B,

out out

The output CNR of an analog communication system
consisting of M repeater spans is, therefore, given by

(CNR,,),, = N (CNR,, )¢
M MF%N,B, M

or in dB form

(CNR,,),, =(CNR,,), ~10log,, M

e The output CNR in an analog communication system with M
repeaters suffers a penalty of 10log,, M dB
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