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ASK (OOK) signal at £ = 1 msec for the logic 0 to logic 1 and at ¢ = 2 mgeg logic 1 ¢ Bogie g
data transition and the nominal a carrier frequency f. =20 lsz. biy
The binary ASK (OOK) signal can be decomposefi into a ba_seband P}'\M Signal e
sinusoidal carrier, as given by Equation 3.15. The ol?tlmu.m receiver for bip ASK ( OOK;m-ld the
correlation receiver for asymmetrical signals,.as described in Chapter 2 al?d shown i Figure : 187 the
binary baseband asymmetrical PAM, but modified for bandpass demodulation, as shown here in.[gjgm;
34. The communication channel is represented by the AWGN block from gh Chamg
Communications Blockset. The Prodz!ct block multiplies t?‘ne input 51gnfﬂ S{t) With the COhere:;
reference signal s,.(?), the difference signal s,(1) - s,,_(t), as given by Equation 3.9 and Equation 314
Since for binary ASK (OOK) here s4(f) =0 ar_ld Sreft) = 5/(2). ‘ ]
The reference signal s,.A7) then is the Sine Wave block, with parameters' o’.[‘ an_
peak, a frequency f. = 20 kHz and 0° phase offset. The ou'tput_ of the multiplier i
Integrate and Dump block from the Comm Fi ilters‘, Comm'umc.anons Blockset synch
signal and whose parameters are specified as an integration time _equa] to the num
bit time 73 of 1 msec or 500, derived from the 500 k samples/sec simulation rate,

amplitude 4 < Sy
$ processeq by th

ronized to the input
ber of samples iy 5

Figure 3.5 A binary ASK (OOK) signal with amplitude 4 = 5 V peak, cap'ier frequency
Je =20 kHz and bit time T}, = 1 msec for the data bits b; = 01011 (Fig34.slx).

: n
The optimum threshold z,, is given by Equation 3.8, since the binary ASK (OOK) So‘r%:zg i’;:“
though asymmetrical are equally probable. The Integrate and Dump block displays a nec) and doss
equal to the number of samples in the integration period (500 = 500 k samples/tj'ec x1 '}1115 " and set by
not scale by the term 1/7;, as in Equation 3.2. The optimum threshold Topi then is ?'125_ ;;50 as given
the Constant block from the Sources, Simulink Blockset, since z)(iT}) = O,andlz,-(lTb) = 5
by Equation 3.2. from
> qNote that the Constant block sets the optimum threshold T, With the use of the Sz-lm:tlz‘c:ikto the
the Math Operations, Simulink Blockset in Figure 3.4. The output of the Sun_i block 1s Ht]?" 10,1 is
Sign block both from the Math Operations, Simulink Blockset whose non-binary ouqi;e output table
converted to binary (0, 1) by the Lookup Table block. The input values [-1, 0, 1] use
data [0, 0, 1] and produces the binary receive data. . . cate with 757 ]
Since the binary ASK (OOK) received signal is sampled at a 500 kHz Slim}la_“o" necessay
msec, each signal has 500 simulation samples per bit time T,. However, it is "OI: analysis:
downsample the 500 kHz simulation rate to the binary data rate , = 1 kb/sec for the BEF cate or the
integration time specification of the Integrate and Dump block provides data at this '
simulation. i Jculation plock
The two comparison inputs to the BER analysis provided by the Error Rate Caic ue hdel'i‘fed
from the Comm Sinks, Communications Blockset are single simulation samples per bit tim
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, h The Error Ryt .
_ are et with 2 received datg delay of th binary bits to compensate fgretﬁ':lg:;o]g:o{z blgck parameters
| ary ASK (OOK) transmitter and receiver. ssing inherent in the
'§ . b The Display block from the Simulink, Sinks Blockset displa
b A

" : ys the rate
s and the total number of data bit comparisons. The Simularion Stop Ti;rer?oirs, ;gftt:t?(i) I;:mbi:' 0}{'
¢ whic

ormalized energy difference i
per bit to
an 50 dB should produce 0 observed

10 000 information bits in possible error. Setting the

] es
rocesses E,/N, dB in the AWGN block to a value greater th

~ eITOrS:

~ Binary ASK Power Spectral Density
The magnitude of the frequency domain representation Ppask ox/(f) (derived from the Fourier

nsform) of a binary ASK (OOK) signal of width 7, seconds, peak amplitude 4 1 i
gaequency f.Hz is given by Equation 3.16 [Proakis14]. ’ B Wl i e

1| AT, .
&ASK(OOK)(f)=§ I:T SmC(21t(T;/2)(f—j”c))+~§8(f_fc)]- (
3.16)

%[A;;’ sinc(Zn(I;/2)(f+fc))—§5(f+f;)]

This is the bi-sided voltage spectrum, extending from all negative to all positive frequencies (—co
< f<+w). The analysis for the voltage spectrum utilizes that for the rectangular PAM pulse, as given
by Equation 2.1. The unipolar PAM pulse sp(¢) in Equation 3.15 has an amplitude 0 Vand 4 =5V,
but can be decomposed into a polar PAM pulse of £ A/2 =+ 2.5 V and a constant (DC) level of 4/2 =
2.5 V in Equation 3.16 [Stern09].

: The polar PAM pulse is represented by the sinc (sin x/x) function and the constant term by the
impulse (5(/)) in the frequency domain. The modulation property of the Fourier transform shifts the
sinc and impulse representations in the frequency domain by replacing the argument fbyf-foand f+
Jeand scaling by 1/2 in Equation 3.16. _ : )

The bi-sided energy spectral density Epask wox)(f) of n pseudonoise binary ASK (OOK) signals is
ntimes the square of the magnitude of the voltage spectrum divided by the load resistance R, as given
by Equation 3.17.

o AL s (1) |+
memo:g(f)—zk:[ ) Sinc (2“(73/2)(f fc)) 4 (f f)_ (3.17)

Z‘%“ ,:A:{E,z Singt (21r(7;,/2)(f+./;))+£&£ 8(f+.f;)-

: ity divided

. The bi-sided power spectral density (PSD) PSDaask oox() is the enerey %pecgallac:;::r?gl& The

Y the time to transmit the # binary ASK (OOK) signals or nT}, as %wen ﬁgn tge energy spectral
 IPulse terms are discrete components and not affected by the PSD transtormation,

- "™lty averaged over multiple bit times T},

. : Ve X
PSD (oom(f)‘—“—l—(ﬁaﬂ sincz(Zn(I;/z)(f—fc))“‘Ta(f J:)_+ (3.18)

BASK 4RL I 5
- A

LA, o (an(y 1)+ )+ 80 +F)

4R, | 4 )
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. . - .24288 sec results in 524 283 2%
[flcreasing t(l;e S;m::g:;)r:e.iﬁiﬁ?;zri;oazpzmximately 0.95 .HZ (the Sampling r,
sampling rate and a 200 kHz/524 288). The estimated, normalized _(RL =1Q)psp
anber Ofsampk[? Orional without AWGN is shown unscaled as a singl
= P)SSDais obtained by the Spectrum Scope blqck from
i“. dBm/Hz. T}.le Blockset, derived from the Simulink model F :g3:1.slx_

Signal Processing fre uéncy displayed is 250 kHz, tl_1e Nyquist frequency o half of the
. Tr}e maxm;l(l)fg)] kHif}Z) There are approximate nulls in thf? P§D that. occur at‘ the data ry e,ﬁ::em
P ratek(H ) and mu.ltiples of the data rate due to the sinc t_erm in Equatl‘on 3.18. m,
f:z)rﬁgﬁs:n(:rislsho»in as a spectral impulse (8(f)) at /. = 20 kHz, as gtven by Equati

Ples 5 a

te dividegol?‘kfh
: Of the trap, Y th
e-sided Spectrym inF; SMifteg
the Signal p ’Ocessingug’irﬁ

e .
: on 3.18 ang Shovmz
Fi 3.6, derived from the Simulink model Fig36.slx. However details of the PSD are diﬁ'lcu]zm
re 3.6, s :
dilfc:::m at this spectral resolution and display.

Figure 3.6 Power spectral density of a 1 kb/sec random binary ASK (OOK) signal,
Je=20KkHz, r, = 1 kb/sec (Fig36.slx).

The normalized PSD can be scaled to resolve greater spectral detail, as shown mlP;:fiufe ’{31)70;"&[‘2
a center frequency of 20 kHz and a span of + 10 kHz. Since‘: the rectangular PAM pu SateP:L i
binary ASK (OOK) signal has a width 7 equal to the bit time T, Fhere are appFOXI:n b
PSD that occur at the bit rate re=1/T, (1 kb/sec or 7l kHz) .and mult'lples of the bit l‘isi S < not smoal
the carrier frequency £, = 20 kHz due to the sinc? term in Equation 3.18. The P

. i | envelope
because, although there are a large number of data, the ensemble is finite, but the spectra
clearly demonstrates the sinc? behavior.

The PSD of a bandpass signal is often .
upper sideband (USB . :
Figure 3.7. Since the bandwidth of 3 bandp i i
the transmissjon bandwidt

binary transmission of d
[Lathi09],

litude 0
» @S given by Equation 3.18. However, fhﬁhil;lgh noﬁcefibie,

uency is elevated due to this aliasing. The alias affect, a th 8
can be alleviated to 5 de

' and Wi
Iter centered at the carrier frequency
$ the information [Proakis14],
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Figure 3.7 Scaled power spectral densj

ty of a 1 kb/sec random bj
o Om binary ASK

Z, ry = 1 kb/sec (F, ig36.5lx).

(OOK) signal

The bandwidth of the binary ASK signal is somewhat problematica

2 i1,

; A
P= m: (1) sin®n £ dt =2 ifm (= - .
TR (,--.J:r,, 5 (#) sin®Q2m £6) 2K ifm,()=1 (-7, <e<iT, (3.19)

P=0 ifm@)=0 @(i-1nT, St<iT,

Equation 3.19 assumes that the ratio of the carrier frequency to the bit rate £/r, is either an integer
or much greater than 1. The integration then over one bit time Ty is either for a whole number of cycles
of the square of the carrier sinusoid or a whole number of cycles and an insignificant residual term at

twice the carrier frequency. If the apriori probabilities are equal (Py = P, = 0.5) then the total power P;
is given by Equation 3.20.

2 2
p-A piop-A4_ (20
7 ! 0

Table 3.1 Bandwidth of a binary ASK (OOK) signal as a percentage of the total power.

Bandwidth (Hz)  Percentage of Total Power

2T, 90%
3T, 93%
4T, 95%
6/T, 96.5%
8/T, 97.5%
10/7, 98%

i i = d the total normalized (R, = 1 Q)

The b - has an amplitude 4 = 5 V and the . |

Power p, =H;a£)5( ?ysl: (g,%lg)d%ﬁa(l] Oafogw[(,_zi;/o.OOl]). l\_IUmerlcally |nteg:gt(gigﬁtl;:uic:l\:;roip:;t;:r

(ensity, Equation 3.18, from the carier frequency to an arbitrary bu&syg:cmected total power provides
Side of the carrier freq’uency and comparing the resulting power to the exp
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the data in Table 3.1. Table 3.1 for binary bandpass ASK (OOK) is similar
baseband rectangular PAM. For the same percentage of the total power the b
ASK signal is double that for the baseband PAM signal.

to Tabje 2
andwidth of tll1 efor birary

"

Performance of Binary ASK for the Optimum Receiver in AWGN

The binary ASK (OOK) transmitter and optimum bandpass receiver i
evaluated for its performance in the presence of AWGN. A bandpass BER analys;
the same parameters as the baseband BER ana!yses in chapt_er 2 The System Stop
for convenience, which would process 10 000 information bits in possible error, H
kHz System Time rate results in 5 x 10°simulation sample points.

Table 3.2 is a tabular list of the observed BER in a single trial of 10 000 informat

Fi.gure 34

S 1S condycteg b
Time is set 1,
OWever, here the 300

i - ; ion b
function of E/N, to the theoretical P, for binary ASK (OOK), as given by qulationn ;n:sl s
asymmetrical signals. Binary ASK (OOK) does not satisfy Equation 3.1 and is asymmem-c for

optimum receiver is implemented as the correlation receiver for asymmetrical signals, as shown i,
Figure 3.4.

Table 3.2 Observed BER and theoretical P, as a function of E#/N, in a binary ASK (00K) digita
communication system with optimum receiver.

E/N, dB BER P,
® 0 0
12 29x10° 2.53 x 107
10 1.38 x 107 1.25 x 10
8 3.66 x 107 3.75 x 107
6 7.85 x 102 7.93 x 107
4 1.335x 10" 1.318 x 10’
2 1.863 x 10*  1.872 x 10"
0 2387 x 10" 2.394 x 10!

The AWGN block from the Channels, Communications Blockset facilitates the B!ER analysis with
the input of a desired £,/N, dB directly. The normalized energy difference per bit £ 1s.determmed by
the number of bits per symbol (1), the normalized (R, = 1 ) signal power (12.5 W) in terms "f:ﬁe
square of the difference of the signals and the symbol period (T, = 1 msec). However, not¢ that the
AWGN block parameter is labeled E, rather than E,. ) -

The normalized energy difference per bit here is £, = 1.25 x 10 V-sec, as given by f‘}““m
3.10 and Equation 3.15. The attenuation of the communication channel is taken to be zero @=1
input signal power P = 12.5 W which is used to set the E/N, ratio in the AWGN block. in the

_ Binary ASK (OOK) provides the largest energy difference per bit E, for a g{Ver{ powertem'
sinusoidal carrier and therefore the lowest P, for any binary ASK digital communication At
comparison of Table 3.2 and Table 2.8 in Chapter 2 shows the same BER performance for binary

i ; : . tim
using the bandpass optimum receiver as that for rectangular PAM using the baseband 0P
receiver.,

Binary Frequency Shift Keying

Binary frequency shift keyi - ; one of ™
frequencies durin Shift keying (FSK) shifts the carrier frequency to ission ©
8 g the bit t ; . X e trans ,
information, The modulatec;“sl?n T, for the representation of binary logic signals for th

- . . . eque
usoidal carrier signal s/(¢) has a constant amplitude of AV, fr 21

of f. Hz, and a @° g ation 7~
(Lathi09). reference phase angle, as given by the analytical expression Il Equ
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s,(0)= AsinQn(f, + kem, () 1) (i-DT, $t<iT, =01 (3.21)

The information signal or data source is mi(#) (j =0, 1) and for bina =

: ) A ry FSK my(f) = £1 V for one
Sietime 7,. The factor kf,’ »Yhose L_|n1t§ are Hz/V, is the frequency deviatio i
gain). The frequency deviation Af is given by Equation 3.22. g e s e

a7 |=k,m, 0|  (B.22)

Since my(f) = 1 V the magnitude of the frequency deviation Af is equal on either side of the
carrier frequency f.

Simulation of Binary FSK

A binary frequency shift keying (FSK) coherent digital communication system with AWGN is
shown in Figure 3.8, derived from the Simulink model Fig38six. The MATLAB and Simulink simulation
is similar to that of the binary ASK communication system in Figure 3.4 but utilizes the alternative
structure for the asymmetrical correlation receiver as shown in Figure 3.3.

The data source is the Random Integer Generator block from the Comm Sources,
Communications Blockset which produces random, uniformly distributed binary integers (0 and 1) at a
data bit time 7, = 1 msec or a data rate r, = 1/7, = | kb/sec. The bit rate is the same as that used for
baseband modulation and demodulation systems in Chapter 2, which facilitates the comparison of

power spectral densities.

Y
L |
Fu 5 > AWGN ’ | Integrate )
= *| and Dump 2 ¥ T
FM Modulater  Gain AWGN MURiDh . Looku
Channel Akoter Sign Tablep
[ I ; &
LY, ¥,

TX Offset Reo BFSK Reference 0 Reference 1
Randomlnteger  Transition 0

Generator b Tx Error!Rtalzte 0

& Calculation "

1Y i PN » Rx 10000

Random —

integgr BER Data

Figure 3.8 A binary FSK digital communication system with BER analysis
and the optimum correlation receiver (Fig38.six).

block from the Signal Attributes, Simulink Blockset produces data at a
= 2 psec or a simulation rate of 500 kHz. The unipolar binary data (0
k and the Sum block and processed by the Gain block
blockset with a parameter of a gain G =2 to generate

The Rate Transition
simulation sample time Tjmutation
and 1) is offset by —0.5 with the Constant bloc
frolm the Simulink, Source and Math Operations
polar data wi i amplitude of + 1.

The n(:;[rjl?n?elz:?ull%? moZuJator is the FM Modulator Passband block from the Modulation,

de of 1 V, a carrier frequency f.= 20 kHz, 0°

Communications Blockset with parameters of an amplitu
cations Blockset with p deviation factor &) of 2000 Hz/V. The FM

phase offset and an initial modulation gain (or frequency
e 4B and Simulink simulation of FSK for bandpass

Modulator Passband block is used for the MATL FS
simulation, rather than the M-FSK Modulator Baseband blocl.t from the CO{mmtmcarmn Bloc!fset for
adherence to the analytical description of an FM signal, as given by Equation 3.21 and described in

Chapter 1,
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n
The output of the FAs Modulator Passband block has a fi

ixed amplitude of 4 ly
» vource and Math Operations blockset with a parameter of 5 b A

Gain
the FSK signal with a simulated amplitude of + 5 V, the same as that for binary AgsaK G=3 gen bl°°k
The resulting initial frequency deviation Afhere is + 1 V x 2000 = 2 kHz, ag o;
3.22. A binary FSK signal is asymmetrical, since the bandpass signals (D) (G = Ogll‘;enby%im
Equation 3.1 and are given by Equation 3.23. * 1) do ngy Satg

5,(t) =5 sin2r (£, — &f)¢1) (i-D7, <t<iT, b=0 -
s() =Ssin@n(f, +80)1) (-DT,<e<iT, b= OB

The binary FSK signal is shown in Figure 3.9, derived from the Simulink mode| Fig38 g,
arbitrary data bit sequence &, = 01001. The carrier frequency f-is 20 kHz, the frequency de: > for an
initially is 2 kHz, the information bit is b, and the bit time is 7. Note the frequency shify that (:“0'1 Af
the FSK signal at = 1 msec of +4 kHz for the logic 0 to logic 1 and at ¢ = 2 mge, of 4 kH;;“S for
logic 1 to logic 0 binary data transition. Or the

f
) } ‘ b ; 3 [
‘
|
= |
gt g o ittt R LT RO P : 2

i A o B o o

Figure 3.9 A binary FSK signal with amplitude A = 5 V peak, carrier frequency
J- =20 kHz, frequency deviation Af=+ 2 kHz and bit time T, = 1 msec
for the data bits b, = 01001 (F; ig38.slx).

The communication channel is represented by the AWGN block from the Charmgifv
Communications Blockset, The optimum receiver for FSK is the correlation receiver for aSYmme‘mJ
signals, as described in Chapter 2 and shown in Figure 2.34 for binary baseband PAM, but modified
for passband demodulation, as shown in F igure 3.8. The FM Demodulator Passband block from the
Modulation, Communications Blockset utilizes the Hilbert Transform filter and is not used as the
optimum receiver, as described in Chapter 1. ) the

The Product block multiplies the input signal 5/#) with the coherent reference sngnal_srdg)' o
difference signal s,(f) - s«?), as given by Equation 3.9 and Equation 3.23. The reference sign ’8 by
two Sine Wave blocks, with parameters of an amplitude 4 = 5 V peak, frequencies fc i aAf (“d ‘t'h;
kHz) and 90° phase offsets. The FM Modulator Passband block outputs a cosine signal a“es
reference signal SrA) should be aligned with a +90° phase shift. The two sinusoids are then proc
by the Sum block to provide the coherent reference signal s,.().

The output of the multiplier is processed by the Intégrate and Dump block from ﬂ‘fmce;;:
Filters, Communications Blockset synchronized to the input signal. The parameters of the =

. o peme
and Dump block are specified as an integration time equal to the number of samples in 2 bit time *¢
I msec or 500, derived from the 500 k samples/sec simulation rate.
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The optimum threshold 7, is given by Equati i

. quation 3.8 since the bi i

B e aifal'e eC{ual.ly tIialro?)able.. The Int.egrate and Dump blockedig;ﬁglsl:: ’l’{l Slg_ﬂais ain i

umber of samples in the integration period (500 = 500 k samples/sec x 1 mse‘;;n;?lg dgam 3‘1“31 §°
oes not scale

~ then

the term 1/T,, as in Equation 3.2. Thus the optimum th = i
Sim) — 6250, as given by Equation 3.2. P reshold 7,, =0 V, since z/(iT;) = —6250 and
The output of the Integrate and Dump block is inputted to the Sign block both from the Math

crations, Simulink Blockset whose non-binary output (- i :

4 Table block from the Lookup Tables,%lly&muﬁ/ft gl;;l?;e:.) T];:c:'?l;i?ic:ﬂtﬁe: l?—a;y 50,1 o
output table data_[O, 0, 1] and pr(_)duces the binary receive data. e st
Since the binary FSK_rece:ved signal is sampled at a 500 kHz simulation rate with 7 = 1

each signal has 5.00 simulation sgmples per bit time 7,. However, it is not necessary to dow:gsam Ilzstic,
500 kHz simulation rate to the binary data rate r, = 1 kb/sec for the BER analysis. The integratiolrpl timg
Speciﬁcation of the Intfzgrat_e and Dump block provides data at this rate.

The two comparison inputs to the BER analysis provided by the Error Rate Calculation block
the Comm Sinks, Communications Blockset are single simulation samples per bit time 7 derived
ata source and the binary received data. The Error Rate Calculation block parameters
d data delay of two binary bits to compensate for the processing inherent in the

from _
from the binary d
are set with a receive

 pinary FSK transmitter and receiver.
The Display block from the Simulink, Sinks Blockset displays the rate error, the total number of

errors and the totgl number of {iaté_l bit comparisons. The Simulation Stop Time is set to 10 sec which
osses 10 000 information bits in possible error. Setting the normalized energy difference per bit to

ise ratio Ey/N, dB in the AWGN block to a value greater than 50 dB should produce 0 observed

Ors.

o Binary FSK Power Spectral Density

 The power spectral density (PSD) PSDgrsi(f) of a binary FSK signal of width 7; seconds, peak
- amplitude 4 volts, and carrier frequency f. Hz is somewhat difficult to develop. An approximate
- method is to decompose the binary FSK signal as a sum of two ASK signals with two data sources, as

 given by Equation 3.24 [Stern04].

s,()=A m, (0 sin@n(f, + ) D+ Am, Osin@T(-4ND  (324)
(-DT, <t<iTy, j=0,1

’Ihe data sources or information signals ;%) and mz (1) G =0, 1) are given in Equation 329,

m, =1 G-DT <t<ily b,
= -7, a8 b =0
m,,(t) 0 (-D7, g (3.25)

b =0

m, ()= 1 (-NT, stsily
m2.j(t)= 0 (I—I)TI;SISII; i

s with carrier frequencies of f. = Af and the
by Equation 3.15. The bi-sided PSD for

The decomposed FSK signal is then two ASK signal
PSDs from the two ASK signals from

gu;Se modulation signals spudf) = M) (kj =0,1)as given
h&:tafy FSK signal PSDysx(f) can be approximated as two
| Tation 3.18, as given by Equation 3.26.
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PSDBmc(f)=
AZT. a2 "Af))+-£_6(f—f_ﬂ_f)+
TerSine (2n(T,72)(f - 1. o . (3
: 2 26)
J A
;22 sinc2(21:(Tb/2)(f—j; +Af))+]—6E- 5(f-f.+0f)+
1222 sincz(zn(T,,/2)(f+fc +Af))+fE 5(f+_ﬁ +0f )+
AT, o (on(1,12)( 1+ £~ ) a5 4 o)
16R, o ( g ‘ 16R, ¢

This approach is a useful approximation but not rigorous [Stern04]. _A rig«_orous analysis for the
binary FSK PSD would require the addition of the voltage §Pecﬂal density using complex numbers
prior to squaring to obtain the energy and power spectral del_lsmes. Howgvcr, the approximation for the
binary FSK PSD in Equation 3.26 is adequate for the analysis here [_'Lathl.09].

The minimum frequency deviation Af is 1/2T}, = r»/2 Hz. With this value of Af the peak of the
PSD of each of the decomposed ASK signals in binary FSK would be at a null of the PSD of the other
signal, as given by Equation 3.26. FSK using this value of Af is known as minimum frequency shifi
keying (MFSK).

In the temporal domain, binary FSK signals with Af = nry/2 Hz (multiples of the minimum
frequency deviation, # is an integer) are orthogonal to each other over one bit time 7. An orthogonal
signal o(¢) is described by Equation 3.27, which is similar to the correlation receiver process in

Equation 3.2.

it
o)= [ 5,5, ()dt=0 j=zk (i-DT,<r<iT,
w7, (3.27)
i,
o(t) = j s,()s,(t)dt=4, j=k (i-1)T,<t<iT,

-7

Since s(f) and sy(/) are sinusoidal signals at a carrier frequency f., Equation 3.27 assumes that the
ratio of the carrier frequency to the bit rate f/r, is either an integer or much greater than 1. The
integration then over one bit time 7} is either for a whole number of cycles of the square of the carrier
sinusoid or a whole number of cycles and an insignificant residual term at twice the carrier frequency.

The initial frequency deviation Af here is 2/T, = 2r, Hz. Although not the minimum value, this &f
is a multiple (4) of the minimum and the peak of one PSD still would be at a null of the other PSD.
;'181;2 allows the resulting PSD to clearly demonstrate that of the decomposed ASK signals in binary

Increasing the Simulation Stop Time to 5.24288 sec results in 524 288 (2'%) samples at a 500 kHz
sampling rate and a spectral resolution of approximately 0.95 Hz (the sampling rate divided by the
E;w?sféamplesl or 500 m:/v%u 288). The estimated, normalized (R, = 1 Q) PSD of the rransmgf?d

signal without AWGN is shown ingle-si in Figure 3.10 1"
dBm/%lz. The frequency deviation Af'is 2 kHz hei(:ﬂed i A ingiesieg. St . SEEES
© camrier components are shown as a spectral impulses at £, + Af=20 +2 kHz, as given
by Equation 3.26 and shown in Figure 3.10. The PSD is obtaitfgg) lZy tl{e Spi'trum Scope block from
the Signal Processing §'mks, Signal Processing Blockset derived from the Simulink model Fig310.5 b
There are approximate nulls in the PSD that occur at the bit rate rs=1/T, (1 kb/sec or | kHz) and
multiples of the bit rate centered about the two decomposed ASK carrier frequfencies of f=20% 2kHz
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: . il 5 5
e to the SINC term in Equation 3.26. Th '

du € PSD is not smooth because, although there are a larg
e

data, the ensemble is sti i
mber of data, is still finite, however the spectral envelope clearly d
y demonstrates the

n

B _The frequency deviati e

sinc pehavior y deviation Af'= 2 kHz is . )
the PSD of the decomposed ASK signals can be deml)nzlti:tg dm”'tlple of the bit rate r,= 1 kHz, so that

£ - Freauanoe (kHeh -

Figure 3.10 Scaled power spectral density of a 1 kb/sec random binary FSK signal
f.=20kHz, Af=+2kHz,r,= 1 kb/sec (Fig310.slx).

nimum frequency shift keying (MFSK) occurs when Af = 12T, = ry2 Hz. Setting the
— 500 Hz/V results in Af =% 1 V x 500 =+ 500 Hz, since r»/2 = 500 Hz. The
hown scaled in dBm/Hz in Figure 3.11.

The approximate nulls in the PSD remain at the bit rate ; and multiples of the bit rate centered
about the two decomposed ASK carrier frequencies due to the sinc? term in Equation 3.26. The carrier
components are shown as a spectral impulses (8(h) at o+ Af=20£0.5 kHz, as given by Equation 3.26
and shown in Figure 3.11. This carrier frequency separation is the minimum possible, since each
carrier spectral impulse is at the null of the PSD of the other decomposed ASK signal.

M

modulation gain k¢
resulting normalized PSDiss
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kb/sec random binary FSK (MF SK) signal,

Figure 3.11 Scaled power s ectral density of a 1
Ok = 1 kb/sec (Fig310.5x).

f,=20kHz, A/=% 500 Hz,
atical, as it is for binary ASK. Defining the

The b ; : :onal is problem i
andwidth of the binary FSK s1&l o thg binary FSK signal again is again usual course. The

bandwidth

1 as a percentage of the total power : ' . .
otal power is easily calc%u]ated in the temporal domain. The powet P in the binary FSK signal per bit
time 7,, derived from Equation 3.2 and Equation 3.22, is given by Equation 3.28.
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2 il AZ ) )
po [ sinen(xaNN =27 (-1T, <t <iT,
TR, i, L

(3.28)

28 assumes that the ratio of the carrier frequencies to thc.e bit ratg': (ft..i Af Vryis either
. ater than 1. The integration then over one bit t(;me:l Ty is either for a who|a
insignificant residual term at twice the cary;
les or a whole number of cycles and an Insigni . iy
ri:rmnb:;:f (’?t::e apriori probabilities (Po, P,) do not affect the total power since Po+ Py=1,as for
bi?\qal;y A)él( in Equation 3.20, and the total power Py for binary FSK is given by Equation 3.29.

Equation 3
an integer or much gre

AZ AZ AZ : 9
2R, ' 2R, ' 2R,

. signal has an amplitude A =5V and the normalized (R, = l Q) power Pr= 125
W - le(;g-;"ggnf ?FO 15;1,0[12.5/0.0015)). The decomposi_tion of a biqary FSK signal into two binary
ASK signals separated by 2Af, with the bandwidth of a binary ASK signal as a percentage of the total
power given by Table 3.1, results in Table 3.3. For the same percentage of t]'1e total power the
bandwidth of the binary FSK signal is greater than that for the binary ASK (OOK) signal by 2Af Hz.

Table 3.3 Bandwidth of a binary FSK signal as a percentage of the total power.

Bandwidth (Hz)  Percentage of Total Power

2Af + 2T, 90%
20f + 3T, 93%
2Af + 4T, 95%
20 +6/T, 96.5%
21 +8/T, 97.5%
20f + 10/, 98%

Since the minimum value of Af is 1/2T, Hz in FSK (MFSK), the resulting 90% total power
bandwidth is at least 3/T Hz, a 50% increase in bandwidth over that for binary ASK. The first
approximate nulls in the PSD for binary FSK (MFSK) in Figure 3.10 occur at 18.5 kHz and 21.5 kHz.
Thus for MFSK the 90% total power bandwidth here is 3/7, = 3 kHz.

Performance of Binary FSK for the Optimum Receiver in AWGN

The binary FSK (MFSK) transmitter and optimum bandpass receiver in Figure 3.8 can be
evaluated for its performance in the presence of AWGN. A BER analysis is conducted with the same
parameters as that for binary ASK. The Simulation Stop Time is set to 10 sec for convenience, which
would process 10 000 information bits in possible error.

Table 3.4 is a tabular list of the observed BER in a single trial of 10 000 information bits s 2
function of £/N, to the theoretical P, for binary FSK (MFSK), as given by Equation 3.11 1
asymmetrical signals. Binary FSK does not satisfy Equation 3.1 and is asymmetric. -

_ The AWGN block from the Channels, Communications Blockset facilitates the BER analysis W'”}
the input of a desired £,/N, dB directly. The normalized energy difference per bit £, is determin oy
the number of bits per symbol (1), the symbol period (7} = | msec) and the normalized (R =
input signal power (P = 25 W) which is used to set the E/N, ratio in the AWGN block. However the
AWGN block parameter is labeled Ej rather than £, ’ 0

q EThe normalized energy difference per bit here is £,= 2.5 x 102 V3-sec, as given by Equation ll&
and Equation 3.23. The attenuation of the communication channel is taken to be zero (2 = '

120



