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ABSTRACT

A new method for generating h =1/b, bandwidth efficient binary

——

" - CPFSK modulated signals with one single circuit”is introduced.

The h=1/b binary CPFSK signal is first represented by its
preenvelope r(t). A baseband processor generates the real part
‘I(t) and the imaginary part Q(t) of the CPFSK complex
preenvelope r(t). The two baseband signals are filtered before
being combined with quadrature phase modulation scheme. The
transmit filter is a fourth order Butterworth low pass filter
approximating an a=0.5 raised cosine channel. Experimental
results of eye patterns, state space dlagrams, and envelope
fluctuations of CPFSK are presented The spectral
characteristics of CPFSK signals are derived using an N-state
(N =4b) Markov chain model. The results are presented and the
case of h=1/4 is shown to be of interest. The probability of error
performance of CPFS}'( in an additive white Gaussian noise
(AWGN) single chanlnel environment, is analyzed and compared
to that of M-ary PSK and MSK. Further, it is shown that the
probability of error of h=1/b CPFSK is compafable to that ef the
differentially encoded and coherently- detecte::l M-ary PSK with

M =b. For a constant envelope modulation scheme, h=1/4
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should be considered since it is shown to be worse thah DE-MSK

by only 0.95 dB at a P(e) of 104, in term of Ex/Ng, yet with almost

half the bandw1dth JA blo,ck-dxag:ram of the demodulator is
proposed. Moreover, for h=1/2 CPFSK generated as proposed, it
is shown that the quadrature demodulator (MSK demodulator)

can still be used with slight modifications. For future research,

- h=1/4 CPFSK is suggested as a bandwidth efficient CPFSK

scheme. To attain even higher spectral efficiency, a duo-binary .

a:}d modified duo-binary h=1/4 CPFSK is suggested. The effects
of ACI and CCI on the probability of ‘erroxf may be an ihteresting
topic for future stu;ly. These desirable perf'ormané;:_‘}
characteristics, combined with the simple hardware

implementation that is propdsed in this thesis may lead to

——

numerous satellite and terrestrial radio system applications.

W
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CHAPTER ONE

INTRODUCTION

Most inventions arise from the need to solve problems and,

. paradoxically, most inventions lead in turn to the discovery of

new and hitherto unsuspected problems. The groWing demand
for communications, partiptilarly between widely separated
areas has resulted in an ever-increasing proliferation, by

planners, users and manufacturers, of the transmission of

- information in digital form. As‘an interesting observation

reinforcing the view that very little in technology is genuinely
novel, we shall recall that the earliest modulation systems of Lhc
spark transmitter type were digital. The invention of the
amplifying TRIODE then shifted emphasis onto analogue
modulation systeth_s for over half a century; the present interest
in digital moi:lulation‘rr;ight be regarded as a r'et‘)irth of the
concept at a higher level of technology and expertise. In modern
digital cornniunication_s systems, the crowded conditions
prevailing in many regions of the radio spectrum have created a
need for improved‘spectrum and power utilization techniques. In
recent years, a wide variety of techniques for solving the problem

of spectral congestion, have been investigated. Various filtering



and baseband sigral processing techniqueshha‘\.re been studied.
“On‘e_of the proposed solutions was to better mana‘ge the existing
'za'lilc')éétions at high frequencies byl means of spectrally gfﬁcient
m_odulafion téchnigues, in which, the primary objective was to
‘maximize the bandwidth efficiency, defined as the ratio of the
data rate to channel bandwidth (in units of bit/sec/Hz), at a
prescribed average bit error rate with minimum expenditure of
signal power. Communications systems using certain types of
non-linear chanﬁels may force other constraints on -th.e

modulations techniques, namely, a constant envelope of the

modulated sim avoid AM to PM conversion due to the non- -

linearity. In summadry, to attain high spectra.l efficiency, the
power spectrum of_'the signal should have a narrow main lobe
and a fast spectral roll-off.” To attain high power efficiency,
the transmit high power amplifier (HPA)should be operated
in a saturated (non-linear) mode. Quadrature-phase-shift-
keying (QPSK), Offset QPSK (OQPSK), and Minimum-shift-
keying (MSK) modulation techniques are widely used because of
their simple hardware implementation and good P(e)
’perfofmance in a linearily amplified channel. Since both FSK
and PSK type signals exhibit sidelob;zs that may interfere with

adjacent channels, filtering is necessary at the transmitter so as

a2
T

W



to conform with out of band spectral emission standards (DOC,
FCC or CCITT): In the case of QPSK, the bandlimiting operation
on the modulated siénal, results in a great amount of enngOpe
fluctuation in the signal (a result of filtering the phas;e shi’fts in
the carrier} which leads to spectrum sprealciip'g due to .the
AM/AM and AM/PM conversion resulting from _t.he-transmit or
satellite transponder's high power amplifiers (HPA)..Thus, when
the bandlimited signal is'hardlimited, the spectral sidelobes are
restored to their original level prior to ﬁlferin'g. .Tl.'xese t;egrown

sidebands introduce out of band radiation on L-hs satellite down

link, causing significant interference into the adjacent channels,.

and degrade the probability of error performagce. In OQPSK, -

the HPA's non-linearities affect less the signal envelope and
cause smaller overall enveiope fluctuations (a maximum of 3 dB)
-Ehan those of conventional QPSK. In MSK, the phase
transitions are linear and continuous, resulting in a constant
envelope modulated signal. Therefore, the MSK signal is
affected much less by bandlimiting/hardlimiting opef;cltion, and
the degree of regeneration of the previously filtered sidelobes

is less than the case of either OQPSK or M-ary PSK. The

normalized bandwidth [21], i.e.,-bandwidth in which 99% of the ‘

n

n
x

.ﬁ‘l_-



power is contained, divided by the bit rate, is 8.65 for QPSK
and OQPSK with rectangular shaping, and only .1.1.5 for MSK
:[21,22,37]. The MSK spectrum, however, has a wider main lobe -
.than QPSK or OQPSK and thu’s, it may not be the preferred
.method for narrow-band satellite links. Multi-interval palse
overlapping techﬁiques have been introduced to achieve higher '
spectrai efficiency cpmpz;.red to the conventional QPSK, OQPSK
and MSK signals. A class of intersymbol'-interférence and jitter-
" free (LJF) OQPSK schemes studied by Feher et al [12,46,47] °
also retains:a compact main lobe and low spectral spreading
after non-linear amplification. Further spectral economy is
~ achieved in MSK, by using multilevel pulses, known as fm_;lti ple

' amplitude MSK (MAMSK) [37]. More recently, another
version of MSK with phase correlatmn overa three.bit interval
duration, known as tamed frequency modulation (TFM), Was‘i
introduced, resulting in a spectrum in which the power radiated
into. the adjacent channel is 60 dB (in llTb_ Hz) lower than the
power radiated into the desired channel. MSK or continuous
phase FSK, with half the bit rate as separation between the two
transmitted frequencies, méy be generalized to include other

values of the frequency deviz;ﬁon fa (f4=0.71/2Ty); howevelz', the
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ci%its 'Hlvblved are complex and the benefits re.portéd do not

seem to favor these sche:rnes over the simple yet relatlvely
effiment MSK modulation. Hence,generating CPFSK signals

. vhth narrower main lobe and with different peak frequency

deviation values, exhibiting smooth phase transitions and
therefore constant envelope, are called for.

In this thesis, a general method for generation of constan;
enveloﬁe?—bandlimited CPFSK S'ig‘n-a‘is is introduced. In
particular, a low cost CPFSK modulation scheme, with and
without spectrum lines, is designed, analyzed and implemented
The CPFSK modulated 51gna1 havingno envelope ﬂuctuatlons
when passed through a channel with a high degree of AM/AM

. and AM/PM non-linearity, has a greatly reduced spectral

spreading as well as equal or narrower main lobe than that of |

MSK with low out of band energy and good P(e) performance. To

- compute the moduidated signal's mean power spectral properties,
a Markov chain model of the CPFSK modulated signal,:

-describing thé signal as a sequence of waveforms governed by

Markovian probabilistic laws, is developed and used.

.



1.1 THESIS OUTLINE

Sy

e

Following this introductory chapter, several related digital
transmission techniques are reviewed in chapter two, and fhe
relation between _MSK (or CPFSK with h = 1/2) and OQPSK is
illustrated. Major publishe‘é contributions on the generation
and demodulation of CPFSK are summarized. This review is
helpful for the understanding of the materials presented in later

chapters.

r

L3

A new approach of the generation of constant envelopey
bandlimited CPFSK signals, with and without spectral lines,
using a sinéle modulator circuit has been deveioped and His
introduced in chapter three. Furthermore, the hardware
implementation of the modulator and the experimental results

are presented.

In chapter four, a Markov chain model of the CPFSK modulated
signal, descrﬁbihcg the signal as a sequence of waveforms
governed by Markovian probabilistic laws, is developed and is

used to compute the modulated signal's average power spectral



density. These properties are cf)mpared to those obtained from

e

experimental results.

In chap;ter ﬁv-é: a hardwére block. diagram lf'or a new coherent
method to demodulate the CPFSK signal, is proposed. The
binary input data stream is demodulated through a comparison
of 'gﬁccessive beginning phases. Fufthgrmore, it is sHown that
. the error performance of binary CPFSK with modulation index
h=1/b is ma;ginally worSe than that-of the differeﬁtially
encoded and\cc;;érently detected M-ary PSK with M=b. The
~ caseofh = 1/4, fs shown to be of interest, since it is worse than
DE-MSK ir Ey/N, performance, by only 0.95 dB for a P(e) of 10°%;

yet its bandwidth is half that of MSK. ‘
Finally,"--}‘h chapter six, the conclusions and future research
points are presented, as well as a suggestion for a possible

extension of this work.



CHAPTER TWO

REVIEW OF PSK AND FSK BASED SIGNALS

s

T

2.1> INTRODUCTION _\
| T

Before proceeding to the design of the CPFSK/,ftnodulator, some

other niodulation schemes are o@ﬁe&—in/this chapter. This

outline is expected to provide a general understanding of the

main features of the existing power and bandwic}th efficient

modulation techniques that are relevent to the thesis’ topic.

The"well known QPSK, Offse; QPSK, MSK and other recently

developed digital modulation schemes are presented. Major -
contributions that have been published on full and partial

response CPFSK modulation scheme are summarized. The

literature on the implementation of CPFSK is reviewed.

Moreover, the relationship between Offset QPSK with sinusoidal

pulse shaping (MSK) and CPFSK is highlighted.

With this overview, we are able to justify the needs and
objectives of our investigation of a new method to generate the

CPESK modulated signals.

/‘\.<



2.2

. ’

M-ARY PHASE SHIFT KEYING

In the transmission of digital signals the modulator performs the
function of impressing the digital information bearing signal on
a carrier by modulating the carrier amplitude, the carrier phase,
or the carrier frequency. In M—ary PSK systems, the modulator
maps the sequence of binary digits into a corresponding set of °
discrete phases of the carrier {39,41]. Consequently, if {xn}
denotes the sequen::e of bihary bits 'gppearing at the input of the
modulator at a rate of Ry, bits/sec;' an M-phase-shift-keyed signal

" is generated by mapping blocks of K. = loga M binary digit;; of the

sequence {Xn} into one of the M corresponding phases Hm,:.
2nm/M, m = 0,1,..,M-1 [41]. The M possible signals that would
be transmitted dufing each. s_ignaling interval Ts = (logaM)Th,
are [5,39] . . ) '

L

s(t) =. cos{2nf.t+0n} for (t-nTs) € [0,Ty) (2.1)

where m = 0,1,... . M-1. The resulting equivalent low pass signal

is represented as, [41]
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u(t) = exp(jOn) . . ' | (2;2)

;. The c_I_i_g‘itél M-ary PSK-waveform can also be represented in the

form, _ -

.
D

s(t) = I(t) cos(wet) - QL) sin(wct) ' (2.3)

where I(t) = cos(6,) and Q(t) ='sin(B,), which shows that the
waveform s(t) is the difference of two AM signals using cos(wct)

-

and sin(wct) as carfiers.
2.2.1 QUADRATURE PHASE SHIFT KEYING

In Quadrature Phase Shift Keying (QPSK), the sequence of
phases {Bn} in (2.1) has four distinct states. These states are

~ generated by a unique mapping scheme of consecutive dibits

(pafi; of bits) to phase values. A block diagram of a conventional
coherent QPSK system™is shown in figure 2.1.a [4,5,37,39,40].
The serial input data stream, entering the modulator at the rate

of 1/Ty ,_bits/sec, i1s separated by a serial to parallel converter

< i



I(t)

Xn S/P s(t)

Q(t) -

S s — N E——

2 4 6 8 10

Figure 2.1.a block diagram of quadrature phase shift
"~ keying (QPSK) modulator.
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into two streams; I(t) and Q(t), consisting of even and odd bits ‘.
respectively, with half the incoming bit rate (1/2Ty). The two.
parallel pu!se trains modulate the inphase and quadrature-
components of the carrier; and the sum s(t), the modulated QPSK

.,

signal can be expressed as -+

s(t) = I(t) coslwet) - Q(t) sin(wct) : (2.4)

The outputs of the multiplier, in figure 2.1.a, are BPSK signals.
The I multiplier output signal has phase 0 or 180 degrees

relative to the carrier, and the Q multiplier output signal has

phase 90 or 270 degrees relative to the carrier. The four distinct

states of the carrier phase are thus: 6(t) =, Arctan(Q(tVi(t)) =

i
.45, £135, corresponding to the four combinations of I{t) and

Q(t). The carrier phase ¢(t) can change only once every Ts=2T},.
During the following 2Ty, interval, if neither bit stream changes

sign, the carrier phase remains the same. If one component,

- 1(t) or Q(t). changes sign a phase shift of 90 degrees occurs.
A change in both components results in a phase shift of 180

degrees. Since the I and Q modulated signals are in quadrature,
the receiver is able to demodulate and regenerate them

independently of each c:>t.l_1er, op?rating in effect as two BPSK
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+ ) S
receivers. ';L‘he regenerated I and Q streams are then recombined
ina parallel‘-:to serial converter to form the original input data

stream. However, it is subject to error because of waveform

distortion and bit spreading resulting from noise and ﬁ'ltering.

’ ' o
2.2.2 OFFSET QUADRATURE PHASE SHIFTKEYING

Offset QPSK system is very similar to QPSK. The diff‘érence

-between the two modulation techniques lies in the phase

relationship of theland Q bit_strearns [37]. The odd and even bit
streams, transmitted at the rate of 1/2Ty baud. are
synchronously aligﬁed in QPSK, as shown in' figure 2.1.b,
such that their transitions coincide. In the case of' OQPSK, a
shift is introduced in the relative alignment of the quadrature
stream Q(t) with respect to the other by an amount equal to
Tb. The OQPSK signal can be repreﬁehtéd by 2.1 and .2.7, and
the resulting ‘i"nstantaneous phase states at the modulator
output are the sa.me as for QPSK._ However, a common

representation of the OQPSK modulated signal is given by [22], |
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s(t)
xn X
t/Tb
1 2 3 4 5-..6 7 8 10 11
’ I(t) i}
FI-,——‘
‘ t/Typ
2 4 6 "8 .10
Q)
. = /T,
I /F\\ , ; ‘
1 3 5° 7 11
Figure 21b  block diagram of an offset quadrature phase

shift keying (OQPSK) modulator.
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-(2n-2)Tp) sinlwct)
(2n-1)Tp=ts2nT} .

X201 Sq (t-20Tp) cos(et) - X2n.2 Sq

s(t)= - (2.5)

Xon.1 ch(t—2nTb) cos(Wet) - Xuy, qu(t-énT )sin(wet)
2n\I‘bs t=2n+ )T}

where w¢ is the carrier frequency in rad/sec, x,= % 1 is bhe input.
binary bit stream at a rate of 1/Ty, bits/sec, and S (t) and S (t)
are two rectangular unit amplitude pulses each with a duration

of 2T: J
Sq.(ty=u(t) - u(t-2Ty) and Sgt)=ut+Ty) - ult-Ty). -

Sinc_e the binary coméorients cannot change states
simﬁ.ltaneously, one component changes in the centre of the
other symbol and hence only one component switches at a time,

The demodulator block diagram for both QPSK and OQPSK IS.
| shown in figure 2.1.c. 4

Like QPSK, an unfiltered OQPSK mgnal has a constant
amphtude envelope. Bandlimited OQPSK sxgnals ‘have a
maximum amplitude variation of 70% (3 dB) compared to 100%

amplitude- variation for conventional QPSK sysﬁems (39].

-

13



block diagram of a'QPSKIOQPSK demodulator.
(the channel path is ako included) ‘

\ ’,
@
\-s(t) BPF
S -
s = LPF
OQPSK | oFFSET
Q
10
r (t) *— 900
: 90°
i "
LEF
_l Rt
CARRIER CLOCK
RECOVERY RECOVERY
A.'r’t"'
5
Figure 2.1:c
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- This lower amplitude envelope variation imparts certain

advantages to OQPSK as compared to QPSK in non-linear’
systems' [22,37,39,40]. This means that, when a bandlimi_tgd

OQPSK signal is transmitted through an amplitude limitil:l.g

device such as a high power amplifier (HPA) or a hard limiter,

there is only partial regeneration of high freqﬁency components,

in the spectrum, prior to filtering {37,391. For QPSK under the

same circumstancés, however, the regeneration to the unfiltered

level is corn;)lete [(39]. '_Ifh;.zs, out of band interference in OQPSK

is reduced, while in QPSK it is not [39]. "

/~ ' i

/ . -

MINIMUM SHIFT KEYING

Minimum Shift Keying (MSK) is a special case of OQPSX in
which the OQPSK signal format is modified to avoid abrupt
phase trans_ition; all together [37]. This is accomplished by
employing half-cycle sinusoidal pulses instead of the usual
re’ctz;ngulax’ shapes [22,37,39]. Figure 2.2 shows the block
diagram of an MSK system. As with OQPSK, the demultiplexer
accgpps bits at Ry, anci routes these alternately to the I and Q

phasor encoders at a rate of Rs=Ryp/2, where Rs is the phasor

hisY
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Z s{t) |

/T ,

t/T

Figure 2.2.a -

block‘diagram of @ minimum shift keying
{MSK) modulator. . e
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,.',‘"

s(t)

LPF +
- ‘;,‘:v',
DELAY
00 .
90°
90°
)| (
. W LPF ~
CARRIER
RECOVERY .
i :
Figure 2.2.b. block diagram of a minimum shift keying

(MSK) demodulator. (the channel path is also

. included)
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symbol rate. Each symbol is lengthened to 2T},. After passing
_ through- the two multiplexers and the summer, the resulting

outputis[22] - -

501 C(t-20Tp) coS(@ct) - Xzn.z S(t-(20-2)Tp) Sin(aact)

(20:1)Thst<2nTh
s(t)= - o (2.6)

in:; C(t—2nTb) cos(w@et) - Xon S(t-2nTy) sin(wet)

onThst<sn+ 0T,

[

where C(t)=cos(nt/2Tp) and S(t)=sin(nt/2Ty). A comparisori
between MSK, OQPSK and conventional QPSK waveforms is

shown in figure 2.3.

Owing to its constant envelope and continuous phase nature, *-
" "an unfiltered MSK signal, when non-linearly amplified, suffers
no signiﬁcant si:ectral spreading in tlié;fibandwidth of interest,
and provides faster roll off and lower high-order spectral

sidelobes than the filtered OQPSK signal [22,37]. It is
-illustr'ated that 99% of the power of a non-filtered MSK
signal is contained within a channel bandwidth of 1.15R, [22,38].

o
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MSK =90" phase shift +90° phae shitt |

NPT

0 \/ T 27, \/37, 4T,

OK-QPSK —90° phase shift +80° phase shift +90" phase shitt

\/\/\\/\/\/\

SRAVA\VAVAVAAVAN

QPSK 180 phasa shift Nodswa _ _ _ _ . _ _ ¥ —90° phase shult

AWALWARAN/AWAY
SAVARNAVARVARVAS VAR

No data tranuitions

Figure 2.3 Typical waveforms for MSK, Offset QPSK and

conventional QPSK.




Hence, less post modulation filtering will be "required of MSK
than of OQPSK to reduce the out of band power to a given value
(for a channel band.“qridth B.>0.75Rp) [21, 37,39,40]. In addition
to its spectral propefti_es, the ideal Ep/Ng performance of MSK
which iy the same ideal Ep/Ng as BPSK, QPSK or OQPSK [40],
is of interest. As’ié well known, the probability of bit error pe

of coherently detected QPSK, OQPSK and MSK is [39,40]

' Pe = Q((2E/N)!?) (2.7

This expression, however, omits considerations of data °
ambiguity resolution. Differential encoding may be used to
provide such-resolution in which case the probability of bit error

P(e) is given by [3,39,40]

P(e)=2pe-(pe)?

The spectral spreading land error probability performance of
QPSK, OQPSK and MSK systems in various nonlinear channel
models have been investigated by many authors. In general, it
was found that Ep/Ng degradation, due to Eoth bandwidth and

amplitude limiting, is less for wide channel spacing and worse for
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narrow channel spacing, relative to QPSK and OQPSK [40].

However, since the MSK spectral main lobe is 50% wider than
that of unfiltered QPSK and OQPSK signals (21,22,37,39], and
since the power spectrum of the MSK signal has the same shape
as the magni quared of the Fourier transform of the
pulse shaping function f(t) [22,37], the spectral properties of the
MSK type modulated sign;l can be further improved by using
bandwidth efficient pulse shapes m(t). D1fTerent pulse shapes
have been proposed by a number of authors {12, 38 39,42,43,45].

Amoroso introduced Sinusocidal Frequency Shift Keying (SFSK)
in which the pulse shape m(t) is synthesized by applying a keyed
sinewave to a linear integrator followed by a linear frequency

moc‘lu'la&tor (381, 1.e.,

m(t) = cos( - Usin( L)) for |t] < Tp (2.9)

where U is constant in the range (0,1/2). For U=0 the MSK

signal is obtained. This results-in a much smoother m(t) and

produces an asymptotic spectral roll off that is twice as fast as in

MSK. Rabzel and Pasupathy {42] appliéd the relationship

" between sharp spectral roll off and the pulse shape having many
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continuous derivatives to present pulsé shapes with smoother

end-point behaviour, and thus sharp spectral roll off. Simon [45]

- derived a set of conditions on the input pulse shapes and derived

the general power spectfal densities of those shapes. Feher [4,39]
introduced 'a non-linear switch filter (NLSF) which was later
used [12] to develop a class of intersymbol-interference and jitter-
frt;e (IJF) baseband signals and IJFl-'OQPSK systems. A new
class of [JF-OQPSK called two-symbol-interval (TSI) was later
introduced [46]. Based on Feher's NLSF and [JF-OQPSK
systems, cross-correlated phase-shift-keying (XPSK) was
introduced by Kato [47].. In XPSK modulators, a controlled

amount of cross correlation between the in-phase (I) and
quadrature (Q) qham;els is introduced. I and Q cross correlation
reduces the envelope fluctuation of the intersymbol interference
and jitter free OQPSK (IJF-E)QPSK) modulation scheme, from 3
dB to approximately 0 dB [47]. -

CPFSK MODULATION SCHEME

—

In continuous phase FSK (CPFSK) modulation, the transmitted

signal is generateﬂ by varying the carrier frequency. In full
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response CPFSK, each data symbol only affects the'
instantaneous'frequency of the transmitted signal in one symbolz
interval while the phase is kept continuous. C__?FSK scheme can
handle M-ary signalling, various frn:equency pulse shapes and
arbitrary set of modulation indices [18]. The tranémitted

constant envélope CPFSK signal can be expressed as [18,28]

———
T

 s(t) =cos(wet +8(t,xi) +0o) - ‘ (2.10)

~

where 6(t,x;) is the continuous phase modulation induced by the

data sequence x; =(x} ,X2,....,Xn), and is given by

L v

B(tx)=2nf Y Xnhng((-nTp)dl . (2.1D)
0

n=-m

The symbols x, are selected independentiy every Ty, second in
equiprobable fashion from the uncorrelated M-ary set_; 1) SO -
M-1}. The variable hy, is the modulation index during the nth
interval [(n-1)Tp,nTy). The amplitude of the baseband pulse g(t)

is chosen such that the maximum phase change over the nth

g
te
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interval is xphpn. For continuous phase signal, the baseband
. pulse shape g(t) is not allowed to contain any impulses [28].
CPFSKsystemy can be divided into two major classes:

~

1. Full response CPFSK modulétion scheme:

In this case, the bas;abaxid pulse shape g(t) is limited within
one bit interval Ty,. Note that although the scheme is full
response, the actual phase over any specific bit interval
depends upon the previous data symbols. This case
includes linear phase with constant h (i.e., binary CPFSK)
or with multi-h [30,31T a:nd with rez—:t_.'.mgul.ar or smoother
g(t) (e.g., SFSk [38]). As the baseband pulse g(t) gets
smoother the power spectrum of the full response CPFSK
signal rolls off faster but its main lobe becomes wider. A
8

low modulation index yields a narrower main lobe but the

complexity of practical implementation isincreased [37].
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2.  Partial response CPFSK modulation scheme:

'In this case, the baseband pulse shape extends over many
bit intervals. (_)hly constant h schemes with piecewise
constant baseband pulse-s g(t) [15,36] or with smooth
multiple-interval pulses [15,16,17,36] have been
considered. 'The Tamed-‘Féquency Modula_tion (TFM) [16],
uses co_rrelation between phase shifts to achieve smoother
phase and thus better spectrum (i.e., smoother pulse g(t)).
This correlative encoded FM technique was generalized by
Mulwijk [15] to a class of Correlative Phase Shift Keying
(CORPSK) Modélatlon Techniques. Partlal . response
CPFSK modulation: schemes proylde power .spectra with
both narrow main lobe and fast roll-off (see figure 2.4).
However, because of multi-level correlation, phase
variations are small; therefore, to obtain good error |
probal.aility performance, careful carrier and clock

synchronization is required.

- 2.4.1 IMPLEMENTATION OF CPFSK SYSTEMS

This section reviews the literature cn the generation and demo-

L SR ]

-
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dulation of CPFSK modulation technique. Implementation of
CPFSK modulation scheme with h = 1/2, also known as FFSK: |
or MSK, can be accommodated in two equivalent t‘ashio;ls,
namely parallel and serial. The parailel method is illustrated
in figure 2.2.a; the serial method'is an alternative approach to
parallel modulation and demodulation of MSK. In the paraliel
approach, the quadrature channels Qf the modulator and
demodulator must be time synéhronized, amplitude
balanced, and in phase quadrature to minimize c;verall system
degradation. For high data rate, this becomes more difficult
to maintain: The serial method, publisfted by Amoroso and

Kivett [7] and later implemented at 760 Mb/s by R-yan,

- Hambley and Vogt [48], avoids these problems. DeBuda, [20],

included other valuesof h (h = 0.715) into CPFSK: a longer bit
memory was used before the decision was to be made (larger .
observation intervals such as 3T, or 5T, were implemented).
Only 0.8 dB of improvement has been reported; however, the
cbmplexity of the circuit involved does not seem to favor this
scheme over the simple MSK scheme (CPFSK with h = 1/2) [37].
Davis [25] implemented an experimental 4-ary CPFSK MQDEM
with low modulation index (h=1/8). The demodulation
_tz_:chnique used on this modem is thaf of phase detection similar

to that described by Brady [24]. Brady introduced coherent phase
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 shift detection that can be used to demodulate m}lltilevel

frequency modulated type signals. Tamed frequency modulation °

was ‘implem;nted by Jager, Dekker, and Muilwijk[16,17]. Duo-
binary FSK, also known as FSOQ, is analysed and implemented
by Dagakis and Papadopoulos [¢9].

SUMMARY

So far, major contributions in the field of digital modulation
techniques, (both PM and FM) have Been reviewed. Baseband
pulse- shapes, phase transitions and envelope fluctuations are
among the major parameters that affect spectral regeneration

caused by non-linear amplification. Spectral improvements can

be obtained if spectral efficient baseband pulse shapes and/or

smooth phase transitions, as ha§e_ been proposed by many
authors, are used. The cost 'c.>f the si:ectral improvement of these
constaht;envelope modulation schemes increases the system’s
complexity :;Lnd synchronization problems. Special emphasis

was done on CPFSK systems.

In the following chapters, we introduce and study a new

—
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"approach for the generation of CPFSK signals. Our studies
include the spectral properties, error probability performance of
a few CPFSK cases in a noisy environment, hardware feasibility,

and potential applications of this system.
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' CHAPTER THREE
GENERATION OF CONSTANT ENVELOPE CPFSK SIGNALS
INTRODUCTION

-

In chapter two, several related digital modulation techniques
were reviewed and it was shown that although the spectral
shape of MSK is overall more concentrated than that of the M-
ary PSK signal spectra, its ﬁlain lobe is wider resulting in less
bandwidth efficie'n‘cy in bits/sec/Hz. Moreover, major
contributions to CPFSK were summarized. However, because of
the increase in hardware complexity, little work has been done
on linear phase, binary CPFSK. Indeed, most of the work done,
dealt mainly with MSK or with its derivatives (e.g., TFM,
CORPSK, SFSK ete...).

This chapter wil .show that it is possible to generate constant
e-n\}elope'CPFSK signals using a single‘modulator circuit. To
achieve improved spectral economy the new generation scheme
has values of the peak frequency deviation fy, less than or equal

to one fourth of the bit rate. The resultant CPFSK signal is free
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of amplitude variations, and hence is less affected by the non- .
linearities of the channel and of the power amplifiers of satellite ..

repeaters.

SIGNAL CHARACTERIZATION

For binary CPFSK system the baseband information x(t) to be
transmitted, is ‘a sequence of uncorrelated bipolar random

rectangular pulses, that is,

x(t) = Y xpm(t-nTp) - . | (3.1
o=l
where {x, = % 1} is the antipodal binary data stream and m(t)isa
pulse of unit height, The modulation .index h or frequency
deviation ratio is defined as h=2fT} [20]. Assuming without
loss of generality that 60=0, and integrating the -phase

expression in (2.11), s(t) can be represented, during the nth

interval, as

s(t)=cos{2nf.t + xp2nfyt + On(xy,....,xn)} (3.2)
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1wh_ere On represents an additive phase which is constant over the
- interval [nTp,(n+1)Ty) with a value determined by the
requirement of phase cqntinuity at the daf.a transition instants
t=nTh. Rev;rritingi(3.2) and replacing fq by h/2Th, we get (see
. appendix A) | ‘

s(t) =cos{wct +"Thxn(t-nTb) +nhY %} ' (3.3)
b k=1

fort € [nTh,(n+1)Ty), where the function

e(t)=_;j_*z.xn(t-n'rb)+nh2]xk - 5 (3.4)
’ b k-1

satisfies both the condition of an equiprobable choice between
the two frequencies (f1,f2) in each bit interval, and the required

condition of phase continuity (see appendix A). Setting

o

Lp= {n-an Xk} ’ __ (3.5)
kel
s(t) can b'é'expressed as, -

s(t) =I(t)cos(wct) + Q(t)sin(wet) (3.6)
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where,
I =cos{Z(t-LyTy)} and, - GA)
b
| Q(t) =-Xpsin{ B (t-LoTy)} on [nTh,(n+1)Th) | (3.8)

Ty,

respectively repr'esent the in-phase and quadrature-phase

components.of the binary CPFSK s‘i?;nal and where L Ty
represents the‘time offset from the origin for Both components.
The orthogonal components of the CPFSK modulated signal for
three values of h (h=1/2, 1/4 and 1/8), are shown in figures 3.1.a,
3.1.b and 3.1.c. Figure 3.2 shows the corresponding eye pattern

of the various I(t) and Q(t) waveforms.

ON THE DESIGN OF THE CPFSK MODULATOR

A possible implementation -of the binary CPFSK modulator is

shown in figure 3.3. It basically consists of a voltage controlled
oscillator (VCO) followed by a bandpass filter. This
implex;ientation, however, is far from being considered as

practical. For, while a voltage controlled oscillator will have

4
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1(t)
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Orthogonal components of the CPFSK modu-

Figure3.1.a
lated signal’s complex preenvelope. (h = 1/2)
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DATA

Orthogonal components of the CPFSK modu-
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Figure 3.1.b

lated signal’s complex preenvelope. (h = 1/4)
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. Figure 3.1.c

]
& .

Orthogonal compori'ents of the CPFSK modu-
lated signal’s complex preenvelope. (h = 1/8)
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ﬁ

: p ' .
Figure 3.2 Compdted CPFSK eye patterns for several values of h.
a)h=12;b)h=1/3;c)h=1/4;d)h=1/8. =

193
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s(t)

.
Figuré 33 Block diagram of a CPFSK modulator.
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continuous phase, the frequency of the output cannot be precisely -
controlled. Switching between precise oscillators W111 eéneetually
cause phase discontinuities atthe switching times (nTp).
B

A practical implementation of a CPFSK modulatc;r generates the
modulated signal s(t) by balanced amplitude modulation of two
carrier§ in quadrature; the I waveform modulates cos(w.t) and
the Q ‘waveforr‘n modulates sin(wct). Followiﬁg this
implementation, the output frequency can.be precisely controlled
and thé transmitted phase is kept continuous while the
frequencies are switched. As shown' in figure 3.4, both the | and
Q waveforms' are getlerat by the baseband processor. A
straightforward realization of this processor is achieved, rnainl'y,
because of the special relationship between the two parameters

Ln and h. The next section illustrates this further.

-

' 3.3.1 THE BASEBAND PROCESSOR .|
'

¢ : | /
! ) o =
Since, for spectrally efficient full response l;‘inary PFSK,

rational values of the modulation index h range inside the
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interval (0,1), a subset H of the rational number set Q, will be -
used to map selected values inside this interval. In other wofds_.

h will be considered to assume any value in the subset

H={h=a/b;a=12andb € N*anda s b} (3.9)

where N* represents the set of all positive integers. Note that
since the numerator of h has one of two values (1 or 2), another

degree of hardware complexitﬁ will be avoided.

From £3-5), it:, is clear that the time delay LT} does not directly
depend on the value of h. A further examination of (3.5, 3.7 &
3.8) yields 2(b-1)/b as the maximum value of the phase Lynh mod
2m, that is,

aLln=0.2,.......... 2(b-1) mod 2b . (3.10)

Consequently, only b different waveforms are to be generated by
the baseband processor. Figure'3.5 shows the block diagram of
the baseband processor. The incoming master clock is fed to a

frequency generator; b distinct sinusoidal irfai/eforms, all of
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Block diagram of the baseband processor.
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whi<.:h have the frequency of {4 but are si'xifted apart by 2T}, sec,

are generated for each channel. The generated waveforms are

then phase-coded, usi_'ng two phase selectors, to give the ] and Q

waveforms. The digital control signals, appearing at the input of
each phase Selector, indicate the phase of the appropriate

waveform to be selected. The binary data is fed to a randomizer
to ensure data spectral characteristics, The randomized data is

the'n used to compute the delay factor Ly of (3.5)'. This delay

factor is then combined with the frequency deviation ratio h to

address the two ROMs shown in figure 3.5. The relationship that

. exists between the ROM.output and its input, is the following:

”

FOR EACH NUMBER L, PRESENT AT THE ROM INPUT,
THE ROM OUTPUT IS L, MOD 2b. )

—

o

For the ROM that outputs the control signal of\] the Q channel’s.
phase selector, the current bit x, is joined to the input
combination: o ‘

1. for positive xy,, the ROM output/input relationship is the same
asabove. |

i -

2. However, for negative xp, this relationship becomes:
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FOR EACH NUMBER L, PRESENT AT THE ROM INPUT,
THE ROM OUTPUTIS (b+Ln) MOD 2b.

The block diagram of the frequency generator is shown in figure
3.6. The incoming master clock is fed to a divide-by-Z/h counter
(in the case where 2/h is not an integer, a PLL combined with a
binary rate multiplier performs the division). Hence, the
frequency of the divided clocl«; is the peak frequency deviation of
the CPFSK signal. During the division, the divided clock is
digitally shifted b/‘2 t_imes, resulting in b/2 periodic clocks shifted
2T), sec apart. Narrow b;:iggass filters, centefed at fg, are us;ad‘
to extract the fundamental frequency bf each periodic clock.
Using analog ihverters, the sinusoidal waveforms are then

inverted. Consequently, b sinusoidal waveforms are available to

input the phase selector of the Ichannel: -

Li(t) =cos{ L (t-0Ty)}
’ bTb

Io(t)= gos{—:(t-2’1‘b)} -
. b b .

Ity = cos{?“(t-2(b-1)Tb) '
vTy,
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The phase seleétor input of the other channel is also made out of
b sinusoidal waveforms, which in addition of being 2T} sec
shifted apart, they have the property that each of them is °
o_r;hogonaf to its I channel's waveform eqpiv\aient.\_}E other

words, the inputs are:.

-

Ql(t)=si'n{_"rf(t-0Tb)} : )
h b -
Qo(t) =sin{.B(t-2Ty)} -

. : bTh

Qp(t) =sin{ iT(t-2(b-1-)Tb)
bly

The delaylféctor L, is obtained by subtracting Xn2uXk from the
humbex} n. This operation-is done —:1_sing two's complerﬁen_t :
techniqﬁe, fhat is, n is added to the two's complement of -x,, 2 %k,
for positive xp; 'or it is added to ~Xn Xy itself, for negative xp. A
‘data selector, controlled by tll1e1binary input data stream, selects
between + 2 %k and -Exk,two'slcém;;lement. The accumul‘atior_l

of bits up to time nTp (+ 2,xx) and the two's complement of (-

2.xy) are obtained by means of programmable up/down counters.
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As shown in figure 3.7, the number "n" is easily obtained by
counting up the master clock pulses. The outpurt delay factor Ly,

_ isavailable in digital form.

hial

3:32 HARDWARE IMPLEMENTATION

This section describes the binary CPFSK baseband processor's
hardware implementation for two modulation- indices, h=1/2
and h=1/£. In figure 3.8, the hardware block diagram is shown,
and in figure 3.9, the detailed circuit diagram is presented. In
the following subsections, each part of th;a baseband pro¢essbr is
deééribed in the order outlined by the hardware block diagram in

-
-

ﬁguré 3.8.

3.3.2.1 NRZ

The input binary data stream enters the circuit in the form of
. non-return-to-zero (WRZ) data, at a rate of 64 ,kb_/sec. The NRZ
code is a pulse transmission system wherein the pulse lasts for,

the duration of a signaling interval Tp.
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| 3.&3.2.2 DATA SCRAMBLING/DESCRAMBLING

-

' The fundamental purpose -of the_scrambler is to prevent the

~ canbe significantly more degrading from an interference point of

transmission of repetitive data patterns and to ensure spectral

properties. Repetitive data patterns generate line spectra that

* view than continuously distributed spectra produced by random

data [49]. .Moreover,-digital radio systems are required by the
FCC-I to nc&ﬂsmit;l—ine_ spectra. Even when not required,

- scramblers are useful in transforming data sequences with low

transmlt densities mto sequences with strong t:mmg

| components thus f‘ac111tatmg symbch clock: recovery

I

The block dlagram of data scrambler/descrambler is shown in

o figure 3.10: The binary data stream Dl is modulo-2 added inan
EXCLUSIVE-OR gate to the R hit stream. This bit stream has

been obtained from a_predeterfnined combination of a finite
length m-bit shift register and a set of coefficients C1...Cm. These
coefficients take on values of 0 and 1. -The self-synchronizing

descrambler has the same structure as the scrambler.

#
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o
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. 3.3.2.3 GENERATION OF SINUSOIDAI. WAVEFORMS

y .
Tﬁis_'section presents the generatien of the waveforms in (3.7)
and (3.8). In“ figure 3.9, U1l resets the ci‘rcuit; U2 prc')\}ides the
necessary inversion and/gr l;uffering of signals. A monostable
multivibrator, U3, provides the necessary time délay between

the master clock and the randomized data. Using the 64 KHz

clock pulse, U5 and U6 generate two squz'u'e waves, at three

times the peak frequency deviation (3fg), and are shifted apart by

"I‘b/4 sec. Filters Iand I extract the fundamental frequency of )

the two square waves. The block diagram of the filter is ShOWn in
figure 3. 11 As seen, the fundamental frequency is extracted by
dividing the mput frequency (3f4) by three. The third harmonic ~

(3fg) is.then removed usmg a two bit D/A converter. "The

resulting waveform is then input to a second order continuous

filter with an x/sin{x) correction factor, where x=1{/6f4. The filter

g ' '.rr*mov'es the harmonics at greater or equal to 5fg. The output

al is a sine wave at the desired frequency (fg). Ul3 \prowdes

the buffenng and inversion of both signals to generate the

; necessary 180 and: 270 degrees shxfted _signals. U4 is a

monostable multivibrator which is used to compensate. t.he time

delay introduced by ﬁlterg I and II and therefore helps to align
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the four synthesized sig Is and the data in a common zero phase
at the bit switching times in order to maintain continuous phase

~ at the output of the signal selector.

~

3.3.2.4 COMPUTATION OF L,

U7-U12 generate the four bits representing the number Ly, in
(3.10). In the case of h=1/4 (h=1/2), two of those four bits,
pins 1 and 13 (pin 13), will be used as two bits control signal to

both channel multiplexers.

3.3.2.5 PHASE SELECM | .

For each consecutive T}, bit interval, one of these signals is

switched to the transmission system. The required switching
funetion is performed by t_'.wo four channel analog mulf‘;ip_lex‘eré
(MUXs) Ul4 and U15. TheIand Q wav;:forms, available at the
_ MUXs output (pin #3 of Ul and pin #3 of U15), are directed to -
| the transmitter bandlimiting filters. |
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3.3.2.6 TRANSMIT FILTER

To filter the smusmdally shaped baseband CPFSK (I(t) and Q(t)),
two phase-equalized fourth -order Butterworth low-pass filters,

having a 3 dB cut off frequeucy of 0.55f} for h= 1/2 (0.3f for:

L= 1/4), ar}" used. The ﬁlters‘approxim;?/the a=0.5 raised-
h)

cosine channel (50% excess bandwid

' _charactenstxcs of the 0.5 ralsed-cosme channel for smusmdally

3327 EXPERIMENTAL RESULTS

shaped pulse transmxssmn is shown on a linear scale in f'igure

3.12. The schematic chagrdm of the fourth order LPF is shown in
figure 3.13.

_ Elgures 3. 14 and 3. @v the rneasured ! and Q channel eye

. patterne of the CPFS‘K for h=1/2 and h="v/4 respectwely, in a

‘linear channel environment. Note that the h=1/2 CPESK .
‘.(MSK) eye diagram is intersymbol interference and jitter free.-
:'F1g‘ures 3.16 and 3.17 show the baseband I . and Q channel

CPFSK 51gnal (h=1/2 and 1/4) fOr several digital input patterns.

The CPFSF. signal space diagram for both cases, shown in figure

The amplltude .

A4
A

Y- '
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3.18, shows the constant envelope property of the CPFSK s'ign_al; ‘

-

3.3.3 ADVANTAGES OF THE TX IMPLEMENTATION

The transmitter implementation advantages for binary CPFSK.

~ with h=1/b, can be summarized as follows:

" 1) digital circuits employed.
2) many values of h can be implemented.
. Blless sensitii:ity to deviations,

4) switehing between two oscillators is 2voided.

"¢ 7. 5 no VCOis used.

6) simpler mebhod that avoids circuit cymplexity (more

systematic approach).

3.4 SUMMARY

A new method of generating constant envelope, tinary CPFSK
' ‘51gnals has been introduced. The CPFSK signal is generated by

: balanced amphtude modulation of two carriérs in quadrature.

L.
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Figure 3.14, Measured eye pattern of the CPFSK signal with

h=123(MsK) -
< |



63

I-channel

Q-channel

Figure 3.15, Measgg'ed eye pattern of the CPFSK sigrial with

“h=1a. _ E

o
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signal for h = 1/4.
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4 -

The I waveform modulates cos(wct) and the Q ‘waveform

-

modulates sin(wct). The baseband processor has”..been' .

implemented for two values of'h., and experimental results have.
shown that theory and practice are in full agreement. .The

resultant CPFSK signal is shown experimentally to ha:ve'%

_constant envelope and to be free of amplitude vafiations:

-

Moreové_r, the I and Q@ waveforms are shown to have good eye- B

diagrams. . -
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CHAPTER FOUR

k ' SPECTRAL ANALYSIS OF CPFSK SIGNALS

INTRODUCTION -~ -

An important parameter in the statistical description of a signal
is its power spectral density. For spectrum consegvation, the
band occupancy of the chosen modulation Scheme muygt be small

so that as many channels as possible can be accommddated in a

gived band. Therefore, the knowledge of the power spectral

density provides an estimation of bandwidth requirements, and

s essential in the evaluation of mutual interference between

" channels. In this chapter, we present the power spectrum of a

sinusoidal carrier, frequency modulated by a-random baseband

binary pulse train in which the signaling pulse duration is finite

‘and the binary signal(pulses do not overlap. For the spectrum

calculations, the Markov process representation of the CPFSK
signal, is developed and used to compute the autocorrelation

function and power spectrum. -

AN
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MARKOV PROCESS ANALYSIS

Thi;s section develops a ggneral procedure for calculating power '
.spectra '_of CPFSK signals, and presents results for s.everalr
examples of interest. The procedure can accommodate any
modulation index belonging to the subset H. As will bé seen, the .
approach is a rather straigh_tforward extension of [22,38].‘ ’_[‘ine
CPl‘:gk signal was given earlier by (3.6'), in which I(t) and Q(t)
were given by (3.7) and (3.8) respectively. Since the modulated
signal is a narrowband (IF or RF) signal, it is more convenient to
describe it by its low-pass equivalent notation, also éalled

preenvelope, r(t); i.e., the actual signal isrepresented by [41]

Al

s(t) =Re{r(tlexp(- joct)} and, (4.1)

r(t) =1(t) +jQ(t) o / (4.2)

[

By definition, the CPFSK signal has continuous pha}se. As 2
result, when every T}, seconds, the signal or its preenvelope
changés from one state to another, only the phase trajectory of

the current symbol is needed in deciding the initial value of the
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phase, of the waveform, in the next T}, seconds. Other values of

the phase at previous transition instants are not really valuable
in that decision It follows that the CPFSK S1gnal or 1ts
\ preenvelope can be modeled by a Markov cham model descnbmg ‘

' the envelope as a sequence of waveforms governed by Markovnan
proba‘bl,.hstxc laws. - The preen\relope r(t) is therefore the

‘?. superposition of these waveforms and thus may be written as,

. rp)= Zr;(f—me) . ' "(4_3)

-

' ~
wherein a random N-ary source emits rj (t) every blt mterval of
“duration Ty, from the set {ri(t); i= 1,2 ..... N} w1th probablhty pis

in which ri(t) is represented by

(D) = 1)+ QiD) o~ - (4.4)
" where,
‘ T L =cos{ B (t- (N/2-(G-1)T)} fori=1,2,..N (4.4.2)
: Tp ' .

—— ~ -

=



————
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and,‘
/ -
sin{-Th (t- (N/2- (i-1)Ty)} fori=1,2,...N/2
Tb e .
Q;(t)= - . (4.4.b)

_sin{ R (£ (N/2- (i-1))Tp)}  fori-N/2=1,2,...N/2
Th

respectively represent the real and imaginary parts of the

CPFSK low-pass eqﬁivalent state waveforms. Replacing h by a/b

in (4.4.b) yields,
éxp(jni)_- . fori=1,2,....N1.’2 y
o= A O (4.5)
exp( i) foriIN/2=12,...N/2
where,
A - '
-— N o . ) ‘
ni= 12 (- (N/2- (-1)Ty) - : ' (4.6)

bTy, ' .
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Since the source is Markov, the sequence of waveforms generated

is characterized by the set of initial probai)iiities {p;i=12,...N}, -

and the set of transition probabilities {p,; i,k =1,2,......N}, where
p,, is the probability of the transition from state i to state k at
the transition instant given that‘the process is currently in state”
i. These transition probabilities are arranged in the transition
probability matrix P= llp,fl- The procees remainsin a given state
i, for T, seconds; the corresponding wavef()'fr‘n is generated, the
chmin then makes a transition to some state k acco}ding to the
next dita value. The state transition diagram, th'e.waveforms
associated with each state, and the transition probability matrix
of the process of interest, are shown along with appropriate
e:‘camples. in figures 4.i to 4.6. The MarkoVv proéess
represér;tation described above can be used to compute the
autocorrglétion function of the CPFSK signal, \lvherg the

‘autocorrelation function is defined as

R(t,t+t)=E[r(t)r"(t+ )] (4.7)
rY

The power spectral density G¢(f) is the Fourier Transform of

R(t,0), and is given by [10]
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P

Figure 4.1, Markov process state transition diagram of CPFSK,
B=b.
B=2b

fora=2ora&beven

otherwise
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Cd

Figure-4.3.a, Markov state transition diagram of CPFSK with

h =1/2. (MSK)
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Figdre 4. 3.c, CPFSK low pass equivalent state waveforms for
V.

= 1/2. (MSK)

h




|Figure 4.4.a, Markov process state transition diagram of CPFSK

a—

__ withh=173.
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Figure 4.4.b, Transition probability matrix corresp‘ori'ding to

the transition diagram of h = 1/3 CPFSK signal.
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Figure 4.5.3, Markov process state transition diagram of h = 1/4

———

CPFSK signal.
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- Figure 4.5.b, Transition probability matrix corresponding to

the transition diagram of h = 1/4 CPFSK signal.
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Figure 4.5.c, CPFSK low pass equivalent state waveforms for

_\.‘.

1/4.

h=

Sy



84

Figd__re 4.6.3, Marl\-:o’v process state transition diagram of h = 2/3

P

CPESK signal.
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_ Figure 4.6.b, Transition probability matrix corresponding to’

~ the'transition diagram of h = 2/3 CPFSK signals.
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Figure 4.6.c, CPFSK low pass equivalent state waveforms for

h=2/3.
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Ge(f) =

)+ 1 ‘ZplF(ﬂz

"MB

N
1 Z.piFi(nrrm 28(f - n/Th)
Ty? o= i=1 .

_Tb i=1
N N ) )
+ 2 Re{T I pF™ ﬂkapIk(exp( -j2nfTy))}  ~ (4.8)
Tb i=1 k=1 )

where,

8(f) is the Dirac delta function,
Fi(f)isthe F ourier transform of ri(t),

F;'(f) is the Fourier transform of r;'(t),

. N o .
rit) =ri'(t) - 2pirk(t) (4.9)
k=1 ..
pik(2) =2 pf, 2t ' 440

¢=1

and p¢, is .the probability that the elementary signail r (t) is

transmitted € signaling intervals after the occurrance of r (t).



88

We notice that the first term in (4.8), i.e., the line spectrum,

vanishes when

N .
2 p;Fy(0/Tp)=0 (4.11)
=1

which implies that a sufficient condition for the absence of a lin@
spectrum includes the following two points: ) .

-

1. that for each signal waveform r;(t) of the set, the negative -
ri(t) also belongs to the set.
2. that the stationary probability on r,(t) and -r;(t) are equal. In

other words,

N T | - '
\Epiri(t) =0 3 (4.12)

From (4.5), it is seen that condition (1) is satisfied for h=a/b.
Condition (2) is statisfied for random data. The computed power‘
spectral densities for h=1/2, 1/3, 1/4, and 1/5 are presented in
figures 4.7 - 4.101 In'the case of h=1/2, the usual MSK spectrum
is obtained; h= 1)3 and 1/4 yield a spectrum with narrower mag.n

3

lobe and - -should be considered for bandwidth efﬁcient schernes‘
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(h=1/4 main lobe is almost half that of MSK). Figures 4.11.a
. and 4.11.b show measured power _sp'e(l:tra of CPFSK signal for
h=1/2; 1/4 in a linear channel. As indicated above, the -
measured spectrum main lobe of h=1/4 is narrower than that of
h=1/2. The set-up described in chapter three, was used to obtain
these rt;__&‘.Tllté. ‘ Experimexital results in figure 4.11 indicate that -

" . the circuit of chapter three does give results identical to theory.

43 SUMMARY
_ The Markov: process representation of the CPFSK signal (or its
preenvelope) was developed and used to compute the power
spectrum. The transition state diagram, the transition
probability matrix and thglow-pass equivalent state waveforms
were also shown. As h decreases in value, the autocorrelation

function extends over more bits and the power spectra main lobe

becomes narrower (h =1/4 main lobe is almost half that of MSK).
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Figure 4.11.b, Measured power spectra of h = 1/4 CPFSK

in a linear channel.




96

CHAPTER FIVE

‘ | o DEMODULATION OF BINARY CPFSK SIGNALS
5.1 INTRODUCTION

The binary CPFSK signal, at the receiver input, r(t), can be

demodulated using a qpb_erent porrelation receiver (48], or ﬁsing

. ' a suboptimal scheme consisting of two bandpass filters (BPFs),
with center frequencies f] and fo, followed by envelope detectors
(or squarers) and detector filters [48;51). Narrowband FSK can
also be detected using a discriminator, which .is a frequency-to-
voltage converter, followed sometimes by a detector filter, which
is ilsually a filter matched to the shaping function (51]. Other
noncoherent schemes include a one-bit and two-bit differential
detection, in which the received signal is muit.iplied by a version
of itself delayed by one (or two) bit time. The phase difference,

- over one (or two) bit time, is then used to demodulate the signal

1500

rd

In this chapter, a new coherent techrique for demodulation of '
_binary CPFSK, is presented. The transmitted birary data is

<



"y

recovered through a coherent comparison of successive beginning
“phases. The decoder .also.looks at two time intervals before
making a decision. The threshold is seléctéd such that the
interphase interference effect, resulting from the transmit gnd
receive filter.s. is minimized. ' A possible hardware
implementation of this decoder is propbsed. Further, it is showﬁ
that’:; slightly modified MSK quadrature receiver structure can
still be used to demodulate the CPFS-K‘ signal, with h=1/2, when

generated in the manner shown in chapter three.

Another interesting aspect of this demodulation method is that
the computed probability of error of binary CPFSK signals is
found to be marginally less than the differegtially encoded and °
coherently detected p-ary PSK. Furthermore, the case of linear
phase, h=1/4, binary CPFSK is found to be of interest, as it is
similar to MSK in Ey/N, performance (figure 5.10); however, it
occupies approximately half the bandwidth that MSK occupies

(figures 4.7 and 4.9).

5.2 DEMODULATION OF BINARY CPFSK

In its basic form, CPFSK is a technique where binary
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N

information is transmitted on two frequencies. However,
because of the continuous phase characteristic (3.2), the binary
data is carried in the differefice between two successive

beginning phases.i.e.,

N\

Ona+1-6n=xanh ' ' - (5.1)

where 8, =06(nT). Thereforé, estimating successive phaées at
the transition instants should be sufficient t,o demodulate the
input data conveyed by the transmitted signal. Moreover,
because of the continuous phase requirement, CPFSK retains
useful information beyond the time of the bit transmission and it
would be of interest to take it into account. In the binary case.
this bit:phz_ise interrelation is shown'in figure 5.1, and it extends
over.'ﬁﬁva.time intervals. At the.end of even (odd) signalling
inte.rv.al's, l;.he‘phase 8n assumes one of the phases of the set
S1={0,2nh,....2n} (82={\ﬁh:3nh,....2n-nh}). "This is shown in
figure 5.2 for two valuesof h (h=1/2, h=1/4).

The demodulation teéhnique described in this chapter, uses this

property of bit-phase interrelation and looks over two bit
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Figure 5.1 Phase trajectories of CPFSK signals over two symbol intervals
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intervals before making the decision. To perform this, a coherent

. reference, at the carrier frequency f., is chosen. Comparison

between the coherent reference and the received signal is then
performed, and the sequence {Bn} is decoded, as described in the
next section, using techniques adapted from M-ary PSK. A
differential phase processor computes the phase shifts (5.1), and

an estimate of the transmitted symbol xp, is obtained.

5.2.1 PHASE PROCESSOR

Since the proposed demodulation technique is adapted from that
of M-ary PSK, a brief description of the phase detection in M-ary
PSK, will first be given.

-

5.2.1.1 M-ary PSK phase detection

The M-ary PSK transmitted signal was defined in (2.1), along
with its complex envelope in (2.2). Optimal decoding is achieved
by coherent correlation of the receiver baseband signal with each
member of the signals set, selecting the largest correlator output

as the signaling phase state. Each correlator computes



nT

z(nT) =z = [r(t)s(t)dt =r  cosO, +r, sind
(n-1T ' '

where
nT
r; = J r{t)coswctdt
tn-DT
nT

Fon= J r(t)sincw.tdt
(n-1)T

-Letr =Ir [exp(dn), .

where, |r, [=(r;  +r, ) and ¢ =tan'(r, /v, )
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(5.2)

(5.3)

(5.4)

(5.5)

" (5.6)

andletDR,,i=1,...Mbea partition of the two-dimensional plane

into decision regions, 'so that if r, € DR&(; the decision is that

rn=éxpGGk). The decision region DRy is DRy ={rn: {ra-exp(j8,)|=

|rn-exp(o))|, i=1,. ,M}. Wesee that (5.2) isidentical to writing

' zn = |rnjcos(Bk - dn)

(5.7

"The decoding decision as to which y, is largest is therefore

equivalent to determining which DR, k= 1,...M,.r, belongs to.

That is, détermining which (0, - ) is smallest, over all k. In

. other words, determining which 9, the ¢_is closest to. The
<

decoder can therefore be reduced to a pairofchannelsin which
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r;,andrq in(5.3) and (5.4i are separafely determined, and the
decoder decisidnfng is based 6nly ona combutatién of ¢_ in (5.6)
and a decision comparison to {6,} (figure 5.3). In essence, the
decoder uses the phase of the received signal to make the
decision. Note that the decoder uses quadrature mixing fol\lowed
by an integrate-and-dump detector. Thié approach is taken from
[10,53], and will be adapted and applied to the CPFSK signal.
The probability of err:)r is computed in (10,52,53) and will be
shown later along with that of binary CPFSK. |

T

5.2.1.2 Binary CPFSK phase detection

A similar scheme to the one shown above for PSK, can be
modified to accomodate the phase detection of binary CPFSK.
Thé received signal is multiplied with two cohgrent carriers in
quadrature as shown in figure 5.6. The resu])fiing inphase and
quadrature waveforms are lowpass filtered and sampled
synchronously at t=nTp. The resulting r;, and rq. are used to

_ : N
compute ¢_, which is used to obtain an estimate of 0_ (6, ).

In figure 5.1, all six possibe phase trajectories of the unfiltered
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binary CPFSK, interconnecting the six possible phase values

.
over two successive symbols, are shown. As can be seen, the

unfiltered phase functions are piecewise lineélr and-have sharp
edges. With distortion and noise pfesent at the receive side, it is
difficult to precisely estimate 0}1. However, it canl be decided,
with relative reliability_, whether or not the transmitted phase
value was within a range of 2nh; i.e., that the transmitted value
Qas one of two possible phases (belonging to the set S for n even
and to the set Sg for n odd) between which the measured phase
fell. Since the difference between two adjacent phases is 2nh, it
can be seen that at least 2fth ((2nh - 8) taking linto account the
effect of filtering, where § is the phase deviation from the ideal),
of distortion plus noise,_must occur before the correct value is

eliminated from the retained pair.

In this initial phase, the contribution to the global probability of

" error, resulting from the elimination of the correct phase value,

is considered to be virtually negligible. Figure 5.4 shows the
retained pairs over the duration of two symbols, where the
transmitted phase trajectory is assumed to be included. A

threshold is then set between the retained pair (see section 5.2.2
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for details), and a temporary phase decision is made. The phase ‘-

estimate is stored in o;'dei‘ to be used in the second phase of the
algorithm. | .

The second phase provides a final decision on 6. Thi's is done by
observing again the sequence 851, O, 2nd Oy 4 1. The'decision on
Gn-f (W'l'_xich is final) isﬂ_ then used aloné wi.th the temporary
decision on-Bn+1 (which is assumed to be correct), to decide on
the middle phase 8,. The threshold is again sélected and a new
and final decision is output. The diffex"ence between two

successive final phase decisions is then decoded to yield a data

. symbol xn according to (5.1).

5.2.2 SETTING THE THRESHOLD

-

* / - - - i - -
The transmit and receive filters will cause the phase trajectories,

of the received signal, to deviate from the ideal phase displayed-
in figure 5.1. For the filters chosen, the phase deviation from the .
ideal is approximately 6= 0.2nth (20° for h=1/2, 10° for h=1/4; a

transition from f; to fo lifts the measured phase 0.2nh relative to

the ideal phase value; f2 to f1 drops the phase -0.20h). Since the

closest phase value is only 2nh away, a threshold on phase

measurements at the midpoint between two nodes is only nh
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/- —
away from an ideal phase value. Consequently, 0.2nh of
distortien would leave only 0.811h of distance to the threehold, as
compared w1t.h nhin Fhe ideal case. Asa resﬁlt, this would cause

v

some degradation on the ultimate performance.

To alleviate the degrading effect of the int.erphase interference,
the retained phases at the end of every two symbols are used to
determine a threshold settmg rmdway between the two possxble
phases (with d;sto_r.tmn) at O,. For all possible combmatxor_xs of
Bn+1 and Op.1, the thresholds found are nh and (1£0.1)nh. In

the case of binary CPFSK, the use of a variable threshold gives a

_a.pparent and perhaps necessary for M-ary CPFSK. Th'e‘

algorithm presented above is summarized in the following steps: -

'8

1. Phase measurements are ‘r.nede at the beginning of each
symbol penod All measurernents are referenced to 6, (these
measurements dev1ate from the ideal due to noise and interphase
interference). ‘

2, The phase measurements are quantized into the regions shown

“in figure 5.2.

. LN -
moderate improvement; however, this improvement is more

*
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-3. The two ideal phase nodes closest to the measured phase are

retained as decision candidates.

4. A threshold is selected and a tentative&'gcis‘ion is made on the

phasg:.

5. Decisions, two symbols apart, are recycled to obtain a new

decision on 8y,

6. Phase shifts (5.1) are then computed, and a decision on xj is
made.
Thus the data x, decisien output is influenced by three

successive surrounding phase measurements. The above steps

- are also illustrated in figure 5.5.

5.2.3 DEMODULATOR BLOCK DIAGRAM

The block diagram for the linear phase, binary CPFSK

“demodulator is shown in figure 5.6. The demodulator is based on

t.he phase pro'-essmg algorithm presenbed above. As shown.in -
figure 5 6 the received h=1/b, CPFSK IF s:g'nal is filtered,
limited, and passed on to the phase det_.ector. "The CPFSK
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signal is fed into the carrier recovery circuit, where § PLL is
locked to the received signal to establish the coherent reference.

The symbbl timing clock is also extracted. The phases

quantized by the A/D into the phase regions shown in figurk 5.2.
The digital words from the A/D are passed on to.the phase -
differential computer where the difference (5.1) is cbfnputed, an

the demodulated binary data stream {x,} is‘obtained.

ERROR PROBABILITY OF THE CPFSK RECEIVER

Figure 5.7 shows the CPFSK baseband equivalent system,
derived from the bandpass system in figures 3.4 and 5.6. In the

baseband model the signals are replaced by their complex

‘envelopes and the filters by their baseband equivalent filters, all

referred to the receiver center frequency, f.. The output of the

. decoder filter (h(t)) is given by

K=y®)+a®) . : BN %)

where y(t) =s(t)xh()sh (t)*B(t)*hy(t) | (5.9)
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Figure 5.7 EQUIVALENT BASEBAND MODEL OF CPFSK SYSTEM




114

and n(t) =n(t)+hg(D*h(t) o (5.10)
In (5.9) and (5.10), s(t)=Aexp(jO(t)) is the transmitted complex
envelope; h.(t), h(t), hy(t), and hy(t) are, res-pectively, the
impulse responses of the transmitter filter, channel filter,
receiver filter, and detector ‘ﬁltér, and n.(t) is the baseband
equivalent additive white Ga'.ussian noise (AWGN) introduced by

the channel. Let rj(t) (y,(t), n,(t)) be the real part and r(t) (yy(t), |

' ng(t)) be the imaginary part of r(t) (y(t), n(t)). Thus

r,(£)=y,(t)+n,(t), and r () =y,(t) + no(t) (5.11)
.The sampled values of the r[(t':) and rQ(t), at timest=nTy, are __ e
o
D T 3 - HE and Fon=YaqnT 2qn (5.12)
where, y; =y,(nT), ¥4, =¥q(nTh), (5.13)
and nl.n=nl(nTb), nQ.n=nQ(nTb) (5.14)
In (5.12), n, , and n,, are zero rﬁean, independent Gaussian

random variables__wit.h the same variance
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o

0%, =No/2 [[H (DH(D[%df=N,Bq, N (5.15)

where, N /2 is thé'._pow_er spectral density of the noise, and B, is
the noise bandwidth of Hy(DH,(f). The phase of r(t) at time

t=nTyis

' dn=0mTh)=tan (v, + 10, Mg, +0g,) | (5.16)
Let Bn=p(nT}p) be-the f)hase of {exp(Bn)=exp(j(dn - 6n))). The
decision regarding the value of en;e_(n'rb) is based on

&n=$(nTy), so thatif |pn - On|snh (5.17)

< .

there is no error. Thus the error probability of making an

incorrect decision on 8, ts

Pg(e)=Pr(|Bs|zuh) - (5.18)

Sﬁbstituting the probability distribution function of the phase of
the complex Gaussian random variable (exp(jBn)), which, for a

specific signal to noise ratio (p,=0.5A,%0%y), is given in [52] as

. n/2-|p| -
F(B)=(-sgn(B)2n) [exp(-psin2(B)sec2v)dv for[B|sn (5.19)
2
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where Ay is the amplitude of y(t) at t=nTy; and using the

following result

Pr{B1<B<pg)= [F(B2)-FED+1, B1<0<Ps

(5.20)
F(B2) - F(B1), B1>0or B2<0
the phase error probability Pg(e) of (5.18) reduces to
: e |
~ Po(e)=2(F(n) - F(/b)) = U/n [ exp(-p_sin2(n/b)sec2v)dv (5.21)
w2

To evaluate the error probability of the proposed detection
fneﬁhpd,. we first notice that an error can occur if either 6,4 or
On is in error. Assuming that B, and B, 41 are independent [10],

the probability of this event(event #1) is
P1=2Pg(e) - P2g(e) | (5.

However, if 8,41 and 0, are both shifted from their respective
correct values by 2kn/b, k=1,2,...,b-1, then the nth data symbol
is still decoded correctly, since 641 - Oy is independent of this

shift. The probability of this event (event #2) is

b1
Po=2 (Pr{(2k-1)n/b = B(nTp) = (2k + 1)n/b})* (5.23)
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.

Similarly, if only 8n+1 (85) is shifted from the correct value by
| less than 2n-2kn/b, k=1,2,...,b-1, such that the phase difference
On+1 - On mod 2m is sfill"positive (negative) for xp,=+1 and
negz‘:ltive (positive) for x, = - 1, then the nth data syml;ol is again
decoded correctly. The probability of thisevent (event #3) is |

br2-1 . .
P3=(1-Pa(e)) . Pr{n/b<p(nTp) =sn-(2k-)n/b}  forb>2  (5.24)
. k=1

Figure 5.8 illustrates how events #1, 2, and 3, deséribed above,
can occur for h=1/4, The probability of making an incorrect
decision on the symbol data is therefore, |

—

Py (e)=P1-P2-P3 (5.25)

We now compute the error probability of binary CPFSK for the
case where hp(t) is an integrate and dump circuit as in PSK

(figure 5.3).

CASE I, hp(t)=integrate and dump circuit: In this case, we
assume that the transmitted signal is unfiltered, and that the
channel bandwidth is infinite. Moreover, hg(t) is assumed to be

wide enough not todistort the signal. The detector filter output
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event #1 event #2  event #3

Figure 5.8, events #1, #2, and #3 (h = 1/4)
solid line: transmitted
- dotted line: received
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is expressed as

Ty .
y()= [ Aexp(O(t))dt . (5.26)
0

Performing the integration, the amplitude of y(t) at the sampling
instants t=nT}, is found to be

Ay=(2ATyp/uh)(sin(rth/2)) . (5.27)
that is, ’Ay =cATh . (5.28)

where £€=0.90,0.97,and 0.99 forh= 1‘/2, 1/4, and 1/8. Notice that
as h decreases, Ay approaches ATy. The signal to noise ratio at

the detector outputis thus

p,=0.5A%y/0% =€20.5AT%/NoTp =€%Ep/Nog (5.29)
where £2=0.81, 0.94, and 0.99 for h =1/2, 1/4, and 1/8. The
probability of error in (5.25) for two values of h (1/2, and 1/4) is

plotted in figures 5.9, and 5.10 along with the coherent (b-ary

CPSK) and differentially encoded and coherent b-ary PSK (DE-b-

ary PSK). Notice that (P - Pg) is also the error probability of b-
ary CPFSK with modulation index 1/b (event #3 does not occur

Iy,
1
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coherent BPSK and coherent detection of

differentially encoded BPSK
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Figure 5.10 P(e) performance of CPFSK with h = 1/4,coherent 4-ary PSK
(QPSK) and coherent detection of differentially
. encodedt4-ary PSK (DE-QPSK)
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in b-ary CPFSK; since all phases are equally likely to occur, any |
shift in the value of a phase value yields an error). In figure 5.10,
it can be noted that for high SNR, as the error probabilities are
~small, the error performance of binary CPFSK approaches thatof
b-ary CPFSK with h=1/b. In this case (high SNR), (5.25)

reduces to
P, (e)=~2Pg(e)  (5.26)

That is to say that the lerror probability of binary and b-ary
CPFSK with h=1/b, is essentially double the error probability of
B at large SNR (P3 = Pg =0). At low SNR, binary CPFSK is
better than b-ary CPFSK DE-b-ary PSK. Note that for
Py,(e)=10", h=1/4 binary CPFSK is better than b-ary CPFSK
‘ by 0.15.dB, and only worse by 0.1 dB in EyN,, as differentially
encoded QPSK and MSK. The main lobe of h=1/4 CPFSK is
however, almost half that of MSK. In the case of h=1/2, for the
same Py (e)=10"%, bmary CPFSK is worse than differentially
encoded BPSK by only 0.95 dB. Since the detection method is

similar to the one used in DE-PSK systems, the complexity

involved in practical realizations of this receiver are nc more

complex than that of PSK.
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DEMODULATION OF THE h=1/2 CPFSK SIGNAL USING
THE MSK DEMODULATOR STRUCTURE

For the h=1/2 CPFSK signal, generated in the mangper shown
earlier in chapter three, the MSK quadrature demodulator with
slight modification, can still be used In this case, the parallel to

serial (P/S) converter is replaced_by a NAND gate (see appendix

- B). The block diagram of such a demodulator is shown in ﬁgﬂre

5.11.

SUMMARY

-
-

A new .cherent techniquefor dequulating binéry CPFSK has
been presented. The binary data is recovered through a
companson of detected phase values. A hardw;;e block diagram
of the decoder was proposed. The probability of error “of CPFSK
signals was calculated and was found to be comparable to that of

M-ary PSK (M=b). The case ofh 1/4 is of interest as it is worse

* than DE-MSK in Ew/Ng performance, by only 0.95 dB af a P(e) of

10", yet with almost half the bandwidth. Firally, it was shown

| t.hat.._MSK signals generated in the mapner shown in “chapter

three can be demodulated uéing the usual MSK demodulator
(shown in ﬁg‘ﬁre 2.2.b) with a slight modification. |

-
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Figure 5.11

block diagram of h=1/2 CPFSK demodulator
using the MSK demodulator. (the channel path

is also included)




’ . 125

CHQ%R SIX

CONCLUSIONS AND SUGGESTIONS FOR FURTH ER RESEARCH

~

a

A

P ,

<.6.1 CONCLUSIONS

In the previous chapters, a new method for generating h=1/b,

bandwidth efficient binéry CPFSK signals with one single

The h=1/b binary CPFSK signal was first represented by its

circuit, was presented and studied.

preenvelope r(t). -A baseband processor generated the real (I-
‘channel) and the imaginary (Q-channel) parts of r(t). The two
bas.eband signals were first filtered using raised cosine (a=0.5)
low pass filters and then combined with a quadrature phase
modulation scheme (QPSK modulétbr). The baseband processor
was implemented for two values of h. Experimentai results
showed that the CPFSIEpreén?relopé r(t) had constant amplitude
~  and was free of amplitude variations. The eye diagrams for the I

and Q channels were also shown to be very good.

An N-state (N =4b) Markov chain model was developed and used
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to derive the PSD function of CPFSK modulated signals. The
PSD of h=1/4 CPFSK was shown to be more compact than that

of h=1/2 CPFSK. Moreover, the main lobe was almost half that

of h=1/2 CPFSK. The N low pass equivalent state waveforms
implemented in chapter three were shown for several values of h.
In the last part of the thesis, a new coherent technique based on
successive phase changes were used to estimate the transmitted
binary data sequence. A possible hardware block diagram of the

phase decoder was proposed. The probability of error of h= 1/b

. CPFSK signals was computed and was found to be comparable to
that of DE-M-ary PSK where M=b. The case of h=1/4 is of

interest as it is was found to be marginally worse than DE-MSK
in term of SNR (6.95 dB at a P(e) of 10'%). Finally, the usual MSK
demodulator (quadrature rnet.hod) can be used with slight
modni' cation to demodulate h=1/2 CPFSK as generated in the

manner shown in chapter three.

SUGGESTIONS FOR FUTURE RESEARCH
BN
For good power efficiency, a constant envelope modulation

technique may be preferable, and this leads to the use of

—
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frequency modulations. In FM schemes, to narrow the power

spectrum, the modulation index can be decreased. The case of

h=1/4 CPFSK satisfies both points and ought to be investigated
further. Since there are undoubtedly other interesting aspects
which were not coveréd, suggestions for future research are made

in following subsections.

6.2.1 DUO-BINARY h=1/4 CPFSK

In order to improve further the spectral properties of the h=1/4
CPFSK signal, the duo-binary h=1/4 CPFSK technique (where
h=1/4 baseband signal processing is combined with the duo-
binary (1+D; class I) and modified duo-binary (1 - 2D)
techniques) is suggested. The h=1/4 duo-binary CPFSK should
pxjoviae lower out-of-band energy and a faster spectral roll-off,

compared to that of the conventional h=1/4 CPFSK.

6.2.2 EFFECTS OF MULTIPATH FADING

Multipath fading in microwave digital radio systems can bea
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major source of outage, especially for wideband, Eigh capacity
transmission. The investigation of its effect on the p(e)
performance of h=1/4 CPFSK modem and equalization
techniques for performance improvement, is an-interesting topic.

6.2.3 EFFECTS OF ACI AND CCI

i

—

The effect of adjacent channel interference (ACI) and/or co-
channel interference (CCI) on the BER performance is another

interesting topic to be investigated.

A further study of all these parameters and their effects on the

BER performance could lead to additional valuable results.
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APPENDIX A

DERIVATION" OF CPFSK PHASE FUNCTION

In this appendix, the phase expression

Ba(t) = (mb/Th)xn(t-nTp) + 1k xi; for /Ty € [n,n+1) Al

k=t
of the full response binary CPFSK, is derived.
The derivation of (A.1) is based on the phase continuity

condition. During the first interval [0,Tp), the CPFSK phase is

given by

1
01(t) = (ab/T)x1t = (rh/Tp)x1(t-Tp) + mh 2 x. A2
k:l

During the second interval [Tp,2Tp), the phase must be
continuous at the transition i%ént Tp, that is,

82(Tb) =01(T); thus O2(t) = (ﬁg-frbsz(t-Tb) +61(Tp) N A3

which can also be expressed as

2
Ba(t) = (mh/Tp)x2(t-2Tp) + nh X x. A4
k=1
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.

Similarly, the CPFSK signal's phase of the third interval is,

, 3
03(t) = (nh/Tp)x3(t-3Tp) + nh X xy. _ A5
k=1

More generally, fort € {nTh,(n+1)T}), On(t) can be represented as

Ba(t) = (mh/Th)xn(t-nTp) + nh2 xi; for /Ty € [n,n+1) Al
. k=1

consequently, the recursive relationship of the CPFSK signal's -

phase 0,(t) has thus been established.
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n | APPENDIX B

DEMODULATION OF CPFSK WITH h=1/2USING A"
QUADRATUREDEMODULATOR

-

-

When the MSK signal is generated as the sum of two waveforms
in quadrature (see ﬁglire 2.2.a), the modulated signal can be

written as

' S(t) =x,_cos(mt/2T Jeos(w,t) + Xgy, . (SIN(t/2T, sin(w b) B1
where x5, and %o, | are the even and odd bits. Therefore, the
input binary data stream {x,} is correctly recovered when an
MSK demodulator (similar to the one in figure 2.2.'b) is used. To
obtain the sequence {x_}, the separately recovei‘ed evén and odd
bits are fed to a parallel to serial converter (P/S), as shown in
figure 2.2.b. As CPFSK, the MSK signal can be represented by
[22]

s(t) =cos{w t +x, nt/2T, #+d } B2

where d_ is a phase constant which isvalid over the nth binary
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o

data interval and is determined by the requirement that the-
phase of the waveform be continuous at the bit transition

instants. The sequence {d,} can be represented as[22]

d,=d, +(&x, ;-x,)nm/2. B3

The MSK representation of (B2), can be rewritten as[22]

P

é(t) =cos(d,)cos(nt/2T})cos(w, t) - X, cos(d))sin(nt/2T )sin(w t). B4
In thes representatior;, X, appears as encoded in both the [ and Q
channels as {cos(d )} and {-xcos(d, )} respectively. It is clear that
these signals are not identical to the even anc_l odd bits. Thus, ifa
quadrature demodulator is used, the output of the P/S converter
is not {x_}. To accomodaté such representation, the quadrature

demodulator can be modified as follows:

1. Demodulate “cos(dn) and -x cos(d, ) using the quadrature
demodulator (figure 2.2.b)

-

2. Rather than using a P/S converter, pass the signals through a
NAND gate, whose output is the recovered input binary data

stream.
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