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Preface

This thesis investigates the detection characteristics
of analog frequency modulation system, digital frequency mod-
ulation system, and digital phase-frequency modulation system,
in fading environments,

It consists of eight chapters described as follows:

Chapter 1 presents a review of previous and recent re-
searches on frequency modulation systems concerned in this
thesis, and gives the significance and the originality of this
study.

Chapter 2 gives a basic analysis for the output charac-
teristics of analog frequency modulation system employing a
conventional limiter-discriminator detector. Expressions are
given for three kinds of power; signal, random noise, and click
noise. Finally the output Signal-to-Noise power Ratio (SNR)
is defined.

Chapter 3 investigates the output SNR and the noise char-
acteristics of the analog frequency modulation system in the
nonselective m-distributed fading environments, and the im-
provement effects on the output SNR performance by the prede-
tection diversity techniques; Selection Combining (SC), Equal-
Gain Combining (EGC), and Maximal-Ratio Combining (MRC). Deg-
radation characteristics due to the correlation between two
diversity branches are also taken into account. Average num-
ber of clicks, power ratio of click noise to random noise, and
output SNR are graphically presented as functions of input
Carrier-to-Noise power Ratio (CNR) and fading figure. A com-

parison for the types of the diversity techniques is made and



a design method for the frequency modulated TV signal trans-
mission is given as an example.

Chapter 4 gives a basic analysis for the error rate char-
acteristics of the digital frequency modulation system employing
a limiter-discriminator with an integrate-and-dump filter.
Expressions are given for the probability density function of
the integrate-and-dump filter output and for the error rate.

Chapter 5 investigates the error rate characteristics of
the digital frequency modulation system in the nonselective
m-distributed fading enviromments, the improvement effects
by the predetection or the postdetection diversity techniques,
and the degradafion characteristics due to the correlation
between two diversity branches. In the case of the Switch-
and-Stay diversity, an optimum switching level attaining the
minimum error rate is derived. The results are given in graphs
showing the relationship among the error rate, input CNR, modu-
lation index, and fading figure, and a comparison is made for
the types of the diversity techniques. It is also shown that
the optimum modulation index giving the minimum attainable
error rate is not to be affected by the fading figure, input
CNR, and type of diversity technique, except for the postdetec-
tion diversity.

Chapter 6 proposes a new phase-frequency modulation sys-
tem and discusses its noncoherent detection systems. It is
shown that the derived error rate becomes the same as that of
DPSK'system.

Chapter 7 investigates the error rate characteristics of
the proposed phase-frequency modulation system in the nonselec-
tive m~distributed fading or the time-selective Rayleigh fading
environments. The results obtained show that the Doppler phe-
nomenon affects more strongly the error rate of the phase in-
formation than that of the frequency informationm.

Chapter 8 summarizes the results obtained in this thesis,
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Chapter 1

INTRODUCTION

One of the basic problems of communication engineering
is the design and analysis of systems which transmit various
types of information with maximum accuracy and efficiency.
To achieve this object, many investigators have been engaged
in the research and development on various kinds of communi-
cation system, whose evaluations are based on the output
Signal-to-Noise power Ratio (SNR) for analog systems and the
error rate for digital systems [1]-[6]. Analog communication
systems include Amplitude Modulation (AM), Phase Modulation
(PM), and Frequency Modulation (FM). This class of systems
has an advantage of simple implementation of the detection
systems. However, the recent hasty progress in digital
techniques requires reliable digital communication systems,
which include digital AM (ASK: Amplitude Shift Keying),
digital PM (PSK: Phase Shift Keying), and digital FM (FSK:
Frequency Shift Keying).

1.1 Scope of This Work

The well-known analog FM systems have been applied to
the transmission of audio signal such as the commercial
stereo broadcasting and of image signal such as the televi-
sion signal through the satellite [7], while digital FM sys~-
tems have been applied to space communications [8] and mobile
paging systems [9]. The advantage of both analog and digital
FM systems is their simple implementation by the employment

of a conventional limiter-discriminator and their smaller



performance degradation caused by a nonlinear device such as
the travelling wave tube (TWT) [5].

Concerning digital modulation systems, although there
has been a large literature discussing the performance of basic
systems such as ASK, PSK, and FSK, the increasing demand for
data transmission with limited bandwidth has borne the so-
called hybrid modulation, which includes QAM (Quadrature
Amplitude Modulation) system [10] using the combination of
amplitude and phase keying. However, if this signal passes
through a TWT operating in the saturation region, the ampli-~
tude information will be lost.

In this thesis, a new hybrid modulation named 'digital

phase-frequency modulation "

is thus proposed and its output
performance is discussed when noncoherently detected. This
new system bears information in the phase and the frequency
domains, so that the information is deemed not to be lost
in such a system using the TWI as mentioned above.

Fading phenomenon is an important degradation factor
in addition to input noise or RF interferences [11]-[16].
When the signal is transmitted through a steady media such
as line-of-sight path, fading is not induced. However, over
the ionosphere, troposphere, and urban radio channels, the
transmitted signal will be subject to fading. For these

motivations, the performance of three kinds of communication

system are analyzed in fading environments.

1.2 Relation between This Work and Previous Work
1.2.1 Fading Model
In the literatures up to the present, almost all the
fading models have assumed either the Rayleigh or the Rician
distributions [17]1-[21]. However, considering that the radio

channels are being set up on the various modes of propagation



media and that millimeter wave systems are being

developed, the fading model to be assumed is necessary to
represent a wide class of fading, ranging from deep to shallow
fading. This motivation leads to the adoption of the m-distri-
bution formulated by Nakagami [22], which has a parameter m

as a fading figure showing the degree of fading. 1In this
thesis, the detection characteristics of the three FM systems
are discussed in the m-distributed and nonselective fading
environments. The latter assumption means that the fading
rate is sufficiently small compared with the modulating signalv
frequency and that any distortion to the signal is not induced
by the fading channel.

In the application to the urban radio channels [23],
especially in UHF or microwave radio channels, the signal is
subject to time-selective fading, which is caused by the re-
flection from and diffraction around buildings and terrain
when a vehicle is moving around, and Doppler phenomenon
becomes an important degradation factor. The previous analy-
ses of detection performance in such a fading environment
have been confined to the case of digital PM [24] and digital
FM [25]-[26]. 1In this thesis, for the digital phase-frequency
modulation system, the effect of this type of fading is

discussed.

1.2.2 Diversity Technique
The diversity techniques are well-known to combat the
effect of fading and are classified into two kinds: the pre¥
detection diversity and postdetection diversity. The former
has the combiner before the detector and the latter after the
detector. Typical predetection diversity techniques include
linear combining methods such as Switching, Selection Com-

bining (SC), Equal-Gain Combining (EGC), Maximal-Ratio Com-



bining (MRC) [27]. These types of diversity improve the out-
put performance by reducing the percentage falling into the
lower signal envelope level. However, the necessity to have
the knowledge on the status of fading makes the combiner cir-
cuit complex, and if the knowledge is imperfect, the improve-
ment effect degrades [28]. On the other hand, in the case of
postdetection diversity, the unnecessity of such a knowledge
makes the implementation simple.

In discussing the improvement effect by the diversity
technique, one of the important factors is a correlation
between two diversity branches. When two antennas are suffi-
ciently separated, no correlation will occur. However, when
the antenna spacing is limited as in the case of vehicles,
the correlation will occur more or less, and the improvement
effect will be degraded.

Although many analyses on the improvement effects by
these diversity techniques have been reported [29], the analy-
sis including the effect of correlation [30] and the comparison
of predetection diversity and postdetection diversity are
found only in a small literature. Therefore, under the
assumption that two branches are correlated, this thesis
describes the diversity improvement effects on output SNR
and noise characteristic for analog FM and on error rate
for digital FM., 1In addition, in the case of digital ¥M, the
error rate analysis for predetection diversity and postdetec-
tion diversity clarifies the difference of improvement charac-

teristics of two techniques.

1.3 Analysis Method
For the analog FM and the digital FM systems, this
thesis adopts Rice's procedure [31],by which the output noise

can be separated into the Gaussian random noise and the im-



pulsivebclick noise [32]-[33].

In the application of the analog FM system to the mono-
chrome TV signal transmission, above the threshold region
the picture appears grainy because of the random noise.
However, below and around the threshold region the character
of noise on the picture changes to include impulsive noise
[34] and this noise appears as black and white dots with the
black dots predominating in the white areas and the white
dots predominating in the black areas. Therefore, the number
of these dots becomes a basic evaluation of the output per-
formance. TFollowing Rice's procedure, it is possible to
calculate the number of these dots per second.

In the analysis of the digital FM when detected by a
conventional limiter-discriminator, early investigators have
neglected the postdetection filter [35]-[36] or have assumed
the performance at high input Carrier-to-Noise power Ratio
(CNR) thus neglecting the threshold effect [37]. Although
the distribution of instantaneous frequency for signal plus
noise at the output of the discriminator is given [38]-[39],
the result is not useful when the postdetection filter is
employed, because there is no known relationship between the
distributions before and after the postdetection filter [40].
On the other hand, the adoption of the concept of clicks
extends the analysis to the case including the postdetection
filter. 1In this thesis, when the postdetection filter is
assumed to be an integrate-and-dump filter, the error rate
is derived by the utilization of the ptrobability density
function of composite output of the desired signal, random

noise, and click noise.



Chapter 2

ANALOG FREQUENCY MODULATION SYSTEM

2.1 Introductory Remark

In this chapter, descriptions are given for the detection
system of the analog Frequency Modulation (analog FM) signal,
which employs a conventional limiter-discriminator followed
by a low-pass filter, and for mathematical representation of
input and output components of the system. The output compo-
nents consist of the desired signal, the continuous random noise,
and the impulsive click noise. Finally, the output Signal-to-
~Noise power Ratio (SNR) is defined by the above three compo-

nents.

2.2 Analysis Model

The system under consideration is an analog FM detection
system employing a conventional limiter-discriminator. As
shown in Fig. 2.1, the received analog FM signal is corrupted
by white Gaussian noise, passed through a band-pass filter
(BPF) at the carrier frequency f, with bandwidth 2B, and sub-
sequently detected by the limiter-discriminator with a low-

pass filter.

The input analog FM signal s(¢) is defined by

s(t)=rcos[wo.t+P(£)+0] , (2.1)



Frequency
a(t) Band-pass . Low-pass

i Limiter Discrimi~ i >

Filter Filter .
nator signal
- . +noise
V. t .

white Gaussian I(t) Vi(f) U

noise

Fig. 2.1 Detection System for Analog

Frequency Modulation Signal.

where » is the carrier envelope, wo(=2Tf,) is the carrier
angular frequency, @(t) (=dp(t)/dt) is the modulating signal,
and O is the arbitrary phase of the carrier.

The input noise to the limiter, n(f), is given by

n(t)=q(t)cos[w.t+r (¢)] , (2.2)

where (%) is the Rayleigh distributed envelope and A(f) is the
uniformly distributed phase of the input noise. An alternative

expression may be represented by

n(t)=£(t)coswot-n(t)sinw.t , (2.3)
where nand £ are the quadrature and inphase components of the
input noise with respect to the carrier frequency, and are

uncorrelated Gaussian random processes of zero mean value and

of wvariance Onz.

The corrupted signal to the limiter, Vi(t), can be

written as



V{(t)=rcos[wot+¢(t)+9]+q(t)cos[w°t+X(t)]
=A(t)cos[wot+¢(£)] . (2.4)

Referring to Fig. 2.2, the expressions for A(t) and ¢ (%) become

A=/{r+qcos (A-y=8) }12+{gsin (A-j—6) I 2 ' (2.5)
<]>=1p+6+tan_1 gsin(A-y-6)

r+qcos (A\-y-8) ° (2.6)

N

Fig. 2.2 Vector Diagram of Input Signal and Noise.

The limiter is used to suppress the envélope fluctuation of
the corrupted input signal; therefore, the output Va(t) be-~

comes ( A(t) is normalized to 1 )

Vd(t)=cos[m°t+¢(t)] . 2.7)



Following the procedure of Rice [31] yields the approximate

expression of (2.6)

(2.8)

N gsin(A-y-8) A
o=y+o+ pn 0y
which becomes exact when g<<r. In addition, considering the
effects of the click noise peculiar to FM detection, the out-

put of the frequency discriminator can be expressed as follows:

¢=¢k+zw(z+-z_)

=prbyr2n{ T 6(t-t,)- ¥ st} . (2.93

w00 = w=CO

Z,= ) s(t-t,)
{ + ot e k

[+
z= ] s(t-t))
T 7=
In the above equation, 6(*) is the delta function, and 2ﬂ(Z+-Z_)
represents an additional factor necessary to account for the
positive and negative clicks, which are impulsive. The term

Yy represents the continuous random Gaussian noise as expressed

below.

sy dy(t)
(2.10)

_ gsin(A-y-6) _ ncos(Y+6)-Esin(y+6)
y= r - r

n=gsini E=qcosA . (2.11)



It is worth noting that y is the ratio of the quadrature noise
component (with respect to the input signal) to the envelope

of the input signal.

2.3 Autocorrelation Function of Frequency Discriminator

Output
Since ék and 2W(Z+-Z_) are independent of each other,

the autocorrelation function of é, Ré(T)’ can be expressed as
Re(T)=Rs (T)+R,, (T
p(OFy (¥, () (2.12)

where the first term Ré (t) 1is the autocorrelation

k
function of ¢k and the second term R (T) is that of 2ﬂ(Z+—Z_).

Because w, , and y are independent of each other, the auto-

correlation function R¢ (T) can be resolved into three compo-

k

nents:

R-k(T)—R’(T)+R (T)+R (), (2.13)

The phase § 1is regarded as constant now; therefore the effect

of Ré(T) in (2.13) can be neglected and Ré(T) becomes

R&(T)=R¢(T)+RZ1(T)+RQ(T) . (2.14)

This equation shows that the output autocorrelation function

becomes a linear sum of R@(T), RZ:t(T)’ and Ré(T).

2.4 OQutput Signal Power
In this analysis, it is assumed that the modulation
signal @(t) is a stationary Gaussian random process and its

maximum frequency is fﬁ Hz. Then, the output signal power SO

is defined as

SO=R¢(O)=E[$2]=(2ﬂAf)2 , (2.15)

- 10 -



where Af is the r.m.s. (root mean square) frequency deviation
and E[-] denotes the ensemble average operation.

The modulation index B is defined as

s

s={%i— (2.16)
m
and the bandwidth of the bandpass filter is defined as
ZB=4Af%48fﬁ , (2.17)
for passing the input analog FM signal without distortion.

2.5 Output Noise Power
2.5.1 Click Noise Power
The Z+, Z_ processes are sums of positive and negative
impulses (as shown in (2.9 ) ), which occur at random times and
are assumed to be independent of one another. Furthermore,
they follow the Poisson process with average number of N+ and
N [41]1, [42]. Utilizing the above fact, the autocorrelation

function Rz+(T) becomes [43, p.287]

R, (O)=4n? (N 4N )§(0)+4n2 (W, -N )2, - (2.18)

The average number of positive clicks, N+, is given by Rice:

1= Jaip g 1/ 14?2 erfe(Z— / 1+H?)

V2o,
1 - 2 2 2 r:‘ .
_—z— e r / O'n erfc(ﬁ—(%:a——) } * (2.19)

- 11 -



where p(@) is the probability density function of the modu-
lating signal &,(ziis the average power of the input noise,
and erfe(-) is the complementary error function. Moreover,
a/2m is the r.m.s. bandwidth (or the effective bandwidth)

of the input noise and is defined as follows:

, (2.20)

n

02= IZS (f)df ’
€ 0
(2.21)
0§=(2ﬂ)2 fz(f—fo)zsn(f)df,
0

where Sn(f) is the two-sided power spectral density of the

input noise. For the average number N_ of the negative clicks,

the following relationship holds:
W=+ [dipyL T2 (2.22)
-+ 27 no-

If the probability density function p(@) of the modulating
signal is an even function with respect to zero value
(this is the model assumed in this analysis), the average
number of the positive clicks and that of the negative clicks
are equal.

The output power NOZi due to the clicks is obtained by

utilizing the Fourier transformation of (2.18):

fm [oo]
v, f { JRZi(T)e_JZHdeT} df =16n2f N, , (2.23)
_fm —00

- 12 -



where ﬁw is the cutoff frequency of the low-pass filter.

2.5.2 Random Moise Power
The Gaussian random noise power is derived by firstly

obtaining the autocorrelation function Ry(T) of ¥y in (2.10):
1 _ ' 2.24
Ry(T)=R£(T)—;37- E[cos (¥ (t+T)-¥(£))] , ( )

where Rg(r) is the autocorrelation function of £. For the
Gaussian random process (), the following relation is given

by utilizing the characteristic function method [44]:

E[cos (b (£+1) =¥ (£)) 1=exp[-1R, (0)-R, (1) }]
¥ ¥
QRL(T) , (2.25)

where Rw(T) is the autocorrelation function of ¥(£). The
power spectral dendity SL(f) corresponding to RL(T), under the

assumption that R¢(O)>>1 (wideband FM), is [4, p.169]

N 1 2
SL(f)--7§?rX?‘ BXP{"ETEfTE}- ‘(2.26)

From the power spectral density 5 (f) corresvonding to Ry(T),

the power spectral density S?(f? is obtained [43, p.351]:

Sy (Py=n?f%5, () . (2.27)
Therefore, the random noise power NOé becomes
fm 2.2
;] 27 cnfﬁerf(/i) ' 2.28)
NOéz [ Sé(f)df=‘;7 38 . .
“m

- 13 -



The derivation of (2.28) is described in Appendix B.

2.6 Qutput SNR

From expressions (2.15), (2.23), and (2.28), the output
Signal-to-Noise power Ratio (SNR) is defined as

S 5

=y =—9 , (2.29)
W20 " Wyl

2.7 Concluding Remarks

In this chapter, the detection system of the analog FM
signal and its output SNR has been defined. The following
chapter extends the analysis described in this chapter to the

case where the input analog FM signal is subject to fading.

- 14 -



Chapter 3

ANALOG FREQUENCY MODULATION SYSTEM
IN FADING ENVIRONMENTS [451-[47]

3.1 Introductory Remark

Since image information as a television signal is dete-
riorated more by the lower frequency component of the output
noise than the higher frequency component, a reasonable con--
sideration of the transmission method suitable to such a
information choose an analog FM system, which provides an
triangular noise spectrum at the detector output [48].
Therefore, the analog FM system is adopted for a broadcasting
satellite system, and the transmission experiment has been
already done [7].

The theoretical discussion on the output performance of
the analog FM system without a sufficient margin needs the
adoption of an analysis model which can deal with the phe-
nomenon around the so-called threshold region. At and below
the threshold point, many impulsive clicks peculiar to analog
FM detection occur in addition to the continuous random
noise. Although both of these noises degrade the detected
image, they have different effects to the eyesight, as
described in Ch. 1. A viewing test [7], for instance, shows
that the clicks are perceptible when the number of clicks is
of the order of 1000 to 5000 per second. To evaluate the
click noise quantitatively, this chapter adopts the Rice's
procedure which can deal with the random noise and the click
noise separately.

The improvement effects owing to the diversity tech-
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niques combatting the effects of fading are also investigated
and three kinds of predetection diversity combining technique,
such as Selection Combining (SC), Equal-Gain Combining (EGC),
and Maximal-Ratio Combining (MRC) are compared from the view-
point of the improvement effects. In this case, the correla-
tion between two diversity branches which degrades the improve-
ment effect is also taken into consideration.

In this chapter, when analog FM is subject to nonselec-
tive m-distributed fading, the output noise characteristics,
the output SNR characteristics, and the improvement effects
by the predetection diversity techniques are described for a
system whose transmitter output power is limited as in the

case of satellite systems.

3.2 m-Distributed Fading

The m~distribution is a general model of the faded
envelope; it was formulated by Nakagami [22] in his study of
experimental data on high-frequency long distance propagation.

Its probability density function of envelope », p(r), is

~given as
m 2m-1 2
p(r): Zm r m exp(-— ‘r‘ng_ ) é M(I’,m,Q) ’ (3-1)
r(mQ

I
Q=E[r-] 200 .

where oévis the average carrier power and I'(*) is the Gamma
function. The parameter m, which is called the fading figure,

is represented as

(E[r?])2 1

™ E[(@2-E[r2])2] 2 2 ° (3.2)

that is, m is the inverse of the normalized variance of r?.

By changing the value of m, various states of fading can be

- 16 -



represented: deep fading and shallow fading. Especially,
the choice of m=1 corresponds to the Rayleigh fading, that
of m=% to the one-sided Gaussian fading, and that of msw
to no fading. In addition, by the appropriate selection of
the parameters {! and m, the Nakagami-Rice distribution can
be approximately represented [49]. The plots of the m-

distribution are shown in Fig. 3.1 for typical values of m.
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z L ... m=9/16
..8 0-6lf /- ) meir2
3 . 0=1
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AP -\\\m_EEEiiiini
[+ 1 2 3

Fig. 3.1 m-Distribution.

3.3 OQutput SNR

The analysis described in Ch.2, which was applied to
the steady signal, now extends to the derivation of the out-
put SNR  in fading environments. 1In the nonselective
m~distributed fading environments, the instantaneous envelope
follows the m-distribution and the phase follows the uniform
distribution; therefore, the envelope and the phase in (2.1)
are now time-varing: r(¢t) and 6(f). However, under the as-
sumption that the fading rate is sufficiently small compared
with the modulating signal, the effects of time-variation

of the envelope and the phase may be neglected. Hence, the
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click or random noise power in the fading environments,

can be obtained by averaging k2.23) or (2.28) over the random
variables » and 6. In addition, the equations (2.23) and
(2.28) are independent of 0, so that only the averaging
operation on r is necessary. In this case, the average
number of positive clicks,{N+]F,is

©o

[IV+]F= J N_i‘p(r)dr ] (3.3)
0

Upon substituting the equation (3.1) into the above equation
and by utilizing formulas (A.1)-(A.5) found in Appendix A,

the average number of clicks is calculated to be

P 1 Iy 2
- o T+ ) {1+(D) 4}
= i 1 i E 2 - a - 2 a
[N+]F J dwp(w)&n l+(u) (1+ 239m T (m)
m
400 % p°(l+(%)2) "’”’*%) 13 1
e e R v Sl
a+H2)0,
Jbrerd) o3 adoe o
T'(m) mm
(1r 1,2 G2o, ) o
< F (14 53353 1A N (m,p0) 3.4
271 222 m+(1+(%)2)po = 4 ’
2
o
( po=‘(;§_)
n
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where p, is the average Carrier-to-Noise power Ratio (CNR)

andZFf-,-;-;—) is the generalized hypergeometric function,

The click noise power [NOZi]F is
= 2 .

[V,,,1=16m fm[zv+]F . (3.5)
The Gaussian random noise power [NOQ]F is obtained in a similar
manner:

2m262f2erf (V2
w1t = It (2) (3.6)
Oy'F “r2°F 38 ’
where
(3.7)

[r_12]F= J—Plz—p(r)dr .
0

In the case of the m-distributed fading, the above equation

is calculated as

1., _mrim-1)
r = SFona- & Cma) ,  ml . (3.8)
From (2.15),(3.5) , and(3.6), the output SNR Eé%ﬂﬁ, in
the m-distributed fading environments is determined as
S

(p = g -
TR U Ly (3.9)

3.4 Improvement by Predetection Diversity Techniques

In this section, three types of predetection diversity
technique are considered: Selection Combining (SC), Equal-~
Gain Combining (EGC), and Maximal-Ratio Combining (MRC).
The number of diversity branches is assumed to be two from

the practical point and the block diagram is shown in Fig. 3.2.
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Combiner Detector j—m

Fig. 3.2 Predetection Diversity System.

In discussing the improvement effects owing to the diversity
techniques, consideration of the correlation between the two
branches is of great importance since such correlation.will
deteriorate the output SNR performance. It is thus assumed
that the two branches are correlated with the power correla-

tion coefficient of k?;

2 2
B[ (r2-0) (r3-9) ]

= 3.10
B[ (r-0) 2 ]E[(r5-0) 2] 10

It is also assumed that the input signals on two deversity
branches are subject to nonselective m~distributed fading
and have equal average power, and that the input noise
components on the two diversity branches are uncorrelated
Gaussian random processes of equal variance.

The means of deriving the probability density functions
of the combined signals is described in detail by Brennan [27].
Assuming m-distributed fading, the probability density func-
tions are given as follows [50]:

(1) Selection Combining (SC)
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1 7
p.(r)= fdedc e, 2" M(r,2m, 20/ 1-k* w ) (3.11)
S S S S
0 0

cs=[22m(zm-1)/n]x2m‘1 sin?™ 2 |

wS=V1-k2/{1+w2—2x/%§-cosE}

(2) Equal-Gain Combining (EGC)

1 m
pp(r)= dejdc cp wém M(r,2m,20/1-k2 wE), - (3.12)
0 o0

ep~[2(am-1) /n1 [1-(1-2) 217" ! 51022 |

wE=/1-k2/[{1+(1—x)2}-{1-(1-x)2}¢if cosz] .

(3) Maximal-Ratio Combining (MRC)

™

pM(r)= fdc ey w;ﬁ M(x,2m,20/1-k2 wM), (3.13)
0

cM;F(m+€%J sinzm_lcl{/FTOW)},

wM=/1-k2/[1—/E7cosc]

The click and random noise power owing to the diversity
techniques can be obtained in a similar manner as described
in Sec. 3.3. The click noise power [N

oz+lx 18

(v, 1,=16n2f [N 1, (3.14)
1 7 :

'[N+]*= defd; Cy wim N+(2m,2p°Vl—kz w,) , (3.15)
0 0
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where the symbol " * " denotes the type of the diversity
technique: the replacement of " % " with " § " corresponds
to SC, with " E " to EGC, and with " ¥ " to MRC. The Gaussian

random noise power [Nog]* is

21262 f2erf (V2)
[0 =[] it (3.16)
Oy * rz E3 38 1)
1 7
1 —
Sy P Jdmfd?; Cy wﬁmG(Zm,zsz/l-W w,) . (3.17)
0 0
The output SNR is finally.obtained as
S
9 ,= 0 . (3.18)
N [NOZi]*+[Noé]*

3.5 System Comparison
The numerical calculations of (3.4),(3.9),(3.14)-(3.18)
exemplify the following results:
(1) Relations of the average number of clicks to the fading
figures and to the input CNRs (refer to Figs. 3.3-3.6).

1) As po and/or m increases (fading becomes shallower
for greater m), the average number decreases.

2) When the input signals are uncorrelated (k=0),

MRC has the smallest average number, EGC has the
second smallest, and SC has the largest. When they
are correlated, the smaller the correlation coeffi-
cient , the better the performance.

3) By the utilization of these graphs, it is possible to
obtain the average number of dots N observed on the
picture. If the input BPF bandwidth is defined to be
2B, then ‘
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= - L] a
r 2N+ 2 -

» (the value on the graph)

2B
* (the 1 th h) .
T2 ( value on the graph)

For example, in the case of no diversity, N is calcu-
lated to be about 6400 for m=10, po=10dB, and 2B=25MHz.
Conversely, assuming that the number of 5000 per second

(corresponding to the value of 6.9x10 " on the graph)

- is the maximum perceptible value, the required CNRs

(2)

1)

2)

3)

under the condition of m=2 and k=0 can be obtained
from Figs. 3.5 and 3.6: 18.1dB for no diversity,
11.6dB for SC, 10.1dB for EGC, and 9.7dB for MRC.
Relations between the power ratios of click noise to
random noise and fading figures (refer to Figs. 3.7
and 3.8).

In the case of no diversity, the increase of the power
ratio by the decrease of m implies that the click
noise is more strongly affected than the random noise
by fading.

The result that the employment of the diversity tech-
niques decreases the power ratio compared with the
case of the no diversity, implies that diversity offers
greater improvement effects to the click noise than

to the random noise. In addition, since MRC has the
largest improvement effects, the threshold phenomenon
caused by the click noise occurs at the lowest CNR for
fixed m as in Figs. 3.9 and 3.10,

The reason why fading affects the click noise more
strongly than the random noise, can be explained as
follows : Since the inphase noise component with

.respect to the input signal contributes to the occur-
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rence of clicks, the fluctuation of the signal
envelope increase the chance of its occurrence. That
the employment of the diversity techniques decreases
the click noise power caﬁ be also explained in a
similar manner, because its employment decreases the
percentage of falling into the lower signal envelope
level.

(3) Relations between the output SNRs and the input CNRs
(refer to Figs. 3.9 and 3.10).

1) The output SNR performance becomes better as m
increases, and MRC has the best performance when the
diversity techniques are utilized. Especially, the
difference between the performance for MRC and that
for EGC is small, and its difference tends to become
smaller as m increases.

2) In the case of m=2, the assumption that the output
SNR of 40dB is necessary to detect the image informa-
tion, requires the input CNR of 21.5dB for no diver-
sity, 11.5dB for MRC with k=0, 12dB for MRC with k=0.6,
and 14.5dB for MRC with k=0.9. Therefore, it is shown
that considerable diversity improvement effects can
be obtained even in the case of high correlation.

3) The result for m=100 is also illustrated in Fig. 3.10,
and this result is consistent with that analyzed for
the no fading condition., Therefore, the analysis
described in this chapter can be generalized to in-

clude the case of no fading.
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3.6 Concluding Remarks
In this chapter, the output noise and output SNR char-
acteristics of the analog FM system in the nonselective
m-distributed fading environments have been described in-
cluding the improvement effects owing to the predetection
diversity techniques.
The main results are summarized as follows:
(1) Fading affects the click noise more strongly than
the random noise.
(2) Much more diversity improvement effects can be obtained
for the click noise than for the random noise.
(3) Better output SNR performance can be obtained with
smaller correlation between two diversity branches.
(4) MRC is the most efficient diversity technique.
(5) The analysis described in this chapter is also appli-

cable to the case of no fading.
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Chapter 4

DIGITAL FREQUENCY MODULATION SYSTEM

4.1 Introductory Remark

This chapter describes the error rate performance of
the digital FM signal when détected by a conventional limiter-
discriminator with an integrate-and-dump filter, The error
rate can be obtained by, 1) deriving the probability density
function of the detector output, which consists of the
desired signal, random noise, and click noise, and then
2) integrating this probability density function over the

error region.

4.2 Analysis Model

The system under consideration is a binary digital FM
(Fskt: Frequency Shift Keying) system employing a conventional
limiter-discriminator with a postdetection filter [51]-[52].
As shown in Fig. 4.1, the ;eceived FSK signal is corrupted
by white Gaussian noise, passed through a band-pass filter
at the carrier frequency f, with bandwidth 2B, detected by
the frequency-discriminator followed by an integrate-and-

dump filter, and then subsequently sampled,

t In this thesis, the term " FSK " is used to mean " digital

FM " for the sake of expressional simplicity.
y
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s(t) | Band-pass Limiter Discrimi-
Filter nator

Integrate-

and-dump

Filter

Decision

Sampler

white g
Gaussian _Ej:_
noise

28

Fig. 4.1 Detection System for Digital

* The input FSK signal s(f) can be expressed by defining

Frequency Modulation Signal.

P(t) in (2.1) as follows:
s(t)=rcos(w.t+y (t)+061] R

t

,

Ed

1==c0

. 1,

a.=
9 1o,
gt)= {

1,

0,

P (t)= Aw 4 J F@&)dt”

F=1 2a,-3) gt-in)

"mark"
"space"
OgtsT

otherwise

T : digit duration

Vi(1)

(4.1)

Awd ¢ peak angular frequency deviation ,

The approximate composite phase ¢ corresponding to

(2.8) is given in the alternative form:
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b0+ g CZfe _ p sind (4.2)

P b

al ncosy-Esiny, Z)é Ecosy+nsiny |

Therefore, the output of the discriminator becomes

¢ o . e 1
cos b sinb

p=y+

+2m(z,-2) , (4.3)

where 2w (Z+4+-Z-) is the additional term on account of the
positive and negative clicks as in (2,9). In the above equa-
tion, let % be defined as

* _+ cosf s sinb
wma=m mbES

(4.4)
then # is Gaussian distributed and its probability density
function p(&1) is represented by

v 2

p(Z.A)= 1/2_1]1';M €xp (" 2_1%7'),

(4.5)

e BLL
4.3 Probability Density Function of Detector Output
The derivation of the error rate necessitates the prob-
ability density function of the integrate-and-dump filter
output.
The impulse response of the integrate-and-~dump filter
h(t) is defined as

-% . O<t<T
h(t)= (4.6)

o

s otherwise .
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Sampled at the end of the digit tg[=(n+1)T: n=-++,-1,0,1,..-],

the sampled output of the integrate-and-dump filter V., becomes
VohbotitatZo s 4.7

where @ois a component due to the signal, #, to the random

Gaussian noise, and Z, to the click noise. Here the signal

component Y, is given as follows:

$°= +Amd , ﬁmark" (4.8)
—bw g "space" .
The random noise component %, is represented by
o= o Cc’r‘;‘e -b, Si;e , (4.9)
£z°=[&®h]t=ts, b.=thonl,_ L

where "@® " denotes the time convolutlon.
If the 1nput random process to the 11near filter is
Gaussian distributed, the output random process is also

Gaussian distributed [44, p.189]. Therefore, the probability

density function p(ﬁo§$d+ﬁolio=iAwd) has the form

. - 1 (\'),,JFAwd)z
p(Vo!¢o=iAmd)= 73?1& exp {— ~——ZWT___} ,

o

(4.10)

E[&Z] ZU%fo(B)

MIEGE)= = = T

_ sinw (B+1)
fo(B)—l—————‘"(B_'_l) ’
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where M2 is the average power of the random noise component
at the sampling instants and is given in Appendix C,

The click noise component Z, is

(n+l1)T
2 T e 4.11
Zo=7 J { ] st-t)- [ 8(t-t))}dt . ( )
nT k:—oo Z:—OO

As described in Ch, 2, it is assumed that the clicks are
independent of one another and follow the Poisson process.
Therefore, Z, is the differencé of two independent Poisson
processes and its probability denmsity function p(Z,) is given
as [53]:

w e B
p(Z,)=} exp[—(x++x_)]({—)21|u|(2‘/x+x_)5(zo—g—gﬂ) s (4.12)

=0

where
A+, A_: the average number of positive and negative
. . +
clicks during T sec.,
A+éN¥T
A =NT
p: the remainder after taking the number of negative
clicks from that of the positive clicks,

Ilui: the modified Bessel function of integer order |u].

The convolution of (4.10) and (4.12) establishes the
probability density function of V, p(V,) as:

t For the mark signal, the average number per second can

be obtained in (2.19) and (2.22) by setting p(i)=5(¢‘Awd)-
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: = VIS TR
P(olbo=ttu)= | expl-O 00 )1(EH)2 I, @A 20

p=-e

(4.13)

(VoFAw g~2mu/T)? ‘
.7§:?Z—eXP {_ oMz }'

o

4.4 Error Rate

The integration of the probability density function
given in (4.13) over the error region derives the error rate
of the FSK signal. On the assumption that the mark and space
signals are equally likely to occur, the detector decides
that 1I)°=Awd if V,>0 and that ¢°=-Amd if Vo<0 [54, Ch.3].
In addition, the error rate for the mark signal and that for
the space signal become equal, because A_ observed in a posi-
tive digit interval is equal to A+ observed in a negative

digit interval. Therefore, the error rate Pb is given as

P =

W p(V°|¢o=Awd)dVo

00

P Vo | bo=—tw )dVo . (4.14)

oOV-—— 8| —— o

Substituting (4,13) into (4.14) yields

B
exp[- (A1) ] (%’_’—] 2T (2/A 1))

Hoe~18

o
]
N

i

'erfc([Awd+2wu/T]//§M°) . (4.15)
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Since the above equation is mathematically complex, it is not
easy to extend the analysis to the next stage to be described
in the following chapter, Thus, the simplification of (4,15)
is attempted in the following.

In general, with existence of modulating signals, the
average numbers N+ and N_ become unequal. The fact that for
the mark signal the majority of clicks occur in the negative
directions [6, p335] makes it reasonable to neglect the posi-

tive clicks:

N+<<N_ or k+<<x_ . (4.16)

Upon utilizing (2.22) and the above fact, N_and X_

are reduced to

Awd -r2 /252
e no

N =

- 2m (4.17)
~ B -0

x__ 2 e .

where B(=Ade/n) is the modulation index and p(=r2/20£) is
the input CNR., In addition, under the condition of the com-
paratively high input CNR, -the probability that many clicks
occur during one digit duration T is very small, <Z,e,, A+
and A_<<1, and at most only one click occurs during T.
Therefore, the following approximate expressions can be uti-

lized:

JlLL 1
Ilul(2V1+X_)g()\+)\_) 2 W ,
(4.18)

exp[-(A +A)]=1
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Substitution of (4.17) and (4,18) into (4.15), and the choice
of u=0 and 1 in (4.15), yield the final expression for the

error rate as follows:

T(8-2)vp -

m8vp ) +8
V2f,(8)

=1 __TBve 1y B P
Py=3erfc (m +7 e erfc ( )QPIV(P) . (4.19)

4,5 Concluding remarks

In this chapter, the detection system of the FSK signal
and its error rate have been discussed, The following chapter
extends the analysis described in this chapter to the case

where the input FSK signal is subject to fading,
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Chapter 5

DIGITAL FREQUENCY MODULATION SYSTEM
IN FADING ENVIRONMENTS [551-[57]

5.1 Introductory Remark

Although many authors have investigated the error rate
performance of FSK systems in fading environments, their
fading models have been assumed to be either the Rayleigh[58] or
Rician distribution. Furthermore, the employed diversity
techniques have been assumed to be the three kinds of pre-
detection type such as SC, EGC, and MRC without the consider-
ation of the correlation between two diversity branches.

In this chapter, under the assumption that the FSK signal
is subject to nonselective m-distributed fading as described
in Ch. 3, its error rate is derived by the extension of the
analysis described in Ch. 4. Furthermore, two other diversity
techniques in addition to the three kinds of predetection type
described in Ch. 3 are considered: Switch-and-Stay diversity
[59] included in predetection diversity, and postdetection
diversity [60]-[61] which has the advantage of simple imple-
mentation since the knowledge on the status of the fading channel
is not necessary. In discussing the improvement effects owing
to the diversity techniques, the effect of the correlation
between two diversity branches are also taken into account.

In the case of the Switch-and-Stay diversity, a design
method of an optimum switching level which attains a minimum

error rate is shown.

5.2 Error Rate
Under the assumption that the input FSK signal is subject
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to the nonselective m-distributed fading (as déscribed in Sec.
3.2), the envelope may be regarded as constant during one digit
duration T. Therefore, averaging the result given in Ch. 4
over the random variable » yields the error rate of the FSK
signal in the environments of interest,PF,as

P

PF=.{PN(r)p(r)dr
0

1, 1
1 T (m+5) {ﬂB‘/E: }{l+ 7282p, }-(m+7,)
2

AT\ Vonf, () 2mf, (8).
1282p, ’
1.3, B@ y, 8 mm
.ZF]- (1’m+§, 2 > 1+1‘,2sz° )+ 4 ( m+p°)
2mf, (B)
1 .
.{ - 2T (m+§) 1(8-2)Vp. )(1_'_ "2(8—2)200 )_(m_'_%)
T (m) Y2(m+0,) fo (B) 2(m+0,) fo (8)
‘”2(8—2)200
. 1.3, _2(mpo)fo(B)
zFl(la”H'2329 14 12 (8=2)2p, )}QPF(mapo) s
2(mtpo) fo (B) (5.1)

by the utilization of (3.1), (4.19) and the formulas (A.1l)-
(A.5) in Appendix A.

5.3 Improvement by Diversity Techniques

The diversity techniques are classified into two kinds,
depending on the place at which the combiner is located:
the predetection diversity was described in Ch. 3 and the
postdetection diversity is 5hown in Fig. 5.1.

It has been assumed that the number of diversity
branches is two (from the practical point of view) and that the
input noise components on fhe two branches are Gaussian dis-
tributed and mutually independent. Additionally, in the
following analysis, the correlation between two branches is con-

sidered, except for the Switch-and-Stay diversity.
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Fig. 5.1 Postdetection Diversity System.

s’..

5.3.1 Predetection Diversity
Four kinds of predetection diversity technique are con-
sidered: Switching , Selection combining, Equal-Gain Combining,
and Maximal-Ratio Combining diversity.technique.. The predetec-
tion diversity techniques, except for the Switching diversity,
have been previously described in Ch. 3 and the error rates

can be éxpressed similarly. By the utilization of (5.1), the

error rates, PS for the Selection Combining, PE for the Equal-
Gain Combining, %M for the Maximal ~Ratio Combining, are given
as follows:
10w
- 2m ey
P*=Jd:r:JdC C* w* PF(zm,Zpo l_k w*) ’ (5.2)
0 0 ‘

where the symbol "4" is the same as indicated in Sec. 3.4,

and ¢, and w, are given in (3.11)-(3.13).

t Switching diversity is equivalent to Scanninig diversity

named by Brennan,
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There are two kinds of Switching diversity technique:
Switch-and-Stay diversity and Switch-and-Examine diversity.
In this thesis, however, the analysis is confined to the former,
whose strategy is described as follows: the instantaneous en-
velope of the input signal is monitored; if it falls below a
predetermined switching level, the antenna switching is acti-
vated, thus selecting the other branch. In such a case, even
if the second branch is also in a fade, the antenna switching
is not activated. In the case of the Switch—and-Stay diversity
technique (SS), the combiner circuit in Fig. 5.1 is replaced
by a switching circuit comforming to the above strategy.

When the two branches are uncorrelated, the probability
density function for the output of the switching circuit, PSS(r),

is given by Rustako [59]:

(1+e)p(r) , rzAg

(r)= { (5.3
Fss ¢ p(r) , rgAS s )

where AS is the switching level and ¢ is determined as
AS
o= J p(rydr (5.4)
0

The error rate FbS for SS is given by the utilization of (4.19):

F%S

A

J e PN(r)p(r)dr+[ (1+c)PN(r)p(r)dr

A

f PN(P)pSS(I‘)dr
0
S
0 S

(5.5)

o AS
(l+c)f P ()p(r)dr -f P, (Mp()dr .
0 0



Therefore, the substitution of (3.1) into the above equation

yields the error rate in the m-distributed fading enviromments:

m'" H
Pgg = (1+¢)P,(m,p,) - Herfc (TEYpoH )

I'tm) /2f . (8)
0
B8 -poHx? m(8=2)vp Hx 2m-1 —mHx?
+5 e erf (w—m‘ )}x e dz , (5.6)
2
H=ﬁ_
Q

_ 1
C= Ty y (m,mH)

where yv(°,*) is the incomplete Gamma function and BFOw,po) is

given in (5.1).

The selection of the value of AS is a very important
factor on the error rate performance. As is easily known from
(5.5), when AS is zero or infinity, PSS reduces to PF. The
optimum switching level ASOP’ which attains the minimum error
rate, can be obtained from the differentiation of (5.5) with

respect to A_:

o
A
Pss  se T 3 ?
S so SO

p(AS)f PN(r)p(r)dr—p(A )P (As)
0 .

=p(Ag) [PpmPy(A) ] . (5.7)

Consequently, the level ASOP proves to be the solution to the

following equation:
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= (5.8)
EW(AS) PF *
This equation shows that the optimum switching level A is the

SOP
envelope for the no fading condition which gives the error rate

equal to that for the fading condition. To verify the above

. . . . 2 2
description graphically, the relation between Pé and AS /ASOP

S
is shown in Fig. 5.2, where PSSO is the error rate in the case
of the optimum switching level. These curves clarify that the
shallower the fading, the more the degradation due to

the offset from the optimum level appears.

xX:
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Fig. 5.2 Effects of Offset from
Optimum Switching Level.
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5.3.2 Postdetection Diversity

The postdetection diversity techniques have two kinds
of strategies: a)two output components of the detectors are
directly combined, b)two appropriately weighted output compo-
nents are combined. Though the latter has greater improvement
effects on performance compared with the former, the simpliness
of the implementation confines the analysis of this thesis to
the former strategy.

The probability density function of the two output compo-
nents for the mark signal, p(Vl‘¢o=Awd,rl) and p(V2}¢o=Awd,r2),
and r.in (4.10) and (4.13).

1 2
Since the input noise components are uncorrelated, the proba-

are given after replacing » with r

bility density function of the combined output p(V|@0=Awd,rl,r2)

can be obtained by the convolution as follows:
P(V]bo=bw 4,7, ,7,)=p (V; [Vo=hu 5,7, (5.9

®p(V2|w°=Awd,r2) .

Then, the error rate for the postdetection diversity PP is

given by

0 @
Pp= J av { d’rl J( drzp(rl,rz)p(Vl\;)o=Awd,rl,r2) . (5.10)
- 0 0

The joint probability density function of rl and rz,zg(rl,rz),
necessary to derive PP in the m-distributed fading environ-

ments, is given as [22]

-l (ryry) 2m—1/r (m-0.5)

P2y ==y (22 (1-k2) ™
m 2 12 7
om=2 m r1 rs Z/Z—flrzcosg
*| dt sin rexp '_1—k2(52 +—= - 5 .
0

(5.11)
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The substitution of (5.9) and (5.11) into (5.10) yields the

final result:

P—P 1+2PP2+PP3+2P P4, (5.12)

m
2 T
p.=1dc|a g mzm(coscsinx)zm_lsinzmnzx
Pi YT (m)T (m=0.5) (1-k2)™
0 0
{ T (2m) /po cosZsinZl (2m+0.5)E; (F +G ) (2m+ )
a2 VZnfo (8)
7
G.
1 3 1
LS55 ) } s (i=1,2,3,4)
i 1
( [ . _m_ .
Cl= 4 Dl— 1-%7 (1—2/%7cosC51nCcosx?
_ _ 2
02— 28 D27 Dl+p°cos 4
3 _ a2 h -
03"‘ B D3_ Dl+po
c=B—2 | D,= D +2p,co0s%g
L 4 2 L T4 1 °
(= = Fr2g2
E = 78 (P = Fn%p
— - = - 2
{ Ez- 7 (B-1) Fz F(wB-m)
Ey= 7(8-2) ! Fy= F(nB-2m)2
= - = - 2
L E4— m(R~-2) F4 F(nBg=-2m)
F= 2p°coszcsin2§
fo (B)
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where each term is explained as follows:

P__: the error rate due to the occurrence of no click on the

P1°
two branches,

PPZ: the error rate due to the occurrence of one click on one
of the two branches,

2?3: the error rate due to the occurrence of one click on the
both branches,

PP4: the error rate due to the occurrence of two clicks on one

of the two branches.

5.4 System Comparison
The numerical calculations of (5.1),(5.2),(5.6),(5.12)

show the following results:

(1) Relation between the error rates and modulation indices
4(refer to Figs. 5.3 and 5.4).

1) As a whole, the smaller the correlation coefficient,
the better the performance. When the input signals
are uncorrelated, MRC has the best performance, EGC
has the second best, SC has the third best, and SS has
the lowest, except for the postdetection diversity.

2) Except for the postdetection diversity, it is seen
that the inclination is negative for B<0.6, 8>1.8
and positive for 0.6<B<1.8. This can be explained as
follows: a) For B<0.6, the probability that one click
occurs in one digit duration is very small, so that
the Gaussian noise is the main contributor to error.
b) For 0.6<B<1.8, an error occurs due to one click
only. Especially, since the probability of the occur-
rence of one click is proportional to the modulation
index, the inclination becomes positive, c¢) For 8>1.8,
although the average number of clicks increases, the

contribution of clicks becomes smaller, as the modu-
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3)

4)

lation index increases. An error occurs due to the
interaction of the click and the Gaussian noise.

In the case of the postdetection diversity, the incli-
nation is negative for B<0.35, 0.8<B<1.4,'B>1.7, and
positive for 0.35<8<0.8, 1.4<B<1.7. This can be ex-
plained as follows: i) For B<0.35, it is identical to a)
described above. i) For 0.35<B<0.8, it is identical
to b). ifi) For 0.8<g<l.4, it is identical to c).

iv) For 1.4<B<1.7, an error occurs due to two

clicks. Especially, since the probability of the occur-
rence of two clicks is proportional to B2, the inclina-
tion becomes positive. v) For B>1.7, it is identical

to ¢).

The optimum modulation index yielding the minimum
error rate is found within an appropriate range of
the modulation index. This means that the increase
of B may not necessarily improve the performance of
the system because more noise may be introduced.
Except for the postdetection diversity, this optimum
modulation index becomes about 0.6 and it is not
affected by the types of diversity, values of average
input CNR, valqes of fading figure, or values of
correlation coefficient. In the case of postdetection
diversity, this optimum point is about 0.35 for B<l,
and 1.4 for B<2,

In the region of m=1, 0.36<B<1.4 and of m=5, 0.46<B<1,
the error rate for the postdetection diversity is

greater than that for no diversity.

5) In the case of the postdetection diversity, the effect

of the correlation between two branches becomes smaller

than the case of MRC. Especially, for 0.4<B<l, there

is no difference between the case of k=0 and that of
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k=0.9. This can be explained as follows: In this
region of B, since only one click on a single branch
is the main contributor, the occurrence of clicks on
the other branch does not affect the error rate.
That is, in the case of the postdetection diversity,
the worse branch dominates the error rate Petformance.
On the other hand, in the case of the predetection
diversity, the better branch dominates the error rate
performance,

(2) Relations between error rates and fading figures
(refer to Fig. 5.5).

1) As m increases (fading becomes shallower), the
difference between the improvement effect of EGC and
that of SS becomes greater. On the other hand, MRC
and EGC give nearly identical performances; SC and SS
so do.

2) For m=0.5 (one-sided Gaussian), SC yields the same
error rate as EGC does.

(3) Relations between error rates and average input CNRs
(refer to Fig. 5.6).

vl) As the average CNR increases, the error rate decreases.

Furthermore, the degree of this decrease becomes

greater, as m increases.
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5.5 Concluding Remarks
In this chapter, the error rate characteristics of the
digital FM system in the . nonselective m-distributed fading
environments have been described including the improvement
effects owing to the predetection and the postdetection
diversity techniques. Furthermore, for the Switch-and-Stay
diversity, a design method of an optimum switching level
attaining a minimum error rate has been shown.
The main results obtained are summarized as follows:
(1) The optimum modulation index yielding the minimum error
rate is found within an appropriate range of the modu-
lation index. Furthermore, except for the postdetec-
tion diversity, the value of this optimum index is not
affected by the types of diversity, values of average
input CNR, values of fading figure, and values of corre-
lation coefficient.
(2) The better branch dominates the error rate performance
for the predetection diversity. On the other hand,
the worse branch dominates the error rate performance

for the postdetection diversity.
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Chapter 6

DIGITAL PHASE-FREQUENCY
MODULATION SYSTEM [62]

6.1 Introductory Remark

Hybrid modulation schemes have been achieved with the
combination of phase and amplitude [63]-[68]. However, when
these signals pass through a nonlinear device like a travelling
wave tube operating in the saturation region, the information
in the amplitude will be lost. On the other hand, the hybrid
modulation in terms of phase shift keying and frequency shift
keying can be amplified without loss of its information by
such a device. This chapter proposes a new hybrid modulation
named 'digital phase-frequency modulation (PFSKT: Phase-
Frequency Shift Keying)', in which the multilevel transmission
can be performed by the phase-frequency combination, and its
error rate and power spectral density are given.

Five kinds of noncoherent detection system are proposed.
They can include a delay detector, a frequency discriminator,
and an integrate-and-dump filter. When detected by the dis-
criminator, the impulse noise appears at the output, because
this PFSK signal has a sharp phase shift which includes phase
information. Furthermore, the limitation of the bandwidth
enhances the effect of this noise. Therefore, one of the |
proposed systems is implementéd to reduce the effect of this

impulse noise.

¥ In this thesis, the term "PFSK" is used to mean "digital

phase-frequency modulation" for the sake of expressional

simplicity.
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6.2 Signal Configuration
The PFSK signal has two bits consisting of phase infor-
mation and frequency information in one digit duration 7, and

is expressed as

kol 1 1, 2rm
8, (t)=1r cos [w°t+zz_£az-§-)2n+ (@-3) F (@&=kD)
k-1
+ ) bym+b,m+6] ,  KTst<(k+1)T (6.1)

fl, "mark" -

Ay by = i . woT=2mm
0, space .

(m:integer)

where akrepresents frequency information, bk phase information,

6.3 Detection System

Five PFSK noncoherent detection systems will be proposed
in this section. These detection systems can include a delay
detector (Fig. 6.1), a frequency discriminator, and an integrate-
and-dump filter. In Fig. 6.2, the phase variation of the PFSK

'signal and the behavior of the detector outputs are illustrated,

Band-pass
Filter
l‘{Time—delay
T

Z(t)

(t-T)

Sk-1

Fig. 6.1 Delay Detector.
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Fig. 6.2 Digital Phase-Frequency Modulation Signal

and Behavior of Detector Outputs.

The output of the delay.circuit sk_l(t—T) is represented

by
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k-2 1
Sk-1 (t-T) =rcos[w, (t-T)+ | (aZ- 5 ) 27

e OO

1, 2n k22
Hay_1=35) F (E-KD)+ | bymby  m+0] . (6.2)

Z:..oo

Then the output of the low-pass filter,Z(t),becomes

Z(t)=LPF[sk(t)~s (t-T) ]

k-1

_r? [wT+( ~Lyomc ) 2T (4kT)+b 6
g coslwarHla_ -75)2mHay-ay ;) 7 (t-kD)+bym] , (6.3)

where LPF[.] denotes the operation of taking a low
frequency component, When sampled at the end of the digit
t=(k+1)T, its sampled value Z[ (k+1)T] is given by

,
ZLEAT] = 5 coslwaTH(ay-3) 2m+2m (2, )+b, 7]

2.,2
=-3 cosbkﬂ . : (6.4)

Therfore, it is seen that the delay detector may recover the
phase information bk' Furtheremore, the other value sampled

at t=(k+-]2'*)T, Z[ (k+ % )T], is represented by

2L+ 2)T) == 2 cos( +b.)
571 =~ 5 coslla-ay _,+b;)7]

2
r
=-3 COS[(a;,<€Bczk_1 @bk)w] s (6.5)
where "@®'" denotes the operation of modulo 2 addition. The
above equation means that the knowledge of the phase informa-

tion bk can determine the difference of the frequency informa-

ion and vice ve .
ti akGak_l, nd vic rsa
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The block diagrams of the proposed five systems are shown in
Fig. 6.3, where Gk represents the information sampled at

t=(k+%)T and also takes the value of 1 or O.

Band-pass Limiter-
™| Filter Discriminator = a
s, (T
k( ) Delay -1
Detector k
a) System 1.
Delay Integrate-—and-
D .
sk(t) Detector lb dump Filter ake a1
k
b) System 2.
Delay ( Integrate-and- o
Detector dump Filter
%™ P

c¢) System 3.
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Delay

‘-Detector =b
sk(t)h‘ ey k
Y@,
d) System 4.

Band-pass Limiter- a
Filter Discriminator 1 = "k

a

Delay k-1

8, () T
[Delay
Detector Gk ﬁ bk

e) System 5.

Fig. 6.3 Detection Systems for Digital
Phase-Frequency Modulation Signal.

6.4 Some Comments on Detection System

The sharp phase shift, which the phase information
generates at the transient point, results in the impulse noise
at the frequency discriminator output. This impulse noise is
caused by the differentiating operation of the discriminator
and appears at point (:) in Fig. 6.2. Though the impulse is
illustrated like the delta function for convenience, in prac-

tice, the time duration of interest is about two times as wide
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as the reciprocal of the BPF bandwidth [6, p.329]. For example,

if the BPF bandwidth is defined, following Carson's rule, as

ZB=2(1+B)% - (6.6)

NN

then the time duration becomes I sec. Therefore, only the
midpoint of the digit is not affected so much by the impulses,
so that the frequency discriminator output is sampled at
t=(k+%01’in systems 1 and 5.

The impulse observed at point , due to the simultaneous
phase shift of the direct signal and the delayed signal, also
affects the output of the delay detector in the vicinity of
the transient point. Especially, the limitation of BPF band-
width enlarges its influence. However, as discussed on the
impulse at the discriminator output, the midpoint of the digit
is not affected so much.

Systems 1-4 can be adopted under the assumption that the
effects of the above impulses may be neglected, while system 5
is composed by the consideration of the small effects of the
impulses at the midpoint of the digit.

From the viewpoint of the way to recover the information,
in systems 1 and 2, the frequency information and the phase
information can be obtained independently. On the other hand,
systems 3-5 are the composite detection systems which utilize
the information e due to the combination of a and bk'
Therefore, the error of a affects bk’ and the error of bk
affects a: error-propagation phenomenon occurs.

From the viewpoint of the complexity of the implementa-
tion, system 4 is the simplest and system 5 is the most com-

plicated.
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6.5 Error Rate

System'l, which recovers the information by means of
detecting the frequency and phase-difference components, is
the most straightforward one and its error rate can be easily
obtained under the assumption that the effects of the impulses
may be neglected.

The error rate of the frequency information PEF is derived
by Bennet [35], and given by

| 1
P —~lerfcﬂ;+—ﬁ£-J e_pxzerfc(d/;Zf;;S-)dx

EF 2 2yr
-1

(6.7)

where p is the input CNR. The term d is defined by

= : (6.8)
d ol 2
where o is the r.m.s. bandwidth given in (2.20).

The error rate of the phase information P, can be

EP
derived as follows. Defining the input noise n(t) as

n{(t)=% (t)cosw,t-n(t)sinw, % , (6.9)

the sums of the signal and noise, ek(t) and ek_l(t—T), are

given as follows:

kol 1 1, 2%
e, (t)= [rcos{zz—w (a;-5)2m+(ay~ 5 )7 (¢-KT)
k-1
+ z bzﬂ+bkn+e}+£(t)]cosw°t

-0
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k-1
~[rsin{ Z (aZ 2)2n+(ak

i, 2" 2T ke

k=1

+i2 b ﬂ+bkﬂ+6}+n(t)]31nw t

(6.10)

£

k=2
_ _1 1, 2w
(t T)= [rcos{zg_w(az 2)2W+(ak_l 2) (t-kT)

k-2
+) b

L mmco

n+bk m+0 HE (¢~T) Jcosw, t

z

1, 27

k-1"2) T KD

-2 1
-[rsin{ ) (az—5)21r+(a

=00

k=2 :
+ 1 b miby,  mHoln(t-T) Isinu,t | (6.11)

At the sampling instant t=(k+1)T, the output Z[(k+1)T] becomes

=1 (6.12)
ZLG+1)T1=3 (P,P,*4,Q,) ,
é -
Pl—r’cosxk+£1
P2=rcosxk_1+52

Ql=r31nxk+n1

Q2=rsinxk_1+n2

k
X5~ Zz-w(aZ 2)2w+2§-wbzﬂ+e

where the subscripts '"1" and "2" in £ and n, correspond to the
time instants (k+1)7T and kT, respectively. The above equation

is also represented by another form:

- 62 -



ZLGRHDT] = 5 [P +2,)24(9+2,) 1= { (B -P) 2+(@,-0) )]
(6.13)

The probability density function for the output signal .
Z[ (k+1)T], 1éads to the derivation of the error rate PEP .
Under the assumption that the probability of the occurrence of
"0" and "1" are equally likely, the decision of the transmitted
data is baséd on the sign of equation within the bracket, so
that the following discussion takes interest only in equation
within the bracket.

Let Ups Uys Vs Uy be defined as follows:

ul=Pl+P2 u2=pl_p2

v]_=Q1+Q2 02=Q1-Q2 .

(6.14)

Since Pl’ P2, Ql, Q2 are Gaussian distributed, the transformed

variables Uys Uys v v, are also Gaussian distributed. Their

1’ 72 i
means and variances are given as follows:

ul=r'cosxk+-rcosxk_1

u 2=2"COSXk—I’COSXk_ 1

— (6.15)

vl=r51nxk+T31nxk_l

v2=P51nxk-rsinxk_l ,
2 _72_-2__2_ 2 1
E1=gp=ni=ny =0y
B8 =8 M =8y =gy =Em, =nyn, =0

v 3 2= 50 Y= 92 r 6.

(g1 Y= Quy =)= (0,007 (0,7, =202 (6.16)
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(uy=uq) W07) = (Ug=u)) Uy=uy) = (uy=ity) 0,=0,)

=(vl-vl) (v?_—vz) = (ul—ul) (vz—vz) = (uz-—uz) (vl-vl) =0 ,
where " + " denotes the operation of taking the ensemble
average. Therefore, the new variables are uncorrelated each
other, so that u, and v, (or u2 and 7)2) can be regarded as the

1 1
inphase and quadrature components of narrow band Gaussian proc-

ess. Moreover, defining Rl and R2 as
a2 e 2 a2 | (6.17)
Rl »/ul+v1 . }?2 1/142+v2 s

their probability density functions, p(Rl) and p(Rz), are

expressed by

R VB, 2
o [T enl- 22 ).
20n 20n 4on
(6.18)
2
DLy < R, I, (/EZRH exp[ RS +B, ]
27 2 2 - 2 s
2°n 20’n J lmn
where
B —2 _2. 2 2
1= 1+v1=2r -2r cosbk'rr . 6.1
2 _2 2’ ) -19)
B2—u2+ 2—21' +2r cosbkn .

i

The error rate PE’P is determined by

Ppn = prob (P1P2+Q1Q 5<0 ]bk=1)

= prob (}?1<B’2 [bk=l)
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- =prob'<P1P2+Q1Q2>o]bk=0)

=prob(R >R, |b,=0) . (6.20)

When bk=l, the probability density functions, p(Rl) and p(Rz),

become

R rR
=1 1
p(Rl) " 202 To (

2 2
R1+4P ]
n b

exp |-
p[ 40%

207
(6.21)

R R?

2 2
-t ol ).
) 202 PU 402

The utilization of (6.21) and (A.6) in Appendix A, derives the

error rate P, for the phase information:

EP
g ’jd’? @)U dRp® Y =L expl- Ly
EpT | FPVIY ) FPRRI I =G expiT o5
0 R n
1
=% e (6.22)

It is interesting to note that (6.22) is the same as the error
rate for DPSK [48, p. 254].

Fig. 6.4 shows the power spectral density of the PFSK
signal with that of the DPSK signal. From this figure, it is
seen that the main lobe is one and a half times wider than that
of DPSK signal. However, the PFSK signal has two bits per one
time duration T, whereas the DPSK signal has one bit per the
same duration. Thus it may be said that the width of main lobe

per one bit information is compressed in the PFSK signaling.
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6.6 Concluding Remarks

In this chapter, a new hybrid modulation signaling named
PFSK has been proposed, and its detection system, power spectral
density, and error rate have been discussed. The following
chapter extends the analysis described in this chapter to the
case where the input PFSK signal is éubject to fading.

In addition, it is interesting to note that the concept
of this PFSK signaling leads to the hybrid modulation scheme
by the combination of amplitude, phase, and frequency shift

keyings.
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Chapter 7

DIGITAL PHASE-FREQUENCY MODULATION
SYSTEM IN FADING ENVIRONMENTS

7.1 Introductory Remark

In land mobile radio communication systems, the propaga-
tion between a base station and a vehicle is usually performed
not only by a direct line-of-sight route, but via multiple
random paths because of reflection, scattering, and diffrac-
tion. Therefore, in the case of UHF or microwave land mobile
radios, rapid and deep fading phenomenon called time-selective
fading will occur on the received signal when a vehicle moves
through an interference field composed of many waves. A re-
ceived signal suffering from such a fading phenomenon has a
Rayleigh distributed envelope and uniformly distributed phase
[23, ch. 1].

In this chapter, the error rate characteristics of the
PFSK signal proposed in the foregoing chapter are discussed
when utilized in the nonselective m-distributed fading envi-
ronment and the time-selective Rayleigh fading environment.
Especially, in the latter case of the fading environment, the
difference between the effect of fading on the phase informa-

tion and that on the frequency information is described.

7.2 Error Rate in Nonselective Fading

The error rate for the PFSK signal in the nonselective
m~distributed fading environments can be derived by a similar
method as in Sec. 5.2. Averaging (6.7) and (6.22) over r,

the corresponding error rates PEFS and PEPS are given by
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PE’FS=f Ppgp (r)dr
0
— 1
1 T (@m0.5)Yp, Po y—(m+3) 1.3  p,
=3 e ) 27 F (L 55 5 i)
< m -(m+0.5)
m T (m+0.5)Vp, { 2 }
+I dx 2/=T (m) M0,
0
—(m+1
_ 30D TmDoof 12) g, 750 (1-x2)} o
27T (m) \ ° thee
3. 0.75p, (1-z2)
P T3 e, +0. 750, (12D ) 7.1)
Pgps = f Pppp (£)dr
0
m
= m (7.2)
2(P o +m)™M

7.3 Error Rate in Time-Selective Fading
The input signal subject to the time-selective (fast)
Rayleigh fading encountered in tlf typical UHF or microwave

land mobile radio channels, can be represented as

Sk(ﬁ) =X(%) cos{wot'*')\k () }-Y(¢) sin{w°t+)\k(t) Y, (7.3

ksl 1. 2n
A ()= ] (a;-5) 21+ (a5 ) F (8-KT)

7= o
k-1
+) b m+b

=00

%" kT<t<(k+1)T



where X(£) and Y(¢£) are statistically independent Gaussian
processes of zero mean value and of variance 02.

When system 1 (as described in Sec. 6.3) is utilized,
the error rate of the frequency information PEFF is given by
Hirade [25] under the assumption that the Doppler spectrum is

symmetric about the carrier frequency:

2T|'Afd Po-
P =i{1- : } . 0.8
EFF 2 f(po+1>{-poﬁx(o)—ag(o>+(2nAfd>4o°} |

©

-5, (0)= J F28,(Hdf

-—00

(o]

-5 _(0)= 4"fo%s' (Hds
pg _(;g E b

where SX(f) is the two-sided power spectral density of X(%),
and Sg(f) is that of &£(#).

The procedure to derive the error rate PEPF is the same

as in Sec. 6.5. The outputs ek(t) and ek_l(t—T) corresponding
to (6.10) and (6.11) are represented by

ek(t)=[X(t)coskk(t)—Y(t)sinAk(t)+£(t)]coswot

—[X(t)sinkk(t)+Y(t)cost(t)+n(t)]sinmot, (7.5)

(t—T) [X(t- T)cosk (t—T)-Y(t—T)81nX (t—T)
+E (t-T) Jcoswot
—[X(t—T)sinkk_l(t—T)+Y(t—T)coskk_l(t—T)

+n(¢-T) 1sinw.t . (7.6)
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Therefore, the output of the LPF at the sampling instant,
Z[ (k+1)T], becomes

z{ (7<+1)T]=% (P,P,+Q,Q,) (7.7)

’
Pl=chosxk—Yleinxk+gl
4 P2=X2cosxk_l—stinxk_l+g2

Q1=X131nxk+ylcosxk+nl

Q2=X231nxk_l+Y2cosxk_l+n2

)
b,m
Z:.-coZ

K 1
xk=Z£~0EaZ— 5 )2+

where the subscripts "1" and "2'" denotes the time instants
(k+1)T and KT respectively. The random variables X and Y

are Gaussian distributed and have the following relatiomns:

Y2 V2 = ¥2 = V2 = 42
Xl-Yl—Xz—Yz—cc

- - _ <2
X1X2 = ylyz = RX(T) =a’p X(T) (7.8)

XlYl==X2Y2==XiYé==X2Y1==O .

2
c

malized autocorrelation function of the inphase or quadrature

where ¢4 is the average carrier power, and pX(T) is the nor-
component of the faded signal. The relation on El, 52, nys
n, are given in (6.16). Utilizing the relations in (6.16)
and (7.8), the joint probability demsity function of the ran-

dom variables Ups Ugs Vys D given in (6.14) and (7.7),

2
p(ul’uZ’vl’vz)’ is given by
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_ 1
p(ulauzsvl ’7)2)— (ZTT)Z((XOBO—YZT

Bo(ui+vi)+uo(u§+v%)+2vo(u Vo—U V)

21 172
exp |- e J. o

— 24~20~2 _
a°—2[00+0n+och(T)cos{xk Xk—l}]’

- 242 2 -
B°—2[qc+on och(T)cos{xk Xk—l}]’

=252 T i -
Y, =202p, (Msin(x, Xk—l)'

Then the output signal Z[ (k+1)T] can be represented as

Z[(7<+1)T]=%(Ri-]?§) , (7.10)

through the following transformations:

ul=RlcosGl vl=Rlsinel
(7.11)
u2=R2c0382 02=R231n62

The joint probability density function of Rl and RZ’
p(Rl,Rz), can be obtained as

2w 2T

P(R ,R,)= f de, J 8, p(Ry,0,,R,,0,)
0 0

! 2 2
) R1R2 exp[_ BORl-I'OtORZ ] [Y°RIR2 ]
aoB,~y2 2(aoBo-v2) 0 {a,B,-v2
(7.12)

Therefore, the error rate PEPF is determined by
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o -]

Popi™ J.de f dr, p(Rl,Rzlbk=l) s (7.13)
0 Rl
or
By
PEPF=prob(-§£— <1|b=1) , (7.14)

under the assumption of the equally likely occurrence of "0V
and "1". The substitution of (7.12) into either (7.13) or

(7.14) leads to the derivation of the final result as

popX(T)

el (7.15)

Prpr~ %
This is consistent with the result obtained by Voelker [24],
where the error rate of Differential Phase Shift Keying (DPSK)
is discussed in the fast Rayleigh fading environments.

The calculation of the error rates necessitates the
specification of SX(f) and Sg(f). When a vehicle with a ver-
tical monopole antenna is moving constantly through the multi-
path propagation field consisting of a large number of uniform

plane waves, the power spectrum SX(f) is given by Gans [69]:

2
o)
e
:/Japﬁf—, |Fl<fy
= 7.16
Sy ()= ( )
0 . otherwise,

where fb is the maximum Doppler frequency. The normalized

autocorrelation function pX(T) is obtained by performing the
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inverse Fourier transformation of (7.16):
oy (D=1 (2nf,T) (7.17)
where JO(') is the zeroth order Bessel function of the first

kind.
Assuming that Sg(f) takes the form as

o2
n
Sg(f)= (7.18)
o, otherwise,

the final results of the error rates can be derived by substi-

tuting (7.16)-(7.18) into (7.4) and (7.15):

1 720001 4/f) .
g ="{1‘ - } (7.19)
EFF 2 /(p°+1){p°[1+(ﬁAfd/fD)2]+(23//6fD)vf}
1 poJO(ﬂfD/Afd) 1
Prpr= 3 {1‘ T+o, } . (&f 7= 57 (7.20)

When the Doppler effects may be neglected, that is,
fb——+ 0, the error rates (7.19) and (7.20) reduce to

Po

1
P == 1- 7.21
EFF 2 { V(pot1) {0 o+(2B/2/30F )2} } 720

0o | (7.22)
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7.4 System Comparison
' The system comparison is confined to the case of the
time-selective fading, since the error rate characteristics
for the nonselective fading is similar to those in Ch. 5.
One example of the numerical results is shown in Fig.

7.1 as functions of the maximum Doppler frequency to frequency
deviation ratio (fb/Afa) and the average CNR (p,), when
ZB=5Afa. This figure shows the following results:

(1) In comparatively low p,regions, PEPF is slightly superior

to PEFF'
(2) In comparatively high p, regioms, PEFF is much superior
to BEPF'

(3) The irreducible error rates are found and are dependent

on the values of fb/Afa as given by

1 V28741

F =3 1- , 7.23

wFloe> =2 T mar 7 | 723
21

Pppp|pos == 2 Lo (TFp/8F P 1. (7.24)

(4) The Doppler phenomenon affects the phase information
more strongly than the frequency information from the
viewpoint of the error rate.

(5) When the Doppler effect is quite small or can be

neglected (fb=0), PEPF is superior to PEFF'
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7,5 Concluding Remarks
In this chapter, the error rate characteristics of the
PFSK signal has been discussed when applied to the land mobile
radio communication system. The main results are as follows{
(1) The Doppler phenomenon affects the phase information
more strongly than the frequency information from the
viewpoint of the error rate,
(2) When the Doppler effect can be ﬂeglected, the error
rate for the phase information is superior to that

for the frequency information,
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Chapter 8

CONCLUSIONS

This work has theoretically investigated the detection
characteristics of the analog frequency modulation, the digital
frequency modulation, and the newly proposed digital phase-
frequency modulation systms.

In order to discuss the detection characteristics in a
wide class of fading environments, covering from deep to shal-
low fading environments, this work has adopted the m-distribu-
tion as the fading statistics. Especially, for the digital
phase-frequency modulation system, the time-selective Rayleigh -
fading has been assumed in consideration of the application
to the mobile radio communication system. In addition, the
improvement effects owing to the diversity techniques combatting
the effect of fading have been discussed including the influ-
ence of the correlation between two diversity branches. From
the results obtained, the system comparisons have been done.

In this chapter, the main results obtained in the previous
chapters are described:

(1) The output noise and the output SNR characteristics of
the analog FM system in the nonselective m-distributed
fading environments have been investigated. Addition-
ally, the improvement effects owing to the three kinds
of predetection diversity technique have been discussed
including the influence of the correlation between two
diversity branches. The main results can be summarized

as follows:

- 78 -



(a) From the numerical results of the power ratio of
click noise to random noise, it has been clarified
that the fading affects the click noise more strongly
than the random noise and that much more diversity
improvement effects can be obtained for the click
noise than for the random noise.

(b) From the numerical results of the output SNR, it has
been shown that Maximal-Ratio Combining system has
the largest improvement effects and that better out-~
put SNR performance can be obtained with smaller
correlation coefficient between two diversity
branches.

(2) The error rate characteristics of the FSK system in the
nonselective m-distributed fading environments have been
investigated. Additionally, the improvement effects
owing to the four kinds of predetection diversity tech-
nique and to the postdetection diversity technique have
been discussed including the influence of the correlation
between two diversity branches. In the case of Switch-
and-Stay diversity, a design method of an optimum
switching level attaining a minimum error rate has been
described. The main results can be summarized as follows:
(a) The optimum modulation index yielding the minimum

error rate is found and this index is not affected,
except for the postdetection diversity, by the types of
diversity, the average input CNR, the fading figure,
and the correlation coefficient.

(b) The better branch dominates the error rate for the
predetection diversity. On the other hand, the
worse branch dominates that for the postdetection

diversity.
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(3) A digital phase-frequency modulation signaling by the
combination of phase and frequency shift keyings has
been newly proposed, and its detection systems and power
spectral density have been discussed. Additionally, the
error rate characteristics of this signal in the time-
selective Rayleigh fading environments have been inves-
tigated, From the numerical results, it has been clari-
fied that the Doppler phenomenon affects the phase infor-

mation more strongly than the frequency information.
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Appendix A

Table of Formulas [70]-[71]

(o]

-t2 28-1

I‘(s)=2J e ¢t dt v (A.1)
A |

erf (z)=l-erfc(z) o (A.2)
=2z 1.3,

erf (x)= - 1F1(2 3 5 ; ~c2) (A.3)

1Fq(asbs-2)=e™* F (b-a;b;2) (A.4)

g(p)='[ e Pt f(tyat (A.5)

0
= 0-1 LR 3 . LA N b
f(t)”t an(al am,pl pnaxt)
. g(p)=F(c)m+an(a1---am,c;ol--'pn;l/p)

(o]

J tIO(at)e
0

24~42
~(E540D2 gy (A.6)
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Appendix "B

Derivation of N -
Oy

- The power spectral density Sy (f) is given by

s,(N=5,(Nes () , (.1)
where "® " denotes the frequency convolution, and
m. e
S‘E(f)= 2B ° B (B.2)
o, | otherewise.

Therefore, Sy(f) can be calculated as follows:

2
o}
5 ()= zomr ferf (VFF=—)+erf( 2-=L—)1 . (B.3)
Y 8pr2f Y28f, V28f,,
When 825, the random noise power NOé becomes approximately
I
.= 202
NOy f bnef Sy(f)df
“m
2,272
o1 2w onfmerf(/f-) (5.4
- rz 38 . .
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Appendix C
Derivation of M2

The variance E[&%] is given by

 E[a3)= j @nf) 25, (N |2 () |2df p

where H(f) is the Fourier transformation of h(t) in (4.6),

[e ]

H(f)= { n()e 94 g

-00

_ sin(nfT)
= AT R
o
S«E (N=
o, otherwise,

(c.

(c.

(c.

and 2B is the bandwidth of the input bandpass filter, which

related to digit duration T and modulation index B as

L

2B=2(8+1)55 ,

B=AwdT/n .

Therefore, M3 can be calculated as follows:

_ E{a%] _ chlfo(s)

M2= ,
r? 272
where
_q_ sinm(g+1)
fo(B)"l _"_(B_l_l)
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