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SUMMARY

Signal fading due to multipath effects causes severe perform-
ance deterioration in a digital transmission system. The usual way of
combatting these effects is by the use of diversity techniques. However,
if a feedback link is available, as is usually the case in a duplex comm-
unication system, the transmitter can vary parameters in accordance with
receiver decisions sent via this link to combat the effects of such fading.
These systems are called channel state feedback systems and their use to

combat slow, non-selective fading is the general topic of this thesis.

In the literature three different system types are identified
depending on the variable transmitter parameter in question. However,
such systems operate within the constraints of a practical system and it
is shown that the performance can be quite dependent on such constraints.
Thus it is concluded that only the simpler system configurations which
consider two channel states are practically viable. One such system, an
intermittent system, where the transmitter stops sending data when the
signal level is too low, 1is shown to have a potential performance better
than fourth order diversity. The effects of system constraints on an
intermittent system are then considered in detail where general implica-

tions for other channel state feedback systems are also considered.

One such constraint is the limited control information reli-
ability due to feedback information error and overall control delay. In
this thesis a simple sub-optimal strategy, which is only marginally infer-
ior to the optimum one, is derived to minimise the effects of feedback
and feedforward error for an intermittent system. However, the reliability
is limited due to the need to keep control delay below a critical level.
The effect of control delay is considered along with its interaction with
feedback error and some suggested methods to minimise these effects. An
alternative method of control is suggested for the case of reciprocal

fading.

Such an intermittent system requires a buffer at transmitter
and receiver to interface with a uniform data source and sink. In this
thesis, an expression is derived for performance of an intermittent system
subject to a finite buffer size. It is shown that for best performance an
optimum threshold must be used. In order to minimise the amount of buffer

required, a variable threshold scheme is suggested which a simulation



study indicates, could halve the buffer requirements. A general ana-
lytical formulation of this problem is then derived to allow for a
hysteresis control function and variable transmission rate. A hard-
ware model of an intermittent system was constructed and the results

of subjective tests on speech indicate the potential of an intermittent

system to remove the effects of fading.

Finally, the total effect of all the system constraints on an
intermittent system is analysed. It is shown that the feedback strategy
does not affect the buffer requirements to a great extent and that over-
all, constraint interaction is a second order effect. This theoretical
model is validated using computer simulation and the implications for two
case studies are discussed thus illustrating the general system design

problem.
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CORRIGENDA

Details

"selection" should be "selective"
"low" should be "law"
"fedback" should be "feedback"
" " " "
p(aT/ao) should be p(ao/aT)
The integral in equation 3.28 should be written:
foPe(ao, r) p(ao/aT)dao
where x = ai/Zo2
The following sentence should be added:

"The term 'Average Error Probability' applies
to the sink data and is equal to 'The Average

Transmission Error Rate'."
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1.1.1 Models of Fading

Depending on the situation of interest, one uses different models
to describe this fading characteristic. For a full discussion on the char-
acterisation of fading one should consult Kennedy (1969) or Schwartz et al
(1966). However, for this discussion the various models will be briefly

described introducing the relevant terms to describe this situation.

If a sine wave is transmitted over such a medium, the various
received waves combine to form a fluctuating signal which, for as few as
six components, has essentially a Rayleigh distributed amplitude and a uni-
formly distributed phase. Furthermore, it is further assumed that this
signal can be resolved into direct and quadrature components which are inde~
pendent, Gaussian processes. This is called the multi-variate Gaussian
model. However, in practice one transmits a band of frequencies; thus one

must consider the effect over the band of interest of this fading.

Fading is caused by signals arriving at different times at the
receiver. One can identify a range of times of arrival of these signals

and define a "time delay spread TM”.

When transmitting a narrowband signal
of bandwidth W over such a medium, the receiver will be unable to resolve

the various arriving components in the time domain unless:
W>> 1/T 1.1
/ M
However, where the reverse is true, i.e.
W << 1/T 1.2
/ M

then the delays are sufficiently small with respect to the message band-
width such that all frequencies within the band fade together. This sort
of fading is called 'flat" or '"non-selective' fading and the Rayleigh
fading model is applicable. The maximum value of W for which this approx-

imation is valid is termed the '‘coherence bandwidth'.

Flat Rayleigh fading is the most commonly used model of fading
and is used extensively in this thesis. Another parameter of interest is

the rate of fading fe which depends on the carrier frequency and the rela-

tive velocity of the scatterers. The fading is termed slow' if:



w>> £ 1.3

In a digital situation, this means that the signal level can be considered
constant over a bit interval. If this approximation is not valid one has
"fast" or "time-selective'" fading. This thesis is concerned with slow,

flat fading.

If the message bandwidth does not satisfy the approximation given
by 2 (i.e. greater than the coherence bandwidth), then one obtains
"frequency selective'" fading. In this situation, different parts of the
message bandwidth fade by different amounts. One way of describing this
gsituation is by a time varying transfer function. However, since this
situation is a random process one needs to know the two dimensional co-
variance function discussed by Kennedy (1969) where the multivariate
Gaussian assumption is also evoked. In the situation where the approxima-
tion given by 3 is valid, the time term can be omitted. In most practical
situations, the fading phenomenon is not usually time selective and frequen-

cy selection at the same time.

Throughout this thesis, the assumption of slow, non-selective
Rayleigh fading is used, for this is the main context where channel state
feedback as discussed in Chapter 2 has most potential. However, the ana-
lysis could have considered a Rician distribution, as done by Lindsey (1964),
which considers a direct signal plus the scattered signal. Rayleigh
fading, however, can be considered the worst case situation where the

direct component is zero.

1.1.2 Applications

It is now worthwhile to consider the common fading channels of
which some mention will be made in the thesis in order to describe the rele-
vant fading characteristics and mention some of the main transmission prob-

lems.

The most used part of the radio spectrum is the HF area going
from about 3 - 30 MHz. Propagation in this environment over long distances
is via the ionosphere. The resultant fading phenomenon is quite compli-
cated. In most instances one could consider it to exhibit slow, selective

fading over a message bandwidth of 4 kHz, Digital transmission in such an



environment is usually at low rates (e.g. about 100 - 1000 bits/s). Many

systems using diversity and coding methods to overcome the effect of fading
are discussed in a survey of the literature by Brayer (1975). However, this
area of application will not be discussed in any more detail here as it does
not lend itself to the application of channel state feedback due to excess-

ive control delay (see Chapter 3) due to propagation time.

An area of particular interest is the Tropospheric scatter
systeml. This channel is observed to undergo Rayleigh fading of about
1 - 10 fades/s with a coherence bandwidth of several MHertz. Thus trans-
mission rates of about 1 Mbit are seen to undergo slow, non-selective fading.
Data rates higher than this but using an adaptive equaliser like that of
Monsen (1971) have also been proposed. Because the fading is slow and has
a wide coherence bandwidth, it is the most likely application for channel
state feedback. In most present Troposcatter systems, diversity is used to

cope with the fading.

In a mobile radio telephony situation at UHF as discussed by
Clarke (1968), rapid fading occurs due to the motion of the mobile relative
to the scatterers (e.g. buildings). Depending on the vehicle's velocity,
the fading can be up to 100 fades/s. However, in comparison with a typical
data rate of 56 kbit/s, and with a typical coherence bandwidth of 100 kHz
this consitutes a slow, non-selective fading enviromment. It has been pro-
posed by Clarke (1968) and others that diversity be used to overcome the
fading in such an environment. However, as will be discussed later, several

channel state feedback systems might find suitable application in this area.

Line of sight microwave systems also undergo fading where the en-
velope would be Rician distributed with usually a large specular to fading
component ratio. However, problems such as "ducting" make this area quite
different in its characteristics. Most consideration will be given to the

former two applications in this thesis.

1.2 DIGITAL TRANSMISSION

Digital transmission in a fading environment has received exten-
sive treatment in the literature and a recent publication edited by

K. Brayer (1975) attempts to draw together the various aspects of the prob-

1. see Schwartz et al (1966) and Gunther (1966).



lem and its solution. As a survey of the literature it is incomplete,
giving an excessive bias to coding solutions in the HF environment and
completely omits any discussion of channel state feedback. Presumably,
this is because it has not been exploited yet. It is useful, therefore to
briefly cover some of the basic aspects of the modulation methods used, the
effects of fading and a survey of some of the methods used to solve the

problem.

1.2.1 Effects of Fading

One of the most obvious effects of fading is the varying signal
level and in most applications this is the dominant problem in a digital
communication system in such an environment. Thus linear modulation
methods which carry information in the signal level are particularly vulne-
rable to such signal variations. In spite of this obvious problem, it is
interesting to note that some authors2 still consider this form of modula-
tion with its requirement for a signal dependent decision threshold. How-

ever, in most situations, angle modulation is preferable.

The most simple modulation method available is probably non-
coherent FSK which will be considered exclusively throughout this thesis
because of its simplicity. However, better performance can be obtained for
coherent demodulation or by using a phase modulation method where these
latter methods do involve extra implementation problems. Fundamentally,
the performance of the system is dominated by the effect of the "deep" fade
of more than 20 dB below the mean level. In this situation the error prob-
ability approaches 1/2. Thus, as will be explained in the next section,
most solutions to the problem are directed at such deep fades which affect
most angle modulation methods in a similar fashion. It is worth noting
that using a phase locked loop in such a situation further aggrevates

the problem by the loss of lock during deep fades.

1f there is selective fading as is the case when the data rate
exceeds the coherence bandwidth, the performance is further impaired by
intersymbol interference. This leads to the so-called "irreducible error
probability" mentioned by Schwartz et al (1966) where no better performance
can be obtained with increasing signal level. A similar phenomenon is ob-

served for linear modulation (fixed threshold) in a flat fading environment.

2. see Painter and Wilson (1974).



However, if this intersymbol interference can be removed by suitable
equalisation such as that suggested by Monsen (1973) or Price & Green
(1958), the performance can be improved beyond that of the flat fading
channel. This improvement has been attributed by Monsen (1973) to a

form of "implicit" diversity. An interesting simple approach suggested
by Perry (1969) for improving the performance for selective fading with

a dual filter receiver is to use adaptive gains on the filter outputs to
take advantage of the variation of signal level due to frequency select-
ivity. Chadwick (1971) shows that slow fading is a greater limitation to
performance than fast or time selective fading. However, if no integrator
is used to integrate over these variations as treated by Bello & Nelin
(1962) fast fading can also produce an "irreducible error probability"

as for frequency selective fading.

From these observations, it can be seen that slow, non-selective
fading places a fundamental limitation on performance of non diversity
systems unless channel state feedback is used. Frequency selectivity and
time selectivity, if exploited at the receiver, can lead to better perform-
ance over flat fading. This is the reason why interest in this thesis
centres on slow, non-selective fading for the application of channel state

feedback.

1.2,2 Solutions to Fading Problems

In the literature, one can identify essentially three main meth-
ods for combatting the effects of fading where combinations of these meth-
ods are also used. These are coding, diversity and channel state feedback.
More will be said of diversity techniques in the next section and channel

state feedback is the subject of Chapter 2.

In the HF environment, since one is dealing with low data rates
subject to frequency selective fading, a common method to improve the per-
formance is to use coding methodss. Usually, these methods do not use any
information about the channel state other than by initial design to allow
for error bursts. Several methods, however, have been suggested4 which
combine coding methods with channel measurement so as to make better use of
the information available at the receiver. However, in applications using

much higher data rates (e.g. Troposcatter), coding methods are not suffi-

3. see Pierce et al (1970), Ralphs (1971), Goodman & Farrell (1975).
4. see Chase (1973), Lerner & Nicholson (1973), McCarthy (1975),
Brayer (1975).



cient by themselves to remove the effect of deep fades due to the long
coding distances that would be required. In such an environment, coding
is best used as a second order solution to improve performance after
diversity techniques have yielded a sufficiently low initial error prob-

ability and broken up the error bursts.

Before going on to discuss diversity, which at present is the
main method used in a fading environment, one should mention the systems
which make use of "implicit'" diversity in a frequency selective fading
situation. The first type discussed extensively by Schwartz et al (1966)
is the Rake technique which is essentially an adaptive transversal filter
equaliser. The second method by Monsen (1971) uses a decision feedback
equaliser. Thus essentially the problem of frequency selective fading is

a problem in adaptive equalisation.

The most common way of combatting fading is by the use of divers-
ity techniques which are discussed by Schwartz et al (1966). The principle
of diversity is that the receiver has available several statistically inde-
pendend versions of the faded noisy signal. Thus the receiver can combine
these‘signals, where the probability of all these branches being poor simul-
taneously is small, to improve performance. The types of diversity and com-
bining methods will be discussed in the next section. As stated previously,
the main cause of performance degradation is the deep fade. By use of
diversity, the probability of such fades is greatly reduced, hence improv-

ing the performance.

However, in the case of a duplex communication system, the re-
ceiver can inform the transmitter of the channel state (e.g. the SNR) via
feedback information multiplexed with the return information. Using this
knowledge to vary transmitter parameters, the system can combat the effects
of the time varying channel state. Such systems are called channel state
feedback systems. The two main system types are power control suggested by
Hayes (1968) and rate control by Cavers (1972). The various versions sugg-
ested in the literature will be discussed in Chapter 2 where it will be
shown that these systems also depend on overcoming the deep fades to im-

prove the performance.

All the methods to overcome fading have the common property that
they must overcome the effect (or probability of occurrence) of a deep fade.

In the case of the coding methods, this means effective burst error correct-



ing properties over the fade lengths in question. Secondly, frequency
selectivity can be thought of as introducing a level of diversity but which

is hard to exploit in practice.

1.3 DIVERSITY

Diversity is the most common way of combatting the effects of
fading. As comparison will be made during this thesis between diversity
methods and channel state feedback, it is necessary to consider the various
properties and practical constraints of diversity and the associated com—
bining methods. It must also be pointed out that diversity can be imple-
mented at the transmitter using channel state feedback as will be discussed

in Chapter 2 as a third type of channel state feedback system.

1.3:1 Types of Diversity

The various types of diversity are quite well discussed by

Schwartz et al (1966) and consist of:

. Space Diversity
. Frequency Diversity

1

2

3. Time Diversity
4. Angle Diversity
5

. Polarisation Diversity.

In order to illustrate some of the facets of diversity, the first three
types of diversity are discussed with respect to a Troposcatter system

application.

Space diversity comnsists of antennae spaced a sufficient dist-
ance apart so that the fading on each antenna is independent. TFor space
diversity, an extra advantage is an increase in received signal power
which in the case of MRPDC combining (see next section) amounts to a 3 dB
gain. However, in a Troposcatter system, receiver antennae are 10 m dia-
meter dishes which are quite heavy and expensive. Thus space diversity,
which is used quite usually on such systems does require expensive dupli-

cation of antennae and signal feeding.

Frequency diversity requires two transmitters operating at frequ-

ency separations greater than the coherence bandwidth. For second order



diversity one uses twice as much transmission bandwidth and must duplicate
the transmitting and receiving equipment. However, this has the advantage
of a parallel reliability of transmitters and receivers. Secondly, if
switching is done at the transmitter using channel state feedback instead

of at the receiver, the system has a standby bearer capability. In practice
this is usually done and, combined with space diversity, is used to achieve

quadruple diversity.

In the case of digital transmission, one can also use time divers-
ity. The simplest form of such diversity is to repeat each bit, spaced by
a time greater than the fading time constant. A more sophisticated approach
is the use of an interleaved code of similar length. However, such a system
requires storage and extra bandwidth. Variable rate channel state feedback
systems (see Chapter 3) are also a time diversity approach but are far more

effective at improving performance with more efficient use of bandwidth.

1.3.2 Combining Methods

Given a particular type of diversity, there is a variety of ways
in which these signals can be combined. Schwartz et al (1966) covers the
most common combining techniques where a more complete discussion may be

found in Brennan (1959). Some of the methods are:

1. Maximal Ratio
2. Equal Gain
3. Selection

4. Switch.

It is useful to briefly examine some of the important constraints of such

combining methods.

The most commonly quoted diversity performance curves are
usually for maximal ratio predetection combining, since this is the
optimum type of combining for slow non-selective fading. However, to
achieve this sort of combining, one must be able to estimate the channel
state, which includes amplitude and phase, on the various diversity branches
in order to optimally combine them. However, even when all of this inform-
ation is not available or not used as in equal gain or switch diversity,
the performance is only about 1.5 dB inferior. Thus, in practice, it is

often better to use the simpler combining methods and yet still gain the
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main diversity improvement due to a decreased probability of deep fades.

Work on even simpler combining methods such as Switch Diversity
treated by Davis (1970) and Rustako (1973) for a mobile radio situation
re-inforce the principle that the main improvement is due to the effect
on deep fades. It is also an advantage of such simple methods that no

duplication of front end receivers is required.

However, for comparison purposes with channel state feedback
systems, it is useful to use the performance of the optimum diversity
system. When making these comparisons, it must be borne in mind that
the detailed comparison depends on more specific information of the situ-

ation involved.

1.4 CONCLUSIONS

Depending on the application, there are different aspects of
the fading problem which must be considered. However, the dominant prob-
lem in any fading environment are the large amplitude variations and,
in particular, the deep signal fades. The most common model of such
fading is that of slow, non-selective Rayleigh fading or sometimes

Ricean fading to include the effect of a direct signal component.

Digital transmission performance in such an environment is
dominated by the large number of errors occurring during a deep fade
and so any solution relates to these deep fades. Time selective and
frequency selective fading usually introduce further degradation in per-
formance in the form of an irreducible error probability. However,
such effects can be exploited as a form of implicit diversity. Of
course, this may prove too complex and cannot be done in the rare cases

where a channel is both time and frequency selective.

In the literature, many methods are suggested to overcome the
effects of fading where the three basic methods are coding, diversity and
channel state feedback. These three categories are of course not mutually
exclusive. Coding is most useful in low data rate applications such as
in the HF environment and as a supplementary solution in most other
applications. Diversity is the most useful accepted method of over-
coming fading. However, channel state feedback is another possibility

which has not been significantly exploited to date. It is the only alter-
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CHAPTER 2

2.0 INTRODUCTION

In a duplex communication system, feedback information con-
cerning the channel state can be multiplexed with the return information
to control transmitter parameters in such a way as to counteract the
effect of the time varying channel state. Such systems intended to com-
bat slow, non-selective fading are called channel state feedback systems.
Unlike information feedback systems treated by Turin (1969) or decision
feedback schemes such as that treated by Metzner et al (1968), channel
state feedback only uses the information learnt at the receiver concern-

ing the channel state.

In the literature three types of such systems can be identified
and their potential performance assessed. However, such systems must
operate within the constraints of a practical system. In the literature,
many authors have neglected or understated the effects of important con-
straints on a channel state feedback system such as feedback delay and/or
limited bandwidth. The main system constraints can be identified and
their effect on performance assessed so as to predict a more realistic
measure of the performance potential of the various systems. This work

has been reported by the author Coutts (1975b).

From such considerations of the various system types possible,
attention has centred on an intermittent data transmission system and
performance of the ideal system is evaluated. In chapters 3 to 5, this

system is treated in more detail.

2.1 SYSTEM TYPES

There are three distinct parameters which may be varied at the
transmitter to combat the effects of fading. These are transmitter power,
channel selection and data rate where a system may incorporate a combina-
tion of such parameter variations. The various system types are dis-
cussed with reference to how they are treated in the literature and the

basic reasons for such performance is discussed.
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2.1.1 Variable Power

lHayes (1968) treats the case of a variable power system used
with diversity where the power on all diversity branches vary together.
Skinners and Cavers (1973) treat the case where the power on the divers-~
ity branches vary independently and come to the conclusion that only the
best branch should be used with the total power available. Hentinen1 (1974)
shows the variation of optimum control law with the average power constraint.
This control law concentrates most power at below the median signal level

but which decreases for very low levels and the higher levels.

However, none of the above authors properly considers the
effect of a peak power constraint. In the case where no diversity is
used, a 30 dB2 peak to average power ratio was required to give a
decrease in average error probability for increasing signal to noise ratio
as predicted by Hayes (1968) for a non-diversity situation. In most
applications one is interested in the peak power requirement, since this
is what limits the capability of the transmitter. Thus in practice a
30 dB peak power requirement would be out of the question. If the peak
to average power ratio is restricted to a more reasonable figure of 3 dB
as in a situation to save power in a remote repeater, the average error
probability reduces as the reciprocal of the mean signal to noise ratio
(SNR) for high SNR values in the same way as the case for a fixed power

system.

In the situations where variable power is used in conjunction
with diversity or variable rate, the restriction on peak power is no
longer critical. In fact for "Selective Diversity" treated by Skinmers
and Cavers (1973), a 10 dB ratio is typically required. Similarly,
Hentinen (1974) combines variable power with variable rate and introduces
up to a 10 dB peak power limitation with marginal decrease in performance.
A quite different system, using decision feedback and channel state feed-
back treated by Glave (1972), exhibits a similar limited performance with
a peak power (maximum repetition number) constraint when no diversity is

used.

When used in isolation of diversity or variable rate, a variable

power system requires a high peak to average power value to achieve app-

1. Derived first by Hayes (1968).

2. From simulation results.
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reciable performance improvement. The reason is that a variable power
system cannot cope with deep signal fades other than by using large peak
powers and it is these situations that dominate the system performance.
Thus variable power should be used with other methods such as diversity
so as to reduce the average power requirement where this is a design

criterion such as in remote site applications.

2.1.2 Channel Selection

For a number of reasons, it is desirable in some situations
to switch between diversity channels at the transmitter rather than at the
receiver. One such obvious advantage is with frequency diversity as
mentioned in Chapter 1, to provide a multiple user capability. This
method is used on microwave links to improve reliability and is a
special case of "Selective Diversity" treated by Skinners and Cavers
(1973) who also combine this system with variable power. Another ad-
vantage is applicable if it is easier to use multiple antennae for space
diversity at the transmitter rather than the receiver. Such a system,
called "Switch Diversity" treated by Davis (1970) and then by Rustako
et al (1973) for use in a mobile radio system, is only slightly inferior
to selection diversity provided the control delay is small. This problem

will be discussed in section 2.2.2.

Skinners and Cavers (1973) claim a most dramatic performance
potential for "Selective Diversity' to the extent that a fourth order
diversity system offers better performance than the equivalent non-
fading channel. However, the system relies on using the total available
power (varying) on the best channel at any given time and an 8 dB peak
to average power ratio. Another advantage of this system is the multiple
user capability. This system illustrates the potential of variable

power to save on average power when used effectively with diversity.

Along with other channel selection methods such as that treated
by Bitler et al (1973), the main advantage of channel selection systems is
the ability to have the multiple antennae at the transmitter in the case
of space diversity and to allow multiple users in the case of frequency

diversity.
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2.1.3 Variable Data Rate

A slow fading channel can be considered to be a channel of
time varying channel capacity. Thus, one effective method of improving
performance is to match this channel with a corresponding time varying
information rate. In practice, the easiest way to implement this principle
is by a variable data rate system of the type suggested by Cavers (1972)
which has a variable bandwidth. In order to match the channel, one would
really want to use the full bandwidth all the time and use a variable
number of levels as well as variable data rate. Such a variable number of
levels scheme has been suggested by Hentinen (1974) but could prove diffi-

cult in practice to implement.

Such variable rate schemes have been shown to be extremely
effective at coping with fading. 1In fact, the variable bandwidth scheme
of Cavers (1972) can completely eliminate the effects of fading and this
result has been shown by Srinivasan (1973) and Hentinen (1974) to be true
for a broad class of modulation methods. If used with variable power or
variable number of levels, such variable rate schemes offer potential per-
formance better than the equivalent non-fading channel. However, in
practice, such systems must operate within certain constraints such as

finite bandwidth which will be discussed later.

In a Rayleigh fading situation, the main performance improve-
ment is due to the low data rate (near or equal to zero) used during deep
fades which are the conditions that dominate the performance. If a band-
width limitation is imposed by restricting the maximum date rate, then the
performance decreases by about 1 dB for a rate constraint of double the
average rate. Comparison with an intermittent system (Two rate scheme)
treated by the author Coutts (1975a) and Martin (1967) reveal that a
fully variable rate system is only 2.5 dB superior in performance. Thus,
an intermittent system overcomes the dominant source of error and, in
practice, would be far simpler to implement. This system will be dis-

cussed in detail in section 2.4.

Hentinen (1974) and Srinivasan & Brewster (1974) have dis-
cussed the possibility of using variable power with variable rate to
overcome the effects of limited bandwidth. Such schemes do offer a re-
duction in average power over variable rate schemes but in most situa-

tions this is not as important a criterion as peak power.
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2,2 SYSTEM CONSTRAINTS

Channel State Feedback systems have a wide variety of implemen-
tations and claims about their potential performance must be seen in the
light of several system constraints which apply to all such systems. Some
of these constraints have already been mentioned (e.g. peak power).
Detailed consideration of these constraints with specific detail concerning
an intermittent system will be discussed in Chapters 3 and 4. Here the
general problem will be qualitatively discussed with reference to the

mentioned types of system.

2.2.1 Peak Power and Maximum Bandwidth

One of the most obvious constraints imposed on any communication
system is the finite dimensionality of the signal space with respect to

peak power and bandwidth.

Peak power, as mentioned previously, imposes a severe limitation
on variable power systems where no diversity or variable rate is used. To
cope with deep fades of 30 dB, the transmitter power would have to be cap-
able of a similar dynamic range. This usually would lead to extremely in-
efficient transmitter design only to save on power consumption. However,
as is illustrated by Hentinen (1974), such peak powers are not necessary
when combined with any method that can cope with the deep fades such as

a variable rate system.

The variable rate system suggested by Cavers (1972) is a vari-
able bandwidth system and in most applications such a system must operate
within a finite bandwidth. Thus, this constraint results in a reduction
in the potential performance of such a system. It is in the light of this
constraint and obvious implementation difficulties that a variable rate
system does not offer as much improvement over an intermittent system as

at first thought.

2.2.2 Feedback Reliability

A very important limitation on all such channel state feedback
systems is the reliability of the service information used to control the
system. This problem may be resolved into two component but related parts;

namely, probability of service information error and control delay.
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Cavers (1972) discusses the problem of control delay with
respect to a variable rate system and shows that the system performance
deteriorates quite rapidly if the delay becomes too large with respect to
the fading bandwidth. Skinners & Cavers (1973) also show that control
delay, which includes propagation time and filter delay, must not be too
large. Because of the sensitivity of system performance to control delay,
the optimum control law, as for the variable rate system (see Chapter 3)
is very dependent on control delay. In applications such as a Troposcatter
system, propagation delay is the dominant source of delay and this implies

a maximum distance over which such systems will operate.

If the fading is non-reciprocal, then feedback (and sometimes
feedforward) information must be sent over a similar, fading noisy channel
with the resultant possibility of making control errors. In order to in-
crease the reliability of this service information, one must increase the
control decision delay which constitutes another component of control
delay. Thus, due to this interaction (see Chapters 3 and 5), the fading
rate to data rate must be sufficiently low to obtain reliable service in-
formation. Another important aspect of this problem is that service in-
formation must be protected from deep fades as well as the main information
and in Chapter 3 this will be shown to be possible by using a weighted de-
cision which is dependent on the feedback SNR. Lastly, all of these

aspects are accentuated as the amount of service information increases.

The problem of feedback reliability affects all channel state
feedback systems in a similar way. Due to propagation delay there is an
upper bound on the maximum distance over which such systems will work and,
secondly, due to the necessity for reliable servicé information, the fading

rate must be very slow with respect to the data rate.

2.2.3 Buffer Requirements

Another constraint which is only relevant to variable rate
systems is the necessity for a finite buffer at both transmitter and re-
ceiver to interface with a uniform data source and sink. With a finite
buffer, the possibility of the buffer filling and emptying will degrade
the performance where this effect gets worse with decreasing buffer size.
Also, in such a buffered system, the digital message is delayed and this

delay is directly proportional to buffer size.
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Most authors in discussing variable rate systems have neglected
to consider the importance of the buffer size as it affects the performance
in terms of higher error probability and also message delay. A similar
buffer problem exists for the meteor burst systems discussed by Forsyth
et al (1957). However, this application is quite different from the Rayleigh
fading environment discussed in this thesis. Campbell (1957) discusses the
buffer requirements for such a non-synchronous system but does not consider
the effect on error probability. The author Coutts (1975c) has applied this
analysis to a synchronous intermittent system to consider the required
buffer size for a given performance level. This work is the subject of

Chapter 4.

The results for an intermittent system suggest that the control
law for a variable rate system would be quite dependent on the buffer size
used and the performance level required. Thus, the results of Cavers (1972)
and Hentinen (1974) must be seen as upper bounds on the performance where
buffers much larger than would be necessary in practice were used. However,
it is reasonable to say that a variable rate system would require roughly
the same size buffer as an intermittent system due again to the dominant
problem of buffering against deep fades. Thus, for some applications such
as digitised speech (telephony) over a Troposcatter system, the resultant
message delay would be unacceptable for any variable rate system to be

used.

2.3 INTERMITTENT SYSTEM

In an intermittent system, the receiver measures the signal
level of a pilot (or main signal) and makes a two state decision, depend-
ing on whether or not this level is above a threshold which, it will be
assumed here (see Chapter 3), can be sent reliably over a feedback channel
to control the output bit stream of the transmitter. If the signal to
noise ratio (SNR) is below threshold, data is stored in a buffer which

is here assumed to be infinite (see Chapter 4).

As was discussed in Chapter 1, one will assume here that one
is using non-coherent FSK and the system is to operate in a slow, non-
selective Rayleigh fading enviro%pent where there is no great loss in
generality and the analysis is Siﬁplified. For non-coherent FSK in an
additive Gaussian noise environment, Schwartz et al (1966) give the aver-

age error probability as
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PE(Y) =% exp (-Y/2) 2.1

where Yy is the SNR of the filter output at the sampling instant which is
given by:

S
Y—ﬁ 2.2
(o]

S - Received Signal Power
No - Single sided Noise Power Density

R - Transmission Data Rate (Determines filter Bandwidth)

In the case of slow, non-selective fading this SNR is a random variable
which is exponentially distributed as:

—Y/YO

p(Y) = e o <y<w 2.3

1
Yo
where Yo = < y > is the mean value of the SNR averaged over the fading.

One can then define the normalised SNR variable x as:
X = Y/YO 2.4

For an intermittent system, transmission of actual data only
occurs when the SNR is above a normalised threshold xth' However, to
maintain the same average data rate as a continuous system, the trans-
mission rate must be higher (increase in bandwidth) by a factor T, called
the transmission ratio. Thus, for a particular value of normalised SNR x,

the actual SNR at detection is given by:
Y x
Y -— 2.5
1

The average error probability is thus given by
o
P = .
: f r, Pe(Yox/rl) p(x) dx 2.6
*th

and the average normalised data rate is

o
r=[ r px dx=1 2.7
*th
where these integrals assume infinite full buffers and perfect feedback

control.
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Evaluation of 2.6 gives

2

N —
P = —-——rl exp i-— (—-ﬁ—'——zrl Yo) Xth'i 2.8
T .
€ Y, 2r1 L 2r1
where x . = 1n r, for an average normalised rate of unity. Thus on sub-

th 1

stitution for X o equation 2.8 can be simplified to

R T P ) o
~ + .
£ Yo 2r1 ry

P

In fact there exists an optimum value of r1 (and thus xth) to minimise

equation 2.9 which must satisfy the necessary condition

—— =0 2.10

This leads to an intrinsic function for r, relating to the mean SNR Yo

given by

2r1 1n r, = Yo (1 - 1n rl) 2.11

where, since r, is greater than unity, one has the inequality

1

1<r, <e for all Yo 2.12

The solution of equation 2.11 is shown in Fig. 2.1 for different values
of SNR Yo' Fig. 2.2 is the corresponding optimum value of average error
probability versus mean SNR. Thus an intermittent system gives an ex-—

ponential fall off in error probability for increasing SNR.

However, in a practical system, the dominant consideration re-
garding the choice of the transmission ratio is the required bandwidth.
Thus r, = 2.0 is the maximum ratio that would be considered reasonable in
terms of spectrum utility. In Fig. 2.3 is plotted the performance of the
intermittent system for different transmission ratios along with perform-

ance of the optimum frequency diversity system.

From these results it can be seen that such an intermittent
system compares favourably with fourth order diversity. Secondly, the
effect of restricting the transmission ratio to less than r, = 2.0 is
negligible but gets progressively worse as this ratio is decreased even

further. During most of this thesis r1 = 1.6 is taken as a reasonable
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compromise value.

The performance of an intermittent system is subject to the con-
straints of limited control reliability and a finite buffer. These con-
straints which are applicable to any variable rate system are discussed in

detail with respect to an intermittent system in Chapters 3 and 4.

2.4 CONCLUSIONS

Consideration of the performance of the various types of channel
state feedback systems subject to practical constraints leads to the general
conclusion that the performance of such systems is very dependent on the

constraints.

More specifically, a variable power system alone cannot cope with
the central problem of deep fades unless a prohibitive peak-to-average
power ratio is permitted. However, if used with diversity or variable rate
this constraint is much less serious and does offer a reduction in the aver-—
age power requirement. This assumes of course that reliable feedback in-

formation is available.

A variable rate system in the light of a bandwidth constraint
offers only about 2.5 dB improvement over an intermittent system but is
potentially a more powerful scheme. However, such variable rate schemes
are more complex in that they require a buffer resulting in message delay.
Also, feedforward information is required when the feedback information has

only limited reliability.

In general, only the simple forms of channel state feedback
systems such as the intermittent system and the simple channel selection
schemes appear to offer any significant practical system potential due to
system sensitivity to the practical constraints. It is in the light of
this conclusion that interest has centred mainly on an intermittent system

which will be considered in much more detail in the following chapters.
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CHAPTER 3

3.0 INTRODUCTION

One of the most important constraints on a channel state feedback
system of the type discussed in Chapter 2 is the reliability of the service
information. The analysis so far has assumed that the transmitter has per-
fect, instantaneous knowledge of the channel. This chapter investigates
this probleml with specific reference to an intermittent system and draws
some general conclusions applicable to all such feedback systems. Also
discussed is an alternative control method which can be used if the fading

phenomenon is reciprocal.

3.1 FEEDBACK AND FEEDFORWARD ERROR

For an intermittent system, the receiver must inform the trans-
mitter whether the receiver SNR is above or below threshold and this in-
formation must usually be sent over a similar noisy, fading feedback
channel. Possible feedback errors result in an increase in the number of
errors in the main data stream. Closely coupled with this problem is the
necessity for the receiver to know when to receive data. Thus, the re-
ceiver is informed of these decisions over the main channel. The ultimate
reliability of this service information depends on the allowable control

delay which is dependent on the fading rate as discussed in section 3.3.

3.1.1 Feedback Error

In Fig. 3.1 is illustrated the model of an intermittent system.
It is assumed that this feedback information is sent at an average rate e
which is much slower than main data rate by a factor n_ called the rate
ratio defined as the ratio of the main transmission rate to the service
information rate. The probability of such feedback errors depends on the

mean SNR Ye of the service information which is a function of .

One can define the feedback error probability Pij as the prob-
ability that the demodulator at A gives a decision j when the decision 1

is sent from B where:

1. This work has been reported by the author Coutts (1975a).
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0 if Tx is off

)7 {1 if Tx is on 3t
where Pio + Pi1 =1 i=0,1 3.2
The feedback channel is also Rayleigh fading with normalised random
channel gain y which is also exponentially distributed. Thus for given
values of SNR x and y, which are assumed to be independent, the error
probability is given by:
= >
PE(X,Y) {Pll(y) r, Pe(x)} X > X
<
+ {P01(y) r, Pe(x)} x < % 3.3
and the rate is given by:
= >
r(x,y) = {P;,(¥) ryd x> x4 {P ;M £} ox <X 3.4

where r1 is the transmission ratio (see Chapter 2) and it is assumed the
receiver at B has perfect knowledge of the transmitter decisions. This

assumption will be removed in section 3.1.4.

In a duplex communication system, this feedback information is
multiplexed (TDM or FDM) with the return information and thus the trans-
mitter power and the bandwidth must be shared between the main and service
information. Thus one defines np as the ratio of main signal power to the
service signal power. The mean SNR Yo is now reduced to Ym and the service
channel SNR is Yf (includes rf), If this service information is sent by

non-coherent FSK, the feedback error probabilities become:
POI(y) B Plo(y) =% exp |- —5~ 3.5

Substitution of 3.5 into equations 3.3, 3.4 and then averaging over the

fading statistics gives the average error probability as:

2
T
= 1 1l - 2z
P =—0— {z + /=) 3.6
€ ymerl 2 + Ye
and the average rate is constrained as:
-X
-X th
= th , 1L = 28 _
r—rl{e +———2+Yf }=1 3.7

where
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[ (v + 2r1)

z=exp |- T oo Fy 3.8
1

If this service information is FDM multiplexed with the return

information, the mean SNRs Yo and Yg are given by:

il
_ _P
Ym n +1 Yo 3.9
P
n
SN SR o
Y ®2 T ¥ 'a 3.10
P 1

Thus using equations 3.5, 3.8, 3.9 and 3.10, the expression for the average
error probability of equation 3.6 was minimised 2 subject to the rate con-
straint of equation 3.7 for a given value of n_. The effect of feedback

error is shown in Fig. 3.2 for different rate ratios n_.

The average error probability for high SNR departs quite markedly
from the ideal curve meaning n_ is required to be quite large to improve the
reliability. This fall off is seen in equation 3.6 as only an inverse de-
pendence on Yf. As will be explained in section 3.4, n is limited above
due to the effect of control delay which is directly dependent on n_. How-
ever, an adaptive receiver at A will be shown to greatly improve this posi-

tion.

3.1.2 Feedback Strategy Optimisation

There are three reasons why the FSK demolulator at A should use

weighted decisions:
(i) Unequal a priori decision probabilities;
(ii) TUnequal costs associated with either error;

(iii) Time varying SNR makes the optimum weighting a function of this

feedback SNR.

Thus the aim is to choose this weighting function so as to optimise the per-

formance of the forward channel.

The demodulator structure shown in Fig. 3.3 has a variable gain k

after the '0' envelope detector which is directly controlled by the measured

2. see Note 3.
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SNR on the feedback channel. For this demodulator it is shown (Appendix A)
that the error probabilities Pij are a function of the adaptive power gain

g = k2 given by:

1 [ & ]

P01(Y) T 1+g exP\_ l+g Y_ 3.1
- 8 _

PlO(Y) 1+g exp[ I+g '] 3.12

where Y is the SNR of the feedback.

Make the weighting function g a function of the normalised SNR vy,
substitute in equations 3.3, 3.4 and average over the fading statistics.

The average error probability becomes a functional of g as:

2
r o N
Oe— S 1-z -
Pe =y +zr Jz J [l+g ex"[ I+g nyJ
m o]
_ 8z L -y L
tg exp[ +g ny]] e dy| 3.13

and average rate is constrained as:

- *th | g . th 1
B = oy %e - £ ltg e exp[:— TIE fy]

,(};ta_th)ex __E_Y'e—ydL=1 3.14
1+g P 1+g £ yl !

This is then a problem of variational calculus to minimise equation 3.13

with respect to g(y) subject to the integral constraint of 3.14. Solutions

of the Euler-Lagrange equation leads to the implicit equation (Appendix B)

Yey gt 1 E
£ exp |- (g-l)y yl =k 3.15
Yfgy + g+ 1 gtl 'f 3
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where the constant k3 is chosen to satisfy equation 3.14. Using this equa-

tion 3.15, equation 3.13 was minimised with respect to g(y) and also the
threshold Xth'3

In Fig. 3.4. is shown a typical solution of the optimum weighting
function g(y). From the form of the solution, the unequal error costs be-
come extremely important only when the feedback SNR drops below a threshold.
This means in practice that this optimum strategy sacrifices data rate when

the feedback information becomes unreliable.

3.1.3 Sub-Optimal Strategy

It is apparent from the form of the optimum gain function shown
in Fig. 3.4 that a simple sub-optimal threshold strategy could be used
given by:

o if y < yth

gly) =1, (¢ >
1 if y 2 Yen

Substituting this gain function into equatioms 3.13, 3.14 and integrating

one obtains:

- B . _
- g G
T ¥1 £
subject to the rate constraint
-X
- +
Ter Je(xth Yew) | z2e | 3.18
1 | 2+Yf r
where (Yf +2)
w = exp [— 5 yth] 3.19

Comparison with equation 3.6 shows how this strategy makes PE exponentially

dependent on Yf as well as the original inverse dependence.

g . e . S
For a given rate ratio n_, equation 3.17 was minimised” with

respect to np and Yen where Xh must satisfy the constraint of equation

3. The equation was minimised numerically using a simple heuristic stepping

algorithm.
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3.18. These results are shown in Fig. 3.5 for the same three rate ratios.
Comparison with the dashed curves (from Fig. 3.2) shows that the threshold
strategy greatly improves the performance, especially at low error prob-
abilities. 1In Table 3.1 is shown a comparison of the results of this sub-
optimal strategy and the optimum one corresponding to the optimum gain
function of Fig. 3.4. These results show that the sub-optimal strategy

is ﬁot substantially inferior to the optimum one and is far simpler to

implement.

Intermittent Systenmn

r1 = 1.6 Yo = 20 dB n_ = 100
System Description Other Parameters Average Error
Probability ﬁs
Perfect Feedback X = 0.47 6.5 x 10—9
. -5
Non-adaptive Xy = 0.47 1.9 x 10
n =2
p
N -8
Optimum x , = 0.44 6.4 x 10
th
n = 10
p
g(y) in Fig. 3.4
. -8
Sup-optimum Xy = 0.446 10.0 x 10
= 0.
Ve 024
n =10
p

Table 3.1 - Comparison of the Optimal and Sub-optimal Strategy Performance

3.1.4 Feedforward Error

In the previous analysis, it has been assumed that the receiver
has perfect knowledge of the transmitter state. However, these decisions
must be FDM multiplexed with the A-B information to tell the receiver
whether to accept or reject data. If an error occurs in this information,

bits are accepted or rejected incorrectly at the receiver. However, it is
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shown here that the use of a similar threshold strategy on the feedforward

service information at B makes this problem of secondary importance.

It is assumed this feed-forward information is also sent at rate
rf, the same as the feedback information. However, when the main channel
gain x drops below a lower threshold §th’ the receiver ignores this service
information and assumes the transmitter is not sending data (no feedback
error).

The decisions in the system are:

i : Channel state decision at B
j : The feedback decision received at A
k : The feedforward decision received at B

k': Receiver decision at B

k if x j_ﬁth
where k' = { . 2 3.20
0 (1) x > Xp

0 if decision is not send data
1 if decision is to send data

and i, j, k = {
The error probabilities Pij(y) and ij(x) are defined as before and for

typical n_ values, ij(x) and Ps(x) are independent.

Thus assuming x and y are independent as before and simplifying

using equation 3.2, the error probability is:

P_(x, v) = {2, () P} () 1y P_G)} x> x,
+{p (0 P ) 1 PG R S x<xg

+ {% Plo(x)} x> %+ {4 Pol(y)} x < X 3.21

th th

where the first two terms correspond to those in equation 3.3 and the last
two terms account for a feedforward error. Using the sub-optimal strategy
on the feedback information, integrating over X and y as before and con-

sidering only the major terms:

T U
P N— + w

v z e
€ Yﬁ+2r1 | 2+Yf

A "}/E
i Y + w(l-e th) _ small double 3.22
2(2+Yf) 2(2+Yf) error term
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and r is negligibly different from equation 3.18

- Gyt 2r) A
where zZ = exp LT ﬁ——E;I—— XthJ 3.23
R (vg +2)
W = exp [— — xth:’ 3.24

1f the feedforward information is FDM multiplexed with the main
information, there is a further division of transmitter power (and band-
width). If an equal amount of power is devoted to the feedback and feed-
forward information, then
n

= B _

Ym np+2 Yo 3.25

and Y remains unchanged.

Given the values of Yen? Xn and np which minimised equation
3.17, equation 3.22 was then minimised” with respect to ﬁth' These results
shown in Fig. 3.6 converge to the former curves as n increases. As stated
previously, n_ has an upper bound since increasing n increases the control
delay. However, there is another consideration to be considered. As n_
increases the probability of a service bit error decreases but the length
of the burst of errors resulting from a service bit error (especially a
feedforward error) gets larger. This does not affect the average bit
error probability but, in practice, would probably mean worse performance.
Thus n_ = 1000 would usually be an upper bound on n_ for most cases where
there is only 0.3 dB difference in performance with the perfect feedback
case. Also shown in Fig. 3.6 is the performance when no strategy is used
at transmitter or receiver which is much worse than that due to feedback
error alone. In Fig. 3.7 are the parameters X Yin and ﬁth which corre-

spond to the curves of Fig. 3.6.

Thus for the performance of an intermittent system to approach
the ideal, such a threshold strategy is essential to minimise the effect
of service information errors. The implications this has for other feed-

back systems are discussed in the next section.

see Note 3.
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3.1.5 Implications of Results

From the analysis considered for an intermittent system, some
useful comments can be made with regards to the general problem of
service information reliability for a channel state feedback system of the

type discussed in Chapter 2.

One of the most important requirements is the high reliability
required of the service information. For the intermittent system discussed,
the average SNR of the service information was 14 dB higher than that of
the main information. Secondly, the feedback information was regarded as
useless for 1 % of the time due to deep fades on the feedback channel.

Thus it is a requirement of such systems to have a high service information
mean SNR and some strategy to carry the system through fades in the service

information SNR.

Cavers (1972) treats a fully variable rate system where he pro-
poses to TDM multiplex the service information with the main return inform-
ation. Firstly, it would seem difficult to achieve the required reliability
by TDM especially in the light of the extra amount of service information
envisaged. This comment applies to all fully adaptive systems. Secondly,
Cavers neglects the effects of deep fades on the service information when
there would be no service information available (rate is near zero) or it

would be unreliable.

It would seem that due to these two requirements, the service
information should have low information content (i.e. small number of
levels), should be FDM multiplexed and that some 'play safe" strategy, such
as that treated in section 3.1.3, should be used to cope with fades in the

service information.

3.2 ALTERNATIVE CONTROL

If the fading phenomenon is reciprocal, the meaning of which is
explained in the next paragraph, it is possible to do away with the need
for service information via feedback. Thus there would be no source of
service information error other than to minimise control delay which will

be discussed in the next section.

Reciprocal fading is taken to mean that the instantaneous
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scattering profile causing the multipath propagation (and thus fading as
the scatterers move) is the same for a signal going from A to B via the
scatterers as from B to A at the same carrier frequency. One case where
this reciprocity is exhibited is in the mobile radio environment where the
scatterers are buildings and are thus reciprocal scatterers. This property
has been exploited by Bitler et al (1973) in their diversity system.
Another possible contender is the Troposcatter medium. However, no ex-
periments in this regard have come to the author's notice to verify this

conjecture.

In Fig. 3.8 is a block diagram of a channel state feedback system
that does not require a feedback channel. The system transmitter and re-
ceiver alternate between sending and receiving at a rate much greater than
the fading rate. In this way the transmitter at A uses its channel state
estimate at time t (while not transmitting) in order to adapt transmitter
parameters for transmission at time t + tb or tb seconds later. Similar
switching but 180° out of phase is occurring at station B. In other words
the transmitter and receiver are isolated by TDM rather than the usual FDM

method.

However, such a system configuration is complex in terms of the
necessary switching control required which must take account of any signi-
ficant propagation delay T and must have a sufficient guard time to allow
for variations in propagation time. Another implication of such a system
is a doubling of the necessary coherence bandwidth for the same data rate,
although the amount of bandwidth used is the same. Other ways of avoiding

such complexities require extra power Or bandwidth.
Thus in the light of the results of section 3.1, it is felt that
for the simpler feedback systems, such as an intermittent system, an actual

feedback 1link is the most practical solution to the problem.

3.3 CONTROL DELAY

Control delay is a significant limitation on the performance of
any channel state feedback system. Cavers (1972) treats the delay problem
as it relates to a variable rate system. This section examines some impli-
cations of Cavers' analysis as regards to several channel state feedback
systems and then treats this problem in more detail for an intermittent

system.
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3.3.1 Variable Rate System

o {0518
\. Cavers (1972) derives the conditional probability density

functlon;p(aT/ao) as:

2 2 2
a, a, + k aT kaoa
p(ao/aT) = 5 5 .expl - 5 5 ] Io[ —§~“—1§~ 1 3.26
o (1-k) 20°(1-k") o “(1-k%)
where
a, Envelope value of receiver at detection
a_ Envelope value T sec previous to a, according to which the
control decision is made
k : Normalised autocorrelation coefficient of time lag T of
the direct ( or quadrature ) component of the fading
process so that
Ru(T)
k = 5 3.27
o
02 : Variance of fading process

Io[]: Zero order modified Bessel Function of the first kind.

As T = o then k - 0 and equation 3.26 reduces to the Rayleigh

probability density function as expected. From this density function
(which only depends on T via equation 3.27), Cavers derives the expected
error probability Pe(x,r) where x is defined in Chapter 2 such that:

N Qo N
oo - 7
. Pe(x,r) = 6 Pe(g,r)p(ao/aT)dao 3.28

which after normalisation comes to:
n k¥y x

Pe(x,r) = 5 exp [ - 2 5 1l 3.29
2r + Yo(l-k ) 2r + Yo(l—k )

where r, the rate function (see r, in Chapter 2) is some

function of channel gain x.
The average probability ?gis then given as:

P o= S § (x,v)r(x)p(x)dx 3.30
€ 0 €
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subject to the rate constraint
r = 6 r(x)p(x)dx = 1 3.31

Adjoining 3.30 and 3.31 with a Lagrange multiplier the
optimum rate function is then a solution of the implicit equation

2.2
2k r Yox

3 + Yo(l—kQ)r + r(2r + Yo(l—k2)) k2 «
2r + v _(1-%7) Yo

.expl -

- 2r + Y (l—k2)
[2r + v (1-k)] ©

= A 3.32
where A is chosen to satisfy 3.31.

Solution of equation 3.32 for the case vt = 0.01 treated
by Cavers is plotted in Fig. 3.9 for several values of mean SNR. This
rate function shows a distinct threshold phenomenon similar to that
obtained in section 3.1.3. In Fig. 3.10 is plotted the performance curves
of a variable rate system treated by Cavers for the optimum and non-
optimum rate functions. In fact the optimum can be well approximated by:

— “th

r(x) =

Cx if x > x
{ 3.33

0 if x < xth

where xth is a threshold value of SNR and C is a constant to

satisfy equation 3.3l1.

Thus, %
th

C = e 3.34

/(l+xJc )

h

These results indicate how sensitive system performance is
+to control delay, especially if the control function is not optimised.
A similar sensitivity to control delay is observed for a selective
diversity system treated by Skinners and Cavers (1973). In fact, a clear
observation from these results is the futility of trying to use the channel
during deep fades and this is why an intermittent system performs so well

in comparison with the more complex variable rate system.



1,75 T ] T

1 VARIABLE RATE SYSTEM > |
OPTIMUM RATE

1,50 FUNCTION r(x)
v1=0,01 (st ORDER BUTTERWORTH)
| NUMERICAL SOLUTION

1,25

—
-
o

i

O DELAY,

AN

RATE r(x)

o
-
~]
L8

Yn=13d8B
0,5 0 f
Yo = 17dB % | i
0,251~ e
| | |
s } 1 . : 4
U 0,8 1,0 1,2 WA 6 1,8

NORMALISED SNR x

FIG. 3.9 OPTIMUM RATE FUNCTION FOR VARIABLE RATE SYSTEM
WITH CONTROL DELAY.

he



35

VARIABLE RATE SYSTEM
vt 20,01 (151 ORDER BUTTERWORTH )
SIMULATION
107" -
-2
10 -
-
=
< \
-3
2 10
o
o
o
o
= NO DELAY
R
\\NON OPTIMUM
w r=X
O
< \
o
[§8]
>
4 165 \ —
OPTIMUM
RATE FUNCTION
160
5 10 15 20

MEAN SNR Yg (d8)

FI1G. 3.10 EFFECT OF NON-OPTIMUM RATE FUNCTION FOR
FINITE CONTROL DELAY.



36

3.3.2 Intermittent System

The analysis of Cavers (1972) is easily applied to the two
rate case to give an average error probability given by:

2

T (2r) + v, )%

PS = W . eXp| - > 3.35
1 "o 2r) + yo(l—k )

where xth = 1n ry to maintain unity data rate. The effect

of delay is shown in Fig. 3.11 for different values of delay bandwidth
product. Thus, as for all such feedback systems, the vt product must be
kept below a critical level. The specific sources of contribution to

the control delay will be discussed in section 3.3.3.

Cavers assumes for his work a specific correlation function,

namely an exponential function such that:
2
RU(T) = o exp(-v|t]) 3.36

One property that this correlation function implies is that the first
derivative is unbounded! Such a property (cf Markov Process) is impossible
in practice since this implies scatterers having unbounded velocity.
However, a fading process must be strictly bandlimited. Papoulis (1965)
shows that for such processes, perfect prediction is possible by the

use of a sufficient number of derivatives. This of course assumes

no additive noise. The choice of the '"best" channel state predictor is

a problem which will not be discussed in detail here, and Caver's

analysis will be used for simplicity.

For the JANET meteor burst systeml\L it was observed that a
double threshold, with a higher value to "stop" transmission, helped to
alleviate the control delay problem. This observation has some interesting
ramifications for channel state feedback systems. The reason for a double
threshold is that it is more important for the system to cope with the
decline into a fade than to catch the rise out of it. This is similar
to the cost difference analysed in section 3.1.3. Thus, a double threshold
would undoubtedly decrease the effect of control delay in an intermittent

system. An extension of this technique (basically hysteresis)

to a more general channel state feedback

4. See Forsyth et al (1957)
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system such as a variable rate system of section 3.3.1 would imply the
optimum control law would be a hysteresis curve. The analysis, however,
has not been attempted, but these comments shed some light on the
problem of defining the "best" predictor mentioned in the previous

paragraph.

In section 4.2.2 the question of hysteresis is again raised
as it relates to the buffer control froblem. However, the above

discussion raises some interesting estimation theory problems to be

solved.
3.3.3 Interaction with Feedback Error

It was mentioned previously in section 3.1 that the rate
ratio o, is limited due to its relationship to control delay . This

section identifies the sources of this control delay and discusses its

relative importance on performance.

Basically, one can identify three such sources of delay. These
are propagation delay, filter delay (ie the delay in measuring the SNR
of the channel at B) and lastly, decision delay. This decision delay =

d
is given by: (see seetion 3.1.1)

9 T PR, 3.37

Thus, as n increases, so improving the reliability of the service
information, the control delay increases correspondingly. The total

control delay is given by:
T = 2Tp + T + 2T 3.38

Tp: Propagation delay

Tt Filter delay

T4 Decision delay.

Which source of delay is dominant depends on the application. For example,
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in a mobile environment, the effect of propagation delay would be
negligible, but in a Troposcatter system the reverse would be the case.

(see section 5.u4)

Using the analagous case of Cavers (1972) equation 3.29 for
an intermittent system becomes:

2
n r kv x
1 m
PE(x) = .€Xp

2 2
2rl + Ym(l-k ) er + Ym(l-k )

3.39

Thus, this expression can be substituted for Pe(x) in 3.21 and integrated

over x and y to give:

2 ~
A -x
T - 1 { z'e_yth y Z2-2' W } o+ “n B w(l - e th )
e v, * 2rl 2 + £ 2(2 +Yf) 2(2 + Yf)
3.30
where
. (2rl * Ym)xth
z = exp| - 5 3.31
2rl + Ym(l-k )

Thus, the optimisation of section 3.1.4 can be extended now to include
the minimisation with respect to n . However, to do this, one must
be more specific about the other parameters of the system such as the

data rate and operating distance.

Therefore, specific results illustrating the interaction
between control delay and service information will be discussed in Chapter

5 along with the interaction with the finite buffer constraint.
3.4 CONCLUSIONS

The effect of control reliability on channel state feedback
systems has been discussed with specific interest centred on an intermittent
system. Thus specific conclusions reached with respect to the intermittent

system illustrate the general principles of all such systems.

If the feedback information is sent over a similar fading

channel (as is usually the case), then it must firstly have a high mean



40

reliability and secondly, the system must have a '"play safe' strategy
to cope with the situation of a deep fade on the feedback channel. In
the light of these comments, it would seem difficult to achieve these
aims using TDM methods and minimise control delay at the same time. If
however, the fading is reciprocal, then an alternative switched control

method could be used.

Control delay places two important constraints on a channel
state feedback system. As mentioned in the introduction, the allowable
control delay (depends on fading rate) ultimately determines the possible
reliability of the service information. Secondly, due to propagation time,
control delay places an upper limit upon the distance over which such
systems can be used. For example, it is impossible to use such schemes

over most HF circuits due to this limitation.

In Chapter 5, the implicatiéons of the feedback strategy of

section 3.1 on the required buffer will be discussed.
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4.0 INTRODUCTION

Variable rate systems, unlike the other channel state
feedback systems discussed in Chapter 2, require a buffer at the transmitter
and the receiver to interface with a uniform data source and sink.These
buffers are finite in size and so possible overflow conditions degrade
performance. This chapter discusses this problem with specific
reference to an intermittent system described by Coutts (1975c). Also
described is the buffer synchronisation requirement so that the system
can still operate during overflow conditions and regain this synchronisation
if a feedforward error occurs (see section 3.1.4). Finally, the experiences
gained from a hardware model of an intermittent system are discussed to
illustrate the practical realisability of such a buffer system for

intermittent transmission.

4.1 BUFFER ANALYSIS

In Fig. 4.1 is illustrated the model of an intermittent

system where it is assumed here that one has perfect feedback and feed-
forward decisions. (This assumption is removed in Chapter 5) As mentioned
previously, since these buffers are finite, there exists the possibility
of buffer overflows. In particular, when the A station buffer fills,

the transmitter sends data ( at the input rate on the average) even
though the SNR is below threshold causing a large increase in the error
probability. Similarly, if the buffer empties the date rate reduces to

the input rate (on average) resulting in a loss of possible throughput.

For this anaysis, it is assumed that the buffer occupancy can
be considered continuous which is commensurate with the assumption of
slow fading. Secondly, it is assumed that the times between fades and
the durations of fades are exponentially distributed. The actual
distributions for different fading power spectra are discussed by Rice
(1958). However, it is contended that the exact form of the distribution
is unimportant for this application since one is interested in the
longer fades (distribution tail) for which an exponential distribution
is appropriate. Thus the only dependence of these distributions on

the fading power spectrum is through the mean fade length.
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For a Rayleigh distributed variable, the average frequency
of downward zero crossings across a threshold x+h is given by

Rice (1958) as:

-X

£ = £ 2/ g, B 51

r Tms th

where frms is the rms frequency defined as:

® 1L
Ioe26(8)as :

H
i
=

2
rms

/o oe(g)af

and G(f) is the equivalent low pass power density spectrum of the
fading process. The value of frms for several types of power spectra

G(f) are given in Table u4.1.

One can now define A and u, the mean arrival and departure

pates in terms of the mean fade time and mean transmission time to

give:
-x
th
- l-~-e
A = s L.3
T
-x
th
poo S Sy 4.y
f
T

A - average number of bits added to buffer during a fade.

U - average number of bits removed during a transmission period.

Thus, the traffic intensity p which is independent of the

fading time constant is given by:
e . e -1 4.5

and goes to unity for x., = 1n r, as for the infinite buffer case
of Chapter 2. However, for a finite buffer capacity p < 1 is the usual

operating condition.

Extending the analysis of Campbell (1957) it is shown
(Appendix C) that the probabilities of empty and full buffer are given
by:



TABLE 4.1 -

RMS FREQUENCY

T

Power Spectrum G(f) R.M.S. Frequency
rms
1. Ideal Low Pass
Go; f <fc fC
G(f) = { /
0; f>f V3
c
2. Linear Fall Off
Go(l—f/fc ) f<fc .
G(f) = { /5
03 £>f
c
3. Gaussian
2
-f
G = —= e Y
/T
4, 2nd Order Butterworth
v
4 /
a(£) = . \ . 2%
V +w
st
5 1 Order Butterwoth 1
V2 Undefined™”’
G(f) = 5 5
Vi + w
6. Mobile .
_ (f 2y= .
6 (1 - (F/e )7 5 <5, .
G(f) = { 00—5
03 f>fc

1. For the overflow probabilities predicted from equations 4.6 and 4.7

to agree with those from simulation, frms = 0.6V.
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Po - = —%C A E
1 - pe
p = pefC 4,7
c o
where B = Sl 4.8
A
= 1+1¢ >
P P { empty buffer condition / x 2 x4y }
P = P_{ full buffer condition / x < xyp }
c r

and C is the normalised buffer capacity.” "’

During these overflow conditions, the transmitter sends bits intermittently
or an average, at the input rate. Thus it is useful to define the

probabilities of transmission during these conditions as:

g
n

1 > = —_— .
P { not sending / x > x4 1} P 4.9

]
) 1
< = —_—
P { sending / x < x4}

d
]

= .Pc 4.10
1

It is assumed that the times between fades and transmission
periods are independent. Further, assuming that the channel SNR is
varying much faster than the buffer occupancy, the average error probability

can be shown to be: (Similar to analysis of Coutts (1975a))

2
_ rl { T 1 }
P€ = ‘Y+—2r (1 - PO)Z + PC (1 - 2) 4,11
o] 1
(v _+2r ) 4
where 2z = exp [:} ;r 1 th t] 4,12

1

2. Note that these results are analgous to those of a m/m/l1 queue with
a finite waiting room.

3. C is Buffer size in bits for a unity data rate. Also note that
lim Po = lim Pc = h

p->1 P->1 €
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and thus, -x

- ' _X‘th 1 th
r = r. { (1L -P e + P (1 -¢e )} = 1 4,13
1 o c

These results are plotted in Fig. 4.2 against threshold for
a given mean SNR with different normalised buffer capacities C for
a given value of RMS fading frequency. In Fig. 4.3 are the overflow
probabilities that correspond to the same variation of threshold. As
expected, there is an optimum threshold Xh to compromise between reduced
data rate and increased error probability during full buffer conditions.
As C increases, this optimum threshold moves closer to the condition
p = 1 corresponding to the value of threshold for an infinite full
buffer. As X, is decreased below the optimum for a given value of C, the

error probability approaches the infinite capacity asymptote forp <1

given by:
r Y X
Yo 1 - 1
Thirdly, the normalised buffer capacity C required for the
performance to approach the theoretical lower bound (C = = ) grows

exponentially. The actual buffer size B which is required depends on the

data rate and fading rate giving:

N
B = —21}'.1:— C thS
rms
B - Actual Buffer size in bits.

R, - Data Rate of system in bits/g.

In order to validate these theoretical results, the system
was simulated on a digital computer using a partial simulation techniqueu°
for the case of a 2nd order Butterworth fading spectrum with a 3dB
cut-off of 1 rad/sec. The results for C = 10,20 are shown in Fig. 4.2
and 4.3 which closely agree with those predicted from the approximate

theoretical model.

As the SNR Yo varies, the optimum threshold changes. In Fig. 4.4
the error probability is plotted against mean SNR for several normalised

buffer capacities with the optimum threshold. This optimum threshold was

L. See Davis et Al (1975a) and Beare & Coutts (1976).
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found from equation 4.11 and is shown in Fig. 4.5. From these curves,

it can be seen that the ideal performance can be approached with
increasing buffer size and that the error probability falls exponentially
for a finite but large buffer. Shown in Fig. 4.6 is a similar set of
results for a higher transmission ratio ry indicating no great advantage

in using a higher transmission ratio.

These results are optimum for a time independent threshold.
However, this threshold may be made variable so as to make more
effective use of a given buffer capacity. Two methods of such control

are examined in section 4.2.
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4.2 ADAPTIVE THRESHOLD

The results of section 4.1 indicate that the effect of a
full buffer condition is a sharp increase in the error probability. For
this reason, the optimum threshold is much lower than that for the
infinite buffer case and decreases with decreasing buffer size. Thus,
it would seem desirable to make the threshold variable to make more
efficient use of a given buffer. Two forms of control will be discussed;
namely filter and buffer occupancy control. The results of a simulation
study will be presented and then some thoughts on an analytical

treatment on the latter control method will be discussed.

4.2.1 Simulation Study

Filter control consists of an RC filter following a square
low device to estimate a short term measure of the mean SNR of the
fading process. This form of filter would be necessary in practice
anyway for a time varying situation. However, simulation results indicate
that for a stationary fading process no significant performance

improvement can be gained.

As stated in Sectién 4.1, there is already an intrinsic
buffer control in operation. However, to improve performance, the
threshold can be made a direct function G(w) of the buffer occupancy w.
This function would result in a lowering threshold as the transmitter
buffer filled, (Control actually at receiver B) so as to decrease the
probability of a full buffer condition. In this way the buffer control
smoothes the effects of a full buffer.

The choice of this control function has been investigated
by a random search technique S using a short simulation run. The
results of several such runs are then averaged to give the control
function shown in Fig. 4.7 for a particular value of SNR Yo and normalised
buffer capacity C. From this result, the function (dotted curve) which
is of form:

Gw) = kv C-uw 4.16

5. Reported by the author Coutts (1975c).
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was used and the simulation result along with that for a fixed

threshold is given in Table 4.2.

These results indicate that buffer control achieves the same
improvement in performance as doubling the buffer capacity. This means
a reduction in cost and halving the message delay which is given by:

_ C
TD = STE b.17
rms
However, the full potential of an adaptive threshold is still unknown

as will be discussed in section 4.2.2.

4.2.2 Analytical Problem

This section discusses the theoretical formulation of the
buffer occupancy control problem treated in section 4.2.1 in a quite
general way so as to allow the use of two separate control functions
depending on whether the buffer is filling or emptying. This solution
is a hysteresis control characteristic. The specific results for the

constant threshold case are alge shown to be a special case.

It is assumed for this analysis, as before, that the
start and end of fade follow a Poisson process, where, however, the
actual fade length distribution is no longer exponential due to the

varying threshold. In particular, define:

PA(s,t) = Pr {increase of contents from s to more than t bits during
a fade } .
t
- 1
oL /Aw) dw 4.18
and
Pu(s,t) = Pr { decrease of contents from s to less than t bits during

a transmission period }

s
e { l/u(m) i 4,19

. . . . 6
where A(w), u(w) are as defined in section 4.1 but are now functions

6. It can further be noted that * and /1 can also include rl as a variable

as well to allow for a variable rate.
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INTERMITTENT SYSTEM

Yo = 16dB

System Description

Other Parameters

Average Error
Probability 5;

Infinite Buffer

Fixed Opt
Threshold

Theory

Simulation

Buffer Control

xth = 0.u47
xth = 0.306
xth = 0.306

As in Fig. 4.7

G(w) = .149v 10-w

1.0 % 1074

1.27 x 10'3
3,

W

1.17%0.09 x 10~

6.0272 x 107

% Trom 10 simulation rumns.

TABLE 4.2 - Performance Using Buffer Control.
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of buffer occupancy w through the two unknown control functions

x go(w) during a fade

th
and

Xinh gl(w) during transmission.

In Appendix C is derived an integral equation for the distribution

function of the buffer occupancy at the end of transmission points

given as:
J £ J

F(z) = Hl(Z) - {o Kl(x,z)F (x)dx 4.20
where

Hl(z) = PU(C,Z) 4,21
and

C
K. (x,2z) = [ 1 .1y P.(x,y)P (y,z)dy
1 max(x,z) IA(x) T Aly) A u

_ l/A(x) { U(x—z)Pu(x,z) + U(z—x)PA(x,z) N PX(X’C)PH(C’Z)}

n,22
It must be noted that:
FJ(O) = P 4,23
o]
and
) = 1 b, 24

Similarly, the distribution function of the buffer occupancy at the
beginning of transmission points FI(z) could be derived. However,
contributions to the error probability only occur during transmission
periods and during full buffer conditions. Thus, since the end of a
transmission period is the same as any other point during the actual
transmission period for a Poisson process, FJ(z) also describes the
buffer distribution at an arbitrary point during a transmission

period.

It is derived in Appendix C that the distribution function
at the beginning of a transmission period ( end of fade) FI(Z), which
by similar argument is the distribution function during a fade, is derivable

from FJ(Z) as:
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I c min(x,z) 3
F (z) = £=o §=O l/u<y)(l—PA(y,z))Pu(x,y)dy dF  (x) + (l-PA(O,z))PO

4.25

However, one is interested only in Pc’ the probability of full buffer

where
rl(0) = 0 4.26
I
F7(c) = 1-P, 4.27
Thus, equation 4.25 need only be evaluated for z = C which is
given by:
I R J
F(C) = [ fy:o 1/u(y)(1 - PA(y,C))Pu(x,y)dy dr-(x) + (1-P,(0,C))P
4,28
where it must be noted that
J
dr (%) = P _6(0) u,29

dx x=0

1 1
One can now define the modified overflow probabilities P0 , P

c

as in section u4.1. If now one assumes that x is varying much faster
than the buffer occupancy then the average error probability is
given by:. (Appendix C)

- r]2_ 1 c J 1
PE = _Ym—+é'IT]'-‘ { (1 - PO) Pt é z(gl(m))dF (w) + PcPf(l - z(go(w))) }

4,30

where Pt and Pf are found from the unity data rate condition.
Tt will also be assumed that the amount of hysteresis is small so that
the probability of the SNR x being between the hysteresis limits is
small (a few percent). The actual hysteresis characteristic is expected
to be in the same direction as that mentioned to reduce the effect of
control delay (Chapter 3) where a higher threshold is needed during
transmission than during a fade. However, this situation leads to
multiple switching instability until the signal crosses the hysteresis

distance. In practice, this is no real problem but does involve an
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oversimplification in the analysis.

To solve this problem analytically, appears difficult except
for the simple case of constant thresholds treated by Campbell (1957).
Numerical solution of the integral equation 4.20, which is a Fredholm
equation of the second kind, is still under investigation. By choosing
break points in g and g, as for the simulation study, it would seem
possible to then minimise equation 4,30 for these values by a non-linear

optimisation method as in Chapter 5.

A solution to this adaptive threshold problem is still to be
found and is an area of future research. It must also be pointed out
that such a control problem arises in data compression systems7' so that
perhaps the problem could be usefully generalised. Another possible
generalisation is how the transmitter and receiver at the same station
serving opposite going data streams could use a common buffer. This
would mean a further reduction in buffer size and thus resultant message

delay.

7. See Dosik (1974) and Schwartz (1968).

4.3 SYSTEM IMPLICATIONS

Such an intermittent system has application in any slow
fading environment. However, depending on the data rate and fading rate ,
the size of the required buffer can be very different. To illustrate
the results of section 4.1 , in terms of buffer size, two different areas
of application will be discussed. These two examples, namely a Tropscatter
system and a mobile radio system, will be discussed in more detail in

Chapter 5.

Consider a Troposcatter system operating on a 1 GHz carrier
frequency at an average data rate of 1 Mbit/s in a slow fading
environment of average fade rate fe of 1 fade/s. The buffer size for a

given performance requirement depends on the fade rate since:
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f = f 4,31
rms e/
VT In 2

Substitution in 4.15 gives:

B = 0.235 CR, 4,32
i/
£
e
In Table 4.2 are given the buffer size and resultant message delay for
two cases of mean SNR and capacity. For such a system a large store is
required but with modern storage techniques in mind, this system could
have large advantages over the present systems using large and expensive

diversity antennae providing the delay was allowable as in a non-voice

application.

Another interesting application is for a digital mobile
radio system £ operating on a carrier frequency of 1 GHz at an average
data rate of 56 kbit/s. In such an environment, the buffer size depends

on the vehicle velocity v in km/hr since frms is given by: (Table 4.1)

=
£ s = v b,33
v o/ 2
£ - Carrier frequency (Hz).
¢ - velocity of light (km/hr).

Substitution in 4.15 gives:

B = 0.243 CR, . 34
1
/v

In Table 4.3 the buffer size and resultant message delay are given

for two typical parameter conditions. For such a system, a message delay
of about 0.1 seconds would be perfectly acceptable for voice applications
and the digital circuitry (see section 4.5) could be put onto one chip.
There is a problem of course, if the vehicle moves very slowly or

stops in a signal null; however, this example illustrates a novel

8. See Clarke (1968).
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INTERMITTENT SYSTEM

Troposcatter System Mobile Radio System
Ri = 1Mbit/s R, = 56 kbit/s
P, o* 1.0x107° P o= 1.0xlo
1. Y, = 19dB C = 50 fe =1 1.y, = 17dB C = 20 v = 30km/hr
B = 12 Mbit B = 9.0 kbit
TD = 12 s TD = 0.16 s.
2. v, = 208B C = 20 fe =1 2rs e E 18dB C = 10 v = 30km/hr
B = U4.7Mbit B = U4,5kbit
Ty = 4.7 s. TD = 0.08 s.

TABLE 4.3 - SYSTEM BUFFER REQUIREMENTS
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approach to the moving mobile situation.

In any application the compromise between transmitter power
and buffer size for a given performance measure must be weighted in
some fashion. However, these examples illustrate that such an
intermittent system with an adequate buffer (and hence message delay)
can achieve performance comparable to an optimum fourth order diversity

system.

b,y SYNCHRONISATION PROBLEM

As in any synchronous digital transmission system, there is
a need for synchronisation. However, in a variable rate transmission
system, this problem is further complicated by the need for buffer
synchronisation. However, one must first briefly discuss bit and block
synchronisation. This treatment is confined to an intermittent system
and no attempt is made to cover the added problems with multi-rate

transmission.

It is assumed for this work that near perfect bit synchronisation
is possible and block synchronisation (block size of n_ bits) is also
near perfect except for a loss of a block of data due to a feedforward
error. (see section 3.1.4) To achieve synchronism the transmission
clock is phase locked at a multiple (namely the transmission ratio rl)
of the main data clock . The receiver then locks onto this transmission
clock and derives the main data clock in reverse manner. To maintain this
lock during non-transmission periods, a one-zero sequence would be

transmitted so as to maximise this locking capability.

However, a unique requirement of such a system is the need for
buffer synchronisation. This means that the buffer occupancy at the
transmitter and receiver (plus bits in transit) must total one complete
buffer size. In this way, when the transmitter buffer empties, the
preceiver buffer fills exactly the number of transit bit times later and
vice versa. In this situation the buffers are said to be in "lock". An
important requirement of such a "lock" is that it be unique and that the
buffers automatically pull into lock at start up or after a feedforward

erroxr.,
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To achieve this lock, the transmitter buffer must transmit
when it is full and stop transmission when it is empty. These decisions
(slightly modified from section 3.1.4) are then sent to receiver B
by feedforward transmission. If ry < 2.0 or greater, then the receiver
requires only one intrimsic control to stop inputing data when the
tpransmitter buffer is full. 9 With this control the buffers pull
into lock when the transmitter buffer goes empty, because then the
receiver hits full buffer. This locking mechanism is independent of the
number of bits in transit. This has been demonstrated with some hardware

(see section 4.4) and also with a simulation program.

However, the situation for transmission ratios r,< 2.0
is more complex to follow in detail. Thus, no specific method is given
here to achieve "lock" for this situation for such transmission ratios.
Tt does not seem unreasconable to assume that a similar method (but

involving a counter at the receiver) is possible for such situations.

Another problem envisaged is how this feedforward information
can be synthesised at the receiver when the main channel SNR goes low
(ie x < ﬁth’ see Chapter 3). If this is not done, the receiver will not
know to start inputting if the Tx buffer goes full. Similar, to the
above situation, the solution would seem to be a counter at the
receiver to generate intrinsic control in synchronism with the feedforward

information.

The synchronisation problem has still a number of aspects
unanswered in detail as already discussed. However, the basic principle
involved is very similar to a phase locking problem and is an avenue

for further work.

9. See Cowley (1975).
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4.5 HARDWARE MODEL

One of the main requirements of an intermittent system is a
buffer at both transmitter and receiver. In section 4.1, the effect of
a finite buffer on performance is analysed and thus the size of buffer
required for a particular application can thus be predicted. Specific
examples will be discussed in Chapter 5. However, how such a buffer
system would operate in practice to improve performance will be
discussed here with respect to a specific hardware model of the system

that was built.

During the course of this work, two buffer systems were
designed and built. The first of these consisted of two buffers of 1024
bits using dynamic shift registers. However, such a buffer system would
1imit the data rate to 1 Kbit/s due to the maximum clock frequency
1imitation. The second buffer system uses two 4096 bit dynamic RAMs.
This system has a data rate lower limit of 32 kbit/s due to refresh
requirements and an upper limit of about 320 kbit/s due to cycle time
limitations. This particular buffer system reported by Cowley (1975)
was then used in the hardware model simulation of an intermittent

system suitable for a mobile radio environment. (see section 4.3)

The system model is illustrated in Fig. 4.8 incorporating
the two 4 kbit buffers. The analogue message is converted to a digital
bit stream by a companded delta modulator S0 which is then clocked into
the transmitter buffer. As can be seen, the higher transmission rate
clock is derived from the data clock by a phase locked loop. Then,
according to the channel state and whether the buffer is full or empty,9
bits are read out of the transmitter buffer into a continuous bit
stream to drive an FM modulator. The RF signal at about 1 MHz goes into
a Rayleigh fading simulator L. which gives an output which has a random
(actually pseudo random) Rayleigh distributed amplitude distribution
and a random uniformly distributed phase distribution. One output goes
to an envelope detector and comparator to derive the channel state.

(ie. whether the SNR is above or below a threshold) . The other output

10. See Davis (1974).
11. See Davis (1975).
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plus noise goes to a non-coherent FSK demodulator to give a continuous
bit stream. Then, according to the state of the delayed fed-forward
decision of the transmitter and whether the receiver buffer is full,
(see section 4.4) bits are inputed to the receiver buffer. Bits are read
out of the receiver into the delta demodulator to yield the received

analogue message.

Using this system model, the behaviour of the system was
observed for different values of threshold, SNR and fading rate. For a

given value of SNR and fading rate, the threshold x is variable

th
manually. When x4, = 0 , the system operates as a normal single rate
system, but with a 3 dB inferior SNR (Here r, = 2.0). As the

1
threshold is increased, the performance dramatically improves until

occasional full buffer conditions occur which can be observed visually
on a full buffer indicator light at the transmitter and is noticeable
audibly as sharp pops in the signal. This threshold for best performance
is quite easily found manually using the indicator light. One of the most
interesting observations is the effect of different fade rates on
speech.

If the vehicle moved very slowly at about 5 km/hr, the fadinng'
results in a swishing sound on the signal so that complete words can
be lost in the fade. This of course, is unacceptable. If the vehicle
moves at about 30 km/hr, the fading results in plops in the signal
so marring syllables but still giving understandable but poor speech.
However, if the fading is fast corresponding to a vehicle speed of 100 km/hr,
the speech becomes unintelligible. The signal seems to be totally immersed
in noise rather than undergoing fading as such. When an intermittent
system is used to combat the fading, the performance improvement is
most dramatic for the fast fading situation. At 30 km/hr the improvement
is still quite marked indicating the buffer size predictions from
theory are quite reasonable. However, 4 kbit buffers cannot cope with
the very slow fades occuring at 5 km/hr and little improvement with an

intermittent system is observed.

12. This is for a non-intermittent system.
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With a continuous system, increasing the mean SNR only
gradually improves system performance. However, with an intermittent
system the performance improves quite quickly so that for speech
applications, no appreciable improvement is noticed (ie. no point in

P < 10'”).
€

Some of these observations have been recorded on magnetic
tape for demonstration purposes. However, the most useful aspect of
the herdware model is to illustrate some of the system characteristics

such as buffer synchromisation and the overflow conditionms.

4.6 CONCLUSIONS

The required buffer size for an intermittent system for a
particular performance level has been derived where for optimum
performance there is a unique choice for the threshold. However, it was
noticed in Chapter 3 that a variable rate system subject to a small
amount of control delay did not transmit data below a certain threshold.
Thus, it is suggested a similar sized buffer would be required for a
variable rate system as for an intermittent system and thus reducing

the possible potential of a fully variable rate system.

In order to make better use of a given buffer size, methods
to vary the threshold were examined. A simulation study suggests that the
buffer size could be halved by making the threshold a suitable function
of buffer occupancy. A more general control problem involving a
hysteresis control function has been formulated. The solution of this

problem, however, is an area for future work.

In order to illustrate the results obtained for the
intermittent system, two system examples which are considered in greater
detail in Chapter 5, are examined with regard to the required buffer
size. These examples show that the buffer size required is not
unreasonable in the light of current memory technology. Also discussed
is how the two buffers can be synchronised and resynchronised after a

feed-forward error.

A hardware model of the mobile system using 4K buffers was
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tested using a fading simulator. It is found that there are three different
fading rate catagories in regard to their effect on speech. An
intermittent system is most effective on the very fast fading (vehicle
velocity of 100 km/hr) which, subjectively, has the worst effect on

speech. However, such a system could not cope with the very slow

fading unless a larger buffer were used. It is also found that it is

quite easy to manually find the best threshold which, in practice, could

be automatically adjusted.
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CHAPTER 5

5.0 INTRODUCTION

The work so far has considered the constraints on a channel
state fedback system in isolation of each other and thus neglected the
oeffect of interaction. One form of interaction, namely the interaction
of feedback error and control delay for an intermittent system has
been briefly discussed in Chapter 3. However, this chapter combines the
results obtained in Chapter 3 and 4 for an intermittent system so that
the total performance can be studied. These results are then applied in
detail to two case studies (introduced in Chapter 4) to illustrate
more specifically the constraints of design of such a system.

Simulation results are also given to validate this analysis.

5.1 COMBINED SYSTEM ANALYSIS

When all of the constraints are included for an intermittent
system, as illustrated in a system model in Fig. 5.1, the effect of
interactions between the various constraints must be considered. One
of the most important interactions is how the feedback strategy, (ie. not
sending data when the feedback channel SNR is below a threshold yth)
as discussed in Chapter 3, effects the buffer distribution and thus
the overflow distributions discussed in Chapter 4. Once this interaction
has been included one can derive the expression for the average error
probability for the whole system and optimise for the various system

parameters.

5.1.1 Effect of Feedback Strategy on Buffer Distribution

In order to combat the effects of feedback error (see Chapter 3)
transmission is halted if the feedback channel SNR goes too low. Thus
the effective arrival (non-transmission period) distribution is a
function of mean fade durations on the main and feedback channels.
However, it will be shown that the main effect of the feedback strategy
is to increase the proportion of non-transmission time as reflected
in the traffic intensity p ( see Chapter 4) rather than to make the fades
longer. Quite to the contrary, the effect of the feedback strategy is to
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make the mean non-transmission perilod shorter!

In Appendix D is derived an approximate expression for the
non-transmission period distribution function on the assumption of
exponential fade durations on main and feedback channels as a function

of the two thresholds Xin and Yin: This is given as:

ad { 1+ B ___ 3 .ct

F(t) (a + by(d + d) a-c+d

abecd e_(a +d)

Grab+d)@a-c+d)b+c-4a)

bed a -(atb+e)t

T G Fp)b fd)a + b+ c) {1 4 gt ¥ e
be d -at
t v oo o (lcatroa ) e
. abcd e—(b + c)t
(b + c)(b+d)(a-b=-c)la+d-D>b) "’

abd c -(a+d+e)t

P e )b + Dla + ot A) U1+ w—5531te

5.1

where a,b,c, and d are reciprocal time constants of the fade distributions

on the two channels given by:

W
1]

-y
t
£,/ e % 5.2
-y
2 h
b fogle T 5.3

applying to the feedback channel and

-X

S frx/(l - e th) = l/x 5.4

d = £ = (r
rx/ “Xin 1

e

- 1)/u 5.5

applicable to the main channel which are used in the analysis in Chapter
4 where the feedback channel was assumed to be perfect and thus gave

the non-transmission distribution as:

-ct
F(t) = e 5.6
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Similarly, frx and fry are given by:

-X

£ = 2f v omx e . 5.7
4 rms th

T 5.8
ry rms Y+th :

The distribution given by 5.1 is shown in Fig. 5.2 for several
different typical values of threshold Yin for a given value of threshold
iyt It can be seen that for most cases of interest the distribution

is exponential.
For an intermittent system the inequality given by:

<< < 1n 2 5.9

Y+th X+th

is applicable which leads to the inequality:
a>c>d>b 5.10

Thus, considering t > 1/o , equation 5.1 can be approximated by the

first term:

ad b -ct
B(t) G+ (1t a-erd © 22
which for low Y1 simplifies to
d -ct
F(t) = 35 T a e 5.12

Thus, if one contends that the buffer behaviour is affected by the

distribution tail, then one can assume the worst case of

A= 1 5.13

that is, X is unaffected. However, from the theorem of total probability,

the proportion of non-transmission time to transmission time, as

reflected in the traffic intensity s, (Chapter 4) is modified to:

P4 + vy
e “th T Y¢n

p = -
rl 1

- 1
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Thus, as stated earlier, the effect of this feedback strategy is to
increase the traffic intensity and thus increase the required buffer

capacity to achieve the same overflow probabilities.
Thus, the effect of the feedback strategy on the buffer
distribution can be included in a complete system analysis which is

treated in section 5.1.2.

5.1.2 Performance Optimisation

Combining the results of Chapter 3 with those of section
5.1.1 one can obtain an expression for the average error probability
subject to all the constralnts discussed. Then the performance can be

optimised for the best operating parameters.

1 1
Since the overflow probabilities PO and Pc are independent

of the SNR values x and y, one can combine equation 3.30 and 4.1l to

give:
r2 vy ~
= [ = '
F o= — L {(@-P dze T 4 (E—2 )
€ Y + 2rl o Ye
T
+ PC (1 - z2)} - double error term (small)
~ _X
w w(l - e th)
+ — + 5.15
2+ Yg 2+ Yg
and thus combining 3.18 and 4.13 one obtains
-(x, . +y..) th -x
- ! th 7th (1 - 2e ) ' th
r = r { (1 PO e 2 1, + Pc(l - e )}
= 1 5.16
h —
where ‘ (Ym N er)xth
z = exp| - 5 5.17
2w, + ym(l - k%)
R (Ym + 2rl)x h
= exp |- o 5.18
— 1
(g + 2y,
w = exp - 5 5.19
L
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. Yf + 2 -
= -t 5.
w 0 exp 5 xth 20
and
! r,. -1 ~
P, = L — . = e 5.21
1 1 - pe
1 (I
P = i . P e BC 5.22
(e r. -1 o)
1
where
B = 1l-0 5.23
A

and p and X are those derived in section 5.1.1.

These results assume that feedforward and feedback errors
(except for when y < yth) do not significantly effect the buffer
distribution due to their small probability of occurrence. Secondly,
the effect of feedforward error, which is represented by the last two
terms of equation 5.15, has been doubled due to the loss of data when the
buffers resynchronise (see Chapter 4). It has also been noted that
the double error term given previously by the author Coutts (1975a) is
negligible.

Equation 5.15 can now be optimised with respect to np, Xipo
Vin and x4 given some suitable value of n,. This is done using the
modified Fletcher Powelll' algorithm on the digital computer. The

results of this optimisation will be considered in sections 5.2 and 5.3.

5.1.3 Simulation Procedure

In order to validate the combined analysis, especially that
of section 5.1.1, the system is partially simulated on the digital
computer. By partial simulation, it is meant that certain properties
of the system are assumed to behave according to a known analytical
formula which is a function of system parameters and thus is just
calculated during the simulation. Further discussion of this method is

covered by Beare and Coutts (1976).

1. See Lootsma (1971).
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For this simulation, the effect of feedback error and
feedforward are partially simulated (except for when y < y;) according
to their pre-integrated analytical probability formulae of Chapter 3

(except the effect of feedforward error is doubled). These are given by:
1. { POl(y)rlf’E(x) } ;th £ X < Xgps ¥V 2 Yth

2. {Pox) } x2%x43 ¥V 2 Vin

3. { Pop(y) } x < xyps ¥V 2 V4n

This program also neglects the effect of buffer synchronisation.

Typically, the feedback (and feedforward) error probabilities
are extremely low, so that full simulation is out of the question.
This is why only partial simulation is used to estimate these effects.
However, this simulation should validate the assumptions of section 5.1.1
where it has been pessimisgtically approximated that X is unaffected for
the choice of Y ipe (Actually slightly less) It can algeé be noticed
that the simulation also neglects the double error term when a feedforward
error cancels a feedback error for x < X

This simulation program is used in section 5.3 to validate

the results predicted for the case studies.

5.2 CONSTRAINT APPRAISAL

Using the expression for average error probability derived in
section 5.1.2, one can now assess the effect of the various constraints
individually with the other constraints included but constant. These
results can then be compared with the results of Chapters 3 and U4 to
assess the validity of the original assumption that the constraint
interaction is a second order effect. Then an example is simulated to

validate the analysis of section 5.1.1.

In Fig. 5.3 is plotted the variation of performance with
increasing rate ratio n, for several values of normalised buffer capacity

C at a particular value of SNR Yor The improvement is negligible for
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nr> 1000 as found in Chapter 3. This corresponds (for np2 50) to
about 11 dB greater SNR on the service information than the main
information. However, n, is limited by the effect of increasing control
delay and, as noted in Chapter 3, the possibly undesirable feature of

longer (though less probable) error bursts.

However, in order to quantify the effect of control delay on
performance, one needs to know the correlation coefficient as a function
of the delay-bandwidth product for the particular fading spectrum. In
Table 5.1 is the corresponding table to Table 4.1 giving the autocorrelation
coefficient for the various spectra G(f). From this table, the lst
order Butterworth spectrum as used by Cavers (see Chapter 3) is the
woprst case when considering the effect of control delay. Thus, using
the second order Butterworth spectrum as an example, Fig. 5.4 shows
the effect of control delay limiting the increase of the rate ratio n,
for different ratios of transmission rate to fading rate. From these
curves it is again seen the drastic effect of control delay (see Chapter
3) on performance when it exceeds a critical amount. Comparison with
the results of Chapter 3 suggests that an exponential correlation
function, although more gradual in its effect on performance for
increasing delay, is very pessimsitic for small delays such that Vt < 0.1.
This order of effect is also noted by Davis (1970) for a feedback
diversity system. It can be concluded from these graphs that a ratio of
between 100 and 1000 would be used depending on the performance level
and allowable control delay. This corresponds to 5 - 11 dB higher mean

SNR on the service information than the main information.

In Fig. 5.5 is plotted the effect of increasing buffer size
for different values of rate ratio n, at a given value of mean SNR Yo'
At a low value of rate ratio, the required value of threshold yth to
give adequate service information reliability causes an undue amount of
decrease of transmission time resulting in a larger buffer requirement.
This is observed for the case of n, = 10. However, for n, > 100 this
form of interaction is a second order effect. In practice, especially
when buffer control would be used (see Chapter 4), a normalised buffer
capacity of about 20 to 50 would be used depending on the performance

level required as illustrated in the next section in the case studies.

In order to validate the analysis results, especially those
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Power Spectrum G(f)

Auto-correlation

Coefficient k(1)

1. Ideal Low Pass
G, f<f
o c
0, f 2f

c

c(f) ={

2. Linear Fall Off

o) = G- lf/fcl )3 £ < fg

03
3. Gaussian

f2 2
= = "wj
G(£) Goe 2f,

4, 2nd Order Butterworth

vt
VL+ + mL+

G(f) =

5. 1lst Order Butterworth

2

G(f) = 2V 5
V' + w

6. Mobile

G(f) = |

0

f>f
c

2.-%

G (1 - (f 7)) § £ <f
o /f c
c

;s £ 2 fc

k(1) = sinc(?wch)
k(1) = sinc2(ﬂfct) 2.
: 2
K(r) = o (2TECT)
2
2
k(t) = 1~ (gT)
for small Vrt.
k(t) = e--| L l
k(t) = J (2nf 1)
o c
= 1 - (2nf T)2
c /u

(for small fcr)

TABLE 5.1 ~ AUTO-CORRELATION COEFFICIENTS

2. Here sinc x is defined as sin x/

X
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pertaining to the effect of feedback strategy on required buffer

capacity, the system was simulated as discussed earlier using the

optimum parameters predicted from the analysis. In Table 5.2 are the

pesults of a simulation program as discussed in section 5.1.3 which uses

the optimised parameters predicted. From five independent (but "sufficiently"

long) runs one can establish confidence intervals on the result.

INTERMITTENT SYSTEM

Fixed System Parameters Optimised Parameters
= .6 = 9
Ty 1 np 1
c = 20 Xth = 0.315
vy, = 18 dB Vy, = 0.083
r. R = lOu ; = 0.088
1 b th =~ °°
v
n = 100
- -4
Theory: Pe = 1.62 x 10
. . = -4
Simulatlon: Pe = 1.47 x 10
Sample Standard Deviation = 0.24 x lO—L+
95% Confidence Interval using 5 runs = (1.18 x lO_u, 1.77 x 10—4)

% Pach run is 50,000 points.

TABLE 5.2 - SIMULATION RESULT

This result indicates quite close agreement with that predicted from
theory in spite of the assumptions made. It must be added that this is

a partial simulation since full simulation would be totally out of the
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question due to the small magnitude of the probabilities of some of

the events involved ( eg. Pr { feedforward error} ).

From the results discussed in this section, it is observed
that the main threshold Xin is set mainly by the buffer size used. The
thresholds y.y, Xtp are set according to the allowable value of rate
ratio n consistent with the constraint of maximum control delay.
However, these choices are perhaps best illustrated in the case studies

of the next section.

5.3 CASE STUDIES

In this section, two case studies are discussed in order to
illustrate the results presented so far, and indicate the relevant
constraints peculiar to the situation. From the theoretical results,
performance of an intermittent system is then compared with alternative
systems using diversity pertinent to the application. Discussed in this
context is the cost of the memory requirements for such s system in the

light of developing memory technology.

5.3.1 Troposcatter System

A Troposcatteg'system involves long distance communication
via scattered microwave energy off the Troposphere. However, such
systems involve high capital cost due to the large antenna dishes
required and high transmitter power. Thus, this area seems a likely
candidate for the use of an intermittent system for digital applications

where the buffer delay would not be of great consequence.

In Table 5.3 is a 1sit of relevant parameters applicable to

a typical Troposcatter application.

Using these figures in Table 5.3, one can now design an

intermittent system using the considerations discussed.

3. Schwartz et Al (1966), Gunther (1966).
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Carrier Frequency: 1 GHz

Distance: 200 - 500 km

Data Rate: 1 Mbit

Fading Rate: 1 - 10 fades/s.
Spectrum: 2nd Order Butterworth
Transmitter Power: 1 - 30 kW
Performance Level: 5; v lO_6

TABLE 5.3 - TROPOSCATTER SYSTEM PARAMETERS

In Chapter 4, it was suggested that a buffer size of about
C >20 would be sufficient. Secondly, in order to have sufficient
reliability on the service information a rate ratio n of 100 to 1000
is necessary. However, to investigate the possible choices of these
parameters, equations can be derived in terms of the normalised
variables used previously. The control delay T is given by:

2n

- o e
T = - + R, 5.24
11

where D is propagation distance.
The 3 dB bandwidth of the fading process is related to the fading rate
by:

vV = 2f ¥ W/ rad/s 5.25
€ 1n 2
V v/1n 2 /1 /in 2
Thus, VT = ( 4Y ™/1n 2 YDE  + ( 4T /in 2 Jn
c e r_R. T e
11
_5 —6 .
= 2.84 x 10 Df + 5.32 x 10 n f 5.26
e re

For the maximum fading rate of 10 and for VT < 0.1 this leads to the
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requirements
D < 350 km 5.27
and
n < 2000 5.28
r

Similarly, the normalised buffer capacity is given by:

cC = R2 v m /ln 2 Bfe
i
-6
= 4.26 x 10 = f_B 5.29

For the minimum fading rate for C > 20 we have

B > 5 Mbit 5.30

Thus, one has derived the relevant constraints applicable to
a Troposcatter system. The only disturbing observation is the distance
limitation of 350 km due to the effect of excessive control delay.
Providing this restriction is valid, the typical system parameters would
be as shown in Table 5.4 where a distance of 320 km is taken as a

reasonable figure.

TABLE 5.4 - PERFORMANCE OF INTERMITTENT TROPOSCATTER SYSTEM

Distance: 320 km
Data Rate: 1 Mbit/s
Transmission ratio rl: 1.6
Buffer Size: 5 Mbit
Rate ratio nr: 1000
Mean SNR Yo: 21dB
Fading Rate fe: 1 fade/sec.
Parameters: np = 95
X th = 0.259
Y th = 0.02
X 4pn < 0.037
Performance: §;= 1.05 x lO_6 e

#%% Table 5.4 is continued on page 86.
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%% Table 5.4 continued.

Fading Rate fe: 10 fades/s.
Parameters: np = 75
= 0.423
“th
= 0.012
Y th
0.07u4
Zth
= -6
Performance: PE = 1.93 x 10

The performance obtained with an intermittent system including all of
the discussed constraints as presented in Table 5.4 is about 1 dB
inferior to fourth order dual space-frequency diversity b as used on
present systems. However, instead of a second large antenna, one
requires a 5 Mbit store at transmitter and receiver. It can also be

noted that these thresholds must vary with fading rate and mean SNR.

In such a Troposcatter system application, an intermittent
system could prove an alternative method to diversity. In the light
of the fast reducing cost of memory (eg. 0.02%/bit for CMOS memory),
the economic choice considering equivalent performance potential, favours
such systems using buffers as opposed to large secondary antennae of
10 m diameter which are expensive, immobile and require labour intensive
construction. An intermittent system, however, requiring buffers would not
suffer such disadvantages. On the other hand, 5 seconds delay in the
bit stream may not be allowable in some situations thus precluding its

use.

5.3.2 Mobile Radio System

Another area of application of an intermittent system, is a
mobile radio telephony system operating in the microwave spectrum. In

this application,s' rapid fading occurs due to the vehicle velocity

4, This figure is for the optimum maximal ratio system.

5. See Clarke (1968).
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with respect to the scatterers which are usually buildings, trees and
other such objects. The suggested solution to this problem is diversity
antennae on the mobile. However, it will be shown that an intermittent
- system can achieve similan performance by the use of one antenna and

a compact memory system.

In Table 5.5 is a list of relevant parameters applicable

to this situation.

Carrier Frequency: 1 GHz
Distance: 1 - 20 km
Data Rate: 56 kbit/s.
Mobile Velocity: 30 - 100 km/hr
Spectrum
Performance Level: ?; - lO_u
TABLE 5.5 - MOBILE SYSTEM PARAMETERS
For such a system, the V product is given by:
1uu00nfo uwfo
vr = ( ——gr—— ) Dv  + ¢ T ) nv 5.31
c 11
-5 -4
= 3.88 x 10 Dv + 1.30 x 10 nrv 5.32

For the maximum vehicle velocity of 100 km/hr, and Vtr < 0.1, this
leads to

D < 26 km 5.33
and

n_ < 8 5.34
T

Similarly, the normalised buffer capacity is given by:
ﬂfOVQ
¢ = ——s—— Bv

cRi

5. See Clarke (1968).
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= 7.35 x 107° vB 5.35
Thus for the minimum fading rate of v. = 30 km/hr and C > 10 one
obtains
C > 4.5 kbit 5.36

These equations thus describe the constraints applicable to
the mobile situation. The most drastic constraint is the limitation on
rate ratio n,. Thus two design approaches will be discussed; one
uses the alternative control method discussed in Chapter 3. For this
system, a buffer size of 8 kbit (8192 bits) would be convenient where
one 16 kbit RAM could be used to accomodate both the A-B Tx buffer and
the B-A Rx buffer. (See Chapter 3). The possibility of an integrated

buffer system will be discussed later.

In Table 5.6, the performance of an intermittent system
for a mobile application where feedback information is sent back to the
transmitter is summarised. Also given is the performance where the
alternative control method is used (Chapter 3) resulting in a 2 dB
lower SNR requirement. This performance is about 3.5 dB superior to second
order space diversityu' as it is proposed to be used to combat fading
in such an environment. Thus, instead of using a second antenna on the
vehicle, a small buffer (one 16 K RAM) could be integrated with the

control circuitry onto one LSI chip in the transceilver.

However, it is felt that considering all of the parameters
relevant to a mobile application, diversity is probably the best
solution to the fading problem in this situation, since at 1 GHz the
antennae required would be quite small, close together and inexpensive.
An intermittent system would be a more complex proposition, especially
if one considers the alternative control problems and the lower limit
on the vehicle velocity. The purpose of examining this area of
application is to illustrate the design constraints on an intermittent

system and how these vary with the application.
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Distance: 5 km
Data Rate: 56 kbit/s.
Transmission Ratio: 1.6
Buffer Size: 8 kbit
System Using Feedback -
Rate Ratio nr: 10
Mean SNR Yo: 20 dB
Vehicle Velocity v: 100 km/hr
Parameters
n = 5
p
xth = 0.336
Xth = 0.088
fﬁh = 0.168 -
Performance: Pe = 7.89 x 10
Vehicle Velocity v: 30 km/hr
Parameters
n = 5
P
x_th = 0.255
Xth = 0.093
ith = 0.178 »
Performance: Pe = 1.20 x 10
System Using Alternative Control -
Mean SNR Yo: 18 dB
Vehicle Velocity v: 100 km/hr
Parameters: fﬁh = 0.386 )
Performance: P€ = 1.56 x 10
Vehicle Velocity v: 30 km/hr
Parameters: Xipy = 0.310 :
Performance: PE = 8.45 x 10

TABLE 5.6 - PERFORMANCE OF INTERMITTENT MOBILE SYSTEM
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5.4 CONCLUSIONS

This chapter has combined the work of Chapters 3 and 4
regarding an intermittent system to firstly validate the approach of
examining the constraints separately and secondly to understand the
effect of constraint interaction. It has been found that the main form
of interaction is between decreasing information error (increasing nr)
and increasing the resultant control delay which is particularly
obvious in the mobile system application. It is also found that for this
same situation (low nr) that the effect on buffer distribution is
greatest. In effect, these comments can be generalised to say that for
such channel state feedback systems, the fading must be very slow with

respect to the data rate.

For the combined analysis and case studies considered in
this chapter, no account is taken of the performance improvement
possible with buffer adaption and buffer sharing as discussed in Chapter
4, In regard to the design considerations discussed in the case studies,

it would probably mean the buffer sizes quoted could be at least halved.

Finally, from consideration of the case studies, application
of an intermittent system to a digital troposcatter system is quite
feasible and in the light of current memory system development is a
viable alternative to diversity techniques. Another application not
mentioned previously is to a FDM voice system where data is sent in a
voice slot. In this situation, an intermittent system can be interfaced
to a current FDM system to improve error performance with a small buffer
system (eg. 16 Kbit, one chip) and using the service information already
used on most microwave systems. Thus, an intermittent system is not just

limited to the areas discussed or to a pure digital system.
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CHAPTER 6

6.1 CONCLUSIONS

The central problem in data communications in a fading
environment is the effect of deep fades on the error probability. This
problem affects most modulation methods in a similar fashion so that in
order to do a comparative study of system performance, non-coherent
FSK is used and the channel is considered to be a slow, non-selective

Rayleigh fading channel.

Channel State Feedback, where the transmitter adapts to the
varying signal level by using feedback information from the receiver,
has been suggested as a method of combatting the effects of fading.
However, consideration of the various system types subject to the
operational constraints of any such system shows that system performance
is very dependent on these constraints. Thus, it is felt that only the
more simple channel state feedback systems such as channel selection
and intermittent transmission are practically viable. Variable power is
limited to a support role in order to save power consumption for remote
repeaters. Thus, an intermittent system emerges as the system with

the most practical performance potential as an alternative to diversity.

A fundamental problem of such channel state feedback systems
is the possibility of control information error and control delay. TFrom
specific investigation of an intermittent system, it has been found that
the mean SNR of the control information must be about 10 dB higher than
that of the main information and that a '"play safe' strategy must be
adopted to minimise the effect of deep fades on the control information.
In order to track such a time varying channel the control delay must be
less than about 10% of the fading time constant. Such control delay is
very important in its effect on the system performance and it is conjectured
that a hysteresis characteristic is desirable to minimise the effect
of such delay. Secondly, in the case of non-reciprocal fading where
alternative control delay is not possible, this control delay must be

increased to improve the reliability of the service information.

Any variable rate systems require a buffer at the transmitter
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and receiver to interface with a uniform data source and sink. For an
intermittent system, an expression for the average error probability for
a specific buffer size, mean SNR and fading spectrum has been derived
which shows there is an optimum threshold. Further, for the optimum
threshold, the average error probability falls off exponentially even
for a finite buffer. In order to make more efficient use of the buffer,
this threshold can be made a function of the buffer occupancy. A
simulation study indicates that this form of control can lead to a
reduction by 50% of the required buffer size. This problem is then form-
ulated analytically in a more general context allowing for a hysteresis

control law and variable transmission rate.

In order to better understand the behaviour of such a buffered

system, a hardware model of an intermittent system using two 4K RAMs

was constructed and then tested using a random fading simulator and

random noise generator. Using digitised speech giving a data rate of

56 kbit/s, the system quite dramatically removed the effects of rapid
fading. In order to operate such a system, the buffers must be synchronised.
For the case r; = 2.0 this was achieved simply by sending the transmitter
decisions as feedforward information. The need for more work in this

area is discussed later.

In order to predict the performance of an intermittent system
in practice, the combined effects of all the constraints must be
considered. It is shown that the feedback strategy affects the number
of fades but does not significantly affect the duration of fades. The
combined analysis, which is validated using computer simulation, shows
that the constraint interaction is a second order effect. These results
are then applied to two practical examples. An intermittent system does
offer an alternative to a dual space frequency Troposcatter system but
only where a message delay of several seconds is of no consequence. It
is interesting to see that such an intermittent system is better than
dual space diversity in a mobile radio system by using only a single

chip memory.

Thus, as a solution to the problem of digital transmission
in a fading environment, channel state feedback, in the light of

practical constraints, does not offer much improvement over presently
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used diversity techniques. However, an intermittent system, with the
described system methodology could prove a viable alternative to
present techniques due to the decreasing cost of memory and the rising

number of applications where message delay is no barrier.

6.2 FURTHER WORK

Thepe are several areas in this thesis which, of neccessity,
have been partly investigated for want of time and the need to maintain

some order of priority in the various areas of work.

The problem of control reliability has a number of avenues
for further possible work. Firstly, the formulation of Chapter 3 could
be generalised to cover multi-channel state feedback and the required
weighting functions derived in order to quantify the necessary
conditions for adeéquate reliability for more complex channel state feed-
back systems. It is also quite apparent that the use of some sort of non-
linear channel predictor could be devised to minimise the effect of
control delay. Lastly, some calculation to take into account errors in

measurement of the channel state due to additive noise should be done.

However, one of the most interesting problems to be
considered is the optimisation of the buffer control law where the
problem is generalised to allow a hysteresis control and a variable
transmission rate. Whether this problem can be solved analytically or just
numerically is unknown at this stage. Another problem concerning the
buffer system is the need to develop a method of buffer synchronisation

for transmission ratios r, of less than two.

The hardware model as constructed did not consider feedback
(or feedforward) error or the effect of control delay. Thus, it would
be of interest to improve this hardware model and compare both
qualitatively and quantitatively the performance of an intermittent
system with a hardware model of a diversity system. This work would be

a precurser to the design of a practical intermittent system.
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APPENDIX A

This appendix derives the average error probabili
non-coherent FSK over an additive noise channel where a wei

decision 1is made.

ty for
ghted

In Fig. A.1 is the dual filter FSK detector where the 0!

filter output is weighted by a gain k. Assume a 'O’ is sent. An error

occurs if r, > ro' where,

1

For Gaussian distributed additive noise,

"

p(ro)

r2
_ N 1
p(ry) = —y [ 2—N_:|

N: Single sided noise power demsity.

y: Signal amplitude.

Io( ): Zero order modified Bessel Function.

From 2. one now can derive p(r ) and substitute in the expression

for the error probability P01 given as

o 1 00 '
S5 © 6 p(ro) { £é p(rl)drl 1 dro

Substituting 22 = l one obtains:

! 2
r (1 +2
P = —— exp exp A
01 2N 2N

Now using the substitutions

J (1 +R,2)/N r;

2%12

N(1 + 12)

X
1]

)
IO{

QP'
————%dr
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one obtains (using the result from Schwartz et Al (1966)).

Por(¥) = 1—1? exp [‘ i E g Y:l S0
Similarly,

PlO(Y) = ﬁ-&g—— exp ]:— —ll—;—gy] 11,
Note:
(1) éirg POl = 1, éfg PlO = 0
(ii) 1im Py, = O lim P,y = 1

g¥ee g+
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APPENDIX B

This appendix derives the optimality equation for the best
gain function to minimise the effect of feedback error discussed in

Chapter 3.

The variational problem is written as:
i ™ (1 - z) g
Min J(g) = £ { 1+g eXp | -~ T ¢ g Ye¥

_82 R S -y
T+ g exp[ T+ 8 fy] e’ dy 1.

subject to the integral constraint

-X

~X th
o g th "‘_ 1 Q- ) _ 8
é t=Ty g ° exp T+g 7 1+g °Xp | -~ T4 ¥ Y |}

x e dy

Adjoining equations 1. and 2. with a Lagrange multiplier ) , the

Euler-Lagrange equation becomes:

k kg
9 1 - 2 B S -
5% {l+gexP|:l+g fy] +l+gexP[ T+3 Yfﬂ}“o

3.
where
“th
k, = 1-2) - AM1-e ) 4,
-xX
- th

k2 = e -z 5%
Partially differentiating and interchanging one obtains:
Yf y + g + 1

_&8-1 -

Y& * g t 1 eXP[ g + 1 ny:’ ka(h) o

where k_(A) = k, (})
: 1,00 7.
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Thus g(y) is the solution of the implicit equation given by equation 6.

where k3 is such that equation 2. is satisfied. Several things may be

noticed about this equation:

(i) The form of the solution of equation 6.

is independent of the

distribution of y, but k3 (ie. )) must satisfy equation 2.

(ii) If p(y) = 6&(y), the solution is optimum for a non-fading

feedback channel.

The solution of equation 6. was done numerically on the

computer using a simple heuristic stepping
the integrals used Simpson's rule over the
g is evaluated and then a term (where g is

give the overall integral. Typical results

algorithm. The evaluation of
low range of y for which
a constant) is added to

are shown in Chapter 3.
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APPENDIX C

This appendix derives an integral equation, the solution
of which is the distribution function of the buffer occupancy at the
end of transmission poihts. It is assumed that these points constitute
a Poisson process but where the mean is variable and dependent on

buffer occupancy.

In Chapter 4, one defines the parameters A and py where here
they are directly related to two Poisscon processes which will be defined
in terms of the turning points in the buffer occupancy rather than in
terms of time crossing points of the signal. (Takes into account the

value of rl) Thus one defines

dw/ = P_ { buffer stops filling in next dw bits }
AMw) v
Similarly,

dw/u(w) = Pr { buffer stops emptying in next dw bits}
where A(w), u(w) are functions of the buffer occupancy . The nature

of the dependency is through two unknown control functions g, and g1
which describe the buffer control characteristic (Chapter 4). One can

now define

PA(s,t) = Pr { increase of contents from s to more than t bits

during a fade }

Thus considering a small increase in size dw bits

R

Pl(s,t+dw) PA(S’t)'Pr { increase of dw bits }

R

ngs,t).(l - dw/x(w) )
which leads to

dPA(S,t) PA(s,t)

dw * AMw)

Thus, PA(S,t) is given by:

_rt
Px(s,t) = e é l/A(w) a0 2,
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Similarly, one can define

Pu(s,t) Pr { decpease of contents from s to less than t bits during

a transmission period}l

o uw) @ 3.

One can derive the distribution function FJ(Z) of the buffer

contents at the end of a transmission period where
J
F(z) = P {w<z} L,

If y is the buffer contents at the beginning of transmission, then:

0 3y 2 <0
J
Fi(z/y) =1 P (y,2) ; 0<z<y 5.
1 1 2>y

If x is the buffer contents at the beginning of a fade, and FI(z) is

the corresponding distribution,

0 5y <%
FI(y/x) =% 1 - Px(x,y) ;s x<y<¢C 6.
1 3 y>C
Hence,
J &y I
F'(z/x) = f=0 F (z/y) dF (y/x) Thn
where,
_‘LF(Ii;_W"—) = B (xy)/AY) By (x,0)8(y-C) s
where x<y<Z¢C

Substitution in 7. leads to:
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F(ax) = 1° 1/A(y)P, (x,3)P (y,2) dy
max(x,z) H

+ U(Z—X)(l = P)\(X’Z)) + P)\(X,C)PH(C,Z)

Thus,
J C
F(z) = [ F (z/x%)

x=0

dF (x)
dx

dx

Integrating by parts this leads to the integral equation

J ¢ J
I (z) = Hl(z) - f Kl(x,z)F (x)dx
x=0

where H.(z) = P (C,z)

1 u

C
and Kl(x,z) = [ 1/A3(x).1/x(y) P (x,y)P (y,z)dy
max(x,z)

- 1/x(x) { U(x—z)Pu(x,z) + U(z-x)Px(x,z)
- PA(X,C)P (C,z) }
u

For the case treated by Campbell (1957),

P (s,t) = o~ (t=s)/2
Pu(s,t) = e—(S_t)u
Thus, Hl(z) . o-(C-2)/u
and K (x,2) = 54— uh - [ -(c-x)/x  _-(Cc-2)/u
e—(x—z)/u 2
o (z-%) A D x <z

This leads to the solutionl' of Campbell (1957)

e_Bw
e—BC

Mw) =

10.

11.

12.

13.

1k,

15.

16.

17.

18.

1. Note that A and p used here are the reciprocals of B and A

respectively used by Campbell (1957).
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where
e = AJu 19.

and

1 -0 20,

A

However, since one has assumed that the probability of ending
transmission is independent of previous history (Poisson process), the
end of transmission point is no different than any other point during
transmission. Thus, FJ(w) also describes the distribution function at
any point during transmission. The probability of an empty buffer
condition during transmission is thus given by:

Po - FJ(o) = __}_:__E___ 1.

1 - Oe—BC

. : . il . - .
Now, the distribution F (z) can be derived from FJ(z). Similar to equation

7. one has

C :
TSNV (%8 ar’ (y/x) 2.
where
_ar¥(y/x) = P (x,y)/uly) + P (0,x)8(y) 23
dy u WY I/ Uy AR y .
where 0<y<x

Substituting in 22. gives:

I min(x,z)
F (z/x) = [ 1/uly)(1 - P)\(y,z))Pu(x,y)dy + (1 - P)\(o,z))Pu(x,o)
y=0
24,
Thus, c
FI(z) s f FI(z/x)dFJ(x) 25.
x=0

where FJ(x) is known from the solution of the integral equation 11. By
similar argument, this distribution function applies to any point during
a fade. Thus, for the simple case treated by Campbell (1957),

1-e i

FI(w) = ‘—_BC 26.
1- pe

and thus,
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_BC
P = 1-TFi(C) = —il—ifll%—~ 27.
c 1 - -pC

From these two distributions, one can now calculate the
buffer distribution at an arbitrary time point as the weight sum of

the two distributions given by:

F(w) = P FJ(w) + P FI(m) 28,
t £
where Pt = Pr { transmission period }
Pf - Pr { non-transmission period }

However, to maintain the average rate constraint one has:

1 !
ry {@a-p ), + P, Pf} = 1 29,
where Pt + Pf = 1 30.
Thus, one can solve for P_t and Pf. FTor the simple case
-xX
_ th
Pt = e 31
and “x
_ th
Pf = 1-e 32,

Since the buffer is essentially an integrator, the variation
of w is very much slower than the SNR variation x. Thus it can be
approximated that x and w are independent except to the extent that

w increases if x < Xip Thus, the error probability is similar in form

to that derived of feedback error (Chapter 3) except one must integrate
of the buffer distribution during transmission.

2
Fo- —— 1 ta-pr Cate e P P_(1 - z(g (C)))}
e Y, t 2r; o Tt 288110 wro* o Fgtt T 2E,
33,
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APPENDIX D

This appendix derives the distribution function of non-
transmission times when transmission is halted when x < Xih and when
V< Ve It is assumed the fade durations are exponentially distributed.

A non-transmission period can fall into four cases where the
last two are duplicates of the first two but with the role of x and y
interchanged. Thus, one can consider two cases as illustrated in Fig. D.1.
Case 1

For this case, the transmission period starts due to x
crossing threshold and ends due to x crossing threshold. Firstly, one
must define
1/a : Mean fade period of feedback channel.
1/b : Mean transmission period of feedback channel.
1/c : Mean fade period of main channel.
1/d : Mean transmission period of main channel.
One can now identify the sub-cases depending on the number of zero
crossings. To derive the distribution function, one must integrate over
the various intervals.

For Voo the ranges of integration are:

t. +t. < t. < o

1 2 3
O<'tl< ©
t < t2 < o

c e-(b+c)t
b+d b+ c

Integration leads to the term

For Vs Voo ceves the ranges of integration are:
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CASE 1

Ya

Y3

CASE II

| T i !
t6

I -7 N I e N
gt o |1_‘

Yo

Yy

COMPONENT

NON-TRANSMISSION TIME z .
CASES WHERE z=x+y

FI1G.D .1
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t€ t, < ®
It can be seen that the probability density function of tu can be

found by convolution. If one now sums the contribution of tu over all

numbers of zero crossings Vis Yoo wove s one obtains,
> _ LT _ a ab 2 _
§=1 pi(tu) = 6(s) = T3 [: L +t mrayrsy | ( ) +...:]
_ &, a®
(a + b)s (a + b)(a+ Db+ s)
2
; 3 ab a ~-(a+b)t
- p(tu) " a+b T a3+ ¢ "

Integration of tl >t 5and then adding the term due to Yo gives:

I ad e~ Ct bed - (atb+e)t

i T G@+b)b+ d) * (a +b)(b +d)(a+Db+ c) ©

Case II

For this case, the transmission period starts due to x
crossing threshold and ends due to y crossing threshold. Again, one can
identify the sub-cases. As before, the probability density function of
t5 can be found by convolution. The sum of these contributions is given

by:

1+

p(ts) = E

o1 pi(ts) 5T, o(s)

ab
(a + s)(b + s)

ab { 1 1
L a+b s s +a+b }

_ e—(a + b)tS)

ab (1

p(t5) = 6(t5) +
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For Vo> =c+> g the ranges of integration are:

- - < < o
tq + t5 + t6 tl t2 t3

if tu + t5 < t + tl

t.<t, <t+t, -t

1 by 1 5
if t5 < t
0 < tl < o
<
0 ts < t
OR
0 < t6< -
if t + tl < tu + tS
tl<t'+<oo
if t < 't5
0 <t. < o
<
it ts
OR
t + tl - t5 <'tu< o
if t5< t
0 < [
tl <
0 < t5< t

Integration of Tty - tg over the above ranges yields:

B abd e—ct
i1 T (a@a+ b))+ d)a-c+ d)

abcd e—(a+d)t
(a + d)(b+d)(a-c+d)b+c-4d)

abed e—(a+b+c)t

Y @+b)b+rd)a+b+c)btc-d)

One can now find Iiii and IiV by term replacement according to:

a <> c
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Thus, F(t) = I, + I;, + I, + T,

Any other cases make neglible contribution.
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