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Abstract

The purpose of this thesis is to analyze and evaluate the performance of the Cellular
Digital Packet Data (CDPD) forward channel at the Medium Access Control (MAC) layer, and

propose an efficient protocol to improve the MAC layer throughput.

First we study the MAC layer by several performance measures, such as the Block Error
Rate (BLER), Packet Error Rate (PER), and the throughput. According to our studies on the
forward channel MAC layer structure, we analyze the relationship among the three performance
measures, and betweén them and the channel Bit Error Rate (BER), in the presence of the
Additive White Gaussian Noise (AWGN) channel. For comparison purposes, computer simula-
tions have also been conducted with the AWGN channel, and land-mobile Rayleigh fading

channel, with the employment of both a coherent and a 1-bit differential GMSK receiver.

As a result of this study, a source of performance inefficiency, namely, the Correct but
Unusable Data (CUD), is identified. We argue that the MAC layer throughput is affected not only.
by the error performance of the physical layer, but also by the MAC layer block segmentation,
which is the main cause of the CUD. The percentage of CUD peaks to about 45% regardless the
channel conditions. In order to eliminate this inefficiency we propose a MAC-ARQ protocol
which performs ARQ ;peration at the MAC layer. Verified by computer simulations, this protocol
effectively improves the throughput at certain channel conditions, while slightly degrades the
performance at other conditions. Finally, in order to maintain maximum throughput over all
channel conditions, we propose an adaptive scheme which automatically switches back and forth
between the conventional ARQ protocol and the MAC-ARQ pfotocol according to the channel

conditions.
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Chapter 1 Introduction

Cellular Digital Packet Data (CDPD) is a mobile data technology that permits subordinate
packet data operation on the spectrum assigned to a telephone cellular network, such as the
Advanced Mobile Phéne Service (AMPS). It is considered as a very promising mobile data
technology featuring many important benefits [1]. Among many other wireless communication
standards, CDPD pfovides satisfactory performance with comparatively less complexity. For this
reason,‘ CDPD techné)logy has been deployed and supported by many major wireless data
operators particularly in North America, including GTE Wireless, AT&T Wireless, Bell Atlantic

Mobile, Ameritech, and McCaw Cellular.

CDPD was ﬁrsﬂy designed to accommodate short data transmissions during the interval
between the talk spurts of a voice network. It is ideally suited for applications where small
amounts of data need to be transferred from remote locations to a central system. Typical
examples of its applications include telemetry, vehicle tracking, and personal messaging, etc.
However, due to the phenomenal growth of the wireless communication market and the popular-
ity of the Internet, the demand for mobile data exchange, e.g. mobile internet access, has been
increasing considerably. Particularly, the potential of applications and markets built around the
World Wide Web (WWW) is enormous. Because these WWW applications usually involve rich
multimedia data downloading, it is important for CDPD to support these applications effectively,
especially in the forward channel, i.e. the channel from the central system to the mobile user.
CDPD supports‘ 19.2-kbps raw data rate at the physical layer, which, at best, allows a mobile user
to be able to obtain throughput performance similar to that of a 14.4-kbps wireline modem [1].

Therefore, for applications which only involve a moderate amount of graphics, CDPD is still a
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practical and appropriate solution. In order to effectively maintain and improve the performance,
higher transmission efficiency is required on the CDPD forward channel. Consequently it is
important to investigate the characteristics of this channel in order to determine its capabilities, to
reveal its possible deficiencies and to propose potential improvements. In this thesis, the perfor-
mance of CDPD forward channel is studied; a source of data transmission deficiency is identified,
and a new protocol, wﬁich eliminates this degradation, is proposed, analyzed, and its performance

evaluated.

1.1 CDPD Overview [2]

The important subsystems of a CDPD network are the End Systems (ESs) and the
Intermediate Systems (ISs), as shown in Fig. 1.1. The ESs represent the actual physical and
logical end nodes that“ exchange information, while the ISs represent the CDPD infrastructure
subsystems that store, forward and route the information. In Internet terminology, the ESs are

known as hosts and ISs are known as routers.

There are two kinds of ESs: The Mobile End System (M-ES), which is a device used by a
mobile subscriber to access the CDPD network over the wireless interface, and the Fixed End
System (F-ES), which is a common host, server or gateway with fixed connection to the CDPD

backbone and provides access to specific applications and data.

On the other hand, there are two kinds of ISs: A “generic” IS, which is simply a router (in
most cases, an Internet Protocol (IP) router) with no knowledge of CDPD and mobility issues, and
Mobile Data Intermediate System (MD-IS), which is a specialized IS that routes messages based
on its knowledge of the current location of M-ESs. The MD-IS is a set of hardware components

and software functions that provide switching, accounting, registration, authentication, encryption
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Figure 1.1 General CDPD system architecture [3]

and mobility management functions. Besides the ESs and ISs, there is another subsystem, the
Mobile Data Base Station (MDBS), which is analogous to a common cellular base station. MDBS
creates and manages an air interface between the M-ES and the CDPD backbone. It performs no
networking functions ‘but rather relays data link information between a number of M-ESs and

their serving MD-IS, which is a data-link functional subsystem. It also performs radio resource
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management procedures such as channel hoppingl.

The CDPD backbone provides connectionless transport services, or “datagram” services,
where the network individually routes packets based upon the destination address each packet
carries and the knowledge of the current network topology. For example, it supports routing of
both IP packets (with the Internet protocol) and the CLNP packets (with the Connectionless

Network Protocol) in the Open System Interconnection (OSI) reference model [2].

Although the CDPD was originally designed to accomplish data transmission over
existing voice communication channels, it can also be implemented over a separated channel,
which is permanently dedicated to the CDPD data transmissions. This is referred to as a dedicated
channel, while in contrast, in the former case it is referred to as a nondedicated channel, where the
CDPD shares a common channel pool with the underlying cellular voice system [3]. In this case,
the CDPD has to release its forward channel whenever this channel is selected for voice transmis-

sion.

1.2 Performance Considerations

The increasing of the CDPD popularity has attracted significant growth of research activi-
ties on CDPD perform;mce [4-11]. In general, the performance of the CDPD can be evaluated by
the efficiency of data transmission from the source node to the destination node. Due to limited
frequency bandwidth and data rate, it is easy to see that the bottle neck of the performance is the
wireless interface, i.e. the airlink between the MDBS and the M-ESs. As it will be explained with

details in the next chapter, the MDBS functions at and below the medium access control (MAC)

I Channel hopping is required for a nondedicated channel where CDPD overlays the existing cellular voice

network [1].
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layer, and relays information from the logic link control (LLC) layer between the M-ES and the
M-IS. Hence, it would be beneficial to us by conducting a performance study from the MAC layer
point of view. The stuéy will provide us with an idea of how the system behaves over the airlink.
Therefore, by identifying and eliminating any possible inefficiencies, the overall system perfor-

mance can be improved.

Firstly, let us consider the main causes of performance degradations in the CDPD airlink.

They usually fall into the following three categories:

i) Impact of the underlying voice network

This applies only to the nondedicated channel system, where the CDPD overlays on top of
the existing voice channel. Tt “borrows” the voice channel when it is available and hop to another
free one before the voice connection is set up in this channel. Saha and Kay[5] as well as Budka
[8] have investigated the effects of CDPD on the voice channel and that of the voice channel to the
CDPD. They have concluded that the CDPD can provide efﬁc.ient data transmission without

substantial degradations to the voice quality.

ii) Sharing of the reverse channel

The access to the reverse channel is shared by the M-ESs within the same cell. Therefore,
the CDPD employs an .jal gorithm at the MAC layer, namely, the Digital Sense Multiple Accessing
with Collision Detecti(;n (DSMA/CD), to regulate the access of the M-ESs and to avoid collision.
In the past, several studies, including [5], [10], and [11], have been carried out on the performance

with DSMA/CD, mainly focusing on their time delay performance, or the delay throughput.

iii) Physical channel impairments
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A noisy mobile communication channel may cause severe distortion to the transmitted
signal waveform, yielding errors to a large number of bits. To combat this, coding techniques can
be employed, such as the Forward Error Correction (FEC) codes, which performs error checking
and correction at the receiver end [33]. Also the type of the signal detector employed at the
receiver can affect the performance significantly. It should be chosen so that it is robust to the
particular type of channel impairments. For example, in the CDPD, where the Gaussian Minimum
Shift-Keying (GMSK) modulation scheme is employed, a differential detector may have better
error performahce than a coherent detector in a mobile communication channel [28]. There are
also other appro\ac’hes on improving the performance at the physical layer such as to employ

diversity or smart antenna technologies at the mobile receiver [4].

As discussed, among the performance studies carried on CDPD so far, only a few address
the performance at thé MAC layer [5][10][11]. To our best knowledge, there is even no studies
focused particularly on the forward channel. Therefore, in this thesis we concentrate on the
performance of the forward channel MAC layer. Specifically, we will be investigating a number
of performance measures that can be considered for the evaluation of the forward channel perfor-
mance, including the average Block Error Rate (BLER), the average Packet Error Rate (PER),
and the MAC layer throughput. The BLER is the probability of erroneous blocks encoded with
error correction codes at the MAC layer. The PER is the probability of erroneous packets
generated from the layer above the MAC layer. The throughput represents the transmission
efficiency of the actuai information at the MAC layer. From the user point of view, these perfor-
mance measures are more important than the equivalent physical layer measures, such as the
average Bit Error Rate (BER), since they demonstrate more closely what the user perceives in

terms of performance. However, for comparison purposes, the BERs in the physical channel have



Chapter 1 Introduction 7

also been included in this thesis. Although several studies have been carried out on the estimation
of the BLER in mobile communicatién channels (e.g. [12], [13], and [14]), however, researches
on the relations between the BLER and PER are relatively rare. Hence, in this thesis we will
investigate the performance of BLER and PER and their relations. We also identify a source of
performance degradation, which we term as “the correct but unusable data” (CUD). It is caused
by the variety of the packet lengths and the alignment between the packets and the Reed-Solomn

(RS) coded blocks at the MAC layer.

To perform a realistic study it was necessary to make several assumptions about the
physical layer, such as the type of the communication channel and the type of the detector used at
the receiver to detect the GMSK signal. As it will be explained later, we have considered in our
computer simulation studies the communication channel to be a narrowband land-mobile
Rayleigh fading channel with Additive White Gaussian Noise (AWGN). Furthermore, we have
investigated the performance of two types of receiver structures, namely, the coherent receiver

and the differential receiver.

During our performance studies, we have identified a source of performance degradation
that causes the receiver to discard data that is not corrupted by the channel impairments. To
mitigate this performance degradation we have proposed a new protocol, namely, the MAC-ARQ
protocol, which performs the auto-repeat request (ARQ) operations at the MAC layer instead of
the LLC layer. There are similar approaches applied or proposed to other applications [39][40],
where the auto retransmission mechanism is eliminated in the data link operation and
implemented in the MAC layer. In this thesis, on the other hand, our purpose is to minimize

structural modifications to the well-defined CDPD standard, while improve the performance as
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much as possible. Thérefore, we leave the conventional ARQ mechanism in the data link layer .
and propose another selective ARQ operation in the MAC layer. Rather than implementation
details, we concentrate on the analysis and evaluation of the performance differences between the
conventional scheme and the proposed approach. We demonstrate considerable improvements to
the performance under certain channel conditions. Considering the trade-off it also brings up, we
discuss an adaptive scheme that dynamically enables/disables the activation of the MAC-ARQ

scheme according to the channel conditions.

1.3 Research Objectives of the Thesis

Based upon the above discussion, it is worth and of interest to study the forward channel
MAC layer performance, identifying, and eliminating (or mitigating) possible inefficiencies,
hence improve the overall system performance. In this respect the main research objectives of this

thesis can be identified as follows.

1. To analyze the relationship among the MAC layer BLER, the PER, and the throughput at
the forward channel, and the relationship between these measurements and the channel
BER. Additionally to evaluate analytically and by means of computer simulations, these
performance measures with various GMSK receiver types, in the presence of both AWGN
channel and land-mobile Rayleigh fading channel.

2. To eliminate a source of performance degradation identiﬁed as the CUD, and hence
improve the forward channel performance in certain conditions by a new MAC-ARQ pro-
tocol.

3. To propose and evaluate an adaptive ARQ scheme to dynamically choose the appropriate

ARQ operation with better throughput, and hence improve the overall system perfor-
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mance.

1.4 Thesis Organization

Including this introductory chapter, this thesis consists of five Chapters and one Appendix.

Its organization is as follows: *

Chapter 2 describes the CDPD system model. It starts with an introduction in Section 2.1.
Afterwards, a detailed description of the physical layer configuration is presented in Section 2.2.
Then the configuration of MAC layer is detailed in Section 2.3, followed by the description of the
LLC layer configuration and the ARQ operation in Section 2.4. The computer simulation model
and parameters are pre§ented in Section 2.5. The chapter is concluded with a summary in Section

2.6.

Chapter 3 evaluates the forward channel performance in terms of the measures discussed
above, and introduces the performance degradation source. A brief introduction in presented in
Section 3.1. The description of the degradation source is detailed in Section 3.2. Then the
relations between the BLER and PER are analyzed in Section 3.3, followed by the derivation of
the throughput expression in Section 3.4. Numerical results of the computer simulations and

discussions are presented in Section 3.5, and a summary of the chapter appears in Section 3.6.

Chapter 4 provides descriptions of the proposed MAC-ARQ protocol. After a brief
introduction in Section 4.1, the configuration of this protocol is presented in Section 4.2. The
throughput evaluation of the proposed protocol is presented in Section 4.3. The adaptive scheme

will be discussed in Section 4.4, and the summary of this chapter is in Section 4.5.

Chapter 5 presents conclusions of this thesis and some suggestions for future research.
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Appendix A contains program listings for the computer simulations, including the GMSK

transmitter, the 1-bit differential detector, and the Rayleigh fading simulator.
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Chapter 2 CDPD System Model

2.1 Introduction

The CDPD standard supports both the internet protocol stack and the Open System
Interconnection (OSI) reference model developed by the International Standards Organization
[15]. As depicted in Fig. 2.1, it consists of seven layers, namely, the physical layer, the data link
layer, the network layer, the transport layer, the session layer, the presentation layer and the
application layer. In order to assure the compatibility of CDPD networks with existing applica-
tions software, the protocols above the network layer remained with no modification, whereas
new protocols below this layer have been designed to accommodate the communications between
the M-ES and the MD-IS. The protocol stack below layer 3 at the M-ES is illustrated in Fig. 2.2,
where the MAC layer protocol supports the connection between the M-ES and the MDBS, and the
pair of protocols, including the Mobile Data Link Protocol (MDLP) and the Subnetwork
Dependent Convergence Protocol (SNDCP), enables communications between the M-ES and
MD-IS. The network layer supports both IP protocol and the OSI Connectionless Network

Protocol (CLNP) to accomplish the routing of the IP/CLNP packets over the CDPD backbone.

In this thesis we mainly concentrate on the protocols in the three lower layers, including
the physical (PHY) layer, the MAC layer and the LLC layer. The organization of this chapter is as
follows. After this introduction, in Section 2.2 we will be describing the PHY layer configuration
including the modulation/demodulation schemes and the communication channel. In Section 2.3
we will give detailed description of the MAC layer configuration, including how the link layer
data packets are transfg)rmed into a bit stream at the MDBS, and how they are reconstructed at the

M-ES. In this section we will also briefly address the medium access algorithm. Then in Section
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Figure 2.2 M-ES protocol stack.
2.4 the configuration of the logic link layer will be provided, together with the ARQ mechanism

employed in this layer.
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2.2 PHY Layer Configuration

As illustrated in Fig. 2.2, the PHY layer communication between an MDBS and an M-ES
takes place through the CDPD air interface. Furthermore, the communications between the
MDBS and the MD-IS takes place through wired connection, such as the Ethernet. In this section
we mainly focus on the air-interface between the M-ES and the MDBS. It consists of a pair of
30kHz-bandwidth RF channels, i.e. the forward channel and the reverse channel. The function of
the PHY layer entities is to transform a sequence of bits from the MAC layer into a modulated
waveform suitable for transmission onto the 30 kHz Radio Frequency (RF) channel, while being

responsible for managing the radio resource and maintaining the signal power and communica-

~ tion quality. The raw data transmission rate that CDPD can provide on both forward and reverse

channel is 19.2 kbps.

The physical layer modulation scheme employed on the CDPD RF channel is Gaussian
Minimum-Shift Keying (GMSK), which is a popular member of the Continuous Phase Modula-
tion (CPM) family with excellent spectral properties and simple implementation structures [16].
The following sections will describe the GMSK transmitter and receiver structures, as well as the

communication model.

2.2.1 GMSK Transmitter
The block diagram of a GMSK transmitter is shown in Fig. 2.3. It consists of a Gaussian
Low Pass Filter (GLPF) and a Frequency Modulator (FM). The input to the GLPF is a binary

nonreturn to zero (NRZ) sequencez. The GLPF is used to bandlimit the input pulses. The output

2 A differential encoding process needs to be applied to the input signal before it is fed into the GLPF, if the sig-
nal is detected by a 2-bit or higher bit number differential detector [17]. In this thesis where the coherent
detector and 1-bit conventional detector are employed, the presence of differential encoder is not required.
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a GLPF x(1) FM Modulator 5(1)
» h(t) — P =05 -

Figure 2.3 Block diagram of GMSK transmitter

signal x(t) can be written as

x() = Y, ag(t-kT) 2.1

k = —oo

where

g(t) = hy(t) @ p(r) (2.2)

where ® denotes a convolution, p(t) is a rectangular pulse of duration 7" and unity amplitude, and
hq(t) is the impulse response of the GLPF [19]. This impulse response can be mathematically

expressed as:

hp(f) = —=k,B,exp[-(k;B,1)’] (2.3)

e

where & =5 [Z =533 and B, is the 3-dB bandwidth of the GLPF. The output of the FM, the

transmitted GMSK signal s(z) can be mathematically expressed as

s(t) = A,cos[2nf 1 + 6(1)] (2.4)

where A, is the constant amplitude, f, is the carrier frequency and
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=] t

0(1) = 2mh Yy akjg(r-kT)dr (2.5)

k = —oc0 —00

where & is the modulation index. For MSK-type signals we have i = 1/2 so that the maximum

phase change over one symbol duration T is /2 [20]. g(¢) is the input pulse response of the GLPF

which is normalized such that J g(t)ydt = % It is given by [18],

g(t) = %{Q[sz,T(— % - %)} - Q[sz,TG - %)}} (2.6)

where k, = ﬁkl =~ 7.547, B/T is the normalized (to symbol duration) 3-dB bandwidth of GLPF

and Q( - ) is the well known Q-function given by [21]

= 2
1 03
00) = —=fexp(-% Jio. @)
Jz_n{ 2
The pulse shape and spectral properties of GMSK signals heavily depend on the B,T product. Fig.
2.4 illustrates the plots of g(t) and corresponding power spectrum with B,T as a parameter. Differ-
ent values of the B,T product have been chosen for different applications. For example, GSM has

chosen B,T = 0.3 as the standard, while in the CDPD standard that we are investigating in this

thesis, B,T = 0.5 has been adopted [1].

2.2.2 Communication Channel Model
In urban areas, the mobile radio environment between an M-ES and an MDBS can be

characterized as a multipath medium, where the transmitted signal waves are reflected from
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nearby objects or buildings [23]. Therefore, in most cases, the M-ES receives no signal from the
direct path but a sum of scattered signals with various strengths and delays, resulting signal
amplitude fluctuation and phase randomization. This dispersive medium is a typical land-mobile
channel, referred to as multipath fading or Rayleigh fading channel, where the amplitude r of the
faded carrier is a Rayleigh distributed random process and the signal phase 9 is uniformly distrib-

uted from O to 27 [22]. Mathematically this can be expressed as,

2
r r
£ = l;eXp(_2_b)’ when r>0
0, when r<0 (238)
1
£8) = 5-

where f( - )denotes the probability density function (pdf), and b is the mean power [22]. A fading
channel is associated with a multipath spread which represents the time delay spread of the
incoming multipath signals. If the multipath spread relative to the symbol duration is small
enough so as not to cause any Inter-Symbol Interference (ISI), the fading channel can be classi-
fied as frequency-nonselective or flat fading, and as frequency-selective fading if vise versa [24].
Since a CDPD radio channel is 30-kHz narrow band, we will only consider flat fading in our
work. Furthermore, the M-ES in motion also suffers from the Doppler frequency shift, which
spreads the received carrier frequency. The maximum Doppler shift frequency is determined by

the velocity V of the mobile unit, the transmitted carrier frequency f,., and the speed of light

c=3x10° mis, ie.
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Vf.

c

fD=

(2.9)

Let us consider the value of the normalized Doppler shift bandwidth f,7. Suppose the mobile is

moving in 100 km/hour, assume the carrier frequency is 800 MHz, and the transmission data rate

is 19.2 kbps, then the resulting f, T is approximately 0.0039, which is a quite small value. Since

the mobile’s velocity is normally less than 200 km/hour, according to the results illustrated in this

example, we can consider that our system is operating in a slow fading environment.

A block diagram of the used channel model is shown in Fig. 2.5. The transmitted signal
s(t) is multiplied by the fading signal f{¢), the resulting signal is then corrupted by the AWGN n(t)

with double-sided power spectral density of N,/2. The fading signal is generated by the well-

known Jakes’ fading simulator [22].

s(1) J(t) T .:( t)

fiv)
n(t)

Jakes’ Fading
Simulator

_Figure 2.5 Block diagram of communication channel model

2.2.3 GMSK ReceiVers

GMSK receivers can be classified into two categories, i.e. coherent receivers [16] and
noncoherent receivers, which can be either differential receivers or limiter/discriminator receivers
[17]. Coherent detection exploits knowledge of the carrier’s phase reference and thereby provid-

ing the optimum error performance over AWGN channel. However, in real mobile communica-
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tion channels, non-coherent detection such as differential detection, which does not require carrier
recovery, exhibits a better error performance with the presence of channel interference including
fading. Beyond conventional differential detectors, there are also other types of implementations
with various enhancements depending on particular performance requirements, such as the 2-bit
differential detector with/without decision feedback [25]. However, for the purpose of this thesis
we will consider only the performance with both a conventional coherent receiver and a conven-

tional 1-bit differential detection receiver.

Coherent receiver: The block diagram of the coherent receiver is depicted in Fig. 2.6 [16]. The
signal is passed through the post-detection filter, which is a Gaussian bandpass filter (GBPF) with

B,T =0.63 [16]. The band-limited signal is then quadrature demodulated into the in-phase and
quadrature-phase components /() and Q(t). The I, O baseband signals are alternatively sampled at
2T intervals. Finally the sampled data sequence are fed into a bit decision logic to generate the

final information bits.

¢ 2cos(27tf 1)
(1)
") &> LpF —);» = Bit 2,
—» GBPF @k+1)T ot
5T (1)
LPF ‘);» e e
2kT

-25in(27f.f)

Figure 2.6 Block diagram of coherent GMSK detector
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dy(t)
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Figure 2.7 Block diagram of GMSK 1-bit conventional differential detector
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Differential receiver: The block diagram of the conventional 1-bit differential detector is

depicted in Fig. 2.7 [26]. From the channel model, the received signal can be expressed as the sum

of the Rayleigh-faded signal s (9) and the AWGN n(?) as,

r(t) = s (1) + n(2).

The signal-to-noise ratio (SNR) can be expressed as [18]

2
Ao

SNR = 5
n

=
'Q

S

oy
~

20

rn

(2.10)

(2.11)

where B,,, = 1.026B,. is the normalized noise bandwidth of the predetection receive filter H(f),

which is a 4-th order bandpass Butterworth filter with B,7' = 1.0 [26], and a(t) is the normalized

signal amplitude after the signal is filtered [18], i.e.

a(t) = U (1) ® cos(0(1))1>+ [h,(2) ® sin(6(1)1”.

(2.12)

As illustrated in Fig. 2.7, the bandpassed signal is multiplied by its own version which is

one-bit delayed and m/2-phase shifted. The sampler output is obtained by lowpass-filtering and

sampling the product of the one-bit detector. If the effects of fading, noise, and intersymbol
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interference due to filtering are ignored, the normalized sampled value d;(kT) can be expressed as

[26],

d(kT) = sin(A¢,) (2.13)
where

Aoy = N by _; (2.14)

I = —oo

1s the differential phase angle, with which the decision can be made by

ar = sgnld,(kT)] (2.15)

where @, is the estimate of information bits g, sgn[x] = 1 for x > 0and sgn[x] = -1 for x < 0.

2.3 MAC Layer Configuration

The MAC layer entities logically operate between the PHY and LLC layers to convey
information, namely, link protocol data units (LPDUs), between peer LLC entities across the

CDPD air interface. It provides the following primary services [3]:
* Encapsulates the LPDUs into frame structures to ensure LPDU delimiting, frame syn-
chronization and data transparency;

* Encodes the sequence of frames to provide error protection against mobile channel im-

pairments;

* Detects and corrects bit errors within received frames;
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* Arbitrates access to the shared reverse channel;

* Synchronizes with the forward channel transmissions to make feasible the reception of

data as well as control information transmitted in every CDPD cell.

In Chapter 1 we have discussed several main causes of performance degradations in
CDPD airlink, and argued that it is important and necessary to study the performance of the
forward channel MAC layer. Before we start, it is instructive to outline the MAC layer configura-
tion and its primary functions in the forward channel. In the following subsection we will describe
in detail how the LPDUs are transformed into a continuous data sequence, namely, the Forward
Channel Transmission Sequence (FCTS) at the MDBS. Then we will describe the procedure of
recovering the received LPDUs at the M-ES in Section 2.3.2. Finally lin Section 2.3.3 we will
briefly address the me.dium access algorithm which is employed at the MAC layer to arbitrate

access to the shared reverse channel.

2.3.1 MAC Layer Configuration at the MDBS

Let us consider a number of LPDUs that need to be transmitted by the MDBS. As
illustrated in Fig. 2.8, these LPDUs are first flag-delimited using the well-known flag pattern
01111110 at the MAC'blayer [2]. Subsequently, zero-stuffing takes place to ensure data transpar-
ency and then the LPDUs are linked together to form a continuous frame data bit stream. It should
be noted that the tranémission of this bit stream is never interrupted. For example, even when
there are no LPDU data for transmission, instead either control LPDUs or sequences of contigu-
ous flags are transmitted. Hence, a contiguous sequence of data packets is continuously transmit-

ted on the forward channel, and is referred to as the Continuous Frame Data Bit Stream (CFDBS).
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Figure 2.8 Data transmission procedures in the forward channel.

Following the CDPD standard, the CFDBS is divided into ;egments of 274 consecutive
bits and each segment is prefixed by an 8-bit Color Code. In this way, a series of consecutive data
blocks is formed each’ one with a fixed length of 282 bits. The Color Code is a special pattern
assigned to every individual CDPD channel stream and is used for co-channel interference
detection. For each celi, all RF channels available for CDPD are assigned the same value of Color
Code [2]. The data blocks are then encoded using a systematic (63,47) Reed-Solomon (RS) error

correcting code. From the encoding point of view, each data block represents an information field

of 47 6-bit symbols (or codewords). The encoding of this information field generates a 16-symbol
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parity field (96 bits), which is appended at the end of each data block. Thus, a consecutive
sequence of RS-encoded data blocks (RS-DB) is generated, as shown in Fig. 2.8. These RS-DBs,
each one with a fixed length of 378 bits, form the basic transmission units of the forward channel.
Note that this (63,47) RS coding is common to both the forward channel and the reverse channel
and is capable of correcting up to 8 erroneous symbols within one block [7]. Prior to actual
transmission on the forward channel, each RS block is passed through a 9th order scrambler with

a generator polynomial, g(x) = O+ B+ 0

+ x*+1. This process reduces the likelihood to have
long strings of binary ones and zeroes within the transmission bit stream. Such long strings are
generally avoided because they are not easily tracked by certain types of demodulators (e.g.

phased locked loops) and may result in reduced performance or increased implementation

complexity.

A general flow chart describing the procedure of generating the Forward Channel
Transmission Sequence (FCTS) is illustrated in Fig. 2.9a. It should be noted that the actual FCTS
is the contiguous sequence of RS-DBs (after scrambling) interleaved with special Control Flags.
These flags carry synchronization information that helps M-ESs acquire block synchronization
and decode the forward channel, as well as MAC-level control information that helps M-ESs

effectively share the common reverse channel.

2.3.2 Packet Reconstruction at the M-ES

The flow chart of the procedure of LPDU reconstruction at the M-ES is shown in Fig.
2.9b. The received bit éequence is formed at the M-ES after signal demodulation and detection at
the PHY layer. After cbntrol flag extraction and descrambling, which are the reverse processes to

recover the RS-DBs at the MAC layer, the RS-DBs are Reed-Solomon decoded. The operation
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Figure 2.9 Flow chart for (a) procedure of FCTS generation at the MDBS; (b) procedure of LPDU
reconstruction at the M-ES

involves error detection and correction. Those RS-DBs that contains too many errors, i.e. more
than 8 codewords in a Block are in error, are identified and discarded at tﬁe output of the decoding
process. By identifying the flags delimiting the LPDUs, the erroneous LPDUs (packets) can be
identified from the sequence of the correct data blocks. Since the MAC layer is not responsible for
maintaining the quality of service, i.e. it is not responsible for erroneous packet retransmission,
those erroneous packets will be discarded. Only the correct ones are kept for final processing,
including the delimiting flag extraction and de-zero-stuffing. The resulting LPDUs are then

passed to the LLC layer for further processing.
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2.3.3 Medium Access Algérithm

The reverse channel is shared by a number of M-ESs within a cell. In order to avoid
collisions, the M-ES who wanits to establish connection to the MDBS has to follow a certain type
of rule defined by an medium access algorithm. The algorithm employed in the CDPD system is
called Digital Sense Multiple Access with Collision Detection (DSMA/CD), which regulates the
procedure of M-ESs accessing the reverse channel. This algorithm is similar to the Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) used in IEEE 802.3 LANSs such as
Ethernet. However the M-ESs cannot sense the reverse channel directly, because the reverse
channel in CDPD emﬁloys different reception and transmission frequency band. In the DSMA/
CD the M-ES senses the Busy/Idle flag which is transmitted periodically in the forward channel.
When the reverse channel is idle, it starts transmission until the Block Decode Status Flag
transmitted in the forward channel signals the M-ES a decoding failure, which is caused either by
collision or channel burst errors. Then the transmitting M-ES (or M-ESs) attempts to regain

access to the channel after an appropriately selected exponential backoff delay.

2.4 Logic Link Layer and ARQ Procedure

Ina point—to—ppint information transfer, the CDPD can provide reliable communication
through acknowledged operation, with which the network layer information is transmitted in
frames that are acknowledged at the LLC layer. This layer employs the MDLP protocol, which
utilizes the services of. the MAC layer to provide access to the physical channel and transparent
transfer of link-layer frames between data link layer entities. The MDLP implemented in an M-ES
communicates with a peer MDLP located in its serving MD-IS. The MDBS functions primarily as
a data link relay between an MD-IS and M-ESs except in some cases where the MDBS may also

operate in the LLC layer [1].
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To ensure reliable communication between MDLP peers, an ARQ mechanism is
employed as part of the MDLP protocol to perform tasks such as identifying missing frames and
sending requests for their retransmission. The details of the ARQ procedure will be discussed in
Section 2.4.2, following the Section 2.4.1 where we will provide the descriptions of the frame

structure in the LLC layer.

2.4.1 LLC Layer Frame Structure

Information transfer between peer LLC entities is carried out through a number of Link
Protocol Data Units (LPDUs). A general structure of the LPDUs is given in Fig. 2.10. The frame
consists of three fields, namely, the Address Field, Control Field, and the Information Field. The
Address Field is 1-4 6ctet long, which contains information to specify the virtual data link
channel. The address information includes a Temporary Equipment Identifier (TEI). By assigning
different values to the TEI, the data link connection can be specified as either point-to-point or
broadcast. For point-to-point connection, the TEI is used as the M-ES data link address, which is

typically assigned to each M-ES uniquely.

Control Field j
(1-2 octets)

Information Field
(0-130 octets)

Figure 2.10 Structure of the LLC frames
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The Control Field is 1-2 octets long. It contains the frame type identifier as well as
sequence numbers where applicable. There are three generic types of frames: numbered informa-
tion (I) frames, superyisory (S) frames and unnumbered (U) frames. The I-frames are used to
carry acknowledged information transfer. The S-frames are used to perform data link supervisory
control functions such as acknowledge I-frames, or request retransmission of I-frames. The U-
frames are used to provide additional control functions and to carry unacknowledged information
transfer. The information field is optional. Some types of frames, for example, S-frames, do not

require information field. The size of this field varies from 0 octet to 130 octets [1].

2.4.2 ARQ Procedure

In acknowledged transmission mode, The MDLP is responsible for identifying and
requesting retransmission of the missing data frames. This operation is referred to as the ARQ
procedures. At the recéiving side, the LPDUs are reconstructed with the RS-DBs decoded at the
MAC layer. These frames containing uncorrectable errors are discarded while the recovered ones
are forwarded to the LLC layer, where the MDLP identifies the missing frames by checking their
sequence numbers carried in the control field of the LPDUs. In the case of receiving an out-of-
sequence I-frame, or the expiry of a retransmiséion timer, the receiving side will send an S- frame

to its peer LLC entity requesting for retransmission.

The information transfer on the data link is based on a sliding-window (with a window
size of 128 frames) pﬁotocol with a Selective-Reject (S-REJ) ARQ scheme for error recovery.
With S-REJ ARQ, the receiving side sends a negative acknowledgment (NAK) for each missing

I-frame. The only frames retransmitted are those that receive a NAK or which time out. It is more

efficient than other conventional ARQ approaches such as stop-and-wait ARQ and go-back-N
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ARQ), since it minimizes the amount of retransmission [29].

2.5 Computer Simulation Model and Parameters

A general block diagram of our computer simulation system considered in this thesis is
given in Fig. 2.11. It consists of three sub-systems, namely, one MDBS, the communication
channel, and one M-ES. The MDBS continuously transmits a sequence of data frames through the
forward mobile communication channel. The M-ES receives these frames and tries to decode
them. Because the system performance study is focused on the forward channel, the reverse
channel is assumed ideal, such that there is no transmission failure on the reverse channel and the

transmission time is ignored.

' MDBS ' Channel ! M-ES !

MAC Processor ‘
FCTS ' Ot@
GMSK Modulator Coherent

Detector

Rayleigh Fading |
+ AWGN

T =

Figure 2.11 Block diagram of computer simulation model

2.5.1 MDBS Model

The traffic generator at the MDBS generates a number of LPDUs, which are transformed
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into the FCTS by the MAC processor. The function of the MAC processor has been detailed in
Section 2.3.1. Then the transmission sequence is modulated by a GMSK modulator with the

normalized pre-modulation filter bandwidth B, = 0.5.

Since in practice the lengths of the LPDUs generated from the LLC layer are dynamically
dependent on the types of the frames and the lengths of the message source from the upper layer,
the frame lengths can be considered as random. For simplicity purposes, we choose the following

three typical lengths, which will be randomly picked by the traffic generator:

(1) Small Packet (SP) with length of 6 octets or 48 bits, corresponding to the length of a
supervisory frame, e.g. an acknowledgment frame;

(2) Medium Packet (MP) with length of 71 octets or 568 bits, corresponding to the aver-
age frame length, i.e. the mean value of the lengths of a Small Packet and a Large
Packet;

(3) Large Packet (LP) with length of 136 octets or 1088 bits, corresponding to the default
data frame length [1], which is also the maximum length allowed for an LPDU.

For the sake of simplicity, the three kinds of frames are randomly chosen with equal probability,

1.e. each with probability of 1/3.

2.5.2 Communication Channel Model
The modulated GMSK signal is passed through the communication channel which we
have considered in this thesis to be a narrowband land-mobile Rayleigh fading channel with a

maximum Doppler shift f,. The statistical properties of the channel have been detailed in Section

2.2.2. In this thesis where slow fading is considered, the following three values of the maximum
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Doppler shift f, have been chosen: 20Hz, 40Hz and 80Hz. Since the bit rate of a CDPD air link is
19.2 kbps, these values correspond to the normalized Doppler shift bandwidth f,T of approxi-
mately 0.001, 0.002, and 0.004, respectively. The three values of fp, represent the typical mobile

moving speeds, e.g. assuming a carrier frequency of 800 MHz, the three Doppler frequencies
correspond to 25, 50, and 100 km/hour respectively. Also, as previously mentioned, besides
Rayleigh fading, the transmitted signal is also corrupted by the AWGN, with a 2-sided power

spectral density of N /2.

2.5.3 M-ES Model

As it shown in Fig. 2.11, the channel-corrupted signal is detected at the mobile station by
either a differential detector or a coherent detector. As previously mentioned, we will consider
both types of detectors into account in order to illustrate the differences in terms of their perfor-
mances under various channel conditions. The detected bit sequence is then passed through a
number of processes that perform reconstruction of the correctly received packets. The
reconstruction operations have been depicted in Section 2.3.2. The function of the Error Counter
is to not only count the number of erroneous bits, RS-DBs, and LPDUs, but also to measure the
amount of information data successfully received at the M-ES. The detailed performance consid-

erations will be presented in the next chapter.

2.6 Summary

In this chapter the CDPD system model has been described. Descriptions of lower layer
protocol sets, including MDLP which operates at the LLC layer, and MAC protocol which
operates on the medium access layer, have been provided. The physical layer configuration,

including GMSK modulation/demodulation scheme, and the mobile radio channel model, has
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also been addressed. The functions of the CDPD communication units, such as MDBS, MD-IS,

and M-ES are given, and how the transmission sequence is formed in the forward channel are

detailed in this chapter.
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Chapter 3 Performance Analysis and Evaluation

3.1 Introduction

Given the system model presented in the previous chapter, the main objective of this thesis
is to study the performance of the pre-described CDPD system in terms of the BLER, the PER,
and the MAC layer throughput, over various channel conditions and receiver types. Hence, in this
chapter we will investigate the performance of BLER and PER and their relations. We also
identify a source of performance degradation, namely, the correct but unusable data (CUD),
which is caused by the variety of the packet lengths and the alignment of the packets and RS-

blocks at the MAC layer.

The organization of this chapter is as follows. After this introduction, we will describe the
source of dégradation, i.e. the CUD in Section 3.2. Then the relations between the BLER and PER
will be analyzed in Section 3.3, followed by the derivation of the throughput expression in Section
3.4. Numerical results of computer simulations and discussions will be presented in Section 3.5.

Finally, a summary of the chapter appears in Section 3.6.

3.2 Correct but Unusable Data

One of the major problems addressed in this thesis is the fact that if one RS block is
destroyed, i.e. it is not recovered by the MAC error correction scheme because it entails a large
number of errors which cannot be corrected by the available coding scheme, it causes one or more
packets to be discarded as unusable. As an example, let us consider the scenario depicted in Fig.

3.1, the destroyed RS block, B4, happens to contain data from two packets, P3 and P4. Both these

packets will be discarded at the MAC layer even though only a small fraction of them is unrecov-




Chapter 3 Performance Analysis and Evaluation 34

Correct but Corrupted | Correct but
Unusable Data Data Unusable Data

Figure 3.1 Generation of correct but unusable data (CUD)
X: Destroyed block

erable. This means that the receiver discards data from additional RS blocks that are not
corrupted. In a reliable transmission link with ARQ employed, the discarded packets containing
the portion of data that is correct but unusable would have to be retransmitted. Evidently, this fact

represents a source of inefficiency.

In general, we may argue that a percentage of data arriving at the receiver without being
destroyed is discarded as unusable. We refer to this data as correct but unusable data (CUD). To

demonstrate the effect of CUD, we define the percentage of CUD as

n = 100% - 1 > e (3.1)

where N is the total number of transmitted bits, e; = 1 if the k-th bit belongs to the CUD data, and
e, = 0 otherwise. The relations between the percentage 1 and the energy per bit-to-noise ratio E,/

N, can be illustrated in Fig. 3.2. This graph is derived through computer simulation using the
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model depicted in Fig. 2.11, where a sequence of packets are transmitted through the AWGN
channel and received by a coherent detector. As expected, CUD is very low, e.g. less than 10%, at
very small and very high values of E,/N,. During very small values, almost all received RS-DBs
contain a large number of errors and cannot be recovered; hence undestroyed data is close to zero.
On the other hand, during high values, almost all RS-DBs are correctly received and no blocks are
discarded, hence nb useless data exist. However, it is interesting to note that, even in the AWGN
channel, the percentage of CUD approximates a peak between 40% and 45% when
E,/N_,=3.5 dB. Equivalently, this means that nearly 45% of the received data is discarded by

the receiver although this data is not destroyed. Clearly, this represents a significant redundancy

and this is a source of performance degradation.

50% | | T T
45%
40%
35%
30%
25%
20%

15%

Percentage of Correct but Unusable Data (CUD)

10%

5%

0 ; ; i i ; ; i i
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Eb/No (dB)

Figure 3.2 Percentage of CUD in the AWGN channel with coherent detection
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As will be presented in Section 3.5.2, simulation results of the percentages for the
Rayleigh fading channel have also demonstrated similar inefficiency by 40% to 45% of the CUD.
To effectively improve the performance of CDPD, it is mandatory to mitigate or even eliminate
the above problem. In .doing so, we have proposed a new scheme that effectively overcomes the
aforementioned deficiencies, by means of an ARQ protocol that operates at the MAC layer. A

detailed presentation and analysis of this protocol will be given in Chapter 4.

3.3 Block and Packet Error Performance

In this section we address the relation between the BLER and the PER. It is instructive to
consider this relationship in order to study how the packet error process is affected by the underly-
ing block error process. A simple theoretical performance analysis with an AWGN channel is

considered first.

Let us consider the probability a packet to be destroyed, i.e. the probability one or more
blocks containing data from that packet to entail a large number of errors and be unrecoverable at
the receiver. Let Pp denote the probability one data packet to be destroyed and let Py denote the
probability one block to be destroyed. Given our simulation parameters, i.e. the length of a SP is
48 bits, the length of an MP is 568 bits, and the length of an LP is 1088 bits, we have: i) A Small
Packet can occupy either 1 or 2 blocks, ii) A Medium Packet can occupy either 3 or 4 blocks, and
iii) A Large Packet can occupy either 4 or 5 blocks. Therefore, the probability of one SP to be

destroyed is given by:

where X, gp represents the event that an SP is destroyed, and X, gp,, represents the event that an
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SP occupies n block(s), n = 1, 2, 3,... . Considering that for a memoryless channel, such as the

- AWGN channel,

Prob{X, sp|X, sp,nt = 1-(1-Pp)" n=123,.. (3.3)

where Pp is the probability a block is destroyed, and given the 274 bits packet length, Eq. (3.2)

can be rewritten as

47
274"

227

2
5 5y tI1-(1-Pp)]- (3.4

Pg="P

Likewise, the equivalent probabilities for a Medium Packet, Py, and a Large Packet, P,

can be respectively written as:

PM = PI‘Ob{Xe’ MP|X0, MP, 3} : PI'Ob{XO’ MP, 3} + (3.5)
Prob{X, yp|Xo, mp, 4t - Prob{X, yp 4}
3, 255 4, 19
= [1-(1-Pp)"]- 2 +[1-(1-Py)']- 72
and
PI'Ob{Xe’ LPlXO, LP,S} - PI'Ob{XO, LP,S}
4.9 5, 265
= [1-(1-Pp°l =z +[1-(1-Pp)]- T2
Thus, the probability a packet to be destroyed is given by,
1 1 1
PP = ——PS+—PM+—PL. (3.7)

3 3 3
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Substituting Eqgs. (3.4)-(3.6) into Eq. (3.7), yields the expression of Pp as a function of'PB

1

= 555(2523P - 3630P5 +3017P) — 1353 P + 265P5). (3.8)

Pp

The curve corresponding to Eq. (3.8) is illustrated in Fig. 3.3 (solid line), which is verified
by the simulation results shown in circle points. For comparison purposes, we have included the

straight dotted line corresponding to the ideal situation where Pp and Pp are equal (i.e. each block

contains only one packet) and therefore a block loss introduces only one packet loss, which is the

minimum. It is interesting to note that the probability a packet to be destroyed, Pp, increases
rapidly as Pp increases. For example, note that when Pp is about 0.1, Pp is almost 0.3, which is
considered unacceptable in nearly every operating scenario. In addition, Pp is always larger than
Ppg. This is because a block loss always causes one or more packet loss. Therefore, a strong block
correction mechanism is necessary in order to keep Pp quite small so that for satisfactory perfor-

mance for the forward channel can be achieved.

Let us now study Pp and Pg with respect to the communications channel quality, typically
measured as a function of Ey/N,,. It is well-known that an (N,K) Reed-Solomon block is encoded

with N codewords including K codewords of information part and (N-K) codewords of parity-
check part [33]. Each codeword is [-bit long. For the AWGN channel the probability of an /-bit

codeword in error is

P, ., =1-(1-P) (3.9)

An ideal RS code is capable of correcting up to ¢ = (N-K)/2 codewords, therefore, the

probability of an RS block is destroyed can be written as [35]
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(3.10)

3.1D)

Substituting Eq. (3.9) into Eq. (3.10), Pg can be expressed with the bit error probability P,

! k KN
Py=1-Y Cl1-(1-P)'1(1-P,)
k=0

k)

(3.12)
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‘From [16], the bit error probability of GMSK with coherent detection can be approxi-

mated as a function of vy, which denotes the E,/N,,, in the AWGN environment.

P,(Y) z% erfc(Jary) (3.13)

where erfc( - ) is the complementary error function given by

erfc(x) = jz_—jwexp(—tz)dt (3.14)
T x

and o is a constant parameter varied with different B,T products. o can be estimated as 0.84
according to our observation of the simulation results over various values of o. Therefore, substi-
tuting Eq. (3.13) into Eq. (3.12) yields the expression of the Py in terms of . And the expression
of the packet error probability Pp in terms of ¥ can be easily obtained by substituting the resulting

expression into Eq. (3.8).

3.4 Throughput Performance

In order to study the performance of the forward channel with demands to accommodate
heavy data load, we focus our investigation on the throughput of the information data rather than
the control overhead at the MAC layer. We will define the throughput as the average number of
information bits transmitted successfully during one bit time. In other words, it can be calculated

by dividing the total number of information bits to be transmitted, N/, by the total number of bits

actually transmitted over the channel Ny, i.e.

N,
Smac = v

: (3.15)
NTotal
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In order to derive a simple expression, let us assume the packets have equal length Lp, then

N; = n(Lp—Hp), where Hp is the header length, and n is the number of packets to be transmit-

ted. Because of the employment of ARQ, the LLC entity at the receiving side will continue to

send requests to its peer for retransmission of the discarded packet, until it is correctly received or

the retransmission couhter has reached a certain number. Hence, the total number of transmitted

bits Ny, comprises the number of bits to be transmitted, plus the number of bits retransmitted.

Assume the packet error rate is Pp, and the maximum number of retransmissions is set to Ng, then

N
Nioiat = nLp+nLpPp+nLpPs+ .. +nLyPp"

Therefore, Eq. (3.15) can be rewritten as

Smac = _NR'R
1-Pp

where,

L,

(3.16)

(3.17)

(3.18)

Ng
If the packet error probability Pp is small and Np is large, then the term Pp" can be

ignored, and thus the throughput can be approximated as

(3.19)
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As shown in Eq. (3.8), Pp is also a function of Pg, which, as given by Eq. (3.12), is also a
function of the bit error probability P,. Therefore, the throughput can be estimated by the channel

bit error rate. As an example, suppose that the packets are transmitted in their default length, i.e.

1,088 bits per packet, the relationship between Pp and Pp in the AWGN channel is shown in Eq.

(3.6), then the corresponding expression for the throughput is,

L H
P P 9 5 265] (3.20)

4
Swac = < [(1 Pyt (=P’
where Lp is 1,088 bits, Hp is 48 bits, and Pp is expressed in Eq. (3.12).

3.5 Numerical Results and Discussion

3.5.1 BLERs and PERs

Fig. 3.4 shows that for an AWGN channel with coherent detection, our computer simula-
tion results of BLER énd PER as a function of E,/N, match the curves derived from Eq. (3.12)
and (3.8) respectively. According to [1], the parameters in Eq. (3.12) are N=63, K=47,¢t=8, and
[ = 6. The same figure also shows that the difference between the BLER and the PER is about
0.25~0.5 dB. For example, to achieve 1% block error rate the required E,/N,, is 4.25 dB, while it

requires 4.6 dB to achieve 1% packet error rate.

However, the performance difference in a fading environment tends to be much more
significant. Using the computer simulation model described in Chapter 2, below we present our
simulation results generated in a slow Rayleigh fading channel with several Doppler shift values
for a 1-bit differentiai receiver. The simulation for BLER/PER generation has tested from a

minimum of 2,072 to a maximum of 576,000 blocks. Each block is 368 bits long and each bit is
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sampled at eight samples/bit. The simulation results were obtained by means of Monte Carlo error

counting techniques. In order to have accurate performance results for all simulated BLER/PER
values, at least 100 erroneous blocks were counted for BLER from 107! to 1073 and at least 50

erroneous blocks for BLER of 1074, The confidence level of at least 90% is obtained for all
simulation results, with the confidence intervals listed in Table 3.1 for each BLER. The intervals

are calculated by using the formula in [30] (Eq. (9)).

2,072 | .(9.22E-2, 1.08E-1)
8,240 (8.80E-3, 1.14E-2)
111,950 (8.96E-4, 1.12E-3)
576,000 (8.58E-5, 1.17E-4)

Table 3.1 The 90% confidence interval for each BLER

Figs. 3.5-3.7 illustrate the BLER and PER performance versus E;/N,, with 1-bit differen-
tial detection for Doppler shift f,=20 Hz, 40 Hz and 80 Hz, respectively. For comparison
purposes, we also consider cohérent detection with ideal carrier recovery3. Compared to the
results for ideal coherent detection, the results for differential detection are only approximately 5

dB worse, which implies that differential detection is relatively robust in the fading environment.

As it shown in terms of E;/N,, the BLER declines faster than the PER, which is worse than the

BLER about 2.5 to 5 dB with various Doppler shifts. It is easy to observe that with Rayleigh

fading channel the PER is almost unacceptable for a wide range of E,/N,,.

3 An ideal carrier recovery means that the carrier signal is correctly extracted at the receiver. However, it
must be emphasized that this is an ideal case which is practically impossible. It is used as an upper
bound for performance comparison purposes.
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Figure 3.5 BLER and PER with differential detection in the Rayleigh fading channel with fp =20 Hz
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By comparing the performance evaluation results presented in Figs. 3.5-3.7, we also
found it interesting that the impact of different Doppler shift values on the block/packet error -

performance is different. Fig. 3.8 gives a more clear view of the BLER/PER for different fj)s. As it

shown, the BLER/PER decreases as the Doppler shift fj, increases from 20 Hz to 80 Hz. For
example, when the E,/N,, is approximately 26 dB, the BLER is around 102 when fp =20 Hz,

while it is around 10 when Jfp =80 Hz. Another point of view of this phenomenon is to look at
the bit error rates with the employment of error correction codes for different Doppler shifts, i.e.
the estimated probability of bits in error after the error correction. As it shown in Fig. 3.9, the
BER for fp = 80 Hz is as much as 5 dB better than the BER for fp = 20 Hz as the E/N,, is large.
This applies for both differential detection and the ideal coherent detection. The phenomenon can
be justified by the argument that the error correction scheme employed in CDPD performs better
in a less slower fading environment. This is because of the characteristics of the fading channel
and the error correction scheme. In a slow fading environment, the long duration of deep fades
causes some blocks to contain a large number of errors while others contain none (or a lot fewer)
errors. The packet containing these large number of errors will have higher probability to be
uncorrectable. However, this is not the case for less slower fading, where all blocks encounter
errors but the number is relatively smaller. Hence, the error correction scheme is more efficient

when f), is large due to the larger spread of errors. For example, with RS-coding scheme

employed in CDPD system, an RS-block will be uncorrectable if it contains less than 8 erroneous
codewords. It means the number of erroneous bits has to be large enough and spread enough to

cover 8 codewords. Assume E /N, = 20dB, if fj, = 20Hz, there are approximately 91.5% blocks

containing 8 or less erroneous codewords, and hence they are correctable. If f,=80Hz, however,
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Figure 3.8 Comparison of BLERs and PERs with different Doppler shift frequencies with differential
detection in the Rayleigh fading channel. (a) BLER. (b) PER.
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there are approximately 96.5% blocks which are correctable. On the other hand, when the fading
becomes faster, i.e. when fj, increases to a certain large value, or a threshold, the number of errors
contained in the blocks will exceed the error correction capability, and the block error perfor-
mance will start to decline. Our simulation result indicates that when fp, reaches 400-450Hz, the
BLER/PER starts to increase and the degradation becomes very significant when f}, is larger than

about 500 Hz.

3.5.2 CUD

The percentage of CUD with differential detection in the fading environment is presented
in Fig. 3.10, where three Doppler shifts fj, = 20 Hz, 40 Hz, and 80 Hz are considered. Analogous
to the results in AWGN channel, the three percentage curves tend to be zero in very low and very
high ranges of E,/N,s, but the peaks of the curves are approximately between 36%~43%. The
percentages for f;, = 20Hz has the highest value of 43%, while the peak for f, = 80Hz is almost
36%. Compared to the case for AWGN channel, the curves for fading channel cover a much wider
range of E,/N,s. This implies that over a relatively wide range of E;/Ns the system is working in
an inefficient manner. For example, the percentage of CUD is over 20% for nearly 10-dB range of

E /N s. These curves are generated with the packet length configurations described in Chapter 2,

i.e. test data traffic contains SP, MP and LP with equal probability. Although packet length is a
parameter affecting the amount of CUD, according to our experiments, the CUD with different
settings of packet sizes varying from the minimum to the maximum LPDU lengths, exhibits
similar percentage peaks to those shown in Fig. 3.10. Evidently, it is an source of inefficiency that

requires improvements.

Comparing the peak values of the CUD with the three Doppler shifts, we also found it
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interesting that, although the difference between the three fps are significant, i.e. 80 Hz is four
times of 20 Hz, the values of the CUD do not show remarkable difference. For example, the peak
CUD percentage with f, = 20 Hz is about 43%, while that with f, = 80 Hz differs only 7% as
36%. According to the observation we can argue that the differential detection in a Rayleigh

fading channel is relatively insensitive to the change of the Doppler shifts.

3.5.3 Throughput

In Section 3.4, we have discussed the relation between the throughput and the BLER, and
further the relation between the throughput and the BER. Eq. (3.20) has shown an expression of
the throughput as a function of Pg, given that the packets are transmitted in their default lengths,
i.e. 1,088 bits per packet. Substituting Eq. (3.12) into Eq. (3.20), the throughput can be
represented as a function of the BER, the plot of which is illustrated in Fig. 3.11. As confirmed by
the simulation results, the throughput increases as the BER decreases, and it approaches zero as
the BER increases to above 3.0E-2, whereas it approaches its maximum value when the BER
drops below 7.0E-3. Due to the packet overhead, the throughput can never be 1, even if there is no

packet loss at all. Instead, the maximum throughput, corresponding to the ideal transmission, i.e.

Pp =0, can be computed as (Lp— Hp)/Lp=0.96.

Let us consider the throughput in terms of the channel conditions, i.e. as a function of the

Ey/N,. Simulation results have shown that similar curves can be derived for the Rayleigh fading
channel with random packet lengths. Fig. 3.12 illustrates the throughputs versus the E,/N,, in
Rayleigh channel with Doppler shifts fj, = 20 Hz, 40 Hz, and 80 Hz. The solid lines corresponds

to the results for differential detection, and the dashed lines show that the throughput for ideal

coherent detection is as much as 30% more than the differential detection. Note that the results for
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ideal coherent detection is an unrealistic case and should be only considered as the throughput
upper bound for comparison purposes. For all the three Doppler shifts, the throughputs increase .as
the E,/N, increases. The throughputs for smaller Doppler shifts are slightly less than those for
larger Doppler shifts when the E;/N,, is between 14 and 30 dB. However, as the E,/N,, increases to
a very large value, e.g. larger than 35 dB, the curves for three Doppler shifts tend to merge at
approximately 0.92, which is a little less than the throughput with fixed packet length (0.96)
because the transmission of fixed default-length packets yields more throughput than the

transmission of unfixed random-length packets.

3.6 Summary

In this chapter we have investigated analytically and by means of computer simulations,
the system performance in terms of the RS-block error rate, the packet error rate, and the through-
put at the MAC layer. The relationship between the BLER and the PER is analyzed and the CUD
is identified as a source of performance inefficiency. The percentage of CUD has been investi-
gated by means of computer simulation. This chapter has also presented the analytical results of
the BLER, PER, and the throughput in the AWGN channel, and the corresponding simulatién
results for both coherent and differential detector in AWGN channel and a slow Rayleigh fading

channel. It has been realized through the performance study that the system can be improved if the

source of degradation can be eliminated.
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Chapter 4 MAC-ARQ Protocol

4.1 Introduction

As discussed in the previous chapter, it is the correct but useless data (CUD) that causes
the degradation of the CDPD throughput performance. In order to mitigate the problem, in this
chapter we will propose a new scheme that effectively overcomes the aforementioned deficien-
cies. The proposed scheme employs an ARQ protocol that operates at the MAC layer, i.e. a
protocol that requests retransmission of the erroneous data blocks instead of LPDUs at the LLC
layer. It will be referred to as the MAC-ARQ protocol. In this way, only the unrecoverable
information is retransmitted and no CUD data arises. A similar approach is applied in the General
Packet Radio Service (GPRS) [31][32], where the Radio Link Control (RLC) protocol that
operates below the data link layer handles the block transmission and correction. The organization
of this chapter is as follows. After this introduction, the description and performance evaluation
for the new protocol will be presented in Section 4.2, where both its advantages and performance
tradeoff will be discussed. In the next section, Section 4.3, we will propose an adaptive scheme
which maximizes the throughput over the conventional and the MAC-ARQ scheme. Finally, a

summary will be contained in Section 4.4.

4.2 Description and Performance Evaluation of the MAC-ARQ Protocol

In Chapter 3, it was mentioned that for the CDPD system, conventional ARQ is operating
in the LLC layer. It only provides retransmission of LPDUs in this layer. Unlike conventional
ARQ, MAC-ARQ is an auto-retransmission scheme operating in the MAC layer, by providing
retransmission of RS-blocks in MAC layer, hence avoids retransmission of the LPDUs. As a

consequence, the effect of the CUD could be eliminated. For the retransmission, each block needs
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to contain necessary information for its destination and its sequence number. The description of

the MAC-ARQ is as follows. As illustrated in Fig. 4.1, the sequence of packets formed by the

LPDUs is segmented into (274 — Hy) bits each, where Hp is the length of the header to be

attached to each data block. Then each segment is prefixed by a block header (Hp), together with

transmitted to the physical layer. The block header contains the destination address(s) and the

block sequence number to perform the ARQ operations. The destination address(s) identifies the

the 8-bit Color Code, yielding a 282-bit data block. The data block is thereafter RS encoded and

logic link connection(s) where this MAC-block contains data from. Since a block may contain

data from more than one logic link connection, the address field needs to contain addresses for all

the connections. Therefore, an implementation dependent algorithm which performs address
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compression and mapping can bc applied to ensure the MES side to be able to identify the data
block destined to itself from tﬁis address field. The receiving MES identifies the sequence
numbers of the blocks which fail decoding, and sends request(s) via the reverse channel for the
retransmission of these blocks, while queues the correctly received blocks which have not
complete an LPDU. Upon receipt of the retransmitted blocks, the MES assembles an LPDU with
these blocks as well as the queued blocks, and forward it up to the LLC layer. Therefore, at the

LLC layer, there will be no missing packets and thereby no retransmission involved.

Since all the erroneous data blocks are corrected at the MAC layer, the probability of a
packet in error will be zero. Referring to the simulation results for BLERs and PERs in the fading
channel, e.g. Figs. 3.5-3.7, the up to 5-dB of performance degradation between the PER and the

BLER is eliminated by the MAC-ARQ protocol.

The penalty we pay for the performance improvement this new protocol offers, is that
extra redundancy needs to be embedded into the forward channel, i.e. the header of each block,
and therefore the performance is expected to decline under very good channel conditions. Follow-

ing Eq. (3.15), the MAC layer throughput for the MAC-ARQ protocol is

NI _ NTotal

S'mac = “Syac 4.1)

NTotal NTotal

where N'; , , is the actual number of bits transmitted for MAC-ARQ. Similarly to the derivation

of Eq. (3.19), the ratio N,,,;/N'r,,,; can be expressed as

N
ol = 1 _pyR, (4.2)

N Total
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where

(4.3)

where Ly is 274 bits, and Hp, containing the necessary destination address and block sequence

number, can be sufficiently assumed as three octets or 24 bits in our system. From Egs. (3.19) and

(4.2), Eq (4.1) can now be expressed as

S yac=RR(1=Pp)(1-Pp) . (4.4)

Since the MAC-ARQ protocol has ensured every LPDU can be successfully decoded, i.e. Pp=0,

Eq. (4.4) can be rewritten as

S'yac=RR(1=Py) . (4.5)

Substituting Eq. (3.12) into Eq. (4.5) yields the throughput expression in terms of the bit error
probability, and this is plotted in Fig. 4.2. The dashed line in Fig. 4.2 illustrates the throughput

versus the P, of the new scheme in an AWGN channel, where the packets are transmitted only in

their default lengths. As compared to the conventional scheme, the MAC-ARQ scheme has up to

45% higher throughput when P, is larger than the cross point 1.15E-2, while the conventional
scheme outperforms the new one by nearly 10% when P, is very small, i.e. after P, crosses the

threshold.

The simulation performance evaluation results for the throughput versus E,/N, in

Rayleigh fading channels are presented in Fig. 4.3. The results reflect the throughput while

packets are transmitted in random lengths. For comparison purposes, the results for the conven-
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tional scheme are also included. As it shown in the figure, the MAC-ARQ scheme shows ovér
30% increase of the throughput as E,/N,, is low (e.g. E;/N, < 15 dB), while exhibits approxi-
mately 10% degradation as E,/N,, is large (e.g. E;/N, > 30 dB). The cross points of these two
schemes are ranged within 21~23 dB. As discussed in the previous chapter, the MAC throughput
can be estimated by the channel BER performance. Figs. 4.4-4.6 illustrate the simulation results
for the throughput versus bit error rate in Rayleigh fading channels. Similar P, thresholds can be
identified in these figures. Let the curve for f;; = 80 Hz be an example, when P, is larger than the
threshold, where P, . n010 = 7.4E-3, the MAC-ARQ scheme has up to 35% higher throughput
than the conventional scheme. Nevertheless, the new scheme has about 10% lower throughput
than the conventional one when P, is smaller than the threshold. The throughputs for other

Doppler shifts vary but they exhibit similar thresholds. The observed thresholds are listed in Table

4.1 below.

Table 4.1 Observed BER thresholds for various Doppler shifts

4.3 The Adaptive Scheme

In this section we will discuss an Adaptive scheme which can make further performance
improvements, by means of dynamically enabling the ARQ operation at either MAC layer or the
LLC layer. Similar to some previous work concerning adaptive ARQ scheme, such as [37][38],
where the blocks are transmitted in various sizes as the changing of the channel, the adaptive

ARQ protocol that we are proposing, will simply switch the operations according to the channel
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conditions. Since it is not a complicated task to estimate the channel BER betweén the MDBS and
the M-ESs, we can take advantage of the relations between the throughput and the BER to
optimize the throughput performance. For example, as shown in the previous section, in various
fading conditions, the two schemes exhibit similar BER thresholds whereas the throughput of one
scheme outperforms another on one side of the threshold and vise versa on another side. Hence, it
is worth considering to employ an adaptive scheme where the MAC-ARQ protocol can be
automatically enabled and disabled according to the estimated BER performance. In other words,
enable the MAC-ARQ scheme when the BER is larger than the threshold, and disable it when
BER is smaller than the threshold. For example, the base station will start to transmit data with
MAC-ARQ protocol, where each data block to be transmitted from the base station to the M-ES is
prefixed by a block header before it is RS encoded. During the transmission, the M-ES constantly
estimates the channel condition and BER performance. When the BER reaches up to the thresh-
old, the M-ES may send an LLC control frame via the reverse channel to request disabling the
MAC-ARQ protocol. Upon the reception of the control frame, the base station will switch to the
conventional mode, where the data blocks are transmitted without the block header. If the BER
drops below the threshold again, the base station may enable the MAC-ARQ protocol again upon
the request by the M-ES. Therefore, if we ignore the processing time of the adaptive operation,

this scheme will maintain the throughput performance in its maximum value range. Let us take fp,

= 80Hz as an example, when the channel BER is less than the threshold, e.g. BER = 3.0E-2, the
system will take the MAC-ARQ scheme and provide a throughput of 0.6, which is almost twice
the throughput provided by the conventional scheme. On the other hand, when BER is larger than
threshold, e.g. BER = 1.0E-3, the system will take the conventional scheme instead and provide a

throughput of 0.91, which is around 0.1 more than what it can provide by the MAC-ARQ scheme.
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4.4 Summary

In this chapter we have proposed, analyzed, and evaluated by means of computer simula-
tions, the performance of the MAC-ARQ scheme. We have presented the advantages on through-
put performance of the MAC-ARQ protocol as well its tradeoff in certain channel conditions. We
have also identified the performance threshold which can be represented by channel BER perfor-
mance. Consequently, we have discussed an adaptive scheme which automatically select between

the two schemes according to the estimated BERs, thus to achieve optimal throughput.
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Chapter 5 Conclusion and Some Suggestions for
Future Research

5.1 Conclusions

In this thesis we have studied, analyzed, and evaluated CDPD forward channel perfor-
mance, in terms of MAC layer block error rate, packet error rate, and the throughput. Our studies
have included both analysis and computer simulations, in the presence of various communication
channel conditions, including the AWGN channel and land-mobile Rayleigh fading channel. We
have also taken into account different type of GMSK receivers, such as the coherent receiver and
differential receiver. Computer simulation results have shown that coherent receiver demonstrates
better performance than the differential receiver in AWGN channel while it is outperformed by

the differential receiver in the fading channel.

We have investigated the forward channel MAC layer structure and identified a source of
performance degradation, i.e. the correct but unusable data (CUD) which peaks about 45% over
all transmitted data regardless the channel conditions. To eliminate this inefficiency source, we
have proposed an MAC-ARQ protocol which performs ARQ operations at the block level, hence
effectively eliminates the CUD. Simulation results have illustrated considerable performance
improvement of this protocol. In the fading channel, it demonstrates over 0.3 of increase of the
throughput when Ej/N,, is relatively small, alfhough when E;/N,, is very high, the extra overhead
introduced by the MAC-ARQ protocol results in approximately 0.1 degradation on the through-
put. When studying the relations between throughput and channel BERs over various channel

criteria, we have found that the throughput curves for the two schemnes intersect at similar BER

values. In order to optimize the throughput performance, we have discussed an adaptive scheme
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which dynamically switches back and forth between the conventional scheme and the proposed
scheme in accordance with the physical channel BER performance. By this means the maximum

throughput can be achieved.

5.2 Suggestions for Future Research

5.2.1 Effect of the MAC-ARQ protocol to the reverse channel

This thesis has not studied the effect of the MAC-ARQ protocol to the reverse channel
performance. Since the ARQ is operating at the MAC layer, it is possible that the number of
acknowledgment packets transmitted on the reverse channel is more than that in an conventional

scheme; this may cause degradation on the reverse channel performance. Therefore, it would be

‘worth looking into such effects on the reverse channel.

5.2.2 Revoke the ARQ operation at the data link layer for the MAC-ARQ scheme
The proposed scheme performs ARQ operation at the MAC layer, whil.e the original ARQ
functionality still exists in the upper layer. The MAC-ARQ protocol requires an extra block
header containing necessary information for the ARQ, but in the LLC layer the conventional
ARQ also requires similar header, this causes some redundancy. For the sake of simplicity, this
thesis has not taken this redundancy into consideration. Therefore, it mi ght be useful to perform a
small modification on the LLC layer protocol to revoke the ARQ operation, and hence eliminates

the redundancy.

5.2.3 Soft threshold for the adaptive scheme
Although this thesis has demonstrated similar BER thresholds in the throughput studies
over various channel criteria, the BER threshold cannot be estimated accurately since the variety

of channel conditions, e.g. for different Doppler frequencies, the BER thresholds are slightly
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different. It would be interesting to consider a soft threshold which would involve some statistical
studies of channel characteristics to determine the threshold range where the throughput is

maximized.

5.2.4 Performance study for similar applications other than CDPD

There are many wireless communication applications that possess similar system structure
as CDPD. They may have different block/packet lengths and overhead. It would be interesting to
investigate the performance for other configurations, and verify the possibility that the MAC-
ARQ protocol and the adaptive scheme being applied to these systems and evaluate the improve-

ments of the performance.

5.2.5 Diversity reception

In this thesis we have investigated the CDPD performance with coherent and differential
detection with single antenna reception. For better performance in a fading environment, diversity
reception should be a good choice. The combination of diversity reception and the MAC-ARQ/

Adaptive scheme will produce significant performance improvement.

5.2.6 More advanced coding techniques

CDPD system employs (63,47) Reed-Solomn coding scheme as the FEC. It provides
fairly strong error correcting capability. However, in this thesis we have found that the RS codes
performs better in a slower fading environment than in a faster fading environment. It would be
interesting to investigate the effects of the codes in fading channel with different Doppler shift
values, and introduce more advanced coding techniques which give better performance in a

slower fading environment.
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!uernaxd = {[p}auendp

SO0(0° T+HXYN QNWY) / (}pued) (2Tqnop) » NATINI) (IUT) = usead
‘ux w013

‘usT Adp Jurt

fusaad jut

! [T+XYI™ LNNODdd] Aue1dp 3ut

/+ AAD 3O U3BUST 4/

/x 3Ioed Aunmp Jo Yijbuol x/

/% oUSI82d, Aummp ST SUO0 3ISIATI SYIJ ZOD T+ x/
}

(YausridpTiab proa

R T T T TR T T T T PR TR T T F TR R R g g oivgv ey

/x SUON andang y/
/% QUON 1INAUI 4/
/x «23ep° Ausadp., */
/x PDPOTTED ®[TJ ® 03UT 9I03S pue ‘I0308a /
/x UYabueT-wopuex asAel yuITeled o3eIsULD UOTIATIOSDOQ 4/
/v {yAausdpT3ab loweN i/

\4#&*«#&««««k««tt«&*i&&«*«««i*««««««#««**&**&%*ia««kf*i**\
! ()ausidpTisb proa
i

‘SToquiAs BuoT
WY TeqoTB, spniout#

A I T T I I Ty

/x SxSTOqWAS = ‘saTdues Jo Isqumu ./
/x STOQWAS JO ISCUMU ,/

\.ﬁ 4\
/x o' uedIp x/
/x x/

[ T T E T R T R T R R T T 74

_ wpip

/x I03 3O PUD ./ {

(N3TE.SYTQ 3°S3n0) (8Tqnop) =/ Yo qa

/+ STTUM JO PUD x/ {
C((NITHXSYTY 3°53IN0) (3TROP) / YO qI}0TBOT«0°0T = Y2 qd sino
£ {00T<S)TEPRY 3°S3IN0 33 00T<SOedpeq 1°s3Ino) = bergsuop
{{)soweay sTquasse Ip
£ () sysub
! ()pusndpT3eb

}

( T =i Bergsuop ) aTTym
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l-peq Jo punoq 3132 YoIess ./

INSTANT » UST AMTIPRq =+ AHd S3TgjuIpeq 31 S3jno
{BUTPODTIUNOD® T 3 =+ HBUTPOL 3UNOOS” 3°SsINO
{3UunoosT] =+ JUNODI T 1 S$3IN0

/x 83100 8jepdn - S]ITNSSI DUTIPIOIDIT -=mwwmmwmuw x/
{0 = us1TADRgPR]
asT9
{
3 = uaT AdeApPRq
{
{
{
T+ Y
‘L = []adedpeq
}
( [T-3)Adeapeq =i [ ) 3T
}
(++L f[1]3ubraadedpeq => [ ‘[r]3Fe1Adedpeq = [ jut) 103
. }
(++T ‘usTT33eTAdRAPE] > T fQ = T 3uT) 03
‘[0]339TADRgPRY = [0)ADRAPR]
T =y
}
(0 < uaT 339TADPRdPR]) 3IT
/x AdeJpeq ®jeIsusb --------- x/

‘0 = uaTT3zaTASRdPR]
(
f++ 0
[£13ybranoedpeq
{

/x XSput 3ybTI Byl 8I03S 4/ I =
fq)aueTdp =+ usTUMS
LR |
}
/+ soedpeq
Jo punog 3IYbTI YdIess ./ (usl Adp > USTUMS 3% USTUNS < [+3YyBTI) o[Tym
/x X9PUT 3IDT BYJ 81035 4/ o = [f]3zeTAPRdAPR]
{
f[Mlaue1dp =+ uSUNS
4+ Y
}
/x soed
(et Adp > USTUNS 3% USTUNS < T+3IST) S2TTUM
‘[0lausdp = usTums
/x Aueldp ut soed peq JO XSPUT 4/ . 0= Y

/» Adp ut soed peq jo punoq IULTI 4/ T - NITINI + 3I3T = U6
/+« Adp utr soed peq jo punoq 3387 «/!NATANI » [T1ANTEPRq = 3331

}
(++T fUSTTAMTEPeRQ > T ‘0 = T Jul) x03
‘[1lauendp =+ uST Adp
(++T ‘T+XYW INQNODAA>T {0=T 3ur) I03
‘0 = uar Adp
‘0= [
/x AuSdp
pue AXTgped uo poseq asAel g ut s3jsyoed peq 8yl BUIPUTT -—---weeee %/

‘0 = usTTANTEPRq
(

“uﬂdoulm\&ﬂﬂlzwom =4 mﬁ..nmuooluESODWIu
C(NETE/T) (AUT) = [++(]AMTEPE]

(XONE < 3unod~mds) 3

{3UNoD9 =+ JUNODTSITY MDD

{qunoos =+ JUNOOS T3

" !4+ 3unonTmoBs
}
(0 < junod®) JT

{

{+4 3unooe

}

([39533073Tq+398F307 NIA+T]Ad =i [3I9SIFO ITA+3I8SIIO ATU+T]12Z) 3T
(++395330731Tq ‘9 > 3I95IJJOITQ ‘0 = 13IB8SIJOTITQ IUT) I03
/x S,MD ﬁﬂ T8ARI] ~—mmmmmm x/
Junooss

ISSIFOTHIY uT) I0
{0 = 3UNODT SAT MO

( 9=+19SJ3071q !I-NE1E > I2SIFONIG ‘0 =

/x S.MD Aq POTQ ul [3AeRI1]

|||||||||| *

(NGTg=+T 'STOqWAS>T ‘Q=T uT)
‘0
{Q = BurpooT3juno
{0 = juno

{sToqWAS =

flr+usTTZIAd = [T+uSTTZ]

(++T {dwe3i>T !Q=T 23ur)

/x 2 9dousnbas 838TdWOd ——————————
‘(dz)es

‘uSTTZ ' (3I0UYS)JOBZTS ‘ZIF (4 PTOA))pERSIT

! (h,u\Butpeax x07 ejep 'z uedo 3,ued,)JFjutad
(TTON==((.qx, ‘cuuz)usdoz= d3)

!due) -~ sToOquAs = u

{{T)atx® ! (,u\2dA] 1030°319p Huoam,)IIUTI

}

¥ é(0 == ggSToquAs) = dwe
== 8dA37Ip) 3T

z3sToquiAs) = due

(.0, == 2dA373p

/x 2 30 yabust puty

jAd ueyy 183i10ys Z sToquAs Jo Iaqumu // H

hd uByl JI933I0YS Z STOQqWAS JO Xaqunu // gt

! (dy)es
‘sToquAs ‘(3I0oys)joszts ‘Ady (. PIOA))peDIT
{(y u\Butpesx z03 eiep-besu usdo 3,ued,)zF3jurad

(TIAN==( (.91, ‘zuujy)usdoz= dj)
f(d3z)es
‘AusTIdp (x PTOA))pesaz

‘(dz

{(d3 ' T+XYWTINAODAQ (3UT)3oszis

}

3
s

/

JjunooTmo2

}
a03
=

fol=Ta
09T)
- %/

2172
Z

103
- %/
o123
o818

) 3T
Chav4
{
4
asT®
3
EEREC]
a
) 3T
- x/
o123
aste

) 3T
o123
9sTa

*/

x/
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‘1

f{3] @Iqnop mau = IX
e 4479 ybnoxyy o ssed ---------- x/
‘besw [] @318T8pP
{
f(xpribesu = [[+S,XPT]0
(++C !s > ( ‘g = [ aqut BuoT) x0%

}
(++XpT !STOquAS > XpT !0 = XPT 3uTl Buol) 103
{‘(T)3tx2!(,0 Butaedolle 101isa,)jautxd }{ TIAN == D) 3IT
{[rI] 3I0US MBU = O
/+-- bosw o39T9p pue O sousnbes paTdues 93eISUSL --------- x/
£ (d3)as07103

{(d3 ‘sToqWAS ‘(3I0US)JOSZIS ‘basw (, pToa))a3TIMT
. asTe

! (yu\but3tam 1oz ejep-besuw usdo 3,ued,)Ijurad
(TINN == ((.gm. ‘.e3ep-bosw,)usdoy = d3)) It
[pmmmm ®713J ojul besw anes --------- %/

(((0°1T + XYW ANWY)/ ()puex(aiqnop)) «z){3roys) x g = [T]bosu
(++T !sToquWAS>T {0=T 3Jul) 103
‘[sToquAS] 3I0Ys mou = basu
/+--- Sousnbes TOQqWAS MOU 93BIBUSL ----m-wew x/
{(s)(BTqnop) / TedI dUNH x 0°Z)3abs = due
{(0°0T/¥NZE) ‘0°0T)mod = (esx uUNH

/* ON/93 «/ !{1e8I YN oT1qnop
/x I03jexb23ur Jo asusnbas ndino ,/ 17X BTANOpP
/% A4S Jo souanbeas Indano ./ ! IXy DTQNOp
/x dousnbas pardues ./ {0y 3I0YS
/x 90ousnbas obessaw 4/ ‘basw, 3a0ys
/+« opnatrTdwe TeBUIS 4/ !{dure ®TgNOP

}
(bS ,@TqNOp ‘TS ,3TqNOP)sueal Proa

R L L T Y T R PO PR P e S P Y ]

/% 2UON 1andano «/
/x z0108n Teubts § o031 x@jutod - bs /
/% I0302a TRUBIS I 03 asjurod - IS tandul o/
/x 10328A x/
/x Teubts PRI puegsseq NSWO sjersusn :uoT3ldiidsad «/
/= ()suex] ‘OweN x/

R i Iy
{{UNZ STYqnop ‘bs ,aTqnop ‘1S ,8IqNOp)sueil proa

/x SxSTOqWAs = ‘soTdwes Jo Isaqumu ,/ Hu
/x» STOQWAS JO IXaqunu ,/ ‘sToquAs Buot
W4 TeqOTH, SpniouT#

R R I I I LI T T T TR R PPy

/% . */
/x ’ DU RIMswh v x/
/x ’ o ‘ x/

R R AR R R AR AR RRR AR XAN RN R R AR RN R AR AKX LR R IR AR X F e wrnx]

f(d3y ‘ZusT ‘(3I0US)JOBZTIS ‘Z (, PTIOA))DITIM]
as19
{
f(T)3txe fz [] ®3818P
!y u\Butataim 103 ejep-'z uado 3,ueo,)Jjutad
Y(ITAN == ((.qm. ‘.e3ep’z/znx/dul/,)usdoy = dj)) 3T
{
{T)aTxe 0 (] ®3eTep ‘I [] ®3’8TOP
{{adA3Tap ‘,u\do% 8dA3 1030838p 1091x00UI, ) Jautad

} @st@
{
'y - 5/1 = Zual (0 ‘I)3TPTI08]8D = 2
} (.a, == 8dA373p) 3IT OST®
{
p-S/T = Zusl ‘(D 'I)yodo 30e3ep = 2
} (D, == adA3Tap) 3IT

/x TeuBTS MNSHD 399390 «/

! (enesop ‘peoqop ‘umpl ‘p3 ‘edA3Tyo ‘D ‘I) IPuUURYD

/» ToUueyd ybnoxyi TeubTIS SSed ,/

(7T ‘¥NF 'O ‘I)suexn

/+ TRUBTS MSHD XL «/

(‘{D)3txe’1 []933T3p! (4O BuriedOTTR 101a8,)33uTad } ( TION == J) 3T
{11 sTgnop mau = O

{1 (1)3¥1x9! (.1 Burjeocoyre I0xxs,)3Futid }( TION == I) 3IT
‘[1] a1gnop msu = 1

/x Z 30 yabust «/ fZU9T Ul

/x X0309A TRUBTS D «/ IDx BTQnOP

/s 103094 TRUBTS T 4/ !Ix STQnOp

/x ®ousnbss 3TNSa8I 8Yl BI0]JS 4/ {24 2330Us

}
()xsub proa

B I I I Ty

/x SUON 1Indang ./
/x SUON 13ndur ./
/% suotado Y/ T8uueyd/XI MNSKWO wiojxsd ruotldiaosad «/
/x () qswb BWEeN i/
\1****kii«*&«a««*%«&«««iutkk««*««#««*«#«**«««&*&#«*#*xk*k\
f{)swb proa

/x SxSTOqUAs = ’‘sardwes jo 1aqumu ./ 1

’sToquAis Buot
WU TeqoTb, Spniouty

R L T R P R I Y4

/+ STOQWAS JO Jaqunu ./

/x x/
/+ 5" ysub «/
/x x/

] R R R AR R R R R KRR AR RN REER IR R RN FRXFRRRRR KX RN RNk xwxn]

>*¥swgd

X L ysm3 _

‘z ] @391ep
{(dg)eso1o3

fuBTTANTEPRG =+ SYTEPeRJ 3°S3Ino
fusTTADBIPRG =+ Soedpeq 3 S3no

I [T]lAdedpeq JAuoddp =+ qa s3TdjuIpeq 3°sino
(++4T ‘U9T”AdPRAPRA>T Q=T 3IUT) 103
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{*(1)3txe ! (,u\D Burjedsoile i10aid,)Fautad) (TIAN == D) 3IT
{[DUBT] 3IIOYS MAU = D

\& IIIIIIIIIIIIIIIIIII .llll.l llllllll x.\

/I g % ¥ burxnuep 4/

\i |||||||||||||||||||||||||||||||| *\
{

HXPTI0 » [T+XPTII = [XPpT)d
PPTI0 . [X¥PTII = [XPTIY

: }
(++XPT DUBT>XPT !Q=XpT) 103
\¥ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII i\
/x 0 3 I BUtydox «/
[ e %/

‘bx ] ouwﬂwv
fTx [] 8l8Tep

{
f++L
fT- 1 T 4 0 < [s+xpT)b1 ) = [()D
(1> (s+XpT) ) 3T
f1- 0 T el 0 < [XpTITT ) = [(]11
}
(Z«S+XPT=XPT {7 > XPT !LESJI0 dWVS = XPT) 103
fo=C
/4 oo «/
/% Purjtwry pue Butpdwes ,/
\«. llllllllllllllllllllllllllllllll *\

!bs [] saetep
{(bx ‘T+s4% ‘Iy '71 ‘bs)p auocd
{
{T)aTX™®
‘bs [] @39T9pP
! (4 u\bx Butr3eooile ioixxs,)Jyutad
}( TIAN == bx) IT
{[1] ®iqnop mau = bx
{18 [] e3eTep
/x UOTINTOAUOD ./ {({TX "T+S4y 'IY ‘T '18)p Au0D
{
f{T)ITX™
!bs {) o3atep !1s [] ejeisp
f{,u\Ix BurjesolTe I0119,)33utad

Y11 == 1) 3IT
{71} STgnOop MAU = T
[x ==-—= IH 4495 ybnoaya bs ‘1s Burssed --—---- x/
!{d3z)esorol

f(d3 ‘T+S«p ' (STYNOP)JOSZTS ‘IY (s PTOA))peSIZ
osTe

{

‘(T)3txa !bs [] @39719p ‘15 [] °3919p
! (,u\Butpesax 103 elep’yod xH usdo 3,ued,)zyutad

}
(TION == ((.qI. ‘.e3ep yod~aH,)usdog=d3y)) 3IT
[¥=mmmmmm oo IY PROT ~---=---—-x/
sousanbes Indano ./ . “f{oustlo a3xoys
Aexxe dwey ./ ! [pu=stlg x0ys
Kexxe dwusy ./ ! {JuaTlv¥ xI0UsS
gousnbas-0 4/ ! {Qua1]d 3a0ys
gousnbas-1 x/ {{IusT)I 3I0YS

/% yabua1 aousnbes andano ./ !Jusl x 7T = DUST Buol 3suod
/x yabua 2ousnbas-0 / {1-IJusT = QusT buor 3Jsuodo
/x  Y3bual ®ousnbas-I «/ !T+(SxZ)/(Ssp-T1) = IudT BUOT 3suod
/% X3put «/ ‘0 ‘xpT Buol
/« 439D 30 O- Indino ./ ‘bay a1qnop
/x ddgD 30 I- Indano 4/ {11, S1qnop
/x SIUBTIOTIIS0D I9ADTTI AdLD «/ ! [T+S«P 13Uy a1gnop
/x 38s3z3o Butridwes .,/ T = JISJA0T IWYS 3UT
}
(bs ,oTqnop ‘TS ,9TqNop)yYod~30233p »3I0YS

A YT

/x @ousnbas poioslsp 9yl o3 xajurtod andang K/
/x I0308A Teubts O o1 zejutod - bs x/
/% I01089A Teubrs I 03 19jutrod - IS tAandug 4/
/% $10398Aa Teubts x/
/x ORI puegaseq MSWO JO I030939p JuaIayod :uotidIiaosaq x/
/x (yyoo™3o838p IdWeN i/

\&«*«*«i*##i*1***«k«i*&«iii«i«««***&##i***«*««««k«#«i«««&\
‘(bs 4oTqNOp ‘TS ,3TANOP)JITP ID2ISP 4 3IIOYS
1(DS 43TqUOP ‘TS 4STqNOP)Y0dTIDIIBP 43I0YS

/x SxSTOqUWAS = ‘saTdwes Jo Xaqunu / i
/x STOQWAS JO JI2quU ,/ ‘sToquis BuoT
WY TeqoTb, spniouTh

I I Ty

/x x/
/% o " Xy sub w/
/% %/

R T T

> X yHswa

fgx [] e39tep
{
‘dwe (S (2TqNOP)/ [N} ZX«YUxId)UTs = [Y}bs
‘dure ,  (S(3TANOP)/ [M] ZX«YUxId)S0D = (Y] IS
}
(+43 T > ¥ ‘0 = ¥y Juy Buoy) 103
/x——-—-- STeUBTS {31 puegsseq 83eIBUDD -~-----men x/
f(s)(atqnop) / (L) (8TAnop) ) » [A]TX + [T-dlZx = [¥]gx
(++3 !>y !T=) 3Jul Huoy) o3
‘0°0 = [0l
03024 swes syl o3 jurod X % X // 11X = gX
/x---- 7X Burjeisusb ’‘TeiHIBIUT IHOW ----me-eoo x/

. ‘5 [] ®3oTep
f(TX ‘T+Sxp 'Y ‘71'0)Aucd
t{dz)ssoio3
‘(d3 ‘T+Sx«¥ ‘(STQNOP)JO92ZTS ‘Y (« PTOA))pRDIZ
- EERC)
{(wu\Bulpesx 103 e3ep'H uado 3,ued,)3jzutad
(TTAN ==
({.qx, ‘.elep-H/wids/foxd/pdpo/znx/pTixse/a0yl3/sju/,usdoy = d3)) It
‘[T+Sx¥1Y a1qnop
{(/(1)31x2!0 [} @38T8p! (. TX Burjeooile 10113,)3jjurid }( T1 == 1X) 3T
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{{p3 eTgnop ‘3 SIqnop ‘bo ,9Tqnop ‘1o (dTQNOp)sspei ush proa
! (9ABSOP4x JUT ‘PROTOPxs IUT

L . . E L UMpPTyy
Buol ‘p3 aTqnop 1suod ‘odA3TyD IBYD ISU0D ‘D 42TANOP ‘I 4STGNOP) [SUURYD PIOA
/x 203084 9peI 3O TBTITUT «/ f3Tut epey 3 Buot
/x 2Tq 12d ABasug / ‘yoTqE 8Tqnop
/» Butpez 103 bsx3z xorddop ‘zH X/ ‘0°08 = PJ a21qnop 3jsuod
/x TRTIUDIDIITA :d ‘IFUSISYOD :D &/ Y00, = edAaTap IeyD 3SUOD
/« Butpel ybteThey :d ‘NOMY VY «/ LY, = 2dA3Tyo Ieyo 3SuUo0d
ER%(Nic arqnop
f[ziumpt »Buot
/+ ToUURYD ORI ‘sSIsqunU purl I0J SPOSS 4/ {{z]leumpT Buot

/x SxSTOqWAS = ‘sordwes JO Iaqunu ./ i
/x STOQWAS JO IsqWnU / ‘STOqUAS Buot

WU TBqOTH, spnyouTH

R AR RN KA R AKX A AR AK AR NN A R KRR XN R AR XX NN ax v xrvvxxxxn/

/s /
/x 5" TouuRYD !
/x x/

R IR R T T T F N R P R PP P PP T T TR Y

dpPuueyd 4
{
!5 uinaysa
‘a [1 ®3=81ep
{
f++C
T 1 1= (0 < [xpTlE ) = [f]D
}
(S=+XpT !§-T > XPT !{IGSJJI0 dWVS = XPT) 103
‘o=t

/» Burtdwes ./

{:(1)atxe ! (,u\D Butrjeoorle zoxis,)3iutid) (TIAN == D) 3IT
‘[p-s/1] 3I0Uys mau = D
‘Y [] e3sTep
‘(g ‘Jd7 HusT ‘341 U ‘S-1'Y)p AUOD
/» Buras3Tty ssed mMOT x/
t(dz)esotro3
f(dg ‘FATTHUST '(21qnop)JFoszTs ‘IA[ Y (. PTOA))pesI] osTe
{

{{T)3tx® ! (,u\Burlpesx 103 ejep Jdi y usdo 3,ued,)jiutxad
} (TION == ((.9X, ‘.e3ep’3di7y,)usdog=dy)) 3t
‘[3d1 HUeT}3dT U a1qnop
/x SIUDTOTIIS0D 4AdT PEOT «/
{!(1)atxe !(,u\d burjeocorie Ioxis,}Jjutad} (TIAN == €) IT
{{s-7] BIqnop Mmau = g
‘bax [] s39T18p ‘Tx [] @38T8p

{

f[S-XPTITAL [(XPT]DI - [8-XPT]DAy [XPT]TI = [++L]V¥

}
(++XPT T > XpPT S = XpT) 103
to=f
\.«. ||||||||||||||||||||||||||||||| i\

/% uotstosp bButyew ‘Buridures ./
{!{{(1)3txe ! (,u\Y BurjensoTe Ioxis,)Iautad} (TIAN == ¥) 3IT
' . 7 f{s-7] 8rqnop MaU = ¥

‘bs [] @3818p

!(ba ‘aHusT ‘ay ‘1 ‘bs)p aAuod
{
‘{1)3tXe
‘bs [] sasTep
{(,u\bx Burjeoolle 10118,)33utad
PO TION == ba) 3T
{[1] sTqnop mau = bx
‘18 [] e31818p
{{Tx ‘ZHuUel ‘ay ‘T ‘TS)pP AUOD

/x Butasitt3y ssed pueq ./
{
{1)3TXe
‘bs [] @3878p !T1S [] @39Tep
{(,U\Tx Burjed0iie I011d,)JF3utad
}( TINN == TI) 3IT
{[T] °Ignop meu = TI
‘IH 1831713 ssedpueq ybnoaysy bs ‘Ts buissed ./
! (d3)ssoT1o3

bx ‘tx Butjeasusb

‘(43 ‘IHUST ‘(STQNOP)JFO8ZTS ‘IY (4 PTOA))peaII

asTe
{

(T)3txe ‘bs [] @3813p ‘TS [] 91919p

{(,u\buipeal 103 eiep-ITP IH usdo 13 ,ued,)jjutad
} (TN == ((.9qX. ‘,e3ep’ITPTIH,)usdogy=dz))} It
/x XSPpUT «/ ‘0 'XpT Buot
/x X0309A 3Tnsax 03 asjutod 4/ 1Dy BTANOP
/x» Aeaxe dws3 03 xojutod ./ idx ‘¥x 2TqNOp
/x d4dago 3o 0- 3ndano ./ !ba, sTqnOp
/% AdgD 3O I- andano x/ {TI, BTQNOpP
/x SIUSTIOTIISOD I9IASTTI JAdgD «/ !{[aHusT]ay sTqnop

‘L9 = JATTHUST 3JUT 3ISUOD
g¢ = JIHUST JUT 3SUOD
IISAJA0TdWYS IUT 3Isuod

}
(bs ,o1qnop ‘IS x©Tqnop)3 TP 30938p ,3II0YS

R  r  r Ty

/x Butyew uolsToep 8iojaq AdT x/
/x 0T=S €% '8=S G «x/

/» 238s33jo BurtTdwes ./ 9z =

/% sousnbes peijoeisp 8yl 03 aejutod 13ndino i/
/% 10308Aa TRUBTIS § 03 xsjutod -~ bs */
/% I0309Aa Teubts I 03 aojurtod - TS Dandur ./
/x sx03094 TeRUBTS OXI x/
/xPuegsseq JSHO JO I030239p TRIIUSILIITP :uotidriosad i/
/x ()3TP 30®I8p ‘OWeN «/
\*«;%**i***i*«***k«*#««««i**a***********i**a**««t«*«*!**#\
{
!D uanjyax
{
‘zo=+ C
H1-) x (xpTlE = ([1+£]D
fixpriv = [L]D
}
(++XPT ‘QUST>XPT !0=XPT) I03F
‘0= ¢
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fuaniysi {
{(JHUST ueyl 19310Ys ou 8q pInoys xusl ‘ioxad,)ziutad ‘([T}onesop’ [T]peOTOP’ [TIUMpPT) guIoupuex =+ [[]D
} ‘([0}eaesop’ [glprOTIOP ' [QlUMpPT)wIoupuex =+ {{]I
(XUsT < HUST) 37T T4+
‘T qur f((T)@aegop’ [T}peoTop ' [T]UMpPT) Zuroupuer =+ [(]D
) ‘{[0]eaegop’ [g]peoTop’ [QlunpT)wroupuet =+ [(]I
(X 3TqUOp ‘HUST JUT 'Y 4OIQNOP 'XUST JUT ‘X »O[qNOP)p Auod proal/ s @TRI @STOU 8Y3 8ses 03 Bej 385 4/ !1=[1]®seSOPy !TI=[0]®ARSOP«
R T T ({
/% 3nsex - A 1andang x/ f([T]eaegop’ [T]peOTOP ' [TIUMPT) ZWIOUPURT =+ [[]]
/% HUsT=<xXus1 ‘s1o3oea 3ndur - y’'x sandur o/ ‘{(0]®aeg0p’ [Q]peOTOP’ [QlUMPT)wIoUpURT =+ [(]I
/x Y PUR (9TQNOP) X 10108A JO UOTINTOAUOCD :uo13d1ansag / }
/x ()p~AuoD TOWeN «/ (++C fz-7 > { !p=C)303
R I I ‘bo i mumMmﬂ
‘(K (oTqnop ‘gUST UT ‘g 42TqNOP 'Yusl JUT ‘B ,3IOYS)AUOD PIOA 13 =+ 3TUT 9peI I
(R 4y2TNOP ‘HUST 2UT ‘U ,3Tqnop ‘XUST JUT 'X ,8Tgnop)p AU0D PIOoA _ {
WU’ TeqoTb, spniouTh f(13)10+[3)B+[3])Ix{311) =+ U7 gz
R I I Ty ‘bduny (To4) + Tdurd, (Poy) = {3]0
/x o/ ‘bduy, (boy) - TAWIL(TDy) = (3)I
/x 5193713 o/ ‘{310 = bdun
/- . {13]T = ydua
R I T TTTTTTTTTTTTT"TTYY f(PF ' {s)(2TAnOP}/ (L) (BTANOP) » (ATUT ®PRI 3+3) ‘DO '10)sepez usb )
(++3 !71>3 ‘Q=3) x03
, } (.4, == 8dR3"yo) 3T
2u93)Y (
H(T)3TX® 0[] @39Tep I () @319(ep
! (,9dA3 Teuueyos 3d@1100Ul,)3Iutad
{ } (W4, =i ®dA37yo 33 ,v¢, =i adhkiTyo) 3T
‘dyg = Do € ‘2 3utr Buot
{(25WM)S00,(Z)3IDS + WeZ = TOx !bdw?y ‘ Tdwy sgnop
. ¢ ‘aTqnop maou = bo, sTqnop
! (35M)S0D 4 (€3IBQ)UIS =+ € !3TQNOP MBU = TD, BTYNOP
}

mnu*3vm00 M Amuwﬂvwoo =+ ¥
f{T+0N) (®Tqnop)} / (u) (STqnop)} « Id = e3iaq
LN/ (U} (BTUNOP) xId«Z)SOD 4 WM = M
}
{++Uu !{QN=>U ‘T=U JUT) 103
‘fejaq
‘M
‘0°0=8 ‘0°0=Y
‘Wl x Id « 2 = um
‘L/0°00Z6T/P3 = w3
'Zx (T+0NxZ) = N @Tqnop
{ZE = ON 3uT
}
AUM aTqnop ‘3 aTgnop ‘bo »8TNop \ﬂU *@HQSOﬁvmwGMWIEwM pIoa

R e T T L T Y

/% SUON andano «/
/x 33Tys xe1ddog :p3 %/
/x onfea swry 3 %/
/% sTeubts Butpey B3I - bo 10 %/
/x Indur ./
/% sTeubts Butpe] sjeisusb :uotidradoseq ./
/% {)sepel uab BWRN 4/

J o AR R KR AR RRA AT R AR L LA RI R TR R RKXRRXRR LR KL XN R RN AR R R RN

SARSOPxx  3JUT
'PROTOPyx  JUT
.Eﬁﬁﬂi* GCOA

‘PF SIqnop 3suod
‘odA3Tyo xeyo 3suod
'O «BTqnop

‘I «31qnop

) TeuuRYyDd PTOA

Rl T T T T T T TR Py

/x BUON :3ndIng «/
/x Jjou 10 § puel saes o3 Bel3 :saegop x/
/x30U 10 § puex =2ad peol 03 HBelI :peogop x/
/x pass Jsqumu wopuel 03 Isjutod :wnpt =/
/. X 8dA3 fauueys :adAk3"yo x/
/% s10309A TeubTs P31 - O ‘I x/
/x fandur o/
/% Teuueyo butpel ybia1ley %/
/x 20 NOMY I9Y3TI® ybnoaya Teubis ssed :uor3zdridssq ./
/x . () TeUuRYD oweN i/

ATt T TN
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(++T !VIN>T ‘0=T 3JUT) 103
!R1 = AtTs eqelu
UNpPT, = uMpI_sTeTgelu
}

(T == 2ARSOpPy) 3IT

umpt. = [L]aT

fLf1aT=A1

'ATaN/AT=C

NI =+ UNPT, (0 > UMPT,) 3IT

I~ (DI +X-WNPTy} xYI=UMP T,

01/ (WnpTy) =X

{
10]AaT=4AT
{
‘umpt, = [(]AT (gvdN > ) 3T
‘HI =+ wnptTs (0 > Wnpts) 3T
A UI- (DT -UNPTy) «YI=WNPTy
'OI/(WNPTy) =Y
} (--Cf0=<{!L+dVIN=[) x03F
f{UNPTy) - = UMpPT, 3STe
{T=umpTy (T > (UNPT.)-) 3T
Y (ATi || 0 => wnpt«) 3T
{

‘0 = PeOTIOp

f{TlaTTs aTqeLu = [T]AT
(++T ‘dVIN>T !0=T Jul) 203
!A17sergeru = AT
‘UMpITS TOTqeRLU = UNPTy

! (d3)esoto3
{(dzy ‘1T ‘(®[geLu)JO8ZTIS ‘©IGRLIUR (, PTOA))pESI] 8ST°

{ !(1)31x0 !(,u\bBurpesa 10J ejep T81qRLI®STON u=ado 3,ued,}jjutad
FOTION == ( (.G, ‘.e3lep’ [8TqeLidsTON,)usdog=dy}) 3T

}
(1 == DROTIOD4) 3T
!argeru (! [AVIN}ATS buoy !(ATTs Buol !funptTs Huol} 3onils o1le3s
‘d3, @114
!duey sTgqnop
¢ {d¥IN]AT Buoy oT1je3ls
{0=AT Buol o13EIS
!y BuoT
*€ 3ut
}
(8ARSOP, JUT ‘PROTOP, IUT ‘unpt, BUOT)fuex s1qnop

/x

‘speaj pejeaades Ar1ebiel oml usatb ‘Isqunu x

puel ueTssnes juspuadspul OM] 3jeasULb URD () JWIOCUPURI PueR ()UIOUPURI -
O juex o3 Buote passed st Berys x

B8Y) 8INSUS BOIMI] DARSOD, 385 °2ARS UYDe? I933® JJO pauani ‘O’ [suueyd *
UT U0 pBUIN] ST SABSOPyx ‘(,B3eP oTqRLOSTON. STTIJ 03ur arqel isjswered ¥
8STOU JUBIANO SARS 03 SPOAU ‘UnI ST dYI ST UNI STYUI) T=9ALSOPx FJT - «
peoT yoes J23Je JJO psuIn] ‘UOTIDUNI UTeW *

ut uo pauini ST Bel(J peoIop, ‘(A3TnuTjuod sstou deoey 031 ‘STqe] SSTOU .

snotasid peol 031 SPedU ‘uUni.3ISITF SUYJ 30U ST UNI STYI) [=PeOTIopPs IT - «
8TNOP WOpURI URTSSNEL 2930I8USD ./
! (8AeSOR, JUT ‘PROTOP, JUT ‘WUNPT, SUOT)Zuioupuel a1gqnop
! (BARSOD, JUT ‘PROTIOP; IUT ‘unpT, BUOT)ZURI BTYNOP

{{®ABSOP, JUT 'PROTOP,x JUT ‘umpl, BUOT)uroupuer sygnop
! (8ABSOP, JUT 'PROTOP, 3IUT ‘umpT, BuoT)juea siqnop
W4 Teqo1b, epniouty

R AR R AR AR AN AN XA XA AN X KA XR AN EX XA AR RN XX RN a e a b x vy unn/

\* &\
/x o wIoUpuURI /
\% .1\

R S e Y sl T ey,

Jrurioupuex

{
fuaniax
{
CIlg.f-Tle + [T}A = [T)4K
(==3!0=<x!T~-guai=y) 103
‘o=[T14
}
(++T/YuUal>1/gual=1) 03
(
fldae -tle + [T]A = [T]X
(~=)'0=<x{!1=x) ao03
f0=[1]4
}
(++T/gUSOT>T!0=T) 203
{
‘uanisx
{{4WYUdT < gudy ‘xoxxd,)Jautad
}
(vua1 < guaf) JIT
‘1 Jur Buot
}

(A L2TQNOp ‘gUaT JUT ‘g (BTqROP 'YUS[ JUT ‘' ,3IIOYS)AUOD PIoA

R I T T R P P PSP S P P V4

/% arnsex - £ :3ndang «/
/x quaT=<yYUa] ‘sio3ldaa andut - gq‘e anduy 4/
/x 4 pue (3I0Ys) X I0308A JO UOTINToaucd :uoTidraossaq x/
/% {)yauod BWEeN 4/
\&**i**«k«&«i«k«*&**«#«**««#*««*&«&«**i&«i#i*#*«*i«ku««««\
(
‘uanjisa
{

CIMIUL[A-TIX + [T)K = [T)X
(--3!0=<y!T-HUBT=Y) 203
0=[T14

(++T!XUST>T/HUST=T) 203
UL [A-T)X + [T]A = [1])4

(-=)!0=<¥!T=Y) ao03
‘o=[T14

(++T/HUST>T!0=1) 103
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{

1(1)31X®

f39sH uanisx

{p=39ST
} est18 {

!DeJ L zA uUINIBI

{1=38sT

‘oe3y,TA=18sSb

{{bsa/ (bsa)BOT.0 z-)33bs = oeg

‘{00 == bsx || 0°T =< bsx) aTTum {
{ZA ZA+TALTA = bsa {

{0 T~ (8ARSOD 'PROTOP 'WNPT) ZURLIL0 Z = TA
10 1- (2ARSOP ‘PROTOD ‘UNPT) ZURLIL0 Z = TA
} op
} {0 == 38ST) 3IT

zn ‘ta ‘bsx ‘pey srgnop

{3856 eTgnop or13e3s

mouuwm..n Uﬁﬂ Oﬁumpm

! {8ARSOP, AUT ‘PROTIOP, JIUT ‘UNPTI, BUOT)zuex srgnop
}
(2AeS0Py IUT 'PROTOPy IUT ‘unpT, BUOT)zuioupuel aIqnop
{

{dway uInlax 8sio

TXHNY uInliex (XWNE < (AT Wy=dwsl)) It

{
0 = 2ARSOpP,
f(d3)es0103
{dz 1 ' (2T1qRLIU)JOVZIS 'STQRLUR (4 PTIOA))SITIMI OSTS
S{L u\Butltam Io03 ejep-gzarqelastoN uado 3,ued,)Fy3utad
HTION == ((.q#, '.BIEP Z8TJRISSTON,}usdoy = d3)) 3T
f[T]AaT = [TlaT s aTqRLu
(++1 ‘E¥IN>T ‘0=T 3UT) 103
AT = R17s aiqelru
UNPT, = umpl S aiqeru
}
(T == aaesop,) I1
unpTy = [L£]AT
f[f)ar=AT
'ATaN/AT=(

WI =+ WnpTy (0 > WNPT4) 3IT
U~ (OI#¥-WNPTx) yYI=WNP T
01/ (wmpTy) =Y
{
‘lolat=At
{
‘unpTy = [C)AT (GYIN > () IT
‘HI =+ WNPTyx (0 > WNPTy) IT
I MI- (OI-UMPTy) YI=UNPT,
01/ (unpTy) =3

} (--Cfo=<(!L+gvaIN=[) XOF

{(uOpT,) - = WNPT, BSTS ¢
!T=umpT, (T > (uMpTy)-) 3IT

}(Ari || o => wmpt.) 3T

{
{0 = DPROTOD,
{[1latTs erqelu = [T]AT
(++T ‘g¥IN>T ‘0=T 3Ul) I03
!RTTs erqeru = AT
‘UNpPTTS TR TqRLU = UNPT«
! (dz)ssoTo3
‘(43 ‘T ‘(®Tqegu)3os2IS ‘STARLUR (. PTOA))peESIF BSTD
{{T)3TX2 ! (,u\burpesx 103 eiep-‘zelgelesToN usdo 3,ued,)Fjutad
Y(TINN == ((.4Z. ‘.ejep zarqerssToN.)usdoy = dj)) It
}

(T == prOIOP«) 3T
‘ergelu {!{g¥INlal"s Buol !A17s Huoy ‘umpiTs Huol} 3IonIIS STIRIS
‘A3, d@TId
!duwey Tqnop
! [gYIN] AT Buol ot3e3s
1p=A1 Buoy ot3els
Iy Buot
‘0 qur
}
(SABSOPx JUT ‘PEROTOR, IUT ‘UmMpIy BUOT)Zuexr a1qnop
/x» === JI3dumu puel uUrRISSNEH UEwUEWQQUDH IBYJoUR ========= ./

{99sb6 uanisa
‘g=38sT
} este {
foRI LA UINIDI
{T=38ST
{oe3 TA=218SH
! (bsx/(bs1)B0T«0 Z-)33abs = oez
{(0°0 == bsa || 01 =< bsx) a1tum {
IZALZA+TALTA = Dbsa
‘0" T~ (SARSOP 'PROTOD 'WNPT) TURI0 T = CA
107 T- (SARSOP 'PROTOP ‘UMPT) {URIL0 2 = TA
} op
} (0 == 18sT) 3T
fga ‘1A ‘bsa ‘oel sigqunop
!38sb6 sTqnop oT13e3s
{0=1319ST Ul OT3eIS
! {2A®SOPx JIUT ‘PROTOPy JIUT ‘UMPT, DUOT) TURI STgNOpP
}
(SABSOPx JUT 'PEROTOPy JUT ‘UMPT, BUOT)uroupuex 3TINOP
{
‘dwe3 uInisi s
'XHNY UIn3ax (XWNY < (AT«WY=dws1l)) 3T

{
!0 = SARSOPs
!{(d3)ssoroz
f(dz ‘T ‘(°TIqRLU)JO9ZIS ‘OIgRIUR (s PIOA))SITIMI BSTd
H{1)axe ! (,u\ButlTim I0J ®Ip I[9[qRLeSTON uado 3,ued,)Fiurad
Y(OTION == ((.qM. ’'.e3ep’I9TqRISSTON,)uadoy = d3)) 3T
‘[T]AaT = [TlaT s @1qesu




