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ABSTRACT . ELEKTROTECHNIK
Abstract

The main objective of this work is to analyse the retransmission mechanisms of both RLP (Radio
Link Protocol) and RLC (Radio Link Control) and to investigate their influence on the IP layer
when accessing the Internet. RLP is used in CDMA2000 (Code Division Multiple Access) and
RLC in GPRS/GSM (General Packet Radio Service/ Global System for Mobile Telecommuni-
cation).

The primary function of RLP and RLC is to reduce the over-the-air frame error rate to a tolerable
level. Since both protocols provide an in-sequence delivery of data to upper layers, retrans-
missions of lost frames or frames received in error cause delayed delivery of correctly received
frames and therefore a delay on upper layers. This delay distribution, the lowered bitrate and the
minimized drop rate due to the RLP and RLC retransmission mechanisms are analytically derived
in this work.

To calculate these characteristics of the air interface, we developed an application with a graphical
user interface, where the required values such as roundtrip time, frame error rate, desired bitrate,
etc. can be set for CDMA2000 and GPRS/GSM.

To illustrate the behaviour of IP over CDMA2000 and GPRS/GSM, we built up an emulation
network including client mobile station, emulator and proxy server, which is connected with the
Internet. So the air interface for both mobile network architectures can be emulated by simply
pressing a button in our application.
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1 Project Management

1.1 Introduction

This chapter shall contain an exact description of this work and in order to keep track of our project,

we created a time schedule, which shows project progress and deviations between actual and target

time. Every part of this work shall be described as precise as possible with the help of a phase

diagram.

1.2 Main Work

The goal of this work is to have a network with a tool, which allows to emulate the radio link of both
CDMAZ2000 and GPRS/GSM. This work consists of five main parts, which are briefly described

below.

0 Draw up project documentation in English.

0 Rebuild existing network from last work.

0 Analyse two mobile data network architectures CDMA2000 and GPRS/GSM and their
behaviour in packet oriented data transport over TCP/IP. Analyse their radio link protocols RLP
and RLC.

0 Develop an application with a graphical user interface based on the network emulating tool
NistNet. It shall calculate the parameters for NistNet due to the RLP and RLC retransmission
characteristics.

O Present work and show results. At the end of the work a placard has to be designed which shows

our work in brief.

Please refer to the subchapters Time Schedule and Phase Diagram / Conceptual Formulation for
detailed description of our work.
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1.3 Time Schedule (Target/Actual)

Task Week

Documentation / Planning
Time scheduling / Phase Diagram

Create Documentation

Network Setup
Rebuild Network

Wireless LAN
Webswift I
Software Engineering
Development Environment L
Graphical User Interface (GUI)

Implementation RLP L

Implementation RLC —

Protocols
RLP Analysis (CDMA2000) .

RLC Analysis (GPRS/GSM) I

Closing
Presentation I

B Teroet
Actual

Figure 1: Time Schedule
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1.4 Phase Diagram / Conceptual Formulation
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Figure 2: Phase Diagram

Documentation / Quality Control

The documentation shall contain an introduction to the problem, time management, the procedure
itself as well as theoretical/analytical foundations and results. It shall be built up preferably parallel
to the remaining work.

Quality Control not only means that we clearly define the course of events and targets but also the
continuous checkup between actual and target. In case of huge differencies, reasons and corrective
measures shall be documented.

Project Planning / Time Scheduling

This part consists of getting an overall view of the whole project. The project shall be split up in
several parts, a phase diagram shall explain and describe the work of every part. The time flow shall
be demonstrated as exact as possible with help of a time schedule.

Network Setup

The practical part of this work consists of rebuilding our existing network according to the
subscription in the chapter after next.

During this time section we need to build up a system, which later on allows to emulate CDMA2000
and GPRS/GSM. We illustrate the radio link between the mobile client and the base station of
CDMA2000 and GPRS/GSM with a wireless LAN. So the user sees a wireless connection, which
can be modified with our network emulator.
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Rebuild Network

The network setup from our last project shall be rebuilt. Instead of emulating Internet
conditions, we directly attach our network to the Internet. So a first computer emulates
the radio link and forwards the data packets to a second computer, which itself has access
to the Internet. It works as a proxy server (Apache or Webswift) and shall be able to
compress data.

Install Wireless LAN

This part of the project deals with the setup and configuration of the wireless LAN. A
bridge, which is connected with our network provides wireless access to the network with
a notebook or a handheld device. A wireless PC card has to be configured and insert into
our mobile client.

Attach Handheld (iPAQ)
As a further step, we think of extending our network by attaching an iPAQ instead of
using a notebook.

RLP and RLC Analysis

We at this point need to study CDMA2000 and GPRS/GSM and their behaviour in packet oriented
data transmission over TCP/IP. To get the effective bandwidth, delay time and loss rate on IP layer
we need to analyse the subjacent protocols RLP and RLC, which are responsible for delaying IP
datagrams. So we need to work out the effects RLP and RLC has on upper layers.

Graphical User Interface

The user of our application shall have the possibility to enter values (frame error rate, bit rate, MTU,
roundtrip time etc.) through a graphical user interface either for CDMA2000 or GPRS/GSM. The
application then calculates the respective characteristics for the network emulator NistNet and starts
it.

Implementation of RLP and RLC

To calculate the characteristics for our network emulator, we first need to integrate the behaviour of
RLP and RLC in our application. So this part consists of developing those algorithms in Matlab and
then implementing in Java.

Closing
Documentation
Even though we aim at writing the documentation parallel to the work, we plan some
time at the end to update and revise our project documentation.

Presentation
Another part of this section is the creation of a placard at the end of the project, which
represents our work in brief.
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2 General Introduction

2.1 Introduction

Cellular mobile radio — the magic technology that enables everyone to communicate anywhere with
anybody — has created an entire industry in mobile telecommunications, an industry that is rapidly
growing and that has become a backbone for business success and efficiency and a part of modern
lifestyles all over the world.

2.2 The mobile radio channel

As a user of mobile phones, the deficiencies of mobile radio channels are well known. They
sometimes lead to the interruption of a call. A mobile radio channel is just not a continuous medium
such as a cable. It is afflicted with interferences and the mechanisms of the multipath propagation,
which mostly do not allow a continuous signal, are another problem. The discontinuity of the mobile
radio channels is a new aspect when accessing remote data. This leads to burst errors and to aborted
connections, occasionally.

2.3 Transmission protocols

In the world of data transmission, protocols are used to cope with the contrarities of a link among
other things. A protocol provides lots of standardized operations to manage the data transmission
and other net activities between computers.

TCP/IP has become one of the most popular data communication protocols for transmissions over
wired links. TCP/IP is the protocol stack of the Internet and almost every computer in the world is
able to communicate with this stack. Due to this fact it is preferable to utilize TCP/IP also in mobile
data transmission. If this idea does not operate good enough, the solution should be compatible with
the consisting TCP/IP protocol stack. Because of the many developed software using the TCP/IP
stack, this compatibility is necessary so that these applications can be integrated in the mobile
environment. But do not forget, TCP/IP was developed for the use over continuous medias.

2.4 Problem

A number of design incompatibilities between wireless protocols and the Internet have come up as
the Internet connectivity reaches out to the mobile users of cellular systems. TCP/IP has been
developed under the assumption that packet losses are mainly caused by network congestion, so
TCP/IP contains congestion avoidance algorithms, which therefore cause rate reduction. In a radio
link over TCP/IP, misinterpretation of packet losses over radio links as congestion problems lead to
significant throughput lowering. This is because TCP/IP sets its internal timers among other things
due to the roundtrip time, which can be quite mercurial in wireless systems. So TCP/IP cannot cope
with the mercurial roundtrip time and therefore as the case may be aborts connections instead of
caring for its integrity.

Lower level protocols provide different error control methods such as ARQ (automatic request for
retransmissions) to improve reliability. Link layer ARQ error control can reduce frame losses and
improve the overall performance as specified in the standards of RLP and RLC, but these protocols
cause an enormous packet delay on the upper layers.

2.5 CDMA2000

CDMA2000 is a third generation (3G) wireless system, which is based on the CDMA ONE system.
Unlike some 3G standards, it is an evolution of an existing wireless standard. It supports 3G services
as defined by the International Telecommunications Union ITU for IMT-2000. CDMA2000 is both
an air interface and a core network solution. This system delivers high-bandwidth data and voice
services to users of mobile equipment. The figure below shows the infrastructure of a CDMA2000
wireless network.
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Core Network

MS Radio Access Network / MSC PSTN
=l ))))) \L 3
‘(((((T— BTS |3 BSC <t IWF
\ PSDN
T e 2
HA

Figure 1: CDMA2000 System

One of the most important concepts to any cellular telephone system is that of “multiple access”,
meaning that multiple, simultaneous users can be supported. In other words, a large number of users
share a common pool of radio channels and any user can gain access to any channel (each user is not
always assigned to the same channel).

A channel can be thought of as merely a portion of the limited radio resource, which is temporary
allocated for a specific purpose, such as someone's phone call. A multiple access method is a
definition of how the radio spectrum is divided into channels and how channels are allocated to the

many users of the system. In the next figure we show the protocol stack of CDMA2000 connected
with the Internet.

Upper
protocol
layers
IP IP
IP L
1P/ L 1P/
IP sec IP sec
D
5
e PPP Relay PP Link Link Link g
layer layer layer -
RLP RLP RP FH RpP
MAC || MaAcC . . . . .
Physical | | Physical | Physical | | Physical | Physical |
Airlink b4 Airlink layer layer layer layer layer
Um
MS BSC PSDN HA

Figure 2: CDMA 2000 Protocol Stack
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2.6 GPRS

The General Packet Radio Service is an addition to the GSM system that makes the use of packet
switched data service possible.

Core Network

. 4 MSC |[J™] GMSC
Radio Access Network Sy =

MS
=1))))) .
‘ cccccYHBrs [ Bsc «t’ HLR

SGSN | GGSN ¢ Internet }

Figure 3: GPRS System

N

The radio resources will be reserved only for the duration of the actual data transfer instead of the
duration of a connection as in the GSM circuit switched data. This will enable volume based
charging which is more suitable for data applications not producing a constant stream of data but
which are bursty in nature. The operators can serve more users with the same resources because they
are used more efficiently. Four new channel coding schemes are introduced which are optimized for
packet data transfer. This together with the possibility to use several channels (time slots)
simultaneously enables considerably higher bit rates than in the traditional GSM data. The
connection establishment time in GPRS is much shorter than in the circuit switched data, which
enables instantaneous access to the Internet.

A new GPRS protocol stack is introduced into the mobile station and into the network. In the next
figure we show the protocol stack of GPRS connected with the Internet. The network provides
packet data services over the radio to the MS through the air interface, it can also be seen in this
figure (Um interface).

Application
IP/X.25 IP/X25 [
SNDCP SNDCP GTP  |— GTP -
UDP/ [ UDP/ — g
LLC LLC
LLC Relay TCP TCP E
RLC —— RLC BSSGP BSSGP P — P —
MAC MAC Frame Frame L2 L2
Relay Relay
GSMRF |- GSMRF L1 bis L1 bis L1 - L1 .
Um Gb Gn Gi
MS BSC SGSN GGSN

Figure 4: GPRS Protocol Stack
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2.7 UMTS

The universal mobile telecommunication system (UMTS) is a third generation (3G) wireless system
that delivers high-bandwidth data and voice services to mobile users. UMTS evolved from global
systems for mobile communications (GSM). UMTS has a new air interface based on W-CDMA and
a core network based on general-packet radio service (GPRS). The figure below shows the
infrastructure of a UMTS wireless network.

Core Network

UE Radio Access Network HLR ..... Msce -L\
=1)))))
E‘(((((T— Node B |3 RNC \ GMSC k
SGSN |5 GGSN & Internet }
I

Figure 5: UMTS System

As mentioned above, UMTS differs from GSM mostly in the new principles of the air interface
transmission (W-CDMA instead of time division multiple access TDMA / frequency division
multiple access FDMA). Therefore, a new radio access network called UTRAN has to be introduced
with UMTS.

The UMTS standard can be seen as an extension of existing networks. Two new network elements
are introduced in UTRAN, RNC and Node B. UTRAN is subdivided into individual radio network
systems (RNSs), where each RNS is controlled by an RNC. The RNC is connected to a set of Node
B elements each of which can serve one or several cells.

Existing network elements, such as MSC, SGSN and HLR, can be extendend to adopt the UMTS
requirements, but RNC, Node B, and the user equipment (UE) must be completely new designs. In
the next figure we show the protocol stack of the UMTS architecture.

Upper
protocol
layers
IP/X.25 IP/X.25 |—
5
GTP-U[T|GTP-U gre [ GT°  — £
L3CE 13k s
UDP ' —  uUDP |uDP/TCP [ UDP/TCP [— =
RLC RLC Pt p r = o =
MAC MAC ATM | LI ATM L o e
(AALS) (AAL 5)
L1 L LI Ll  { LI Ll L1 -
Uu Iu Gn Gi
UE RNC SGSN GGSN

Figure 6: UMTS Protocol Stack
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3 Experimental Setup

3.1 Introduction

In this chapter we describe the setup of the network with all its components and all the software we
installed. We also wrote down the most important settings such as routing information and version
of OS for each computer.

3.2 Network

Principle: Separate transport connection used for fixed and wireless link. End-to-End connectivity
support via a proxy-server placed at the end of our network. So we have one TCP connection
between the mobile client and the proxy-server and a second connection between the proxy-server
and a webserver in the Internet.

10.0.1.2 10.0.2.1

Subnet 1
10.0.1.0

Subnet 2
10.0.2.0

ethl [k eth0

Client 1

Lol

Proxy-Server Emulator

Basestation Client 2

Figure 3: Network Structure

3.3 Client 1
3.3.1 Introduction

As a first client, we use a PC, which of course must not be connected with the Internet. If we
want to browse on the web with our client, or strictly speaking, we want to have a TCP
connection to a webserver in the Internet, a first TCP connection is going to be established
between client and server. The proxy opens a second TCP connection to the respective host in
the Internet and sends the request. The host answers and sends its packets (response) to the
server, which forwards them to the client.

3.3.2 Operating System

An Intel Pentium II PC, on which Microsoft Windows NT version 4 is installed, runs as a client
and is connected with the emulator.
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3.4 Client 2

3.4.1 Introduction

As a second client, we currently use a Toshiba notebook with a wireless PC card WL 110 from
Compaq. The wireless link between client 2 and the emulator shall illustrate the radio link of the
CDMAZ2000 and GPRS/GSM network architecture.

3.4.2 Operating System

The notebook runs as a client on Microsoft Windows 98 and is connected through the air
interface with the wireless bridge.

3.4.3 Extension

Later on our notebook is going to be replaced by a handheld device from Compaq (iPAQ). To
realise this exchange we only need to put the same wireless PC card into our handheld.

3.5 Basestation

3.5.1 Introduction

The basestation, a wired to wireless bridge WL410 from Compag, can either be used to connect
wireless cells to one another or to a wired LAN. This bridge does just what the name implies in
that it bridges the wired network with the wireless one. Each bridge has an antenna that is used
to communicate with the wireless PC card. This card will be able to communicate with the
bridge within a varying radius of the bridge. How fast and how far away from the bridge the
wireless card will operate is dependent upon many factors including the physical construction of
the building, antenna placement, and outside interferences.

3.6 Emulator

3.6.1 Introduction

The emulator has to reproduce the lossy path (radio link of CDMA2000 and GPRS/GSM)
between the clients and the proxy-server. To emulate this link, we use the network emulation
packet NistNet, which we describe later on.

3.6.2 Operating System

Linux Redhat 7.1 with kernel version 2.2.16 runs on the emulator.

3.6.3 Routing

To make this machine routing the incoming packets, we had to type the following two
commands:

$ cd /proc/sys/net/ipv4/ conf/all
$ echo “1” > forwarding

We also need to modify the routing table and afterwards it should look like this:

Dest: Router: Genmask: Interface:
10.0.1.0 * 255.255.255.0 ethl
10.0.2.0 * 255.255.255.0 et hO
127.0.0.0 * 255.0.0.0 lo

def aul t 10.0.1.1 0.0.0.0 ethl
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3.6.4 NistNet

NistNet is a network emulation package that runs on Linux. NistNet allows a single Linux PC set
up as a router to emulate various network conditions. Some information about NistNet:

The Nist Network Emulation Tool (NistNet) is a general-purpose tool for emulating performance
dynamics in IP networks. The tool is designed to allow controlled, reproducible experiments
with network performance sensitive/adaptive applications and control protocols in a simple
laboratory setting. By operating at the IP level, NistNet can emulate the critical end-to-end
performance characteristics imposed by various wide area network situations (e.g., congestion
loss, varying round trip time).

NistNet is implemented as a kernel module extension to the Linux operating system and an X
Window system-based user interface application. In use, the tool allows an inexpensive PC-
based router to emulate numerous complex performance scenarios, including: tunable packet
delay distributions, congestion and background loss, bandwidth limitation, and packet
reordering/duplication. The X interface allows the user to select and monitor specific traffic
streams passing through the router and to apply selected performance “effects” to the IP packets
of the stream. In addition to the interactive interface, NistNet can be driven by traces produced
from measurements of actual network conditions.

You need to load the NistNet module before starting the tool:

$ / hone/ pi nocci o/ Ni st Enul at or/ ni st net
$ ./Load. Ni st net

Note that when using our application, you do not need to load the module manually. We created
a shell script, which loads the module, starts the application and unloads the module from the
kernel when closing the application. Description of this shell script and of the application
follows in chapter Software Engineering. In Nistnet, the following values can be set (there are
some more which we do not use):

Delay [ms] : Mean of delay (one way delay)
Delsigma [ms] : Standard deviation of delay
Bit Rate [Byte/s] : Maximum allowed bit rate
Drop [%] : Percentage of dropped packets

To control the emulator, two tools are included in the NistNet package. There is a GUI version
and a command line interface. The command line interface takes the following arguments:

Turn emulator on: cni stnet —u
Turn emulator off: cni stnet —-d
Add new entry: cni stnet —a asource adestination — delay adel ay astd

—-drop adrop —- bandw dth abandw dth

|
Py

Read list of entries: cni st net

Remove entry: cni st net asour ce adestination

|
=

See statistics for entry: cni st net asource adestination

|
(%]

Since we can set delay and bit rate in Nistnet, it is not obvious how Nistnet handles with the
delay time. Setting a bit rate also causes a delay in the system, so we do not know whether
Nistnet adds those two delays or just takes the larger one. To work this out, we do the following
experiment:
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With pi ng -s 1300 10.0. 2.2 we send packets of 1308 Byte (8 Byte ICMP-Header) to the

client:

Delay (ms) Bit Rate (Byte/s) AVG(delay) theorically (ms) AVG(delay) measured (ms)
0 100' 000 1308/ 100' 000=13. 08 10. 3

0 10' 000 1308/ 10' 000=130. 8 130.4

200 10' 000 1308/ 10' 000=130. 8 399.4

200 5' 000 1308/ 5000=261. 6 400.1 (2-200)
200 3' 000 1308/ 3000=436. 0 (>400!) 439. 7

At 5000Byte/s we should have a delay of approximately 260ms. Since the oneway delay is set to
200ms, our measured delay is 400ms. Decreasing the bit rate to 3000Byte/s results in a
theoretical delay of 436ms, which is larger than the set delay time. We now clearly see that
Nistnet does not add the two delays but always takes the larger one.

Another problem to solve is the handling of the standard deviation of Nistnet. We do not know
whether the standard deviation, which can be set either relates to the set delay or to the delay,
which occurs due to the set bit rate or to the total delay. To work this out, we do the following

experiment:

With ping -s 1300 10.0. 2.2 we send packets of 1308 Byte (8 Byte ICMP-Header) to the
Client:

Delay (ms) Bit Rate (Byte/s) Delsigma(ms)  AVG(delay)/MDEYV(delay) measured (ms)

0 100" 000 50 41.4/42. 6

0 10' 000 50 132.4/13.1

200 10' 000 50 394.0/59. 4

200 5' 000 50 418/ 63.5

200 3' 000 50 456.3/34. 8

As we see the standard deviation we set (Delsigma) does have impact of the total delay and not
only of the set delay.

3.7 Server

3.7.1 Introduction

Proxies are a sort of server, usually designed for the use of an internal network to forward traffic
to the Internet and back to the internal machine. A proxy normally caches Internet data. It does
this by accepting requests for objects that people want to download and handling their request in
their place. In other words, if a person wants to download a web page, they ask the proxy server
to get the page for them. The proxy then connects to the remote server and requests the page. It
then transparently streams the data through itself to the client machine, but at the same time
keeps a copy. The next time someone wants that page, the server simply reads it off disk,
transferring the data to the client machine almost immediately. This makes web browsing much
faster. It’s possible to turn off this mechanism so that the proxy server does not save a copy of
the searched web pages on his disk. For our experimental setup we turned off this mechanism, so
our proxy works only as an agent between the Internet and “wireless” part of our network and
does not cache any data.

3.7.2 Operating System

On the machine, which has to run as a proxy server we installed Linux Redhat 7.1 with the
kernel version 2.4.13 and set it up as a workstation. For this installation it was important to know
which types of hardware the machine is using (screen, keyboard, graphic-card). Other important

DANIEL WEBER & ROGER GERM SEITE 15



HSR
COMPUTERNETZWERKE, DIPLOMARBEIT HOCHSCHULE FOR TECHNIK

NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM RAPPERSWIL
EXPERIMENTAL SETUP . . ELEKTROTECHNIK

information we had to type in during the installation-process were the partitions from where the
Linux Operating System can boot. We choose the following partition settings:

Mount Point: Device: Requested: Actual: Type:
/ boot hdal 24 MB 24 MB Li nux native
/ hdab 3300 MB 3300 MB Li nux native
hda6 128 MB 128 MB Li nux swap
3.7.3 Routing

We also need to modify the routing table and afterwards it should look like this:

Dest: Router: Genmask: Interface:
10.0.1.0 * 255, 255.255.0 et hO
10.0.2.0 10.0.1.2 255, 255. 255.0 et hO
152.96.24.0 * 255. 255.252. 0 et hl
127.0.0.0 * 255.0.0.0 lo
0.0.0.0 152.96.24.53 0.0.0.0 et hl

Router 152.96.24.53 refers to the default gateway of the HSR network.

3.7.4 Apache running as Proxy-Server

We decided to install the Apache httpd server version 1.3.19. We installed the following three
packages from the original Redhat CD’s to get the Apache httpd server.

O apache-1.3.19-25.1386.rpm
O apache-devel-1.3.19-25.i386.rpm
a apache-manual-1.3.19-25.1386.rpm

To start/stop the Apache server, we type the commands:

$ /etc/rc.d/init.d/ httpd start
$ /etc/rc.d/init.d/ httpd stop

To let Apache know that it has to run as a proxy, we had to do some more work:
To make Apache load an unloaded module, you need to uncomment the following two lines in
the httpd configuration file (httpd.conf):

#LoadModul e proxy_nodul e nodul es/ | i bproxy. so
#AddModul e nod_proxy. c

An other thing we had to do as we want to run our Apache server as a proxy was to uncomment
all the proxy server directives in the httpd.conf file:

# Proxy Server directives. Uncoment the following lines to
# enabl e the proxy server:

#

#<I f Modul e nod_proxy. c>
ProxyRequests On

#

<Directory proxy: *>
Order deny, allow
Deny fromall
Allow from all

</ Directory>

#

Now we only had to restart the Apache server and automatically it was running as a proxy.
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To restart the Apache server, we type the command:
$ Jetc/rc.d/init.d/ httpd restart

After this work it was possible to browse in the web with the client through our proxy. By
default the proxy watches only on port 80, which is the port HTTP.

3.7.5 Ethereal Network Analyzer

Ethereal is a free network protocol analyzer for both Linux and Windows. It allows you to
examine data from a live network or from a capture file on disk. You can interactively browse
the capture data, viewing summary and detail information for each packet. Ethereal has several
powerful features, including a rich display filter language and the ability to view the
reconstructed stream of a TCP session. To install this tool we downloaded version 2.0.10 from
www.ethereal.com.

3.7.6 Webswift

Webswift is a compressing web proxy server. Webswift includes compression of images, text
and HTML. Webswift can be installed at ISPs or at web sites, wherever there is a bottleneck. It
alleviates that bottleneck by compressing documents before transmission. By using industry
standard compression formats, users' web browsers can uncompress the documents without any
special software. This compression has two positive effects. First, the compressed document can
reach the user quicker, which increases user satisfaction. Second, the compressed document
requires less bandwidth to transfer, which means companies do not need to buy as much
expensive bandwidth.

Webswift is fully standards compliant, and will work with any web server on the Internet. It will
automatically detect if the web browser can support compression. Supported browsers include
Netscape 4, MSIE 4 and higher, Opera 4.0 and higher, and Lynx 2.8 and higher. Webswift uses
lossless compression for text-based documents. Thus (unlike some other HTML compression
schemes), the web browser receives the document exactly as it was stored on the origin web
server. Image compression is based on the image type, GIF images are transformed on the fly to
PNG images. PNG, which stands for Portable Network Graphics, is a new and more efficient
image encoding format, that is an average of 10% smaller than GIF on the same image. In
addition, Webswift can optionally perform lossy compression on JPEG images, greatly reducing
their size while slightly reducing image quality. Overall compression ratios achieved range
anywhere from 20% to over 50%, depending on the type of content transferred.

To run Webswift instead of the apache proxy server, you need to change the port at the mobile
client from 80 to 3127 and to start the server with the following commands:

$ /usr/local /webswi ft
$ ./conpress_server
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4 Radio Link Protocol (RLP)

4.1 Introduction

In the IS-707 standard on data transmission the RLP is defined as a NAK-based selective repeat
ARQ (automatic request for retransmissions) scheme. Its purpose is to achieve an acceptable packet
error performance for the IP datagrams that will be transferred to higher layers. RLP uses the
CDMAZ2000 20ms frame structure. Therefore, the RLP frame size at a user data rate of 9600bps is
192bit (24Byte) which requires that an [P datagram, which usually consists of several hundred bytes,
is split up into many RLP frames.

‘ IP datagram ‘

helziler h:a(.:dF;r application data (payload)
RLP avioad RLP RLP avioad RLP RLP avioad RLP
header pay trailer| | header pay trailer| | header pay trailer

RLP frame RLP frame RLP frame

Figure 4: IP Datagram split up into RLP frames

UserDataRate  9600bps

RLPframeSize =
20ms 20ms

=24Byte

Since RLP needs some space (3 Bytes at 9600bps, for CRC), the payload decreases to 21Byte,
which is 87.5% of the whole RLP frame. To get the payload of an RLP frame, we always decrease
the frame length, which depends on the user data rate, by 12.5%.

By assuming that an IP datagram consists of 1500Byte (MTU) it has to be split up into N;=72 RLP
frames:

N o= MTU B 1500Byte B
' UserDataRate -20ms - 0.875 9600bps - 20ms - 0.875

We can now calculate the bit rate for IP over RLP if we assume that the frame error rate is zero
(FER=0).

MTU  1500Byte

BitRate = =
N, -20ms  72-20ms

=1040Byte/ s

Furthermore, it can be assumed that the FER (frame error rate) ranges between 1% and 5% on
average. Depending on the situation, FER can rise up to 20% temporarily.

If a RLP frame gets lost TCP/IP can only recover by resending the entire packet. Now we can
compute the IP datagram success probability without RLP:

p[Psuccess = (1 - FER)N] = (1 - 001)72 = 0485 (qulte bad)

As we see a selective link level retransmission process is clearly needed to minimize the IP datagram
loss probability.
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4.2 How does RLP operate ?

RLP uses NAK (not acknowledged) frames to indicate/retransmit lost data frames. So, the receiver
does not acknowledge correct RLP data frames. In case of data frame losses, RLP performs data
frame recovery through limited retransmission attempts requested by NAK frames. Therefore, RLP
is not a reliable protocol. Further error recovery and end to end reliability can be handled by the
error and flow control mechanisms defined by TCP/IP.

RLP frames are numbered sequentially and RLP uses a transmitting sequence number (SEQ)
variable V(S) to identify new data frames. It also maintains two receiving variables V(R) and V(N)
to reconstruct the received data frames. V(R) is the SEQ of the next data frame expected to be
received whereas V(N) is the SEQ of the next data frame needed for sequential delivery.

The RLP receiver provides a storage buffer for resequencing out of sequence data frames. When all
frames up to a certain SEQ are received in order of sequence, the RLP layer passes them to its upper
layer.

RLP maintains a NAK retransmission timer for each data frame requested in a NAK frame. It is
implemented as a frame counter, which is incremented by one for each valid RLP data frame. It
expires when reaches a value greater than twice the estimated RLP frame roundtrip time plus a guard
interval.

There are three retransmission rounds for a lost RLP data frame. The first round is starting when the
receiving RLP notices that a data frame is missing (SEQ of received frame > V(R)). The second and
third round for this requested frame are activated when the NAK retransmission timer expires at the
first and second time. The number of NAK frames sent in each round is the retransmission round
number. Because each received NAK frame causes a data frame retransmission, multiple copies of a
data frame may be retransmitted when the sender receives a multiple NAK for the requested data
frame. If the NAK retransmission timer expires three times for the same data frame, frame error
recovery is given up for that requested data frame.

The RLP transmission procedure can briefly be described by the following roules:
a IfSEQ<V(N) or if the frame is already stored in the resequencing buffer, discard the frame.

a IfSEQ=V(N), update V(N) to the next oldest missing frame sequence number. Pass received
frames up to V(N)-1 to the upper layer.

a If VIN)<SEQ<V(R), store frame SEQ in the resequencing buffer if it is missing.
a IfSEQ=V(R)=V(N), pass all received frames up to V(R) to the upper layer.

a IfSEQ=V(R)#V(N) or SEQ>V(R), increment V(R) and store frame SEQ in the resequencing
buffer.

a For all cases, send NAK’s of missing frames if their retransmission timers are not yet set or
expired.

The next figure shows the RLP frame retransmission mechanisms in a timeline.
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4.3 Effective bit rate for IP over RLP

In this part we present an analytical approach to calculate the average number of RLP data frames
needed for an IP packet over RLP. The presented approach has the advantage that it results in a
simple formula.

Let N; be the number of RLP frames for a given IP packet. As we have seen before, N; depends on
the user data rate and the MTU of the link. Taking the previous example (9600bps, MTU=1500B), it
takes N;=72 RLP data frames to transmit the entire IP packet when no frame is lost.

In this chapter, we think of the RLP retransmission algorithm in the following fashion, which is not
the way RLP works, but for calculating the average number of RLP frames for an IP packet, this
point of view is accurate and simplifies the calculation.

First all RLP frames get sent. This is the first round. We now assume that no NAK frames are lost
(this is very close to true since the probability that a frame and its NAK are lost is on the order of p’
and p<5%). Now all NAKSs of the first round are evaluated and all frames that did not make it in the
first round are resent. This is the second round (first retransmission round) and the number of frames
sent in the second round is a random variable, which we call N,. Note that this point of view
assumes that after we sent the last frame of the IP packet, we know which frames did not make it in
this round. This is a correct assumption for the frames at the beginning of the IP packet, but an
incorrect one for the last few frames, for which the NAK might still be in the network. While this
effect is very important for the IP packet delay, for calculating the average number of frames for the
purpose of finding the effective bit rate of the RLP link, this point of view does not change the
result. After the second round, we evaluate all the NAKSs of the second round and send the frames,
which did not make it as the third round. According to RLP, in the third round, we send every frame
twice. The number of sent frames in the third round is also a random variable and we call it Nj.
Again, after the third round, we evaluate the NAKs and send the frames that did not make it again,
this time we send every frame three times. The number of sent frames in the fourth round is also a
random variable and we call it N4. At this point, RLP gives up.

Let p be the probability that a frame is lost (Frame error rate, FER) and q the probability that a frame
made it (1-p). Then the distribution of N, (frames sent in the second round = frames lost in the first
round) is a Binomial distribution with parameters N; and p. Hence its mean is simply N;-p. The
distribution of Nj (frames sent in the third round = 2-frames lost in the second round) is also a
binomial distribution with parameters N, and p. Note that N, itself is a random variable. The
distribution of N, (frames sent in the fourth round = 3-frames lost in the third round) is also a
binomial distribution with parameters N; and p. Note that Nj itself is a random variable.

We are now interested in the average total number of frames transmitted:

N =E[N,+Ny+N3+Ny|=N,+E[N, + N3+ Ny|= N, +E[N, |+ E[N; ]+ E[N,]=
N=N +N,-p+E[N, pl+E[N;-pl=N + N, - p+2-N;-p> +3-E[N, -p]-p=
N:N1+N1~p+2-N1~pz+3-2-N1~p3 :N1~(1+p+2-p2+6-p3)

So:

N:Nl-(1+p+2-p2+6-p3)

This formula shows the effect RLP has. While it reduces the IP packet loss to nearly zero (next
chapter), it achieves this by increasing the number of frames needed to transmit a given IP packet.
The increase is (1+p+2-p*+6-p’), as expected a function of the frame loss rate p. Please refer to the
following table, which shows the increase of frames depending on p.
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p (frame error rate, FER) frames to transmit
0 N
0.01 1.0I'N
0.02 1.02-N
0.05 1.06'N
0.10 1.13‘N
0.15 1.22-N
Figure 6: Increase of data frames
For p=0.01 the increase is small, about 1%, since the linear term dominates. For p=0.05 it is already
6%, since the higher order terms are taking effect and for p=0.10 the increase is 13% and it gets
WOorse as we go on.
Since RLP increases the average number of frames necessary to transmit for a given IP packet it
decreases the average throughput by the same factor of (1+p+2-p*+6-p’). Hence,
BitRat MTU 1
BitRate,; = - : ———=1031Byte/s
1+ p+2p~+6p° N,-20ms 1+p+2p~+6p
p (FER) User Data Rate MTU N Bit Rate (p=0) Bit Rate (after RLP)
[bps] [Byte] [Byte/s] [Byte/s]
0.01 9600 1500 73 1040 1031
0.05 9600 1500 76 1040 987
0.10 9600 1500 81 1040 925
0.01 57600 1500 13 6250 6187
0.05 57600 1500 13 6250 5920
0.10 57600 1500 14 6250 5551
Figure 7: Decrease of Bit Rate
For example, at 9600 bps for a 1500 Byte IP frame with 1% frame error rate FER, the number of
frames needed for the IP packet moves from 72 to 73 frames which reduces the throughput from
1040 Byte/s to 1031 Byte/s, both trivial amounts. For a frame error rate of 5%, the results are 76
frames and 987 Byte/s. For 10% the results are 81 frames and 925 Byte/s.
The procedure to calculate the average total number of frames transmitted for an IP packet can also
be presented in a decision tree. It shall help to understand our simplified RLP retransmission
algorithm.
Legend:
a DFS a data frames sent by sender ¢ data frames lost
0 NAK frames lost (assumption)
b NFS b NAK frames sent by receiver probability to pass through the respective
(1-p) branch.
(p =FER)
DFR one or more data frames received
Figure 8: Legend for tree
Number of delivered data frames:
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Figure 9: Simplified RLP retransmission process

Summing up the number of delivered data frames on the right leads us to the following formula,
which we already know:

N:Nl-(1+p+2-p2+6-p3)
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4.4 RLP retransmission process as a decision tree

The RLP three-round data frame retransmission process is often diagrammed as a flow chart. As we
need to compute the probability that an IP datagram arrives after RLP retransmission process, we
first need to compute the probability that an RLP frame arrives. So we decided to illustrate the
retransmission process as a decision tree. (In order to show this complex tree, we split it up,
therefore our decision tree consists of three parts: starting tree, tree 2, tree 3.)
To compute the one way delay time on IP layer and its standard deviation we use an other method
which we describe later on.

STARTING TREE
1 DFS
0
1 DFL
(1-p) p
DFR 1 NFS
0.5 RTT
| ONFL | | INFL
(1-p) p
1 DFS WAIT
1ORTT
1 DFL TEXP
(1-p) p 1
DFR 2 NFS
15 RTT ,
i
v
SEE TREE 2
2.0RTT
2 NFS
2.5RTT ,
i
v
SEE TREE 2

Figure 10: Starting tree (RLP retransmission process)
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Legend:
DFL
a DFS a data frames sent by sender ¢ data frames lost
d NAK frames lost
b NFS b NAK frames sent by receiver
timer expires after 2-RTT
DFR ;
one or more data frames received probability to pass through the respective
(1-p) branch.
NDFR no data frames received (p = frame loss probability = FER)
partial probability for the respective path
Figure 11: Legend
TREE 2
2 NFS
1.5RTT
+ RTT if timer expired
| ONFL | | INFL | | 2NFL |
(1-py’ 2p(1-p) p’
2 DFS 1 DFS WAIT
2.0RTT
[ opFL [[ 1DFL || 2DFL | L oDFL | [ 1DFL | TEXP
(1-py’ /~ 2p(1-p) p’ (1-p) p 1
DFR DFR 3 NFS DFR 3 NFS
25RTT , ,
1
Cop) (ap) Eap] (0]
i i
v v
SEE TREE 3 SEE TREE 3
3.0RTT
3 NFS
3.5RTT T
i
v
SEE TREE 3
Figure 12: Tree 2 (RLP retransmission process)
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3 NFS
2.5RTT
+ RTT if timer expired once
+ 2-RTT if timer expired twice
| ONFL | INFL | | 2NFL 3 NFL
(1-py 3p(1-py’ 3p*(1-p) p’
3 DFS 2 DFS 1 DFS WAIT
3.0RTT
[0DFL | IDFL[2DFL[N3DFL| [0DFL]| | 1DFL[{2DFL] m IDFL| [ TEXP |
(1-py’ 3p(1-p)) 3p%(1-p) "\ p’ 3p(1-p)’| 2p(1-p) p’ (1-p) p 1
DFR DFR DFR NDFR DFR DFR NDFR DFR NDFR
3.5RTT
Lan' ) Beap’) Grap) (ap’) Beap'] (eap’) Beapr?) Brap?]) (Bedn)
3.0RTT
NDFR
3.5RTT

Figure 13: Tree 3 (RLP retransmission process)
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4.5 IP datagram loss rate over RLP

Now the frame arrival probability p,. after RLP retransmission process can be computed at a certain
RTT. We only need to sum up the partial probabilities of the branches, which end with DFR (Data
Frame Received) at the required time. (In the following terms we use p for the FER because we used
p in our trees):

Pare (0.5RTT) =1~ p|

P (L5SRTT) = p(1 - p)*
P @SRTTY =[p2(1= p)|- [0 = p)* +2p( = p)* +2p(1 - p)’]

Pun BSRIT) = p? -[(1= p)* +2p(1- p)* +2p( = p)* |+ [p2( - )| [P2(1 - p)* +2p2 (= p)]-
[1= ) +3p=p)* +3p2 (= p)* +3p(1= p)* +6p> (1= p)* +3p>(1- p)*]

P @SRTTY =|(p? (1= p))- p* + p* - (1= p)?* +2p° (1= p) |
[1= ) +3p=p)* +3p2 (= p)* +3p(1= p)* +6p> (1= p)* +3p>(1- p)*]

Py (SSRTTY=p - p>-[(1= p)° +3p(1— p)® +3p> (1= p)* +3p(1—p)* +6p>(1- p)* +3p>(1- p)?]

Frabability for frame arrival at a certain RTT (FER=10%)

1 T T ! T T
17 OSSN SN SRS N S
T -
D7 oo pmm e b oo —

e B . T

b Ll 1 :

1] S S S S - - -

s [ 1 ]

£ : : :

E04f--m-foe- oo oo b . R .
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. H— H— I I I
) J S S bomoooqme- bomommcmae . . R .

0 I T [~ S R~ R I
] 1 2 3 4 5 4]
tirme in RTT

Figure 14: Frame arrival rate at a certain RTT

As we see in the upper graphic the probability that a frame needs to be retransmitted twice or even
three times is almost zero.

Now we can compute the frame loss probability pr after RLP retransmission process by subtracting
the sum of all p,,, from one:

Pr zl_zparr

p=1-(1-64p7 +192p" —240p° +160p" —60p" +12p" — p¥)

pr=64p" —192p® +240p° -160p" +60p'" —12p" + p"
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Lets say that one IP datagram consists of N; RLP data frames. So we are able to compute the IP
datagram loss probability pjessip due to pand Nj.

Plossip = 1- (1 —Pr )Nl

Prosar =1 = [1=(64p7 =192p% +240p° ~160p' +60p" —12p' + p* )"

To get a numerical value for the drop rate for IP over RLP, please run Matlab file rlpLoss.m.
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4.6 IP datagram delay over RLP

In this chapter, we discuss an analytical approach to derive the IP packet delay probability mass
function and the standard deviation for IP over RLP. As we mentioned in the last subchapter the
probability that a frame needs to be retransmitted twice or even three times is almost zero. Therefore
the basic simplifying assumption is, that if a first frame gets lost no otherones are lost in the same
transaction. In other words:

0 aNAK frame never gets lost and

O a data frame sent due to a received NAK frame also never gets lost.

This is a reasonable assumption for small loss rates say p<5% since the probability of such a loss is
in the order of p?, which is very small.

Under this assumption, there are two independent delays, described through the number of
additionally required times lots, nl and n2, that result in the overall additionally required time slots
n. Consider the following figure that shows three consecutive IP datagrams:

IP datagram IP1 IP datagram IP2 IP datagram IP3

B
rtt

Figure 15: Three consecutive IP datagrams

The larger dashed window, which is of the same size as the IP datagrams, indicates the RLP frames
which when lost, have a simple influence on the delay of the middle IP datagram IP2 . Note that this
includes frames from the previous IP datagram IP1. When a frame out of this window is lost, then it
takes exactly one time slot more to transmit the middle IP datagram. The reason for this is, that
under the above assumption, the transmitter knows about the lost frame after the first frame of the IP
datagram IP3 has been transmitted, but before the last frame of the IP datagram IP3 has been
transmitted. Note that it takes rtt (round trip time in number of frames) frames until the transmitter
knows that the frame was lost.

If a frame out of the last rtt frames of IP datagram IP2 is lost, then the additional time it takes to send
the middle IP datagram depends on the position of the lost frame. If it is very close to the end, then it
adds more time then when it is very close to the beginning.

Sender Receiver

frame N-4

frame N-3 \
frame N-2 \
frame N-1 W;

frame N

NAK N-2

frame N-2

Figure 16: Retransmission, which needs more than one time slot
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So a first difficulty occurs because one frame retransmission not always requires only one additional
time slot. As seen, this phenomenon occurs at the end of the transmission of N frames. Supposed we

have sent the second last frame (N-1) and a NAK frame for the prior frame arrives at the sender, we
clearly see that we need more than one additional time slot to retransmit one frame.

This situation can be drawn as follows for rtt = 4, where the retransmitted frames are marked with R
and the X’s indicate don’t cares, in the sense that it does not matter if they were lost or not.

Casel: m=0 lost R

Case2: m=1 X lost R

Case 3: m=2 X X lost R

Case 4: m=3 X X X lost R

Figure 17: Frame loss at the end causes more than one additional time slot

We can now calculate the probability for each case:

P(casel) = K’g].po .qm—O]p_qm—l-m
P(case2) = I r(r)l gm0+ T p! ,qm—l]p_qm—l—m
P(Case3)=_ Mg -pl-qm’l+[mJ'p2-qm_2]p.q”"l""
[\ 0 1 2
P(case‘”:_’g Pt 'pl'qm_l+@'l’2-q’"‘2+@'p3-q’"_S]P-q"’-l-m

As mentioned above, the number of added time slots is proportional to how late the frame is in the
datagram. As seen before for each of the above four cases, there is a particular probability that it
happens and hence we can calculate the probability mass function for the random variable n2
describing this effect.

So the problem is now broken down into calculating the pmf of a first random variable nl, which is
simply a binomial distribution (see next figure) and the pmf of a second random variable n2, which
is describing the end of datagram effect. Since these two variables are independent and their sum is
the total number of retransmitted frames n, the pmf of the total number of retransmitted frames n is
simply the convolution of the two pmf’s.

Calculating the binomial pmf of the delay of all the frames, which result in only one additional time
slot when lost results in the pmf below. Note that Matlab does not start with index O for the first
element of an array and matrice, so we always add the offset of 1 to the respective index. When
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mapping these functions to Java, we need to remove this offset since Java starts with index 0 for the
first element of an array or matrice.

N
pmfl(k+1)=(kj-pk q"* k=0..N

FER=5%, N=72, RTT=180ms

0.25

0.2

0.15F+

0.1

success probability

0.05+

Number of additional time slots

Figure 18: Number of additional time slots to transf er 72 RLP frames (one IP datagram)

Now we calculate the pmf of all the frames, which are at the end of an IP datagram.

pmf2(1)=q"

. 2 (m
pmf2(m+2)=p-q"" -Z( J Pt 4" m=0.rtt—1

k=0

e s s S A E
S
08
3 l l l l l l l l l
-
o | | | | | | | | I
Q | | | | | | | | I
203 H— N I e I R oo
[0 | | | | | | | | I
8 l l l l l l l l l
R e e R S S
S T e
oL ® ¢ ¢ 9 | G G
1 2 7 8

Number of additional time slots

Figure 19: End of the datagram
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Now we have the two pmf’s. The next step is to convolve the two pmf’s and to add the offset of 72
frames plus the forward channel delay of (rtt-3)/2. This results in the following pmf:

pmf(n+N+%)=(pmfl*pmf2)(n+N+%)=mef1(j)'pmf2(j+1—n) n=0..N

IP datagram probability mass function

0.16

014} O HH
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o
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o
o
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l
|
e
)

success probability
o
o
oo
S
|

70 80 90 10 110 120 130 140 150 160
Number of additional time slots

Figure 20: IP datagram PMF

To get a numerical value for the delay and the standard deviation for IP over RLP, please run Matlab
file rlpDelay.m.
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4.7 Traffic Channels

CDMAZ2000 provides means of transmitting data over two types of traffic channels, which are the
fundamental channel (FCH) and the supplemental channel (SCH). The fundamental channel has a
fixed low bandwidth, which is either 9.6kbps or 14.4kbps. The bandwidth of the supplemental
channel is a multiple of that and could be as high as 32 times of the FCH bandwidth. The FCH is
always assigned before the data transmission begins whereas the SCH is assigned on per needed
basis. When SCH is being used we say that the transmission is in burst. There are two types of SCH
assignments: finite and infinite, which will be referred to as finite burst and infinite burst. Infinite
burst means that SCH can be used for transmitting data until a release command is issued. Finite
burst mode of operation allows the use of the SCH when necessary (buffer to full).

The following perl script includes this behaviour in our calculation.

#

#!/usr/bin/perl -w

# ARGV([0] = high watermark in bytes ARGV[7] = low_delay in ms

# ARGV[1] = low watermark in bytes ARGV[8] = low_std in ms

# ARGV[2] = eff low speed in bytes/s ARGV[9] = low droprate in %

# ARGV[3] = eff high speed in bytes/s ARGV[10]= high_delay in ms

# ARGV[4] = source IP address ARGV[11l]= high std in ms

# ARGV[5] = destination IP address ARGV [12]= high droprate in %

# ARGV[6] = mtu

#

# Example:

# adaptive 8000 4000 1020 10495 10.0.1.1 10.0.2.2 1500 1471 28 4e-7 145 12 5e-8

#

# set up the constants and thresholds

#

$sch _delay on = 1.5 ; # time in seconds to bring up supplemental channel sch

$sch _delay off = 0.02; # time in seconds to bring down sch

SMTU = SARGV[6];

$high threshold = int(SARGV[0]/$MTU+0.5); # high threshold in number of IP datagrams

$low_threshold = int (SARGV[1]/SMTU+0.5); # low threshold in number of IP datagrams

#low speed in bytes/s

#

$low_speed = "cnistnet -a $ARGV[4] $ARGV[5] --delay SARGV[7] S$SARGV[8] --drop S$ARGV[9]
--bandwidth S$ARGV[2]";

$low speed uplink= "cnistnet -a $ARGV[5] $ARGV[4] --delay $ARGV[7] $ARGV[8] --drop S$ARGV[9]

--bandwidth $ARGV[2]";

#high speed in bytes/s

#

Shigh speed = "cnistnet -a SARGV[4] $ARGV[5] --delay SARGV[10] $SARGV[11]
--drop $ARGV[12] --bandwidth S$SARGV[3]";

Ssystem state = "low_on";

# reset the emulator and start it in low speed for up and downlink
#
system("cnistnet -d");
system("cnistnet -u");
system("$low speed");
system("Slow speed uplink");

# the adapation is only done in the downlink from the network to the client
#
for(;7)
{

# read the status of this connection
#
open (F,"cnistnet -s $ARGV[4] SARGVI[5] |");
Qfile=<F>;
close (F);

# parse output of the status line to find number of packets in buffer
#
undef @entries;
@elements=split(/ /,$file[2]);
foreach $element (QRelements)

{

if (Selement ne "")

{

push (@entries, $Selement) ;

}
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}

Sgsize=$entries[8];

# decision logic for switching from low speed to high speed and back

#
if ( ($gsize >= Shigh threshold) && ($system state eq "low on") )
{
$system state="high on";
# since the addition of a SCH takes some time
# we fork a process which waits that long before switching to higher speed
#
Spid = fork;
if ($pid == 0)
{
select (undef,undef,undef, $sch _delay on);
system("Shigh speed");
exit;
}
}
else
{
if ( (Sgsize <= $low_threshold) && ($system state eq "high on") )

$system_state

# since the deletion of a SCH takes some time

# we fork a process which waits that long before switching to lower speed

#
Spid = fork;
if (Spid == 0)

{

select (undef,undef, undef, $sch delay off);

system("Slow_ speed");

exit;

}

DANIEL WEBER & ROGER GERM

SEITE 34



COMPUTERNETZWERKE, DIPLOMARBEIT . :ERCHSCHULE FUR TECHNIK

NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM RAPPERSWIL

RLC . . ELEKTROTECHNIK

4.8 Summary

4.8.1 IP Bit Rate

RLP reduces the IP datagram loss rate to nearly zero, achieving this by increasing the number of
frames needed to transmit a given IP datagram. This means that RLP decreases the average bit
rate by the same factor it increases the number of frames:

BitRate MTU 1

BitRate,; = 3 S = : 5 3
I+ p+2p~+6p° N,-20ms 1+ p+2p-+6p

4.8.2 IP Loss Rate

RLP minimizes the IP datagram loss rate by its frame retransmission process:

Pusr =1=[1=(64p7 192" +240p° ~160p"" +60p" ~12p" + p ||

To get a numerical value for the drop rate for [P over RLP, please run Matlab file rlpLoss.m

4.8.3 IP Delay and Standard Deviation

The calculation of the delay and the standard deviation does not result in a simple formula, so we
draw up the pmf graphically:

IP datagram probability mass function
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To get a numerical value for the delay and the standard deviation for IP over RLP, please run
Matlab file rlpDelay.m
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5 Radio Link Control (RLC)

5.1 Introduction

The over-the-air communication between the mobile station (MS) and the GPRS network is defined
by the physical layer and the data link layer functionalities. The physical layer functions involve
modulation/demodulation, channel coding/decoding, etc. The data link layer consists of two
sublayers, which are logical link control (LLC) and radio link control / media access control
(RLC/MAC). The LLC layer operates between the MS and the SGSN and provides a logical link
between them. Packet data units (PDU) from higher layer are segmented into variable size LLC
frames. An ARQ mechanism is provided at the LLC layer to retransmit erroneous LLC frames.

Application
IP/X.25 IP/X.25 B
SNDCP SNDCP GTP | GTP .
k3]
LLC LLC UDP/ | UDP/ T é
LLC Relay TCP TCP E
RLC — RLC BSSGP [ BSSGP P — P S
MAC MAC Frame Frame Lo 2
Relay Relay
GSM RF —— GSM RF L1 bis — L1 bis L1 —— L1 —
Um Gb Gn Gi
MS BSS SGSN GGSN

Figure 21: GPRS Protocol Stack

The RLC/MAC layer is primarily responsible for the efficient sharing of common radio resources by
several mobile users. So it is in charge of adapting the packet-oriented transmission to the GSM
physical layer. The uplink and downlink packet transfer procedures are handled independently by
the RLC/MAC layer. The performance of GPRS networks strongly depends on the RLC/MAC layer
operation and its efficiency and flexibility to manage the available radio resources. The RLC/MAC
peers are at the MS and the BSS.

The RLC function provides for the selective retransmission of erroneous or lost RLC data blocks.
These blocks can be transferred over the radio interface (Um) in two different modes, which are
acknowledged mode and unacknowledged mode. RLC acknowledged mode operation uses
retransmission of RLC data blocks to achieve high reliability. The transmitting side numbers the
RLC data blocks via the block sequence number (BSN), which is used for retransmission and
reassembly. The receiving side sends packet ACK/NACK messages to request retransmission of
RLC data blocks. RLC unacknowledged mode operation does not utilize retransmission of RLC data
blocks. The BSN in the RLC data block header is used to number the RLC data blocks for
reassembly. The receiving side sends ACK/NACK messages to convey the necessary other control
signaling.

As we are interested in the RLC retransmission process, we only take account of the RLC
acknowledged mode.

5.2 Segmentation

In order to protect LLC peer to peer communication, PDU’s coming from higher layers are
segmented into variable size LLC frames and cyclic redundancy check (CRC) bits are added to
every LLC frame for error detection. Each LLC frame is passed to the RLC/MAC layer, where it is
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further segmented into RLC/MAC blocks of fixed size depending on the channel coding scheme
(CS) used at the physical layer.

For our calculations we do not include the influence of LLC, since LLC layer user data
retransmission is not necessary (even degrades the system performance) for TCP/IP traffic over
GPRS/GSM. For detail please refer to [6].

‘ IP datagram ‘

1P TCP L
header header application data (payload)
LLC frame
B E—
LLC 1P TCP L
lication dat load
header header header application data (payload)
|
RLC payload spare RLC payload spare RLC payload spare
header header header

‘ RLC block ‘ RLC block ‘ RLC block

Figure 22: IP datagram split up into RLC blocks

5.3 Brief description of RLC data transmission

The transfer of RLC data blocks is controlled by a selective ARQ mechanism coupled with the
modulo-128 numbering of the RLC data blocks within one temporary block flow (TBF). The
sending side (either mobile client or network) transmits blocks within a window of 64 blocks (WS)
and the receiving side periodically sends ACK/NACK messages.

Note that the uplink and downlink data transfer are handled differently. The network side sends
ACK/NACK messages when needed, but the mobile client cannot deliver an ACK/NACK message
without being requested from the network to do so. Therefore, the network side periodically sends
piggyback a poll message in a RLC data block, which invokes the client to immediately deliver an
ACK/NACK message to the network side.

Every such message acknowledges all correctly received RLC data blocks up to an indicated block
sequence number (BSN), thus moving the beginning of the sending window on the sending side.
Additionally, a bitmap that starts at the same RLC data block is used to selectively request lost RLC
data blocks for retransmission. The sending side then retransmits the lost or erroneous RLC data
blocks, eventually resulting in further sliding the sending window.

Note that the receiver acknowledges WS RLC data blocks at the same time. For this, it transmits an
ACK/NACK message to the transmitter. This message contains the starting sequence number (SSN)
and the RBB. The RBB contains the receive states of the last WS blocks. After the transmitter has
received the ACK/NACK message, it knows which blocks need to be retransmitted.

5.4 RLC/MAC block structure

An RLC/MAC block containing an RLC data block may be encoded using one of the four available

channel coding schemes. The size of the RLC data block for each of the channel coding schemes is

shown beneath. The values are related to a single time slot. If a user is able to transmit over several

packet data channels (PDCH) in parallel, the data rates have to be multiplied by the given number of

time slots.

Channel Coding RLC data block Number of spare RLC data block size RLC payload
Scheme size bits without spare bits [Bit]
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[Bit] [Bit] [Bit]
CS-1 176 0 176 160
CS-2 263 7 256 240
CS-3 307 3 304 288
CS-4 423 7 416 400

Figure 23: RLC data block size

The four coding schemes have been defined with different degrees of data protection with the
purpose of adapting the transmission of the RLC/MAC data blocks to the different channel quality
conditions. The more data protection is applied by the schemes the more redundance is included.
Therefore, more number of errors can be corrected. On the other hand, the more coding is applied
the less quantity of data bits can be picked up per data block, which results in a lower throughput.

Note that different RLC/MAC block structures are defined for data transfers and for control message
transfers. The RLC data block consists of an RLC header, an RLC data unit and some spare bits.

| g RLC/MAC block iy
= =
MAC RLC .
header header RLC data unit spare
RLC data block

Figure 24: Block structure for data transfer

The RLC/MAC control block consists of a control message contents field and in the downlink
direction an optional control header.

RLC/MAC block

[
<

A

MAC
header

Control
header

RLC/MAC signalling

RLC/MAC control block

Figure 25: Block structure for control block

5.5 Procedures and Parameters

SNS Sequence number space Is set to 128 for GPRS
WS Window size Is set to 64 for GPRS
BSN Block sequence number Each RLC data block contains a BSN field.
At the time an RLC data block is designated for
transmission, BSN is set equal to V(S).
BSN’ Block sequence number’ BSN of most recently received RLC data block.
RBSN Reduced block sequence Sequence number of RLC/MAC control block.
number At the time an RLC/MAC control block is designated
for transmission, RBSN is set equal to V(CS).
RBB Receive block bitmap Part of ACK/NACK
BSN in RBB = (SSN- bit position in bitmap) mod SNS
BSN in RBB is valid if V(A) < BSN < V(8)
SSN Starting sequence number Part of ACK/NACK
SSN=V(R)
ACK/NAC | Packet ACK/NACK message ACK/NACK is sent by the RLC receiver and received
K by the RLC transmitter. Contains SSN and RBB.
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V(S) Send state variable

Denotes sequence number of the next RLC data block
to be transmitted.

Shall be set to 0 at beginning.

Incremented by one after transmission of RLC data
block with BSN=V(S).

(V(S)-V(A) mod SNS) < WS

V(S)=[0...SNS-1]

V(CS) Control send state variable

Denotes sequence number of next RLC/MAC control
block to be transmitted for control action.
V(CS)=[0.1]

V(A) Acknowledge state variable

Contains the BSN value of the oldest RLC data block
that has not been positively acknowledged.

Shall be set to 0 at beginning.

Shall be updated from the values received from RBB of
ACK/NACK

(V(S)-V(A) mod SNS) < WS

V(A)=[0...SNS-1]

V(B) Acknowledge state array

Array of SNS indicating the acknowledgement status of
WS previous RLC data blocks.

Shall be updated from the values received from RBB of
ACK/NACK

V(B)[i]=[NACKED,PEND ACK,ACKED,INVALID]
NACKED: data block not acknowledged

PEND_ACK: after transmitting data block

ACKED: data block acknowledged

INVALID: outside the active transmit window

V(R) Receive state variable

Denotes BSN which has a value one higher than the
highest BSN yet received.

Represents end of receiver window.

Shall be set to 0 at beginning.

V(R)=[0...SNS-1]

Shall be set to BSN’+1 mod SNS, provided RLC data
block was error free and V(R) < BSN’ <V(Q)+WS

V(Q) Receive window state variable

Denotes lowest BSN not yet received.

Represents start of receiver window.

Shall be set to 0 at beginning.

V(Q)=[0...SNS-1]

Shall be updated when receiver gets data block whose
BSN=V(Q). V(Q) shall be set to the BSN in receive
window that has not been yet received and which
minimizes (BSN-V(R)) mod SNS or it shall be set to
V(R) if all data blocks in the receive window have been
received properly.

V(N) Receive state array

Array of SNS indicating the receive status of WS
previous RLC data blocks.
V(N)[i]=[RECEIVED,INVALID]

RECEIVED: block received with (V(Q) < BSN < V(R))
INVALID: element outside the active window
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5.6 Assumptions

For the calculations further on we use the following assumptions.

a

0O 0o 0 0O O

The block error rate (BER) can be set to a value between 1% and 20%, but it is constant over
the transmission of [P datagrams.

To get the RLC block size and payload we use the values, which result when using channel
coding scheme CS-1.

We do not include the effect of the LLC layer since LLC does not help in improving the
throughput. For our calculations we assume that one LLC block is 1520 Bytes of length, so the
whole [P datagram can be packed into a single LLC frame.

We only take account of the RLC acknowledged mode.

M denotes the maximum number of retransmission rounds of an RLC data block.
The number of used packet data channels (PDCH) is set to 1.

The ACK/NACK message is delivered due to an RLC data block with Pollbit=1.
RLC blocks with Pollbit=1 and the following ACK/NACK message never get lost.
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5.7 Number of RLC blocks per IP datagram

Since we use the values from channel coding scheme CS-1, the RLC block has the following
structure.

184 bit

»l
>

A

MAC RLC
header header

RLC data unit (payload) spare

8 bit 16 bit 160 bit 0 bit

Figure 26: RLC block structure for CS-1

By assuming that an IP datagram consists of 1500 bytes (MTU) it has to be split up into N;=76 RLC
data blocks:

_ MTU + LLCheader _1500Byte + 20Byte
RLCpayload 160bit / 8

76

1

We can now calculate the bit rate for IP over RLC if we assume that the block error rate is zero
(BER=0).

_RECpayload _ o101, 100 _ 10438 1te 5
RLCframeSize 184bit

BitRate = chosenBitRate -

This reduced bit rate occurs because of the RLC header and trailer transmissions. But this value is
still not the effective bit rate on the link since we need to transmit more than only N; RLC data
blocks per IP datagram because of the lossy radio link (BER).
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5.8 Effective bit rate for IP over RLC

In this subchapter we present an analytical approach to calculate the average number of RLC data
blocks needed for an IP packet over RLC. The presented approach has the advantage that it results in
a simple formula.

Let N; be the number of RLC blocks for a given IP datagram. As we have seen before, N; depends
on the MTU of the link and the channel coding scheme. Taking the previous example
(MTU=1500Byte, CS-1), it takes N;=76 RLC data blocks to transmit the entire [P datagram when no
block is lost.

In this subchapter, we think of the RLC retransmission algorithm in the following fashion, which is
not the way RLC works, but for calculating the average number of RLC blocks for an IP packet, this
point of view is accurate and simplifies the calculation.

First all RLC blocks get sent. This is the first round. We now assume that no ACK/NACK messages
are lost. Now the ACK/NACK message of the first round are evaluated and all blocks that did not
make it in the first round are retransmitted. This is the second transmission round (first
retransmission round) and the number of blocks sent in the second round is a random variable, which
we call N,. Note that this point of view assumes that after we sent the last block of the IP datagram,
we know which blocks did not make it in this round. This is a correct assumption for the blocks at
the beginning of the IP datagram, but an incorrect one for the last few blocks, for which the
ACK/NACK message might still be in the network. While this effect is very important for the [P
datagram delay, for calculating the average number of blocks for the purpose of finding the effective
bit rate of the RLC link, this point of view does not change the result.

After the second round, we evaluate the ACK/NACK message of the second round and send the
blocks, which did not make it at the third round. The number of sent blocks in the third round is also
a random variable and we call it N;. Again, after the third round, we evaluate the ACK/NACK
message and send the blocks that did not make it again. The number of sent blocks in the fourth
round is also a random variable and we call it Nys. We assume that the maximum number of
retransmissions for an RLC block is set to M=3, so RLC now gives up.

Let p be the probability that a block is lost (Block error rate, BER) and q the probability that a block
made it (1-p). Then the distribution of N, (blocks sent in the second round = blocks lost in the first
round) is a binomial distribution with parameters N; and p. Hence its mean is simply Ny-p. The
distribution of N3 (blocks sent in the third round = blocks lost in the second round) is also a binomial
distribution with parameters N, and p. Note that N, itself is a random variable. The distribution of Ny4
(blocks sent in the fourth round = blocks lost in the third round) is also a binomial distribution with
parameters N; and p. Note that Nj itself is a random variable.

We are now interested in N, which denotes the average total number of blocks transmitted:

N =E[N,+Ny+N3+Ny|=N,+E[N, + N3+ Ny|= N, +E[N, |+ E[N; ]+ E[N,]=
N=N,+N,-p+E[N;y-pl+E[Ns-pl=N,+N,-p+N,-p> +E[N,-p] p=
N:N1+N1-p+N1-p2+N1-p3:Nl-(1+p+p2+p3)

So:

N(p,M=3)=N1~(l+p+p2+p3)

Following the approach from above, we can calculate the increase of RLC blocks depending on the
maximum number of retransmissions M for an RLC block. Then the general form of N is:

M
N(p,M)=N,- Z P" | where p denotes the block error rate BER
i=0
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This formula shows the effect RLC has. While it reduces the IP packet loss to nearly zero (next
chapter), it achieves this by increasing the number of blocks needed to transmit a given IP datagram,
which is given by the following formula:

. N(p,M) &
me(p.) = NS,
1 i=0

The increase is, as expected a function of the block error rate BER and the number of retransmission
rounds k. Please refer to the following graph, which shows the increase of blocks depending on BER
and k.

RLC block increase due to retransmission process
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Figure 27: Increase of data blocks

For BER=0.02 the increase is small, about 2%, since the linear term dominates. For BER=0.05 it is
already 5%, since the higher order terms are taking effect and for BER=0.10 the increase is 11% and
it gets worse as we go on.

Now we are able to calculate the effective bit rate on the RLC link. Since RLC increases the number
of transmitted blocks by inc(p,k), it decreases the bit rate by the same factor.

Bit Rate decrease due to retransmission process
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Figure 28: Decrease of bit rate
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-1
M

BitRate,;, = BitRate- inc(p,M)™" = BitRate - (z p’}
i=0

Note that we set the maximum number of retransmissions for an RLC block to M. Not setting this
threshold leads to the following formula:

2 3
N=N1-(l+p+p +p +...+p°o)
N=N1-2pk
k=0
1
N=N,-——
I-p

Therefore, the increase of RLC data blocks is given by:

1
inc(p,M =)= =

Hence:

BitRate,; = BitRate-inc(p,M = )" = BitRate- (1 - p)
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5.9 IP datagram loss rate over RLC

The main objective of this chapter is to define analytically an expression for the IP datagram loss
rate over the radio link with RLC. At first we need to understand Bayes’ Theorem, which is a result
that allows new information to be used to update the conditional probability of an event:

P(AN B)= P(A)- P(B|A)= P(B)- P(A|B)| where

P(A) = probability that event A occurs
P(B) = probability that event B occurs
P(A|B) = probability that event A occurs given that event B has already occurred
P(BJA) = probability that event B occurs given that event A has already occurred

N; denotes the IP datagram size in RLC blocks, BER the block error rate and k the number of RLC
block retransmissions, where k=0 refers to the original RLC block transmission and k=1 to the first
retransmission (second transmission). We now proceed to calculate the probability that all N; RLC
blocks of an IP datagram are received correctly at the original transmission. It is equal to:

P(k =0)=(1- BER)"™

With the help of Bayes’ Theorem we can calculate P(k=1). P(k=1) is the probability that the IP
datagram does not arrive after the original transmission of the N; data blocks but arrives correctly
after the first retransmission. So,

P(k =1)= P(A)- P(B|4)=(1-(1- BER)"")-(1- BER)™ ™| where

P(A) refers to the probability that the I[P datagram is not complete after the original transmission and
P(BJA) to the probability that the IP datagram is complete after the first retransmission given that it
was not complete after the original transmission.

P(k=2) is the probability that the I[P datagram does not arrive after the first retransmission of the lost
data blocks but arrives correctly after the second retransmission. So,

P(k=2)=P(C)- P(D|C) =(1-(1- BER)™)- (1= (1- BER)*™ ™). (1- BER)™ 8™ where

P(C) refers to the probability that the IP datagram is not complete after the first retransmission and
P(DIC) to the probability that the IP datagram is complete after the second retransmission given that
it was not complete after the first retransmission. Following the approach from above, the general
form of the probability mass function P(k) is:

P(k=0)=(1-BER)™

k-1
P(k > 0) = (1—- BER)*" N -H(l —(1— BER)®™™N ) k=12,...M

J=0

where M denotes the maximum number of retransmission rounds for an RLC data block. Combining
P(k=0) and P(k>0) in one PMF P(k) can be achieved by using the signum function: Therefore,

k-1 ‘ sign(k)
P(k)=(1- BER)"*" ™ -{Hl (- BER)BER‘NIJ k=012,...M

J=0

We can now calculate the total probability that an IP datagram is successfully delivered. Summing
up the probabilities that all blocks arrived correctly up to a certain number of retransmission rounds
M is equal to:
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M M k-1 sign(k)
k. ;.
Par = 2 P(R) = 2 (1= BER)™E ~[H1—(1—BER)BER NIJ

Jj=0

Hence

M k-1 - N\eE)
Plossip = 1- Par = 1- z(l — BER)BER,(.NI ' [Hl - (1 - BER)BERJ.N1 J
k=0 /=0

To illustrate this approach graphically, we again draw up a decision tree.

transmit N; blocks

(1-ph 1-(1-p™

P(k=0) | all blocks arrived Nip blocks lost

retransmit Ny-p blocks

a-p I=(1=p)"™

P(k=1) | all blocks arrived Nyp’ blocks lost

retransmit N, -p? blocks

(-p)? N 1=(1=p)? N

P(k=2) all blocks arrived Nyp? blocks lost

follows this pattern until the maximum number

of retransmission rounds M is reached.

Figure 29: IP datagram success probability tree

DANIEL WEBER & ROGER GERM

SEITE 46



HSR
COMPUTERNETZWERKE, DIPLOMARBEIT HOCHSCHULE FOR TECHNIK

NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM RAPPERSWIL
RLC . . ELEKTROTECHNIK

The following figure shows the probability mass function P(k) and the cumulative distribution
function depending on M and BER for an IP datagram size of N;=76 RLC data blocks.

Probability mass function for IP datagram success

I

1

| —5- BER=0.02
0.8F-------- AN e 71—~ BER=0.05 [~

| —o- BER=0.10

1 BER=0.20 |

Number of RLC retransmissions k

Cumulative distribution function for IP datagram success

0.8

0.6

sum(P(k))

0.4

0.21

Number of RLC retransmissions k

Figure 30: PMF, CDF for IP datagram success

To get a numerical value for drop rate for IP over RLC, please run Matlab file rlcLoss.m.
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5.10 IP datagram delay over RLC

In this chapter we present an analytical approach to calculate the probability mass function (PMF)
for the IP datagram delay time over RLC. The basic simplifying assumption is that an RLC data
block can be retransmitted only twice (M=2) and that the RLC data block with Pollbit set and its
ACK/NACK message never get lost.

Let n; be the number of RLC data blocks for a given IP datagram, p the probability that a block is
lost (BER) and q the probability that a block made it (1-p).

First all RLC blocks get sent. This is the original transmission round. Now all ACK/NACK
messages of this original round are evaluated and all blocks that did not make it in this original
round are resent. This is the first retransmission round and the number of blocks sent in this round
i1s a random variable, which we call N,. The distribution of N, is a binomial distribution with
parameters n; and p. Now we can calculate the PMF for N,. The distribution of N3, which denotes
the distribution of blocks sent in the second retransmission round depends on the distribution of N.
Hence,

n
P(]\]2 :nz)z(nlj,pnz ,qnl—nz n, :0’1’“.’}11

2

P N _ _ N2 ns N27n3 _
(N3 =ny)= " “pq ny =0,L,...,n
3

We are now interested in the resulting PMF for random variable N, which denotes the distribution
of the total number of blocks for the whole IP datagram.

P(N =n, +ny +ny)=P(Ny =ns|N, =n,)- P(N, = n,)

n n
P(N =n, +n, +ny) =[ ZJ‘p'” g ( l)pnz -q""™ ny,=0,1,.,n and ny; =0,1,...,n,
n, n,

This PMF is correct for the blocks at the beginning of the IP datagram, but it is not correct for those
very close at the end of the IP datagram, since a block loss can only be detected when a
ACK/NACK message arrives. So a single block loss at the end can cause more than only one
additional time slot to retransmit it. This effect depends on the poll interval and on the roundtrip
time of the blocks.

{ Poll=1 { Poll=1 { Poll=1 i { Poll=1 { Poll=1 { Poll=1 { Poll=1 { Poll=1

. R

Figure 31: Retransmitted blocks

To simplify matters we assume that a block loss at the end of n; never causes more than one
additional time slot even though this could be possible. Therefore, all blocks, including the
retransmitted ones, are consecutive.
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Now the end of the IP datagram shall be analysed. The hatched rectangle illustrates the last block to
transmit whereas the squared rectangle indicates a block loss. The time between sending the last
block and receiving the acknowledgement or retransmitting the lost blocks consists of two parts. A
first delay is the RTT, which does not depend on the position of the last block, a second delay is
variable and depends on the position of the last block. Note that the transmitter has a delay of one
block when it receives an ACK/NACK message before it can retransmit the lost blocks.

To get the total distribution for this effect, we have to calculate the distribution for the blocks in the
last poll interval for each case, add the variable offset, sum up all distributions and divide it by the
number of cases. For details please refer to matlab file rlcDelay.m.

Poll Interval RTT
‘ P P
Case 1 ‘ é
|
Case 2 ‘ % L:>
|
Case ... L:)

Case PI-1 ‘ E

Figure 32: Block loss in last poll interval

ACK

There is another effect we did not yet include in our calculation. We not only take account of the
blocks in the last poll interval but also of those in the second last poll interval.

The hatched rectangle again illustrates the last block to transmit. If loosing a block (squared
rectangle) in the second last poll interval, we need to wait RTT blocks until we know that is has
been lost. So a block loss results in waiting a variable time, depending on the position of the last
block. If the last block is more than RTT blocks away from the block with pollbit=1 set, we only
wait one additional time slot.

Poll Interval RTT

Case 0 ‘ E
Case 1 ‘ ﬁ
|
o [ B 7
Case ... ‘ E %
weret | = %

ACK

ACK

ACK

ACK

ACK

Figure 33: Block loss in second last poll interval
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The following four figures refer to the ideas and calculations from above. The first picture shows
the PMF for the number of additional time slots needed to transmit all blocks. Note that this picture
refers to the idea that one block loss only causes one additional time slot. This is not correct and
therefore needs to be extended by the effects at the end of an IP datagram, which are responsible
for additional delays.

The end of the IP datagram is described by the next two figures. The one top right shows the PMF
for block losses in the last poll interval, the one bottom left illustrates the PMF for block losses in
the second last poll interval.

Convolving the first three PMF’s and adding the offset of nj=68 blocks and the channel delay of
(rtt-2)/2 results in the total PMF. So the last figure shows the effective number of blocks to transmit
for a given IP datagram with n;=68 blocks. Both the average delay and the standard deviation can
now easily be derived from the total PMF.

PMF for all blocks after 2nd retransmission PMF for blocks at the end, after Poll
0.4 — : : : 1
03! 0.8+p
z z
g 206
02 ¢ g
[] []
g 2 04|
[&] [&]
@ @
0.1+
T 0.2}
0 ? ?@m ‘ o) 0 - ~OPOOOOOA
0 5 10 15 20 0 5 10 15 20
Number of additional time slots Number of additional time slots
PMF for blocks at the end, before Poll Total PMF
1 0.4
BER=0.05
RTT=8
0.8 ) 03! Poll Int=9
Z o z n1=68
S 0.6 E
g 202
o 0.4} ®
3 3
3 3 0.1 ]
0.2+ 1 ' T
0L OPPPPPD 0 @T W@W@m@mm
0 5 10 15 20 70 80 90 100
Number of additional time slots Total number of time slots

Figure 34: PMF's for IP datagram
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The next four figures present the total PMF when increasing the block error rate. If BER rises,
more blocks have to be retransmitted, which means that it takes more time slots until an IP
datagram is transmitted completely. The PMF therefore gets flattened but wider.

So with a rising BER, both the average delay and the standard deviation of an
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The next four figures present the total PMF when increasing the roundtrip time. We can clearly see
that the average delay rises the higher the RTT is.
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If the system has a higher RTT, the average delay of the IP datagram rises at least by the additional
channel delay, which is (rtt-2)/2. If the two graphs below are studied, we see that the delay rises by
more than only the channel delay (delaygrrr—=0, delayrrr—s=1).
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If the poll interval is to long, the transmitted blocks are not acknowledged frequently enough at the
end of the IP datagram, which causes an additional delay.
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Figure 39: PMF for increasing poll intervall

To get a numerical value for the delay and the standard deviation for IP over RLC, please run
Matlab file rlcDelay.m.
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The next figure illustrates the comparison between our analytical derivation and the simulation
model, which has been developed by A.Riiegg. The simulation model is valid for GPRS working
in acknowledged mode. It is based on the standard ETSI TS 101 349 GSM 04.60V8.3.1, for details

see [5,11].
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5.11 Summary

5.11.1 IP Bit Rate

RLC reduces the IP datagram loss rate to nearly zero, achieving this by increasing the number
of blocks needed to transmit a given IP datagram. This means that RLC decreases the average
bit rate by the same factor it increases the number of blocks:

-1
M

BitRate,; = BitRate - (Z pi]
i=0

To get a numerical value for effective bit rate for IP over RLC, please run Matlab file

ricBitrate.m.

5.11.2 IP Loss Rate

RLC minimizes the IP datagram loss rate by its selective block retransmission process:

M
Piossip =1—pm ZI—Z(I_BER)BER"-N1

k=0

-(

P ‘ sign(k)
[T1-a-BER)™ 'NIJ

Jj=0

To get a numerical value for drop rate for IP over RLC, please run Matlab file ricLoss.m.

5.11.3 IP datagram delay over RLC

To get a numerical value for the delay and the standard deviation for IP over RLC, please run

Matlab file rlcDelay.m.
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6 Software Engineering

6.1 Introduction

In this chapter we give some information about the development environment and how we built up
the application. We also explain how the communication between our application and the network
emulator takes place. A brief description of the GUI and its buttons shall help to get along with our
application.

6.2 Development Environment

Since we attended a Java course last term at school, we developed the graphical user interface in
Java. We decided to develop the mathematical algorithms at first in Matlab because Java does not
support mathematical functions such as product(), sum(), nchoosek() and convolution(). We then, in
a second step, mapped those algorithms to Java. To do so, we installed JBuilder 5 on our
workstations.

6.3 Shell Script

A shell script collects commands you have to type in a shell. Our script first loads the Nistnet
module then sets standard, class and program path and executes our application. At the end it
removes the Nistnet module from the kernel. Note that if you want to run our application on another
computer, you need to modify the paths. Our shell script starts by doubleclicking the icon on the
desktop.

#!/bin/bash
# local auxiliary variables

# STDPATH refers to the root directory of the jdk
#

STDPATH="/home/pinoccio/jbuilder5/jdkl.3"
CLASSPATHADDITIONAL="."
PROGIPATH="/root/jbproject/DipApi/classes"

# with (..) we create a subshell (child-process) in order not to

# change the actual set path.

# parent-process waits until child-process is terminated

fommmmmmmmm e e e e e e e
( c¢d /home/pinoccio/NistEmulator/nistnet ; ./Load.Nistnet )

# 1if the path of the java virtual machine (jvm) is set in PATH,

# we can execute CalculatorMain. If not, we first have to add

# the correct path of the jvm.

#

if which java 2> /dev/null > /dev/null; then

cd $PROGIPATH

java dipapi.CalculatorMain $*
else

echo 'Java Virtual Machine konnte nicht gefunden werden!'

echo "Setze Standardpfad ($SSTDPATH)"

export PATH=$STDPATH/bin:S$PATH

cd $PROGIPATH

java dipapi.CalculatorMain -classpath "$STDPATH:S$SCLASSPATHADDITIONAL" $*
fi

# removes nistnet module

#

rmmod nistnet 2> /dev/null
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6.4 Graphical User Interface (GUI)

6.4.1 Appliance

Doubleclicking the “Network Emulator for CDMA2000 and GPRS/GSM”-Icon on the desktop
starts shell script, which itself makes our graphical user interface appear. The following figure
shows the GUI we created.

First you have to decide which network architecture you want to emulate. After that you need to
choose values for the listed parameters. Pressing the “Calculate”-Button calculates the settings
for the network emulator due to our analytical derivations in the previous chapters. You now
have to set the IP addresses, if you do not want to use the preset routes. Note that the emulator
emulates the link from source to destination and from destination to source with the same
parameters only for the GPRS/GSM mode. In CDMA2000, the parameters for up- and downlink
are different, for details refer to next paragraph or to chapter RLP.

Pressing the “Start Nistnet”-Button starts the Nistnet network emulator with the calculated
values as arguments. Now the label of the “Start Nistnet”-Button changes to “Stop-Nistnet”.
Pressing the button now stops the emulator, removes the set route and the label changes to “Start
Nistnet”.

To quit the application you can either press the “Quit”-Button or the cross on the top right, both
actions stop the emulator, remove the module and quit the application.

EE_@ Diplomarbeit von Daniel Weber und Roger Germ

CDMAZ000 (RLP) GPRS/GSM (RLC)
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Figure 40: GUL

DANIEL WEBER & ROGER GERM SEITE 57



HSR
COMPUTERNETZWERKE, DIPLOMARBEIT HOCHSCHULE FOR TECHNIK

NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM RAPPERSWIL
SOFTWARE ENGINEERING | [

6.4.2 Parameters for CDMA2000

Frame Error Rate [0, 1, 2, 3, 5, 8, 10, 15, 25] %
Denotes the frame error rate on the radio link, which can rise up to 25% temporarily.

Data Rate [9.6, 19.2, 28.8, 57.6, 105.6, 153.6, 201.6, 316.8] Kbps
Denotes the desired user data rate on the radio link. Has to be a multiple of 9.6kbps.

MTU [296, 576, 1006, 1449, 1500, 1600] Byte
Denotes the maximum transmission unit, which is the total length of an IP datagram.

Frame Time [20] ms
Denotes the length of a frame in time. Since CDMA2000 uses the 20ms frame structure, this
value is always 20ms.

RTT [3, 5, 7, 9] Frames
Denotes the roundtrip time of a frame on the radio link. Has to be an odd integer because of the
RLP retransmission process.

Burst Mode [Finite, Infinite]

Denotes the burst mode. Finite means that the supplemental channel (SCH) is assigned only
when needed, which depends on the buffer size. Infinite means that SCH is assigned when the
transmission starts.

6.4.3 Parameters for GPRS/GSM

Block Error Rate [0, 1, 2, 3, 5, 8, 10, 15, 25] %
Denotes the block error rate on the radio link, which can rise up to 25% temporarily.

Data Rate [9.6, 19.2, 28.8, 57.6, 105.6, 153.6, 201.6, 316.8] Kbps
Denotes the user data rate on the radio link.

MTU [296, 576, 1006, 1500, 1600] Byte
Denotes the maximum transmission unit, which is the total length of an IP datagram.

Poll Intervall [9, 16, 32] Blocks
Denotes the poll interval in number of blocks, which is a message for the peer entity to send an
ACK/NACK message.

Block Retransmission [0, 1, 2, 3, 4, 5, 6, 7] times
Denotes the maximum number of retransmission rounds for an RLC data block.

RTT min [2, 4, 6, 8] Blocks
Denotes the minimum roundtrip time of a block on the radio link. Has to be an even integer
because of the RLC retransmission process.

6.5 Class Diagram

As you see, our user interface follows the model-view-controller design pattern. Please refer to
appendix A and B for Java and Matlab source code. The model functions calculatecdma() and
calculategsm() call the methods setChanged() and notifyObserver(), which cause that in our view the
function update() will be called. The function update() receives the model as parameter. It then
updates the view with the actual data of the model.
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To react on an input from a user, such as clicking a button, the respective component needs to have a
controller. The controller has a persistent reference to the model. Therefore it can exert influence on
the model data through calculatecdma() for example.

So now the circle is closed: The controller modifies the data in the model by calling calculatecdma()
for instance, which triggers the update() method in the view, whereby it is guaranteed that the
graphical display in the view is up to date.

Class Observable

Interface Observer
void addObserver()
void setChanged()
void notifyObservers() void update()
Model View
Class Calculator Class CalculatorWindow
double prod() void update()
double ntiefk() void jbInit()
int getcdmaN()
int getgsmN() anonym class for cdmaCalculateButton Controller
void calculatecdmaTIME() anonym class for gsmCalculateButton Controller
void calculatecdmaBW() anonym class for nistnetButton Controller

void calculatecdmaDROP()
void calculategsmTIME()
void calculategsmBW()
void calculategsmDROP()
void calculatecdma()

void calculategsm()

Controller A
g Interface ActionListener
Class QuitListener
| |

void actionPerformed() ‘ void actionPerformed() ‘

Figure 41: Class Diagram

6.6 Calling NistNet and Perl from Java

A specialty in our application is the call of NistNet and Perl from Java. Java offers two classes,
Process and Runtime, which include functions to handle other processes.

Every Java application has a single instance of class Runtime that allows the application to interface
with the environment in which the application is running.

The class Process provides methods for performing input from the process, performing output to the
process, waiting for the process to complete, checking the exit status of the process, and destroying
(killing) the process. We do not need a handler for the process NistNet because by removing the
module from the kernel, the application is automatically stopped. In the process Perl, we need a
handler because of the endless for-loop in our perl script. So the termination of this application has
to be done by our program. In the next few lines we describe how we implemented the call of
NistNet and Perl in Java.

First we instance two objects, Perl as instance of the class Process which conduces as a handler of
the process Perl and RT as instance of the class Runtime which allows to interface with the
environment.

Process Perl = null;
Runtinme RT = null;
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The current runtime can be obtained from the getRuntime() method. We assigned this runtime to the
Runtime object RT.

RT=Runt i me. get Runti ne();

The Runtime.exec() method creates a native process and returns an instance of a subclass of Process
that can be used to control the process and obtain information about it. As mentioned above in case
of NistNet, we do not need these handlers. But in the case of CDMA2000 mode, when we start the
perl script, we need a handler to stop this subprocess later on. So we assigned this handler to the
Process object Perl. The strings as arguments of this functions are the same you have to type in a
shell if you want to start the NistNet by the shell command.

RT. exec("cnistnet -u -a"+" "+dest|P+" "+sourcel P+" "+"--delay"+" "
+out DELAY+" "+out STD+" "+"--drop"+" "+out DROP+" "+"--bandw dth"+" "+out BW);

RT. exec("cni stnet -u -a"+" "+sourcel P+" "+dest|P+" "+"--delay"+" "
+out DELAY+" " +out STD+" "+"--drop"+" "+out DROP+" "+"--bandw dth"+" "+out BW);

Per | =RT. exec("per| adaptive.pl 8000 4000"+" "+out BW.s| ow+" "+out BW.+" "
+sour cel P+" "+dest | P+" "+cdmaMIU+" " +out DELAYsI ow+" "+out STDsl ow+" "
+out DROPs| ow+" " +out DELAY+" "+out STD+" " +out DROP) ;

As mentioned above with a handler we have the possibility to terminate the subprocess represented
by the Process object Perl.

Perl . destroy();
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7 Closing Words

This work has given us an insight into the world of mobile communication. It was really diversified
since we had to set up a network, do analytical derivations and develop an application with a
graphical user interface.

Rebuilding the network went on quite smooth because we could revert to the gained experience
during last work, where the network setup was an important part. The analysis of RLP and RLC was
the main part of this work. Even though we had some problems with the theory of probabilities at the
beginning, this task was very interesting and instructive. We do not regret implementing our
algorithms in Java even though it does not offer many mathematical functions. A big advantage of
Java is that it provides a considerable class library for the development of graphical user interfaces
and that it is platform-independent. Moreover, we appreciated the simpleness of calling other
programs with Java.

Another quite challenging but also time-consuming task was the creation of this project
documentation in a foreign language. Therefore, we apologise for all the spelling mistakes we made
in this document.

With Prof. Dr. Guido M. Schuster we had an extremely helpful and qualified tutor. We would like to
express a big thank you to him at this point for supporting us during the last eight weeks. We do wish
him all the best for the future. We also thank André Riiegg for providing his simulations and Peter
Roffler for arranging and updating all the hardware we used.

Rapperswil, 10. December 2001

Roger Germ Daniel Weber
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10 Acronyms

ARQ
ATM

BSC
BSS
BSSGP
BTS

CDMA
FDMA

GGSN
GMSC
GPRS
GSM
GTP

HA
HLR
HTTP

IMT
1P

ITU
IWF

LAN
LLC

MAC
MS
MSC

oS

PSDN
PPP
PSTN

RAN
RLC
RLP

RNC

SGSN
SNDCP

TDMA
TCP

UDP
UE
UMTS

Automatic Repeat Request
Asynchronous Transfer Mode

Base Station Controller

Base Station Subsystem

Base Station Subsystem GPRS Protocol
Base Transceiver Station

Code Division Multiple Access
Frequency Division Multiple Access

Gateway GPRS Support Node

Gateway Mobile-Services Switching Centre
General Packer Radio Service

Global System for Mobile Communication
GPRS Tunnelling Protocol

Home Agent
Home Location Register
Hypertext Transfer Protocol

International Mobile Telecommunication
Internet Protocol

International Telecommunication Union
Interworking Function

Local Area Network
Logical Link Control

Media Access Control
Mobile Station
Mobile Switching System

Operating System

Public Switched Data Network
Point to Point Protocol
Public Switched Telephony Network

Radio Access Network
Radio Link Control
Radio Link Protocol
Radio Network Controller

Serving GPRS Support Node
Subnetwork Dependent Convergence Protocol

Time Division Multiple Access
Transport Control Protocol

User Datagram Protocol
User Equipment
Universal Mobile Telecommunication System
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A Java Files

A.1 CalculatorMain.java
package di papi ;

/1
/1 This class includes the main function fromthe application which generates a view, a
/I nodel and an observer.

/1

public class Cal cul atorMain {

private Cal cul ator theCal cul ator;
private Cal cul at or Wndow t heCal cul at or W ndow;

public Cal cul atorMain ()
theCal cul ator = new Cal cul ator();

t heCal cul at or Wndow = new Cal cul at or W ndow(t heCal cul ator);
t heCal cul at or. addObser ver (t heCal cul at or W ndow) ;

}

public static void main(String[] args)

Cal cul atorMain application = new Cal cul ator Main();

A.2 Calculator.java

package di papi ;

The class Cal cul ator represents the nodel of the nodel -view controller-architecture.
It is responsible for the calculation of all paranmeters for NistNet.

~——
~——

inmport java.util.*;
public class Cal cul ator extends Observabl e{

private float outDELAY, outSTD, outBW., outDROP;
private float out DELAYsl ow, out STDsl ow, out BW.sl ow, out DROPsI| ow;

?ubl ic Calculator()

out DELAY=0;

out STD=0;

out BW.=0;

out DROP=0;

out DELAYs| ow=0;
out STDsl ow=0;
out BW.sl ow=0;
out DROPs| ow=0;

}
public float getoutDELAY(){return out DELAY;}
public float getoutSTD(){return outSTD;}
public float getoutBW.(){return outBW,;}
public float getoutDROP(){return out DROP;}
public float getout DELAYSI ow ){return out DELAY;}
public float getoutSTDslow){return outSTD;}
public float getoutBWslow){return outBW;}
public float getout DROPsI ow){return out DROP;}
/1
/1 The followi ng functions prod(), ntiefk(), getcdmaN() and getgsnN() are only auxiliary
//functions.
/1
/1
”Thi s function cal cul ates the product of all numbers between n and m

public doubl e prod(double n, double m

doubl e mul
doubl e mul

t1=n
t 2=n+1;
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doubl e result=0;
doubl e k=n;

i f(men| | meO| | me=1)

resul t=1;
el se
{
whi | e( k<m)
{

resul t=rmul t1*nul t 2;
mul t 1=resul t;
mul t 2=mul t 2+1;

K++;
}
return(result);
}
I
/1 This function returns the number of conbinations of dN objects taken k at a tine.
/1

public doubl e ntiefk(double dN, int k)
{

doubl e vy;
i f(k==0)
{

y=1;

el se
t y=prod(1,dN)/(prod(1, k)*prod(1, (dN-k)));

return(y);

—

This two functions cal cul ate the nunber of franes resp. blocks of an | P Datagram for

11
/1
//an RLP or an RLC transm ttance.
11

int getcdmaN(doubl e acdnmaMIU, doubl e acdmaFTL, doubl e acdnaBW.)
{

doubl e franeSi ze=zacdmaBW.*acdnmaFTL/ 8*0. 875;
int N =0;

i f((acdmaMTU franeSi ze)- (i nt) (acdmaMTU franeSi ze) ==0)
N=(i nt) (acdmaMIVU fr anmeSi ze) ;

el se
N=(int) (acdmaMrU franmeSi ze+l);

) return(N);

int getgsnmN(doubl e agsmvITU)
{

doubl e payl oad=160/ 8;
int N =0;

i f(((agsmMru+20)/ payl oad) - (i nt) ((agsnMru+20)/ payl oad) ==0)
N=(int) ((agsmMru+20) / payl oad) ;
el se

N=(i nt) ((agsmMrTUu+20) / payl oad+1) ;

return(N);

}
11
/1 The following three functions calculate the four paraneters for Ni stNet when it works
//in the CDVA2000- node.
11
I
/1 This function calculates the Delay and the standard Deviation for |P Datagrans.
1

DANIEL WEBER & ROGER GERM

SEITE 66



COMPUTERNETZWERKE, DIPLOMARBEIT

NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM
APPENDIX A

HSR

HOCHSCHULE FUR TECHNIK

RAPPERSWIL

ELEKTROTECHNIK

~——
~——

public void cal cul at ecdmaTl ME(doubl e acdmaFER, doubl e acdmaRTT, doubl e acdmaBW.,
doubl e acdmaMry, doubl e acdmaFTL)

{

-

doubl e g, ave, forwardchannel del ay, std, del ay;

doubl e dp=acdmaFER/ 100;

doubl e dRTT=acdmaRTT;

int dN=O;

dN=get cdmaN( acdmaMrU, acdmaFTL, acdmaBW.) ;

doubl e P1[]=new doubl e [ dN+1];
doubl e P2[]=new double [(int)dRTT+1];

g=1-dp;
for(int k=0; k<Pl.Ilength; k++)

P1[ k] =nti ef k( dN, k) * Mat h. pow( dp, k) *Mat h. pow q, (dN-k) ) ;

P2[ 0] =mat h. pow( g, dRTT) ;
for(int ne0; nkP2. 1 engt h- 1; m++)
doubl e tenp=0;
Eor (int k=0; k<mtl; k++)

t emp=t enp+nti ef k(m k) *Mat h. pow( dp, k) *Mat h. pow(q, (mKk));

}
P2[ mt+1] =t enp*dp* Mat h. pow(q, (dRTT-1-m));

int Plsize=Pl.|ength;
int P2size=P2.1ength;
int hmax=Plsi ze+P2si ze- 1;
doubl e P3[]=new doubl e[ hmax];
// Convol ution
for(int h=1; h<hmax+1; h++)
P3[ h- 1] =0;
int jmn=Math. max(1, h+1- P2si ze);
int j max=mMat h. mi n(h, Plsi ze);
for(int j=jmn;j<jmax+l;j++)
P3[ h-1]=P3[ h- 1] +(P1[j-1] *P2[ h-1+1-j]);
}
f orwar dchannel del ay=(dRTT-3)/ 2;

int nsize=P3.1ength;
doubl e n[]=new doubl e[ nsi ze] ;

for(int s=0;s<nsize;s++)

n[ s] =dN+s+f or war dchannel del ay;

ave=0;
for(int u=0;u<n.|ength;u++)
ave=ave+(n[u] *P3[u]);
out DELAY=(f | oat) (ave*acdmaFTL);
doubl e st dsum=0;
st d=0;
for(int t=0;t<n.length;t++)
st dsumest dsum+( Mat h. pow(n[t] -ave, 2)*P3[t]);
doubl e wur zel exp=0. 5;
st d=Mat h. pow( st dsum wur zel exp) ;
out STD=(f | oat) (st d*acdnmaFTL) ;

This function calculates the effective Data Rate for

| P Dat agr amns.

DANIEL WEBER & ROGER GERM

SEITE 67



COMPUTERNETZWERKE, DIPLOMARBEIT B O CHSCHULE FUR TECHNIK
NETWORK EMULATOR FOR CDMA2000 & GPRS/GSM RAPPERSWIL
APPENDIX A . . ELEKTROTECHNIK

public void cal cul at ecdmaBW.( doubl e acdmaBW., doubl e acdmaFER, doubl e acdmaFTL,
doubl e acdnaMru)
{

doubl e fer=acdmaFER/ 100;
int N=O;

N=get cdmaN( acdmaMrU, acdmaFTL, acdmaBW.) ;
doubl e bw=acdmaMIU/ ( N*acdnmaFTL/ 1000);
out BAL=(f | oat ) (bw/ (1+f er +2* Mat h. pow( f er, 2) +6*Mat h. pow(fer, 3)));

-

This function calculates the Drop Rate for |P Datagrans.

~——
~——

public void cal cul at ecdnaDROP(doubl e acdmaFER, doubl e acdmaMry, doubl e acdmaFTL,
doubl e acdmaBW.)
{

doubl e p=acdmaFER/ 100;
int N =0;

N=get cdmaN( acdmaMrU, acdmaFTL, acdmaBW.) ;

out DROP=100* (f1 oat) (1- Mat h. pow( (1- (64* Mat h. pow( p, 7) - 192* Mat h. pow( p, 8) +240* Mat h. pow( p, 9) -
160* Mat h. pow( p, 10) +60* Mat h. pow( p, 11) - 12* Mat h. pow( p, 12) +Mat h. pow(p, 13))),N));

}
I
/1 The following three functions cal culate the four paraneters for Ni stNet when it works
/1in the GPRS/ GSM node.
I

~——
~——

This function calculates the Delay and the Standard Deviation for |IP Datagrans.

public void cal cul at egsnTl ME( doubl e agsnBER, doubl e agsnBR, doubl e agsnMry,
doubl e agsmACK, doubl e agsnmRET, doubl e agsnRTT)
{

int nl=getgsnm\(agsnMru);

doubl e p=agsnBER/ 100;

doubl e g=1-p;

int Poll=(int)agsmACK;

int rtt=(int)agsnRTT,;

doubl e channel del ay=(rtt-2)/2;

int rlcpayl oad=160;

int bl ocksize=184;

doubl e bitrat e=agsnBR*1000/ 8*r| cpayl oad/ bl ocksi ze;
doubl e franeti me=(rl cpayl oad/ 8)/bi trate*1000;
doubl e PMFlret[]=new doubl e [nl+1];

doubl e tenp[][]=new doubl e [nl1+1][3*nl+1];
doubl e PMF2ret[]=new double [3*nl1+1];

for(int a=0; a<PMFlret.| ength;a++)

PMF1ret[a] =nti ef k(nl, a)*Mat h. pow( p, a) *Mat h. pow(q, (nl-a));

for(int b=0; b<PMFlret.| ength; b++)
for(int c=0;c<b+l;c++)
t enp[ b] [ b+c] =nti ef k( b, c) *Mat h. pow( p, ¢) *Mat h. pow(q, (b-c)) *PMFlret[b];
}
for(int d=0; d<PMF2ret.| ength; d++)
PMF2r et [ d] =0;

for(int e=0; e<3*nl+l; e++)
for(int f=0;f<nl+l;f++)
PMF2ret[e] =PMF2ret[e] +tenp[f][e];
) }
doubl e PMFafterPol | []= new doubl e[ Pol | +rtt+2];
doubl e tenp2[][]= new doubl e[ Pol | -1][Pol | +rtt+2];
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for(int as=0;as<rtt+Pol | +1; as++)
for(int us=0;us<Poll-1;us++)
t enp2[ us] [ as] =0;
}
for(int block=1; bl ock<Pol I ; bl ock++)
for(int g=0; g<bl ock+1; g++)
i f(g==0)
tenp2[ bl ock- 1] [ g] =nti ef k( bl ock, g) *Mat h. pow( p, g) * Mat h. pow( g, ( bl ock-g));
el se
tenp2[ bl ock-1] [rtt+1+Pol | - bl ock+g] =nti ef k( bl ock, g) *Mat h. pow p, g) *
) Mat h. pow( g, (bl ock-g));

}
}

for(int h=0; h<PMrafterPoll.length; h++)
PMFaf t er Pol | [ h] =0;

for(int i=0;i<PMrafterPoll.length;i++)
for(int j=0;j<Poll-1;j++)
PMFafterPol | [i]=PMFafterPol I [i]+temp2[j][i];
%DNFafterPoll[i]:PNFafterPoll[i]/(PoII-l);

doubl e PMFbefo
]

ePol I []= new doubl e[ rtt+Pol|]
doubl e tenp3[][]= |

{ new doubl e[rtt-1][rtt+Pol ]
for(int es=0;es<rtt+Poll;es++)
for(int is=0;is<rtt-1;is++)
tenp3[is][es]=0;
}
for(int k=1;k<rtt;k++)
for(int neO; nxPol | ; m++)
i f (me=0)
tenp3[k-1][n=ntiefk(Poll-1,n)*Math. pow p, m)*Mat h. pow(q, (Poll-1-m);
el se
tenp3[k-1][rtt-k+m+l] =ntief k(Poll -1, m*Math. powp, m *Mat h. pow(q, (Poll-1-m));

}
}

for(int x=0; x<PMrbef orePol | . | engt h; x++)
PMFbef or ePol | [ x] =0;

for(int 0=0; o<PMrbef orePol | .| engt h; o++)
for(int r=0;r<rtt-1;r++)
PMFbef or ePol | [ o] =PMFbef orePol | [ 0] +t enp3[r][o];
}
PMFbef or ePol | [ o] =PMFbef orePol I [o0] / (rtt-1);
}
/1 Convol ution of PMrafterPoll and PMrbeforePoll results in ConvAfterBefore
int Pasize=PMrafterPoll .| ength;
int Pbsize=PMrbeforePol | .| ength;
int CABmax=Pasi ze+Pbsi ze- 1;
doubl e ConvAfterBefore []=new doubl e[ CABmax] ;
for(int s=1; s<CABmax+1; s++)

ConvAft er Bef ore[ s-1] =0;
int tmn=Math. max(1, s+1-Pbsi ze);
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int tmax=Mat h. m n(s, Pasi ze);
for(int t=tmn;t<tmax+l;t++)
ConvAfterBefore[s-1] =ConvAfterBefore[s-1] +(PMrafterPol I [t-1]*
PMFbef orePol | [ s-1+1-1]);

}
}

/1 Convol ution of ConvAfterBefore and PMF2ret results in PMtotal
int CABsi ze=ConvAfterBefore. | ength;
int P2size=PM~2ret. | ength;
int total max=CABsi ze+P2si ze- 1;
doubl e PMFtotal []=new doubl e[t otal max] ;
for(int u=1;u<total max+1; u++)
PMFt ot al [ u- 1] =0;
int vm n=Mat h. max(1, u+l- P2si ze);
int vmax=Mat h. mi n(u, CABsi ze);
for(int v=vm n;v<vmax+1; v++)
PMFt ot al [ u- 1] =PMFt ot al [ u- 1] +( ConvAft er Bef or e[ v- 1] * PMF2r et [ u- 1+1-v]);
}
}
int nsize=PMrtotal.length;
doubl e n[]=new doubl e[ nsi ze] ;
for(int w=0; w<nsi ze; w++)

n[ w] =nl+w+channel del ay;

doubl e ave=0;
for(int y=0;y<n.length;y++)
{
ave=ave+(n[y] *PMrtotal [y]);

out DELAY=(fl oat) (ave*franetine);

doubl e st dsum=0;
doubl e st d=0;

for(int z=0;z<n.length; z++)
st dsumrst dsum+( Mat h. pow( n[ z] - ave, 2) *PMrt ot al [ z] ) ;
doubl e wur zel exp=0. 5;
st d=Mat h. pow( st dsum wur zel exp) ;
out STD=(fl oat) (std*franeti nme);

}
I
/1 This function calculates the effective Data Rate for |P Datagrans.
1
public void cal cul at egsnBW.(doubl e agsnBR, doubl e agsnmRET, doubl e agsnBER)
{
doubl e bitrate=0;
doubl e p=agsnBER/ 100;
int rlcpayl oad=160;
int bl ocksize=184;
bi trat e=agsnBR* 1000/ 8*r | cpayl oad/ bl ocksi ze;
doubl e b=1;
for(int u=l; u<agsnmRET+1; u++)
b=b+Mat h. pow( p, u);
out BAL=(fl oat) (bitrate/b);
}
11
/1 This function calculates the Drop Rate for | P Datagrans.
11

public void cal cul at egsnDROP( doubl e agsmMIU, doubl e agsnmBER, doubl e agsnRET)
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{

int N=get gsmN(agsnmMrU) ;
doubl e p=agsnBER/ 100;
int k=(1nt)agsnRET;
doubl e P[]=new doubl e [k+1];
P[ 0] =Mat h. pow((1-p). N);
for(int nel; neP.| ength; m-+)
doubl e b[]=new double [n];
doubl e a=Mat h. pow( (1-p), N*Mat h. powm(p, m);
doubl e c=1;
for(int r=0;r<b.length;r++)

b[r]=(1-Math. pow (1-p), (N*Math. pow(p,r))));

for(int h=0; h<b.|ength; h++)
c=c*b[ h];

Pl =a*c;
}

doubl e x=0;
for(int u=0; u<P.|ength; u++)

X=x+P[ u] ;

out DROP=(f | oat) (100*(1-x));

-

he following two functions are needed by the GU if the user want to calculate the
our paraneters for NistNet.

-

/1

/1 This function calculates the paraneters for N stNet when it works in the CDVA2000- node.
//First it calls the tree functions to calculate the paraneters for the fundanental
//channel (9.6 Kbps) and after this it calls the tree functions to calculate the paraneters
Hfor the higher Data Rate (suppl emental channel).

public void cal cul at ecdna(doubl e acdmaFER, doubl e acdmaBW., doubl e acdmaMry,
doubl e acdmaFTL, doubl e acdmaRTT)
{

cal cul at ecdmaTl ME(acdmaFER, acdmaRTT, 9.6, acdmaMIU, acdmaFTL);
cal cul at ecdmaBW.(9. 6, acdmaFER, acdnmaFTL, acdmaMrU);
cal cul at ecdnaDROP( acdmaFER, acdmaMrU, acdmaFTL, 9.86);

out DELAYsI| ow=out DELAY;
out STDsl ow=out STD;

out BW.s| ow=out BW.;

out DROPs| ow=out DROP;

cal cul at ecdmaTl ME(acdmaFER, acdmaRTT, acdmaBW., acdmaMIU, acdnmaFTL);
cal cul at ecdmaBW.(acdmaBW., acdmaFER, acdmaFTL, acdmaMry);
cal cul at ecdmaDROP( acdmaFER, acdmaMry, acdmaFTL, acdnmaBW.);

set Changed();
noti fyQoservers();

-

This function calls the tree functions to calculate the four paraneters for N st Net
for the GPRS/ GSM node

~——
~——

public void cal cul at egsn{doubl e agsnBER, doubl e agsnBR, doubl e agsnmMrU,
doubl e agsmACK, doubl e agsnRET, doubl e agsnRTT)
{

cal cul at egsnll ME(agsnBER, agsnBR, agsnMry, agsmACK, agsnRET, agsnRTT);
cal cul at egsnBW.( agsnBR, agsnRET, agsnBER);
cal cul at egsnDROP(agsnmMIJ, agsnBER, agsnRET);

set Changed();
noti fyQoservers();
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A.3 CalculatorWindow.java

package di papi ;

~——————

/
/I This class represents the view of the nodel -viewcontroller architecture and is
/responsi bl e for displaying the graphical elenents such as Buttons and Textfi el ds.
/ Another job of this class is to start the N stNet application and set the routes
/with its paraneters. When the "Stop-Ni stNet" button is pressed, the routes will be
/ renoved.
/

inport java.lang.*

inmport java.aw.*;

inmport java.aw.event.*

inmport java.util.Cbserver;

inmport java.util.CObservabl e;

inmport java.io.*;

public class Cal cul ator Wndow extends Frane inplenments Observer{

private doubl e cdmaFER, cdmaBW., cdnaMIU, cdmaFTL, cdmaRTT,
private doubl e gsnBER, gsmBR, gsnmMIU, gsmACK, gsnRET, gsnRTT;
private float outDELAY, outSTD, outBW., outDROP;

private float out DELAYs| ow, out STDsl ow, out BWs| ow, out DROPs! ow;
private String destlP = null;

private String sourcelP = nui | ;

private String BM = nul|;

private int Zustand;

private int Mde;

private int Mdeold ;

private Process Perl = null;

static Runtime RT = null;
public Cal cul ator nodel ;

Bor der Layout borderLayoutl =
Panel titlePn = new Panel ();

GridLayout gridLayoutl = new i dLayout ();

Panel dataPn = new Panel ();
Panel nistnetPn = new Panel ();
Label cdmaLb = new Label ();
Label gsnlib = new Label ();

GridLayout gridLayout3 =

new GidLayout ();

new Bor der Layout () ;

Bor der Layout bor derLayout2 = new Border Layout ();

Button quitBt = new Button();
Button nistnetBt = new Button();

Label |abell = new Label ();
Label | abel 2 = new Label ();
Label | abel 3 = new Label ();
Panel cal cul atePn = new Panel ();
Panel outputPn = new Panel ();
Panel inputPn = new Panel ();

GridLayout gridLayout2 =
Butt on cdnaCal cul ateBt =
Button gsntCal cul ateBt =

new Button();
new Button();

Label | abel 4 = new Label ();
Label | abel5 = new Label ();
Label | abel 6 = new Label ();

GridLayout gridLayout4 = new GidLayout();

Label
Panel

settingsLb = new Label ();
out put Dat aPn = new Panel ()

GridLayout gridLayout5 = new Gi aLayout 0);

Label out DELAYLb = new Label ();
Label | abel 8 = new Label ();

Label parameter5Lb = new Label ();
Label destlPLb = new Label ();

Label out DROPVal ueLb = new Label ();
Label sourcel PLb = new Label ();
Label outBW.b = new Label ();

Label paraneter6Lb = new Label ();
Label out STDLb = new Label ();

Label | abel 17 = new Label ();

Label | abel 19 = new Label ();

Label out DROPLb = new Label ();
Label outBWUJnitLb = new Label ();
Label parameter6UnitlLb = new Label ();
Label out STDUnitLb = new Label ();
Label out DELAYUnitLb = new Label ();
Label | abel 21 = new Label ();

Label | abel 22 = new Label ();

Label | abel 114 = new Label ();

new Gi dLayout ();
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Label | abel 115 = new Label ();

Label out DROPUNnitLb = new Label ();

Label | abel 117 = new Label ();

Label out BWal ueLb = new Label ();

Label paraneter6Val ueLb = new Label ();
Label out STDval ueLb = new Label ();

Label out DELAYVal ueLb = new Label ();
Label | abel 24 = new Label ();

Label paraneter5Val ueLb = new Label ();
GridLayout gridLayout6 = new GidLayout();
Panel cdmabDat aPn = new Panel ();

Panel gsnDataPn = new Panel ();

GridLayout gridLayout7 = new GidLayout();
GridLayout gridLayout8 = new GidLayout();
Label cdmaFERLb = new Label ();
Label cdmaBWUnitLb = new Label ();
Label cdmaRTTUnitLb = new Label ();
Label cdmaBW.b = new Label ();
Label cdmaRTTLb = new Label ();
Label cdmaFTUnitLb = new Label ();
Label cdmaFTLb = new Label ();
Label cdmaMrUunitLb = new Label ();
Label cdmaFERUNni tLb = new Label ();
Label cdmaMrULb = new Label ();
Label | abel 30 = new Label ();

Label gsnFERLb = new Label ();
Label gsnmFERUNni tLb = new Label ();
Label gsmBW.b = new Label ();

Label gsmBWUnitLb = new Label ();
Label gsmMIULb = new Label ();
Label gsmMIUUnitLb = new Label ();
Label gsnFTLb = new Label ();

Label gsnFTUnitLb = new Label ();
Label gsnRTTLb = new Label ();
Label gsnmRTTUnitLb = new Label ();
Label | abel 31 = new Label ();

Label | abel 32 new Label ();

Label | abel 33 new Label ();

Label | abel 34 new Label ();

Label I abel 35 new Label ();

Label | abel 36 new Label ();

Label | abel 37 new Label ();

Label | abel 38 new Label ();

Label | abel 39 = new Label ();

Text Fi el d dest| PTx = new Text Fi el d(
Text Fi el d sourcel PTx = new Text Fi el
Choi ce cdmaFERTx = new Choi ce();
Choi ce cdmaBWI'x = new Choi ce();
Choi ce cdmaMIUTx = new Choi ce();
Choi ce cdmaFTTx = new Choi ce();
Choi ce cdmaRTTTx = new Choi ce();
Choi ce gsnFERTx = new Choi ce();
Choi ce gsnmBWIx = new Choice();
Choi ce gsmMTUTx new Choi ce();
Choi ce gsmACKTX new Choi ce();
Choi ce gsnRETTx = new Choi ce();
Label | abel 7 = new Label ();

Choi ce gsnRTTTx = new Choi ce();
Label | abel9 = new Label ();

Label cdmaBMLb = new Label ();

Choi ce cdnmaBMIx = new Choi ce();

)
daQ);

publ i c Cal cul at or W ndow( Cal cul at or thenodel)
{

cdmaFER=0;
cdmaBW.=0;
cdmaMTU=0;
cdmaFTL=0;
cdmaRTT=0;
gsnBER=0;
gsmBR=0;
gsnMru=o;
gSMACK=0;
gsnRET=0;
Zust and=0;
Mode=0;
Mbdeol d=0;

t hi s. nodel =t henodel ;
try
jblnit();
pack();
setVisible(true);
set Bounds( 50, 50, 650, 650) ;

}
cat ch(Exception e)
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e.printStackTrace();
}
private void jblnit() throws Exception

hi s. set Backgr ound( Col or. | i ght G ay)

t ;
this.setTitle("D plomarbeit von Daniel Wber und Roger Gerni);
t

hi s. set Resi zabl e(fal se);
t hi s. set Layout ( bor der Layout 1) ;
titlePn.setlLayout (gridLayoutl);
gridLayout 1. set Col utms(2);
gridLayout 1. set Rows(2);
gridLayout 1. set Vgap(10);
dat aPn. set Layout ( bor der Layout 2) ;
ni st net Pn. set Layout (gri dLayout 3) ;
titlePn.setBackground(Col or.|ightGay);
titlePn. set Foreground(Col or.red);
cdmalb. set Backgr ound( Col or. | i ght G- ay)

cdmalb. set Font (new j ava. awt . Font (" Di al og", 1, 14));

cdmalb. set For egr ound( Col or. bl ack) ;

cdmalb. set Al gnmsnt (1);

cdmalb. set Text (" CDVAZ000 (RLP)");

gsnlb. set Backgr ound( Col or. i ght Gray);

gsnlLb. set Font (new j ava. awt. Font ("Di al og", 1, 14));
gsmLb. set For egr ound( Col or. bl ack) ;

gsnLb. set Al'i gnment (1) ;

gsnlLb. set Text (" GPRS/ GSM (RLO");

gridLayout 3. set Col utms( 6) ;

gri dLayout 3. set Rows(2);

qui t Bt . set Backgr ound(new j ava. awt . Col or (0, 0, 100));

qui t Bt . set For eground( Col or. white);
qui tBt. setLabel ("Quit");

ni st net Bt . set Backgr ound(new j ava. awt . Col or (0, 0, 100));

ni st net Bt . set For egr ound( Col or. white);
ni stnetBt.setlLabel ("Start N stnet");
cal cul at ePn. set Layout (gri dLayout 2) ;
gridLayout 2. set Col utms( 6) ;

cdmaCal cul at eBt . set Backgr ound( new j ava. awt . Col or (0, O,

cdmaCal cul at eBt . set For egr ound( Col or. white);
cdrmaCal cul at eBt . set Label (" Cal cul ate");
gsmCal cul at eBt . set For egr ound( Col or. white);

| abel 17. set Text ("RTT m n");

| abel 19. set Text (" Bl ocks");

cdmaBM.b. set Text (" Burst Mode");

cdmaFERTX. add(" 0"
cdmaFERTx. add(" 1"
cdmaFERTX. add(" 2"
cdmaFERTx. add(" 3"
cdmaFERTx. add(" 5"
cdmaFERTx. add(" 8
cdmaFERTX. add("1
cdmaFERTx. add("1
cdmaFERTX. add(" 25"

cdmaBWI'x. add(" 9. 6"
cdmaBWI'x. add("19. 2
cdmaBWI'x. add( " 28. 8"
cdmaBWI'x. add("57. 6
cdmaBWI'x. add( " 105. 6
cdmaBWI'x. add( " 153. 6"
cdmaBWI'x. add( " 201. 6
cdmaBWI'x. add( " 316. 8

cdmaMIUTx. add("296");
cdmaMrUTx. add("576") ;
cdmaMrurx. add(" 1006") ;
cdmaMIUTx. add( " 1449");
cdmaMrUTx. add( " 1500") ;
cdmaMrUTx. add(" 1600") ;

cdmaFTTx. add("20");

cdmaRTTTx. add("3");
cdmaRTTTX. add("5");
cdmaRTTTx. add("7");
cdmaRTTTx. add("9");

cdmaBMIx. add("Finite");
cdmaBMIx. add("Infinite");

gsnFERTX. add(" 0"
gsnFERTx. add(" 1"
gsnFERTX. add(" 2"
gsnFERTX. add( " 3"

5"

)

):

g,
gsnFERTX. add("5"); :

100));
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gsnFERTX. add("8");

gsnFERTX. add("10");
gsnFERTX. add("15");
gsnFERTX. add( " 25");

gsmBWIx. add("9. 6");
gsmBWIx. add("19. 2")
gsmBWIx. add("28.8");
gsnBWI'x. add("57.6")
gsmBWIx. add("105. 6
gsmBWIx. add( " 153. 6"
gsmBWIx. add("201. 6
gsnmBWI'x. add("316.8");
gsmMTUTx. add("296") ;
gsmMTUTx. add("576")
gsnmMIUTx. add( " 1006")
gsnmMTUTx. add( " 1500")
gsmMTIUTx. add( " 1600")

il
1
i

1

gsmMACKTx. add("9");
gsMACKTX. add("16");
gSMACKTx. add("32");
gsnRETTx. add("0");
gsnRETTx. add(" 1"
gsSRETTx. add("
gsRETTx. add("
gsnRETTx. add("
gsnRETTx. add("
gsSRETTx. add("
gsRETTx. add("

gsnRTTTx. add("
gsnRTTTx. add("
gsnRTTTx. add("
gsnRTTTx. add(" 8"

gsmCal cul at eBt . set Backgr ound( new j ava. awt . Col or (0, O,

gsmCal cul at eBt . set Label (" Cal cul ate");
out put Pn. set Layout (gri dLayout 4) ;
gridLayout 4. set Col utms(2) ;

gridLayout 4. set Rows(2);

100));

settingsLb. set Font (new j ava. awt. Font ("Di al og", 1, 14));

settingsLb. set Alignment(1);

settingsLb. set Text("Settings for Enulator (IP-Layer)");

out put Dat aPn. set Layout (gri dLayout 5) ;

gridLayout 5. set Col utms( 6) ;

gridLayout 5. set Rows(5);

out DELAYLb. set Text (" Delay :");

dest | PLb. set Text (" Destination |IP");

out DROPVal uelLb. set Backgr ound( Col or. | i ght Gray);

out DROPVal uelLb. set Font (new j ava. awt . Font (" Di al og",
out DROPVal uelLb. set Al i gnnent (2);

sour cel PLb. set Text (" Source I P");

out BW.b. set Text (" Data Rate :");

out STDLb. set Text (" Standard Dev. :");

out BWUni t Lb. set Text (" Byte/s");

out STDUni t Lb. set Text (" ns");

out DELAYUni t Lb. set Text (" ns");

| abel 22. set Text (" ");

out DROPUnIi t Lb. set Text (" %) ;

out BWal uelLb. set Backgr ound( Col or. | i ght G ay);

out BWal uelLb. set Font (new j ava. awt . Font ("D al og", 1,
out BWal uelLb. set Al'i gnrment (2);

par anet er 6Val uelLb. set Backgr ound(Col or. | i ght Gray);

par anet er 6Val uelLb. set Font (new j ava. awt . Font (" Di al og",

par anet er 6Val ueLb. set Al i gnment (2) ;
out STDVal uelb. set Backgr ound( Col or. i ght Gray);

out STDVal uelb. set Font (new j ava. awt . Font (" Di al og", 1,

out STDVal uelLb. set Al i gnment (2) ;

out DELAYVal uelLb. set Backgr ound( Col or. | i ght Gray);

out DELAYVal uelLb. set Font (new j ava. awt . Font (" Di al og",
out DELAYVal uelLb. set Al i gnnent ( 2);

out DELAYVal uelLb. set Text ("");
out STDVal uelLb. set Text ("");
out BWal uelLb. set Text ("");
out DROPVal uelLb. set Text ("");

par anet er 5Val uelLb. set Backgr ound(Col or. | i ght Gray);

par anet er 5Val uelLb. set Font (new j ava. awt . Font (" Di al og",

par anet er 5Val ueLb. set Al i gnment ( 2) ;
1 nput Pn. set Layout (gri dLayout 6) ;
gridLayout 6. set Col utms(2) ;

cdmaDat aPn. set Layout (gri dLayout 7) ;
gsnDat aPn. set Layout (gri dLayout 8) ;
gridLayout 7. set Col utms( 3) ;

12));

12));

1, 12));

12));

12));

1, 12));
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gri dLayout 7. set Rows(7);

gridLayout 8. set Col utms( 3) ;

gridLayout 8. set Rows(7);

cdmaFERLD. set Text (" Frane Error Rate");

cdmaBWni t Lb. set Text (" Kbps");

cdmaRTTUni t Lb. set Text (" Franmes");

cdmaBW.b. set Text (" Data Rate");

cdmaRTTLb. set Text (" RTT");

cdmaFTUni t Lb. set Text (" ns");

cdmaFTLb. set Text (" Frame Tine");

cdmaMrUUni t Lb. set Text (" Byte");

cdmaFERUNI t Lb. set Text (" %) ;

cdmaMTULb. set Text (" MIU");

gsnFERLb. set Text ("Bl ock Error Rate");

gsSnFERUNI t Lb. set Text (" %) ;

gsmBWLb. set Text ("Data Rate");

gsmBWUni t Lb. set Text (" Kbps");

gsnmMTULb. set Text (" MIU");

gsmMTUUNI t Lb. set Text (" Byte");

gsnFTLb. set Text ("Pol | Interval");

gsnFTUni t Lb. set Text (" Bl ocks");

gsnRTTLb. set Text ("Bl ock Retransm");

gsnRTTUNni t Lb. set Text (" times");

| abel 31. set Background( Col or. | i ght Gay);

| abel 32. set Background( Col or. | i ght Gray);

| abel 32. set For egr ound( Col or. gray);

dest | PTx. set Text (" 10.0.2.3");

sour cel PTx. set Text ("10.0.1.1");

out DROPLb. set Text (" Drop Rate :");

this.add(titlePn, BorderLayout.NORTH);

itlePn.add(cdmaLb, null);

itlePn.add(gsnmib, null);

itlePn.add(l abel 32, null);

itlePn.add(l abel 31, null);

t hi s. add(ni st net Pn, BorderLayout. SOUTH);

ni st net Pn. add(1 abel 1, null);

ni st net Pn. add(ni stnetBt, null);

ni st net Pn. add( | abel 3, null);

ni st net Pn. add( | abel 33, null);

ni stnet Pn. add(quitBt, null);

ni st net Pn. add(1 abel 2, null);

ni st net Pn. add( | abel 34, null

ni st net Pn. add( | abel 35, null
|
|

t
t
t
t

ni st net Pn. add(| abel 36, nul
ni st net Pn. add( | abel 37, null);
ni st net Pn. add( | abel 38, null);
ni st net Pn. add(| abel 39, null);
t hi s. add(dat aPn, BorderLayout.CENTER);

dat aPn. add( cal cul at ePn, Border Layout. CENTER);
cal cul at ePn. add( | abel 4, null);

cal cul at ePn. add(cdmaCal cul ateBt, null);

cal cul at ePn. add( | abel 5, null);

cal cul at ePn. add( | abel 30, null);

cal cul at ePn. add(gsntal cul ateBt, null);

cal cul at ePn. add( | abel 6, null);

dat aPn. add( out put Pn, Border Layout. SOUTH) ;

out put Pn. add(settingsLb, null);

out put Pn. add( out put Dat aPn, null);

out put Dat aPn. add( out DELAYLb, null);

out put Dat aPn. add( out DELAYVal ueLb, null);

out put Dat aPn. add( out DELAYUni t Lb, null);

out put Dat aPn. add( par anet er 5Lb, null);

out put Dat aPn. add( par armet er 5Val ueLb, nul |);
out put Dat aPn. add( | abel 22, nul l);

out put Dat aPn. add( out STDLb, null);

out put Dat aPn. add( out STDval ueLb, null);

out put Dat aPn. add( out STDUni t Lb, null);

out put Dat aPn. add( par amet er 6Lb, null);

out put Dat aPn. add( par armet er 6Val ueLb, null);
out put Dat aPn. add( par aneter6Uni tLb, null);

out put Dat aPn. add( out BW.b, null);

out put Dat aPn. add( out BW/al ueLb, null);

out put Dat aPn. add( out BWUni tLb, null);

out put Dat aPn. add( sourcel PLb, null);

out put Dat aPn. add( sourcel PTx, null);

out put Dat aPn. add( | abel 117, null);

out put Dat aPn. add( out DROPLb, null);

out put Dat aPn. add( out DROPVal ueLb, null);

out put Dat aPn. add( out DROPUni t Lb, null);

out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.
out put Dat aPn.

add(dest | PLb, nul
add(dest | PTx, nul
add(| abel 19, null
add(| abel 115, nul
add(| abel 114, nul
add(| abel 17, null
add(| abel 8, null);
add(| abel 24, nul |
add(| abel 21, null
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dat aPn. add(i nput Pn, Border Layout. NORTH) ;
i nput Pn. add( cdnmabDat aPn, null);
cdmaDat aPn. add( cdmaFERLb, nul | );
cdmaDat aPn. add( cdmaFERTX, null);
cdmaDat aPn. add( cdmaFERUni t Lb, null);
cdmaDat aPn. add( cdmaBW.b, nul | );
cdmaDat aPn. add( cdmaBWI'x, nul | );
cdmaDat aPn. add( cdmaBWUni t Lb, nul l);
cdmaDat aPn. add( cdmaMrULb, nul |);
cdmaDat aPn. add( cdmaMIUTx, nul |);
cdmaDat aPn. add( cdmaMrUuni t Lb, nul l);
cdmaDat aPn. add( cdmaFTLb, null);
cdmaDat aPn. add( cdmaFTTx, null);
cdrmaDat aPn. add( cdmaFTUni tLb, null);
cdmaDat aPn. add( cdmaRTTLb, nul |);
cdmaDat aPn. add( cdmaRTTTx, null);
cdmaDat aPn. add( cdmaRTTUni t Lb, null);
cdmaDat aPn. add( cdmaBM_b, nul | );
cdmaDat aPn. add( cdmaBMIx, nul l);

i nput Pn. add(gsnDat aPn, null);

gsnDat aPn. add(gsnFERLb, null);
gsnDat aPn. add( gsnFERTx, null);
gsnbDat aPn. add( gsnFERUni t Lb, null);
gsnDat aPn. add(gsnBW.b, null);

gsnDat aPn. add( gsnBWIx, null);

gsnDat aPn. add( gsnmBWUni t Lb, null);
gsnbDat aPn. add( gsmMrULb, nul |);
gsnDat aPn. add( gsmMTUTx, null);
gsnDat aPn. add( gsnmMTUUni t Lb, null);
gsnDat aPn. add( gsnFTLb, null);

gsnDat aPn. add( gsmACKTx, null);
gsnDat aPn. add(gsnFTUni tLb, null);
gsnDat aPn. add( gsnRTTLb, null);
gsnDat aPn. add( gsnRETTx, null);
gsmDat aPn. add( gsnRTTUni t Lb, null);
gsnDat aPn. add( | abel 17, null);

gsnDat aPn. add(gsnRTTTx, null);
gsnDat aPn. add( | abel 19, null);

RT=Runt i me. get Runti me();

cdrmaCal cul at eBt . addAct i onLi st ener (new Acti onLi st ener ()

public void actionPerfornmed(Acti onEvent e)

try
{

cdmaFER=Doubl e. par seDoubl e( cdmaFERTX. get Sel ect ed

cdmaBW.=Doubl e. par seDoubl e( cdnaBWI'x. get Sel ect edl

cdmaMrU=Doubl e. par seDoubl e( cdmaMIUTx. get Sel ect ed

cdmaFTL=Doubl e. par seDoubl e( cdmaFTTx. get Sel ect edI

cdmaRTT=Doubl e. par seDoubl e( cdmaRTTTx. get Sel ect ed
} catch (Nunber For mat Exception nfe){}

_,_,,_,_,,_
-~ D~
[¢]
NN NN
N

nodel . cal cul at ecdma( cdmaFER, cdmaBW., cdmaMIU, cdmaFTL, cdnmaRTT);

if(BMequal s("Finite"))
Mbde=0;
el se

Mode=1;

gsmCal cul at eBt . addAct i onLi st ener (new Acti onLi st ener ()

public void actionPerforned(Acti onEvent e)

try

{
gsmBER=Doubl e. par seDoubl e( gsnFERTx. get Sel ectedl ten());
gsmBR=Doubl e. par seDoubl e( gsmBWIx. get Sel ectedl ten());
gsmMTU=Doubl e. par seDoubl e( gsmMIUTx. get Sel ect edl
gsmACK=Doubl e. par seDoubl e( gsmACKTx. get Sel ect edl
gsnRET=Doubl e. par seDoubl e( gsmRETTx. get Sel ect edl
gsnRTT=Doubl e. par seDoubl e( gsmRTTTx. get Sel ect edl

} catch (Nunmber For mat Exception nfe){}

t
t
t
t

nodel . cal cul at egsn{ gsmBER, gsnBR, gsmMIU, gsmACK, gsnRET, gsnRTT);

Mode=1;

ni st net Bt . addAct i onLi st ener (new Acti onLi st ener ()
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public void actionPerforned(Acti onEvent e)

dest | P=dest | PTx. get Text ();

sour cel P=sour cel PTx. get Text () ;

out DELAY=( ( Cal cul at or) nodel ). get out DELAY() ;

out STD=( ( Cal cul at or) nodel ). get out STD() ;

out BWL.=( ( Cal cul at or) nodel ). get out BW.() ;

out DROP=( ( Cal cul at or) nodel ) . get out DROP() ;

out DELAYs| ow=( ( Cal cul at or) nodel ). get out DELAYs| ow() ;
out STDs| ow=( ( Cal cul at or) nodel ). get out STDsl ow() ;

out BW.s| ow=( ( Cal cul at or) nodel ) . get out BW.sl ow( ) ;

out DROPs| ow=( ( Cal cul at or) nodel ) . get out DROPs| ow() ;

i f (Zust and==0)
{ i f(Mbde==1)
{ try
{

RT. exec("cnistnet -u -a"+" "+dest|P+" "+sourcel P+" "+"--delay"+" "

+out DELAY+" "+out STD+" "+"--drop"+" "+out DROP+" "+"--bandwi dt h"+" "+out BW);

RT. exec("cnistnet -u -a"+" "+sourcel P+" "+dest|P+" "+"--del ay"+"

+out DELAY+" "+out STD+" "+"--drop"+" "+out DROP+" "+"--bandw dth"+" "+out BW);

catch(java.io.| CException ef)

Systemout.println("Fehler beimStarten von NistNet");

el se

try
Per| =RT. exec("per| adaptive.pl 8000 4000"+" "+out BW.s| ow+" "+out BW.+"
+sour cel P+" "+dest| P+" "+cdmaMIU+" " +out DELAYs| ow+" " +out STDsl ow+" "
+out DROPs| ow+" " +out DELAY+" " +out STD+" "+out DROP);

catch(java.io.| Cexception ef)

Systemout.println("Fehler beim Starten von NistNet");
ni stnetBt.setlLabel ("Stop Nistnet");
Zust and=1;
Modeol d=Mode;
el se
i f (Modeol d==1)
{
try
{
RT. exec("cnistnet -r"+" "+destlP+" "+sourcel P);
RT. exec("cnistnet -r"+" "+sourcel P+" "+dest|P);

catch(java.io. | CException ef)

System out. println("Fehler beimupdate");

el se

{
try

Per| . destroy();
RT. exec("cnistnet -r"+" "+destlP+" "+sourcel P);
RT. exec("cni stnet -r"+" "+sourcel P+" "+dest|P);

catch(java.io.| CException ef)
System out. println("Fehler bei mupdate");
I3
ni stnetBt.setlLabel ("Start N stnet");
out DELAYVal uelLb. set Text ("");
out STDVal uelLb. set Text ("");
out BWal uelLb. set Text ("");

out DROPVal uelLb. set Text ("");
Zust and=0;

}
1)

qui t Bt . addAct i onLi st ener (new Qui tListener());
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addW ndowLi st ener (new Cal cul at or W ndowLi stener());
}

public void update (Observabl e npbdel, Object argunent)

out DELAYVal uelLb. set Text (""+((Cal cul at or) nodel ). get out DELAY() ) ;
out STDVal uelLb. set Text (""+((Cal cul at or) nodel ). get out STD() ) ;

out BWal uelLb. set Text ("" +((Cal cul at or) nodel ). get out BW.() ) ;

out DROPVal uelb. set Text (""+((Cal cul at or) nodel ). get out DROP() ) ;

A.4 CalculatorWindowListener.java
package di papi ;

/1
/1 This class represents the Listener of the w ndow, which is responsible for actions
//such as pressing the cross on the top right. By closing the application, NistNet is
//stopped and the nodule is renoved fromthe kernel.

/1

inmport java.aw.event.*
public class Cal cul at or WndowLi st ener inplenents W ndowLi st ener {

public void w ndowOpened(W ndowEvent e){}
public void wi ndowC osi ng( W ndowEvent wEvent) {

try

{
Runti ne. get Runti me(). exec("cni stnet -d");
Runti ne. get Runti me().exec("rmmod nistnet");
wEvent . get W ndow() . di spose();
System exi t (0);

catch(java.io.| CException ef)

System out. println("Fehl er beimverlassen");

}
}
public void wi ndowd osed(W ndowEvent e){}
public void w ndow coni fied(WndowEvent e){}
public void w ndowDei coni fi ed( WndowkEvent e){}
public void w ndowActi vat ed( WndowEvent e){}
public void w ndowDeacti vat ed( WndowEvent e){}

}
A.5 QuitListener.java

package di papi ;

toppi ng the application and closing the GUI. By pressing the "Quit"-button, N stNet

This class represents the Listener of the "Quit"-button which |s respon5| ble for
s
is stopped and the nmodule is renoved fromthe kernel.

~———
~———

inmport java.aw.event.*
public class QuitListener inplements ActionListener {
public void actionPerfornmed(Acti onEvent e) {
try
{ . . .
Runti nme. get Runtinme().exec("cni stnet -d");
Runti ne. get Runti me() . exec("rmod nistnet");
System exit(0);
catch(java.io. | CException ef)

System out. println("Fehl er beimverlassen");
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B Matlab Files

B.1 rlpLoss.m

Oy
% Cal cul ates the drop rate for | P datagrans over RLP
0,

N=72; % Nunmber of franes per | P datagram
time=[0.5 1.5 2.5 3.5 4.5 5.5]; % Time vector in RTT
p=0. 10; % p=FER (franme error rate)

% Frame | oss probability after after a certain RTT
0,

p_05=1-p;

p_15=p*(1-p)"2;

p_25=((1-p)"a4+2*p*(1-p)"3+2*p*(1-p)"2)*(p"2*(1-p));
p_35=((1-p)"4+2*p*(1-p)"3+2*p*(1-p)"2) *p 2+(p"2*(1-p)) *(pr2*(1- p)“2+2* n2*(1-p)) " ((1-
p) A6+3* p* ( 1- p) A5+3% pA2* (1- p) A4+3* p* ( 1- p) A4+6% pA2* (1- p) A3+3* pA2* (1-p) A2

p_ 45—((1-p)“6+3*p*(1-p)“5+3*p“2*(1-p)“4+3*p*(1-p)“4+6*p“2*(l-p)“3+3*p“2*(1-
p)~2)*ph2*(p2*(1-p)) +p"2*((1-p) "6+3*p* (1-p) 75+3*p"2*(1-p) "4+3*p*(1-p) "4+6*p"2* (1-
p)“3+3*p“2*(1 p)“2) (prh2*(1- p)“2+2*p“2*(1-p))

p_55=( (1- p) A6+3* p* ( 1- p) A5+3% pA2* ( 1- p) A4+3* p* ( 1- p) A4+6% pA2* (1- p) A3+3%pA2* (1-p) A2) * pra;

% Total frame |oss probability
0,

p_t ot =p_05+p_15+p_25+p_35+p_45+p_55;
pF=1-(p_tot);

% | P datagram drop rate
Oy

pl ossl P=1- (1- pF) AN

%PI ots PMF

p_vect or=[p_05 p_15 p_25 p_35 p_45 p_55];
sten(tine, p_vector);

title('Probability for frame arrival at a certain RTT');
axis([0 6 0 1]);

yl abel (' probability p_a_r_r');

xl abel ("time in RTT");

B.2 rlpDelay.m

O

% Cal cul ates Del ay and Standard Deviation for |P Datagrans over RLP
O

N=72; % Number of RLP frames per | P datagram
p=0. 01, % Frame error rate FER

g=1-p; % Frame arrival rate

rtt=3; % Roundtrip tinme in frames

% Cal cul ates PMF for all frames which result in one tine slot when | ost
0,

P1=bi (N, p);

% Cal cul ates PMF for all franes at the end of |P datagram
0,

P2=endi ng(rtt, p);
% Cal cul ates total PM
0,

P3=conv(P1, P2);

% Cal cul ates total delay and standard deviation and pl ot PM-
0,

n=N+0: N+l engt h( P3) - 1;

f orwar dchannel del ay=(rtt-3)/2;
n=n+f or war dchannel del ay;

sten(n, P3);

grid on

ave=sum( n. * P3)

std=sqgrt(sum (n-ave).”"2.*P3))

% Auxi liary functions
O

function P=bi (N, p)
n=0: N,
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q=1-p;
P=zeros(1, N+1);
for k=0:N
P(k+1) =nti ef k(N, k) *p k*g*(N-k) ;
end

function P=ending(rtt, p)
q=1-p;
P(1)=g”rtt;
for meO:rtt-1
t enp=0;
for k=0:m
t emp=t emp+nti ef k(m k) *prk*g*(m k) ;
end
P(mt2) =t enp*p*g~(rtt-1-m;
end
function y=ntiefk(n,k);
if(k==0) y=1;
el se
y=prod(1:n)/(prod(1:k)*prod(1:(n-k)));
end

B.3 ricBitrate.m

s

% Cal cul ates the effective bitrate for |P datagranms over RLC
O
br=9. 6; %this is the bitrate in the gui
pl =160; % RLC payl oad
fs=176; % RLC frane size
Me3; % Maxi mum nunber of retransm ssion rounds
BER=0. 1; % Bl ock Error Rate
% Reduced bitrate due to RLC header transm ssion
Oy
bi trate=br*1000/ 8*pl/fs
b=1;
for i=1:M
b=b+BER"i ;
end
% Ef fective bitrate due to bl ock retransm ssions
Oy
eff _bitrate=bitrate/b
B.4 ricLoss.m
Oy
% Cal cul ates the drop rate for | P datagrams over RLC
O
N=76; % Nurmber of RLC bl ocks per | P datagram
BER=0. 1; % Bl ock Error Rate
Me6; % Maxi mum nunber of bl ock retransm ssions

% Arrival rate for IP after original transm ssion
Oy

P(1) =(1- BER) ~N;

% Arrival rate after each retransm ssion up to M (PM)
Oy
for k=2:(Ml)
a=(1- BER) *( N* BER* (k- 1)) ;
for j=0:k-2
b(j +1) =(1- (1- BER) *( N*BERYj ) ) ;
en

P( k) =pr od(b);
P(k) =a*P(Kk);
clear b;

end

% Total arrival rate after Mretransm ssions
O

x=0;

for i=1:(M1)
x=x+P(i);

end
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% | P datagram drop rate
0,

1-x

% Pl ots PMF and CDF
0,

i ndex=0:1ength(P) -1,
subplot(2,1,1);

pl ot (i ndex, P);

grid on;

axis([0 M1 0 1]);

title(' Probability mass function for |P datagram success');

x| abel (' Nunber of RLC retransmissions');
yl abel (' P(k)"');
hol d on

y(1) =P(1);
for r=2:k

y(r)=y(r-1)+P(r);
end

subplot (2,1, 2);

pl ot (i ndex,y);

grid on;

axis([0 M1 0 1.2]);

title(' Cunul ative distribution function for |P datagram success');

x| abel (* Number of RLC retransmi ssions');

yl abel (" sunm{P(k))"');
hol d on

B.S ricDelay.m

O

% Cal cul ates Delay and Standard Deviation for |P Datagrans over RLC
O

nl=76; % Number of RLC bl ocks per | P datagram
p=0. 02; % Bl ock error rate BER

g=1-p; % Bl ock arrival rate

Pol | =9; % Pol | intervall in blocks

rtt=2; % Roundtrip tine in bl ocks

channel del ay=(rtt-2)/2; % Channel delay in bl ocks

% Cal cul ates PMF for first and second retransm ssion
% for all RLC blocks of an | P datagram

s

for n2=0:nl
PMF1ret (n2+1) =nti ef k(nl, n2) *p~n2*g~(nl-n2);
end
PMF2r et =zer os(n2+1, 3*nl+1);
for n2=0:nl
for n3=0:n2

PMF2r et (n2+1, n2+n3+1) =nt i ef k(n2, n3) *p~n3* g (n2- n3) * PMF1r et (n2+1);

end
end
PMF2r et =sum( PMF2r et ) ;

% Cal cul ates PMF for RLC blocks at the end of IP

% dat agram which are after second last Poll -> block
% | oss causes nore than one additional tine slot.

0,

PMFaf t er Pol | =zeros(Pol | -1, Pol | +rtt+1);
for block=1:Poll-1

el se

PK/I_:af ter Pol | (bl ock, k+1) =nti ef k( bl ock, k) *p~k*g" (bl ock-k);

PMFaft er Pol | (bl ock, rtt+1+Pol | - bl ock+k+1) =nti ef k( bl ock, k) *p~k*g” (bl ock-k);

end
end
end
PMFaft er Pol | =sun{ PMFafterPol I)./(Poll-1);

% Cal cul ates PMF for RLC blocks at the end of IP
% dat agram before second |ast Poll -> block |oss

% causes nore than one additional time slot.
O

PMFbef or ePol | =zeros(rtt-1,rtt+Pol | +1);
for j=lirtt-1
for w=0:Pol | -1
if w==0

PMFbef orePol | (j,w+l)=ntiefk(Poll-1,w)*p wgr(Poll-1-w);
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el se
J PMFbef orePol | (j,rtt-j+1+w+l)=ntiefk(Poll-1,w)*p wqgr(Poll-1-w);
end o
end
if ret>2

PMFbef or ePol | =sum( PMFbef orePol )./ (rtt-1);
end

% Cal cul ates PMF for whol e transm ssion of |P datagram
05

t ot al =conv(conv(PM-aft er Pol | , PM~bef orePol | ), PMF2ret);
n=nl+0: nl+l ength(total )-1;

n=n+channel del ay;

% Cal cul ates total delay and standard deviation
% and plots the PMF' s
Oy

avel=sun(n.*total)
std=sqgrt(sum(n-avel).”2. *total))

i ndex1=0: | engt h( PMF2ret)-1;

subpl ot (2, 2,1)

sten(indexl, PMF2ret);

title(' PMF for all blocks after 2nd retransm ssion');
x| abel (' Nunber of additional time slots');

yl abel (' Success probability');

i ndex2=0: | engt h( PMFafter Pol | ) - 1;

subpl ot (2, 2, 2)

sten(index2, PMrafterPol |);

title(' PMF for blocks at the end, after Poll');
x| abel (* Nunber of additional time slots');

yl abel (' Success probability');

i ndex3=0: | engt h( PMFbef orePol | ) - 1;

subpl ot (2, 2, 3)

st en(i ndex3, PMFbef orePol 1) ;

title(' PMF for blocks at the end, before Poll');
x| abel (* Number of additional tine slots');

yl abel (' Success probability');

subpl ot (2, 2, 4)

sten(n,total);

title(' Total PMF);

x| abel (* Total nunber of tine slots');
yl abel (' Success probability');
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