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ABSTRACT
THE DEVELOPMENT OF AN EMBEDDED WIRELESS MODEM

CONFORMING TO ADVANCED MOBILE PHONE SYSTEM AND
CELLULAR DIGITAL PACKET DATA STANDARDS

by
Xin Ren

Introduced by AT&T Bell Labs in 1970s, today Advanced Mobile Phone Systems
(AMPS) - a first generation analog cellular system ~ serve millions of customers in the
United States and 55 other countries, and the number of subscribers is still rapidly
increasing. Although digital cellular systems are emerging in recent years, research
efforts are still being made to the enhancement of AMPS systems because of their
popularity. An example 1s the new Cellular Digital Packet Data (CDPD) standard
announced in 1994. CDPD is an overlay of the existing AMPS, and has the capability of
transmitting data packets over such an analog cellular network. This thesis intends to
first introduce this new technology, and then discusses the design and implementation of
an embedded wireless modem which conforms to the CDPD public standard. The
emphasis 1s on software design, implementation, simulation, and test of the modem. The
real-time test and demonstration shows that the newly developed modem and related
software meet the requirements and specifications in terms of functionality, modularity,

robustness, and low power consumption.
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CHAPTER 1
INTRODUCTION

1.1 Background
Today, telecommunications are undergoing fundamental changes, due largely to the
booming fiber optics and mobile communication technologies. The cellular radio
systems, which are concerned in this thesis, provide their subscribers with the
opportunity to travel freely while simultaneously communicate with any other subscriber
or any wireline telephone user. More sophisticated cellular systems can even provide
services like fax, data transmission and electronic mail. In addition to these personal
communication services, mobile technology has also proved its indispensableness in
many other applications such as improving traffic safety and providing vital
communication links during emergencies.

In the current cellular communication market, there exist at least seven different,
partially incompatible standards, namely, North American AMPS (Advanced Mobile
Phone System), Japanese MCS, Scandinavian NMT, British TACS, European GSM,
Digital AMPS, and QUALCOMM CDMA. Among these standards, the North America
AMPS is the oldest and most widely-used one. Introduced in 1970s by AT&T Bell
Laboratories, it became the de facto technical standard for later systems such as the
British TACS and the Japanese MCS. As a first generation analog system, AMPS is
incorporated by some second generation digital systems such as IS-54. The latter
specifies a dual-mode operation, which adds a digital voice transmission capacity to new

subscriber equipment, while the analog AMPS remains the same. Due to its popularity,



research efforts are still being made to the enhancement of the existing AMPS system
S AL Y .
The most recent enhancement is the CDPD (Cellular Digital Packet Data) standard

which is a major topic of this thesis.

1.2 Purposes of the Thesis

Introduced in early 1994, the emerging CDPD technology represents a low cost
upgrade to the existing cellular voice infrastructure of AMPS, in the sense that it can
provide packet data radio services over existing cellular networks. The CDPD standard
utilizes the excess capacity left over by AMPS, and using the channel for packet data
communications in the absence of voice traffic. Thus, the CDPD system can provide a
broad range of wireless data and voice solutions for various communication needs -
speech, electronic mail, fax and computer data transfer. For this reason, many
electronics manufacturers are currently developing their product lines of wireless
modems that conform to this standard.

Affiliated with a major IC manufacturer in New Jersey, the author has participated in
a research and design project for such a modem. This thesis, however, is not intended to
be just a detailed description of the hardware or software developed, but rather a

discussion on the promising CDPD technology and the design philosophy involved.

1.3 Organization of the Thesis
Chapter 2 gives a brief description of the infrastructure of the North America AMPS

and the CDPD network with emphasis on the latter. Chapter 3 and Chapter 4 present



(9%}

the design philosophy and considerations from a theoretical standpoint. Some details of
the software and hardware design are also discussed in these two chapters. As a
supplement to the above chapters, Chapter 5 summarizes the results obtained and
conclusions are drawn. In Appendix A and B, part of the source code for this modem is

given, in either C language or assembly language.



CHAPTER 2
AMPS AND THE CDPD STANDARD

2.1 Overview of Cellular System
Conventional mobile telephone systems have many drawbacks: limited service
capability, poor service performance, and insufficient frequency spectrum utilization,
etc.. Basically, such a system selects one or more channels from a specific frequency
allocation in a certain zone. The coverage area of each zone is normally planned to be as
large as possible. A user who initiates a call in one zone is not guaranteed to be able to
continue when he moves to an adjacent zone. The poor service performance of the
conventional system is obvious. For example, in 1976, NYC had two conventional
systems to serve a total of 545 users, with 3700 customers on a waiting list [3]. This
number of subscribers has already created a high blocking probability during busy hours.
The frequency spectrum utilization is not satisfactory, either.

Introduced as a concept in 1940s, cellular systems now have millions of users all over
the world. Cellular systems have overcomed the major drawbacks of a conventional
system. In a cellular system, continuation of conversation is guaranteed by the so-called
hand-off capacity. Hand-off is a process which automatically changes the frequency
while the user moves across zones, and this process is transparent to the user. Also, in
a cellular system, because of the new concept of frequency reuse, the frequency
utilization has been improved to a large extent.

The spectral efficiency of cellular systems was shown at the beginning of 1970s. In
1979, FCC authorized Illlinois Bell Telephone Co. (IBT) to operate the first cellular
system in the Chicago area, and thus commenced a new era of wireless communications.

The infrastructure of a cellular system is illustrated in Figure 2.1. Theoretically, the

coverage of one “cell” should be a circular area. However, for the sake of mathematical



Figure 2.1 Cell Reuse Pattern in a Cellular Network. (a) K=4. (b) K=7. (¢) K=12. (d)
K=19.



as well as visual simplicity, a hexagon shape is assumed, and the discrepancy is

negligible.

2.2 The Advanced Mobile Phone System (AMPS)
2.2.1 Historical Notes
Introduced in 1970s by AT&T Bell Laboratories, AMPS served approximately 3.5
million customers as of the end of 1989, and the number of subscribers is still rapidly
increasing. According to many market forecasts, AMPS will accommodate 15-20
million users at the end of this century [2].

AMPS employs an FM-FDMA modulation technique, and a signaling bit rate of
10kb/s [1]. Compared to the huge traffic load, the frequency allocation for AMPS is
rather limited. In 1974, FCC authorized a 20 MHz band for cellular systems. Recently,
additional bandwidth is allocated, but there is still no substantial improvement. This
spectrum is used by 666 channels in AMPS, where each channel has a bandwidth of 30
kHz. The inefficiency of AMPS (a first generation cellular system) led to the
development of the second generation (GSM, ADC, JDC) and the third generation
cellular (CDMA) systems. However, owing to its popularity, research efforts are still

being made to AMPS in order to increase its capacity and enhance its performance.

2.2.2 The EIA/TIA 553 Standard for AMPS

The EIA/TIA 553 standard is actually a set of compatibility requirements for cellular
mobile telecommunication systems. Its purpose is to ensure that a mobile station can
obtain service anywhere in an AMPS cellular system. In this section, instead of
discussing the standard in detail (which could be extremely lengthy), we try to catch its

essence, and explain no more than necessary to understand the successive discussions.



In technical standards, a list of definitions of terms is usually given before any further

discussion. Following this convention, we give some of the important ones as follows

[5):

Land Station. A station in the Domestic Public Cellular Radio Telecommunications
Service, other than a mobile station, used for radio communications with mobile
stations.

Mobile Station. A station in the Domestic Public Cellular Radio Telecommunications
Service intended to be used while in motion or during halts at unspecified points. It is
assumed that mobile stations include portable units (e.g., hand-held “personal” units) as
well as units installed in vehicles.

Control Channel. A channel used for the transmission of digital control information
from a land station to a mobile station (Forward Control Channel) or from a mobile
station to a land station (Reverse Control Channel).

Voice Channel. A channel on which a voice conversation occurs and on which brief
digital messages may be sent from a land station to a mobile station (Forward Voice
Channel) or from a mobile station to a land station (Reverse Voice Channel).

Access Channel. A control channel used by a mobile station to access a system to
obtain service.

Paging Channel. A forward control channel that is used to page mobile stations and
send orders.

Mobile ldentification Number (MIN). The 34-bit number that is a digital
representation of the 10-digit directory telephone number assigned to a mobile station,
System Identification (SID). A digital identification associated with a cellular system;
each system is assigned a unique number.

Supervisory Audio Tone (SAT). One of three tones in the 6-kilohertz region, which

are transmitted by a land station and transponded by a mobile station.



Our discussion concentrates on mobile station compatibility requirements, for the
wireless modem is part of a mobile station. Moreover, the characteristics of the physical
link, including transmitter and receiver's frequency parameters, power control, and
modulation techniques are not discussed here, because these lower-level tasks are
accomplished by existing IC products. Instead, we are much more concerned about ca//
processing, which describes mobile station's operations as controlled by a land station.

The call processing of AMPS can be depicted as a state machine with four states:
initialization, idle, system access, and conversation, as shown in Figure 2.2

Once power is applied to a mobile station, it should enter the inifialization state in
which it retrieves system parameters and selects a paging channel with enough signal
strength. After initialization, the mobile station enters the idle task, in which it monitors
the control messages for orders, or a user can initiate a call. In either case, the mobile
station should enter the system access state. In the system access state, the mobile
station scans and tries to seize a reverse control channel. If succeeded, it then uses this
reverse control channel to communicate with base station and enters the final state

conversation. Otherwise, the station returns to its initialization state.

2.3 The Cellular Digital Packet Data (CDPD) Standard
2.3.1 Historical Notes
The Cellular Digital Packet Data is a fast, inexpensive and effective way to transmit data
packets over the existing AMPS cellular network. This very new standard (announced
in 1994) is promoted by a consortium of Ameritech Mobile Communications, Inc., Bell
Altantic Mobile Systems, Contel Cellular, Inc., GTE Mobile Communications, Inc.,
NYNEX Mobile Communications, Inc., PacTel Cellular, Southwestern Bell Mobile

Systems, and McCaw Cellular Communications, Inc..



Initialization B p=t  Conversation

Figure 2.2 State Machine Representation of an AMPS Mobile Station.
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CDPD uses existing cellular infrastructure, technologies, and even the same
frequency spectrum allocated to AMPS to transmit data at the rate of 19.2 kbps.
Indeed, it can be viewed as a cellular telephone network overlay by adding a small
amount of CDPD equipment to existing cell cites. Cell operators are able to provide
both voice and data on the same frequency. Figure 2.3a shows infrastructure of the
CDPD network.

According to the research into AMPS cellular systems, 30% or more air time, even
during heavy traffic, is unused [4]. CDPD technology can detect and utilize these
otherwise wasted 1dle moments to transmit packet data, therefore enhance the éfﬁciency
of a cellular channel (see Figure 2.3b). This characteristic makes the CDPD standard the
most cost-effective internet extension for the cellular carriers. There is also good news
for the CDPD users: due to its packet data nature, users are charged only for the
amount of data transferred, not for the amount of time used.

When this standard first appeared in 1994, it was predicted that it would occupy the
market in a very short time. Now this prediction turns out to be too optimistic, as
CDPD is still unavailable in most places. However, with the millions of AMPS users
across the US and 55 other countries, there is no doubt that CDPD will be offered at

affordable cost in the near future.

2.3.2 The CDPD Public Standard

The CDPD public standard implements the protocols of network layer (layer 3) and
below of the OSI (Open System Interconnection) model, which means CDPD network
can easily inter-operate with existing data communication networks, where users have
the flexibility to employ applications over the remaining four layers. Subscribers of a
CDPD system initiate the communication via a Mobile End System (M-ES). M-ES
sends data packets to the Mobile Data Base Station (MDBS), employing GMSK

filtering and FM modulation. Mobile Data Base Stations are at the same locations as the
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base stations of AMPS, but use different communication equipment. The MDBS is
hardwired to a local Mobile Data Intermediate System (MD-IS), where the state-of-the-
art network management is employed. A MD-IS is a node in a CDPD network. Usually
there is a MD-IS for several cells. Data packets are then forwarded to their destination
by MD-IS.

The destinations for data packets are either F-ES (Fixed End Systems) or other M-
ES’s. Generally, F-ES refers to fixed computer systems with mterngt connection. These
interconnections are shown in Figure 2.4.

The CDPD standard implements the Network Layer (Layer 3) with Internet Protocol
(IP) and Connectionless Network Protocol (CLNP). Data Link Control (DLC) Layer
(Layer 2) is implemented using the Mobile Data Link Protocol (MDLP), where
functions like framing/deframing packet segments, and appending/removing frame
headers are executed. Below this is the Medium Access Control (MAC) Sublayer,
which inserts/deletes flags, blocks/unblocks frames with Reed-Solomon FEC
encoding/decoding, and scrambles/unscrambles the data stream with a Pseudorandom
Noise sequence. For the lowest layer, Physical Layer (Layer 1), the CDPD standard
uses FM modulation and GMSK filtering with a time-bandwidth product of 0.5, which
is introduced to limit the frequency spectrum to the required channel bandwidth

(30kHz) in AMPS.
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CHAPTER 3

HARDWARE IMPLEMENTATION OF THE EMBEDDED WIRELESS
MODEM

3.1 Overview
It is well-known that digital signals are not suitable for transmission over airlinks or
telephone lines, due largely to the distortions that occur in the course of transmission. A
conversion device, collectively known as modem, or modulator-demodulator, is used to
carry digital signals on an analog transmission medium.

Modems come with different configurations and flavors, and .ca‘n be categorized
according to several criteria. Based on the methods of fabrication, a modem can be
categorized as stand-alone, fabricated on adapter cards, or fabricated on rack-mount
cards. Based on the type of data transmitted, they fall into two categories: modems
dealing with synchronous data transmission, and ones dealing with asynchronous data
streams.

The most frequently used categorization, however, devides modems into intelligent
and dumb or non-intelligent ones. Until 1970s, most modems were dumb devices, in the
sense that they could only perform certain limited functions preset by the manufacturers.
Influenced by the booming VLSI technology, microcontrollers were introduced in
modem design. Systems that incorporate microcontrollers are known as embedded
systems, and a modem that contains a microcontroller is by definition an embedded
system. An embedded modem is also referred to as intelligent modem. Intelligent
modems can perform a wide range of functions - such as automatic redialing,
negotiation of modulation method, error detection and correction, and many more -
based on requests initiated by users.

The wireless modem discussed in this thesis has an embedded Intel 8051 family

microprocessor, which is the central control unit of the modem. Together with other

14



components, the modem provides both sets of functionality required by AMPS and the
CDPD standard.

The design philosophy varies as each kind of modems has to be fit to a different
application. In the following sections, we will address issues involved in design process

of our particular embedded modem.

3.2 Design Philosophy and Considerations
The key requirements for a wireless modem, used in a hand-held portable cellular set,
are:
e Small physical size,
e high reliability,
e Low power consumption,
e Low cost.

By carefully selecting the chip set, we can achieve acceptable physical size. As will be
discussed shortly, the specialized cellular radio chips made by Philips and Rockwell
meet the requirement very well.

There are two different approaches to achieving high reliability. One is in the
hardware sense, and the other is from a software standpoint. For hardware design,
fewer interconnections between hardware components generally mean higher reliability.
The 7°C bus, an industry standard first introduced by Philips, gives a simple yet
effective solution to the problem. From a software standpoint, a robust software design
can render high reliability. Here, robustness means that all the software modules are
stable and can regain normal operation shortly after something goes wrong. Unexpected
states are likely to be entered in real-world applications, as in the case that an erroneous
command packet is received.

Low power consumption is crucial for any cellular communications system, and it is

an important factor to be considered in selecting a proper modulation method.
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However, what concerns us here is what we can do in our hardware and software
design to reduce the power consumption. Choosing low current consumption hardware
components certainly helps; but more importantly, a software implementation that puts
the microcontroller and other components into sleep or power-down mode whenever
possible, gives us a more satisfactory low level of power consumption.

As will be discussed later, the design philosophy described above is successfully

applied to our hardware and software implementation.

3.3 Structure of the Wireless Modem

A system schematic for the AMPS/CDPD embedded wireless modem is shown in Figure
3.1. As can be seen from the figure, the radio section of the modem is composed of a
transmitter, a receiver, an RSSI (Received Signal Strength Indicator) A/D converter, a
power level control D/A converter, and two phase locked loops. The RF receiver
receives the incoming RF signal, downconverts and translates it into the first IF, then
this first IF is further downconverted and demodulated into the desired audio/data and
RSSI signals. The Rx-PLL (Receiver Phase Locked Loop) provides the correct phase as
needed. The transmitter and Tx-PLL (Transmitter Phase Locked Loop) do the same
thing, except in the opposite direction. The analog RSSI is converted into digital signal,
used by the microcontroller for control purposes. The power level control signals issued
by the microcontroller are converted to analog signals for use by the transmitter.

The baseband section is composed of an Audio Processor (APROC) and a Digital
Processor (DPROC), both made by Philips. APROC consists of two chips: SA5752 and
SAS5753, which provide companding, VOX, filtering and other control functions. The
DPROC is actually the UMA1000LT data processor, and incorporates all the data
transceiving, processing and SAT functions. APROC and DPROC together fulfill a

large part of the functionality requirements for AMPS.
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In the modem portion, we used a Rockwell RC32ACC data modem. The RC32ACC
modem is a multiple device set that provides the protocols and baseband signal
processing needed to support the CDPD standard. RC32ACC modem is itself a stand-
alone intelligent modem, but it becomes a component in our bigger intelligent modem,
which has many more additional features and the capability to combine AMPS and
CDPD functionality together.

In the controller portion, an 8x552 microcontroller and its supporting program and
data memory provide the control for the entire wireless modem. The microcontroller is
connected to other components via the /°C bus (DPROC, A/D RSSI, D/A power level
control) or standard serial bus (RC32ACC modem). The user input orders through the
Keyboard Scan Bus.

All the hardware components mentioned here will be discussed in more detail in the

next section.

3.4 Hardware Implementation
3.4.1 The 8x552 Microcontroller
The 8x552 microcontroller is one important member of the well-known 8051 family [6].
In order to fully understand the structure of 8x552, we give a brief review of some
important features offered by the 8051 microcontroller family. The core features of

8051 include:

e 8-bit CPU and instruction set optimized for control applications,

e [Extensive Boolean processing capabilities, suitable for the control of on-off
operations,

e Four register banks, suitable for interrupt processing (no need to save register

contents upon entering an interrupt service routine).



As a relatively young member of the family, 8x552 retains all the merits of 8051, and

in the meantime it is equipped with many new features, including

e /°C bus serial I/O port, plus the original full-duplex UART serial interface. These
serial buses ensure the minimum interconnection among modem components,

e An on-chip 10-bit ADC with eight multiplexed analog inputs. This ADC is used to
convert the incoming RSSI into digital signal in our application,

e Two 8-bit resolution pulse width modulation outputs. They are used to control the
power level of the transmitter in our application,

e Two modes of power reduction--idle mode and power-down mode. These features
are frequently used in software to achieve a satisfactory power consumption. In the
idle mode, the CPU goes to sleep while at the same time keeping the on-chip
peripherals active. In the power-down mode, the oscillator and all other on-chip
peripherals are stopped, but the internal RAM contents are saved. Both modes can
be entered by executing certain instructions in software and invoked by a hardware
reset. Another way to terminate idle mode is through any enabled interrupt,

e 8k x 8 ROM, 256 x 8 RAM, both expandable externally to 64k bytes. This feature is
very important for complex design projects (including the project discussed in this
thesis), which generally need more memory for program and data storage, and

e Very small physical size.

It has been shown that 8x552 is a good and cost-effective choice, as will become

more clear in our later discussion. The block diagram of 8x552 1s shown in Figure 3.2

[6].
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#pragma endasm

}

unsigned char exone (unsigned long msg, char tgt_byte, char ror_num, char mask),

void main (void)

{
char x;
unsigned long Temp_Test = 0x02345458;

x = exone (Temp Test,3,3,0x1F), /*extract 3 bits starting from bit 27)*/
x = exone (Temp_Test,2,2,0x0F), /*extract 4 bits starting from bit 18)*/
x = exone (Temp_Test,1,5,0x03); /*extract 2 bits starting from bit 13)¥/
x = exone (Temp_Test,0,0,0x1F), /*extract 3 bits starting from bit 02)%/

}
unsigned char exone (unsigned long msg, char tgt_byte, char ror_num, char mask})

{

#ipragma asm
;

;the following section moves the target byte into accumulator

s

MOV R1,?_exone?BYTE+O4H

CINE R1,#3,Not_Byte3

MOV A R4 starget byte is byte 3
SIMP Zero

Not_Byte3: CINE R1,#2,Not_Byte2
MOV ARS target byte 1s byte 2
SIMP Zero

Not_Byte2: CINE R1,#1,Not_Bytel
MOV ARG starget byte is byte 1

SIMP Zero



Not_Bytel: MOV AR7 slarget byte is byte 0

;the following section decides if ror_num is zero

3

Zero: PUSH ACC
MOV A7 exone?BYTE+OSH ;right rotate number
MOV RC,A
INZ Shift ;if ror_num not zero
POP ACC ;if ror_num is zero
SIMP Msk

;the following section shifts target byte by ror_num, AND with mask and return through R7

>

Shift:  POP ACC

Loop: RR A
DINZ RO,Loop

Msk: ANL A?_exone?BYTE+06H - AND with the mask
MOV R7.A return value through R7

#ipragma endasm
k1
3

unsigned char extwo (unsigned long msg, char tgt_high, char ror_num, char mask1, char rol_num, char mask2},

void main (void)

{

char x;

unsigned long Temp_Testl = 0x02345458;
unsigned long Temp_Test2 = 0x52765420;

x = extwo (Temp_Test1,2,3,0x1F,5,0x60), /*extract 7 bits starting from bit 11)*/
x = extwo (Temp_Test2,3,5,0x07,3,0x38); /*extract 6 bits starting from bit 21)*/

1
i

unsigned char extwo (unsigned long msg, char tgt_high, char ror_num, char mask1, char rol_num, char mask2)

{
L

fipragma asm

MOV R0,?_extwo?BYTE+05H ;right rotate number

;
:the following section moves two target bytes into accumulator and stack

3

MOV R1,?_extwo?BYTE+04H

CINE R1,#3,Not_Byte32
MOV A R4 starget byte is byte 3 & 2
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PUSH ACC
MOV A RS
SIMP Loopl

Not_Byt

[«
d

2 CJNE R1,#2,Not_Byte21
MOV A RS target byte i1s byte 2 & |
PUSH ACC
MOV ARG
SIMP Loopl

Not_Byte2l: MOV ARG Jtarget byte1s byte 1 & 0
PUSH ACC
MOV AR7

ithe following section shifts the low-order byte

3

Loopl: RR A
DINZ RO,Loopl
ANL A?_extwo?BYTE+06H :AND with the mask
MOV R2 A :move (o a lemporary register

2

sthe following section shifts the high-order byte

>

POP ACC
MOV R0O,?_extwo?BYTE+07H -left rotate number
Loop2: RL A
DINZ RO, Loop2
ANL A? _extwo?BYTE+08H JAND with the second mask

;the following section merge the two byles into one and return through R7

ORL AR2 -the final result is now in A
MOV R7.A :return value through R7

#pragma endasm

}
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