
'HVLJQ�RI�DQ�$50�%DVHG�6\VWHP�RQ�D�&KLS�IRU�3D\�3KRQHV

Juan C. Díaz Jacobo Riesco Pierre Plaza

Telefónica Investigación y Desarrollo
Emilio Vargas 6, 28043 Madrid, Spain

��� $EVWUDFW
7KLV� SDSHU� GHVFULEHV� WKH� GHVLJQ� RI� D� PLFURFRQWUROOHU
LQWHQGHG� WR� EH� D� V\VWHP�RQ�D�FKLS� VROXWLRQ� IRU� WKH
6SDQLVK� 3D\� 3KRQH� 6\VWHP�� 7KH� &LUFXLW� LV� EDVHG� RQ
WKH�SUHVHQW�703/86�3D\�SKRQH�HTXLSPHQW��GHSOR\HG
LQ�6SDLQ��6RXWK�$PHULFD��DQG�VRPH�RWKHU�FRXQWULHV�DOO
RYHU�WKH�ZRUOG�

7KH� GHVLJQ� KDV� EHHQ� EXLOW� DURXQG� WKH� $50
PLFURSURFHVVRU�XVLQJ�,QWHOOHFWXDO�3URSHUW\��,3��EORFNV
IURP� $50�� IURP� RWKHU� ,3� SURYLGHUV�� DQG� FXVWRP
EORFN�GHYHORSHG�DW�7HOHIyQLFD�,�'�

7KH� DYDLODEOH� $50� WRROV� KDYH� DOORZHG� D� +DUGZDUH
DQG�6RIWZDUH�FR�GHVLJQ�DSSURDFK��UHGXFLQJ�WKH�JOREDO
GHVLJQ�WLPH�

����� .H\ZRUGV
Pay Phones, System on a Chip, Embedded ARM, IP

design reuse.

��� ,QWURGXFWLRQ
The terminals in the pay phone Spanish network have

to be adapted to the growing needs of a market that is
suffering important transformations: the European
Telecom market deregulation, the new internet era and
attractive innovative multimedia services. These factors
were the driving forces behind the need of designing a
custom microcontroller ASIC. Telefónica Investigación y
Desarrollo (TID) designed in 1989 a pay phone system
now deployed not only in Spain but in many different
countries (Australia, Argentina, Chile, etc…). Almost ten
years later, this design is still valid, but cannot provide the
new features that are needed to face competition and
provide enhanced services.

In 1997 TID has undertaken a new pay phone
terminal design without modifying the terminal's
appearance, increasing the performance of the system by
substituting the old 8 bits microcontroller used in the first
version (8051) with a 16 bits microcontroller (8051XA),
but maintaining the basic principles and characteristics of
the system. Assuming that this new version is still limited
for facing the requirements of the future public
communications, TID is now working on the next version
of the pay phone system. The chosen solution had to
apply a completely new approach: the design will have to
contain a customized microcontroller profiting from the
integration capabilities of the new deep sub-micron
technologies and the availability of attractive cells on the
silicon vendor libraries.

Taking into account that TID is not a
microprocessors designer company, and the obvious time
schedule limitations on a project like this, the best
solution in terms of time and performance is the use of
intellectual property (IP) modules. Furthermore, the
design of the circuit has been developed under the
ESPRIT Project 20724 (TOMI). The aim of the TOMI
project is to provide the missing methods and tools that
makes practical the OMI concept of supercell based
system design [1]. The µPP microcontroller is used as test
vehicle for the evaluation of the tools developed in the
project.

��� 7KH�³70�3/86´�3D\�3KRQH�6\VWHP
The “TM”, initials from the Spanish “Modular

Telephone” [2], is a design widely proven in the terminals
deployed in Spain, South America and other countries in
the world; this system has been taken as starting point for
the design of the µPP microcontroller. The TM Plus is an
autonomous system, this means the only thing needed to
start the operation is to connect it to a telephone line; the
power needed to make the pay phones work is taken from
the line. The Hardware of the TM Plus pay phone system
is divided into two main boards:

• The Analog Board, which contains the circuitry,
related to the power supply and the interface with the
phone line. The supply system is quite complex, due



to the low current available in the line and the
changing supply conditions associated to relays and
mechanical devices; this power supply system is out
of the scope of this paper.

• Digital Board, containing the main microprocessor
and most of the peripherals.
The digital board contains two microcontrollers. The

first one, called “supervisor”, is an 8 bits 8051, and its
main task is to manage the energy available in the system.
The supervisor starts running once the system is
connected to the telephone line and there is a minimum of
energy in the batteries. While the telephone terminal is
idle, the supervisor keeps the rest of the telephone
circuitry switched off, in order to save energy; and when
some events happen (someone picks up the phone, the
line receives a telephone call ...), the supervisor powers
up the second microcontroller, a 16 bits 8051XA, which
is the main processor. When the main processor
functionality is not needed, or the energy of the system
goes down under a given value (due to fail on the line or
the batteries), the supervisor switches off the main
processor.

When the 8051XA main processor is powered up, it
performs the telephone functionality, and manages the
peripheral circuits: keyboard, LCD, serial lines, real time
clock, pay systems (coins and cards), relays, etc. The
different peripherals are connected to the 8051XA
through low power EPLD circuits. When the 8051XA
finishes its operation, it asks the supervisor to be switched
off, always to save energy.

)LJXUH����µ33�DV�6R&�VROXWLRQ�IRU�70�3/86

The objective of the µPP microcontroller is to replace
the functionality of the two microcontrollers in the digital
board and to include the EPLD functionality (peripheral
control) [3]. With the new microcontroller, the system will
be significantly optimized in terms of cost and
performance.

��� 'HVLJQ�&RQVWUDLQWV
The design of the µPP microcontroller must fit the
following initial requirements:

• The new system has to be very modular, and the
microcontroller must include the complete pay phone
system functionality, so specific controllers are
needed: phone keyboard, LCD Display,
communications (USARTs, I2C interface...).

• The power consumption allowed for the complete
system is very small (it is battery supplied), so the
microcontroller has to be very efficient, sparing as
much current as possible.

• Apart from a very low power consumption in active
mode, it needs to have several low consumption
modes.

• In order to have a reduced design time, the
microcontroller has to be based on a standard system,
using IP modules and architectures.
According to these premises, an ARM

microcontroller was chosen: the ARM7TDMI. This 32
bits RISC microprocessor offers, besides the best MIPS
per Watt ratio in the market, the possibility of using a
reduced 16 bits instruction code, oriented to embedded
applications where the memory size is very limited, and a
flexible bus architecture (AMBA) for developing and
connecting new peripherals.

��� &LUFXLW�$UFKLWHFWXUH
The µPP circuit is based on the AMBA (Advanced

Microcontrollers Bus Architecture) concept from ARM.
The AMBA bus defines an on-chip communication
standard for designing high performance embedded
microcontrollers [4]. The definition of AMBA provides an
easy way to divide the internal communication into high
and low performance devices: the ASB and APB buses,
acronyms for Advanced System Bus and Advanced
Peripheral Bus respectively.

The ASB is a synchronous, pipelined, master-slave
bus. It is intended for high bandwidth communications,
typically the microprocessor with the main memory. The
APB bus is asynchronous, and designed for low power
and bandwidth peripherals. The connection of the APB
peripherals to the microprocessor is made trough an ASB
slave module called APB bridge.

The PLFURSDFN, name given by ARM to its example
AMBA system, includes all the modules required to
perform the ASB and APB functionality, and some
examples for ASB and APB slave peripherals; they are
delivered in HDL RTL synthesisable code, with
comments, design recommendations, compliance
testbenches and synthesis scripts.

A representation of the internal circuit architecture is
shown in Figure 2.
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• $6%�$UELWHU. This module controls the access to the

system bus from the different master modules,
therefore the ASB is a multi-master module.

• $6%� 'HFRGHU. This module performs a centralized
address decoding function.

• $50�$0%$�:UDSSHU. This module is the interface
between the ARM7TDMI and the ASB bus, allowing
the ARM7TDMI to become an ASB bus master.

• 7HVW� ,QWHUIDFH� &RQWUROOHU. This module is used
during foundry testing as ASB master to check the
internal registers.

• ([WHUQDO�0HPRU\�,QWHUIDFH. This module allows the
connection of 7 external memory devices, each one
with up to 256 Mbytes. The external memory
characteristics (speed and bus size) are configurable
using strap pins.

• ,QWHUQDO�0HPRU\�,QWHUIDFH. The circuit contains 32
Kbytes of internal RAM memory, accessed in word
mode (32 bits). The memory is accessed by the
microprocessor through a dedicated ASB slave.

• $3%� %ULGJH. This ASB slave module provides the
access to the peripherals in the APB bus, where it acts
as bus master.

����� $3%�%ORFNV
• 3RZHU�DQG�&ORFN�&RQWURO. This APB slave module

can control the ASB bus clock (BCLK) frequency and
manages the change to standby mode.

• 5HDO�7LPH�&ORFN. It offers the typical functionality of
a Real time clock device: date, time and alarms. It is
Y2K compliant.

• .H\ERDUG� &RQWUROOHU. The circuit can manage an
8x8 passive keyboard using this interface.

• 'LVSOD\� &RQWUROOHU. This module interfaces a
standard LCD display. It contains a 256 words internal
FIFO.

• ,QWHUUXSWV� &RQWUROOHU� DQG� )LO WHU. These two
modules manage 17 internal and 10 external interrupt
request signals. They perform functions like priority
and polarity assignment, enabling and disabling, and
noise filtering.

• 'LJLWDO�,�2�3RUWV. This module  offers the possibility
of connecting up to 64 external signals: 32 outputs, 16
inputs and 16 configurable as input or outputs.

• &RXQWHU� 7LPHUV� This module  contains 3 fully
programmable counter timers.

• :DWFKGRJ� 7LPHU. This timer acts as a standard
watchdog device.

• 3URJUDPPDEOH� &RXQWHUV� $UUD\. This APB slave
contains 8 counters, 8 bits wide each one, designed to
generate periodic signals or monitor the frequency of
input signals, depending on programming..

• ,17(/� ,QWHUIDFH. This module allows interfacing
with up to 4 external INTEL compatible devices,
using an 8 bits wide Address/Data bus.

• ,�&� ,QWHUIDFH. The µPP I2C Interface handles bi-
directional data transmission between the
microprocessor and the I2C bus.

• 86$57V. Four Universal Synchronous
/Asynchronous Receiver/transmitters (USART)
modules are connected to the APB bus.

��� 'HVLJQ�0HWKRGRORJ\
The first step was the identification of all the needed
peripherals and functionality in the present phone system
board. For all of them, a specification was developed,
containing both the hardware functionality and interfaces,
and the programmer’s model.

This latter model was based on the ARM’s reference
peripherals specifications [5], in which all system
elements are memory-mapped, to increase reuse and
software portability. The exact definition of the memory
map was not fixed initially. However, the registers inside



the hardware blocks have a fixed offset from the block’s
base address; this allows an independent development of
the hardware and software design activities from the very
beginning (see figure 3).

)LJXUH����'HVLJQ�0HWKRGRORJ\

����� +DUGZDUH�'HVLJQ�)ORZ
The µPP hardware has a mixture of IP blocks and custom
modules. IP blocks include hard, firm and soft
components. The hard cells used are the ARM
microprocessor and several memories generated with the
ATMEL-ES2 tools; for these cells, only a simulation
model and an abstract for floor-planing is provided. Firm
blocks, I2C and USARTs, are in the form of netlists, so
they can be simulated and optimised during logic
synthesis, but are quite difficult to modify. Soft blocks
include the modules in the ARM PLFURSDFN: both the
ASB and APB blocks and some reference peripherals.
They are provided in the form of synthesisable VHDL,
plus Synopsys synthesis scripts. Some of them have been
modified to fit the precise needs of the µPP circuit. For
the maintenance, analysis, debugging and quality
assurance of all the modules (both IP and custom ones),
the VHDL-ICE [6] and VDS Tools have been used.

)LJXUH����µ33�LQWHUQDO�EORFNV�QDWXUH

The design flow for the custom modules followed a
traditional top down methodology approach based on the
use of the VHDL language and logic synthesis. First, a
VHDL description of each circuit block was written and
simulated using the AMBA compliance testbench suites,
to perform functional as well as AMBA compliance

validation of the designs. The most critical parts of the
circuit, in terms of timing constraints (for example clock
gating and multiplexing in the clock generation block),
were described in a nearly structural, but technology
independent way, using Synopsy’s GTECH library
components. Less critical blocks have higher level RTL
descriptions.

After being validated, the soft IPs and the custom blocks
were synthesised. This was a quite straightforward task
thanks to the synthesis scripts available for the IP blocks.
For the custom blocks, scripts were also developed to
automate the process. The clock generation block required
an careful static timing analysis, due to its highly
asynchronous nature, to check out the constraints and the
absence of glitches.

Regression tests were then performed on the netlist
representation of each block and in the whole circuit, with
the aid of the AMBA test interface controller (TIC) block,
which provides access to the internal buses and modules
through the external memory bus. Some simple programs
were also run by simulating, in VHDL, a test system with
the µPP model and external memories containing the
ARM code. For those simulations, the circuit delays were
back-annotated with pre and post-layout delays, obtained
with the ATMEL-ES2 VHDL design kit tools.

The very low power requirements of the circuit forced a
latch-based design in most of the blocks, that prevented
the use of scan based test techniques for foundry tests.
Except for the ARM core and I2C modules that do have
scan chains, all the peripheral modules have special
program registers to facilitate its ad hoc testing using the
AMBA test methodology (i.e. using the TIC). For the
memories, BIST has been used.

The circuit Place and Route has been performed by
SIDSA, the Spanish ATMEL-ES2 design support centre,
using Silicon Ensemble and Clock Tree generation from
Cadence. The circuit is now in fabrication at ATMEL-
ES2 in Rousset.

����� 6RIWZDUH�'HVLJQ�)ORZ
The software development activities were run in

parallel with the hardware design. First a software
analysis was done, based on the existing pay phone
system software. From this analysis a software
architecture was built identifying the software modules to
be coded in C, and the hardware drivers for the µPP
peripherals, to be coded in assembler and/or C. This task
is currently under development. The compiled software
modules are being tested using the ARMulator software
prototyping board [7].

����� 5HXVH�DQG�2SWLPL]DWLRQ
Figure 4 shows the distribution of the circuit area

according to the modules nature.



It can be easily inferred that more than 60% of the
circuit area is occupied by cells taken form IP providers
without any modification, and the area occupied by the
custom modules is just 27%. It can be concluded that the
design task has been noticeably eased by the reuse of IP
cores, with a better confidence in the final result.

)LJXUH����$UHD�YHUVXV�0RGXOHV�1DWXUH

����� +'/�'HVLJQ�0DQDJHPHQW
The µPP circuit has been designed using VHDL-ICE

and VDS design management environments, developed in
the TOMI project; these environments, and its navigation
tools, fill the gap between the circuit
specification/modeling and the further synthesis, and are
specially useful for evaluating the IP cores quality and
synthesizability [6].

These design management tools can be used on every
design stage (behavioral models, RTL models, netlists pre
and post layout...), and provide a powerful way to analyze
and debug both, IP cores and user designed modules, and
even analyze the HDL code quality.

��� 5HVXOWV�DQG�FRQFOXVLRQV
The µPP circuit is a good example of a system-on-a-

chip design, where all the features of an existing system
are integrated in a unique device, reducing costs and
increasing reliability an system performance.

To afford the complexity of such a design in a short
development time, IP blocks from different IP providers
together with custom modules where used.

The ARM AMBA bus strategy and the ARM
Software development Kit with the ARMulator made
possible to perform in parallel the hardware and software

development tasks, reducing the global system design
time and offering the possibility of having a functional
system as soon as the prototypes are available.

The Circuit has been implemented using the 0.5 µm
ATMEL-ES2 technology (ECAT05). It contains 68K
equivalent gates, 256Kbits of single port RAM, 2Kbits of
dual port RAM, and 1 ARM7TDMI microprocessor. The
circuit area is 72.25 mm2, packaged in a 304 CQFP with
234 functional pins and 28 supply pins.
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