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Abstract—In this paper, we present the design and implemen- the NIOS processor by Altera [11] was used. Similar to that
tation details of a System-on-Programmable-Chip (SoPC), which where designs that used the provided by Altera processor in
replaces the circuitry that controls the operation of a touch- heir SoPC designs [2, 12, 13] demonstrating ease of integra
triggered machining probe with radio transmission capability. ti d short turn- ' d,-t' Alth h the desian fl .
The probe is used to get precise measurements of three dimen- '_On_ and short turn _aroun_ Imes. oug € design Tlew |
sional geometric parts. The goal is to achieve size reduction Similar, our work differs in the sense that hardware/sofeva

of an existing circuitry inside the probe, that consists of two co-design could not be implemented, as the software was
microcontrollers and a reconfigurable hardware device such as a already developed.

Field Programmable Gate Array (FPGA), that implements some Hence, the goal of this work is to explore a design alter-

custom functions. In order to reduce the printed circuit board . . . S
(PCB) area occupied by these three chips and the associatednat“_/e based Or? a SoPC 'ntegrat'qn metho_d' The mOt!Vat'Qn
routing area, we combine them on a single SoPC. An overall 6 behind the design of the SoPC is to achieve reduction in
fold reduction in PCB area occupied, corresponding to nearly the count of assembled components, which will decrease
15¢nt is achieved. the production cost, radically reduce the area occupied and
enhance the quality of the product. More precisely, we aim to
reduce the area occupied by the circuitry, while maintanin
Precise measurements are required in various industiégh compatibility with the rest of the design, which rensin
applications such as cutting and drilling. A touch probe cantact, as well as with the existing software that is exetute
provide precise measurements by producing a signal acaprdon the microcontrollers.
to the contacts it makes with the part being measured. TheThe rest of the paper is organized as follows: Section 2
generated signal is then fed to a computer numerical contti@scribes the touch-triggered machining probe used in this
(CNC) machine to get the precise geometrical coordinata®rk. SOPC components are covered in Section 3. Section
as shown in Fig. 1. The transmission of the signal betwedndiscusses the implementation details and section 5 msvid
the probe and the CNC machine can be either wireless experimental results. Finally, section 6 concludes theepap
hardwired. The wireless probe has the benefit of increasing
the access area on the machine table; however, this comes  !l- TOUCH-TRIGGERED MACHINING PROBE
with the expense of more circuitry to process the wirelessIn this work, we consider a touch triggered probe with radio
connectivity. The printed circuit board (PCB) area on a prolsignal transmission for use with machining centers such as
is a prime real estate as the probe needs to be small enotilghones from Heidenhain, Marposs, Renishaw and Tesa. The
for the machine head to access the required locations on grebe is mounted on the machining centre’s spindle and comes
part being manufactured. in direct contact with the part under inspection. It is alde t
As the available capacity in FGPA devices grows, so doeaseasure complex 3D geometries with high accuracy. A radio
the interest in System-on-Programmable-Chip (SoPC) desigterface is mounted within the machine’s working envelope
for a variety of applications. The use of SOPC designs variaad is connected to the CNC machine as shown in Fig. 1. The
from digital drive controllers [1, 2] and general SoPC imradio interface connects to the touch probe through a veisele
plementations for supporting student projects [3, 4] to-preadio link and acts as an interface between the machine and
grammable protocol processors [5] and controllers for ticbothe probe.
applications [6]. Moreover because of FPGAs being recon-The measurement principle of a touch-triggered probe is
figurable in nature, functions can be implemented directly based on a well established strain gauge technology. The
hardware, reducing computational time [7, 8]. touch probes are typically equipped with multi-axis segsin
A SoPC design has been demonstrated in [9, 10], in whichpability and utilize accelerometers in order to detearifn

I. INTRODUCTION



. A. Processor IP
¢am) [[Redo | (o) CNC _ _ o .
interface Machine control Design reuse is common practice in SoPC design method-

ology. For that reason we chose to use a processor core which

supports a particular bus specification, for which we courd fi

the needed peripherals (counters, timers, etc). The maitso

for our cores is OpenCores project, an on-line community

developing and distributing designs, under Lesser General

Public License (LGPL). The supported bus is Wishbone, which
Fig. 1. Touch probe system architecture is promoted by OpenCores and is supported by the majority

of their cores.

A core compatible with the PIC18C family is ael18. It has no

forces applied to stylus are valid triggering, or just callbg peripherals implemented but it is Wishbone compliant, Wwhic

high speed acceleration of the probe. means that peripherals can be interfaced quite easilylitast
a separate instruction and data bus and provides high and low
A. Probe circuitry level interrupt sources that can be used to attach an ipterru

The considered tough-triggered probe electronics amonggptm"er' Hence, ae18 was appropriate choice for thiskwor

other, include two microprocessors, one FPGA and a rad¥ Peripheral IPs

modem. The main processor encodes and decodes the rad'lgecause most of the available microprocessor cores do not

messages that are sent or received through the FPGA O Riude any peripherals, we selected some peripherals from

from the r‘f"d'o modem. The main and_ secondary prqcessgﬁenCores that can be integrated in the SoPC, to add func-
are P!C m|crocor.1trollers. from MicroChip[14]. The main P.'Qionality to the microprocessors. The cores include arrioj
coordmate_s the interaction among the components as '”lé%'ntroller, I/O (Input/Output) controller, timers, coens and
trated in Fig. 2. The second processor, interfaces throngh n SPI(Serial Peripheral Interface) interface. The GPIO IP

FPGA and handles mpyts from th? strain gauges and a 3_' e is a user-programmable general-purpose 1/O controlle
accelerometer. The main PIC monitors the battery and aesin can be used in designs requiring simple input and/or

axis accelerqmeter. The FPC.;A manipulate_s data sent to Yl put software controlled signals. The SPI (Serial Pergh
from the radio mod_em, and it also recognizes messages erface) module supports the well known SPI protocol .
dressed to the particular probe through the wireless aterf The simple programmable interrupt controller supports aip t

All of them make use of a single crystal oscillator excepy ; : L .
. o ! nterrupt sources and polarity and sensitivity (eithegesd
for the system PIC which utilizes a second one. The secogd P P Y y ( 9

_crystal Is of lower frequency_and _is u;ed to put the system Py \; rimer/Counter (PTC) IP core is a user-prégrammable
Into a standby mode when inactive, in order to reduce pong(/\/M, Timer and Counter controller used to implement func-
consumption. tions like Pulse Width Modulation (PWM), timer and counter
facilities.

| 1
PIC #1 — PIC #2 — FPGA

C. Custom functions IP

The functions previously implemented in a separate FPGA

Antenna device, will now be integrated in the SoPC. Some of the
functions in this block include handling data between the mo
dem device and the PIC microprocessors, sending debugging

o et o i) radio signals to the exterior of the FPGA, controlling the modem
device and more. This block was treated as an individual IP
Fig. 2. Circuitry of the touch probe block, and was interfaced with the rest of the components

in the SoPC as dictated by the connections in the original
implementation.

IIl. SYSTEM-ON-PROGRAMMABLE-CHIP COMPONENTS D. SoPC Interconnect Bus

There are several components that make up the SoPCA bus provides the means of interconnecting functional
This section covers the components such as processor ands. Integrating a number of IPs can be challenging in germ
peripheral Intellectual Property (IP) cores as well as thef the interconnection bus used, and may consume a significan
interconnect bus used. When choosing the processor IP cameount of time even though it does not add any value. Work
for this work, some preference was given in PIC compatibleas been conducted in this respect in order to automate the
cores, as the software already exists and is written for theocedure [15] and assess the various interconnectionsbuse
PIC18F family of microcontrollers. By selecting a comphgib available [16]. The choice of the bus though remains a datisi
core we can limit the changes needed in the software. tightly coupled with the particular application.



In this work, the Wishbone [17] bus is chosen, which iB. Overall SoPC

a flexible bus compatible with the IP cores from OpenCores.The overall architecture of the SoPC can be seen in Fig.
The choice of Wishbone will ease the integration process agd The three blocks are instantiated in a top module, in a
minimize time spend in interconnection issues. It SUPPOIRerarchical manner. The cores communicate through dedi-
multiple types of interconnections as well as multi-mas®T-  cateq signals. These signals are mainly used to synchronize
figurations leaving the arbitration scheme up to the designge function of the modules and to configure the operational
More than one Wishbone buses can be used in one desiginigde of the custom IP core. The main PIC sends and receives
allow for hierarchical interconnections. data to and from the custom IP core through the SPI interface.
Data is buffered inside the custom IP core and burst to the
modem, or send to the main PIC if they have been received
After all the cores were selected, the functionality addday it.
through attaching peripherals to each processor core hiag to For the I/O interconnections tri-state buffers have beeuus
decided and realized. The power of a SOPC implementatiand all the pins that are not used for on-chip connections hav
is that highly customizable processors can be used in theen assigned to an external port pin, to allow external use.
design, by selecting what kind of peripherals to attach fwo more ports exist in the top module. One of them is used
them. An important consideration was to ease migration¢o tto connect the external modem and the other one to debug
new design together with reducing the PCB area occupied. ffiee operation of the custom IP core. Also if no instruction
achieve these, special attention was given to the architect memory is present on the chip, the memory ports of the two

PIC compatible designs can be connected to external memory
A. Architecture chips.

IV. SOPC IMPLEMENTATION

The microcontrollers in the original design come from the
same family of microcontrollers (PIC18F) and because the ] ) )
microprocessor cores selected, do not have any peripherald & SOPC was compiled and synthesised for a variety of
the first consideration is to interface the needed periphésa FPCA devices from different manufacturers. Each vendor's
the microprocessor cores. The peripherals are interfacgst device comes with different tools namely ISE from Xilinx,
processor through the Wishbone bus. By the use of decodgidartus from Altera and Libero from Actel. The design flow
they can be accessed in a similar way as in the original PIC1§FSimilar for all of them with steps such as compilation, syn

implementation. The SoPC architecture is depicted in Fig. §€SiS, placement and routing. The FPGA families constlere
were Virtex 4/5 and Spartan 3 from Xilinx, Cyclone, Cyclone

[I/lIl from Altera and the Fusion family from Actel. Table |
shows the devices able to accommodate the design and each
one’s packaging.

The area occupied by the microcontrollers and the FPGA
in the current design i$800 mm?. That is roughly equivalent
to a chip of dimensiond3 mm x 43 mm. Thus, any FPGA
that occupies less or even this much area leads to a reduction
on the PCB.

V. EXPERIMENTAL RESULTS

ael8 ael8
core core
| Wishbone |

1/10
1/0

A. Results

Our aim is to reduce the area occupied by the components
Cu:stom_ { as well as their count. We were able to fit the design in
functionality the FPGAs given in Table I. Fig. 4 summarizes the results
achieved. By using th&800 mm? area that is occupied by the
SoPC original design as a reference, we demonstrate the differen
between the area occupied by the SoPC implementations and
Fig. 3. SoPC architecture the original area.
As can be seen from the figure, we achieved to reduce the
The main processor was interfaced with 5 1/0 modules, &CB area occupied by as much as 6 times, equabtom?
SPI module and a PWM/counter/timer module. The secondany PCB area. Best results were accomplished by using the
processor was interfaced with 3 I/O modules, an interrupirtex 4 family from Xilinx, but at the same time we have
controller and a PWM/counter/timer module. The respectite take into account the resources that Fusion family has to
modules’ registers were mapped in the processors’ memaoffer (analog functionality, flash memory), that can be ukef
so that they can be accessed similarly to the original Pig@ the future, even though the dimensions do not make it an
microcontrollers. This is accomplished by the used of dec®d appealing choice.
in the data bus, and the mapping can be easily altered to fiOur second goal of achieving high compatibility with the
different needs. code currently available has been achieved to a great extent

Debug

‘ Modem




Family Model Package (available I/Oj Area (mm x mm)
Xilinx Virtex 4 | 4vix15 sf363(240) 17x17
Xilinx Virtex 4 | 4vIx25 sf363(240) 17x17
Altera Cyclone | eplcl2 f324(249) 19x19
Actel Fusion AFS1500 | fg484(223-40) 23x23
TABLE |
FPGA DeVICES

B Altera eplc12
Xilinx xc4v1x15/25
Actel AFS1500

[ J PCB area occupied
originally

Fig. 4. PCB area reduction of the SoPC design on various FP&#ces compared to the original design

The code has to be modified slightly. That is due to thg2]
peripherals attached to the processors. They are simitaidou
not have exactly the same functionality as those in the maigi
PIC microcontrollers. Moreover the peripherals’ registare  [3]
mapped into different memory addresses, so the code has to
be updated to meet the new memory mapping.
VI. CONCLUSIONS ANDFUTURE WORK 41

In this paper, we presented an area-efficient System-on-
Programmable-Chip (SoPC) design for a touch-triggered m3s|
chining probe. The probe, is used to get precise measurement
in various industrial applications including cutting andlohg. [6]
Such probes need to be small enough for the machine head to
access the required locations on the part being manufalcture
This work explored a single chip solution to reduce the area
required to implement the probe circuitry.

Our results showed that combining two microprocessors an
a custom functional block on an SoPC type design and imple-
menting them on an FPGA reduces the overall area by 6 times.
This is equivalent to nearly5 cm? area reduction. Moreover 8]
the SoPC approach not only provides less component count
and area, but at the same time adds flexibility. The product’s
lifetime can be increased as we have the opportunity to epdat
the design to meet new needs, and the hardware/softw
partitioning of the SoPC can be reconsidered at a later time.
Future directions for this work include merging the exigtin
software to make it run on a single multi-threaded processor
and also explore an Application-Specific Integrated Ctrcu[ilo]
(ASIC) implementation to reduce the area further.
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