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Abstract

This paper describes a system that improves access to instnentation equipment
for electronics experiments in the university system of thedeveloping world. Based
on eld work in Nigeria, this paper evaluates two complementary approaches. The
bulk of this paper presents the iLab Mini, a low-cost data acaiisition board capable
of supporting basic electronics experiments. In addition,it discusses the uses and
limitations of on-line electronics experiments using the MT iLabs architecture. This
paper is targeted at people wishing to develop and deploy offine and conventional
laboratories based on the Mini.

1 Introduction

In the tertiary education system in many parts of the develojpg world, the cost of instru-
mentation equipment is prohibitively high. Students haveiimited access to very rudimentary
equipment, and are forced to share such equipment among mastydents. Driven by eld
work at Obafemi Awolowo University (OAU) in Nigeria, as wellas experience in several
other developing countries, this paper describes some apaches for increasing access to
electronic experiments in the developing world.

Based on the constraints found in the developing world, a lesost data acquisition board,
the iLab Mini, was developed. Given a computer, this $30 boaris capable of replacing a
low-speed oscilloscope, function generator, and power plyp Alternative approaches to
designing this board, giving either lower cost and lower prmance, or high cost and higher
performance, are also evaluated.

The main Mini board provides eight analog inputs with a nomial 10 bit accuracy, and
acquisition speeds in the low kilohertz range (up to a totalfor 7KSPS at reduced resolution).
It provides eight analog outputs, also with 10 bit resolutia, with output speeds of around
30KSPS. It also provides eight digital GPIO pins, and an extaeal SPI interface. It is USB-
powered, and is capable of supplying close to 500mA at 5V, ang to 50mA of power at
3.3V to external experiments. It is capable of communicatgwith the computer at speeds
of up to 57.6kbps-2.5Mbps, depending on con guration.

1



A number of experiments can be connected to the Mini. The mosteveloped uses a
daughter-board to transform the Mini into a basic parametelanalyzer.

In addition, this paper will discuss the MIT iLabs architecure and software. MIT iLabs
is an architecture designed to let students remotely contfr@xperiments over the internet.
iLabs is primarily intended for pedagogical use { studentsam have a partial laboratory
experience remotely at a much lower cost and time commitmetitan a traditional laboratory
would require. Although iLabs cannot replicate the full laloratory experience, it does allow
students to have a partial laboratory experience at much losv cost and with a much lower
student time commitment. Students can observe the di ererebetween model and reality in
many contexts where a traditional laboratory would be eithetime or cost prohibitive. As a
result, it has the potential to substantially broaden accesto electronic experiments, since a
single experiment may be shared by hundreds or thousands aidents.

Having been initially developed for use in the developed wdr however, it has a number
of limitations with regards to use in the developing world. e reference implementation
iLabs infrastructure also requires expertise in a wide raegf technologies, and requires a very
signi cant e ort to develop new labs. It requires an expensie stack of proprietary software.
The protocols are bandwidth ine cient, and do not operate wd over low bandwidth/high
latency networks, as found in the developing world. This pagr discusses these limitations,
and presents solutions to some of them.

Finally, the Mini board is integrated into the iLabs architecture provide a complete
solution for rapid, low-cost deployment of on-line electrics experiments. The goal of this
system is to enable lecturers to develop and deploy simpleaihs around speci ¢ problem sets
in a matter of hours. More sophisticated labs may require dafare and rmware changes,
but these should take months, rather than years, to developin the developed world, this
means that students will be able to compare analytical answ&eon problem sets to reality
with minimal overhead. In the developing world, the impacts obviously much greater.

At present, | have deployed an iLab Mini board with a protoboad version of the param-
eter analyzer on the Mini lab server for development use at QA | also left a number of
unpopulated PCBs. Developers at OAU have expressed an irgst in working on further
developing the Mini both within and outside of the iLabs archiecture.

This paper will rst present the context of the work { the conditions found in Africa, and
why this work is necessary. The next section will describe ¢hdesign tradeo s of the iLab
Mini board. Next, it will show an on-line laboratory experinent based on the Mini. This
will consist of two parts { a board that converts the Mini into a parameter analyzer, and a
laboratory server that allows the Mini to be used with the MIT iLabs infrastructure.

2 Context of the Work

The technical work in this paper is based on eld work at OAU inlle-Ife, Nigeria, totaling
eight weeks over three trips. OAU is our primary partner schal, although MIT iLabs has
partners in a number of other schools in Africa and throughdtithe world. It is one of the
largest and most prestigious universities in Nigeria.



Figure 1: An introductory physics lecture at OAU.

OAU has extreme resource shortages, both human and materiaDAU has only 1,700
faculty educating 25,000-30,000 students. A typical intuctory physics lecture, shown in
Figure 1, has well over a thousand students. The electroniaigneering department has a
total of 14 sta { 3 professors, 1 reader, 5 lecturers, 4 astst lecturers, and one graduate
assistant. This sta is responsible for teaching a curricuim consisting of 48 courses (roughly
24 per semester) to 700 students { a student:sta ratio of 5Q:

Due to lack of funding, equipment shortages are also extremeéntroductory students
share lab stations consisting of a power supply and multimet (no function generator or
oscilloscope), with 6-8 students per station, as shown indtire 2.

A signi cant portion of students have personal computers, r@d virtually all students
have some access to computers. Students generally do notreatly have university-provided
network access. Many academic buildings have networks, katcess is restricted primarily to
sta. Students are permitted, in the context of some classe$o use computers in computer
labs. The university plans to build a dormitory network soon All students have access
to computers with low-speed internet through internet cafe which, although moderately
expensive for students, are not unreasonably so.

University internet access is, and will continue to be, veryimited. Due to the lack
of a ber connection, internet is available only through satllite connections. As a result,
bandwidth is roughly 300 times more expensive in most Africacountries than it is in the
United States. At the same time, the GDP/capita is roughly fty times lower!. While cost
gures for OAU are unavailable, gures for bandwidth cost atMakerere University Kampala
in Uganda are shown in Table 1. The unit cost of bandwidth at OB is similar, although
the total bandwidth was recently upgraded to 6Mbps.

Most GDP/capita gures given adjust for purchasing power parity. When comparing Internet costs, it
is important to use unadjusted gures.



Figure 2: Introductory EE students working on a laboratory.Equipment stations are shared
by large numbers of students, and consist of a power supply&amultimeter.

MUK  MIT  MUK/MIT ratio
Campus Gateway (Mb/s) 2.5 2,300 10 3
Gateway cost ($/month) $28k  $80k 1=3
GDP per capita $300  $36k $0.01
Bandwidth cost relative to per-capita GDP 25 10°

Table 1: Costs of bandwidth at Makerere University, Kampalan Uganda vs. MIT. Figures
taken from 2004.



The use of instrumentation equipment that requires an unnatorked computer is very
reasonable for most students. Use of remote laboratoriegtlugh iLabs hosted in the United
States is reasonable if limited to a small number of uses pansester. More frequent usage
would likely be impossible, due to cost of internet cafes, dnshortage of computer labs.
Once the dormitory network is in place, frequent use of lodglhosted iLabs will also become
very reasonable. Use of some remotely-hosted experimentaynibe bandwidth prohibitive,
depending on bandwidth requirements of the experiment.

In addition to work at OAU, the author worked on a team to deply MIT iLabs at
Zhejiang University and Dalian University of Technology inChina, and has, independently
of this work, visited the Indian Institute of Technology Madas. These also helped motivate
the work presented in this paper.

3 Mini Hardware Architecture

The digital board consists of an FT232RL USB chip connectedtan ATMega48 microcon-
troller, which is in turn connected to an LTC1660 DAC. The ATMega48 includes an eight
channel, 10 bit ADC, capable of 15kSPS at full resolution anti/KSPS at reduced resolution.
The LTC1660 consists of eight 10-bit DACs, each independéytcapable of of operating at
full resolution at 33KSPS. The USB chip communicates with th microcontroller through
an RS232-based interface (although operating at TTL levelsind capable of greater speeds
than traditional RS232).

3.1 USB Interface

The USB interfaces uses an FT232RL USB chip. This chip is tr&nally used in USB-to-
serial converters, and provides an RS232/RS422/RS485-qoatible serial interface (although
at TTL signal levels, rather than RS232 signal levels, and pable of much higher speeds).

The maximum throughput depends on hardware and software cguration. The FT232RL
may be used either with a generic RS232 serial port driver, with an FTDI-speci ¢ driver.
Using the generic RS232 driver simpli es development, buinhits operation to standard
RS232 speeds. Using the FT232-speci ¢ driver allows a widemge of speeds, but compli-
cates software development. The Mini board also exports 4ns on the FT232 that may
individually be con gured to either act as GPIO pins, or to odput a clock at either 6MHz,
12MHz, 24MHz, or 45MHz. These may be used as GPIO pins only withe FT232 driver.

The FT232RL generates a 6MHz or 12MHz clock that may be used tiye microcontroller.
For higher-speed operations, the Mini board may also be cogured to use a crystal oscillator
(this is con gured by soldering jumpers on the PCB). The drier and clocking scheme will
determine the maximum speed possible for communication Wwithe computer. Maximum
throughput with di erent driver and clocking con guration s is shown in Table 2. The board
has only been tested with the standard serial driver { it has ot been tested to the maximum
speeds possible with the FTDI driver.



Clock Driver Maximum Throughput UBRR U2X
6MHz on-board RS232 57.6kbps 12 1
6MHz on-board FTDI  750kbps 0 1
12MHz on-board RS232 115.2kbps 12 1
12MHz on-board FTDI 1.5Mbps 0 1
7.3728MHz crystal RS232 115.2kbps 3 0
7.3728MHz crystal RS232 230.4kbps 1 0
10MHz crystal FTDI 1.25Mbps 0 1
20MHz crystal FTDI 2.5Mbps 0 1

Table 2: Maximum clock rates for common clocking con guratins, as well as associated
register settings. Some possible Mini-compatible microatwollers are limited to 10MHz clock
speed. Some RS232 software is limited to 115.2kbps, whiléet is limited to 230.4kbps.

USB also provides power to the chip, and potentially, to anyxernal experiments. One
caveat is that although USB supports high current levels (upo 500mA), large capacitors
may draw out-of-spec in-rush currents. USB is only rated tordve a 10 F load capacitance,
or 50 C of in-rush charge. Empirically, however, most computersaa drive capacitances
signi cantly above this speci cation. By USB spec, the volage level is rated at 4.75-5.25V.
Practically, most computers power supplies are very close the ideal 5V. Powered USB
hubs, in contrast, have a fairly high variance in output volage (largely dependent on load).
The model tested outputs 5.15V.

The USB speci cation requires USB peripherals to implemerd sleep mode with a max-
imum current draw of 2.5mA. The Mini does not implement this nede. This may prevent
computers from suspending with the Mini attached. The specation also requires USB
peripherals to draw at most 100mA until initialization. While the current draw of the Mini
itself is less than 100mA, it has no way to limit the current daw of any external circuits
it may be powering. Both of these properties, while out-ofpec, are common among USB-
powered peripherals. These features were left unimplemented primarily to redeccost and
complexity of assembly. The FT232R includes facilities famplementing sleep mode { all
that is required is an external MOSFET for switching power tahe rest of the circuit, and
an RC- Iter. This would, however, add about $1 in cost to the lpard ($0.30 in quantity),
slightly increase board size, and slightly complicate bodrassembly.

3.1.1 Rationale for USB

Although the cost of the USB chip is several times greater tmathat of an RS232 level
converter, USB was chosen for several reasons:

Many modern computers no longer support RS232 or parallel g® natively { these

2Indeed, many USB-powered peripherals, such as ashlightsyacuums, and fans, continuously draw over
100mA from USB, and do not negotiate power consumption at all



require a separate USB adapter.

USB is designed to power an external circuit. It can supply up 500mA of current at
5V with over-current protection. For many experiments, thé eliminates the need for an
external power supply, reducing system cost and complexigigni cantly. In contrast,
neither serial nor parallel ports are designed to power exteal devices. While both
can provide some power, both types of ports are easily damdgé too much current
is drawn. In particular, in the case of a serial port, the amaut of power available is
quite small, not de ned by speci cation, and varies from porto port.

USB hubs allow multiple Mini experiments to cheaply and ealsi connect to the same
computer { this is very important when developing remote labratory experiments
where it is desirable to have one server host many experimsentn contrast, multiport
RS232 and parallel cards are uncommon and expensive.

The USB chip requires fewer passive components (and themefasimpler assembly)
than an RS232 charge pump.

The speci ¢ USB chip can also be used to generate a clock foretimicrocontroller. In
many cases, this eliminates the need for an external crystal

USB provides substantially higher bandwidth than either sgal or parallel interfaces.

The result is that, in most cases, the overall system cost isuth lower with USB than with
other interfaces. Furthermore, we expect cost of USB chips keep falling, while the cost of
RS232 level shifters (or additional microcontroller pinsoir a parallel interface) has remained
relatively constant.

It is possible to implement USB directly on an Atmel microcotroller, without an external
USB chip. This approach would have removed one of the major statems. Nevertheless,
we chose to use an o -board USB chip for several reasons:

While it works with most USB controllers, the Atmel USB hack &lls outside of USB
electrical speci cations. In particular, it does not work with many Sony and Dell lap-
tops. The number of incompatible devices may increase in tlieture { many working

but non-compliant USB 1.0 devices were not compatible with 8B 2.0 controllers.

The rmware-only USB implementation requires substantialamounts of processing
power and memory. It is not clear how much processing power caimmemory would
remain for running the experiment. Furthermore, due to the pssibility of other devices
on the bus, USB timing may not be predictable. It is not clearfia software-only
USB implementation would allow for the easy implementatiorof experiments with
deterministic timing.

The rmware-only USB implementation requires custom drives on the computer {
it cannot be used as a virtual serial pot. As a result, driver development is much

3Although it may be possible to re-implement it to do so.
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more complex, and much more platform-speci c. It also canhde used with standard
terminal programs for debugging purposes.

The substantial increase in rmware complexity would comptate the development of
new rmware versions for new labs.

Nevertheless, this approach is worth future experimentain { a software-only implemen-
tation would signi cantly reduce the bill of materials { the USB chip is the second most
expensive part of the board, and also consumes signi cant BCarea. It is also the most
di cult component to manually solder, which poses particuar problems in the developing
world.

3.2 Microcontroller

The Mini uses the ATMega48 microcontroller. At design timethis was the lowest-cost
microcontroller available that could provide adequate I/Ofor the parameter analyzer.

The ATMega48 provides a single 10-bit ADC, multiplexed to 8ips. The ADC is capable
of 15kSPS at full accuracy, and up to 77kSPS with reduced aceay. While the Mini's
conversion speed vs. accuracy has not been tested impefjcanecdotal evidence about the
Atmel microcontrollers indicates that full 10-bit accurag is rarely achieved in reality.

The microcontroller is pin and feature-compatible with theATMega88 and ATMegal68.
Code written for the ATMega48 should compile without changeon both of these microcon-
trollers. These microcontrollers increase available memyoat additional cost. In addition, it
is partially pin-compatible with the ATMega8 and ATTiny28, although without maintaining
source or feature compatibility. The Mini may be assembledith either of these alternative
microcontrollers at lower cost for speci ¢ applications tat do not require the full function-
ality of the basic Mini. The available compatible microcontollers are summarized in Table
3.

3.3 Digital to Analog Converter

The Mini board uses the LTC1660 DAC. The LTC1660 consists ofght 10-bit DAC channels,
each independently capable of of operating at full resolatih at 33kSP3. The LTC1660
was primarily included due to design requirements for the pameter analyzer. For many
applications, the LTC1660 is overkill { the LTC1660 is the met expensive component of
the Mini. There are several ways to reduce the cost of the Miiii the application does not
require 8 channels with 10-bit precision at 33KHz.

First, the LTC1665 may be used in place of the LTC1660. The LTT660 and the lower-
cost 8-bit LTC1665 are fully pin and software compatible. Bih accept 12 bit values, and

4Greater speeds are possible at reduced resolution, althotgthis generally requires only using a subset
of the channels { if all 8 channels are used, the SPI data rateimits us to under 40kSPS per channel.



Device Flash EEPROM SRAM Compatibility Price

Ind. (Quant.)
ATTiny28 2k { 32 No - 4MHz, no ADC  $1.05 ($0.88)
ATMega8 8k 512 1024 No (partial) $3.55 ($2.06
ATMegad48 4k 256 512 Yes $2.58 ($1.50)
ATMega88 8k 1024 1024 Yes $3.76 ($2.19)
ATMegal68 16k 512 1024 Yes $4.00 ($3.28)

Table 3: Microcontrollers compatible with the Mini main PCB The ATTiny28 does not
provide ADC, and is limited to 4MHz. The ATMega8 is limited to 8MHz or 16MHz, de-
pending on part, and has a slightly di erent feature set fromthe ATMega48/88/168. It
should be compatible with most applications given a rmwargort. The ATMega48/88/168
are mutually interchangeable, only di ering in amount of menory. Applications written for
the ATMega48 should work on the ATMega88 and ATMegal68 withua changes.

ignore the lowest order bits. Using the LTC1665 can reduce éhcost of the board substan-
tially { the LTC1660 costs $11.38 individually and $5.70 in gantity, while the LTC1665
costs $6.38 individually, and $3.20 in quantity.

Second, the LTC1660 may be entirely omitted { the ATMega48 lsa 6-channel hardware
PWM channels. The PWM may be combined with an external low-p=s Iter to act as a
low-quality DAC.

Future design iteration of the Mini will investigate the posibility of cost savings from
using lower-cost, lower-speed 4 channel DACs. This would bdequate for the parameter
analyzer, and may reduce system cost.

4 Hardware Cost

The hardware cost for the iLab Mini depends on the exact conwgation assembled. In
a typical con guration, the cost for the parts to populate a sngle board (excluding the
cost of the PCB itself) is about $25.07. In quantity, this casdrops to $12.46. The bill of
materials for a typical con guration is shown in Table 4. Dudo the large overhead for tooling
(or prototype production methods), PCB costs are very quaitly-sensitive. At Advanced
Circuits, the per-PCB production costs for the 2x1.68 inch B at planned quantities are
about 4-9 dollars. The cost at di erent volumes is shown in Tlale 5. Lower PCB costs could
be achieved by using a low-cost Chinese manufacturer instieaf a high-end American one.
Since the Mini may be assembled in di erent con guration fordi erent purposes, the
actual costs may increase or decrease depending on unit. hietunit uses an oscillator
crystal instead of using the on-board oscillator, the costsicrease by $0.50 individually, or
$0.28 in quantity (this requires two 33nf 0805 capacitors,ne additional O jumper resistor,
and the crystal). For xed installations, omitting the header connectors and soldering wires
directly lowers the cost by $5.15 (or $2.35 in quantity). Thee is also room for two additional



Part Single High Quantity
FT232R $4.05 $2.30
USB connector $1.04 $0.37
10n capacitor $0.03  $0.01
5x 0.1u capacitor $0.04 $0.01
Ferrite bead $0.12  $0.06
ATMega48 $2.58 $1.50
LTC1660 $11.38 $5.70
8x 470 ohm resistor $0.04  $0.02
3x 0 ohm resistor $0.04  $0.02
34-pin header connector $3.10 $1.36
10-pin header connector $2.02  $0.89
Total cost $25.07 $12.46

Table 4: The bill of materials for a typical Mini digital board con guration. The rst column
shows costs when parts are ordered in minimum quantities. €second column shows costs
when parts are ordered with the maximum quantity discount aailable from the distributor.

Quantity Unit cost
1 $33.00
15 $8.33
50 $4.05
150 $1.72
1000 $0.73
50000 $0.56

Table 5: PCB production costs at Advanced Circuits for the Mii main board, including
academic discounts, excluding shipping costs.
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optional bypass capacitors, whose cost would depend on capance.

In the developing world, the Mini would be distributed as a ki so assembly costs could
be kept low. Work could either be done by students or by techecians. In the case of student
work, the only costs would be solder, solder wick, ux, and p®dically, soldering iron tip
replacement. If the work were performed by a local technigia assuming 30 minutes for
assembly, and a salary of $6,000/year, assembly costs woblel $1.50-$3.00 per board If
the Mini were distributed preassembled in large quantitiesassuming $0.01 per solder point,
the assembly costs would be about $1.60 per board. Preasséngbin small quantities is
uneconomical.

5 Mini Assembly

Since the Mini uses ne-pitch surface mount parts, assembhgquires high-quality tools, and
an adequate level of soldering expertise. Both of these aracommon in the developing
world. The cost of soldering equipment is high, but not prohitively so (around $200),
although availability of high-quality soldering equipmen is limited. Assembly instructions
are available on the Mini web site, and a series of solderingleos is being prepared.

The Mini uses a standard 5-pin AVR hobbyist programming corgctor for programming
the ATMega48. This is a single-row connector with the pins REET, SCK, MISO, MOSI,
and GND. The Mini may be programmed through any interface thiacan toggle 3 output
pins and read 2 input pins at 5V TTL levels, including simple arial port, parallel port, and
USB programmers.

The FT232R implements all of the pins of an RS232 connectorpa the control pins
are presently unused. In future iterations of the Mini, thes may be connected to allow the
Mini to be programmed through the normal USB interface. Thiswould make deploying
individual Mini boards much easier. This was not a high priaty, since this gives unusably
low programming speeds for development work, presumably&lto USB latency. We would
prefer to encourage users of the Mini to also develop on the iliand people relying on this
mode of programming would be unable to do so.

Detailed instructions for assembling a Mini are given in Apendix A.

5$6,000 is an upper bound on the salary of a technician in Nigéa. The $1.50 gure assumes no overhead.
The $3.00 gure assumes overhead equal to salary.

6USB is moderately high latency. Low latency USB devices haveon the order of 1-30 ms latency,
depending on device). Assuming AVRDude waits for each opet@n to nish before the next one, sending
one bit requires 3 bit ips (3-90 ms). Sending one byte requies 24 bit ips (24-720ms). This gives ballpark
of 1-42 bytes/second. The one-way transfer rate achieved wan bit toggling over an FTDI USB-to-serial
converter was 5 bytes/second, so close to the middle of thisange. Since data is typically veried after
an upload, this gives a programming speed of roughly 2.5 bywsecond. For comparison, the USBTiny
programmer has a programming speed of roughly 820 bytes/sead { 330 times faster. This is not a simple
serial port issue { the performance seen with normal serial prts is normal { the issue only comes up with
USB! serial converters.
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5.1 Future Directions

There are a number of possible minor improvements to the Minnhain board, as well as
several possible architecture changes.
There are several possible directions in which the Mini mainoard may be improved:

Cost
Performance
Ease-of-use
Robustness

Driving the cost down most likely requires sacri cing perfanance. An implementation

with software-only USB and PWM DAC could consist of essentily an Atmel, a clock crystal,
a USB connector, a header connector, and surface-mount capars and resistors. The total
cost of the board ought to be half of the cost of the current Min The board would also
be simple to assemble { if the number of channels were cut, ibuld use only through-hole
parts.

ADC conversion speed is the major performance limitation ahe Mini { a lot of student
circuits exhibit RF pickup or high frequency oscillations hat the Mini is not capable of mon-
itoring. These require bandwidth on the order of 100MHz to aderve, and similar conversion
speeds. Achieving this is fundamentally expensive { a higtpeed 10-bit ADC itself costs
over $8 in quantity, and close to double that individually. Most high speed ADCs have a
limited signal range (typically, current input or 1-2Vpp), so require additional electronics
to level-shift. In addition, the digital logic would have to be substantially upgraded to be
capable of receiving data at 100Msps. The overall cost woutdost likely more than double
that of the current Mini.

The block diagram of a possible design of such a low-cost higpeed data acquisition is
shown in Figure 5.1. In this design, the ADC is connected dicdy to a high-speed SRAM.
When the system is nished acquiring, the microcontroller ables the ADC, takes over the
SRAM clock, and reads the data out (much more slowly). This dggn eliminates the need
for an expensive high-speed microcontroller or FPGA.

As shown, the system is limited to capture at one speed. The ADon the microcontroller
could be used to capture at 15ksps. To capture intermediatppaeds, a second clock would
be necessary, and a clock select switch. Due to the large aagt range of 128k samples, the
circuit would only need one intermediate speed (approximaly 1Msps) to display a screen
of data at any speed.

With the current design, there is some incremental work lefbn robustness and on ease
of use. First, adding over-current and over-voltage protéion on most of the pins (especially
power output) would be useful. Although the USB spec requiseUSB ports to include over-
current protection, this may not always be robustly implemated’. Second, as mentioned

"One Dell laptop would simply power down on an over-current cadition, rather than limiting USB power.
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Figure 3: A possible design for a low cost, high-speed datagacsition system.

before, adding the capability to program the ATMega48 fromhe control pins on the FT232R
would eliminate the need for a separate programmer for ongrie deployments. Third, adding
a Vpp pin to the programming header would allow more convenient asof o cial Atmel
programmers.

6 Parameter analyzer experiment

The Mini digital board can be used for a number of experimentsThe simplest experiments
simply analog inputs as low-speed oscilloscopes, and theabny outputs as function gener-
ators. More sophisticated experiments require externalrcuits and custom rmware. The
rst such experiment developed is a parameter analyzer.

A parameter analyzer is an instrument capable of characteing the I-V characteristics
of electronic devices. The parameter analyzer daughterdua allows the Mini to control
four symmetric measurement unit (SMU) ports. Each SMU port otputs either a controlled
current or a controlled voltage, and measures both the cumeand voltage output.

The parameter analyzer board is targeted at on-line laboraty experiments { not for
conventional student use. It is designed to be very low cosAs a result, instructors can use
a deploy-and-forget model. Rather than needing to recoveg@pment by taking down an
experiment once a class has nished using it, instructors ndeave the experiments on-line
for use in future semesters, at other universities, and bystance and self learners. We hope
that this will help foster a community around the iLabs concpt and architecture.

In contrast to traditional parameter analyzers, the daughtr-board has a fairly narrow
dynamic range. The Mini only has 10 bit DAC/ADC capability. As a result, a parameter
analyzer with a maximum current of 200mA can, fundamentallyat most have a resolution
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Figure 4: The circuit for a single SMU port. The reference inipmentation uses themax395
switches and thenjm62 operational ampli ers. There are a number of other pin-comgtible
parts

of about 100 A { insu cient for low current devices. Similarly, if a low cu rrent device
dictates a resolution of 1A, the circuit is fundamentally limited to a maximum current of
1mA { insu cient for power devices. This could have been sokd by having switches select
a current range, but at substantially increased cost and cqptexity. Instead, each daughter-
board has some exibility in how it can be assembled. Choicd operational ampli ers and
current shunt resistors determines the current range overhich the board will operate.

The daughter-board is designed to be powered by USB. This, fantunately, gives maxi-
mum 5V rails ( 2.5V in most applications), which is further limited by opeational ampli er
headroom. This is su cient for a variety of applications, bu for applications requiring wider
rails, it is possible to use a daughter-board with an exterhgower supply. This requires
omitting some components on the daughter-board, and using small amount of external
circuitry to limit the voltages coming out of the daughter-toard.

6.1 SMU ports

As with the digital board, the analog board may be assembled & number of con gurations,
depending on the voltage and current range desired. For sitigity, this paper will begin
by explaining a reference implementation. This implement®an uses a single 5V rail, and
supports currents of up to roughly 1mA. The circuit shown in kure 4 implements a single
SMU port.

In this circuit, IC2 bu ers the SMU port voltage, SO Viyeasure iS the same as the SMU port
voltage (the ADC measures the voltage here). IC3 is connedt@s a di erential ampli er,
measuring the voltage across the 280 resistor, proportial to the output current. IC1
acts to keep eithefineasure O Vmeasure Proportional to vi, , depending on the con guration of
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switchesf; and f,.

Since the di erential ampli er has gain, the voltage divides on the input to IC1 are
necessary for stability in current feedback mode. Unfortuately, in voltage feedback mode,
they reduce loop gain. Reducing gain of the di erential ampkr would reduce the need for
these, but would lower the number of bits available for currd readings. Increasing the shunt
resistance would compensate for this, but decrease headrodWhile there are several ways
to omit these from the voltage feedback loop, while keepindgném in the current feedback
loop, all of them involve further increasing the already lage parts count or causing other
problems.

The board uses thenax395 switches, which were chosen due to the relative low-cost,dan
the well-controlled on-resistance. They are also pin-corafible with the max335 switches,
which may be substituted into the board with an external volage supply for higher voltage
applications.

The operational ampli er used in the reference is theyjm62, which was chosen for a
number of reasons:

FET-input (low input bias current).
Low-cost. $0.32-$0.51 for 1 unit, and $0.196-$0.38 in highantities for a dual op-amp.

Wide rails 2V- 18V. This allows us power from the 5V USB power supply, but to
also support operation from an external power supply for wet range of operation.

The major problem disadvantages of this op-amp are:
It is not rail-to-rail, reducing the 2.5V rails even further.

It has a fairly low output current. The maximum rail voltage falls of substantially
if the output current is increased from 1mA to 10mA. This maks it impractical for
power devices.

A number of pin-compatible operational ampli ers exist tha address one or both issues. For
high current devices, the AD8532 supports up to 250mA outpuwturrent in a pin-compatible
form factor.

The SMU requires a three power rails, while the Mini only prades OV and 5V at useful
levels of current and voltage. As a result, the circuit showin Figure 5 drives a 2.5V rail
(ground for the purposes of the parameter analyzer). In mostpplications, Q1 and Q2 are
omitted, and R1 and R2 are O jumper resistors. The optional on gurable output driver
circuit is provided in case the circuit being observed reges additional power. In most
cases, it is omitted, since thenjm62 can drive adequate current for normal operation, and
the crossover distortion of the push-pull pair reduces powsupply accuracy. A regulator
was not because:

8If Q1 and Q2 are used, use an operational ampli er with adequée DC gain and gain-bandwidth, as well
as adequate bypassing on the power supply rails, to ensure @l& ground in spite of crossover distortion.
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Figure 5: This circuit is used to generate a ground rail betvem the OV and 5V rails provided

by the Mini digital board. In most applications, the transidors would be left unpopulated,
and the output resistors would both be 0 jumper resistors.

Most regulators are designed to either source or sink curteiut not both.
The prototype was built the board from parts available on-had.

The circuit may also be run with external power rails, for eter cleaner power supply
rails, or for more headroom. In this case, the regulator cud is entirely omitted when
populating the PCB. The circuit is designed to be compatiblevith rails of up to 15V,
but when operating with higher rails, it requires a small legl-shifter and protection circuit
between the main Mini board and the parameter analyzer. In atition, for rails above 8V,
the parameter analyzer board must be populated with thenax335 switches instead of the
max395 switches.

6.2 Parts list

The parts required for the reference version of the parametanalyzer are shown in Table 6.
Total cost is approximately $15.40 in individual quantities, and $7.80 in quantity, excluding
PCB and assembly costs. This is for the reference implemetitan, which is designed to
be minimum cost. The board may cost slightly more if assemlldor high-current or high-
voltage uses. Possible changes include:

Better operational ampli ers.
mmbt3904 and mmbt3906 driver transistors for the middle power rail.
More, bigger bypass capacitors.

max335 instead of max395.

6.3 Status

The rst iteration of the parameter analyzer board is compléed and tested. There is one
bug { the reset pin on themax395 is connected to the wrong rail. This is easy to manually
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Qty Part Reference Value/part Location Cost

1 Switch max395 All SMT ICs 4.87 (2.22)

7 Dual op-amp njm62 DIP IC 0.37 (0.29)

1 10-pin header connectors 2.02 (0.89)

1 20-pin header connectors 2.39 (1.13)

10  bypass capacitor 0.1uf C1-Ci10 0.12 (0.0
2 resistors (voltage divider forvg,q) 10k R1 R2 0.05 (0.02

4 shunt resistors 280 Rn4 0.05 (0.02

8 resistors for front of di amp 4.12k Rnl, Rn8 0.05 (0.02
8 resistor for back of di amp 2.05k Rn0O, Rn9 0.05 (0.02
12  divider resistors, top 10k Rn6, Rn2, Rn3 0.05 (0.02
8 divider resistors, bottom 5.1k Rn5, Rn7 0.05 (0.02
4 jumper resistors 0 J1,J2, R3, R4 0.05 (0.02

Table 6: Bill of materials for the parameter analyzer daugler-board. Total cost is approxi-
mately $15.40 in individual quantities, and $7.80 in quanty, excluding PCB and assembly
costs. Prices are taken from Digikey, where available. Thgm062 is purchased through
Mouser, and themax395 through Maxim Direct.

jumper on the board. Otherwise, the board is functional, altough there is a large number
of possible functional improvements.

The low gain of the ampli er, reduced loop gain, and large smi resistance contribute
to give the circuit a small, but noticeable, output resistage in voltage output mode in
certain con gurations of the circuit. The output voltage, therefore, does not perfectly track
the desired voltage. The e ect of this is not huge, since theser can plot the measured
output voltage, rather than the desired voltage. Neverthelss, one of the tasks remaining is
to compensate for this in rmware { in addition to the analog edback loop, the rmware
should implement a digital feedback loop which compares thdesired output voltage to the
actual output voltage, and adjustsv;, to compensate.

Operational ampli ers are currently grouped by SMU, ratherthan by function. This
allows boards requiring fewer than four SMUs to be assembleditting parts for the ad-
ditional SMUs. Overall, this is a poor tradeo , since the degn requirements for the three
operational ampli ers are di erent. IC1, when testing powe devices, needs to be capable
of sourcing large currents. 1C2 needs to be a FET-input dewdg since any bias current will
translate to current measurement error. On the other operainal ampli ers, the input bias
currents simply need to be relatively matched. IC1 and IC2 gferably use rail-to-rail de-
vices. Since the current board design uses dual operatiomahpli ers, and groups them by
SMU, it does not allow the use of di erent ampli ers for each &ge.

Better implementations for the regulator for the ground rdi are possible and should be
investigated.

The layout of the board requires some clean up. In particulastandardizing the layout
of individual SMU ports would be simplify assembly.
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7 Software Architecture

The Mini is designed to work with the MIT iLabs software archiecture. MIT iLabs is an
architecture and associated set of protocols for implementy an sharing on-line laborato-
ries. The iLabs architecture consists of three major compents. A lab server interfaces to
hardware. It veri es and executes experiments. A client prades a graphical interface to
control the experiment. A service broker sits between theieht and lab server, and is pri-
marily responsible for authenticating users. Each lab sew may communicate with multiple
service brokers, and each service broker may communicatehmmultiple lab servers. The
service broker is separate from the lab server for a number ifasons. Most importantly,
with shared experiments, each university has a local sergibroker, and so universities can
manage their own users { the school hosting the experiment e@® not need to manage user
data for remote universities. The service broker also all@exthe system to provide a more
uni ed user interface to multiple lab servers, reduces inteuniversity bandwidth consump-
tion, and simpli es administration. In most cases, each unersity will only need one service
broker, but may host many lab servers.

MIT provides reference implementations for all three pieseof software. The reference
iLabs lab server provided by MIT requires an expensive sofare stack, and complex in-
stallation and maintenance. As a result, it is inappropria¢ for use for either light-weight
laboratories, or in the developing world. For the Mini, a préminary lab server was developed
whose goals are:

1. Low-cost.
2. Ease of installation, deployment, and maintenance.
3. Ease of development.

These place some constraints on the exibility and power ohe server.

7.1 Cost

One of the primary goals of developing a new lab server was teduce cost. The MIT
reference lab server requires a software stack consistirfg o

Product newegg.com price Academic price
Windows Server 2003  $690-$2400 $609-$2319
SQL Server $710-$1625 $479-$8449
Visual Studio $270 (Std) $700 (Pro) $50 (Std) $129 (Pro)

In Nigeria, the per-capita GDP is $632/yeat. Using the original lab server would require
one of several approaches. First, a Nigerian school may sdemoughly double the annual
GDP/capita on software. Second, as is now common, the schaody use illegal copies of the

9Source: CIA World Factbook
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software. Neither of these approaches is appropriate. Fiha the school may use donated
copies of the software. This approach does not scale.

The new lab server developed uses an entirely free softwatack. It is written in Java. It
can run on the GNU/Linux operating system, although it is Wirdows-compatible as welf.
It does not, at present, require a database. If database fumnality is eventually added, it
will be added using the free Berkeley DB database.

The new lab server also signi cantly reduces hardware cost§he Java server can run on
a system with much lower system requirements. SQL Server aorequires 512MB memory,
and recommends 1GB. In contrast, the iLab Mini lab server caumes approximately 20MB
on top of the operating system requirements { under Debian GUILinux, it ought to be
completely functional with roughly 64MB RAM. Indeed, the derelopment machine for the
Java lab server is a Athlon/750 with 384MB of RAM, purchased sed for $20, running a
number of unrelated servers at the same time.

7.2 Ease of installation and maintenance

The iLabs reference lab server requires speci ¢ versionsWindows, 1IS, and Microsoft SQL
Server. As a result, it is highly constrained with regards tavhat machines it can run on.
In most cases, this results in a dedicated server con guregbeci cally for iLabs use. An
existing machine used for a di erent task cannot be easily fpurposed to also host an iLabs
lab server. The installation process requires a signi carmmount of time and expertise to
properly con gure and integrate these pieces of softwarengtallation is a fairly lengthy and
tasking process. Maintaining the machine then requires maging the security of 11S, SQL
Server, as well as the iLabs-speci ¢c code. This prevents manf the types of possible uses
of iLabs.

The lab server developed for the Mini, in contrast, requireaothing beyond Java. The
web server used for web services is embedded and runs withie tlava sandbox. As a result,
the system is much easier to install and con gure, and lessqme to security issues.

This limits functionality somewhat. In contrast to the reference implementation, the lab
server cannot currently be administered through a web intéace. In addition, since there is
no database, if the server needs to be restarted, the expeeint queue is lost, and students
need to resubmit experiments.

7.3 Ease of development

Developing traditional lab servers around the MIT referene lab server is complex. One goal
is to see lab servers developed by students at universitias Africa. These students' skill
level is generally somewhat behind that of their their Amedan counterparts. As a result,
we wanted to design our software infrastructure to be as sirgto develop with as possible.
The new lab server achieves this in two ways:

10Running under Windows would require some trivial changes tothe hardware-interface code.
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Lower learning curve { the new lab server requires developeto know fewer technolo-
gies than the reference lab server

Better abstraction { the web services code is hidden from mibdevelopers.

The traditional lab server requires developers to learn a itk stack of technologies:
C#
VisualBasic
SQL and Microsoft SQL Server
ASP and IIS
Web services
XML

Extensive knowledge of the iLabs architecture

Most students do not learn many of these technologies as pat a normal curriculum. In
contrast, the lab server developed for the Mini requires:

Java
Preferably, some XML (not required)
Fairly minimal knowledge of the iLabs architecture

Java is the most common introductory programming language iAmerican universities.
It is one of the more common outside of America, although C/C+ is more common in
both Africa and China. Java is taught to computer science stients in the computer science
departments of both Zhejiang University in China, OAU in Nigria (although electronics
students at OAU are only taught Fortran). Since knowledge oflava is required for the
client, learning Java is a necessary step to developing iLsalbegardless of choice of server
language. Eliminating the dependence on C# reduces the numb of languages students
need to learn.

In addition, Java is cross-platform. Using a cross-platfon language opens iLabs develop-
ment to users of GNU/Linux and MacOS/X. While Windows is the nost common platform
at both African and Chinese universities, the upper educain system in India strongly fa-
vors the use of GNU/Linux and free/open source technologie3he ability to function under
GNU/Linux is likely a requirement for cooperating with many institutions there.

Next, the use of web services is hidden from the user in a lilbya A basic lab server can
be implemented with no knowledge of either XML or web servise A simple lab server is
shown in gure 7.3.

This server will return the experiment in lower-case lettes. More advanced functions can
be added to the server by overriding more function calls.
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import ilab.server.*;

class MiniServer extends iLabServer {
public MiniServer(String confFilename) throws IOExcepti on {
super(confFilename);

}

public String runExperiment(String experiment) {
return experiment.toLowerCase();

}

public static void main(String[] args) throws Exception {
MiniServer s=new MiniServer("/etc/ilabconfig.properti es");

s.9o();

/I Work-around for platform-specific bug that causes Java t
/I terminate before all threads finish.
while(true){

Thread.sleep(1000000);

}

Figure 6: The source code to a basic lab server
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7.4 Status

The Java lab server is functional but not yet production-qubty. The remaining problems
are:

The security infrastructure is incomplete

It currently uses http instead of https for incoming communications. The architec-
ture supports https trivially, but this has not been implemented.

It has not been tested whether or not it properly calldNotify on the service broker,
as required by the MIT iLabs speci cation. The lab client opeates normally if this
call is unimplemented.

It is very approximate in the way it estimates time remainingfor labs in the middle of
the queue

Logging functionality is not implemented
General clean-up is required
Some con guration parameters need to be moved into the conugation le

An easy installer/uninstaller needs to be written

The speci ¢ implementation for the Mini parameter analyzercurrently has fairly basic
functionality. It parses XML input from the client, performs the associated experiment, and
sends data back. It sends more data than is necessary (frothADC channels). It does not
have very good fault recovery if the rmware gets out-of-synwith the lab server. It uses a
thin platform-speci c layer to interface to the Mini that should include more error-catching
code to be robust. Unit conversions are not yet calibrated.

A number of fundamental tasks also remain:

Better memory management.

Similar abstraction of client-end code. This code shouldlalv people to develop clients
without knowing web services. In addition, it should allow he development and testing
of labs without access to a service broket

Integration of Berkeley DB, an in-memory database, for rolainess.

11n the iLabs architecture, the SB is a server that sits betwea the client and server, and manages users
and security. It is necessary for deployment, and especiall for sharing labs among schools.
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7.5 Bandwidth Limitations

As mentioned, the MIT iLabs protocols were originally desiged for use in the developed
world. As a result, the protocols are extremely bandwidth ie cient. Experiment infor-
mation is transmitted in plain text format, wrapped in XML, wrapped in web services
transactions. Each layer substantially increases bandwild Running a typical experiment
requires about 30kB of data sent between the client and therser. Simply compressing
this data with gzip would reduce bandwidth requirements by dactor of three. A protocol
designed to be bandwidth-e cient protocol could reduce it nuch further.

Work on improving the bandwidth of iLabs experiments has beein progress for some
time. The addition of the service broker allowed the client ownload and the web accesses
preceding it to be moved from the institution hosting the expriment to the institution where
the experiment is run. Colleagues at OAU are currently invéigiating ways of transparently
compressing the web services transactions to further cuttérnational bandwidth.

8 Conclusion

This paper has shown solutions to some of the equipment prebhs facing the electronic
engineering departments of universities in the developingorld.

The use of remote electronics experiments can give studetiie opportunity to experience
the di erence between theory and reality. Students can seéé e ects of noise, of parasitics,
of instrumentation limitations, of device variations, andof imperfect models. While students
cannot yet use iLabs for circuit design labs, work on reconugable iLabs experiments may
bring that into existence in the near future. NeverthelessiLabs will most likely never be
able to capture circuit construction skills, such as solderg, debugging wiring errors, proper
use of ground planes, or neat wiring.

The design of lower-cost, lower-performance instrumeniah can have a dramatic impact
on the educational system there. It has the capability to eride course faculty to easily deploy
many low-cost on-line laboratories for student use. In adiibn, it may also broaden access
to conventional laboratories.
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Appendix A: Mini Assembly

The rst step in assembling the Mini is to solder the Mini. Thedigital parts of the Mini are
always USB-powered. The ADC and DAC may, optionally, use anxternal power supply
for cleaner analog power. If the entire board is USB-powergdimpers J4 and J5 need to be
soldered. If it uses a separate power supply, they should bmitted. If the microcontroller
is to be clocked from the USB chip, jumper J3 should be soldéewhile J1, J2, C3, C4, Q1
should be omitted. If it uses a crystal, then J1, J2, C3, C4, Q4hould be included, while J3
should be omitted.

Once the Mini is assembled, the FT232 chip needs to be prograred. FTDI provides a
utility called MProg to do this. There are several settings Wwich may need to be changed:

If using the 6MHz on-board clock, CO needs to be set to CLK6

The device should always be set as bus powered. The power iegments should be
set appropriately to the application (or 500mA, for generapurpose use).

On some chip versions, USB remote wakeup, and plug and playosid be disabled
(some chips may not include these settings).

The remaining CBUS pins may either be left uncon gured, or aogured appropriately
for speci c applications.

One the FTDI chip is programmed, the microcontroller must bgrogrammed.

A.1 Programming the ATMega48

The Mini uses a standard 5-pin AVR hobbyist programming conector for programming the
ATMega48. This is a single-row connector with the pins RESETSCK, MISO, MOSI, and
GND. The Mini may be programmed through any interface that ca toggle 3 output pins
and read 2 input pins at 5V TTL levels.

The simplest programmers simply use the control lines from parallel port connect
directly, as shown in Figure 8. The control lines from a sefigort may be used as well, but
require level shifters to convert the 12V down to 0-5V signal levels, as shown in Figure
8. The 0-5V output of the MOSI port is technically inside the F5232 noise margin, but
empirically works with most modern RS232 controllers.

In addition, a number of USB programmers exist. The USBTin{ programmer is the
simplest. It consists of an ATTiny2313, 12MHz crystal, restors, and capacitors. The
USB stack is implemented in rmware. This programmer is onlycompatible with some
USB controllers, but where it is incompatible, it can often le used through a USB hub.
A schematic of the USBTiny is shown in Figure 8. Several progmmers exist that use an
FTDI chip and an Atmel microcontroller. These have a number foadvantages:

http://www.xs4all.nl/ dicks/avr/usbtiny/
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AVR Programming
Header

Figure 7: Mini parallel port programmer schematic.

RTS RESET

DTR SCK

CTS MISO

TXD —oMOSI
74

GNDe —l— °GND

Figure 8: Mini serial port programmer schematic. All zeneriddes are approximately 5V.
Note that this does not level shift back to RS232 levels { thiss compatible with all serial
ports we have tested on, but is outside of RS232 spec, so may be universally compatible.

They are compatible with all USB ports

The rmware may be easily ported to the Mini, so that one Mini nay be used to
program others

The most sophisticated® implements the full Atmel STK500 speci cation, and so may
be used to calibrate the Atmel's on-board oscillator.

The o cial Atmel programming interface has an additional Vpp pin that is used to dif-
ferentiate devices running at di erent voltages. Atmel-mde programmers can be used with
the Mini by using the 5V pin from the interface header. An o cial Atmel USB programmer
is available from Digikey for 34 dollars under part number ARVRISP2-ND.

All of the programming pins have 470 protection resistors {although the Atmel micro-
controller is fairly resilient to current over ow condition, this prevents potential damage to
fragile parallel and RS232 ports potentially used for progmming the Mini.

Bhttp://www.tuxgraphics.org/electronics/200510/artic  1€05101.shtml
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% 0.1m 22% ATTiny2313 :l_
RESET VCC _[—{GND
o{ PDO PB7 MOSI
o{ PD1 PB6 MISO
usB o{ PAL PB5 LSCK
vce 68 o{ PAO PB4 [o RESET
D- VWA PD2 PB3 [o
D+ 68 [—PD3 PB2 [o
GND PD4 PBL [o
1 1K5 o PD5 PBO o
I GND PD6 [o

Figure 9: Mini parallel port programmer schematic.
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