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ABSTRACT

In this paper, the design of a programmable mixed-
signal electronic circuit to control the light output of
a red-green-blue (RGB) light emitting diode (LED)
to be used in an optical fiber sensor system is pre-
sented and discussed. The LED is to be used as a
light transmitter (light source) within the sensor sys-
tem. The output of each LED color is to be inde-
pendently controlled using either a d.c. current or
a pulse width modulation (PWM) encoded current.
The idea for, and architecture of, the mixed-signal
electronic circuit design is considered as both a dis-
crete implementation using off-the-shelf components
and the concept for an application specific integrated
circuit (ASIC) solution using a 0.35 pum complemen-
tary metal oxide semiconductor (CMOS) fabrication
process. In this paper, the design operation princi-
ples, circuit architecture, simulation results and hard-
ware requirements for this LED driver circuit are con-
sidered.

Keywords: Optical Fiber Sensors, Light Emitting
Diode, Programmable Logic Device, Mixed-Signal In-
tegrated Circuit Design, Simulation

1. INTRODUCTION

In everyday life, sensors are required to measure
physical quantities allowing for an indication of the
status of a medium being sensed. A range of ana-
log and digital sensors can be deployed along with
a variation in the design and operation of the elec-
tronic circuit hardware (and if appropriate, software)
used. The choice of sensor and design of the elec-
tronic system would be based on the requirements of
the specific application considered.

In recent years, sensors based on the transmis-
sion of light with a known characteristic through a
medium to be sensed, and detecting the character-
istics of the resulting light received have been de-
veloped [1, 2]. The light will be modulated as it
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passes through the medium and the differences be-
tween the transmitted and received light will indi-
cate the characteristics of the medium being sensed.
Fig. 1 shows the type of optical fiber sensor system
considered in this work. The electronics (the parts
within the dashed box area) provide the necessary
electrical signals, which are applied to the sensor and
medium to be sensed via an electrical-optical trans-
ducer (the light transmitter) and an optical fiber ca-
ble link. The response in the form of an optical sig-
nal is converted back to an electrical signal by the
light receiver (optical-electrical transducer). Hence,
the sensor and medium are optically rather than elec-
trically connected to the electronics. The signals are
then processed, usually by a software programmed
processor or via a hardware configured programmable
logic device (PLD). For correct operation, the power
supply and external communications sub-systems are
also required. This paper considers the design of a
LED driver circuit for use in optical fiber sensor sys-
tems. Specifically, the design and analysis of a RGB
(e.g., [3]) LED driver operating on a single +3.3 V
power supply for use in the sensor light source are
presented.
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Fig.1: Optical fiber sensor system overview.
The LED is considered here as it is a physically
small and low-cost light source that can be readily
controlled using analog or digital circuit techniques.
In prior work, where the LED has been considered
as a suitable light source for an optical fiber sensor
system, a single color has been used [4]. It is typical
in such systems to use a red color LED with a wave-
length of about 650 nm. In this work, the single color
LED concept is extended to three colors (red, green
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and blue (RGB)) using a single RGB LED. Each
color can be independently controlled by varying the
LED current and this can be achieved via a proces-
sor with software coding (e.g., using a microcontroller
(nC)) or in digital logic using a PLD (CPLD (com-
plex programmable logic device) or FPGA (field pro-
grammable gate array)). Therefore, it can produce
a programmable intensity light source that extends
the capabilities of a single color LED arrangement
within an optical fiber sensor system design. Given
the ability to control the intensity of light from three
light sources, the effect of combining sensor results
from combinations of wavelength (e.g., red light only,
red with green) may be used with different sensors in
order to improve sensor operation. In addition, the
work considers the use of the PLD to implement the
required digital sub-system functions in custom hard-
ware rather than the common approach of processor
based software coding. Such a PLD based approach
can extend the ability of the system to embed high-
speed and parallel digital signal processing (DSP) for
local sensor data processing. The main discussion
within the paper considers the design, prototyping
and evaluation of a discrete prototype system.

The paper is structured as follows. Section 2 will
discuss the main characteristics of an optical fiber
sensor system with a focus on the electronic circuit
aspects. Based on this discussion, the light trans-
mitter part of the sensor system is presented with a
focus on using an RGB LED as the light source. Each
color would be uniquely controllable, hence a range of
light source colors would be possible. Section 3 will
present the architecture and principle of operation of
the programmable RGB LED driver circuit design.
Section 4 will present a set of simulation results for
the analog part of the design and specific prototype
test results, considering both the digital logic output
and analog circuit operation. Section 5 will consider
the requirements for a CMOS ASIC version of the
design. Section 6 will conclude the paper.

2. OPTICAL FIBER SENSORS
2.1 Introduction

An optical fiber (fibre) sensor [5, 6] is a type of
sensor that uses an optical fiber cable either as the
sensing element or as a means of connecting a remote
sensor to the electronic circuit that provides a sen-
sor stimulus input and processes the sensor output
signals. The electronic circuit produces an electrical
signal (the stimulus) and converts this electrical sig-
nal to an optical signal to apply to the sensor. The
optical signal is then propagated through the fiber
and sensor. Once the light signal has been modified
by the medium being sensed, the result is received by
the same or a different electronic circuit that converts
the light signal back into an electrical signal for anal-
ysis and communication to an external system. Opti-
cal fibers can be used as sensors to measure physical

quantities such as:

e Stress and strain

o Temperature

e Pressure

e Pollution

The quantity to be measured modifies the light
signal as it passes through the sensor and, as the sen-
sor does not use electrical signals, it can be used in
certain applications where electrical signals could be
problematic such as:

e Environments subject to electromagnetic inter-

ference

e High voltage signal levels

e Applications involving flammable materials
where the potential for an electrical fault could
a cause a fire

The operating principles of the optical fiber sensor
are shown in Fig. 2. Two types of sensor arrange-
ment are identified:

1. In the top image (a), an extrinsic optical fiber
sensor is shown. In this arrangement, the light
from light source is transmitted to the sensor
and the response is returned along the optical
fiber cable to the light detector. Sensing oc-
curs in a region outside the sensor and the fiber
acts to pass light from the light source to the
detector.

2. In the bottom image (b), an intrinsic optical
fiber sensor is shown. In this arrangement, light
from the light source is transmitted to the sen-
sor and the response is returned along the fiber
to the light detector as before. However, with
the intrinsic optical fiber sensor, the physical
properties of the fiber undergo a change that is
due to a physical phenomenon, e.g., stress that
mechanically alters the fiber. The fiber itself
acts as the sensor.

Hence, the optical fiber can be used to either trans-
mit light only or to both transmit light and act as the
sensor. Note, however, that the choice of the fiber
material is important. Both glass optical fiber (GOF)
and plastic optical fiber (POF) cables are widely used,
depending on the requirements of the system. Re-
cently, POF has gained interest for use in sensor sys-
tems given its lower cost, greater flexibility and re-
silience to mechanical bending, shock and vibration
[7].

2.2 Light source, optical fiber and detector

The light source is required to convert an electrical
signal into an optical signal and provide a light output
of a known characteristic.

The choice of light source depends on a number
of requirements, with the light signal wavelength and
intensity being of primary concern. A white light
source would emit visible white light with a broad
optical bandwidth. This can be used in a system
to detect the amount of absorbed light at particular
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Fig.2: Optical fiber based sensing.

wavelengths within the optical bandwidth. Hence,
the effect of the medium on particular wavelengths of
light would be of interest. Other light sources would
emit a single wavelength, or a narrow optical band-
width, and hence the effect of the medium on the
amount of light absorbed by the medium at the se-
lected light source wavelength would be of interest.
In this second type of light source, the choice of de-
vice to use would either be a semiconductor laser or
a semiconductor LED. Typically, though not exclu-
sively in sensor systems, red light with a wavelength
range of approximately 630 nm to 700 nm is used [8,
9]. The laser would provide for a coherent light source
with the potential for high data rates and transmis-
sion over long distances. The LED would provide
for a non-coherent light source with lower data rates
and shorter transmission distances when compared
with the semiconductor laser. However, a major ad-
vantage of the LED is its lower cost and, therefore,
advantageous in cost sensitive applications. In opti-
cal fiber sensor systems, the advantages of high data
rates and transmission over long distances are not
major factors in the choice of the light transmitter
as the optical fiber cable lengths used are relatively
short and high speed digital data transmission is not
a major requirement for correct system operation.

The optical fiber provides the means to transmit
the light to the medium and to receive the light passed
through the medium at the light detector. In some
sensors, the fiber also acts as the sensor.

The light detector is required to convert the op-
tical signal back into an electrical signal. In white
light source systems, the detector must be capable of
detecting light over a broad optical bandwidth. Typi-
cally, this is achieved using a spectrometer. The spec-
trometer separates the light into its spectral compo-

165

nents that are then captured and the intensity of the
light at different wavelengths is provided. In systems
where a single wavelength or a narrow optical band-
width light source is used, the light detector would
be a semiconductor photodiode or phototransistor.
These devices produce a current output that is typ-
ically converted to a voltage and sampled using an
analog-to-digital converter (ADC) of suitable speed
and resolution. Once digitized, the signal can then
be processed using suitable DSP techniques. The ad-
vantage of the spectrometer is in the detail of infor-
mation provided in the optical bandwidth that the
spectrometer is designed to work over. However, the
spectrometer is a physically large and expensive in-
strument. The photodiode and phototransistor have
the advantage of lower cost, but with a trade-off in
information detail as they would be sensitive to a nar-
row band of wavelengths only.

3. RGB LED DRIVER CIRCUIT
3.1 Introduction

In some optical fiber sensor systems, the LED is
used as the light source [10, 11]. The LED is a semi-
conductor device that converts an electrical signal
into an optical signal. The properties of the semi-
conductor material cause photons of a specific wave-
length to be emitted and an electronic circuit is used
to control the emission of light. The flow of electrical
current hence causes light to be emitted and:

1. The wavelength of the light emitted is depen-

dent on the semiconductor material

2. The intensity of the light emitted is dependent

on the value of the electrical current

In the work described here, the system considers
the use of an RGB LED as the light transmitter and
a POF as the light transmission medium and poten-
tially the sensor. Only the light transmitter circuit
is considered in this paper. The choice of the RGB
LED is based on two considerations. Firstly, light
of different wavelengths (red light at about 650 nm,
green light at about 510 nm and blue light at about
475 nm) may respond differently within the medium,
such as the amount of light absorbed by the medium.
Hence, the use of multiple color combinations may
provide additional information. Secondly, if one color
is not absorbed by the medium, it may be used as
an optical reference for a second color that would be
absorbed by the medium. The focus is on develop-
ing an easy to use, flexible and programmable RGB
LED driver circuit that can be used as a plug-in mod-
ule to be inserted into a range of possible sensor sys-
tems. The module is communicated to via a software
programmed processor or programmable logic device.
The LED driver circuit would be programmable via
current sensing resistors and digital codes from the
connected digital electronics. The value of the cur-
rent sensing resistor used would be to set a current
range from zero to a maximum value and the pro-
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vided digital code would set the current level within
this range. The principle of operation is shown in
Fig. 3 where the design uses a common anode RGB
LED. The required LED current would be user set by
loading a digital code that represents the value of the
current within the current range. This would be the
code for use in a PWM signal generator circuit that
creates a signal with an average value of the required
current.

The LED driver circuit design considered in this
paper would be considered as a custom design for the
sensor application and should be seen in the context
of alternative approaches. With the increased use
of LED lighting in commercial and domestic appli-
cations, a range of commercial devices are available
and could be used instead of developing this custom
design. However, the requirement in this work was to
design and develop a custom mixed-signal electronic
circuit using the PLD and discrete analog compo-
nents for prototyping with the aim to create a design
architecture that had the following attributes:

1. The same design could be implemented using a
CPLD or FPGA with discrete analog compo-
nents as well as within a custom ASIC design
using a standard 4+-3.3 V CMOS fabrication pro-
cess.

2. The creation of a design that could be inte-
grated into an ASIC solution to provide for a
physically small and hence more portable elec-
tronic circuit. In this case, the intention was for
the design to operate as part of a portable OFS
system.

3. Consideration of the sensor system design with
the requirements for its intended application(s).

4. Identification of design requirements for the dis-
crete and ASIC approaches that could be used
in other sensor system designs. Here, design
reuse was to be an important consideration.

5. Identify existing LED driver circuit designs that
could be used as an alternative and their key
functions. Commercial designs would be de-
signed for specific purposes and incorporate
functions that would not be required in certain
designs. Hence, a consideration in this work
was to consider the specific requirements for the
sensor system.

Therefore, whilst an existing commercial device
could have been used in this design study, the in-
tention was to develop a custom design for the sensor
system that requires an RGB LED light source.

Table 1 identifies five different commercial devices
available and specific key device functions of interest
in this work. The TLC5940 and LP55281 devices
from Texas Instruments would incorporate functions
of most interest in this work.

Table 1: FEzxzample existing commercial products.

Device
TLC5940
(Texas Instruments)

Key device functions
16-Channel LED
Programmable current
Constant-Current Sink of 0 to 60
mA or 0 to 120 mA

16-Channel LED Driver With

DOT Correction and Grayscale 12-bit PWM
PWM Control 3V to55V
SPI serial communications

LP55281
(Texas Instruments)

1, RGB LEDs
Programmable current
Separate power supply voltages
12-Channel RGB/White-LED | for different parts of the device
Drive With SPI, I2C Interface
CAT4101
(On Semiconductor)

SPI or I2C communications
1 LED (or multiple LEDs in
series)
PWM input signal
Up to 1 A set by external resistor
3.0 V to 5.5 V
1 LED (or multiple LEDs in
series)
PWM input signal
Up to 2 A set by external resistor
4.5 V to 40 V
1 LED (or multiple LEDs in
series)

1 A Constant-Current LED
Driver with PWM Dimming
STCS2A
(ST Microelectronics)

2 A max constant current LED
driver
TL4242
(Texas Instruments)

PWM input signal
Up to 500 mA set by external
resistor
4.5 V to 42 V

TL4242 500-mA, Adjustable,
Constant-Current LED Driver

3.2 System operation

In order to make the design more useful, pro-
grammable current ranges would be set using exter-
nally connected current sensing resistors with values
set according to the LED current requirements. In a
typical arrangement, the PWM signal would be at 0
V and +1 V levels and the value of the resistor would
set the maximum LED current when a +1 V d.c. level
was set. Hence, for a 10 mA maximum current, the
resistor would be 100 €. Similarly, for a maximum
current of 100 mA, a 10 Q resistor would be used.
The current level can be adjusted by controlling the
PWM signal’s duty cycle. It is possible to either man-
ually switch resistor values or to incorporate a digi-
tally controlled analog switch arrangement whereby
a digital code sent from a host processor would open
or close particular switches to set the resistor value.
However, the electrical characteristics of the switch
would then need to be carefully selected for correct
circuit operation.

Communications to
set PWM code

DIGITAL

¥

Vop (LED)

Pulse width
modulation signal
generator

TRERE
YRRy

T

PWM signal
adjustment

Current/voltage control
circuit (signal output)

|

MIXED-SIGNAL ANALOG

Fig.3: RGB LED driver overview.

Within a circuit implementation, the extend of
close matching between the required and actual cur-
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rent levels would be dependent on the tolerance in
value of the current sensing resistor, the voltage lev-
els of the PWM signal, the stability of the PWM sig-
nal frequency, values and tolerances of other passive
components used in the circuit and the output voltage
dynamic range of an operational amplifier (op-amp).
To create the current control, the following typical
set-up would be used:
1. The current range would be set by the use of
the current sensing resistor
2. The user programs the PWM code which sets
the current level required within the set current
range
3. The user programs whether the PWM code is
applied directly to the LED or whether it is
firstly low-pass filtered to provide a d.c. current
level
4. The user programs any offset value to adjust
for variations in passive component values (i.e.,
the tolerance in value of the resistors used) and
variations in the power supply voltage from the
nominal value
The circuit then automatically updates the PWM
signal, the PWM signal adjustment circuitry provides
a small adjustment to the user set PWM signal and
each LED would be independently controllable. The
PWM signal is generated by a digital counter circuit
and the digital logic levels (0 and 1) being voltage
levels (GND = 0V and Vpp = +3.3 V, respectively)
is output to the LED directly or via signal condition-
ing circuitry that would modify the voltage levels as
well as low-pass filter the PWM signal to produce a
d.c. level. The principle is shown in Fig. 4. Here, a
PWM signal with 25% duty cycle is low-pass filtered
to produce a d.c. level.

Low-pass filtered
d.c. output

'

Voltage PWM signal input

Time

Fig.4: Principles of PWM - digital input and analog
output signals.

Although d.c. and PWM control of the LED cur-
rent is of concern in this paper, it is also possible to
consider alternative control schemes. For example,
both pulse frequency modulation (PFM) and pulse
density modulation (PDM) schemes could also be
utilised in this arrangement and would require only
a change in the initial creation of the encoded signal
and the manner in which it was implemented in hard-
ware. F'ig.5 shows the principles of the driver circuit
for a single LED. Both the digital and analog circuitry
would operate on a single +3.3 V power supply for
compatibility with low-voltage electronic systems. In

the top view (a), current control is achieved via an
op-amp, bipolar junction transistor (BJT) and cur-
rent sensing resistor.

The voltage output from the PWM signal condi-
tioning circuit would be applied to the non-inverting
input of the op-amp that is acting as a unity volt-
age gain buffer except that the inverting input is
connected to the BJT emitter rather than the op-
amp output directly. The BJT acts as a current
amplifier and the op-amp negative feedback connec-
tivity will ensure that the voltage across the resis-
tor (Rggnsgk) follows the op-amp non-inverting input
voltage. The transistor allows for the op-amp to drive
higher current electrical loads than its own output cir-
cuity would allow for. With the power supplies to be
used (i.e., +3.3 V for the circuitry except for the LED
Vpp that, due the high forward voltage of the LED,
would be +5 V), the op-amp would need to be a rail-
to-rail output op-amp design (capable of an output
voltage as close as possible between GND (0 V) and
Vpp (+3.3 V)). It would also need to have sufficient
bandwidth to react to the required PWM signal.

PWM signal
generator

!

PWM signal
conditioning

Rsense

(a) Current sensing configuration

PWM signal
generator

|

PWM signal
conditioning

(b) Voltage output configuration (unity gain buffer)

Fig.5: RGB LED current sensing (top) and voltage
output (bottom) circuit configurations.

The LED current is created by a current source
using the BJT as the current source component, re-
quiring the use of the op-amp and current sensing
resistor. In an ASIC form, a constant current source
typically uses a transistor current source arrangement
and this may be physically smaller than the presented
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arrangement here. Hence, it should be noted that
when considering an ASIC form, it is possible to form
the current source differently to the circuit considered
here. The PWM frequency would initially be set to
a 1 kHz that would provide for a suitable current
resolution and avoid the need for high digital clock
frequencies. However, applications may need to op-
erate at higher frequencies and so this need should
be factored into the design. The BJT could also be
replaced with a suitable metal oxide semiconductor
field effect transistor (MOSFET) if required. In the
bottom view (b), the device outputs a voltage rather
than a current and the op-amp is configured to act as
a simple unity gain voltage buffer.

The attainable output current levels possible from
the op-amp in configuration (b) are therefore lim-
ited. Hence, this arrangement would be aimed for
use where any circuitry at the op-amp output would
require a voltage level with low current requirements.
For example, where the output is to control a tran-
sistor switch arrangement or where alternative LED
current source circuitry were to be used. Both of the
above arrangements are possible by suitable design
of the overall electronic circuit and the use of analog
switches that allow for the signals between the PWM
signal conditioning circuit and op-amp non-inverting
input to be switched according to the required circuit
configuration.

4. ELECTRONIC CIRCUIT DESIGN AND
SIMULATION

4.1 Introduction

The RGB LED driver circuit architecture is shown
in Fig. 6. This would connect to a host system such
as a microcontroller with communications via the se-
rial communications interface, a master clock and an
asynchronous active low master reset. The clock fre-
quency utilized was initially set to 1 MHz though with
the potential to be increased or decreased. The max-
imum clock frequency limit is set by the maximum
possible operating frequencies of the circuitry. On
power-up or a master reset, the design establishes its
default operating arrangement. With the design, the
digital and analog parts were developed separately
and, subsequently, brought together for final integra-
tion.

The work considered in this paper relates to the
design, simulation, prototyping and characterization
of the system with the aim to develop an ASIC version
of the mixed-signal design using a suitable low-cost
CMOS fabrication process. An IC implementation
would reduce the physical size of the circuit, aiding
higher levels of integration of the sensor system and
portability of the electronics. If the electronic module
were to be physically small and use a standardized
interface, this would enable the module to be used
in a range of different sensor systems. Hence, the
design of the electronics was undertaken with the aim

to develop both a discrete version and an integrated
version using +3.3 V digital CMOS logic.

4.2 Creating the design

In order to create the design, the following tools

and techniques have been utilized:

1. Digital circuit design part: The design has been
developed using the VHDL hardware descrip-
tion language (HDL) [12]. The design has been
created, simulated, synthesized and physically
implemented using the Xilinx ISE tools target-
ing the Xilinx Coolrunner-I1I XC2C256-TQ144
CPLD [13].

2. Analog circuit design part: Circuit simulation
was undertaken to confirm the operation of the
circuit and aid selection of the discrete compo-
nent values using the LTSpice circuit simulator
[14].

3. Physical prototyping using discrete circuit com-
ponents. This involved physical prototyping
using solderless prototyping boards (for initial
work although with a limited electrical perfor-
mance) and with a custom printed circuit board

(PCB).
Serial Master ~ Master
communications clock reset
Serial .| Digital control
communications 7| and timing
interface

v
Internal control signals

Data registers

RED

PWM PWM Analog

signal signal output
generator condition stage '
1
GREEN |
1
PWM PWM Analog .
signal signal output ;
generator condition stage 1
1
BLUE i
PWM PWM Analog '
signal signal output |
generator condition stage 1
1
1

Fig.6: LED driver circuit architecture.

4. Design specification for an ASIC implementa-
tion using a 0.35 pm mixed-signal CMOS fabri-
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cation process [15]. The design entry tools (Ca-
dence Virtuoso), analog simulation (Cadence
Spectre) and fabrication process (Austria Mikro
System 0.35 pym CMOS) used were accessed
through the European Union (EU) Europrac-
tice scheme.

Each step was undertaken to verify the operation
of the circuit and to gain a better understanding of
the circuit requirements prior to committing to an
ASIC implementation. In the final ASIC design, the
choice as to which of the required circuit components
could and should be integrated would need careful
consideration to avoid unnecessary cost and to avoid
a potential loss in flexibility by limiting the ability
for device reconfiguration. The serial communica-
tions circuit is based on the serial peripheral inter-
face (SPI) which is a simple synchronous interface
suited for short distances and widely used in serial
data communications between ICs on a PCB.

Being easy to use and requiring only four pins (i.e.,
serial clock (SCK), master out slave in (MOSI), mas-
ter in slave out (MISO) and slave select (SSn)) al-
lows for a simple and efficient serial communications
protocol. With the digital logic operating on a +3.3
V power supply, the digital input/output cells used
are based on Low Voltage Complementary Metal Ox-
ide Semiconductor (LVCMOS) standard. For this,
the CPLD input/output cells were configured with
this standard (in the Xilinx User Constraints File
(UCF), this was set with the command IOSTANDARD
= LVCMOS33).

4.3 Programmability

The device would have sixteen data registers as
identified in Table 2 with each register capable of
storing eight bits of data. Register 0 holds an iden-
tification (ID) code for the particular design (a part
number in the upper nibble and a part version num-
ber in the lower nibble). Registers 1 to 6 hold the
PWM code and offset value for each LED color. Reg-
ister 7 will enable or disable the PWM signal offset
control.

Registers 8 to 15 provide additional user control
and data as follows:

e Register 8 selects whether each LED color re-
ceives a d.c. value (low-pass filtered PWM sig-
nal) or the PWM signal directly

e Register 9 selects whether a low or high voltage
level is received by each op-amp. It sets the
analog switch positions for the resistor-capacitor
network to allow for either the full PWM voltage
level (0 V/43.3 V typical levels) or a reduced
PWM voltage level (0 V/+1 V typical levels).
For typical use, the +1 V level is used for the
calculations of the LED currents. In addition,
a passive resistor-capacitor (RC) low-pass filter
will create the d.c. voltage output.

Table 2: System programmability.

REGISTER | DATA REGISTER FUNCTION

ADDRESS
0 Device identification (DevID)
1 Red LED current level code
2 Green LED current level code
3 Blue LED current level code
4 Red LED current level code offset
5 Green LED current level code offset
6 Blue LED current level code offset
7 Offset disable/enable
8 LED d.c. or PWM signal
9 LED Low/High voltage range
10 Blank LEDs (disable op-amp output)
11 Internal clock frequency divider
12 TBA (default to test signal outputs)
13 TBA (default to test signal outputs)
14 TBA (default to test signal outputs)
15 TBA (default to test signal outputs)

e Register 10 disables the op-amp output

(BLANK).

e Register 11 will provide an internal clock fre-
quency divider (e.g., divide by 2).

e Registers 12-15 are not yet assigned (TBA - to
be assigned). These registers are actually used
to output test data via the SPI interface to en-
able internal signals to be monitored, though can
be reassigned if needed.

However, given the range of possible configura-
tions, it is then important to have suitable default
values which would reduce the risk of incorrect use,
potential confusion by the user and a potential dam-
age to the circuit at power-up or circuit reset. The
default values are therefore set to:

1. DevID register selected
Output code = 0
Offset = 0
Offset disabled
d.c. output and low voltage range selected
BLANK LEDs disabled
. Clock divider OFF

The PWM signal generator was designed to gen-
erate the PWM signal in unit steps from 0 to 100
representing 1% increments from 0% to 100% of the
output range. The offset control provides for small
adjustments to the programmed PWM signal value
before it is applied to the PWM signal conditioning
circuitry, as represented in Ftg. 7, which is controlled
using registers 8 and 9.

The PWM signal generator provides the variable
duty cycle PWM signal at 0 V. / +3.3 V levels with
a set frequency of 1 kHz derived from a 1 MHz clock.
Essentially, the PWM circuit is a counter that out-
puts high/low levels based on the received values for
the LED current level code and the current level off-
set code. The resistor values are set to enable the
+3.3 V level to be reduced to a +1 V level and also
to enable the PWM signal to be low-pass filtered in
order to construct the d.c. level. The switches en-

RN
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PWM signal generator

Swla

Opamp,

Fig.7: PWM signal conditioning circuit.

able the user to set the output signal type (PWM or
d.c.) and whether a +3.3 V or +1 V level is pro-
vided. It was decided to use this set-up to give the
user flexibility in the use of the circuit for different
signal generation requirements. The choice of the re-
sistor values was made based on the analog circuit
requirements and also the ability to fabricate the re-
sistors as integrated resistors in the chosen CMOS
fabrication process (which supports integrated high-
resistance polysilicon resistors).

4.4 Output stage - analog circuit simulation

With a default setting, the PWM signal condition-
ing circuit and analog output stage would resemble
the schematic as shown in Fig. 8. This simulation
model was built using LTSpice with discrete com-
ponent models. The waveform below the schematic
shows a PWM input (0 V/+3.3 V typical levels) with
a 50% duty cycle (bottom waveform). The middle
waveform shows the voltage applied to the op-amp
non-inverting input that is a d.c. voltage at 0.5 V due
to the 50% PWM duty cycle and low-pass filtering.
The capacitor used in the simulation (100 nF') is how-
ever a large value and unrealistic if it was a require-
ment to integrate the capacitance within an ASIC.
The size of the capacitor could be reduced by increas-
ing the PWM frequency, changing the resistor values
or accepting a higher ripple of the output voltage.
The top waveform shows a current of 50 mA through
the resistor Rsense (a 10  value giving a range of
current from 0 to 100 mA). Fig. 8 shows the PWM
signal from the digital circuit being conditioned by
the circuit in F2g. 7. The d.c. voltage does include a
ripple on the output which needs to be set by the com-
ponent values based on the ripple voltage that can be
tolerated within the design. Hence, the RC network
can be made more sophisticated and other component
values may be used should alternative output signal
characteristics be required. However, the component
values and the number of components used must be
considered in relation to the physical size of the dis-
crete design and the ability to integrate components

within an ASIC solution. The component values cho-
sen here were to integrate the resistors (apart from
the current sensing resistor) within the ASIC and to
use an external capacitor due to the size of the ca-
pacitance required.

In this study, the PWM generation circuit and op-
amp are powered by a 4+3.3 V power supply. Both
circuits operate on a single rail power supply, so the
op-amp output can vary between 0 V and +3.3 V
only.

The RGB LED, showing one LED only in this cir-
cuit, is required to operate with a higher power sup-
ply due to the voltage drop across the blue and green
LEDs. The forward voltage drop for a red LED is
around 2 V for a 20 mA forward current. For the
green and blue LEDs, the forward voltage drop is
around 3 V for a 20 mA forward current.

4.5 Digital logic

The digital logic part of the design was cre-
ated using VHDL design entry techniques and each
VHDL module was instantiated into a top level de-
sign schematic as shown in Fig. 9. Each of the
VHDL modules and the top level schematic were sim-
ulated using VHDL test benches before attempting
to synthesise the design and configure the CPLD. Al-
though a particular CPLD was the target device in
this application, the VHDL based design could be re-
targeted to another CPLD or FPGA as the VHDL
code itself is device independent as it was written
without reference to specific target hardware. In
Fig. 9, the design was partitioned into nine func-
tional modules for communications, internal control,
configuration setting storage and output. There are
three instances of the PW M _Generator module that
provide the controllable PWM signal for each LED.
Whilst this parallelism of hardware (each instance of
the PW M _Generator module works independently)
requires more hardware than a sequentially operat-
ing design, it allows for parallel operations and the
additional hardware requirements are readily incor-
porated into the CPLD. This approach is also com-
patible with targeting an ASIC solution.

In Fig. 9, the individual design modules are:

1. SPI module for digital communications.

2. Clock divider module to internally reduce

the master clock frequency.

3. Register module to hold the configuration.
This is volatile memory and as such, must be
reprogrammed whenever the circuit power sup-
ply has been reset.

4. PWM Generator module to generate the
PWM code according to the values held in the
registers. There are three instances of this mod-
ule, one instance per LED color.

5. Select Test Output module to allow for inter-
nal values to be viewed via the SPI interface.

6. Device Identification (DevID) module to
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PWM output circuit simulation model in LTSpice where R1 = 23.25 kQ, Rz2= 10 kQ, R3 = 32 kQ and C; = 100 nF for a | kHz
PWM input signal with a 50% duty cycle. The digital circuit providing the PWM pulses is modelled as a pulse voltage source.
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hold the identification code of the circuit.

7. Output Stage module to set-up the MISO

output of the SPI interface.

Each of the VHDL modules and the top level
schematic were simulated using VHDL test benches
and operation verified before attempting to synthe-
sise the design and configure the CPLD.

Table 3 provides a summary of the results from
the design synthesis and fitting to the XC2C256-
TQ144 CPLD where the CPLD was operating on a
master clock frequency of 8 MHz.

The design is however readily targeted to another
CPLD or FPGA by reassigning the device and I/O
pin placements. The CPLD used is a small device
with limited resources when compared to the size and
resources of the FPGA. An FPGA implementation
would enable additional hardware operations such as
light detector output capture (in a digitized form via
an ADC), storage, analysis and communications with
the host processor. Xilinx ISE version 14.7 was used
with default synthesis settings, pin positions user de-
fined and all I/O pins set to 3.3 V LVCMOS (low-
voltage CMOS) standard.

Table 3: Synthesis and implementation statistics.

Device Resource usage

Xilinx Macrocells Used 238/256 (93%)

Coolrunner- | Pterms Used 582/896 (65%)

II XC2C256- | Registers Used 154/256 (61%)

TQ144 CPLD Pins Used 27/118 (23%)
Function Block 416/640 (65%)
Inputs Used

Although the design operation could be simulated,
it was also necessary to also verify the operation of
the design using physical hardware. The photograph
in Fig. 10 shows the first prototype hardware (prior
to a final PCB level implementation). The CPLD
operates on a +3.3 V power supply and is shown to
the top right of the image on a Digilent Coolrunner-II
Starter Board [16]. This connects, via voltage level
shifting circuitry (5 V to 3.3 V level translation), to
an Arduino UNO microcontroller board (bottom left)
[17]. The Arduino UNO microcontroller board acts
as the host processor and also communicates with a
connected computer. The analog output circuitry,
excluding the analog switches in the version of the
prototype shown in Fig. 10, is located on the solder-
less breadboard to the top left. Information is also
displayed on the liquid crystal display (LCD, bottom
right) to provide user feedback on the host proces-
sor status. The RGB LEDs used were driven with
a maximum current of 20 mA. Hence, a 50 ) sens-
ing resistor (5 x 10 Q resistors with 1 % tolerance)
was required. The op-amps required a high slew rate
in order to provide a fast transition from a low to a
high voltage when providing the PWM signal current
directly in order to ensure that the digital code was
accurately represented. This would be particularly

important for higher PWM frequencies and when us-
ing alternative encoding techniques such as PDM.

Fig.10:
viewed: left (example SSn and MOSI signals) and
right (example red and green LED PWM signals).

First prototype hardware with signals

5. CMOS ASIC CONSIDERATIONS
5.1 Introduction

In this paper, the design architecture and prin-
ciples of operation of the circuit design have been
introduced and discussed. The aim here was to iden-
tify the main building blocks for this programmable
RGB LED driver circuit with a role to operate as the
transmitter within an optical fiber sensor system and
to identify design issues relating to discrete and ASIC
implementations of the design. The work discussed
in this paper has considered the design, simulation
and prototyping of the system using discrete com-
ponents. This would provide for a working solution
that could be used directly if designed onto a suit-
able PCB. However, the ultimate aim of the work
was to identify the requirements for and to develop
the concept for an ASIC implementation of the de-
sign, integrating as much of the circuity as practical
such that the physical size of the circuit could be re-
duced. For example, the circuit uses three op-amps
(one op-amp per LED color) which, in discrete op-
amp packages, occupy a significant PCB area, even
when using surface mount packaging. Hence, inte-
grating devices such as the op-amps, analog switches
and resistors would immediately provide for an area
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saving. The design of a custom mixed-signal circuit
that can be implemented both in discrete component
and integrated circuit forms has been considered. The
digital circuit was prototyped in programmable hard-
ware that could be either CPLD or FPGA devices.
However, as previously identified, with the LED con-
stant current source circuit then it would also be pos-
sible to utilise existing, commercial devices. With the
increased use of LED lighting in commercial and do-
mestic applications, the range of available LED driver
circuits is increasing. For example, the TLC5940
from Texas Instruments [18] is a 16-Channel LED
Driver With DOT Correction and Grayscale PWM
Control. It incorporates a digital serial interface, a
programmable maximum LED current of 120 mA us-
ing an external resistor and 12-bit PWM current con-
trol. The CAT4101 from ON Semiconductor [19] is a
1 A Constant-Current LED Driver with PWM Dim-
ming. It can support up to 1 A maximum current and
receives a PWM current control input from the user.
Therefore, there would be a choice as to what target
technology to use and then to use the appropriate
technology for the application. The work completed
here had an important aim in that it provided addi-
tional understanding into the technology options and
implications of the choices made.

5.2 Circuit integration

Fig. 11 shows the architecture of the design con-
sidered as an ASIC solution. This mixed-signal design
would operate on a single +3.3 V power supply for
both the digital and analog circuits. The ASIC design
described in this paper was developed as a schematic
and evaluated using an analog circuit simulator. The
layout considerations and evaluation of a fabricated
device are not considered. However, as a packaged
IC, the design would require a minimum of 19 pins:
e 2 digital power supply (DVpp and DGND).
e 2 control (Clock and ResetN).
e 4 SPI communications (SSn, SCK, MOSI and
MISO).

e 2 analog power supply (AVpp and AGND).

e 9 analog pins for the three LEDs (3 pins per
LED).

As the high current signals would be “of f — chip”
and controlled by an external transistor, the limited
number of power supply pins would be sufficient in
this case. However, the use of more power supply
pins would be required if higher current levels were
considered “on — chip”. The circuitry inside the dot-
ted area represents the circuitry that would readily be
integrated. The digital circuitry would be straightfor-
ward to integrate by either synthesising the existing
VHDL code or by designing the digital logic directly.
Standard digital logic library cells provided with the
process design kit have been used as it would not be
necessary to design custom digital logic cells. The
analog and mixed-signal parts of the design would
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however need to be designed as full-custom cells.
Considering the op-amp circuit itself, this circuit that
would be placed on the silicon die within the package
would be significantly smaller in surface area than
the packaged op-amp device. This could be readily
integrated with other analog circuitry and the digi-
tal circuitry to form a mixed-signal ASIC. However,
there would be a cost associated with designing and
fabricating such an integrated design.

SPI communications Clock Reset

Serial | Digital '
|| communications "l control
interface and timing

$ =

Internal control signals
Data registers

‘ | Vpp (LED)
PWM signal
generator i
. R
PWM signal
conditioning

4

Fig.11: ASIC design: principle of circuit integra-
tion (showing one LED output only).

With the current control output mode of oper-
ation, the transistor is shown here “of f — chip”.
If a suitable fabrication process was available, sup-
porting suitable “on — chip” power electronic compo-
nents then the transistors could also be integrated. A
process that allows for low- and high-voltage opera-
tion, along with the integration of power transistors,
would be required. Use of such a process would de-
pend on cost and the ability to reconfigure the cir-
cuit operation. However, the current levels involved
and the need to switch output signals would need to
be considered. The current sensing resistors remain
“of f — chip” to allow for their values to be changed,
although if an “on — chip” resistor arrangement were
possible within the fabrication process then digital
control via the SPI of “on—chip” resistor values could
be used using a resistor and analog switch arrange-
ment. The host processor connections are shown in
Fig. 12.
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Once the LED driver circuit (the slave) has been
selected by asserting a low level on SSn, the first set
of four clock signals set the register address (43— A0)
and the second set of eight clock signals set the regis-
ter data (D7—DO0). Both the address and data values
are applied using the M OSIT signal and are stored in
the slave on the rising edge of the clock signal SCK.
The third set of eight clock signals outputs internal
signals from the slave and are monitored by the mas-
ter using the MI1SO signal. These values are valid
on the falling edge of SCK. The MI1SO output is a
tristate signal and so can be set to a high impedance
state as well as producing logic 0 and 1 levels.

The analog switch used to set the op-amp in-
put signal would be implemented in CMOS using a
CMOS transmission gate (TG) as shown in Fig. 13.
Each switch uses an nMOS and pMOS transistor with
minimal gate length (i.e., 0.35 pum) and a transistor
width set according to the required ON resistance
value required for the switch so that the maximum
switch ON resistance is within an allowed value. The
lower the switch ON resistance, the wider the transis-
tor gate widths that are required. The switch connec-
tions between A and B are controlled by the logical
value on the ON/OFF control input signal. With this
type of solid-state switch, the switch ON resistance
is dependent on the transistor sizes and the value of
the applied voltage. The switch ON resistance versus
voltage is of the shape shown in Fig. 14.

+33V
SPI Master SPI Slave
SSn » SSn
SCK » SCK
MOSI » MOSI
MISO MISO
oV Master to slave connections
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Fig.12: SPI communications: system programming
and internal signal monitoring.

This resistance is non-zero, varies with switch in-

put voltage (considering node A as the input signal
node and the voltage is applied between A and GN D)
and is a maximum when the switch voltage is between
the GND and Vpp values.

m pMOS

Vop
GND

& nMOS

ON/OFF
control

Fig.13: CMOS analog switch.

Additionally, switch capacitance and charge injec-
tion issues arise if the switch is to be used in a dy-
namic switching arrangement as would be seen in
switched capacitor circuits. However, here charge in-
jection would not be an issue as the switches are set
prior to use and so the switching arrangement is con-
sidered to be static (i.e., the switch settings are ini-
tially applied and any transient signals due to tran-
sistor switching are not present).

Switch ON resistance between A and B

. Switch voltage
" (Vap)

GND Vb

Fig.14: CMOS analog switch ON resistance versus
voltage characteristic.

The ASIC design was created as a hierarchi-
cal schematic design using the Cadence Virtuoso
Custom IC Design Environment (version IC 6.1.7).
Fig. 15 shows the analog switch schematic that is
the schematic representation of Fig. 13.

This switch was then integrated into the sig-
nal conditioning circuit of Fig. 7. The Virtuoso
schematic for this circuit is shown in Fig. 16.

Finally, the signal conditioning circuit was inte-
grated into an LED driver circuit consisting of the
PWM generator circuit, signal conditioning circuit
and op-amp as shown in Fig. 17. The PWM gen-
erator circuit was implemented using the digital core
logic standard cell library. Fig. 17 shows the driver
circuit for one LED and hence this design was instan-
tiated three times.

The size of the ASIC (silicon) die and packaging re-
quirements would determine the cost of the ASIC ver-
sion and if the cost were excessive when compared to
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» Y wivvom F
o . . @
Fig.15: CMOS analog switch circuit schematic in

Cadence Virtuoso.

Fig.16: PWM signal conditioning circuit schematic
in Cadence Virtuoso.

Fig.17: Analog output circuit schematic in Cadence
Virtuoso.

a discrete version for a particular application, the dis-
crete version would be preferred. The analog switch
and integrated resistor arrangement, as depicted in
Fig. 7, would occupy a significant area of the silicon
die due to number of components required and physi-
cal area of silicon that each component would occupy.
However, for some applications then the ASIC imple-
mentation would be a preferred option irrespective of
the cost implications. The overall core circuit design
is shown as a schematic in Fig. 18. The partitioning
of the design was the same as the CPLD implementa-
tion as shown in Fig. 9. However, the key difference
between Figs. 9 and 18 is that with the ASIC design,
the analog signal conditioning circuitry and the op-
amps are included in Fig. 18. The final step would
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be to integrate the core with the periphery pads (sig-
nal inputs and outputs) along with the power supply
pads

Fig. 19 shows the top level schematic with pad
placement in the schematic in the same position as
the pad placement. With the requirement for 19 pins,
a suitable package would be a 20 pin SOIC (Small
Outline Integrated Circuit Package).

The pad placement was arranged to separate the
digital and analog parts into separate areas on the
die to minimize cross-talk from the digital circuitry
into the analog circuitry. The digital pads are placed
top and left, and the analog pads are placed right and
bottom.

6. CONCLUSIONS

This paper has discussed the design of a mixed-
signal and programmable LED driver electronic cir-
cuit for current control of a RGB LED to be used in
an OFS system. The circuit allows for a number of
different design configurations for use in a range of
possible optical fiber sensor system transmitter cir-
cuits. The architecture for the mixed-signal design
was considered for both discrete implementation us-
ing discrete components and ASIC solution using a
0.35 pum CMOS fabrication process. The design op-
eration in simulation and the hardware requirements
were considered. The paper commenced with a ra-
tionale for the RGB LED light source in an optical
fiber sensor system as it may provide benefits when
compared to a single wavelength light source. The
ability to combine wavelengths of red, green and blue
light can be used with different sensors to provide
additional information on the medium being sensed.
The paper then introduced and discussed the design
of the circuit chosen for this arrangement and the
operation of the analog part of the circuit was pre-
sented. The implementation of the digital part within
a CPLD and its control of the LED light intensity was
then discussed before completing with a discussion
into the requirements for an ASIC implementation.
The work undertaken here was aimed as creating a
flexible LED driver circuit that could be used in a
range of OFS systems where the light source was an
RGB LED. The design was developed and prototyped
as a discrete solution using a CPLD and discrete ana-
log components. The operation of this prototype was
evaluated in both simulation and as a physical circuit.
Based on verification of the operation of the discrete
solution, a CMOS ASIC design was developed and
simulated. The evaluation of the ASIC solution in a
0.35 pm CMOS process was undertaken in simulation
only.

Future work would consider design layout issues,
including evaluation of the design operation incorpo-
rating layout induced parasitic components (both re-
sistance and capacitance). Further evaluation would
be required before the design could be fabricated and
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F
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Fig.18: Core circuit schematic in Cadence Virtuoso.

Top level schematic in Cadence Virtuoso.

physical testing of fabricated prototypes undertaken.
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