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3-Channel, Low Noise, Low Power, 16 Bit,

AD7798 | 5 A ADC with On-Chip In-Amp

AD8615/ | Precision Single/Quad Rail-to-Rail
AD8618 Input/Output Operational Amplifier

Ultralow Noise, High Accuracy 2.5V

ADR4525 Voltage Reference

Programmable Gain Precision Difference

AD8271 Amplifier

ADG633 | CMOS, £5V/+5V/+3V, Triple SPDT Switch

CMOS, 2.5 Q Low Voltage, Triple SPDT

ADG733 Switches

Dual-Channel Colorimeter with Programmable Gain Transimpedance Amplifiers and
Synchronous Detectors

EVALUATION AND DESIGN SUPPORT

Circuit Evaluation Boards
CN-0312 Circuit Evaluation Board (EVAL-CN0312-SDPZ)
System Demonstration Platform (EVAL-SDP-CB1Z)
Design and Integration Files
Schematics, Layout Files, Bill of Materials

CIRCUIT FUNCTION AND BENEFITS

The circuit shown in Figure 1 is a dual-channel colorimeter that
features a modulated light source transmitter and a synchronous
detector receiver. The circuit measures the ratio of light absorbed
by the sample and reference containers at three different
wavelengths.
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The circuit provides an efficient solution for many chemical
analysis and environmental monitoring instruments used to
measure concentrations and characterize materials through
absorption spectroscopy.

The photodiode receiver conditioning path includes a
programmable gain transimpedance amplifier for converting
the diode current into a voltage and for allowing analysis of
different liquids having wide variations in light absorption.

The 16-bit sigma delta (2-A) analog-to-digital converter (ADC)
provides additional dynamic range and ensures sufficient
resolution for a wide range of photodiode output currents.

Using the modulated source and synchronous detector rather than
a constant (dc) source, eliminates measurement errors due to
ambient light and low frequency noise and provides higher
accuracy.
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Figure 1. Dual-Channel Colorimeter with Programmable Gain Transimpedance Amplifiers and Lock-In Amplifiers
(Simplified Schematic: All Connections and Decoupling Not Shown)
CIRCUIT DESCRIPTION

The AD8618 quad op amp forms three simple current sources to
drive the LEDs with a constant current. The EVAL-SDP-CB1Z
generates a 5 kHz clock that modulates one LED by using the
ADG®633 single pole, double throw (SPDT) switch to turn its
current source’s reference voltage on and off. Setting the current
sources for the other two LEDs to 0 V keeps them off while not
in use.

The beam splitter sends half the light through the sample container
and half the light through the reference container. The containers
absorb different amounts of light depending on the type and
concentration of material in each container. The photodiode

on the opposite side of each container generates a small current
proportional to the amount of light received.

The first stage of each channel consists of an AD8615 op amp
configured as a transimpedance amplifier to convert the photo-
diode output current to a voltage. The AD8615 makes a good
choice for a photodiode amplifier because of its very low input
bias current (1 pA), input offset voltage (100 uV), and noise

(8 nV/\VHz). Although the signal is later ac-coupled, it is still
important to minimize dc errors in this stage to avoid losing
dynamic range. The op amp input bias current multiplied by
the feedback resistor value appears at the output as an offset
voltage. The op amp input offset voltage appears at the output

with a gain dependent on the feedback resistor and the photodiode
shunt resistance. In addition, any op amp input voltage offset
appears across the photodiode, causing the photodiode dark
current to increase.

Figure 2 shows a typical transimpedance amplifier with a single
feedback resistor and its ideal transfer function.

——O Vo = Ip x Re

11406-002

Figure 2. Transimpedance Amplifier Transfer Function

Because some solutions under test may have very strong absorption
characteristics, it is sometimes necessary to use large feedback
resistors to measure the very small currents generated by the
photodiode, while at the same time being able to measure the large
currents corresponding to the highly diluted solutions. To address
this challenge, the photodiode amplifiers in Figure 1 include two
different selectable gains. One gain is set at 33 kQ), while the other is
setat 1 MQ. When a single SPDT switch is connected to the output
of the op amp to switch the feedback resistors, it can result in a
transimpedance gain error due to the on resistance of the ADG633.
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To avoid this problem, Figure 3 displays a better configuration
where the ADG633 inside the feedback loop selects the desired
resistor, while a second switch connects the next stage of the system
to the selected feedback loop. The voltage at the output of the
amplifier is

VTIA OUTPUT = IPHOTODIODE X RFEEDBACK
instead of

Via ourpur = Iproropiope X (Reeepsack + Ron apcess)

which represents a gain error. However, because one of the
ADG633s is outside the feedback loop, the output impedance of
this stage is the on resistance of the ADG633 (typically 52 Q),
rather than the very low output impedance associated with the
output of an op amp in closed-loop operation.

Note that the feedback capacitor, Crs, is required for stability to
compensate for the pole introduced by the total input capacitance
(diode capacitance plus op amp input capacitance) and the
feedback resistor, Rex. For details of this analysis, see Section 5
of Practical Design Techniques for Sensor Signal Conditioning.

Even the best rail-to-rail output amplifiers like the AD8615
cannot swing their output completely to the rails. In addition, the
input offset voltage on the AD8615, although very small, can
be negative. Rather than including a negative power supply to
guarantee that the amplifier never clips, and so that it can drive
to 0V, the ADR4525 reference biases the photodiode and amplifier
at 2.5 V. A 5V linear regulator provides power to the analog and
digital sections of the board.

ADG63

Vo = Ip* Re2
Q
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L
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V' =lp x (Rg2 + Ron)

Figure 3. Programmable Gain Transimpedance Amplifier

The output voltage of the photodiode amplifier swings between
2.5V and 5.0 V. For the 33 kQ range, this 2.5 V output span
corresponds to a full-scale photodiode current of 75.8 pA. For
the 1 MQ) range, it corresponds to a full-scale photodiode current
of 2.5 uA. When operating in the 1 MQ gain setting, it is important
to shield the photodiode from external light to prevent the
amplifier from saturating. Although the synchronous rectifier
described in the following paragraphs strongly attenuates any
frequencies that are not synchronous with the LED clock, it
cannot function properly if the previous stages are saturated.

The gain setting for each channel is independently selectable
through the EVAL-SDP-CBI1Z board.

The next stage is a simple buffered ac-coupled filter. The cutoff
frequency of the filter is set at 7.2 Hz; it removes any output
offset voltage, and attenuates low frequency light pollution from
incandescent and fluorescent lights and any other stray light
entering the photodiodes. The output of the ADR4525 also
biases this circuit at 2.5 V; therefore, the output signal swing of
this stage is nominally from 1.25 V t0 3.75 V.

The circuit that follows the ac-coupled filter is a synchronous
rectifier built with an AD8271 difference amplifier and an ADG733
triple SPDT switch. The switches within the ADG733 are in series
with the internal 10 kQ) gain setting resistors of the AD8271;
therefore, the 4.5 ) maximum on resistance of the ADG733
results in only a 0.05% gain error and less than 1 ppm/°C of
temperature drift.

The rest of the system uses ADG633 switches because of their
very low leakage currents and low parasitic capacitance.

When the clock driving the LEDs is in a high state, the switches
within the ADG733 configure the AD8271 for a transfer function
of simply

Vo=V

where:

Vo is the output of the synchronous detector.

Viv is the input to the synchronous detector, and it ranges from
25V to3.75V.

With this configuration, the synchronous rectifier acts as a
unity-gain amplifier.
When the clock driving the LED is in a low state, the switches

within the ADG733 configure the AD8271 for a transfer
function of

Vo=2Vrer— Vin

where:
Vrer is the 2.5 V output from the ADR4525.
Viv ranges from 1.25 V to 2.5 V.

In this case, the output of the synchronous rectifier is 3.75 V
when the input is 1.25 V (the smallest output voltage possible
from the ac-coupled stage) and 2.5 V when the input is 2.5 V
(midscale out of the ac-coupled stage). In this configuration, the
synchronous rectifier has essentially a gain of —1, biased around
the +2.5 V reference voltage.
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Figure 4. System Block Diagram and Time-Domain Waveforms at Each Step

Figure 4 shows a block diagram of the system with the voltage
range at each stage. The result of the synchronous rectifier
circuitis a dcvoltage that varies from 2.5 V whenno lightarrivesat
the photodiode to 3.75 V for a full-scale light input. This output
voltage corresponds to a full-scale output swing of 1.25'V.

The circuit filters out signals at frequencies that are not
synchronous to the LED clock (or its odd harmonics, because
the clockis a square wave). In the frequency domain, the low-pass
filter on the output of the AD8271 looks like a band-pass filter
around the LED clock frequency. The lowerthe bandwidth of
this filter, the more the synchronous rectifier rejects the out-of-
band noise. The cutoff frequency of this filter is set to 16 Hzasa
compromise between noise rejection and settling time. Itis important
to note that the bandwidth ofthisfilter is around the LED clock.
For example, if the LED is modulated at 5 kHz, the 3 dB pass
band of the synchronous detectoris from 4.984 kHz to 5.016 kHz.

The final stage of the system is the AD7798 low noise 16-bit X-A
ADC. This ADChasa builtin programmable gain amplifier (PGA)
with a differential input. Connecting the 2.5V reference voltage
to the AIN— terminal and setting the PGA gain to x2 allows it
to map the2.5V t03.75 V output of the synchronous rectifier to a
full-scale 16-bitoutput. In addition, the output filter ofthe AD7798
provides a minimum of 65 dB of rejection at 50 Hzand 60 Hz,
further attenuating any noise from the synchronous detector.

To verify that the front-end circuitry does not contribute significant
noise to the system, data wasacquired with the LEDs disabled.
The synchronous detector still operatesatthe LED clock frequency;
however, nolight synchronous to this clock is detected. Therefore,
it removesall dcand ac signals except for the errors fromthe
AD8271 and the ADC. Figure 5 shows the noise in this
configuration, which is less than 1 LSB for one of the channels
(ADC inputcentered between two codes) and 1 LSB peak-to-peak
for the other channel (ADC input in transition region between
adjacent codes). In addition, notice that the measured voltages
are negative by a few microvolts, which is the expected behavior
described in the AD8271’s typical distribution ofthe offset error.
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COMMON VARIATIONS

Changing the values of the feedback resistors on the photodiode
amplifiers changes the amplifier gains. This is an easy way to
customize the circuit for a specific application with different
light levels. However, the compensation capacitor mustalso be
changed to maintain the same bandwidth and guarantee the
amplifier is stable.

For systemsmeasuring extremely low levels of light, the cutoff
frequency ofthe synchronous detector’s output low-pass filter can
be set to a much lower frequency for the highest performance at
the expense of long measurement cycle times.

Because the light output of the LEDs changes with temperature,
the system makes measurements as a ratio of the sampleand the
reference channels. The photodiodes have a gain tolerance of up
to +11%; therefore, evenratiometric variations include some drift
as the LED output changes with time and temperature. Adding
an optical feedbackloop to control the amplitude, the LEDs
greatly reduce light variations with temperatureand mayeven
make it possible to make accurate single- channel measurements.
Figure 7 shows the ratio of readings from the reference channel
to the sample channel during a typical 200 sample acquisition
time window.
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Figure 6. Ratio Readings After Calibration (Red LED Enabled and Distilled
Waterin Sample and Reference Containers)

CIRCUITEVALUATIONANDTEST

This circuit uses the EVAL-CN0312-SDPZ evaluation board
and the EVAL-SDP-CB1Z system demonstration platform
(SDP) evaluation board.

11406-006

The CN-0312 Evaluation Software communicates with the
EVAL-SDP-CB1Z to capture data from the EVAL-CN0312-SDPZ.

Equipment Needed

The following equipment is needed:

e A PCwith an USB portand Windows® XP or Windows
Vista (32-bit), or Windows 7 (32-bit)

e The EVAL-CNO0312-SDPZ evaluation board

e The EVAL-SDP-CB1Z evaluation board (SDP)

e A6Vdcto12Vdc 500 mA power supply

e  The CN-0312 Evaluation Software

e Distilled water and testliquid samples

Getting Started

Load the evaluation software by placing the CN-0312
Evaluation Softwareinto the CD drive of the PC. Using My
Computer, locate the drive that contains the evaluation software
and open the Readme file. Follow the instructions contained in the
Readme file for installing and using the evaluation software.

Functional Diagram

A functional block diagram of the test setup is shown in Figure 8.
The EVAL-CN0312-SDPZ-SCH pdffile gives the complete
circuit schematic. This file is contained in the CN0312 Design
Support Package.

PC
USB
= LEDs L EXTERNAL
6V DC
REFERENCE |
CON A & & CONTAINER TO 12v DC
al|l |o
OR
Z z BEAM D2
CONB(Z ™ o SPLITTER
<) <)
N N
- -

SAMPLE
CONTAINER

EVAL-SDP-CB1Z

PHOTODIODES
D3 (NOTICE CORRECT
ORIENTATION OF
ANODE TAB)
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EVAL-CN0312-SDPZ

Figure 7. Test System Functional Diagram

Setup

Bend the leads on the photodiodesat 90°and insert them into
D2 and D3. Refer to Figure 8 for the correct orientation of the
anode terminal on each photodiode.

Once installed, ensure that the photodiodes stand approximately
15 mm from the printed circuitboard (PCB).

Connect the 120-pin connector on the EVAL-CN0312-SDPZ
to the CON A connector on the EVAL-SDP-CB1Z. Connect
anexternal 6V dc to 12 V dc power supply to J2 on the EVAL-
CNO0312-SDPZ and connect the USB cable supplied with the
EVAL-SDP-CB1Z between the USB port on the PC and the
EVAL-SDP-CB1Z. The EVAL-SDP-CB1Z derivesits power
from the USB port on the PC.

Rev.0 | Page 5 of 7



http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
ftp://ftp.analog.com/pub/cftl/CN0312
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
ftp://ftp.analog.com/pub/cftl/CN0312
ftp://ftp.analog.com/pub/cftl/CN0312
ftp://ftp.analog.com/pub/cftl/CN0312
http://www.analog.com/CN0312-DesignSupport?doc=CN0312.pdf
http://www.analog.com/CN0312-DesignSupport?doc=CN0312.pdf
http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf

CN-0312

Test

Turn on the power to the external power supply and launch the
evaluation software. The software is able to communicate to the
EVAL-SDP-CBI1Z if the AnalogDevices, Inc., System Development
Platform driver appears in the Device Manager. Once USB
communicationsare established, the EVAL-SDP-CB1Z can send,
receive, and capture serial data from the EVAL-CN0312-SDPZ.

The CN-0312 Evaluation Software Readme file contains
information and details regarding how to use the evaluation
software for data capture. The SDP user guide (UG-277) contains
information regarding the EVAL-SDP-CB1Z.

The system requiresan initial calibration to compensate for
misalignment between the LEDs, beam splitter,and photodiodes,
as wellas to compensate for any mismatch in the response of
the photodiodes. To calibrate the system, fill the two containers
with distilled water and insert them into the square holesin the
PCB. Select the 33 k() gain for both channels and select Initiate
Calibration Sequence within the Calibration pull-down menu.
The software turnson each of the three LEDs oneat a time and
measuresthe received light reaching the reference and sample
photodiodes. The software calculatesa multiplier for each LED
color, so that

\%
REFERENCE_CHANNEL

— " K=1
VSAMPLE?CHANNEL

where Kis the calculated calibration constant. After performing
a calibration, the software uses the calibration constants in all
subsequent measurements.

In the field of spectroscopy, absorbance is defined as the logarithmic
ratio of the light reaching the material under test to the light
transmitted through the material. The Beer-Lambert law states
that the amount oflight transmitted through a material decreases
exponentially with increasing path length and concentration. By
defining absorbance as a logarithm, it is directly proportional to
the concentration of the material (given a constant path length)
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Figure 8. Absorbance Line for Yellow Number 5 Dye Under 470 nm Light

For a simple way to verify this theory without resorting to
harmful chemicals, measure the concentration of dye used for
food coloring. Figure 9 shows experimental results from different
concentrations ofyellow Number 5 dye when measured with the
EVAL-CN0312-SDPZ. Yellow solutions strongly absorb blue
light; therefore, the measurements were taken using the blue
(470 nm) LED as the source. The x-axis shows the volume
concentration (whichis in terms of milliliters of dye per milliliter of
water; therefore, it is unit less), and the y-axis shows the absorbance.
Aspredicted by the Beer-Lambertlaw, the absorbance varies
linearly with concentration.

In addition to concentration measurements, this board can also
characterize and identify materialsbased on their lightabsorption
at different wavelengths. Select Analyze Sample within the
Automated Data Collection pull-down menu, to measure each
color and display the results on the front panel. It is possible to
build a database of known substances and then match unknown
samples to the substances in the database. For example, it is
common to use pH measurement solutions that change color
according to their pH. By building a database of known pH levels,
the system can identify the color of a sample and match it to the
correct pH level.
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Figure 9. Photo of EVAL-CN0312-SDPZ and EVAL-SDP-CB1Z

LEARN MORE

CN-0312 Design Support Package:
http:/www.analog.com/CN0312-DesignSupport
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Skoog, Douglas A., F. James Holler, and StanleyR. Crouch. “An

Introduction to Spectrometric Methods.” Instrumental
Analysis. USA: Brooks/Cole, Cengage Learning, 2006.

Data Sheets and Evaluation Boards
AD7798 Data Sheet

ADA8615Data Sheet

ADA8271 Data Sheet

ADG633 Data Sheet

ADG?733 Data Sheet

ADR4525 Data Sheet
REVISION HISTORY
3/13—Revision 0: Initial Version

(Continued fromfirst page) Circuits from the Lab drcuits are intended only for use with Analog Devices products andare the intellectual property of Analog Devices orits licensors. While you
may use the Circuits from the Lab circuits in the design of your product, no other license is granted by implication or otherwise under any patents or other intellectual property by
application or use of the Circuits from the Lab drcuits. Information furnishedby AnalogDevices is believed to be accurate and reliable. However, Circuits from the Lab circuits are supplied
"as is" and without warranties of any kind, express,implied, or statutory including, but not limited to,any implied warranty of merchantability, noninfringement or fitness for a particular
purpose and no responsibility is assumed by Analog Devices for their use, nor for any infringements of patents or other rights of third parties that may result from their use. Analog Devices
reserves the right to change any Circuits from the Lab circuits at any time without notice but is under no obligation to do so.

©2013 Analog Devices, Inc. All rights reserved. Trademarks and
registered trademarks are the property of their respective owners.
CN11406-0-3/13(0)

ANALOG
DEVICES

Rev.0 |Page 7 of 7



http://www.analog.com/EVAL-CN0312-SDPZ?doc=CN0312.pdf
http://www.analog.com/EVAL-SDP-CB1Z?doc=CN0312.pdf
http://www.analog.com/CN0312-DesignSupport?doc=CN0312.pdf
http://www.analog.com/CN0312-DesignSupport?doc=CN0312.pdf
http://www.analog.com/high_impedance_sensors?doc=CN0312.pdf
http://www.analog.com/high_impedance_sensors?doc=CN0312.pdf
http://www.analog.com/high_impedance_sensors?doc=CN0312.pdf
http://www.analog.com/ad7798?doc=CN0312.pdf
http://www.analog.com/ad8615?doc=CN0312.pdf
http://www.analog.com/ad8271?doc=CN0312.pdf
http://www.analog.com/ADG633?doc=CN0312.pdf
http://www.analog.com/ADG733?doc=CN0312.pdf
http://www.analog.com/adr4525?doc=CN0312.pdf
http://www.analog.com

CraHpapT
INeKTpPOoH
ﬂ CBAA3b

Mbl MOf04aA M aKTUBHO Pa3BMBAIOLLAACA KOMMAHWA B 061acTM  MOCTaBOK
3NEKTPOHHbIX KOMMOHEHTOB. Mbl NOCTAaBASEM  3/IEKTPOHHbIE  KOMMOHEHTbI
OTEYEeCTBEHHOIrO U MMMOPTHOIO NMPOWU3BOACTBA HAMPAMYIO OT NPOU3BOAMUTENEN U C
KpYMHEMLWKNX CKNaZ0B MUpa.

Enaro,a,apﬂ coTpygHn4ecTtesy C MMpPOBbIMU NOCTaBWMKaMWN Mbl OCYLLECTBIAEM
KOMMNNEKCHbIE N NN1aHOBblE MNMOCTABKU LumpoqaﬁLuero CNEeKTpa 3/1EKTPOHHbIX
KOMMOHEHTOB.

CobcTtBeHHan 3¢p@eKTUBHAA NOrMCTUKA M CKNag B obecneunBaeT HageKHYHo
MOCTaBKy MNPOAYKLMM B TOYHO YKa3aHHble CPOKM Mo Bcel Poccum.

Mbl ocyuiecTBisem TEXHUYECKYI0 MNOALEPKKY HAWWM  K/IMEHTaMm U
npeanpoaaxkHyto NPOBEPKY KayecTsa NpoayKumu. Ha Bce noctaBnsiemble NpoAyKTbl
Mbl MPEAOCTaBASEM TFAPaAHTUIO .

OcyuwiectBndem nNOCTaBKM NpoOAYKUMM nog, KoHTponem Bl MO PO Ha
npeanpuATUA BOEHHO-NPOMbIWIEHHOTO KoMnaekca Poccuun , a TakKe paboTtaem B
pamkax 275 ®3 c OTKpbITUEM OTAE/bHbIX CHETOB B YNONHOMOYEHHOM BaHKe. Cuctema
MeHeXMeHTa KayecTBa KomnaHum cooTBeTcTByeT TpeboBaHuam FOCT ISO 9001.

MWHUMaNbHbIE  CPOKM  MNOCTAaBKW, TMOKME  UeHbl, HeorpaHWYeHHbIN
aCCOPTUMEHT UM WHAMBMAYANbHbLIN MNOAXOA K KAMEHTaM ABAAIOTCA OCHOBOW ANA
BbICTPAMBaHMA A0FOCPOYHOIO M 3GPEKTUBHOIO COTPYAHMYECTBA C NPEeANPUATUAMM
PaANO3NEKTPOHHOMW NPOMBIWAEHHOCTU, NPEeanPUATUAMM BMNK u HayuHo-
nccnenoBaTeNbCKUMKU MHCTUTYTaMm Poccun.

C Hamu Bbl CTAaHOBMUTECH elle ycnewHee!

[HaLLIM KOHTAKTbI: \

TenedoH: +7 812 627 14 35

dNeKTpPOHHaA nouTa: sales@st-electron.ru

Appec: 198099, CaHkT-MNeTepbypr,
MpomblwneHHasa yn, gom Ne 19, nutepa H,
nometleHune 100-H Oduc 331
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