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INTRODUCTION This application note details how to set up the AD5940 and the
ADS8233 in a full bioelectric system that can perform
electrodermal activity (EDA), body impedance analysis (BIA),
and electrocardiogram (ECG) measurements through the same

The AD5940 is a high precision, ultra low power, analog front
end (AFE) system designed to excite and measure the current,

voltage, or impedance response of a sensor.
set of electrodes.
The AD5940 features two high precision measurement loops.

An ultra low power, sub 1 kHz loop and a high speed, sub
200 kHz loop allow the AD5940 to precisely measure the
impedance of a sensor.

The hardware used contains the AD5940 evaluation kit; which
includes the EVAL-ADICUP3029 Arm® based Arduino form
factor microcontroller; the EVAL-AD5940BIOZ evaluation
board; and the AD5940 Z test board shown in Figure 1.

EVALUATION KIT STACK PHOTOGRAPH
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Figure 1.
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EVALUATION KIT
EVALUATION KIT CONTENTS
The AD5940 evaluation kit includes the following:

e EVAL-ADICUP3029

e EVAL-AD5940BIOZ

e  AD5940 Z test board

e ECG cable

e  MicroUSB to USB cable

EVAL-ADICUP3029

The EVAL-ADICUP3029 is the main motherboard for the
evaluation kit. This board contains the on-board ADuCM3029
microcontroller. The ADuCM3029 is a leading edge Analog
Devices, Inc., Arm Cortex M3 devices and is used to communicate
to the AD5940 via the serial peripheral interface (SPI).

EVAL-AD5940BI0Z

The EVAL-AD5940BIOZ board contains the AD5940 and the
AD8233 chip used for ECG measurements. The EVAL-
AD5940BIOZ is an Arduino Uno form factor board that plugs
down onto the EVAL-ADICUP3029. This board contains the
necessary discrete components required for ECG, EDA, and
BIA measurements, including isolation capacitors and current
limiting resistors. This board also features an interface to
connect measurement cables and the AD5940 Z test board,
which models skin and body impedance. For more information
on the EVAL-AD5940BIOZ board, refer to the AD5940 User
Guide wiki page.

AD5940 Z Test Board

The AD5940 Z test board contains a network of resistors,
capacitors, and switches designed specifically for testing and
verifying measurements. The AD5940 Z test board can model a
range of body and skin impedances and plug into the EVAL-
AD5940BIOZ board via the USB connector. For more
information on the AD5940 Z test board, refer to the AD5940
User Guide wiki page.

ECG Cables

The ECG cables supplied with the evaluation kit are provided as
a means of connecting the hardware to a human body simulator
for ECG, BIA, and EDA measurements. Never connect the
ADS5940 evaluation board to the human body. Table 1 details
the name and color mapping for the supplied cables.

Table 1. Electrode Name and Color Mapping

Electrode Name Color
F+ Red
S+ Green
S— Blue
F— Black
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MEASUREMENT SYSTEM OVERVIEW
AD5940 OVERVIEW

The AD5940 data acquisition loop consists of a low bandwidth
loop, a high bandwidth loop, a high precision analog-to-digital
converter (ADC), and a programmable switch matrix.

The low bandwidth loop consists of a low power, dual-output
digital-to-analog converter (DAC) that generates the bias
voltage for the low power transimpedance amplifier (TIA)
(Vzero) and the bias voltage for the potentiostat amplifier
(Viias).

The low bandwidth loop is used for low bandwidth signals
where the frequency of the excitation signal is sub 200 Hz, such
as EDA measurements.

The high bandwidth loop consists of a high speed DAC that

is designed to generate a high frequency, ac excitation signal
when making impedance measurements, and a high speed TIA
designed to convert high bandwidth current signals up to

200 kHz into voltages measured by the ADC.

The high bandwidth loop is used for body impedance
measurements where the excitation frequency is in the 50 kHz
range.

The switch matrix is a series of programmable switches that
allows the connection of external pins to the high speed DAC
excitation amplifier and to the high speed TIA inverting input.

The switch matrix provides an interface to connect an external
calibration resistor to the measurement system, as well as
flexibility for connecting electrodes.

AD5940 BIOELECTRIC SYSTEM

This application note describes how the AD5940 can be used in a
software configurable bioelectric system with the AD8233.
Through software, the system is capable of measuring BIA,
EDA, or ECG on the same set of electrodes.
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2-WIRE BIOIMPEDANCE

BIOIMPEDANCE MEASUREMENT THEORY

The AD5940 can take 2-wire bioimpedance measurements for
general-purpose impedance measurements on the body or can
measure internal body tissues.

2-wire bioimpedance is a voltammetry measurement. To
measure an unknown impedance (Zuxknown), an ac excitation
the signal is applied across the unknown impedance. The
voltage of the excitation signal is measured. Then, the current
flow through the unknown impedance is measured. The current
is converted to a voltage to be measured by the ADC via the
TIA. A discrete Fourier transform (DFT) is performed on the
ADC data for the current and voltage values. Using the real and
imaginary parts, the magnitude is calculated to give the

unknown impedance voltage (Vz, ) and unknown

impedance current (IZUNKNOWN)'

Use the following equation to calculate the unknown
impedance magnitude of the sensor:

V,
Zunkxown MAG

Zynrnown = X Ry

ZUVKNDWN MAG
where:
Vz,ovownac is the magnitude of the unknown impedance
voltage.

Lo
current.
Ru1a is the value of the high speed TIA gain resistor in Q.

46 is the magnitude of the unknown impedance
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Figure 2. 2-Wire Bioimpedance Measurement Diagram

A bioimpedance measurement must conform to the IEC 60601
standard, which sets guidelines for the maximum allowable
current that can enter the human body. The resistor limits
(Rumir) the current. Cisox are the isolation capacitors that
guarantee that no dc current enters the body. Guidelines for
selecting the correct values can be found in the Calculations
section.

BIOIMPEDANCE SOLUTION USING THE AD5940

This section describes the blocks of the AD5940 used to
perform 2-wire bioimpedance measurements. As outlined in
the Bioimpedance Measurement Theory section, a 2-wire
bioimpedance measurement requires an ac voltage source, a
voltage measurement channel, and a current measurement
channel.

For 2-wire bioimpedance measurement, the impedance under
test can be connected between the CEO pin and SEO, DEO, or
AINX. For the purposes of this application note, Zuxknown is
connected between CEO and AIN1.

Excitation Signal

The AD5940 uses its waveform generator, high speed DAC, and
excitation amplifier to generate high frequency excitation
signals. The frequency is programmable from dc up to 200 kHz.
The signal is applied to the sensor through the CEO pin, as
shown in Figure 3. The signal amplitude is programmable up to
+607 mV.

Measuring Voltage

The voltage of the excitation signal is measured as the voltage is
applied to the sensor. The positive input to the ADC is the

P node, which connects to CEO via the switch matrix as shown
in Figure 3. The negative input to the ADC is the N node, which
connects to the negative input of the high speed TIA. Using the
DFT hardware accelerator, a DFT is performed on the ADC
data where the real and imaginary parts are calculated and
stored in the data first-in, first-out (FIFO).

Measuring Zynknown Current

To measure the Zunkvown current, the same excitation signal is
applied to the sensor. The high speed TIA converts the current
to a voltage to be read by the ADC via the gain resistor, Rria.
Similarly, a DFT is performed on the ADC results, and the real
and imaginary parts are stored in the data FIFO to be read by
the host microcontroller.

Calculating Zyknown

The AD5940 uses the sequencer to store commands. A host
microcontroller (in this case, the EVAL-ADICUP3029) writes
the required commands to the sequencer. These commands set
up the DAC, ADC, and TIA for measurements. The sequencer
executes the commands automatically, independent of the
microcontroller. The voltage measurement is performed first.
An interrupt is generated when the data FIFO is full. The
microcontroller then reads the FIFO and stores the real and
imaginary DFT results. The ADC mux is then configured to
connect the high speed TIA output to the ADC to measure
current. The sequence is rerun and the AD5940 generates an
interrupt when the data FIFO is full, which alerts the host
controller to read the data.
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Use the following equations to determine Zuninown:

_[2 2

|VMAG|— r+i
(2.2
|IZUNKNOWNMAG|_ Tt

[Visaal
MAG x

|ZUNKNOWN | = | Ry

ZUNKI\"O WN MAG

where:

Vg is the magnitude of the voltage across the sensor.

rand i are the real and imaginary components from the current
and voltage DFT measurements.

CALCULATIONS

To optimize the AD5940 for 2-wire bioimpedance
measurements, calculate the Ruwir value, add isolation
capacitors (Rrm), and calculate the precision resistor (Rcar)
value.

Calculate RLIMIT

To conform to IEC 60601 standards, limit the amount of ac
current entering the human body. The maximum allowable ac
current at is 500 pA at 50 kHz and is 600 pA at 60 kHz. When
calculating the Rumrr resistor value, the maximum output
voltage from the AD5940 is 1.2 V p-p (0.4243 V rms). Set the
maximum allowable ac current to 80% of maximum, or

400 pA rms. The following equation is the result of these values:

0.4243 V rms

HMIT T 400 HA rms

=1060.66

As such, a 1 kQ Ruwr is selected and is connected to the CEO
pin on the AD5940. This calculation ignores Cisox because of its
small size.

Isolation Capacitors

To conform to IEC 60601 standards, a 10 pA maximum dc
current is allowed to enter the human body. In this application,
the dc current is guaranteed to be zero due to the addition of
isolation capacitors. A value of 0.47 uF is selected for the
isolation capacitors because 0.47 uF is a sufficiently large
capacitance that is also available in small packages suitable for
wearable electronics. Cisos, the isolation capacitor on CEO, is
modified to 15 nF so the capacitor is suitable for EDA and BIA
measurements. See the EDA section for details on calculation.
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Figure 3. 2-Wire Bioimpedance Block Diagram
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Calculating Ry

To calculate Rris, the gain resistor for the high speed TIA, first
calculate the minimum impedance and maximum current of
the high speed TIA. In the following equation, Raccess1,, and

Raccessz, , represent resistances in leads connecting the sensor and
are assumed 0 Q. Solving the equation gives a Zyix = 1.2 kQ).

_ |2, 2
Zyn =N~ +i

2
(RLIMIT +Ryccersst,,, + Zunknown,,, T Raccess )

+(XC1501M,N +XCis0s,,,, )2

where:
Zy is the minimum impedance.
Zunknown, ; is the minimum unknown impedance. Assumed to

be 100 Q in this equation.
XCISOIMIN and XCISOZMIN are 67.73 Q at 50 kHz.

The maximum output voltage from the high speed DAC is
600 mV peak. Calculate the maximum current (Iuax) into the
TIA as follows:

Inax = 600 mV/Zymw = 500 pA
where Zu is the minimum impedance.

The peak voltage allowed at the TIA output is 900 mV peak
when the ADC programmable gain amplifier (PGA) gain is 1 or
1.5. As such,

Rra =900 mV peak /500 pA peak = 1.8 kQ.

There is no 1.8 kQ Rria option on the AD5940. Therefore, the
1 kQ option was selected.

Selecting Rca;

Rcaris a precision resistor used in conjunction with the high
speed DAC and excitation amplifier to generate accurate
currents. Rear, calibrates the high speed TIA gain resistor.
Optimally, select an Rcar value close to that of Rrua. In this case,
Rcar must be 1 kQ. To guarantee accuracy, the resistor must
have a 0.1% tolerance.

Calculating Zynknown

The AD5940 uses the sequencer to store commands. A host
microcontroller writes the required commands into command
memory, and the AD5940 executes the commands automatically.
The first measurement taken is the voltage measurement. It is
only necessary to measure the voltage once because the result is
stored. The sequencer then runs the measurement sequence
which applies the excitation voltage and measures the response
current performing a DFT on the data. The real and imaginary
parts are stored in the FIFO. The sequencer can be configured
to run periodically using the sleep and wakeup timer.

The host microcontroller reads the data FIFO to get the real and
imaginary results for the current measurement. Using these
values, the following equations determine the voltage
measurement magnitude and voltage measurement phase:

Voltage Measurement Magnitude =~r* +i°

—1i
Voltage Measurement Phase = tan—
r

To calculate the impedance, use Ohm’s law by dividing the
voltage magnitude by the current magnitude. Convert the
current measurement value into a voltage using Rra. This gain
must be taken into account. Therefore, the equation to
determine the unknown impedance is as follows:

Voltage Magnitude N

|Z UNKNOWN | = TIA

Current Magnitude

TAKING 2-WIRE BIOIMPEDANCE MEASUREMENTS
Hardware Setup

The EVAL-ADICUP3029, EVAL-AD5940BIOZ, and the
AD5940 Z test board are required to perform 2-wire
bioimpedance measurements. Stack the boards as shown in
Figure 1.

On the AD5940 Z test board, there are five switch banks, S1 to S5.
Bank S2 and Bank S4 simulate contact and lead impedances. S1
simulates bioimpedance. Note that S3 and S5 are not applicable to
2-wire bioimpedance measurements. To test measurement
accuracy, set all switches on S2 and $4 to the on position, which sets
the contact and lead impedance to zero. Toggle Switch 7 on Bank
S1 to set the unknown impedance value to 2 kQ), as shown in
Figure 4.
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Figure 4. Impedance Test Board
Firmware Setup

The AD5940 software development kit has a dedicated 2-wire
bioimpedance measurement example. To run the BIA
measurements on the evaluation hardware, the user can use the
Analog Devices SensorPal graphical user interface (GUI) tool
(see the AD5940) or the AR Embedded Workbench firmware
example.
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For quick prototyping, use the SensorPal tool. SensorPal
provides a number of configurable parameters to define the
measurement, as well as a quick graphing mechanism.

Alternatively, navigate to the Examples folder in the software
development kit and select AD5940_BIOZ-2WIRE >
ADICUP3029 > ADICUP3029.eww. Open the
ADICUP3029.eww file to open the project workspace in IAR
Embedded Workbench.

To run the project, take the following steps:

1. Compile and build the project.
2. Start the debugger to begin code execution.
3. Open a terminal program such as RealTerm and configure

the baud rate to 230400.

4. Select the communications port (COM) to which the
EVAL-ADICUP3029 is connected.

The measurement results are streamed over a universal
asynchronous receiver transmitter (UART) and can be saved to
a file for analysis.

To modify the default application parameters, use the
AD5940BIOZStructInit(void) function in the AD5940Main.c
file. The AppBIOZCfg_Type data structure contains the
configurable parameters for the application. For more details on
the firmware, refer to the AD5940_Library_
and_examples.chm file located in the doc folder in the
software development kit.

16807-006

Figure 5. BIA Project in IAR
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-14.762573
-14.758065
-14.768194
-14.764697
-14.762573

16807-007

Figure 6. Measurement Results Displayed on the Terminal
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Measurement Results

The measurement results displayed on the terminal are shown
in Figure 6. The magnitude is approximately 4162 Q) because
the 2-wire bioimpedance measurement measures the
impedance under test, the contact impedance, the current
limiting resistors, and the isolation capacitors.

For Figure 7,
RezMag = Ry + XCrsop + Rpey + RU|| R2+ XCig, + Ry,

+XCISOZ + RLIMIT2

where:

RzMag is the magnitude, or R1||R2 + C1.

Rumarr is a current limiting resistor to comply with IEC 60601.
XCisor is the reactance of Cisor.

Reci is the contact impedance.

R1 is used to model bioimpedance.

R2 is used to model bioimpedance.

Ric: is the contact impedance.

XCisoz is the reactance of Cisoz.

Rimmr2 is a current limiting resistor to comply with IEC 60601.

Rec1 Ciso1  Ryumm
A I AMA CEO
R2
RLg AD5490
C1
Rec2 Ciso2 Rtz
F—w—— AIn1

16807-008

Figure 7. Circuit with Limiting Resistor and Isolation Capacitors

The Impedance Profiling 2wireIEC.xls workbook provides
equations for calculating expected results, taking into account
the limiting resistors, isolation capacitors, and contact
impedances.

On the EVAL-AD5940BIOZ evaluation board, Runrri and Rinvra
are both 1 kQ, Cisor is 15 nF, and Cisoz is 470 nF. Assume that
Reci is 0. By entering these values into the workbook (as in
Figure 8), the theoretical values match closely with the
measured values. The small error is the result of the tolerances
of the components.

Value Default on Bio-Electric
10000
1.50E-08 1.50E-08
1.00E+03 1.00E+03
a 0
2.00E+03
1.00E+10
1.00E+04
1000 0
4. TOE-07 4 70E-07
Magnitude Phase §
Zrota, = 4147 142801 -0.267179495 £
Zrota = 4147 142801 -15.30825742 &

Figure 8. Impedance Profiling_2wirelEC.xls Workbook
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ECG

ECG MEASUREMENT THEORY

An ECG measures how the electrical activity of the heart
changes over time as action potentials propagate throughout the
heart during each cardiac cycle. An ECG does not directly
measure the cellular depolarization and repolarization within
the heart but rather the relative, cumulative magnitude of
populations of cells eliciting changes in their membrane
potentials at a given point in time. An ECG shows electrical
differences across the heart when depolarization and
repolarization of these atrial and ventricular cells occur.

Typically, the ECG is performed by placing two electrodes
directly on the skin and reading the potential difference
between the electrodes. This method is possible because these
signals are transmitted throughout the body. The detected
waveform features depend not only on the amount of cardiac
tissue involved but also on the orientation of the electrodes with
respect to the dipole in the heart. The ECG waveform looks
slightly different when measured from different electrode
positions, and typically, an ECG is obtained using a number of
different electrode locations (such as limb leads or precordial)
or configurations (such as unipolar, bipolar, and modified
bipolar).

For the purposes of an ECG, consider the human body as a
large volume conductor. The human body is filled with tissues
surrounded by a conductive jonic fluid. The heart is suspended
inside of that conductive medium. During the cardiac cycle, the
heart contracts in response to action potentials moving along
the chambers of the heart.

~4—— ONE CARDIAC CYCLE —»|

VENTRICULAR

SYSTOLE
VENTRICULAR

DIASTOLE

ATRIOVENTRICULAR | OPEN CLOSED OPEN CLOSED
VALVES

SEMILUNAR CLOSED OPEN CLOSED OPEN
VALVES

R R

ECG LEAD Il

0 01 02 03 04 05
TIME (Seconds)

16807-010

Figure 9. Typical ECG Waveform Compared to the Timing of Atrioventricular
and Semilunar Valve Activity, Segments of the Cardiac Cycle During Which
the Ventricles Are in Systole or Diastole

ECG SOLUTION USING THE AD5940 AND THE
AD8233

This section describes how to use the AD5940 and the AD8233
to take ECG measurements. Connect the four measurement
electrodes to the switch matrix of the AD5940. Figure 10
highlights the signal chain for ECG measurements. Connect
Electrode E4 to the right leg drive (RLD) input of the AD8233
directly. Join E1 and E2 by closing internal switches on the
AD5940 switch matrix and connecting to the AD8233 IN+
input via AFE2 by closing Switch P5 and Switch P6. Connect E3
to the AD8233 via AINO and AFE3 by closing Internal Switch N7
and Internal Switch N1. Connect the output of the AD8233 to
Auxiliary Input AIN6 on the AD5940.

The AD5940 uses the sequencer to store measurement commands.
A host microcontroller (in this case, the ADuCM3029) writes the
required commands to the command memory. The sequencer
runs the commands independent of the microcontroller. The
initialization sequence is run first to configure the voltage
references, the switch matrix, the ADC input source, and the
ADC filters. The measurement sequence runs periodically with
a user defined sample frequency to sample ECG data from the
AD8233 on the AING6 pin.
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Figure 10. Signal Chain of the AD5940 and the AD8233

TAKING ECG MEASUREMENTS
Hardware Setup

The EVAL-AD5940BIOZ board included in the evaluation kit is
ready to use (no hardware modifications are required). There
are a number of surface-mount resistors and capacitors
connected to AD8233 pins that set the system bandwidth. On
the EVAL-AD5940BIOZ board, the components were selected
for monitor bandwidth (0.34 Hz to 38 Hz) with a system gain of
296. To calculate the appropriate passive values for different cutoff
frequencies, download the AD8232_Filter_Design_Tool.zip file
found on the AD8232 product page.

This sport bandwidth (7 Hz to 21 Hz) is intended for
nonclinical applications such as a healthcare watch where ECG
peaks are of interest. For applications where other aspects of the
ECG waveform (such as the P wave, Q wave, S wave, or T wave)
are of interest, the monitor bandwidth is required.

The AD5940 evaluation kit is equipped with custom ECG
cables. These cables can connect to an ECG simulator for
testing the hardware. Connect the RLD electrode to F—.
Connect the right hand (RH) to F+ and S+. Connect the left
hand (LH) to S—, as shown in Figure 11.

Never connect the EVAL-AD5940BIOZ evaluation board to the
human body.

16807-112

Figure 11. ECG Simulator Connected to Evaluation Board

Firmware Setup

The AD5940 software development kit has a dedicated ECG
measurement example. To run the ECG measurements on the
evaluation hardware, the user can use the Analog Devices
SensorPal GUI tool or the IAR Embedded Workbench firmware
example.

For quick prototyping, use the SensorPal tool. SensorPal
provides a number of configurable parameters to define the
measurement, as well as a quick graphing mechanism.
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Alternatively, navigate to the Examples folder in the software
development kit and select AD5940_ECG > ADICUP3029 >
ADICUP3029.eww. Open the ADICUP3029.eww file to open
the project workspace in IAR Embedded Workbench.

To compile and run the project, perform the following steps:

1. Compile and build the project (refer to the AD5940 User
Guide wiki page).
2. Start the debugger to begin code execution.
3. Open a terminal program such as RealTerm and configure
the baud rate to 230400.
S

* 03X ADEG4OMaisc X

Dytug -
retum 0

B JA0icUPS24 - Dobug 1> |

T

4. Select the COM port to which the EVAL-ADICUP3029
will be connected.

The measurement results are then streamed over a UART and
can be saved to a file for analysis and to create graphs.

To modify the default application parameters, use the
AD5940ECGStructInit(void) function. The AppECGCfg_Type
data structure contains the configurable parameters for the
application. For more details on the firmware, refer to the
AD5940_Library_and_examples.chm file located in the doc
folder in the software development kit.

£:2 < 0> BOa 0 -, &ad;

16807-012

Figure 12. ECG Firmware in IAR Embedded Workbench
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Figure 13. ECG ADC Results
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4-WIRE BIA

4-WIRE BIA MEASUREMENT THEORY

The 4-wire BIA approach uses a high precision, ac voltage
source to excite a sensor with a known ac voltage (Vac).
Simultaneously, a common-mode voltage is applied across the
sensor. To calculate the impedance, measure the current (I) that
flows from the unknown impedance and the voltage across the
unknown impedance.

Calculate the impedance by using the following equation:

| | - ZUNI\'NDVI'N /
AD5940
Raccesst |, Rumir
AAAS 1T VAVY
Ciso1
C
Raccesss 1503
& Il
I}
ZUNKNOWN
Raccessa C'ISIO“
VWA i |
Raccess2 Cisoz
A m
1h 3
g
g

Figure 14. 4-Wire Bioimpedance Topology

In real-world applications, medical devices must conform to the
IEC 60601 standard. This standard limits the amount of dc and
ac voltage that can be applied to the human body. In Figure 14,
there are discrete isolation capacitors (Cisor, Cisoz, Cisos, and
Cisos) that ensure no dc voltage occurs across the body. Rumar
limits the current provided to the sensor to conform to the

IEC 60601 standard. Raccessx represents the resistances of the
electrodes connecting to the unknown impedance.

4-WIRE BIA SOLUTION USING THE AD5940

As outlined in the 4-Wire BIA Measurement Theory section, a
4-wire bioimpedance solution requires a precision ac voltage
source, a high precision current meter, and a precision
differential voltage meter.

The Precision AC Voltage Source section, the High Precision
Current Meter section, and the Precision Differential Voltage
Meter section describe how these components are implemented
on the AD5940.

Precision AC Voltage Source

The AD5940 uses a high speed DAC and waveform generator to
generate the precision ac voltage. An internal differential sense
configuration guarantees the accuracy of the voltage source by
connecting CE0 and AIN1 back into the excitation buffer.
Switch D5 in the programmable switch matrix connects the
output of the excitation loop to the CEO pin connected to the
sensor. A sine wave generator generates a sine wave and outputs
through the 12-bit, high speed DAC and excitation amplifier.

High Precision Current Meter

The AD5940 uses a high speed, high precision TIA for
converting current from the sensor into a voltage measured by
the ADC (see Figure 15). The TIA channel measures the
response current and is precisely biased by the internal 1.11 V
source. Tie the T channel and the N channel together using the
switch matrix for accurate sense capability on the current
measured. Figure 15 shows the connection between the sensor,
the high speed TIA, and ADC of the AD5940. In Figure 15,
HSTIA_P is the mux signal from the high speed TIA into the
ADC mux. The ADC converts the current measurement with
an 800 kSPS speed. A DFT is performed on the data. The DFT
is implemented on the AD5940. The number of DFT points is
configurable up to 16,384. The AD5940 calculates the real and
imaginary parts, and the host microcontroller calculates the
unknown impedance of the sensor.

Precision Differential Voltage Meter

The AD5940 uses a low power DAC and a low power TIA to
set the common-mode voltage between AIN2 and AIN3/
BUF_VREF1V8 through the AIN4/LPF0 pin. Connect the Vias
output of the low power DAC to the low power TIA positive
input. The low power DAC is configured to output a precise

1.1 V. Connect the internal Remwrer resistor at the low power TIA
output. Connect the common-mode voltage (V) to AIN4/
LPFO, which has a capacitor to GND that creates a low-pass
filter.

CALCULATING DISCRETE COMPONENTS FOR BIA

There are a number of discrete components needed in the
system to guarantee safety and accuracy. This section describes
the calculations used to select suitable isolation capacitors, gain
resistors for the high speed TIA, and a current-limit resistor.

Current Limit Resistor

To conform to IEC 60601 standards, limit the amount of ac
current entering the human body. The maximum allowable ac
current at is 500 pA at 50 kHz and is 600 pA at 60 kHz. When
calculating the Rumur resistor value, the maximum output
voltage from the AD5940 is 1.2 V p-p (0.4243 V rms). Set the
maximum allowable ac current to 80% of maximum, or

400 pA rms. The following equation is the result of these values:

0.4243 V
Ry = ———> M _1060.66
400 pA rms
As such, a 1 kQ Runrr is selected and is connected to the CEO
pin on the AD5940. This calculation ignores Cisox because of its

small size.
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Isolation Capacitors

To conform to IEC 60601 standards, a 10 pA maximum dc
current is allowed to enter the human body. In this application,
the dc current is guaranteed to be zero due to the addition of
isolation capacitors. A value of 0.47 uF is selected for the
isolation capacitors because 0.47 uF is a sufficiently large
capacitance that is also available in small packages suitable for
wearable electronics. Cisos, the isolation capacitor on CEO, is
modified to 15 nF so the capacitor is suitable for EDA and BIA
measurements. See the EDA section for details on calculation.

High Speed TIA Gain Resistor

To calculate R, the gain resistor for the high speed TIA, first
calculate the minimum impedance and maximum current of
the high speed TIA. In the following equation, Raccessi,,, and

Raccrssa, represent resistances in leads connecting the sensor and

are assumed 0 Q. Solving the equation gives a Zmn = 1.2 kQ.

2

_ 2
Zyn =NT°+i
2
(RLIMIT +Ryccesst,, + ZUNKNOWNM,N +Ryccrssa )
- 2
‘F(XcrsmmN +XCis02,,, )
where:

Zunknown,,,; is assumed to be 200 Q in this equation.
XCISOIMIN and XCISOZMIN are 67.73 Q at 50 kHz.

The maximum voltage is 600 mV peak. The maximum current
into TIA = 600 mV and into Zm = 500 pA. The peak voltage at
output of TIA = 900 mV peak, which is within the ADC range.
As such, Rra = 900 mV peak (500 pA peak) = 1.8 kQ. There is
no 1.8 kQ. R option on the AD5940. Therefore, the 1 kQ
option was selected.
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Figure 15. Bioimpedance Signal Path
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Calculating Zynknown

The AD5940 uses the sequencer to store commands. A host
microcontroller writes the required commands into command
memory, and the AD5940 executes the commands automatically.
The sequencer runs the commands and fills the data FIFO with
the DFT real and imaginary results for both the voltage and
current measurements (four data points in total).

The host microcontroller reads the data FIFO and uses the real
and imaginary DFT results to calculate the unknown impedance.
Calculate the impedance of the sensor by using the following
equations:

Voltage Measurement Magnitude ='r* +i°

—1i
Voltage Measurement Phase =tan—
-

To calculate the impedance, use Ohm’s law by dividing the
voltage magnitude by the current magnitude. Convert the
current measurement value into a voltage using Rria. This
gain must be taken into account. Therefore, the equation to
determine the unknown impedance is as follows:

Voltage Magnitude

|ZUNKNOWN| = TIA

Current Magnitude

TAKING BIA MEASUREMENTS
Hardware Setup

The EVAL-ADICUP3029, EVAL-AD5940BIOZ, and the
AD5940 Z test board are required to perform BIA
measurements. Stack the boards as shown in Figure 1.

The jumpers on the EVAL-AD5940BIOZ board do not have any
impact on BIA measurements and can remain in the default
position.

On the AD5940 Z test board, there are five switch banks S1 to
S5. 52, S3, S4, and S5 are used to simulate contact and lead
impedances. S1 is used to simulate body impedance. To test
measurement accuracy, set all switches on S2 to S4 to the on
position, which sets the contact and lead impedance to zero.
Open Switch 9 on Bank S1 to set the unknown impedance value
to 2 kQ, as shown in Figure 16.

O
.y
-
-y
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-
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Figure 16. AD5940 Z Test Board Configuration

Firmware Setup

The AD5940 software development kit has a dedicated BIA
measurement example. To run the BIA measurements on the
evaluation hardware, the user can use the Analog Devices
SensorPal GUI tool or the IAR Embedded Workbench firmware
example.

For quick prototyping, use the SensorPal tool. SensorPal
provides a number of configurable parameters to define the
measurement, as well as a quick graphing mechanism.

Alternatively, navigate to the Examples folder in the software
development kit and select AD5940_BIA > ADICUP3029 >
ADICUP3029.eww. Open the ADICUP3029.eww file to open
the project workspace in IAR Embedded Workbench.

To run the project, perform the following steps:

1. Compile and build the project.

2. Start the debugger to begin code execution.

3. Open a terminal program such as RealTerm and configure
the baud rate to 230400.

4. Select the COM port to which the EVAL-ADICUP3029
will be connected.

The measurement results are streamed over a UART and can be
saved to a file for analysis.

To modify the default application parameters, use the
AD5940BIAStructInit(void) function. The AppBIACfg Type
data structure contains the configurable parameters for the
application. For more details on the firmware, refer to the
AD5940_Library_and_examples.chm file located in the doc
folder in the software development kit.
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Figure 17. BIA Projectin IAR
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Figure 18. Measurement Results Displayed on the Terminal
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EDA

EDA MEASUREMENT THEORY

EDA is a voltammetry measurement. To measure an unknown
impedance, an ac excitation signal is applied across the
unknown impedance. The voltage across the unknown
impedance is measured. Then, the current flow through the
unknown impedance is measured. The current is converted to a
voltage to be measured by the ADC via the TIA. A DFT is
performed on the ADC data for the current and voltage values.
Using the real and imaginary parts, the magnitude is calculated

to give Vz,vown and Lz evown:

Use the following equation to calculate the unknown
impedance magnitude of the sensor:

Z - w %
UNKNOWN | = | -

| Zynnowy MAG

AD594x

EXCITATION
SIGNAL

V. H
Zynknown | ZUNKNown

Iz
UNKNOWN

16807-020

Figure 19. EDA Measurement Diagram

EDA SOLUTION USING THE AD5940

This section describes the blocks of the AD5940 used to
perform EDA impedance measurements. As outlined in the
EDA Measurement Theory section, an EDA measurement

requires an excitation voltage, a measurement of Vz and

UNKNOWN?
a measurement of the Zunknown current.

Excitation Signal

The AD5940 uses its waveform generator and low power DAC
to generate a low frequency sine wave (= 100 Hz). The sine
wave is applied to the sensor via the potentiostat amplifier
connected to the CEOQ pin (as shown in Figure 21).

Measuring Voltage

Connect the unknown impedance between the CEO pin and the
SEO pin. Connect SEO to the inverting input of the low power
TIA. Connect a high precision reference to the TIA to maintain
a common mode. To measure the voltage across Zunkxown,
measure the voltage on CEO0 and select the voltage on the CE0
pin (Vcro) as the input to the ADC. The measurement sequence
then initiates, and a DFT is performed on the measured data.

Real and imaginary parts are stored in the data FIFO and are
read by the host controller.

Measuring Zynknown Current

To measure the Zunxrnown current, use the same setup used to
measure voltage. However, in this case, the current is measured
through the TIA. Select the low-pass filter output (LPTIA_LPF0)
as the input to the ADC. Rerun the measurement sequence, and
a DFT is then performed on the ADC data. The real and imaginary
parts are stored in the data FIFO and are read by the host
controller.

Calculating Zyknown

The AD5940 uses the sequencer to store commands. A host
microcontroller (in this case, the EVAL-ADICUP3029) writes
the required commands to the sequencer. These commands set
up the DAC, ADC, and TIA for measurements. The sequencer
executes the commands automatically, independent of the
microcontroller. The voltage measurement is performed first.
An interrupt is generated when the data FIFO is full. The
microcontroller then reads the FIFO and stores the real and
imaginary DFT results. The ADC mux is then configured to
connect the low power TIA, low-pass filter output to the ADC
to measure current. The sequence is rerun, and the AD5940
generates an interrupt when the data FIFO is full, which alerts
the host controller to read the data.

Use the following equations to determine Zuxknown:

_[2, 2

|VMAG|—\/1’ +i
_ |2,
|IZL'.‘VK1V()WNMAG|_ rti

[Visaal

_ MAG

|ZUNKNOWN| = X Ryyy
| ZUNI\'.\.‘OWNMAG|

where r and i are the real and imaginary components from the

current and voltage DFT measurements.

CALCULATING DISCRETE COMPONENTS FOR EDA

There are a number of discrete components needed in the
system to guarantee safety and accuracy. This section describes
the calculations used to select a suitable current-limit resistor
and isolation capacitors.

Calculating Limit Resistor

An 1 kQ Ruwir is used for BIA measurement. Because both
measure-ments share the same electrode, Runir for EDA is also
1kQ.

Isolation Capacitors

Cisoz, the capacitor on the return path for EDA, is 0.47 pA to
match the BIA measurement. Select a suitable Ciso: value to
ensure that the ac current in the human body does not exceed
10 pA in the worst case.
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See Figure 20 for worst case conditions, where resistor body =
0 © and capacitor body is a short circuit. Under these
conditions, the largest current flows in the circuit. Use the
following equations to calculate a suitable isolation for the EDA
application.

VEX Cruis

ACrysiivr

1

2X7X frye X Crson
1

2x X frye X Cron

RLIMIT +

Ve =11V /N2 =0.777

CR.WS‘ =
where:

InCyypstnarr
body.
Iexcy, s = 1.1 Vpeax/ V2, where 1.1 V is the maximum range of the

is the maximum allowed ac current in the human

low power DAC.
fexcis 100 Hz.

To find the maximum value for Cisos, redistribute the previous
two equations, as follows:

Ciso1 <

1

V,
EXCRA\/IS
2XTX frye — Ry —

ACrysiivir

2% 70X frxe XCrs0n

Consider the worst case tolerances for the resistors and
capacitors, as follows:

1% for Runvrr
5% for Cisoz
20% for Cisor
10% for fexc

[ ]

[ ]

[ ]

[ ]

With these values, the equation to calculate Cisor is as follows:
1

1L.1/2

10x107°

CISOI <

2
[ j —(1000%0.99)*
1.2x2xmx120
1

2xmx120(470x1.2)

Where Ciso; < 14 nE

Ciso1
T
s

15nF
TOLERANCE = 5%

Rumir BIA

AMA

1kQ

> =19
RESISTOR BODY ¢ TOLERANCE = 1%

CAPACITOR BODY =
Cisoz
M
it
470nF
TOLERANCE = 20%
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Figure 20. EDA Equivalent Circuit
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Figure 21. EDA Signal Path
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MINIMIZING POWER CONSUMPTION FOR
ALWAYS ON APPLICATION

The EDA use case takes advantages of a key power saving
feature of the AD5940. The AD5940 has a feature where the low
power loop can run off the 32 kHz clock. After waking up from
hibernate, the AD5940 system clock is switched to the 32 kHz
oscillator (LPMODECLKSEL Bit 0 = 0x1). The waveform
generator, low power DAC, ADC, and DFT engine run on the
32 kHz oscillator. All data and DFT results are captured in this
mode, minimizing the current consumption of the AD5940. At
the end of the measurement sequence, the AD5940 switches
back to the 16 MHz clock, disables all blocks, and returns to
hibernate. With a sample rate of 4 Hz and a DFT number of 16,
the total average current consumption of the AD5940 is 66 pA.

Reading Back Data

When the AD5940 is running on the 32 kHz oscillator, it is not
possible to communicate with the device through the SPI
interface. Ensure that the SPI transaction occurs at the correct
time. Figure 22 shows the measurement timeline for an EDA
measurement with a sample rate of 4 Hz. When the measurement
is completed, the host microcontroller can read back the data in a
200 ms window. Ensure that this limit is not violated.

TIME LINE: TAKE MEASUREMENT EVERY 250ms (4Hz)

200ms ‘ 200ms
—>{I\/\I|<—50ms IV\I

16MHz
SYSTEM CLOCK |_| |_| |_|
32MHz
HIBERNATE
POWER MODE ACTIVE I_l | I | I

FIFO INTERRUPTT

SIGNAL

W

16807-124

MCU RESPOND INTERRUPT

Figure 22. EDA Measurement Timeline

TAKING EDA MEASUREMENTS
Hardware Setup
The EVAL-ADICUP3029, EVAL-AD5940ARDZ, EVAL-

AD5940BIOZ, and AD5940 Z test board are required to
perform EDA measurements.

The default jumper settings on the EVAL-AD5940BIOZ have
no bearing on EDA measurement and can be left as is.

On the AD5940 Z test board, Bank S2 and Bank S3 are used for
EDA measurements. Remove the P1 jumper, and close S9.
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Figure 23. AD5940 Z Test Board Settings for EDA

Firmware Setup

The AD5940 software development kit has a dedicated EDA
measurement example. To run EDA measurements on the
evaluation hardware, the user can use the SensorPal GUI tool or
the IAR Embedded Workbench firmware example.

For quick prototyping, use the SensorPal tool. SensorPal
provides a number of configurable parameters to define the
measurement, as well as a quick graphing mechanism.

Alternatively, navigate to the Examples folder in the software
development kit and select AD5940_EDA > ADICUP3029 >
ADICUP3029.eww. Open the ADICUP3029.eww file to open
the project workspace in IAR Embedded Workbench.

To run the project, perform the following steps:

1. Compile and build the project.

2. Start the debugger to begin code execution.

3. Open a terminal program such as RealTerm and configure
the baud rate to 230400.

4. Select the COM port to which the EVAL-ADICUP3029 is
connected.

The measurement results are streamed over a UART and can be
saved to a file for analysis.

To modify the default application parameters, use the
AD5940EDAStructInit(void) function. The AppEDACfg_Type
data structure contains the configurable parameters for the
application. For more details on the firmware, refer to the
AD5940_Library_and_examples.chm file located in the doc
folder in the software development kit.
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Figure 24. EDA Configurable Parameters in IAR
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Figure 25. EDA Measurement Results

Limitations On Use And Liability

The application described in this application note is specific to the AD5940 and the AD8233 for use with the EVAL-ADICUP3029. In addition to the terms of use
contained in the evaluation board user guides, it is understood and agreed to that the evaluation board or design must not be used for diagnostic purposes and must
not be connected to a human being or animal. This evaluation board is provided for evaluation and development purposes only. It is not intended for use or as part of
an end product. Any use of the evaluation board or design in such applications is at your own risk and you shall fully indemnify Analog Devices, Inc., its subsidiaries,
employees, directors, officers, servants and agents for all liability and expenses arising from such unauthorized usage. You are solely responsible for compliance with all

legal and regulatory requirements connected to such use.
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