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GENERAL DESCRIPTION

The MAX1478 is an Analog Sensor Signal Processor (ASSP) ASIC implemented in fine geometry
mixed signal CMOS technology. It is optimized for piezoresistive pressure sensor calibration and
temperature compensation. It can also be used with other resistive sensor types, such as
accelerometers, strain gauges (with the addition of external components), etc. Calibration and
compensation coefficients are stored in an internal 128-bit EEPROM. User-programmable digital
EEPROM calibration coefficients correct the following:

FSO (Full-Span Output)
FSO TC

Coarse Offset

Fine Offset

Offset TC

All corrections are performed in the analog signal path domain, allowing a typical settling time of
better than 1ms. The output of the MAX1478 is ratiometric to the supply voltage. The built-in
functionality enables the MAX1478 to support industrial, process, and aerospace applications,
yielding a total accuracy which is typically within £1.0% of the sensor’s inherent repeatability error
band over temperature.

Figure 1-1 shows the block diagram of the MAX1478. An internal 128-bit EEPROM holds the
calibration coefficients determined during test (initial calibration and temperature compensation).
These digital coefficients are retained by the EEPROM in the absence of VDD. Upon power-up, the
digital coefficients are copied from the EEPROM into the five 12-bit internal static registers for the
Offset DAC, FSO DAC, OFFTC DAC, FSOTC DAC, and the Configuration Register. This programs
the unique analog characteristics of the MAX1478, required to calibrate and temperature-
compensate the unique sensor element attached to it during test.

The sensor excitation is generated by an on-board Current Source, whose nominal value is
programmed by the 12-bit FSO DAC. A second DAC, the FSOTC DAC, is used to modulate the
sensor excitation current as a function of temperature to correct for sensor FSO TC errors. The
differential output of the sensor is first fed into a summing junction, where a coarse offset correction
can be performed using the Input Referred Offset (IRO) DAC. This correction is performed prior to
signal amplification to extend the dynamic range of the system. The coarse offset-corrected sensor
signal is then amplified by a 3-bit Programmable Gain Amplifier (PGA). After amplification, the
signal can be corrected for fine offset errors using the Offset DAC. Offset Tempco errors are
corrected using the OFFTC DAC. Finally, the calibrated and temperature-compensated signal is
fed to an output buffer with tri-state capabilities to facilitate batch testing of sensor modules.

A four-wire digital interface is provided so the test system can communicate with the MAX1478
internal registers and EEPROM. These digital lines allow the devices to be bussed in the test
system, minimizing the number of wires required for test. As few as two digital lines (SCLK and DI/O)
may be used for communication during test.

The MAX1478 is optimized for calibrating and temperature compensating Silicon Piezoresistive
Sensors (PRTs). In most cases, no additional external components are required. Depending on the
power supply impedance, external bypass capacitor may be required. Additionally, external bypass
capacitors may be added from pin OUT to VSS and from pin BDRIVE to VSS, to provide added
ESD protection. The MAX1478 may also be used with other sensing elements, such as metal film
strain gauges, accelerometers, etc.; however, some additional external components may be
required.

The MAX1478 performs linear FSOTC compensation and linear Offset TC compensation. This will
typically limit temperature compensation errors to about 1% over a wide range of temperature such
as -40°C to +125°C. For applications requiring higher accuracy, an enhanced version of the
MAX1478, the MAX1457, is available and can typically compensate sensor errors to within £0.1%
of the sensor repeatability errors. This is accomplished by using larger (16-bit) DACs and by adding
vector table error correction of FSOTC and Offset TC to the basic analog functional block shown.
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MAX1478 Block Diagram




Figure 1-2 shows the basic circuit configuration for the popular ratiometric voltage output
configuration. Please note that these schematics show the minimum components needed and are
intended for silicon PRTs. Other sensor types will require additional circuitry. In addition, an actual
transducer module may need extra components for other features, such as overvoltage protection,
reverse voltage protection, EMI/RFI noise suppression, etc. A second popular variant to the basic
circuit is the regulated version shown in Figure 1-3. A low dropout regulator is used, which also
exhibits low line and low load regulation errors, since the MAX1478 cannot compensate for these.
Repeatable temperature related errors are unimportant, since they are compensated together with

the sensor and MAX1478.
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1% Accurate, Digitally Trimmed,
Rail-to-Rail Sensor Signal Conditioner

General Description

The MAX1478 highly integrated, analog sensor signal
processor is optimized for piezoresistive sensor calibra-
tion and compensation without any external compo-
nents. It includes a programmable current source for
sensor excitation, a 3-bit programmable-gain amplifier
(PGA), a 128-bit internal EEPROM, and four 12-bit
DACs. Achieving a total error factor within 1% of the
sensor’s repeatability errors, the MAX1478 compen-
sates offset, offset temperature coefficient, full-span
output (FSO), FSO temperature coefficient (FSO TC),
and FSO nonlinearity of silicon piezoresistive sensors.

The MAX1478 calibrates and compensates first-order
temperature errors by adjusting the offset and span of
the input signal via digital-to-analog converters (DACs),
thereby eliminating the quantization noise associated
with digital signal path solutions. Built-in testability fea-
tures on the MAX1478 result in the integration of three
traditional sensor-manufacturing operations into one
automated process:

e Pretest: Data acquisition of sensor performance
under the control of a host test computer.

e Calibration and compensation: Computation and
storage (in an internal EEPROM) of calibration and
compensation coefficients computed by the test
computer and downloaded to the MAX1478.

e Final test operation: Verification of transducer cali-
bration and compensation without removal from the
pretest socket.

Although optimized for use with piezoresistive sensors,
the MAX1478 may also be used with other resistive
sensors (i.e., accelerometers and strain gauges) with
some additional external components.

Customization

For high-volume applications, Maxim can customize the
MAX1478 for unique requirements. With a dedicated
cell library consisting of more than 90 sensor-specific
functional blocks, Maxim can quickly provide cus-
tomized MAX1478 solutions.

Applications
Piezoresistive Pressure and Acceleration
Transducers and Transmitters

Manifold Absolute Pressure (MAP) Sensors
Automotive Systems

Hydraulic Systems

Industrial Pressure Sensors

Strain-Gauge Sensors

Industrial Temperature Sensors

MAXI

Features

4 Medium Accuracy (£1%), Single-Chip Sensor
Signal Conditioning

¢ Rail-to-Rail® Output

4 Sensor Errors Trimmed Using Correction
Coefficients Stored in Internal EEPROM—
Eliminates Laser Trimming and Potentiometers

4 Compensates Offset, Offset TC, FSO, FSO TC,
and FSO Linearity

4 Programmable Current Source (0.1mA to 2.0mA)
for Sensor Excitation

Fast Signal-Path Settling Time (<1ms)

Single +5V Supply

Accepts Sensor Outputs from 10mV/V to 40mV/V
Fully Analog Signal Path

* & & o

Pilot Production System

To simplify your pressure sensor design, Maxim has
developed a fully automated pilot production system
that will smooth the difficult transition from prototype to
production. Details appear at the end of this data sheet.

Ordering Information

PART TEMP. RANGE PIN-PACKAGE
MAX1478C/D 0°C to +70°C Dice”
MAX1478AAE -40°C to +125°C 16 SSOP

*Dice are tested at Ta = +25°C, DC parameters only.

Functional Diagram appears at end of data sheet.

Pin Configuration

TOP VIEW

soLk [1] [16] 1.C.
S |Z E Voo

1o (3] s [14]

emp (4| MAX1478  |13] BORIVE
FSOTC [5 | [12] Inp
0I0 [6 | [11] 1.c.
We [7] [10] our
Vss [ 8] 9] I1sRC
SSOP

Rail-to-Rail is a registered trademark of Nippon Motorola, Ltd.

Maxim Integrated Products 1

For free samples & the latest literature: http://www.maxim-ic.com, or phone 1-800-998-8800.

For small orders, phone 1-800-835-8769.
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ANALOG SECTION

The analog section of the MAX1478 consists of six functional blocks:

Front-end summing junction and input referred offset (IRO) DAC
Programmable instrumentation amplifier

Output-summing junction and output buffer

Programmable current source for sensor excitation

Internal resistors and multiplexer

Four 12-bit digital-to-analog converters

PROGRAMMABLE INSTRUMENTATION AMPLIFIER

Programmable instrumentation amplifier is fully differential and combines a 3-bit, plus sign, input
referred coarse offset DAC (IRO DAC), a 3-bit programmable gain amplifier (PGA), an adder circuit
for offset calibration and offset TC compensation, and a differential to single-ended output buffer
with tri-state capabilities. Figure 3-1 shows the functional diagram of the instrumentation amplifier.

BDRIVE
MAX1478 SIGNAL PATH ‘
12-bit SOTC
OFFTC DAC
CSs

3-bit IRO DA
INP
O
O
INM

IRO Sign

12-bit
Offset DAC

SOFF

Figure 3-1

Signal Path Block Diagram



The Input-Summing Junction

The differential input voltage (INP-INM) is first fed into the input-summing junction implemented
using a switched-capacitor architecture. The common mode input voltage can range from rail to
rail, with a CMRR greater than 90dB. The typical input impedance is 1MQ.

A 3-bit DAC (IRO DAC) is provided for front-end coarse offset corrections. This DAC takes its
reference from VDD, which makes its output ratiometric to the supply. The DAC has a gain of 1/80,
so that with a VDD of 5.0V, its full-scale output is 63mV. The 3 programming bits provide an input-
referred resolution of 9mV per step (see Table 1 in the data sheet). The output of this DAC is
summed with the differential input from the sensor according to the state of the IRO Sign Bit. If this
bit is high, the output of the IRO DAC is added to the sensor signal, and if IRO Sign Bit is low, the
output of the IRO DAC is subtracted from the sensor signal. The configuration register (see Digital
Section) stores the IRO DAC value and the state of the IRO Sign Bit. The output of the input-
summing junction is fed differentially to the PGA.

The Programmable Gain Amplifier

The PGA uses a differential chopper stabilized design implemented with CMOS switched-capacitor
technology, and takes its input from the output of the input-summing junction. The gain is
programmable using 3 bits described as PGA bits A2 - A0 inside the Configuration Register. These
bits provide 8 gain levels in steps of 27 (Table 3-1). The amplifier exhibits very few offset TC errors
(typically less than + 0.5uV/°C) and very few gain TC errors (typically less than £ 50 ppm/°C).
Signal linearity error is typically 0.01% VDD. The output of the PGA is fed to the output-summing
junction.

PGA Bits PGA Gain Output-Referred IRO DAC
(VIV) Step Size (VDD = 5V)

A2 A1 A0 VIV \'/

0 0 0 41 0.369
0 0 1 68 0.612
0 1 0 95 0.855
0 1 1 122 1.098
1 0 0 149 1.341
1 0 1 176 1.584
1 1 0 203 1.827
1 1 1 230 2.070

Table 3-1

PGA Gain Table, Including the Effect of the IRO DAC

The Output-Summing Junction

The output of the PGA is fed differentially to the output-summing junction. The summing junction
is implemented using a switched-capacitor architecture, and the output is fed to the output
amplifier which has unity gain. The summing junction allows the summation of the PGA output,
Offset, and OFFTC correction voltages. The Offset and OFFTC inputs are generated by their
respective DACs. These two inputs are summed with respect to Vss. The state of their respective
sign bits will determine if the voltage is summed into the inverting or non inverting side of the
summing junction; thus, the magnitude of these two correction voltages can be added to (sign bit is
high), or subtracted from (sign bit is low) the PGA output voltage.



A gain of approximately 2.3 is realized by the Offset and Offset TC summing nodes. Because the
summing junction and signal path are implemented using switched-capacitor technology, their
voltage equivalents can exceed the supply rails. The output of the output-summing junction is fed
to the PGA Output Buffer.

PGA Output Buffer

The output stage takes its input from the summing junction and consists of a linear amplifier with
an output swing capability to within 50mV of the either supply under no load conditions and the
ability to sink or source 0.45mA while swinging to within 250mV of either supply. The output of this
amplifier (OUT) becomes disabled if CS is brought low. See the digital section for details on the
operation of this signal. When disabled, the typical output impedance is 1MQ.

The output buffer will reach its normal output value within 100ms of VDD reaching the specified
operating range. For additional ESD protection, an external 0.1 uF capacitor may be connected
between OUT and VSS.

PGA Electrical Characteristics

(at VDD = 5V, 25°C, unless otherwise noted)

PARAMETER SYMBOL CONDITION MIN. TYP. MAX. UNITS
General Characteristics
Supply Voltage VDD 4.5 5.0 5.5 \%
Supply Current IDD 3 6 mA
Analog Input
Input Impedance Rin 1.0 MQ
Input Referred Offset TC +0.5 uV/°C
Amplifier Gain Tempco Any PGA gain 150 ppm/°
C

Amplifier Gain Non-Linearity 0.01 % VDD
Signal Response Time tss 1.0 ms
Common Mode Rejection CMRR Common Mode 90 dB
Ratio voltage between

Vss and VDD
Input Referred Adjustable At minimum +150 mV
Offset Range gain
Input Referred Adjustable FSO 10- mV/V
Range 40
Summing Junction Gain Offset or OFFTC 2.3 VIV
Summing Junction Gain Offset or OFFTC 150 ppm/°
Tempco

Analog Output

Differential Signal Path Gain 41 230 VIV
Differential Signal Path Gain Any PGA gain +50 ppm/°
TC
Output Voltage Swing No Load VSS+0.0 VDD- V
5 0.05

Output Current Range Vout -0.45 0.45 mA

=Vsst+0.25V (sink) (source)

to VDD-.25V
Table 3-2

Electrical Characteristics of Programmable Instrumentation Amplifier



PROGRAMMABLE CURRENT SOURCE FOR SENSOR EXCITATION

Sensor Drive Description

The on-chip current source is implemented as a current mirror (Figure 3-2). The voltage at the
output of the FSO DAC, together with resistor Risrc, sets the reference current “i” at pin ISRC
(Current Source Reference Current) flowing through Risrc. This current is additionally modulated by
a feedback resistor Rftc (correction of FSO TC errors). The total current “i” is then used as the
reference to the current mirror, setting a bridge current as its multiple Ib=AA-lsrc, where AA is the
current mirror gain(~14).

Two internal resistors are provided (Risrc and Rftc; both are 75kQ nominal) which can be selected
by the Internal Resistor Selection bit (IRS bit). When the IRS bit is high, the internal resistors are
enabled, and when the IRS bit is low, the internal resistors are disabled, and two external resistors
must be used in their place for proper current source operation. Note that it is possible to use both
internal and external resistors simultaneously. It is also possible to add an external temperature-
dependent device such as a transistor or high Tempco resistor to ISRC. This may be useful for
applications involving strain gauge sensors. The IRS bit is located in the configuration register.

A third internal resistor, Rtemp (available at pin TEMP), is provided with a typical resistance of
100kQ at 25°C. Unlike the other two internal resistors (Risrc and Rftc), Rtemp exhibits a very large
Tempco of approximately +4600 ppm/°C. This resistor may prove useful for measuring temperature.

4

FSO DAC

. . e
ISRC ¢ T FSOTC
BDRlVET ‘ O

RFTC
(internal)

RISRC

(internal) SENSOR

Figure 3-2

Bridge Drive Circuit

A constant current through the bridge results in any variation of bridge impedance (due to

changing temperature) to be reflected as a change in bridge voltage. A piezoresistive sensor can
exhibit typical temperature coefficient of bridge resistance up to 3000 ppm/°C. Thus, by
monitoring and processing the bridge voltage, an excellent temperature sensor is established where
the temperature is actually measured at the sensor element itself, minimizing thermal gradient
errors between the pressure sensor and the temperature sensor and improving the temperature
transients errors.



The FSODAC amplifier shown has a common mode input range from Vss+1.3 volts to Vdd-1.3 volts.
This, in turn will restrict the operating voltage range of pin ISRC from Vss+1.3 volts to Vdd-1.3 volts,
which can always be guaranteed by proper selection of the value for Risrc. Similarly, values for
Rftc are chosen to guarantee that FSOTC is also operated within its valid common-mode voltage
range.

Current Source Electrical Characteristics

Table 3-3 summarizes the electrical characteristics of the programmable current source, assuming
values of 75kQ for both Risrc and Rftc (these values are sensor-dependent).

(at Vpp = 5V, 25°C, unless otherwise noted)

PARAMETER SYMBOL CONDITION MIN. TYP. MAX. UNITS
Current Source

Bridge Current 0.1 0.5 2.0 mA
ISRC Voltage Range Vsst+1.3 Vpp-1.3 V
Bridge Voltage Range Vbdrive Vss Vpp-1.3 V
Current Source Output 100 kQ
Impedance

Current Mirror Ratio AA 14 I/
FSOTC Voltage Swing no load Vss+0.3 Vpp-1.3 V
FSOTC Current Drive VEsotc =2.5V -20 20 uA

Table 3-3

Electrical Characteristics of the Sensor Drive Circuit

The current source output, BDRIVE, has an output range of Vss to Vdd-1.3 volts. However, since
VFESOTC has a more restricted common mode input range (Vss+0.3 volts to Vdd-1.3 volts), the
sensor excitation voltage will normally be restricted to the range of Vss+0.3 volts to Vdd-1.3 volts.

DIGITAL-TO-ANALOG CONVERTERS

Digital-to-Analog Converter Description

The MAX1478 contains four 12-bit sigma-delta digital-to-analog converters (DACs):

Offset DAC
OFFTC DAC
FSO DAC
FSOTC DAC

Each DAC has its reference voltage supplied internally. FSO DAC and Offset DAC take their
reference from VDD; FSOTC DAC and OFFTC DAC take their reference from BDRIVE. All DAC
converters, as well as the control registers, are updated according to the state of the WE pin
(described in detail in the Digital Section). With VDD = 5V, the typical DAC resolution is 1.22mV
per bit. However, FSOTC DAC and OFFTC DAC take their reference from BDRIVE which is normally
operated near VDD/2, hence the output step size of these two DACs will normally be less than
1.22mV. The outputs of Offset DAC and OFFTC DAC are gained up by a factor of 2.3 in the signal
path output-summing junction. This gain is established to increase the offset and offset TC
trimming range, respectively. As a result of this gain, the step size as seen at OUT is increased.



All DACs retain their values while CS is low (but will be reloaded on the next CS low-to-high
transition), and have a settling time which is typically less than 50mS. This value is proportional to
the change in code.



DIGITAL SECTION

The digital section of the MAX1478 contains interfaces to the internal EEPROM, DACs,
Configuration Register, signal path, PGA, and the test system. The digital section performs the
following operations:

Provide a user test-system interface using pins CS, SCLK, DI/O, and WE
Decode and execute commands issued on DI/O

Perform EEPROM erase/write cycles

Read EEPROM contents into the DACs and configuration register

Provide direct test system access to the DACs and configuration registers
Interface with the PGA, Sign bits, IRS, and enable/disable the output stage

POWER-UP INITIALIZATION

Upon power-up, once VDD reaches approximately 3 volts, the power-on reset circuit initiates its
sequence. The sequence begins with a delay of 10 microseconds to allow the power to become
stable, during which the four digital programming lines are pulled to their default states (if left
unconnected) as shown in Table 4-1. After this wait period, the DACs and configuration register are
initialized from EEPROM. Five static registers are provided to store the contents of the four DACs
and the configuration word. The configuration word is used to program the signal path and PGA
characteristics. The 5 registers can be loaded from EEPROM or directly from an external test
system, depending on the state of the Update Mode (“U”) bit. The Update Mode bit is programmed
by the test system, and it is bit 5 of the 6-bit Initialization sequence which will be described later.
Upon power-up, the “U” bit is set to “0” directing the contents of the EEPROM to be loaded into the
five static registers. The Update Mode Bit is not accessible to the test system and its state cannot be
read by the user. Upon power-up, the digital section begins monitoring its input pins for commands
from the test system. If the WE pin is high (default state), the EEPROM contents will be reloaded
periodically into the five registers at approximately 400 times per second.

PIN NAME STATE ACTION
CS Pulled High Enables communication and analog output.
SCLK Pulled Low If a false clock edge appears, enter Lockout
Mode.
DI/O Pulled Low Assures that data is not accidentally clocked
in.
WE Pulled High EEPROM data is refreshed 400 times per
second.
ouT Active Output amplifier becomes active.
LIMIT Set to Default Output voltage is limited to about 92% of VDD.
Value

Table 4-1

Default State Of Key 1/0 Pins

After power-up, or after a low-to-high transition of the CS (Chip Select) line, the Lockout Bit is reset
to “0”. The Lockout Bit is used to allow/disallow the test system from communicating with the
MAX1478. If the Lockout Bit is “0”, communication is allowed; if the Lockout Bit is “1”
communication is not allowed. The Lockout Bit will be set to “1” if the Initialization Sequence fails,
i.e., the unique 6-bit Init pattern is not detected. The Lockout Bit is not accessible by the test



system and its state cannot be read by the user. After power-up, the first command, if any, issued by
the test system must be the 6-bit Initialization Sequence. Thereafter, any number of command
words may be issued so long as both VDD and CS are kept high.

After the DACs are initially loaded, approximately 50mS are required for their analog outputs, as
well as the signal path, PGA, and Current Source to reach steady state values. The power-on reset
sequence is summarized in Table 4-2.

STEP ACTION

Wait for the power-up voltage threshold to be reached.
Initiate delay of 10 microseconds.

Set the state of the digital 1/0 pins to default mode.

Set Update Mode Bit and Lockout Mode Bit to “0”.

Load the 5 static registers from the EEPROM, and Begin
monitoring the digital lines for the Init Sequence.

If WE pin is high, update from EEPROM 400 times per
second.

DB |WIN|—~

(2}

Table 4-2

Power-Up Reset Procedure

DESCRIPTION OF THE DIGITAL I/O PINS

CS, Chip Select

This input pin is always internally pulled to VDD via a 1MQ resistor, assuring that if the pin is left
unconnected, the MAX1478 will be enabled and operate normally. Assuming that VDD is held
high, the following steps take place on any rising edge of CS:

The five internal registers are updated according to the state of the “U” bit

The amplifier output stage is enabled

The Lockout bit is reset to “0”

The MAX1478 begins to monitor the digital input lines for the Init Sequence

The five internal registers are updated at a rate determined by the state of the WE pin

In normal device operation, after calibration and compensation, the CS line will be left
unconnected. The CS line is primarily for test and calibration purposes. If the CS line is brought
low, the following actions take place:

The amplifier output stage will be placed in a high impedance state (Zout ~ 1MQ)
The DACs will retain their values

The Current Source will remain active

The states of SCLK, DI/O, and WE are ignored

SCLK and DI/O will be pulled low via a 1TMQ resistor

WE will be pulled to VDD via a 1MQ resistor

In a multiple device test system where SCLK and DI/O are bussed, CS is used to address individual
devices. In noisy environments, a small value capacitor, not larger than 0.01uF, may be placed
between CS and VSS, close to the chip to prevent false transitions from possibly corrupting the



MAX1478 registers. Important note: after the MAX1478 is programmed, the CS line must be left
unconnected; do not tie CS to VDD or add external pull-up/pull-down resistors.

SCLK, Serial Clock

The serial input clock pin is used by the test system to load commands and data into the MAX1478.
This signal will always be generated by the test system. Data on DI/O is sampled on the rising edge
and must therefore always transition on the falling edge of SCLK. A minimum of 200uS is required
after the rising edge of CS, before the first SCLK rising edge can occur. The MAX1478 is fully static
and the period of SCLK can be any value greater than 100uS, as long as VDD and CS are both
held high.

If this pin is left unconnected, it will be pulled to VSS via an internal 1MQ resistor. This will insure
that data is not inadvertently written to the MAX1478. In noisy environments, a small value
capacitor, not larger than 0.01uF, may be placed between SCLK and VSS, close to the chip to
prevent false transitions from possibly corrupting the MAX1478 registers. Optionally, after the
MAX1478 is programmed, the SCLK line can be permanently tied to VSS.

DI/O, Data Input/Output

This is a bi-directional pin used to input commands and data into the MAX1478, and also to read
data from the internal EEPROM. This pin has an internal 1MQ resistor to VSS. This pull-down
resistor is always present regardless of the state of CS, regardless of whether DI/O is acting as an
input or output pin. If this pin is left unconnected, this pull-down insures that if a parasitic SCLK
occurs, a low will be loaded into the MAX1478. This would place the MAX1478 into Lockout Mode
(since the first bit of the Init Sequence must be a “1”), and prevent any accidental alteration of the
register contents. In noisy environments, a small value capacitor, not larger than 0.01uF, may be
placed between DI/O and VSS, close to the chip to prevent noise on SCLK from possibly corrupting
the MAX1478 registers. Optionally, after the MAX1478 is programmed, the DI/O line can be
permanently tied to VSS.

DI/O will always serve as an input pin, except after the 16th rising edge of SCLK of the READ
EEPROM command after which DI/O becomes an output pin with an undetermined state. Then,
200uS after the next falling edge of SCLK, DI/O will contain the logical state of the bit in EEPROM
which was addressed by the READ EEPROM command. SCLK must then be held low while the test
system reads the state of the DI/O pin. After reading the data, the test system must issue a low-to-
high transition on CS.

WE, Write Enable

This is a dual function input pin. It is sampled by the MAX1478 during EEPROM Erase/Write
commands to determine if the operation can be performed. Additionally, the state of this pin is
sampled by the MAX1478 to determine how to update EEPROM data into its five internal registers.
This pin has an internal 1MQ resistor to VDD. This pull-up resistor is always present, regardless of
the state of CS. If this pin is left unconnected, this pull-up will insure that the test-system interface
can be implemented using only two (SCLK and DI/O) or three (SCLK, DI/O, and CS) digital lines. In
noisy environments, a four-wire system could be implemented which would also include WE to
minimize the chances of accidental alteration of EEPROM data. Additionally, a small value
capacitor, not larger than 0.01uF, may be placed between WE and VSS, close to the chip to
prevent noise on WE. Optionally, after the MAX1478 is programmed, the DI/O line can be
permanently tied to VSS or VDD, depending on the desired operating mode.

During an EEPROM alteration operation (Write or Erase), the WE pin must be held high prior to the
first rising edge of the 16-bit command and then must not be lowered until the subsequent delay
period Twrite = 50mS has expired. If WE is held low during this entire period, no EEPROM
alteration will be performed. If WE transitions during this period, unpredictable results may include



failure to Write the selected bit, failure to Erase all 128 EEPROM bits, or the alteration of unwanted
bits.

During normal operation, other than an EEPROM Write or Erase cycle, the MAX1478 will monitor
the state of the WE pin to determine how EEPROM data will be loaded into its five internal
registers. If WE is low during the power-up reset cycle, the contents of the EEPROM will be loaded
once into the five internal registers. Subsequently, the internal registers will not be reloaded from
EEPROM unless VDD transitions, causing another power-up reset cycle to take place, or unless CS
transitions from low to high, or unless WE is taken high. After power-up or after a low-to-high
transition on CS, the WE pin may be toggled at will to control the register update rate. Any time
that WE is held high, the registers will be reloaded 400 times per second. Note that it is only
necessary to load the EEPROM contents into the five MAX1478 registers once after power-up;
however, in high EMI emission environments or applications where the supply voltage may not be
clean, the continuous update mode (WE = VDD) provides a very fast error recovery should the
internal registers become corrupted.

THE COMMUNICATION INITIALIZATION SEQUENCE

Communication with the MAX1478 is accomplished serially. A minimum of two lines is required for
communication (SCLK and DI/O) and two additional lines may be used to provide enhanced
communication functionality (CS and WE). After power-up or after a low-to-high transition of CS,
the first command, if any, issued by the test system must be the 6-bit Initialization Sequence.
Thereafter, any number of 16-bit command words may be issued so long as both VDD and CS are
kept high. The Initialization sequence (Figure 4-1) increases the robustness of the communication
protocol, particularly in noisy test-system environments. To prevent erroneous commands from
being accepted by the MAX1478, a unique 6-bit keyword initialization sequence has been defined
(Init Sequence). This Init Sequence must be the first command issued after power-up or after any
low-to-high CS transition so the MAX1478 can accept test-system commands. Note that the
absence of an Init Sequence does not prevent the MAX1478 from its normal power-up
initialization, including operation of the analog signal path, PGA, and Current Source. The Init
Sequence can be issued at any time (but not less than 0.2mS) after VDD and/or CS rising.

The Init Sequence performs two functions. First, the state of bit 5 of the 6-bit sequence is used to
set the “U” bit. Second, if the unique 6-bit pattern is not detected, the Lockout Bit is set to “1”
preventing any subsequent communication from taking place until the VDD and/or CS lines are
toggled from high to low and back to high again. If the Init Sequence fails, SCLK and DI/O are
ignored until the next transition of VDD or CS. CS will continue to function and WE will only be
used to determine the EEPROM to register update mode. The MAX1478 analog section (Signal
Path, PGA, and Current Source) will continue to function. For most applications, it is
recommended that WE be tied low.

Upon power up, the “U” bit is set low, forcing an update of the five internal registers from EEPROM.
If, after power-up, the state of the “U” bit is left low, subsequent low-to-high transitions of CS will
cause the five internal registers to be updated from EEPROM. If the “U” bit is set high, subsequent
low-to-high transitions of CS will not cause an update of the internal registers from EEPROM, so
long as VDD is kept high. Thus, with the “U” bit set high, the internal registers will retain the last
value written into them by the test system until VDD is lowered. This feature enhances test and
calibration. Note that the Init Sequence cannot be issued more than once after power-up or after a
low-to-high transition of CS.
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Figure 4-1

Initialization Sequence Timing Diagram

THE CONTROL WORD

The MAX1478 recognizes a total of 16 control words (Table 4-3). Control words are 16-bits wide
and are issued by the test-system to perform functions such as erasing the EEPROM, writing to
DACs, etc. Every control word (Figure 4-2) consists of 16 bits divided into two fields: the data field
and the command field. The data field consists of the first 12 bits, with the LSB being clocked in
first. The command field follows the MSB of the data field and is also clocked in LSB first. The last
bit of the control word is the MSB of the command field. A subsequent rising edge of SCLK (i.e., a
17th bit) will be treated as the first bit of the next control word. All data is loaded on the rising edge
of SCLK and must therefore transition from the falling edge of SCLK.

Control words will not be accepted by the MAX1478 unless one Init Sequence has been previously
issued. Do not precede every Control word with an Init Sequence. After the first Init Sequence is
detected, every subsequent set of 16 SCLK low-to-high transitions will be interpreted as a control
word (Figure 4-3). Once the MAX1478 has detected the Init Sequence, any number of control
words may be issued and will be accepted so long as CS is held high. The exception is the READ
EEPROM command, which necessitates a low-to-high CS transition after the data bit has been
read.



CONTROL WORD HEX Ccm3 CM2 cM1 CMo DESCRIPTION
CODE
NO OPERATION 00h

o
o
o
o

The control word is ignored.

ERASE EEPROM 01h

o
o
o
N

Forces all 128 bits to “0”. The data field
contents are ignored. Command must
be followed by a 50mS delay, and then
an END EEPROM WRITE Command at
address 0.

BEGIN EEPROM 02h 0 0 1 0 Initiates the internal write sequence

WRITE which will set the bit indicated to “1”.
Must be followed by a 50mS delay, and
then an END EEPROM WRITE (at the
same address) command.

READ EEPROM 03h 0 0 1 1 Returns the state of one of the 128
bits in memory on DI/O.

RESERVED 04h 0 1 0 0 Reserved by MAXIM, do not use.

END EEPROM 05h 0 1 0 Completes the internal write, erase

WRITE sequence. This command must follow
any ERASE EEPROM or BEGIN
EEPROM WRITE command. Wait 1mS
after issuing command.

-

WRITE TO 08h 1 0 0 0 Writes the 12-bit value contained in the
CONFIGURATION data field of the command directly to

REGISTER the Configuration register. Does not
affect the EEPROM contents. Must be
followed by a LOAD REGISTER
command.

WRITE TO OFFSET 09h 1 0 0 1 Writes the 12-bit value contained in the

DAC REGISTER data field of the command directly to
the OFFSET TC DAC register. Does not
affect the EEPROM contents. Must be
followed by a LOAD REGISTER
command.

WRITE TO OFFSET 0Ah 1 0 1 0 Writes the 12-bit value contained in the
TC DAC REGISTER data field of the command directly to
the OFFSET DAC register. Does not
affect the EEPROM contents. Must be
followed by a LOAD REGISTER
command.

WRITE TO FSO 0Bh 1 0 1 1 Writes the 12-bit value contained in the
DAC REGISTER data field of the command directly to
the FSO DAC register. Does not affect
the EEPROM contents. Must be followed

by a LOAD REGISTER command.

WRITE TO 0Ch 1 1 0 0 Writes the 12-bit value contained in the
FSOTC DAC data field of the command directly to
REGISTER the FSOTC DAC register. Does not
affect the EEPROM contents. Must be
followed by a LOAD REGISTER
command.

LOAD REGISTER 06h
07h
0Dh
OEh
0Fh

This command is issued after any
WRITE TO REGISTER command to
load in the data. Use only one
command. Any of the 5 commands may
be used.

__a 00
_ A
_ O
2O 0

Table 4-3

Summary Of The Command Words
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THE INTERNAL EEPROM

The MAX1478 contains an integrated 128-bit EEPROM. This memory is used to store the
calibration and compensation coefficients when power is shut off. Upon power-up or when
instructed by the test system, the EEPROM memory contents are copied into the five internal
registers. The EEPROM is organized as eight 16-bit words, each comprised of two fields: the
register ID field and the data field (Figure 4-4). The EEPROM memory organization is shown in
Figure 4-5.

¢ 16-Bit EEPROM Register )

Hexadecimal EEPROM Bit Address K

E(D(C(B|A|9|8 |7 |6|5|4[3|2(|1]0
XX [X]|X Register Contents LSB

n

+—4-bit register
I.D. tag

4

v

12-bit register data

Figure 4-4

EEPROM Register Organization

The most significant 4 bits of each 16-bit EEPROM register contain a unique ID Tag. These ID
Tags must be programmed by the test system as indicated in the shaded areas of Figure 4-5.
Failure to do this will result in unpredictable behavior from the MAX1478. The MAX1478 will
ignore (not process) any EEPROM registers which contain an ID Tag of “0000”; this includes
registers 5 through 7.

The EEPROM is shipped from the factory in an unknown state and must be erased before it can be
programmed. Erasing the memory consists of setting all 128 bits to “0”. It is not possible to
selectively set individual bits to “0”. Writing to the EEPROM consists of setting selected bits to “17,
and this must be performed one bit at a time. The EEPROM can be read by the test system one bit
at a time and after each bit is read, the test system must issue a low-to-high transition of the CS
line.

The EEPROM requires a high-voltage charge pump generator, which has been integrated into the
MAX1478. This charge pump generates voltages of up to 20 volts. The ERASE EEPROM, BEGIN
EEPROM WRITE, and END EEPROM WRITE commands control the charge pump. The charge
pump is turned off when the EEPROM is not being programmed. Normally, the EEPROM will be
programmed only once after the calibration and compensation coefficients have been determined
by the test system, since the test cycle can be more efficiently performed by writing directly to the
five internal registers. To insure the highest reliability and the longest data retention, the EEPROM
should not be erased more than 100 times and should only be erased or written to at room
temperature.
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Figure 4-5

EEPROM Organization

Registers 5 through 7 are not used by the MAX1478 and are never read by the device. Register 5 is
reserved for future functionality and all 16 bits must be programmed by the test system to “0” for
proper operation of the chip. The lowest 12 bits of registers 6 and 7 are available to the user. They
may be assigned for storing date code, serial number, checksums, or any other useful information.
Whether they are used or not, it is essential that the 4 MSBs of these two registers be programmed

as shown in

Figure 4-5; failure to do this will result in unpredictable behavior of the MAX1478.




Erasing The EEPROM

When the MAX1478 is received from the factory, its memory contents are unknown and the
EEPROM must be erased. Individual bits cannot be set to “0”; thus any requirement to set a bit to
“0” will necessitate an EEPROM erase cycle. The erase process sets all 128 bits to “0” and takes
approximately 50mS. It should only be performed with VDD set to 5V and at room temperature. The
data field of the ERASE EEPROM command is ignored and can be any value. The procedure for

erasing the EEPROM (Figure 4-6) is outlined below:

1. Issue a low-to-high transition on CS

2. lIssue the Init Sequence

3. Raise WE

4. Issue an ERASE EEPROM command

5. Wait 50mS

6. Issue an END EEPROM WRITE command at address 0

7. Wait 1mS

8. Optionally Read back all bits and verify they are set to “0”

WE X /
cs |

—_—
DI/o x Jilo]1]o AR ARAAND R RATER

| +—Init Sequence —* |

o

ERASE EEPROM Command —* | — 50 mS Delay—

WE { x
cs "

L

DI/O 0O 0 0O O O O o0 0O o O O of 1VO0f/1\O ( X

| ———END EEPROM WRITE Command — | *— 1 ms pelay —|

Figure 4-6

ERASE EEPROM Timing Diagram



Writing To The EEPROM

After calibration and compensation is completed, a list should be made containing all the address
bits that must be set to “1”. An ERASE EEPROM command should be issued. Programming each
bit will require approximately 50mS; thus, if it is necessary to program all 128 bits to a “1”7, about 7
seconds will be required. In practice, only a small percentage of the 128 bits are typically set to “1”
and programming time is usually less. Programming should only be performed with VDD set to 5V
and at room temperature. The procedure is outlined below:

Erase the EEPROM

Issue a low-to-high transition on CS

Issue an Init Sequence

Raise WE

Issue a BEGIN EEPROM WRITE at the desired bit address

Wait 50mS

Issue an END EEPROM WRITE command at the desired bit address
Wait 1mS

Repeat steps 5-8 for all other bits which must be set to “1”

O Optionally Read back all bits and verify they are set correctly

4¢°9°.\‘9’9":'>.‘-°!\’.—‘

WE X / ¥
cs |
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Figure 4-7

EEPROM WRITE Timing Diagram



Reading The EEPROM

This is the only operation that cannot be performed sequentially after a single Init Sequence, since
it necessitates a high-to-low transition of CS after each EEPROM bit is read. This is also the only
command that changes the state of DI/O to an output. After issuing the READ EEPROM command,
the next clock transition will place the contents of the EEPROM bit addresses A6-AQ (the contents
of A7-A11 are ignored) on the DI/O pin. This is a fully static operation and the data will remain
valid so long as SCLK and CS do not change states. After reading the EEPROM bit, the test system
must lower CS. This operation should only be done with VDD set to 5V and can be performed at
any temperature.

Issue a low-to-high transition on CS

Issue an Init Sequence

Issue a READ EEPROM command at the desired bit address
Issue a single clock transition (DI/O is don’t care)

Wait a minimum of 200uS

Read the state of the DI/O bit

Lower CS

Nogkowh =

WE X )

CS

_I 4‘ —02mS
SCLK '_I_| ‘ X
DI/O X 1]of[1]o0 o [ao ﬂ@@@ 00 0 0 0 /1 1 \o 0 (ZX EE DATA ( X

«DATA becomes valid

‘an Sequence —» ‘ «  READ EEPROM Command SN ‘ « Do btecctJm_es . ‘
an output pin

Figure 4-8

EEPROM READ Timing Diagram



THE CONFIGURATION REGISTER

This is the first register in EEPROM (bit addresses 0-0Fh). During test, it can also be written to
directly, along with the 4 DAC registers. This provides much faster test communication than using
the EEPROM for calibration and temperature compensation. Table 4-4 describes the internals of
the Configuration Register.

Bit Number Function

Offset TC Sign Bit, SOTC

Offset Sign Bit, SOFF

PGA Gain Bit (MSB), A2

PGA Gain Bit, A1

PGA Gain Bit (LSB), AO
RESERVED, must be “0”
RESERVED, must be “0”

Internal Resistor Selection (IRS) Bit
Input Referred Offset (IRO) Sign Bit
Input Referred Offset (MSB), IRO2
Input Referred Offset, IRO1

Input Referred Offset (LSB), IRO0

Table 4-4

—
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Detail of Configuration Registers

REGISTER COMMUNICATION

Initial calibration and compensation will require loading and reloading many different coefficients
into the MAX1478, as temperature and pressure are changed. This process should not be
performed using the internal EEPROM for two reasons. First, it is not possible to write to the
EEPROM at any temperature other than 25°C. Second, writing to the EEPROM is a very slow
process that requires approximately 5 seconds. A method has been provided whereby the 4
DACs and the Configuration Register can be accessed directly without the need for the EEPROM.
The test system can place values in any of these five registers, and the value will be retained until
it is changed by the test system or until the supply (VDD) is removed. The five registers can be
loaded sequentially after one Init sequence or they can be loaded individually, at will. The
operation requires only a few milliseconds. Figure 4-9 contains the timing diagram for a single
register write command. Note that although the example shows a write to the Configuration
Register, it could also have been a write to any of the 4 DACs. If one wishes to write to more than
one register, or to all 5, it is possible to issue all the WRITE to Register commands one after the
other, and then follow them with a single Register Load Command.
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MAX1478 MATHEMATICAL DESCRIPTION

The mathematical model will be based on a silicon piezoresistive pressure sensor, which will be
compensated by the MAX1478 as a ratiometric output device. The equations can then be easily
modified for other applications.

DEFINITION OF PARAMETERS

Before we begin deriving the system equations, it is necessary to first define some symbols and to
state some assumptions.

Sensor

Figure 5-1

Sensor Electrical Model

Our sensor model will be that of a Silicon Piezoresistive Pressure Transducer (PRT) implemented
as a four-wire closed Wheatstone bridge, as shown in Figure 5-1. At least one resistor element (an
active resistor) will vary as a function of a mechanical excitation; it is not required that all resistors
be active. Their resistance will also vary with temperature. The sensor-related parameters are
defined as follows:

e Vb = Sensor excitation voltage

e s = Low-level differential sensor output normalized to its excitation voltage, Vb
e Sensor = The gross differential output of the sensor

e Ib = Sensor excitation current

e Rb = Sensor Bridge Impedance (Vb/Ib)

o T = Temperature, in °C

e P = Sensor mechanical excitation (pressure)

e S = Sensor mechanical excitation sensitivity

e Vof = Sensor offset per volt of bridge excitation



The ASIC-related parameters are defined as follows:

e VOUT = ASIC output voltage

o Vss = ASIC negative supply

e Vpp = ASIC positive supply

e PGA = Signal Path (Programmable Gain Amplifier) gain
e ISRC = Current Source Reference Current

o AA = Current mirror gain (ratio)

The EEPROM-related parameters (coefficients) are:

o FSO coefficient (sets baseline excitation current)
e [ = FSO TC coefficient
Y
)

Offset coefficient (sets the zero pressure output)
= Offset TC coefficient

And the key internal/external components are:

e Risrc = Resistor connected to pin ISRC and VSS (sets the current through the sensor)
e Rftc = FSO TC feedback resistor (sets the |b temperature compensation)

It is important to notice that the EEPROM-related parameters are not actually the digitally stored
values but normalized numbers ranging from 0 to 1. The offset and offset TC coefficients are
bipolar; the FSO, FSOTC, and Linearity coefficients must always be positive.

EQUATIONS

The general sensor transfer function can be initially defined as:

Sensor=Vb -(S - P+ Vof) + Misc

Equation 5-1

where:

e Misc = Represents all other error sources

The “Miscellaneous” errors are primarily non-repeatable and thus, since the ASIC is unable to
correct these errors, will not be taken into account in subsequent equations. The equations will only

model and address repeatable sensor behavior. Expanding the terms S, P, and Vof into higher-
order dependency on temperature and pressure results in the following equation:

Vs= Vb-[(s0+s1-T+s2 T -I-(...))-(eo+el ‘P+e, -P2+(...))-i-(00+01-T-I-o2 T +())]



Equation 5-2

where:

e sy = Coefficients of sensitivity
e ey = Coefficients of non-linearity excitation
e on = Coefficients of offset

A minimum of a second-order model of Equation 5-2 is usually required to describe the sensor
behavior over temperature and pressure to better than 1% accuracy. The MAX1478 can
compensate sensor errors over temperature and pressure to within 1% (typically) of the sensor’s
inherent repeatability. To achieve the full capability of the MAX1478’s calibration accuracy, the
sensor model may require second and third order components or higher. It is also important to note
that there are many other error sources, including pressure and temperature hysteresis, non-
repeatability, time-dependent behavior, etc. These parameters will not be modeled, since the ASIC
can only correct repeatable sensor behavior. Thus the total compensated module accuracy will
never be better than the total non-repeatability errors of the sensor, plus the ASIC/Test System
compensation error.

We must also model the sensor bridge impedance as a function of temperature. It is assumed that
Rb only changes with temperature. In some sensors, the bridge is intentionally designed to be
slightly off-balance with pressure, to improve pressure linearity performance. The side effect of this
in the MAX1478 circuit is that Vb will have a slight dependency on pressure. If this effect is present,
it will usually be on the order of a few millivolts, and will typically correspond to a temperature
equivalent error of just a few °C and can usually be ignored. If not, the equations must be modified
accordingly. The bridge impedance can be described as:

Rb=r,+r -T+r, -T*+(...)
Equation 5-3

Referring to the MAX1478 block diagram in Figure 1-1, we can fundamentally divide the core
analog section into two parts: the sensor excitation generator (Programmable Current Source) and
the signal path amplifier (PGA). The fundamental part of the bridge excitation circuit is a
programmable current source which is based around an FET pair current mirror, as shown in Figure
5-2.
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Bridge Drive Circuit

Any baseline current “i” flowing out of pin ISRC is gained up by a factor AA, the current source
current mirror gain. The bridge baseline current is defined as:

Ib= AA-i
Equation 5-4

The voltage across Risrc must be equal to FSODAC (as a result of the amplifier input virtual short-
circuit), which can therefore can be used to set the baseline current through the bridge. The
FSODAC output range is from Vss to Vpp. This DAC therefore sets the baseline bridge excitation,
which in turn programs the fine FSO of the module.

After substituting for “i” in Equation 5-4, the current through the bridge can be given by:

.y '(FSODAC)

Equation 5-5

and thus, assuming Vss is equal to 0 volts:

lbzAA-(“'VDD)
RISRT

Equation 5-6



_ Vb
and since Ib=—:
Rb

Vb=AA-Rb-(“'VDD)
RISRC

Equation 5-7

The effect of Rftc has not been factored in yet. In the normal configuration, the “driven” side of Rftc
is connected to FSOTCOUT. This is a buffer provided to drive this resistor with the output of the
FSOTCDAC. This DAC takes the buffered bridge voltage, VBBUF, as its reference. In this way, any
portion of the bridge voltage can be fed back to the current source control loop. Remembering that
the bridge voltage will be proportional to temperature, this feedback path then becomes the FSO
temperature compensation feedback, FSOTC. Adding this term into Equation 5-7 gives us:

Vo= ad. g [ & Voo & Voo B V)
RISRC RFTC )
Equation 5-8

and after solving Equation 5-8 for Vb explicitly, the bridge voltage is then given by:

o " o
RISRC RETC
Vb=V, 3
+
AA-Rb  RFTC

Equation 5-9

Current Source Excitation Voltage

The other analog section is the Signal Path Amplifier (PGA), whose block diagram is in shown in
Figure 5-3.
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Signal Path Block Diagram

Both the sensor input and the IRO value are amplified by the PGA, so that the output can be given
by:

VOUT = (INP— INM + IRO)- PGA+OFFSET + OFFTC
Equation 5-10

By using their associated sign bits, the “OFFSET” and “OFFTC” corrections can be made bipolar
and since the sensor output is:

Sensor = INP — INM
Equation 5-11
The MAX1478 output voltage can then be expressed as:
VOUT = (Sensor + IRO)- PGA+ OFFSET+ OFFTC

Equation 5-12

PGA Transfer Function



The offset voltage is generated by the OFSTDAC. This DAC takes Vss and Vpp as references. The
state of the sign bit will become the sign of the coefficient, thus:

OFSTDAC =y -Vdd
Equation 5-13

Since the signal path is implemented using switched capacitor amplifiers, the numerical value of
the apparent voltage at the “OFFSET” summing junction can actually be larger than Vpp. The offset
TC correction is accomplished in terms of the OFFTCDAC. This DAC has its references as BDRIVE
(which is actually Vb) and Vss. The state of its sign bit will become the sign of the coefficient, and
its output can then be expressed as:

OTCDAC=6-Vb
Equation 5-14
OFFSET and OFFTC can then be expressed as:
OFFSET =23-y-V,,
Equation 5-15
OTC=23-6-Vb
Equation 5-16
The output voltage then becomes:
VOUT = (Sensor + IRO)-PGA+23-y-V,, +23-6-Vb
Equation 5-17

This is a good time to summarize the 4 key equations that have been developed so far. Sensor is
the gross, low-level output voltage of the sensor, as a function of bridge excitation voltage,
pressure, and temperature. Rb is the sensor bridge input impedance as a function of temperature.
Vb is the sensor excitation voltage generated by the MAX1478. Finally, VOUT is the output of the
ASIC.

Sensor :Vb-[(s0 +s, - T+s, - T? +(...)) (eo +e -Pte, P’ +(...))+ (00 +o,-T+o0, T° +())]

Equation 5-18

Differential Sensor Output Voltage



Rb=ry+r -T+r -T+(...)

Equation 5-