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ABSTRACT 

This paper presents a Universal Micro-Sensor Interface (UMSI) 

circuit designed for low-power microsystems that support 

multiple sensors and actuators.  The interface chip contains all 

necessary reference, readout, control, and communication 

circuitry to interface a range of capacitive, resistive, voltage, or 

digital output devices to system control hardware.  For online 

configuration of many parameters including readout gain and 

offset, this versatile chip is highly programmable through a 

sensor bus.  The chip also incorporates a temperature sensor for 

compensation, an SPI interface, general purpose digital I/O, and 

an interrupt control unit for switch-type sensors.  Fabricated in a 

foundry 3M 2P 0.5µm CMOS process, the die occupies 2.22mm 

x 2.22mm and draws 6.7 µΑ to 4 mA, (depending on 

configuration) from a 3V supply.  Preliminary test results show 

the chip to be functional within design specifications.  

1. INTRODUCTION 

The interface circuitry for microfabricated sensors plays an 

important role in determining the performance of the transducer 

and thus is a crucial component in integrated microsystems, 

which can be used in a broad range of applications. Some 

interesting sensor interfaces have been developed recently 

including an interface for capacitive and resistive readout [1], a 

mixed-voltage sensor interface with self test [2], and a mixed-

signal data acquisition system that combines a microcontroller 

and analog readout [3].  Interface ICs from Maxim [4] and 

Analog Devices (e.g., the microconverter) have been utilized for 

sensor signal conditioning purposes. Another interface IC is 

capable of performing many different types of measurements, 

such as voltage, current, capacitance, resistance and frequency 

measurements [5]. 

Today’s sensor market is advancing toward the use of smart 

sensors in many applications. For a low-cost and low-power 

sensor interface to be suitable for such a market, this interface 

must be capable of supporting a wide variety of smart sensor 

systems.  The universal sensor interface described in this paper 

has been designed especially for this purpose. As shown in Fig. 

1, the UMSI chip incorporates a variety of digital I/O interfaces, 

several highly programmable analog readout and drive circuits 

controlled by on-chip SRAM, and a built-in multi 

range/resolution temperature sensor. The UMSI serves as a 

single-chip interface solution to support many low-power 

microsystem applications utilizing capacitance, resistance, 

voltage, or digital output sensors. It features several user-

programmable modes and implements many useful functions not 

available on previously reported interface circuits [1-3, 6]. 

 

Fig. 1.  Block diagram of the UMSI chip. 

2. NETWORK COMMUNICATION BUS 

The digital I/O blocks include a multi-node sensor bus interface 

to a microcontroller that is fully hardware compatible with the 

IEEE P1451.2 standard [7], a Serial Peripheral Interface (SPI) 

with a 4b chip select for communication with optional external 

components, a bi-directional 8b digital I/O port, and an 8-input 

switch detection interrupt generation circuit. The bus provides 

multiple addressing modes, as shown in Fig. 2, including single 

node, 4b or 8b node address, and broadcast.  
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Fig. 2.  Timing diagram of the multi-node sensor bus. 

The chip address can be hard-coded via wire bonds or 

downloaded from external memory through the SPI interface. 

The UMSI chip may be setup by the host with configuration data 

stored in on-chip RAM. It supports the Transducer Electronic 

Data Sheet (TEDS) feature of the IEEE P1451.2 standard via an 

external EEPROM which is accessed through the SPI interface.  

UMSI supports plug-n-play operation for automatic system 
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reconfiguration. When a new sensor module is added to the 

system, relevant information (TEDS data) is uploaded and can be 

used to configure the UMSI chip for online sensor operation 

control, including sensor range selection, sensor readout control 

(gain and offset) and interrupt source configuration. Once 

configured via commands through the bus, the system can then 

retrieve data from the sensor and calibrate the measurement 

based on calibration and compensation data provided in the 

TEDS. 

3. ANALOG INTERFACE 

The analog blocks, as shown in Fig. 3, include a switched 

capacitor circuit with programmable on-chip reference element 

for capacitive sensor readout, a resistive input readout amplifier 

configurable for single input or two-input bridge (with on-chip 

reference resistor) operation, and a voltage buffer/attenuator 

amplifier.  Each of these three readout blocks is connected to a 

second-stage programmable gain amplifier and a third-stage 

sample and hold circuit. The chip also includes a 6b DAC for 

programmable reference voltage at the gain stage, an internal 

1.5V reference, and a 6b DAC for actuator control and readout 

self test. Details of the programmability of the circuit are shown 

in Table 1. The analog block utilizes multiple power supplies to 

minimize power consumption by activating only the circuitry 

needed for a given application. The highly programmable circuits 

are controlled by data downloaded through the sensor bus and 

stored in an on-chip 24-byte SRAM. The read/write interface to 

the SRAM also allows the user to access a chip status register 

and an interrupt status register, which is part of an on-chip 

interrupt generation and management circuit. The UMSI chip 

also supports a data valid bus acknowledgement signal. 
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Fig. 3.  Block diagram of the analog interface. 

Through an 8-to-4 analog signal router, the chip can interface 

with up to 8 sensors that are capacitive and/or resistive and/or 

voltage-output. A 5b sensor mode register in SRAM determines 

the type of sensor and which channel to be selected. The output 

voltage of the capacitive readout is proportional to the difference 

between an off-chip capacitive sensor and an on-chip 

programmable reference capacitor. The resistive sensor readout 

interfaces with a resistive sensor half or full bridge, and provides 

an output corresponding to the bridge resistor change. The 

voltage readout forces the input voltage to a desired range. Three 

outputs of these readout circuits go into a 4-to-1 multiplexer with 

a self-test signal. One of them is selected and amplified by gain 

stage with programmable sensitivity. Finally, the output of the 

gain stage is stored on a capacitor in the sample and hold stage. 

Table 1  Programmable features of the UMSI chip. 

Features of the UMSI Signals/Bits 

Bus Address Modes single, multi, broadcast 

Chip (bus node) ID mode dependant, 

4b or 8b 

Chip ID Setting hardwired or  

external memory 

On-chip RAM 24x8b 

Bi-directional Digital I/O 8b 

SPI Bus Interface 4b chip select 

Digital Switch Detection/Interrupt 8b 

Analog Inputs 8, multiplexed to amps 

Analog Output 6b DAC 

Gain Amp: gain control 8b  

Gain Amp: ref. Voltage control 6b DAC 

Gain Amp: self-test input 6b DAC 

Capacitive Amp: offset control 8b, 50 fF – 6.4 pF 

Resistive Amp: reference 6b, 3.75 kΩ – 30 kΩ 

Resistive Amp: gain control 6b  

Voltage Buffer: attenuator 6b 

Temperature Sensor 

Range/Resolution Control 

12b 

  

3.1 Capacitive readout, programmable gain 

stage and sample & hold stage 

Fig. 4 shows the capacitive readout chain which includes a 

switched capacitor integrator, a programmable gain stage and a 

sample-and-hold stage. Cs is the sensor capacitor, and Cref is the 

reference capacitor, which is set by an 8b SRAM register. During 

phi1, the reset switch of the charge integrator is closed and Cs is 

charged through the charge integrator output to Cs (Vref -Vdd), 

and Cref is charged to Cref (Vref -Vss). Once phi1 goes low, the 

charge stored in Cs changes to Cs (Vref -Vss) and that in Cref 

changes to Cref (Vref-Vdd). The net change in charge is (Cs-

Cref)(Vdd-Vss). This change of charge is transferred to feedback 

capacitor Cf1. The magnitude of the output voltage will be equal 

to  

Vout1 = Vref + (Vdd-Vss)(Cs-Cref)/Cf1              (1) 

Thus, the output voltage is proportional to the difference between 

the sensor and reference capacitors.  
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Fig. 4.  Capacitive readout, programmable gain and sample 

&hold stage. 

Subsequently, phi2 goes high, the second stage integrator is reset 

and then Cin, which is controlled by a 7-bit clock phases from a 

clock generator circuit, is charged to Cin(Vout1-Varef) through 

the charge integrator output. Clock phases phi3 and phi4 are 

slightly delayed phi1 and phi2 clocks, respectively. After phi3 

goes high, the voltage across Cin changes to zero, and hence the 

change in charge stored in Cin is equal to Cin(Vout1-Varef). The 

gain of the second stage is determined by the ratio of the total 

capacitance switched into its input to the feedback capacitance 

(Cf2), that is,  

Vout2 = Vref + (Vout1- Varef)Cin/Cf2    (2) 

Finally, during phis (same clock as phi3), the output voltage of 

the second stage is sampled and held onto capacitor Ch until the 

next phase of phis. During this time the output of the sample and 

hold equals the last output of the programmable gain stage. The 

dummy switches controlled by reset_d_bar, phi2_bar, and 

phis_bar are used to reduce clock-switching noise at the high 

impedance nodes. The circuit is designated to operate with a 50 

kHz clock. The non-overlap time of the clock phases and the 

clock delays are both 250ns. Fig. 5 shows a simulation result of 

capacitive readout circuit; with a 3pF reference capacitor and a 

variation of sensor capacitor from 2.4pF to 3.8pF; the analog 

output voltage changes from 0.75V to 2.2V.  

 

Fig. 5. Output of capacitive readout circuit as the sensor 

capacitor changes in 0.2pF steps; programmable gain is set as 1. 

3.2 Resistive readout 

A resistive sensor develops a voltage that varies with resistance 

by using a resistive half/full bridge, which converts an imbalance 

in resistance into a voltage. The schematic of the resistive 

readout is shown in Fig. 6. The bridge output voltage is applied 

to the input of a closed-loop differential amplifier. The gain of 

this amplifier is given by the ratio of R2 to R1. R1 and R2 are 2b 

and 4b programmable on-chip resistors, respectively. There are 

three main requirements on the opamp of the resistive sensor 

readout front-end. A high gain is required to ensure precision 

operation, a large output voltage swing is required to provide 

maximum signal range, and a strong output drive current is 

needed to drive the resistive load. 
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Fig. 6.  Resistive sensor readout. 

3.3 Voltage readout 

The voltage-output readout provides control over the signal 

range/sensitivity by attenuating the input voltage and feeding it 

to the programmable gain amplifier stage. The schematic of the 

voltage readout is shown in Fig. 7. A programmable attenuator is 

controlled by a 6b SRAM register and is fed into the non-

inverting input of the opamp to attenuate the input voltage. The 

very high gain of the opamp forces the voltage at the inverting 

node to be equal to the voltage at the non-inverting node. The 

function of the opamp is to provide buffering. 
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Fig. 7.  Voltage-output readout. 

4. REALIZATION 

A full-custom design methodology was used in physical design 

of the UMSI chip. A cell library was initially established, based 

on consideration of area, delay, and drive ability. In order to 

place and route all basic blocks of the digital circuit properly, 

several standard cells with the same digital function were 

designed with different layout profiles. Hierarchical design is 

widely used in layout to increase productivity and decrease the 

chance of mistakes. Each block in the circuit is placed and routed 

based on its function. Low power dissipation requirements are 

carefully considered in the layout of power and ground rails.  

The chip was designed for sensor systems which often enter a 

“sleep mode” to save power consumption. Two separate power 

lines, “always on” and “wake up”, were used, with most of the 

chip connected to the switchable “wake up” supply and only a 

very-low-power interrupt detection block connected to the 

“always on” supply. Furthermore, to improve the noise margin 

and chip reliability, analog and digital power supplies are 

separated. Two power supplies are used in the analog blocks. 

II-248



 

One provides power for capacitive readout, gain amplifier, output 

stage, DAC1 and clock generator blocks, while another powers 

resistive, voltage readout and DAC2 blocks. 

To reduce substrate coupling effects, the analog core and digital 

core were separated on the chip and the analog core has ample 

substrate contacts surrounding the sensitive circuitry. The chip, 

shown in Fig. 8, has been realized in the AMI 0.5µm CMOS 

process with a 4.93 mm2 die size.  

 

Fig. 8.  Die photograph of UMSI chip. 

5. EXPERIMENTAL RESULTS AND 

SUMMARY 

Preliminary test results show the chip to be functional within 

design specifications. To test the sensor bus communication 

functions, data was sent from a microcontroller to the UMSI chip 

and read back out by the controller. Fig. 9 shows the output of 

the UMSI chip for write and read memory commands.  

 

 

Fig. 9.  UMSI chip output for write and read memory commands.  

 

.  

Fig. 10.  DAC amplifier input and output waveforms. 

Fig. 10 shows the output of the DAC amplifier in an open-loop 

configuration. An input signal of 1.5V DC and 50mV AC at 

50KHz is applied to illustrate the functionality of DAC amplifier.  

This interface chip is a CMOS implementation of an on-going 

project to develop low-power, low-cost, universal sensor 

interfaces for data acquisition systems. The UMSI chip contains 

several programmable analog readout circuits capable of 

interfacing with a variety of sensors. The integrated digital I/O 

blocks include a multi-node sensor bus interface, which is 

compatible with IEEE P1451.2 standard, a Serial Peripheral 

Interface with a 4b chip select for communication with optional 

external components, a bi-directional 8b digital I/O port, and an 

8-input switch detection interrupt generation circuit. Initial tests 

have demonstrated the usefulness of this chip in the development 

of multi-sensor microsystems. Further testing with various 

sensors is planned to verify all of the capabilities of the UMSI 

chip. 
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