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Abstract 
This paper presents a Universal Micro-Sensor Interface 
(UMSI) chip that significantly expands the capability of 
previously reported generic interface circuits. It 
implements a new power-conservative network-capable 
sensor bus, integrates programmable readout circuits for 
multiple signal modes, and includes a standard interface 
for application-specific peripherals. Up to 255 UMSI chips 
can be connected in a microsystem and each UMSI can 
interface with up to 8 capacitive, resistive, and/or voltage 
output devices. Fabricated in 0.5µm CMOS process with a 
2.22mm X 2.22mm die size, the chip dissipates from 40µW 
to 13.5mW (depending on configuration) from a 3V power 
supply. It supports several power management features and 
enables a new class of highly adaptive battery-powered 
microsystems capable of automatic reconfiguration in the 
field. 

INTRODUCTION 
Advances in sensor technologies, including Micro-Electro-
Mechanical Systems (MEMS), and associated interfaces, 
signal processing and networking have made it possible to 
construct highly functional “smart” sensors and connect a 
large number of sensors for distributed measurement and 
control applications [1]. The networking of many smart 
sensors enables high quality multi-parameter 
detection/measurement systems with low cost and easy 
deployment, which provide new monitoring and control 
capabilities to a wide range of applications, including 
industrial process monitoring, health care, environmental 
oversight, safety and security.   

A microsystem architecture optimized for generic 
population and distribution of low power sensors involves a 
multi-layered network as shown in Fig. 1 [2].  It utilizes a 
series of communication busses to transport sensor/actuator 
data through a sequence of increasingly sophisticated 
electronics. Here, sensors and actuators are connected 
directly to the signal conditioning circuitry within a sensor 
node. Individual sensor nodes communicate with a 
microsystem controller, typically via a hardwired “intra-
module” bus. Microsystem nodes communicate via a 
system bus, which may be hardwired or wireless depending 
on applications, to share data or report to a host system for 
further processing and/or long-term storage.  

The sensor node consists of one or more transducers and an 
interface that connects it to the outside world through the 

inter-module bus. The sensor node interface provides 
readout (conversion from low-level electrical signals to 
large-signal voltages) and signal conditioning for a variety 
of sensors and actuators. It also communicates with other 
sensor nodes and the microsystem controller through an 
intra-module bus. The microcontroller can configure the 
sensor nodes, control the signal conditioning circuitry and 
collect sensor data. The sensor node interface plays an 
important role in determining the power, functionality and 
flexibility of multi-element sensor networks. 

 

 
Fig. 1. A sensor network architecture showing ideal 

locations of signal conditioning/processing and 
networking hardware. 

This paper describes a general purpose, low noise, low 
power, CMOS circuit that combines a sensor bus interface 
and sensor readout electronics to link a wide range of 
sensors and actuators to a microsystem controller.  Called 
the Universal Micro-Sensor Interface (UMSI), this chip 
expands the capability of previously reported generic 
interface circuits [3-6]. It implements an interface to a new 
intra-module sensor bus, a hardware compatible multi-node 
variation of the IEEE P1451.2 TII bus standard [7], 
supports plug-n-play capabilities and provides a peripheral 
interface for expansion.  The UMSI chip supports a variety 
of sensors that require high resolution capacitive, resistive 
and/or voltage readout. The 2.2mm X 2.2mm chip was 
fabricated in 0.5µm 3-metal, 2-poly, CMOS process. It 
supports several power management features, including 
multiple analog supply pins allowing application specific 
minimization of power consumption.  The UMSI chip 
serves many functions necessary to construct microsystems 



that are low power, low cost, highly reliable and easy to 
construct and deploy. 

CIRCUIT ORGANIZATION 
In the architecture shown in Fig. 1, a universal sensor node 
interface module has several operation requirements.  It 
must communicate with a microcontroller using a multi-
drop sensor bus protocol; it must be able to upload sensor 
output data as well as parameters that specify sensor 
range/resolution, calibration, etc.; it must be able to 
download data to alter its configuration and adjust its 
readout parameters to adapt to different sensors; it must 
support the addition of peripheral devices to accommodate 
all sensor/actuator needs; and it must minimize power 
consumption within the microsystem.  A general purpose 
microcontroller could be utilized to achieve many of these 
features.  However analog sensor readout electronics would 
still be needed and a full microcontroller at each sensor 
node would significantly impact the cost and power 
consumption of a multi-node microsystem. 

The new Universal Micro-Sensor Interface (UMSI) chip is 
an application specific mixed-signal integrated circuit that 
supports the features above while minimizing power, size, 
and cost.  It provides is a highly programmable, digitally 
reconfigurable, link between a wide range of sensors and a 
microsystem controller. In addition to bus interface and 
sensor readout circuitry, UMSI has on-chip memory to 
store internal configuration parameters. It also includes a 
Serial Peripheral Interface (SPI) to accommodate additional 
components within the interface module, minimizing the 
baseline interface while allowing for expansion as needed 
to support specific transducers. For example, as shown in 
Fig. 2, the SPI interface can be used to access off-chip 
memory that contains sensor-specific parameters like the 
Transducer Electronic Data Sheet (TEDS) described by the 
IEEE P1451 standard or a serial A/D for actuator control.  
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Fig. 2. Block diagram of the UMSI chip and optional 

external components within the sensor node interface 
module. 

A new Intra-module Multi-element Microsystem (IM2) 
sensor bus has been developed and implemented in the 

UMSI chip. The IM2 bus is a hardware compatible 
extension to the IEEE P1451.2 TII bus that supports 
distributed multi-drop sensor nodes. The IM2 bus also 
accommodates sensor data in both analog and digital 
formats. This feature allows the D/A converter to be moved 
from within the sensor interface module to the microsystem 
controller to minimize system power consumption and 
hardware complexity. However, the architecture allows 
specialized hardware to be added within the interface 
module if the central microcontroller performance is not 
sufficient for a particular sensor node. 

SENSOR BUS INTERFACE 

IM2 Bus 
IM2 bus consists of eight signal and three power lines 
whose functions are described in Table 1. Although 
hardware compatibility with the IEEE P1451.2 sensor bus 
is maintained, a chip ID byte is added to the data transport 
frame to identify a sensor node uniquely in multi-drop 
network configuration.  A data transport frame starts when 
NIOE is pulled low by the microcontroller.  The NACK is 
held low by the UMSI chip while it receives the ID byte of 
the frame. If the ID is the same as the assigned UMSI chip 
ID, the UMSI chip responds by pulling NACK high and 
continues to receive the subsequent function byte. Then 
NACK keeps toggling after each type is received and is 
finally pulled high when the transport frame is over (NIOE 
is pulled high by the microcontroller). The timing diagram 
of the data frame is demonstrated in Fig. 3. Since only the 
addressed sensor node continues to listen to the incoming 
message, power is conserved by eliminating unnecessary 
switching in other sensor nodes. Applications that do not 
require some of the advanced feature support, such as 
sensor interrupt and new devices detection/reconfigura-tion, 
can implement only a subset of these signals to reduce 
wiring issues. The optional POWER2 signal is added to 
accommodate power management schemes that require 
continuous power to monitor sensors for events during 
periodic power down of the sensor front end [1]. 

Table 1. IM2 bus interface bus lines. 
 Line Description 

 DIN Serial data line from the microcontroller to the UMSI. 
 DOUT Data line from the UMSI to the microcontroller. 

 DCLK Positive edge clock latches the data on DIN and 
DOUT. 

 NIOE Signals that the data transport is active and delimits 
the data frame. 

 NTRIG Performs triggering function. 
 NACK Trigger acknowledge and data transport acknowledge. 
 NINT Request service from the microcontroller. 
 NSDET Detect the presence of a new UMSI chip. 
 COMMON Reference voltage. 

 POWER “Always on” power supply. Used for the front-end 
components that cannot be switched off. 

 POWER2 Controllable power supply and analog reference. Can 
be switched off to conserve power. 

 



 
Fig. 3.  Timing diagram of write frame in IM2 bus 

protocol. 

Dual address mode 
To minimize power consumption during sensor bus 
communication, the IM2 bus provides two ID address 
modes: full address mode (chip address and function are in 
separate bytes) and compact address mode (4-bit chip 
address and 4-bit function are packed into a single byte in 
the data frame).  The UMSI chip supports both address 
modes.  For small networks of intra-module sensor nodes, 
the UMSI chip can work in the compact address mode to 
save transmission power and maintain compatibility with 
the IEEE P1451.2 frame structure. In full address mode, up 
to 255 UMSI chips can be connected to a microsystem 
controller.  

Plug-n-Play 
To ease the deployment of the sensor nodes in a 
microsystem, a plug-n-play feature is supported in the 
UMSI. The microsystem controller can easily detect the 
presence of a new UMSI-equipped sensor node for 
automatic configuration. To minimize hardware 
complexity, a single control line, NSDET, is used to 
implement plug-n-play. NSDET is driven by the UMSI chip 
to indicate the presence of a new chip.  This signal is 
resistively connected to the power supply and will be pulled 
low by the UMSI chip when any node is powered up. An 
initialization routine, which is run each time the sensor front 
end is powered up, is used to locate any new nodes and 
upload data that defines the new node. 

Bus interface block diagram 
The bus interface unit on the UMSI chip includes data-
in/out buffers, an SPI bus interface, interrupt management, 
memory and a bus controller, as shown in Fig. 4.  The data-
in block receives serial data from DIN and passes the data 
as bytes to the controller.  The controller monitors chip ID, 
decodes the command byte, and generates the necessary 
control signals for memory, data-out, SPI, etc. The 
controller is essentially a finite state machine which has 
been synthesized and optimized with the Cadence Ambit 
tools. The 32 bytes of memory are used to store 
configuration data for other programmable circuit blocks on 
the chip, such as the programmable gain amplifier. 

The bus controller provides the data, address, and 
read/write signals for reading and writing on-chip memory. 

 
Fig. 4. The UMSI bus interface unit. 

The data-out block sends serial digital data or an analog 
signal to the microsystem controller through the DOUT bus 
line. The three on-chip digital data sources are the SRAM, 
the 8b general I/O port, and a 16b frequency-to-digital 
converter that is utilized by the on-chip temperature sensor. 
When SPI mode is enabled by the bus controller, DCLK, 
DIN and DOUT are routed to SPI_CLK, SPI_DIN and 
SPI_DOUT pins to allow the microsystem controller to 
communicate directly with selected external components 
within the interface module. 

ANALOG INTERFACE 
The UMSI chip incorporates a generic analog front-end 
circuit designed to support a variety of high resolution 
capacitive, resistive and voltage output sensors. The analog 
interface includes an analog signal router, three front-end 
readout blocks, a programmable gain stage, a sample-and-
hold stage, and two digital to analog converters (DAC). 
Controlled by a sensor selection code downloaded via the 
IM2 bus, an 8-to-4 signal router links readout circuits on the 
chip with up to eight capacitive, resistive and/or voltage-
mode sensor elements. The capacitive readout [6] uses a 
switched capacitor integrator with output voltage 
proportional to the difference between an off-chip 
capacitive sensor and an on-chip 8b programmable (50fF – 
12.75pF) reference capacitor. The configuration allows 
additional off-chip reference capacitance for sensors with 
greater than 12.75pF nominal capacitance. Fig. 5 shows the 
interface for resistive sensors with resistively programmable 
control of gain (0.33 to 15V/V), where R1 and R2 are 2b 
and 4b, respectively, programmable control. This interface 
can accommodate both resistive bridge sensors as well as 
single element sensors with off-chip reference resistor. 
Readout of voltage-mode sensors utilizes an interface that 
can buffer (unity gain) or attenuate (6b, 0.125 – 0.875V/V) 
the signal to the desired range before amplification. The 
outputs of these three readout circuits and a self-test signal 
generated by an on-chip 6b DAC pass through a 4-to-1 
analog multiplexer to a programmable gain amplifier (PGA) 
(8b, 0.035-31.75V/V) that utilizes a second 6b DAC for 
reference voltage control. The final analog output voltage is 



stored on a capacitor in the sample-and-hold stage. The 
highly programmable circuits are controlled by the data 
downloaded through the IM2 bus and stored in the on-chip 
32-byte SRAM. A voltage reference circuit generates the 
analog ground (VDD/2) for the capacitive, resistive and 
voltage readout circuits and the sample-and-hold stage. A 
multi-phase clock generator circuit produces non-
overlapping clock phases for the switched capacitor circuit. 
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Fig. 5.  Resistive sensor interface. 

TEST RESULTS AND SUMMARY 
The 2.2mm x 2.2mm UMSI chip, shown in Fig. 6, was 
fabricated in a 3-metal, 2-poly, 0.5µm CMOS process. Key 
performance parameters are listed in Table 2.  

Table 2. UMSI chip performance and programmable 
features. 

Features of the UMSI Signals/Bits 
Bus Address Modes single, multi-node, broadcast 
Chip (bus node) ID 4b or 8b 
Chip ID Setting hardwired or EEPROM 
On-chip RAM 32x8b 
Bi-directional Digital I/O 8b 
SPI Bus Interface 4b chip select 
Analog Inputs 8-to-4 signal router 
Analog Output (for actuator) 6b DAC 
Resolution (Capacitive) 0.5mV/fF at gain = 1 
Resolution (Resistive) 0.32mV/Ω at gain = 1 
Power Supply 2.7V to 3.3V 
Power Dissipation 40µW to 13.5mW 

 

 
Fig. 6. Die photo of the 2.2x2.2mm UMSI chip. 

The mixed-signal chip used custom design and layout to 
maximize area efficiency, minimize parasitic effects, and 
implement advanced analog layout techniques that reduce 
device mismatch errors.  Test results show that the binary 
weighted programmable passive elements used to configure 
the sensor interface circuits have very accurate parameter 
ratios. 

The IM2 bus interface was tested to verify proper operation 
with bus protocol.  Fig. 7 (a) shows the bus waveform for a 
memory read operation, where data stored on the UMSI 
chip is uploaded to the sensor bus controller. The first byte 
of DIN designates the read function and the chip ID (0). 
The second byte of the frame specifies the memory address 
(5). In the next byte, the data (0xA3), which was stored on 
the UMSI chip in a previous operation, is put on DOUT. 
NACK toggled by the UMSI every byte for 
acknowledgement.   

Fig. 7 (b) shows the output of the 6b DAC used for offset 
cancellation of the PGA varies linearly from 0.3 to 2.5V. 
Fig. 7 (c) illustrates the proper operation of the PGA and 
sample-and-hold stages at a PGA gain of 0.8V/V. Here a 
sinusoidal signal is applied to the self–test node of the PGA 
4-to-1 input multiplexer and the sampled output follows the 
input signal very well. The slight phase shift is due to the 
four clock cycle delay of the sample-and-hold. 

 
(a) 

        
(b)                                                       (c) 

Fig. 7. (a) Sensor bus signals for read memory 
operation (b) DAC output used as PGA reference for 
offset cancellation (c) Sensor readout at S&H stage for 
sinusoidal wave inputs with gain=0.8V/V. 

The performance of capacitive readout circuit is tested by 
placing a fixed 3.2pF capacitance at the sensor input and 
digitally adjusting the on-chip reference capacitor from 
2.4pF to 4.0pF in 50fF steps. The output voltage varies 
from 2.84V to 0.68V at a PGA gain if 1V/V. Fig. 8 plots 
measured results of the capacitive interface at two PGA 
settings showing a resolution of 0.5mV/fF with the PGA set 



to unity gain. With the PGA gain of 0.035 to 31.75 and the 
on-chip reference of 50fF to 6.4pF, one UMSI chip can 
interface with a wide range of capacitive sensors. 

 
Fig. 8. Measured performance of the capacitive readout 
circuit while digitally adjusting the reference 
capacitance in 50fF steps. Gain=1 provides 0.46mV/fF 
and Gain=1.5 provides 0.58mV/fF in the linear region 
between 0.7 and 2.8 V. 

The resistive interface was tested with a 22kΩ external 
reference resistor and a sensor resistor changing from 22kΩ 
to 22.35kΩ in 50Ω steps. The output voltage varied from 
1.40V to 1.56V at a gain of 1V/V, providing a unity gain 
resolution of 0.32mV/Ω.  

CONCLUSIONS 
This paper presents a universal interface circuit for multi-
sensor microsystems.  This highly programmable mixed 
signal circuit provides a standard interface for 
communication and intelligent interaction with a central 
microsystem controller and can interface with a large 
variety of capacitive, resistive or voltage output sensors. 
The chip dissipates 40 µW to 13.5mW, depending on 

configuration, from a 3V supply. The UMSI chip can 
operate with power supply range from 2.7V to 3.3V.  
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