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ABSTRACT 
 

 As the need for embedded instrumentation (EI) grows in the military community, 
unique telemetry and sensor suites will be required. The typical path for combining 
sensors and telemetry is to select the packaged sensors for the required measurements and 
then to configure a separately packaged telemetry device. Today since die level telemetry 
systems are emerging, it should be considered that sensor suites are integrated at the die 
level with the telemetry components into a miniature and low power EI system. 
 
 

BACKGROUND 
 

The Test and Evaluation Science and Technology (T&E/S&T) program initiated the 
Advanced Munition Flight Test Instrumentation (AMFTI) program to address unique 
sensor needs for EI.  The AMFTI goal is to demonstrate the capability to design, 
fabricate, and package unique combinations of MEMS sensors for EI use and application.  
The AMFTI sensors are designed for flexibility with common on-chip electrical blocks 
(amplifiers, clocks, capacitive drive/sense circuits, and direct analog to digital (A/D) 
output).1  A process from Jazz Semiconductor (Newport Beach, CA) was selected for this 
effort since it is a commercial complementary metal-oxide-semiconductor (CMOS) 
process that has been used for microelectromechanical systems (MEMS) fabrication.  The 
instrument suite contains a single chip, 3-axis, wide dynamic range accelerometer 
(maximum g level ~ 20,000g) and a single chip, 2-axis, non-magnetic material, vibrating 
bar magnetometer.  The accelerometer chip is to be hermetically packaged, while the 
magnetometer (a high Q device) is to be vacuum packaged.  The sensor designers are also 
able to apply these on-chip electrical blocks to low-g accelerometers and angular rate 
sensors, thus providing in principal a relatively broad set of instruments.  Unique sensor 
suites can then be configured for specific measurement type and range by selecting 
sensor type, proof mass structure and size, and electrical blocks.   
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The common on-chip electrical blocks can be shared in a parallel fashion for such a 
multi-sensor suite.   This would be very efficient consuming less power and yielding a 
smaller floor plan for the sensor chips.  As more sensors provide direct A/D output, it is 
also prudent to align the sensor output with the frame or packet architecture of the data 
link.  This would allow a multiplexed sensor suite to use a highly reduced on-chip 
electrical block design that is synchronized with the telemetry system.  All of this sensor 
and telemetry integration can be accomplished at the die level with packaging 
accomplished by the telemetry vendor.  The products from the Hardened Subminiature 
Telemetry and Sensor System2 (HSTSS) and the AMFTI programs could be combined to 
support such a concept and to form the basis of a new solution for EI applications. 
 
The AMFTI effort is divided into three phases and is based upon a close-knit sensor 
design effort between Carnegie Mellon University (CMU) and The Johns Hopkins 
University Applied Physics Laboratory (APL).   A three-axis, high-g accelerometer with 
a large dynamic range and a two-axis magnetometer will be fabricated using the same 
CMOS design tools and foundry (the Jazz 4-metal 0.35 µm SiGe BiCMOS process was 
selected).  The accelerometer sensor is primarily the responsibility of CMU, while the 
magnetometer is from APL.  APL has responsibility for designing the front and back end 
electrical blocks that will be used in both sensors.  APL is primarily responsible for 
packaging, while the Weapons and Materials Research Directorate of the US Army 
Research Laboratory (ARL) provides the roles of flight test support and connectivity to 
the projectile test community.  The AMFTI end state will be a miniaturized embedded 
sensor suite that is compatible with miniature, gun-hardened telemetry packages, 
providing a more complete selection of sensors in a smaller and lower power 
configuration.  ARL typically uses multiple COTS MEMS accelerometers to obtain linear 
accelerations and a multiple-axis non-MEMS magnetometer to measure spin (and angles 
to the local magnetic field) during free flight.  AMFTI can support unusual and extreme 
needs of the T&E community for affordable, custom sensor suites.  Combinations of two 
magnetometers (both in-plane) and a single out-of-plane axis of acceleration could 
provide a unique and highly integrated suite for pitch/yaw/thrust measurements.  
Obviously, other combinations and orientations could be provided upon request with 
different scale factors and operational ranges due to the nature of the on-chip electronics 
and the JAZZ foundry process. 
  
 

EARLY PROGRAM RESULTS 
 

At the initiation of the AMFTI program, CMU had a 3-axis, single chip low-g 
accelerometer suite from an existing DARPA effort.  These devices were delivered to 
ARL and APL for initial die map examination and shock testing.  APL’s vibrating bar 
magnetometer was previously shock tested by ARL; so only the CMU accelerometers 
(not electrically activated) were scheduled for tests. Unfortunately, the initial package 
selected by ARL for these “survival” tests failed, thereby damaging the CMU devices and 
clouding the issue of shock survival.  ARL followed on with a second test that was 
successful; hence, the “nominal” CMU structural design was verified to be high-g 
capable.  Shock levels of approximately 20,000 g’s that are common to Army artillery 
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systems (actually Navy requirements are lower, needing only 10,000 g’s) were used as 
the program goal.   
 
APL and CMU had initiated wire bonding of the low-g devices.  The sole source of 
documentation was a completed thesis with some details missing.  CMU carefully 
reconstructed the die map and documented necessary external circuitry to drive the 
MEMS devices (electrostatic actuation and capacitive sense).  It was discovered that 
there were several “notational errors” in the thesis along with a 90-degree rotation of 
some wire bonds.  APL and CMU painstakingly worked through these issues and formed 
the beginnings of a close working partnership.  During this time CMU and APL decided 
on the use of the Jazz foundry and the use of CADENCE tools.  This provided an 
excellent collaborative environment for the design team at both locations.  APL initiated 
the design of electrical blocks that would be commonly used for the accelerometer and 
magnetometer suite.  Jazz submissions are being made through MEMSCAP, Inc. 
(Durham, NC) with post-CMOS processing etch and release of the MEMS structures 
accomplished at CMU.  
 
 

PRESENT STATUS 
 
APL submitted a sequence of initial electrical designs on consecutive Jazz runs.  A 
schematic diagram of an accelerometer is shown in Figure 1 with submission dates for 
individual Jazz runs.  In this case, an accelerometer is shown with a CMU pre-amp, but 
an identical schematic (shown in Figure 2) applies to the APL magnetometer – the intent 
to have re-usable electrical blocks being initiated during the earliest design phase.  Note 
that all blocks were included by the May Jazz run.  These sensors were declared the 
Phase I sensors.  The analog to digital converter (ADC) (shown only in Figure 2) was in 
the process of being designed and was planned for submission in a September release.  
That release did NOT occur since testing of the May devices was delayed.  A list of on 
circuit elements is provided and shown in Figures 1 and 2. 
 

 Capacitive sense circuitry 
 Demodulate and low pass filter transducer output circuitry 
 Single digital output for each channel using delta sigma modulator 

approach 
 Voltage reference 
 Current drive circuitry 
 Clock circuit 
 Voltage controlled oscillator 
 Analog to digital converter 

 

 3



 
Figure 1.  Schematic For The Phase I Accelerometer Sensor. 

 

 
 

Figure 2.  Schematic For The Phase I Magnetometer Sensor. 
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The AMFTI team has been expanded to use the Department of Energy/National Nuclear 
Security Administration’s Kansas City Plant (KCP) as a MEMS packaging partner.  KCP 
has a unique background in microelectronics and microelectronic/MEMS packaging; 
having provided special MEMS packages to their sister NNSA organization Sandia 
National Laboratory (Sandia has their own MEMS process, and APL has used that 
process for other MEMS related tasks).   
 
The MEMS structures are shown in Figures 3, 4, and 5.  The APL xylophone (vibrating 
bar) magnetometer is shown with zoom and full view images in Figure 3.  The high-
g/wide range accelerometer with multiple cantilever fingers is shown in Figure 4, while  
the separately funded low-g/low range accelerometer is shown in Figure 5.3  This device 
is shown since many of the on-chip elements were inserted in and around this structure 
since it was a mature accelerometer design.  It would not be prudent to develop the 
structure and on-chip electronics simultaneously for the high-g device. 
 
 

 
 

 
 

Figure 3.  Zoom And Full View Images Of The Magnetometer. 
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Figure 4.  High-G/Wide Range Accelerometer. 
 

 
 

Figure 5.  Low-G/Low Range Accelerometer. 
 

The traditional approach to provide a measurement system would be to select packaged 
sensors and integrate using traditional packaging techniques.  Even for a MEMS sensor 
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located in a modern surface mount package, large sensor position and angular orientation 
errors occur simply due to errors in locating the MEMS device within the surface mount 
package.  The key is to have as many sensors co-located in a single package with position 
and alignment accuracy set by the micro-lithographic processes.  The AMFTI sensor 
suite is shown schematically in Figure 6.   
 

  
 

Figure 6.  Schematic For A Common Electrical Block Sensor Suite. 
 

Since most of the electrical blocks are common, the overall floor plan and power can be 
significantly reduced where single voltage, current, and clock reference functions are 
shared.  This is schematically shown in Figure 7. 
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Figure 7.  Schematic For Sharing Voltage, Current, And Clock Reference. 

 
The magnetometer is a device that is driven by a small AC current.  In order to tune the 
frequency of that current, an identical xylophone bar with the same frequency will be 
implemented as an oscillator.  A schematic implementation of this closed loop design is 
shown in Figure 8. 

 

 
 

Figure 8.  MEMS Oscillator For Closed Loop Control Of The Magnetometer Current.  
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CONCLUSION 
 

 The Phase I sensors were tested in late 2004, and were found not to be operative.  
This was anticipated, as it typically takes a series of runs to provide an effective 
integration and to correct design and layout errors.  A critical design review was held in 
February 2005 where a series of design changes and improvements were outlined.  The 
new integrated architecture shown in Figure 7 will be implemented in subsequent runs.  
At this point it was also realized that an additional step of directly mating the digital 
output to the frame or packet structures of the data link could be accomplished.  It is 
planned that once the die level AMFTI sensors are completed that a program to directly 
integrate them into a die level telemetry system will occur.   
 
 

REFERENCES 
 

1. 1.  Test and Evaluation/Science and Technology (T&E/S&T) Program 
http://www.itea.org/pages/files/ArticleAbstracts%20JunJul03.pdf

 
2. Hardened Subminiature Telemetry and Sensor System (HSTSS)  

http://www.peostri.army.mil/PRODUCTS/HSTSS/
 

 
3.  J. M. Tsai and G. K. Fedder, “Mechanical Noise Limited CMOS-MEMS 
Accelerometers,” in Proceedings of the 18th IEEE International Conference on 
Microelectromechanical Systems - MEMS 2005, Miami Beach, FL, January 30-February 
3, 2005. 

 9

http://www.itea.org/pages/files/ArticleAbstracts JunJul03.pdf
http://www.peostri.army.mil/PRODUCTS/HSTSS/



