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ABSTRACT 
 
The Joint Advance Missile Instrumentation (JAMI) program has developed a Time Space 
Position Information (TSPI) unit (JTU).  The JTU employs a novel use of Global Positioning 
System (GPS) technology, and inertial measurement units (IMU) to provide a real time trajectory 
for high dynamic missile systems.  The GPS system can function during high g maneuvers that 
an air-to-air missile might encounter.  The IMU is decoupled from the GPS sensor.  The IMU 
data is a secondary navigation source for the JTU and will provide platform attitude.  The GPS 
data and IMU data are sent to the ground in telemetry packet called TSPI Unit Message Structure 
(TUMS).  The TUMS packet is sent to a computer that hosts the JAMI Data Processing (JDP) 
software, which performs a Kalmam filter on the GPS and IMU data to provide a real time TSPI 
solution to the range displays.  The packetized TUMS data is available in three different output 
formats: RS-232 serial data, 16-bit parallel and PCM.  This paper focuses on how to integrate the 
JTU into a telemetry system, use it as a standalone system, and provides examples of possible 
uses.  
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BACKGROUND 
 

JAMI has taken advantage of GPS technology to provide the test ranges missile TSPI and end 
game scoring (EGS) between the missile and target.  Figure 1 gives a simple overview of how 
this is done.  The missile and target have a JAMI TSPI Unit (JTU) that receives GPS signals.  
The GPS sensor collects raw measurement data for each Satellite Vehicle (SV) and creates a 
GPS message.  The JTU also has an inertial measurement unit (IMU) and processes the IMU 
data and adds it to the GPS measurements to create a TSPI Unit Measurement Structure 
(TUMS).  TUMS is a telemetry packet and conforms to IRIG-106 Part II [1].  A detailed 



explanation of the TUMS format can be found in references 2 and 3.  The TUMS packet is 
transmitted to the ground via the telemetry data stream. It is then received and decommutated 
from the telemetry stream and sent to the JAMI Data Processor (JDP) via RS-232 or Ethernet 
Local Area Network (LAN).  The JDP can be thought of as having three parts.  One is doing the 
TSPI of the missile, another is doing TSPI for the target and the last is end game scoring (EGS) 
between the missile and target.  The TSPI for the missile and target are to be done in real time 
and sent to the range display via LAN.  The display will be used for range safety tracking.  The 
TUMS data will be archived by the JDP software where a more accurate track and EGS solution 
are produced as post mission product of the JDP.  A more detailed explanation of the telemetry 
ground station can be found in reference 4. 
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FIGURE 1.  JAMI TSPI System Overview 
 

The JDP can use other tracking sources to help provide missile TSPI in the event the missile 
cannot track GPS SVs prior to launch, in the case where it is carried under the wing or internal 
carriage.  The existing range TSPI sources, radar, aircraft GPS, laser, and optical tracking can be 
used by the JDP to cal align the IMU prior to launch.  For the few seconds after launch, the JDP 
will use the IMU to provide missile TSPI until the GPS starts tracking Satellite Vehicles.  When 
the unit is in sensor mode, the time to acquire four to five SV is less than three seconds. 
 
 

JTU OVERVIEW 
 

The main focus of this paper is on how the JTU is to be used and integrated into a telemetry 
system.  First an overview of the JTU is needed.  Figure 2 is a block diagram of the major 
components of the JTU.  There are three main parts: the GPS Sensor Unit (GSU), the Inertial 
Measurement Unit (IMU) and the Data Formatter board. 
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FIGURE 2. JTU Block Diagram 
 

The GPS Sensor Unit can operate in two modes: navigation or sensor mode.  In navigation mode, 
the GSU acts as a typical GPS receiver and outputs the Missile Application Condensed Message 
(MACM) as defined in reference 2.  The MACM and IMU data are combined and formatted in 
the data formatter and the output of the JTU is TUMS Type I.  The JDP accepts the TUMS Type 
I message and can directly produce a TSPI solution in real time.  In sensor mode, the GSU 
outputs a vendor-defined message that allows the GSU to provide the data needed so a GPS 
solution can be made in a very high dynamic environment and/or when fast acquisition of SV’s 
is needed.  The GSU in sensor mode can acquire enough SV’s to provide a TSPI solution in less 
than three seconds.  The vendor-defined message is combined with the IMU data and the JTU 
output is TUMS Type II.  Since the JDP can only accept TUMS Type I data, a ground segment is 
required to convert TUMS Type II into TUMS Type I.  For a more detail explanation of this 
process, see reference 4.  The GSU also has three event marker inputs so individual events can 
be time tagged with GPS time.  The time tags are included in the GSU message when assemble 
into the TUMS format. 
 
The IMU consists of two Analog Devices ADXL250 accelerometers and three ADXRS300 rate 
sensors to produce a six-degree-of-freedom IMU.  These devices are automotive grade 
components used for air bag deployment.  Since the quantities are large, these devices are 
inexpensive.  To improve their accuracy, a temperature sensor built into the ADXRS300 is used 
to temperature compensate the sensors.  All six sensors of the IMU are sampled simultaneously 
with a 16-bit analog-to-digital converter operating at a high rate (1000 Hz) and then processed 
and output at a medium rate (125 Hz).  The processed data is one measurement set.  The 
accelerometers are sampled at the high rate, converted to delta velocities of units of meters per 
second, temperature compensated, and added to the previous sample to produce accumulated 



delta velocities.  The accumulated delta velocities are converted into a three-byte integer that has 
the units of tenths of millimeters per second.  The rate sensors are accumulated, temperature 
compensated at the high rate, and converted into a quaternion at the medium rate.  A simplified 
view of a quaternion is a process that takes in the three rate measurements and outputs four 
variables. The quaternion is then accumulated with the previously calculated quaternion.  The 
accumulated quaternion is a unit-less number that is multiplied by a million to convert it into a 
three-byte integer.  The three accumulated delta velocities of three bytes each and the four 
accumulated quaternions of three bytes each make up one processed IMU measurement set.  This 
is a simplified explanation of the processed IMU data set.  The IMU message ends with a 
checksum. 
 
The accumulated processed IMU measurements provide a couple of advantages.  First, if raw 
IMU measurements were sent down, the Kalman filter in the JDP would be reset every time 
there was a telemetry drop out.  With the accumulated IMU data the Kalman filter does not reset 
since the data lost from the telemetry drop out can be recovered.  The second advantage is the bit 
rate is reduced. 
 
A block diagram of the data formatter is shown in Figure 3.  Notice the Field Programmable 
Gate Array (FPGA) that contains all the firmware and software.  There is some additional RAM 
and flash memory.  On power-up, the firmware and software for the FPGA will be download into 
the device from the flash memory.  This should take about 0.5 seconds. 
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FIGURE 3. Data Formatter Block Diagram 

 
 



Figure 4 is a simple block diagram of the FPGA firmware design.  It consists of an Altera NIOS 
processor with a floating-point math co-processor.  The co-processor is needed to perform the 
math required to compute the quaternions.   The NIOS runs the software that is stored in flash 
which collects all the information it needs from the IMU and GSU, processes the IMU data and 
assembles the TUMS packet.  The TUMS data is stored in two independent first-in-first-out 
(FIFO) memories.  By having two FIFOs loaded with the same data, it can be output in different 
formats without disturbing the other.  The PCM controller accesses the bottom FIFO.  As the 
PCM controller empties the FIFO, it also sends the data out via an asynchronous serial data 
stream.  The PCM controller runs at a speed that allows the serial stream to be 230.4 Kbaud.  
This serial data stream will be good for encoders that already accept RS-232 data.  The PCM 
controller adds the frame sync pattern necessary to have the PCM data conform to IRIG-106 and 
outputs a randomized NRZ-L data stream.  The PCM data output will allow the user to utitize the 
JTU as a standalone system when interfaced to a transmitter.  The top FIFO allows the data to be 
accessed as parallel data.  Basically it will allow a PCM encoder to read the data from the JTU 
on a 16-bit word boundary. 
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FIGURE 4. The FPGA Block Diagram 
 

This has been a simple overview of the workings of the JTU so the user can see how the output 
data is generated.   Each of the three different data streams will now be looked at in detail and 
explained so a user will be able to create an interface that will work with their system. 
 
 

RS-232 SERIAL DATA 
 

The first data stream we will look at is the RS-232 line.  This interface only requires two signal; 
Transmit (TX) and Ground (GND).  On J2 pin 23 (TX), the JTU outputs a RS-232 asynchronous 



data stream.  There is one start bit, eight data bits, no parity and one stop bit.  The baud rate is 
230.4 Kbaud.  The TUMS packets are generated every 64 msec and occupy less than 50% of the 
data line bandwidth. 
 
 

PCM DATA 
 
The PCM data is created at the same time as the RS-232 data and is available on pin 10 of J2.  
Since there are no start or stop bits, the equivalent bit rate is 181 Kbits/second.  A frame sync is 
added so a standard telemetry decommutator can find the word locations.  Since there is some 
dead time, the PCM data is randomized using the standard 15-bit randomization pattern.  Every 
word that is not part of the frame sync is considered to be TUMS data.  The decommutator is 
required to collect the TUMS data, check for the header, the length, and verify the checksum.  
Once a valid TUMS packet is collected, the decommutator sends this data via RS-232 to the JDP 
at 230.4 Kbaud with one start bit, eight data bits, no parity, and one stop bit.  The summary of 
the PCM format follows: 

1. The bit rate is 181 Kbits/second. 
2. The common word length is 8 bits per word. 
3. There are no minor frames. 
4. The frame length is 256 words. 
5. The frame sync pattern is 4 words long (32 bits) and located in words 253, 254, 255, 

and 256.  The sync pattern is FE 6B 28 40. 
6. All other words contain the TUMS data.  Invalid data between the check sum and the 

TUMS header are FF. 
7. The PCM data is randomized using the 15-bit IRIG standard. 
8. The output signal is at TTL levels 

 
 

PARALLEL PORT DATA 
 
The third option for getting data from the JTU is from a 16-bit parallel port.  The parallel port 
only uses the second FIFO so the PCM and RS-232 data streams will not be affected by its use.  
The parallel port can be thought of as a FIFO interface to a PCM encoder or microcontroller.  
There are two parallel modes: Block Transfer and Free Running modes.  The signal levels for the 
parallel port are Low Voltage TTL (LVTTL). 
 
Block transfer mode 
 
The block transfer mode transfers one complete TUMS message to the encoder as a continous 
block of 16-bit words.  This transfer occurs about every 64 msec and contains up to 512 16-bit 
words each.  The first word of the block to be sent shall be a count of the number of 16-bit words 
that are in the block of data to be transferred.  This word counter shall be ignored at the 
decomutator side and has no effect on the content of the TUMS data. For this mode, the parallel 
data output shall have the handshaking procedures described below and shown in Figure 5. 

a. MODE_SEL (input) - The MODE_SEL line shall be set low to select the Block 
Transfer Mode. 



b. CHIP_SEL (input) – The CHIP_SEL signal into the JTU shall go low indicating the 
encoder is ready to accept a block of data.  The BLK_XFR line from the JTU shall 
then go low within 30 nanoseconds indicating that a valid data block is ready to be 
transferred.  A valid data block is defined as a complete TUMS message stored and 
ready to be transferred.  The CHIP_SEL signal then shall toggle after each data word 
is accepted and the encoder is ready for the next word.  The minimum time from 
when CHIP_SEL goes high to when it can be asserted low again is 30 nanoseconds. 

c.  BLK_XFR (output) - This signal shall go low within 30 nanoseconds after receiving 
a request for data from the encoder, CHIP_SEL set low, and valid data is buffered 
and ready to be transferred to the encoder.  This signal shall remain low until all the 
buffered data is transferred.  BLK_XFR line shall go high within 20 nanoseconds 
after CHIP_SEL signal for the last word of the data block goes high.  

d. DAT_STB (output) - The falling edge of this signal shall indicate that the data is 
stable and is ready to be read by the encoder.  The first DAT_STB signal shall occur 
within 30 nanoseconds of the falling edge of BLK_XFR.  For each word there after, 
at shall occur within 30 nanoseconds of the falling edge of CHIP_SEL. The signal 
shall go high within 15 nanoseconds of the rising edge of CHIP_SEL. 
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Free Running Mode 
 
The free running mode transfers the TUMS data as soon as it is available.  It will be 
similar to reading a FIFO.  This mode is perfect for encoders that have dedicated word 
locations for the TUMS data.  The FIFO can be used as the encoder’s memory so a 
complete TUMS message does not need to be stored by the encoder before the encoder 
formats the data.  Individual words are requested by the encoder on a as-needed basis.  If 
the data not valid, a 0xFFFF will be sent.  The encoder needs to be able to read in 512 16-



bits words every 64 msec. For this mode the parallel data output shall have the following 
handshaking procedures described below and shown in Figure 6. 

a. MODE_SEL (input) – The MODE_SEL line set high shall select the Free 
Running Mode. 

b. CHIP_SEL (input) – The CHIP_SEL signal into the JTU shall go low 
indicating the encoder is ready to accept a word.  The BLK_XFR line from 
the JTU shall then go low within 20 nanoseconds if the word is valid.  When 
the encoder has read the data word the CHIP_SEL line shall then be set high. 
The minimum time from when CHIP_SEL goes high to when it can be 
asserted low again is 30 nanoseconds. 

c. BLK_XFR (output) – This signal indicates whether each individual data 
word is valid.  If the data is valid, the BLK_XFR line will go low within 20 
nanoseconds of CHIP_SEL going low. After CHIP_SEL goes high, 
BLK_XFR line shall go high within 15 nanoseconds.  If the data is not valid, 
the BLK_XFR line will stay high.  The data will be set to 0xFFFF. 

d. DAT_STB (output) – The falling edge of this signal shall indicate that the 
data is stable and ready to be read by the encoder.  The DATA_STB line will 
go low within 30 nanoseconds of CHIP_SEL line going low.  The 
DATA_STB line will toggle even if the data is not valid TUMS data.  The fill 
data is 0xFFFF. 
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EVENT MARKERS 
 

The JTU has three input event markers conforming to the EIA RS-422 interface standard.  The 
event timing information is part of the TUMS packet.  The data is contained in a TUMS field 
called MATM for Missile Application Timing Message.  There can be one timing event for each 
of the three markers per epoch (64 ms).  The time resolution is 100 nanoseconds of GPS time.  



The accuracy will depend on the GSU time accuracy at the time the event marker is strobed.  If 
the GSU is operating in the navigation mode and is tracking several satellites, it knows GPS time 
very well and should be accurate to 100 nanoseconds.  If the GSU is in sensor mode and has not 
tracked enough satellites for a sufficient time to resolve GPS time, the accuracy will be a number 
reported in the vendor defined GPS message called “local time of week estimated RMS error”.  
Once the GSU has resolved GPS time in sensor mode, the accuracy should be the 100 
nanoseconds as well.  These event markers are intended to be used to record the time an event 
occurred, such as motor ignition, fuze pulse, and other events in which traditional encoders 
would require a high sample rate to detect the event.  Another purpose might be to give a GPS 
time stamp to the start of a major frame.  The restriction here is the major frame size has to be 
much longer than 64 ms. It would be best if the major fame was at least a little more than 128 ms 
to make sure which TUMS message went with which major frame event marker.  There are other 
ways a telemetry system might be able to sync to GPS time which will be discussed next. 
 
 

GPS TIMING PULSES 
 
The JTU has two timing pulses available that are synchronized to GPS time.  They are the One 
Pulse per Epoch (1PPE) and the Variable Frequency (VARF) output.  The purposes of these 
pulses are to be able to synchronize an encoder, a signal, or another measurement with GPS time.  
The idea here is a telemetry designer can make use of the fact he knows GPS time and be able to 
synchronize the telemetry system so all signals can be traced back to GPS time.  In addition there 
might be a few critical signals that need accurate sampling. 
 
One Pulse Per Epoch 
 
The rising edge of the One Pulse per Epoch (1PPE) signal is coincident with the exact time a 
GPS measurement is made.  The time the pulse occurs is the epoch time reported out in the GPS 
field of the TUMS packet.  It occurs every epoch, which is every 64 ms.  There is a timing delay 
the user needs to be aware of.  The TUMS packet for the epoch pulse is made available in the 
FIFO about 108 milliseconds after the event. 
 
Variable Frequency Output 
 
The Variable frequency output is a positive-edge pulse that occurs at the rate at which the IMU 
signals are sampled.  Originally, the idea was to make this frequency variable so the user could 
utilize different frequency rates.  As of the time this paper was written, it has been set to 1000Hz.  
If the user wants to sample a signal at the same time the IMU is sampled and is synchronized 
with GPS time, this would be the signal to use.  The 1000 Hz is derived from the 1PPE and the 
time each pulse occurs can be backed out.  There will be 64 of these pulses between each epoch 
pulse.  The time of the first VREF pulse after a epoch pulse will be the GPS time reported in the 
TUMS message for that epoch plus one millisecond.  The second VARF pulse will then be plus 
two milliseconds and so on. 
 
 



STATUS BITS 
 

The status bits indicate how well the JTU is working without having to use the JDP to monitor it.  
There are a total of four status bits that are designed to directly drive a LED with a 3.3V logic 
level output, one bit for the GSU and three for the IMU status.  These status bit states are part of 
the TUMS message and could be used to by a decommutator for a display as go/no-go criteria.  
 
The GSU bit blinks to indicate how many GPS satellites are being tracked.  Upon power up, the 
bit will toggle with a period of two seconds.  This will indicate the GSU is powered and 
searching for satellites.  When satellites are acquired, the bit will then toggle on for one second 
then off for 0.5 seconds followed by the bit toggling that has a period of one second for each 
satellite being tracked.  Once all the satellites have been counted, the bit will toggle off for one 
second and the reporting cycle will start over. 
 
The IMU has three status bits.  Two are the complement of the other, which are the Static and 
Dynamic bits.  When the accelerometers are reporting less than 15 m/sec2 and the rate sensors 
have less than 0.4 rad/s, then the static bit is on and the dynamic bit is off.  If either the 
accelerometers are greater than 15 m/sec2 or the rate sensors are greater than 0.4 rad/sec, then the 
static bit is off and the dynamic bit is on.  The third IMU bit is the fail bit.  This bit is on when 
any of the IMU channels have exceeded their maximum range.  Otherwise this bit is off. 
 
 

GPS ANTENNA SYSTEM REQUIREMENTS 
 

The GSU needs a good GPS signal if it is to track satellites.  The GPS antenna connection to the 
JTU assumes there is a GPS antenna with a filter-limiter amplifier.  The center conductor of the 
RF connector of the JTU has +5V and 100 mA of current available to power the filter-limiter 
amplifier.   
 
The filter between the antenna and the JTU are not always enough.  The designer needs to be 
aware of possible RF interference from the telemetry transmitter.  Eugene Law did tests with L-
band and S-band telemetry transmitters to see how they interfered with a GPS receiver [5].  The 
conclusions he came up with is, there needs to be 90 dB of attenuation of the telemetry main 
signal and at least 40 or 50 dB attenuation of the transmitter’s noise at 1575.42 MHz.  The 
transmitter might have spurious outputs close to 1575.4 MHz that might require even more 
attenuation than 50 dB. 
 
The pre-amp needs to have at least 20 dB of gain with a noise figure of less than 2.0.  The pre-
amp also needs a limiter to protect it from accidental injection of high signal levels at 1575.4 
MHz.  The limiter needs to provide a minimum rejection of one-watt. 
 
The construction of the GPS antenna is critical as well.  An important parameter to know is the 
phase center of the antenna.  How small and well defined the phase center is determines how 
accurate the GPS measurement will be.  Some phase center issues are covered in reference 6. 
 
 



CONCLUSION 
 

The advent of the JAMI TPSI unit (JTU) allows a telemetry designer access to GPS technology 
for missile applications.  The JTU provides GPS and IMU data to report out an accurate position, 
velocity, acceleration, and attitude data in real time.  If the target is instrumented with a JTU as 
well, an end game score can also be derived with attitude information between the target and 
missile.  Event markers allow time tagging critical events.  Timing pulses for the JTU allow the 
telemetry designer to synchronize the telemetry frame or a specific signal to GPS time so more 
accurate estimates of when a sample was taken can be determined.  The JTU has status bits to 
allow a user to do a cursory check on the condition of the JTU.  
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