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ABSTRACT 
 
A miniature 1 Watt Tactical Telemetry Module (TTM) has been developed for the Excalibur 
projectile program.  The TTM incorporates a multi-channel PCM encoder, lower S-band transmitter, 
and power regulation onto a single printed wiring board (PWB).  The PCM encoder is designed for 
eight (8) analog inputs, four (4) discrete inputs, and one (1) synchronous RS-422 serial interface, 
with a total data rate of 1 Mbps.  The module incorporates a digitally programmable, phase-locked 
FM S-band transmitter.  The transmitter utilizes M/A-COM’s new dual port VCO and a high 
efficiency 2 W power amplifier MMIC. Additionally, switching power regulation circuits were 
implemented within the module to provide maximum operating efficiency.  This paper reviews the 
environmental requirements of Excalibur, the design of the Excalibur TTM, and presents electrical 
and air-gun test data. 
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INTRODUCTION 
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There is a need for highly integrated, low cost telemetry systems for munitions testing that can 
measure analog, digital, and discrete signals and provide 1 W to 2 W of RF output power.  These 
telemetry systems must withstand setback accelerations of up to 30,000 G’s, vibration levels of up to 
30 G’s in any direction up to 20 kHz, and temperature extremes of -43°C to +85°C.   
 
This paper describes the design of a Tactical Telemetry Module (TTM) for the Excalibur projectile 
combining US Army developed transmitter technology, a CPLD based PCM encoder, and power 
regulation circuitry on a 2” x 3” printed wiring board.  The performance data for the TTM is 
included, and a system block diagram is shown in Figure 1. 
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Figure 1 – TTM System Block Diagram 
 
 

 
 

TELEMETRY REQUIREMENTS 
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The primary requirements for the TTM are listed in Table 1. 
 

Item Requirement 
  

Transmit Power 1 Watt min 
Frequency Band Lower S, Programmable 
Analog Channels 8 @ 200 sps 

Analog Resolution 12 bits 
Analog Accuracy +/- 2% 
Discrete Channels 4 @ 400 sps 

Data Rate 1 Mbps 
Serial Data Interface RS422, 1 Mbps 
Operating Voltage 9.5 V to 16 V 

Dimensions (in enclosure) 3.360 x 3.468 x 0.575 inches 
Weight 155 grams 

Temperature Extremes -43 °C to +63 °C  
In-Flight Vibration 2.83 Grms 

Set Back Acceleration - Axial -15,750 G 
Set Back Acceleration - Radial +/- 5,700 G 

 
Table 1 – Primary Requirements for TTM 

 
 

 
TELEMETRY DESIGN 

 
 

The PCM encoder receives analog voltage data from the Guidance, Navigation and Control (GN&C) 
system batteries, power conditioning unit and Mission Computer (MC) regulator, and digital data 
from the MC.  It organizes the data into a data frame, and sends a randomized serial data stream to 
the transmitter for modulation and transmission.  The PCM encoder has an overall data rate of 1 
Mbps and provides eight (8) analog channels that are sampled at 200 samples per second (sps), with 
12 bit resolution.  There are four (4) discrete channels sampled at 400 sps and a serial RS-422 
interface that can process data at 1 Mbps, and a 6-pole Bessel pre-modulation filter is provided to 
limit the transmitted bandwidth per IRIG 106-01.  
 
Figure 1 shows a block diagram of the PCM encoder.  The analog data is level-shifted to +5.0 V 
maximum and then buffered and filtered to prevent aliasing.  It is then processed through a parallel 
interface A/D converter, and the 12-bit digital word is input to the CPLD at a maximum sampling 
rate of 62.2 ksps.  The discrete data is buffered and then sent to the CPLD, and the RS-422 serial 
data is interfaced through RS-422 transceivers, along with the clock, load pulse and frame 
synchronization signal.   
 
The transmitter implements a high efficiency 2 W power amplifier, a dual port voltage controlled 
oscillator, and a digitally programmable phase-locked loop. 
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The 2 W MMIC power amplifier (PA) is a 3-stage, high gain device with typical power added 
efficiency (PAE) greater than 50%.  The PCM/FM architecture allows for saturated operation of the 
PA to achieve the high PAE.  This amplifier is fabricated on a commercial 6-inch InGaP/GaAs HBT 
process.  The MMIC dimensions are 1.24 x 1.12 mm.  The PA stage sizes are 300 um2, 800 um2, and 
3600 um2.  The bias circuitry is included on-chip.  The output matching is implemented off chip to 
maximize the flexibility and performance of the PA.  The matching consists of two shunt 0603 low-
ESR capacitors.  The output power and efficiency of the device can be tuned over frequency by 
changing the value and position of these capacitors.  The MMIC is packaged in a 4mm 16 lead 
PQFN plastic package with an exposed ground paddle providing a low thermal resistance path to the 
ground plane of the PWB.  The PA has a control voltage input that allows the output power to be 
adjusted by changing the applied voltage (0 V to 2.7 V).  The low current (4 mA) control voltage 
input can also be used to disable the PA by applying 0 V to the pin.  The nominal supply voltage for 
the PA is 5.0V.  The device can be operated down to 3.3V with lower output power and PAE. 
 
Figure 2 shows the typical measured performance. The amplifier has greater than 34 dBm (2.51 W) 
output power and greater than 53% power added efficiency (PAE) for an input power of 5 dBm. 
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Figure 2 – Measured performance of the 2 W MMIC PA @ VCC = 5.0V 

 
 
 
The dual port VCO is based on an existing lower S-band single port hetero-junction bipolar 
transistor (HBT) VCO.  The dual port design has a second input for modulation (data) in addition to 
the traditional tune input.  This architecture allows each input to be optimized for its intended 
function.  The modulation input sensitivity can now be optimized for the data rate of the system 
while the tuning input sensitivity is large enough so the VCO can tune across the entire lower S-
band.  The high-sensitivity tuning input of a single port VCO can be used for both tuning and 
modulation when the data rate is high enough (10 Mbps).  However for lower data rates, the 
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amplitude of the data signal must be divided down significantly for optimum frequency deviation of 
the carrier signal.  The signal-to-noise ratio at the VCO is degraded and this causes a higher bit error 
rate.  The dual port VCO alleviates this problem by allowing the data signal to stay at a much higher 
amplitude when it is input to the VCO. 
 
The new design is packaged in the same 4mm 16-lead FQFP-N type package as the high data rate, 
single-port VCO with the same pinout except for the addition of the modulation input.  This way 
either VCO can be used on the same transmitter, allowing for a range of data rates to be used 
without sacrificing bit error rate performance. 
 
Excalibur has implemented a PLL with an embedded field programmable EEPROM, providing non-
volatile storage of the transmitter frequency.  A graphical user interface (GUI) provides a simple 
drop-down menu that allows the user to change the frequency of the PLL through the use of a 
standard PC parallel port and a custom programming box.  
 
The power conditioning circuitry allows the TTM to be operated from an unregulated system 
battery.  The TTM has an input voltage range of +9.5 to +16.0 VDC.  The components on the TTM 
operate from either +5.0 VDC or +3.3 VDC.  In order to implement the TTM on a small circuit board, 
the power dissipation must be kept to a minimum.  The input supply voltage is dropped down to 
+5.0 VDC using a switching regulator.  A switching regulator provides a very efficient way to drop 
the input voltage down to the required voltage.  The switching regulator has an internal power 
switch and comes in a small surface mount package.  The high switching frequency of 1.25 MHz 
allows for filtering of the spurs to be implemented with small surface mount components.  This is 
important since any noise on the transmitter power input can modulate the transmitter and show up 
in the RF output.  A low dropout, linear regulator generates +3.3 VDC from the +5.0 VDC switching 
regulator output. 
 
There is over-current protection circuitry on the TTM to prevent damage when the load current is in 
excess of a pre-determined limit.  A single device provides a current monitor and a current switch to 
interrupt the current flow when the load current exceeds the limit.  This is to prevent a short-circuit 
in the TTM from draining the battery and causing a failed mission. 
 
 
 

PRINTED WIRING BOARD DESIGN 
 

The printed wiring board (PWB) for the Excalibur TTM is a multi-layer, double-sided design 
incorporating the transmitter, PCM encoder and power conditioning into a compact module.  The 
three functionalities are partitioned on the board, and each has its own unique construction 
characteristics.  The transmitter utilizes controlled-impedance lines and thermal vias to spread heat 
from the power amplifier.  The power conditioning uses large copper runs to reduce inductance and 
to aid in heat dissipation, while the PCM encoder has high interconnect density and a component 
layout that enables a smooth flow of signals through the board, which minimizes crosstalk. 

 
 

MECHANICAL DESIGN 
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The design of the aluminum enclosure presented design challenges in two areas:  Heat dissipation 
for the power amplifier and power regulators, and gun-hardening to withstand the 15,750 G setback 
acceleration.  Pictures of the top and bottom of the TTM are found in Figure 3. 

 
The RF power amplifier generates approximately 1.5 W, and the aluminum enclosure is designed to 
provide a low-resistance path for the heat to flow away from the circuit board.  A pedestal is 
incorporated into the enclosure base that contacts the bottom of the circuit board with a slight 
interference fit.  Solder filled thermal vias under the power amplifier provides a low thermal 
resistance path to the pedestal.  The power regulators are located near the circuit board edges, and 
also have solder-filled vias for improved heat dissipation.  Large ground pads are provided which 
lower the thermal resistance to the board edge, which makes contact with the enclosure base. 
 
The enclosure design was analyzed to define the stresses resulting from the high-G shock 
environment of the Excalibur projectile.  This analysis showed that the upper mounting arms had 
stresses that were uncomfortably close to the yield limit.  The upper mounting arms were then 
thickened near the point where they intersect the enclosure base, and the corners were rounded to 
spread the stresses. 
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Figure 3 – TTM Photographs 

7 



 
 
 

AIR-GUN TESTING 
 

The Army’s Armaments Research Development and Engineering Center’s (ARDEC) Air Gun 
Facility located at Picatinny Arsenal, NJ is a converted 155mm Howitzer cannon.  The Army has 
modified the breech and the muzzle adding compressed air lines to take the place of powder charges.  
Test items are loaded into a piston (cylinder) with a diameter of 6.1in and 11.8 in long.  Test items 
are secured by plates of various sizes.  The entire piston is loaded into a sleeve and pressed down in 
place.  The sleeve, commonly referred to as a “Swiss Cheese” sleeve has many holes to allow the air 
to enter in behind the piston and push it down the barrel.  This sleeve with the piston and test item is 
loaded into the breech.  Once the breech is closed, the muzzle is pre-pressurized to 80 PSI; this acts 
as a cushion as the piston travels down the barrel.  The breech is loaded with 16,000 PSI.  Once the 
breech has its maximum pressure, a trigger pulse pushes the piston out of the sleeve, allowing the 
16,000 PSI of air to enter the sleeve via the “Swiss Cheese” holes and push the piston down the 
barrel.  The barrel of the Air Gun extends 100 feet.  A muzzle cap is screwed to the end of the 
muzzle to close the system.  After the shot, the end cap is removed allowing access to the piston.  
The contents of the piston are removed and then tested. 
 
A high-G piezoelectric accelerometer is connected to the top of the piston and hard wired back to a 
Sony digital recorder.  Because the wire has a finite length, it is severed just after recording peak 
G’s.  Also, to verify, a mathematical calculation was developed to determine the “G” based on the 
piston weight and pressure used.  G level = (firing PSI/0.050)/Piston Weight. For the two test TTMs 
shot 29 June 2005, setback force was measured to 13,123 G’s and 13,294 G’s.  
 
After the completion of the Air Gun tests, the two TTM’s were visually inspected.  There was no 
evidence of cracks, strain, or other type of deformation or damage to the housing. They were then 
electrically tested to verify that they were fully functional.  Table 2 shows the results of the electrical 
testing. 
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Test Measurement for 
SN CW1-1 

Measurement 
for SN CW1-2 

Requirement Comment 

     
Frame Sync FE6B 2840 FE6B 2840 FE6B 2840  
Analog Ch 1 12.00 Vdc 12.00 Vdc 12.00 Vdc Verify Functionality 
Analog Ch 2 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 3 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 4 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 5 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 6 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 7 2V P-P 2V P-P 2V P-P Sine wave  
Discrete Ch 1 Verified logic 1 

and 0 
Verified logic 

1 and 0 
Toggle from logic 

1 to logic 0 
 

Discrete Ch 2 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

Discrete Ch 3 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

Discrete Ch 4 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

RS422 Interface All words toggle 
from AAAAh to 

5555h 

All words 
toggle from 
AAAAh to 

5555h 

All words toggle 
from AAAAh to 

5555h 

 

12 V Power 501 mA 463 mA 540 mA Max.  
RF Output Power 31.83 dBm 30.88 dBm 30 dBm Min.  
 

Table 2 – Post Air Gun Electrical Tests 
 

The electrical tests confirm the continuity of all interfaces and that the TTM’s were both fully 
functional. 
 

CONCLUSIONS 
 

Based on the tests done to date, the Excalibur TTM’s survived the air gun tests and were fully 
functional.  The TTM’s have been tested over the entire range of electrical requirements at the 
temperature extremes, and were subjected to an ESS temperature shock and vibration screening.  
The TTM’s meet or exceed all of the Excalibur program technical and environmental specifications 
with a rugged miniaturized design.  Flight testing of the TTM’s are expected by the end of this year, 
and limited production has started to support early fielding of the Excalibur Projectile.  
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