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ABSTRACT

M/A-COM has developed a chip set designed specifically for miniaturized ballistic telemetry
applications. One key component of this chip set is a dual port voltage controlled oscillator (VCO).
This device allows for independent optimization of both modulation and tuning parameters at the
chip level. In the dual port architecture, the modulation port of the VCO may be tailored for the peak
(frequency) deviation requirements of each system, while still permitting the device to tune over
entire SLOWER band. Additionally, M/A-COM has developed S band power amplifiers (PAs) for
medium power (500mW, 1W and 2W) telemetry applications.  These new PAs are very efficient,
(>45% PAE) when operated in saturation.  This improved efficiency means these components may
be integrated into transmitters with a miniaturized form factor.  The excellent thermal performance
of these new PAs allows them to be packaged in commercial plastic packages which are robust in
high shock/high vibration applications. This paper reviews the design of each MMIC device and
presents system performance data.
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INTRODUCTION

M/A-COM has produced a family of very rugged, small, low cost transmitter modules for ballistic
and industrial telemetry applications. The transmitters utilize an architecture of direct frequency
modulation, which aids miniaturization of the system. This small form factor allows retrofitting
existing munitions with on-board measurement systems, in addition to embedded instrumentation
solutions.

This paper briefly reviews the architecture for the family of transmitters, and details advancements
made on the VCO and PA subsystems. The resultant performance of an integrated transmitter
module is then presented.

TRANSMITER MODULE REVIEW

A block diagram of the M/A-COM miniature transmitter family is shown in Figure 1. This type of
modular architecture allows the telemetry engineer to optimize the transmitter based on the system
requirements. The module can be configured to operate in either free running or phase locked mode,
for L or S band operation, and can be configured for 10mW, 100mW, 250mW, 500mW, 1W or 2W
output powers.  The operating voltage range of the module is 2.85V – 3.3V.  Information on all the
initial component offerings, including the crystal oscillator, can be found in references [1,2,3].

For free running operation the VCO is coupled directly with a PA.  This inexpensive configuration
can be used for extremely limited volume applications.  The Army Research Laboratory at Aberdeen
Proving Ground has implemented this type of configuration on modules less than 15mm in diameter
for kinetic energy (KE) and small caliber projectiles.  In free running mode, stability of +0.005% is
met after the system has been allowed to warm up for approximately 5 seconds. 

Figure 1. Transmitter Block Diagram

The phase-locked configuration uses the same VCO coupled with PLL and STATEK reference
oscillator. In this configuration, the +0.002% stability requirement is easily met, and modulation
bandwidths of over 12MHz have been demonstrated. Turn-on time is predominantly determined by
the loop filter; for a 10kHz loop filter, turn-on times of the order of 0.5ms are typical. Both free
running and phase locked configurations have been successfully flight tested by the U.S Army’s
HSTSS program on numerous platforms [4,5,6].
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For the M/A-COM implementation of this chip set, the data stream is modulated directly onto the
voltage controlled oscillator.  It is clear that the modulation performance of the transmitter is driven
by this device, making the VCO worthy of some examination. Additionally, power amplifiers used
on the output stage on the transmitter play a vital role in battery life and heating considerations of the
transmitter. Both of these key components will be examined in the following sections. 

VOLTAGE CONTROLLED OSCILLATOR OVERVIEW

In the architecture chosen for the M/A-COM miniature transmitter modules, the VCO is modulated
directly. This approach has distinct advantages in miniaturizing the transmitter, by reducing the
number of requisite components. However, in order to satisfy optimum modulation performance
requirements using this architecture, special attention must be paid to the VCO. 

To optimize a transmitter for direct frequency modulation applications, certain modifications have to
be made to the VCO circuit. In the M/A-COM transmitter, the VCO chip is configured to allow
separate modulation and DC tune voltage ports, which allows for different frequency deviations on
each port. This is advantageous as the DC tuning and the modulation sensitivities have different
requirements. As a general rule, for PCM/FM modulation schemes, the optimum frequency
deviation is taken as 0.35 * data rate. For direct frequency modulation, the amplitude presented to
the VCO needs to be set for data rate. This can be achieved discretely on the transmitter. The
amplitude calculation takes into account the modulation sensitivity of the VCO. 
Ideally, the dc tuning range should allow the device to tune across the desired band, with guard
bands on each side. So, in order to cover SLOWER band with a 3V VCO, a minimum of 30MHz/V is
required, which is a larger frequency sensitivity than is required on the modulation port. 
The current solution contains a discrete hybrid implementation. The results of this VCO
configuration are presented in Table 1. For this implementation, the DC tuning sensitivity is 40
MHz/V, resulting in 120MHz tuning range. This allows the device to tune across SLOWER band, with
guard bands on either side to account for manufacturing tolerances. The modulation port has a
sensitivity of 4.2MHz/V, which allows for data rates from 500 kbps to >18 Mbps.

Table 1. Test Results for discrete VCO solution (6 components total) 
Parameter Conditions Unit Min. Typ. Max. Target

Frequency VTUNE = 0 –3 VDC MHz 2191 2249 2312 2175 - 2325
Output Power dBm 13.0 10 min.
Phase Noise FOFFSET = 50kHz dBc/ Hz -85
Tuning Sensitivity VTUNE = 0-3 VDC MHz/V 40 52 min.
Tuning Linearity VTUNE = 0-3 VDC % 3 6 max.
Modulation Sensitivity VTUNE = 0.5 –2.5 VDC MHz/V 3.8 4.2 4.5
Modulation (AC) Linearity VMOD = 0 – 3VPP % 1 typ.
Supply Current TA = -40oC to +85oC mA 35 40 max.

At the time of writing, a MMIC VCO solution containing the functionality of all 6 chips of the
discrete solution is in fabrication. The simulated results are presented in Table 2. Due to some
proprietary circuit changes, the modulation sensitivity was reduced to 2.6MHz/V, while the dc
tuning sensitivity was increased to 63MHz/V, allowing a tuning range of 189MHz.  



Table 2. Simulated Results for integrated die (single chip solution)
Parameter Conditions Unit Min. Typ. Max. Target

Frequency VTUNE = 0 –3 VDC MHz 2146 2249 2335 2175 - 2325
Output Power dBm 12.6 13.6 14.8 10 min.
2nd harmonic dBc -19.2
Phase Noise FOFFSET = 50kHz dBc/ Hz -108 -85 max.
Tuning Sensitivity VTUNE = 0-3 VDC MHz/V 63 52 min.
Tuning Linearity VTUNE = 0-3 VDC % 5 6 max.
Modulation Sensitivity VTUNE = 0.5 –2.5 VDC MHz/V 2.24 2.6 2.8 2.5 typ.
Modulation (AC) Linearity VMOD = 0 – 3VPP % TBD 1 typ.
Supply Current TA = -40oC to +85oC mA 32 40 40 max.

The single die containing all functionality is shown below in Figure 2. The size of this die is 985µm x
1050µm. As can be seen, the size of this integrated chip is small, and it is anticipated that it will be
packaged in a 3 x 3mm plastic package.

Figure 2. Integrated functionality die (size 985x1050µm)

POWER AMPLFIER OVERVIEW

The power amplifier stage is a critical part of any transmitter. In addition to consuming significant
current, thermal issues are always a consideration. Due to the influence it has on the transmitter form
factor, mounting and the battery life, the efficiency of the selected PA is a prime consideration.

In the past year, several higher power options with good efficiencies have been added to the M/A-COM
transmitter chip set.  The higher efficiencies of these devices mean that they may be implemented onto
smaller form factor than previously demonstrated. 
A high efficiency 3V 500mW PA based on M/A-COM’s Multifunction Self Aligned Gate (MSAG)
process has been previously presented [1,2]. This has been implemented onto a transmitter which offers
efficiencies > 40% over temperature in a very small 1.125 in.2 module.
A new 1W PA has been recently developed on M/A-COM’s iHBT  process. This is an InGaP/GaAs
HBT process based on a 3µm emitter dimension. The iHBT  technology is ideal for longer range
telemetry applications where efficiency, and ultimately battery size and runtime, is of primary concern.
Using M/A-COM’s iHBT  process with patented heat spreading layout topology to ensure low thermal



resistance, a very small (4mm2 plastic FQFN-16) microwave packaged amplifier is possible for medium
power applications. 

The 1W iHBT  PA has been developed and tested. This 1W amplifier requires only a single 3.3V
supply voltage. The amplifier circuit has a digital control line to power down the device for battery
power conservation. Additionally, each stage has a voltage input to the bias network, tuning the bias
network of each stage and allowing the device to be tailored for a specific application. The temperature
operating range of this device is from –40oC to +85oC.    The die size is 1150x1200µm, and has been
characterized in a 4x4mm FQFP-16 plastic package, as shown in Figure 3. 

Figure 3. 1W PA die (left) and packaged 1W HBT PA (right) 
 
As can be seen in Figure 4, the first generation 1W device saturates at a minimum of 30dBm, over a
temperature range of –40oC to 85oC. The efficiency of the power amplifier is between 40 and 45% when
saturated. 

Figure 4. Measured output power and power added efficiency of 1W HBT PA 

At the time of writing, a new 2W PA is being developed on M/A-COM’s iHBT  process. This
device is based on the 1W amplifier architecture presented above. The same features of single supply
voltage and “sleep mode” are included. Due to the simulated efficiency and the patented heat
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spreading layout topology, it is anticipated that this device will also be packaged in the same small
(4mm2 plastic FQFN-16) microwave package as the 1W device presented above.

NEXT GENERATION TRANSMITTER PERFORMANCE DATA

M/A-COM has previously presented performance data of the miniature transmitter module created
from the initial chip offering [1,2]. This IRIG-compatible transmitter can be configured for 10mW,
100mW or 250mW operation. A new medium power transmitter has been implemented using the
higher power amplifiers presented above. The form factor is now square due to customer
requirements, however the miniature size was maintained. This medium power transmitter (size is
1.125”x 1.125”) module is shown below in Figure 5. 

Figure 5.  Photograph of medium power transmitter module form factor

The following performance results were obtained from the 500mW output power transmitter
module. The overall efficiency of the transmitter utilizing the 500mW PA is approximately 40%
over a temperature range of –40oC to 85oC. The output power and efficiency performance over
temperature is below shown in Figure 6. 

Figure 6.  Power and Efficiency performance of Tx over temperature
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This transmitter is designed for use in a PCM/FM system, so the output stage power amplifier
selected is operated in saturation. The power amplifier harmonic content is greater when operated in
saturation. To ensure that the transmitter meets the IRIG standard of –25dBm up to 10GHz, an
output filter has been implemented on the module. Figure 7 shows the typical output from the
500mW transmitter. The IRIG-106 specification is shown as the dotted line, and it can be seen that
all spurious output is below the IRIG-106 specification.

Figure 7.  500mW Tx module output showing suppressed harmonics

The stability of the transmitter is dependent upon the PLL loop filter. The stability was measured
over temperature using an AT-53310A/1/10/30 modulation domain analyzer, and captured using
SoftPlot™. The resultant histogram is shown in Figure 8. For a loop filter of approximately 1kHz, it
can be seen that the stability of the transmitter is +0.001% over temperature. The stability at a given
temperature was measured to be approximately an order of magnitude better than the IRIG
specification. 

Figure 8.  500mW Tx module stability histogram over temperature
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The frequency response of the transmitter has been shown to be 10 kHz to greater than 21 MHz. A
transmitter was modulated with a pseudo-random 12 Mbps NRZ data stream. The modulated
(PCM/FM) carrier was received and demodulated using a Microdyne DR-2000 receiver. Both the
original data stream and received data streams were displayed on an oscilloscope are shown below in
Figure 9. A delay of ~5.5µs due to the receiver can be seen in the output waveform; the reference
points in the bitstream are indicated in the figure with arrows. 

Figure 9.  Input (black) and output (blue) waveforms.
Red arrows show reference point in waveform (~5.5µs delay is due to receiver) 

Figure 10.  Eye contour for 21 Mbps pseudo-random NRZ bit stream

In communications the eye diagram is used to visualize how the waveforms used to send multiple
bits of data can potentially lead to errors in the interpretation of those bits. An eye diagram is an
empirical measure of the quality of the received signal. An eye opening provides a graphical
indication of the quality of the measured signal by plotting the Eye Diagram for various BER
thresholds.
Figure 10 shows an eye opening taken from the M/A-COM 500mW transmitter, using the 81250A
Parallel Bit Error Rate Tester (parBERT) and a Microdyne DR-2000 receiver. The modulation input
to the transmitter was a 2.5VTTL 21 Mbps pseudo-random NRZ bit stream. The receiver settings for
sample delay and the sample threshold were varied to determine optimal values.
Even at a data rate of 21Mbps, for a BER of 10-6, the parBERT can still measure a clear opening of
the eye. At a high data rate of 21 Mbps, a very low BER (<10-5) can be achieved for a 0V threshold,
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even with a sample delay of +0.4 UI.  The same low BER can still be guaranteed when the threshold
fluctuates up to +400mV at the optimal sample delay of 0 unit interval. 

SUMMARY

M/A-COM continues to provide advancements in components and transmitter modules allowing for
low cost, miniature and rugged telemetry system solutions. Specifically, a dual port MMIC VCO and
very efficient power amplifier have been developed. The VCO has been tailored specifically for this
application: separating modulation and DC tune ports on the VCO allowing each port to be
optimized. Augmentation of efficient power amplifier offerings means that small form factors can
now be realized for higher output powers of 500mW, 1W and 2W, as shown in this paper.
Additionally, overall better efficiency allows other modulation schemes to be considered.
 
The new advancements permit increased data rates (21 Mbps has been demonstrated) and longer
transmitter range. This allows munition developers to integrate the instrumentation system with the
on-board guidance, navigation and inertial measurement systems, thus providing an embedded
instrumentation system.  In addition to munitions testing, the miniature transmitter is ideally suited
for vehicle, airframe, and soldier training applications. 
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