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Abstract – This paper presents the architecture and design efforts for L-3 3
rd

 generation 

telemetry transmitter ST-5000.  A Modulator/Upconverter with a low phase noise PLL 

synthesizer, a highly efficient and rugged power amplifier module with the multistage GaN 

HEMT devices and a high power density buck-boost power supply are discussed. 

 

I. INTRODUCTION 

In the World Radio Communication Conference 2007, an additional spectrum in C-band was 

allocated for aeronautical telecommunication and high data-rate telemetry system.  For meeting 

L-3 Telemetry-East (L-3 TE) commitment to the defense and aerospace industries‟ transition, L-

3 TE teamed with L-3 Nova Engineering to develop the ST-5000 to bring C-band capabilities to 

the telemetry marketplace. 

The ST-5000 is a small size, light-weight, high efficiency transmitting device capable of 

modulating and transmitting high speed digital baseband signals up to a power level of 10 watts 

in an airborne environment.  It is the first transmitter capable of transmitting all three Tiers of 

range telemetry waveforms as defined by the latest IRIG-106 standard and the data rate for the 

SOQPSK and multi-h CPM being up to 50 Mbps.  The key features include a Forward Error 

Correction (FEC) encoder to enhance link margin, wide data rate compatibility (i.e., 100 kbps to 
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50 Mbps), and programmable RF output power from 1 to 10 Watts.  This ST-5000 is designed to 

incorporate interchangeable power amplifier (PA) modules to permit operation at either S, LL, 

LU or C band to comply with specific mission requirements. 

The transmitter system consists of three separate functional subsystems: an Interface-Modulator-

Upconverter (IMU), a power amplifier and a power supply (PAS) subsystems (Figure 1).  The 

IMU will remain in place with the PAS subsystem being interchangeable to accommodate the 

different frequency band and power level requirements. 
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Figure 1: ST-5000 telemetry transmitter system block diagram 

In this paper, we discuss our design and development efforts on each subsystem for the S-band 

and C-band transmitters.  An IMU, in which is the heart for the digital signal modulation and 

processing, is introduced in section II.  A highly efficient and rugged power amplifier with the 

close loop power control capability is discussed in section III.  A high power density buck-boost 

power supply utilizing high frequency MOSFET switching technology is depicted in section IV.   

 

II. INTERFACE-MODULATOR-UPCONVERTER 

The IMU architectural components include baseband processing, analog conversion, LO 

synthesis, and up conversion. This architecture is shown in Figure 2.  The goal of this 

architecture is to support L, S, and C Bands. 
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Figure 2: IMU architecture 

The IMU architecture reflects balance of requirements covering performance, power 

consumption, cost, size, and manufacturability.  Various trades were made in development to 

achieve the best possible solution across all design goals. 

IMU Design Trades 

Synthesizer – Phase Noise Performance 

It was identified early in the design cycle that the synthesizer would drive the size, weight, cost, 

and performance.  The key here was to meet the IRIG106 specification for phase noise and 

spurious emissions while allowing tuning from lower L-Band to C-Band.  For ease of discussion, 

we will reference 10KHz offset in the phase noise plot.  For Tier 0/1 waveforms the requirement 

is -80dBc/Hz and for Tier 2 it is -90dBc/Hz.  The primary design driver was to be Tier 2 

compliant at the high end of C-Band.  A high quality discrete approach would meet this 

requirement but force the implementation into a higher cost two board solution.  To remain with 

a single board solution we chose a broadband fractional N synthesizer.  This allowed us to meet 

the phase noise performance for Tier 0/1/2 for all of L and S bands and be Tier 0/1 compliant in 

C band.  The trade was made to sacrifice Tier 2 C band compliance for early ST-5000 product 

offerings and re-address this issue in later versions.  Figure 3 shows the phase noise plots by 

band for Tier 0/1 and 2. 
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Figure 3: Tier0/1 & Tier2 phase noise performance 

Synthesizer – Spurious Performance 

The fractional N synthesizer used in the IMU by its nature will create low level, in band spurs.  

The performance of this device will set the limit for the overall performance of the ST-5000.  

Data was taken for L, S, and C bands.  Spur levels were measured in the worst case normal mode 

of PCMFM at lowest bit rate (100KBPS).  This provides the least amount of spreading for 

modulated spurs.  All measured spurs (Figure 4) were well below limits set in IRIG106. 
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Figure 4: Spurious Performance L/S/C Bands 

IMU Bit Error Rate Performance 

Reference Transmitter 

The intent was to make a high quality bench top transmitter, receiver, and demodulator bit sync 

that would meet or exceed the performance called out in IRIG106.  The Rohde & Schwarz 

SMJ100A, which has -114dBc/Hz phase noise at a 10KHz offset at 5.2 GHz, was utilized as a 

reference transmitter.  Reference data (Figure 5) was taken from the SMJ100A for all modulation 

types at the high end of each frequency band. 
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Figure 5: SMJ100A Benchmark BER Data 
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Tier 0 – PCMFM Performance 

Data was collected at bit rates of 5, 10, 15, and 20 MBPS from lower L-Band to Upper C-Band.  

The IMU matched or was within a couple of tenths of a dB of the reference system in all cases.  

This data shows that the RF output of the IMU is virtually equivalent to the high quality 

reference transmitter built using larger and costlier off the shelf equipment.  Figure 6 shows the 

BER performance the IMU in PCMFM. 
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Figure 6: IMU PCMFM BER Data 

Tier 1 – SOQPSK – TG Performance 

Data was collected at bit rates of 5, 20, 30, and 40MBPS from lower L-Band to Upper C-Band.  

BER performance with 40 MBPS bit rate is shown in Figure 7.  The IMU performance will 

degrade with various errors induced due to implementation.  At the time the data was taken, there 

is a known error in the IMU printed wiring board design that increases carrier leakage at 

frequencies above 4GHz.  This plays out in the data at high frequencies and lower bit rate.  

Performance in L and S Band is equal to the reference.  Performance in C Band is out by 0.2 to 

0.4 dB from the reference system.  Phase distortions caused by leakage issues will be mitigated 

in production versions of the ST-5000 IMU.  
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Figure 7: IMU SOQPSK BER Data 

Tier 2 Multi-h CPM Performance 

Data was collected at bit rates of 5, 10, 15, and 20 MBPS from lower L-Band to S-Band.  

Performance at 5, 10, and 15 MBPS matched or was within 0.1 dB of the reference system.  

Performance at 20MBPS was within 0.2 dB of the reference system.  Performance in C Band 

was not shown due to the lack of compliance for the synthesizer in C-Band.  Higher performance 

versions of the ST-5000 are planned in the future to meet CPM performance in C-Band.  Multi-h 

CPM BER performance curves are shown in Figure 8. 
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Figure 8: IMU CPM BER Data 

 

III. POWER AMPLIFIER PALLET 

The architecture of the Power Amplifier Pallet (PAP) is shown in Figure 9.  It can be divided 

into three main functional areas of preamplification/filtering, control and high power amplifiers.  

The PAP receives +10dBm signal from the IMU and implements buffering/filtering in order to 

provide the clean drive signal for the high power amplifier section.  The control section consists 

of temperature compensation methods working in conjunction with the RF power detection 

circuit at the output to close the loop on internal gain adjustments needed to level the output 

power (i.e., 2, 5 and 10 Watts).  A lowpass filter and isolator are used to provide harmonic 

filtering and isolation from high VSWR loads (i.e., “OPEN” and “SHORT”).  The power 

detection circuit consists of a directional coupler which is following the harmonic filter and 

isolator, so that the detected power is not corrupted by the harmonics.  
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Figure 9: Block diagram for the power amplifier pallet 

A hybrid power amplifier architecture, which includes the pre-driver, the driver and the final 

amplifier, is used and provides >30% efficiency for S/L band and > 25% efficiency for C band.  

Some of the HPA devices (i.e., Si-LDMOS, GaAs-FET, GaN-HEMT) had been evaluated in our 

laboratory.  For meeting high efficiency, high output power, high gain and small size, the 

gallium nitride high electron mobility transistors (GaN-HEMT) are currently being used for both 

the driver and the final amplifier due to its superior breakdown voltage and power density 

characteristics [1].  The final stage PA was designed to operate in class-C mode.  The gate is 

biased below threshold so that the transistor is active less than half of the RF cycle and is 

operating at saturated condition for improving the power added efficiency (PAE). 

Class-C S-Band vs. C-Band Final Power Amplifiers 

For meeting the minimum +10-Watt at the transmitter output spec and the IRIG-106 operating 

environment requirements (i.e., -40C to +85C), the S-band and C-band final power amplifiers 

were designed to deliver 16-Watt at PA output.  The flange package devices were utilized and 

were mounted directly on the chassis for conducting good heat dissipation.    

The matching networks were implemented as a hybrid between transmission line and lumped 

components as shown in Figure 10 [2]-[3], due to limited PCB area (i.e., 1.5” x 2.7”).  The 

ladder type low Q reactance networks not only provide broad band impedance matching, also 

create Low-Pass frequency response which provides additional filtering for the harmonics at the 

PA output. 
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Figure 10: The hybrid matching networks with transmission-line and lumped-element for the 

final PA. 

Input power sweeps for the S-band PA were implemented at 2.2 GHz, 2.3 GHz and 2.4 GHz for 

the amplifier biased at 22 volts. The measurements for the „Output Power‟ (in Watts), the „Large 

Signal Gain (in dB) and the „Drain Efficiency‟ (in %) are shown in Figure 11.  The final PA 

output power is able to deliver more than 17-Watt with efficiency higher than 57% across 

frequency and temperature. 

 

Figure 11: Input power sweeps for the S-band final PA, biased at 22 V and measured at 2.3 GHz. 

The maximum output power was 19-watt with a drain efficiency at 61%. 

Large signal frequency responses for the C-band PA were performed from 4.4 to 5.3 GHz. The 

maximum „Output Power‟, „Large signal Gain‟ and „PAE‟ are plotted in Figure 12.  With desired 
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PCB area, the amplifier was able to deliver 17-watt with efficiencies up to 53% at 4.8 GHz 

which is 10% lower than the S-band PA.  However, the large signal gain dropped drastically 

from 10.5dB to 4dB at the 5.3 GHz band edge.  It revealed that the unmatched final PA did not 

have sufficient bandwidth at transmit band.  To fully meet the design requirements, the balanced 

amplifier structure or the distributed/tapered transmission lines for the matching networks were 

utilized.  However, the real estate for the C-band PA pallet might be twice bigger than the 

required spec, which was not an option for the modern telemetry transmitter. 

 

Figure 12: Large signal frequency responses for the C-band final PA. 

Full PA Pallet Performance 

After closing the power control loop, we were able to monitor the PA pallet output power level, 

and to program the power level according to user requirement utilizing the 31dB digital step 

attenuator at the front-end and adjusting the gate or/and drain bias voltages on the final PA.  

Adjusting the gate and drain bias voltages could also optimize the PAE performance.  Table 1 

shows the measurements for the S-band PA pallet total current draw and drain efficiency vs. the 

frequency (i.e., 2.2 to 2.4 GHz) and temperature (i.e., -40 to +85 C) with 10-watt RF output.  The 

full PA pallet efficiency is better than 30% across the frequency and temperature. 

 2.2 GHz 2.24 GHz 2.28 GHz 2.32 GHz 2.36 GHz 2.4 GHz 

  Ids ηD Ids ηD Ids ηD Ids ηD Ids ηD Ids ηD 

-40C 1.344 33.82 1.347 33.75 1.387 32.77 1.4 32.47 1.4 32.47 1.39 32.61 

+25C 1.281 35.484 1.258 36.13 1.245 36.51 1.251 36.33 1.268 35.85 1.29 35.24 

+85C 1.376 33.034 1.321 34.41 1.29 35.24 1.3 34.97 1.334 34.07 1.39 32.72 
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Table 1: S-band PA pallet total current draw (Ids in Amps)/Drain Efficiency (ηD in %) vs. the 

frequency and temperature at 10-watt RF output power. 

The full C-band PA pallet is under development for integration at the time when we are writing 

this paper.  The bandwidth limitation, real-estate occupancy restriction and power consumption 

restraint are our major design challenges.  We will publish the final results in the near future.  

 

IV. POWER SUPPLY 

The ST5000 Power Supply is comprised of two different versions, one for the S and L-Band 

Transmitter and one for the C-Band Transmitter.  Both power supply electrical designs are 

virtually identical with the exception that the C-Band version is designed to provide twice the 

output power; therefore some components are capable of handling higher currents.  The C-Band 

RF Power Amp (PA) also requires an additional 8V power supply.  One other difference with the 

C-Band power supply is that all the PA control and monitoring circuitry was moved to the power 

supply PCB in order to facilitate the area required for a larger amplifier.  A block diagram of the 

overall power supply is included in Figure 13. 

 

Figure 13: ST5000 power supply block diagram 

The S and L Band Transmitter power supply assembly consists of three converters.  One 

provides 6 volts to power the Modulator (IMU) and a portion of the PA, another which generates 

-5 volts for the PA gate drive and a main converter that provides 22 volts to the PA‟s RF power 
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section.  The C-Band Transmitter requires an additional converter to generate 8 volts necessary 

for the PA Driver circuit.  Each power supply is a non-isolated DC/DC converter utilizing high 

frequency MOSFET switching technology. 

The 6V supply is a buck derived converter and is used to provide power to the IMU and portions 

of the PA.  It is also used as a housekeeping supply for the main converter, powering voltage 

monitors and drive circuits prior to the main converter startup.  Features of this supply are input 

under voltage lockout (UVLO), output overvoltage and output short circuit protection.  The 

power output is 7.2 watts for S and L Band and 10.2 watts for C-Band. 

The -5V supply is used to provide the gate bias to the PA.  The circuit is actually a buck 

controller configured to generate an inverted (negative) output voltage.  The PA gate bias only 

draws a small amount of current, therefore this supply is only capable of providing 40mA.  Its 

protection features are the same as the 6V supply, input under voltage lockout, output 

overvoltage and output short circuit protection. 

The C-Band requires an additional 8V power supply for the PA Driver circuit.  This supply is a 

small 2.4 watt buck converter, driven from the 28V input, it also maintains the same protection 

features as described in the 6V converter paragraph above. 

The main high power converter generates 22Vdc, used by the PA.  It regulates the output voltage 

using a buck-boost mode of operation, meaning that the input voltage can be either greater than 

or less than the output voltage.  A conversion topology was used that offers improved efficiency 

by minimizing power wasting snubbers, typically necessary to dissipate unwanted resonant 

energy developed in high frequency switching power supplies.  Another advantage to this 

particular topology is reduced input ripple current which permits the use of a much smaller input 

EMI filter, a necessity in a design with very limited space.  The power supply‟s switching 

frequency is 300Khz, this frequency was chosen based on a compromise between higher 

efficiency and permitting the use of smaller passive switching components (inductors and 

capacitors).  The supply is designed to accept input power from a Mil-Std-704 bus with the 

exception of a maximum operational input voltage of 40Vdc, 11 volts greater than required by 

Mil-Std-704.  This higher voltage capability is advantageous when operating from a battery 

application with an over-charged source.  The output power capability of the S-Band design is 47 

watts, while the C-Band is 109 watts.  The 22V output is digitally adjustable from 20V to 26V in 

order to improve overall transmitter efficiency.  The overall power supply efficiency is 84% 

under all line and load conditions over a temperature range of -40
o
 C to +85

o
 C baseplate; this 

efficiency includes the 6V, 8V and -5V supplies described above.  The 28Vdc input section 

utilizes a dual stage EMI filter in order to be fully compliant with Mil-Std-461, along with a high 

efficiency, indefinite input reverse voltage protection circuit.  Some of the other features are 

input current monitoring, input under voltage lockout, output short circuit protection and power-

on voltage sequencing.  
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In order to obtain the high power packaging densities required for this Transmitter, especially the 

C-Band version, PCB design was critical from both a thermal standpoint and noise management.  

The required high power density is achieved through the use of surface mount components, 

several of which use thermally enhanced packages capable of dissipating heat more efficiently.  

By using the multilayer PCB to both spread the heat and provide a low impedance thermal path 

to the chassis, component temperatures are maintained at a level that minimizes overall system 

temperature rise resulting in improved reliability. 

In designs packaged as dense as the ST5000 series of Transmitters, controlling power supply 

switching noise is imperative.  The thermally enhanced surface mount packages described above 

are vital in removing unwanted heat from the design but can also have an evil side.  Due to their 

flat package with relatively large surface areas, they create a low impedance, capacitive path for 

switching noise.  If the particular device is in the switching path of the converter and there is a 

large voltage swing present on the part, it will cause an undesirable AC current to be induced 

into any parallel surface willing to accept it, such as other traces, large plane areas or even the 

chassis.  These currents must return back to their source and in doing so may generate voltage 

spikes depending on the path they take.  Although these capacitive currents cannot be completely 

eliminated, through proper PCB layout they can be minimized and kept local to the power supply 

where they will not disrupt any sensitive circuits or even worse find their way onto the RF 

transmission line. 

 

V. CONCLUSIONS 

Great design efforts were taken on the ST-5000 to develop a modern HyperMod transmitter with 

small size, high power efficiency and wide data rate compatibility.  The integrated S-band 

transmitters had been thoroughly evaluated in our laboratory.  The BER performance (Figure 

14), at all three-tier modulation schemes, meets IRIG 106-07 standard.  The future work will be 

focused on the full C-band transmitter design which is a big challenge in the telemetry industry 

and is expected to be complete before the end of 2010. 
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Figure 14: ST-5000 S-band Transmitter BER performance for the SOQPSK at 2.3 GHz without 

FEC 
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