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ABSTRACT 

The implementation of more advanced modulation formats such as Amplitude Phase Shift 

Keying (APSK), which can be spectrally more efficient and potentially less susceptible to 

adjacent channel interference than current aeronautical telemetry modulation schemes, could 

serve to mitigate telemetry frequency spectrum reductions and reallocations.  This paper will 

detail initial laboratory transmitter measurements and observations of 16-APSK modulation 

performance in comparison to SOQPSK-TG.  
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INTRODUCTION 

The increase in Aeronautical Mobile Telemetry (AMT) test data transmission needs and the 

consequences of Advanced Wireless Service (AWS) auctions and directives to share spectrum 

resources with commercial wireless services have placed an emphasis on the exploration of more 

advanced modulation schemes to support test range mission requirements.  The APSK 

modulation format is a good candidate for AMT as it offers high spectral efficiency and 

comparatively low susceptibility to RF power amplifier (PA) non-linear behavior. 

 

TEST TRANSMITTERS AND SIGNALS 

Two specially modified dual C-Band 10 watt transmitters were acquired for preliminary testing, 

with plans for additional modifications to the transmitters after evaluation with the goal of 

creating APSK-compatible prototypes. The telemetry transmitters were configured with external 

coaxial cable connections between the modulator stage and the PA input, providing the ability to 

inject external RF signals directly into the PA.  To support comparative measurements, 5 Mbps 

16-APSK and SOQPSK-TG waveforms with pseudo-noise (PN) sequence payloads were 

constructed; 1024-bit data length PN9 sequences were used without error correction coding.  The 

16-APSK constellation mapping was configured to conform to the Digital Video Broadcasting 

second generation (DVB-S2) standard with a 2/3 coding rate constellation radius ratio () of 

3.15.  The test waveforms were uploaded to a pair of vector signal generators (VSG) to create 

suitable C-Band RF signals.   
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Characterization of the transmitter PAs indicated small signal gains (-20 dBm input level) 

ranging from 40 dB to 45 dB, depending upon the particular PA and test frequency; fully 

saturated (0 dBm input) gain levels ranging from 39 dB to 42 dB were observed.  It was assumed 

that the transmitters were programmed with frequency dependent power amplifier bias levels. 

While it would have been preferable to utilize calibration values, any programmed amplifier bias 

level adjustments were rendered ineffective since it was necessary to tune the transmitter 

synthesizer as far away as possible from the VSG test signal frequency, in addition to setting the 

transmitter driver stage output level to zero. This was done to avoid amplifying the internally 

generated carrier signal along with the injected VSG test signal, as the combination of densely 

packed internal transmitter circuitry and 40 dB of PA gain easily resulted in a substantial 

“spurious” response at the transmitter synthesizer frequency. 

16-APSK & SOQPSK-TG ADJACENT CHANNEL PERFORMANCE 

Initial investigation of the spectral characteristics of 16-APSK signals focused upon adjacent 

channel performance.  Figure 1 illustrates the baseline adjacent channel interference (AGI) test 

configuration. 

 

 
Figure 1. Adjacent Channel Interference Test Configuration 

Bit error rate (BER) tests were used to characterize 16-APSK adjacent channel performance; one 

test scenario involved a 20 dBm (100 mW) 16-APSK desired signal with an interfering 40 dBm 

(10 W) SOQPSK-TG signal, resulting in a carrier-to-interference ratio (C/I) of -20 dB.  The 

interfering SOQPSK-TG signal was initially placed at a 6 MHz center frequency separation from 

the desired 16-APSK signal.  The 6 MHz offset was selected to reflect the minimum frequency 

separation between two 5 Mbps SOQPSK-TG signals using Inter-Range Instrumentation Group 

(IRIG) Standard 106-17 [1] calculation methods and coefficients. A vector signal analyzer 

(VSA) capture size of 5 Mbits was used for BER tests to provide a reasonable statistical 

confidence level. At a 6 MHz frequency separation, no errors were observed in either channel.  

The plot in Figure 2 illustrates the 6 MHz adjacent channel test spectrum, and the substantial 

difference in occupied bandwidths between the two 5 Mbps signals.  
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Figure 2. 20 dBm 16-APSK and 40 dBm SOQPSK-TG with 6 MHz Frequency Separation 

The measured 16-APSK 1.6 MHz 99% power bandwidth (B99%) results in a spectral efficiency 

of 3.125 bits/s/Hz, while the 3.9 MHz SOQPSK-TG B99% measurement reflects an efficiency of 

1.282 bits/s/Hz. 

 B99% (MHz) Spectral Efficiency (bits/s/Hz) 

5 Mbps 16-APSK 1.2 3.125 

5 Mbps SOQPSK-TG 3.9 1.282 
Table 1. B99% Measurements and Spectral Efficiency Performance 

The SOQPSK-TG 3.9 MHz B99% measurement correlates with calculating the necessary 

bandwidth using the 106-17 Table A-2 SOQPSK-TG coefficient of 0.78 multiplied by the 5 

Mbps bit rate. 

Moving the 40dBm SOQPSK-TG signal center frequency to a 4 MHz offset from the desired 

20dBm 16-APSK channel resulted in synchronization issues and a bit error rate of 1.04 x 10-3 in 

the interfering SOQPSK-TG channel, shown in Figure 3, while the 16-APSK signal remained 

error-free, as indicated in Figure 4, albeit with an increase in Error Vector Magnitude (EVM).   

 
Figure 3. 5 Mbps 40 dBm SOQPSK-TG with 4 MHz Frequency Separation 
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The interfering signal center frequency was incrementally moved closer to the 16-APSK signal 

in 100 kHz steps to determine the channel spacing that would induce bit errors in the desired 

channel.  The desired signal remained error-free with a 3.9 MHz channel separation, but at a 3.8 

MHz offset, the 16-APSK channel exhibited a BER of 9.0 × 10-6.  Bit error rate performance of 

the 16-APSK signal verses the corresponding center frequency separation from the interfering 

SOQPSK-TG signal can be found in Figure 5. 

 

 
Figure 4. 5 Mbps 20 dBm 16-APSK with 4 MHz Frequency Separation 

 
Figure 5. 20 dBm 16-APSK BER vs. Interfering 40 dBm SOQPSK-TG Frequency Separation 

In the case of a 5 Mbps 15 dBm SOQPSK-TG desired signal and a 5 Mbps 16-APSK interferer 

placed at a 6 MHz carrier separation, a C/I of -20 dB resulted in severe SOQPSK-TG 

synchronization issues and a BER of 1.1 × 10-2.  A desired signal channel power of 15 dBm was 

selected due to the 16-APSK amplification limitations of the transmitter PAs.  At a center 

frequency of 4781 MHz, a maximum 16-APSK interfering signal channel power of 37 dBm 

(B99% = 1.6 MHz) was achievable.  At that signal level spectral regrowth became quite 

pronounced, prompting a 2 dBm back-off to 35 dBm. The spectrum plot in Figure 6 illustrates 

the 4775 MHz SOQPSK-TG desired channel with the interfering signal placed at a 7 MHz center 

frequency separation.  The 35 dBm 16-APSK interferer still needed to be over 11 MHz away for 
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error-free desired channel performance; Figure 7 illustrates the BER performance of the desired 

SOQPSK-TG signal verses the center frequency separation from the 16-APSK interferer.   

 
Figure 6. 15 dBm SOQPSK-TG and 35 dBm 16-APSK with 7 MHz Frequency Separation 

Figure 7. 15 dBm SOQPSK-TG BER vs. Interfering 35 dBm 16-APSK Frequency Separation 

A third adjacent channel test consisted of two 5 Mbps 16-APSK signals with a carrier-to-

interference ratio (C/I) of -20 dB; the desired 17 dBm channel was centered at 4775 MHz and the 

37 dBm interfering signal was initially centered 3 MHz away at 4778 MHz, as illustrated in 

Figure 8.  A 37 dBm B99% 16-APSK signal exhibiting a high level of distortion was used for the 

interfering signal in an effort to quantify the susceptibility of a desired 16-APSK signal to 

spectral regrowth interference.  At a 3 MHz separation both 16-APSK channels remained error-

free; moving the interfering signal 100 kHz closer for a 2.9 MHz carrier separation resulted in a 

desired channel BER of 9.0 × 10-6.  A comparison of the BER performance of two adjacent 16-

APSK channels with the two preceding adjacent channel tests is presented in Figure 9.  
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Figure 8. 17 dBm 16-APSK and 37 dBm 16-APSK with 3 MHz Frequency Separation  

 
Figure 9. Adjacent Channel Interference BER Performance Comparison 

SOQPSK-TG SPECTRAL MASK 

In an effort to illustrate the observed 16-APSK spectral regrowth and provide a direct 

comparison to a SOQPSK-TG signal, the FSW VSA shown in Figure 1 was programmed with a 

5 Mbps SOQPSK-TG spectral mask created using the IRIG Standard 106-17 Chapter 2 A-9 

equation:       

     𝑀(𝑓) = 𝐾 + 90𝑙𝑜𝑔𝑅 − 100 log|𝑓 − 𝑓𝑐| 
Where: 𝑀(𝑓) = 𝑅𝐹 𝑃𝑜𝑤𝑒𝑟 (𝑑𝐵𝑐) 𝑎𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓 (𝑀𝐻𝑧) 

 𝑓 = 𝐿𝑖𝑚𝑖𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

 𝐾 = −61 

 𝑓𝑐 = 4775 𝑀𝐻𝑧 

 𝑅 = 5 𝑀𝑏𝑝𝑠 
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A compliant 40 dBm 5 Mbps SOQPSK-TG signal centered at 4775 MHz is shown in Figure 10, 

while Figure 11 contains a spectral plot of the output from same PA final stage with a 16-APSK 

signal input.   

 
Figure 10. 40 dBm SOQPSK-TG 5 Mbps Signal with 5 Mbps SOQPSK-TG Mask 

The indicated 40 dBm output of the 16-APSK signal is not the B99% level, as the RF power 

measurement was in a 3.9 MHz SOQPSK-TG bandwidth; the 16-APSK B99% power level was 

3 dB less.  Although Figure 11 indicates that the 16-APSK signal met spectral limits, the 

highlighted points on the mask show where the signal was at the limit; during subsequent sweeps 

16-APSK spectral regrowth would often slightly exceed mask limits. 

 
Figure 11. 40 dBm (37 dBm B99%) 16-APSK 5 Mbps Signal with 5 Mbps SOQPSK-TG Mask 

Reducing the PA input drive level for a 35 dBm RF output in a 3.9 MHz BW (33.5 dBm B99%, 

1.5 dBm less than the B99% level used for the preceding SOQPSK-TG vs. 16-APSK adjacent 

channel test) resulted in a substantially lower level of spectral regrowth, as seen in Figure 12. 
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Figure 12. 35 dBm (33.5 dBm B99%) 16-APSK 5 Mbps Signal with 5 Mbps SOQPSK-TG Mask 

CONCLUSION 

As expected, the 16-APSK test signal was influenced by transmitter PA nonlinearities, resulting 

in spectral regrowth that significantly encroached upon upper and lower adjacent channels; 

however, there was little effect on the signal payload as only minor constellation rotation and 

distortion attributable to PA nonlinear behavior was observed.  The 16-APSK signal exhibited 

well over twice the spectral efficiency of SOQPSK-TG with substantially less susceptibility to 

adjacent channel interference.  The test transmitter power amplifiers provided a 10 watt (40 

dBm) RF output using an SOQPSK-TG input signal, but with a 16-APSK input signal, 

significantly lower B99% power was achievable from these particular power amplifiers at a 

number of C-Band frequencies due to amplifier gain characteristics and energy lost in spectral 

regrowth “shoulders” due to linearity issues, illustrated in preceding spectrum plots.   

 

Maintaining PA hardware design compatibility with current telemetry modulation formats, such 

as SOQPSK-TG, while minimizing spectral regrowth issues, will likely require a combination of 

mitigating efforts before 16-APSK can be added to the menu of telemetry modulation formats 

supported by mobile aeronautical transmitters.  Implementation of techniques such as digital 

predistortion (DPD) and envelope tracking (ET) could serve to substantially reduce spectral 

regrowth, but would come at the expense of additional circuitry and increased transmitter 

complexity.  Combining PA power back-off with enhanced coding formats as described in [2] 

and [3] appears to be the most viable near term methodology to take advantage of the obvious 

spectral efficiency benefits and robust BER performance of 16-APSK modulation in increasingly 

crowded channel environments.   
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