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C
urtiss-Wright’s E-SOQPSK (Extensible SOQPSK) is a 
software-configurable, ultra-low-power Wi-Fi mod-
ulation scheme. Its waveforms offer some beneficial 
performance attributes for aeronautical telemetry 

communication applications, namely:
•	 A robust communication link in a channel with 

time-varying multipath and highly dynamic Doppler shift
•	 High transmit-power efficiency
•	 High bandwidth efficiency

Channel Impairments and Existing Solutions
Multipath
Since the introduction of multi-carrier (MC) orthogo-

nal frequency-division multiplexing (OFDM) in 1966 by 
Chang, Bell Laboratory,1,2 the MC modulation waveform 
has demonstrated its robust link 
performance with high modulation 
bandwidth efficiency in wireless-
communication applications. They 
include today’s Wi-Fi and Long-
Term Evolution (LTE) technology.

Traditional single-carrier (SC) 
modulation-based wireless sys-
tems, such as quadrature amplitude 
modulation (QAM), shaped-offset 
quadrature phase-shift keying (SO-
QPSK), and the like, have shown a 
higher transmitter power efficiency 
when compared to OFDM-based 
systems (Fig. 1), while having a com-
parably good modulation band-

width efficiency. However, it’s known that the link quality of 
a SC-based system such as SOQPSK-TG (Telemetry Group) 
deteriorates noticeably in a wireless channel with multipath, 
especially in time-varying multipath channels.3,4

Over decades of research efforts, various channel-equal-
ization algorithms for QAM and other SC modulations have 
been proposed and utilized. For example, frequency-do-
main adaptive equalization algorithms were proposed and 
experimented on.5 

Sparse adaptive-channel equalization algorithms were 
invented to combat wireless link degradation in terres-
trial multipath environments,6 as was sparse equalization 
of SOQPSK-TG for aeronautical telemetry applications.7 
Those equalization algorithms have mostly been in the ex-
perimental stage, not being widely implemented in wire-

E-SOQPSK Modulation 
Waveforms for 
Aeronautical Mobile 
Telemetry Comms
A proposed Extensible SOQPSK modulation waveform brings the best of both OFDM 
modulation and single-carrier SOQPSK modulation to telemetry applications.
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1. Depicted is a basic OFDM modulation system.

2. This image shows a proposed E-SOQPSK modulation system.
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less-communication applications 
for their limited capacity to deal 
with rapidly time-varying wire-
less channels. 

For example, it may occur in 
an aeronautical telemetry com-
munications link when a test 
article (TA, i.e., an aircraft serv-
ing as a test platform) is flying at 
low altitudes, or during take-off, 
landing, or taxiing. These typi-
cal time-varying multipath cases 
remain a major challenge for link 
integrity in aeronautical telem-
etry wireless communications.

Doppler shift
LTE technology has drawn at-

tention in aeronautical telemetry 
applications for its multipath 
immunity and flexible network 
connectivity. However, LTE’s in-
ability to handle high Doppler shifts is among the major 
reasons why commercial off-the-shelf (COTS) LTE trans-
ceivers can’t be used in aeronautical telemetry applications.8 

Some methods have been studied and/or proposed to 
estimate and/or compensate Doppler shift. One example 
involves a delay-response method to reduce a high Doppler 
shift to a manageable level for the subcarriers in commer-
cial LTE equipment. This compensation for Doppler shift 
requires a round-trip time delay between the ground sta-
tion (GS) and TA.8 The performance of this scheme may be 
limited by its long-elapsed time for frequency estimation/
compensation, especially in the case of unpredictable time-
varying high Doppler shift, which would be induced, for 
example, by a rapid maneuver of the TA.

Transmitter power efficiency
One of the key factors affecting transmit power efficiency 

is the peak-to-average 
power ratio (PAPR) 
of the transmit wave-
form. OFDM9 systems 
have a lower transmit 
power efficiency when 
compared to con-
stant-envelope modu-
lation schemes such 
as SOQPSK-TG due 
to their high PAPR. 
The PAPR of OFDM 
signal waveforms can 
be as high as 9 to 12 dB 
as opposed to 0 dB for 

3. Shown are eye diagrams resulting from simulations of (a) an E-SOQPSK waveform and (b) an 

SOQPSK-TG waveform for both in-phase and quadrature signals.

5. These images depict the laboratory-measured peak-to-average-power ratio (PAPR) of (a) a 1-Mb/s 

E-SOQPSK (experimental) waveform with PAPR of <1.2 dB and (b) a 1-Mb/s OQPSK (experimental) waveform 

from an E-SOQPSK modulator, also with PAPR of < 1.2 dB.

4. Here is the laboratory-captured spectrum of a 1-Mb/s E-SOQPSK 

waveform (yellow) vs. a 1-Mb/s SOQPSK-TG (blue) waveform.
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SOQPSK-TG.10 
Transmission bandwidth 

efficiency
OFDM and SC QAM 

modulations have similar 
bandwidth efficiency. For 
example:

SOQPSK-TG: 1.28 bits/
Hz [1-e], m-QAM: m bits/
Hz (m = 2k; k= 2, 3, 4…)3

OFDM: 1 bit/Hz (BPSK, 
OQPSK), 2 bits/Hz (QPSK), 
4 bits/Hz (16QAM), 6 bits/
Hz (64QAM)9

A Proposed E-SOQPSK 
Modulation Waveform

To utilize both the mul-
tipath resistance capability 
offered by an OFDM-modu-
lated waveform and the high 
transmitter-power efficiency 
of SOQPSK-TG modula-
tion, Curtiss-Wright proposes a scheme of adaptive coding 
with hybrid SOQPSK/OFDM modulations for the Telem-
etry Network Standard (TnMS).11

Over the past decade, Teletronics Technology Corp. (now 
Teletronics, a Curtiss-Wright company) has developed and 
delivered an OFDM-modulation-based IP transceiver (nX-
CVR-2000)12,13 and an SOQPSK-TG modulation IP trans-
ceiver (nXCVR-3140) to the telemetry industry for aero-
nautical wireless-link communications. Based on first-hand 
field test results and performance assessment on modula-
tion algorithms utilized in the nXCVR series transceiver 
products, the company proposes high-performance E-
SOQPSK, an OFDM-structured and flexible single-carrier 
modulation scheme.

How E-SOQPSK Works
The core of E-SOQPSK modulation (Fig. 2) is an OFDM-

structured, extensible, single-carrier SOQPSK waveform. 
This combination of 
OFDM and SOQPSK pro-
vides advantages of both 
multiple- and single-carri-
er modulation waveforms. 
It also helps improve the 
performance in a dy-
namic time-varying mul-
tipath and rapid Doppler 
shift environment, while 
maintaining a low PAPR 

6. Shown is a digital-oscilloscope measurement of the OQPSK wave-

form generated by an E-SOQPSK modulator.

7. This is a block-diagram view of an E-SOQPSK simulation model.
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and high transmitter 
power efficiency.

E-SOQPSK is a 
single-carrier modu-
lation waveform, a 
deviation of the tra-
ditional OFDM, LTE 
(uplink) waveforms 
scheme. E-SOQPSK 
can be configured 
to present a BPSK, 
OQPSK, m-QAM, or 
constant-envelope (CE) SOQPSK-
modulation waveform.

A performance comparison of 
E-SOQPSK with OFDM,9 SO-
QPSK-TG,10 and LTE (UL)14 is 
shown in the table.8,15

Preliminary Results 
Characteristics of E-SOQPSK 

modulation signal
This section shows certain char-

acteristics of the E-SOQPSK mod-
ulation waveforms in comparison 
with a standard SOQPSK-TG 
waveform. The characteristics of 
the modulation waveforms were demonstrated in terms of (a) their I-Q component eye diagrams of the modulation wave-
form; (b) the signal power spectrum, (c) the signal’s PAPR, and (d) the I-Q trajectory of the signal waveform.

The results show that:
•	 E-SOPQK has similar characteristics of its baseband waveform time-domain transition to standard SOQPSK-TG, 

8. These images depict a baseline simu-

lation of an ideal channel with or with-

out noise: (a) shows the constellation 

of the OQPSK I-Q components as an 

inverse fast Fourier transform (IFFT) of 

the FreqEQ output without multipath or 

additive noise; (b) is the constellation of 

the OQPSK I-Q components as an IFFT 

of the FreqEQ input without multipath 

and with noise at a SNR of 15 dB; and 

(c) is the constellation of the OQPSK I-Q 

components as an IFFT of the FreqEQ 

output without multipath and with noise 

at a SNR of 15 dB.

9. Shown is the OQPSK I-Q component constellation with a two-ray channel multipath. In this case, the signal strength dips 7.4 dB with rho/

theta/dL values of 0.4, 1.7, and 10, respectively, and an SNR of 15 dB. In (a) is an IFFT of the FreqEQ input while (b) shows an IFFT of the FreqEQ 

output. 
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as illustrated in an eye diagram (Fig. 3, obtained by MATLAB 
simulation; and Fig. 6, obtained by laboratory test).
•	 E-SOQPSK has a tighter spectrum spread to 

compare with SOQPSK-TG waveform (Fig. 4. obtained by 
laboratory test)
•	 Confirmation of a PAPR of near 1 dB for 

E-SOQPSK both in OQPSK and SOQPSK waveform modes. 
The results (obtained by laboratory test) are in Figures 5 and 
6, respectively.

E-SOQPSK frequency-domain equalization
The results shown in this section are from the MATLAB 

simulation. Figure 7 provides a block diagram of the E-SO-
QPSK simulation model used to demonstrate performance 
of an E-SOQPSK frequency-domain equalizer.

The proposed E-SOQPSK transmitter is a multimode 

modulator. It can generate OFDM-structured m-QAM, 
OQPSK, or SOQPSK modulation waveforms. As shown 
(Fig. 7, again), an E-SOQPSK modulator in the OQPSK 
mode generates the waveform, which is fed to a two-ray 
multipath channel and then processed by an E-SOQPSK de-
modulator, including frequency-domain equalization. 

Through MATLAB simulations in which we set various 
multipath parameters, we illustrate a potential capability of 
the OFDM-structured frequency-domain equalization. This 
test shows simulation results of complex signal I-Q constel-
lation of the equalizer output vs. its input under a two-ray 
channel model with different channel-model parameters, 
such as reflector phase rotation (theta), channel time delay 
(dL), and attenuation factor (rho) of the second path, as well 
as additive noise. The results are revealed in Figures 8, 9, and 
10.

Figure 10 depicts the equalizer input vs. its output. The 
channel that’s set for this simulation is a severe multipath 
condition (90% of reflection signal in strength was de-
layed and rotated in phase, then added on the signal on 
direct path). The corresponding signal spectrum at the re-
ceiver output can be seen in Figure 11, which shows signal 
strength dips of up to 25.6 dB.

Conclusion
In this article, we’ve proposed E-SOQPSK, a software 

configurable ultra-low-power Wi-Fi modulation scheme 
for aeronautical telemetry communication applications 
that’s configurable to SOQPSK, OQPSK, or QAM. The 
embedded OFDM structure of the E-SOQPSK modula-
tion waveform can be utilized by an E-SOQPSK receiver 
to improve its frequency-domain equalization perfor-
mance in a time-varying multipath and high Doppler-
shift environment.

Preliminary laboratory results confirm that E-SOQPSK 
modulation waveform has a near 1-dB PAPR, close to that 

of a traditional SOQPSK-TG modulated waveform. They 
also show that the E-SOQPSK-modulated waveform has a 
similar eye-diagram pattern to that of a standard SOQPSK-

11. This is a plot of the OQPSK signal spectrum at the receiver input 

with a two-ray channel multipath. As in Figure 10, the signal strength 

dips 25.6 dB with rho/theta/dL values of 0.9, 0.4, and 20, respectively, 

and an SNR of 15 dB. 

10. These images depict 

the OQPSK I-Q component 

constellation with a two-ray 

channel multipath. In this 

case, the signal strength 

dips 25.6 dB with rho/theta/

dL values of 0.9, 0.4, and 20, 

respectively, and an SNR 

of 15 dB. In (a) is an IFFT 

of the FreqEQ input while 

(b) shows an IFFT of the 

FreqEQ output.
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TG waveform.
Preliminary simulation results illustrate that an E-SO-

QPSK modulation waveform can provide robust perfor-
mance in a heavy multipath, time-varying channel as expect-
ed, benefitting from the fast frequency-domain equalization 
techniques enabled by its OFDM structure.

Future Work
Further work in terms of full system simulations and re-

finement of the demodulation process, especially channel-
equalization algorithms with various Doppler and multipath 
cases, as well as transmitter and receiver prototype develop-
ment, is needed to evaluate the performance and verify the 
proposed advantages of the E-SOQPSK waveforms.
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