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ABSTRACT

Amplitude Phase Shift Keying (APSK) is an attractive alternative to continuous phase non-linear
modulations in telemetry systems with its low Peak-to-Average Power Ratio (PAPR). Since the
PAPR is not exactly unity, we use APSK paired with Low-Density Parity Check (LDPC) codes
to compensate for loss in power efficiency due to the power amplifier operating with backoff. In
this paper we consider the adjacent channel spacing of a system with multiple configurations using
LDPC coded APSK and SOQPSK-TG. We consider different combinations of 16 and 32-APSK
and SOQPSK-TG and find the minimum spacing in frequency between the respective waveforms
that does not distort system performance.

INTRODUCTION

Coded Amplitude Phase Shift Keying (APSK) has been considered as an alternative to constant
amplitude CPM based telemetry systems [1]-[2]. It is known that coded-APSK systems provide
superior spectral efficiency over CPM systems. Since APSK does not have a peak-to-average ratio
(PAPR) of exactly unity, these systems need to be operated with a non-linear power amplifier with
output power backoff. The backoff capacity for low-density parity check (LDPC) codes has been
shown to be up to 9.38dB [2].

Adjacent channel interference has been studied for different modulations in aeronautical telemetry.
Work has been done in measuring the adjacent channel interference of continuous phase frequency
shift keying (CPFSK), Feher’s patented quadrature phase shift keying (FQPSK-B), and multi-h
continuous phase modulation(CPM) [3]- [4]. Bandwidth and power efficiency of SOQPSK has
also been documented in [5]. The recommended frequency spacings for CPFSK, multi-h CPM,
SOQPSK, and FQPSK are shown in [6].
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In this work we charactorize the ideal adjacent channel spacings for LDPC-coded APSK and
SOQPSK-TG in a multi-channel system. An overview of the system model can be seen in Figure 1.
The modulators can be LDPC-coded APSK or SOQPSK-TG modulators while the demodulator is
the corresponding modulator for the desired signal. The frequency spacings are defined by the fre-
quencies f1, f2, and fc. We define the ideal spacings as the minimum spacings in frequency such
that the BER performance of the desired signal is not affected. We shall first provide a brief in-
troduction to LDPC-coded APSK and SOQPSK-TG before presenting our results and conclusions.

Figure 1: Multi channel telemetry system

LDPC-CODED APSK

APSK is a linear modulation consisting of constellation points arranged in concentric circles. This
enables APSK to have a lower PAPR than other linear modulations, which reduces non-linear
distortions when used with a power amplifier in full saturation. The constellation can consist of
16 (16-APSK) or 32 (32-APSK) constellation points. 16-APSK provides a lower PAPR while 32-
APSK provides higher spectral efficiency. The constellations we use in this paper are described in
the DVB-S2 standard for digital broadcast television. The modulator divides the bitstream to be
transmitted into blocks of 4 or 5 bits. The constellation point is chosen from a lookup table and
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convolved with a transmit pulse. The pulse we use is the bandwidth efficient Wilson-Lo pulse. The
resulting signal is then unconverted to a passband frequency and sent over the channel.
However, since the PAPR is not exactly 0 dB, the transmitter will have to drive the power amplifier
with backoff. To compensate for the loss in power efficiency due to backoff we incorporate forward
error correction (FEC) codes. The FEC codes we use are the AR4JA LDPC codes developed at
JPL. These codes are linear and quasicyclic, which helps reduce encoder complexity. The decoder
can use an optimal or a reduced complexity sub-optimal algorithm with a variable number of
iterations. In this work we use the reduced complexity algorithm with 50 iterations. The loss in
power efficiency due to the reduced complexity algorithm and capacity for backoff for code rates
of 1/2, 2/3, 3/4, and 4/5 can be seen in [2].

SOQPSK-TG

Shaped offset quadrature shift keying is a non-linear continuous phase modulation standardized as
ARTM-tier I modulation in the IRIG-106 standard [7]. SOQPSK is a constant envelope modula-
tion with PAPR of unity. This makes it ideal for aeronautical telemetry applications with non-linear
power amplifiers. However, it has been shown that coded-APSK can achieve the same BER perfor-
mance as SOQPSK with improved spectral efficiency [1]. We use SOQPSK to compare it’s BER
performance to LDPC coded APSK and analyze coded APSK’s frequency occupancy in a shared
environment.

SOQPSK is a non-linear continuous phase modulation (CPM). This means that the instantaneous
phase of the signal is a function of the current and all previous ‘symbols’. The symbols in SOQPSK
are ternary impulses which are generated from the input bitstream by a ternary precoder [8]. The
precoded ternary symbols are then convolved with a frequency pulse and the resulting waveform
is integrated to generate the SOQPSK signal phase.

Since the instantaneous SOQPSK signal is a function of all previous symbols, the optimal demod-
ulating approach would be to use a trellis detector with the Viterbi algorithm [9]. In this work we
use a sub-optimal linear detector [10]. The loss in performance using the linear detector is shown
to be up to 0.5 dB when compared to the Viterbi detector.

RESULTS

For our results we convolve the APSK symbols with a pulse shape that is a square-root-nyquist and
has been optimized to reduce out of band power [11]. We use a rolloff factor of 0.5 and truncate
the pulse to 16 symbol times. The frequency spectrum of LDPC coded 16 and 32-APSK depends
entirely on this pulse shape when measured with respect to normalized frequency. The modulation
and coderates affect only the average constellation energy, but not the spectral occupancy as seen
in Figure 2.

We define the ideal adjacent channel spacings as the separation in frequency between the signals

3



Figure 2: Power spectral density estimate of coded APSK

before the desired signal degrades in BER performance. In Figures 3-4 we can see the BER results
for coded-APSK with SOQPSK-TG and coded-APSK, as well as SOQPSK-TG when interfered
with coded-APSK. The ideal adjacent channel spacings for SOQPSK-TG with SOQPSK-TG have
been presented in [6]. It is seen that for a fixed ratio of Eb/N0, the ideal frequency separations
depend not on the desired signal, but on the interfering signal in the adjacent channel. It does not
vary with the APSK constellation or coderate of the LDPC code used. We can see when coded-
APSK is the interfering signal, the ideal channel spacing is 1.125 Hz/Rs. When SOQPSK-TG is
the interfering signal with coded-APSK this spacing is seen to be 1.37 Hz/Rs. The power spectra
of a multi-channel system with coded-APSK and SOQPSK-TG with the ideal channel spacings
can be seen in Figures 5-7.
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Figure 3: BER of APSK with interfering signals

Figure 4: BER of SOQPSK-TG with interfering signals
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Figure 5: Coded APSK with APSK interferers

Figure 6: Coded APSK with SOQPSK interferers
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Figure 7: SOQPSK with APSK Interferers

These spacings however, do not appear to be an improvement over the ideal channel spacing for
SOQPSK-TG with SOQPSK-TG which is shown to be 1.1 Hz/Rs [6]. These spacings in normal-
ized frequency are independent of the coderate and constellation used, however the actual spacing
in frequency for a given bitrate will depend on these parameters. For LDPC coded APSK, the
symbol rate is a function of the bitrate as well as constellation size and code rate and is defined as

Rs =
Rb

RLDPC × log2(M)
(1)

where Rs is the symbol rate, Rb is the bitrate, RLDPC is the LDPC coderate, and M is the number
of points in the constellation. For uncoded SOQPSK-TG, it is known that Rs = Rb [7]. We can
see intuitively that a lower coderate and smaller constellation will result in a larger symbol rate,
and the opposite for a higher symbol rate and larger constellation. However, the lower coderates
and smaller constellations have the advantage of a larger backoff capacity as seen in [2]. We can
look at this tradeoff closely with a few examples for a bitrate of 10 Mbps.

Examples

16-APSK with rate 1/2 LDPC code

Symbol rate Rs =
10 [Mbps]

0.5× log2(16) [bits/symbol]
= 5 MSps.

Ideal spacings are:
1.125 [Hz/symbols/sec] × 5 [MSps] = 5.625 MHz for adjacent channel with coded-APSK
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1.37 [Hz/symbols/sec] × 5 [MSps] = 6.85 MHz for adjacent channel with SOQPSK-TG.

32-APSK with rate 3/4 LDPC code

Symbol rate Rs =
10 [Mbps]

0.75× log2(32) [bits/symbol]
= 2.667 MSps.

Ideal spacings are:
1.125 [Hz/symbols/sec] × 2.667 [MSps] = 3.00 MHz for adjacent channel with coded-APSK
1.37 [Hz/symbols/sec] × 2.667 [MSps] = 3.65 MHz for adjacent channel with SOQPSK-TG.

SOQPSK-TG

Symbol rate Rs =
10 [Mbps]

1 [bits/symbol]
= 10 MSps.

Ideal spacings are:
1.125 [Hz/symbols/sec] × 10 [MSps] = 11.25 MHz for adjacent channel with coded-APSK
1.1 [Hz/symbols/sec] × 10 [MSps] = 11 MHz for adjacent channel with SOQPSK-TG.

It can be seen that LDPC coded APSK provides a much higher adjacent channel efficiency than a
SOQPSK-TG. From our example we can see that the most bandwidth inefficient combination, i.e.
16-APSK with a rate 1/2 LDPC code is still nearly twice as efficient as SOQPSK-TG. On top of
this, the rate 1/2 LDPC coded 16-APSK also provides a backoff capacity of upto 9.38 dB as seen
in [2]. A more spectrally efficient combination of rate 3/4 coded 32-APSK is almost four times as
efficient as SOQPSK-TG with a backoff capacity of up to 4.69 dB. This represents another trade-
off in a LDPC-coded APSK system. A higher coderate will provide higher backoff capacity but
reduce adjacent channel efficiency. Likewise, a lower coderate will provide a lower backoff but
will increase adjacent channel efficiency.

CONCLUSIONS

LDPC-coded APSK provides a more spectrally efficient alternative to CPM based telemetry sys-
tems such as SOQPSK-TG. In this paper we have shown the ideal frequency spacings for the
coexistence of multiple waveforms in frequency. We can see, with examples, that LDPC-coded
APSK is at least twice as efficient in the adjacent channel and that there exists a tradeoff between
adjacent channel efficiency and backoff capacity. Future work includes characterizing the spectral
regrowth and non-linear distortions caused by driving the power amplifier at full saturation and
how these affect the ideal channel spacings.
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