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Performances of 2r16APSK and DVB-S2 16APSK
Modulations over a Two-Link Satellite Channel
Dayan Adionel Guimarães

Abstract—In this paper, the 2r16APSK modulation is contrasted with the 16APSK modulation adopted in the digital
video broadcast standard, the DVB-S2, aiming at verifying if
the 2r16APSK can be considered an alternative choice for the
DVB-S2 and other alike communication systems when subjected
to nonlinear distortions. To this end, the performances of both
modulations are assessed in terms of the metrics: bit error
rate (BER), constellation figure of merit (CFM), peak-to-average
power ratio (PAPR), total degradation (TD) versus input back-off
(IBO), and spectral regrowth, when the transmitted signal goes
through a two-link satellite channel under memoryless nonlinear
distortion produced by a traveling wave tube amplifier (TWTA),
which is described by the Saleh model. The results show that the
2r16APSK modulation is indeed an alternative choice.
Keywords—AM/AM, AM/PM, digital modulation, DVB-S2,
nonlinear amplifier, TWTA, 2r16APSK, 16APSK.

I. I NTRODUCTION

T

YPICAL Earth-satellite-Earth communication systems
comprise an Earth station transmitting towards the satellite over the up-link channel, multiple satellite-located repeaters, usually referred to as transponders, and a downlink transmission from the satellite back to the Earth, aiming
another Earth station or other receivers located in the satellite’s
coverage footprint [1].
The main transponder component device of interest here,
from the perspective of adding distortion to the transmitted
signal, is the satellite’s power amplifier. Examples of such
device are the traveling wave tube amplifier (TWTA) and the
solid state power amplifier (SSPA) [2].
A common characteristic of TWTAs and SSPAs is nonlinearity in signal amplitude and, possibly, in signal phase as
well, which may cause amplitude-to-amplitude (AM-to-AM)
distortion and amplitude-to-phase (AM-to-PM) distortion, respectively.
AM-to-AM distortion is associated with the nonlinear magnitude transfer characteristic of the amplifier as a function of
input signal magnitude. Analogously, AM-to-PM distortion is
associated with the nonlinear phase transfer characteristic of
the amplifier as a function of input signal magnitude.
The AM-to-AM nonlinear transfer characteristic also causes
spectral regrowth, yielding adjacent transponder interference.
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AM-to-PM nonlinearity causes nonuniform signal constellation rotation, yielding additional bit errors [1].
There are digital modulations that perform better than others
under AM-to-AM and AM-to-PM distortions, which is the
case of some amplitude-phase shift keying (APSK) modulations. The vast family of APSK modulations are those in which
the amplitude and the phase of the carrier are varied according
to the data bits [3]. The sub-family of APSK modulations
considered herein is the one having the constellation symbols
lying on two concentric rings. Two modulations were selected
from this sub-family for the analyses presented in this paper:
the 2r16APSK modulation proposed in [4], and the 16APSK
modulation adopted in the second generation satellite Digital
Video Broadcasting (DVB-S2) standard [5].
In the case of the 16APSK constellation, 4 symbols are
placed equally-spaced on the inner ring and the remaining
12 symbols are placed equally-spaced on the outer ring [5].
There are six possible radius ratios for the 16APSK constellation rings, as specified in [5, Table 9], designed to improve
performance in typical satellite channels.
In the case of the 2r16APSK, 8 symbols are placed equallyspaced on the inner ring and the remaining 8 symbols are
placed equally-spaced on the outer ring [4]. A single radius
ratio is specified for the 2r16APSK constellation, whose value
has been optimized to minimize the bit error rate over an
additive white Gaussian noise (AWGN) channel.
Additional information about the 2r16APSK and the
16APSK modulations are given in Section II. Detailed information about these modulations can be found, for instance,
in [4] and [5], respectively.
A. Related work
In [4], the modulations two-radii 8-ary and 16-ary APSK,
respectively called 2r8APSK and 2r16APSK, were proposed
as alternatives to 8-ary phase-shift keying (8PSK) and square
16-ary quadrature amplitude modulation (16QAM), in this order. It has been shown in [4] that the 2r8APSK achieves higher
power efficiency than the 8PSK, at the cost of a higher peakto-average power ratio and a slightly more complex receiver.
The 2r16APSK yields lower peak-to-average power ratio than
the 16QAM, with roughly the same receiver complexity, but
at the cost of a slightly lower power efficiency.
The design criteria of the 2r8APSK and the 2r16APSK
constellations was the minimization of the bit error probability
achieved by a maximum-likelihood receiver over the AWGN
channel. Comparisons with other APSK-based modulations
were also made in [4], considering an AWGN channel.
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A performance analysis of the 16APSK and the 32APSK
modulations for DVB-S2 transmissions over nonlinear channels is made in [6]. The amplifier nonlinearity is modeled
according to a soft-limiter and to a TWTA. Analytical performance expressions are derived taking into account a one-link
communication channel.
In [7], the performance of pre-distorted APSK modulations
for one-link and two-link nonlinear satellite communication
channels is addressed. However, the up-link noise is disregarded, limiting the scope of the results to a one-link channel
or to a two-link channel under very high signal-to-noise ratio
(SNR) in the up-link.
B. Contributions and organization of the article
In this paper, the 2r16APSK modulation is contrasted with
the DVB-S2 16APSK modulation aiming at verifying if the
2r16APSK can be considered an alternative choice for DVBS2 and other similar communication systems in the presence
of nonlinear distortion. To this end, the performances of both
modulations are assessed in terms of bit error rate (BER),
constellation figure of merit (CFM), peak-to-average power
ratio (PAPR), total degradation (TD) versus input back-off
(IBO), and spectral regrowth, when the transmitted signal
goes through a complete two-link satellite channel (with noise
in both links) under nonlinear AM-to-AM and AM-to-PM
distortions produced by a TWTA, which is simulated under
the Saleh model [8].
Besides the above contribution, the paper also uncovers
important hints on the modeling and simulation aspects of a
two-link satellite channel, mainly in what concerns the noise
calibration for fair analyses, the signal and distortion modeling
and realization, and the receiver calibration for coherent detection of a distorted constellation without transmitted signal
pre-distortion.
The other sections of this paper are organized as follows:
The rules for constructing the 2r16APSK and the 16APSK
constellations are described in Section II. Section III is devoted
to the system model adopted to access the performance of the
2r16APSK and the 16APSK modulations when operating over
a two-link nonlinear satellite channel. The metrics adopted
in the performance assessment are described in Section IV.
Numerical results and discussions are given in Section V, and
the conclusions are drawn in Section VI.
II. 2 R 16APSK AND DVB-S2 16APSK CONSTELLATIONS
The 2r16APSK constellation can be generated as follows [4]: Let the 𝑖-th unit-energy signal-vector (constellation
symbol) of a 16PSK modulation, 𝑖 = 1, . . . , 16, be written as
"
#
cos [(𝑖 − 1)𝜋/8]
u𝑖 =
.
(1)
sin [(𝑖 − 1)𝜋/8]
For 𝑘 = 1, . . . , 8, let
u2𝑘 ← 1.612u2𝑘 ,

(2)

which is made to move 8 out of the 16 symbols to the outer
ring, where 1.612 is the optimal radius ratio determined in [4].
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Finally, the 2r16APSK symbols with average energy 𝐸 are
given by
√
u𝑖 𝐸
,
(3)
s𝑖 = √︄
16
1 Í T
u𝑘 u𝑘
16
𝑘=1

where [·] T denotes vector transposition, and where it is
implicitly assumed that symbols are equally likely.
The symbols of the 16APSK constellation can be generated
as follows: For 𝑗 = 1, . . . , 4, let
"
#
cos [(2 𝑗 − 3)𝜋/4] /𝛾
u𝑗 =
,
(4)
sin [(2 𝑗 − 3)𝜋/4] /𝛾
where 𝛾 is from [5, Table 9], defining the radius ratio of the
symbol rings. For 𝑘 = 1, . . . , 12, let
"
#
cos [(2𝑘 − 3)𝜋/12]
w𝑘 =
.
(5)
sin [(2𝑘 − 3)𝜋/12]
For 𝑖 = 1, 2, . . . , 16, then the 16APSK signal-vectors are
(
w𝑖 ,
for 𝑖 ≤ 12
s𝑖 =
.
(6)
u𝑖−12 , otherwise
Also assuming equally likely symbols, the 16APSK signalvectors with average energy 𝐸 become
√
s𝑖 𝐸
s𝑖 ← √︄
.
(7)
16
1 Í T
s𝑘 s𝑘
16
𝑘=1

The resultant 2r16APSK and 16APSK constellations, along
with their bit labeling, are illustrated in Fig. 1.
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Fig. 1. 2r16APSK constellation (left) and DVB-S2 16APSK constellation for
𝛾 = 2.57 (right), and their bit labeling [4], [5].

III. S YSTEM MODEL
The vector model of a two-link fixed satellite communication system from the perspective of performance analysis via
computer simulations is shown in Fig. 2. The input data bits
are mapped into de constellation signal-vectors, which subsequently generate the modulated signal in complex envelope
representation.
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The transmitted complex symbols are impaired by an uplink complex additive white Gaussian noise, and then nonlinearly amplified to be transmitted in the down-link channel.
At the receiver, the down-link complex additive white
Gaussian noise is added. The corrupted received symbols go
through the detection process, where symbol estimation is
made. Each estimated symbol is subsequently mapped back
into the data bits that it represents1 .
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Thus, to model the complex envelope of the transmitted
symbols, it suffices to represent them into the signal-vector
form given in (8), with coordinates 𝑠𝑖1 and −𝑠𝑖2 .
The transmitted symbol signal-vectors are added to a twodimensional zero-mean Gaussian noise vector in the up-link.
The variance of this noise is
𝑁0
,
4𝐺 p

𝜎u2 =

(13)

where 𝑁0 is the noise power spectral density, in watts per
Hertz, and 𝐺 p is the dimensionless power gain of the satellite’s
nonlinear amplifier, whose calculation is given a little ahead,
after the nonlinear amplifier model is described.
The amplified up-link noise variance is half of the total
(up-link plus down-link) noise variance 𝜎 2 = 𝑁0 /2. Hence,
the variance of the down-link noise is
𝑁0
.
(14)
4
Considering that the amplifier nonlinearity is memoryless,
it can be described by the widely-accepted Saleh model [8],
in which the AM-to-AM and AM-to-PM transfer functions of
a typical TWTA are expressed as
𝜎d2 =

Fig. 2. Model of a two-link satellite communication system [7], [10], [11].

The 𝑖-th signal-vector of the 2r16APSK and the 16APSK
constellations, for 𝑖 = 1, . . . , 16, can be written as
"
#
𝑠𝑖1
s𝑖 =
.
(8)
𝑠𝑖2
Additionally, according to [12, Ch. 5], the 𝑖-th passband
symbol can be described by
√︃
√︃
(9)
𝑠𝑖 (𝑡) = 𝑠𝑖1 𝑇2 cos(2𝜋 𝑓c 𝑡) + 𝑠𝑖2 𝑇2 sin(2𝜋 𝑓c 𝑡),
where 𝑇 is the symbol duration, in seconds, and 𝑓c is the
carrier frequency, in Hertz.
The 𝑖-th passband symbol can be also written using the
complex envelope [13] symbol representation
𝑠˜𝑖 (𝑡) = 𝑠 𝐼 (𝑡) + 𝑗 𝑠𝑄 (𝑡),

(10)

from where the passband symbol can be written according to
𝑠𝑖 (𝑡) = 𝑠 𝐼 (𝑡) cos(2𝜋 𝑓c 𝑡) − 𝑠𝑄 (𝑡) sin(2𝜋 𝑓c 𝑡).

(11)

During a given symbol interval (𝑡, 𝑡 + 𝑇], assuming without
loss of generality that 𝑇 = 2, it follows from (9) and (11) that
the in-phase and the quadrature components of the complex
transmitted symbols 𝑠˜𝑖 (𝑡) are respectively 𝑠 𝐼 (𝑡) = 𝑠𝑖1 and
𝑠𝑄 (𝑡) = −𝑠𝑖2 , yielding
𝑠˜𝑖 (𝑡) = 𝑠𝑖1 − 𝑗 𝑠𝑖2 .
1 The

𝐴(𝑟) =

𝛼𝑎 𝑟
1 + 𝛽𝑎 𝑟 2

(15)

Φ(𝑟) =

𝛼𝜙𝑟2
,
1 + 𝛽𝜙𝑟2

(16)

and

respectively, where 𝑟 is the input signal magnitude normalized
to its corresponding value at the saturation point of the
amplifier, and the parameters 𝛼𝑎 = 2.1587, 𝛽 𝑎 = 1.1517,
𝛼 𝜙 = 4.0033 and 𝛽 𝜙 = 9.1040 are those determined by curvefitting using actual TWTA data, as reported in [8].
The transfer functions (15) and (16) are plotted in Fig. 3,
along with the input back-off (IBO) and the output back-off
(OBO) that are associated to the operating point of the TWTA.
The IBO is the difference, in dB, between the actual input
amplitude (or power) and the input amplitude (or power) necessary for saturating the amplifier. The OBO is the difference,
in dB, between the output amplitude (or power) and the output
amplitude (or power) at the saturation, which is the maximum
output amplitude (or power) of the amplifier.
The IBO, in dB, can be calculated as
√
IBO = −20 log10 ( 𝐸),

(17)

where 𝐸 is the average symbol energy of the input constellation. Obviously, the IBO can be calculated by replacing 𝐸 by
the average signal power.
In light of (15), it is easy to verify that the OBO, in dB,
can be calculated as a function of the IBO according to

(12)

present model suits to a geostationary orbit (GEO) satellite and a
fixed receiver. If a mobile receiver is considered, fading and shadowing effect
must be inserted into the down-link path, before noise addition [9].

OBO = −20 log10



IBO


𝛼𝑎 10− 20



.



IBO 2 
 1 + 𝛽 𝑎 10− 20 



(18)
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At the receiver side in Fig. 2, a maximum-likelihood (ML)
detection process estimates the transmitted symbol ŝ𝑖 as the
one closest, in terms of Euclidean distance, to the received
signal-signal vector x, that is,
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Fig. 3. AM-to-AM (left) and AM-to-PM (right) transfer functions of a TWTA.
The operating point defined by the input back-off (IBO) and the output backoff (OBO) is highlighted in the graph on the left.

Assuming no pre-distortion applied at the transmitter (Earth
station) side, the distorted signal-vectors at the output of the
TWTA become
h
i
 𝛼𝑎 |s𝑖 | cos 𝛼𝜙 |s𝑖 |2 + arg(s )
 1+𝛽𝑎 |s𝑖 |2
𝑖
2
1+𝛽 𝜙 |s𝑖 |

s𝑖 ← 
h
i

𝛼𝜙 |s𝑖 | 2
𝛼𝑎 |s𝑖 |
 − 1+𝛽
sin
+
arg(s
)
𝑖
2
2
1+𝛽 𝜙 |s𝑖 |
𝑎 |s𝑖 |





,




(19)

where |s𝑖 | and arg(s𝑖 ) denote the modulus and the phase of
𝑠˜𝑖 (𝑡) defined in (12), in polar form.
Fig. 4 shows an undistorted and a distorted 2r16APSK
constellation, with the distorted constellation generated from
the coordinates given in (19), which were generated from
the undistorted signal-vectors obtained from (1), (2) and (3).
From this figure it can be noticed the amplitude-dependent
compression of the constellation caused by the AM-to-AM
transfer characteristic, and the amplitude-dependent phase
rotation caused by the AM-to-PM transfer characteristic.
Now, the power gain 𝐺 p in (13) can be properly defined as
the ratio between the average symbol energies of the distorted
and the undistorted constellations, that is,
2
16 
1 ∑︁
𝛼𝑎 |s𝑖 |
𝐺p =
,
16𝐸 𝑖=1 1 + 𝛽 𝑎 |s𝑖 | 2

(20)

where s𝑖 comes from (19).

Fig. 4. Undistorted (filled dots) and nonlinearly amplified (unfilled dots)
2r16APSK constellation.

where s𝑖 belongs to the reference constellation in use, which
can be modified to take into account the AM-to-AM and
AM-to-PM distortions. The AM-to-AM and AM-to-PM distortions can be accounted for by means of pre-distortion at
the transmitter side, with the objective of restoring the shape
of the original constellation after nonlinear amplification, or
by means of adopting a modified reference constellation, for
detection purposes, at the receiver side.
A simple constellation pre-distortion strategy is adopted
in [7], where the radius of the outer circle and the phase shift
for each circle are adjusted to obtain a close approximation
to the undistorted signal constellation after nonlinear amplification. This adjustment is made by hand in [7], assuming
knowledge of the TWTA transfer characteristics.
Here, an even simpler method is adopted, in which a modified reference constellation at the receiver is used, assuming no
knowledge of the TWTA transfer characteristics. It makes use
of the inherent carrier recovery effect when coherent detection
takes place: the received constellation is rotated back to its
original reference position, which is equivalent of rotating the
constellation in the same amount of the rotation produced by
the channel, but in the opposite direction. In terms of modeling
for simulation purposes, the reference constellation is formed
by rotating the original constellation in an amount
!
𝛼 𝜙 |so𝑖 | 2
𝛼 𝜙 |si𝑖 | 2
1
,
(22)
+
𝜙¯ =
2 1 + 𝛽 𝜙 |si𝑖 | 2 1 + 𝛽 𝜙 |so𝑖 | 2
where the two terms between parentheses are the rotations
produced by the TWTA in any of the symbols belonging to
the inner (superscript i) and outer (superscript o) constellation
rings. Thus, 𝜙¯ is the average of the rotations produced in the
inner and outer symbols. Hence, the reference constellation
symbols for ML detection become

 #
"
|s𝑖 | cos arg(s𝑖 ) + 𝜙¯
√︁
s𝑖 ← 𝐺 p
(23)

 ,
−|s𝑖 | sin arg(s𝑖 ) + 𝜙¯
√︁
where the multiplication by 𝐺 p equates the reference and
the received constellations’ energies, which in practice is
accomplished by the receiver’s automatic gain control (AGC).
An alternative way of modifying the reference constellation
at the receiver is to distort it according to the TWTA transfer
functions, which obviously demands the knowledge of these
functions in advance. This alternative represents an opportunity to be investigated.
IV. P ERFORMANCE METRICS
This section briefly describes some metrics that can be
adopted to assess the performance of any digital modulation
over a two-link satellite channel. The 2r16APSK and the DVBS2 16APSK modulations are compared using all of them.
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A. Bit error probability, 𝑃b
The bit error probability, 𝑃b , or its estimate, the BER, is
obviously of paramount importance to assess the communication system performance, since it indirectly measures the
intelligibility of the information delivered to the destination.
However, the mathematical tractability of the system depicted in Fig. 2 for theoretical calculation of 𝑃b is quite
intricate due to the up-link noise portion that appears at the
detector input affected by the nonlinearity of the satellite’s
amplifier. The determination of the distribution of this noise
is the main cause of the mathematical intractability [11, p. 7].
In other words, both the up-link and the down-link noises are
Gaussian, but the up-link noise is affected by the amplifier
nonlinearity before added to the down-link noise, yielding a
composite noise that is no longer Gaussian at the destination
receiver. In this scenario, a computer simulation is the safer
choice to estimate 𝑃b by means of the BER.
On the other hand, the 𝑃b related to the non-distorted
constellation (pure AWGN channel) can be theoretically determined, and the union bound [14, p. 772] is used here for this
purpose. The union bound on 𝑃b for a digital modulation over
the AWGN channel can be obtained from the constellation
geometry and the symbol-to-bit mapping rule, and is given by
!
E
𝑀
𝑀 ∑︁
∑︁
𝑑
1
𝑖,𝑘
𝑑 H erfc √
,
(24)
𝑃b ≤
2𝑀 log2 𝑀 𝑖=1 𝑘=1 𝑖,𝑘
2 𝑁0
𝑘≠𝑖
E = ks − s k is the
where 𝑀 is the number of symbols, 𝑑𝑖,𝑘
𝑖
𝑘
Euclidean distance between s𝑖 and s 𝑘 , with k·k denoting the
H is the Hamming distance between
Euclidean norm, and 𝑑𝑖,𝑘
the binary words into which s𝑖 and s 𝑘 are mapped.
Although (24) is an upper bound, it is known to closely
approximate the actual 𝑃b for moderate-to-high SNR regimes.
The approximation also occurs in low SNRs if only the nearest
neighbor symbols are considered in the computation of the
conditional symbol errors implicit in (24).
E
After 𝑃b is determined from (24), it is usual to express 𝑑𝑖,𝑘
as a function of the average energy per bit, 𝐸 b , eventually
having an expression of 𝑃b as a function of the average SNR
per bit, 𝐸 b /𝑁0 .
It is noteworthy that the union bound cannot be applied to
compute the bit error probability of the two-link satellite communication system. This is because both the up-link and the
down-link noises are Gaussian, but the up-link noise is affected
by the amplifier nonlinearity before added to the down-link
noise, yielding a composite noise that is no longer Gaussian
at the destination receiver. Hence, as already mentioned, a
computer simulation is the safer method to estimate 𝑃b when
nonlinear transfer functions are on the noise path.

B. Constellation figure of merit, CFM
The CFM, which is an indirect measure of the modulation
power efficiency [15], is the quotient between the squared
minimum Euclidean distance between any pair of constellation symbols and the average constellation energy, that is,
2 /𝐸. Thus, a higher CFM is expected to correspond
CFM = 𝑑min
to a higher power efficiency, i.e., a lower bit error probability.
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Meanwhile it remains unclear if the CFM value is indeed
consistent with the bit error probability of a modulation for
the whole range of 𝐸 b /𝑁0 of interest. The numerical results
in Section V helps clarifying this matter.
C. Peak-to-average power ratio, PAPR
As the name suggests, the PAPR is the ratio between
the peak and the average power of a signal. A high PAPR
signal is amplified with less power efficiency, since its power
needs to be reduced to avoid severe distortion to the signal
peaks. Moreover, a high PAPR signal is more prone to the
spectral regrowth caused by intermodulation when the signal
is nonlinearly amplified [12, p. 511, 529], [16].
The transmitted signal PAPR does not only depend on the
constellation geometry, but also on the characteristics of the
transmitter’s pulse shaping filter. Assuming the use of a root
raised cosine (RRC) filter, it has been found in [4], [17] that
the minimum PAPR occurs around a filter roll-off of 0.5,
increasing slightly above this value. Below 0.5, the PAPR
increases in a more pronounced way.
Remarkably, it has been found that the PAPR computed
using the maximum symbol energy, 𝐸 max , and the average
symbol energy, 𝐸, both considering the undistorted constellation, is approximately the same as the one computed with an
RRC-filtered signal for a roll-off equal to 0.5. Hence, from a
theoretical perspective, it follows that


2𝐸 max
.
(25)
PAPR = 10 log10
𝐸
D. Total degradation, TD
The 𝑃b and the CFM seem sufficient and equivalent performance metrics when the modulated signal goes through a
linear channel. However, in the case of the two-link satellite
communication channel considered in this paper, these metrics
may lead to incorrect conclusions, and the adoption of a more
adequate metric is made necessary.
The PAPR seems to be useful, but the total degradation
has been unveiled even more meaningful from a practical
standpoint [6]. The total degradation, in dB, is defined as
TD = ΔSNR + OBO,

(26)

where ΔSNR is the SNR difference, in dB, required to attain a
given reference bit or symbol error rate, with and without the
effect of nonlinearity [6].
The TD not only takes into account the necessary increment
made in the SNR to achieve the same error rate of the
undistorted constellation, but also the OBO that results from a
given IBO at the target error rate. Thus, the optimal amplifier’s
operating point is determined from the IBO associated to the
minimum attainable value of TD.
The computation of TD needs to be made via computer
simulation due to the difficulty in finding ΔSNR analytically,
which would need a formula for the bit or symbol error rate
under the two-link satellite communication model depicted in
Fig. 2, as highlighted in Section IV-A.
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PAPR calculated using (25) indeed matches the one computed
with an RRC-filtered signal for a roll-off equal to 0.5.
9

8

16APSK,

= 2.57

16APSK,

= 3.15

2r16APSK
7

PAPR, dB

E. Spectral regrowth
Spectral regrowth is the spectral broadening caused by
intermodulation when the signal goes through a nonlinear
device [11, p. 744], [12, p. 511, 529], [16]. Normally, the
amount of spectral regrowth is directly proportional to the
PAPR of the signal at the input of the nonlinear device, which
in turn depends on the characteristics of the filter applied to the
signal before nonlinear distortion. For example, the influence
of the roll-off of an RRC filter on the PAPR is analyzed in [17].
Spectral regrowth may cause adjacent channel interference,
requiring additional filtering after amplification, which may be
costly due to the high power of the signal to be filtered.
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Fig. 5. Peak-to-average power ratio of RRC-filtered 2r16APSK, 16APSK
with 𝛾 = 2.57, and 16APSK with 𝛾 = 3.15.

Fig. 6 shows the bit error rates of distorted and undistorted constellations 2r16APSK, 16APSK with 𝛾 = 2.57, and
16APSK with 𝛾 = 3.15. The theoretical bit error probabilities
computed via the union bound (24) are also shown in the case
of undistorted constellations, considering only the errors to the
nearest-neighbor symbols.
When no distortion is present, it can be seen in Fig. 6
that the performances of all modulations are quite close to
each other for the whole range of 𝐸 b /𝑁0 shown. As 𝐸 b /𝑁0
increases, it can be observed that the modulation 16APSK with
𝛾 = 2.57 becomes the most power-efficient, followed by the
2r16APSK, and then by the 16APSK with 𝛾 = 3.15.
If nonlinear distortion takes place, it can be noticed from
Fig. 6 that the 16APSK modulation with 𝛾 = 3.15 becomes
the most power-efficient, followed by the 2r16APSK, and then
by the 16APSK with 𝛾 = 2.57. The performance differences
among them increase considerably as 𝐸 b /𝑁0 is increased.

-1

10

Distorted
IBO = 4.5 dB
-2

10

BER

V. N UMERICAL RESULTS
Due to the nonexistence of accurate expressions for a
complete theoretical performance analysis of the two-link
satellite communication system, owed mainly to the nonlinearly distorted up-link noise that appears at the detector
input, the results shown hereafter were obtained by Monte
Carlo computer simulation.
To check if the simulation is properly calibrated, one may
plot the union bound (24) applied to the distorted constellation,
against the BER estimated via maximum-likelihood detection
referenced to the distorted constellation in terms of symbol
positions and average symbol energy. The up-link noise must
be zeroed, that is, 𝜎u2 = 0 and 𝜎d2 = 𝜎 2 = 𝑁0 /2. This check
has been made before the results reported in this section were
obtained.
Fig. 5 shows the PAPR of the modulations in analysis, as a
function of the roll-off of the RRC filter used to shape the
modulated signal symbols. The results were obtained with
the help of a simulation implemented in VisSim/Comm [18],
which is a software tool for modeling and simulating dynamic
systems. From this figure it can be seen that the 16APSK
modulations have approximately the same PAPR values, with a
slight advantage of the 16APSK with 𝛾 = 2.57. The 2r16APSK
modulation has a PAPR around 1 dB worse than the ones
achieved with the 16APSK modulations for a roll-off around
0.5. The PAPR differences become a little smaller at lower
roll-offs, and a little larger at higher roll-offs.
Denoting the smallest and the largest constellation radius as
𝑅1 and 𝑅2 , respectively, for the 2r16APSK it follows from (2)
or from [4] that 𝛾 = 𝑅2 /𝑅1 = 1.612. Then, the average
symbol energy is 𝐸 = (8𝑅12 + 8𝑅22 )/16 = (𝑅12 + 𝑅22 )/2, yielding
𝑅22 = 𝐸 max = 2𝐸/(1/𝛾 2 + 1). Plugging this result into (25) one
obtains PAPR = 4.6066 dB.
In the case of the 16APSK, it follows that 𝐸 = (4𝑅12 +
12𝑅22 )/16 = (𝑅12 + 3𝑅22 )/4, yielding 𝑅22 = 𝐸 max = 4𝐸/(1/𝛾 2 +
3). Plugging this result into (25) yields PAPR = 4.0459 dB
for 𝛾 = 2.57, and PAPR = 4.1162 dB for 𝛾 = 3.15.
From these PAPR values it can be concluded, at least in a
first look, that the 16APSK modulation will perform better
under nonlinear distortion than the 2r16APSK modulation,
with an advantage in the use of 𝛾 = 2.57 over 𝛾 = 3.15
in the case of the 16APSK modulations. This conclusion will
be contrasted with those obtained from other metrics.
Comparing the PAPR values reported in the previous paragraphs with those obtained from Fig. 5, it is verified that the
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Fig. 6. Bit error rate of distorted and undistorted 2r16APSK, 16APSK with
𝛾 = 2.57, and 16APSK with 𝛾 = 3.15.
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Two cases are considered: A) full distortion according to the
Saleh model with 𝛼𝑎 = 2.1587, 𝛽 𝑎 = 1.1517, 𝛼 𝜙 = 4.0033
and 𝛽 𝜙 = 9.1040, which corresponds to a TWTA; B) no phase
distortion (𝛼 𝜙 = 0), which better suits to model a SSPA.
From Fig. 8 it can be seen that the smallest degradation,
TDmin ≈ 2.5 dB is achieved by the 16APSK modulation with
𝛾 = 3.15 under Case A, yielding an optimum input backoff IBOopt ≈ 5 dB. The 2r16APSK modulation comes in the
second position, achieving TDmin ≈ 2.75 dB at IBOopt ≈ 5 dB.
The 16APSK modulation with 𝛾 = 2.57 occupies the third
position, achieving TDmin ≈ 3.5 dB at IBOopt ≈ 6 dB.
Under Case B, the same rank is observed in Fig. 8, with
the results: TDmin ≈ 1.7 dB at IBOopt ≈ 5 dB for the 16APSK
modulation with 𝛾 = 3.15, TDmin ≈ 2.4 dB at IBOopt ≈ 5
dB for the 2r16APSK modulation, and TDmin ≈ 2.9 dB at
IBOopt ≈ 6 dB for the 16APSK modulation with 𝛾 = 2.57.
From all results presented in this section, it can be concluded that the 2r16APSK modulation lies in-between the
two 16APSK modulations adopted in the DVB-S2 standard
in terms of the most relevant performance metrics considered
herein.
8

7

16APSK,

= 2.57

16APSK,

= 3.15

2r16APSK

6

5

TD, dB

Contrasting the metrics BER and CFM, from [4] it
can be obtained that the minimum Euclidean distance between any pair of symbols
in the 2r16APSK constella√
tion is 𝑑min = [4𝐸 (1 − 2/2)/3.6] 1/2 . Hence, it follows that
CFM = 0.3254.
Based on the 16APSK constellation geometry analyzed
in [6], it can be found that 𝑑min = 4 sin(𝜋/12) [𝐸/(3+1/𝛾 2 )] 1/2
for 𝛾 = 2.57, and 𝑑min = [8𝐸/(1+3𝛾 2 )] 1/2 for 𝛾 = 3.15, where
these values of 𝛾 are the smallest and the largest values given
in [5, Table 9], which are the ones chosen for analysis herein,
since they represent the extreme cases. Thus, the constellation
figure of merit are CFM = [16𝛾 2 sin2 (𝜋/12)/(1 + 3𝛾 2 )] =
0.3401 and CFM = 8/(1 + 3𝛾 2 ) = 0.2600, respectively.
Hence, the 16APSK modulation with 𝛾 = 2.57 is the more
power-efficient (CFM = 0.3401), which is closely followed by
the 2r16APSK (CFM = 0.3254), which is then followed by the
16APSK with 𝛾 = 3.15 (CFM = 0.2600). Notice that the bit
error probability results presented in Fig. 6 are consistent with
this CFM rank, considering an undistorted constellation, but
only under a high SNR regime.
Fig. 7 shows the power spectral densities (PSDs) of the
modulated complex envelope signal at the input and at the
output of the TWTA. The frequency axis is normalized with
respect to the symbol rate. The figure only shows the PSDs of
the 2r16APSK signal, since approximately equal PSDs have
been observed for all modulations in analysis; the other results
were omitted for conciseness.
Although the spectral regrowth is directly proportional to
the PAPR of the signal at the input of the nonlinear device,
the PAPR differences observed in Fig. 5 were not capable of
producing noticeable differences among the analyzed modulations in terms of the spectral regrowth.
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Fig. 7. Spectral regrowth of the 2r16APSK, 16APSK with 𝛾 = 2.57, and
16APSK with 𝛾 = 3.15 RRC-filtered signals, with a roll-off of 0.5. The IBO
is 4.5 dB, and the TWTA parameters are those given in [8].

Aiming at compensating for poor usefulness of the previous
metrics in some circumstances, or possible inconsistencies
among them, the total degradation metric defined in (26) is
analyzed in what follows.
Fig. 8 gives the TD experienced by the modulations under
assessment, for a reference bit error probability of 1 × 10−3 .

In this paper, the 2r16APSK modulation were contrasted
with the 16APSK modulation adopted by the DVB-S2 standard, under the nonlinear distortion present in a two-link
satellite channel, using several performance metrics. In the
case of undistorted received signal, the bit error probability and
the constellation figure of merit have shown to be consistent
with each other under a high signal-to-noise ratio regime. This
consistency is lost when nonlinear distortion takes place. In
this case, the spectral regrowth lacks from accuracy, and the
peak-to-average power ratio and the bit error probability are
inconsistent, which renders the total distortion a more adequate
performance metric. The overall analysis of the results demonstrated that the 2r16APSK is indeed an adequate alternative
choice for the DVB-S2 and other alike communication systems
subjected to nonlinear distortions.
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