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Novel Data Pre-distorter for APSK Signals in
Solid-State Power Amplifiers

Marı́a Jesús Cañavate Sánchez, Andrea Segneri, Savvas Kosmopoulos, Life Member, IEEE,
Qiuming Zhu, Member, IEEE, Theodoros Tsiftsis, Senior Member, IEEE,

Apostolos Georgiadis, Senior Member, IEEE, and George Goussetis, Senior Member, IEEE

Abstract—A computationally efficient data pre-distorter suit-
able for the 16-APSK constellation transmitted through a mem-
oryless non-linear power amplifier is introduced. The proposed
method is based on estimating the optimum value of the ring
ratio that enables compensation for the power amplifier (PA)
distortion occurring at each input back-off (IBO) level of a
memoryless behavioural model. Previous results for data pre-
distortion rely on iterative numerical optimization techniques
which require increased computational resources. Instead, the
proposed approach is numerically efficient and further provides
insight on the generation of non-linear distortion. Computed and
measured bit-error rate (BER) results for 16-APSK in additive
white Gaussian noise (AWGN) channel and the presence of a
PA are presented to prove the validity of the method. The
performance evaluation of the pre-distorter based on a measured
non-linear characteristic of a commercial power amplifier showed
a BER reduction of up to four orders of magnitude at low IBO
levels.

Index Terms—APSK modulation, data pre-distortion, non-
linearities, power amplifier.

I. INTRODUCTION

POWER amplifiers (PAs) are key elements in radio
telecommunication systems associated with significant

fraction of the total power consumption and a major source
of non-linearities. Typically, PA power consumption and non-
linear response are in trade-off between them [1], [2]. This
trade-off becomes increasingly critical for mm-Wave satellite
communications systems operating in e.g. Ka-, Q/V-, or W-
band [3]–[5], where technological limitations in solid-state am-
plification technology restrict operation at high back-off levels
[6]. Designed for modern air-interfaces such as the second-
generation digital video broadcasting for satellites (DVB-S2)
[7], aforementioned links exploit phase-shift keying (PSK)
and amplitude and phase-shift keying (APSK) modulation
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schemes [8]. While PSK signals are relatively robust against
non-linearities, APSK signals suffer from the non-linear be-
haviour of the PA, especially due to its amplitude-to-amplitude
modulation (AM/AM) [9]. This can be critical for e.g. the
feeder links of emerging high throughput systems, since APSK
signals offer improved spectral efficiency.

In order to address the aforementioned trade-off and reduce
the effect of non-linearities arising at the PA, pre-distortion
techniques are widely used in the literature. According to this
approach, the PA is stimulated with the inverse equivalent
of its transfer function such that non-linear characteristics
are canceled out at the output [10]–[16]. One methodology,
known as RF pre-distortion, places the pre-distorter in the
up-mixed RF signal, so an additional analogue component
is required [10]–[12]. As the use of RF pre-distortion entails
lack of flexibility due to hardware limitations, a digital pre-
distortion (DPD) is often preferred - the latter solution is better
suited for Software Defined Radio (SDR) platforms, which
have gained significant interest in the last years as they can
more flexibly configure radio systems compared to traditional
hardware-based systems [17], [18].

Two classes of DPD are encountered in the literature,
namely signal and data pre-distortion. In the case of signal
pre-distortion, higher order signal components are added at
baseband, right before the up-mixing operation, to compensate
for the intermodulation distortion caused by the PA [13]–[15].
As a consequence, the bandwidth of the input signal to the
PA is increased, typically in the range between three and
seven times [19]. This requires high data sample rates that
makes the system quite expensive and difficult to deploy and,
additionally, the spectral regrowth may further compromise
spectrum usage [19]. On the contrary, data pre-distortion ad-
justs the transmitted symbols before up-sampling and filtering
in a way that reflects the inverted PA non-linearity. Since this
operation essentially reallocates points on the constellation, it
does not introduce spectral regrowth. Thus, the use of data
pre-distortion allows transmission without infringing the link
radiation regulations [20].

The approaches for data pre-distortion elaborated in liter-
ature rely on iterative numerical optimization techniques e.g.
[8], [21]–[23]. In particular, these techniques involve off-line
evaluation of the power amplifier non-linear response - by
computer simulation of the satellite channel - that is then used
in the adaptive allocation of the modulation scheme constel-
lation points. This approach was firstly applied to compensate
the non-linearities in quadrature amplitude modulation (QAM)
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radio systems, in which the amplitude and phase of each
symbol can be distorted in a different way [23], and later
on in APSK satellite systems [21]. Despite the advantages
of this approach, possible real-time features would require an
increment in computational resources for links with higher
data throughput.

When compared to conventional QAM, APSK modulations
have the significant advantage of maintaining the circular con-
stellation characteristics when transmitted through a channel
with non-linear distortion [24], [25]. This is due to the fact
that symbols which belong to the same constellation ring
experience the same amplitude and phase distortion. This has
been recognized in previous studies, which have demonstrated
that the performance of APSK modulations over non-linear
channels depends significantly on the constellation ring ratio
[8], [26]. However, to the best of our knowledge, there is
no literature to date describing how this advantageous feature
of APSK modulation can be exploited in the development of
analytical or semi-analytical techniques, which explicitly take
into account available information of the system parameters
to inform data pre-distortion.

In this paper we propose a data pre-distorter that enables
compensation for the PA distortion occurring at each input
back-off (IBO) level of a memoryless behavioural model [2].
The methodology is applied to the 16-APSK modulation in
its 4+12 variation specified with DVB-S2 [7], which is a
favorite candidate for spectrally efficient air link interfaces as
it delivers a better performance under non-linear conditions
while also allows to maximize the PA DC power conversion
efficiency [25]. Given the increasing focus on mm-wave solid
state amplification [27]–[29], the technique focuses on the
non-linear characteristics of this class of components which
generally present negligible amplitude-to-phase modulation
(AM/PM) distortion compared to their compression gain [30],
[31]. On this basis, the proposed model provides a method to
identify the pre-distorted constellation based on the estimation
of only one parameter and without the use of error perfor-
mance simulation or iterative techniques. Instead, a semi-
analytical model is presented, which requires less computation
time and offers more physical insight. This reduction in the
number of estimated parameters and computation time may be
particularly useful when real-time models are considered.

A preliminary study carried out by the authors presents a
model which provides an upper limit for the value of the
constellation ring ratio, when low IBO levels are concerned
[32]. In this paper, the methodology followed is more accurate
since the effect of the root-raised-cosine (RRC) filter has been
taken into account, quantifying the combined impact of its
inter-symbol interference (ISI) and PA non-linearity in the
end to end link. Computed and measured bit-error rate (BER)
results for 16-APSK in additive white Gaussian noise (AWGN)
channel are shown to validate the proposed approach.

The remainder of the paper is organized as follows: the
different impacts of the PA non-linearities on the APSK
constellations are described in Section II. The mathematical
procedure carried out to obtain the required data pre-distortion
is analyzed in Section III. Simulated and measured results to
prove the effectiveness of the methodology are presented in
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Fig. 1. Comparison between transmitted symbols (crosses) and received ones
(dots) when the block diagram shown in Fig. 2 (b) (noiseless system) is
applied. R1mod, R2mod, R1mat and R2mat refer to the average inner and
outer ring radii at the output of the modulator and of the matched filter,
respectively. Parameters used: IBO = 2 dB, up-sampling factor = 8 and filter
roll-off = 0.5. The amplifier model is depicted in Fig. 5 and the average power
was normalized. (a) Standard constellation: γin = 2.5; (b) Pre-distorted: γin =
7.2.

Section IV. Finally, the paper is concluded in Section V.

II. APSK CONSTELLATION DISTORTION DUE TO
NON-LINEAR CHANNELS

A graphic example illustrating the impact of solid-state non-
linear amplifier on typical communication systems deploying
16-APSK modulation is depicted in Fig. 1(a), which shows
the constellation distortion due to a non-linear but otherwise
noiseless channel. Two kinds of impairments can be observed,
namely a clustering effect and a constellation warping. The
former is due to the ISI experienced at the RRC filters in
combination with the amplifier non-linearity; the details of
this phenomenon are discussed later in this section. The latter
impairment is manifested by the inner constellation centroids
moving off their original positions and get closer to the outer
centroids. This warping can be appreciated considering that
inner constellation points carry reduced power compared to the
outer ones and hence experience reduced gain compression at
increased PA IBO. This effect can be suppressed by identifying
the constellation ring ratio at the input of the modulator,
γin =

R2mod

R1mod
(where R1mod

and R2mod
are the inner and outer

ring radii at the output of the modulator), which provides the
desired ring ratio value, γtarget, at the baseband receiver. For
optimum BER performance, the optimum γtarget at the receiver
is estimated to be around 2.5 [33].

While this scheme, illustrated in Fig. 1(b), is conceptually
simple, it relies on the estimation of the power associated with
each constellation symbol before the PA. As will be shown in
the remaining of this section, this power level will critically
depend on the properties of the bandwidth limiting digital
filter that follows the digital modulator. Two simplified block
diagrams depicting typical digital communication systems are
shown in Fig. 2. In particular, Fig. 2(a) depicts a system
involving a single raised-cosine (RC) filter at the transmitter,
while in Fig. 2(b) an implementation with an RRC filter at
the transmitter and a matched RRC filter at the receiver is
illustrated. In a noiseless and linear channel, the effect of
using two RRC filters in series is the same as using just
one RC. In practice, splitting into two RRC filters improves
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Fig. 2. Simplified block diagrams for the cases in which the RC filter (a) or the RRC filter (b) are applied to transmit the symbols. Up-sampling and
down-sampling processes are applied after the modulator and before the demodulator, respectively, in both cases.

noise cancellation at the receiver side [34] and hence this
implementation is commonly employed.

Despite this favorable characteristic, the deployment of an
RRC filter at the transmitter gives rise to ISI and hence energy
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Fig. 3. In-phase amplitude representation of a sequence of 7 equal outer-
ring symbols after passing through each of the filters included in the block
diagrams depicted in Fig 2. Parameters used: up-sampling factor = 8, filter
roll-off = 0.5 and γin = 2.5. (a) Output of RC filter; (b) Output of RRC filter.

exchange between transmitted symbols. This is exemplified in
Fig. 3, which compares the in-phase signals at the output of
an RC and RRC filters (Figs. 2(a) and 2(b) respectively) when
the same sequence of 7 equal symbols is applied at the input.
Only the in-phase component is considered, with an amplitude
of 12.5× 10−3 V at the input of the filter. In both cases, the
filter roll-off is set to 0.5. The output from each individual
consecutive symbol is shown in color while the final waveform
in black. An up-sampling factor of 8 has been used in this
example, which suggests that eight samples have been used
per symbol. Assuming successful synchronization, and since
at the receiver the waveform would be down-sampled, only
the value of the final waveform corresponding to the discrete
instants of symbol rate periods will contribute to the detection.
In the remaining we therefore focus the discussion to the final
waveform value at the periodic decision samples, which are
marked in Fig. 3 as “Decision instants”.

Fig. 3(a) is associated with an RC filter. As shown, fol-
lowing some initial fluctuation, the resulting signal waveform
assumes a constant value. Significantly, this waveform delivers
a constant magnitude equal to the amplitude of the input in-
phase signal (12.5 × 10−3 V) at any decision instant. These
features are attributed to the ISI-free properties of the RC
filter, whose impulse response is zero at all other decision
instants. This property, however, does not apply in the RRC
filter, where ISI is generated due to the influence of several
symbols at every decision instant. As shown in Fig. 3(b), the
output waveform is now oscillating and, critically, its value at
each decision point fluctuates; the value of a decision sample
now integrates a combination of the neighboring symbols’
contribution and, as a result, it is not equal to the pulse peak
value as in the RC case.

To probe further into this effect, Fig. 4 plots a histogram of
the decision instant values for symbols lying in the inner and
outer 16-APSK constellation at the output of the RRC filter for
a large pseudo-random sequence. The histogram is normalized
such that its contour represents the probability density function
(PDF) of the decision instant output value. In the same figure,
the magnitude of the symbol at the input of the RRC filter (ring
radius magnitude of the constellation) is marked with a yellow
line. As shown, the variation for both types of symbols, inner
and outer, follows an almost Gaussian distribution. It is noted
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Fig. 4. Representation of how the radius magnitudes R1 and R2 vary due
to the ISI after passing through the RRC filter in Fig. 2(b). Parameters used:
up-sampling factor = 8, filter roll-off = 0.5, γin = 2.5 and IBO = 20 dB. (a)
Histogram and probability density function of magnitude R1; (b) Histogram
and probability density function of magnitude R2.

that due to the rotational symmetry of the constellation, the
statistical properties for all symbols lying in the inner circle
are identical. For symbols lying on the outer circle, symmetry
considerations suggest two distinct cases associated with e.g.
symbols at 15◦ and 45◦ from the in-phase axis. In practice,
numerical results indicated that the statistics associated with
these two distinct symbols are very similar and hence only the
latter are presented.

The mean value of the Gaussian distributions represents the
average magnitude of the corresponding symbol at the output
of the RRC filter. As shown, the mean value (peak of red
curve) is higher than the ring radius magnitude at the input of
the RRC filter (marked in yellow) for symbols along both radii.
As noted earlier, the spread of the decision samples magnitude
and the effective magnifications of their mean value arises due
to the ISI property of the RRC. Indeed, if an RC was used
instead, the magnitude of all decision samples would coincide
with the yellow lines of Fig. 3.

In light of the above observations it is noted that the ISI
caused by the RRC filter at the transmitter can be considered to
produce an effective digital “gain” to the decision sample mean
power. We note that the aforementioned “gain” is associated
only with the decision sample, while the power level of the

entire symbol is not affected. Since the effective gain is only
observable at the decision instant and not on the average power
of the total waveform (which remains the same at the output
of the RRC filter), it is attributed to transfer of power from
neighboring samples to the decision sample arising as a result
of the ISI.

A similar analysis (not shown for brevity) indicates that the
RRC matched filter at the receiver is associated with an effec-
tive “attenuation”. While the combined effects of the transmit
and receive RRC filters cancel each other leading to a zero net
effect when the two are connected through linear modules in-
between, this complementarity breaks in the presence of non-
linearities. Consequently, even an otherwise noiseless channel
will give rise to a clustering of the constellation - as indeed
is indicated by the results plotted in Fig. 1. Moreover, when
it comes to the estimation of the constellation warping (also
shown in Fig. 1), the impact of the transmit and receive RRC
filters on the mean magnitude of the decision sample for each
symbol should be taken into consideration. This is discussed
in the next section, which also provides the methodology to
obtain the optimum γin.

III. PROPOSED DATA PRE-DISTORTION METHODOLOGY

According to the proposed method, expressions for the
effective gain and attenuation due to the RRC filters are
estimated. These can then be considered in light of the initial
and desired values for the symbol amplitudes as well as the
AM/AM characteristics of the amplifier in order to obtain the
optimum γin. In this section first we illustrate the estimation of
the effective gain and attenuation, followed by the expression
for estimating γin.

A. Effective gain and attenuation at the RRC filters

The effective amplitude gain at the transmitter is assumed
to be the ratio between the mean decision instant value of the
PDF at the output of the RRC filter (peak of red curve in Fig.
3) divided by the amplitude of the input signal (marked with
yellow in Fig. 3). The latter is equal to the symbol amplitude
at the output of the modulator. Power considerations enable
the estimation of R1mod

(γin) as a function of the ring ratio
according to [7]:

R1mod
(γin) =

√
4Pmod

1 + 3γ2in
, (1)

where Pmod is the average power at the output of the modu-
lator and is linked with the IBO level selected.
R2mod

(γin), can then be obtained as a function of the inner
ring magnitude and the ring ratio according to [7]:

R2mod
(γin) = γinR1mod

(γin). (2)

As observed in (1) and (2), for a fixed average output power
the inner and outer ring radii can be expressed as a function of
γin; for simplicity in the remaining we will refer to R1mod

(γin)
and R2mod

(γin) as R1mod
and R2mod

.
The estimation of the mean value of the Gaussian dis-

tribution in Fig. 4 can be efficiently obtained upon the
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Fig. 5. Measured and computed (Ghorbani model) AM/AM conversion of
the power amplifier ZJL-4HG+ by Mini-Circuits.

approximation that ISI in a symbol occurs only due to its
adjacent neighbor symbols. Numerical simulations (not shown
for brevity) have confirmed the validity of this approximation.
Thus, if for each symbol on the constellation we estimate
the sample at the decision instant for all possible neighbor
symbol combinations and recognizing that each combination
is equiprobable, the desired PDF can be obtained. The total
number of combinations/sequences, B, would be given by:

B =
(M + z − 1)!

z!(M − 1)!
, (3)

where M and z refer to the total number of different elements
and the number of terms per combination, respectively. For
16-APSK, M is equal to 16 (total number of symbols) and z
is equal to 2 (associated with the two neighboring symbols).
Hence, the total number of sequences for 16-APSK is equal
to 136. It is noted that due to the symmetry of the 16-APSK
constellation, this estimation is required once for symbols
lying on the inner radius and twice for the symbols lying
on the outer radius. As noted earlier, in practice the statistics
associated with the two distinct outer ring symbols are found to
be very similar and hence a single estimation for all symbols
on the outer ring suffices. Therefore, the estimation for the
entire constellation needs to be completed 272 times.

Once the distinct three-symbol sequences have been gen-
erated, they are individually applied at the input of the RRC
filter. Every filtered sequence, uxy[n], will then be obtained
by:

uxy[n] =
√
L

(
sx ∗h[n+L]+sz ∗h[n]+sy ∗h[n−L]

)
, (4)

where sz is the symbol under consideration (sz can belong to
the inner, s1, or outer, s2, ring), sx and sy are the neighbor
symbols, h[n] is the impulse response of the RRC filter [34]
and L to the up-sampling factor. In (4), the magnitude and
phase of the middle symbol, sz , will remain the same for all
136 sequences while the parameters of the other two symbols,
sx and sy , will vary depending on the selected neighboring
symbols, xy, (1 ≤ xy ≤ B = 136). The term

√
L in (4) is

used for power adjustment.
After filtering each three-symbol sequence, the average

magnitude over all combinations is taken at the sampling
instant, τ + L+ 1:

0 0.2 0.4 0.6 0.8 1
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Fig. 6. Estimated optimum values of γin obtained by applying the proposed
methodology to pre-distort the 16-APSK constellation for different roll-off
factors and IBO levels. The PA model used was the one depicted in Fig. 5
and the up-sampling factor was equal to 8.

RzRRC
=

1

B

B∑
xy=1

∣∣uxy[τ + L+ 1
]∣∣ , (5)

where RzRRC
refers to the average magnitude of the ring

radius under consideration at the output of the RRC filter and
τ is the group delay of the filter (number of samples between
the filter’s initial response and its peak response):

τ =
L · span

2
, (6)

where span specifies the filter duration in number of symbols.
Once Rzmod

and RzRRC
have been obtained, the effective

gain related to the ring radius under consideration, GRz
, is

given by:

GRz =
RzRRC

Rzmod

. (7)

The effective attenuation associated with the RRC matched
filter can be obtained with a similar procedure. The mean value
for each ring radius at the input of the RRC matched filter
starts from the computation of each envelope uxy[n]. After
applying (4), each filtered sequence is amplified by the PA
before passing through the RRC matched filter (see Fig. 2(b)):

vxy[n] = fAM/AM
{∣∣uxy[n]∣∣}e

j tan−1

{
Im

{
uxy [n]

}
Re

{
uxy [n]

}}
, (8)

where vxy[n] refers to the xy-th amplified sequence. A PA
behavioural model of choice can be used for this purpose.
Once the three-symbol sequences have been amplified, the
average magnitude over all combinations is taken at the same
sampling instant:

RzPA
=

1

B

B∑
xy=1

∣∣vxy[τ + L+ 1
]∣∣ , (9)

where RzPA
refers to the average magnitude of the ring

radius under consideration at the input of the RRC matched
filter. Next, the envelopes vxy[n] are convolved with the filter
impulse response [34] to obtain the sequences at the output of
the matched filter, wxy[n]:
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wxy[n] =

√
1

L

(
vxy[n] ∗ h[n]

)
. (10)

The gain of the matched filter is equal to
√

1
L to compensate

for the gain applied on the first filter. The average magnitude
of the ring radius under consideration at the output of the RRC
matched filter, Rzmat

, is given by:

Rzmat
=

1

B

B∑
xy=1

∣∣wxy

[
2τ + L+ 1

]∣∣ . (11)

In (11) the sampling instant is equal to 2τ + L+ 1 to take
into consideration the delays associated with the two RRC
filtering processes at the transmitter and the receiver.

Finally, the effective attenuation, ARz , can be obtained by:

ARz
=
RzPA

Rzmat

. (12)

B. Expression to obtain optimum γin

The constellation ring ratio at the output, γout, is considered
as the ratio between the outer and inner ring radii at the output
of the RRC filter:

γout =
R2mat

R1mat

, (13)

where R1mat and R2mat are the average magnitudes of the
inner and outer ring radii at the output of the RRC matched
filter. By taking into account (2), (7), (12) and the following
equation:

TABLE I
CONFIGURATION OF THE PARAMETERS REQUIRED FOR THE BER

EVALUATION BY THE USE OF THE SIMULATION PLATFORM.

Parameter Value Units

Symbol rate 3x106 symbols/second

Bandwidth 480 kHz

Frame length 400 symbols

Roll-off factor 0.5 -

RRC filter span 10 symbols

RRC filter gain
√
8 -

Up-sampling factor 8 samples/symbol

Maximum number of errors 300 bits

Maximum number of bits 3x108 bits

RzPA
= fAM/AM

{
RzRRC

}
, (14)

the closed-form expression to obtain γout can be given by:

γout =
AR1

fAM/AM

{
γinR1mod

GR2

}
AR2

fAM/AM

{
R1mod

GR1

} , (15)

where AR1
and GR1

are the effective attenuation and gain
values associated with the inner symbols and AR2 and GR2

are the effective attenuation and gain values associated with
the outer symbols. As all the terms included in (15) depend on
γin, the optimum γin can be obtained by solving the following
equation:

γout(γin)− γtarget = 0. (16)

Equation (16) takes into account all system parameters and
is applied to find the value of γin which provides the desired
γtarget at the output of the RRC matched filter - as mentioned
before, γtarget equals 2.5 for optimum BER performance.

The input parameters which need to be set before finding
the optimum value of γin are: the filter roll-off factor and
span; the IBO level and PA model coefficients; and the up-
sampling factor. In this work, the PA behavioral model used is
Ghorbani due to its accuracy when modelling solid-state power
amplifiers (SSPAs) and its reduced number of coefficients [35].

IV. MODEL VALIDATION AND TESTBED DESCRIPTION

In order to prove the effectiveness of the methodology,
computed results obtained using Matlab/Simulink as well as
experimental results have been compared against the values
obtained by the proposed methodology. The 2.4 GHz amplifier
ZJL-4HG+ by Mini-Circuits was used as an example. The non-
linear characteristics of this amplifier were measured and are
plotted in Fig. 5. The PA behavioural model by Ghorbani [35]

TABLE II
COMPARISON BETWEEN ESTIMATED AND COMPUTED OPTIMUM VALUES

OF γIN FOR DIFFERENT IBO LEVELS.

IBO (dB) Simulated γin Estimated γin (1) Estimated γin (2)

20 2.3-2.7 2.42 2.62

10 3.9-4.7 4.18 4.44

8 4.4-5.1 4.80 5.07

5 5.3-6.1 5.94 6.15

2 6.6-7.3 7.26 7.32

0 7.3-8.2 8.17 8.03
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Fig. 8. Estimated optimum values of γin obtained by applying the proposed
methodology to pre-distort the 16-APSK constellation for different roll-off
factors and IBO levels. The PA model used is the one depicted in Fig. 5.

was used in this example. The coefficients, y1, y2, y3 and y4,
which are involved in the model’s equation:

GAM/AM(ρ) =
y1ρ

y2

1 + y3ρy2
+ y4ρ, (17)

were calculated using the amplitude conversion depicted in
Fig. 5 and are equal to: y1 = 130.2; y2 = 1.6; y3 = 587.1;
y4 = 0.02. In (17), the parameter ρ refers to the magnitude
of the PA input signal. A comparison between the measured
AM/AM curve and the one computed by the use of the
Ghorbani model is depicted in Fig. 5.

Using the methodology described in the previous section,
the optimum values of γin were estimated for IBO levels
varying in the range 20dB to 0dB. A filter with span equal
to 10 symbols and up-sampling factor of 8 was considered.
The obtained values for γin are plotted in Fig. 6 for different
filter roll-off factors. As observed in Fig. 6, the further the PA
operates from its linear region (low IBO levels), the higher the
optimum γin value for a fixed roll-off (more pre-distortion is
applied). It is noted that for filters with lower roll-off factor,
the optimum γin value for a fixed IBO level will be lower
as the ISI effects (and hence the effective digital “gain”) are
higher.

Next, the effectiveness of these theoretical γin values was
tested by means of comparison with an iterative system
simulation. Fig. 7 shows the block diagram used to compute
the BER performance for un-coded 16-APSK modulations in
the presence of a solid-state PA and Gaussian noise. The input
signal consists of an uniformly distributed pseudo-random
large sequence of zeros and ones. The simulation parameters
are depicted in Table I. A value of 3x106 symbols/second was
selected for the symbol rate in accordance to the capability
of the PC used for digital processing. The parameters roll-off
factor, span, gain and up-sampling factor belong to the RRC
filter block. The maximum number of errors and maximum
number of bits serve as references to stop the simulation,
when it either detects a target number of errors or processes
a maximum number of bits, whichever occurs first. The
simulation was performed by the use of the Bit Error Rate
Analysis Tool (BERTool), developed by MathWorks, which
enables analysing the BER performance of Simulink models.

VSG AttenuatorDriver PA VSA
(a)

VSG + driver

VSA

PA
Fixed 

attenuators

Power suppliers

Variable 
attenuator

(b)

Fig. 9. Block diagram (a) and experimental set-up (b) for measuring the BER
performance for un-coded digital modulations and various PA output back-off
levels in AWGN channel.

The simulation platform is then applied to compute the BER
for different values of γin and different IBO levels. For each
IBO, the simulation is run iteratively in order to identify the
optimum value for γin that minimizes the BER. The Eb/No

value is set by adjusting the Gaussian noise variance at the
AWGN Channel block. The optimum values for filter roll-off
factor of 0.5 are reported in Table II marked as “Simulated
γin”. As shown, the BER is indistinguishable minimized for
a range of γin values at each IBO level. For comparison,
Table II also reports the γin values obtained by following
the methodology proposed in the previous section (“Estimated
γin (1)”). The good agreement between the simulated and the
estimated γin values depicted in Table II proves the validity of
the proposed methodology.

It is worth mentioning that the peak-to-average power ratio
(PAPR) is not significantly affected by pre-distorting γin. This
is demonstrated in Fig. 8, which depicts a negligible variation
in the PAPR value when γin is increased (for a fixed IBO
level). Similar variations have already been observed in the
literature [26]. The PAPR is mostly affected by the IBO level
and the number of sub-carriers when OFDM systems are taken
into account [36].

Next, an experimental set-up was employed for measuring
the BER for un-coded digital modulations in AWGN channel
at the presence of a PA. The block diagram of the experimental
set-up is introduced in Fig. 9(a) and a picture of the set-up
is depicted in Fig. 9(b). Models MXG N5182B and PXA
N9030B, both by Keysight Technologies, were used for the
vector signal generator (VSG) and the vector signal analyzer
(VSA), respectively. The ZJL-4HG+ by Mini-Circuits charac-
terized in Fig. 5 was used as the main PA. In order to generate
the transmitted signal, the filtered symbols at the output of the
RRC filter presented in Fig. 7 are converted to I16 format and
recorded to a binary file. This binary file is then broadcasted
by the VSG. A driver is connected between the VSG and the
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Fig. 10. Comparison between computed and measured BER for un-coded 16-
APSK in AWGN channel and the presence of the power amplifier ZJL-4HG+
when: (a) no pre-distortion is applied; (b) the pre-distorted constellation is
transmitted. Parameters used: up-sampling factor = 8, filter roll-off = 0.5 and
γin is depicted in Table II for each IBO level.

device under test (DUT) to keep the PA input signal as linear
as possible. A PCB2600 by TriQuint Semiconductor was used
as driver amplifier. The different signal-to-noise (SNR) values
for a fixed IBO level can be achieved by the use of a variable
attenuator, ZX73-2500+ by Mini-Circuits, at the output of the
PA. Once the measurements are taken, the received data is
recorded back to a binary file to be processed by the receiving
blocks included in the block diagram depicted in Fig. 7.

A comparison between computed and measured BER for
un-coded 16-APSK in AWGN channel and the presence of
the power amplifier ZJL-4HG+ when no pre-distorted con-
stellation is applied (γin was equal to 2.5 for every IBO
level) is presented in Fig. 10(a). As observed in this figure,
the computed and measured BER values are overall in good
agreement. The reason why the measured BER curve is lower
than the one exploiting the Ghorbani model when the IBO is
equal to 20dB in Fig. 10(a) relies on the fact that the Ghorbani
model does not approximate accurately the linear region of
the measured AM/AM curve. This is depicted in Fig. 5. As
observed in this figure, the curve computed by the use of the
Ghorbani model shows less output power than the measured
one when low input power levels are considered (e.g. when the
IBO is equal to 20dB). On the other hand, the two curves are

0 5 10 15 20 25

E
b
/N

o
 (dB)

10-8

10-6

10-4
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100

B
E

R

M1 IBO=20dB
M1 IBO=10dB
M1 IBO=8dB
M1 IBO=5dB
M1 IBO=2dB
M1 IBO=0dB
M2 IBO=20dB
M2 IBO=10dB
M2 IBO=8dB
M2 IBO=5dB
M2 IBO=2dB
M2 IBO=0dB

Fig. 11. Comparison between computed BER for un-coded 16-APSK in
AWGN channel and the presence of the power amplifier ZJL-4HG+ when:
M1 - the pre-distortion method presented in [32] is applied; M2 - the pre-
distortion technique is the one described in this paper. Parameters used: up-
sampling factor was 8, filter roll-off was 0.5 and the γin levels are depicted
in Table II for M2 and can be found in [32] for M1.

in remarkably good agreement throughout the region where
the PA saturates (e.g. when the IBO is equal to 0dB). Some
other slight differences between both cases may be caused by
additional hardware impairments which were not taken into
account in the simulation. When no pre-distortion is applied,
the BER values for low IBO levels are notably high (higher
than 10−2). On the other hand, when pre-distortion is applied
(γin was equal to the estimated values presented in Table II),
the BER performance improves drastically (see Fig. 10(b)). In
this case, the BER values for low IBO levels can be decreased
to approximately 10−6 for moderate Eb/No values.

A comparison between the results achieved by the use of
the two different methodologies, the one described in [32]
and the one presented in this paper, is depicted in Fig. 11.
As noticed in this figure, the BER results for low IBO levels
are lower when the pre-distortion technique described here is
applied. Hence, the consideration of the RRC filter is essential
to obtain the value of the optimum γin and so achieve a more
effective pre-distortion.

For benchmarking purposes, a classical static pre-distorter
for this modulation as proposed in [21], which is the one pro-
posed in the DVB-S2 standard [7], has been implemented. The
constellation ring ratio obtained by each method for different
IBO levels are summarised in Table II, where “Estimated γin
(1)” refers to the model proposed in this paper and “Estimated
γin (2)” to the static pre-distorter described in [21]. As shown,
the values obtained are overall in good agreement with the
methodology presented here. It is noted that on the same PC
and operating conditions, calculation of the static pre-distorter
lasted for 54 seconds for the six IBO points, while for the
proposed methodology 2.4 seconds for the same number of
IBO points. With computational demands at a fraction of
a second per IBO point, the proposed methodology offers
opportunities for real-time estimations, which in turn can be
used to update the amplifier characteristics during operation.

V. CONCLUSION

A novel data pre-distorter that enables compensation for
the PA distortion occurring at each IBO level of a mem-
oryless behavioural model has been proposed and verified
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by simulation and measurements. This methodology provides
the optimum value of the 16-APSK constellation ring ratio
under PA compression without the use of iterative numer-
ical methods. Numerical and experimental results demon-
strated that when pre-distortion was applied by the use of
the proposed methodology, the BER performance improved
drastically compared to the case in which no pre-distortion
was applied - the BER values for low IBO levels can be
decreased up to four orders of magnitude for moderate SNRs.
By virtue of reducing the model parameters, the proposed
methodology provides attractive features in the performance
vs. computational complexity trade-off when compared to
previous adaptive data pre-distorters. Although this approach
does not capture e.g. PA memory effects, it still provides
substantial performance improvements and can be deployed
with open loop PA temperature dependence characteristics and
real-time information obtained by a thermistor. This technique
could find application in the deployment of real-time Prop-
agation Impairment Mitigation Techniques (PIMT), such as
adaptive coding and modulation or dynamic power control, in
broadband feeder links at negligible additional computational
complexity.
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