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Abstract—This paper investigates the trade-off between power
amplifier (PA) nonlinearity, output power backoff (OBO), digital
predistortion (DPD), and clipping and filtering (CF) in terms of
energy consumption. The energy efficiency of a PA depends on the
OBO of the signal and usually increases as the OBO decreases.
Peak to average power ratio (PAPR) reduction methods like CF
and PA linearization algorithms like DPD methods allow the use
of a smaller OBO. Those algorithms show best results when used
together. By studying the trade-off between the power consumed
in the CF and DPD circuits versus having a larger OBO for
a target bit-error rate (BER), we show that below a certain
PA output power the power consumption is not reduced by
decreasing the OBO. We also show that the increase in distortion
noise when using DPD and CF might defeat the purpose of their
use in terms of power consumption. Given the trend toward
smaller cells like femtocells, requiring less output power, CF and
DPD may not be required at all, leading to a simpler and power
saving transmitter design.

I. INTRODUCTION

Power efficiency is a very important matter in cellular
telecommunications nowadays. In the past, the power amplifier
(PA) has been by far the most power consuming element in
a transmitter and thus its efficiency has been the key to save
power. However, in smaller cells like femtocells, the power
consumed in the PA is comparable to the power consumed in
the other parts of the transmitter [1]. Hence, the methods used
to improve the PAs efficiency and their power consumption
must be revisited in order to assess their true benefits in
terms of power saving. The current femtocell transmitters use
linear PAs that are not energy efficient but cost-effective. With
the expected denser deployment of small cells in Beyond
4G (B4G) and 5G systems [2], more energy efficient but
non-linear PAs may be needed to reduce the overall energy
consumption. The focus here is on the orthogonal frequency
division multiple (OFDM) type of 3GPP long term evolution
advanced (LTE-A) system, but the same reasoning can be
applied to other transmission methods.

Semiconductor power amplifiers (PAs) are at the front end
of the transmitter and amplify the signal before it is sent to the
channel [3]. PAs are characterized by their gain, their linearity
and their efficiency, which vary according to the input signal
characteristics [4]. To study the transmitter, models of the
PA need to be derived. The quality and relevance of the PA
model is of high importance. An overview of various nonlinear
behavioral approaches has been presented in [5]. Details can

be found in the vast literature on PA models [4], [6]–[8] and
model identification [8], [9].

One of the major drawbacks of OFDM transmission is the
high Peak to average power ratio (PAPR) of the transmitted
signal [10]. When the power is limited, it has consequences
in terms of average transmitted power hence capacity. Large
PAPR also forces the use of expensive digital-to-analog con-
verters (DACs) with a large dynamic range. Still, the main
problem is with the PA that must have a large linear region,
where the PA exhibits poor power efficiency. There are nu-
merous PAPR reduction techniques for OFDM [10] and there
are many factors that should be considered before a specific
PAPR reduction technique is chosen. The simplest and most
widely used technique of PAPR reduction is to clip the parts of
the signals whose amplitude is higher than a defined threshold
and then to filter the results to reduce the out-of-band radiation
due to the clipping [11]. Since the filtering may cause some
peak regrowth, the clipping and filtering (CF) operation is
repeated to reach a desired amplitude level [10]. In terms of
power consumption, there is a PAPR level for which the BER
reaches a minimal value [22]. This PAPR may not necessarily
be the lowest possible value of PAPR, assuming the BER
increases as the PAPR decreases. In [18], some PAPR methods
are evaluated in terms of the total system degradation, which
are PAPR reduction, energy distribution, back-off reduction,
power spectral density after the PA, and BER at the receiver.

There are several linearization techniques available to mit-
igate the distortion caused by the PA nonlinearity [12]–[14].
Digital predistortion (DPD) linearizers generate a nonlinear-
transfer characteristic that can be thought of as the inverse
of the amplifier’s transfer characteristics in both magnitude
and phase [15], [16]. Compared to other methods they are
easier to adapt and maintain. When the signal bandwidth
is small, memoryless PD is enough to compensate for the
PA nonlinearities [3], but memory effects must be accounted
for when the signal bandwidth is large [17]. The inversion
of the PA model is not straight forward for all PA models
and the predistorter can sometimes be quite complicated.
The choice of the PA/DPD model is thus also influenced
by the identification/learning process and its computational
complexity and stability. Some DPD models are known for
special cases of the Volterra PA model [6], [8].

PAPR reduction methods should be used in combination
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Fig. 1. Block diagram of the system.

with linearization methods [18]. The PD will mitigate the
compressive gain distortion while the PAPR reduction method
will reduce the clipping distortion noise [19]. The PD is
more effective than the PAPR reduction method in terms of
improvement in adjacent channel power ratio (ACPR), BER
performance and the total degradation (TD). However, the
power efficiency improvement provided by a PD is limited by
the high PAPR of the signal. There are numerous examples in
the literature, for example in [20], [21]. Compared to previous
works, this paper provides an insight on the trade-off between
using the PA in this linear behavior region, at large output
power backoff (OBO), versus using it close to its saturation,
at small OBO, with the help of PAPR reduction and DPD
algorithms. We calculate the power efficiency and study its
trade-off. In our estimations the power consumption of all the
algorithms are accounted for. The rest of the paper is organized
as follows. The system model is detailed in Section II. Our
power consumption estimation method is then derived and
described. Finally, numerical results are presented through
plots to show the trends highlighted in the derivations. The
conclusions are drawn in the last section.

II. SYSTEM MODEL

The block diagram of the system is shown in Fig. 1. We
focus here on a simplified 3GPP LTE-A downlink system.
Random data bits are modulated to 64 quadrature amplitude
modulation (64-QAM) symbols which are then transferred to
the time domain through an IFFT of size NFFT. A cyclic prefix
is inserted and the signal is interpolated by a factor J to fit
the CF sampling rate fs. The first Nobs symbols are used to
acquire the DPD parameters. Once the DPD has finished the
acquisition phase it is used in the transmitter chain. The last
part of the transmitter is the PA. For simplicity, the channel
is an additive white Gaussian noise (AWGN) channel. More
realistic time-varying frequency selective channel models can
also be used but the main trend is expected to stay the same
since the degradation induced by the PAPR reduction method
and the DPD is an added noise. At the receiver side, the
signal is decimated by a factor J , the cyclic prefix is removed
and FFT is performed. The output bits are compared to those
sent for BER evaluation. The key blocks of the system are
described in more details in the following subsections.

A. PA Modeling

The PA block is composed of a PA model modeling the
nonlinearities and a soft-limiter to clip the signal. The soft-
limiter is used to limit the maximum output power which can-
not be modeled via the chosen PA model. A real Doherty PA

manufactured at Freescale has been measured and modeled.
Several LTE signals of varying power and bandwidth have
been used as test signals. Following the literature review [23],
the Volterra series, pruned Volterra series, memory polynomial
(MP), generalized memory polynomial (GMP) and parallel
Hammerstein models have been tested. For the MP model,
the output y(n) is given by

yMP(n) =

P∑
p=1

M−1∑
m=0

apmx(n−m)|x(n−m)|p−1, (1)

where x(n) is the PA input, P is the nonlinearity order, M
is the memory length, and {apm} are the kernels’ coefficients
that need to be identified. The kernel refers to the simplest
elements in the summation, but also the coefficient weighting
it. This model can be formed into a matrix formulation that
allows a simpler linear identification process. The observation
time was chosen to be 200 times the number of kernels, thus
varying depending on the values of P , M , and the selected PA
model. The results show that the LS identification lead to the
best results and the MP and GMP models fit the Doherty PA
best, both in terms of normalized mean square error (NMSE),
with normalization over the estimated value, and ACPR. The
MP model was chosen for the simulations.

B. PAPR and DPD Algorithms

The CF is used as a PAPR reduction method because of its
simplicity and ease of use, not requiring any additional signals
nor affecting the data rate. An oversampling factor of J and
K iterations are used in the algorithm. The oversampling rate
affects the power consumption and must be kept as small as
possible while providing adequate filtering capabilities.

The DPD algorithm will use the MP model, which is
simple and widely used [17]. It is easy to identify using an
indirect learning architecture and the LS algorithm. Only the
acquisition phase is implemented, during which samples are
used to estimate the DPD’s best P and M parameters and
kernels values. The number of samples during this acquisition
time is 200 times the number of kernels. Those samples are
not used in the BER calculations, which will be evaluated
only when the DPD is in use, after the acquisition phase. The
adaptation of the DPD kernel values during the transmission
is not considered here.

III. POWER CONSUMPTION STUDY

A. Power Consumption Derivations

To compare the different approaches, both the performance
and the power consumption must be investigated. The perfor-
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mance will vary depending on the OBO value and the DPD
and CF parameters used. The power consumption will depend
on the complexity, the implementation and the characteristic
of the block being investigated.

1) Power consumption in DPD and CF blocks: The com-
plexity of an algorithm can be measured in terms of the Landau
symbol O(), the running time of a software implementation,
the numbers of parameters, or the number of operations [23].
Another important problem in behavioral model complexity
is where the complexity originates from. The computational
complexity can be classified into identification complexity,
running complexity, and adaptation complexity [23]. The
identification complexity can be left aside since it is assumed
it is done once offline. The complexity of the DPD is as-
sessed through the algorithm mathematical expression. The
method presented in [23] is used to estimate the complexity.
Redundancies, preconstruction, and delayed versions are all
accounted for to get a more accurate complexity estimate. The
computational complexity of the MP DPD is thus given in
Table I. It is to be noted that in these calculations the effect
of the wordlengths as well as data storage and communication
are not included as they are highly dependent on the chosen
hardware and architecture.

TABLE I
COMPUTATIONAL COMPLEXITY ESTIMATE FOR THE MP DPD MODEL.

Operation Quantity
Complex addition P ·M − 1

Complex-real multiplication P − 1
|.|2 1

Complex-complex multiplication P ·M
Square-root 1

The complexity of the CF PAPR reduction method needs
to be estimated as well. The filter is simply a low-pass
filter to eliminate the out-of-band radiation resulting from
the clipping. The filter can be implemented in the time or
the frequency domain. Assuming the filter is implemented in
the frequency domain and the cost of clipping is ignored,
the results presented in [24] [25] can be used. Those results
consider a fixed-point digital signal processor (DSP), and the
energy consumption for a FFT of size NFFT, power of 2, is
formulated by calculating the number of cycles needed for
its operation. In Table III in [24] the number of cycles for
different operation is detailed. The energy consumption per
cycle is also given as Ecycle = 415.8 pWsec/cycle. However,
this values dates from 2004. Following recent information for
DSP from TI, a more accurate value is

Ecycle = 150
pWs
cycle

. (2)

For comparison purposes, it is assumed that both the PA
and the DSP work for the same amount of time so that the
computational cost can be written in W instead of J. The power
consumed in the CF methods during one OFDM symbol is
given by

PCF = Ecycle · (2K + 1) · (306 +
5

2
JNFFTlog2

JNFFT

2
), (3)

Following the same DSP implementation, the MP DPD’s
complexity can also be described as number of cycles per
samples. The power consumed per samples for the MP DPD
is given by

PDPD = Ecycle · (
7

2
· P ·M +

9

2
). (4)

2) PA power efficiency: The power efficiency of a PA
indicates how much power is needed by the PA to amplify
a signal at a certain output power. It is defined as the ratio of
the output power to the consumed power. The instantaneous
power efficiency of a Doherty PA depends on the input signal
power in the following manner [4]

η(Pout) = lηmax


√
γOBO 0 < γOBO ≤ 1

l2
γOBO

(l + 1)
√
γOBO − 1

1
l2 < γOBO < 1,

(5)

with ηmax = π/4, α < 1, l is a fixed positive integer
that depends on the implementation, γOBO = Pout

Pmax
is the

power loading factor and is related to the OBO via OBO =
10log10(γ−1OBO), Pout is the output power, and Pmax is the PA’s
maximum output power. The value l = 3 corresponds to the
Doherty PAs that have been measured for this study.

Due to its nature, the OFDM signal has not a constant
envelope, hence the power efficiency needs to be averaged.
There are two ways to average the power efficiency [26]

η1 =
E[Pout]

E[Pmax]
and η2 = E

[
Pout

Pmax

]
= E[η(Pout)] (6)

These averages are not equivalent when the instantaneous
efficiency depends on Pout. η1 corresponds to the definition
given in [26] and is the most often used. η2 is the value
used in [27]. Given the shape of the curve η(Pout), η2 yields
more pessimistic results than η1 and will hence be used here.
Following the results in [27], assuming the OFDM signal
corresponds to a Gaussian signal, the average power efficiency
can be calculated via

η̂OFDM(Pout) =

∫ Pmax
Pout

0

η(Pout|x|2)e−|x|
2

d|x|2

+ η(Pmax)

∫ ∞
Pmax
Pout

e−|x|
2

d|x|2. (7)

Using curve fitting, the average efficiency can be modeled as

η̂OFDM(Pout) ≈ c1 + c2 · 10 · log10 (γOBO) = 76.4− 2.5 ·OBO.
(8)

3) Power consumption comparison: The overall power con-
sumption in the transmitter is difficult to assess, unless specific
configurations are implemented and measured, which reduces
the level of abstraction of the comparison. The focus is here on
the CF, DPD and PA and combination of those blocks, so the
power estimation will only be estimated for those blocks. The
DAC, whose power consumption depends on the PAPR and
the SNR, is not taken into account here either. The acquisition
and adaptation of the DPD parameters will not be studied here.
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The acquisition can be done offline and the adaptation might
not be needed very often either. We thus obtain

PTotal = PCF(NFFT, J,K)+PDPD(fs,M, P )+PPA(γOBO), (9)

with PPA(γOBO) = Pout/η(γOBO). The output power Pout
depends on the expected performance at the receiver side.
Because we have clipped the signal and because the DPD
cannot correct all the nonlinearities of the PA, the needed
output power to keep the BER constant at the receiver side
might be larger than when we have not clipped nor predistorted
the signal and used a larger OBO. We thus have two cases:
• Case A: a large OBO requires no clipping nor DPD, the

transmitter is considered linear and the needed output
power is Pout,A and the power consumed is PA,

• Case B: a small OBO requires clipping and DPD, this
increases the distortion noise and the needed output
power is Pout,B ≥ Pout,A and the power consumed is PB.

It becomes advantageous to use the CF and DPD algorithms
when ∆P = PA − PB > 0 with

∆P =PPA(γOBO,A)− PClipping(NFFT, J,K)

− PDPD(fs,M, P )− PPA(γOBO,B). (10)

Using (3), (4), and (8), the power difference can be expressed
as

∆P =
Pout,A

η̂OFDM(γOBO,A)
− Pout,B

η̂OFDM(γOBO,B)

− Ecycle · (2K + 1) · (306 +
5

2
JNFFTlog2

JNFFT

2
)

− Ecycle ·Ns · (
7

2
· P ·M +

9

2
)

=
Pout,A

η̂OFDM(γOBO,A)
− Pout,B

η̂OFDM(γOBO,B)
− CB, (11)

where Ns is the average number of samples per OFDM symbol
and CB is the energy spent in the CF and DPD circuits, a
constant not depending on the output power.

B. Numerical Results

The expression in (11) can be looked at more precisely
using the value in (2) and Matlab BER simulations. The
simulation parameters are based on the 3GPP LTE system
and are presented in Table II. The limit in maximum transmit
rms power in picocell is usually 21 dBm, while 17 dBm is a
common value in femtocells [1]. Channel SNR refers to the
received SNR, at the input of the receiver.

Following the uncoded BER simulation results, it was found
that, for case A, γOBO,A = 21 dB is suitable. For case B, we
have used 2 CF iterations, which helps keep the degradation
minimum while keeping ACPR levels low. An example of the
uncoded BER results is shown in Fig. 2 for which the DPD
parameters are those which lead to the best BER results. No
results are shown for the case when no DPD is used since the
BER degradation is too large. The ∆P curves are shown in
Fig. 3 using the same CF, DPD and OBO parameters than in
Fig. 2. The results show that below a certain output power,
the power saved by using the CF and DPD combination is
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Fig. 2. BER results for the case A and case B for various OBO and number
of CF iterations. OBOX refers to an OBO of X dB and CFY to Y iterations
in the CF.

small, even negative below 13 dBm for an OBO of 13 dB,
for example. If we were to use realistic power consumption
measurements, ∆P might even be negative at higher output
power values.

Looking at Fig. 2, compared to case A, in case B with
an OBO of 9 dB and CF with two iterations one more dB
of power is needed in the output power for a BER target of
10−3. When aiming at equal BER performance, it is clear that
when using the CF and DPD, the distortion noise has to be kept
minimal, so that there is no need for a higher transmitted power
to keep the same BER at the receiver side. In other words,
when there is noise degradation, the use of CF and DPD does
not lead to power savings, since a higher transmitting power is
needed to reach the same BER target. The OBO must be large
enough to be able to correct the PA nonlinearities via the use of
CF and DPD. Below a certain OBO level, degradations occur
that cannot be reversed. This OBO level not only depends on
the PA but also the PAPR reduction and DPD methods used.

TABLE II
SIMULATION PARAMETERS.

Parameters Values
PA model GMP

DPD model MP, LS identification
Signal bandwidth 5 MHz
Signal modulation 64-QAM

FFT size 512
Number of used subcarriers 300
Number of symbols per slot 7

Cyclic prefix length 160 (1st symbol) 144 otherwise
J 6

Number of slots 100

IV. CONCLUSION

PAPR reduction methods and DPD algorithms help lower
the power consumption of transmitters by making it possible
to have a smaller OBO, hence using the PA closer to its
maximum power efficiency working region. However this
holds when the PA is the element that consumes most of the
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Fig. 3. Power consumption in case A minus power consumption in case B
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power in the system. The focus is here on what happens when
the output power is not very high, for example in femtocells.
The PA still consumes a lot of power but the power dissipated
in the other circuits must also be accounted for. The power
consumption calculations only estimate the power consumed
in a CF, a MP DPD and a PA, but can be easily changed
to other methods and can also integrate other parts of the
system. When considering the same target BER, it does not
save power to use CF and DPD when the resulting degradation
noise requires a larger transmitted power. The results also show
that the automatic use of a PAPR reduction method and a DPD
must be revisited in terms of power saving for cases when
the output power is not large and the power dissipated in the
circuits other than the PA cannot be ignored. This is a very
important topic since an increase in the deployment of small
cells is one of the keys enabling future systems to cope with
traffic growth, for example.
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