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Abstract: Radio over fibre (RoF), an enabling technology for distribution of wireless broadband service signals through
analogue optical links, suffers from non-linear distortion. Digital predistortion has been demonstrated as an effective
approach to overcome the RoF non-linearity. However, questions remain as to how the approach performs close to
laser resonance, a region of significant dynamic non-linearity, and how resilient the approach is to changes in input
signal and link operating conditions. In this work, the performance of a digital predistortion approach is studied for
directly modulated orthogonal frequency-division multiplexing RoF links operating from 2.47 to 3.7 GHz. It extends
previous works to higher frequencies, and to higher quadrature amplitude modulation (QAM) levels. In addition, the
resilience of the predistortion approach to changes in modulation level of QAM schemes, and average power levels are
investigated, and a novel predistortion training approach is proposed and demonstrated. Both memoryless and
memory polynomial predistorter models, and a simple off-line least-squares-based identification method, are used,
with excellent performance improvements demonstrated up to 3.0 GHz.
1 Introduction

Digital predistortion has been demonstrated as a compensation
approach (at baseband) to overcome one of the most significant
constraints of radio over fibre (RoF) technology as a transmission
infrastructure option for wireless broadband access services – the
RoF system non-linearity [1–7].

The analogue transmission in RoF systems enables simplification
of remote antenna units (RAUs), with most of the signal processing
performed at central base stations or central units (CUs) and at
mobile terminals. Thus, small and lightweight RAUs can be used,
which are less expensive than conventional base stations and can
significantly reduce costs of site acquisition or leasing, and power
consumption [8, 9]. In addition, the link transparency and the
centralised processing also make network enhancements easier
through only upgrading hardware/software at the central base
stations [10].

The non-linearity of directly modulated RoF links comes mainly
from the laser diode. Both third-order intermodulation distortion
and relative intensity noise of lasers are frequency dependent,
peaking at the relaxation frequency [11]. Orthogonal
frequency-division multiplexing (OFDM) signals, commonly used
in modern wireless systems, are particularly vulnerable to the link
non-linearity, because of the high peak-to-average power ratio
(PAPR) in their signal envelopes [12]. Thus, the RoF non-linearity
may need to be compensated to achieve high dynamic range.

With digital predistortion, adaptive signal processing techniques
are used to model, track and compensate the composite effects of
the link non-linearity without the need for focusing on the
characterisation of specific link components [1]. In seminal works,
the performance of digital predistortion for directly modulated RoF
links was evaluated by simulation using a non-linear RoF model
[1, 3]. This model was extracted from measurements on a 1.8-GHz
DFB RoF link of 2.2-km length and using a single-carrier
quadrature phase shift keying input signal. The same model was
used for the predistortion studies reported in [4].
The application of a memory-polynomial-based digital
predistortion approach to directly modulated RoF links was
introduced in [7], and experimentally demonstrated in [5, 6]. In
[5], a preliminary result was reported, with mainly static RoF
non-linearity reduced. Comparisons of adaptive algorithms and
hardware implementation for the predistorter were considered in
[6], with the RoF static non-linearity and the memory effects
considerably reduced. In both [5, 6], however, the experiments
were carried out only for a 6.25-MHz bandwidth OFDM signal, a
quadrature amplitude modulation (QAM) level of 64, and at an
intermediate frequency (IF) of 50 MHz. Moreover, the
predistortion was tested for cases of only one [5] and two [6]
average power levels. Error vector magnitude (EVM) results for
the digital predistortion scheme applied to a 2.47-GHz
OFDM-RoF link were recently reported [13]. However, those
results were obtained from only one power level case and using
only a QAM modulation level of 64. Thus, it is important to
further demonstrate the predistortion performance for a wider
range of experimental conditions and input signal parameters.

The work reported here represents a more complete demonstration
of the memory polynomial predistortion approach to OFDM-RoF
links compared with our previous works [5, 6, 13]. The novelty of
the current work is summarised as follows: (1) the predistortion
scheme is now tested significantly closer to (and around) the laser
resonance frequency – it is well known that laser dynamic
non-linearity peaks at resonance; (2) the first demonstration of the
predistortion scheme for directly modulated RoF links using a
2048 IFFT size OFDM signal and 256 QAM modulation is
achieved; (3) a high-power-level predistortion training approach is
proposed and demonstrated; (4) the resilience of the predistortion
approach to changes in modulation level of QAM schemes, and
changes in average power levels are also studied. This resilience is
important considering that, in such an off-line predistortion
training scheme, the predistorter would not be trained continuously.

This paper is organised as follows. In Section 2, the performance
metrics used in this work are defined. Then, the predistorter model
1cial License



and identification method are discussed and the experimental setup
presented in Section 3. In Section 4, the performance of
OFDM-RoF links with digital predistortion are presented and
discussed. Additional issues regarding linearisation of RoF systems
are discussed in Section 5. Finally, the conclusions are presented
in Section 6.
2 Performance metrics

To measure in-band signal performance in this work, we use the
EVM – a metric commonly used in wireless communication
standards [14, 15]. In this work, the EVM is calculated by

EVMrms =
����������������������������������������
(1/N )

∑N
k=1 (Ik − Ik )

2 + (Qk − Qk )
2

(1/N )
∑N

k=1 (I
2
k + Q2

k )

√
(1)

where Ik is the in-phase ideal reference value of the kth symbol, Qk is
the quadrature ideal reference value of the kth symbol, Ik is the
in-phase measured value of the kth symbol, Qk is the quadrature
measured value of the kth symbol and N is the length of the input
vector. It should be noted that EVM can be calculated as either an
equalised or unequalised value. In this work, as the focus is to
observe the performance improvement in the RoF link because of
the predistortion scheme only, no equalisation is applied to the
output data sequence.

A widely used measure of spectral regrowth for communication
systems is the adjacent channel power ratio (ACPR), a
measurement of the effect of distortion components lying outside
the signal bandwidth. The definition of ACPR depends on the
system standard. Generally, it relates the ratio of the power in
the adjacent channel (or out-of-band power) to the power in the
channel under consideration (in-band power) [16]. The ACPR is
given by

ACPR =
� f4
f3
Sxx(f ) df� f2

f1
Sxx(f ) df

(2)

where f1 and f2 are the frequency limits of the channel under test, f3
and f4 are the frequency limits of the adjacent channel, and Sxx( f ) is
the power spectral density (PSD) of the measured signal. In this
work, the ACPR results are calculated by (2) with the channel
under test and adjacent channels measured in a 18-MHz
bandwidth and the lower and upper adjacent channels centred at
−19 MHz and 19 MHz offset from the carrier frequency of the
channel under test, respectively. All the EVM and ACPR results
reported are averaged for 20 OFDM symbols.
Fig. 1 Block diagram of digital predistortion approach

G = RoF link gain
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3 Predistortion approach

In Fig. 1, a block diagram illustrating the digital predistortion scheme
for RoF links is shown, considering the downlink direction. The
digital predistorter, inserted before the RoF link (in baseband), is
trained for executing the inverse function of the RoF link
non-linearity so that the complete system is linearised. In the
scheme of Fig. 1, the predistorter training block estimates the
coefficients of the predistorter by comparing a feedback signal
from the RAU with the original input signal. As a feedback
connection, either a dedicated (linear) link or the RoF uplink can
be used. If the latter option is chosen, there is no need to design/
add any extra RoF link nor any related electronic converters at the
central base station. However, the non-linearities that stem from
the RoF uplink itself may need to be compensated [7].

The indirect learning architecture [17] is commonly used for
predistortion identification (training) schemes [2, 6, 18]. With this
architecture, and assuming that the system non-linearity does not
change rapidly with time, it is possible to implement the
predistortion training off-line. It is important to consider field
implementation of the predistorter: the complexity and cost of the
compensation scheme can be reduced if the predistorter is trained
in such an off-line manner as it eliminates the need for
implementing parameter-estimation algorithms in hardware [19].
This refers only to the implementation of the predistorter training
block in Fig. 1. In the diagram of Fig. 1, when the error e(n)
between the predistorter output z(n) and the predistorter training
block output ẑ(n) is minimised, the predistorter coefficients are
estimated by the training block, and are then used for updating the
predistorter. For demonstration purposes the digital predistorter
block might process the input data in software (off-line). In a real
system, however, it would be done through a real-time hardware
implementation.

In this work, the predistortion identification scheme is based on
the indirect learning architecture, with a specific in-house time
alignment algorithm (see Section 3.2) in conjunction with the
off-line least squares (LS) method (see Section 3.1) used. The
methodology used for ‘training’ the predistorter is similar to that
used for ‘modelling’ of RoF link distortion in [20]. However, no
predistortion scheme was tested in [20].
3.1 Predistorter model and its identification

In this work, a memory polynomial structure has been chosen as the
predistorter model. The memory polynomial is considered to be one
of the most powerful and robust models for both direct and inverse
modelling of power amplifier non-linearity [21]. This model
captures memory effects with lower number of coefficients
compared with the more general Volterra model and can be
estimated using a simple, least-squares method [18]. It should be
noted that, for RoF links, a memoryless model may not be able to
describe the electro-optical conversion process properly [22]. An
additional advantage, considering the realisation of the off-line
IET Optoelectron., pp. 1–7
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Fig. 2 Experimental setup for digital predistortion of OFDM RoF links

PD = Photodiode
predistortion experiments, is the fact that the memory polynomial
model can be easily converted to a memoryless polynomial one,
allowing the same algorithm to be used for comparative
experiments between the memory and memoryless predistortion
approaches. In the diagram shown in Fig. 1, the predistorter output
z(n) is given by [18]

z(n) =
∑K
k=1

∑Q
q=0

ckqx(n− q) x(n− q)
∣∣ ∣∣k−1

(3)

where x(n−q) is the input signal delayed by q sample periods, K is
the nonlinearity order, Q is the memory length and ckq are the
predistorter coefficients. The predistorter identification procedure is
based on the LS method and is described below, following the
explanation in [18].

At first, let us collect the coefficients ckq into a vector c as in

c = c10, . . . , cK0, . . . , c1Q, . . . , cKQ

[ ]T
(4)

Each component of the coefficient vector c is associated with a signal
whose time samples over the period N are collected into the vector

U kq = ukq(n), ukq(n+ 1), ..., ukq(n+ N − 1)
[ ]T

(5)

in which

ukq(n) =
y(n− q)

G

y(n− q)

G

∣∣∣∣
∣∣∣∣k−1

(6)

where y(n−q) is the RoF output signal delayed by q sample periods
and G is the RoF link gain (see Fig. 1).

Assembling all vectors Ukq into a matrix U such that
the model can be compactly expressed as

ẑ = Uc (8)

where ẑ is an N × 1 vector that represents an estimate of the actual
U =

u10(n) · · · uK0(n) · ·
u10(n+ 1) · · · uK0(n+ 1) · ·

..

. ..
.

u10(n+ N − 1) · · · uK0(n+ N − 1) · ·

⎡
⎢⎢⎢⎣
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vector z. The estimation vector error for a block of N samples is

e = z − ẑ (9)

Finally, the least-squares solution that minimises the error is given by

c = UHU
( )−1

UHz (10)

where [·]H denotes complex conjugate transpose.
3.2 Experimental setup

The setup used for the predistortion performance experiments is
depicted in Fig. 2. The OFDM signal is set either with 256- or
2048-point IFFT size, 18-MHz bandwidth (total). Four times
oversampling is employed. Modulation levels of 16, 64 or 256
QAM are used. The OFDM signal is modulated onto RF carrier
frequencies of 2.47, 2.6, 2.8, 3.0 or 3.7 GHz by an Agilent
E4438C VSG and transmitted through the RoF link. Even the
lowest-used RF carrier frequency is higher than that used in [1, 3,
4] and significantly higher than the IF carrier frequency employed
in [5, 6]. At the link output, an Agilent E4440A spectrum analyser
and Agilent 89600 VSA software are used to measure the output
signal. The RoF link consists of a directly modulated 1311-nm
DFB laser, model EmCore 1935F, a 20-km length single-mode
optical fibre and an Appointech InGaAs PIN photodiode with
(3-dB RF) bandwidth of 4.3 GHz and responsivity around 1 A/W.
The laser, which has a threshold current of 8 mA and slope
efficiency of 0.18 W/A, is set at a bias current of 30 mA where its
output power is around 4 mW and its relaxation resonance is
around 3.8 GHz. A 17-dB amplifier, model SHF Communication
Technologies SHF 824, with frequency range from 30 kHz to
30 GHz and 1-dB compression point of 26 dBm (output) is used
to drive the laser into its nonlinear region. In [7], we studied
adaptive predistortion schemes for the joint compensation of RoF
and power amplifier non-linearities. In the current work, the
impact of the amplifier on the overall link performance is
neglected since the amplifier operates within its linear region for
the signal PAPRs and average power levels used.

The predistortion experiments were carried out in two steps: a
training phase, for predistorter parameter identification; and a
testing phase, for comparison of the non-predistorted against the
· u1Q(n) · · · uKQ(n)
· u1Q(n+ 1) · · · uKQ(n+ 1)

..

. ..
.

· u1Q(n+ N − 1) · · · uKQ(n+ N − 1)

⎤
⎥⎥⎥⎦ (7)
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Fig. 3 Measured EVM results due to RF input power for the RoF output
without predistortion, with memoryless (Q = 0) and memory (Q = 2)
predistortion

Conventional (Training A) against high-power-level (Training B) predistortion training
approaches
RF carrier = 2.47 GHz, PAPR (input signal) = 9.5 dB, K = 7
predistorted link performances. It should be noted that two different
pseudo-random data sequences for the OFDM signals were used for
each phase.

The time delay between the input and output baseband signals
needs to be accurately estimated and compensated before
predistorter identification [23]. In the current work, the
time-domain input-output OFDM signals are time-aligned using an
in-house alignment algorithm in Matlab. This algorithm is based
on the cross-correlation between the input-output signals for
time-delay estimation and includes interpolation for a better
accuracy. The interpolation was applied to the four times
oversampled signals, increasing their sampling rate for the
identification by 10. This is a low-pass interpolation technique
performed by inserting zeros between the original data values and
then applying a low-pass finite impulse response filter [24]. A fine
alignment between the input-output signals is achieved by
estimating the delay between the input-output interpolated data via
cross-correlation and then time shifting one of the data sequences.
Then, the sampling rate of the time-aligned signals is returned to
the original value by using a decimation technique by which the
data sequences are low-pass filtered and then down-sampled. After
the alignment procedure, the predistorter coefficients of (3) are
estimated in the predistorter training block (Fig. 2) using the
LS-based identification algorithm described in Section 3.1.

For the testing phase, the predistorter coefficients obtained in the
training phase are used in the predistorter block for generating the
predistorted OFDM signal (in Matlab). This signal is then
downloaded to the VSG and transmitted through the RoF link,
with the performance of the predistorted link compared against
that of the non-predistorted link.
Fig. 4 Measured against simulated EVM results due to RF input power for
the RoF output without predistortion and with memory predistortion (Q= 2)

Predistorter trained for each power level case (conventional training)
RF carrier = 2.47 GHz, PAPR (input signal) = 9.5 dB, K = 7
4 Digital predistortion results

4.1 Predistortion performance and RF input power

In this section, experimental and simulation studies considering the
effects of the average RF power level on the digital predistortion
performance for directly modulated RoF links are reported. Two
sets of experiments are reported each using a different
predistortion training scheme. The OFDM signal is set with
256-point IFFT size and has a baseband PAPR of around 9.5 dB.
The data modulation level is 64 QAM. The experiments were
carried out at the RF frequency of 2.47 GHz and the average
power range (at the laser input) from –2 to 3 dBm. This range is
chosen (and is specific to this laser/link) because the non-linearity
has insignificant effect on EVM below –2 dBm, while above
3 dBm we know that the non-linearity is so significant that it
would require very complex and cumbersome predistortion, if it is
possible at all. Nevertheless, the possibility of extending the
operational range by a few dB can have significant benefits on the
overall system design and performance. We note that the average
power range used in this work is 2 dB wider than that used in our
previous work [6]. The frequency of 2.47 GHz is used to
demonstrate the predistortion approach within the band of WiFi
and WiMAX networks. The performance results are for the
predistorter model of (3) with Q set to either 0 or 2 and K set to 7.

The measured EVM results are shown in Fig. 3, including the
predistorted EVMs for a conventional training approach and for a
novel, high-power-level predistortion training approach. The
non-predistorted EVM increases from 3.3 to 10.6% with increase
in the average RF input power. For each training approach, the
memory polynomial predistorter (Q = 2) performs better than the
memoryless one (Q = 0), although the differences are not very
significant.

Let us consider, at first, the conventional training approach
(labelled as ‘Training A’ in Fig. 3). Here, the predistorter is trained
from the measurements at each average RF power level, that is,
the predistorter coefficients are updated for each input power case.
With this training approach and up to the power level of 1 dBm,
the predistorted EVM is more than halved. Thus, the EVM results
in Fig. 3 show that the conventional predistortion training
4 This is an open access article published by the IET u
technique can improve the RoF link performance very well up to
some degree of link distortion. Additional predistortion tests were
carried out using Q = 2 and K = 11 and with Q = 16 and K = 11,
with the same EVM results obtained as for Q = 2 and K = 7
(within 0.1% of accuracy). The performance improvement
becomes less significant for very highly distorted links, this is
because of the limitations of: (1) the power-series based models in
representing highly distorted systems (e.g. a hard-clipped system);
(2) the off-line predistortion training approach in dealing with fast
changes in link non-linearity, for example because of laser gain
drift; (3) the measurement system in accurately characterising the
system non-linearity. This accuracy is limited by the linearity and
bandwidth of the measurement system [23].

Some simulation results are reported in Fig. 4, for a comparison
with the measured results. To obtain the simulated EVMs, a
memory polynomial model (with Q = 2 and K = 7) was extracted
from the measured data at 3-dBm power level, using the
behavioral modelling approach [12, 20]. This model was then used
to simulate the RoF link non-linearity at the six power level cases
by scaling the input signal accordingly. Finally, the predistorted
RoF link was simulated by inserting the predistorter model of (3)
before the RoF model. The predistorter model was trained for each
power level case, with Q = 2 and K = 7, using the identification
method described in Section 3. As shown in Fig. 4, there is an
excellent match between simulated and measured EVMs.

In a real system, the signal levels may fluctuate leading to
variations in the degree of the distortion experienced through the
RoF link. Thus, it is unclear how well the predistortion scheme
will work (at least until re-trained) when this occurs. To
IET Optoelectron., pp. 1–7
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Table 1 EVM and ACPR results at higher RF carrier frequencies

RF carrier, GHz 2.6 2.8 3.0 3.7
non-predistorted EVM,% 4.4 4.1 5.9 13.2
predistorted EVM,%, Q = 0 3.1 2.8 1.9 11.0
predistorted EVM,%, Q = 2 1.6 1.6 1.7 10.8
non-predistorted lower/
upper ACPR, dBc

−35.5/
−35.9

−35.4/
−35.0

−31.0/
−31.0

−21.7/
−20.9

predistorted lower/upper
ACPR, dBc, Q = 0

−47.5/
−47.5

−46.0/
−46.4

−45.5/
−43.7

−23.9/
−23.2

predistorted lower/upper
ACPR, dBc, Q = 2

−47.2/
−47.3

−46.7/
−46.8

−45.0/
−44.7

−23.9/
−23.1

Predistorter trained for each frequency case. PAPR (input signal) = 9.5 dB.
investigate this issue and in an attempt to further improve the digital
predistortion performance, the high-power-level predistortion
training approach is proposed and demonstrated. With this
approach, the predistorter is trained for a single, high average RF
power level at the laser input, and the coefficients obtained are
applied to compensate a RoF link operating at lower power levels.
To the best of the authors’ knowledge, this is the first
demonstration of such a predistortion training approach to RoF
systems.

Considering the EVM results for the high-power-level
predistortion training approach in Fig. 3 (labelled as ‘Training B’),
the predistorter coefficients are obtained with the RF average
power set to 4 dBm at the laser input. This training approach
allows for better predistortion performance when the link
distortions are high, such as for the 1-, 2- and 3-dBm power level
cases. However, the predistortion performance degrades for the
lower power level cases. We analysed the input-output
characteristics of the predistorted link and observed that the
predistorter actually overcompensates the RoF link for the power
level cases of −2, −1 and 0 dBm. The EVM results for the
high-power-level training also show that the off-line predistortion
training approach can cope with some range of RF drive level
variation at the laser input, as long as the requirement is to meet a
particular level of EVM rather than its absolute minimisation.
Fig. 5 Measured PSD plots of the RoF link output without predistortion,
with memoryless (Q = 0) and memory (Q = 2) predistortion

RF carrier = 2.47 GHz, RF input power = 1 dBm. Predistorter trained at
a 1 dBm
b 4 dBm
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This is an open access article published by the IET under the Creative
(http://creativecommons.org/licenses/by-nc/3.0/)
Significant reductions in the level of spectral regrowth because of
digital predistortion can be seen in the PSD plots of Fig. 5. These
spectra are for the 1-dBm power level case, with the predistorter
trained for a drive level of either 1 or 4 dBm at the laser input,
shown in Figs. 5a and b, respectively. It should be noted that
similar spectral performance is achieved by both the memoryless
(Q = 0) and memory (Q = 2) predistorter models. For the
experimental case of Fig. 5, the high-power-level predistortion
training (Fig. 5b) gives better results compared with the
conventional training approach (Fig. 5a). For example, the upper
ACPR (integrated from 10 to 28 MHz) is reduced by 9.3 dB
because of memory predistortion using the conventional training
method while it is reduced by 17.2 dB using the high-power-level
training approach.

A solution to improve the performance of the high-power-level
predistortion training approach for OFDM-RoF links operating
well below the predistortion training power level, that is, weakly
distorted links, is now presented. In this proposal, the input signal
is scaled down prior to the signal being processed by the
predistorter so that the average power is backed off from the
nonlinear region of the predistorter characteristics. In this way,
the predistortion effect on the input signal can be reduced, thus
decreasing the overcompensation effect on the RoF link and
improving the predistortion performance. We note that the
baseband signal is scaled up after the predistorter.

By using the simulation scheme previously described, we tested
the scaled-down version of the high-power-level predistortion
training approach for the power level cases of −1 and −2 dBm.
The predistorter model was extracted from the measured data at
4-dBm power level, with Q = 2 and K = 7. The signal power was
reduced (just for passing through the predistorter) by 1 and 1.8 dB
for the −1- and −2-dBm power level cases, respectively, with
the corresponding predistorted EVMs of 1.6 and 1.9% obtained.
The dynamic range was not reduced using this approach as the
(baseband) signal power was increased by the respective 1 and
1.8 dB after the predistorter. These EVM results are significantly
better than the measured EVMs shown in Fig. 3 for the power
level cases considered, indicating that the high-power-level
predistortion training technique can be applied for a wide range of
input powers by properly scaling the input signal.
4.2 Performance at higher RF carrier frequencies

Experimental results at the frequencies of 2.6, 2.8 and 3.0 GHz are
reported to demonstrate the digital predistortion scheme for the
RoF link operating in a region of the laser response below (but not
so far from) the laser resonance region. The measured frequency
response of the 20-km length RoF link for the bias current of
30 mA is shown in Fig. 6, where it can be seen that the laser
resonance is around 3.8 GHz. The predistortion approach was also
tested within the laser resonance region at 3.7 GHz, as a special
case. Considering that low-cost semi-conductor lasers are readily
available with an upper modulation frequency limit of around
3 GHz [25] and that directly modulated RoF links are generally set
up well below the laser resonance, the linearisation technique
could make it possible to extend the maximum operating
frequency of these low-cost RoF links. The OFDM signal, set with
5Commons Attribution-NonCommercial License



Table 2 EVM results for the 256-QAM/2048-OFDM RoF link

RF input power, dBm 0.0 1.0
non-predistorted EVM,% 5.1 6.0
(a) Predistorted EVM,% 2.2 3.4
(b) Predistorted EVM,% 2.5 3.6

(a) Predistorter trained for a 256-QAM/2048-OFDM signal.
(b) Predistorter trained for a 16-QAM/2048-OFDM signal.
PAPR (input test signal) = 10.7 dB.

Fig. 6 Measured frequency response of the 20-km length RoF link

Bias current = 30 mA
256-point IFFT size, has a baseband PAPR of around 9.5 dB. The
modulation level of 64 QAM is used. The predistorter model of
(3) is set either with Q = 0 or Q = 2 and with K = 7.

In Table 1, the EVM and ACPR results for the higher frequency
cases and for the average power level of 0 dBm at the laser input
are listed. These results show that significant performance
improvement can be achieved using the digital predistortion
technique up to 3.0 GHz. At this frequency, for example, the EVM
is reduced to less than a third because of the predistortion
approach. In terms of EVM, better performance is achieved using
the memory polynomial model as predistorter, especially for the
2.6- and 2.8-GHz cases for which the EVM results are almost
halved in comparison with the results using the memoryless
polynomial model. In terms of ACPR metric, the digital
predistorter performs quite similarly using either memory or
memoryless polynomial models. This indicates that the memory
polynomial predistorter is more effective in reducing in-band than
out-of-band distortion. The excellent reduction in the RoF link
spectral regrowth because of the digital predistortion approach can
be seen in Fig. 7, for the 3.0-GHz frequency case, as an
illustrative example.

As shown in Table 1, only slight EVM and ACPR reduction is
achieved at the frequency of 3.7 GHz. This can be explained by
the fact that the polynomial model does not cope very well with
the high level of link distortion around the laser resonance. We
observed the link distortion by measuring the input-output
characteristics of the RoF link at 3.7 GHz. Another predistortion
Fig. 7 PSD plots of the 64-QAM/256-OFDM RoF link without
predistortion, with memoryless (Q = 0) and memory (Q = 2) predistortion

RF carrier = 3.0 GHz, RF input power = 0 dBm

6 This is an open access article published by the IET u
experiment was also carried out at 3.7 GHz with the average input
power reduced by 1 dB. For this case, the non-predistorted EVM
of 10.3% was significantly reduced to 4.4% using the
memory-polynomial-based predistorter. Thus, these results indicate
that the digital predistortion scheme can improve the link
performance even at the laser resonance frequency, but
performance is very dependent on the average RF input power.
While this dependence also occurs for frequencies below the laser
resonance, see for example the EVM results for 2.47 GHz in
Fig. 3, it is clear that the performance changes more dramatically
at resonance.

4.3 Predistortion experiments for 256-QAM/2048-OFDM
RoF links

In modern wireless communications systems the QAM modulation
scheme may be varied. For example, control/protocol overheads
may be sent with lower QAM than user data, even for users with
good wireless channel conditions. Thus, it is important to observe
the performance of the digital predistortion technique for RoF
links with the predistorter trained for a different QAM level than
that of the signal to be predistorted. In this section, the
performance of the digital predistortion approach applied to a
256-QAM/2048-OFDM RoF link using either 16-QAM or
256-QAM modulation level in the OFDM training signal are
compared. The results also demonstrate the use of the digital
predistortion scheme for RoF links transmitting with such high
QAM level and large FFT size OFDM signals.

The experiments were carried out at the RF frequency of
2.47 GHz and average power levels of either 0 or 1 dBm at the
laser input. The 256-QAM/2048-OFDM test signal has a baseband
PAPR of around 10.7 dB. The EVM results are shown in Table 2,
with the predistorted EVMs for the 256-QAM/2048-OFDM
training signal listed in the third row and for the 16-QAM/
2048-OFDM training signal listed in the fourth row. These results
are for a memory-polynomial-based predistorter trained for each
average power level, with Q set to 2 and K set to 7. From Table 2,
it can be seen that similar EVM results are obtained using either
the 16-QAM/2048-OFDM or the 256-QAM/2048-OFDM training
signal, indicating that the digital predistortion approach is resilient
to changes in the QAM modulation level.
5 Further discussion

Considering the distortion compensation of bidirectional RoF links,
asymmetric schemes using digital predistortion for the downlink
direction and postdistortion for the uplink direction have been
proposed [1, 7]. With this asymmetric approach, the compensation
of the RoF up/downlink non-linearities is concentrated at the
central base stations (in baseband) so that the increase in the
complexity/cost of the RAUs is minimised. Another advantage of
implementing the pre/postdistortion scheme is that a postdistorted
uplink can be used as a linear feedback connection for training the
predistorter [1].

It is worth noting that the impact of latency introduced by the
predistorter on OFDM-RoF systems can be made insignificant.
Latency depends on the number of predistorter coefficients and the
hardware implementation. In the current work, the digital
predistorter pre-processes the input signal in software (off-line). In
[6], however, a fifth order predistorter was implemented in FPGA
IET Optoelectron., pp. 1–7
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hardware with a latency of 62.5 ns (five clock cycles), showing that
the latencies induced are more than an order of magnitude (perhaps
two orders of magnitude) less than the OFDM symbol duration.

Multi service systems, with different signal PAPRs involved, have
not been considered in this work. However, as future work, we can
combine the digital predistortion approach with some PAPR
reduction technique in a multi service system to maintain the
PAPR value of each input signal below a certain level and obtain
good predistortion performance. For this type of system, however,
the digital predistorter would need to be performed on the
baseband signal of each RF sub-band, which would make the
training of each sub-band predistorter more challenging compared
with the predistortion training for a single band OFDM-RoF
system. This is mainly because the intermodulation distortion on a
specific sub-band coming from other RF sub-bands needs to be
considered when the predistorter coefficients for that specific
sub-band are obtained.
6 Conclusion

To the best of the authors’ knowledge, this work reports the first
experimental demonstration of the digital predistortion technique
for directly modulated OFDM-RoF links operating near laser
relaxation resonance. Excellent performance improvements have
been shown up to 3.0 GHz, which corresponds to around 4/5 of
the laser resonance (3.8 GHz). Although some of the results
suggest that the digital predistortion approach might be applied
even for RoF links operating at the laser resonance, further studies
in this frequency region are still necessary.

Both memoryless and memory polynomial predistorter models
and a simple off-line LS-based identification algorithm have been
used. For most of the experimental cases, the memory polynomial
predistorter performed better than the memoryless one in terms of
EVM, while the two predistorter models showed similar results for
the reduction in spectral regrowth.

The performance of the digital predistortion approach to 64QAM/
OFDM RoF links has been evaluated considering the (average) RF
power level, with a (novel) high-power-level predistortion training
method proposed and demonstrated. Compared with a
conventional training method, better EVM and spectral power
leakage results were achieved using the novel predistortion training
for strongly distorted link operation. Importantly, the results
reported also show that the off-line predistortion training method
can cope with a range of average RF power variation of a few dB
at the laser input. In addition, a solution to improve the
performance of the novel predistortion approach for weakly
distorted links has been proposed.

The first demonstration of the digital predistortion approach to
directly modulated RoF links using a 2048 IFFT size OFDM test
signal and 256-QAM modulation level has been achieved. The
promising performance improvements found indicate that the
digital predistortion technique can be applied to RoF systems in an
environment of high-data-rate, wideband communication systems.
In addition, the resilience of the predistortion approach to changes
in the QAM modulation level has been demonstrated.
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