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Analog Laser Predistortion for Multiservice
Radio-Over-Fiber Systems

L. Roselli, Senior Member, IEEE, V. Borgioni, F. Zepparelli, F. Ambrosi, M. Comez, P. Faccin, and A. Casini

Abstract—We have developed some low-cost predistortion
circuits to compensate second- and third-order laser distortions
in multiservice radio-over-fiber industrial systems. Depending on
the predistorter configuration implemented, average reductions of
10–15 dB and of 8–10 dB have been observed in the laser second-
and third-order distortions, respectively, within the cellular bands
relevant to the European TETRA, GSM, and DCS standards.
In particular, the development of the prototypes here illustrated
is based on a new and original procedure that formalizes and
suitably integrates in a sinergistic way modeling, design, and
experimental activities.

Index Terms—Compensation, laser modeling, nonlinear distor-
tion, predistortion, radio over fiber (RoF).

I. INTRODUCTION

WE describe here the development of low-cost broadband
completely analog predistortion circuits used to reduce

second- and third-order harmonic distortions (HD2 and HD3)
and second- and third-order intermodulations (IM2 and IM3)
of semiconductor lasers used in multiservice radio-over-fiber
(RoF) industrial systems.

In RoF systems and networks, microwave and mil-
limeter-wave multiplexed signals (briefly, RF signals) modulate
an optical carrier generated by a semiconductor laser and are
transmitted from a central site through an optical fiber link
to the receiver, where a photodetector recovers the original
RF information (direct-detection systems). The RF signals
can then be distributed to home subscribers, as in the case of
cable television (CATV) [1], or radiated to mobile, nomadic,
or fixed terminals like in cellular communication networks
[2], [3]. Optical beamforming in phased-array antennas [4],
[5], signal processing [6], [7], and EM-field remote sensing
[8] represent other interesting examples of application of RoF
techniques. CATV distribution and GPRS, GSM/DCS, and
TETRA microcellular networks are, in particular, the industrial
applications for which the study and development of the circuits
here illustrated have been committed.

In intensity-modulation direct-detection (IMDD) systems,
the intensity of the optical carrier can be directly or externally
modulated by immediately driving the laser diode with the RF
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signal, or with the use of an additional electrooptical modulator,
respectively.

The performances of the two solutions are typically compa-
rable up to 10 GHz: the former becomes inefficient over a few
tens of gigahertz, mainly due to laser frequency relaxation [9]
and chirping [10], [11] combined with the fiber chromatic dis-
persion [12], but the latter suffers from higher distortion levels,
due to the intrinsic nonlinearity of the modulators, and implies
higher losses, costs, and complexity. This is the reason why RoF
systems based on the direct modulation of semiconductor lasers
represent nowadays a more mature and diffused technology for
commercial applications.

The performance of a direct IMDD scheme is strongly in-
fluenced by the nonlinearity of the laser. When many RF sub-
carriers are multiplexed together and modulate the light source,
harmonic distortions and intermodulation products are gener-
ated that influence negatively the quality of the signal at the re-
ceiver [3]. If we consider some generic sinusoidal tones, ,
and as the inputs of a nonlinear device, we will obtain at the
output the following frequency components: ,
where and are integer numbers that can assume the
values 0, 1, 2, If two between and are simultaneously
null, we have the harmonic components of a tone; if at least two
of them are different from zero, we talk of intermodulation prod-
ucts. The sum defines the order of the harmonics
and of the intermodulations; then we can identify second-order
harmonic distortion (HD2) 2 , 2 , and 2 ; third-order har-
monic distortion (HD3) 3 , 3 , and 3 ; second-order inter-
modulation (IM2) ; and third-order intermodulation (IM3)

, , and . Some of these beats fall within
the operational band where the original tones are allocated, thus
yielding intraband distortion; it is important to note that in those
RoF-systems, where the bandwidth of a single laser can be used
to allocate several services, there can be an interband negative
influence too due to the harmonics or intermodulations that,
generated in a certain band, fall within that dedicated to another
service.

It should be also underlined that, up to now, fourth and higher
orders have been typically considered as negligible because at
very low power levels, or well outside the operational bands.
However, if the exactness of this assumption can be widely
demonstrated by classical CATV applications [1], [13], recent
works [14], [15] have pointed out that, especially with systems
making use of multicarrier standards like the Universal Mobile
Telecommunication System (UMTS), depending on the char-
acteristics of the fiber link and/or of the amplifier adopted, also
fifth- and seventh-order products can affect negatively the useful
signal. In this paper, we focus our attention mainly on second-
and third-order components, due to their strong influence on the
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systems taken into consideration; nonetheless, as will be clearer
later on, the principles of the approach described here can be
extended to include also higher odd-order distortions in view of
a more general strategy of compensation.

To ensure a satisfying quality of the services released to
the users, it is mandatory to keep the distortions below certain
levels. Each service is characterized by its specific standard; for
example, analog video signals require distortion levels more
than 50 dB below that of the carrier to reach a carrier-to-noise
ratio (CNR) around 45 dB and be imperceptible [1], [13]; in
GSM picocellular and microcellular networks, a satisfying
CNR is given by values of the input dynamic range (DR)
varying from 40–55 dB to 80–90 dB, respectively [2]; the
UMTS standard requires an adjacent channel leakage power
ratio of 45 dBc for the downlink and 33 dBc for the uplink
[16], corresponding to values of the DR of about 30 dB. In any
case, this implies the realization of highly linear RoF systems.
In view of large-scale productions, economical considerations
suggest the use of compensated low-cost lasers rather than
extremely linear but expensive devices. This implies the resort
to compensation techniques that must be low-cost solutions
themselves.

There are two major methods to reduce the nonlinear dis-
tortions generated by lasers: feedforward compensation and
predistortion. The feedforward technique seems to be superior
because it also reduces the laser intensity noise [17]; however it
has a technoeconomical drawback represented by the fact that
it requires a greater number of components such as additional
laser diodes, a photodiode, and an optical coupler, resulting in
higher costs and complexity of the total system. Predistortion
can be a simpler approach since it implies only the insertion
of an electronic predistorter somewhere in front of the light
source to generate correcting frequency components equal in
amplitude, but opposite in phase, to those undesired introduced
by the laser nonlinearity. The problem of predistortion can be
afforded in several ways. Predistortion blocks can be designed
based on Volterra models to invert the light-current charac-
teristic curve of a laser operating in the CATV band up to
500 MHz, thus compensating its nonlinearities [18]. Remark-
able results have been obtained with adaptive predistortion:
in [19], the compensation of an analog predistortion circuit is
maximized through the use of a microcontroller, thus reducing
by 20 dB third-order intermodulations over the frequency range
1750 1870 MHz. The same principles can be applied to
externally modulated lasers in RoF systems operating around
10 GHz or more [20].

To keep costs and complexity as low as possible, being in-
terested in industrializable prototypes, we have realized some
completely analog predistortion circuits able to reduce about
10-dB second- and third-order distortions of an entire class of
commercial lasers, in the frequency range 3701980 MHz,
over which CATV channels, up to more than 800 MHz, GPRS,
GSM/DCS, and TETRA cellular communication bands can be
simultaneously allocated. The predistorters are then virtually
suited to multiservice RoF systems, the only limitation being
the difference in the output power level typically requested to
each service. The development of these preindustrialized proto-
types, illustrated through the following sections, is the yield of
the sinergy of modeling, design, and experimental activities.

Following the scheme suggested by Sum and Gomes [21],
shown in Fig. 1, as a basis for the design of a predistortion cir-
cuit and to estimate its compensation capabilities, a laser circuit
model has been previously developed and implemented into a
commercial software package. In order to realize a predistorter
able to correct the nonlinear behavior of an entire class of op-
tical transmitters, a parameter extraction from a lot of four lasers
has been performed, thus obtaining a laser circuit model with a
sort of average behavior.

The laser modeling and the subsequent parameter extraction
procedure are described in Section II.

Once having obtained a satisfying laser model, the next
step has been the design of the predistorter. First, a suitable
configuration has been selected and implemented; our choice fell
on a “three-paths” predistorter reported in [22], suited to correct
both second- and third-order distortions. The behavior of such
a configuration has been optimized through computer-aided
design (CAD) simulations, by exploiting, to this aim, the
laser model previously characterized. As a consequence of
this CAD activity, a first prototype, suited to work within the
aforementioned cellular frequency bands, has been realized
and subjected to an extensive experimental characterization.
Several single-tone and two-tone tests have pointed out the
broadband functionality of the circuit: average 10–15 dB and
8–10 dB compensations of the laser second-order (HD2 and
IM2) and third-order (IM3) distortions, respectively, have been
observed from the TETRA band (370 480 MHz) up to the
DCS band (1710 1980 MHz). However, it is important
to note that the overall circuit behavior was not completely
satisfying: the nonlinear paths of the predistorter, devoted to
compensate second- and third-order distortions, have shown a
mutual spurious coupling, an effect not predicted by the CAD,
that has practically prevented us from obtaining a simultaneous
correction of the different kinds of distortions. Then, such a
procedure has been iterated: we have introduced and validated
some modifications into the original predistorter configuration
at the CAD and realized a new prototype. The first experimental
measurements have pointed out that such a new circuit can
simultaneously reduce laser HD2, IM2, and IM3 of about 12 dB
and 6–8 dB, respectively, within the whole DCS frequency
band, thus allowing for the industrialization of the predistorter.

The design and development of these circuits are the subject
of Section III.

II. L ASER MODELLING

As outlined in the Introduction, the first steps toward the real-
ization of the predistorter have been the development and exper-
imental characterization of a semiconductor laser circuit model
able to reproduce the behavior of the class of industrial devices
to be compensated, namely, thermostabilized distributed feed-
back (DFB) laser JDS/Uniphase CQF940, with emission wave-
length of 1310 nm. Such a model has been implemented into the
commercial software package Agilent EEsof EDA Advanced
Design System (ADS) and characterized through a parameter
extraction procedure from the measurements relevant to a lot of
four samples of the abovementioned class.
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Fig. 1. Block diagram illustrating the multilevel modeling and design
approach.I represents the microwave current (bias-plus-signal) feeding the
laser andI the microwave current injected into the laser active region.

A. Equivalent Circuit

The operational characteristics of a semiconductor laser
are described by therate equations,which govern the elec-
tron–photon interactions taking place within the optically
active region of the device

(1)

(2)

and are the electron and photon densities, respectively,
the injected current, the electron charge, the volume of the
active region, the electron lifetime, the optical power gain
coefficient, the electron density at transparency, the
optical gain compression parameter,the optical confinement
factor, the probability of radiative spontaneous emission, and

the photon lifetime. The corrective factor1
models an equivalent saturation of the optical gain; in this way,
the effect of the nonuniform distribution of electrons into the
active region (lateral diffusion), which has a nonnegligible in-
fluence on the dynamic response of the laser, is accounted for
along with some other nonlinear effects like spatial and spectral
hole burning. This expression has been preferred to the orig-
inal one 1 introduced by Tuckeret al. [23], [24]
since it eliminates the problem of the nonphysical multiple solu-
tions that the model can yield during software simulations when

. To eliminate such a problem, while keeping an
accurate description of the lateral diffusion, Channin [25] pro-
posed the expression1 , always positive. Mena [26]
has demonstrated that all the expressions1 , with

, can be used satisfactorily; we have chosen the ex-
pression 1 originally proposed by Agrawal [27].

By suitably rewriting (1) and (2) in terms of current contri-
butions [28], the large-signal equivalent circuit of the active re-
gion can be derived. To describe correctly the behavior of the
real device, the effect of the package also has been considered
by cascading the aforementioned circuit with another including
lumped parasitic elements. The choice of the parasitic circuit
is not unique but dependent on the type of the device consid-
ered; we have adopted the configuration proposed by Salgado
and O’Reilly in [29]. The complete circuit is shown in Fig. 2.

Further equations that explicitate the physical meaning of
some parameters have been implemented too [30]. In particular,

we have used the following expression that relates the photon
lifetime to the laser cavity parameters:

(3)

In (3), is the light velocity in a vacuum, the refractive
index of the material, the relevant effective optical absorp-
tion coefficient, the cavity length, and the reflectivity. The
volume of the active region has been expressed as the product
of the three dimensions

(4)

with and as the width and the thickness, respectively. The
equation relating the density of photons generating the laser ra-
diation to the output optical power has been also included

(5)

where is the Planck constant, the frequency of the emitted
photons, and the relevant escape time from the active region,
expressed by the following formula:

(6)

B. Experimental Measurements and Parameter Extraction

One of our goals is to use the predistortion circuitry in
order to achieve a good dynamic range for analog and wireless
applications using inexpensive coaxial laser devices, even not
specifically selected for this kind of application. The other goal
is to improve the overall dynamic range performance (including
the second- third-order compensation) of analog lasers for
high-end wireless applications equipped with thermostabilized
laser devices. In order to start with our experiments, as a first
approach, we have used a butterfly-packaged temperature-con-
trolled DFB device JDS/Uniphase CQF940, with emission
wavelength of 1310 nm. For the sake of statistical significance,
a lot of four lasers has been considered and measured. Fig. 3
shows a schematic of the measurement setup used to charac-
terize experimentally the four transmitters.

First, we have determined the light-current characteristic
curves of the four devices by the use of an optical power meter,
as shown in the right half of Fig. 3. Then, with each device,
the frequency dependence of the S-parameters of the RoF link
shown in the left side of Fig. 3 has been measured. In this
case, short standard single-mode fiber (SMF) cables, having an
attenuation factor of 0.4 dB/Km and negligible chromatic dis-
persion at 1310 nm, have been used, with the optical attenuator
simulating a 12.5-km-long fiber link. For the distribution of
CATV channels and TETRA, GSM/DCS, GPRS services, the
lasers are typically operated below 2 GHz; however, to the aim
of getting a fuller characterization of the devices, a frequency
range from dc to 5 GHz has been considered. Moreover, to
have information on the maximum admissible modulating RF
power, the average optical modulation index (OMI) of the
lasers has been also measured. Fig. 4 shows that the RF input
power had to be kept below 12 dBm.
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Fig. 2. Complete laser equivalent circuit. For the definition ofI , I , R , C , andV see [23], [24].

Fig. 3. Measurement setup used to characterize the lot of four lasers
considered.

Fig. 4. Average measured laser OMI as a function of the input RF power.

In order to develop an industrializable prototype of the pre-
distortion circuit, we have extracted the laser model parameters
from the average curves of the lot. In particular, the procedure
we have followed, also with the aid of the optimization routines
of ADS, consisted of the following steps.

1) The measured average curves have been given as opti-
mization goals to the simulator.

2) First-guess values have been assigned to the laser package
and active region equivalent circuit parameters.

3) The microwave coefficient frequency curve, which
is almost completely independent of the bias current, has
been used to extract the package parameters.

4) The microwave coefficient frequency curve, at the
bias current mA, and the light-current curve have
been used to extract the active region parameters.

5) Once a first satisfying agreement between measurements
and simulations has been obtained, a conclusive fine opti-
mization has been performed by taking into consideration
the complete set of the measured curves as optimization
goals, simultaneously.

Figs. 5 and 6 show the comparison between measured and
simulated average curves at the end of the optimization for two
different polarization currents mA and mA,
respectively; in Table I, the final values of the parameters are
listed.

C. Nonlinear Distortion Prediction

With the values of the parameters of Table I, we have first
determined the and frequency curves for different bias
currents, always obtaining a good agreement with measure-
ments (these curves are not shown here for the sake of brevity).
Then we have tested the ability and accuracy of the model in
reproducing the nonlinear behavior of the lasers. As an example
of the results obtained, Fig. 7 shows the comparison between
predicted and measured HD2 and IM3 curves, averaged over
the four devices, at the bias values mA and mA.

III. PREDISTORERDESIGN AND DEVELOPMENT

Once having obtained an accurate laser circuit model, the
following step has been the development of the predistorter.
The design and development procedure, consisting of CAD and
experimental activities, has been iterated until the realization
of a satisfying pre-industrialized prototype, as summarized by
Fig. 8.
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Fig. 5. Laser circuit model parameter extractionI = 38 mA: comparison
between measurements (circles) and simulations (solid line) after the
optimization: (a) light-current curve; (b)S ; (c)S -modulus; (d)S -phase.

Fig. 6. Laser circuit model parameter extractionI = 50 mA: comparison
between measurements (circles) and simulations (solid line) after the
optimization: (a) light-current curve; (b)S ; (c)S -modulus; (d)S -phase.

TABLE I
OPTIMIZED PARAMETER VALUES OF THELASER CIRCUIT MODEL

A. First Prototype: CAD

The solution adopted has been derived from a predistorter
configuration presented in [22] and shown in Fig. 9. It is pos-
sible to identify two main parts: a linear part and a nonlinear
part. The former simply consists of a time delay line, while
the latter is further subdivided into second-order and third-order
paths. Portions of the input RF signal are extracted to feed both
quadratic-law and cubic-law generators. The two
correction signals, with magnitude and phase suitably adjusted

(a)

(b)

Fig. 7. (a) Laser HD2 and (b) IM3 product 2f � f : comparison between
measured (solid line) and predicted (dashed line) curves of two typical values
of the bias current,I = 38 mA (circles) andI = 50 mA (triangles). Input
sinusoidal tones with an RF power of 3 dBm have been used in both cases. For
the intermodulation,f is variable andf = 815 MHz.

Fig. 8. Predistorter design and development procedure.

through a chain of shaping blocks, are then recombined with
the original delayed RF signal and sent to the laser. In this way,
the circuit can simultaneously compensate HD2, HD3, IM2, and
IM3 distortions.

Fig. 9 also suggests the possibility to extend the compensa-
tion capability of this configuration simply by inserting higher
order paths and thus correcting, where needed, further sets of
distortions, as for example the aforementioned fifth- and sev-
enth-order IMs in UMTS systems.
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Fig. 9. Schematic diagram of the first predistorter prototype.

To feed and recombine the linear and nonlinear paths of
the predistorter, 10- and 3-dB splitters/combiners have been
implemented.

The quadratic-law device can be realized with a couple of
diodes in push–push configuration, fed with two 180shifted
inputs. To have a large operational frequency range, a differen-
tial amplifier has been used to realize the input phase shift. The
cubic-law device can also be realized with a couple of diodes,
but in push–pull configuration and with no input phase shift
[31].

The function of the shaping chains is to generate correction
signals having the same magnitudes but opposite phases, with
respect to the laser nonlinearities, in a frequency range as wide
as possible. To this aim, two low-noise amplifiers (LNAs) have
been inserted after the nonlinear generators to adjust the mag-
nitude level of the drawn correction signals, which suffer an
overall attenuation of about 30 dB due to the input and output
splitters and combiners; a fine control on the magnitude level
has been assured by variable attenuators. Also a fine phase-ad-
justment stage, to match the laser harmonic phase variations, has
been inserted in both the nonlinear paths. Finally, frequency-tilt
shaping networks have been implemented to let the correction
signals match the laser distortion curves in the whole opera-
tional band. In practice, these are equalization filters, realized
by variable lumped passive components, having a frequency re-
sponse that has to be suitably adjusted to follow exactly the
tilt in the laser harmonic distortion frequency curves. In this
way, the correction band can be maximized and the same con-
figuration of the predistorter can be adapted to different laser
classes or periodically retuned to prevent the variations due to
the laser aging. Concerning this point, it has to be noted that
there are several undesired effects that can cause differences
in the behavior of devices part of the same class. Along with
the abovementioned laser aging, which gradually alters in time
the light power emitted, there can be a temperature-dependent
shift of the threshold current; everything is then furtherly com-
plicated by manufacturing tolerances that produce parameter
values spreading.

If the last aspect is generally the most difficult to face,
several techniques are available to minimize the temperature
effects and the laser aging. At present, there exist laser de-
vices, as those taken into consideration in this paper, that are
thermostabilized so as to practically eliminate such a problem:
obviously this solution implies higher costs. Alternatively, one
can resort to simpler and cheaper, not stabilized, devices and

design the ancillary circuitry (like the predistorter, in this case)
by inserting the temperature-dependence effect into the laser
model used [32]. A similar scenario can be depicted for laser
aging prevention: an automatic power control loop, enabled
by an external photodiode, can be used to maintain constant
average optical output power over laser-aging variations; to
avoid cost enhancements, one can accept the laser aging while
counteracting it with a programmed retuning of the electronic
circuitry, for example, through the periodical regulation of the
control voltages for the phase shifters and attenuators.

The laser model, as identified in Section II, has been cascaded
to the predistorter described above and the whole subsystem
simulated. Fig. 10 summarizes the second-order distortion com-
pensation procedure and the relevant results: first the correction
signal has been suitably shaped in magnitude and phase, ex-
ploiting the HD2 curves of the laser, over the whole operational
band, as shown in (a) and (b); then the HD2 and IM2 gen-
eration of the predistorted laser has been compared with that
of the uncompensated laser. An average reduction of about
10 dB in both (c) and (d) curves can be observed in the fre-
quency range 0.4 2 GHz. It is important to remark here
that the broadband compensation of the HD2 yields automat-
ically the optimum compensation of the IM2 too, since both
distortions are generated by second-order nonlinearities with
comparable magnitude levels. The same considerations hold
only partly for third-order distortions: in fact, the correction
signal, after being shaped with the aid of the HD3 curves, has
to be afterwards adjusted in magnitude to yield the maximum
compensation of the IM3 products. In particular, this is due to
the fact that IM3-difference products are typically generated
with magnitude levels different from those of the HD3, and
such a trend remains verified until the frequency spacing of
the components forming the IM3 product is not very wide
[12]. Fig. 11 shows the relevant results.

B. First Prototype: Realization and Experimental
Characterization

Based on the CAD results illustrated up to now, the first pro-
totype of the predistorter shown in Fig. 12 has been realized.
The configuration implemented has a simple architecture; most
of its components have cheap commercial counterparts; and no
digital or adaptive technique is used.

Even if the broadband functionality predicted by simulations
pointed out the possibility of using a single predistorter for both
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(a) (b)

(c) (d)

Fig. 10. Laser second-order compensation: higher graphs illustrate the
shaping of the correction signal (diamonds), (a) magnitude and (b) phase,
performed using the laser HD2 curves (solid line); lower graphs show a
comparison between compensated (diamonds) and uncompensated (solid line)
(c) HD2 and (d) IM2 productf + f . Input sinusoidal tones with an RF power
of 3 dBm have been used in both cases.

(a) (b)

(c) (d)

Fig. 11. Laser third-order compensation: higher graphs illustrate the shaping
of the correction signal (diamonds), (a) magnitude and (b) phase, performed
using the laser HD3 curves (solid line); lower graphs show a comparison
between compensated (diamonds) and uncompensated (solid line) (c) HD3 and
(d) IM3 product2f � f . Input sinusoidal tones with an RF power of 3 dBm
have been used in both cases.

Fig. 12. First prototype of the predistorter.

CATV and cellular communications, the difference among the
power levels typical of the two breeds of service has forced us
to specialize the circuit for one of them. The prototype then has
been realized with the aim of improving the quality of service
in TETRA, GSM/DCS, and GPRS RoF networks.

The prototype has been subjected to an extensive exper-
imental characterization; several single-tone and two-tone
tests have been performed to check the effectiveness of the
compensation. Fig. 13 shows the relevant measurement setup.
Single-tone tests have been performed by means of the har-
monic measurement tool of a network analyzer HP 8753, whose
output tone, suitably filtered and with a 12-dBm RF power,
fed the predistorter. The cascaded laser to be compensated has
been biased with a current of 51 mA; since about 3 dB are lost
through the predistorter, the actual RF power entering the laser
was 9 dBm, a value corresponding to an OMI of about 40%,
as can be seen in Fig. 4. The optical attenuator has been set to
simulate again a 12.5-km-long fiber link. The HD2 and HD3
frequency curves have been finally recorded by the network
analyzer.

For two-tone tests, the RF input signals have been yielded by
the use of two frequency-tone generators and sent to the pre-
distorter via a duplexer; two circulators have been used to iso-
late the generators. A spectrum analyzer by Rohde–Schwarz has
recorded the intermodulation products as a function of the input
RF power. In both cases, a final data processing has been per-
formed by a PC.

As already pointed out, the main problems arise with the
second- and third-order distortions generated by the laser.
Fig. 14 summarizes the situation relevant to the cellular bands
considered.

DCS and GSM bands are negatively influenced by HD2- and
IM2-sum products generated in GSM and TETRA bands, re-
spectively. IM2-difference products can fall within GSM and
TETRA bands when due to the beat of DCS-GSM and GSM-
TETRA frequency components, respectively.

HD3- and IM3-sum products do not represent a problem, as
can be seen in Fig. 14; third-order distortion is mainly due to
interband IM3-difference products.

Concerning the compensation procedure, to minimize inter-
band second-order distortions falling, e.g., in GSM band, it is
fundamental to shape the magnitude of the relevant correction
signal so as to follow the laser HD2 frequency curve due to
the fundamental component in a band that could be defined as
GSM/2, almost corresponding to the TETRA band; at the same
time, the phase opposition has to be also achieved in the same
band. To correct second-order distortions in DCS band, the same
procedure has to be followed by considering the GSM band as
the “shaping-band.”

Similarly, to minimize intraband third-order distortions
falling, for example, in GSM band, a suitable shaping on
the laser HD3 is needed; however, in this case, the GSM/3
shaping-band does not coincide with the TETRA band. Based
on the abovementioned considerations, the following mea-
surement sessions have been performed to characterize the
predistorter.

• II ORDER PATH

1) Session—Figs. 15 and 16: the TETRA band has
been considered as the shaping-band to compen-
sate HD2, IM2-sum, and IM2-difference products
in the 740 960 MHz band, containing the GSM
band; the test tones were: MHz and

MHz for the HD2 and IM2-sum, and
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Fig. 13. Measurement setup used to characterize the first predistorter prototype.

Fig. 14. Influence of the second-order (higher graph) and third-order (lower graph) distortions among and within the cellular bands.

MHz and MHz for the IM3-dif-
ference.

2) Session—Figs. 17 and 18: the 560960 MHz band,
containing the GSM band, has been considered as
the shaping-band to compensate HD2 and IM2-sum
products in the 1120 1920 MHz band, containing
the DCS band; the test tones were: MHz
and MHz.

• III ORDER PATH
1) Session—Figs. 19 and 20: the 260360 MHz band,

containing the GSM/3 band, has been considered
as the shaping-band to compensate IM3-difference
products in the 780 1080 MHz band, containing
the GSM band; the test tones were: MHz
and .

Even if the CAD does not give any indication about possible
spurious coupling between the two nonlinear paths of the predis-

(a) (b)

Fig. 15. First predistorter prototype—second-order path measurement session
n.1: shaping of the (a) magnitude and (b) phase of the correction signal within
the TETRA band.

torter, it seemed reasonable to forecast such an undesired effect.
Then, first of all, we have decided to characterize the two cor-
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Fig. 16. First predistorter prototype—second-order path measurement session
n.1—laser compensation in 740� 960 MHz band, containing the GSM band:
(left) HD2 frequency curve; (right) HD2 (a) 2f , (b) IM2-sum productf + f ,
and (c) IM2-difference productf � f .

(a) (b)

Fig. 17. First predistorter prototype—second-order path measurement session
n.2: shaping of the (a) magnitude and (b) phase of the correction signal in 560�

960 MHz band, containing the GSM band.

Fig. 18. First predistorter prototype—second-order path measurement session
n.2—laser compensation in 1120� 1920 MHz band, containing the DCS band:
(left) HD2 frequency curve; (right) (a) HD2 2f , (b) HD2 2f , (c) IM2-sum
productf + f .

(a) (b)

Fig. 19. First predistorter prototype—third-order path measurement session
n.1: shaping of the (a) magnitude and (b) phase of the correction signal in 260�

360 MHz band, containing the GSM/3 band.

Fig. 20. First predistorter prototype—third-order path measurement session
n.1—laser compensation in 780� 1080 MHz band, containing the GSM band:
(left) HD3 frequency curve; (right) IM3-difference product (a) 2f � f and
(b) 2f � f .

rection paths separately, also to point out the relevant maximum
performance.

It is necessary at this point to comment on the results ob-
tained. First, it has to be pointed out that with the compensation
procedure performed, we have observed an average reduction of
about 10 dB of HD2 and IM2 in the GSM band, 1215 dB of
HD2 and IM2 in the DCS band, and 9 10 dB of IM3 in the
GSM band. The same degree of third-order distortion correction
can be obtained also in the TETRA and DCS bands, even if the
relevant results are not shown here for the sake of brevity.

Another important feature of the predistorter to underline is
the checked possibility of correcting second-order distortions
both in GSM and DCS bands with only one shaping performed
in the 560 960 MHz band (containing the GSM band), in other
words without resorting to the further shaping in the TETRA
band.

In this way, what was already introduced in [12] and ob-
served, in the present case, during the CAD phase has found
a new experimental confirmation.

Nevertheless, the first prototype, when used with the two cor-
rection paths acting simultaneously, has shown a critical cou-
pling. In fact, the spurious second-order component generated
by the amplification stage in the third-order path and the spu-
rious third-order component due to the nonideal rejection of the
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Fig. 21. Modified predistorter schematic.

quadratic-law generator in the second-order path (see Fig. 9),
deteriorate the correction capabilities of the circuit.

However, although our final goal is the realization of a pre-
distorter able to reduce second- and third-order laser distortions
simultaneously, the results obtained cannot be considered com-
pletely negative. It is, in fact, indubitable that each one of the
correction paths can be implemented by itself to obtain two dif-
ferent predistorters devoted to correct a certain order of distor-
tion; moreover, the experimental characterization shows that the
relevant behaviors are really broadband and multiservice.

C. Final Prototype

To solve the problem of the mutual coupling between the cor-
rection paths, the predistorter configuration of Fig. 9 has been
suitably modified by inserting two polarization networks for the
nonlinear generators and by replacing the two LNAs of the non-
linear paths with a common amplification stage placed after the
output 3-dB combiner, as shown in Fig. 21.

The polarization of the diodes has been foreseen to increase
both the spurious harmonics rejection and operating transduc-
tion, simultaneously. The use of a single common amplifier
stage, specifically designed to have maximum linearity, to-
gether with a power consumption reduction, allows for a better
lineup of the whole system in terms of linearity, thus reducing
further the generation of undesired distortion components.

This new configuration has been studied at the CAD, and the
new prototype shown in Fig. 22 has been realized and measured
to validate the changes.

The same setup shown in Fig. 13 has been used for a new
experimental characterization. The compensation procedure al-
ready illustrated in the previous section has been repeated. The
magnitude and phase frequency curves of the second-order cor-
rection signal have been shaped with the aid of the laser HD2
curves in the 500 960 MHz band, containing the GSM band;
for the third-order correction signal, the laser HD3 curves have
been considered in the 500 660 MHz band, containing the
DCS/3 band. In this way, a simultaneous reduction of the laser
HD2- and IM2-sum, about 10–12 dB, and IM3-difference, about
6–7 dB, over the whole DCS band has been obtained, as shown
by Figs. 23 and 24. Also in this case, it is foreseeable that the fre-
quency range where the second-order distortions are effectively
corrected can be extended at least down to the whole GSM band.

Fig. 22. Picture of the second prototype of the predistorter.

Fig. 23. Final predistorter prototype—laser second-order compensation in
1000� 1920 MHz band, containing the DCS band: (left) HD2 frequency
curve; (right) (a) HD2 2f , (b) HD2 2f , (c) IM2-sum productf + f .

On the contrary, for the third-order distortions, a tradeoff be-
tween the simultaneous functionality and the operational band-
width of the predistorter has been observed: even if not shown
here, a similar correction within the TETRA and GSM bands
has not been possible. This effect is still dependent on the spu-
rious harmonics due to the nonlinear generators (diodes), while
the amplifier has no more influence, having been placed after
the nonlinear paths. The diode residual harmonic generation in-
creases almost linearly with the frequency; below the DCS band,
its level becomes comparable with that of the laser HD3, which,



ROSELLI et al.: ANALOG LASER PREDISTORTION 1221

Fig. 24. Final predistorter prototype—laser third-order compensation in 1500
� 1980 MHz band, containing the DCS band: (left) HD3 frequency curve;
(right) (a) IM3-difference product 2f �f , (b) IM3-difference product2f �f .

on the contrary, increases with the frequency as the third power;
thus, moving down the spectrum, the shaping of the third-order
path correction signal is always more and more difficult, until
becoming impossible. Such a problem does not arise for the
second-order path correction signal because the laser HD2, used
for the shaping, has a level always sufficiently higher than the
residual spurious floor.

IV. CONCLUSION

In this paper, some predistortion circuits for RoF cellular sys-
tems, working with the European TETRA, GSM, and DCS stan-
dards, have been presented. The design of the various prototypes
here illustrated is strongly oriented to industrial applications;
thus it refers to low-cost, completely analog solutions for large-
scale productions. The configurations implemented are based on
simple architectures, where most of the simulated components
have cheap commercial counterparts and no digital or adaptive
technique is used. Although predistortion is a well-estabilished
linearization technique, this paper has pointed out, experimen-
tally, some original aspects worth to be noted. In particular, a
new, complete, and original design procedure for RoF systems
has been introduced and formalized.

The abovementioned design procedure involves first of all
the development and full characterization of a laser circuit
model. The laser model reported here has been characterized
through a parameter extraction procedure, performed by taking
into consideration the measurements relevant to four samples of
the same class of DFB lasers. In particular, it has been verified
that such a model describes in a satisfying way the nonlinear
behavior of the real devices. This result has been obtained
without referring to the nonlinear curves for the optimization,
thus having a further proof of its accuracy and effectiveness. An
extraction of the parameters based on the nonlinear curves too
allows for a further refinement of the model, but it is also more
complicated and time-consuming. If needed, the dependence
on the temperature of the laser emission can be quite easily in-
cluded into the model. This has not been done in this paper due
to the fact that we have considered thermostabilized devices.
The model can be also modified to describe the behavior of
different laser configurations.

Among the other design steps, particularly interesting, in the
authors’ opinion, is the predistorter tuning procedure, set up at
the CAD and subsequently performed and optimized experi-
mentally. Such a procedure, which is mainly based on the pos-
itive use of the same laser distortions to be compensated, has
given us a deeper comprehension of the nonlinear phenomena
influencing RoF communications and, in point of fact, has led
to the implementation of effective predistorter prototypes.

Concerning the various circuits, the first predistorter realized
is a “three-path” configuration able to compensate alternatively
second- or third-order harmonic and intermodulation distortions
generated by the nonlinear behavior of the laser. A spurious mu-
tual coupling between the two correction paths, mainly due to
the RF components, has prevented the simultaneous compensa-
tion of the laser HD2, IM2, and IM3. Nevertheless, as confirmed
by the measurements performed, such a configuration can be the
basis for the development of two different broadband and mul-
tiservice predistorters specifically devoted to reduce one breed
of distortion. By iterating the design procedure, some modifi-
cations to the original configuration have been investigated at
the CAD and introduced to realize a new prototype. As a re-
sult, a preindustrialized predistorter capable of reducing simul-
taneously the laser HD2- and IM2-sum of about 10–12 dB, and
IM3-difference of about 6–7 dB, over the whole DCS band has
been obtained.

Finally, but as already explained, RoF systems based on
the UMTS standard were beyond the scope of this paper and
thus they have not been examined. However, the approach
and the techniques here illustrated can be naturally extended
to the UMTS field. If the main problems arise from second-
and third-order distortions up to 2.1-GHz operational bands,
the same predistorter configurations can be used with a new
selection of components, always more and more available for
third-generation (3G) applications, and retuning of the cir-
cuitry. On the other side, to include the compensation of higher
odd-order distortions, the same architecture introduced here,
with a suitable selection of the devices needed to realize fifth-
and seventh-order nonlinear generators, and of the electronic
components forming the relevant shaping chains, can be the
basis for “multipath” predistorter configurations. Obviously,
the price to pay is an increasing complexity of the circuits
and during the design procedure, but in view of a future wide
expansion of 3G-communication systems and networks, to the
authors’ opinion the development of a low-cost compensation
technique remains a solution worth pursuing and an interesting
research opportunity.
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