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Analog Laser Predistortion for Multiservice
Radio-Over-Fiber Systems

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

Abstract—\We have developed some low-cost predistortion signal, or with the use of an additional electrooptical modulator,
circuits to compensate second- and third-order laser distortions respectively.

in multiservice radio-over-fiber industrial systems. Depending on The performances of the two solutions are typically compa-
the predistorter configuration implemented, average reductions of bl to 10 GHz: the f b inefficient f
10-15 dB and of 8-10 dB have been observed in the laser second!20'€ UpP ,0 z .e ormer becomes Inetnicien over.a ew
and third-order distortions, respectively, within the cellular bands ~ t€ns of gigahertz, mainly due to laser frequency relaxation [9]
relevant to the European TETRA, GSM, and DCS standards. and chirping [10], [11] combined with the fiber chromatic dis-
In particular, the development of the prototypes here illustrated persion [12], but the latter suffers from higher distortion levels,
is based on a new and original procedure that formalizes and gye to the intrinsic nonlinearity of the modulators, and implies
suitably mtelgrat_es__ln a sinergistic way modeling, design, and piqper josses, costs, and complexity. This is the reason why RoF
t tivities. ' ™ " .
experimental activities _ _ _ _ systems based on the direct modulation of semiconductor lasers
_ Index Terms—Compensation, laser modeling, nonlinear distor- represent nowadays a more mature and diffused technology for
tion, predistortion, radio over fiber (RoF). commercial applications.
The performance of a direct IMDD scheme is strongly in-
|. INTRODUCTION fluenced by the nonlinearity of the laser. When many RF sub-

carriers are multiplexed together and modulate the light source,

E describe here the development of low-cost broadbapgd, i qnic distortions and intermodulation products are gener-
completely analog predistortion circuits used to reducge that influence negatively the quality of the signal at the re-
second- and thlrd-order harm.onlc d|stort|9ns (HD2 and HD3Ljyer [3]. If we consider some generic sinusoidal tofie§,
and second- and third-order intermodulations (IM2 and IM3),y, as the inputs of a nonlinear device, we will obtain at the
of sem_|c0ndu_ctor lasers used in multiservice radlo-over-flbgﬁtput the following frequency componenisy, £nf, +pf,,
(RoF) industrial systems. . Wwherem,n, andp are integer numbers that can assume the

In RoF systems and networks, microwave and Mijjalyes 0, 1, 2,. . If two betweenn, n, andp are simultaneously
limeter-wave multiplexed signals (briefly, RF signals) modulatgy||, we have the harmonic components of a tone; if at least two
an optical carrier generated by a semiconductor laser and gfghem are different from zero, we talk of intermodulation prod-
transmitted from a central site through an optical fiber linkcts. The sumn + n + p defines the order of the harmonics
to the receiver, where a photodetector recovers the origiRgld of the intermodulations; then we can identify second-order
RF information (direct-detection systems). The RF signafarmonic distortion (HD2) 2, 2f;, and 2f;; third-order har-
can then be distributed to home subscribers, as in the casen@hic distortion (HD3) 3;, 3f;, and ¥;,; second-order inter-
cable television (CATV) [1], or radiated to mobile, nomadicmodulation (IM2)f; + f;; and third-order intermodulation (IM3)
or fixed terminals like in cellular communication networkf, + f;, f; &+ 2f;, andf; % f; + fi,. Some of these beats fall within
[2], [3]. Optical beamforming in phased-array antennas [4fhe operational band where the original tones are allocated, thus
[5], signal processing [6], [7], and EM-field remote sensingielding intraband distortion; it is important to note that in those
[8] represent other interesting examples of application of Ra#toF-systems, where the bandwidth of a single laser can be used
techniques. CATV distribution and GPRS, GSM/DCS, an allocate several services, there can be an interband negative
TETRA microcellular networks are, in particular, the industriahfluence too due to the harmonics or intermodulations that,
applications for which the study and development of the circuitenerated in a certain band, fall within that dedicated to another
here illustrated have been committed. service.

In intensity-modulation direct-detection (IMDD) systems, It should be also underlined that, up to now, fourth and higher
the intensity of the optical carrier can be directly or externallgrders have been typically considered as negligible because at
modulated by immediately driving the laser diode with the R¥ery 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
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systems taken into consideration; nonetheless, as will be clearegfollowing the scheme suggested by Sum and Gomes [21],
later on, the principles of the approach described here candi®wn in Fig. 1, as a basis for the design of a predistortion cir-
extended to include also higher odd-order distortions in view ofiit and to estimate its compensation capabilities, a laser circuit
a more general strategy of compensation. model has been previously developed and implemented into a
To ensure a satisfying quality of the services released ¢ommercial software package. In order to realize a predistorter
the users, it is mandatory to keep the distortions below certaible to correct the nonlinear behavior of an entire class of op-
levels. Each service is characterized by its specific standard; figal transmitters, a parameter extraction from a lot of four lasers
example, analog video signals require distortion levels mo@s been performed, thus obtaining a laser circuit model with a
than 50 dB below that of the carrier to reach a carrier-to-noisert of average behavior.
ratio (CNR) around 45 dB and be imperceptible [1], [13]; in The laser modeling and the subsequent parameter extraction
GSM picocellular and microcellular networks, a satisfyingrqcedure are described in Section II.
CNR is given by values of the input dynamic range (DR) once having obtained a satisfying laser model, the next
varying from 40-55 dB to 80-90 dB, respectively [2]; th&tep has been the design of the predistorter. First, a suitable
UMTS standard requires an adjacent channel leakage powghfiguration has been selected and implemented:; our choice fell
ratio of —45 dBc for the downlink ane-33 dBc for the uplink o, 5 «three-paths” predistorter reported in [22], suited to correct
[16], corresponding to values of the DR of about 30 dB. In any,, second- and third-order distortions. The behavior of such
case, this implies the realization of highly linear RoF SyStemé'configuration has been optimized through computer-aided
In view of large-scale productions, economical consideratioagsign (CAD) simulations, by exploiting, to this aim, the
suggest the use of compensated low-cost lasers rather )R, yodel previously characterized. As a consequence of
extremely Iinegr but expensive devices. This implies the re.s%}s CAD activity, a first prototype, suited to work within the
to compensation techniques that must be low-cost SOlUt'ogr%rementioned cellular frequency bands, has been realized

themselves. and subjected to an extensive experimental characterization.

There are two major methods to reduce the nonlinear d§éveral single-tone and two-tone tests have pointed out the

tor'uqns glenerated by lasers: feedfqrward compensation abnr(g)adband functionality of the circuit: average 10-15 dB and
predistortion. The feedforward technique seems to be superior

X . . ; ) 0 dB compensations of the laser second-order (HD2 and
because it also reduces the laser intensity noise [17]; howev . : : .
has a technoeconomical drawback represented by the factj a ) and third-order (IM3) distortions, respectively, have been

it requires a greater number of components such as additio gr\éed (;roT7t1r1(;e;T1E;8I%AI\32nd (Efg 480 M.'{'?) up to ihet
laser diodes, a photodiode, and an optical coupler, resulting 1 and ( ’ . .Z)' owever, 1L 1S importan
note that the overall circuit behavior was not completely

higher costs and complexity of the total system. Pred'stort'&?\ o . .
'9 prextty Y ! ! tisfying: the nonlinear paths of the predistorter, devoted to

can be a simpler approach since it implies only the insertiGi ; 4- and third-order distorti h h
of an electronic predistorter somewhere in front of the ”gﬁ:[ompensae second- and third-order distortions, have snown a

source to generate correcting frequency components equalliHtu@ spurious coupling, an effect not predicted by the CAD,

amplitude, but opposite in phase, to those undesired introdudB@t nas practically prevented us from obtaining a simultaneous
by the laser nonlinearity. The problem of predistortion can [rorrection of the different kinds of distortions. Then, such a

afforded in several ways. Predistortion blocks can be desigid@cedure has been iterated: we have introduced and validated
based on Volterra models to invert the light-current chara®me modifications into the original predistorter configuration

teristic curve of a laser operating in the CATV band up tgtthe CAD and realizeda_mew prototype. The first expe_rim_ental
500 MHz, thus compensating its nonlinearities [18]. Remarmeasurements have pointed out that such a new circuit can
able results have been obtained with adaptive predistortiGinultaneously reduce laser HD2, IM2, and IM3 of about 12 dB
in [19], the compensation of an analog predistortion circuit &d 6-8 dB, respectively, within the whole DCS frequency
maximized through the use of a microcontroller, thus reducif@nd, thus allowing for the industrialization of the predistorter.
by 20 dB third-order intermodulations over the frequency range The design and development of these circuits are the subject
1750 + 1870 MHz. The same principles can be applied tef Section Ill.
externally modulated lasers in RoF systems operating around
10 GHz or more [20].

To keep costs and complexity as low as possible, being in- II. LASER MODELLING
terested in industrializable prototypes, we have realized some
completely analog predistortion circuits able to reduce aboutAs outlined in the Introduction, the first steps toward the real-
10-dB second- and third-order distortions of an entire class igation of the predistorter have been the development and exper-
commercial lasers, in the frequency range 374980 MHz, imental characterization of a semiconductor laser circuit model
over which CATV channels, up to more than 800 MHz, GPR®ble to reproduce the behavior of the class of industrial devices
GSM/DCS, and TETRA cellular communication bands can Bé be compensated, namely, thermostabilized distributed feed-
simultaneously allocated. The predistorters are then virtualiack (DFB) laser JDS/Uniphase CQF940, with emission wave-
suited to multiservice RoF systems, the only limitation beingngth of 1310 nm. Such a model has been implemented into the
the difference in the output power level typically requested wommercial software package Agilent EEsof EDA Advanced
each service. The development of these preindustrialized prdiesign System (ADS) and characterized through a parameter
types, illustrated through the following sections, is the yield @xtraction procedure from the measurements relevant to a lot of
the sinergy of modeling, design, and experimental activities. four samples of the abovementioned class.
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LEVEL 3 we have used the following expression that relates the photon
TEvEL2 lifetime to the laser cavity parameters:
__IS, LEVEL 1 . 1 C o+ lln 1 ©)
o oA ACTIVE REGION OPTICAL P L \R/]|
I OUTPUT
a EQUIVALENT CIRCUIT |———@
*~——— In (3), c is the light velocity in a vacuunmy the refractive
PACKAGE EQUIVALENT CIRCUIT . N . .
index of the materialx the relevant effective optical absorp-
EXTERNAL ELECTRONIC CIRCUITS tion coefficient,L the cavity length, and the reflectivity. The

volume of the active region has been expressed as the product

Fig. 1. Block diagram illustrating the multilevel modeling and desig®f the three dimensions
approach ., represents the microwave current (bias-plus-signal) feeding the
laser and,, the microwave current injected into the laser active region. Vact = L X W x d 4

with W andd as the width and the thickness, respectively. The

equation relating the density of photons generating the laser ra-
The operational characteristics of a semiconductor las#iation to the output optical power has been also included

are described by theate equationswhich govern the elec- 1 huSo

tron—photon interactions taking place within the optically PPt — . act

active region of the device 2

A. Equivalent Circuit

®)
TOS

whereh is the Planck constant, the frequency of the emitted
ON I, N L photons, and., the relevant escape time from the active region,

T g(N — No)(L+enzS)"2S (1) expressed by the following formula:
act n

a8 N S 1

5f —1A— = — +Tg(N = No)(1 +enr5)"25. (2) wl=g ol <l> . (6)

ot Tp es =5 WL\ R

N andS are the electron and photon densities, respectivgly, ) ]
the injected current; the electron charge,.. the volume of the B. Experimental Measurements and Parameter Extraction
active regiony, the electron lifetimeg the optical power gain ~ One of our goals is to use the predistortion circuitry in
coefficient, Ny the electron density at transpareney;;, the order to achieve a good dynamic range for analog and wireless
optical gain compression parametérthe optical confinement applications using inexpensive coaxial laser devices, even not
factor, 5 the probability of radiative spontaneous emission, argpecifically selected for this kind of application. The other goal
7, the photon lifetime. The corrective fact@t + enzS)"'/? istoimprove the overall dynamic range performance (including
models an equivalent saturation of the optical gain; in this wathe second- third-order compensation) of analog lasers for
the effect of the nonuniform distribution of electrons into th&igh-end wireless applications equipped with thermostabilized
active region (lateral diffusion), which has a nonnegligible inaser devices. In order to start with our experiments, as a first
fluence on the dynamic response of the laser, is accounted dpproach, we have used a butterfly-packaged temperature-con-
along with some other nonlinear effects like spatial and specttadlled DFB device JDS/Uniphase CQF940, with emission
hole burning. This expression has been preferred to the ongavelength of 1310 nm. For the sake of statistical significance,
inal one(1 — ex1S) introduced by Tuckeet al. [23], [24] a lot of four lasers has been considered and measured. Fig. 3
since it eliminates the problem of the nonphysical multiple solgshows a schematic of the measurement setup used to charac-
tions that the model can yield during software simulations whegrize experimentally the four transmitters.
enrS > 1. To eliminate such a problem, while keeping an First, we have determined the light-current characteristic
accurate description of the lateral diffusion, Channin [25] pr@urves of the four devices by the use of an optical power meter,
posed the expressidi+e 7. S) ™!, always positive. Mena [26] as shown in the right half of Fig. 3. Then, with each device,
has demonstrated that all the expressidns ., S) 7, with  the frequency dependence of the S-parameters of the RoF link
0 < p < 1, can be used satisfactorily; we have chosen the esthown in the left side of Fig. 3 has been measured. In this
pression(1+ex7.S) /2 originally proposed by Agrawal [27]. case, short standard single-mode fiber (SMF) cables, having an
By suitably rewriting (1) and (2) in terms of current contri-attenuation factor of 0.4 dB/Km and negligible chromatic dis-
butions [28], the large-signal equivalent circuit of the active rgersion at 1310 nm, have been used, with the optical attenuator
gion can be derived. To describe correctly the behavior of teemulating a 12.5-km-long fiber link. For the distribution of
real device, the effect of the package also has been considezad’VV channels and TETRA, GSM/DCS, GPRS services, the
by cascading the aforementioned circuit with another includingsers are typically operated below 2 GHz; however, to the aim
lumped parasitic elements. The choice of the parasitic circoit getting a fuller characterization of the devices, a frequency
is not unique but dependent on the type of the device considnge from dc to 5 GHz has been considered. Moreover, to
ered; we have adopted the configuration proposed by Salgaddwve information on the maximum admissible modulating RF
and O'Reilly in [29]. The complete circuit is shown in Fig. 2. power, the average optical modulation index (OMI) of the
Further equations that explicitate the physical meaning laisers has been also measured. Fig. 4 shows that the RF input
some parameters have been implemented too [30]. In particuf@wer had to be kept below 12 dBm.
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Fig. 2. Complete laser equivalent circuit. For the definitiod Qf, Itim, Rpn, Cpn, andV,.: see [23], [24].
S-PARAMETERS MEASUREMENT ' LIGHT-CURRENT CURVE MEASUREMENT 3) The S;; microwave coefficient frequency curve, which

is almost completely independent of the bias current, has
been used to extract the package parameters.

4) The So; microwave coefficient frequency curve, at the
bias current = 38 mA, and the light-current curve have

VECTOR NETWORK ANALYZER

d Y —— been used to extract the active region parameters.
, 5) Once a first satisfying agreement between measurements
- Q@ SO I (@) D__u- and simulations has been obtained, a conclusive fine opti-
OPFTCAL  protoDETECTOR | mization has been performed by taking into consideration
L iy Bl o e il the complete set of the measured curves as optimization

goals, simultaneously.
Fig. 3. Measurement setup used to characterize the lot of four IasersFigs 5 and 6 show the Comparison between measured and
considered. . ) T
simulated average curves at the end of the optimization for two
different polarization current§, = 38 mA andl, = 50 mA,
respectively; in Table I, the final values of the parameters are
listed.

100
80 |
60 . . . .

C. Nonlinear Distortion Prediction

With the values of the parameters of Table I, we have first
determined theS1; andSs; 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

In order to develop an industrializable prototype of the prd€ four devices, atthe bias values- 38 mA andl = 50 mA.

%OMI

40

0 2 4 6 8 10 12 14
Pin (dBm)

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

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 Once having obtained an accurate laser circuit model, the

I1l. PREDISTORERDESIGN AND DEVELOPMENT

of ADS, consisted of the following steps. following step has been the development of the predistorter.
1) The measured average curves have been given as optie design and development procedure, consisting of CAD and
mization goals to the simulator. experimental activities, has been iterated until the realization

2) First-guess values have been assigned to the laser packafgge satisfying pre-industrialized prototype, as summarized by
and active region equivalent circuit parameters. Fig. 8.
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Fig. 5. Laser circuit model parameter extractibn = 38 mA: comparison 8 .
between measurements (circles) and simulations (solid line) after the T
optimization: (a) light-current curve; (I521; (c) S11-modulus; (d)S1;-phase. 2
2
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© = Fig. 7. (a) Laser HD2 and (b) IM3 product,;2— f,: comparison between
s w measured (solid line) and predicted (dashed line) curves of two typical values
g, | of the bias current/ = 38 mA (circles) andl = 50 mA (triangles). Input
4, i sinusoidal tones with an RF power of 3 dBm have been used in both cases. For
oot the intermodulationt; is variable and, = 815 MHz.
frequency (GHz) frequency (GHz)

Fig. 6. Laser circuit model parameter extractibn= 50 mA: comparison
between measurements (circles) and simulations (solid line) after
optimization: (a) light-current curve; (1521 ; (c) S11-modulus; (d)S;, -phase.

TABLE |
OPTIMIZED PARAMETER VALUES OF THELASER CIRCUIT MODEL

PACKAGE

Zo2 = 56.69 ohm fo2 = 1.12 GHz
Cp2 = 8.30 pF Lyo = 0.76 nH
Ry = 0.02 ohm Cp3 = 0.84 pF
Cin = 91.00 pF R;, = 25.30 ohm
Z01 = 52.93 ohm f01 = 2.82 GHz
Cp1 = 6.52 pF R, = 2.00 ohm
L, = 0.52 nH Cs; = 6.43 pF
Rgsup = 3.09 ohm Rs; = 4.28 ohm

ACTIVE REGION
L = 239.66 um W =3.11 um
d=0.34 ym n = 3.62
No = 1.67 x107#m=3 | g = 6.01 x10m3s~!
B =3.79 x1079 I'=0.43
ent = 5.0 x107Pm® [ a=951.20 m~!
R =0.29 Tn = 3.40 ns

A. First Prototype: CAD

Configuration
selection

Characterized > <
Laser mode!

Prototype

realization

Experimental
characterization

Fig. 8. Predistorter design and development procedure.

the

through a chain of shaping blocks, are then recombined with

The solution adopted has been derived from a predistortbe original delayed RF signal and sent to the laser. In this way,
configuration presented in [22] and shown in Fig. 9. It is poghe circuit can simultaneously compensate HD2, HD3, IM2, and
sible to identify two main parts: a linear part and a nonlinedM3 distortions.
part. The former simply consists of a time delay line, while Fig. 9 also suggests the possibility to extend the compensa-
the latter is further subdivided into second-order and third-ordéon capability of this configuration simply by inserting higher
paths. Portions of the input RF signal are extracted to feed battder paths and thus correcting, where needed, further sets of
quadratic-law(X?) and cubic-law(X?) generators. The two distortions, as for example the aforementioned fifth- and sev-
correction signals, with magnitude and phase suitably adjustath-order IMs in UMTS systems.
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DELAY LINE to the
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11 ORDER PATH

10d8-COMBINER

1l ORDER PATH

Fig. 9. Schematic diagram of the first predistorter prototype.

To feed and recombine the linear and nonlinear paths aésign the ancillary circuitry (like the predistorter, in this case)
the predistorter, 10- and 3-dB splitters/combiners have beleyn inserting the temperature-dependence effect into the laser
implemented. model used [32]. A similar scenario can be depicted for laser

The quadratic-law device can be realized with a couple afjing prevention: an automatic power control loop, enabled
diodes in push—push configuration, fed with two 1&hifted by an external photodiode, can be used to maintain constant
inputs. To have a large operational frequency range, a differeverage optical output power over laser-aging variations; to
tial amplifier has been used to realize the input phase shift. Tagoid cost enhancements, one can accept the laser aging while
cubic-law device can also be realized with a couple of diodesgunteracting it with a programmed retuning of the electronic
but in push—pull configuration and with no input phase shittircuitry, for example, through the periodical regulation of the
[31]. control voltages for the phase shifters and attenuators.

The function of the shaping chains is to generate correctionThe laser model, as identified in Section I, has been cascaded
signals having the same magnitudes but opposite phases, wgtlthe predistorter described above and the whole subsystem
respect to the laser nonlinearities, in a frequency range as waieulated. Fig. 10 summarizes the second-order distortion com-
as possible. To this aim, two low-noise amplifiers (LNAs) havpensation procedure and the relevant results: first the correction
been inserted after the nonlinear generators to adjust the msignal has been suitably shaped in magnitude and phase, ex-
nitude level of the drawn correction signals, which suffer gploiting the HD2 curves of the laser, over the whole operational
overall attenuation of about 30 dB due to the input and outpb&nd, as shown in (a) and (b); then the HD2 and IM2 gen-
splitters and combiners; a fine control on the magnitude levedation of the predistorted laser has been compared with that
has been assured by variable attenuators. Also a fine phaseeddhe uncompensated laser. An average reduction of about
justment stage, to match the laser harmonic phase variations, hagiB in both (c) and (d) curves can be observed in the fre-
been inserted in both the nonlinear paths. Finally, frequency-tijtiency range 0.4~ 2 GHz. It is important to remark here
shaping networks have been implemented to let the correctitiat the broadband compensation of the HD2 yields automat-
signals match the laser distortion curves in the whole opeiaally the optimum compensation of the IM2 too, since both
tional band. In practice, these are equalization filters, realizédtortions are generated by second-order nonlinearities with
by variable lumped passive components, having a frequency cemparable magnitude levels. The same considerations hold
sponse that has to be suitably adjusted to follow exactly tbaly partly for third-order distortions: in fact, the correction
tilt in the laser harmonic distortion frequency curves. In thisignal, after being shaped with the aid of the HD3 curves, has
way, the correction band can be maximized and the same ctmbe afterwards adjusted in magnitude to yield the maximum
figuration of the predistorter can be adapted to different laseompensation of the IM3 products. In particular, this is due to
classes or periodically retuned to prevent the variations duethe fact that IM3-difference products are typically generated
the laser aging. Concerning this point, it has to be noted thaith magnitude levels different from those of the HD3, and
there are several undesired effects that can cause differersigsh a trend remains verified until the frequency spacing of
in the behavior of devices part of the same class. Along withe components forming the IM3 product is not very wide
the abovementioned laser aging, which gradually alters in tifie2]. Fig. 11 shows the relevant results.
the light power emitted, there can be a temperature-dependent
shift of the threshold current; everything is then furtherly COMs  First Prototype: Realization and Experimental
plicated by manufacturing tolerances that produce parameg§i,  acterization
values spreading.

If the last aspect is generally the most difficult to face, Based onthe CAD results illustrated up to now, the first pro-
several techniques are available to minimize the temperattogype of the predistorter shown in Fig. 12 has been realized.
effects and the laser aging. At present, there exist laser déwe configuration implemented has a simple architecture; most
vices, as those taken into consideration in this paper, that aféts components have cheap commercial counterparts; and no
thermostabilized so as to practically eliminate such a probleatigital or adaptive technique is used.
obviously this solution implies higher costs. Alternatively, one Even if the broadband functionality predicted by simulations
can resort to simpler and cheaper, not stabilized, devices gmminted out the possibility of using a single predistorter for both
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g?® w The prototype has been subjected to an extensive exper-
gjz %3" £ imental characterization; several single-tone and two-tone
£ %0 4 tests have been performed to check the effectiveness of the
< -1 a . .
e : 30 compensation. Fig. 13 shows the relevant measurement setup.
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 .
frequency (GHz) frequency (GHz) Single-tone tests have been performed by means of the har-
@ b) monic measurement tool of a network analyzer HP 8753, whose
output tone, suitably filtered and with a 12-dBm RF power,
g » o g fed the predistorter. The cascaded laser to be compensated has
T » z been biased with a current of 51 mA,; since about 3 dB are lost
s P w £ through the predistorter, the actual RF power entering the laser
T on 08 1 12 a8 1 2 r s os t e was 9 dBm, a value corresponding to an OMI of about 40%,
frequency (GHz) frequency (GHz) as can be seen in Fig. 4. The optical attenuator has been set to
© (d) simulate again a 12.5-km-long fiber link. The HD2 and HD3

Fig. 10. Laser second-order compensation: higher graphs illustrate Irr]gquency curves have been finally recorded by the network
shaping of the correction signal (diamonds), (a) magnitude and (b) phagélalyzer. _ . _
performed using the laser HD2 curves (solid line); lower graphs show a For two-tone tests, the RF input signals have been yielded by

comparison between compensated (diamonds) and uncompensated (solid } _ _
(c) HD2 and (d) IM2 product; + f>. Input sinusoidal tones with an RF power{ﬁé) use of wo frequency tone generators and sent to the pre

of 3 dBm have been used in both cases. 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

A

S
n
=4
=4

&

magnitude (dBc)
38

phase (deg)

\o

02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1

&
&
8
8

troquoncy (GHz) roquancy (GHE) second- and third-order distortions generated by the laser.
Fig. 14 summarizes the situation relevant to the cellular bands
@ (b) considered.

o w9 DCS and GSM bands are negatively influenced by HD2- and
§, © / o B IM2-sum products generated in GSM and TETRA bands, re-

H MW %0 £ spectively. IM2-difference products can fall within GSM and
L wE  TETRA bands when due to the beat of DCS-GSM and GSM-

B B ey 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
Fig. 11. Laser third-order compensation: higher graphs illustrate the shapimjerband IM3-difference products.
of the correction signal (diamonds), (a) magnitude and (b) phase, performedconcerning the compensation procedure, to minimize inter-
using the laser HD3 curves (solid line); lower graphs show a comparispn . . . . L
between compensated (diamonds) and uncompensated (solid line) (c) HD3 aind second-order distortions falling, e.g., in GSM band, it is
(d) IM3 product2f, — f.. Input sinusoidal tones with an RF power of 3 dBmfundamental to shape the magnitude of the relevant correction
have been used in both cases. 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.

Fig. 12. First prototype of the predistorter. * Il ORDER PATH

1) Session—Figs. 15 and 16: the TETRA band has
CATV and cellular communications, the difference among the been considered as the shaping-band to compen-
power levels typical of the two breeds of service has forced us sate HD2, IM2-sum, and IM2-difference products
to specialize the circuit for one of them. The prototype then has in the 740+ 960 MHz band, containing the GSM
been realized with the aim of improving the quality of service band; the test tones weré& = 450 MHz and

in TETRA, GSM/DCS, and GPRS RoF networks. fs = 460 MHz for the HD2 and IM2-sum, and
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Fig. 13. Measurement setup used to characterize the first predistorter prototype.

HD2 IM2+ HD2 IM2+
370 480 820 960 1710 1980  f(MHz)
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IM3— IM3— IM3
HD3 M3+ HD3 M3+
m"‘/ B EAS T
370 480 820 960 1710 1980 f(MHz)
TETRA GSM DCS

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

f3 = 1850 MHz andf, = 930 MHz for the IM3-dif- . o : :
ference. T e | v wser L~

2) igﬁts;(i)r:}n—ﬁgs. 17 and 18: the 56@60 MHz t_)and, g wﬁmﬁ Lm 7 m .

g the GSM band, has been considered 3 P _ _ ! e —— : g
the shaping-band to compensate HD2 and IM2-su § | Profeoron oo | S~ N 8
products in the 1128 1920 MHz band, containing £ [ | Predistortion circuit | N
the DCS band; the test tones wefge= 900 MHz — ”'
andf, = 930 MHz. j _
* |Il ORDER PATH st ”"'""",f:e"::;"qm;f; fenommors - STRT ""‘"“,""’e"q":;nq (M::)’ 480000 600 iz
1) Session—Figs. 19 and 20: the 26360 MHz band, @ (b)

containing the GSM/3 band, has been considered _ _ _
.15. First predistorter prototype—second-order path measurement session

as the shaping-band to compensate IM3-differeng i ; on si ithi
¢ ping p e St shaping of the (a) magnitude and (b) phase of the correction signal within
products in the 78@- 1080 MHz band, containing the TETRA band.

the GSM band; the test tones wefe= 900 MHz
andf, = 930 hbox M H z.
Even if the CAD does not give any indication about possiblerter, it ssemed reasonable to forecast such an undesired effect.
spurious coupling between the two nonlinear paths of the predisien, first of all, we have decided to characterize the two cor-
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n.1—laser compensation in 740960 MHz band, containing the GSM band:
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n.1: shaping of the (a) magnitude and (b) phase of the correction signal #a 260
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Fig. 20. First predistorter prototype—third-order path measurement session
n.1—laser compensation in 7801080 MHz band, containing the GSM band:
(left) HD3 frequency curve; (right) IM3-difference product (&) 2- > and

(b) 25 — 1.

First predistorter prototype—second-order path measurement session
Yection 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, 215 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
inthe 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-

Fig. 18. First predistorter prototype—second-order path measurement Sesﬁﬂﬂg. In fact, the spurious second-order component generated

n.2—laser compensation in 11201920 MHz band, containing the DCS band:

(left) HD2 frequency curve; (right) (a) HD2f2, (b) HD2 2f,, (c) IM2-sum
productf; + f.

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.

guadratic-law generator in the second-order path (see Fig. ¢
deteriorate the correction capabilities of the circuit. £
However although our final goal is the realization of apre @

simultaneously, the results obtalned cannot be considered co §
pletely negative. It is, in fact, indubitable that each one of th: §8
correction paths can be implemented by itself to obtain two dif
ferent predistorters devoted to correct a certain order of disto
tion; moreover, the experimental characterization shows that tl §&
relevant behaviors are really broadband and multiservice.

) Fig. 22. Picture of the second prototype of the predistorter.
C. Final Prototype

To solve the problem of the mutual coupling between the cc

rection paths, the predistorter configuration of Fig. 9 has be : : i REF 50 d&m §
suitably modified by inserting two polarization networks for the v o ‘ ;
nonlinear generators and by replacing the two LNAs of the no | ogqoa oner i R
linear paths with a common amplification stage placed after t| | T @
output 3-dB combiner, as shown in Fig. 21. g I o [Cuncorrected_| §®

The polarization of the diodes has been foreseen to incre& ; o : m! w//
both the spurious harmonics rejection and operating transd|E ~ et
tion, simultaneously. The use of a single common amplifieg |- o \\ / Ct e "
stage, specifically designed to have maximum linearity, tc |/ /. ™S/ M ®
gether with a power consumption reduction, allows for a bett : \\_ ITEE"“'“ *
lineup of the whole system in terms of linearity, thus reducin ' 1 e
further the generation of undesired distortion components. - I 7 f :

This new configuration has been studied atthe CAD, and tl 0, . |
new prototype shown in Fig. 22 has been realized and measu frequency (MHz) T e
to validate the changes. ©

The same setup shown in Fig. 13 has been used for a 23 F .

inal predistorter prototype—laser second-order compensation in
experimental characterization. The compensation procedure@ ~ 1920 MHz band, containing the DCS band: (left) HD2 frequency
ready illustrated in the previous section has been repeated. Tiree; (right) () HD2 2, (b) HD2 Z, , (c) IM2-sum product; + f,.
magnitude and phase frequency curves of the second-order cor-
rection signal have been shaped with the aid of the laser HD® the contrary, for the third-order distortions, a tradeoff be-
curves in the 50@- 960 MHz band, containing the GSM bandween the simultaneous functionality and the operational band-
for the third-order correction signal, the laser HD3 curves havédth of the predistorter has been observed: even if not shown
been considered in the 509 660 MHz band, containing the here, a similar correction within the TETRA and GSM bands
DCS/3 band. In this way, a simultaneous reduction of the ladsais not been possible. This effect is still dependent on the spu-
HD2- and IM2-sum, about 10-12 dB, and IM3-difference, abouibus harmonics due to the nonlinear generators (diodes), while
6—7 dB, over the whole DCS band has been obtained, as shatha amplifier has no more influence, having been placed after
by Figs. 23 and 24. Also in this case, it is foreseeable that the fthe nonlinear paths. The diode residual harmonic generation in-
guency range where the second-order distortions are effectivetgases almost linearly with the frequency; below the DCS band,
corrected can be extended at least down to the whole GSM baitgllevel becomes comparable with that of the laser HD3, which,



ROSELLI et al. ANALOG LASER PREDISTORTION 1221

“JORT 1 POWER ‘ Rer o :mnj Among the_ othe_zr design s_teps, partic_ularly interesting, in the
11 dBm — authors’ opinion, is the predistorter tuning procedure, set up at
IV Y R the CAD and subsequently performed and optimized experi-
: mentally. Such a procedure, which is mainly based on the pos-
] 2 foem 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
10 to the implementation of effective predistorter prototypes.
g Concerning the various circuits, the first predistorter realized
is a “three-path” configuration able to compensate alternatively
2 tatm second- or third-order harmonic and intermodulation distortions
START 500.000 000 Mz STOP 660,000 000 MHz ® generated by the nonlinear behavior of the laser. A spurious mu-
frequency (MHz) tual coupling between the two correction paths, mainly due to
Fig. 24. Final predistorter prototype—Ilaser third-order compensation in 156!8e RF components, has prevented the simultaneous compensa-
~ 1980 MHz band, containing the DCS band: (left) HD3 frequency curvdion of the laser HD2, IM2, and IM3. Nevertheless, as confirmed
(right) (a) IM3-difference producti2 —f>, (b) IM3-difference producf> —f;. by the measurements performed, such a configuration can be the
basis for the development of two different broadband and mul-

on the contrary, increases with the frequency as the third powgiervice predistorters specifically devoted to reduce one breed
frdistortion. By iterating the design procedure, some modifi-

thus, moving down the spectrum, the shaping of the third-ord@® o . ! . .
path correction signal is always more and more difficult, untfiations to the original configuration have been investigated at

becoming impossible. Such a problem does not arise for te CAD qnd intrm_juced to realize a new prototype. As are-
second-order path correction signal because the laser HD2, 3d{} @ Preindustrialized predistorter capable of reducing simul-

for the shaping, has a level always sufficiently higher than tfigneously the laser HD2- and IM2-sum of about 10-12 dB, and
residual spurious floor. 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

In this paper, some predistortion circuits for RoF cellular sy$hus they have not been examined. However, the approach
tems, working with the European TETRA, GSM, and DCS sta@nd the techniques here illustrated can be naturally extended
dards, have been presented. The design of the various prototyfgeie UMTS field. If the main problems arise from second-
here illustrated is strongly oriented to industrial applicationgnd third-order distortions up to 2.1-GHz operational bands,
thus it refers to low-cost, completely analog solutions for largée same predistorter configurations can be used with a new
scale productions. The configurations implemented are basedsgtection of components, always more and more available for
simple architectures, where most of the simulated componeHt§d-generation (3G) applications, and retuning of the cir-
have cheap commercial counterparts and no digital or adaptfktry. On the other side, to include the compensation of higher
technique is used. Although predistortion is a well-estabilish@gld-order distortions, the same architecture introduced here,
linearization technique, this paper has pointed out, experimatith a suitable selection of the devices needed to realize fifth-
tally, some original aspects worth to be noted. In particular,2d seventh-order nonlinear generators, and of the electronic
new, complete, and original design procedure for RoF systeffgmponents forming the relevant shaping chains, can be the
has been introduced and formalized. basis for “multipath” predistorter configurations. Obviously,

The abovementioned design procedure involves first of 4l price to pay is an increasing complexity of the circuits
the development and full characterization of a laser circignd during the design procedure, but in view of a future wide
model. The laser model reported here has been characterigggansion of 3G-communication systems and networks, to the
through a parameter extraction procedure, performed by takidgthors’ opinion the development of a low-cost compensation
into consideration the measurements relevant to four sample$&sihnique remains a solution worth pursuing and an interesting
the same class of DFB lasers. In particular, it has been verifigggearch opportunity.
that such a model describes in a satisfying way the nonlinear
behavior of the real devices. This result has been obtained ACKNOWLEDGMENT

without referring to the nonlinear curves for the optimization, . . .
thus having a further proof of its accuracy and effectiveness. AnThe authors would “k? ?O thank G|ysepp¢ Fabiano (Medeo;)
(gi Taconic for the provision of the dielectric substrates used in

extraction of the parameters based on the nonlinear curves 6‘6 tabrication of the Prototvhes

allows for a further refinement of the model, but it is also mor P ypes.
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